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はしがき

　　平成18年5月

領域代表山口益弘

　本冊子は，平成15年度から平成17年度の3年間にわたり実施された文部科学省科学

研究費補助金特定領域研究「強磁新機能の開発一強磁場印加による新プロセスと高機能

ナノ材料の創製一」（領域番号767）の研究成果を報告するものである．本特定領域研究

は，反磁性体・常磁性体などの弱磁性物質を主な対象として強い静磁場を印加する新し

い材料プロセスを開発し、それにより高機能ナノ材料を創製することを目的とした．本

領域の班員らが世界に先駆けて始めた研究により，化学反応，非磁性物質・結晶の組織，

相転移などに対する磁場の影響が存在することは確認していた．これを発展させて「強

磁場で新規の物質・材料を創り、その機能を制御する」という新たな科学分野

（Magneto－Scienceと称する）を確立することをめざした．

　すでに確固たる研究基盤が存在したので本領域研究は効果的に進捗した．「高磁気力

場による材料制御」としては擬似無重力状態での高純度な結晶成長を実現し，宇宙環境

実験に比して経費・機会・時間などあらゆる点で有利であることを示した，これにとも

ない磁場環境での物質対流・化学反応の物理・化学が：解き明かした．「磁場印加による

組織制御」に関連した課題では，有機高分子・無機固体・金属・合金・生体物質など広

範囲の物質系において共通の基礎学理に基づく取り扱いができるまでに進展した．その

結果，磁場印加でしかなしえない3次元的な立体配向まで可能とし，加えて磁場配向の

一般論を構築した．本特定領域研究の重要な目標であった基礎から応用へ「学理の体系

化」が実現したといえる．磁場印加によるナノ材料の創製と機能」に関連してナノサイ

ズ粒子集団の整列を実現しり，DNAの高度分離法を生み出した．これらは本領域の研究

によって新規に見出された磁場効果に基づいていることを強調したい．しかしながら，

磁場効果は未知の面も多い．「水に対する磁場効果」の解明は，生命現象としても科学技

術としても重要な課題である．本特定領域研究で初めて科学的にこの課題に向きあい，

水の物性が磁場により影響を受けることを実証した．このほか本領域の研究成果から次

世代のMagReto－Scienceへと展開する新しい課題が多々生み出されている．

　本領域は，我が国で生まれ，わが国で育ったこの独創的な研究分野をさらに発展させ

て国内外に知らしめるという使命を帯びていた．研究会・国際シンポジウムの開催，ウ

エブサイトの公開，ニュースレターの刊行，英文テキスト”Magneto－Science”の発刊，

関連する国際会議への参加，国内外研究機関との共同研究を行い，本領域の成果を国内

外に周知し，かっ学問的な刺激を与えた．この新しい科学分野が世界的に認知されて，

本領域を申請した際のキーワード「日本から世界へ」に添えたものと自負している．なお，

本特定領域研究の遂行にあたり、評価委員ならびに外部学識者には研究の指針について

貴重なご助言をいただいたことを感謝いたします．

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　平成18年5月

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　領域代表山口益弘
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磁気浮上炉による材料プロセスの開発

　茂木巖，高橋弘紀

東北大学金属材料研究所

概要

　30T級ノvrブリッドマグネットを用いて反磁性物質を浮上させ，材料の無容器溶融凝固を可

能にする磁気浮上炉の開発に成功した．磁気浮上炉での物質合成を行うために反磁性物質の熱

的挙動の観察を行い，反磁性流体においても熱対流を勾配磁場により制御せきること，磁気浮

上した高分子試料が不均一加熱により　　　　　　　　　磁気力

錦鱗璽裏蝉騒　　　↑・11繊B・醐
磁気浮上状態に対する理解を深め，様々

な物質の無容器溶融凝固を可能にする

均一加熱磁気浮上炉を開発し，高分子

の球状試料の作製することができた．

Lはじめに
　反磁牲物質が磁場から受ける斥力が

重力とバランスするほど大きくなると，

物質は浮上する．これが磁気浮上であ

る（図1）．地上でできるこの擬似無重

力状態を材料プロセスに応用すること

は極めて有意義である．本研究は，30

T級ハイブリッドマグネット（図2）［1］

を用いて反門生物質を浮遊させ，無容

器での材料の溶融凝固プロセスを開発

するものである．磁気浮上状態での物

質の加熱に際し，自然対流や磁気煽流，

配向や運動などの熱的挙動に関する基

礎データを蓄積し磁気浮上状態に対す

る理解を深め，それを礎に磁気浮上の

特徴を活かした最適の溶融凝固プロセ

スを提案する．

Ψ9

重力

2磁気浮上状態における物質の挙動

21熱対流の制御

磁気浮上を材料プロセスに応用する

上で，勾配強磁場下における物質の挙

動を理解することは重要である．そこ

で，材料プロセスに重要な液体の熱輸

ハイブリッドマグネット

図1　反磁性物質の磁気浮上

図2　東北大学の無冷媒型ノ・・イブリッドマグネッ

ト．無冷媒型超伝導マグネットの内側に大電力水

冷マグネットが組みこまれている
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送と対流の様子を勾配強磁場下で調べてみ

た．図マイクログラビティ環境では，密度

差に起因する液体の自然対流は消失するた

め，良質の結晶を育成する実験が行われて

いる．同様の効果を期待して，勾配強磁場

下で結晶成長の実験が行われているが，対

流の様子を直接観察した例はなかった．

　水を薄型セルに入れ，セル内に設置した

ヒーターにより加熱する．そのときの熱輸

送の様子を，特定の温度（20－25，35－40，

40－45℃）に反応して変色する液晶シートを

用いて可視化した（図3）．反磁性の水に磁

気浮上に相当する磁気力場B（雌）一一1360

ザ・血1を印加した状態でヒーターを加熱す

ると，熱対流は通常とは著：しく異なる様相

3里Z「■■■■隔

Water

鵯。階’
噸層■

　　鞭acer

〆
　　　Liqu団qy制
　　　　曲

．　［丞コ

　　ロ　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　

　　　　　　　　　　　　　　

図3　水の熱対流を観察歩るためのセル

を呈した．ゼロ磁場においてヒーター上方へと立ち上る熱対流は，磁気浮上状態ではほとんど

みられなくなり，35判0℃の温度域ではマイクログラビティ状態で生じる熱伝導に近い振る舞い

が観察された（図4④）．しかしよく見ると，上下の変色域が非対称になっており，熱対流が完

全には消失していないことも確認された．同じ実験を20弓25℃で変色する液晶シートで行うと，

より明瞭に熱対涜が観察された．團

温度flの液体の中で，温度らに温められた液体にかかる力ぽ体積磁化率z．と密度ρを用い

て

F＝（11廠の一網｝解㈲一｛㈲一ρω｝9，｛ち〉葛ゆ ①

と書くことができる．ここで，Bは位置zにおける磁束密度，絢は真空の透磁率である。もし液

体の質量磁化率κgに温度依存性がないとすると，磁気浮上状態では潤）となり，たし脳こ熱対

流は消失する．ところが，水の場創剛は温度ヒ昇に伴いわずかに大きくなることが報告されて

いる．ゲirl℃の仮定のもとF」0となるような磁気力場の値を求めてみると，実験の温度域20

・6，，ノ鋤

図4　勾配磁場中での水の熱輸送．②磁気力場β（4陶＝一1360ブ・血11，温度35司0℃，（り）磁

気力場が2880ア・nf1，温度3図0℃，⑥磁気；り場が」2880ア・【ぽ1，温度4び45℃．
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～45℃ではおよそ2000～」⑳oo君血1という値になる．このことは，磁気浮上状態ではマイ

クログラビティとは異なり，水の熱対流はなくならないことを意味している．さらに，20℃付

近では体積磁化率の変化が小さいことから，より大きな磁気力場が必要なこともわかる．この

ことは，2〔脛25℃でより明瞭に熱対流が観察されたこととよい一致を示している，

　さらに磁場を強くして，磁気力場が一2880f・垣1になったとき，35－40℃でほぼ完全に対流が

消失し，熱伝導の状態が観察された（図4（b））．また同じ勾配磁場下で温度を40－45℃にすると，

こんどは下向きに対流が発生することが確認された（図4◎）．1と0とするための磁気力場の

絶対値ば温度上昇とともに小さくなるため，高温では磁気力項が重力項よりも大きくなり，下

向きの磁気対流が発生したことがわかる．

　これらの結果は，磁気浮上状態がマイクログラビティとは等価ではないが，勾配磁場により

液体の熱対流を制御できること

を示しており，物質合成にとつ
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　凹面鏡
て大きなメリットとなるはずで

ある、

2．2加熱により誘起される運動

　炭酸ガスレーザー加熱の磁気

浮上炉（図5）を用いて，数種

類の有機ポリマーや分子性結晶

の浮遊溶融を試みた．多くの物

質で加熱により上下動や回転運

動が観察された．特に激しい運

動を示したのがPMMA（ポリ

メチルメタクリレート）の円柱

状のペレットである．レーザー

光が浮上試料の重心付近に照射

されたときには試料はまず上昇

し，水平方向のポテンシャルエ

ネルギーに安定点がなくなると

壁に向かって移動する．レーザ

ー照射がはずれると温度が下が

り，元の浮上位置に戻る，レー

ザーを照射している聞はこの運

動を繰り返す，この結果は，

PMMAの反磁性磁化率が温度
上昇とともに大きくなることを

意味している．マグネットの磁

気力場分布を考慮すると，2％

程度磁化率が変化するだけでこ

のような運動が起こるものと推

察された．また，1かザー光が

CO2レーザー

／

図

＼水冷マグネット

＼超鵬マグネ。ト

図5CO2レーザー加熱磁気浮上炉

（d）

　　　　bubb取下

骨6　レーザー照射による磁気浮上物質の回転運動．試

料はPMMA（ポリメチルメタクリレート）．
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不均一に照射された場合には，水平面内での回転運動が観察された（図6）．さらに，レーザL

光の照射位置が変わると，円柱の軸を中心とする回転運動なども観察された，いずれも，反磁

性磁化率の増加と，不均一加熱によ

る試料内の温度分布に起因しており，

磁化率変化によるポテンシャルエネ

ルギーの増大が運動エネルギーに変

換された結果生じたものである，従

来，反磁性磁化率の温度依存性はほ

とんど無視されてきたが，数パーセ

ント程度の磁化率の変化であっても，

磁気浮上状態では大きな浮上位置の

変化をもたらすので，磁気浮上炉の

設計には重要となる．

　また，熱伝導率の小さな高分子試

料をレーザー加熱すると，図6の気

泡の発生からもわかるように，局所

加熱により高分子が分解してしまう．

このような問題を解決するためには，

より穏やかに均一加熱できる磁気浮上

炉を開発をする必要がある．

Sample

ce糎

Vacuum
port

3．磁気浮上炉の開発と物質合成

3．1均一加熱の磁気浮上炉の開発

　上述の観察結果をもとに，新たに二種類

の磁気浮上炉の開発を試みた．ノ」・型の赤外

線ランプを直接マグネットボア内に挿

入する形式の赤外線ランプ炉の開発と，

白金ヒーターを用いた電気炉の磁気浮

上炉としての使用を試みた．

　図7に示した赤外線ランプ炉は，マ

グネヅトのボア内に設置した小型ハロゲン

ランプで浮上試料を直接照射ナるタイプの

もので，単純な構造ゆえに極めて操作しや

すく，しかも安価に製作できる磁気浮上炉

となった．これは高分子や分子性結晶を扱

うために開発したもので，レーザー光に比

べより均一に光を照射し，より穏やかな加

熱ができ，また，白色光であるためより多

くの種類の物質を対象にできるという利点

がある、

　高分子の無容器溶融にはさらに均一

Halogen　lamp
（75W）

Mirror

Micro－CCD
camera

図7　赤外線ランプ磁気浮上炉
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図8　均一加熱磁気浮上炉．白金ヒーターを用い

た電気炉に耐熱ボアスコープを組み合わせ，3αr，

800℃までの加熱挙動の観察が可能になった．
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な加熱を必要とするために，電気

炉を用いた磁気浮上炉の開発を行

った．囚白金ヒーターを用いて

noO℃まで加熱できる電気炉は，

これまでに様々な試料の磁場中熱

処理に用いられてきたが，試料空

間全体が高温となるため観察系を

組み込むのが困難であった．そこ

で我々は800℃まで使用できる耐

熱ボアスコープを電気炉上部から

挿入することにより，この問題を

解決した．図8がその模式図であ

る．この磁気浮上炉を用いること

により，レーザー炉では局所加熱

が起こるために試料全体を溶融で

きなかった高分子試料轍試料

などの加熱と溶融状態の観察が可

能と．なった．

32浮上物質に働く磁気力解析

望i，

．一隅

　　　．

…灘

図9　均一加熱磁気浮上炉を用いたシクロオレフィン

ポリマーの無容器溶融凝固，中心磁場1gr．③18℃，

（b）14プ（），¢）213℃，④226℃，

　磁化率のより小さい物質を浮上させる場合，マグネットが発生する磁場分布のみならず磁気

浮上炉内における試料近傍の磁場分布をより詳細に検討する必要があることが分かった．試料を

安定に浮上させるためには，試科近傍の磁場分布を必要

以上に乱さないことが重要であり，磁気浮上炉において

はよりシンプルな構造が求められる．電気炉を用いた際

に，径方向の安定点がマグネットの中心からずれている

ような試料の挙動が観察されている．これを検証するた

めには，磁場中に設置された電気炉も含めた磁場分布を

詳細に検討する必凄あり，今後の検討課題である．

33球状配向ポリマーの合成

　均一加熱磁気浮上炉を用いて，2種類の透明プラスチ

ック試料の球状試料作製を試みた．β］試料はPMMAと

シクロオレフィンポリマーZEONEX縢本潮騒ン）であ

る．図9は磁気浮上炉内でシリンダー状のZEONEX試

料（図9②）が，213℃で溶融し始め（図9⑨），226℃

で球状になる様子（図9＠）を示したものである．図10③

は得られた球状試料の写真である，ゼロ磁場で同様に作

製したもの（図10⑤）が重力により偏平な形をしてい

るのに比べると，磁気浮上炉では明らかに重力の相殺効

果がみられる，今後，歪みのない高品位の光学翻料の作

図10②磁気浮上炉で作製した

ZEO彊EXの球状試料，⑤ゼロ磁

場で作製した試料
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製に応用が期待される。ただし，試料内に気泡が見られることから，より高品質の試料作製を

目指す上では溶融凝固条件の最適化が必要である．

4おわりに

　反磁性物質の磁化率の温度依存性は，磁気浮上状態での物質の熱的挙動を左右する重要な因

子となることがわかった．このことを利用して，磁気浮上状態での反磁性磁化率の精密測定装

置の開発が期待できる，反磁性物質の磁化率は，電子状態や化学結合の状態を反映しているは

ずであるから，その温度依存性の解明は重要である．今後，「反磁曲物質の磁性と磁気化学」と

いう新たな分野にまで発展することを期待したい，また，ここで開発した磁気浮上炉を，ボールテ

クノロジーのための球状試料作製や，過冷却状；態からの球状単結晶析出などに応用し，機能1生物質合成の

新しい材料プロセスに展開させたい，
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高磁気力による微小重力の生成と囎旨耀ll製

谷本能文1，藤原好恒1，藤原昌夫1，中垣良一2，岡嵜正治3，大庭亨4

　1広島大学・趨院理学研究科，2金沢大学・大学院自然科学研究科

3産業技術総合研究所・計測フロンティア研究部門，4宇都宮大学・工学部

腰
　　本研究では，最大15Tの強磁場，1500望／mの高磁気力により作り出された擬以微小重力場・

過重力場のキャラクタリゼーションとその応用について研究するとともに，強磁場・高磁気力に

よる機能性物質のマクロ構造・形態の制御，ナノ構造制御の新手法の開拓，高機翻料の創製

にチャレンジした。

1．はじめに

物質はそれぞれ固有の磁性（反磁性・常磁腔・強磁性）をもっている。この物質固有の特性を

使って化学反応や物理変化を制卸できたらというのは多くの科学者の夢であった。最近超伝導磁

石が容易に使えるようになり，ごく普通の反磁塵事質でも顕著な磁場効果が得られることから特

に注目を集めるようになった。磁場は，クリーンで低コスト・環境にやさしい新しい物理環境場

であり，磁場効果の研究と応用技術の開発は21世紀の新産業を支える基盤のひとつとして重要

な位置を占めるものと期待される。ここでは，誰でも自由に使うことのできる弓鍍の磁騒大

15T，1500卿mの強磁場一によって引き起こされる新規物理環境の特性の解明とその応用につ

いて研究を行った。

2．高磁気力場のキャラクタリゼーション

　図1に本研究に用いた高磁気力用超伝導磁石を示す』

本超伝導磁石は直径40皿nの空間に，最大15T，1500

T2加の垂直強磁揚を1年以上連続して発生できるとこ

ろに特色があり，水・ミニトマト・カエルなどの反磁

性物質の磁気浮上が可能である。そこで本超伝導磁石

を用いて種々の研究を行った。

　　　己・を利用した熱対流の磁蝪中その　　　：ある

種の有機化合物に紫外光照射ずると，光反応が起こり

光を吸収した部分が着色する。と同時に，光エネルギ

ーの一部は熱となり，着色溶液の温度上昇を引き起こ

す6熱対流の観察に女i迎合である。そこで，先ずベン

ゼン溶液の熱対流について研究した。Diarylethene誘

導体⑪のベンゼン溶液（無色1の入った石英セルの

底を数秒間レーザー照射すると，光異性化反応により

セルの底に赤紫色の着色溶液が生成する（図2）。

　ゼロ磁場では照射5秒後に底から離れ，上昇する。

一1500呼／mの磁場中では約9秒後に底から離れ，その後

も

，轟…

爽鼠

図1．高磁気力用超伝道磁石

速やかに上昇した。一方＋12QOT2／mの磁場中では，着色溶液は約2秒後に底からはなれ，ゆつく
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りと上昇した。そして，

今度は逆にゆっくりと下

降した（Uターン現象）。

Dが吸収した光エネルギ

ーは，一部は異性化反応

に使われ，残りは熱エネ

ルギーとなりベンゼン溶

媒の温度上昇（体積臓腸

に使われる。

温度上昇した着色溶液

の容器底での滞留時間は

着色溶液にかかる圧力

△Pに比例する。

　　　　　　　　灘．，，熱・1響・…　緊馨
　　　議醐　‘。藁1　纂撫1＿＿、

¶8 麟一・薯

OT．OT箱η

噂’縞「飛、1

至　　　　　ノ

　F』略
唖OTr・噌300τ胃m

r　　　　　　　　　　，

へ7L　　　　　｝

　、掴　　、　　－

　　帥，苺

　　　q
¶47」07ヌ㎞

・護　、

　齢6％

鰐　　　‘1
　　、　　睾

i1τ、1000習m

図2．ベンゼン溶液の熱対流時間は，光照射後の時間を

示す（偵㈱

△P禺（A騨＋（△徳X1ノμQ）脱恥＋（抱一り雛）c（1／μo）脚継（1）

①式の右辺第颯ま溶液の体積膨張による密度変化による浮力，第二項は溶媒の体積膨張による

磁化率変化による磁気力，第三項は溶質の光異字北による磁化率変化による磁気力である。ゼロ

磁場では（1）式右辺第一項の浮力により着色溶液が容器底からはく離するが，磁場中では第二項，

第三項による磁気力が作用する。一15GO聲んでは第二項の値の大きさは第一項と同程度で方向は逆

となり，△Pがほぼゼロのためはく離に時間を要する。逆に＋12〔艀んでは第二項の値が第一項と

同程度で同じ方向になるため高圧力となり，はく離が促進されたものである。第三項の値は時間

に依存しないのに対し，第一項と第二項は時間とともにその値は小さくなる。このことから，U

ターン現象は値の小さな第三項により引き起こされたものと推測された。［1］

　ジフェニルアミンと四臭化炭素の光反応を利用してベンゼン溶液の熱対流のその場観察をした

ところ，溶質の濃度に依存したさまざまな対流パターンが観察され，溶質濃度が高いときはその

磁化率変化が対流に大きな寄与をすること，垂直磁場勾配のみならず半径方向の磁蝪勾配が大き

な影響を及ぼすことなどが分かった。［2］

　プラスチックの磁気浮上・磁気　　：勾配磁揚中　　照一

に反磁性物体を置くと磁気力（F歪（η廠）認西）

が作用する。この磁気力と重力（㎏）が物体全体と

して釣り合うとき，物体は浮上する（磁気浮上）。

（事解）z嬢胎＝㎎ （2）

ポリエチレンなどのプラスチックチップの磁気浮上

を図1の超伝導磁石中で行なった（図3）。プラスチ

ックの種類によりその磁化率は異なる。本超伝導磁

石では，ポリエチレンやポリアミドなどは磁気浮上

するが，ポリ（エチレンテレフタレート）は磁気浮

上しない。さらに，超伝導磁石中のB∂餓の値は場

　　　　　　　ロ　　　　　　ノ

図3．プラスチックチップの磁気浮

上（細視）上から順にポリエチレ

ン，ポリスチレン，ポリアミド
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所により異なるため，プラスチックの種類により磁気浮上位置が異なる。プラスチックチップの

磁気浮上位置から，逆にその磁化率が直読できることが分かった。つぎに，磁気浮上を利用して，

ポリプロピレン，ポリアミド，ポリ（エチレンテレフタレート）チップの磁気分離を行い，それ

らの分離に成功した。［3］

　阿　　　によるたんぱく　旧　の高最並ヒ＝宇宙では無重力のため重力による対流がないため

X線結晶学的に高品位のたんぱく質結晶を作成できることが知られている。磁気力と重力が物体

の任意の点で釣り合う時，二二にその物体は微小重力状態となる。そこで磁気力を利用した擬

似微小重力場で，宇宙と同様

に高品位な結晶をつくること

ができるかどうかりゾチーム

たんぱく質結晶を例に検討し

た。磁場中とゼロ磁場で作成

した結晶のX線構造解析を行

ない，B因子を求め比較した。

図4に示すように，ゼロ磁揚

で作成した結晶のB因子の値

は約16．0であったが，磁場に

よる擬以微小重力場（ドG）で

作成した結晶では約15，0，1．8

　164

　162

　16．O

k15．8
§15ゐ

富重54

書152

δ15ρ

　覧4．8

　14．6

　14．4

①

②

③

蛋

③

②

③
①

ω

②
△0臆Slde　M㎎照

。㎞s…deM㎎馳a

μG川丁 1㎝＆15↑ 1．8G川塞丁

Gの擬似過重力場下で作成した結
　　　　　　　　　　　　　　　　図4．リゾチーム結晶のB因子に及ぼす磁場・重力の影
晶は約15．8となり，磁場による擬
　　　　　　　　　　　　　　　響　△，磁石の外；　○，磁石の中
似微小重力場を用いることにより

高品位なたんばく正結晶をつくることが可能なことが，世界ではじめて実証された。［4］

　多四隅キラリティーの　　’＝ケイ酸ナトリウムと重金属塩の反応により生成するケイ酸金

属の半透膜チューブの形態の磁場効果について検討した。その結果，図5a，bに示すように，硫

酸亜鉛結晶を使った胎右巻きの半透

膜チューブができ、3次元形態的キラリ

　　　　　　　　　　　　　　　　　　　　　　　　531
場により右巻きまたは左巻き螺旋の半

水溶液中のイオンに対するローレンツ

カが原因と推定される。この新規現象が

「般性のある現象かどうカ㍉また二二ニ　　ウ　　　　髄．㌧一

ズムの詳細について解明するため，他の　（a）　　　（b）　　（c）　　（d）　（e）　（f）

反磁性・常磁性金属塩結晶についての　　図5．シリケートガーデン反応の磁揚効果　（a），（b）

研究を行った。その結果反磁1生の塩化　はZnSO如（c），（d）は㎏C1．（e），（f）はCuSq塩の場合，

マグネシウムや常磁性の硫酸銅の場　　それぞれ前者はゼロ磁場，後者は15Tの磁場中で作

合も・硫酸亜鉛の場合と同様に右巻　成した半透膜チューブ

き・左巻きのチューブを磁場で自由に
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誘導できることが分かった。また，容器壁から離れたチューブは，磁場の印加により振れて成長

することが分かった。すなわち，3次元形態的キラリティーの磁気誘導はシリケートガーデン反

応（ケミカルガーデン反応）に一・般的な現象であること力弐わかった。これらの結果は，反応中の

溶液の磁場中その場観察の結果から，半透膜チューブ先端からの内溶液の噴出山中のイオンに対

するローレンツカによるが，その方向はチューブと周囲との相対条件により決まるという，

Bo㎝dmy－a画癩d　MHD機構によることが解明された。［5］

　さらに硝酸銀イオンと金属銅により析出する野望の2次元パターンに対する垂直三日果を検

討し，銀樹パターンに対する磁揚効県は上記機構によることを確認し蔦さらに，高磁場中の反

応では，磁化率勾酉肋㊨尼陶）（鋸爾2）が反応に大きな影響を持りことを示すことができた。

電気化学反応では常灘物質の場合このような力が作用することが知られているが，強磁場では

反磁牲物質でも磁化率勾配（濃度勾酌による力の影響が大きいことが明らかとなった。〔6］

3，ビニルカルバゾールの高機能化

　ポリビニルカルバゾール（PVC）を用い，その溶液から薄膜を作製して高機能化を検討した。結

果を図6に示す。11T（微1・重力），最大中心面前15T（通常重力），12T（過重力），磁石外OT

（通常重力）のそれ

ぞれにおいて，PVC

のクロロホルム溶

液から石英基盤を

磁揚方向と同じ鉛

直方向へ引き上げ

てPVC薄膜を作製し

たところ，強磁気力

存在下つまり微小

　　　2μm
（a） ⑰

噛　●　塵

，

　　響

◎

図6．ポリビニルカルバゾール薄膜の磁揚効果

⑥

篭　　　7　　鶏

7　噂

（a）　OT，　（b）　11T，　一1500T2／m　（c）　15T，　（解／m　（の12T，　＋120（が／m

重力と過重力環境において，膜表面に種々の大きさのナノホール（例えば直径22加mx深さ33㎜）

の出現が確認された。これは予想外の効果であり，今のところメカニズムは明らかではない。し

かし，おそらく固液界面もしくはできたばかりのウエットな薄膜表面から気化したクロロホルム

蒸気拡散に対する磁気力の効果と考えられる。OTと15Tの通常重力下においては，膜表面は一

様になだらかであった。

　次に，ガラス基盤を水平から少し傾けてPVCのクロロホルム溶液に浸し，上記の4カ所の磁場

（磁場方向は基盤にほぼ垂直になる）において溶媒蒸発法によって薄膜を作製したところ，縞様

パターンが形成
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　一
さ礼その縞様パ

ターンの間隔に

磁場強度による

違い恭観察され
　　　　　　　　　②た（図7）。つま

り，OTでは面様パ

ターンの幅・間隔共

に40μ皿前後であっ

⑨　　　　　　（c）

ド．．

⑥

癖「‘．L

図7．ポリビニルカルバゾール薄膜の磁場効果

（a）　OT，　（b）　11T，　一1500T2／㎡　（c）　15T，　0貿／血　（d）12T，　＋1200T2／血

たものが，微小重力では幅は約15岬と狭く間隔は約70脚と広がった。過重力でに幅は約70選
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と広く間隔はやや狭くなつ為このパターン形成は非線形現象であるが，クロロホルムの蒸発方

向とその速度に対する磁気力の効果と推定された。以上2つの薄膜形成時の磁揚効果は，磁場中

で作製した即C薄膜に一様な平滑な表面しかもたない薄膜には無い機能を与えていることを示すら

しかもそれが強磁気力を用いた微小重力や過重力で獲得できるので，PVC膜に新機能の発現の下

地を強磁揚によって作ることができたといえる。

　さらに，ポルフィリンナノロッドの磁気配向を試みた。8Tの水平磁場により長さ約10μmの

ナノロッドは磁場により配向したが，長さ約1μmのナノロッドは配向しなかった。そこで，図

1の磁：石を使い垂直磁揚による長さ約1μmのナノロッドの配向を試みたところ，＋1200聲加の

過重力揚中でのみロッドの配向を示唆する結果が得られた。この結果は磁気力によるロッドの沈

降速度の増加と推察された。

4．機能性靖機結晶の高品位化

　導電性有機材料であるの結晶性の

有機化合物（ペンタセン）と非結晶陸

の高分子化合物（ポリチオフェン誘導

体）の2種類について，強磁場印加の

効果を検討した。

　まず，ペンタセンに対して，鉛直強

磁場下（15T）で真空蒸着によってそ

の結晶の薄膜を基盤上に調製した。蒸

着方向は磁場と平行である。基盤平面

の角度を磁場と90。（垂直），30。（平

行に近く傾けた）の場合について実験

を行った。成長した結晶の朋埴像を比

較ずると，結晶はさまざまな方向を向

き，磁場印加によって配向は観測

できなかった。気体ペンタセン分

子の磁気配向エネルギーが熱燗ネ

へ．． _験

職塚

　　畢．．う　　　．｝

一200nrn
　　8T

’

↑ρ　　　40口m
　　　Naoo　Cluster

塾．

傘

、’

ゆ
し‘．．

♪・・

＼．’』

ザ・
典

・・．
P3ノ

OT

図8．ポリチオフェン誘導体ナノクラスターの

磁気配向

ルギーと比べ著しく小さいため，配向が起こらなかったものと推定された。

　次に，ポリチオフェン誘導体（図8上）に対して，水平強磁場下（8T）でその有機溶液を蒸発

させて，薄膜を基板上に調製した。基盤は水平面内に置いた。単層程度の燕・膜を作成して，表

面の形状を蝋によって観察した。試料が基板にまばらに付着している箇所を調べたところ，直

径5伽n程度の部分に，磁気配向を示唆する結果が得られた（図8）。また，試料が基板に重なっ

て付着している箇所においても，直経20Q㎜程度の部分が磁場と平行に配向することが分かった。

5．無機光触媒の高機能化

　光触媒は，光エネルギーの有効利用のために大変注目されている触媒のひとつである。本研究

では，溶液中（湿式）における光電着法により光触媒の表面に白金または銀を担持させる際，強

磁暗中での助触媒の形態，結晶形，及び光触媒活性に対してどのような効果が認められるかなど

を検討した。
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　中心磁場約15Tの超伝導磁石中において，　Ti馬表面への白金，金，銀，銅，コバルトなどの

金属微粒子の光担持効果を検討し鳥コバルトの場合，磁気力が強く作用する条件下で担持する

と，地球磁場や磁場勾配のない

中心磁場よりも，3価より2価

コバルトが多く存在する傾向が

X線光電子分光法による表面化

学分析の結果から認められた

（図9）。この結果は，溶液中の

C♂（常磁性）の磁気対流が，光

担持に影響したものと考えられ

る。このように，担持されたコ

バルト表面の化学組成において，

高磁気力揚での磁場効果が観測

された。一方，担持したコバル

トの量・形態・結晶形に対する

磁場効果は観測されなかった。

その他の白金，金，鴫野につ

12

　ゆ
1、

1・

1；

0

　760　　　　　770　　　　　780　　　　　790　　　　　800　　　　　810　　　　　820

　　　　　　　　　Bind㎞g　Energソ（eV）

図9．コバルトのX線光電子スペクトル

ー，　OT；一，　15T，OT『／血；一，　11T，一1500T2／皿；一，　12T，

＋1200　T2／遇

いては，担持量・形態・結晶形のいずれに対しても磁場効果は観測されなかった。また，コバル

トに見られた上記の表面化鶉賊に対する急潮効果も見られなかった。

aメソポーラスシリカの高機能化

　物質分離の材料として重要であるメソポーラスシリカ縦41について研究を行った。先にメ

ソポーラスシリカの機能の特徴を探索するためにメソポーラスシリカ中の光反応について研究

している。図10に示すように，メソポーラスシリカを充填した溶液中の光反応において散逸生

成物の収量が0．5Tの磁場により約2（灘曽加する．ことを見出してい為このことは㎜・41中のナ

ノボアぷミセルのかご効果と同様の性質を示すということを意味する。磁場によりメゾポーラス

シリカの特性を変えることができるのではないかと考え，磁場下でメソポーラスシリカを合成し，

その構造や充填されたカラムへの影響を検討したが，有意な効果はほとんど観測されなかった。

　そこで，光反応の磁場効果の研究によ

り見出されたメソポーラスシリカのナ

ノボアの特異性の解明にカを注ぐこと

とした。その結果メソポーラスシリカ

と液体との相互作用に関しては，多くの

新規ナノボア効果を発見した。具体的に

は，a巨視的世界では均一な
2r罪opano1とcyclohexaneの溶液は，

ナノボア内で相分離すること；b．狭いナ

ノ空間内での2－Prりpano1の拡散が予想

に反して非常に憩・こと；αナノボア内

をアルコールがボアズイユの法則に反

して速く流れる；d．ナノボア内で，ア

30

　笏
＊

毛20
謹

．目15

嵩

爵10

三

　5

●

置）

b）

　0
　0　　　　　100　　　　200　　　　300　　　　　400　　　　500

　　　　　　　　丑01皿丁

図10．メソポーラスシリカ中の光反応の磁場

効果縦軸は散逸生成物の相対収量ボアサイ

ズ｝ま（a）2．5nロ，　（b）3．4n皿
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ルコールは液晶的である，a水内の不純吻有機分子をナノボア内の水分子ネットが取り込む，な

どの新奇な現象を見いだし惣［7］

乳生物分子素子の高機能化

　本研究では，強磁場を利用して担当者ら

が開発してきた生物分子素子「機能化微小

管」を集積・組織化し，ナノ素子としての

機能向上や高次機能の発現を図ることを

目的とした。そのためにまず，微小管その

ものの磁気配向について，次に機能化微

小管」の磁気配向構造の制御，および集積

化・組織化による機能の変化を検討した。

　微小管の磁気配向に適した実験条件・実

験手順を決めるのに困難を極めたが，試行

錯誤を繰り返すことにより，漸くその条件

を決めることができた。そして，その条件

下で微小管の磁気配向を試みた。結果を図

11に示す6図から明らかなように，微小

管は磁場から少し傾いて配向した。

B

　　　　　　　【μ腰」

図11．微小管の磁気配向（6T）

星

日

　さらに，「機能化微小管」の集積化・組織化のために，微」・畦豆に素子を集積する新たな方法を

開発した。これは新たに設計・合成した微小管結合性ペプチドを利用するもので，これにより微

小管の変性を抑えるとともに，複合化可能な素子の範囲を広げることができた。

微小管磁気配向のための実験系を構築できたこと，微小管の濃度・長さ・磁場弓鍍による「機

能f徽」・管」の配向・集積度・組織度の変化（すなわち構造箭1御の方法論）を見出すことができ

8，おわりに

　本研究では，15T，1500甥／mの強磁揚のキャラクタリゼーションと強磁場のマテリアルサイ

エンスへの応用について基礎酌研究を行った。

　強磁場により擬似微小重力揚1．8Gの擬似過重力場を作ることができた。擬似微小重力場によ

りリゾチームたんぱく質結晶の高品位化が可能であることが世界ではじめて実証された。このこ

とは，翻以微小重力場が，たんぱく質の結晶化などの宇宙実験の地上予備実験やある種の宇宙実

験成果の実用化（地上化）に利用できることを明確に示したものである。

　熱対流の磁揚申その場観察や3次元形態的キラリティーの磁気誘導などの研究から明らかな

ように，強磁場は；磁気力（zBdB／dz），磁化率勾配力（（d　z／dr）B2）やローレンツカ（qv×B）

という種々の力の作用する場であり，同時に磁気配向などの磁場効果の作用する場である。この

ように強磁場は，他に類をみない特徴を有する新規な場であることが分かった。この複雑な場を

完全に理解するためには，今後さらに定量的に解明していく必要がある。

　このような新規な場により，例えば；対流を加速・抑制するなどが可能であり，材料創製への

さまざまな応用が直ちに期待されるなど，今後マテリアルサイエンスの広い分野での応用が可能

であることは間違いない。

一19一



　強磁揚のマテリアルサイエンスへの応用のひとつとして，ナノ材料に注目しその磁気配向にチ

ャレンジした。ナノ材料の場合，熱愚動が配向を妨げるため磁気配向を固定化するための工夫が

必要であったが，今回の研究で幾つかの材料で磁気配向に成功した。しかしながら，現段階では

各論にすぎず，一般的な方法論の確立が今後の課題である。

本研究により15T，1500　T2／mの強磁場環境の特徴の概略を角奉明することができたが，引き続

き更に研究の深化が必要である。
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強磁場を用いた高分子材料の構造融卸

　　　　　　　　　木田亘久1，山登正文ユ，櫻井伸一2，斎藤．拓3

1榔ゴく学理・者囎部，　2二醇ζ者β＝［籍・縮　3轍江＝プこ彗隻・工弓郷

膿
　本研究では，結晶噛高分子及びブロック共重合体の構造形成を磁場により制御する方法につい

て検討した．従来鰻掴配向しなかった高分子量ポリプロピレンの超臨界二酸化炭素下での磁場配

向，ブロック共重合体のミクロ相分離構造の磁場配向に成功した．又，透明性が高く，かっ高配

向性の高分子フィルムの作製に成功した，更に，微粒子懸濁系の3次元磁場配向に成功し，ナノ

からミクロンサイズの微粒子の擬単化への道を拓レ・た．

1．はじめに

結晶性高分子が磁場配向することは現在では広く認識されているが，全ての結晶性高分子が配

向するわけではない。汎用樹脂のisotactic　polypropylene（iPP）は，磁暢配向力漣成される

と大きな応用展開が期待できる．しかし，これまで低分子量重合体の配向は達成されているもの

の，実用に供される高分子量体のものは単一では配向に成功していない．今回は超臨界二酸化炭

素下での特殊な結晶成長を利用することにより，初めて磁腸配向に成功した．

　ブロック共重合体はミクロ相分離附随を形成するので，鰯こよる構造制御の可能性が考えら

れるが，構造サイズおよび磁気異方性が小さいために，磁場配向は困難と考えられていた．しか

し，本研究では強磁場下でシリンダー構造が磁場配向することが見出された．更にミクロ相分離

の一方の相を選択的に常磁閏ヒすることによりうメラ配向が促進されたことから，形状異方性に

よる配向メカニズムが示唆された．

高分子の配向額卸により複屈折の制御が可能になるので，光学材料用のフィルムの作製に磁場

配向が有効である．磁場配向のためにはサブミクロンオーダーの磁気異方性構造が必要であるが，

このサイズの異方性構造は光を強く散乱するので，磁場配向と敵性とはトレイドオフの関係に

ある．本研究では液晶性ブロック共重合体を用いることによりこの困難を克服した．その結果1／4

波長板程度のリタデーションを有する透明配向フィルムを作製することができた．

　ミクロからナノサイズの微粒子を作製し，それを高分子

マトリックス中に魍蜀し磁蜴配向させることにより，配向

複合材料を作製した．二軸性結晶の場合には，静磁揚下で

は磁化容易軸が，回転磁場下では磁化困難軸が一軸配向す

るが，これまで，二軸を同時に配向させる手法は知られて

いなかった．本研究でぽ時間的に変動する特殊な磁場を

用いることにより，初めて二軸配向を達成した．これによ

り，擬単結晶状複合材料を作り出す手法を確立した．

チタン製耐圧容器

5

2，超臨界流体場での磁蝪印加による高分子の高次構造制御

高分子を超臨界二酸化炭素雰囲気下で磁場印加させるこ

とが可能な耐王容器の試作を行った（図1）．耐王容器とし

て磁石内で使用可能で高温・高圧に耐えられるチタンを用

超伝導磁石

図1幽幽界磁揚印加システム
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い，面細容器内に挿入した試料の温度コントロールは

セラミックヒーターにより行った．試作した鰹器

を超伝導磁石内に挿入して超臨界磁場印加システムを

構築した，超臨界二酸化炭素雰囲気下で高分子試料を

その溶融温度以上まで昇温して，その後，結晶化温度

まで冷却して等温熱処理することで，高分子の結晶化

に対する超臨界流体場で（囎印加を可能にした，

高分子量iPPを大剣難下で磁腸を印加して溶融結晶

化させても配向した結晶構造を得ることができなかっ

た，ところが，二酸化炭素雰囲気下で8Tの鼓腸を印加

しながら溶融結晶化させることで，長軸方向が磁場の

印加方向に沿って配列して，巨視的な光学異方性を有

する針状結晶の得られることが見出された（図2）．実

際に結晶内の分子鎖が配向していることは，広角X線

回折隠の方位角依存性と偏光フーリエ変換赤外吸収ス

ペクトルから得られる赤外二色性の結果から確認でき

た．さらに，広角X線回折の一次元プロファイルが二

酸化炭素雰囲気下で磁蝪を印加させながら溶融結晶化

大気圧下140℃で結晶

球晶

CO25MPa磁場印加8T

配向した針状結晶

　針状結晶が磁場方向に配列
冷却速度が遅いほど配向度が増加

図2　ポリプロピレンの磁場配向

させることで大きく変化して，大気圧下ではα型であった結晶構造が，α＋γ型へと変化するこ

とがわかった．

高分子量PPを磁場印加させながら低温で溶融結晶化させることで，磁場配向の度合いが増加し

た．また，溶融後の冷却速度を遅くすることで結晶配向の度合いが増加した．これは，溶融させ

た温度が低いためにすべての履歴が消されず溶融状態で完全なランダムコイルにならず，二酸化

炭素による秩序構造形成が容易になったことと，冷却速度が遅いために秩序溝造が形成される結

晶権誘導期が伸びたことで磁場の影響を受けやすくなり，秩序購造が磁場配向に必要な体積まで

成長循磁気トルクにより回転し，その後に成長する結晶も配向することにより磁錫配向の度合

いが増加したことを考えることで説明できた．

　以上のように，超臨界磁場怨府システムを構築することで，1）大気圧下でぱ園圃配向できな

かった高分子量PPを磁場配向できるようになり，2）結晶構造・高次構造の制御も可能になり，

3）磁腸配向のための最適条件が見出され，当初の目標を十分に達成できた．

3．磁場によるブロック共重合体のナノ構造瓢卸

　ブロック共重合体は，ブロック組成に応じ，図3に示すような

ミクロ相分離構造を形成する．ポリスチレ酒水添ポリブタジエ

ンーポリスチレン（醗）トリブロックコポリマーが形成するシ

リンダー状のミクロ根分離構造（ポリスチレンがシリンダLを形

成している）の揚合に，磁場配向する結果が得られた．しかし，

その度合いはかなり小さく，30Tの磁場強度でも場合によって

はさほど顕著な配向が得られないと言う結果もあった．磁場印

加方向に対してシリンダー構造が平行に配向するのが「般的

な結果となった．ポリスチレンーポリブタジエンーポリスチレン

8ph厚置e Oylin虚er

図3　ブロック共重合体に

おけるミクロ相分離購造
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（SBS）トリブロックコポリマーが形成するラメラ

状のミクロ相分離構造の揚合には，磁場配向は確

認できなかった．そこで，上記の磁場配向を，よ

り顕著にするため，ナノシリンダーの直径程度の

厚みを有する薄膜（層厚約20細）について実験

を行った．

　シリコーンウエハ基板上にスピンキャストした

薄膜について原子間力顕微鏡観察と視射角入射小

角X線散乱実験を行った．現在も継続しているが，

ナノシリンダーが磁藤西方向に対して平行に配

向する結果が定量的に得られた．

　以上のように，当初の予想通り，シリンダーにつ

いては磁場配向可能で，さらに基板上での表面パタ

図4　配向ラメラのX線J・角散乱像

一ンの磁場によるナノ・マニピュレーションが可能であることを示すことができた．残念ながら，

ラメラ状のミクロ相分離際造については，配向に及ぼす磁場の有効性を示すことはできなかった．

　そこで，片方の相に特異的に常磁性キレート化合物が取り込まれるような系を選択し磁場処理

を行ったところ，図4に示すようにラメラの配向挙動が見られた．現在再現性試験を行っている．

磁気異方性にもとつく磁暢配向においては，常磁性の導入により配拘が促進されることは考えに

くいので，この結果は，構造異方性によるものと理解される，

4．磁場を用いた光学材料の創成

　ポリエステルエーテルやポリブチレンテレフタレート／ポリカーボネート系アロイについては

比較的透明な状態で（透過率65％～70％）配向させることに成功した．いずれも融点直ヒで溶融さ

せ融点直下で結晶化させることが重要であった．しかしながら，これらの系は光学材料として利

用するには不十分なものであった．アイソタクチックポ

リプロピレン（iPP）に核剤を添加した系では速い冷却速

度で冷却結晶1ヒさせることにより透明で酌返した試料を

得ることに成功した．また核剤添加iPPにおいて不均一

発揚を用いて傾斜配向材料について検討を行った，その

結果，核剤添加i匪を不均トな磁場分布に従って傾斜配

向させることにも成功した．最終的には液晶俳晶のブロ

ック共重合体を磁場配向させることで優れた透明性と配

向性を有するフィルムの作製に成功し，当初の翻配向

体作製の目標は達成することが出来た（図5）．また，液

晶俳晶のブロック共重合体を磁蝪配向させることで，ミ

クロ相分離構造の配向制御やミクロ相分離構造の周期性

の制御が可能となるような新たな知見が得られた．磁気

双極子相互作用などの影響が考えられるが，詳細は今後

の検討課題といえる，

　強磁性体周期構i造を利用したパターン作製装置はその

構造が複雑であるため幾つか問題点が見つかった．現状

図5配向試料の偏光顕微鏡写

真．ほぼ1／4波長板の位相差を

実現矢印は自珈磁場方向．
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でも250℃以上では使用時間が限ら払高分子の溶

融結晶化プロセスへの応用は達成できなかった，微

粒子の自己組織化のパターン化は複雑模様への応用，

2種類の異なる粒子の同時パターン化など今後の応

用展開の基礎となる結果が得られた．

　サブテーマについては，磁揚配向を磁場内FT－IR

で観察した．アイソタクチックポリスチレンの場合，

溶融伏態での配向は確認できず，結晶化初期過程で

のみ配向していること那明らかとなった．憎方，ポ

リエチレンテレフタレートでは溶融中でわずかに配

向していることを示唆するデータが得られた．しか

しながら最終的な配向度はその後の結晶成長の初期

過程に依存しており，二二配向を制御するためには

結晶化初期過程の制御が重要であることが明らかと

なった．

5．高分子／ナノ複合体の磁気プロセッシング

　ナノ粒子分散系の磁場配向技術を確立し，光学材

料への応用展開を目指した．無機水酸化物ナノロッ

マイクロ．ロッドのSEM写真

　磁揚配向サンプルの光学
　顕微鏡写真

図6　（如（0耳hマイク．ロロッドの磁場

餉
ド，セルロースナノファイバー，カーボンナノチューブ（CNT）の懸濁系に磁場印加し，これ

らの配向制御，及びその固定化を達成した．パターニングと配向が同時に達成できることが示さ

れた．

具体的には以下の事柄が達成された．（1）種々

のナノ粒子を作製する方法を確立した．水熱処理

によるω（㎝）3ナノロッドの作製（図6）［1］，セ

ルロース繊維の酸処理によるナノファイバー作製

方法の確立；CNTの短篇胃液の調製法の確

立．（2）配向の固定化に関しては光硬化性樹脂を

用る方法を確立した．（3）磁気モジュレーーターを

用いて，配向とパターニングを同時に行う方法を

確立した．有機微結晶，CNTに対してこのプロ

セスを適用し，パターン化異方発光材料の作製

CNTの配向，線伏パターニングを達成した．工

業化を目指し，連続配向方法の検討も行ったカミ，

具体化には至らなかった．

　この他配向の精密化手法の開拓を行い，微結

晶の3・次元配向を達成した［2，3］．二軸結晶

（orthQrhon」bic，　mQn㏄liniG，　triclinic）　（囎ヒ

率の大きさは通常全て異なる．静磁場下では磁化

容易軸が，回転磁場下では磁化困難軸が一軸配向

するが，これまでコ軸を同時に配向させることは不

y

EIIiptic　Magnetlc　Field

z

↓

　　Pseudo　single　crystaI

図7 楕円磁場を用いた二軸結晶の3次

一24一



可能であった．今回，二軸配向が楕円磁場を用い

ることにより可能であることを，理論的に示し（図

7），実験的検証を行った．20μ血程度の粒径の有

機微結晶粉末を光硬化姓樹脂に懸濁し，楕円磁場

を印加し，二軸配向を達成した後，光照酎に．より

配向を固定した．得られた試料をXRD解析した

所，スポットの半片幅は単結晶の5倍ほど広かっ

たが，単結晶に比べ遜色のない分解能が得られた

（図8）．この方法により微結晶粉末の擬単結晶化

が可能となる．XRD，中性子，固体NMR等の

分光学的測定において，粉末試料を用い，単結晶

解止ができることを意味する．擬単結晶材料の創

製にも有効である．

　　配向度は，磁気エネルギーと，熱エネルギー

椀7との競合により決まる，配向揺らぎは，

△θ2廻μo椀7／（β2耽。）

　ロびニロユ　　ヨコ　しドキコ　　ビ　

騨爵デ．ゴ・．，．端

レ．．．編

奪い．∵．．哨1
穿・’．・り「」．い、

りよユねヨニなよ　ユニ　　 @　　る

磁譲；「7領
＝＝．　　　　　1　　‘．

．擁

，．志“1．

　ロ @ロ Rン　　　　　　　　　　　　　ひ

響・擁：顯

　　　　　諸

iの．

により評価できる．今回の結果では5Tの油揚を

用いて行った．△θが元の単結晶の5倍程度であっ

、

’

’

8　　　ρ

、．雫巳

、

、鴨

・、

・：，．　1

‘　F　，　　　印

’　「

たが，上式からも分かるように，磁場ヨ鍍を大きくすれば；容易に回折スポットの半値幅を小さ

くすることが可能である．

6。おわりに

本研究では高分子の磁場配向制御ための基礎研究，およびその応用展開を行った．結晶性高分

子の広口配向は，熱力学的優先配向メカニズムも提案されているが，多くの揚合，結晶化の際に

生じる異方構造が磁気トルクを受けて回転することにより生じる，というメカニズムで説明がな

されている，しかし，その詳細は高分子の種類に依存する，結晶性高分子の中にも配向しないも

のもあるし，同一の高分子であっても，分子量に依存して配向したりしなかったりといった現象

が知られている．また，熱履歴にも大きく依存する．このように，配向は個々の高分子の結晶化

の特性に依存した，複雑な現象であることが示唆される．

　実際，本研究で明らかにされたように，結晶化の機構が配向を大きく左右する．iPPは，球晶

を作りやすい性質を持つ．球晶形成は配向を阻害するので，i匪は磁場配向が難しい．ところが

超臨界：二酸化炭素中で結晶化させると，球晶形成が抑えられて，針状結晶が生じることが知られ

ていた．このことは磁場配向に有利であるので，磁場印加下，超臨界二酸化炭素下でiPPの結晶

化を行ったところ，予想樋りに磁場配向した．汎用の高分子量iPPの磁場配向は，応用面でも展

開が期待される，

　ブロック共重合体は，シリンダー，ラメラ等のミクロ相分離構造を取ることはよく知られてい

る．これらの構造はナノサイズなので，磁場配向は困難と考えられる，また，相分離界面での高

分子鎖の伸張による磁気異方性が期待されるが，結晶性高分子に比べれば異方性ははるかに小

さい．しかしながら，強磁場（30T）下では，これらの困難を克服できるのではないかと考え実

験を行ったところ，シリンダー相が磁場に平行に配向する兆候が見出された．配向メカニズムが
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回転タイプか，優先配向タイプかは現在のところ不明である．更に，片方の相に選択的に常磁性

キレート化合物を導入することにより，ラメラ相の磁場配向の兆候が得られたことから，第3の

配向メカニズム，形状異方性による配向メカニズムが示唆された。磁場配向の適用対象を拡大す

るという意味において，今回のこの発見は大きな意義があるといえる．

透明配向フィルムを磁揚配向により作製することは，配向できる程度のサイズを有する異方溝

造が同時に光を散乱するので，これまでの様々な試みにも関わらず困難であった．今回は，これ

らの困難を取り除くための二つの試みを行った．iPPは結晶化速度が速く大きな球晶を生じるの

で，フィルムは通常白濁している．ところがいわゆる結晶化核剤と呼ばれる有機或い1ま無機の微

結晶を添加し結晶化させると，iPPの結晶サイズを小さくできるため，透明性が増加する．核剤

の種類によっては高分子がエピタキシャル結晶成長する系がある．そこで，核剤の磁場配向によ

りiPPの配向を誘起したところ，透明性の高いiPP配向フィルムを得ることに成功した．

液晶性高分子は容易に磁場配向することはよく知られている．磁場配向によりモノドメイン化

することにより透明性を向上できると期待されるが，市販の液晶性高分子は磁揚配向させても透

明性は向上しない．しかしながら，今回液晶性ブロック共重合体を磁場配向させたところ，高配

向の透明フィルムを得ることに成功した．

微粒子懸濁系の磁場配向については，擬単結晶化技術という新たな展開が得られた．静総揚下

では磁1ヒ容易軸が，回転磁場下では磁化困難軸が一軸配向することはよく知られている．本研究

ではこれらの組み合わせと位置づけられる方法により，二軸結晶（斜方，単斜，三斜）の二画配

向（3次元配向）に成功した．実際に用いた前職は，強度変調型伽）および周”ノ諦型（田）

の回転磁場である．この手法により，懸濁微結晶を3次元配向させた複合材料，3次元配向した

結晶性高分子材料の創成に道が開かれた．今後の展開が期待される。
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強磁場によるナノ構造構築と機能操作

尾関寿美男1、藤尾克彦1、飯山　拓1、勝木明夫2

　　1信州大学・理学部、2信州大学・教育学部

概要

　　非磁性のハイドロゲル，脂質ベシクル，コアセルベート，トリブロックコポリマ

ー／シリケートハイブリッド，メソポーラスシリカや弱磁性の有機金属錯体や金属樹の

コロイド次元集合体を磁場下で組織化および機能化した。磁場応答性部位に注目して，

細孔性固体や生体モデル物質を中心に磁場の作用を探索的に研究した。構造の磁場に

よる自己組織化，磁気異方性添加物による機能の磁場敏：感化を検証し，これらによっ

て，弱磁性系の異方性ナノテクスチャーやナノ構造を，磁性をベースに簡便に，内部

から組み上げる新しい方法論の端緒を得た。また，磁場による反応や機能・物性の制

御の例として，水の磁気処理効果や溶液中の濃度ゆらぎの磁気力場制御を検証すると

ともに，水素の低温での吸着・反応や電気化学における非線形化学反応に伴う構造形

成の磁場応答を調べた。

1。はじめに

　材料に望まれる機能は自己集合や自律反応で自然に生まれる物質の構造に由来する

それらだけでは対応できなくなっている。ミクロスケールで発現する特性を統計的平

均化によって失わせず，マクロな単位で発揮させることが重要である。これらを実現

する手段の一つに磁場があり，（1）磁場中での物質合成による構造制御，（ii）物質中

の第2物質の磁場による選択的配向・構造制御，（iii）物質の磁場による構造一物性制

御に利用され，物質・材料開発の有用なエネルギーであることが確かめられつつある。

磁場は極めてマイルドかつクリーンなエネルギーで，物質透過性や小さな界面効果な

どの特徴をもつ田。そのため，表面から深部まで同じように磁場効果を及ぼすことが

でき，電場や流れなどの他のエネルギー源とは異なる際立った特徴を有している。

　このような磁場効果は物質のもつ磁気的性質と磁揚の種類の組み合わせによって制

御される。物質は普遍的に反磁性磁化をもつために，すべての物質が磁場と相互作用

する。たとえば，磁気異方性が身のN個の分子を含むドメイン（体積瓦）のもつ磁気

配向エネルギー易は，分子の長軸と磁場のなす角度をφとすると，

玖＝一
ｾ（z⊥＋助。・s2φ）瓦

（1）

で与えられる。！VあるいはHが熱エネルギーよりも十分大きければ，分子の長軸は磁

場と直交するようになる。10丁超級の液体ヘリウムフリー超伝導マグネットが安価に

入手できるようになって，非磁性かつ絶縁性の無機・有機物質にまで磁場の適用範囲

は広がり，実験室レベルで磁気浮上を可能になった。磁場は空間的・時間的にゆらぐ

ので，磁場効果は均一磁場，不均一磁場（勾配磁場と局所磁場），交番磁場などの種々

の効果が重畳してあらわれ，メカニズムを推察する際に注意を要するが，それだけに

思わぬ相乗効果が期待できる。また，磁場は反応物質，応答物質に直接に作用するば
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かりでなく，輸送，保持，方向性，無容器など環境，条件設定への展開も可能である。

　本研究では，弱磁性の高分子や分子ネットワーク，分子集合体構造やそれらの物性・

機能を磁場を利用して制御することを目指した。

直径が増加し，収縮相は幾分減少したので，

磁場中で調製したゲルの体積相転移点に

おける不連続性は顕著になった。25℃での

膨潤状態のゲルの直径は調製磁場強度の

増加に伴って単調に増大し，30Tではゼロ

磁場のゲルに比べて約40％大きくなった

［2］。また，高分子鎖が磁場に対して垂直

に配向するために構造異方性を示し，磁場

印加方向へのサイズ変化の方がかなり大

きかった。このゲルの異方性は磁化率の異

方性や偏光解消として観測された。

　28Tで調製したゲルの磁場は見掛けの

架橋度は仕込み時の約4分の1に減少し，

ヤング率は3分の1になっており，架橋度

の低下によってゲルがかなり柔らかくな

っていることがわかった。

2，ゲルの構造と機能の外部骨揚制御

　化学架橋ゲルであるポリ（N一イソプロピルアクリルアミド）ゲル（N獄ゲル）は低

温の純水申ではネットワークに水分子を取り込んで膨潤しているが，温度上昇に伴っ

て徐々に脱水和し，34℃付近で急激に収縮する。この不連続な体積変化を体積相転移

と呼ぶ。モノマーから高分子への成長と架橋生成を内径0．4mmのガラス毛細管中で磁

場下で行うと，調製したゲルは膨潤相での

　　　　　　　　　　　　　　　　　　　　　　1L4

◎，35

暮伍3

馨四
一1

…i

　［
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；

」

山＿＿＿＿山＿」
30　　31　　32　　33　　34

　　　　温度．7ノて＝

35　　36　　37

図1．MPAゲルの不連続体積変化の磁場

　　　　　　　　　　　　これは，磁場配向した高分子鎖間が架橋されにくいため，

高分子鎖の一端が架橋されていないダングリング鎖が生成するためであることが，張

力緩和測定によって示唆された。

　MPAゲルは調製温度の上昇とともに白濁するが，磁場中で調製すると透明度の高い

ゲルが生成した。これは調製温度の上昇に伴って生成する高分子の密集したドメイン

が，磁場中で調製すると光の波長に比べて十分小さくなったためと考えられる。熱分

析により，下闇中調製ゲルは相転移熱が磁場強度の増加とともに大きくなり，水和量

が増加したことがわかった。また，偏光顕微鏡観察から，同じ磁揚強度でも相転移温

度以上で調製したゲルの方が磁場配向が促進されたことがわかった。その他，磁場下

で調製すると，体積相転移が誘起されること（図1），不透明な高架橋度ゲルを透明化

できること，高混調製ゲルの体積相転移現象を体積の大きい領域にシフトできること，

調製時の磁場方向によってヨウ素拡散を制御できることなどを見出した［2，31。
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　㎜ゲルに外部磁場を印加すると膨
潤し，30Tで直径が約20％増大した。熱

分析の結果，磁場中では相転移熱が増

加しており，直径の増大は水和量の増

加に起因することがわかった。また，

溶媒に添加物を加えた溶液中での体積

相転移温度は磁場によってシフトした。

磁場印加による温度シフトは添加物の

種類と濃度に大きく依存し，最大±
0．6Kであった。磁場による収縮後の溶

液中の添加物濃度減少は磁場による疎

水性添加物のゲルへの結合量の増加が

相転移温度シフトを誘起したことを示

唆した。この磁場誘起体積相転移は分

子結合に続いて脱水和が起こる点で，

通常の温度誘起体積相転移（脱水和し

てから疎水性分子が結合）とは全く異
なる。

　　　　　　　　　　　　　当1

服．45

釦．4

113ヨ

1，3

巳夢，25　・

6．＝

o．塵5’

　叩　　愈1

’臨inBO亀〃min

　ミ
‘1

　　垂

．1。圭

，，塁

図2．磁場印加に伴うゲル直径の経時

　　　この温度シフトを利用すると，外部磁場刺激によってゲルを操作できる。図2

はNIPAゲルを水溶液中で膨潤させ，温度を一定に保って10Tの磁場をON，　OFFした

際の体積変化を示したものである。このように，条件次第ではゲルは外部磁場によっ

て意外に大きく歪むので，外部磁場によるゲルの網目や形状の制御が可能である。種々

の条件を組み合わせると特徴あるゲルが調製可能である。

　無機ゲルとしてのシリカグルも，ケイ酸ナトリウム水溶液をイオン交換し，ゲル化

時に磁場を印加すると細孔構造を制御できた。磁揚によって結晶性が良くなり，メソ

ポアが発達して特徴ある細孔径分布となった。

3．磁場による溶液構造・物性の変化の検証

　脂質からなるリボソーム（ベシクル）膜への機能性分子の添加によって生体膜機能

を模倣したり，ベシクルの内水相を細胞質とみなして機能化する試みが盛んである。

薬物輸送担体や薬物徐放系としての応用

も検討されている。通常の膜融合には物理

的摂動として電場が用いられているが，穏

やかな方法とはいえない。

　磁気異方性分子からなるドメインの磁

揚配向は磁場方向に対して角度φで起こ

るので，隣り合うドメイン間で異なる配向

が許される。この配向欠陥を解消するため

に膜は曲率を持つように変形する。実際，

磁気エネルギーが小さいときには球から

楕円体へ変形した（図3）。一方，磁気エネ

口艦巨●

≡に艦恥

ぎ1星噛

…・鮒

三・・

　職ln

「鯉聖

◎，
　　　一　．　一

11　　　　　　　　　　　4　　　　　r，　　　　　訥

　　、L噛呂r劇fI1ぽ，・hl圏1“1・i‘♪、8’

15卜

）。，

図3．ベシクルの回転半径の磁場による

ル穀田が大きいときには膜は波打つが，その際生じる弾性エネルギーは膜の不安定化

に導く。これらのエネルギーバランスから磁場中でのべシクルの安定化条件を求める

と，一つのべシクル内に含まれる分子数の許容数が，ρを膜の局所的曲率半径として
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次式で求まる。

6（1一η）一アbρ一1（η112一η）≧0 （2）

磁場下にあるベシクルに含まれる分子数がゼロ磁場での粒径2而をもつベシクルのη

個分に相当するとき，躍＞1を磁場融合，ηく1を磁場分裂，刀＝1を安定と呼ぶことに

する。与えられたρに対して図示したとこ

ろ，実測値は安定化条件の境界付近に沿っ

て分布した［4】。同じ初期粒径から出発し

ても，添加物や磁場強度が異なると融合も

分裂も誘起される（図4）。また，ベシク

ルはパルス磁場や変動磁場を用いた短時

間の磁場曝露でも粒径が変化した。しかし，

安定な粒径分布ではないため，長時間曝露

によって粒径分布は変化した。

　脂質膜は分子・’イオンを通しにくいので，

生体中での薬物輸送・放出システムとして

利用する試みが盛んである。磁場はエネル

　磁堪｝分裂（4秒｝

」鍛牽L叩隅　　　　　　　　　　　　　　　　　　　　　　　　　瓶1．1μ剛

　　　　　　　　　　　　　　卜吃　　　　　　　　　　　　　　　｛「1．尋鯉陶閥
　磁場融合〔7秒，

　亀■博r．3蜘嘘
・． ･　’：1，，3r川，　　　　　　　　　　　　　　　　　　弔”5μ棚

図4．ペシクルめ融合と分裂の光学顎

ギーが低いが，物質透過性の遠達力であるので，この目的には最適である。蛍光色素

カルボキシフルオレッセインはベシクルの膜内分子磁場配向によって脂質膜を透過し

た。

　磁場下で溶液からの光散乱強度が測定できる静的および動的光散乱計を開発した。

これらを用いて，ミミズ状ミセルやひも状ミセルの会合状態の磁揚による変化を検出

した。屈曲した棒は伸び，ランダムコイル

は球から楕円体に歪むことが示唆された。

また，液液相分離に伴う濃度ゆらぎへの磁

場効果を検討し，磁気力による擬似磁気浮

上によってゆらぎの相関長が変化する兆

候を得た。

　水への磁場の効果を接触角と炭酸カル

シウムの結晶形態および結晶構造変化か

ら界面化学的に検討した［5］。接触角はわ

ずかに減少し，ぬれ性が増大することがわ

かった（図5）。また，炭酸カルシウムの

結晶の形態や構造も磁場で変化した。磁場

中を通過した水の機能が変化するという

説の真偽を検証した。超純粋を真空蒸留す

るなど極めて慎重に検討した結果，酸素を

溶存した純水は磁束変化によって構造お

よび機能を変化させることがわかった。そ

の原因を理解することは現在の理論的枠

組みでは容易ではないので，なお，慎重に
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図5，水の接触角への磁気処理効果
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検討を継続している。

4．有機／無機ハイブリッドの構造と機

能の磁場制御

　界面活性剤分子の分子軸は磁揚と垂

直に配向するので，これらが会合した

棒状ミセルはその中心軸が磁揚方向に

一致するとき最も安定化する。この配

向性を利用して間接的にシリカ骨格を
並べることができる［1】。メソポーラス

シリカは均一な細孔をもち，吸着，触

媒，物性研究の分野で注目を集めてい

る。この物質群は，界面活性剤やコポ
リマーが形成する棒状ミセルがシリケ

ートイオンを含む溶媒を挟んで平行に

並んだヘキサゴナル構造（H構造）か

15四一

　訓1幽

駐棚量

｛

幕

藝⊇1ゆ二

　，Ir静

剥

　　　　牽1　　　り．ユ　　　巴1，4　　　曲，自　　　6．塊　　　　1

　　　　　　　　櫓対凪ρ偏

図6．異なる磁場強度で調製したメソポ

ーラスシリカの77Kでの窒素吸着等温

線

ら界面活性剤を除去して得られる。ハニカム状に配列した均一な細孔は有機鋳型の長

さに依存して2～20nmとなる。磁場下ではH構造ドメインの成長，究極的には単一ド

メインの多孔体が期待される。臭化ヘキサデシルトリメチルアンモニウムの水溶液と

テトラエトキシオルトシランのエタノール溶液とを混合したゾルを均一磁場下でゲル

化させ，得られたハイブリッドを823Kの空気中で5時間処理してメソポーラスシリ

カとした。この細孔径は面間隔と同様に磁場強度の増大とともに小さくなり，細孔容

量は大きくなった。メソ細孔が得られ
ない塩基性条件で強磁場を印加すると

H構造が発達するために窒素吸着等温
線にステップが現れる（図6）。磁場に

よって典型的なメソポーラスシリカ

MCM．41が誘導された。また，トリブ
ロックコポリマーを鋳型としたSBA－15

の細孔配向の磁場制御も可能になった。

　ピラジンやフマル酸などを配位子に

もつ3次元集積型有機金属錯体を磁場
中で調製して，結晶のモルフォロジー

や集合状態を変化させた。それらの熱

安定性や細孔構造，吸着能に磁場効果
を認めた。特に，同じ組成のピラジン／

ピラジンジカルボン酸／過塩素酸銅水溶

液から，6Tの磁揚を用いて2種の新規
結晶構造を見出した（図7）。
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図7．Cu／pzdc／p璽a錯体のX線回折図

5．磁場による吸着相の状態と表面反応の制御

　臨界温度周辺における水素吸着測定を行うために，高圧および強磁場に対応した装

置を設計，製作した。測定装置には広い圧力範囲を高精度で測定できるように異なる

圧力範囲が測定できる圧力計を取り付け，8MPaまでの広い圧力範囲においての吸着測

定を可能にした。多孔質固体と吸着平衡にある水素に磁場を印加して吸着量変化を見

出した（図8）。磁場による吸着量変化は超臨界状態においても起きるが，温度が低い
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ほど変化量は大きくなることから温度

が低いほど水素凝縮相の磁性は常磁性

的な性質を示すことがわかった。気体

及び液体の水素は反磁性物質であるこ

とから，凝縮相水素の磁性が固体表面

との特異な相互作用によって変化した

ことが吸着への磁場効果の原因である

と思われる。

　トンネル現象への磁場効果を検証す

るために，典型的なトンネル反応であ

る低温での水素／芳香族分子反応と電

極上での脂質膜を介してのトンネル電

子移動を調べた。前者については，圧

力応答による水素吸着量検出と質量分

析による反応の実証，および同位体効

果を検討し，後者については，最適電

極系の作成，イオン対複合膜の安定化，

膜形成の実証などをデータを取りなが

ら，検証した。超伝導マグネットによ

る磁揚印加システムを構築し，強磁場

印加効果を検討した。

12
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図8磁揚印加に伴う水素圧力の経時変
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反応性水素原子を水素分子から発生させるために紫外光と水素吸蔵合金を用いた。

トンネル反応を追跡するために15Kl級クライオスタットにサファイア窓とガス導入部

を設け，圧力変化を鋭敏にしかも温度

ゆらぎの影響を避けるために差圧を検

出し，質量分析器に接続して反応物を

確認した。ベンゼン／水素／活性炭素繊

維系，シクロヘキセン／水素／水素吸蔵

合金系で水素付加反応の温度依存性と

同位体効果を調べ，トンネル反応が進

行することを見出した。磁場はこれら

のトンネル反応の種類に依存して，抑

制にも促進にも寄与することが判った
（図9）。

　電極上のカルボキシル基をもつ自己

組織化膜上に陽イオン性脂質膜を自己

組織的に複合化させ，イオン対を介し

た電子移動型（トンネル系）を構築し

た。鉄錯体水溶液一脂質複合膜一国極

茸

昌重3

・里4

．L5

．16

冒17

冒18

冒し9

　　　丁巳n脚職7’K
艮00　　　　90　　　　33　　　　25　　　　20

・29

　0　　　　｛LOI　　　　a肌　　　　｛kO5　　　　α04　　　　α05　　　　0．06

　　　　　　Te叩¢煎鵬丁4’K母

図9．6TにおけるH2／C6Hlo／SmCo5系の

速度定数の温度依存性

系でのレドックス反応への磁場効果をサイクリックボルタンメトリーによって検出し

た。特別な複合化手法によってのみトンネル電子移動系を構築でき，磁場によって電

子移動を制御できることが分かった。
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　酸化チタンによるメチレンブルー吸着活性および光分解反応触媒活性は磁場によっ

て促進された。微粒子効果やイオンドープによるバンドギャップの変化により，磁場

による活性変化に大きな違いがみられ，不均一光触媒活性の磁揚制御の端緒が得られ

た。

6．非線形化学反応に伴う構造形成への磁場効果

　平衡状態ではなく非平衡状態にある化学反応に対しては，制御できるほどの磁場摂

動をあたえうる。非平衡状態の反応のひとつとして非線形化学反応は，生物の機能発

現やパターン形成などと関連して近年

大変興味が持たれている反応の一つで

ある。本研究は，パターン形成反応お

よび吸着現象などの非線形反応に対す

る磁場効果を解明することを目的とす

る。特に，典型的な非線形現象である

金属樹成長の磁場効果および結晶の配

向について検討を行った，これらの化

学反応の制御は新機能材料の開発にも

つながるものである。

　固／液相間の酸化還元反応による金属

樹の成長過程は非平衡状態における反

応であるため，外部からの摂動の影響

を受けやすい。本研究では，金属銅一

銀イオン系，または金属亜鉛一思イオ

ン系から生成する銀樹について磁場に

よって顕著に形成パターンおよび収量

が変化すること，およびそ

の詳細について検討した。

　金属銅一銀イオン系から

の銀樹の成長過程を最大磁

場強度15Tの不均一磁場

中で行った結果を図10に

示す。零磁場の状態では，

金属光沢を持った樹枝状結

晶が成長している（図
10（a））のに対し，磁場中で

はいずれの磁場条件下にお

いても金属光沢が失われ，

全体の形状も球状になってい

る（図10（b），（c）および（d））

ことから，明らかに磁場の影

響が見られる。図11に銅イオ

0．025

　0．02
ヤ
璽α015

慧α01

－0．005

0塑

　0

図10．Cu－Ag÷系（［AgNO3】＝0．05
moレdm3）で生成した銀樹．（a）零磁場，
（b）　9．8　］ら　＋1070　T2∠nち　（c）　15．0　丁；　＋50

T2／m，（d）5．6冗一940乎∠m．
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図11．Cu3＋イオン濃度の時間変化：（●）零磁場；（o）9．8

鳴＋107019m；（■）15．0エ＋50　T2／m；（▲）5．6冗・940

曲m。
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ン濃度の時間変化を示す。いずれの磁場条件においても零磁場条件とくらべて立ち上

がりが速く，収量も約2倍以上増加していることがわかる。イオン反応では，ローレ

ンツカが作用することに加えて，この反応系では常磁性イオン種である銅イオンが関

与することから，勾配磁場による磁気力の影響も見られた。磁場によって形状および

収量が顕著に変化することがわかった［6】。さらに銀樹の形状が球状になることについ

ては，界面における磁化率勾配に

よる磁気力によるものであること

を明らかにした［刀。

　磁気力の影響は系を2次元にす

るとより顕著になる。反応溶液の

厚さを0．1㎜にしたときの結果

を図12に示す。銀樹は銅板の上下

に生成し，零磁場では重力の影響

で上部の方に密に生成する（図
12（a））が，磁気力の向きによって，

上部により密集（図12（b））あるい

は逆に下部に密集（図12（d））して

いることがわかる。これは銅イオ

ンに作用する勾配磁場による磁気

力によって重力の影響を制御でき

ることを示している。

　一方，同じ2次元条件で．も，金

属亜鉛一斗イ．オン系から生成する

銀樹は前述の系の結果と非常に異

なる。この反応系は反磁性種のみ

からなる系であり，磁揚の影響は

受けにくいと予想されていた．しか

し，この系も著しい影響を受ける

ことがわかった（図13）。零磁場で

は，樹枝状結晶が成長している（図

13（a））のに対し，磁場中では銀樹

は直線的になり，磁場に対して約

30度傾けて配向している（図13（b），

（c）および（d））ことがわかる。また，

その角度は磁場条件の違いにかか

わらず，ほぼ同じであることがわ

かる。銀結晶は面心立方のため，

（a）

（c）

覧「

図12．Cu・Ag＋系板厚0。1㎜（［A劇03】一〇．05
moレ〔㎞3）で生成した銀樹．（a）零磁揚，（b）9．8篤

＋10701艦／叫（c）15．OT；＋50T2／m，（d）5．6℃一940

乎触．磁場の向きは下方向．

鴨

　　　　　　　　　　鰯

　　　　　　　　　　L　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　．

　　　　　　　　　　　．
　　　　　　　　慧

図13．血一Ag＋系鱒04㎜（階031－
0．05mo1／dm3）で生成した国樹．（a）零磁場，（b）

9．8エ＋1070T2加，（c）15．0鳴＋50　T2／m，（d）5．6　Tl

－940T2／m．磁場の向きは下方向．

結晶そのもの自身は磁気異方性がない。しかし，SEMおよびXRDの結果から銀結晶

の形状および成長方向が異方的であることから，形状磁気異方性による配向であるこ

とがわかった［8］。

さらに銀側成長の初期段階のその場翻を行うと高さ約0．5㎜の銀樹が磁判こよ
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って歳差運動をしていることが

の回転速度の濃度依存性，磁場

強度依存性から，磁場強度が8T

で溶液中の銀イオン濃度が0．04

moレdm3のとき約1N／cm3の力が

銀鼠に作用していることがわか

った。この現象は化学ポテンシ

ャルが力学的エネルギーに変換

しており，非常に興味深いもので

ある［9工。

　これまで反磁性種の磁場による

　　　　　　　幽臨』』

　　　　　　　　　機梅

　　而s．i拓s　　弱s宮．菊s

図14．Zn－Ag＋系で観測された銀樹の歳差運
動．

配向は分子レベルまたは結晶の磁化率の異方性によるものとして定量的な説明がなさ

れてきたが，アモルファスや磁気Z異方性がない無機化合物は形状異方性による配向

が可能なのだろうか？強磁性体についての研究は多くあるが，反磁性種についてはほ

とんどない。そこで，分子的に全く配向していないパラフィンを用いて，形状の違い

のみによる配向現象を検討した。その結果，強磁場下では棒状あるいは円盤状の形の

違いによる配向の違いが観測された。また，磁場勾配によって配向の向きが変わるこ

とがわかった。この現象はこれまで見出されてきた無機結晶で磁化率の異方性では説

明が困難な現象について説明が可能となり，あらゆる物体が磁場によって配向できる

ことを示している。

7．おわりに

　吸着現象に代表されるように，界面では相互作用を通じて磁気的性質を変え，思い

もよらない極めて特殊な磁気状態が可能であり，局所的，異方的，トンネル的現象が

磁場と相互作用するようになる。一方で，磁場分布をナノからマクロまで階層的に，

空聞的，時間的，エネルギー的にデザインすることで，磁場分布に基づく局所デザイ

ン物質，磁気分布デザインされた物質，デザインされた磁場分布に応答する物質群を

ターゲットとする材料化学が有り得よう。磁場を新たな材料化学におけるエネルギー

源として位置づけるだけでなく，さらにソフィスティケーティドには，他のエネルギ

ーあるいはそれによって駆動される物性とシンクロナイズさせることによって，その

複雑さに見合った統一性，複雑性，新奇性を期待すべきである。その先には，既存材

料の高性能化に留まらず，超極限における未来材料化学が広がっている。
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強磁揚を用いた新しい物質分離法の開発

山口益弘1、島津佳弘1、山本勲1、廣田憲之2、木吉　司2、阿部晴雄：2

1横浜国立大学・大学院工学研究院、2物質・材料研究機構強磁場センター

陣
起研究では強磁場を用いて新しい物質分離法を開拓するとともに、その目的にふさわしい新型

マグネットを開発した。強磁揚印加により、水素同位体分離においては従来よりも同位体分離係

数を上昇させることができ、D酷分離ではその構造的な違いにより明瞭に分離することができ、

また生体物質をその反磁性磁化率の違いに基戊・て効率的に分離することができた。一方、物質

分離に適した磁気力場を増強するマグネットを考案して実機を開発した。

1。はじめに

物質分離は重要な科学的テーマの一つである。本研究は、強磁揚印加が引き起こす特有の効果

である高磁気エネルギー，磁場配向，高磁気力などを利用して，従来法では分離能が小さかった

物質，あるいは分離が困難であった物質を分離分析する新しい方法を開拓することを目指した。

分離すべき対象としたものは，現在および将来に重要である物質である水素同位体，D甑，生体

物質である。D酷の新規分離法によりバイオ技術に寄与し，またガラス等の分離処理へ適用でき

環境問題にも貢献する。それとともに物質分離のための基礎現象を解明する。その技術的な裏du

づけとなる，物質分離で必要とされる磁気力を効果的に提洪できるマグネットを考案する．

2．強磁揚を用いた水素同位体分離

素吸蔵合金を用いる水素同位体（軽水素・重水素・三重水素）分離詫宏は、同位体分離能は他の方法

に比して必ずしも高いものではない。本研究では強磁場を印加することによって同位体分離能を

向上させること、およびその機構を解明することを目的とした。実験では、強磁性金属水素（重

水素）化物La（h5H（D）。および常磁1生金属水素（重水素）LaNi轟（D）、を用い，13Tまでの磁揚下で同

位体分離実験を行った．分離前のガスは

H2：Dr1：1の組成に調整iした．金属にH窪とD2を吸

収させた後に気相中に残ったガスの組成を分析し

た（図1）．その結果，LaCoよ｛（D）、においては零磁場

よりも13Tでは重水素濃度が6．1％ほど増大した。

一方，LaNi轟（D）、を用いた場合には磁場による重

水素濃度の増大は見られなかった．同位体分離係

数㌍（D／H）鱗／（D／H）。。1idは零磁揚での1．54から13T

での2．25に向上した（図2）。分離能の上昇は

LaColH（D）、の強磁性に起因して強磁場下で平衡圧

の差が増大したことによることが分かった。〔1］

さらに、磁場による物質分離の基礎を解明する目

的で、水酒夜中の単一イオンに対する磁気　　　　　図1．水素同位体分離装置

ミグレーション（漁gneto噸igrat　ion）の存在を
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実証した．通常、単一イオンにおける対する磁

気力は熱擾乱よりもはるかに弱く、このような

磁場効果は通常観測できない。本実験では磁気

力をできるだけ大きくするために甲イオン

（有効磁気モーーメント1（L6歯）を含む水溶液を

13T級マグネットが作る勾配磁場中（磁気力場

の大きさB（d膨dz）＝58舘／励に2週間ほど静置

した。その結果は溶液アン：カレの両端で0．6％

のイオン濃度差を得たものである，［2］

qz‘

ζ

o留
ぢ
運乞。

葦1£

鰭1．。

誌

ユし　

窃

　12a
o盛・o

ぢ

2。6

LaCo5（β＋γ）

LβCo5（α＋β）

LaM5（30℃）

。　　「01agr｛etic8field，8ジT　12

3．磁場配向クシレを用いた㎜電気泳動　　　　　図2．水素同位体分離能の磁場依存牲

　DNAはアガロースゲル中を電気泳動すると

長さによって泳動速度が異なるので分離される。DNA電気泳動に対する強磁場効果として、一

つには、アガロースゲルを磁揚中で作製し、異方的な構造のゲルを用いて泳動遊渡を測定した。

もう一つは、電気泳動を強磁霧中で行うことによってD頭Aを配向させ泳動速度の変化を測定し

た。いずれも泳動速度が顕著に変化するという結果を得て、磁場を利用した新しい泳動法を提唱

した。

　アガロースは寒天ゲルを形成するのに欠かせない主成分で、長いひも状の反磁性物質である。

熱したアガロース水溶液を室温まで冷却することによってクシレ化し、その網目構造はDNAの電

気泳動の支持体として用いられる。アガロース分子は磁化率に異方性があるため、強磁場中でゲ

ル化すると分子が配向したクツレが形成されることを見出した。強磁場中で冷却して作製したゲル

は、光学的な異方性として10闘7程度の複屈折率が出現し、力学的な特性としては貯蔵弾性率に大

きな異方性が出現し、磁力線方向に硬いゲルができた。このゲルはアセトン溶液中で異方的に収

縮し、収縮し憩・方向は硬い方向と一致した。強磁場によるアガロース分子の配向が、異方的な

ネットワーク構造を持つ配向ゲル中をDNAが移動すると異方的な速度増加が現れ、その変化は

鵬王に依存した。DNAは、一般に知られる直鎖状の二重らせんDNAの他に、環状のDNA

や一本鎖の形状のDNAなどがあり、特定の泳動速度を持傷異なる形状であっても同等の泳動

§・

憲。
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　　，’　　、　　　一σ・劔olio（7249bp）

　　　　へ　　，’　　　　　、　　十日n肥r（5㎜bp）

　　　　へ㍉「ﾐ　　　b、
　　　　　　㌦○、

　　　　　　　　　Q
　　　　　　　　　　、、、

　　　　　　　　　　　＼

26

∈　24

ξ

蓬盈
§、。

18

●’

　　　ロ　　　　ユ　　　　る　　　　お　　　　ヨ　　　　ゆ　　　　に

　　　　　Magnetic爵eld，　Bπ

　図3，㎜の泳動速度に対する磁場効果も

白丸｝灘㎜，黒丸は直鎖上【㎜で鰭

揚ではほぼ同じ泳動速度を持つ．［31

，●
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図4，直鎖状DNAの泳動速度に対する磁易と磁揚勾配の効

果b無磁場下泳動に比較して、磁場下では泳動速度が減少

した。正の五十勾配はさらに速度が低下した。同
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速度を持つために分離できないDNAがある。磁場配向ゲルを用いて適当な泳動電圧で電気泳動

することで、これまでに分離できないDNAを分離することに成功した。気泳動を行うと、泳動

速度の低下が起こる。DNAの電気泳動を12Tまでの磁場中で行い、泳動速度の減少を尋出した。

図3に結果の例を示した。縦軸は無磁場での平均泳動速度を基準とした速度の変化率であり、形

状、長さによって速度低下の挙動は大きく異なった。

　反磁性のDNAは不均一磁場（勾配磁場）中で、磁気力を受ける。　DNAが電気泳動で陽極卜泳

動するクーロンカに比較した磁気力の大きさを調査した。無磁場および71Tの均r磁場中、さら

に71Tで吐420廊nの勾酬醐中でそれぞれ3回、サブマリンゲル電気泳動を行った。支持体ゲ

ルは斑バッファー溶液を用いの噸1．蹴％のア加一ス伽＠70×説×お4㎡）を礫

して使用した。75．Ommの白金電極間にDNAとしてEZ　LoadHTMolecu㎞・M血kc隠（BkトRadLめ．

製）を電極間電E≡50V、5D℃で4時間泳動させた後、10kb長のDNAバンドを観測し、泳動距離

および平均的な移動速度の変化率を算出した。ここで、電界の印加方向（泳動方向）は磁力線の

向きと平行にした。結果を図4に示した。囲無磁場での泳動距離26．Ommに対し、71Tの均一

磁場中では泳動距離が21．〔㎞mまで短くなり、速度変化率は一19％であった。この減少は、これま

での研究により、DNAの配向に起因すると考えられる。正勾配磁場中では泳動距離はさらに短

くなりUOmm、負勾配では235㎜を示した。正勾配置潮でDNAの泳動は加速され、負勾配で

減速された。本実験条件では、磁気力はクーロンカの1割程渡であると見積もることができる。

さらに強い勾配磁場下、あるいは長時間の泳動を行うことで、電極を装着しない泳動槽による磁

場のみによるDNAの泳動が可能になると考えられる。　DNAを構成するA．TペアとG℃ペアで

は水素結合の数が異なるので、DNA¢磁化率は塩基対の地匹双G℃）に依存する。この強磁場を

用いた手法は、従来の塩基対の数に対応するリン酸の数による分離と異なり、塩基対の構成比率

に対応する磁1ヒ率による分離という全く新しいDNAの分離手法である。　DNAの高精度分離が達

成されることによりバイオ技術に貢献し，またDNA電気泳動の機構を解明することにつながる。

4．弱磁性物質の重力制御環境と磁気分離

　勾配磁場下では物質に対してその磁性に応

じた磁気力が作用する。また、周囲媒体の制御

によって、磁気力を増強することができる（磁

気アルキメデス効果）。本研究では、磁気アル

キメデス効果を利用することで得られる重力

制御環境によって、生体物質分離など新規の物

質分離プロセスの探索、及び、磁気アルキメデ

ス浮上環境の材料プロセスの場としての評価

を行なうことを目指した。

　磁気アルキメデス分離適用の対象としては、

血液製剤やタンパク質などの生体関連物質の

ように付加価値1の高い物質の他、ガラスリサイ

図5，磁気アルキメデス法により分離された
ヘモグロビン（上）とフィブリノーゲン（下）．

クルや、類似有機物間の分離など、工学的観点から実用の可能性のある対象が存在することがわ

かった。図5はヘモグロビンとフィブリノーゲンの混合物が炎熱酸素中で磁気アルキメデス浮上

して分離された状態である。［5］さらに、コラーゲンのように、基本構造は共通でも、分子を構

成するアミノ酸配列のわずかな違いや、立体構造の違いに起因して、高感度分離が実現すること

一39一



も確認し島生体物質の分離については、これまで、磁気的性質の違いが分離ペラメータとして

利用された例はなかったが、本研究によって、磁気アルキメデス分離法が新たな分離手法として

禾1用可能であることが実証された。

　また、磁気アルキメデス浮上環境の材料プロセスの場としての利用に関しては、誘起磁気双極

子間相互作用による弱磁牲粒子集団の構造形成と、物質流れ㈱牌について検討した。

　まず、弱磁性物質であっても、条件を制御することで、自己組織的な構造形成が起こることを

見出した。弱磁性物質粒子が多数存在する面に対し、磁場を水平な方向に印加した場合には、1

次元のチェーン状構造が、垂直に印加した場合には三角格子構造の形成が観潰唖された。図6は誘

起磁気双極子間相互作用により、三：角格子状に配列した直径1㎜の金粒子である。同金粒子

は、相互作用を増強する目的で、塩化マンガン水溶液に入れられており、磁気アルキメデス浮上

によって、溶液表面に浮かんでいる。粒子の存在する面に垂直に印加された磁場によって、金粒

子が磁化され、それらが相互に反発することで、互いに接触することなく、この構造を形成して

いる。このような自畿昂騰齢瀞面的に翻された粒径糊は10叫～1㎜の糊で
あった。さらに、分子動力学法に基づくシミュレ’

一ションモデルの構築に成功し、多粒子系での構

造形成に関する評価を行なった。シミュレーショ

ンにより予想された金粒子の2次元配列は、実験

で観測されたものとよく一致した。このシミュレ

ーションモデルを利用すれば、今後、さらなる高

次構造制御に関する知見が得られると期待される。

全ての物質は磁性を有するため、この相互作用に

よる構造制御は非常に応用範囲の広いものである。

原子や分子が結晶を構築するように、もっと大き

な粒子群において自己組織的な構造形成を可能と

する手段となりえ、材料分野などへ新たな磁場応

用の展開を示すものとして興味深い現象である。

ミ鰹i蒙、
気．い．㍉「ア弱．

．㌔窪ρ冠rφ．・＝・

．「 C．蟹．：1艦・．

図6，2次元面内で誘起磁気双極子相互作
用により三角格子状に配列した金粒子群

反磁瞼物質の物質流れに対する磁場影響に関して、水の熱対流に及ぼす磁暢効果の評価を、流

れの可視化及び熱伝導浪掟により行なった。この結果磁気力を作用させる方向に依存して、熱

対流の制御が実現することを見出し蔑また、制御を行なう温度領域によっては、効果の逆転が

起こることを見出し、体積磁化率の温度依存を考慮することで理解することができた。常磁性物

質の含まれる系では、その磁化率が大きく、温度に依存して大きく変化するため、従来から多く

の物質流れの制御に関する報告があったが、反磁性物質のみで構成される系では知られていなか

った。水のように温度による闘ヒ率の変化が小さな物質でも、磁気力の利用で流れを制御できる

と言う知見は、材料プロセスの磁場制御にも通じ、重要な知見であると考えられる。

5．高機能を有する磁気力制御装置の考案

　反磁性物質の磁気浮上、磁気アルキメデス効果の研究では磁気力の増大とその空間分布の制御

が重要である。磁気力は磁場と磁場勾配の積に比例するため、強磁山中で大きな磁場勾配を作る

ことで、大きな磁気力を得ることができる。バルク超伝導体は強磁場中でも高い臨界電流密度を

持っているため、これを磁気力の増強に適用することを行った。

　図7のように市販の伝導冷却型超伝導マグネット（室温ボア直径100㎜）に挿入可能で、内
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部に組み込んだバルク超伝導体を21Kまで冷却できる磁気力制御装置を開発した。外部磁場11．5

Tを発生した状態でバルク超伝導体を冷却し、超伝導状態とした後で磁場を下げると、図7に示

すようにバルク超伝導体内部の磁束が｝まぽ保存され、大きな磁揚勾配が生じていることが硲認さ

れた。85Tでの磁賜分布から計算される磁揚×磁場勾配の大きさはト1029整㎞に達しており、使

用したマグネットが12Tで生じる・5641％nの2倍近レ値が得られている。［71

　　　匿一酒
　　　　　　．轟E塑
1ア，

外部磁増マグネットに組み込んだ
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　　　　　磁場｛T）

図ス開発した磁気力制御装置による磁気力増強効果の実証

　また全く別の磁気力帯㈱装置として、端部の磁腸を使用したW感bench籾peのマグネットも開

発した（図凱従来の超伝導マグネットとは異なり、片側が完全に開放された空間に磁場を発生

することが可能である。最初に開発したマグネットは冷凍機のコールドヘッドに直接乗せる形で

取り付けており、縦、横回転可能で、永久磁石では発生できない34Tの磁揚を発生した。本マ

グネットは所謂響胴プングラジエントを利用した物質分離の実験に大いに寄与すると期待して

いる。

6．おわりに

本研究で見出した磁場中電気泳動は、m脇以外の物質群にも広範囲に適用できるであろう。生

体物質で｝燗ヒ率およびその異方性は構造に依存しているので、構造敏感な分離法として発展が

期待できる。Wbrk　bench－type　magnetは今後の利用が広がるものと見込まれる。
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強磁揚印加プロセスによる金属・酸化物の組織制御と新機能1性材料の倉製

　　　掛下知行1、植田千秋2、福田隆1、寺井智之1

1大阪大学・大学院工学研究科、2大阪大学・大学院理学研究科

暦
本研究では、スピンが関与した結晶磁気異方性とスピンが関与しない反磁性異方性を利用した

新しい構造・組織・機能を有する材料の創製と目指した。そのひとつとして、強磁性形状記憶合

金における磁揚による双晶変形挙動を詳細に調べ、磁場によりバリアント再配列が起きる条件を

定量的に評価し鶴また、反磁性異方性（△κ〉蹴を固体全般にわたって集積するシステムを、微

小重力および永久磁石を用いた装置を導入することにより確立した。結晶固有の（△z）臨は、個々

の結台軌道に一定の異方性を仮定することで説明された。その値を用いた解析の結果、反磁性の

ミクロン粒子の大多数は、2テスラ以下の磁場で配向することが明らかとなった。

1．はじめに

物質の性質は、一般に磁場方向に対して等価ではなく、異方性を有している。この磁気異方性

は、スピンが関与する結晶磁気異方性等とスピンが関与しない反磁性異方性があり、その起源の

解明は物質内の磁気的相互作用を理解する上で重要であり、多くの研究がなされている。また、

この異方性、特に、結晶磁気異方性は実際に使用される磁陸材料（磁気メモリー、磁歪、磁石、

電磁鋼板等）の中心的な役割を担う現象であることは衆知のとおりである。本研究では、スピン

が関与する結晶磁気異方性とスピンが関与しない反磁性異方性を利用した新しい構造、組織機

能を有する材料の基礎物性と材料開発を目指した。（1）スピンが関与する磁気異方性について

は、磁場により結晶学的ドメインが配向する現象がこれまでに、強磁性の形状記憶合金である

騰武R＞職N聾Mn◎aにおいて見出されている。この現象は、結晶磁気異方性により定性的には

説明されているが、その定量評価についてはほとんどなされていない。本研究では、磁揚による

結晶学的ドメインの配向を定量的に説明できるモデルを構築した。ところで、磁場により結晶学

的ドメインが瓢卸されると、数％にも及ぶ巨大な歪みが磁場で制御できることになる。このよう

に、磁場による結晶学的ドメイン制御は機能制御につながり、アクチュエータなどに応用できる

ものと期待されている。（2）スピンが関与しなレ磁気異方性に関しては、固体の大多数を占め

る反磁性体は自発磁化を有さず、その磁気的効果が検討されることはあまりなかった。しかし反

磁性の固体は、反磁性磁化率の異方性（△κ）蝕のために磁場配向する可能性を一般に有している。

この特性に起因した新しい効果が、この特定領域研究でも数多く報告されている。しかし（△κ）臨

は一般に微弱で既存の感度では検出が困難な場合が多い。このため配向には数テスラ以上の強磁

場が必要と考えられてきた。またその研究は、機能1生材料として関心が持たれる一部の物質に集

中していた。そこで本研究では、新規の測定法を開発することにより、（△冗）臨の効率的な集積

をめざした。

Z強磁性形状記億合金における巨大磁揚州起臥

　物質の形状および体積は、温度・応力はもちろんのこと磁場付加よっても変化する。すなわち

磁場により歪が生じる。磁揚による代表的な歪発現の機構として、スピン・軌置相互作用を通し

た格子の弾性歪と磁気転移による体積磁歪がある。特に、前者は磁歪と呼ばれる。その代表的な
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材料として瓢cnoLDと称される丁棚Pyα7F¢2単結晶が挙げられ、磁場によりα1へ心2％もの歪が

発生する。後者の例として、恥Rh合金の磁場誘起反強磁i生強磁性転移が挙げられる。この転移

に伴い、約α8％もの体積膨張が起きるが、転移磁場が高いため実用には至っていない。

　最近になり、上述した機構とは全く異なる磁場誘起歪が強磁性を示す醇Mh石a形状記憶合金

の熱弾性型マルチンサイト相においてu肱koらにより見出された。この歪は数％にも達し、か

つ比較的弱々磁場で発生するため、その基礎ならびに応用に多くの関心が寄せられている。

　この機構は磁場によるマルチンサイトの結晶学的ドメイン（バリアント）の再配列に起因する。

形状記憶合金のマルチンサイト相は、幾つかのバリアントから構成されている。簡単のために、

図1に示すように2種類のバリアントから構成されている場合を考える。温度を下げてマルチン

サイト変態をさせると、全てのバリアントは、同じ量だけ生成し、変態に伴う外形変化ができる

だけ小さくなるように配置する（図1農→b）。これらバリアント間の界面は比較的容易に移動ナる

ことが可能な双晶面になっている。したがって、外部から勢断応力τを加えると、双晶変形によ

り大きな歪が現れる（図1b→c）。この大きな歪は、高温相に戻すことにより消失する（図1　c→a）。

これが、通常の形状記憶効果である。マルチンサイト相が強磁性の場合には、結晶学的ドメイン

構造に加えて、磁区構造が存在する。磁気モーメント躍は、外部磁場が無い場含は、それぞれの

バリアント内で図2Φ）の矢印で示す磁化容易軸方向を向いていると考えられる。この状態におい

て、一方のバリアントの磁化容易軸方向（他方にとっては磁化困難軸方向）に外部から磁場翌を

印加すると、磁気モーメントが磁化困難軸方向を向いたバリアントは、磁気モーメントが容易軸

を向いたバリアントに比べて、結晶磁気異方性エネルギーの分だけエネルギーの高い状態になり

不安定となる。その結果、バリアント界面を介して磁気的な勇断応力（畑が働き、この竃㎎が、

双晶界面の移動に必要な応力（細よりも大きいならば、バリアント再配列が起き、大きな歪が現

れる（図1b→ご）と考えることができる。

　上述した機構を考慮すると、磁揚によりバリアント再配列が起きるためには、大きな結晶磁気

異方性を有すると同時に低い殉を持つことが必要条件と言える。本研究では、磁場によりバリア

ント再配列が起きるFe一纏系、R潰系、ならびにNi2MhGaにおいて上述した関係、すなわち晒

が実際に成り立っていることを明らかにした。賎男

　　　　　　　　　　　　　　　　　

　　　　　　　　紅黙

　　　　　　　　ダ　　　　　　　　　　　　　　　　ヘ　マ

　　　　藩羅識轟

　　　　　　　　　　　　　　　ヤ
　　　　　　　マルチンサイト　　　　　　　　　　マルチンサイト
　　　　　　マルチバリアント　　　　　　　　シングルバリアント

図1．応力ならびに磁場によるバリアント再配列の概念図。

　はじめに、巨大磁揚誘起歪を示す3種の合金：Fe－312P（聯％）、　Fe雅ならびにNi2MhGaのマル

チンサイト変態挙動ならびに磁気転移について概説する。F昏312Pd合金は高温からの焼入れによ

り凍結したA1型構造の母相から£αtと呼ばれる正方晶のマルチンサイトに変態する。　Fe轟のマ
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ルチンサイト変態は規則度（L12型）に依存するが、規則度が0．8程度の母相は輪型構造の正方晶

へとマルチンサイト変態する。また、N蓋2Mh磁は：L21型構造の母相から、1GM構造と呼ばれる擬

正方晶のマルチンサイト相に変態する。これらの合金の変態涯渡はR＞31．2囲カミ230K、　Fe“が

85K．、　Ni2Mh（麹が202Kである。これら合金の格子定数の濫渡依存性を図2に示す。　Fe・312Pdと

恥曝のマルチンサイト相の格子定数は変態温度以下において徐々に変化するのに対して、

Ni2MhGaの格子定数は変態温度において大きく変化し、それ以下ではあまり変化しない。いずれ

の合金においても、マルチンサイト相における軸比は、77Kで（Fe蔀については4．2　Kで）約（瓦94

程度であることが特徴である。磁化容易軸はF《｝3璽2囲合金ではα軸であり、Fe郵とNi2MhGa

では6軸である。マルチンサイト相を正方晶として取り扱うと、マルチンサイト相には3種類の

格子対応ンミリアントが存在することになる。これらのバリアント間の界面は｛101｝M（Mはマルチ

ンサイト相を表す）双晶面となっている。また、母相の［001］p⑫は母相を表す）方向は、ひとつ

のバリアントでは。軸であり、他の2つのバリアントでは。軸となる。キュリー温度はFe－312Pd

では約650K、　Fe勲では約450　K、　Ni2Mh（如では約376：Kであり、　Fe－3　L2PdならびにFe蔀はイ

ンバー合金としても良く知られている。
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図2．Fe・31．2P4艶郵ならびにNi2MnGaの格子定数、

　これら合金単結晶を無磁場下で冷却しマルチンサイト単相にした後に、［00恥方向に磁場を印

加した際の［001｝方向への歪をキャパシタンス法で測定した。それらの結果を、図3（a）（Fe－31．2Pd）、

（b）（Fe勲）、（c）（Ni2臨（論）に示す6いずれの合金においても約α25M！ym付近の飾揚から試料の

変形が始まっていることがわかる。すなわち、Fか31．2Pd合金では磁揚方向に伸び、　Fe郵ならび

にNi2MhGaでは磁場方向に収縮している。このように歪方向が合金により異なるのはそれらの磁

化容易軸が異なるためである。この歪と格子定数から、Fe・312弼ならびにNi2MnGaでは結晶；磁

気異方性エネルギーが最も低いバリアントがほぼ完全に選択されていることがわる（Fe・31．2Pd

では磁化容易軸であるα軸が磁揚方向を向いたバリアント、Ni2漁Gaでは容易軸である6軸が磁

場方向を向いたバリアント）。しかしながら、Fe郵では、容易軸である6軸が磁場方向を向いた

バリアントの割合は70％程度にしか達していない。また、この系の特徴的なこととして、Fξ＞31．2囲

ならびにNi2MhGaの場合とは異なり、図3（⇔）の曲線Bからわかるように、0．6％もの歪が磁揚除

去に際して回復することが挙げられる。この歪はその後の磁場印加・除去により繰り返し現れ、

その値は、超磁歪材料である撤。勲盛Dにおける磁歪の約3倍にもなる。このような歪みの回復

は弾性エネルギーの蓄積によるものであると考えられるが、その起源については未だ明らかでは
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ない。以上に述べたマルチンサイト変態温度、軸比、磁場によるバリアント再配列の結果を表1

にまとめて示した。
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ミ2
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お
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曝1
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（b｝Fe3Pt
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シ

ノ　B
D

lA

＼E

彦

0

一1

一2

一3

（c）Ni2MnGa

　　　1」77K

、

一0．0　　　　0．5　　　　tO　　　　　喩3　雫2　－1　　0　　1　　2　　3　　　0．0　　0．5　　　1．0　　　1．5

　　κ1（MA／m）　　　　　　　　　酬（MAlm）　　　　　　　　　　H1（MA／m）

　　図3．Fe・31．2P4　Fe3PtならびにNi鋤Gaにおける磁場誘起歪。

表1強磁牲形状記田合金の特性

F価31．2Pd（紅％） Fげt N逼M曲
マルチンサイト猶猛度（鴎 230 85． 202

軸比（ψり 0．9叫0（77K） α945（14K） 0．940（77K）

磁化容易軸 α軸 c軸 o軸

1001】p磁場下での［pO聾方向への歪 晦 鵬 鵬
［001k磁場下における優位：なバリアントの

100％ 70％（14K） 10α％

磁場除去に際して回復する歪（殉 0 α6（42K）
0

結晶磁気異方性定数1駄鋤n3） 弓80（77鴎 420（77K）

磁気的勢断応力酬直螺（MPの 15（77K） 34（77萄

双晶変形応力「㎏（MPa） ～1（80K） ～15（7π9

　つぎに、上述したように磁気的勢断応力筒㎎がバリアント再配列に必要な応力殉より大きくな

っていることをF邸12Pd合金の揚合について定量的に示す、その前に、磁気的勇断応力穐と他

の物理量との関係を示す6この値：は、バリアント再配列前後の磁気的エネルギー差、△嘱、と双

晶変形の勇断量、3、¢＝［1一（吻21κ吻）で、瞬r△騒と表される。△α㎎は主にゼーマンエネ

ルギーと結晶磁気異方性エネルギーからなる。この値は、磁場を磁1ヒ溶易軸に平行に印加した場

合に最大値：をとり、その値は、一軸結最磁気異方蜘となる。したがって、磁気的勢断応力

篭㎎を評価するに1掴の値と3の値が必要となる。5の値は格子定数から算出され、Fe・312Pdで

は77Kでα124である。照の値は、磁化困難軸〔c軸方向の醐ヒ曲線と磁化容易車晦軸）方向の磁

化曲線の囲む面積として求めることができる。磁化困難軸ならびに容易軸の磁化曲線を求めるた．

めには磁f願掟の間を通して単一バリアントとする必要がある（磁場によるバリアント再配列を
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阻止しなければならない）。そこで、試料に一軸圧縮応力を加えて単一バリアントにして測定を

行った。77Kにおける測定結果を図4に示す』この磁化曲線の囲む面積より岡を求めると、その

値は約180k痂となる。求めた岡と5の値を用いて、77Kにおける馳の最大値を算出すると

1．5MPaとなる。一方、殉は単結晶を用いた引張試験により求めることができる。図5は恥31．2Pd

の80Kにおける［001】方向への引張試験よりもとめた応カー歪曲線の一例であり、この図では約

2MPaにステージが見られる。双晶変形のシュミット因子は05であるから、この場代殉は約1MPa

となる。このようにして、㎏の最大値が殉より大きいことが確かめられる。他の温度において

も、魎と殉の値を求めることができ、その結果を図6に示弘この図より、調べた全温度範囲

において、穐の最大値（諭1編より大きいことが確かめられる。しがって、これらの温度範

囲において、磁揚下で優位なバリアントへと完全に再配列されることになる。
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図6．F砂312Pdにおける㌔♂と袖の関係。

　ところで、結盟磁気異方性によるバリアント間のエネルギー差に基づく考え方では、磁場方向

を変えることにより、バリアント間の磁気的なエネルギー差が変化するため、顕著な磁場方向の

効果があると考えられる。たとえば、磁場を［110h方向に加えた場合には、㎡は国0恥方向に加

えた場合の1尼であり、知と同程度となる。また、［111｝，に加えた場合には、魎は発生しないこ

とになる。実際、これらの方向に磁場を印加してバリアント再配列を調べた結果、［110hに磁場

を加えた場合は戸部でしかバリアント再配列が起きず、［111］pに印加した場合はほとんど起きな

いことが確認され嵐また、多結晶においては磁場によるバリアント再配列は単結晶に比べると

ほとんど起きないが、このことは多結晶においては双晶変形応力が約10MPa以上となっており、
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笠㎎に比べて非常に大きいためである。以上のように、磁場によるバリアント再配列においては

三叉磁気異方性が主要な要因であると結論される。

　なお、Niメ血GaについてもFe・312Pdと同様な磁化曲線が得られており、77Kにおける瓦は約

420kl㎞！であり、これより求めた触の最大値は3．4MPaである。一方、圧縮試験により求めた価

の値は12から22MPaであり、この場合も、穐の最刈爵輻より大きいことが定量的に確かめ

られる。

3．反磁牲物質における磁気異方性の検出と磁場配向条件の検証

　反磁陛異方性（△κ）D玖は固体中の電子の空間分布の異方性に起因するとされ、有機分子に関す

る議論が先行してきた。しかし無機結晶については測定値力沙なく、未検討のままだった。当グ

ループではこれまで、個々の化学結合に一軸陸の（△κ）囲を仮定したモデルによる解析を行なっ

てきた。今回、酸化結晶を構成するf懐的な化学結合として、酸素4配位のT」0結合、6配位の

睡0結合および水素結合の3種類に着目し、各々個別に測定値：と計算値の比較を進めた［10］。図

7にその結果を示す。図中、縦軸は測定値、横軸は結合「本当の（△Z）四を単位とした計算値で、

個々の結合についてよい相関を得た。さらに

各々の相関の傾きから結合一個の（△z）皿値が、

　　・水素結合：1．1x10磁㎝u

　　9　［T｛毒］o）齢し：3．7x10一斜el皿ユ

　　・［醸獅の結合：0．32x10纐e㎜

と推定された。この結果から未測定の結晶の

（△κ）皿値が推定できる。すなわち結晶構造か

ら結合方向を算出し、これに上記の（△κ）四を

代入することで結晶の値が計算できる。それに

よると未測定の代表的な結晶構造の大多数は

10謁～10－10e皿》gの範囲の（△Z）D且を有する。

　ランジュバン＆キュリーの古典的な解析に

従うと、液体に分散した粒子の配向は粒子の磁

気異方性エネルギー（1／2）△zβ2がブラウン

運動（1／2）k日7を1桁以上回った時にはぼ完了

する。これに従うなら半径φ1μmの反磁性結

晶は、（△z）阻値が10－9el㎝／gを上回る場合、

1テスラ以下の磁場でほぼ配向することにな

る。この検証実験を、（△z）皿既知のグラファイ

曾
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図7反磁性異方性の測定値と理論値：［10］

ト、コランダム、KDP、セッコウ、フォルステライトについて行い、理論通り低磁場で配向する

ことを確認した［10］。その結果を図8に示す』

　（△z）臨の起源に関する上記のモデルはあくまで古典的な描象に基づくもので、自明である

かどうか必ずしも明確ではない。また、軌道半径が極めて小さい水素結合が6配位結合より大き

い△Zを持つなど、図7の結果に不明な点も多数存在する。これらは物性物理もしくは都心化学

で、今後取り組むべき課題である。後述の馬蹄形磁石による単結晶の回転振動をみると、グラフ

ァイト、方解石、生石膏、フォルステライト、黒ウンモは同条件で全く異なる周期で振動する（図

12参照）。その原因について、本質的な答えはまだ見出されていない。
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　　　　　　　　　　　　一華灘

　　　　　　　　　　　　　　　　　　ロ　　　　　　　　　　　　　　　ミニ　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ミ
　　　　　　　　　　　　　　　　　L二＿＿4

　　　　　　　　　　　　　　図9微示重ゐ蒙鹸で用いた装置［9］

現実の反磁性結晶は磁性イオンを含む場合が多く、これに起因する常磁性異方性（△z）卿も配

向の重要な要因となることが明らかとなった［12］。図8一（e）（f）に見られるように、結晶に数パ

ーセントの常磁性イオンが置i換することで、配向に要する磁場はα01テスラのレベルまで減少

する。従って整列は馬蹄薙i磁石程度の弱磁揚で実現することになる。なお（△κ）購がキュリー則

　　　　　　　　　　　　　　　　　　　一翻一



に従って温度変化するため、低温において配向胴揚の減少はさらに顕著となる。

の目■園囹■団■切匿團駆耕墾屍暇

図10微小重力実験の結果［9］

　現存する膨大な種類の物質のほとんどについて、その反磁性異力性（△x）㎜は未測定であり、

その集積が急務である。既存の（△κ）D孤測定では、試料を固いファイバーで水平磁場中に吊す。

試料には安定軸を磁場方向に回転させるトルクが働き、これとファイバーのネジレを復元しよう

とするトルクがつり合う。このバランスを利用するため、（△z）阻の感度の上限は復元トルクで

制限されていた。当グループではこれまでに、極細ファイバーを用いる事で復元トルクが無視で

きる条件を実現し鳥この時、安定軸は磁場方向を中心に回転振動し、その周期から復元トルク

を用いずに△Zが検出された。この方法によって1ぴ㎝」／gのレベルの（△κ）隙を容易に測定す

ることが可能となり、カンラン石、サファイア、正長石、魚眼石、生セッコウ、水酸1ヒマグネシ

ウム、KDP、など基本的な酸イ麟勿の（△Z）D顕値をあらたに得た。

　ところで前述の考察によると、未測定の酸化物の中には（△冗）D魚が1σ10e㎜／gレベルのものが

存在する。従って（△z）Dmの集積には、さらに高い感度を必要とする。感度を向上させる最もシ

ンプルな方法は、ファイバー自体を除去することである。これを検証するために、図9に示す装

置を日本無重量総合研究所（団GLAB）および産業技術総研究所・北海道センター（AIST）の落下カプ

セルに搭載し、微小重力下での実験を進めた。その結果、磁場中に浮遊させた結晶の磁気的安定

軸が、磁場方向を基準にして回転振動することを確

認した［9］。生セッコウ、方解石、尿素、酒石酸の観

測結果を図10に示す』この実験の準備段階において、

微小重力中に浮遊させた試は大きな併進運動をする

と予想された。このため大きな均一磁場空間をヘル

ムホルツコイルで発生させ、試料が並進運動したと

しても、均一磁場中に滞在するようにした。試料台

を微少重力の達成直後に高速で引き抜く事で、併進

運動がα5cm以下に抑えられた。実験パラメータ

を変えた時の周期は理論値と一致し、測定原哩の有

効性が確認された。

　現行よりさらに長い周期の実験（例えば航空機で

の20秒あるいは軌道実験での100秒レベル）が実現

すれば、感度｝凹田違いに向上する。宇宙実験で得ら

れる感度はこれまで達成されたことのない一種の未

知領域であり、微小な電子分布の異方性に起因した

Pol｝細mid伽r
吐φ嵩12μm，

SamFle

Wlロdow

　　　　　　　　　F鳳mirmf　　　　　　i

図11．馬蹄形磁石を用いた簡易型の測定装置，
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新たな研究の端緒となる可能性を有する。

　先に述べたように、未測定の固体の多くは

1x10㌔㎜／g以上の（△Z）D皿値を持つことが予想

される。そこで感度の向上と並行して、馬蹄形

磁石を用いた簡易型の測定装置を地上重力条件

で開発した（図11参照）。△κが10㌔㎜／gを

上回り、さらに磁揚中に試料を吊るすためのフ

ァイバーとして直径12ミクロンのポリアラミ

ド腸腺を用いた場合、磁場強度が0．01Tレゆレ

の弱磁揚でも吊糸のネジレ復元力は無視でき、

浮遊試料と同等の△κ測定が実現する。その測

定例を図12に示す』検証実験の結果、10噸～10も

e㎜／gの範囲の（△κ）皿が測定可能であること

が確認された［11］。

　自発磁化の磁揚的作用は、方位磁石が地磁気

により回転振動すうという直感的な現象によっ

て、古くから広く認識されてきた。その認識が

　　　　　　　　　　　　　　　　　　　つ

の國国難国難薫蒸

切図鍵盤國圓圓團

今日の数々の磁気デバイスを創出する要因となっ

た。今回、同様の回転振動が図工0および図12の

ように通常の結晶で観察されたことで、反磁匪物

質も日常的な磁場で活性である事が、ひろく認識

されるようになると期待される。

図12．馬蹄形磁石による反磁性結晶の回転振動の

連続写真で、a）尿素、　b）カンラン石、　c）方解

石、d）タルクの例を示虜。磁場俸0．　On）は上下

方向に印加されている［11ユ。

4．おわりに

　本研究では、磁場を用いた組織制御による新機能性赫料の創製を目的とし、磁気異方性の測定と、

磁揚による配向実験を2種類の物質について行った。

　ひとつは、強磁断獄記憶合金であり、この場合、単一バリアントにした状態で磁化測定を行うこ

とにより、結晶磁気異方性定数を測定し、この値をもとに磁場によるバリアント再配列の起きる機構

を明確にすることに成功した。今回は、主に、、．ム　’における幽幽による組織制御の機構を明らか

にしたが、拡散変態においても結晶磁気異方性により組織制御が可能であることをCQPtの規則ヒ過

程において確認した。今後は、拡散過程において磁場による組織四一が起きる条件を明らかにする予

定である。

　もうひとつは反磁注物質であり、今回、測定値に基づく解析により（△κ）皿の大多数は1が～10－10

e㎜／gの範囲にあることが推定された。これに対して、微小重力下で感度を向上させ、さらに簡易型

システムを開発することにより、上の範囲の（△z）D瓶を効率的に集積する見通しが得られた。一方、

検出した△κ値：を用いることで、反磁腔粒子を配向させるのに必要最低限の磁場強度が予測でき、効

率的な配向プロセスを設計することが可能となる。一連の研究により、大多数の反磁性体が実用的な

低磁場で磁気的に活性であることが明確となった。
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磁場印加プロセスによる有機・無機複合ナノ粒子の倉製と機能性ナノ素子の開発

　　　　　　　森田　浩1、米村弘明2、稲場秀明3

1千葉大学工学部、2九州大学大学院工学研究院、3千葉大学教育学部

鞭
　本研究では気相光化学反応を利用して鉄やコバルトを含んだ有機・無機複合超微粒子を作製し

その組成と化学構造、および形態が磁場を印加すると変化することを見いだし、また、鉄とコバ

ルトの両成分を含んだ結晶状生成物が磁揚配向することを見いだし払また、フラーレン誘導体

と電子ドナーを連結した化合物からナノ集合体を作製する方法を考案し、ナノクラスターで修飾

した電極の光電変換特性や発光特性が磁場の印加で大きく向上することを見いだした。さらに、

導電性ポリマーをラッピングしたカーボンナノチューブを作製して磁場を印加すると溶液の滴

下乾燥時に配向し、さらに高磁無下で特異な凝集状態となることを発見した。また、磁場下で測

定できる高感度DSC装置を開発し、水や有機物質の融点が6Tの磁場を印加すると数十藤も上昇

することを見いだした。

1．はじめに

新規なナノ粒子を倉製しそれを利用して機能性ナノ素子を作製することは、急速に発展してい

るナノテクノロジーの分野において重要な技術となる。本研究では新規な有機・無機複合ナノ粒

子を①気相光化学反応を利用した気相ナノ粒子作成法と②フラーレン誘導体と電子ドナーを連

結した化合物を合成し、そのナノ凝集体から有機無機ハイブリッド構造を形成させる方法で作製

する。第一の光化学反応を利用する方法では、二種類の金属を内包する複合超微粒子やケイ素化

合物と有機金属化合物を含む複合超微粒子を作製し、複合超微粒子の化学構造とその粒径をレー

ザー光で制御し、さらに沈積物の形態と配向を磁揚で制卸することを試みる。また、第二の方法

では有機分子（フラーレン）と無機化合物（粛薄磁性半導体）を組織fヒさせたナノ粒子の作製方法

や構造を検討し、作製したナノ粒子の光特性（光電変換特1生や発光特性）に及ぼす磁場の影響や

ナノ粒子の作製時に及ぼす磁揚の影響を検討する。これによって、ナノ構造及び光特性を磁場に

よって翻卸ずる方法を探る。これらの方法で新規なナノ構造体やナノ素子を構築するための基礎

技術が確立できる。また、ナノ粒子を強磁揚下で集積すると新規な凝集状態が発現する場合があ

る。その基礎的な知見を得るために、反磁性および常磁注物質の熱力学的な精密物性測定を強磁

場下で行い、物質の相転移における磁場の影響を解析する。そのために、強磁揚中で測定可能な

1血E程度の温度分解能を持つ高感度示差走査熱量計（DSC）を開発し，有機分子，水，反磁性金

属などの相転移に対する磁揚効果について測定しその機構について考察を行う。

2．強磁揚とレーザーによる有機金属複合ナノ粒子の作製

　金属元素を含む超微粒子やナノ粒子を作製するため、金属カルボニル化合物（鉄ペンタカルボ

ニル（Fe（CO）5）、またはコバルトトリカルボニルニトロシル〈C硬CO）ゴNO））と二硫化炭素（CS2）

との混合気体試料に水銀灯（313㎜）、または窒素ガスレーザー光（337㎜）を照射した結果、

有機金属化合物を含む超微粒子を気相中で作製することができた。超微粒子を作製するための実

験条件を検討するため、照射光の波長をA紹エキシマーレーザー光を用いて193㎜に、また炭

酸ガスレーザー光を用いて1α6即としてFe（CO）5／CS2混合気体試料に光照謝した結果、光化学
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反応は効率良く進行したが、固形生成物としては膜状物質が得られ超微粒子は形成されなかった。

これらの実験結果より、気相中で超微粒子を形成するためには①適度に抑制された粒子核の生

成と②比較的速い粒子の成長速度が必要であ

ることが明らかとなった。

　気相中の光反応で生成した粒子核はセル内

を対流しながらナノ粒子、超微粒子へと成長し、

下部に敷いたガラス基板と衝突して基板上に

捕獲される。このため、セルの内径を変えるこ

とで対流時間、即ち、超微粒子1個の光化学反

応時間が制御できると考えられる。そこで、内

径の異なるシリンダー型照射セルを使用して

超微粒子の粒径がどのように変化するのかを

検討した。Fe（CO）ノC亀混合気体とCo（CO）照）〆

C亀混合気体に313n皿光を照射した結果、セル

の内径を35皿nから2（㎞へと小さくすると平均

粒径がそれぞれ028μmからα19騨nへ、また、

035μmからα18μmへと小さくなった。［1］こ

の実験結果から照射セルの内径を変えるとい

う簡便な方法で粒径が制御できることが明ら

かとなった。

　次に、複号超微粒子の形成時（即ち、光照射

時）に超伝導磁石で5Tまでの磁場を印加し、

形成された複合超微粒子の化学組成と粒径が

どのように変化するのかを検討した。図1に

F照））4C㌦混合気体から生成した超微粒子の

FT－IRスペクトルを示す6　Fr－IRスペクトルを

解析した結果、Fe（CO）ノCS2混合気体

から生成した超微粒子では5Tの磁揚
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を印加すると粒子中のFe成分が増加

し、Co（CO）劔05／CS2混合気体から生

成した超微粒子では5Tの磁場を印加

すると粒子中のCo成分が減少し、複

合超微粒子の化学組成が磁場で制御

できることが明らかとなった［2］ま

た、Fe（COy　CS2混合気体から沈積し

た複合超纐粒子の平均粒径が5Tの磁

場を印加すると約12％小さくなるの

に対して、C硬CO労NO4C亀混合気体

から生成した超微粒子の場合には図

2に示すように平均粒径が大きくな

ることも観測され、微粒子形成に関わ

図1．R｛CO）ノCS2混合気体から生成した超

　　微粒子のFr一皿スペクトル　（a）OT，

　　（b）　1　T，　（c）　3T，　（d）　5　T．

ロ3①
書

署

銭：翻D

も

ヒ

三

二　10

0

圏OTO18μ！R
■■屠3TO19μm

嘲5TO25μm

　　　　0．1　　　　　　0。2　　　　　　0．3　　　　　　0．4

　　　　　　　　Di實鵬重er　1睡

図2．Co（CO＞3NO5／C亀混合気体力》ら磁場を印加し

　　て生成した超微粒子の粒径分布　　（赤）OT、

　　　㈱　3T，　（青）　5　T．
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る化学反応速度も磁場の影響を受けていることが示唆された。

　二種類の金属元素を含む粒子を作製するため、Fe（00おとC〔琉00〕』NOの混合気体試料に水銀灯

（313㎜）光を照射した結果、二種類の有機金属化合物を含む超微粒子（粒径100～15（圃と有

機鉄化合物を主成分とする結晶状物質（大きさ8

～16即）を作製することができた。1～5Tの

磁場を印加するとFe（CO弘の光化学反応が促進さ

れると同時に、結晶状の生成物の沈積方向が磁場

の方向と垂直に揃うことが繊則され、形状依存性

による磁場配向を剰吊して沈積物を配向させるこ

とができた（図3）。また、この混合気体試料に

C亀を加えると鉄とコバルトを含む超微粒子のみ

が作製でき、合金超微粒子を作製する手段として

C亀の化学反応性を利用することができた。ま

た、5Tの磁湯を印加するとFe成分がCo成分

よりも増加し、磁場を印加すると金属成分の化

学組成が制御できることが判明した。

　超微粒子中での固相光化学反応を誘起して超微

粒子の化学組成と粒径が制御できるのかどうかを

検討した。即ち、F喫CO弘とC亀の混合気体から作

製した超微粒子を基板上に沈積させた後、沈積さ

せた超微粒子に水銀灯（313㎜）光、またはY船

レーザr光（532m，266nm）を光照射した（後露

光）。水銀灯（313皿｝）の後露光では鉄に配位して

いるCO基が脱離したが、高密度励起が可能な

YAGレーザー光（532　nm）の後露光では20αnmの

大きさの粒子が70㎜程の大きさへと小さくなる

ことが観測され、超微粒子生成後の光照射で化学

組成と粒径が制御できることを見出した。

　有機ケイ素化際物とF硬CO弘の混合気体試料か

ら複合粒子を作製することを試みた。アリルトリ

メチルシラン（虹MeSi）とFξ（c（泓の混合気体に

水銀灯（313面光を照謝すると約2．5即の大き

さの結晶状の生成物とα5叫の微粒子が形成でき

たが、混合気体試料にCS2を加えると三成分が

取り込まれた超微粒子（平均粒径0．31μ）のみ

が作製できた。［3］Fe（CO）5を微粒子化するた

めには二硫化炭素を加える方法が有効である

ことが確認できた。磁場（5T）を印加すると平

図3．Fe（00）5と（ゐ（00）ゴNOの混合気体か

　ら作製した結晶状の生成物。磁場は左右

　方向に印加されている。

図4．AMbsyFε（CO）ノC亀の混合気体

　　から作製した超微粒子（上）と融着

　　し薄謝ヒした超微粒子（下）

均粒径は大きくなり、Fe（CO）5の化学反応性が増大した。図4に示すように、この三成分混合気

体試料では生成物の形態はA腋Siと働の分圧に大きく依存し、　A螂iを多くすると生成し

た微粒子が融着し始め膜状物質へと変イヒすることがわかった。
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　さらに、有機ケイ素化合物としてトリメチルシリルアセチレンを使用しFe（C（場との混合気体

試料から微粒子作製を試みた。水銀灯（313nゆの光照射によりケイ素化合物を含んだ薄膜が形

成できたが、3Tの外部磁場を印加すると9Q㎜の大きさの超微粒子のみが形成できることを見い

出した。二二を強く（5T）すると膜状の生成物が出来易くなり、強磁場により生成物の形態が変

化することを唱い出した。［4］

　気相光化学反応を利用して超微粒子を形成する際に磁場を印加すると、超微粒子の化学組成と

粒子サイズ、および生成物の形態が制御でき、さらに混合気体の分圧を最適化すると超搬粒子力雪

互いに結合した状態になることがわかった。これらの基礎技衛を発展させると種々の化学組成と

機能性をもった超微粒子とナノ粒子から様々な素子が組み立てられると期待できる。

3．磁揚印加プロセスによる新規光機能ナノ素子の創製

　有機化合物のナノ構造における光特性の

磁揚制御については、正電荷を持つフラーレ

ン誘導体（（獄）クラスターーメチルフェノ

チアジン（M6囲）系の溶液中における光誘起

電子移動反応に対する磁揚効果と（避一

晩PHナノクラスターを固定化した修飾電極

における光電気化学反応に対する磁場効果

の研究を行った。勉や軸誘導体は溶媒を選

択することで、偏同士が会合したナノメータ

ーサイズのクラスターを形成することが知

られている。そこで、mFと水の混合溶媒を

用いて、図5に示す正電荷を持った（訓を

恥PHとともにクラスター化させた。ダイナミ

ック光散乱光度計ΦLS）および原子間力顕

微鏡（醐の観測結果（図5）より、q訓が脚

台溶液中で約100㎜のナノクラスターを形成

する事がわかった。Nd遅日レーザーの第3

高調波（355㎜）を用いて、このq二一MePH

ナノクラスターの過渡吸収スペクトルを測

定した。レーザL光照射によって、MePHの励

起3重項状態からq評クラスタ眺の光誘起

分子間電子移動反応が起こっている事がわ

かった。そしてMe囲うジカルの散逸ラジカ

ノレ収量　（△FAbs（H　T）／Abs（O　T））　カミ鰍曽

加に伴って大きく増加する磁場効果が観測

できた（図6）。この磁場効果はナノクラスタ

ーによって発現していると考えられる。［5］

　　　　　　　　　　　　　　　　　　　　　　　　　　　　ド　　　　　　　　　　　　　．7　　　　　　τ、3
　　　　　　　　　　　　　　」

図5．（訓と恥田の化学構造と蜘PHを

　　含んだ偏ナノクラスターの酬像
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■
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■
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図a△の磁場弓鍍依存性

1

次に、（二一Me田ナノクラスターを固定した修飾電極を次の手順で作製した。二二極上にスルホ

ン酸塩を末端にもつチオ』ル化合物の自己組織化単分子膜（s蝋）を形成させた。s引金電極を

騨噸e田ナノクラスター溶液に浸漬することで，静電相互作用でナノクラスターを修飾電極に
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固定した。側測定によってナノクラスターが固定されていることがわかった。光電極を動作極、

対極を白金電極、参照極をAg／AgCl電極とした3極セルを構成し、バルク水相に犠牲試薬として

トリエタノールアミンを添加し、光照射を行うと、

アノード方向の光電流が観測でき蔦アクション

スペクトルの結果より、（試ナノクラスターの光

励起によって光電流が起こっていることがわかっ

た。次に、修飾電極の光電流を電磁石中で測定を

行った（図7）。Q値（％）をQ（％）＝（1（H）

一1（0））／1（0）×100と定義した。ここで、1（H）と

1（0）はそれぞれ磁場（H；T）を印加した時としない

時の光電流の値を示している。Q値は磁場弓鍍の

増加に伴って増加した（α5T：謝。この様に〔譜

一MePHナノクラスター修飾電極における光電

変換機能を磁場で制御することに成功した。

［6］

　次に、無機化合物のナノ構造については、希

薄磁性半導体（Znl輝）固定化薄膜の発光特

性に及ぼす磁場印加プロセスの影響を検討し

た。数n皿のZhト輝ナノ粒子をA〔π逆ミセル

法によって作製した（図8）。Zn卜轟βナノ粒子

では590nm付近に発光ピークが観測された。こ

の発光は血Sからエネルギー移動したMh魁励起

4

3

婆2

1

o

●

●

●

○

0　　0．1　0．2　0，3　0．4　0。5

　　　　　Hπ

図7．（稻」瓢ePHナノクラスター光電極に

　　おける光電流に及ぼす磁場の影響

160面m辞
一　　　　マ点．

鑑

状態からの発光に帰属される。次に、血1輝
ナノ粒子を石英基板上にS蝋によって固定する　　　図8・Znα幽韻ナノ粒子の㎜像

　　　　　　　　　　　　　　　　　　　　　　　　　（（a）　騨＝5，　（b）　W＝10）
際に、磁場を印加した場合としない場合の比較

を行うことで、薄膜作製過程に及ぼす磁場印
加プロセスの効果について検討を行った。　表し孤轟1S（W…・5，10）のナノ粒子修飾膜の

閥のナノ粒子を用いた場合、鰯網醜　　　発騙）鍍⑥と割鍋鍍との麟

加するに伴って、薄膜の発光偏光度が増加し

　　　　　　　　　　　　　　　　　　　　　　　　　　0。2T　　O．6T　　O．8Tた（表1）。恥10のナノ粒子を用いた場合に

ついても同様な結果が得られた。従って、こ　　　W＝5　　0・028　　0・05　0・075

れらの発光偏光度の増加は四割印加プロセ　　W＝10　0．029　0．06　0．076

スが原因であることがわかった。

さらに、同日捌鍍（0．8T）船棚
　　　　　　　　　　　　　　　　　　　　表2．Zn1揮のナノ粒子修飾膜の組成比（x）
加プロセスの効果を比較すると、ナノ粒子中
　　　　　　　　　　　　　　　　　　　　　　　と発光偏光度（p）との関係
の磁性イオンである㎞器の成分比すなわちx

の値が大きくなるほど、発光偏光度の値が大

きくなった（表2）。従って、この発光偏光度

の増加には、ナノ粒子に散在する磁気モーメ

ントを所有するM誰が関与していることが明

らかになった。

組成比（x） 発光偏光度（p）

0．02 0，047

0．05 0，061

0．10 0，079
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　以上より、上記の結果は、薄膜作製時において磁場印加プロセスが薄膜における蜘野の発光偏

光蒲性に影響を及ぼしたためと考えられる。言い換えれば、外部磁揚がナノ粒子内部の㎞器と相

互作用することで、ナノ粒子の発光偏光特性を増加させるように、配曝しながらナノ粒子が基板

上に固定化したと考えられる。［7］

　次に、強磁場によるナノ構造の制御に関する検討を行った。近年脚光を浴びるカーボンナノチ

ューブ醸r）には単層カーボンナノチューブ（舗M）と多層カーボンナノチューブ（購r）の

2種類がある。これらの㎝は、高伝導性や構造に依存した電子状態の変化など他の物質にはな

い特異的な電子特性を示すため、次世代の

光電変換素子や電子デバイスへの応用が

期待されている。CMの持つ異方的な特性

を活かすには、㎝の配向制御を行う必要

がある。配向制御の1つとして、強磁揚を

用いたα旺の磁場配向が注目されている。

また、（Mは溶媒に溶けにくく凝i解しやす

いが、ポリマーで覆い包むことで溶媒に可

溶化分散が可能なことが報告されている。

そこで、導電牲を示すポリマー（凹）

（図9）を用いてS㎜櫛複合体を

形成させた。基板に対して横向きの強磁

場を印加した時のS㎜／M囲PPV複合体

の磁場配向について検討した。［8，9］

S㎜価冊V複合体の溶液をマイカ
基板に滴下し、乾燥させる際に、．横向き

の超伝導磁石を用いて8Tの強磁場を印

加した場合と無磁揚の場合について比

較を行った。酬像を観察すると、無磁

場の場合はSWNr櫛V複合体がラン

；・猛．．画義盛鞭1建遙歪

（の

⑧

　O－CH3
一　　ノ
転〃

。

マ偽
⑤

図9．SWM（a）とM囲PPV（b）の化学構造

5G皿

0n皿

Φ）

n

50nm

0nm

図1αS㎜畑剛複合体の1㎜像（a）無鶴
　　の場合、（b）磁場（8T）を印加した場合

ダムに配向しn・たが、8Tの強磁場を印加した時は、外部磁場の向きと複合体の長軸が平行に

配向しn・た（図10）。（Mは㎜の長軸と磁場の向きが平行に並ぶことが知られているが、新規

動特性を示すことが期待できるナノスケールの複合体を強磁場によって配向させたことは非常

に有意義である。

　S㎜を強酸によって短く切断する

と、S脚Mが分散した水溶液を調製す

ることができる。その水溶液を上記の

S㎜ノME田〕PV複台体の場台・と同様に

横向きの磁場を印加すると、図10と

同様に蹴の長軸と外部磁場が平行

に配向する磁場配向がA田野におい

て確認できた。従って、㎜／樒PPV

複合体の磁場配向はS㎜力源因で起

こっていることがわかった。

（a）

．謁

20匹皿

Φ）

0㎜｝　　｝

20n皿

　　　　　o皿1

図11．S辺Mのナノ構造（磁場強度a6T：磁場

　勾配一940齊の（a）A畷象と（b）拡大図
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　次に、強磁場（15T）を用いて、重力と逆向きの磁気力が加わる特殊環境場に試料を置くと、

数ナノメーターのファイバーが組織化した非常に興味深いナノ構造が観測できた（図11）。無磁

場や他の磁場環境ではこのナノ構造は観測できず、強磁場が生み出す特殊環境でのみ形成される

ナノ構造である。使用したS㎜は1μm程度に切断されており、何らかの要因でS㎜がある程

度の長さをもつナノファイバーを形成し、乾燥する過程でナノファイバー同士が集まり、網目状

のナノ構造を形成したと考えられる。強磁揚によって組織化するこの成果は非常に興味深く、詳

しい機構については現在検討中である。［8，9］

　さらに、上記の（訓一MePHナノクラスター溶液をマイカやITO基板に滴下し、乾燥過程に強磁

場（8T）を印加して、クラスター形状と酸化還元挙動に及ぼす磁場の影響を検討した。強磁場（8

T）を印加した時の基板の酬像には、無磁場の場合とは異なる形状のクラスターが確認された。

加えて、磁場の有無により輸由来の還元ピークが著しい変化を示した。磁場印加により偏クラ

スターの形状に変化が起こり、加えて酸化還元特性にも変化が生じたと考えられる。

ナノスケールのSWM／ポリマー複合体やS㎜を磁場によって配向する手法は、　S㎜の異方的

特性を活用した一つの方法である。また、強磁場によってナノ構造を組織化し、電気特性を変化

させる技術は強磁場によるナノ材料プロセスにおいて画期的手法になると考えられる。

4．強磁場下における反磁性および常磁性物質の

精密風諭則定

　従来、磁気科学ではその研究対象のほとんどが

強磁性体に限られており常磁性体や反磁性体はあ

まり研究対象とされてこなかった。近年，強磁場

が比較的容易に入手できるようになり，反磁性物

質などの磁場効果が研究しやすくなってきたが，

10T程度の磁場は，熱エネルギーkrと比較して依

然として小さいため，磁場効果を検出するために

は感度の高い検出装置を磁場下に設置する必要が

ある。本研究では，強磁場下において測定可能な

1血K程度の温度分解能を持ヒ）高感度DSCを開発

し，水，右機分子，反磁性金属，誘電体などの
　　　　　　　　　　　　　　　　　　　　　　魔法瓶
相転移への磁場効果の測定を行い，その機構に

ついて考察を行った。近年の磁気科学はその研

究の場を機能性材料の創製などの新しい分野　参照試

に拡大しつつあり，磁場下での熱量測定は材料

の評価などへの基礎的データを提供すること

に貢献する。

　まず、強磁場下測定用の示差走査熱量計を開

発した。内径100㎜の6Tボア内に設置した

高感渡高分解能DSCの概略図を図12に，作成

したDSCの写真を図13に示す』試料および参

照試料の温度差は多段半導体熱電素子（サーモ

モジュールうで測定する。半導体熱電素子を多段

唾

超L、で超．伝、…

　．－1コ馨h．・議湯螂ヒ憎確評　．．．喉

1．．導「「．．階．「磁．∬
』　．．・．奪μ．・5　　「一・洩＝．．．．　．

．．．

野．．・．

、

戸　　　　　　　　．

k・．@沸

ピ　　　醤

サーモモジ
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にしていることでDSCの感度を上げている。温

度安定度は±α2mK程度で，ベースライン安定度

は±25nW程度であった。［10］測定温度範囲は

DSCの外部に冷却装置とヒーターを取り付ける

ことで120Kから420Kまで可能となった。強磁場

下での測定を行う前に，、サーモモジュールおよび

白金抵抗温度センサーB1への磁場効果を調べ

た。図14にTS　1への磁場印加効果を示すb　5T磁

場の印加と除去を繰り返したところ，室温

α88．65K）において，再現性良く182mKの温度上

昇が見られた。このとき，外部ヒーターの温度セ

ンサ〕T84への磁場印加効果は0．4mKであり，

TS　1への磁場効果の22％であった。半導体熱電

素子への磁場効果は見られなかった。TS　1の察温

以外の温度においては，IS　4部分で温度コン

トロールを行い，図14と同様の実験を行い，

1£4への磁場効果を補正した後TS1への磁

場効果の温度依存牲曲線を作成し，磁場印加　　x20

測定におけるDSCの温度データの晶出を行　　ミ

　　　　　　　　　　　　　　　　　　　　トつた。　　　　　　　　　　　　　　　　「

　次に、水の融点への磁湯効果を測定した。

水は私たちの身に回りに存在し，欠かすこと

の出来ない物質である。近年，屈折率や近赤

外スペクトルにおいて磁場効果がみられるこ

とが報告．されている。恥0の融解についての

磁場印加効果（温度センサーの補正後）を測

定した結果図15に示すように6Tの磁場印

加により融点が％±0．7ihK上昇した。1＞～0で

は6Tの鰯印加により融点が21．9±07　mK：

上昇した。融点が一ヒ昇すると言うことは磁

場馬力目により低温相が相対的に安定化したた

めと考えられ，屈折率や近赤外スペクトルに

よる測定の傾向と一致していた。磁揚印加に

よる相転移温度の上昇について拡張した

C1母peymnの式を用いて検討を行った，融点

の上昇の磁場強度依存性の測定結果は，印加

磁場の2乗に比例していることが分かり，こ

の点では拡張したClape翼Qnの式は成り立っ

ていた。6Tの磁場印加においての計算値は、

恥0では112μK，恥0では96μKであり，測

定値は1000倍程度たきい。この解釈には，

図13．強磁場下測定用DSC
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Clapeyr◎n陣中の反磁性磁化率の項中における磁野中での分子の回転・振動による磁化率の高周

波成分の寄与が考えられる。また，水の分子は極性を持つことから，その分子運動は有効電荷を

持った粒子が磁場中を動くことになり，1班entzカを受けると考えられ，磁場は分子運動を抑制

する方向に働くと考えられる。［11］

　また、有機分子の融点への磁場効果では、パルミチン酸、ビフェ戦野ベンゼン、クロロベン

ゼンなどの有機分子の融点への6Tの磁揚効県を測定した結果、それぞれ245±3フ、7．8±2鼠

37±40、1．9±1．4拠K上昇した。液晶物質であるMBBA（N：r汁搬etho区yb雛yHdene・P’・樋y1翻血e），

EBBA（N争磯G剛b鐡y湿en卿’詔b町1鍛幽e）の液晶液体相転移への結果と合わせて，それぞれの

相転移温度の上昇幅を比較したところ、分子の形状に異方性を持つEBBA　MBBAパルミチン酸

のグループとビフェニル，ベンゼン、クロロベンゼンのグループに分かれることが分かった。［12］

　さらに、強誘電体への磁揚効果について検討した。多くの強誘電体結晶の中で、リン酸二水素

カリウム（紐2PO4略称KDP）に代表される一群の結晶があり、水素結合型強誘電体と呼ばれてい

る。照）Pの重水素置換体であるDKI）Pの強誘電相から常誘電櫓への固相転移について，磁場印加効

果の測定を行った。結晶を。軸を磁場に垂直になるように設置した場合、5Tの磁場印加により、

相転移熱度は6±1mK上昇した。　Dmpの強誘電一常誘電相転移は、重水素位置の無秩序化を引き

金として起こることが知られている。高温相において重水素が二つのサイト問に非局在化してい

る場合には，局在化している低温相の場合より磁場中においてより大きなLorentz力を受けると

考えられ，高温相における重水素の運動の抑制において磁場印加効果が現れていると考えられる。

［13］

　本研究では相転移における磁場印加は，相対的に低温相を安定化させるという基礎的知見を得

たが，そのメカニズムについては，まだ不明な点がある。反磁1生物質の相転移に対する磁揚効果

の機構をさらに詳しく調べるために、従来のデータに加えて、モデル的な化合物などに対象を拡

大して測定を行う必要がある。それと平行して、磁揚効果の機構について理論家の寄与が望まれ

る。

5．おわりに

　気相光化学反応を利用して超微粒子やナノ粒子を作製する際に磁場を印加すると、超微粒子の

化学組成や粒子サイズが制御でき、さらに混合気体の分圧を最適化すると超微粒子力§互いに結合

した状態になることがわかった。これらの基礎技術を発展させると種々の化学組成をもった超微

粒子やナノ粒子を自由に集積して様々な形をもった三次元機能性素子が組み立てられると期待

できる。また、フラーレン誘導体と電子ドナーを連結した化合物のナノ構造体の構造と光特性が

磁揚で制御でき鳥これを発展させるとナノ素子の機能性を磁場で制御する方法が開発できると

期待される。さらに、反磁陸物質の相転移に対する磁場効果の研究では科学的に新規な知見が得

られると期待できる。
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強磁場が誘起する液体の構造転移と新機能の創出

　　　　　中林誠一郎1、坂口浩司2

1埼玉大学・理学部、2静岡大学・電子工学研究所

概要

　強磁：麻睡におかれた液体、とくに水は、磁場の上昇とともに、その性質を無視できな

い程度に変化させる。純水を10T程度の強磁場におくと、磁場強度の増加とともに光

学的屈折率が上昇した。10T下では、水の屈折率は無磁：＝場中よりも1％増加した。とく

に、水の屈折率上昇は、金属界面に補足された水で著しい。これらの実験事実を下敷き

として、固液界面およびバルクの液体物性の磁場による変化と、電気化学反応、特に、

金（111）上のポリチオフェンヘテロエピタキシャル成長における新規な磁場効果を開

拓・解明することを目的とした。

1．はじめに

本研究は、研究テーマ1：水および水溶液の強磁場下での物性変化、および、研究テー

マ2：チオフェン分子導線成長反応の磁場制御より構成される。

研究テーマ1：水および水溶液の強磁場下での物性変化

　強磁釜中におかれた液体、特に水は、磁場の上昇と共に、その性質を無視できない程

度に変化させる。10丁下では、水の屈折率は無磁場よりも1％増加した。磁場効果が出

現するためには、液体は、水素結合のネットワーク（過渡的なクラスター構造）を持つ

事が必要である。つまり、磁場の効果は、孤立した溶媒分子に作用するのではなく、多

数個の溶媒分子が構成するクラスターが磁場から影響を受けるものと推定される。本研

究では、磁揚誘起構造変化の分子論的実体を明らかにする事を目ざし、生体系への磁場

効果や新原理による化学反応制御など、新しい磁気科学の開拓を試みる。純水の屈折率

は磁束密度とともに増加し，10Tにおいて，SPRセンサーを用いたときは0．14％の増加，

PSDを用いたときは0．09％の＝増加を観測した。純水の屈折率の温度係数は，観測してい

る波長域においておよそ～1×1σ4℃1であるので，これらの屈折率の増加は温度の変動

の影響よりもかなり大きく，磁場による効果を表していると考えられる。これら2つの

測定で観測される屈折率変化の差を、表面に束縛された水の効果と考え、この事を実験

的に詳細に検討する。具体的には、金薄膜表面を単分子修飾して、表面と水の近距離相

互作用を阻害し、表面効果の変化を調べた。

研究テーマ2：チオフェン分子導線成長反応の磁場制御

　電気化学は液相中に溶解させた物質を外部電場で制御しながら基板に堆積させるこ

とが出来る有効なナノ構造構築法である．これまで電気化学的手法により金属や分子の

ナノワイヤの形成が報告されてきた．しかしながら単一分子レベルでの極微ワイヤ構造

の作成には成功していない．本研究では単一分子ワイヤを電気化学的に任意の密度・方

向・長さを制御しながら基板上に構築する新しい液相マテリアルプロセッシング技術を

開発し、形成させた1本の分子ワイヤの表面構造に及ぼす強磁場効果を単一分子レベル

で検討することを目的とした。
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2，水および水溶液の強磁場下での物性変化［1－5］

　磁場を用いて化学反応を制御する試みは，魅力的な

考え方であるが，成功した例は，スピン化学とよばれ

る一群の研究を除いて，それほど多くなく，また劇的

な効果が得られるということも少なかった．最近にな

って比較的手頃になった超伝導磁石を用いて，10T

という強磁場を用いた材料プロセスの開発や新規な

磁場効果の探索が行われ，成果が出つつある．筆者ら

は，磁場中の水の物性に注目し研究を行ってきた．　母鳥

Walrafenらは図1の構造に基づき，1000cかより低振

動数に現れる4つのピーク（60，175，450，～780cガ）

を，それぞれ，0－H…0水素結合骨格の変角，伸縮

および2つの秤動振動とアサインした．

最近になって天羽および冨永らは，250cm’1より低波

数の偏光解消ラマンスペクトルについて，2つの振動

　勉（」

　　　｛

泌・

図1　水の構造

モードおよび1つの緩和モードの重ね合わせで説明を試みた。これによると2つの振

動モードはWalrafenらと同じく水素結合軸の変：角と伸縮振動と考え，50cかより低振

動数にかけて急激に立ち上がるバックグラウンドを水素結合の生成・消滅による緩和モ

ードとする．これらの重ね合わせにより低振動数のスペクトルはよく再現された．岩坂

らは生体反応の磁場効果に対する興味から，14Tの磁場中に置いた水およびD一グルコー

ス水溶液の近心外吸収スペクトルを測定した．その結果，水の吸収スペクトルは長波長

側の吸収が増大し，D一グルコース水溶液では短波長側の吸収が増大することが分かった．

水のスペクトルの圧力依存性を調べた別の実験結果と比較すると，このスペクトルの変

化は水1分子当たりの平均水素結合数が磁場中でわずかながら増加していることをと

考えられる．磁場中で水1分子当たりの水素結合数が増加するとはどういうことであろ

うか．定性的には次のような議論が考えられている．水の磁化率κは次のように反磁性

誌面、と常磁性項伽r、の和で表される．

Z瓢為，＋2る。。、
（1）

球対称な閉殻電子構造の分子は反磁性項のみを持つが，水素結合を形成した分子は電子

雲が分子間に広がって球対称な分布から大きくずれるため，常磁性項蕩p。．、の増加に寄与

すると考えられる．水の磁化率の温度依存性は，このモデルで説明される事が良く知ら

れている．磁場中に置かれた水は磁化率が負であるために負の磁気エネルギーを持つ．

そのため，これを打ち消すために，常磁性項が増加する方向に平衡が傾き，多くの水素

結合を形成し安定化すると考えられる．

　光の屈折は，媒質と電磁波の相互作用の結果起るものであり，媒質の性質の情報を含

んでいる．ここで屈折率の物理的意味を簡単に述べる．電磁気学によると誘電体中を伝

わる電場8により分極が誘起されると表される．誘電体の分極をある振動数ωoで振動
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図2　測定装置

する変位電荷によるとしてこの系の電場に対する応答を考えると，感受率の表式が得ら

れる．ここではその式を示さずに関数形の概要を説明すると，〆およびκ”の周波数

依存性はそれぞれ，ω。で共鳴を表すピーク，およびω。でゼロでその前後で大きな幅を

もつ双極性のピークを持っ．屈折率ηおよび吸収係数ゆ振動数依存性も同様に，共鳴

ピークと幅広い双極性ピークとなる．また〆および〆’，およびηとκは，

Kramers－Kronigの関係で結びつけられ，一方がすべての周波数において分かれば他方

が求められる関係にある．それゆえ物質の状態変化，例えば電子状態の変化により紫外

スペクトルが変化すると，それに応じて共鳴波長からはずれた可視領域においても屈折

率が変化する．すなわち屈折率を測定する事は，吸収スペクトルの変化を見ていること

になる．最近，表面プラズモン共鳴（SPR）を利用した屈折率センサー（SPRセンサー）が

市販され，対象物質の屈折率の変化を
　　　　　　　　　　　　　　　　　　　壌．3350高精度に（△η／η〈10－5）求める事ができ

るようになってきた．当初，筆者らは

次節で述べるようにSPRセンサーの感
　　　　　　　　　　　　　　　　　　蕊
度面を化学修飾し，その化学基への磁醤

場効果を測定することを企図した．し　餌3340
かし化学修鮒ずに織磁場中での§
屈折率の測定を行ったところ意図に選

反して水そのものの磁場効果が観測で

きることに気がついた．水などの反磁

性物質の磁気的性質は，磁化率の絶対

値の小ささ（一9．05×1σ6）からも分かる

ように，それほど大きくない．それ

でも水が磁場に応答するのは何による

署、3330
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図3　水の屈折率の磁場変化
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のか高感度なSPRセンサーを用いて詳しく検討を行った．

　筆者らは水の屈折率の磁場依存性を，SPRセンサー以外の方法も用いて，2つの全く

異なる方法で検証した．図2（a）にSPRセンサーの模式図を，図2（b）に位置敏感検出器

（PSD）およびレーザーを用いた測定装置の模式図を示す．　SPRセンサーは市販されてい

るもの（Spreeta，　Texas　Instru阻ents，　Inc．）であり，　LEDから出た光（840　nのを偏光フ

ィルターに通し，金薄膜に入射させ，反射してきた光をフォトダイオードアレイで検出

する．ある入射角で入射した光はSPRの共鳴条件を満たし反射率が小さくなることから，

測定対象の屈折率を求めることができる．PSDを用いた方法は磁場中におかれた試料セ

ルに入射・屈折した光の変位量を磁場外に置かれたPSDで測定するという保守的な手法

を用いた．PSDは浜松フォトニクス製のものを，光源はHe－Neレーザー（633　R搬，　NEC

GLG－5360）を用いた．磁場の発生には超伝導磁石（ジャパンスーパーコンダクタテクノロ

ジー（株），JMT－10T150）を用いた．試料はMillipore社の超純水製造装置（Direct－Q　5，

18．2MΩcm）で精製した水を使用した．測定室の室温は空調により25．0±1．0℃に保った．

図3に磁場中の水の屈折率の2つの測定結果を示す．SPRの測定結果（▽）とPSDによる

測定結果（㊨）は，10T印可により，それぞれ1．8×10｝3（0．14％），1．3×10－3（0．09％）の増

　国警こ証孟＆袖∴㌧’

｝：1「

要：：1

ミ：：1

　αo　攣

。醸　　　1
。C12SH　　i
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図4　　表面自己組織化単分子膜形成時の水の屈折率変化

加を示した．この波長領域の屈折率の温度係数は一1×1σ4℃1程度であるので，この増

加は温度による揺らぎよりも遥かに大きい．このため，この増加は磁場効果によるもの

と考えられる．SPRとPSDの結果を比べてみると，　SPRの方がわずかに増加が大きかっ

た．

　一方、表面に捕獲された水については、SPR検出用の金野の電位を規制して、電気化

学的な制御下で磁場効果を測定した。電極と液体界面の構造は，イオンの統計分布を基

にしたグイ・チャップマンモデルを源として，長い研究の歴史を持っている．しかし，

電極表面と溶媒分子の近距離的な強い相互作用は，このモデルの範囲を超えているため，

電極表面極近傍の水分子集団の構造は，未だ，充分に解明されたとは言えない。例えば，

マクロな物性として，ゼロ電荷電位での金属電極の静電容量が，電極の種類によって異

なる実験事実を正しく説明し得るモデルは存在しない．また，ミクロな視点では，電気

化学系への表面選択的な分光の適応から，電極表面の水分子は，その並進自由度を失い，
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固体表面に局在した薄い氷に近い状態となっていることが，明らかになってきた．

　本節では，多結晶金電極近傍の水の磁気光学特性が，バルクの水のそれとは異なる可

能性について述べる．本節の内容は，現在，研究が進みつつある領域の議論であり，確

定した結論には至っていない部分があることを，初めに，お断りしたい．

　図3で用いたSPR測定とPSD測定は，測定原理が異なるために，観測している水の空

間位置が大きく異なる．SPRは，’金薄膜から全反射状態で染みだした近接場光が屈折率

をプローブするため，金薄膜表面から200nm領域までの水の屈折率を測定している．一

方，PSD測定は，光の屈折に基づく光路の変位を測定しているため，ガラスセルに満

たされたバルク水の屈折率を測定している，図3に現れた実験線の食い違いは，充分な

追試を繰り返しても，ついに一致することはなかった．このことは，金薄膜近傍の水の

磁気的性質がバルクの水のそれとは異なることを意味する．

　金薄膜表面上に捕獲される水を排除するために，金上に長州アルカンチオールの自己

組織化単分子膜を修飾し，オープンサーキット条件で水の屈折率の磁場強度依存性を測

定した．図4から，アルカンチオール自己組織化単分子膜を修飾したSPRセンサーで屈

折率の磁場依存性を測定すると，屈折率の変化は小さくなり，図3に示したPSD測定の

結果に近づくことが判る．

　金薄膜表面を電気化学的に酸化し，表面最外層が清浄金である場合と，金酸化物であ

る場合の屈折率の磁場依存性を測定した．硫酸ナトリウム100μMを加えた超純水中で，

SPRセンサーの金薄膜の電極電位を一定に保ち，磁場強度を変化させて，水の屈折率の

磁場強度依存性を測定した．図5を見れば，設定電位が2重層領域内で，電極表面が金

である場合の変化は，いずれの電位でもほぼ同じであると言える，しかしながら，電位

を0，8Vとし，表面を酸化物へと変化させると，屈折率の磁場依存性は，顕著に減少し

た．さらに，電位をカソード走査し，表面の金酸化層を還元すると，屈折率の磁場依存

性は，可逆的に変化することも確かめられた．
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図5　電気化学的に規制したSPRセンサを用いた屈折率測定

一67一



　SPRセンサーの金薄膜表面を，長鎖アルカンチオール自己組織化単分子膜で覆ったり，

金酸化物へ変化させたときに観測された結果は，いずれの場合も，PSD測定によるバル

ク水の磁場効果へと近づいた，この事は，金表面に局在し並進運動の自由度を失った水

の磁気特性は，バルクの水のそれとは大きく異なることを意味する，この磁気特性の変

化は，2次元的に捕獲された水分子同士の水素結合の在り方と，バルクの水分子の水素

結合の在り方に違いがあることを示唆する．

3．チオフェン分子導線成長の磁場制御［6－13］

①可溶性チオフェンモノマーと表面修飾添加剤を用いた金（111）面上への長さ70㎜に

及ぶ単一ポリチオフェンワイヤの形成に成功した。②開発した単一分子ワイヤ構築法に

より形成した単一分子ワイヤに強磁場を印加した結果、単一分子単層構造から積層構造

へ変化することが明らかになった。以下に詳細を示す。

通常の電解重合系ではポリチオフェンのバンドルからなる不規則構造が見られるのに

対し、表面修飾添加物を含んだ電解重合系では最長で約70nmほどの直線型の単一ポリ

チオフェンが観測された。これはチオフェンユニット（約3，8A）が約230個程度結合

した長さに相当する。また1本の長いポリチオフェンワイヤが表面上を動く過程やポー

ラロン（酸化種）が1本のワイヤ中を伝播すると示唆される輝点の点滅が観測された。

電圧パルス印加数を変えて単一分子ワイヤの長さや密度を統計処理した結果、パルス数

の増加に伴い分子ワイヤの長さが増長することが分かった。また金（111）表面の三回対

称性を反映してポリチオフェンワイヤは規制された3方向に成長することが分かった。

吸収スペクトルの測定から、核分子が基板表面に吸着し、これを基点として重合反応が

起こり、単一分子ワイヤがエビ舛シャルに成長したものと考えられる。この方法で作成した

単一分子ワイヤの配向に及ぼす強磁場効果を検討した結果、単一分子単層構造から積層

構造へと変化することが明らかになった。

　これまで行われてきた電界重合の研究では、1本の孤立した共役系高分子（分子ワイ

ヤ）を絶縁基板上に形成させることが困難であった。これは生成した共役系高分子が不

溶性であることや高分子の会合体を形成しやすいために基板上に1本の高分子を形成

させることが困難な理由による。本研究では、重合後生成する共役系高分子が溶媒に可

溶化するモノマー分子を用い、且つ特殊な表面処理を行うことによりモノマー分子が最

長で200分子ほど重合した単一分子ワイヤ（鎖長約70n搬）を任意の密度・長さで制

御しながら基板水平方向に形成させ得ることを初めて明らかにすることができた。

　金（111）基板を電解質中で電圧パルスを印加することにより、チオフェン誘導体の単

一分子ワイヤが出現した。（図6）単一分子ワイヤの生成機構は、重合過程で生成した

分子長の短いオリゴマーが基板表面に吸着し、電解重合が単一分子レベルで起こったと

考えられる。以上の結果より、“単一分子ワイヤ”を基板上に任意の密度・長さで構築

する新しい液相プロセス‘‘電気化学エピタキシャル重合”を提案し、成功することがで

きた。単一分子ワイヤの生成に対する強磁場効果を現在検討中である。
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図6．金（111）上に成長した単一分子ワイヤのSTM像（大気中，5pA，1V）

4，おわりに

　研究テーマ1に関しては、強磁場中で純水の屈折率の上昇を、2つの互いに独立な測

定法を用いて測定した。測定は、①石英製のセルに純水を入れ、屈折率変化によるレー

ザー光線の空間的変位を測定する方法、および、②金薄膜を用いた表面プラズモン共鳴

法を用いた。両者の測定は、定性的には良く一致するものの、定量的には有為な差があ

った。この差は、金表面に捕獲された吸着永と、バルク水の磁場効果の差と推定された。

バルク水の磁場効果は、屈折率変化と同時に、近赤外領域のスペクトル変化としても観

測された。吸着水の効果は、金表面の電気化学的に酸化、あるいは、金表面をアルカン

チオールの自己組織化単分子膜で修飾すると消失した。この事から、金と水との近距離

的な相互作用に界面での磁場効果の原因があると判った。研究テーマ2に関しては、1

0Tの強磁場をヨウ素一金基板上に形成させたポリチオフェンワイヤ列に印加して、配

向変化を調べた。10Tの磁場印加によりポリチオフェンワイヤ列は整列した構造から、

分子ワイヤが表面上を動き乱れた構造を取ることがあきらかになった。以上から、研究

1．2とも期待される成果に対する達成度は良好と思われる。また、研究1に関しては、

表面吸着水の大きな磁場効果の発見、研究2に関しては、表面上に分子ワイヤを1分子

レベルで大面積に重合する方法を見つけられたのは予想外の結果であった．今後の発展

として、研究1に関しては、表面吸着分子の誘起する表面磁性の精密測定、
SMOKE（Surface　magneto　optical　Kerr　effect）に着手した。研究2に関しては、電気化

学エピタキシャル重合に磁場を印加することにより導電性高分子の完全結晶を形成さ

せることを目指す。
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Prefa¢e

 'Ihe Intemationai Symposium on Magneto-Science 2005 aSMS 2005) -Fundamentals and

Applications of Magnetic Field Eilfects on Materials Precesses and Functions- was held in

Yekoham& Japan, Nevember 14-17, 2005. The organizers welcomed nearly 200 participants

form 12 countries. High-level 114 papers were presented at ISMS 2005, which are included in

these proceedings.

 The term of "Magneto-Science" was invented in Japan in i990s to make clear the essential

diliference between itself and the traditional niagnetic science. Namely, in Magneto-science,

magnetic fields are used as a dynamic and active teol to create new materiais imctions. The

brief history of Magneto-Science is as follows: In 1970s to 1980s, the radical pair mechanism

for the magnetic fieid effect on chemical reactions was established by Nagakura and his

coworkers. This was the starter of magneto-science indeed. in 1980s to eady i990s, various

magnetic field elifects were discovered for chemical, biological and metailurgical systems due to

the scientists in the minority. Ameng them, the fudmgs ofrather macroscopic phenomena such

as the magnetic aligument ofbiological molecules, the diamagnetic levitation and the magnetic

Moses effect led to the rapid progress in Magneto-Science. Especially in Japan, developing

cryo-coeled superconducting magnets boosted up the studies of Magneto-Science. Then, 1ater

1990s to now, this field is studied from fundamentals to applications systematically. We are

able to know the latest results in the proceediRgs. Actually, the topics discussed at ISMS 2005

were diamagnetic levitatien, spin chemistry, magneto-thermodynamic ellfeets,

magneto-electrochemistry, magneto-crystallization, magnetic field-induced phase transitions,

novel magnetic phenomen& etc. in relation to different kinds ofmaterials such as organic and

inorganic compounds, metals and alleys, polymers and biological substances.

 in Japan, the annual sympesium has been promoted by the Jal)an Society of New

Magneto-Science (President: Hitoshi Wada) since 1997. In additien to this, the open symposium

has been promoted by the Sciemific Research for Prierity Area "imovative Utilization ef

Strong Magnetic Fields" (Project chair: Masnhiro Yamaguchi), which started in 2003. The

organizers joined those two domestic symposiums to ISMS 2005, welcoming sciemists from

abroad. The growth rate ofresearch in this field increases world-widely and the topics diversify

every year. It is considered to be very tmely to have an epporttmity of critical discussion and

wide infbrmation exchange by active scientists from all over the world. Finally, the organizers

certainly appreciate the fuiancial support by seme cempanies and the coeperatien with many

academic societies and Yokohama National University for the iituitfal success of the

SymPOSIum.

December 1, 2005

Masahiro Yamaguchi

Sympesium chair eflSMS 2005
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Department of Physics, Ybkohama National University,

Ybkohama 240-850 1, Japan.

E-mail:yarnaguch@ynu.ac.jp,isaoy@ynu.ac.jp

Phone and Fax: 045-339-4149 (M.Y.), 045-339-4325 (I,Y.)

Mobile phone during the symposium: 090-7733-9476 (M.Y.),

'Ibkiwadai 79-5, Hodogaya-ku,

090--4457-9l46 (I.Y.)

2. Spomsorship aitd Cooperatioit

  The organizers of ISMS 2005 wish to acknowledge with gratitude the generous support

provided by

  Japan Superconductor Tbchnology, Inc. (http:!lwww.soc.co.jpl)

  Sumitomo Osaka Cemeitt Company, Ltd. (http:flwww.jastec.orgl)

ISMS 2005 is held iR cooperation with the following academic societies.

 The Biophysical Society ofJapan (http:11www.biophys.jplindex.html)

  The Chemical Society ofJapan (http:11www.chemistry.or.jpl)

  Cryogenic Association ofJapan (http:1!www.caj.orjpljcryo/)

  The Crystallographic Society ofJapan (http:!lwwwsoc.nii.acjplcrajl)

  The Electrochemical Society ofJapan (http:11www.electrochem.jplindex.html)

  The Institute of Electrical Engineers ofJapan (http:11www.iee.or.jpl)

  Japan Biomagnetism and Bioelectromagnetics Society (http:!lwww.bes.d.dendai.ac.jplJBBSI)

  The Japan Institute of Metals (http:11wwwsoc.nii.ac.jpljiml)

  The Japan Society for Analytical Chemistry (http:1/wwwsoc.Rii.ac.jpljsacl)

  Japan Society for Bioscience, Biotechnology, and Agrochemistry (http:11www.jsbba.or.jp/)

  The Japan Society of Applied Physics (http:l!www.jsap.or.jp!)

  Japanese Society of Clinical Neurophysielegy (http:1!square.umin.ac.jplJSCNI)

  The Pharmaceutical Society efJapan (http:1!www.pharm.or.jp!)

  The Physical Society ofJapan (http:11wwwsoc.nii.ac.jpljpslindexj.html)

  The Rare Earth Society ofJapan (http:llkidorui.chem.eng.osaka-u.ac.jpl)

  The Socie{y of Chemical Engineers, Japan (http:11www.scej.orgl)

  The Society of Polymer Science, Japan (http://www.spaj.or.jp/)

  The Society of Synthetic Organic Chemistry, Japan (http:11wwwsoc.nii.ac.jplssocjl)

  Yokohama National University (http:/lwww.ynu.ac.jplindex-en.htmi)
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6. Tfime tab}e

l3 Nev. (Sun)

l7:OO-19:30

Registration

Weicome Drink

(Ybkohama Kokus

Hotel)

 14 Nov. (MoR)

 9:30-IO:50

 Registration

 lO:50-11:1O

 Opening

 Ceremony

 11:le-l2:30

 Merphelogy of

 Dendrites I

 12:30-l4:OO

 LuRch

 l4:OO-15:20

 MagRetic

 Levitation

 15:20-15:40

 Break

 l5:40--17:OO

 [ifbxture ef

 Alloys I

ai

IS Nov. ([[iie)

9:30-10:50

Magnetic

OrientatioR I

1O:50-l1:lO

Break

ll:10--12:30

Morphelogy ef

Dendrites II

12:30--l4:OO

Lunch

14:OO-15:20

Posters g

l5:20-l5:40

Break

15:40-17:OO

rdexture ef

ARIoys II
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16 Nov. (Wed)

9:30-10:50

Magnetic

Orientation II

10:50--1l:1O

Break

11:lO--l2:3O

Magnetic Flew I

12:30-l4:OO

Photograph

LuBch

l4:OO-15:20

Pesters II

15:20-15:40

Break

l5:40-l7:OO

SpiB Chemistry

17:30-19:30

Party

(Kyaratei)

17 Nov. (Thu)

9:30-10:50

Magftetic

Orientation III

1O:50-11:l'O

Break

11:iO-12:30 -

Magnetic Flow ffI

l2:30-12:40

Closing Ceremony



7. Program

i3 Nov. (Supt)

l7:OO-19:30 Registration

Welcome Drink

14 Nov. (Mon)

9:30-10:50

lO:50-1l:lO

ll:1O-12:30

1O05

1O06

lO07

lO08

l2:30--l4:OO

       Registration

       Opening Ceremony

       Merphology ef Dendrites l Chairs: Jean-Paul Chopart, Iwao Mogi

Electrochemical Growths of Metal Arboresceitces under Magnetic Field

Vasile Heresanui'2, simona Bodeai'3, Rafik Balleui, Pierre Molhoi; iLaboraroire Louis

Ne'el, CN.R.S., 2Aristotle University of 7-7zessaloiziki, 3Institut de Recherche sttr les

Phe'nomenes Hors EgLtilihre

The rele of magnetic forces during electrochemical reactiens at microstrllctures

Andreas Bund, Holger H. Kuehnlein; Dresden. University of Technolog.y

In situ micrescopic ebservation of magnetic field effects on the grewth process ef

two-dimensienal silver dendrites

!t>!gll!yg!o uk Hirotai,SomaHara2,HiromichiUetake2,HiroyukiNakamura2,Koichi

Kitazawa2; i71sttkuba Magnet LaboratoJy, 2University. of Tbk.yo

Retational motion of silver dendrites under magnetic field

Akio Katsukii, Yoshifumi Tanimoto2; iShinshu University, 2Hiroshima University

        Lunch

l4iOO-15:20

lO09

IOIO

IOIl

1012

       Magnetic Levitation Chairs: Eric Beaugnon, lrbmoytiki Kakeshita

MagRetic levitatiolt: Experiments with cryegenic oxygen and studies ef dynamics

R. J. A. Hi}l, A. T. Catherall, P. J. King, P. L6pez-Alcaraz, K. A. Benedict, L Eaves;

University ofNottiizgham

Development of a new magnetic levitatioit furnace

Kohki Takahashi, Iwao Mogi, Satoshi Awaji, Kazuo Watanabe; 71ohok" University.

Detectien of Small Magnetic Anisotropy in Micro-gravity and Diamagnetic

Anisotropy DeriviRg From Single Chemical Bond

pmth ak U da, Ryoichi Takashima, Takaaki Abe; 0saka University.

Magnetic Force Enhancement Using an HTS Bulk Cylinder

[t!s!alsgs3-!k Kiosh,ToshiyukiKoizumi,XiaejunLiu,ShiajiMatsumote;71sukL･{baMagnet

Laborator>,
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l5:20-l5:40

15:40--l7:OO

IO13

IO14

1015

1016

       Break

       1[lexture gfAlloysl Chairs: Justin Schwartz, Chiaki Uyeda

Presence of IntriRsic Grovvth Nllclelin Overheated and Undercooled Liquid

Elements

Robert F. Toumier; Cenn"e National de la Recherche ScientijCigLte

Grain Cearse"ing Contr･ol!ed by Mag"etic Field

pmtd kY di,TomoyaNagirai,ItsuoOhBakai'2;iOsakaUniversity,2osakaSangyo

UJ1,iVei"Sir'y

Effects of a High Magnetic Field on Soli(YSelid Phase Transformation Behavior and

Structure

pmtd kOht k,XinjiangHao;Natioii,allnstintteforMaterialsScience

Crystal Orientation in Sn-Pb alloy by Imposing Electromagnetic Vibratio" during

Solidification

Manabu Usui, Kazuhiko Iwai, Shigeo Asai; Nagoya University

g5 Nev. (IUe)

9i30-10:50

200l

2002

2003

2004

1O:50-1l:lO

ll:1O-l2:30

2005

       Magnetic Orientation l Chairs: Tsunehisa Kimura, Robert Tburnier

Magnetic manipulation of K-conjugated supramelecular architectures

P. C. M. Christianen', I. O. Shklyarevskiyi'2, P.Jonkheijm2, A. P. H, J. ScheRning2, E. W.

Meijer2, J. C. Maani; iRadboud University Nijmegen, 2Eindhoven University of

Technology

Surprising Magnetic Preperties of Organized Organic Menolayers

Ron Naaman, Supratirn G. Ray, Reit Artzi, Zeev Vager; Wei.7.mann Institute

Magnetic Orientation and Its Temperature Dependence ef Carbelt Nanetubes

pmtasaoF waa,YoshifumiTanimoto;HiroshinzaUrziveiisit.-y

Magnetic erieMtatieR and Organization of Sing}e-Wailed Carbon Nanotubes or

Their Composite Magerials llsing Pelymer Wrapping

Hiroaki yefiemurai, Yuuichi Yomamotoi, Sufiao yamadai, yoshihisa Fujiwara2,

Yoshifurni Tanimoto2; iK)7L{shu University. , 2Hiroshima Universit".y

       Break

       Morphelegy of DeRdrites lff Chairs: Rafik Ballou, Noriyuki ]E[irota

Cemparison of mag"etic ferces acting on ekectrochemical systems

,JEgcm:t{gkL!={us!}l2aueanP lCh arti,LeilaRabahi,JacquesDougladei,JeanAmb}ardi,F.Debray2,Ahmed

Hamach3; iD7Zl, UFR Sciences, 2GHMIEZ., C7VRS,3Universitv. ofFes SaVs
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2006

2oe7

2008

The effects of Magnetic fields on the E}ectrodeposition of Cu and Co

M. Uhlemann, A. Krause, A. Gebert, L. Schultz; Leibrii.7. Instintte for Solid State and

Materials Research Dresden

3D-Merphological Chirality Induction in Membralte Tubes Prepared by Si}icate

Garden Reaction in Magnetic Fieid

Yoshifumi TaRimotoi, Ichiro Uechii, Wenyong Duani, Akio Katsuki2; iHiroskima

Universit.v, 2ShinshLt Universit-y

Chiral Recognition of Ascorbic Acid by Magnetoelectropelymerized Polyaniline

Electrodes

! M ,KazuoWatanabe;7bhokuUniversity

l2:30-l4:OO Lunch

l4:OO-15:20 Posters I 2PO1-2P38

l5:20-15:4e Break

15:40-l7:OO

20 l3

20l4.

20 l5

20l6

       Texture efAlloys ll Chairs: R. B. Morgunov, Hideyuki Ohtsuka

Application of Magnetic Fields fer Grain Beundary and Grain Structure Control in

NeR-Ferromagnetic Metals

Dmitri A. Molodov; RWTH Aachen Un,iversity

Ferrite isothermal transformatien in high magnetic fields

S. Rivoirardi, F Gaucherand2, O. Bouazii E. Pinto Da Costa3, E,.-Bga!ELgugnBeaugnoni'2;

iCNRS-CREZA, 2CNRS-Laboratoire de Cristallogrophie, 3ARCELOR Researeh, voie

ronzalne

Effects of Magnetic Fields on the Texturing and Preperties ef Bi2Sr2CaCu20s+6

Wires, Tapes and Coils

Justin schwartzi'2, ulf p. Trociewitzi, Manuel Ramosi'2; iFlorida state university,

22[AMU-FSU College ofEngineering

Selection of variaRts by magnetic field in some ferrous a}leys

Takashi Fukuda, Tomoyuki Kakeshita; Osaka Universitly

K Nov. (Wed)

9:30-10:50 MagneticOrientationX Chairs:MasaeFujiwara,RonNaaman
3001 DyRamicsefLiquidCrystalAlignmentneartheNematic-IsotropicPhaseBoundary

        G Tbrdini, P. C. M. Christianen, J. C. Maan; Radboud University. Nijmegen

3002 Progressofrraagnetostrictivepe}ymericmateria}s

        AZgcgu>L!Ag:h M Sh i,LuYBn-Huai,DingNai-Xiui,TsuRehisaKimura2'3;iBeijing
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3003

3004

Uiziversib.p ofAeronaLttics and AstronaLttics, 2Tbk.yo Metropolitaii University, 37-lsitkuba

Magn.etLaborator.y

Micro-Magnetic Simulation ef Magnetic Properties and Magnetic Process of

SmDyCe Thin Films

Zuo Yi Li, Fang Jin, Xiao Min Cheng, ZheR Li, Jun Bin Yan, Wei Ming Cheng;

HLtazhong Univ. ofSci. 62 Tech.

MagRetic OrieRtatien of Cast films ef Pulp Celllllese Microfibrils

Fu miko Kimurai, Tsunehisa Kimurai'2, Fumitaka Horii3; i71sukLtba Magnet Laboratory,

2Tokyo Metropolitan University,3K.yoto Universit.y

lO:50-ll:1O Break

ll:1O-l2:30

3005

3006

3007

3008

        Magnetic Flewl Chairs: Jan K. Maan, Hitoshi Watarai
Magnetic interaction of a reactien zeRe catalyzed ever paramagBetic sllspension of

iren exide nanoparticles

lt!31,ajiaet!afalM D 1 ;IsraellnstitttteofTechnolog.y

Gravitational water mist flow in an inclined bere space of a super-conducting magnet

Xian Wangi, Hiroyuki Hiranoi, shu--shen Lu2, Toshio Tagawa3, !tl!i!gxtu!siJllk Ozo 4;

}0ka.yama Universit-.y, ofScience, 2Sun Yat-Sen Universit.y,3Tokyo Metropolitan

Universit.y, 4AGH Universit."v ofScience and Tlachnolog.y

A New Flow-Type Cell by the Application of Magnetic Micro-Fluid Chip

pmt o h A k,EikoIto,MikioOgata;PolytechnicUniversity

Relative Change of Viscesity ef Water and Several Organic Liquids under

Transverse Magnetic Field of 10 T

pmtiku ro Ish ,Shunsuke Yamamoto, Hideyuki Nakayama; Gakushttin Unlversit.y

12:30-l4:OO Photograph

Lunch

14:OO--l5:20 Pesters II 3PO1-3P38

15:20-15:40 Break

15:40-17:OO S.pinChemistry Chairs:SanferdAsher,YbshihisaFujiwara

30l3 Staticandradiofrequencymagneticfieldeffectsonphotochemicalreactions

        P. J. Hore; University of OJw`brd

3014 DependenceofMagReticFieldEffectonSolventandEnvironment

        Sarnita Basui, Tamal Sengupta2, Sharmistha Dutta Choudhuryi, Adity Chowdhuryi;
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30i5

3016

17:30--l9:30

iSaha Insiitute ofMtclear Ph.vsics, 2APC Ra.y Polytechnic

ManipulatioR over mechanical properties of selids by contro} ef electreR spin

coherency of nanoclusters in strong magnetic field

,Rts,g!n{ig]M oi,YoshifumjTanimoto2;ilnstintteofSolidSrarePh.ysics,2Hiroshima

UniversiA) .

Magnetoconductivity of Poly(N-vinylcarbazole) Film as a Quasi-one Dimensional

Lattice Photocondllctor

Tadaaki lkoma, Toshinari Ogiwara, Yutaka Takahashi, Kimio Akiyama, Shozo

Tero--Kubota; 7nbhokti Universit-y,

        Party

17 Nov. (Thu)

9:30-10:50

4001

4002

4003

40ou

1O:50･-il:1O

11:IO-12:30

4005

4006

        MagReticOrientationlll Chairs:P.CMChristianen,S.Nakabayashi

Superparamagnetic and Ferromagnetic Monodisperse Colleidal Particles ERable

Smart Photonic Crystal Materials

S. A. Asher, X. Xu; Universit.y' of Pittsbuilgh

Melecular Assemblies under Steady Magnetic Fields: Membranes, Micelles aBd

Vesicles

Taisuke Takahashi, Yutaka Yaguchi, Mikako Ishii, Stumlg9umio Ozeki Shinshtt Univesic

Anisotropic Properties of Magnetic Ordered Gel

Isao Yamamotoi, Syuji Saitoi, Testuya Makinoi, Masuhiro Yamaggchii, Tadashi

Takamasli2; iYokoharna National University, 2National Institute for Materials Scien,ce

MagRetic Field Effect on Morphology of Phetochemical Products from a Gaseous

Mixture of Trimethylsi}ylacetylene and Iron Pentacarbonyl

Hiroshi Morita, Hidetoshi ToRoeka, Yoshinori Okano; Chiba University

        Break

        Magnetic Flow ll Chairs: Peter J. Hore, Sumio Ozeki

The Effect of Magnetic Field on the Stable and Unstable Fluid Layers in a Cubic

Enclesure

Elzbieta Fornaliki, Tomasz Bednarz2, Toshio Tagawa3, Hiroyuki Ozoei, Janusz S.

 Szmydi; iAGH, Universii.y ofScience and Technology, 2KyLtshtt Universii".y',3Tok.yo

 Metropolitan Universit.-y,,

On-chip continuo"s flew separatien of magnetic particles

 Nico}e Pammei, Andreas Manz'-; iNational Institute for Mateirals Science, 2institt{te for
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4007

4008

l2:30

   Analytical Sciences

   Convectien ef water in a s"percoRducting magnet: Numerical studies at the center

   and various off-centered positions of a bore of the magnet

    Mitsuo Ataka, Syou Maki; National InstitLtte ofAdvaHced .lndustrial Science and

    Technolog.y

   Damping of Solute Convection During Crystai Growth by ApplyiRg Magnetic Field

   Gradients

   ±N>{.g!;sltsgm.!,,utbc-41say{}Ix}aobukoIWaka ;7MlsttkLtbaMagnetLaboratory

-ll:40 ClosingCeremoRy
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15 Nov. ('][Ue)

14:OO-l5:20

2PO1

2P02

2P03

2P04

2P05

2P06

2P07

2PO8

2P09

2P1O

2P11

2Pl2

        Posters g

Magnetic 0scillatien of Hexagonal Ice and Origin ef Diamagnetic Anisotropy

Takaaki Abe, Ryoichi Takashima, Chiaki Uyeda; 0saka University

Two-dimensional Triangle-lattice Alignments by Feeble Magnetic Particles under

High Magnetic Field

Tsutomu Andoi, Noriyuki Hirota2, Akira Satoh3, Eric Beaugnon4, Hitoshi wadai;

iUniversit.v] of Tok.vo, 271sLtkuba Magnet Laboratoj'Ty, 3Akita Prqfectuat Universit.s,,4Centre

National de la Recherche ScientijFiqite

Simultaneous Measuremeftt of Mass aRd Magnetic Sllsceptibility of a Sing}e

Microparticle by Magnetophoretic Velocity Analysis in Atmosphere

Mariko Arase, Masayori Suwa, Hitosihi Watarai; Osaka University.

Magnetically Aligned Gd(OH)3-Polymer Composite Film

sC.ineqgrscmg-s.Encglgh k Ch i,FumikoKimurai,TsunehisaKimurai'2,Hitoshiwada3;i7'sttkttba

MagnetLaboratory,27bkyo Metropolitan University,3Universitv. ofTok.yo

Magnetic Susceptibility Measurement ef SolutioR by Interfacial Nanedisplacement

Detection

StbigetsLEgag!h ek E mi,HitoshiWatarai;OsakaUniversity

Magnetic resenance imaging of the manipulatien of a chemical wave using an

inhomegeneous magnetic field

 Rob Evansi, C. R. Timmeli, M. Britton2; iO.ilford University, 2Carnbridge University

Nano-Carbens synthesized by Electrochemical M[ethod under High Magnetic Field at

Room Temperature

 Haruo Yokornichii, Fumiko Sakai2, Masaki Ichihara2, Shigeki Nimori3, Naoki

 Kishimoto3; iTbyama Prefl Univ.,2Univ. of 7bkyo, 3National Inst. for Materials Science

How Is Effect of Strong Static Magnetic Field on Nanerods?

 Xt£tshl!Us{hh Fu waa,NahoShibata,YoshifumiTanimoto;HiroshimaUniversity.

Measurement of IN(Eicroscopic Raman Spectra in High Magnetic Fields

 ItllAlsg>t£}k hGote,MasayoriSuwa,HitoshiWatarai;OsakaUniversity.

Measurement of Phase Transformation Temperature and Carbon DiffusieR in Fe-C

AIIoys in a High Magnetic Field

 2tgl!SlangUasH o, Hideyuki Ohtsuka; National Institute for Materials Science

Electromagnetophoretie Force Measurement of Specific Cell-Protein Binding

InteractieR

 Yoshinori Ii uRi, Hitoshi Watarai; Osaka Universitl>,

An EQCM Study on the Electredeposition of Nickel-Iren Alloys iR a Magnetic Field

- 84 -

 -- 15 -



2P13

2P14

2P15

2P16

2P17

2PI8

2P19

2P20

2P21

2P22

pmtdr ana Is as, Andreas Bund; Dresden University of Techiiolog>,

MagRetic Field Effect on Hydregen Isotope Separation with Metal Hydrides

-Yx-IMtEu!glt }, Rui Takahashii, Soichiro Mizusaki2, Isao Yamamotoi, Tadashi Takamasu3,

Masuhiro Yamaguchii;iYokohama Natioiial University, 2Ao.vama Gakttin University,

3
 IVational In.stitLtte for Materials Science

Preposa} of a Rew type of magnetic force

Akio Katsukii, Yoshifumi Taitimoto2; iShinshu University, 2Hiroshima UniversiA)

In situ optical measurement ef agarose aqueeus solution

St!g!tii:I!luh Kttaka,TsubasaTakeda,IsaoYamarnoto,MasuhiroYamaguchi;Yokohama

National UniversiA,

Magnetic-Field Effect on Thermal Metiens of Diamagnetic Colleidal Particles:

Studies by Dynamic Light Scattering

Yuzuru Koizumi, Hideyuki Nakayama, Kikajiro Ishii; Gakushuin Universii-.y

The influence ef superimpesed magnetic fields on the microstructure of

electrodepesited Ce

A. Krause, M. Uhleinann, A. Gebert, L. Schultz; Leibni.7. Institute for Solid State and

Materials Research Dresden

Mathematical Analysis of Temperatare Distribution in Hybrid Recording Film Using

AFM Tip Writing

Z Y. Li, J. B.Yan, Z Li, X. F. YaRg, X. Sun, R. Wan, G. Q. Lin; Huazhong Urziv. of

Science 6ZTechnology

Phetoconductivity ef New Melecular Complexes ef Fullerene C6o in Magnetic Fields

Dmitrii V. Lo atin, Vyacheslav V. Rodaev, Alexey V. Umrikhin; 71ambov State

 Uiziversit)･)

Magnete-Archimedes levitation of a number ef substances: In-situ ebservatien llsiRg

pictures obtained by a CCD camera

Styg!,L!y!a!!io Mak,Mitsuo Ataka; National InstitLtte ofAdvanced Industrial Science and

 7lechnology

Adjustable Sllper-streng Permanent Magnet

 Takanori Miharai, Yeshihisa Iwashitai, Masayuki Kumada2, Cherrill M. Spencer3; iK>,oto

 University, 2National lnstintte for Radiological Science, 3Stajofbrd Linear Accelerator

 Center

Morphelogical Change in Cepper Electrodepositien uRder MagRetic Field Paralleko

Electrede Surface

 pmtochMo toi,AtsushiSugiyama2,RyoichiAogaki3;iSaitamaIndt{strial

 Technolog-y Center, 2Waseda Universit-y:, 3Pol-ytechnic Universit]y
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2P23

2P24

2P25

2P26

2P27

2P28

2P29

2P30

2P31

2P32

2P33

Effect of high magnetic field on Synthesis of Fe-incorperated LDH
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Abstract
 The mechani$m ofthe morphological effk)ct of magnetic fields en electroless silver deposition was

investigated through in sim microscepic observation by using a periscepe system that was developed

on the basis efa confocal scanning laser microscope. At the growth ffont efa silver dendrite, under a

l2 T magnetic field applied perpeRdicularly te the sarrrple plane, a silver branch was grQwn

straightly for a while; then, a certain length ef the branch at the neighbor of the tip started moving

rapidly and was bent iR an integrated manneL As a result ofthe precess, a dense silver dendrite in the

shape of a vortex was formed. When the sample space was narrowed, the branch did not bend due to

the increase in the static friction betweell the branch and the glass plates. JudgiRg from these

observations, the mechanism ofthe formatien of a dense vortex dendrite was thought to be the ei!fect

of a Lorentz fbrce acting on the branch due to the electric current fiowing through the branch itseif

accompanied by the sibeer deposition and the copper disselution reactions.

Keywerds
 electrcless silver deposition, confocal microscepe, periscope, high magnetic fields, Loreptz force

1. IntreductioR

 The recent remarkable diffUsion of a cryo-cooler operated superconducting magnet is making it

pessible to easily use high magnetic fields in large--scale room-temperature spaces. With these new

developrr}ents, it has become popular te study magnetic field effects on dia- and para-maglletic

materials, i.e., feeble fnagnetic materials, or the processes coRsisted by feeble magnetic materiais.

There have been !nany reperts on the effects of magnetic fields on some crystal growth proce$ses or

matertal processing. In some studies, high magnetic fields are used in an attempt to contrel the

morphology or structure of the materials. For example, it has been reported that the orientation of

some ceramics, due to their magnetic anisotropy, was controlled by adopting a slip-casting methed

under high magnetic fields [1, 2]. !n the solidificatien process of seme alleys er metals, incl"siens

can be isolated by utilizing the Lorentz force due to their difference in cendnctivity with the main

manix [3]. By utiiizing magnetic dipele interactions in many-particle systems, some ordered

alignments such as chain-like alignments and uiangle-lattice alignments were obtained uuder high

magnetic fields [4].

 One ef the rematkable magnetic field effects in the field of material processing is that the

morphology of silver dendrite changes drastically in the electroless silver deposition process [5].

When electrcless silver deposition occurs in a very thin sample space, the shape of the silver

dendrite becomes similar to that ef a ctiffusion-limited aggregation (DLA) cluster. BraBches of the

dendrite are scattered and vary in length. Under.high magnetic fields ofseveral Teslas applied

perpendicularly to the sample plane, the merphology of the silver dendrite changes into a dense

vertex shape. The lengths efthe branches in this case are almost imiform,

 Frem a macresoopic ebservation, the formation of the dense rnorphology was attributed to the

change in the rate-determining process from a diffusion-limited process to a reaction-limited one,

and the vortex shape was thouglrt to be the resvtk of the LQrentz force actiRg on the silver ions in the

1
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solution.

 However, the magnetic energy indnced in feeble magnetic materials seerr}s too small to change the

rate-determining process ofa deposition reaction even under high magnetic fields. Even though the

effect ofthe Lorentz force on the silver ion is celtsidered, it seems unlikely that a winding braRch

would grow as reported. According to the result of the Monte Carlo simulation that evaluated the

morphological change in the DLA pattern under a rotating fiow [6], even ifthe fiow efthe solution

is induced by the Lorentz force acting on the silver ions, the branch wiRding should be in the

oppesit¢ direction ofthe one observed.

 While the observations are interesting from the viewpoint of engineering, the mechanism remains

unclear. An understanding of the mechanism of the magnetic field efiiect on the morphology of a

silver deBdnte would provide important infbrmation that ceuld be used to desigri how to control

some processes, such as material processing by magnetic fields, or te evaluate the effects of

magnetic fields on chemical alld biological reactions. More details may be obtained from
micrescopic observations of this phenomenon, which have net been cendncted yet.

 Therefbre, in this study, in situ microscopic observations of electroless silver deposition were

cenducted under a 12 T magnetic fieid using a periseope system that was developed for use under

high magnetic fields on the basis ofthe commercially available confocal scanning laser microscope.

2. Experimental

  The electreless silver deposition reactien is expressed in the following chemical equation:

                       2Ag" -- Cu . 2AgS + Cu2",

  This reaction occurs whcn a piece of copper is introduced into a silver nitrate aqueous solution

due to the difference in the oxidation-reduction potential, In the experiment here, this chemical

reaction was canied eut in a space sandwiched between two glass plates, and the behavier of the

silver depesition was then observed in situ under a high magnetic field of 12 T.

 The size ofthe sample spaee was fixed to 18 mm square, and the thickness was adjusted to 100 pm

or 3 pm by using 'I)efion spacer between the two glass plates.

 The size of the copper metal sheets was 2 mm square, and their thickness was 50 pm or 2 pm

depending on the thickness ofthe sample space, 100 pm or 3 pm, respectively. The concentratien ef
the silver nitrate aqueeus solution was O.1 and O.25 moYdm3.

 At first, a piece of copper was put in the sample space, After a few drops ef the silver nitrate

aqueous solutioR were placed into this space, the upper glass plate was $et in place to fbrm a closed

system. The deposition reactien started immediately after the drop of the solution was placed. The

sample was quickly introduced into the superconducting magnet. The magnet used in this study was

a cryoceoler eperated type of supercondncting magnet, model HF12-IOOVHT, manufactured by

Sumitomo Heavy Industry Co., Ltd. This magnet has a room-temperature bore with a diameter ef

lee mm and can produce 12 T magnetic fields

at a maximum on the bore axis.

 It took about 60 minutes to grow enough of

the siiver dendrite crystal in the experimental

condition here. During this peried, in situ

observations ef th¢ silver delldrite growth
were canied out under a magnetic field of 12

T. To observe the dendrite, the CCD camera,

model QN42 of ELMO Co., Ltd., was used.
For the in situ rnicroscopic observatioB of the

growth front, the periscope system was used.

This system was specially developed for
utilizatien under high magnetic fields based

on the confocal scanning laser microscope,

model VL-2000, of Lasertec Co., Ltd, A
gallium niuide lighr-emitting diede was used

Fig.1 Phetegraph ef the periscope system
and the superconducting magnet

2
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Fig. 2 Macroscopic observation

of the morphology of silver
dendrites by CCD camera

Fig.3 in situ microscopic
observation of the silver braneh

grewth at the tip

as a light source, and its wavelength was 410 nm. The full resolution of the image was O.15 pm.

Figure 1 shows the photograph ofthe entire system.

 CoBtrol experiments under a zere field were aiso carried eut in the supercenducting magnet without

applying magnetic fields.

3. Results and DiseussioR

 The results ofa inacroscepic observation ofthe merphology ofthe silver dendrite obtained using a

CCD camera are shewn in Fig. 2. The thickness of the sample space was always 100 ptm, and the
concentration ofthe silver nitrate aquecus solution was O,25 mol/duf, These phetographs were taken

60 minutes after the start of the reaction, Witheut a magnetic field, the merpholegy of the silver

dendrite becomes a typieal DLA pattern, as shown in Fig. 2 (a). Under a magnetic field of 12 T

applied perpendicularly to the saimple plane, it was eonfirmed, as reported [5], that the morphology

of the silver dendrite became a dense vortex shape and the direction of the branch wiitding was

reversed depending on the direction efthe magnetic field, as shown in Figs. 2 (b) and (c),

 Then, in sitzt microscopic observatiens ofthe growth front ofthe dendrite were carried out by using
the periscepe system. In this experiment, a silver nitrate aqueous selution of O.10 moVdm3 was used.

The thickness of the sample space was 100 pm, aRd the applied magnetic field was 12 T. Typical

results of the observation are shown in Fig. 3 as a series of photographs of a growth frent, taken

every 3 secends from a certain time. At the growth front, first, a silver branch was grown straightly

fbr a while, then, a certain length of the branch at the neighbor of the tip started moving rapidly and

was bent in an integrated manner. This rapid bending ofthe silver branch was observed everywhere.

  It is obvieus that the Lorentz force plays an inrportant role in this phenomenon beeause the

direction ofbranch windiBg depends on the directioll ofthe applied magnetic field. I£ however, the

vortex shape were formed due to the Lorentz force acting on the silver ion in the solutien, a spira11y

winding branch should be formed frem the beginning. Judging from the observation here, this

mechanism seems uRlikely.

 The points where silver deposition aBd copper dissolution occur are apart from each other and are

cennected electrically by silver branches. Therefore, the electric current flows iB silver branches due

to the transfer of electrons accompanied by the pregress ofthe reaction. Because the direction ofthis

current fiow is perpendicular to the applied magnetic field, the Lorentz force acts on branches as a

cendnctoz The direction of branch winding agrees with the direction of the Lerentz force. The

mechanism efthe rapid beRding ofbranches is thought to be the effect ofthe Lerentz force acting on

the branch dne te the fiow ofthe electric current.

 The intensity of the Lorentz force acting on a silver branch observed iii the case of Fig. 3 was
estirnated. Assuming thar the density of silver cylinder is p kg!m3 iR consideration of the filling

factor, the intensity of the Lorentz force acting on the bent silver branch was estimated to be as

2.6×10-i5xp [N]. On the other hand, the intensity of gravity actiRg on the bent branch was

1.7xlO-i4×,o [N]. The intensity of the Lorentz force was 15 % of the gravity force acting on the

branch. Considering that the bent silver branch had several tips and silver deposition occurred at

3
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various sites simultaneously, it is possible that a fairly large Lorentz force was acting on this branch.

 The silver branch appeared to be at the bottem of the silver nitrate aqueous selutien, teuchiRg with

the glass surface, because it was mmch heavier thag the solutien. When the Lorentz force acting on

the branch was smaller than the static friction between the branch and the glass sunhce, the branch

did not move. As the growth front increased, the Lorentz force became gradually larger because of

the increase in the number of depositien sites. When the Lorentz force exceeded the static friction,

the branch appeared to start moving aRd bend rapidly.

 According to this hypothesis, the bending of silver branches should be suppressed dne to the

increase of the static friction when the space between the twe glass plates containing the sample is

narrow and the silver branches touch glass on both sides. From the result of the experiments, the

approximate diameter of a silver branch seems to be several micrometers; therefore, the distance

between the two glass plates was 3 pm. in this condition, the silver branches grew straight, unlike

those shown in Fig. 3. Even though the Lorentz force was acting on the branches, their movement

was assumed to be impeded by the anticipated increments of static ftictien.

4. Concl"sions

 IR this study, to understalld the mechanism efthe maglletic field effect on the morphology ofsitver

dendrite reported so far, an in situ microscepic observation ef the electroless silver depositien

precess under a 12 T magnetic field was canied out by using a periscope system. Observations under

a 12 T magnetic field showed that the branch grew straight for a while oR the growth froltt; then, a

certain length of the branch at the neighbor of the tip started moving fapidly and was bent in afi

integrated manner. As a result, a dense vortex shape ef silver dendrite was formed. Then, in an

experiment in which the sample space was Rarrowed to increase the static fuctien between branches

and the glass plates, straight silver branches grew. Based on these observations, it was concluded that

the mechanism of the formatien ofa vortex morphology under a magnetic fi¢ld was the effk)ct ofthe
Lorentz fbrce acting on the silver branch due to the electric current flewing through the branch itself

accompanied by the silver deposition and the copper disseiution reactioRs.

  The observations here suggest that the morphelogy or structure of materials may be controlled in

seme !material processing that contain.s electrolysis er electro-crystallization as an element process

by the utilization of high magnetic fields. The use of magnetic fields is characteristic fbr its

non-coRtact manner, i.e., magnetic fields can have an effect on material processing witheut any

direct centact with the rnatter Therefbre, the information obtained in this study is useful to design

Bovel way ofcontrol fbr material processing by utilizing magnetic fields.
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Abstract
  The "in situ" observation of the growth of dendrites was canied eut in the superconducting

magnet. The small deRdrites showed the precession iR the magnetic field. A period efthe precession

depended on the magnetic field intensity and the concentratiell of silver ions. The precession was

caused by Lorentz force on silver ions, aRd the boun(}ary condition promoted the metion. The

boundary-assisted MHD is main mechanism ofthe precession.

Keywords
  precession, boundary-assisted MHD mechaAism, silver dendrite

a. Introduetion

  Magnetic field efiiects on chemicai reactiens are a very interesting topic 2md useful technique. Our

group has observed interesting results from the use of a superconducting magnet for some years:

magnetic orientation of diamagnetic crystals,[1--4] drastic changes of metal dendrites because of

magnetic fbrce,[5-9] chirality indnction of zinc silicate membrane tube by beundary-assisted

MHD,[10,l1] and so on. Our previous studies have investigated magnetic field effects onthe growth

ofsilver dendrites that was produced by the reactioll between silver ion and zinc metal. We observed

partieular magmetic orientation.[l2] 'ib elucidate that orientaticn, we investigated rnagnetic field

efiiects on the reactien between silver ion and zinc metal and the grewth of silver metal
two-dimensional (2D) dendrites. We have also undertaken in situ ebservation ef dendrtte growth

using a CCD camera, which revealed the unique metion of dendrites.

2. ExperimeRtal

  A superconducting magllet (Spectromag-1000; Oxford Instmments PLC) was used in our
experiment. This magnet had a room temperature horizental bore tube of 50 mm diameter. Its
maximum field and gradient field were 8 T and ± 410 T2!m, respectively. Figure 1 shows a

distribution of the magnetic field, where z is the distance from the celltre of the bore tube along the

bore. Silver nitrate (GR grade; Nacalai r[esque Inc.) was used as received. Distilled water was used.

A zinc metal sheet (thickness: l.e nrm, 99.5%; Nilaco Corp.) was polished just before the
experimeBt. A silver nixate solution (0.01 -- e.05 moYdm3) was filled inte a cylindrical vessel

(volume: ca. 30 mL). A reaction system was censtructed usiBg a metal sheet sandwiched between

two acrylic plates, as deseribed in a previous paper.[12] Dendrites grew two･Ndimensionally from the

upper and lewer surfaces of the sheet; the dendrites grew parallel to the magnetic field. The vessel

was capped with a rubber stepper. It was placed at the position in the horizontal bore tube, of which
magnetic conditions are 2.0 - 8.e T and O T21m (see Fig. I). All experimellts were carried o"t at room

temperature. Iit sittt observaticm was canied out using a CCD camera (OH-4l1; Olympus Optical Co.

Ltd.) installed in a fiber scope (RIOO-095-090-5e; Olympus Optical Ce. Ltd.), and pictures were

recorded in a digital video cassette recorder,
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          distribution efthe magnetic field.

3. Resuks and Discussien

  We Qbserved the foilowing redox reaction.

                         Zn + 2Ag" - Zn2" + 2Ag

  The silver metal appears on zinc metal sheet as dendrites. this reactien involves enly diamagnetic

specles.
  Figure 2 shows results of in situ observation at 8 T and O T21m. Here, magiietic forces can be

neglected. The magnetic field was applied in a lollgitudinal direction on these images, During the

reactioR, which proceeded for 5 min, some small dendrites (ca. O.5 um high) grew and began to

rotate along the magnetic field. The precessien occurred counterclockwise in view from the zinc

metal plate. Precession stopped suddenly and started again. The precession eccurs intermittently

until the dendrites are tee large to rotate witheut contaet with the wall. The deBdrites, however,

continue grQwing without the precession.

  The reciprocal of periods of the precession shewed linear relationship for the magnetic field, as

shewn in Fig. 3. Additionally, it depended en the concentratien ofsilver ions. Moreover the directioll

ofthe precessien was determined by the surrounding condition.

  According to SEM pictures, the dendrites comprised many Rano-size dendrites.[12] Fer that
reason, the dendrites were very fiexible fbr a perturbation such as that of a magnetic field.

  Because the pheftomena were ebserved at no magr)etic field gradiellt, magnetic fbrces did not

operate on the reaction system. One possible mechanisrn is the Lorentz force on silver iens, as

shown in Fig, 4, The silver ion in the solution undergoes a Lorentz force in the left side fbr traveling

12

13e

Magnetic
  fi eld

          Precession in a magnetic field

Fig. 2. Image sequence of the precession of silver dendrites
preduced at the Zn-Ag' system in a horizontal magnetic field (8 T).
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direction. Subsequently, counterclockwise convection occurred; finally, the deBdrites rotate aloBg the

magnetic field. The mechanism is similar to a micro-MHD mechanism.[13] Ion motiens are
reflected in the deRdrites' behavier. When the silver ions' coeceRtration around the dendrite decreases

by a local redox reactien, the precession stops until the concentratioB is recovered, Therefbre, the

period ofthe precessien will depend ofi the magnetic field and the concentration ofthe silver ions.

  Moreover, boun(iary-assisted MHD mechanism promotes precessien. Uechi et ai. reported that a

zinc silicate membrane tube grew spirally by Lerentz force.[10,11] Usually, because iens in bulk

solution move in all directions, the LoreBtz forces on them are averaged and thereby becorne

inconsequential. However, at the boundarys such as a wall of a vessel, the iens move anisotropically,

The Lorentz forces are net averaged and a certain component efthe Lorentz force remains effkective.

Therefore, the boundary-assisted mxD causes one-way convection, thereby prometing the spiral

stmcture. in our system, one-way cQnvectien will occur by the boundary-assisted MHD mechanism.

In the moving compoRents ofthe silver ieits, some small petpefidicular conrponents to the magr!etic

field triggers the generation of the Lorentz force. Furthermore, the boundary, such as the wall,

                                             Conveckion
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Fig.4. Possiblemechanisrnofprecessioll.
A silver ion receives the Lorentz force in the right

hand fbr traveling direction. A silver dendrite
rGtates by convection caused by the Lorelltz fbrce.
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emphasizes the anisotropy of the Lerentz force, which causes the one-way convectien. The
mechanism implies that the surrounding condition will determine the direetion ofthe precession. The

silver dendrites are tethered to the zinc sheet surface. Therefbre, they rotate by the cenvection. It is

important that the phenomenon shows the transfbrmation frem chemical potential to mechanical

energy by the magnetic field.

4. CeRclusiens

  The magnetic field causes a unique metion similar to that created by a micromotor.
Boundary-assisted MHD is the main mechanism ofthe precession. The phenomenon implies that the

magnetic field has the potential efthe transformation from chemical potential to mechanical energy

in microscale condition. Moreover, this suggests that the magnetic field still ofliers the potential to

control general redex reactions.
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Abstraet
 The magnetic levitatien for diainagnetic rr}aterials is a quasi-microgravity conditien and enables

containerless melting for materials synthesis. ha order to perform a homogeneous heating of a

levitating sample, a new magnetic levitatien fumace has been developed using an electric furaace.

Spherical samples of a cycloolefin polymer were obtaiked by using this furaace under the magnetic

levitation conditieB,

Keywords
 magnetic levitation, microgravity, magnetic levitation furnace

i. InSroductioll

 Diamaglletic materials receive a repuisive force in a magnetic field gradient. When this magnetic

force balances with the gravitational fbrce, the materials can be levitated [1-5]. The magnetic

levitation is censidered to be a quasi-microgravity condition because the counterbalance between the

magnetic force and the grayity helds for each molecule constituting the material. Therefore, the

magnetic levitatien enables contaiBerless melting for materials synthesis. A containerless technique

provides a clean cnvironment free frem centamination caused by a container, leading to easy

supercoeling and easy supersamration. In the case ofthe magnetic levitation, magnetic orieRtation

effbct is expected additionally for materials with an anisetropic susceptibility. Therefore processing

of materials under the magnetic levitation cendition is considered to be a new technique for

                                                                 'synthesis ofnevel materials. ･' In order to perform containerless melting, it is necessary te heat-treat materials under the magnetic

levitation conditien. We call such an apparatus a magnetic levitation furnace. The design of a

maglletic levitation furuace requires several specific features. The first is to heat samples ill high

imagnetic field, Because the fumace is piaced in a hybrid magnet generating fields up te 3e T, it is

necessary to operate it satisfactorily in such an environmeBt. The second is to install the furnace in a

cenfined narrew space in a hybrid magnet, which usually has a 52 or 32 mm bore. The third is to

observe the behayior of a levitating sample in the fumace. It is indispensable to check whether the

sample actually levitates or not in heating and ceoling processes. Ifthe raagnetic susceptibility ofthe

sampie changes at meltillg or solidification, the sample falls down er fiies away. We have developed

various magnetic levitation fumaces for containerless melting experiment under the magnetic

levitation cenditien and haye performed the experiments by using them se far.

2. Mftgitetie Sevitatiefi furptkce

2.1 Laser fumace

 Laser furnaces have advantages when they are used for centainerless melting under the magnetic

levitation condition. A laser beam is not affected by magnetic fields, and the local irradiation just en

a sample allows the use of observation systems including a CCD camera near the sample. Laser

fumaces, hewever, have alse disadvantages in heating a levitating sample. When a sample does not

absorb the iaser light, the sample cannot be heated, If a sarr}ple is heated inhomogeneQusly and

thermal cenductivity of the sample is very small, the sample is partially heated just on the area

irradiated by the laser light. In such case, the temperature of the irradiated part ef the sample rises
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rapidly and only therm1 decomposition occurs before the whole sarnple meks. Such a behavior was

observed wheR a piece of PMMA, one of clear plastics, was heated by the C02 laser furnace, Ifthe

absolnte vaiue of the magnetic susceptibility of a sample increases with increasing temperature by

the laser irradiation, the sample moves upward aBd because the upward magnetic force aoting on the

sample become larger. When the change of the magnetic susceptibility is very large, the sample

loses the horizoRtal stable position and moves to the wall ofa fnagnet bore. Then the sample moves

to the eutside ofthe irradiated area, the san rple caimot be heated any more.

2.2 El¢cnic furnace

 Electrie fumaces for a cryegen-free superconducting magnet or a hybrid magnet [8] have been used

for high field heat-treatment for high-1}) supercondncting materials and various magnetic materials

[9-11] or DTA analysis in magnetic fields [12]. An electric furnace with an outer diameter of50 mra

pfodnces high temperature up te 1200eC in magnetic fields. A heater is made ofplatinum wires of 1

mm diameter, The outer furnace wall is ceoled by water so as to elimillate thermal inputs to the

magBets. The temperature ef a sample is monitored and contrelled using a thermocouple ef Pt-Rh. If

an elecuic furnace is used, homogeneous heating becomes possible. Figure 1 illustrates the eutline of

an electric furnace for a hybrid magnet. The differen¢e between an electric fumace for a
eryogen-free supercollducting magnet and for a hybrid magnet is the access length to a heater center

from a top fiange.
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Fig.1. Schematicdrawingofanelecuicfumaceforahybridmagnet.

 For the use of aa electric fumace as a magnetic }evitation furnace, however, there was a problem

how to observe the levitatiBg sample in heating process. We solved this problem by using a
heatproofbore scepe (Sch611y Fiberoptic GrnbH). The bore scope with optical relay lenses coeled by

a waterjacket can be used up to 80eOC. Figure 2 shows the schematic illustration of the heatproof

bore scope. It is pessible to observe a containerless melting process in the electric fumace by

iRserting the bore scope into the fumace from a Wilson seal port en the tep end.
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3. Application efa maglletic ievitation electric fumace

 We pembrmed containerless melting experiments with a ntageetic levitatioB electric-furnace. The

sample was a clear plastic, a eycloolefin polyraer; ZEONEX)EYt(ZEON Corp.). The sample was an
?,iLiS,`tCtieY,F,?d8'h,Wl'{h,,t.hgtill}iig'8,',g;l%ilR't;,ti,RO;,lli5iiaiZd.65h: g?i'ghfu9/fkg3 emm,tilh;le{FlblyaRads3QIIII,iil3

magnetometer. The melting point of the sample is not clear but the glass transition temperature is

l380C. In order to achieve the magnetic levitatien ef ZEONEX, we used a cryogen-free hybrid

magnet (27.5'I:-CHM) with a rocm temperature bore of52 mm [13],

 A piece ef ZEONEX sample almost levitated at z == 91 rnm, when the center filed becarae 17.3 T.

The temperature was increased up to 268eC at a rate of 7.5eC!min. The sample was heated in a N2

gas atmosphere. It was observed that the sample levitated aRd rnoved upward witii increasing
temperature below 188eC, This meaRs that lxgl ofthe sample increases with increasing temperamre.

This behavier of the sarrrple was often ebserved for other samples. Then, falling down of the sanrple

was ebserved al)ove the temperature around l88eC, at which the sample began te melt. This implies

that lxgIof the sample decreases with melting, The sample did not moved after it came to contact

with the sample holder. This is becanse the viscosity of the sample prevented from moving en the

sample holder.

 In other run, vve chang¢d the cofidition ofthe heating process. The temperature was raised to 225eC

at a rate of 150Clmill at a central field of 17.0 T. After the sample began to melt, the magnetic filed

was adjusted to 18.0 T The sample melted in the condition that its bottem centacted a sample holder,

Figure 3 shows the tep view ofthe heating process. The sample solidified in almest sphere shape in

spite of the colltact as is shown in Fig. 4(a). This means that thc melt ofthe sarr}ple was under the

micregravity condition. Figure 4(b) shews a sample melted and solidified in zero magnetic filed

under the same heat-treatment cendition and its shape was not spherieal but ellipsoidal.

  Small bubbles were ebserved in the solidified sample. It is not good for optical applicatieA, It is

thoughr that this problem can be solved, ifthe heating precess is reexamined.
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Fig. 3. Melting process ofa piece ofa ZEONEX. 'the temperature and the rnagnetic filed are; (a)

   18℃, 17.0 T, (b) l47eC, 17.0 T, (c) 213eC, 18.0 T and (d) 226eC, 18.0 T, respectively.

Fig. 4. Samples selidified (a) under the magnetic levitation colldition and (b) in zero field.

4. Cenclusions

 We developed a new magnetic levitation fuma¢e that conslsts of an elecuic furnace and a heatproof
bore scepe with a hybrid magnet, Hemogeneous heating ofa levitating sample in this furnace allows

containerless melting of polymers. We have succeeded in preparing a spherical sample ef
cycloelefin polymer.
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Abstract
    A new principle is introduced to detect magnetic anisotrepy which is based on the observation

of a field-induced rotational-oscillation of a stable-axis of a selid body floated in microgravity.

Sensitivity was improved by excluding the fiber which suspended the sample in a magnetic field in

conventional methods; the restoration fbrce of the fiber was previously the standard to measure

anisotropy. The measured values of diamagnetic anisotropy (A)O DiA were explained censistently by

assigning a coltstant (A)O DiA tensor olt individual bonds, namely on a TLO bend ofa tetrahedral [T04]

unit, on a hydrogen bend and on a M-O bend of a octahedral [M06] imit. AccordinglM most of the

unmeasured oxides afe expected to posses a finite arnount of (A)c) DiA. Many of the magnetic effects

caused by (A)c) DiA are expected to occur at the level of 1Tesla according to the above analysis.

Keywerds
 Magnetic alignmeng magnetic orientation, magnetic oscillation, diamagnetic anisotropy, torque

method, microgravity

1. gntrodRction

    Magnetic alignment has been reported on various sold materials containing no spontaneous

magnetic moments[1,2]; the alignment is caused by the anisotropy of diamagnetic susceptibility (A)O

DiA. Alignments ofvafious materiais such as DNA, blood cells, agarose, lysozime or ceramic crystals

are usually observed in strong magnetic fields of the level of 5 to IO 'I;esla. Various magnetic effects

have been reported fbr diamagnetic materials at similar field intensity, which are considered to

derive from diamagnetic anisotropy. The minimurn field intensity to achieve the effects is not

discussed intensively at present. The (4x )DiA values are essential in investigating the effk)cts

quantitatively; however the values are too small to be detected by the corrventional torque methods

in many cases[3]. The effects are hence recognized only for limited number efmaterials at present.

   The convemional methods to measure magnetic anisotropy were based on a principle first
proposed by Krishnas} Guha and Banergee[4]; Magnetic anisotropy-energy induced in the sample is

fneasured by restoration fbrce of the fiber suspending the sample in a horizental field B. Hence the

sensitivity of Ax value is limited by the physical conditions of the fiber. The effbct ef the fiber was

controlled to be negligible compared to the anisotropy energy by the present authors fbr the purpose of

improving sensitivity. Direction of magnetically stable-axis showed rotational oscillatien with respect

to B in the improved methed, and Ax was obtained frem the period of oscillation with high
sensitivity[5].

   The number of small (Ax) Dts values increased considerably fbr inorganic materials using this

method The origin of diamagnetic anisotropy was arialyzed successfully based on the accumulated

data[6-10]. However, the sensitivity achieved iR the abeve method is not high enough to accumulate

the (A)OmA values for many other diamagnetic materials. Accumulation was essential to claiify the

overall characteristics of diamagnetic anisotropy of solid materials in general. It was proposed that
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the fiber itself should be deleted from the system in order to achieve higher sensitivity.

   Results of preliminary observations to examine the above proposal afe described in the present

report[11]. The significance ef detecting small (4X) DM in proceeding iRvestigations on new magnetic

effiects caused by diamagnetic anisotropy is discussed in connection with the origin ef anisotropy.

2. Experimental methods

  Equation for a rotational motion of a solid body having a rriagnetic anisotropy Ax [emu/g]
suspended with a fiber in a horizomal field B is described as,

   Kd 2e!dt 2) =.             -(l/2)B 2AIAx sin2e-(Dre) e. (1)
Here e is the angle between B and the direction of stable-axis of the body. I and IV are the moment of

inertia and the weight of the sample, respectively[4]. D and e denote the tensional rigidity aRd the

leRgh of the fibeq respeedvely. A pair of magnetically stable and unstable axes rotated in the

horizontal plane. Sensitivity efAx was iimited by D and e' in the conventionai method.

    Direction of magnetically stable-axis showed rotatioRal harmonic oscilladon with respect to B in

the improved method as mentioned above; the second term was controlled to be negligibly small

litO,M,l,ar.,ed.Je.th8,ssg`,,lgrm.,, iP,,gq,,6(Ali ,",c,c.'rg,'gg.'y.ex.w-,ag,o.b,tal",e.d w,,'.'-gl,i,I llev,s,e£sjJti.v,i'lg,,fr,o,.'...t,hg

without D and t. A Ax value as small as IO-i2emulsample was detected in the field intensity of 5T

using a sub-millimeter sized single crystal of ct-quartz having the weigh of8x1O"4g.7

                                       Stable Axis
Fig.1 Principle to measure magnetic anisotropy using field-induced rotatienal-escillation

    of a solid bedy.

The fiber itself was deleted from the method described above in order to realize further improvement

of sensitivity[ll]. An observation to examine this principle was perfbrmed at twe difiierent drop-shaft

facilities; namely at the National institute ef Advanced industrial Science and 1kechnology AIST

(Sapporo, Hokkaido, Japan) and at MGLAB. At AISZ the duration of micregravity was 1.3sec, and
gravitational acceleration was 5,OxlO"2G respectively. At M(EilLAB, these conditions were 4.5 sec and

5.0xlO'5G. A Helmholz-coil system was loaded on a drop capsule; the coil could produce

homogeneousfielduptoO.05TinalargesphericalregionofO.20inindiameter. The1argeareawas
prepared because consideral)le amount of transfening was expected fbr the samples fioated in

microgravity conditions.

3. Resuftts

   Periods of osclllation T' of the samples were ineasured from visual images taken by two CCD

cameras. A typical example ofa visual image ofa graphite crystal fioated in micro--gravity is shown in

Fig.1. The measured T' values were shorter than O.75seconds. Theoretical T' is calcuiated by

deleting the second term ofeq.(1) as

         F2zU ZZV/`ly) -i/2 B-i (1+ee214+-), (2)
where eo denote the angle of amplitude which was 450 in the present expertment. The Ax value ef

graphite was ebtained by inserting the measured values ofz B, IY ee andfin eq.(2). The ebtained
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vaiue was censistent with the published value; accordingly, facters other than magnetic terque can be

neglected as the cause of the oscillation. The principle of Ax measurement in microgravity was
verified in cendition that the sample had Ax values above the level of 10"5emuig.D Rotatienal-

oscillatien was observed for mm-sized single crysta1 of graphite fioated in microgravity in a low

magnetic field ofO.O15T. Sfnall magtietic torque ofO.O04dyn cm was detected in the experiment.

   The sensitivity can be improved by increasing the lengh of the measurahle T' values up to

several seconds, this lengh is comparable to the duration of microgravity at ground based facilities.

The enhancement ofB is effk)ctive in improving sensitivity as well. This can be done by introducing

a permanent magnetic circuit which pre(tuces hemegeneous fie!d above 1 Tbsla in a smal! spatial

region of about lcm. The replacement can be done since the use of a mobile sample stage can
stabilize a sample in a small region accerding to the results of the expertment described in Fig.2.n

    The sensitivity measured in microgravity was improved recently to the level of 10-9emulg by

increasing the field intensity to 1.3T[l2]. The efficiency of the system was confirmed by measuring
various popular materlals with diiiferent published (6x)Dta of the level of 10-8ernu!g to 10"9emulg.;

measurement were perfbmied on apophylite, calcite, gypsum, KDR ,urea and Rechelle salt.

                                    e.- . / ･/, s ;../.t//.
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Fig.2. Visual images of field-induced rotational-oscillation of graphite crysta1 fioated in microgravity

    Image on the left eRd was takenjust before micro-gravity was applied. Graphite crystal was

    initially placed on a sample stage with inclination of 45 degrees; c-planes of graphite

    (magnetically stai)le planes) were placed parallel to the inclined slope. The stage was removed

    from its initial position with high velocity immediately after achievement of micro-gravity3 which

    was effective to minimize the amount ofkinetic energy transferred from the stage to the sample.

    The c-plane showed rotationai oseillation with respect to B in fnicrogravity. lmages were taken

    every e.07sec, placed in the order of time from left te right.

4. Discussioit

    The development of system to measure Ax with sensitivity has increased the number of
published (ax) Lmu data considerably fbr popular inorganic matertals as memioned before{13,14]. 'IJhe

(A)C)DiA values of ct-quartz, onhec!ase, KDR ADg apophylite, hexagonal-ice, gypsum, MgO,

Mg(OH)2, Al(OH)3 AIOOH and corundum were analyzed consistently by assigning a constant
amount ef (4x) on on individual chemical bonds. Diamagnetic susceptibility of a no--metallic

material is approximately eguivalent to the summation of susceptibility assigned to the individual

electron oil)ital consisting the material according to a Pascal's law [3]. The summation is described

by a )cftensor ofa material, assuming that each orbital posses an constant uniaxial anisotropy A)cBo

= )CBo u- ocBoi, )cBo ll and )cBo i denote the susceptibilities parallel and perpendicular to the bond

direction, fespectively. The direction of the bond is parallel to the principle axis. Ax vaiue of a bond is

obtained from a field-induced energy ,which is expressed by a direction cosine of B and that of bend

direction, which are defined as (a,b,c) and (ogE7), respectively.The x-, y- and z- coordinate ofthe

vector components are identical to the three magrtetic principle-axes ofthe crystal. The field-induced

energy of a bond is described as Uav= <112)B2bcBo±+AxBo(a2a2+ b2)B2+c271B. The measured
(A)ODiA values of the crystal between x-･y, y-z and z-x axes should be proportional to Ebt2･:27)B2, Xfi2
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-,Ily2 aRd £b,2th2, respectively; the proponienality was expected from the model. Etz2,X192and X>,2

are calculated for al1 the bonds included in a unit cell of the material' the calculadons can be
                                                         ,perfbrmed fbr any crystal by using the published data of atomic positions. A (A)ODiA value ofa single

bond has been assumed previeusly to analyze the diamagnetic anisotropy of erganic molecules[l,3].

The pesitive correlations expected in the model were clearly seen fbr 3 types of bends, namely fbr the

TLO bonds composing the tetrahedral [T04] umits, fbr the hydrogen bonds9and for the M-O bonds of

the [M06] units. The (A)ODiAvalues assigned to the bonds were[13,l4],
       II-O bond compesing the tetrahedral [T04] units: 1.IxlO"30emu

      M-O bond of the octaliedral [M06] units: O.32xle-30 emu

      Hydrogen bond: 3.7x1o'30 emu

                                    bonds cemposing the inorganic oxides. AccerdinglMthese bonds are the major types of chemical
(A)c)DiA values are expected to exceed lxlO-iOemuig fbr mafiy of the unmeasured oxides which are

composed of the above mentioned bonds. AocordinglM these materials can cause magnetic alignment

at low field intensities below several Tesla [l4], according te the Langevin process rnentioned before,

which may net require a supercoRducting magnet. The pessibility of producing new magnetic
devises may incfease considerably when the potential of choosing magnetically active materials are

expanded to diamagnetic materials in general.

    As mentioned above, the senshivity to measure ,4x in terrestrial gravity is not high enough to

detect the small(2tllx)DM values expected for the unmeasured materials. 4x measurements in
microgravity can be a brealnhrough to improve the sensitivity[12]. Very small Ax may be detected in

an orbital laboratory where a long T of range of 1 minute can be measured. Development of the

measuring system is now carded out to achieve the expected sensitivity

5. CoMclasioRs

1. A new principle to detect magnetic anisotropy Ax of a solid body with high sensltivity was

  estal)lished which was based on the observation of a period of rotational-oscillation of the

  stable-axis with respect to the field. Sensitivity is improved by excluding the restoration fbrce of

  the fiber suspending the crystal in a horizontai field by floating the sample iR microgravity; the

  restoration force had been the standard in the convendonal rnethods. Number of (A)c) DiA data is

  expected to increase conslderably by this method. Vk)ry small Ax can be detected in an orbiul

  laberatQry where a iong period of oscillation having the length of 1 rninute can be measured.

2. Measured (A)c) DiA values of popular inorganic oxides were explained quantitatively by assumiRg a

  constant (A)O DiA tensor on individual bonding orbital. The (A70 DiA values determined for the
  bonds were 3.7xlO"3e emu fbr a hty}l!regen bend, 1.lxle-30emu fbr a [ILO bond composing the

  tetrahedral [T04] units and O.32xlO-J"emu for a M-O bond of the octahedral pa06] units. These

  bonds are the major types of chemical bonds composing the inorganic exides.. Hence, most of the

  umneasured inorganic oxides are expected to possess a finite amount of (21X) Dta te cause magnetic

  alignment as well as other magnetic effects due to magnetic anisotropy
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Abstract
  In order to obtain a large magnetic force environment using a commercially available
superconductiAg magnet, a high-temperature superconductor (HTS) bulk cylinder with a G-M
cryecooler down to approximately 2e K was developed. The cryostat was inserted so that the bulk

cylinder might be located at the mid-plane of a 12-T magr}et. From 5 and 11,5 T, field-cooling

experiments were perfbrmed. Experimental data of magnetic field profiles along the ZL#axis exhibited
good accordance with calculatien results. As a force field of about -1000 T21m was obtained, the

enhancement ofthe magnetic force with the HTS bulk cylinder was confirmed.

Keywerds
 field cooling, high-temperature superconductor, HTS bulk, magnetic force

1. introdax¢tioR

 Magnetic levitation has the potential te open a new frontier of magnetic precessing because it has

some advantages, such as the no--wall effect er emulatien of a microgrravity environment. Several

studies in this respect have already been performed.[l-3]
 In the case of pure water, a magnetic force field defined by grad B212 of about 1400 T21rn is

required fer levitating against gravity. The value is two or three times larger than those obtained

using cenvemional superconducting magnets. Several metheds have been employed to iAcrease the

magr}etic force fields.[4-61

 For magnetic force enhancement, the distortion of magnetic fields is very important. The high

current densines of HTS bulks in high magnetic fields [7, 8] can be used fbr this purpose. Here, we

report on magnetic force enhancement using an HTS bulk cylinder.

2. Experimnieittal

 In the experiment, the hollow cylinder of a Gd-based superconductor prednced by Nippon Steel

was used. Its inner diameter, outer diameter, and height were 25, 60, and 20 mm, respectively. The

outer side was reinforced with a SUS3l6L.

 The cryostat to install the HTS bulk cylinder was newly developed. Its schernatic cross sectien is

shown in Fig. 1. It was designed to be inserted in the 100-mm diameter room-temperature bore of a

conventieRal supercenducting magnet. The cylinder was placed so that it might be lecated at the

mid-plane efthe backup magnet. It was coeled with a G-M cryoceoler (54 W at 40 K) through a
thermal path made ef copper. The cryostat had a room-temperature bore of20 mm in diameter.

 The cryostat was inserted in a 12-T cryecooler-cooled superconducting magnet with a
room-temperature bore of 100 nm in diameter. Its miRimum value ofthe magnetic force field along
the Z-axis was calculated to be -564 T2/m at 12 T. This magnet has a persistent current switch (PCS).

During the excitations, the switch was turned ofl) with a heater.

 We measured the magnetic field profiles along the Z-axis by moving a Hall probe. The backup field

was decreased with a sweep rate of2,05×1O-3 Tls. We held the backup field with an interval ofa few

T and measured the magtietic field profiles.
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Fig. 1. Schematic cross-sectienal view ofthe Rewly developed cryostat,

3. Results

 The first experiment was perfbrrned at a backup field ef 5.0 T. The cylinder was cooled down to

20.5 K. It took abeut 2.3 hours to cool it down below 30 K. After the cooling ef the cylinder, the

backup field was decreased to O T step by step. The measured magnetic field prefiles are cempiled in

Fig. 2. As shown in Fig. 2, the b"lk cylinder maintained the magnetic fiux during the baekup field

decrease ef5 T, altheugh a slight decrease was observed (1.7 % at the mid-plane).

 In the next excitation, the backup field was increased up te 11.5 T, and the cylinder was cooled.

After it was cooled dowm to 21.5 K, the backup field was decreased step by step. In this operation, at

a field of7.6 T, the cylinder was quenched. The power supply continued to decrease, and the current

was held at 7.22 T. As discussed later, this value displayed in the power supply did not agree with the

current in the backtEp magnet after the cylinder was quenched. However we use the value displayed

in the pewer supply fbr the sake of convenieRce. During its decrease firom 7.22 T to 4 T, the cylinder

was quenched again at 5,1 T. The field (current) value indicated in the power supply was held at 5.17

T. After this quench, the magnet was decreased to O T with a magnetic field profile measurement at 3
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Fig. 2. Magnetic field profiles during the field cooling experiment from 5 to O T.
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     Fig. 3. Magnetic field profiles during the field cooling experiment frem 11.5 to O T. The

    magnetic field values were those displayed in the power supply and de not agree with the

            actual backup fields after the first quench ofthe HTS bulk cylinder.

T. The magnetic field profiles in the series experiment are shown in Fig. 3.

4. Discussie"

 By assuming the HTS bulk cylinder as a conductor of low resistivity (10-20 S:tm), transient analyses

were perfbrmed using FEM en software ANSYS. As shown in Fig. 4, good accordance was observed

between the experimental results and calculations before the cylinder was queqched.
 In the calculation, a mininmm BdBldz of-1029 T21m was estimated to be generated along the Z-axis

by field cooling from ll.5 T to 8.5 T. As the minimum BdB!da of the backup magtiet is -564 T2!m

even at 12 'I; the enhancement efthe rnagRetic force with the HTS bulk cylinder was confirmed.

 After the quench at 7.6 Z the magnetic field profiles changed remarkably. The HTS cylinder

seemed to generate magnetic fields in the opposite directien. We concluded that the following events

occurred in a shert peried,
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Fig. 4. Calculation results at 8.5 T in the field cooling experiment from ,11.5 to O T.
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 (1) The HTS bulk cylinder was quenched and ceuld not fnaintain the magnetic fiux,

 (2) The current ofthe backup magnet increased the compensation ofthe magrtetic fiux maintained

   in the HTS cylinder (the energy in the cylinder was partially transferred to the backup magnet).

 (3) The HTS bulk cylinder returned to the swpercondncting state,

 (4) As the backup magnet increased the magnetic field, the current in the HTS cylinder flowed in

   the reverse direction se as net to increase the magnetic fiux inside cylinder.

 Although further analyses are required, calculation fesults exhibiting good accordance to the

experimental results were obtained by assuming that the current directions in the cylinder were

different,

5. Conclusions

 Magnetic force enhancement using an HTS bulk cylinder was experimcntally confirmed. A force

field that was abgvit twice as large was obtained by using the 12-T superconducting magnet. The

value may be impreved by decreasing the backup field mere slowly, by starting higher fields, or by

improving the critical currents, mechanical strength, and thermal conductivity ef an HTS bulk

cylinder. In erder to obtain a higher magnetic fbrce field, the combination of HTS bulk cylinders and

ferremagnetic materials is plaimed.
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Abstrkct
   The suspension ofcarbon nanotubes has been placed in magnetic fields efO.O-80.e kOe. The

SEM ebservation shows that the nanotubes are oriepted with the tube axis parallel to the magnetic

field. The magnetic field intensity dependence ofthe orientation is analyzedby the Boltzmann law,

and the anisotropy of the susceptibilities parallel (nl) and perpendicular (x3-) to the tube axis is

estimated to be xg - )cj- == l2.9 × le-6 cm3 mol-i (xL < kl < O) at 313 K.

Keyvvords
   Magnetic Orientation, Carbon Nanotubes, Carbon Fibers

IRtreductiopt

   The molecular aggregates with ordered structure are oriellted in magnetic fields. The
phenomenen is called magRetic erientation. The following peints have been clarified up te now:

(1) The magnetic orientation results from the susceptibility anisotropy ofthe molecular aggregates;

(2) When the molecular aggregates have a large size (>l pm), the magnetic orientatiofi eccurs

against the thennal disordering; (3) The disuibution ofthe orientation follows the Boltzmann law

for variation ofthe magnetic field intensity at a fixed temperature.

   Here, we study the temperature dependence ofthe magnetic orientation for catbon nanotubes and

carbon fibers, discussing the relationship betweell the magnetic energy and thermal energy fbr these

melecular aggregates.

ExperimeRt

   Carbon nanotubes (20 nm diameter, 1-2 pm length) and earbon fibers (6 pm diameter, O.5 mm

length) were sBspended in dichloromethane selvent by ultrasonicatieR, Liquid N2 was also used as

solvent. The suspensiell was placed in the horizontal bore efa superconducting magnet at a fixed

temperature. After the medium was vaporized, the orientatien was ebserved with a scanning

electron micros¢ope (fof nangtubes) afid an optical microscope (for fibers).

Result aitd DiseassioR

   Carbon nallotubes and carbon fibers can be regarded as magnetically syirmeuic about their !ong

axis Z. The susceptibility pml parallel to the symmeuic axis Z is larger than the susceptibility xJ-

perpendicular to it (xjm < ks < e). When these molecular aggregates are placed in a magltetic field H,

the magnetic energy is expressed by
                  E(e, H) - -(nH2!2) [x.L + (ki - xL) cos2e]

where e is tke angle between the symmetric axis Z and magnetic field H (x!2 s e < a12), and n is

the mole number ofcarbon atoms contained iB the molecular aggregates. Ifthe symmetric axis Zis

directed parallel to the magnetic field H (e = O), the magnetic energy is minirnum and the molecular

aggregates are stabilized.
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   In the present experirnent, the follcwing approximation is rnade: T-he symmetric axis Z alld

magnetic field H both lie in the horizontal plane, i.e., the syrumetric axis Z moves in the
two-dimensional space. In this conditien, the probability thatthe molecular aggregates are directed

between the angles e and e + de at themm1 equilibrium is given by the Boltzmann law as

                                             -rd2rd2 exp[L.E(e, mlkn de                 P(e, H) de - exp[--E(e, H)lkn de 1f

with Tbeing the temperature and k being the Boltzmann censtant.
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The observed (peints) aiid calculated (lines) distributions for the directions of carbon fibers

                   ' eld.

   First, the results on carbon fibers are discussed (Fig, 1). At high temperature, the thermal

ellergy is supplied inte the rotationa! motion. The moiecular aggregates are not dire¢ted in the
stable directioR parallel to the magnetic field (e == O), and are rotated te any directien where the

magnetic energy is not rninimum (e), i.e., they are Rot oriented, and are rotated to random direction

by the themml motion. At low temperature, the thermal energy is not sufficient in the rotational

motion. The molecular aggregates are restricted to the stable direction (e = e), and are not inclined

to aBy direction (e). In this way, the magnetic orieRta:tion ofcaifbon fibers fo11ows the Boltzrriann

law, and the susceptibility anisotropy is estimated to be nl - xL = 6.1 × 10Mi2 cm3 mol-i, which is

independent ofthe temperature.
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Fig. 2. The ob$erved (peints) and caiculated (lines) distributions fbr the directions ofcarbon

nanotubes in the 8e,O kOe horizontal magnetic field.
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   Next, the results on mmlti-wailed cail)on nanombes are discussed (Fig. 2). As the temperature is

raised, the probability that the carbon nanetubes are ertented to the parallet directi(m to the magnetic

fieldincreases. ThehigherorientationathighertemperaturecannotbeexplainedbytheBoftrmaiin
law, Insteaa the susceptibility anisetropy must be considered to increase at higher temperamre.

Th"s, the susceptibility anisotropy is estimated to be nl - )tL :12.9 × 10`-6 cm3 mel-i at 313 K, and

its temperature depelldence is calculated to be e.2 × iodi cm3 mori                                                      Ki, ltisshownthat,unlike
genera1 diamagnetics, the magnetic anisotropy of nralti-walled carbon nanotubes depends en the

temperature.

   C6e crystals are reported to undergo a first-order phase transition at 259 K. Similarly,

multi-walled carbon nanotubes might change imo a structure in which the igtershell overlap is

stabilized below roem temperature. Becanse carbon Ranotubes kivolve tubules with different
diameters and thicknesses, the transition temperanre would be broad, net sharp.

Cencl"sie"

   Cafbon nanetubes are eriented in magnetic fields. The magnetic propenies ofnaBetubes can be

investigated frem the magnetic orientatioB, The orientation experiments have the adyantage of

observing the magnetic susceptibilities of a single nanetmbe that is free and isolated from the others

in a suspension, whereas the SQUID experiments measure the magnetic properties of aggregated

Banetube bundles. it is shown that the anisotropic susceptibilities of nanotubes depend on the

temperature.
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Abstract
 Magnetic orientation altd organization ef single-walled carbon nanetubes (SWNTS) or the polymer

wrapping SWNTs using poly[2-methoxy-5-(2'-ethylhexyloxy) -1,4-phenylene vinylene] (MEHPPV)

were examined. Shortened SWNTs were added to the DMF selution of MEHPPY and then sonicated.

The fbrmation ef SWNTIMEHPPV compesites was cenfirmed by abserption aBd fluorescence
spectra, The aqueous solution of the shortened SWNTs or the DMF solution of SWNTIMEHPPV
composite was dropped on mica oT glass plate. The magnetic field was applied by using two
supercenducting magnets (horizontal and vertical direction of magnetic field). In the horizontal

direction (8 T), the AFM images indicated that the SWNT!MEHPPV compesites or the SWNTs were

oriented randomly in the absence of magnetic field, while they placed in the magnetic field (8 T)

were oriented with the axis ef the composites parallel to the magnetic field. The results ofpelarized

absorption spectra supported the magnetic orientation of the SWNTIMEHPPV compesites or the
SWNTs. In the vertical direction, the AFM images indicated that the interesting nanestructures, that

there are the netwerks of organization ef bundles consisting a certain amourtt of nanefibers with

several nanemeter in width, were observed at the top positien, At the top position, the magnetic

orientation occurred and the magnetic force acted on the materials as counterbalance with the

gravitation. In the addition efthese interactions, the nanostructures are probably interpreted by the

contribution of the interaction of induced magfletic moment of SWNTs due to the strong magnetic

fields to the fbrmation ofthe nanostmctures.

Keywerds
 magnetic orientatien, single-walled carbon nanotube (SWNT), magnetic organization, composite

material, polymer wrapping

a. XRtrodaxctioit

 Since the discovery of single-walled carbon nanotubes (SWNTs), they have been expected to

beceme b"ilding blecks of next generatien functional nane-materials. However, their strong

cohesive preperty and peer solubility have been restricting SWNTs for fundamental and applied

research fields. One of the methods to overceme these problems is that one should make solubie the

SWNTs in solvents by wrapping them with polymers.[1] At the same time, the fabrication of
high-performance carbon nanotube-based composites is driven by the ability to create anisotropy at

the melecular level to obtain appropriate functions, Several groups have reported magrietic

erientation of carbon nanotubes by using streng magnetic fields.[2,3] In this study, we have

examined magnetic orientation and organization of the SWNTs or the polymer-wrapped SWNTs

using poly[2-methoxy-5-(2'- ethylhexylexy)-l,4-phenylene vinyleRe] (MEHPPV) by measurements

efAFM images and polarized absorptioA spectra.

2. ExperigmieAtal gg]etkeds

!
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2.1 Magnet apparatus (horizonta1 direction ofmagrtetic field) [2]

 A superconducting magnet (Oxford Instrument, Spectromag-1000) was used in the experiments of

horizental direction of magnetic field as reported in the previeus papers,[2] In the superconducting

magnet a bore tube (5e mm di) was installed horizentally. Distribution of the magnetic field was

approxirr}ated with a Gaussian disuibutien. The maximum strength of the magnetic field is 8.0 T at

center positien.[2]

2,2 Magnet apparatus (vertical direction of magnetic field) [4]

 A superconducting magnet (Japan Superconductor Technology, JMTD-LHI5T40) was used in the
present study as reported in the previous papers.[4] It has a reom temperature bore tube with of 40

mm. The distribution ofthe magnetic field is reported in the previous papers [4]. The maximum field
(B...(vertical)) and field (B) xgradient field (dB/da) were 15 T and 1500 T21m, respectively, where z

is the distance from the center ef the bore tube along the tube. Three samples were placed at the
positions in the bore tube, ofwhich B and BdBfdz were 5,6 T and -940 T21m for the top positien, 15

T and e T2/m fbr the middle pesition, and 9.8 T and +I070 T2!m for the bottom positien, and one

was placed outside ofthe tube as a control.

2.3 Preparation ofsample

 Single-Walled Carbon Nanotubes (SWNTs) (Carbon Nanotechnelogies Incorporated) were
shortened by ultrasonication with a probe･-type sonicator (Branson model 250) in the mixed acids

(H2S04 and HN03) fbr 10 min under ice-coeling, After diluting rnixture with water (MiliQ), the

shortened SWNTs were filtered though PTEE membrane filter (pore size: 1 pm). The shortened

SWNTs were added to the DMF solution (1.4 pM) of MEHPPV (Aldrich), Then, the suspension was

sonicated with a bath-type sonicator (Bransen model 15iO). Centrifugatien (6000 rpm) of the

suspension fbr 15 min gave the DMF solution of the SWNT/MEHPPV composite.

2.4 Measurements of applying magnetic fields.

 The DMF solmion of the SWNT/MEHPPV composite was dropped on freshly cleaved mica or a
glass plate. The aqueous solution ofthe shortened SWNTs was also dropped on the mica er the glass

plate.

 The magnetic field (venical direction (three positions: top, middle, and bottem) and horizontal

direction (center positien)) was applied dnring the evaporation of solvents by "sing the above two

supercenducting magnets. Sarnples were placed in the absence ofmagnetic field (outside ofthe bere

tube) and used as the control.

2.5 Measurements ofAFM images and polarized absorption spectra

 After dfying at 283 K (horizontal direction) or ambient temperature (venical directien), the AFM

images ofthe SWNTs or the SWNTIMEHPPV compesites on mica were recorded in contact mode
using a Nanoscope IIIa (Digital Instrument).

 Steady-state and polarized absorption spectra were recorded on a UVLVIS-NIR scanRing
spectrometer (Shimadzu UVL3i5e) using a polarizer (Assy III; 260-2500 nm) and a sample
immobilization set ofglass plates.

3. Results aitd discstssioit

3.1 AbserptieR and fiuorescence spectra of SWNTIMEHPPV composites

 Absorptien spectra of MEHPPV and ME}rlPPV in the addition of SWNT (ca. O,1 mg) in DMF were

measured to exa!nine the formation of SWNT!MEHPPV cemposite (Fig, 1(A)). In the addition of

SWNT, after the precedure in the experimental metheds, the absorption spectrum (Fig. 1(A)(a)) of

SWN'Ii-MEHPPV system is different frem that (Fig. I(A)(b)) ef MEHPPV because ofthe solvation

of SWNTs. The characteristic absorption bands in NIR region (Fig. 1(B)) due to the interband
transition betweeR the rr}irror image spikes in the density ofstates ef SWNTs [5], in ether words, due

to the semiconducting SWNT. Therefore, Fig. 1 strongly shows that MEHPPV made soluble the

SWNTs in DMF by wrapping them with polymers, and the fbrmation ef SWNTIMEHPPV

2
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compesite occurred.

  Fluorescence spectra of MEHPPV and MEHPPV in the additien of SWNT in DMF wer'e also
measured to examine the formation of SWNT/MEHPPV composite (Fig. 2). The fiuorescence peak

due to MEHPPV was observed at 550 nm in DMF selutien of MEHPPV. in the additien of SWNT
                                                                            '
the fluorescence intensity decreased drastically as comparisen with that of only MEHPPVL Three

peaks were observed and are different from that of MEHPPV, These results indicate that there are

strong interactions between MEHPPV and SWNT. Thus, the results ef fiuorescence spectra
supported the formation of SWNTIMEHPPV compesite as suggested in the absorption spectra.

O.8

O.6

{,s

A O.4
<

e.2

o

 {a)

 {b)

<A}

3oe soe 7eo goo "eo
   Waveleftgthlnm

1300 1soe

di

A<

O.1 3

e.os

900 11OO       1300
Wavelength/nm

1500

Fig. 1. Absorption spectra of (A) (a) MEHPPV (l.4 pM) in the addition ef

SWNT and (b) MEHPPV (1.4 pM) and (B) absorption spectmm of (a) in
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3.2 AFM images using the horizontal direction ofmagnetic field

3.2.1 AFM images ef SWNTIMEHPPV composites
 In the case efhorizontal direction ofniagnetic fiela after drying at 283 K under the magRetic field

at 8 or O T (control), the AFM images of the SWNTIMEHPPV composites on the mica weTe
measured (Fig. 3). The heights of the top of SWNTIMEHPPV compesites the along line were 6-15

nm (Fig. 4). The results indicate that SWNTIMEHPPV eomposites consist of bundles of 4-21
SWNTs, since the diameter ofthe SWNTs is O,7-1.5 nm

 The AFM images strongly indicate that the SWNTIM EHPPV corripesites are oriented randomly at

O T (Fig. 3(a)), while oriented with the tube axis of the composites parallel to the direction of

magnetic field at 8 T (Fig. 3(b)).

(a)
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(b)

H
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{inm

Fig. 3. AFM images of SWNT/MEHPPV composites on mica placed at (a) O and
      (b) 8 T using magnet apparatus (herizontal direction of magnetic field).
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Fig. 4. (a) AFM images of SWNTIMEHPPV composites on mica placed at 8 T
     and (b) cross-section profile indicated line in (a).

3.2.1 AFM images of SWNTs
 In the case efhorizontal direction ofmagnetic field, after drying at 283 K under the magnetic field

of8 or e T (control), the AFM images ofthe SWNTs on the mica were measured (Fig. 5). The AFM

images strongly indicate that the SWNTs are oriented randomly at O T (Fig. 5(a)), while oriented

with the tube axis ofthe cempesites parallel to the direction efmagnetic field at 8 T (Fig. 5(b)).

                    ,,, . eelff't.
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Fig. 5. AFM images of SWNTs on mica placed at (a) O and (b) 8 T using magnet

     apparatus (horizontal directien of magAetic field).

On the basis ef the AFM images (Figs 3 and 5), the magnetic orientatien ef SWNTIMEHPPV
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composites is mest likely ascribed to the aRisotropy iA susceptibilities of SWNTs.

3.3 AFM images using the verdcal directien ofmagnetic field

 In the case ef vertical direction of magnetic field, after drying at ambienttemperature under the

magnetic field at three positions (top, middle, and bottom positions) and in the absence of magnetic

field (outside of the bore tube) as the control, the AFM images of the SWNTs en the mica were

measured (Fig. 6). The AFM image (Fig. 6(e)) outside of the bore tube (at O T) is similar to that in

Fig.4(a).

(a)

(c)

(e)

2(tw (b)
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50nm
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g}#i

boma

acpm

im

Fig. 6, AFM images of SWNTs on mica placed at the top ((a) and (b)), the middle (c),

     and the bottom (d) positiens using magnet apparatus (vertical direction ef
     magnetic field) and outside position (e) ofthe bore tube (O T).

 Network of organization ef bundles consisting of a certain ameunt ef nanofibers with sevefal

naRometers in width was observed at the top pesition as shown in Figs. 6(a) and 6(b). Interesting

nanostrutures was net observed in other pesitiofts (middle and bottom positions, and eutside of the

bore tube). The heights of the top of nanofibers the aleng }ine were 2-3 nm (Fig.7). The results

indicate that the RaRofibers censist of individual SWNT or bundles of some SWNTs, since the

diameter ofthe SWNTs is O.7-1.5 nm,

 On the basis of these observations, the interesting formation ef nanostruttures consisting of SWN']ls

was probably achieved by magrtetic force, magnetic orientatien, interaction of induced magnetic
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moment ofSWNTs due to strong magnetic fields, and selCassembly and organization of SWNTs <ine

to hydrophebic interactien in aqueous solutien and so on.
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3.4 Polarized absorption spectra

3.4.1 Polarized absorption spectra of SWNTIMEHPPV composites on glass plates
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Fig. 7. Polarized absorption spectra ef SWNTIMEHPPV cempesites on g}ass plates at

      (a) O and (b) 8 T. IR the case of O [, [Ilthe polarizatioll direction of the light

      against the longttudinal direction of glass plates is horizontal (OO;x･':-'xx" ) or

      venical (900;ma). In the case of 8 T, the polarization direction ef the light

      against the directien of magr}etic field is horizental H(lb(OOI i"'""･-'"") or vertical

      H(±) (900;mm ).
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 Pelarized absorption spectra ofSWNTIMEHPPV compesites on glass plates were measured in NIR

regien (900-1600 nm) by an UV-VIS-NIR spectrerneter. In the absence ofmagnetic field (O T), the

absorption bands (at 1l50 rm and l300"-1600 nm) due to semiconducting SWNT were observed in

both polarization directiens (herizontal and vertical) (Fig. 7(a)). The absorption bands on the glass

plate are similar to that in DMF solution (Fig. I(B)). On the other hand, in the presence ofmagnetic

field (8 T), the absorption band was ebserved in the horizontal pelarization direction against the

direction of magr}etic field (H(17); OO), while net in the venical pelarizatien direction (H(±); 900)

(Fig. 7(b)).

 The results ofpolarized absorption spectra supported the magnetic orientation of SWNTI MEHPPV

composites which the SWNTIMEHPPV ¢emposites were eriented with the tube axis of the
composites parallel te the direction ofmagnetic field at 8 T as suggested from the results ofthe AFM

images (Fig. 3).

3.4.2 Polarized abserption spectra of SWNTs on glass plates
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Fig. 8. Polarized absorptien spectra of SWNTs on glass plates at 8 T. The
     polarizatien direction of the Iight against the direetion of magnetic field is

     horizontal H(/7)(OO; "ma) erverdcal H(i) (900; m ).

 Pelarized ai)sorption spectra of SWNTs en glass plates were measured in NIR region (900-1600

rm) by an UVLVIS-NIR spectrometer. in the absence of magnetic field, the absorptien bands (at

1150 nm and 13eet-16eO nm) due to semiconducting SWNT were observed in beth polarization
directions (horizoRtal and vertical) (not shown). In coRtrast, in the presence magnetic field (8 T), the

absorption band was observed in the horizontal polarization directien against the directien of

magnetic field (H(/b; OO), while net in the venical polarization direction (H(i); 900) (Fig. 7(b)).

 The results of polarized absorption spectra supported the magnetic erientation of SWNTs, which

the SWNTs were oriented with the tube axis of the compesites parallel to the direction of magnetic

field (8 T), achieved as suggested from the results efthe AFM images (Fig, 3).

 On the basis of the polarized al)sorption spectra (Figs 6 and 7), the magnetic orientation of

SWNTIMEHPPV composites is most likely ascribed to the anisotropy in susceptibilities of SWNTs,

similar to the cemparison ofAFM images (Figs 3 and 5) as described abeve.

5. Ceitclaxsieits

 On the basis ef observatioRs ef the AFM images and the polarized absorption spectra of
SWNTIMEHPPV composites or SWNTs on substrates (mica or glass plate), the magr}etic orientation

of SWNTslMEHPPV composites or SWNTs on substrates (mica or glass plate) could be achieved by

use of strong magnetic field (8T; horizeRtal direction). Tke SWNT/MEHPPV compesites er the
SWNTs were oriented with the tube axis ofthe cemposites parallel to the direction of magnetic field.
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From the comparisen between SWNTIMEHPPV composites and SWNTs, the magnetic orientation
of SWNTIMEHPPV cemposites is most likely ascribed to the anisotrepy in susceptib'ilities of

SWNTs.
 From ef the AFM images of SWNTs on mica, network of organization of bundles consisting ofa

certain amount ofnanofibers with several nanometers in width was ebserved at the top position (B
and BdBlda were 5.6 T and -･94e T21m, respectively; vertical directien), Further investigations en the

mechapism of the fbrmation of nanostrutures at the top positioA at vertical magnetic field and
:,"han.tA.t.a,th'e,la.'a,lg[Slgiigffi',hled M(saTg") ei,i',C .OtreqIIiatS,O,"grO,f,t,h.e SWNT!MEHPPV compesites or the swNTs
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Abstract
  We studied the effects efmagnetic field (Sl5 T) onthe membraHe tube morphology prepared by a

silicate garden reaction. At zero field, membrane tubes prepared by the reaction of sodium silicate

aqueous solution and zinc sulfate, magnesium chloride, and cepper sulfate crystals grew straight

upward. In the presence ef vertical magnetic fields (5-15 T), they grow helically with the right-･

handedness aloRg the inner sumbce of a vessel, IIrhe tubes grow helicaily with the lift-handedness

along the outer surface of the rod, when they grow near a glass rod placed in the vessel. In the

presence ofa horizontal magnetic field ef 8 T, tubes grow circularly aleng the inner surface ofthe

vessel. All the observation is interpreted iB terms efa boundary-assisted MHD mechanism.

Keywerds
magnetic field effect, Lorentz force, handedness, chirality, silicate garden reaction

g. introductiox

   lt is knewn that magrietic field is a very interesting tool to control various chemical and physical

processes. Especially, high magnetic field of 10 T or so could affect even the processes associated

with Ron--magnetic (diamagnetic) materials. Silicate garden reaction is a well-knewll reaction in

which sodium silicate aqueous solution and solid metal salt form water-insolubie semi-permeal}le

membralle tubes. We have studied e£fects ef fnagnetie field on 3D-merpholegy of the membrane
tubes prepared by the reactions using a veTtical alld horixontal magnetic fields.i-Y

2. Experimifte"tal }feeetheds

    Verticai and horizontal magnetic fields were applied using a superconducting magnet (JASTEC,

JMTD-Lll15T40, 15 T) and a superconducting magriet (Oxford, Spectromag-1000, 8 T),
respectively.

   Sodium silicate (WAKO), magnesium chlonde (WAKO), zinc sulfate (WAKO), and copper
sulfate (WAKO) were used as supplied. Distilled and deionized water was used.

   Circular glass vessels (typically, 8 mna diameter × 30 inm length) containing sodium silicate
aqueous soh}tion and a small amount of metal salt were placed in the bore tube of the magnet and

outside of the magnet (leak field, ca. 2 mT). After the reactien preceeded for 30--60 min in the bore

tube, the vessels were removed from the bore tube and the membrane tubes' respective morphelogies

were recorded using a conventional digital camera. Hereafter, metal ion's name is used as membrane

tube's name. All experiments were canied out at room temperature.

   In situ observation ofthe motion ofthe selution during the reaction in a magnetic field was also

carded out witk a CCD camera and a digital videe recerder. Plastic micre-particles (polyethyleRe, ca.

I80 pm; Aldrich) were added to the solution as tracer.
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3. Resgks
3.1 Tubes forgited iR vertical magnetic field

   Figure 1 shows Zn(II) membrane tubes grown in
yertical magnetic fields. Tul)es grow straight upward

at zero field. In the presence ofmagnetic fields, they

grow helically in the right-haRded direction. Even

varying the vessel diameter from 3 to 20 imn, the

tubes grew helically in the vertical magnetic field,

   Analogous magnetic field effects are ebserved

for the tubes when magnesium chloride and copper

sulfate crystals are used. In the case of the Cu(II)

tube formatiell, elengated helical tubes are formed
when they grow in a magnetic field of +1200 T2!m

(li T). No tube is formed when it grews te in a
magnetic field of -379 T21m (15 T). These facts

indicate a magnetic fbrce is not a cause of helical

growth of the membrane tube.

   When a glass rod is placed in a reaction vessel,

Zn(ll) and Mg(ll) tubes grow helically on the outer

surface of the rod in the left-handed direction.

   Furthermore, the tubes apart from the
vessel's wall, grow in twisted shape in the left-

handed direction as shown in Fig. 2.

   In situ observatioll ofthe solution during the

reactien is carried out in magnetic field. At zero

field no convection of the selution is observed,

In the presence ef a magnetic field, rapid
convection ofthe solution is observed, indicating

that a magnetic field inducgs the selution
convectioll daring the iollic reaction.

3.2 Tetbes forpaed in korizontat magnetie fieid

ee

･ithL -'

(a)8T (t)>6T {¢)E3.5-i" <ci"sl,2T{ers.3'r

Fig. 1 Zn(II) membrane tubes grewn

in magnetic fields.

s

.:ec

k･
･g

 Fig. 2 Zn(II) membrane tubes apart
 form a vessel wall. (a) O T (b) 15 [[

   Figure 3 shows Zn(II) tuEbes prepared in a
horizontal magnetic field of8 T. The tubes do not grew

helically but grovv circularly along the inner surface

of the vessel. The tubes grow upward up to the
ceiling of the vessel and then grow downward aleng
the $urface iil the magnetic field.

 4. Dfis£"ssg$it

    Mechanism of membrane tube growth is
complicated. Aqueous solution dissolves metal salt

and water-insoluble and semi-permeable membrane
deposits on the surface ofthe salt. The water

penetrates into the interface

                                             Fig. 3 Zn(II) membrane tubes
                                             grown in a herizontal field of 8 T.

                       betweenthemetnbraneandthesaltsurface.Becauseef osmotic
pressure, the membrane is disrupted and the metal ioll-rich solutien flows out from the disrupted exit.

The outfiow then reacts with the selution surrounding it to form a membrane tube. Therefore, it is

reasonable to consider thar the magnetic field affects transpertation ofions to the reaction zone.

Furthermore, as presented in Section 3, magnetic field inctuces membrane tube growth in the plane

perpendicular to the magnetie field axis. This type ofeffk)cts can be explained solely by the Lorentz

force, though there are several mechanisms of magnetic field effects, An ion, whose elecuic charge

is g, receives the Lorentz force, FL, when it moves with the velocity ofv in a magnetic field, ff,
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FL=gv×H (1)

The fbrce induces convection of the
solution containing ions.

   Figure 4 shows the mechanism of
helical growth of membrane tubes in a
magrietic field, The outfiow from the tube

exit, which is rich with negative iens,

spread eut not only upward but also in the

plane perpendicular to the magnetic field axis.

Negative ions in the oudiow moving in the

plane perpendiculag to the field axis receive

the Lorentz force.

g
(2i>

'Membrane
tube

Fig. 4 Mechanism
chirality induction (top view)

     ･ fipt

yigg mS ere:2S)>2

illli,,,,,ii>,

             ur > etttX"w ef ct $eautie"

              ig Lerentafeifce

         of 3D-morphological

              This force results in the convection of the solution near the tube exit since the
                                                                     'fbrce en the ions are transferred to the bulk selution due to collision. Because ofthis convection, the

tube apart from the vessel wall grows in twisted shape.

   In the case of the tube growing near the vessel surface, the motion ofions becomes asyinmetric

because of the bound of the ions on the surface, Tbis asymmenic motion ef ions results in the

asymmetric convectiofi of the solution near the tube exit. Therefore, the role of a vessel wall or a

glass rod surface takes an importatu role in determining the direction ofthe solution.
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Ab$tract
   Polyaniline film electrodes were prepared by a magnetoelectropolymerization (MEP;
electrepolymerization under magnetic fields) methed, and their chiral electrode properties were

examined for L- and D-ascorbic acids by cyclic veltammetry, The MEP film electrodes showed

different oxidation curre"ts between enantiomers, and those prepared under reverse magnetic fields

showed opposite chirality. These results indicate that the MEP method introd"ces chirality to the

polyaniline films through the Lorentz force and such film electrodes possess the ability of chiral

recogRition for ascerbic acid.

Keywords
chirality, enantioseleetive recognitien, magnetic field, electropolymerization, polyaniline

a. gxtroduction

  Enantioselective recognition of chiral molecules is one of the most importarit goals in
biochemistry. Chiral surfaces of heteregeneous catalysts have the eBantieselective properties, and

thus considerai)le effbrt has been devoted in preparing chiral surfaces by adsorbing chiral molecules

[l,2] or slicing single crystals.[3] Chirality was also introduced into conducti"g polymers by doping

chiral molecules,[4-6] and chiral polyaniline films exhibited enantieselective recegnitien for severa1

amino acids.[5]

  Magnetic fields induce chiral structures through the Lorentz force acting on currents in solutions.

'IXvo-dimensienal spiral structures were fouRd in the electrodeposition of metals [7,8] aRd

condncting polymers,[9] and three-dimensionai helical stmctures in silicate membrane growth,[!O]

though both stuctures were on the millimeter scale, If chiral structures en the molecular scale were

indaced en the surface ef the films formed under magnetic fields, such film suiaces would serve as

eitantioselective catalysts,

  We attempted to prepare cenducting polymer films

with a chiral surface by
rnagnetoelectropolymerization (MEP), which is
electropolymerization under magnetic fields.[11]
Polyaniline is one ofthe most promising materials for

e!ectrenic devices, and its films are easily preparcd

by the oxidative electropoiymerization ef aniline in

acidic aqueous solutions. AniliRe monomers are
steichiometrically oxidized in front of the polymer

chaifi, and then electrons are transported frem the

front to the substrate electrode within the chain.

Under magnetic fields, the Lorentz force is expected

te act on currellts within the polymer chain and

iAduce helical growth. Otherwise, if the racemic

helical chains were formed spontaneously, the
Lorentz force weuld induce a eRe-handed stfacture,

Thus, it is interesting to examine whether the MEP

films exhibit chiral electrode propenies. Here, we

show the voltammetric responses of the MEP
poiyalliline films to L-ascqrbic acid and its

+B

Fig.1
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maglteioelectropolymenzation
Magnetic fields B are applied parallel (+) er
afttiparallel (-) to faradaic currents,

aTe perpendicular to the electrode sumbce.
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and they
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e'nantiomeg erythoifbic acid (D-ascerbic acid).

2. Experimenta! ptaetheds

  For electrochemical experiments, a
conventional system with the fbllowing three

electrodes was employed: a platinum disc
working electrode with a diameter of 3 mm, a

platinum plate counter electrode, and a
AgLAgCYsat.NaCl) reference electrede.
PolyaRiline films were prepared on the working

electrode by petentiostatic electropolymerization

at O.9 V by a passing charge of O.1 C cm-2 in a

O.5 M (mol dm-3) sulfuric acid aqueous solution

containing 5e rr}M aniline, The ebtained fihns are

the oxidized form of S042--doped polyaniline.

The MEP experiments were condwcted at 250C
under a magnetic field of 5 T in a cryocoeled

supereenducting magnet (Sumitomo Heavy
Industries Ltd.), the schematic illustration is

shown iR Fig. 1. The applied magnetic fields

were parallel er aRtiparallel to faradaic currents,

and the MEP films prepared under these fields

are called the +51{Lfilrn or the ---5Ii-film,

respectively. The MEP films were used as
modified electrodes, and their chiral properties

were examined by measuimg the cyclic
voltarrllnograms (CVs) of L-･ascorbic acid
(L-AA) and erythorbic acid. The latter is the

enatiomer of L-AA, and therebM it is called

D-ascorbic acid (D-AA) in this paper. The CVs

of 20 mM L- or D-AA were measured in a O.5 M

H2S04 aqueous solution with a potential sweep
rate of sO mV s-i in the absellce of a magnetic

field. 'Ib obtain reproducible CVs, the polyaRiline

films were pretreated with a five-cy¢ic potential

sweep in the range of -O.l te 1.1 V in a O.5 M

H2S04 aqueous solutieB.
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Fig. 2 Current-time curves during
electropolymerizatien of aniiine at 0 and

in a O.5 M H2S04 aqueQus solution.
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3. Reswigs 3std dise"ssien

  The curreRt-time curves dtuing the
electropelymerization Qf aniline at O and +5T are

shown in Fig. 2. The curves at -5 T was aearly

the same as that at +5 T. The magnetic fields do

not aiifect the polymerization rate of pelyaniline

under the present cendition, This is partly
beeause the magnetic fields were applied paraiiel

to the faradaic currcnts to minimize the MHD
effect, and partly because the electrQde potential

of O.9 V is under kiRetic-contrelied conditions.

Figure 3 shows CVs fbr the redox respense of the

polyaniline films themselves in a e.5 M H2S04
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aqueous solution, The CV peak potentials ofthe MEP films were ceincident with those for the redox

respense ofthe O[[Lfihn.

  A polyaniline film electrode shows electrocatalytic properties for several erganic melecules such

as L-AA [12-l4] and hydroquinone.[l5] Figure 4 shows the CVs of L-AA on the O[l]-fihn electrode

aBd a bare Pt electrode. A small peak at O.2 V in the CV on the OT film electrode, which is net seen

in the CV on the Pt electrode, represents the oxidation of polyaniiine.[16] L-Au4! is irreversively

oxidized to dehydroascorbic acid on the electredes, This reaction occurs at O.4 V on the polyaniline

electrode, while it o¢curs at a more positive potential ef O.6 V oB the Pt electrode. In addition, the

peak current oll the polyaniline electrode is much larger than that on the Pt electrede. These

observatiens indicate that the polyaRiline film plays a catalytic role in the oxidation reaction of

L-･AA.

  'Gen¢rally, electrocatalytic reactions are sensitive to the surflitce structure ofthe electrode through

spechic adsorption, If the MEP process induces changes in the surface structufe of the polyaniline

films, such changes weuld be reflected in the voltammetric response to ascorbic acid. Figure 5

shows the CVs ef L-AA (solid line) and D-AA (broken line) oR (a) the +5T-fiim and (b) -5T-film

electrodes. In both figs, 5(a) and 5(b), the CV curves of the solid and broken lines are coincident fbr

the oxidation peaks of polyaniline at O.2 V. The difference between the enantiomers i$ clear on the

exidation peak at O.4 V, The peak current for L-AA is iarger than that for D-AA en the +5[rLfilm

electrode (Fig. 5(a)). In contrast, the result is oppesite on the -5'Ii-film electrode; the peak ¢urreRt for

D-AA is larger than that for L-AA (Fig. 5(b)), This result indicates that the MEP induces the ability

of enantioselective recognitien for the polyaitiline film and that the reverse magnetic field during the

MEP process produces the oppesite chirality.
                                            8  The electrocatalytic properties of polyaniline

depend on dopant anions. We thus examined
chirality for the MEP fihns with other dopants.

Figure 6 shows CVs of L-AA (solid line) alld

D-AA (broken line) on the +5T-film of Cl=doped

polyaniline in a 1 M HCI aqueous solution. The

oxidation peak appears at e.5 V being more
positive than that of S042=doped polyaniline.

The CVs exhibit the chiral properties of the

+5T:-film, butthe peak eurrent differen¢e is quite

smaller than that in Fig. 5(a). This result implies

that the ability of chiral recognitioR depends on

the electrocatalytic properties ofpolyaniline.

  In the two-dimensienal electrodeposition ef
metals under magnetic fields, the spiral growth

direction was reversed by the reversal ef the
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Fig. 6 Cyclic voltammograms of L- and
D-ascorbic acids on the +5T-fiim ef Cl--doped
polyaniline in a 1 M HCI aqueous solutien.
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applied magnetic fields because the spiral growth comes from the

Lorentz force acting on currents iR electrolytic solutions.[17]

Similarly, the opposite chirality of the pelyaniline film electrode

fbr the reverse magnetic field indicates that the origin of the

chirality is the Lerentz force. ShiRohara et al. showed thai the

Lorentz fbrce ceuples with small currents around hurr}ps en

fiuetuated surfaces and prod"ces the vortex stmctures of
electrodepesits.[18] The sizes efthe vortices, however, are ofthe

erder of mierometers, being rauch larger than the molecular size.

The enantieselective recognition fbr L･- and D-AA irrrplies that the

MEP films possess a molecular-level chiral structure.

  Ashraf et al. reported that chiral dopants such as (+)- or

(---)-camphorsulfonate induces a helical stmcture of
polyaniline.[19] This means that there exists a possible helical

stmcture in polyaniline. A molecular modei study indicates a
helical molecular strueture, as shown in Fig. 7. The prebabilities

for right- and left-handed helical structures are equal in the

maglletic field, It is, hence, most feasible

polymer chains challges the proba

x

l

H
-

fi,i

l

l

       H

Ne
/
x

{

N
ti

  s･tk:

x

-
/

Fig. 7 Proposed
st!ructure ofpolyaniline.
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helical

                        absence of a chiral dopant and a
       that the Lorentz force acting on the currents within the

bility for the right- and left-handed helical structures.

4. CellclusioRs

  We showed that the polyaniline film eleetrodes prepared by the MEP methed exhibit the ability of

enantioselective recognition fbr L･- and D-ascorbic acids, The films electropolymerized under the

reverse magnetic fields showed an opposite chirality, This resuit indicates that the origin of the

chirality is the Lorentz for¢e, which ceuld chafige the probability fbr the right- alld left-handed

helical stmctures in the polymer chains.
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Abstraet
  We have investigated the infiuence of magnetic field en rearrangement of crystallographic

domains (variants) formed by diffttsionless andlor diffUsion solid-solid phase transformations.

Follewing results are obtained: the rearrangement ef martensite variants formed by diffusionless

(martensitic) transformation occurs in Fe-31.2mol%Pd, Fe3Pt and Ni2MnGa; and the variattt with the

lowest magnetic energy (mainly magnetocrystalline anisotropy energy) is selected to grow in eaeh

alloy. The same selected growth of the variant formed by diffusion transfbrmation is observed in

CePt shewing a disorder-order transformatien. The condition for the rearrangement of manensite

variallt driven by magnetic field is discussed quantitatively.

keywerds
  magiietecrystalline anisotropy, preferelltial arrangemellt

1. intred"etien

  In accordance with receBt progress on magnet technology, the effect of magnetic field on
solid-solid phase transformation has been extensiveiy studied. One important effect ef magnetic field

is the change in free energy between different phases. Fer example, magnetic field will decrease the

free eneigy of a ferromagnetic phase compared with that of paramagnetic phase, promoting the

fbrmation of ferromagnetic phase under a magnetic field, Such behavior is observed in some ferrous

alloys in which a ferremagnetic martensite phase is indgced frem a paramagnetic and!or
ferromagnetic parent phase by magnetic field. Another irrrportant effect is the change in free energy

between different crystallographic domains (variants), which arises frem magnetic anisetropy. In the

fbllowing, we fbcus on the latter effect oit the micTostmcture formed by solid-solid transfbrmations.

  An alloy exhibiting a solid-selid phase transformation usuaily forms variants in its low symmetry

phase. Every variaRt has the same free energy unless external fields, such as stress and magnetic

field, are applied. Under a magnetic field, however, there arises differenee in magnetic energy

among them especially when the low temperature phase is ferromagnetic with large
magnetocrystalline anisotropy. In such a case, the variant with the lowest magnetic energy is

expected to be selected to grow uader a magnetic field.

  In the present study, we confirmed that such a selected growth is actually realized in two cases:

one is the rearrangemeRt of martensite variants (RMV) by magnetic field in some ferromagnetic

shape memory alloys (Fe-3l.2Pd, Fe3Pt and Ni2MnGa), and the other is the selected growth of a

specific variant during a disorder-order (Al-Llo) transformation in CePt. The former is a typical

example of diffttsionless precess (atoms do not move rnore than one atomic distances), aRd the other

is a typical example of difliinsion process. For beth cases, magnetoerystalliRe anisotrepy is essentially

important for the microstrvtcture formed under a magnetic field.

2. Experirwesttal Precedures

  ingots ofFe-31.2Pd, Fe3Pt, Ni2MnGa and CoPt are prepared by arc melting, Single crystal ofeach

alloy is prepared by fioating zone method or Bridgeman method aRd thefi heat treated for

homogiRizatien, Lattice parameters of the alloys were determined by x-ray analysis, magnetic

field-induced straill was measured by three termimal capacitar!ce method, magnetization was

measured by SQUli) magnetometer and stress-strain curves are obtained by Instron-type rnachiRe.

1
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Details of the procednre are given eisewhere [1-3]. Ordering heat treatments of CoPt under a

magnetic field were made by using a furnace inserted in a st}percond"cting magnet. The position of

the specimen is lecated at the center of the het zene which is alse the center ofthe magnetic field.

3. Results and DiscussieR

3.1 Magnetic field-induced strain associated with RMV in ferromagnetic shape memory alloys

  Figure 1 shows the temperature dependence of lattice parameter of Fe-31.2mol%Pd (a), Fe3Pt

with degree of order about O.8 (b) and stoichiometric Ni2MnGa (c). Every alloy exhibits a

thermoelastic martensitic transfbrmation from a ferromagnetic parent phase to a ferromagnetic

martensite phase, The transformation temperature 7M is 230 K for Fe-31,2Pd, 85 K for Fe3Pt and

202 K for Ni2MBGa. In the martensite phase, the lattice parameters change gradually for Fe-3l.2Pd

and Fe3Pt while they are nearly constaBt for Ni2MnGa as temperature decreases below each 7M.

Sinc,e the martensite phase is tetragonal or psudotetragenal for all the alloys, there are three

corresponding variants because a and c axes correspond to <Oel>p (P stands for the pareBt phase) of

the parent phase.
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  Figure 2 shows magnetic field-induced strain (MFIS) ef the three alloys associated with the

rearrangement of martensite variants (RMV). The shape of each specimen used is rectangular with
about 3 imn3 in dimensien and the measurement was made by a capacitance method after coeling

dewn belew the martensitic transformation temperature without applying magnetic field. So, the

staning point ofthe specimen is multi-variant state (three variants exist). Then, we applied magnetic

field along the [OOI]p directieB and measured the strain along the fie!d direction. As a result, the

Fe-31,2Pd expands aleng the field direction, and Ni2MnGa alld Fe3Pt contract along the field
direction. The difference ofthe sign ofthe strain is due to the difl}erence in easy axis; that is,the easy

axis is the a axis fbr the Fe-31.2Pd, but the c axis fbr the Ni2MllGa and Fe3Pt, For all the alleys, the

fraction of the variant whose easy axis lies aleng the field direction (the variant whose magnetic

enefgy is lowest ameng the three variants) iBcreases by the field application; it reaches leO% for

2
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Fe-3l.2Pd aRd Ni2MnGa, but does not for the Fe3Pt. It should be also noted in Fig. 2 that a part of

strain (O.6%) recovers for the Fe3Pt while does not for Fe-31.2Pd and Ni2MnGa; the reason･ofthe

recovery is net knewn yet but possibly related to accumulation of elastic energy or demagnetization

effect.

3-2 Condition for RMV by magnetic field

  ln order to understand the condition for RMV by magnetic field, we introduce magnetic shear

stress Trriag acting across the twinning plane. rhe reason for introdncing T..g is that we usually

evaluate a shear stress for analyzing a twinning plane movement, Using the value of Tmag, the

conditioR fer lklNtlV by magnetic field will be explained as: the value ofT.,g is larger than the shear

stress required for the RMM T,eq. In the following we will show that this condition is certainly

satisfied when RMV occurs by magnetic field.

  The value ofT..g is expressed as AUfuagls, where AU..g is the magnetic ¢fiergy diffk)rence per i}nit

volume between the two variants separated by the twiRning plane coBsidered, and s is the

corresponding twinning shear. Assuming that the magnetic energy is mainly cernposed of

magnetocrystalline anisotropy energy and Zeeman energy, the maximum of AUIn.g is equal to the

uniaxial magnetocrystalline anisotropy cofistant IKI,l under the [Oel]p field. Then the maximum value

of magnetic shear stress, TmaRM, will be IKI,Ys under the [eO1]p field.
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Fig. 3 Magnetization curve along a axis ([lee]M) and c axis ([OOI]M) ofFe-31.2Pd at 77K.

  The value of IK,l is ebtained from the area enclosed by the two magnetizatien curves: along hard

magnetizaticm axis and alollg easy magnetization axis. In order to obtain these curves, we must make

magnetization experiments of a single variant state in martensite phase, which is realized by

applying a compressive stress along one of <Oel>p clirections. The magnetization curves along the a

axis and alofig the c axis thus obtained fbr the Fe-31.2Pd aliey at 77 K is shown in Fig. 3. It is

clearly seeR that the a axis is the easy axis aRd the c axis is the hard axis; the value of IK"l obtained
from the enclosed area is 180 kJlm3. Similar measurements were made fof varieus temperatures and

the result ofIK.l is shown in Fig. 4. The values shown in the figure are olle order in magnitude larger

thag those of Fe-30Pd alloy around roem temperatures reported by Cui et al. [4], but are the same

order as that ofoff-stoichiometric Ni-Mn-Ga alloys reported previously [5].
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  The amount of twinning shear for the present alleys is express as s={ 1- (c/a)2 }1(e!a), because the

twinning plane is {IOI}M. Then we can easily calculate s frem the lauice parameters shown in Fig. 1.

The calculated value ofs decreases monetonically with increasing temperature.

  Using the value of IKlii and s thus obtained, we calculated the maximum of magrietic shear stress

TmagM, which is shown in Fig. 5. The value of T..gM does not change significantly below the

transfbrmation ten rperature.
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  ln evaluating T,eq, we made tellsiie tests. Figure 6 is a stress-strain cunre obtained at 80 K by a

tensile test aloBg [OOI]p direction. The stage areund uniaxial tensile stress of 2 MPa is due to the

twinning plane movement. The corresponding Treq is obtained te be 1 MPa (Schmidt facter is O.5).

By making the same experiments･at some different temperatures, we obtained temperature

dependence ofT,.q as showB in Fig. 5.

  Cemparing Tmag'" and T,.q shewn in Fig. 5, it is obvious thErt the vaive efT.,gM is larger than T,eq at

any temperature below 7M. In this way, we have confirmed that the condition for the RMV by
magnetic field mefftioned before is quantitatively satisfied beiow 7ts,f in the Fe-31.2 Pd alloy. This

cendition is also confirmed to be satisfied iB stoichiomenic Ni2MnGa. Cencerning the Fe3Pt, the

comparisen is not made because compressive tests at cryogenic temperatures have not been made

yet.
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3.3 Growth of a specific variant in CoPt during the ordering heat treatment under a magnetic field

  Ce-･50mol%Pt traRsforms frem a disordered Al-type (cubic) structure to an ordered Llo-type

(tetragonal) structure at 1100K, and the tetragenal phase has three variants. The ordefed phase has a
Curie temperature of 760 K, and has 3 high magnetocrystalline anisotropy of4.i MJIm3 [6] at room

temperature, where the easy axis is the c axis and the hard axis is the a axis. Therefore, there aris¢s a

significaBt energy difference between variants under a magnetic field below the Curie temperature,

and the variant with the lowest maglletic eRergy i$ expected to form prefereptially cempared with

other variants.

  In erder to confirm the above expectatioll, we made orderillg treatment of CoPt with and without

applying magnetic field. The specimens "sed in the study are cube ones wmb each edge parallel to

<100>; the three edges are termed as X, Y, Z directiolls. The specimegs were first solution treated at

1273 K followed by quenching into iced water tG ebtain the diserdered state. The specimen was then

4
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subjected to the following ordering heat treatment: heatiRg up to 1023K with a heating rate of about

150 K!min and keeping at 1023 K for 3 h, This heat treatrnent was made under a magnetic field of

10 T applied along the Z directien. The same heat treatment without applying magnetic field was

also made for comparison.

  After the ordering heat treatment, magnetization curves were measured along the X, Y, Z
directions, which are shown in Fig. 7. When the ordeimg were made without applying the magnetic

field, the magnetization curves measured along the three directions are almostthe same with ene

another as seen in Fig. 7(a). This means that three variants are almest equivalently formed by this

heat treatment, On the other haRd, when the ordering was made under the magnetic field of 10 T

applied along Z direction, the magnetizatioB measured along the Z axis saturates easily compared

with X and Y directiolls. This means that almost single variant, whose easy axis (e axis) lies along

the Z direction, was fbrmed by the erdering under the magnetic field. The same selection of specific

variant was reported in FePd by fanaka et al.[7] Atthe present stage the mechaRism ofthe selected

growth ofthe preferable variant under a magnetic field is not clear, and it is a subject iB the future.
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4. Ceficlusions

  Magnetic field is effective for the amangement of variants formed by martensitic transfbrmation

and ordering process. For both cases, the variaBt with the IGwest magnetocrystalline anisotropy

energy is selected to grow consuming others under a magnetic field, We demonstrated such behavior

in three shape memery alloys (Fe-31.2Pd, Ni2bvinGa and Fe3Pt) and a hard magnetic material of

CoPt.
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Abstract
  Suspensiens ef weed cellulose microfibrils were prepared by acid hydrolysis of the weod

cellulose. They fbrmed a chiral Bematic phase above a critical concefltration. Extemal magnetic

fields were applied to the suspensions in two different manners to control the struchjre ofcast films.

(i) A 12 T static magnetic field was used to align the chiral nematic axis (helical axis) in the field

directien. (ii) A rotating magnetic field (O.5 T, 6 rpm and 30 rpm) was appiied to unwind the helices.

The ebtained aligriments were interpreted in terms of the anisotropic diamagnetic susceptibility of

the cellulese microfibril. The diamagnetic susceptibility of the microfibril is smaller in the

direction parallel (xll) te the fiber axis than in the direction perpendicular (xi) to the fiber axis, that

is, xll< xth< O. Because the helical axis coincides with the direction normal (J-) to the fiber axis,

the helical axis aligned parallel to the applied field, On the ether hand, the rotating magnetic field

induced the uuiaxial alignment of the smallest susceptibility axis, that is, xi in the present case, and

brought about unwinding ofthe helices.

Keywerds
 Cellulese microfibril, Magnetic ali.qument, Cast film, Chiral nematic phase, Nematic phase

X. Kntreductioit

  The alignment manner of fibers under static magnetic field depends on the anisotropic nature of

the fibers. For example, fibers with positive diamagnetic anisetropy (zh = zll - .z:i- > 0) undergo

uniaxial ali.fmment, that is, they align with their fiber axes parallel to the applied field, while those

with negative diamagnetic anisotropy (k, < O) undergo planar alignment. Here zll and 2fzL are the

diamagnetic susceptibilities in the directions parallel and perpendicular to the fiber axis, rcsp¢ctively.

Carbon fibers and carbon nanotubes belong to the former, while polyethylene and cellulose fibers

belong to the latter.

  ReceRtly, ene of the a"thors (T.K.) reperted uniaxial alignment of the smallest diamagnetic

susceptibility axis using a rotating magnetic field,[1] It was shewn experimentally and
theoretically that a nylon fiber (Jeb < O) underwent uniaxial alignment under a rotating magnetic field.

This technique is applied not only tQ fiber suspensions but also to many other systems possessing

negative anisotropic diamagnetic susceptibilities,

  Cellulose microfibrils align perpendicular to the magnetic field, because the anisetropic

diamagnetic susceptibility is negative.[2] Suspensiofis ef the cellulose microfibrils form a chiral

nematic phase abeve a critical concentration. It was reported that a fihn ofthe chiral nematic phase

cast under a vertical magnetic field showed an erientatien with the texture characteristic to chiral

nematic phase being maintained, which was cenfirmed by the induced circular dichreism ofthe dye

molecuiesinthefilm.[3] Thetextutreebserved,hewever,didnetexhibithighorder. Inthisstudy,
we show that the chiral nematic suspensien cast under a statistic magnetic field exhibit an alignment

with the finger print texture being nicely maintained. Also, the alignment under a rotating

1

- l37 -



magrietic field is reported.

2. ExperifiRental wtethods

2.I Preparation ofcellulose microfibril suspension

  Cellulose micrefibril suspensiens were prepared by hydrolysis of Whatman CFII cellulose
powder with 64 wt % sulfuric acid at 450 for 1 h. The acid was rernoved by centrifugatien and

prolonged dialysis with pure water.

2.2 Cast fiim.

  Cast films were prepared under static and rotating magnetic fields. 75 or 200pl suspension was

poured onto a cover glass or a home-made cell which had rim wall te prevent fiew ofthe suspension.

Water was evaporated under the magnetic fields until the suspeilsion was solidified.

2.3 Magnetic field

  Siatic Magnetic Field. A cryogen-free superconducting magnet ef Japan Superconductor
Teehnology was used to generate a herizontal static magnetic field of l2 T.

  Rotating Mkrgnetie Field. A pair ofelectromagnets were used to generate rotating magnetic field

(6 or 30 rpm, magrtetic field O.3T). Axis efretating magnetic field was horizontal.

3. Res"lts aRd Discussion

  Phetographs ofa film prepared under l2T are shown in Fig. 1. Photographs at magnification of

x40 show blue or orange color iBdicating thatthe film is almost uniform, Moreover, finger print

texture was observed in the photegraphs at magnification of x400, proving the preservatiell of high

regalartty of finger print texture. The orientation ef the chiral nematic axis parallel to the applied

static magnetic field is realized in suspension.[4,5] On the other halid, in cast films it seems to be

very difficult to preserve the uniform chiral texture, because the texture ceuld be distorted during

evaporation ofwater. However, we observed the alignment ofthe ehiral nematic axis para11el te

the static magrtetic field in the cast film.

Fig, 1. Photomicrographs ef a cellulose film aligned in a 12T horizental

magnetic field observed between crossed pelars. White arrows indicate the

direction ef magBetic field. Magriifications are x40, x4eO, and x40, from left

to right.

  Photographs ofa film prepared under a rotating magnetic field and O T magnetic field are shown

in Fig. 2. The applied rotatiRg magrietic field is O,3T at 6 rpm. Photographs of the sample

prepared under the retating magnetic field shows almost orange or blue colers, indicating the film is

aligned. Because ofthe negative diamagnetic anisotropy ofthe indivi`inal cellulosic microfibrils

composing the suspension, they teRd te align uniaxially under a rotating magnetic field, with the

fiber axis parallel to the rotating axis of the magnetic field. Celfulose microfibrils have a

birefringellce with nll > n±, where nll and n± are the refractive indices parallel and perpendicular to

the fiber axes, respectively. Ifthe fiber axes ofthe microfibrils are aligr!ed in the directien parallel

2
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Fig. 2. Photomicrographs of cellulose films observed between crossed polars.

Left and middle: the sample aligned in a retating magnetic field (O.3T, 6rpm).

The blue and orange lines resulted firom a scratch. White arrows indicate the

directionofrotatingaxis. Right:thesamplepreparedunderOT. Magnifications
are x40.

to the rotating axis, we should observe the positive birefringence. The result shown in Fig, 2

indicates that the cast film has positive birefungence. On the contrary, the cast fiim prepared under

the 12T static magnetic field shows the negative birefringence, beCause the microfibrils are aligned

perpendicular to the static magnetic fields,

                                            Figure 3 shows the polarized transmission
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Fig. 3. Polarized transmission UVfVis
spectra. (i) -- and - indicate O and 900
(parallel and perpendicular to the magentci

field) polarization of the sample prepared

ullder 12 T horizoittal magnetic field. (ii) -

and --- indicate e and 900 (parallel aBd
perpendie"lar to axis ef rotating magnetic

field) polarization of the sample prepared

under O.3 T retating (30rpm) magnetic field.

(iii) - and -- indicate O and 900 polarization of

the sample under O T rr}agnetic filed.

spectra of the samples prepared under O T and

12 T static magnetic fields, and the retating

magneticfield(3erpm,O.3T). Abandat550
am was observed for the film prepared under

OT magrtetic field. This band presumably
corresponds te the pitch of the chiral nematic

phase (actual pitch is about 3000 nm), because

the light is refiected between layers of chiral

nematic phase. The bands disappear for the
sample prepared under the static magnetic field,

indicating that the layers perpendicular to the

direction of the impinging light do not exist

because the layers align parallel to the UVNis

light incident direction, For the sample
prepared under the rotating magnetic field, the

band intensity is weak compared to the sample

prepared under O T magnetic field, and large

polarization are observed between 320 nm and

800 nm, indicating that the unwinding of the

helix eccurs. However, therc remains some

amount of chiral nematic phase, because we

observed a trace ofband at 550 nm.

5. Conelusions

prepared by acid hydrolysis ofthe wood pulp was reported

phase aligned in the direction of the app!ied static field

Exposure to the rotating magnetic field cagsed unwinding of the helical axes to fo

alignment.

  Magnetic ali.qnment ef the cast films from

the suspension of cellulose microfibrils
     . The helical axis efthe chiral nerr}atic

   , resulting in highly regular mono domain.

                        rm nematic-1ike
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Abstract

  Steady magnetic fields extended wormlike micelles and deformed entaRgled threadlike micelles.

The radius of gyratien RG of micelles ofhexadecyltrimethylammenium bremide (CTAB) in

aqueeus NaBr or sodium salicilate (NaSal) solutiens, estimated by the angular dependence

of light scatteriRg intensity, increased at more than 5T, ln the beth systems, the wormlike and

threadlike micelles having RG of more than 12e nm grew by magnetic fieids; i.e., RG of micelles in

50 mM CTAB and IOOmM NaSal solution changed from145 nm to l68 nm by the application of IO

T. The molecular orientation in a membrane and deformation ofvesicies was ebserved by changes

in membrane petential and resistance of black lipid membranes and in scattering intensities of light

and neutren from vesicles, respectively. Much higher magBetic fields indnced magnetefusien and
magnetodivision efvesicles according te the following condition: 6(1 - n) - coro (nii2 - n) ) O

when it vesicles of initial radius % having the local curvature ef a vesicle eo associate with a

vesicle ofradius r under a magnetic field.

Keywords
  magnetic field effects, micelles, vesicles, liposomes, black lipid membranes, light scattering

g. XntreductieR

   A magnetic field is one efpotential metheds to align and orient molecular domains. It is well

established that diamagnetic domaills having magnetic anisotropy will beceme oriented or rotate in a

steady magnetic field so as te obtain the miBimum-energy state [1-5]. The magnetic erientational

energy (E,) of a diamagnetic lipid demain containing N molecules (volume Nv), whose long
molecular axis is at an angle q to H and which have the diamagnetic aflisotrepy, ZSvu, and the magrietic

susceptibility perpendicular to H, xi, is given by the following equation [6]:

          4== -(H212)( xi+zSxcos2¢)Nv (1)
When H aR(Yor IV is as large as E, overcomes the thermal energy, the leng molecular axis ef

hydrocarbon chains in a demain can be cooperatively aligned in the direction of averaged q. Lipid

molecu!es in a lipid membrane will teRd to tilt against membrane surface when a magnetic field is

applied in perpendicular to the surface. In the case of micelles and vesicles (liposomes), high

magnetic fields may make them deform to iead to ellipsoidal shape and surface undulatien because of

balance ef elastic energy from deformation and magnetic energy. Helfirich [7] predicted
theoretically the magnetic defbrmation ef phospholipid liposomes from a sphere to an ellipsoid,

which was shewn experimentally by Tenferde and Liburdy [8].

   In this paper, function regulatien of black lipid membranes and srmctural control of micelies

and vesicles due to steady magnetic fields [9-13] are reported.

2. MetwbraRepoteRtialefblaeklipidtweettatbraResuptdermagneticfields

Biological cells contain many components and elementary processes for melecular syntheses,
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mass transport and metabolism. To elucidate the magnetic effects on biosystems, those on each

elementary process should be examined. An artificial lipid bimelecular meMbrane, the so-calied

blaek lipid membrane (BLM), is useful for a model for biemembranes, although such
thermodynamical lipid meMbranes must be teo simple.

   The memi)rane potential (}l') and resistance (R) ofBLMs, comprising didodecyl phosphite (DP),

dipalmitoylphosphatidylcholin (DPPC) and of dioctadecyidimethylammonium chloride (DODAC),
chaRged remarkably under low, steady magnetic fields [9-11]. The magnetic field effects on the

electrical properties seem to occur not via the Lerentz force on the ion fux but via a coeperadve

orientatien of lipid melecules. The BLMs in aqueous
solutions was formed at 316 K m the hole (ca. O.8 mn
diametef) of a thin Tefion sheet that divided the Tefion cell

into two cempartments. The. Y' arising across a BLM by
maintaining a 10-fold diffk)rence in the NaCl concentration

was measured with a couple of Ag-AgCl electrodes.
BLM-foming so}utions were prepared by mixing 20 ppm of
lipid with (3+2) octane-dodecane. Figure l shows that the

magnetic response in membrane potential of BLM of DP was
very reproducible and reversible even at low magnetic fields

(<O.5 T). MeMbrane resistance also responded very
sensitively in the same manner to magnetic fields. The
features in the experimental magnetic responses of SY and R

seem to be comsistent with the theory [10] that both vahaes

were detemined by an effl3ctive fixed charge density of a

meMbrane. Therefbre, magnetic fields should change the

density oflipid molecules in the membrane, which depends on

a tilt angle of the molecular axis against the membrane surface.

Under high magnetic fields, the membrane potential increased

markedly at around 12 T, suggesting increase in effective

fixed charge density due to membrane undw1atien, as prediced

by Helfrich [8].
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potendal ofa black DP mernl)rane with

magnetic field of up to O.45 T at 298 K

The magnetic field was applied in

perpendicular to She mentbrane surface,

thus there was no Lorema force.

3. MagnetofusioR and magnetedivision efvesicles

   High steady rnagnetic fields should indwce membrane deformation, as suggested al)ove. The

bilayer membrane is not a homogeneously curved sunhce in the case that it has different elastie

propenies. The Helftich theory fbr the magnetodeformation, s21rb, of a spherical bilayer vesicle of

radius to, in which the domains in the bilayer have a local curvature ce, gives the equation

          s2!fo um- fo2AgubH 213h(6-coro) (2)
where b is a measure for the mickness of the bilayer and h is the curvature-elastic modulus [23].

Figure 2 shows the average size of vesicles comprising mix"}re of seclium dodecylsulphate (SDS)

and hexadeeyltrimethylammonium bromide (CTAB) as a functien of magnetic field intensity. The

radius of gyratien calculated from scattering angle dependence of scattcred light intensity may give

scheimatic iimages for the size change ef sphere to

ellipsoid.

   When much higher magnetic fields were applied
to vesicles, whether or not may fusion among vesicles

and division of a vesicle eccur? The total energy
(EH(rb)) of a liposome which has initially radius ,b

cgmprises the curvature-elastic (Ec) and magnetic

energies (EH),

          EH(re) == Ec+EH (3)
   Liposorne growth from radius fo to r with the
association of n vesicies under a magnetic field may

be possible when the fo11owing relatioR is satisfied:

          EH(re) ) (11n)E"(T)
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          (4)
When asscciation oceurs without changes in the liposome surface area, r is simply given by

          r=nii2ro (5)When H is large enough (-10T) (case 1) or the shape ef a liposome is exactly an ellipsoid ef
revolution (case 2), the following relation is obtained if co is unchanged dwring the size change [26]:

          6(1-n) -･ coro (ni/2-n))O (6)
This relation was derived from eqs.(2), (3),and (4) using the two equations (Ee and Eal in re£23 for

case 1 or the fo11owing two equations for case 2:

          Eb=(8n15)h(6-coro)(s21rb)2 (7)
          EH == -(16xl15.) t¥ubH 2rbg2 (8)
Solving Eq.6 2md adding the condition (6 - coro)>O, possible associatien in vesicles having radius ro

may be estirnated for a given radius of curvature p( :1/ce), as shown in Figure 3. The shadowing in

the figrtre illustrates the regions of magnetofusion (n>1) and magnetodivision (n<1) for p = 10 nm,

When n - 1, a liposome of size ro is stable agamst er

insensitive to a certain magnetic field; that is, the

apparent z3x ofa whoie liposome should be zero.

   DPPC and DODAC vesicles were prepared from
chlorofbrm solutions of DPPC with the Bangham
method. The average vesicle size was determined as a

sphere from the Einstein-Stokes equation by dynamic

light scattering at 298 K under ne magnetic fields.

Vesicles of both DPPC and DODAC grew when they
were exposed to high magnetic fields more than 12 T at

318 K for 1 h. Figure 4 shows a typical example of

chacge$ in size of DODAC vesicles imder a 10 T
magnetic field. In smaller size than 500 nm in radius

the vesicles grew and over 500 nm in radius the vesicles

beeame small. The optical microscopic observation

indieated that the size change of vesicles dne to
magnetic fields may eccur by fusien and division.
Therefore, we refer the size change to magnetofusion

and magnetedivision of vesicles. The addition of
magnetic-pfield sensitive molecules such as anthracene

and pyrene indwced such size change at much lower
magnetic fields. Figure 3 summarizes experimental n

values as a functien of ro, along with the theoretically

possible regiofi. Comparison of the theoretical to the

experimental vesicle size uBder inagnetic fields shows

that almest all experimental points drop in the
theoretical region for 1O or 20 nm for pe.

    The dynamical precess in the magnetofusion and
magrtetodivision seems to be very fast, because just a 2

ms-pulse of a 10T magnetic field promoted significant

fi}sien ef liposomes to change from a monomodal size
distribution to a typical bimoda1 one.
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4. Structaral changes of flexible micelles due te magnetie fields

   Persistence lei}gth of rodlike micelles of hexadecyltrimethylammenium bromide (CTAB)
increases by addition of NaBr and sodium salicilate (NaSal), which refer te wormlike Emd threadlike

micelles. Since magnetic ordering of surfactant micelles will be reversible, we measured micelle

deformation with static light scattering apparatus under magnetic fields. When the radius ef

gyration (RG) of CTAB micelles in aqueeBs NaBr or NaSal selutions was less thaR 120 rm, no

magnetie field changed their sizes, suggesting that rodlike or short womiike micelles are
llon-sensitive to magnetic fields. increasing NaSal concentration, magnetic fields decreased light
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scattering intensity from aqueous CTABINaSal solutions (Figure 5). Figure 6 shows that the RG

valuesestimated from the intensity increased by magnetic fields when RG >l20 nm. It suggests that

long wormlike micelles should be extended, and that entangled threadlike micelles (or random coil)

should be deformed to be extended ceil. The deformatien ariscs from magnetic anisotropy ofCTA"

and Sar, especially distribution and orientation of Sar in micelles.
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5. Conelution

      Figure5.Changesefscatteringlightintensity Figoe6.Magneticfieldeffectsontheradiusof
      ef20{nMagueousCTABsolutionscontaining ovyrationofmicel!esinaqueousCTABsofutiens
      NaSal(20,40,and80mM)withapplicationof contaimgNaSalofdifferentconcentrations.
      magnetic fields at 298 K. Concentration ofCTA.B, C7rnM: circle, 20; sguare,50.
                                       Magneticfieldintensity,H/T:open,O;solid,1O.

    Deformation in lipid membranes due to
steady magnetic fields led to the fusien and division of its vesicle and large changes in the electrical

preperties oftheir black membranes. In the BLM, very low, steady magnetic fields iess than e.1 T

brought about significant responses in membrane petential and resistance. The time scale of such

processes should be less than msec-order. Rodlike orthreadlike micelles may be extended or grown

up by magnetic fields. in these systems, magnetically anisotropic molecules can effectively centrol

the magnetic responses in structures and functions ofmolecular assembly systems, These examples

demenstrate the potentiality of various magnetic fields that can regt}late functions, stmctures, and

sizes of artificial organized molecular assemblies.
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Abstya¢S
  The magnetic ordering, magnetic field effects on the phase transitien and some applicatiens are

investigated for high polymer gels. Agarose gel formed in strong magnetic fields shows the

birefringence which is optical anisetropy as an evidence of magnetic ordering. Tke melting

temperature ef the ordered gel has high melting temperature which is cerrelated to the bireftingence.

Other isotropic structure of the erdered gel is measured by velocities of DNA electrophoresis and

ultrasonic propagation, and a shrinkage in the acetone-water system. The magnetic field induced

effects are discussed with anisotropic Retwork stmcture.

Keywords
  magnetic field effeet, magnetic ordering, agarose gel, DNA, electrophoresis

e. Xntroduetien

  A well known natura} gel is agar, whose main component is polysaccharide agarose. The agarose

consist many sequence of v8D-galactose and 3,6-anhydero-aFL-galactose. The aqueous solution

shows a thermo-reversible sol-gel phase transition with a thermal hysteresis. The agarose gel melts

to fbrm a solution at elevated temperatures aBd gelation occurs at reom temperature. Agarose is

classified into several types according as the melting temperature and the elasticy. A gelation model
in the coeling precess has been suggestedi): a random ceil shape ef the chains at elevated

temperatures changes to aF-helix at moderate temperatures. Then, the two helices intertwine to fbrm

the double helix. Many double helices are aligned and assembled te form high concentration regtons,

called domains, Linkages between the domains are .aen¢rated and progressed to form the gel at the

gelation temperature. The transition temperature is about 7' ig=310K for gelation, and 7in==350K fbr

melting for the typical agarese solution. In addition, the agarose gel indicates the gel-gel velume

transition in an acetone-water systerr}: the gel shrinks in high concentration solution. The sieve effect

of the agarose gel is used for the supporting medium of the DNA electrophoresis in the field of

medicine. In the present paper, physical properties are investigated for the magnetically ordered

agarose gel.

2. ExperimeRtal

  Superconduetmg rnagnets ("Il}pe SM-5, Sumitomo Heavy Industries Ltd. and Type JMTD-

10TIOONC-mkll and JMTD-13TIOeEF3, JASTEC) and a hybrid magnet (NIMS, Tsukuba) were
used to apply the' magnetic fields. Homogeneity ofthe field was less than 39t6 in a space of ±25rrim at

the center of the magBets, The raw rnaterials uSed were Agarose type II with a gel strength of
60eO-8000kglm2 and type L with 4500kg/m2 supplied by Wako Chemicals. They are a special grade

for electrophoresis, The molecular weight was 55×10Jg. The mixture of the agarose powder and
distilled water was prepared at varieus conccntratiens of up to 4.0wt.% and stirred at room

1
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temperature. Five thermal cycles, heating and cooling, were repeated fbr homogenization before

measurement. The temperature was centrelled to form the gel by temperature-controlled water
through the waterjacket set in the bore of the magnet, The physical properties, melting temperature,

bireftingeRce, electrophoretic velocity, elasticity and shrinkage, were measured fbr the gels iibrmed

in strong magnetic fields and zero field.

3. BireflringeRee

 The bireftingence was measured optically to investigate the magnetically induced ordering of
agarose molecules.i5' i6> The sample gel was prepared in an optical cell with a IOmm path. The

birefringence An, which was calculated from the extinction angle measured with an accuracy of

O.ldeg by the Senarmont method, was observed for 4.0wt,% Agarese-L gel formed in the magnetic

fie!ds up to 5T. The averaged value at ten points for each gel was plotted in Fig. 1(a) as a function ef

the rnagnetic field exposed. The birefringence was very small but increased Iineally with increasing

magnetic field exposed below 2T. Howeveg it tended to saturate toward An=:3×1O-7 in high magnetic

fields atbeve 3T It is considered that the value ofthe birefringence is proponional te the amount of

the ordered region called domain in the gel. Therefbre, the ratio of the magnetic ordered region was

increased with increasing the exposed magnetic field. The saturation of the birefringence means that

the ordering of the domains were saturated at around 3T. Meanwhile, the concentration dependence

ofthe bireftingence was also measured for the gel formed at 5T, In the measurerr}ent up to 4.0wt.%,

the bireftingence was increased linearly with increasing gel concentration up te 2.0wt.9x6 and its
gradient was decreased above 3T.2)

  These results were the direct evidence of the magnetic ordering of agarese molecules. The
magrtetic ordering depended en the strength of the field expesed and the concentration of the gel.

According to anether optical experiment, the direction of the magnetic ordering of the agarose

molecules was determined to be perpendicular to the magnetic fields.
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3. Melting temperature

  A hot solution of agarose II was poured iBto a Pyrex-glass tube with a diameter of 3mm and a

length ef 50mmi. Each sample tube enc!osed a stainless-steel made micro-ball with a diameter of

2nmi te determine the melting temperature by the ball-dropping method. Then the inlet ef the tube

was sealed by bwmer to avoid the change in the concentration and te repeat the measuremeAt. The

sample mbes eontaining the hot solution were set in a waterjacket in the bore of the venical type

magnet to centrol the temperature. Ten samples were placed atthe center ofthe magnet and the other

ten 600mm belew the center ef the magnet, the bottom of the water jacket. When the applied

magnetic field was 5T at the center, the field was less than 10mT at the bottom pesition with no

magrietic field. The samples were cooled te form the gel at a rate of O.3Klmin. The twenty samples

were takefl out of the magnet at zero field at room temperature after gelation, Then the tubes were

turned and set into a temperature controllable water bath at room temperature. The increasing rate of

the bath temperature was kept at +0.03K When the gel changed to the sol at melting temperature,

then the micre-bali dropped, taking about O.5s. The melting temperature was determined at the

moment the micro-ball dropped 20mm frem the original position.

  Figure 1(b) shows the magnetic field dependence of the melting temperatuTe 7h, of the O.5wt.%

agarose gel. The averaged temperature was 7im=80.8C fbr the reference gel.36) The

magr}etic-expesed gcl melted at 7' h,=81.8C. An increase in the meltiRg temperature by A7hi :+l.OK

was ebserved as the magnodc field effect of B=5T. The melting temperature increased with
iAcreasing exposed fields but saturated at around a magnetic field of 3T. The same saturation
tendency was observed for the O.3wt.9t6 agarese gel.7> The magnetic field effk)ct on the melting

ternperature was net detected fbr the 1.4wt.% gel but became large fbr dilute gels.3'ie) The results

suggest that the gel was stabilized thermally when it was formed in strong magnetic fields.

  In ccmiparison with Figs. 1(a) and (b), the same saturation tendencies were recognized in spite of

different concentration and differenttype of the agarose. The correlation coefficient between the

birefiringence and the melting temperature against the magnetic field was calculated to be e.85 for

O.5wt.% agarose gel. The highest coeilficient efO.95 was ebserved fbr O.3wt.% gel, but it decreased

for high cencentrated gels because the change in the melting temperature was not observed above

l.Owt.% by this boll-dropping method.
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  As the next experiment, magnetic fields were applied te investigate which gelation process was

influenced to change the melting temperamre by the fields. The agarese solution was exposed te a

magnetic field of 5T in a limited temperature range in the cooling precess, for example, between

45C and 40C, The higher broken line and the lower detted line in Fig. 2 indicated the melting

temperature efthe gel formed under the infiuence of magnetic fields of5T and OT, respectively. In

the case ofthe magnetic exposure above 45C, the efiiect was not ebserved because ofthe small AL2r ef

each random coil. WheR the solution was exposed to a n!agnetic field of 5T below 35C, the effect

was alse not obtained because of strong network interdomains of the gel. The magnetic field effect

on the melting temperature of the gel was found for the terrrperamre range between･ 45C and 35C,

especially 45C and 4eC.                   This melting temperature was clese to that for 5T as shown by the broken
line in Fig. 2 8'9) At a temperature around 4eC, the structure ofthe solution is considered to be s"ch

that the selgeoriented domains have a large anisetropic susceptibility but the interdemain linkage has

net progressed, Therefore, the domains were easy to rotate by a magnetic field of 5T, The same
tendeltcy was observed for O,3wt.% gel; the mest effective zone also appeared at around 4oc.ie'!i)

  Previeus pErpers reperted that the phase transition temperamre depended on the coelikg rate, and
the quenched agarose gel indicates lew melting temperature.i) The dorriain growth process is

Recessary to give the high melting temperature. Accordingly, it is censidered the stroftg magnetic

field helped te generate the crystalline core andior to grow the crystalline domains.

4. DNA electrophoresis

  The network strueture ofthe agarese gel has been applied to DNA electropheresis. According te

the electrophoretic velocity depended on the size, DNAs were separated in the gel as the sieve. The

reason is that the submicron size of DNA is almost equal to the vacant size of the gel sieve. If the

network structure ehanges by the exposure to the magnetic field, the velocity ef the DNA must be

changed because of the change in the sieve size of the gel. The crystalline region was expected to

become large due to the results of the increase in the melting temperature. On the other hand, the

non-crystalline region has to be decreased to the contrary. Therefore, the in¢rease in the DNA
velocity is expected.
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  The gels of2.5wt.% ofAgarose-L were formed under the magnetic fields of 10T for the ordered

gel and in OT for the random gel. The erdered gel was eut to two peaces as shewn in Fig, 3. The

electrophoresis ofDNAs (500, 700 aRd IOOebp) was performed for the three gels in zero magnetic

field at the electrophoretic voltage of E=70V for t==60min at 7}=5C. The electrophoretic velocities

a}ong the twe directions were compared with that in the random gel,

  The change in velocity was observed as shown in Fig. 3. The increase in the velecity by 5-2e%

was found in the gels formed in the magnetic field of leT. This magnetic field indnced effect along

the direction perpendicular to the expesed field was twice cempared with that along the other. Beth

the effbcts were increased with increasing size of DNA. As a result of the electropheretic experiment,

the vacant of the network in the gel was expanded anisoropically by exposure to magnetic fields.

S. Elasticity

  The anisotropic hardness of the gel was expected if the netwotk structure, namely sieve changed

anisotropically andror if the crystalline regions, namely domains ordered each other. The ha3rdness

was investigated by measurerr}eltt ofthe velecity of one cycle signal ef3.2MHz ultrasonic wave. As

eur expeetation, the ultrasonic wave propagated fast in the ordered gel with differeltt velocity

depended on the direction, Fig, 4 explains the gel concentratioR dependence of the elasticy. Where

the storage medulus m' means the elasticy, that is, hardness. The elasticy was proportional to the gel

coRcentration below 3.0wt,%, however, tended to saturate in high concermation regions for all the

gels. This results suggestthat the linkage density was preportional to the gel concentration below

3.ewt.% and at the high concentration the linkage among the agarose molecules is controlled. It

seems the impertant infbrmation that the elasticity ofthe random gel took the medium value between

the anisotropic ones of the ordered gel. The linkage density was not influenced on the whole by

exposure to streng magnetic field but changed to anisotropic linkage stmcture,
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6. Skrinkage

  The agarose gel shows a volume transition in the acetone-water system. In the present experiment,

the volume transition was measured for 4,Owt.% Agarose-L gel formed in the magnetic fields of leT

to get another evidence of the anisotropic change in the netwerk stmcture. The gel was prepared in

capillary mbes with diameter of 1.0mm and length of 5emm, and the tubes were situated parallel or

perpendicular to the magneti¢ field ef leT. The length ef g¢l was measured along the two axes as a

function of acetone eoncentration at zero field at room temperature.

  The length decreased with increasing acetone concentratioR fbr both gels, and remarkable shrink

was observed E" a coneentration of 7ewt.9i6-acetene, as shewn in Fig. 5. Both shrink raties were

saturated at around 80wt,%. The length of the gels after the slninking was differed from each other:

the lengths para}lel and perpendicular to the magnetic field were observed te be 92% and 94%,

respectively. It is considered that this anisotrepic shrinkage occurs in the structure ofthe anisotropic

network rather than in the anisotrepic stmcture of the demain region ef the gel, The elastic

measurements using an ultrasonic wave indicated anisetropic increase in the elasticy in the gel and

the hard direction was perpendicular te the magnetic field exposed. The high elastic direction agreed

with the shrinkable axis from the point efview ofthe hardne$s.
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Fig. 5. Anisotropic shrinkage of 4.0wt.% agarose-L gel in
acetone-water system at 293K. Open and closed symbols en the solid

curves denote the nermalized lengths parallel and perpendicular to

the exposed magnetic field ef 10T respectively, The broken curve

corresponds the ratio ofthe twe directiens defined as Sa FLipxCL ±.

6. Concl"sio"s

  The magr}etic field induced changes in the structure of the agarose gel were measured. The

increase in the melting temperature indicated the growth ef the crystalline region. The optical

measurement showed the molecular ordering occurred under the magRetic field in particular
temperature range. The evidences of the anisetropic stmcture of the magnetically ordered gel were

observed. The increase in the electrophoretic velocity ofDNA indicated the roughen sieve struoture.

The elastic propagation ineasurement shows the anisotrepic storage medu}us. Both the anisotrepic

velocity of DNA and ultrasonic exhibited the anisetropic change in the }inkage stm¢ture. The
shnRkage measured in acetone-water system also showed the anisotropic linkage stmcture, The
agarose mo}ecules were ordered perpendicular to the raagnetic field and its direction agreed with the

roughen sieve, harden linkage, and less-shrinkable directien.
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Abstract

  Under UV light irradiation with a medium pressure mercury lamp, a gaseous mixture of irofi

pentacarbonyl and uimethylsilylacetylene prgduced a film astdror sedimentary aerosol partic!es

depending en the strength ef applied magnetic field. In the al)sence of a magnetic field, a thin film

was formed as a photochemical product of the gaseous mixture, but the morphology of the deposit

has changed into sedimentary aerosol particles in the presence of a magnetie field of 3 T. This is the

first observation of magnetic field effect en morphological change of the phetoehemical product

deposited from gaseeus mixtures.

Key words
  magnetic field effect, morphology, phetochemical preduct, trimethylsilylacetylene, iron penta-

carbonyl

1. Introduction

  Ultrafine and nanometer-size metal particles can be u$ed as a building block of nano-wires and

nanemeter-size devices in nano-fabrication. Synthesis ofmetal nanoparticles in the vapor phase has

been done successfu11y by irradiating IR laser light en gaseeus iron pentacarbonyl (Fe(CO)s)

sensitized by SF6, resulting in the prodnetion ofnanepanicles of metal iron with a size of t-1O nm,[1]

Under light irradiation with a medium pressure mercury lamp at 313 nm, pure Fe(CO)s vapor did not

produce aeresel panicles but prodaced crystalline ragged deposits with sizes of 20 and 4 pm,[2]

Ultrafine and nanoparticles can be prodnced from gaseous mixtures using photochemical reactions of

organic molecules such as acrolein[3] and carbon disulfide (CS2).[4] Actually, a gaseous inixture of

Fe(CO)s and CS2 prodiiced spherical aerosol panicles with a mean diameter ef O.6 pm under UV

light irradiation at 313 nm.[2]

   Fe(CO)s molecules, when excited by UV lighr, can also react with some organosilicon

compeunds such as allylnimethylsilane (ATMeSi). A gaseeus mixture of Fe(CO)s and ATMeSi

produced a small amount ef sedimeRtary aerosol panicl¢s (with a mean diameter of O.5 ptm) in

addition to crystalline-like deposits with a size of r-5 pm,[5] In the present paper, photoehemical

reactielt between Fe(CO)s and trimethylsilylacetylene (TMeSiA) was studied. The gaseeus mixture

of Fe(CO)s and TMeSiA produced a filrr} andfer sedimentary aeresel particles depending en the

strength of the external magnetic field. Magnetic field effect on morphelogy of the deposits from

gaseous mixtures has been studied in a helium-free superceRducting magnet.
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2. Experitweeetai

  Fe(CO)s (Kanto, 95%) and TMeSiA (Tokyo Kasei, G. R. grade) were degassed by freeze-pump-

thaw cycles artct purified by vacuum distillation immediately before use. Each vapor was introduced

successively into a cross-shaped Pyrex cell having a long (length 160 mm, inner diameter (ID) 35

mm) and short (length 80 mm, ID 20 mm) arms equipped with a couple of quartz and KBr windcws

er inte a cylindrical Pyrex ce}1 (length 160 mm, ID 35 mm, velume 154 em3; or length 160 mm, ID

20 rnm, volume 50 cm3) through a vacuum line equipped with a capacitance manometer (Edwards

Barocel Type 600). The background pressure of the irradiation cell was 8 x 10-5 'Torr (1 Torr == 133.3

Pa). Gaseous samples were irradiated with a fnedium pressure mercury lamp (Ushio UM-452, 45e

W) through a UV29 (or UV31) and a UVD33S filters. The exposure light at 313 nm can excite enly

Fe(CO)s mo}ecules,

  Monitor (He-Ne laser) light intensity scattered by the aeresol particles formed in the cell under

UV light.irradiation was measured through a Y-52 filter with a comi)ination ef a photormiltip}ier

tube (EMI 6256S) and a lock-in amplifier (SRS SR-530). FT-IR spectra of a gaseous mixture of

TMeSiA and Fe(CO)s and ef pure gaseous Fe(CO)s before and after UV light irradiation were

measured with a Nicolet NEXAS 470 FT-IR spectrometer. The depletion of TMeSiA and Fe(CO)s
was feIlowed using diagnostic bands at 1259 cm'i for TMeSiA, and 2038 and 645 cm"i for Fe(CO)s.

FT-IR spectra of deposits in KBr pellets were also measured with a Nicolet NEXAS 470 FT-IR

spectrometer. SEM images ef deposits were taken with a JEOL JSM 6060 scanning electron micro･-

scope, Thin films were alse produced from the gaseous mixture in a helium-free supercondwcting

magnet (Toshiba TM-5SP) tg study the magnetic field effect on the chemical processes.

3. Resaxlts aitd Diseassion

   Under UV light irradiation at 3l3 nm with a mercury lamp for 1 h, pure Fe(CO)s vapor (1 Torr)

produced crystalline-like ragged deposits with sizes of ca. 20 and 4 pm,[2] whereas a gaseous mix-

ture of Fe(CO)s (2.5 Torr) and TMeSiA (19 Torr) produced a thin film of brewnish yellow color. To

investigate film formation processes, monitor (He-Ne laser) light iRtensity scattered by the aerosol

e.e6
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Fig. 1. He･-Ne laser light intensity scattered by the aerosol pa!"ticles produced from a

gaseous mixture of Fe(CO)s (2.5 Torr) and TMeSiA (19 Torr) under light irradiation at

313 nme
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panicles as formed under light irradiation at 313 nm was meas"red. The result is shown in Fig. 1.

Scattered light was detected during the first 20 min, indieating that sedimentary aerosol particles

centributed to the initial phase of film formatioR and after prolonged light irradiatien, chemical

reaction ef molecules adseibed on the substrate became dominant. To study irradiation time

dependence of morphology of the deposited product, SEM images were taken on the deposits

proctuced under light irradiation for 1 and 5 min. The results are shown in Fig. 2, The pro(buct

deposited under light imadiation only fbr 1 min has already foirmed a thin film from deposited

panicles. Under light irradiation for 5 min, the film surface became more dense and uniform,

a
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Fig. 2. SEM images efphotechemical product from a gaseeus mixture of Fe(CO)

and TMeSiA (l9 Tbrr) undef light irradiation at 313 nm fbr (a) 1 and (b) 5 min.
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  The depletion of gaseoBs molecules dne to photochemical reactions was evaluated from the

intensity change ef F ILIR bands. The spectra of a gaseous mixture of Fe(CO)s (2.5 Torr) and

TMeSiA (19 Terr) are shown in Fig. 3. For the gaseous mixture, depletion of TMeSiA after 2 min

light irradiation vvas evaluated to be O.69 Torr from the intensity change of 6(Si-CH3) band at 1259

cm-i , and the one of Fe(CO)s, to be O.71 Torr from that of v(C S O) band at 2038 cm'i. The molar

ratie of depleted molecules was nearly 1:l during 2 min light kradiatioR, suggesting that equal

numbers of Fe(CO)s and TMeSiA molecules were incorporated into the photochemical processes.

   Chemical strticture ofthe deposited film was iRvestigated from F'I:-IR spectrum, F'ILIR spectmm

of the film deposited from a gaseoms mixture of Fe(CO)s (2.5 Torr) and TMeSiA (19 Torr) under

  4
  3

8?
E.o

eg

6
  4ooO 3000 2ooO

   Wave number/cm-i
1ooO

Fig. 3. F'ILIR spectra ofa gaseous mixture ofFe(CO)s (2.5 Torr) and TMeSiA (l9 Torr)

under light irTadiatieR at 3l3 nm for (a) O and (b) 12.5 min.
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light irradiation for 5 min is shown in Fig. 4, compared with the spectrum of the prodwct depesited

frgm pure Fe(CO)s vapon In contrast to the spectmm of deposits from pure Fe(CO)s, 1829 cm"i band

ascribed to v (>C=O) baRd bridging two Fe atoms disappeared, altheugh v(-C =' O) band of Fe(CO)s

in t-2eOO cm-i region still strongly appeared. The charaetertstic band assigrted to C=-C bond of

TMeSiA also disappeared, although streng bands characteristic of trimethylsilyl group was ' observed

at 1250 and 837 cm'i. Besides these bands, a medium band assignable to v(CF :C) band was observed

at 16e4 cin-i. These results iRdicated that excited Fe(CO)s molecule evolved ene CO group and

resulting Fe(CO)4 interacted with C--'C bend of TMeSiA to initiate polymerizatien reaction of

TMeSiA,
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Fig. 4. FT-IR spectra ef deposits from (a) a gaseous mixture of Fe(CO)s (2.5 Torr) and

TMeSiA (l9 Torr) and (b) pure Fe(CO)s vapor (1 Torr) under light irradiation at 3l3 nm.

   [b investigate magnetic field effect on film fbrmation precess, photochemical reactions between

Fe(CO)s and TMeSiA took place in the presence ofa magnetic field of up to 5 T in a helium free

sirpercondncting magnet. in the presence of a magr!etic field of 3 T, a gaseous mixture ef Fe(CO)s

(2.5 Torr) and TMeSiA (19 Torr) produced only sedimentary aerosol particles ultder light irradiation

for 5 min (Fig. 5a). Under light irradiation for 15 min and for longer time, we could not detect any

particles but a film as the final preduct. Under a magnetic field of5 T, the gaseous mixture produced

a non-uniform film-like deposit under light irradiation for 5 min (Fig. 5b). The depesited film had

many small heles inside the entire deposited material. The morphological change ofthe phetochem-

a b

                     4ooox 3oeex
Fig. 5. SEM images ef photochemical products deposited from a gaseous mixture

of Fe(CO)s (2.5 Torr) and TMeSiA (19 1[brr) under light irradiatien at 313 nm for 5

min in the presence ofa magnetic field of(a) 3 ax}d (b) 5 T.
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ical products under the magrietic field clearly shows that the phetochemical reactions in the gas

phase and on the sui face ofthe substrate were influenced by the application ofa magnetic field.

4. Conclusiens

   The magnetic field infiuenced the chemical reaction between Fe(CO)s and TMeSiA and resulted

in the change in morpholegy ofthe photochemical products. This is the first observation ofthe

magnetic field effect on merphological change ofphotochemical prodncts from gaseous mixtures.
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Abstract

   The relationship between diamagnetic anisotropy (Ax)DiA and the directions of water molecules

or hydrogen bond in the erystal stmctures are discussed based on the published (Ax)DiA data ofKDR

ADg gypsum, free water molecule and hexagonal ice (Ih). Anisotropy is atuibuted to the direction of

individual hydregen bend in the crystal; the bond direction is the magnetically unstable axis. (Ax)Dm

of ice Ih was 2,9×1O"iO emulg according to (Ax)DiA - T relationship observed between T = l90 K and

250 K. Theoretical (Ax)DiAis zero for ice k, since the directions of the O-H bonds are distributed

symmetrically in its crystal structure.

Keywords

   diamagnetic anisotropM hydrogen bond, magnetic alignment, hexagonal ice, KDE gypsum

1. gntrodllction

   Water molecules and hydrogen bonds are ofteR included in both organic and inorganic matertais.

The configurations of hydrogen bonds in the material are essemial in considering the erigin of

magnetic alignment; the alignment is observed recently in various diamagnetic materials. [1] This

is becatJse the anisotropy of spatiai disnibutioR of localized electrons in the material is the major

erigin ofdiamagnetic anisotropy (Ax)DiA, which is the cause ofthe alignment.

   (Ax)DiA data were obtained recently fbr KDg ADP and gypsum. [2] The origin of (Ax)DiA was

analyzed consistently by assigning a censtant uniaxial (Ax)DiA tensor to the individual hydrogen

bond. Similar analy$is was successfu11y pembrmed on a "ILO bond of tetrahedral [T04] units and a

M-O bond of octahedra1 [M06] units. [3] IVlany of the inorganic c"<ides are expected to possess a

(Ax)DiA value that is larger than 10"9 emulg, since these bends are the majer types of chemical bonds

which compose inofganic c"<ides.

   Quantitative analysis on the magnetic alignment observed fbr smal1 particles due to the

1
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magnetic anisetropy Ax are not popularly done at present. It is deduced from a well known theory

proposed by Langevin and Curie that the minimum field intensity required to achieve alignmeRt of

the particles is determined by 3 parameters, namely Ax and weight ef the panicle Ml and the

temperature of the dispersing medium Z Hence, alignments of micron-sized particles, including

materials cornposed of the hydfogen bonds, are expected to eccur below 1 Tesla at room temperature

for various diamagnetic materials, since published values of their diamagnetic anisotropy (Ax)mA

usually exceed 10-9 emulg.

    (Ax)DiA value reported previously fbr hexagonal ice (Ih) was 3.3xlO'9 emulg [4], which was

small compared to typical inorganic materials. it was concluded then that the smal1 (Ax)mA value

derived from the high crysta1 symmetry ofice Ih. indeed, no diamagnetic anisetropy is exist forice Ih

according to the above mentioned model, since the tetrahedral units in the crystals structure hold

regular symmetry and the AxoH teRsors in a unit cell are expected to cancel out. The (Ax)DiA value of

hexagonal ice is examined in the present werk using a high-sensitivity method, which is based on a

field-induced harmonic oscillation ofthe crysta1. [5]

2. Experimenta}

    Temperature dependence ef Ax was measured fbr ice Ih in the fange of 1' = 190 K and 25e K to

clarify the contribution ef paramagnetic anisotropy (Ax)RARA. The published (Ax)DiA value ofice I}i

was censiderably smai1, which can be easily disturbed by (Ax)pARA caused by a small amourrt of

impurity ions. A sectionai view ofthe apparatus used in the Ax - Tmeasurement is shewn in Fig. 1.
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    Single crystal ofice Ih was preduced from high-purity water in thelaboratory. The growth rate

of the sample ice k was about 1 cm a day in the direction of c-axis at 263 K. The concentration of

impurity including paramagnetic ions was beiow the detection limit. The sample (O.9 cm × 1.19 cm

× l.04 cm) was suspended inside a copper sample cell filled with N2 gas, The temperamre of the

sample was reduced using liquid IN2 as freezing medium, which was filled in Dewar vessels

surrounding the sample cell. A temperature controller adjusted the current intensity supplied te the

heater coil placed around the sample cell, in order that the setting temperature coincided with the

temperature measured by a thermocouple set near the sample. Ax could be measured in a

temperature range of T= 340 K to T= 80 K with the accuracy of±O.2 K.

    A thin fiber suspended the ice single-crystals in a horizontal magnetic field; the direction of

magnetically stable and unstable axes may rotate in the horizontai plane. The unstable axis is

identical to the c-axis and the stal)le axis took an arbitrary direction in the c-plane in the case ofice Ih.

The directien of stable axis of the crystal show rotational harmonic oscillation with respeet to B

which fbllows the equadon described as

                          f(d2o! dt2) ==-,6s2 MAxe, (l)

provided that the restoration torque of the fiber suspending the sample is negligible compared to the

field induced anisotropy energy; (E) denote the angle of the stable axis with respect to B. APET string

of l3,.5 ym in diameter was used as the fiber in ord,er to fulfill the above mentioned condition. It is

deduced from eq. (1) that Ax is obtaiRed firom the gradient of the proponional T'i -･ B relationship, T-i

= 2z(ltwAx) ii2 B, without the efii2ct of the restoration fbrce of the fiber Ax values of the level of

1×10-9 emulg were obtained from mm-sized samples in terms of this method.
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3. Resxks

    A example of T-i-B relationship measured fbr ice Ih at T== 196 K is shownin Fig. 2. It is seen

that the peried of rotational oscillation TMi is proportienal to B in the high field condnions. The Ax

value obtained frorft the gradient of the proponional T-i- B relationship is 3.9×10'iO emulg; a small

Ax value of the level of 10-iO emulg was detected fbr the first time using the method of the abeve

memioned harmonic oscillatlon. It is noted that the data point of measured i! - B relationship

deviate from the proportional line belew 1.2T; which is caused by the restoration torque ofthe fiber

memioned before. The deviation occurs at lower field intensity fbr a corundum sample which has a

sirnilar weight but a larger (Ax)DiA value of 1.0×lO-iO emulg. Accordingly, the data shown in Fig. 2

indicate that Ax values smaller than that ofice k may not be detected by the present method.

    Measured Ax- 1' relationship of ice Ih is shown in Fig. 3. No evidence of temperature

dependence due to paramagnetic anisotropy, fbllowing the Curie's law3 was detected from the data;

Ax value was almost constant with respect to temperature. (Ax)DiA value of ice Ik was disuibuted

from 2.7×IO-iO emu!g to 3.9×10'iO emulg in the range of 1' = 190 K to 250 K (the average of the

Ax values was 2.9xlO-iO emu/g). This value was about 12 % of the above mentioned published

value.
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    Ax - 1'relationship of Fig. 3 had a minimum value at about f' : 230 K. This pattern of (Ax)DiA

variation with respect to temperature is similar to that of the c!a ratio of the lattice constant reported

previously. [6] Ax values at lower temperature regions are required since the temperature

dependence of cla ratios are measured down to T= 1O K
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4. Diseassions

    As memioned befbre, the origin of measured (Ax)DiA values was discussed recently fbr varicus

inorganic oxides, or-quartz, apophylite, onhoclase, gypsum, KDR ADE hexagonal ice, free water

molecule, corundum and Mg(OH)2, Al(OM3 and AIOOH. [3] The published (Ax)DiA values were

explained quantitatively by assigning a constant amount of uniaxial (Ax)DiA tensor to the individual

bonds. Proportional relations ships between measured and calculated (Ax)DiA values were examined

separately as shown in Fig. 4 fbr 3 types of chemical bonds, namely the hydrogen bond, a [LO bond

of tetraliedral [T04] units and a M-O bond of octahedral [M06] units. The linear correlations seen in

the figure indicate that the measured (Ax)DiA derive mainly frorn the anisotropy of iRdividual

chemical bond. The (Ax)DiA value ef a single bend is determined from the gradient of each

proponional line. It is also coRcluded from the relationship that the bond direction is the

magnetically unstable axis.

   The numerical data listed in Tal)le l were used in the analysis of hydrogen bond. The origin of

(Ax)DiA assigned to a single hydrogen bond, namely AxoH = -3.7×10-30 emu, is understood

qualitatively by assuming that the spatial electron distribution is spread preferentially in the direction

perpendicular to the bond direction. This situation is compatible with the covalent characteristics

frequentiy discussed for the hydrogen bonds. [2] Quantitative evaluation of the (Asx)mA value of a

O-H bond sheuld be canied out on basis of the spatial disnibution determined from the molecular

orbita1 of a hydrogen boBd. k was deduced from Fig. 4 that the effective spatial anisotropy of the

O-H bends are similar among the measure materials aithough the namre of the hydrogen bonds are

different in each. The posnion ofthe proton is localized in the case ef gypsum, while the proton sites

are in a resonant site between two potential minima iR the case of KDP and ADP.
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k

    Hydrogen bond

         Gyp-1 @

KDP @        es
ADP @
              Gyp--2
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         M-O bond of
         [M04] unit

              e.5 O -O.5 -l.O -l.5
                            Theoretical A2

Fig.4. Comparisonbetweenmeasuredandcaiculatedvaluesofdiamagneticanisotropy.

      Configurations of the principle axes are listed in Table l for each data points. [2]
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Table 1 . Diamagnetic anisotropy ofinorganic oxides corr}posed ofhydrogen bends.,

Material Principle axis (AX)DiA [× 10'9 erriulg] Magnetically stai)le axis

 AI)P

Gypsum

KDP
Ice Ih

[a-c]

[Xi-X2]

[X!-X3]

[X3-X2]

[a-c]

[c-a]

11±O.5

9.6±O.2

7.e±o.I

2.2±O.I

8.3±O.3

 O.29

a-axis

)Ci ')C2 >)C3

a-axls

c±-axls

  It is deduced frem Fig. 4 and 5 that the geometrical configurations ef water molecules or

hydrogen bonds in a solid material are related directiy to the potential of magnetic alignment

expected for the material. Magnetic alignment of selid materials composed of hydrogen bonds has

been reported recently on various materials; from bielogicai textures to ceramic materials such as

clay mineral grains. in the case of KDP(K[H2P04) and ADP(NH4H2P04), for example, the O-H

bonds lie iR the c-plane of the tetrahedral crystal stmcture; the crystal tend to rotate so as to align the

c-axis in a direction parallel to the field, As for gypsum, the H20 molecular planes are nearly parallel

to the (OO1) plane; accordingly the c-plane of the crystal tend to aligR perpendieular to the field. The

anisotropy of spatial electron distribution other'than the O-H bonds were negligibly small fbr these

crystals. [2] It is hence effective to choose a solid material which has a high degree of preferential

alignment of hydrogen bonds in the material, in order to obtain high eMciency of magnetic

alignment in the course of a material processing,

              Gypsum: Gypsurn:
              Projectionon(OOI) Projectionon(IOO)

                            ctinB               a': .-t"---"TM-=--Om,.---..II.)s,<Il/' ,s"-"""tt'- iceih

                         {li2)b (llx)b tI

KDP H20 molecule

tee

e

c-axis

st <

6...C)c>..8.A"

  Is tlg'://tf I3' X'i

   il
q"%"ts5
1 61 61 c-axis

Fig. 5. Crystal structures of oxide crystals cemposed ofhydrogen bond.

O-H bonds are shown by broken lines. (from Re£ [2])
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    (Ax)DiA should be zero for hexagonai ice according to the above mentioned model, since the

tetrahedral units in the crystal hold regular symmetry and the direction cosines of the bond direction

are in an isutropic configuration. Accordingly the AxoH tensors in a unit cell caficel out. The

variation of the above mentioned c/a raties of the lattice constant due to temperature may cause a

slight deviation of the configuration ef the four AxoH in the tetrahedral unit from regular symmetry

(see Fig. 5). The summation of the AxoH tensors over the unit cell may not cancel out due to this

deviation, which may be the cause of the measured (Ax)DiA ofice Ih (Ax)DiA- Tdata down to 1O K is

required as mentioned befbre, in order to evaluate the correlation between the temperature

dependence of c!a ratios show a intrinsic temperature dependence down to IO K; the (Ax)DiA -- T

measurernent is necessary to cenfirm whether the temperature dependence of Ax has definite

correlation with that of the alc ratio.

    In conclusion, water molecules as well as hydrogek bonds contained in a solid material

originate the potential to cause anisotropy eneigy in the presence of rnagnetic field, which may be

the cause of various magnetic effects of the bulk material. The origin ofvarious magnetic effects

presendy discussed on liquid water may be reconsidered in this sense; a very small deviation of the

isotropic configuration of the molecules in tihe material, as discussed fbr hexagonal ice, caA the

origin offield-induced anisotropy energy.
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Abstract
 Using a two-dimensionai closed ve$sel filled with an aqueous solution, we present triangle-

lattice aligiimeBts with some spa,cing formed by interactiolls among mag!}etic dipoles in-

duced in feeble maglletic sllbstances under high magnetic fields. We conducted an exper-

iment and a numerical simuiation usiRg Au particles with a 1 mm diamet･er dispersed in
a MBCI2 aqueous so}ution altd compareCl their configurations quantitatively. We verified

that the in£eraction ameng induced magnetic dipoles is a significant force that governs the
structure fermed by feeble magRetic substances under high magnetic fields.

Keywords
 feeble magnetic materials, induced magnetic dipoles,triang}e-lattice alignment, molecular

dynamics simulatioR

1. Xntreduction

 In recent years, a, high magRetic field with several [[lesla can be generated "sing supercoll-

ducting magnets, se that significant effk)cts en para- and diamagnetic substances, namely,

feeble magnetic substances caused b>r such n}agnetic fie}d are recognized [1-4]. These ef

fects a,re mainly based on interactions betweefl fie}ds and feeble magnetic substances. In
a serles ef studies using high ma,gnetic fields, however, Takayama et ag. [5] ebserved inter-

actiens acting among magnetic dipo}es induced in feeble substances and triaRg}e-lattice
alignments with some spacing formed by. them in the air--liquid surface without ft'iction.

Since almost all the materials on the earth are feeble magnetic substataces, these re$ults

sugges£ that high maglletic fields make it possible to a,rrange substallces and to control
the internal structure of a substa･nce. Therefbre, the application of the interaction ameng

the induced magnetic dipeles under high fields is expected to contribute to various aspects

of ma,terial processing, for example,, a structura,1 centrel ef celloida,l and photekic crystals,

and so forth.

 In the present study, we investigate the £wo-dimensional triangle-lattice alignments with

some spa(:ing by means of alt experiment and a numerical simulatiolt. First, in order £o
eliminate the infiuence of air-liquid $urface on gold particles, we carried out an experiment

in which the geld partic}es were dispersed in the closed vessel fi11ed with the rnedium. Next,,

we developed a simulation model based on the molecular dynamics (MD) method and
irwestigated the motion of particles in a･queous solution. The resu}ts betvLxeen experiment

alld ltumerical simulation are quaxxtitatively compared.

1
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2. Experiment

2.l Experimental conditiens
 'The experimental setup is shewn in Fig. 1 and also the physical condltions in the exper-
irr}ent and n"merical simulation are indicated in Table 1. The triangle-lattice structure of

gold particles on the air-liquid interface vtrith a petri dish was observed by IIraimrama et al.

[5]. When the air-liquid interface exists, it is difficult to evaluate accura･te!y the magnetic

dipole inement because the particle is levitated and lts head is exposed to the a,ir. In
a･ddition, the air-liquid inteiface also exerts the surface tensien on particles. [[XheTefore,

in order to e!iminate these llnknovLrn fa(;t,ors, we used the closed vessel and observed the

formed structure in it, a,s $hown in Fig. 1.

CCD Camera
Paxticles (Au)

Diameter:lmm
Medium (MnCl2 aq)

'/
ii''/'"i '

  ..g.

Coil

x

x
i

/

Lts nt'S-X S-- -

l

     '  Direedon of
the magnetic field

     ;

}. Ih

lii"Z -- O

F'jg. 1: Experimeirkal setup.

1fable 1; Ph}rsica} conditions of experiment and numerical simulatien.

Nomenclature Value

Particle

 (Au)

Diameter
Vblllme magnetic
susceptibility

Density

d, [mm]

Xp [-(SI)]

p?) [kg/m3]

   1.0

-3.45 ×10-5

 l.93 ×!04

 Medium
(MnCl2 aq)

Concentration

Voiume magnetic
susceptibllity.

Density

Viscositv-

C
)(f

pf

nf

[Wt%]

[- (SI)]

[kg/m3]

[mPa-s]

   40
7.99 xlO-4

1.39 xl03

 832±1

  Imposed
magnetic field

Position of particle

Direction

Amplitude at zp

.7.p [II}M]

Bo [T]

l48±!

  z
(4.9)

2.2･ ExperimenLal results

 The experiment for the niunber of particle, N : 100, has been performed. Figure 2(a)
shows a typical configuratien of N = leO. On this photo, it is confirmed that gold partic}es

with a 1 mm diameter form the triaRgle-lattice alignments with some spacing and that
the particie-pai'ticle distance in the center is relatively lla･rrow, and this distance increases

gradually with apa,rt from the center.
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3. Numerica} simulatien

3 <ikeNhUlinFJeeXiuC$agdMtOhdeelltfootratSii'oMnUS[YX))nfor the total poteutial eRergrr of gravitation a･nd the

intera,ction between particle i altd app}ied maglletic field H aRd also UiSY) for the mag-

netic dipole interaction energy among particles i and 2'. Then, the expressions for these

qttantities are written as

       {ziff) =: rd6P3 [- 2ie(xp-xf)Bz2+(pp-pf)gzz] , (i)

egpt = paf

4rri.f3

[(mz mo)-ii.l (mz Tz7)(ma rzG)] ,
(2)

where r･ij -- r･i - rj, Ti3･ =l r･ij l, r･i(=l ri D and zi is the position of particle i for r and

NN･-- direction, respectively, and g is the acceleratien of gravity. Since )(p aRd )(f < 1, we
regard H as ff or (1/Lse)B. The effective dipole moment m,- in Eq.(2) denotes the induced

magnetic dipele moment of diamagnetic particle i in medium, aRd it is represented by the
follevvring equation [6]:

            7rdp3 #p -- sLf

                        Hi. <3)       mi =              2 pap+2ptf

 At 2 == 148 mit}, the ratie of Br/Bg is very small. Therefore, we igRore r-component of

H a,kd carry ont the two-dimensional simu}ation, that is, all magnetic dipole moments
turn to x direction.

3.2 Equations ef motion
 The motien of an arbitrary particle i in the mode} sy$tem is govemed by the following
equatien, which is expressed in a nen-dimensional form:

       ddV,*t=SI) FE,m)*+FEH)" ww FEv)*, (4)
              zS]'

Each force in the above equation dellotes

       -F!i9Z)* :RS';`n).,,1..4ti3', FS'")*=R,r")ti, FrV>' :R(V)vi*. (s)

where FS->M')* ,FS･H)* and FifU)as arethe magne£ic interaction fbrce be£ween par£iclesi and .7',

the magnetic force that the applied magnetic field exerts oR particle i a,nd the v･iscous
drag by medium, respectively. The unit vectors tio- and ti are given by t･ia' = ri3'/ri.i atnd

ti = ri/iri. vi* is the velecity ofparticle i. [lrhe dimension}ess parameters RE-;"), RS･H) and

R(V) are nermalized by the represei}tative force .ajge). The representative lellgth and time

are dp alld T == (mdp/-4f6M))i/2, respectively, where m i$ the mass of a particle.

4. Results and discussioi}

4.1 Filtal pa}'ticle pesition at a steady state

 Here, we discuss the final coxdiguration formed by paxticles at a steady state. The final

configurations for the particle number N = leO are shewn in Fig. 2(b). The maximum
number ef time steps is 4.5 × I05 steps. The result of the final configurations show that

3
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         Fig. 2: Results of experiment and numerical analysis for N = 100.

the particle density is relatively high in the central part and becomes relatixrely lower in

the outer part, a$ in the experiments.

4.2 'T'hree-body distribution function

 In order to analyze quantitatively the final configuration of particles in the numerical

simulation, we defined the three-body distribution function f3(r, e). The three-body dis-
tribntiolt function f3(T, e) represeirks the prebability density function with respect to the

two variables ofr-e. That is, f3(r, e)ArAe meansthe probability of (r-Ar/2) N (r+Ar/2)
and (e - Ae/2) rv (e + AS/2). The result of the three-body distribution function f3(r, 0)

fbr N = 100 is shewn in Fig. 2(c). f3(r, e) is calcu}ated by ta,kiRg account of all particles.

It is seen that both results haye a peak near 600 at, a certain r range a,ltd the gathering

partic}es forms the triangle-}attice alignments,

5. Cunclusion

The following results could be conhrmed in the present study.

 1. T'wo forces arising due to high magnetic fields acted on the Au particles with a. I mm

    diameter llsed in the experiment. A numerical medel to derr}onstrate the motien of
    feeble magnetic particles in high magnetic fields was developed.

 2. The numerical simulation demonstrates the formation of triangle-lattice alignments
    ii} a tviro-din}ensional plane, as obtained in the experimeBt,, and the results of numer-

    ical siiactulatioR agree well with those ofthe experiment. The obtained results verified

    that the interaction among ind'uced magnetic dipoles is a $ignificant force and gov-

    erns the structural formatieii ef feeble magnetic substallces imder high magnetic
    fields.
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Abstract
This paper reperts the preparation alld optical behavior ef a Gd(OH)3-PVA nane conipesite. Nano

scaled Gd(OH)3 crystallites were prepared by hydrothermal methed, with a rod like merphology.

The Gd(OH)3-PVA nane composite ebtained by casting the composite selution under 5T showed a

preferred erientation, with the c axis aligned along the applied field direction. This aligned nano

compesite showed birefungence when observed under optical microscope with a pair of crossed
pelars, implying a potential application in optical area. The birefungence value was determined as

O.Ol3 using a computer simulation method.

Keywords
Hydrothermal, Gd(OH)3, Nanorod, Magnetic alignment, Birefungence

k. XRtroduction

   Feeble rnagnetic particles are afifected when they are subjected to magnetic fields. Vlitrious

behaviors will be observed ifthe magnetic energy exceeds the thermal energy. Recelltly, research

attentions have been paid to the use ef magnetic field for materials precessing since the use of high

magnetic fields has become possible at lahoratory level at a relatively low cost ewing to the

development in the superconducting technolegy. Up to now, many research works have been
reported, including crystal growth in magnetic field34, magnetic levitadon 5-8, magnetic alignment

9m12 and so on･

   Concerning the magnetic aligiunent, both erganic and inorganic particles with anisotropy in

magnetic susceptibility show preferred orientation under a ntagnetic field. The alignment causes a

texture structure and results in artisotrepy in optical, mechanical, thermal, and electrical properties.

The magnetic alignmenttechnique therefore seems to be a usefu1 method for the researchers to

investigate the anisotropic properties by simply using the textured materials, which shows notable

advantage over the method that employs single crystals, since single crystal samples are relatively

hard to obtain for most ofthe materials. Anuntber ofpapers oR magnetic alignment oforganic and
polymeric materials have beeil so far reported, but there are few reports on inorganic materialsi3-i5,

since the processing at high temperatures iR a supercondncting magnette prepare a bulk iRorganic

compact with anisotropic preperty requires a specially designed furnace operating safely ill a narrow

space ofthe magnet.

 An alternative way of takifig rr}aximum advantage ef the anisotropic properties provided by the

inorganic crystallites is attained through the composite with polymeric materials. Fine inorganic

crystallites suspended in a polymer mek or a polymer solution are subjected to the magnetic field,

and then the akgnment is fixed by solidification of the rnauix polymer by cooling down the po!ymer

melt or evaporating the solvent frem the sefutien. To de se, the preparation ef mono dispersive

crystallites with fine crystal size is a key step that determines the quality of the obtained eomposite.

In this paper, nanerods Gd(OH)3, prepared by a hydrothermal method, were suspended in 20%PVA

solution and subjected to a 5T magnetic field. 'IThis magnetically aligried Gd(OH)3 -PVf"si nano

l
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composite readily showed optical anisotropy under a pelarized microscope, suggesting a potential

application in optical area.

2. Experimeittal methods

2.1 Nanorod Gd(OH)3 preparation and characterization

  The rod like Gd(OH)3 nano crystallites was prepared through a hydrothermal method. In a
typical reutine, e.O05 mole Gd(N03)3'5H20 was dissolved in 20 ml distilled water to form a clear
Gd3" solution ofe.25M in a leeml glass beaker. 20ml ofO.75M KOH solution was added to the

solution dropwisely with centinuous stining to generate a colloidal selutien. The obtained solution

was sllpersonically treated for 10 min. before it was transferred to a 50 ml 'lrefion linked autoclave.

The autoclave was sealed and kept in an electric oven at 200eC for 18 h. When the aatoclave was

cooled dowfi to the room temperamre, a white precipitate was obtained. The precipitate was
collected and washed with distilled water several times, ceRtrifuged and dried at 600C fbr 24 h.

  The obtained powder was then subjected to varieus characterizations, AJEOL-JDX3500 X-ray
diffiractometer was employed to irwestigate the phase composition, using Cu Kct radiation(l.5418A),

withascanningrateofO.e20/sinthe2e rangefromIOeto700. Themorphologiesofthecrystals
were ebserved by a fieid emission scaiming electron microscopy (FE-SEM), performed on a
JEOL-JSM-6700F scanning electron microanalyzer.

2.2 Magnetic alignmeBt ofnanorods and optical characterization

 The as-prepared Banorods were subjected to 5T r}ztagnetic field in a 20% PVA suspension. O.08

grams of Gd(OH)3 nanorods were dispersed in 40ml distilled water supersonica}ly until a mollo

dispersive suspension was obtained, Then 8 grams of PVA (MW==2200e) were added to the above

suspension with continuous stirring until a transparent "solution" was formed. 2 ml of such

solution was casted into a glass container with diameter around 40mm, The contaiBer then was

held in 5T magnetic field until a transparent film was fbrmed. TVvo kinds of aligimient method

were empioyed in the experiment, i.e., horizontal and vertical alignmeRts, as shown in Fig.1. For

the horizontal aligRment, the fihn obtained served as a top view sample frorn a bulk material. For

the vertically aligned sample, it served as the edge view sample in the experim¢nt. Thesc two

Fig. 1: Sample preparation method in the experiment. (a), horizoBtal a

and (b) vertical alignment for ail edge view sample.

ligmnent for a tep view sample

 'ib make sure that a textured structure is formed, the ordinary X ray diffiractien was conducted with

the same dithaetorneter mentiened befbre. A Lane X ray diffractometer was used to determine the

alignment direction.

 For the investigation of the anisetropy in eptical property, the aligned Rano composite was

2
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observed under an optical microscope with crossed polars. Obvious bireftingence was readily

observed. ']]o determine the value of the birefringence, He-Ne laser source was employed. The

experimental setup is shown schematical}y in Fig. 2. Thesample was put between a pair ofcrossed

polars. Thenanocompositefilmvvasrotated. TheeutputlightinteRsityisexpressedby

I2=l,2sin220sin2Z?, 6=An×d (1)

where lo is the impinging laser light intensity, e is the rotation angle with respect to the polarizer

direction, 6is the retardation caused by the difKlerence in reflective indices, and Z is the wavelength

ofthe impinging laser light, 632.8nm. The retardation, a was determined using a software, Biref

ARalyzer.
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Fig. 2: Method for birefringence mea$urement. Laser light

employed. The observed sample was put between a pair of
directionisindicatedb B.

wt : t.t.

 ', 2ss#
tt t" tt ttw.,-
ca- ･
.lgtw
e" 'fg.t'J'i

ies :.i

 tt.. .t' sgge
--. < .-･ .-.

tttt .rvt

e;'
tt:tt

..

it#t

ma wt pt. -. ve

.de-.e -r"1'

?･ x..;,

.,,fiS 'l'y/･

l.:l,sli.:?.

1.･,t g-;i- ,.

with wavelength Df 628nm was
 crossed polars. The aligmnent

     Amm"

f"

A'ecay
mo.

iikSi

k
 .;:

'"
 't:

kx.c

..

 .gr '.-

ss. jx

. tt- ttt tW"nyt -/t'

 t tt't

dett ttt
･-･ *---.,------･
   gettt..t.:t:t de

klliS

-lgl.Il'i..

ig- lts.'k

'J t.. ',lagig3."e'agg･.･f- ps,'r. tg.$･;-- g$Ee.･ t eq-".t'.}¥3

'rv '' ' 't" #kwiges

Fig. 3, Characterization of Gd(OH)3 nanorods. (a), SEM morphology of the Gd(OH)3 precursog
revealing a rod shape. (b) XRD pattern ofthe precursor, a pure phase was indicated.

3. Resedts aRd discussign

3.1 Characterization ef Gd(OH)3 nanorods

   Nailo scaied Gd(OH)3 was obtained through the hydrothermal reutine. SEM observation ofthe

nanorods is shown iit Fig. 3a. It can be seen from the micrograph that the Gd(OH)3 nanorods have

a very uniform shape, with diameter aro"nd 5e nm. XRD pattem shown in Fig.3b revealed a p"re

phase. All the peaks in the pattern can be indexed into a hexagenal stmcture, which is in geod

agreement with t±ie PDF 83-2037. No other phases were found from the pattern, suggesting that a
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pure phased nanorod Gd(OH)3 was obtained by the hydrothermal reutine.

3.2 Alignment ofGd(eH)3 under magnetic field

  The hydrothermally prepared Gd(OH)3 nallorods showed preferred orientation under 5T magr}etic

field. XRD patterris fbr the magr}etically treated sample (the top view and side view) are shown in

Fig. 4, It is very clear that the refiections from the saine lattice plane change greatly according to

the observation direction. For the XRD pattern3, which corresponds to the top view, the increase in

the refiection frem (100) (110) lattice plane is obvieus, However, in the XRD pattern2, which

represents the edge view sample, the refiection from above mentioned lattice plane is suppressed,

while those from (101), (201) and (211) plane are increased significantly. Such significant change

in the diffiraction intensity really suggested that those tiny nano sized crystallites were actx;ally

aligned.

  A SEM observation was conducted fbr the aligned sample prepared just with the Gd(OH)3
nanorods themselves (no PVA was added te the Gd(OEI)3 su$pension). The result is shown in Fig.

4b. It can be seen clearly from the micrograph that the Banorods formed wire like stmctvtre and

most ofthem run along the applied field diTection, which shows a direct evidence ofthe nanorods

alignment.

Fig. 4: (a), XRD Pattern ofthe aligned sample, 1, 2 and 3 represent the Bot aligned sample, the edge

view sample and the top view saixrple respectively, and (b), SEM micrograph for the aligned
kanorods, showing the alignment along field directioR. B represents the direction ofthe applied field.

ptgptptxpapt

Fig.5: XRD Laue photograph of the magnetically aligned sample, indicating that the c axis

aligned along the applied field direction.
was

   Tb det¢rrnifie the orieirtatioB direction of the crystallographic axis, the aligned sarnples were

further examined using X Ray image method, as shown in Fig. 5. The Laue photograph of the top

view sample shown in Fig, 3 shows clearly diffiraction spots. These spots in the phetograph shew

another proofthat the aligmnent did take places, otherwise the Debye ring$ rather than the spots will

be observed. These spots represent the difftactions from the related lattice planes, as marked on the

photograph. It is obvious in the figure that the dithaction spots for (100) and (1IO) planes run in a

line, indicating that the ineoming X ray beam ruRs parallel to the ab plane, otherwise the prejectiens
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ofthe two vectors will shown a certain angle between each other. This is clearly an indicator that

the ab plane ef all the individual nanorods were aligned parallel to the incoming x ray beam.
Because the rod directien lies in the meridian direction, the abeve result implies that the c axis of the

nanorod, which is also the rod direction, was aligned along the applied magnetic field,

3.3 observation ofbirefringence under microscope and the measurement using 628 nm iaser light

   The obtained c axis aligned composite shows birefringence readily under the eptical microscope

with a pair ofcrossed polars. Fig. 6 shows the observatioll result ofthe top view sample with a color

plate inserted, It can be seen from Fig.6 that the images change celors when the sample was Totated,

showing the birefringence nature ofthe mano composite film. Ifthe sample was turned around for
3600 degree, 2 times of such color change will be ebserved, which is very similar to the behavior of

single crystals under crossed polars. However, It should be noted here that no color change was

observed for the edg H)3 nanorods.

Fig.6: Optical micrograph of the top view santple observed uRder cressed polars, with a celor plate

inserted. The crossed lines indicate the direction of the polarized light, The arrows indicate the

aligimient direction, which parallel to the magnetic field direction.

   This birefringence behavior frem the magnetically aiignment sample suggested a potential

application of magRetic field for the measuring ofthe biref±ingence of crystalline materials eveR in

nano scale, by sirnply simulating the experimental daia according to equaSioR 1 and carefully

measure the thickness of the film. The using ef crystals in small size shows great advantage over

the traditioma1 methods where large size ofsingle crystals was required. Fig. 7 shows the change of

output light against the film rotation degree, together with the simulated result. The retardation 6

obtained by the simulation is 37.42nm. By a carefu1 measurement from the SEM micrograph, the

thickness ofthe naRe composite film was determined as 125pm. Therefore, the Asn was calculated

as O.O13,

                     '" igeaj/eEnjmutEwk$
              -.･,..rw'iglg g{psiwas             gl" l.,-.'JIkSXtt-,, ..": ffJ･.-t.'.x$Evl..-:-

             ,l'Ki /ts$,/4iY2"

             . . #ag.N
Fig. 7: experimental and simulated results fbr the An measurement
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4. Conclusiens

 We presented in this paper the hydrothermal preparatioB and optical behavior of a Gd(O}I)3-PVA

nano composite.. The obtained Gd(OH)3 crystallites showed a rod like morphology with diameter

around 50nm. These single crystalline nanorods aligned under 5T magnetic field with their c axes

parallel te the field direction. Such alignment caused birefungence for the PVA-Gd(OH)3 nano

composite, which indicates the petential applieation in optical area. The bireftingence value was

further determiRed using the sample with high alignment degree, and the calculated An is O.Ol3.
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Abstract
 For the purpese of seeking the minirrial size Recessary for the magnetic orientation due to

anisotropic magnetic susceptibility, dependence of the magnetic orientation on length of diamagnetic

nanorods was investigated by using a venical strong magnetie field. Furthermore, effects of
hypergravity and microgravity, which are features of the venical strong magnetic fie}d with a 1arge

magnetic field gradient, on orientation ef the nanorods were compared wnh the magnetic orientation

under the nermal gravity. As a result, advantage efthe hypergravity was demonstrated for alignment

of diamagnetic substances to which the magrtetic orientation due to anisetropic magnetic

susceptibility was inapplicable. The mechanism was explained by hydrodynarnics ef the
non-spherical nanorod ofwhich preeipitation was accelerated by the downward magnetic force.

Keywords
 strong magnetic field; tetrakis(4-sulfonatephenyl)porphiRe, nanoroa diamagnetic, magnetic
orientation, hypergravity, microgravity, hydrodynamics

1. introductieR

 One of charms brought by a streng magnetic field lies in both the magnetic orientation of

diamagnetic substances due to their magnetic susceptibi}ity anisotropies and the strong reagnetic

force toward them. Our group has investigated the magnetic orientation of some substances by using

strong static magnetic fields up to 15 T, For instance, it was demonstrated that benzophenone crystal

was aligned by the streng horizontal magnetic field of 8 T,[II in which the magnetic orientation was

explained by the anisotrepic magnetic susceptibility of benzophenone. Furthermore, through the

simmlation of experimentally-obtained temperature dependence ef the magnetic orientatien, the

minimal number of the melecule, which was necessary for the magnetic orientation of the crystal,

was evaiuated to be about 3×108 molecules at least. However, since actual size ofthe crystal aligned

in the expertment was several millimeters in length at least, the rmmber of the molecule packed in

the crystal apparently exceeded the minimal value by far. Therefore, in order to seek the smallest

size of a substance necessary for the magnetic orientation, we used aggregates made of
tetrakis(4-sulfbnatophenyl)porphine,[2] The aggregates are called nanorods, of which typical size is

wlOO × h4 × llOOO nm. Whereas the width and height ar¢ respectively almost constant among rods,

only the length varies in a range frem nanometer to micrometex Thus, fbr the purpose, we examine

rod-length dependence ef the magnetic orientation. Furthermore, as a new method te align

nanometer-sized diamagnetic substances, we insist on advantage of hypergravity created by

combined use of the gravity and downward magnetic fbrce in a vertical large magnetic field

gradient.

2. ExperimeRtal metheds

2.I Preparation ofnanorods

 The nanerods were prepared by aging an acic]ic solution of tetrakis(4-sulfbnatephenyl)porphine
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according to the literature.[2] Thereafter, a substrate, mica, for a scanning probe microscope was

sunk in the acidic colleidal solution including the nanorod, and then, let alone (buring about two days

in the absence and presence ofthe vertical strong static magnetic field.

2.2 Vertical strong static magnetic fields with large magrietic field gradients

 A superconch;cting magnet (Japan Superconducter Technology, JASTEC LH15T40, ¢ 40 mm bore
diameter) capable of providing the venical strong magnetic fields of up te 15 T was employed for

the experiment. The magnetic field intensities used were IO.7, l2, and l5T The field of 10.7 T, in

which the magnetic fie}d gradient exists, provides the microgravity created by counterbalance

between the gravity and the upward strong magnetic force in the case of diamagnetic substances. On

the centrary, the field of 12 T affords the hypergravity corresponding to abeut twice of the normal

gravity en the earth. The field of 15 T is obtained at a center of the rr}agnet and thereby no magRetic

force is present there. A geomagnetic field, which is normally about O.05 mT, was treated as O T in

this study.

2.3 Measurement of atemic force microscope images of nanorods on mica and analyses of
distributioms in length and angle

 After the immersien, the mica was taken out from the colloidal solution ofnanoreds and the excess

solution on the mica surface was sucked away. To probe the surface of mica, atemic fbrce

microscope (AFM) images were measured by a scanning probe microscope (SII, SPI 38eON &
SPA-400). Analyses of distributions in length and angle ef the nanorods were carried out with

commercially obtainable software (Library, Cosmos32).

3. Results

 Figure la shows an AFM image of the nanorods adsorbed on the mica surface immersed at O T. A

single whitish line corresponds to a piece of the nanorod which remain one on top of the ether at

several places. The distribmion in length and direction were measured by using only alone nanorods.

20
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Fig. I. The AFM images ofthe mica surfaces where the nanorods were adserbed at (a) O and

(b) 12 T, respectively. The whitish lines show the nanorods. The black arreW at 12 T indicates

a direction ofthe vertical magnetic field.

The length varied in a range from nanometer to micrometer. Figure 2 demonstrates the distribution in

length in which the most pepulated length is around 600 nm. There seemed no appreciable
difference in the distribution among O, 10.7, 12, and 15 Z Interestingly, on the other hand, the

direction of the nanorod looks to orient to aroBnd -45 and 45 degrees even at e T, as shown in Figure

3a, where al} the range in lengh were used to make the graph. The standard ofthe angle showing a

directiok of alignment is based oR the direction of the vertical magnetic field, and the zero degree

means a direction coincident with the venical magnetic field and thereby gravity. When the
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Fig. 2. The distribution in length ofthe nanorod en mica immersed at O T.

=.9
re

sae
a

<a)

   ･l' 1   ･/i.,l･"-e ,l.,'i･i.. ･l-. .･.

   2･/ ',e', ....･g,',..si'.
      .g.,// ;";,' ';/l;'i'S'l.'

     ta'' t't"' t"    .,. ･ii ･iilli lj. 11Ll･ .i,,. ifieellii. 1[li i･11i'i

       ･. A       'i ,s, 'it', ,11i-/' ee ll' l`' l' i･ .-. ./･

        .I･ l, .i' 3. .il di･ .i･. ,.1 .l l.f ..,. I･

-go -6e -3o e 3e 6o
       Angle ldegree

(b)

ttt-

ny･

t,･･

,lii

･e

g.

,il

i･'/S.'

ttt
･I/

i/;･l I'/g

ttt

t -

g,･

..g
liv/.･t/.Ii.-.'

l.,i

iix'.{･I'I･'
ll'g.

go-go -6o -3o g 30 60 90
Ang}e/degree

Fig. 3. The distributions in angle ofthe nanorod on mica immersed at (a) O and (b) l2 T,

respectively.

distributiens iR angle were redrawn in the two cases classified into less than and more than 600 nm

in length, Ro appreciable diffbrence was detected between them. Furtheg the directions even in le.7

and 15 T shewed almost the same distribution in angle in spite of the preseRce of the vertical

magnetic field. Howeveg the orientation and distribution in angle obtained at 12 T were distinct

from those of O, IO.7 and 15 T. Figure lb depicts the AFM image at 12 T, showing that the nanorod

orients parallel to the vertical magnetic field of 12 T, namely, the gravity at several places. Figure 3b

also displays the distribution in which the most pepulated angle shifts to O degree. Heweveg no

substantial distinodon was observed between the distributions in angle of the two cases classified

into less than aRd more than 800 nm in length which was the most populated length at 12 T.

4. Dise"ssion

 It was found that the nanorods made by a selfassembly oftetrakis(4-sulfonatophenyl)porphine had

a wide range ef length from 20e nm to 4000 nm, as shown in Figure 1. Even at 15 T, however,, we

obtain no evidence for the magnetic orientation of the nanored. We did not observe the orientation

even if we paid attention te the length lenger than 80e nm. UnfortunatelM this result indicates that

the magnitude of the field of l5 T and!er anisotrepic magnetic susceptibility is insufficient for

aligning the nanerod at room temperature. Since there is a certain extent ef the orientation even at O

T, as shown in Figure 3a, there might be interaction between the nanorod and mica surface. Howeveg

it is surprisiRg that the nanorod was aligned te $ome extent at l2 T smaller than 15 T. This

apparently peints out that the magnetic ortentation seen at l2 T does not result from the magnetic

susceptibility anisotropy of the nanorod. We now tentatively consider the mechanism as the
following. The rod is nen-spherical and diamagnetic. Hence, if the precipitation of the diamagnetic
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nanorod is accelerated by acquning the downward magnetic force in the hypeigravity at 12 T, the

non--spherical nanorod seems to erient in s"ch a way that the long axis is aligned parallel to the

downward strearr}, that is, the vertical magnetic field and gravity as a result of hydrodynamics. Ifthis

interpretation is right, then this interesting phenomenon is availab}e as a new technique to align tiny

nanometer-sized substances whose magnetic orientation dne to the anisotropic magnetic
susceptibility fails. We name this new technique the hypergrayity-indutced magnetic orientation

(HiMO). This phenomenon is governed by not only shape and size efthe nanorod but also balances

in diamagnetic susceptibilities and densities, respectively, of the nanorod and the solvent. Therefore,

even if a diamagnetic substance is magnetically isotropic, it can be arranged in principlc when the

shape is non-spherical. Moreover, paramagnetie and ferromagnetic substances are also considered to

be aligned by using the magnetic force teward a center ofa magrtet.

5. Coitclusions

 We presented the possibility aRd thereby a new technique that Ranometer:-sized andlor probably

magnetically isotropic substances showing ne magnetic orientation dne to the anisotropic
diamagnetic susceptibility can be aligned by hydrodynamic stream enhanced by the magnetic force

in the hypergravity. This technique is considered to be applicEible te alignment of paramagnetic

andior ferromagnetic substances by utilizing a stream toward the magnet center enhanced by the

magrietic force.[3]
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Abstract
 The infiuence ef magnetic fields was investigated en the ability of hydrogen isotope separation

with metal hydrides. The deuterium concentration in the gas phase after hydrogen-absorbing
reactions was increased with increasing applied magnetic fields fbr ferromagnetic LaCos, but not for

paramagnetic LaNis. The isotope separation factor 6F(DIH)g.,!(DIH),.tid was enhanced from l.54 in

zero field te 2.25 at 13T in the P+y region for the system LaCes-(H2+D2). The enhancement iR a is

related to the magnetic field effect on the equilibrium pressure ik ferromagnetic metal hychides.

Keywords
  hydregen isotope separatioR, metal hydride, LaCos, LaNis, isotope separation factor, protium,

deuterium, high magnetic field

a. gpttredaxctiox

 Metal hydrides have potential applications te energy technelogy and materials processes. One of

them is the hydrogen isotope separation between the protium H, deuterium D and triimm T.[1] This

methed is based en the hydrogen isotope effect ofthe equilibrium pressure between the protide MH.,
deuteride MDx and tritide MT.. E fbr instance, the equilibrium pressure of the deuteride PD is larger

thaR that of the protide PH, deuterium is concentrated in the gas phase, and vice versa. Below, the

terms "hydregen" and "hydride" represent all ef the elements of H, D aAd T and the cempounds of

MHx, MDx and M [x, respectively.

 The systems LaCes-H2(D2) and LaNis-H2(D2) indicate such an isotope effect with excellent rates of

hydrogen-absoifbing and desorbing reactions. The system LaCos-H2(D2) has two plateaus ofthe ct+6

te,i{fi," a2･3,EX･ E,Z'?ba･S,`:･S,2", Y.rg.g"?,",[362<d g`ffg,z･agof3tim,lleigg&ra,tu,;}ig6k2,] Iliihs .e:.gil. g'b.",tu,m, gri;ssg¥{.2

more appreciable in the P+y regien (P[?/LZ"7=:l.70) than the ct+P region (P[)/PE(=1,40). On the other

hand, the systern LaNis-H2(D2) has one plateau of the ct+P region (O.3<x<7). The deuterium pressure
PD is smaller than the protide ene -PH at 303K (lpi)/PH== O.91s),                                               but pD is larger than PH at 313K
(p[?/pEr=:1.IO).[3]

 Meat}while, the system LaCos-H2(D2) exhibits the magnetic field effect that the equilibrium

hydregen pressure is changed with increasing applied magnetic fields B according as

?g == Pb exp(2BRZMt4,)

(1)
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where PB is the equilibrium pressure in the magnetic field and Pe is that in zero field. This magnetic

field effect originates from the ferromagnetic property of this hydrid¢ which is expressed by the

change in the saturation magnetization per mole of desorbed hydrogen, zth4,.[4] For the system

LaCos-H2, as a n!atter of fact, Po=:232kPa in zero field and PB==281kl?a in 15T in the P+･y region with

au,=l5.7JT-i(melH)-i at 303K.[5, 6] The same magnetic effk)ct occurs for the corresponding

deuterium system LaCos-D2because the magnetic preperties ofthe deuteride LaCosD. is the same as

those of the coirresponding protide LaCosH.in the magnetic fields below 35T which are currently

available as steady magnetic fields.[7] ConsequentlM the value of AM, is common to beth the protide
and deuteride systems. Even so, Eq. (l) suggests that the pressure difference PD--:Prr is increased with

increasing applied magr}etic fields.

 Assim}ing that the isotope separatien al)ility is related to the pressure difference PD-PH, we can

enhance it by applying magnetic fields. In this work, we investigate the magnetic field effect on the

isotope separation ability with the ferromagnetic LaCos. in addition, we examined the paramagnetic

LaNis cempound$ for comparison: The system LaNis-H2(D2) also shows the isotepe effect on the

equilibrium pressure, but not the magtietic field effect oR the equilibrium pressure because of

non-ferromagnetic property. We presume that the latter system does not show such a magrtetic

field-induced enhancement efthe isotepe separation ability.

2. Experirwextag

  LaCos and LaNis compounds were prepared by arc melting cobalt or nickel and lanthanum in an

argon atmosphere, The purity of the raw materials is 99.99% for Co and Ni and 99.9% for La. The

ingots were annealed at l223K for 48h fbr homogenization. The samples were pulverized in an

argon atmosphere in sizes under lepm. X-ray powder difftaction showed that they were single phase

with the CaCus stmcture.

 Isotope separatien experiment was performed under the infiuence of magnetic fields by using the

apparatus shown in Fig. i, by which the de"teriumlprotium concentration in the gas phase was

measured befbre and after the hydrogen-absorbing reactien of the compounds. First, the 1:1 mixed
gas ofH2 and D2 was prepared in a tank with the volurr}e of 5eOcm3 at the pressBre of1.2MPa. The

purity of the gas was 99.99999% for protium and 99.5 Dl(D+H)% for deuterium. This mixed gas

was stored for 24 hours for homogenization at room temperature. Then, the mixed gas was
introduced to a reservoir with the volume ef 59.3cm3 at an innial pressure Pi.itiai. Next, we

intreduced this initial gas into a reactor to react with LaCos or LaNis compound of ai)out 2g. Here,

the reactor was situated in the center of a cryo-cooled supercondwcting magnet with the maximum

field of 13T and the inner bore of 100mm (JMTD-13TIOOEF3, Japan Superconducting Technology
Ce. L;td,). The temperature ofthe reacter was controlled at 303.0 ltO.IK or 313.e LO.IK by circulating

temperature-coRtrolled water in a waterjacket.

 Th¢ process of the hydrogen absorption was monitored by the pressure in the reservoir with a
strain-gauge type transducer. Within l min. from the start of reaction, the pressure attained a coRstarrt

value when the hydrogen absorption was ¢ompleted at the final pressure Rfinai. EveRtually, the
hydride LaCos(H,D). or LaNis(H,D). was fbrmed with the final hydrogen composnion of x, The

deuterium!protium concentration in the initial or final gas was measured by a mass spectrometer

(Quadstar TM 421 QMS20e, Balzers Co. Ltd.). The experimental error of the concentration was less

than ±1.5%. Because the gas included a small amount of HD moiecules, we divided them into the H
and D concentration equally.

 Before the main experiment ofisotope separatien, we operated this expetmental apparatus without

samples in the reactor. As a result, the deuterium concentration was measured to be 55.e % in the

initial gas and 54.6 % in the final gas, which agree with each other within the experimental erron

This confirmed that the deuterium concentration in the reserveir is not affected by the gas handling

itsel£
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. Hydregen isotope separation equipment with a superconducting magnet.

 Figure 2 exemplifies the time-vatiation of the pressure in the gas phase during the isotope

separation experiment where the LaCes compound was applied te a rr}agnetic field of 13T at 303K.

The pressure was Pi.iti.i= e.564kPa and Rfi..i=O.137kPa. The deuterium concentratioR was 54.4% in

the initial gas and 68.7% in the final gas, The final hydrogen compositien in the solid phase was

Jc=3.8 in the B+y region. As a consequence, the ratie between hydrogen isotopes was estimated to be

DIH=:2.19 in the gas phase and DIH=O.975 in the solid phase after the conrpletion of hydrogen

absorption.
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3. Res"ks aptd Disc"ssioll

 Figmre 3 illustrates the deuterium cencentration in the gas phase before and after the reaction for the

isotope separation experiment. in both the ct+P and the P+y regions for the Co-system, deuterium is

concentrated in the gas phase after the reaction, Moreeveg the deuteirium concentration is increased

with increasing magnetic fields and this magrtetic field effect is more appreciable in the P+y region

than the ct+B region, The Ni-system shows, on the ether hand, that the deuterium concentratien is

little changed at 303K in OT and 13T. At 3l3K, the deuterium is conc¢ntrated in the gas phase at
3l3K, but it hardly depends on applied magnetic fields.

  One of measures for the isotepe separation ability of metal hydrides is the isotope separation

factor defined by

    (D1H)gas

a= (D1H)soiid
(2)

wher¢ the isotepe separation ahility is increased with leaving a from 1. Fer instance, we estimated to

be aF=2.25 in the separation experiment shown in Fig. 2. The observed values ofthe separation factor

are summarized iR Table I, which indicates the following feaases with some considerations.

            MPretium XDeuterium UProtium XOeuterium

Mixed gas

 M OT
 y
 .9 5T r"

 g loT
?

 2 13T

o% 2o% 4o% 6o% so% leo%
Percentage of protium and deuterium
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 s
 ..e. 5T
 r,

 'Ei ioT
ge

 E a3T
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         (a)
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 y eT w ec
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      I
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      i･
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      l･
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         (b)

MProtium eeDeuterium
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Fig.
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           (c)
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Percentage of protium and deurium

           (d)

3. Magnetic field dependence of the deuterium cen¢entration in the gas phase for the

  isotope separatien experiment with metal hydrides. (a) LaCos(H,D). in the ct+B

  region at 3e3K, (b) LaCos(H,D). in the P+y region at 303K, (c) LaNis(H,D). in the

  ct+P region at 303K and (d) LaNis(HP). in the ct+P region at 313K
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Table I. Collected data ofthe hydrogen isotope separation with metal hydrides

                under the infiuence ofmagnetic fields.

System Region Temp.
(K)

Pressure
ratioa)

PP/pH

Magnetic
field

(T)

Separation

factera
AMs
(JT-i

(molH)'i)

Pressure
differenceb)

pD--pEikpa)

aL-}-B 303 0915 o O.954 .-O -17.8

13 1.05LaNis

-(H2+D2) o 1.90 -O
ct+B 313 1.1oc) 5 1.78 44.6C)

13 1.70

o 1.19 8.7 e.931

ot+B 303 1.40 5 IJ9 O.964

IO 1A5 O.998LaCes
-(H2+D2) 13 l.53 1.019

o l.54 15.7 85.3

B+y 3e3 1.7e 5 1.95 91.0

IO 2,OO 97.l

l3 2.25 101.0

a) Pressure ratie in zero field.

b) The values in OT are ebserved and these in 5-13T are calcu}ated.

c) After Biris et al. [3]

(!) Deuterium is concentrated in the gas phase after the reaction under zero field in the ct+P and P+y

regieRs for the Co-system at 3e3K and in the ct+P region for the Ni-system at 313K. On coRtrary)

protium is concentrated in the gas phase in the ct+P region for the Ni-system at 303K. This satisfies

the basic principle of the hydrogen isotope separation: The gas with the higher equilibrium pressure

is concentrated in the gas phase.
(2) IA zero field, the separation factor is increased with increasing the pressure ratio Pi?/PH for both

the La-- and Ni-systems. This is simply explained by the thermodynamic model that the separation
factor is related to the pressure ratio, that is, aFFLPEI/LPH. This model assumes the equilibrium state

between H2, D2, MH. and MD.. [1]

(3) The magnetic field effect on the isotope separatien factor is exhibited by the Co-system, but Ret

by the Ni-system. This is ascribed to the magRetic properties of the hydndes that the LaNis(H,D). is

paramagnetic and the LaCos(H,D). is ferromagnetic. Consequently, the former system has no
magnetic field effect on the equilibrium pressure but the latter system has a remarkable magnetic

effect.

(4) For the Co-system, the magnetic field effk)ct on the scparation factor in the P+y region is greater

than that in the ct+P region. This can be connected to the value of AM,, which is 15.7 and 8.7
JT-i(molH)-i fbr the P+y and the ct+B regions, respectively.

 ObviouslM the consideration of (3) contradicts to that to (2). The pressure ratio PE)>CPH maintains

constant with increasing magnetic fields because Eq. (1) stands oB the pretide LaCesH. and the

deuteride LaCosD. with thc same value of AM,. This suggests that the separatien factor depends not

oRly on but alsc, te an exteRt, on anether factog which is censidered to be the pressure difference

pD--pH. The pressure diffk)rence PD-PH is increased even if the value ef AMs is the same for the

protide aftd deuteride, accerding as

RE9 ww ?g' = (PbD - ItsE' )exp(2BRAtMs)

<3)

The calculated values ofthe pressure difference are listed in Table l. It is observed that the separation

facter is increased with increasing magnetic field, associated with the increase in the pressure
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difference. It is speculated that the separation factor is also dominated by the reactien kinetics which

depeRds on thepressure difference PD-PEi while the equilibrium separatien factor is given by the

pressure ratio pLl//Lpff.

 In conclusion, the isotepe separation ability is enhan¢ed with increasing magnetic fields with the

ferromagnetic metal hydride. This enhancement can be explained by the magnetic field effect on the

equilibrium hydrogen pressure in ferromagnetic metal hydrides. The isotepe separatien factor a was

increased from 1.54 at zero field to 2.25 at 13T in the P+y regien for the LaCos-H2(D2) system,

AckgRewledgemeRts

 This work was supported by Grant-in-Aid fbr Scientific Research (No.l4350041) and Grant-in-Aid

fbr Scientific Research on Prierity Area (Area 767, No. 150852e4) from MEXT ofJapan.

References

[1] B. M. Andreev, E. P. Magemedbekov and G H. Sicking, Interaction ofhydrogen isotopes with

   transitioA metals and intermetallic compeunds, Springer (l996),

[2] F. A. Kuljpers, Philips Res. Rep. Suppl. No.2 (1973) 1.

[3] A, Bins, R. M Bucur, P. Ghete, E. Indrea and D. Lupu, J. Less-Common Met, 49 (1976) 477.

[4] I. Yaltramoto, N. Deguchi, M. Yamaguchi, Y. Shimazu, F. Ishikawa and S. Miura, Physica B

   246-247 (1995) 404.
[5] M, Yamaguchi artd I. Yamamoto, Chap. 5, pp.13I-151 in Dynamie spin chemistry, S. Nagakura,

   H. Hayashi and T. Azumi eds., Kodansha-WileM Tokyo (l998)

[6] I. Yamamoto, K. Ishikawa, S. Mizasaki, Y. Shimazu, M. Yamaguchi, E Ishikawa, T. Goto and T.

   Takamasu, Jpn. J. Appl. Phys. 41 (2002) 416.

[7] F. Ishikawa, I. Yamamoto, M. Yamaguchi, Y. Shiinazu, T. Geto and H. Mitamura, J. Alloys

   Comp. 293-295 (1999) 243.

6

---- l84 -



       Propgsat gf a mew type of twagmetie foffee

           Akio Katsukii and Ybshifumi Tanimoto2

iDepartment of(]hemisty thculty ofEducation, Shinshu UitiyeLsiitx

           Mshi-Alagano, Alagano 380-8544, lapan
       2Graduate SZrhool oj('S℃ience, Hiroshima Uhiversity

             Higashi-Mroshima 739-852a .lapan
                 (akatuki@shinshuny-u.ac.jp)

Abstract
  We propose another type ofmagnetic force, magr}etic susceptibility gradient force,

interfaces under homogeneeus magnetic field.

which works at

Keywerds
 magnetic ferce, magnetic field gradient fbrce, magnetic susceptibility gradient fofce

a. Xntreductieit

  Generally, it is well knewn that the magnetic fbrce works effectively only under existence ef a

magnetic gradient, Howeveg it is reported that seme magnetic forces work under a homogeneous
magnetic field at certain conditiens.[1,2] Especially, these forces appear te wotk at interfl!tces, such

as those between solid and liquid. We propose a new type of magnetic force, which works at
interfaces, that is, a magrtetic susceptibility gradient force.[3]

2. Theory

  The usual magnetic energy E is given by the following equation,

              E:-SpoxyyH2 (i)
where pto is a magnetic permeability ofvacuum, xy is a volume magnetic susceptibility, r is a sample

volume, H is a magnetic field. The general magrtetic force F is given by a grradient of the magnetic

energy as follows,

              F=--gradE (2)
Substitming eq. (l) into eq. (2) gives the fbllowing equation.

              F=--gradE=pt,x.rw$+gpt,Cl,;th,Y"pzEir2 (3)

The first term shows a usual rnagnetic force. Because this term centains a magrketic field gradient at

a position z, dHldz, the degree ofthe magnetic field gradient determines the magnitude and direction

ef this force. The second term is a new type force, that is, this term is governed by a magnetic

susceptibility gradient. We shall call the first term magnetic field gradient fbrce FusG, and the second

term magnetic susceptibility gradient force force .IZBdsG. Namely,

                            di
              FM}rG :pteZ7VH                                                         (4)
                            de

              F.. =gpt, dydeY VH2 (s)

  The character efthis fbrce is described as fbllows,

1. This force is effective under a hemogekeous magnetic field.
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2. The direction of this force is determined by the sign of a magr}etic susceptibility gradient

  d,zpldz, not that of the magr}etic susceptibility xp.

3. The magnitude of this force is very sensitive to the magr!etic susceptibility gradient dzy ldz

  at interfaces, and depends on the square ofa magnetic field H.

  We should consider the third character here. When S is a cress section of a region where the

magnetie susceptibility gradient force .FIMsG works, the sample volume Vis described as fbllows,

               V== suz (6)Substituting eq. (6) into eq. (5) gi'ves the fbllewing equation.

               F>lfsG :llliaodlorvSH2 (7)

The force per unit area, that is, a magnetic susceptibility gradient pfessure RA4sG, is described as

follows,

               "lMsG =lll"iuodyyH2 (s)

These equations indicate that the magnetic susceptibility gradient fbrce depend on the difference of

susceptibilities at an interface between two phases, clyv and the cross seetion, S.

3. Conelusions

  The magnetic sBsceptibility gradient force IlersG will be effective at interfaces between different

phases or materials, These show the possibility ofa new type ofmagnetic fbrce.
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Abstract
 The rr}agnetic field induced changes in the optical properties are measured in situ for agarose

solution, The birefringence is measured in sini by Senarmont method under thc influence of the

rriagnetic field of 5T as a function of teniperature, The gradually increase in the birefringenee is

observed in a limited temperature range. The expertmenta1 results of the orientation behavior are

discussed with the crystal growth in the solution during gelation.

Keywords
 magnetic field effect, magnetic alignment, agarose gel, birefringence

1.gRtrodstction

 The agarese aqueous solution shows the thermo reversible sol-gel phase transition. Polymer chains

consisting offfD-galactose and 3, 6-anhydre aFL-galactose form random coils in the solution phase

at high temperature. They transfbrm to the double helix smucture driring gelation precess. A ge}ation

rr}edel is suggested as follows;[ll many double helices are assembled and aligned te form high

concentration regions, called domains. The networks inter the domains develep in gelation process.

  The agarose gel formed in the strong magnetic field dwring ge}ation precess is magnetic aligned

because of anisotropic diamagr}etic suseeptibility ofthe domain.[2, 3] The birefungence is observed

for aligned gel by optical measurement. In the previous studies, we reported that the birefringence of

agarose gel formed in magnetic field depends on the magnetic field strength exposed, the magnetic

field direction and the concentratien of agarose,[3-5] IRformation of the alignment of the agarose

molecules as a function of the temperature is important to understand the sol-gel phase transition and

its mechartism under the infiuence of the magnetic field. In present work, we measured the
birefringenoe of the agarose solution under the strong magnetic field in sit･ec to investigate the

aligmnent behavier ofthe agarose molecules.

2. ExperiKnental methods

2.1 Preparation efagarose gel
 The raw material was Agarose type L with the gel strength of 450glcm2 supplied from Wako

Chemicals. The mixture of agarose pewder aRd distilled water was prepared at the concentration of

2.0wt.% and stirred at room temperature. The agarose solutien was heated up to 95℃ and cooled

down to 5℃ to form the gel. The gel was heated up again and the hot selution was poured into

optical cells with path lengh of 1Omm.

2.2 in sita optical mea$urement

 The birefiringence was measured in sitti with the apparatus il!ustrated schematica!ly in Fig 1, Light

from a He-Ne laser passed through a prisrri, a polarizer with the azinmthal angle of 45deg with

respect to horizen, a sample cell, a halfwave plate with 22.5deg, a prism, a quarter wave plate with

1
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Odeg, a polarizer with (90+gti)deg as an analyzeg and an avalanche photediode as a detectQr. The

analyzer was rotated automatically by "sing stepping motog and its angie was controlled with O.1deg

step between ±i,5deg. In our optical system, detected light intensity Iis expressed as Eq.(1),

                         Ioc cos2(ip±i), (1)
                                     2
where 6 is the retardation by the sample. The minimize angle was estimated to determine the

extictioR angle by the curve fitting. The retardatien 6 was obtained frem the difference between

extinction angles with and without the sample. The bifefungence An in the sample is calculated

according as Eq. (2).

                              {S)1,

                        An:, (2)                             360d
where .Z(==632.8nm) is the wavelength ofthe laser and d(--iOmm) is the pass length ofsample.

  For in situ measurement, the eptical cell was set in a herizontal supercoRdncting magnet and

exposed to the magnetic fields efOT and 5T, The optical cell was put between two peltiert devices to

control the temperature. The birefiringence of agarose solution was measured in situ dwring cooling

process frem 6e℃ to 3e℃.

B=5 OT-Z.-::L-:.:-{

Analyzer

He-Ne leser

Half wave plate

Sample

Polarizer -----ts$>

>--------
l

ge

Quarter wave plate

Peltiert device

APD

Super¢onducting magnet

Fig. 1. In situ Optical measurement system under magnetic field (top view).

3. Results and discussien

3.1 Cencentration dependency
  Figure 2 shows the concentration dependence ofthe birefiringence fbr agarose gels fbrmed in the

magnetic fieid of 5T. The marks and errers bar were calculated from the measurements at the five

different points ofthe same sample. The birefringence was increased with increasing concentratien.

The birefringence was increased lineally for low concentration gels. Howeveg it tended to saturate

toward An =1.6 ×IO-7 fbr high concentrated gels. The ratio of the magnetic aligned region was not

constant but decreased with increasing the concentration of agarose. The magnetic a}igned fegion,

namely crystal region was not increased The results shew that the demains are dithcult to align in

high concentration solution with high viscosity.

3.2 Ebim}perature depestdeitcy

 As shown in Fig. 3, the ternperature depeRdences ofthe bireftingence were measured for agarese

solution with the concentration of 2.0wt.% and distilled water in the magrietic fields of 5T and OT.

Here, the birefringence in Fig. 3 was normalized to be An =l.35×10-7 in low temperature regien,

assuming both the 2.0wr.% gels have the same bireftingence ef An =1.35 × 1O-7 because of the same

2
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gelation condition ef the cooling rate and the infiuence under the rr}agr}etic field of5T. According to

the measurement of distilled water with no birefringeRce, the experimental accuracy was estimated

to be An==2 × 10-8.

  In the absence of field, the two dates of agarese solution and distilled water agreed well.

Accordingly, the orientation did net occur as same as water. On the other hand, the birefiringence of

agarose solutien was increased with decrea$ing temperaturc frem 54℃ to 40℃ in the magnetic

field ofST, The increase in the birefringence of agarese soluticm under the magnetic field of5T was

discussed based on gelatien model,(reD Many double helices of agarose polymer chains are aligned

and assembled to form the domains in the gelatien process. The domains grow gradnally with
decreasing temperature, and the anisotropic diamagnetic susceptibility of the domains is increased

simultaneously. Therefore, under the infiuence of strong magnetic fields, the domains are eriented

because they have large magnetic free energy corrrpared with thermal disturl)ance. The results shewn

ilt Fig. 3 suggest thatthe growth of domains occurred in the temperature range from 54℃ to 40℃.

  The censtant bircfringence was observed in low temperature region, The growth of domains are

thoxxght te be stopped belew 40℃. M¢anwhile, the birefringence was ngt ebserved iB elevated

temperature region. The large orderable dorriains do not exist below 54℃.
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Fig. 2. The cencentration dependence of birefringence

efagarose gel fbrmed in the magRetic field of5T.
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S. Coptc}stsioits

  The bireftringence of the agarose solution was measured to investigate the orientation behavior of

agarese domains by Senam}ont method under the strong magnetic field iR situ. Ne magnetic field

effect was observed in the ahsent efmagnetic field as same as water. However, the birefriRgence of

agarose solutioR of2,Owt.% increased gradually with decreasing temperature from 54℃ to 40℃ in

the magnetic field of 5T. As a result ef the discussion wnh the gelatien model, the growth of

domains was started at 54℃ and finished at 40℃. The region of the demains was increased
gradually.
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Abstract
Photoredox reaction yields for bifunctienal long-chain species consisting of hydrogen-donating Emd

hydrogen-accepting moieties, e.g. 7-nitro-2-fiuorenyloxy and alkylanilino chromophores, are

critically dependent upon the magnetic field strength. A biradical intermediate with leng methylene

chain produced by intramolecular hydrogen abstraction may undergo intramolecular cage and

intermolecular escape processes. Spin conversion processes between the singlet and triplet biradicals

are influenced on application of external magr}etic fields. The bichromophoric species with three

methylene groups undergoes intermolecular photoredox reactions instead ofphoto-Smiles

rearrangement.

Keywerds
Magnetic field effects, Photoredox reactions, Biradical intermediate, Hydrogen abstraction, Cage

and escape processes, Chain-length effects

a. Introduetien

The intermolecular photeredox reaction for nitro-aromatic species is rather complicated in

comparison with intramolecular photoredox processes involving nitro-to-nitroso deoxygenation. The

coraplicated nature comes from the se¢ondary reaetions of primary phet(rprodnct, nitreso-ar(miatic

species with reducing reagents. It is, therefore, advantageous to investigate intramolecular

phetoreaction for bichromophoric chain molecules containing hydregen-donating anilino-alkyl and

hydrogen-accepting nitre-aromatic functienalities.

2. Experimental

2.I Preparation of Chain-linked Species

2-Amino-7-nitrofiuoreRe was obtained by reduction of 2, 7-dinitrefiuofene [1]. This amine was

converted into 2-Hydroxy-7-nitrefiuorene [2], which was compled with a, tu mdibromoalkane. The

resultant 2-(w -broraoalkoxy)-7-nitrofiuorene was treated with aniline to form the title compounds

[3]. in the present study, bichromophoric species with 3 and 12 methylene groups were synthesized

and photolyzed in the absence and presence ef magnetic fields, An authentic sample for exidation

product with ca -formylalkoxy side chain was obtained by oxidation of2-( to mhydroxyalkoxy)-7-

nitrofiuorene. The stmcture$ of starting species and photopreduct were confirmed by means of NMR

spectroscopy and mass spectrometry.

2.2 Irradiation

The degassed sample solution was irradiated with UV light from a high-pressure rnercwy arc

(Ushio USH-500D). The spectral line at 365nm was chiefiy used fbr selective excitation ofnitro-

aromatic chromophere.

1
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2,3 ARalysis and Identifieation ofPhotoprodncts

The sample solutions photolyzed in the Eibsence and presence of rr}agnetic fields were analyzed by

means of high-perfbrmance liquid chromatography (HPLC). A Waters model 515 was used as a

pump for HPLC analysis.

2.4 Magnetic Field Effk)cts on Photoredox Reactions

A conventional eleetromagnet was used for generation of magnetic fields lower than l T.

Photoinduced changes in absorption spectra were recerded in the absence and presence efmagnetic

fields, Spectral changes were measured on a Hitachi U-321O spectrophetometer.

3. Results and Discussioit

3.1 Methylene Chain-length Effects

Bichromophoric chaiR species consisting ofnitre-aryloxy and anilino chromophores undergo photo-

Smiles rearrangement when the number of methylene groups is srr}aller than 6 (see Scheme 1) [4],

However, what we have fbund in the present study is photoredox reaction fbr the nitroftuorenyl

derivative with three methylene chain instead ofphotochemical rearrangement (Scheme 2), Tal)le 1

summarizes the photoreaction type ofcompounds containing nitroaryloxy and anilino-prepyl groups,

The efficiency ofphotoredox process may be related with the radical scavenging ahility ofthe

starting nitro-aromatic species in the ground state. Scheme 2 implies that the 2-formylethexy side

chain is formed on an intermelecular photeredox reaction, since the intramolecular hydrogen

abstraction is impossible fbr short-chain species. This photoredox process is to be studied in fu11

detail.

Table1.Chain-len EffectsonPhotochemis ofThree-methlene-linkedcomounds
Nitro-aromatic Chromo hore T eofPhotereaction
4-nitro-l-Raphthoxy

7-nitro-2-fluoren loxy

Photo-Smiles Rearrangement

Intermolecular Photoredox Reaction

3,2 External Magnetic Field Eflfects on Reaction Yields

Scheme 3 describes the inter- and imiamolecular photoredex reactions for the bifunctional species

consisting of7-nitro-2-fluerenyloxy and aniline rnoieties with twelve methylepe groups. The

magnetic field effects on cage aRd escape prectu¢t formation were determined from the intensity ratio

ofchromatographic peaks. Namely, the relative intensity I(H)II(O) was calculated and listed in Table

2, where I(H) and I(O) were peak intensity ofthe products obtaiRed by phetolysis in the presence and

absence of 1 T. In this study, larger external magnetic field effects were observed oR the reaction

yields fic}r the intramolecular cage and bimolecular escape processes of7-nitro-2-fiuorenyloxy

species with twelve methylene groups than the cerrespending 4-nitro-1-naphthoxy derivative [5].

    Since oxidative dealkylation of anilino-alkyl side chain may take place through both the cage

and escape processes, Ro magnetic field effects were observed oA the fbrmation yield of aniline.

Table2.Ma eticFieldEffectsonReactionYieldRatiosIHIIO
Nitro-aromatic Chremo hore Ca eProduct Nitroso-1 Esca eProdnct Nitro

 4-nitro-1-naphihoxy

7-nitro-2-fiuorenyloxy

o.sg ± e.og

052±O.05

1.99±O.63

2.44±O,98

    The escape products (aniline, nitro and nitrose-2) are formed via triplet biradical intermediates

formed by intramelecular hydrogen abstraction by nitro-aromatic moiety in the excited uiplet state.

The cage compounds (aniline and nitroso-1) are prodaced through intersystem crossing (ISC) andlor

spin-lattice relaxation (SLR) from the triplet te singlet biradicals. A ratio efcage to escape product

yields is critically dependent on the magnetic field strength. The maj or product in the zero-field

(nitreso-1) becomes a minor product on applicatien ofIT, while the minor prodwct in the zero-field

(nitro) becomes a major prodwct in the presence ofIT. in other werds, magnetic fie}ds can give rise

to switching ofreaction pathways.

2
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Scheme 1. Photo-Smiles rearrangement ofN-[3-(4-nitrophenoxy)propyl]aniline
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Scheme 2. Pheto-induced oxidative dealkylation of N-[3-(7-nitro-2-fiuorenyloxy)propyl]aniline
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        x
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          +
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Scheme 3. Photoredox reactioAs of 2-(12-anilinododecy}oxy)-7-nitrofluorene
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Magptetgadserptiept gf Gases gpm Pgxews Mageriaes

Akihito Ybshideme, Shigeo Sasahara, Taku liyama and Sumio Ozeki

  Department ofChemisti y Ilaculty ofISbience, 572inshu Uhtversity

       3-1--1 Asahi, Matsumoto, A7agano 390-862i, .lapan

                 (sezeki shinshu-u.ac.')

    The magnetic-field-induced adsorption and desorption (MAD) of paramagnetic NO ar}d

diamagnetic H20 and organics was found under external, steady magnetic fields less than IO T. In

microporous materials, such as zeolites and activated carbens, MAD depended strongly on solids

and magrietic field intensity. Such MAD efphysisoifbed molecules in multilayers and pores, i.e.,

the magnetic effect on the adsorption equilibri"m, sheu!d be accompanied by changes in the

magnetic momeRt of the adsorptives and!er solids while adsorbing under a steady magnetic field, as

given by the fo11owing equatien:

       ztpipe =:･･zMtfHLRZ

where H is the external magnetic field, po the initial pressure at H = O, Ap the pressure change by

applying a magnetic field H, iM4 the magnetization change of the system due to the adsorption of 1

mol ef an adsorptive under H, R the gas constant, and T the al)solute temperature. On the other

hand, even when the magnetic moment of an adsorption system remains unchanged, a magnetic

effect on the adsorption may kinetically occur if a local

magnetic field is produced around the solids by applying a

steady magnetic field.

    IR this studM magnetic field effects on adsorption of

various gases, especially hydregen adsorption near the critical

temperature, oR activEyted carbons and carbon nanetubes will

be reported. The hydrogen pressure decrease dne to a 10 T

magnetic field was fbund at all temperattree range examiRed

(Fig.i). There is a slight slippage from the cuive in the

critical temperature regton. They suggest that adsoifbed

hydrogen should be magnetic and the adsorption state

(structure and magnetism) of hydrogen should be change at

the critical temperature.
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     Manabu Suedai, Wenyeng Duani, Ybshifumi Tanimotoi, Ytiji Kaneko2,

 Tsunenobu 0nodera2, Hitoshi Kasai2, Hidetoshi Oikawa2, and Hachire Nakanishi2

iGraduate 5bhool ofSZrience, Hiroshima Uitiversii>; Mgashi-Hiroshima 739-852a

                                  lapan

2inslitute ofMultidisciplinai32 ResearchforActvanced Materials, 7bhoku U)eiversi4}l

                          S22nciai 980-857Z lapan

                         (paku@hiroshima-u.acjp)

Abstract

  We examined the orientation of organic nanocrystals (perylene and poly-DCHD) in a horizonta1

rr}agnetic field (8T). Nanocrystals in water suspension were deposited on a glass plate by solvent

evaporation and their orientation was observed by AFM. The perylene rectangular and fiber

nallecrystals are likeky oriented in a magnetic field of8 T, whereas the poly-DCHD nanecrystals are

not.

Keywerds
 magrietic field effect, magnetic orientation, nanocrystal, AFM, poly-DCHD, perylene

1. intreduction

  In a high magnet fiela many inorganic and organic materials are oriented becanse of their

anisotropic magnetic susceptibility,[1] ln a previous papeg[2] we have shown that carbon nanofibers

are oriented iR a magnetic field ef 8 T, indicating that magnetic orientation efnano-scale crystals is

capable, It is coBsidered that magnetic alignment ef nano-scale aggregates is very important

technique in nano-technology for irnproving the quality of nano-materials, because functional

nano-materials are expected to have many new characteristics with a magrietic aligriment.[3,4,5]

  In this paper, we examined magnetic orientatien of organic nanocrystals using a horizontal

magrtetic field (8 T), It is suggested that magnetic orientation of perylene rectangr}lar 2md fiber

nanocrystals is capable, whereas that ofpoly-DCHD nallocrystals is not.
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2. ExperiKxental maetheds

  The nanocrystals used for this experiment were obtained by the re-pTecipitation method.[3,4] An

acetone solution saturated with perylene was prepared, and this acetone solution (ca. O.2ml) was

iajected into distilled hot water (ca. 343K and lernl) while stining. After two hours' retention time,

water suspension of rectangular peryleRe nanocrystals was obtained. Perylene fiber nanocrystal

suspension was obtained similarly. Poly-DCHD fiber nanocrystal suspension was ebtained as

follews. An acetene solution (O.6mi) of DCHD (1,6-di (N-carbazolyl)-2,4-hexadiyen) (lmM) was

irljected into distilled water (30ml) while stining and DCHD nanocrystals were solid-state

polymerized.{5]

  A glass vessel (¢ == 3,lcm), in which two alkali-solution-treated glass plates (1,2 × 1,2 × O.2 mm)

were placed, was filled with the suspensioR ofnanocrystals (ca, 2.0ml) and was placed in a bore ofa

superconducting magnet (Oxford, Spectromag-1000). As a control, another vessel was placed

eutside the magnet. Temperature of the solution was kept at "-343K by circulating hot water.

Nanocrystals were deposited on the glass plates by selvent evaporation. Orientation ofnanoerystals

on the glass plate was observed by using a scanning probe microscepe (SII, SPI 3800N/SPA 400)

with AFM tapping mode.

3. Results

lieclllt

                                                                               ff

Figure 1. The typical photo-images of perylene micorocrystals (a) O T, (b) 8 T. The arrow indicates the

directiGn ef magnetic field. The size ofthe image is O.76 mm× l.06 mm.
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   As a preliminary experiment, the magnetic orientatioR of perylene microcrystals, obtained from

solvent evaporation of its acetone saturated solution, was examined. Figure 1 shows the typical

photo-image (× 300) of perylene microcrystals in the Eibsence and presence of a magnetic field of 8

T, At zero field, the rectangular crystals are randomly oriented. At 8T, the crystals are oriented in

such away that the angle between the crystal's long axis and the direction of magnetic field is about

500. This confirms that magnetic orientation of perylene crystals with micremeter size is

experimentally capable. Taking this result into account, the magnetic orientatioll of peryleRe

rectangular nanocrystals was canied out.

g,

H

 as-wweq g-ge':g f.nd .,,,, es/gileeif'.itl] .,.

Figure 2, AFM images ofperylene nanocrystals (a) O T, (b) 8 T. The arrow indicates the direction of

magnetic field. The size ofimage is lepmX 10ym.

  Figure 2 shows the AFM images of perylene rectanglar nanocrystals in the absence and presence

of a magnetic field of 8 T. At zero field, the nanecrystals are oriented randomly. At 8T; the

nanocrystals seem to b¢ oriented in such atNay that the rectangrtlar crystal's leng axis is alrnest

parallel to the direction of magnetic field. Rectangular crystals are not convenient fbr orientation

determination. Se we examined nanocrystals with fibeFshape.

  Figure 3 shows the AFM images of perylene fibeFnanecrystals in the absence and presence of

magnetic field. Both fiber-nanocrystals with ai)out 2pm length and rectangular ones with 2ibout lpm

are observed in these images. From comparison of (a) and (b), it is suggested that perylene

fiber-nanocrystals seem to be oriented at 8 T in such away that its long axis is perpendicular to the

direction ofmagnetic field,

  As another example of fiber-shape BaRocrystal, magnetic erientation of poly-DCHD fiber

nanocrystais was exaiptned. Figuire 4 shows the AFM images ofpoly-DCHD nanecrystals deposited

(a) at OT and (b) at 8T. Poly-DCHD fiber nanocrystals whese length is about 5pm are certainly

deposited on a g!ass plate. However, from the comparison of (a) and (b), it is concluded that the

nanocrystals seem to be randemly oriented regardless of magnetic field.
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direction ofmagnet field is expressed as the arrow (tH). The size ofimage is 20Irm× 20ym.
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4. Diseussion

 When materials having anisotropic magnetic susceptibilities are placed in magnetic field, its

erientation energy (E) can be expressed as below. [1,2,4]

                           E=-IVAxB2/2sio (1)

where AI is the nnmber of molecules, Ax is the anisotropy of magnetie sus¢eptibility, B is the

magnetic fiux density, and I.te is the magnetic permeability of vacuum. When E is sufilciently larger

than the thermal energy, materials placed in a magrietic field are oriented at a certain angle from the

direction of magnetic field.

   In a previous papeq[6] one of the authors has studied the magnetic field dependeBce of angular

distribution ofbenzophenone rod-like crystals (Ax== 88,3 × 106 cm3 mol-i) with 2-3 crn in length. It

is estimated that their magrietic orientatieB eccurs at 8 T when they grow to the critical crysta1 size

of 1.9 × O,2 × O.2pm. Cry$tal $izes ofnanocrystals studied here are more or･less similar te the critical

size fbr magnetic orientation estimated. Therefore, it seems that magnetic orientation ef perylene

nanocrystals is experimentally capal)le at 8 T, theugh poly-DCHD nanocrystals are net.

Fvnthermere, in the case of perylefie fiber Ranocrystals the orientation direction is differeRt by 900

from that estimated by the optical polarization measurements.[4] These facts means that there exist

several experimental factors infiuencing magnetic orientation of nanoerystals. The first is the

orientation energy. As estimated frem the previous work, [6] the magnetic flux density of 8 T is not

sufficiently strong te overcome the disturbance induced by the thermal energy, indicating the

utilization ef higher field for the magnetic orientation is preterahle. The second is that the rnagnetic

orientation of nanocrystals achieved in the setution might be disturbed by evaporation. Becar}se of

the turbulent motion ofseiution during evaporation rr}ight disturbes orielltation of naRocrystals might

be disturbed significantly. The third is the evaporation proeess for preparation of oriented

nanocrystals. Evaporation of solvent is complex. On the glass plate nanocrystals do no deposit

unifomiy but deposit in snipe-shape, as well-known by the name of non-linear phenen}ena.

Formation of stripes might iniluence semewhat the hydrodynamics of the soivtien near the stripe,

theugh the images shown in Figs. 2-4 are taken at the glass sumbce where no stripe exists. In order to

overcome these difficuhies, it is better to use a higher magnetic field, since orientation energy can

exceed the thermal eBergy of nanecrystals and fix their orientation snictly. In erder te solve the

stripe formation on the glass, it might be better to use some other plate in place of glass plate.

Research based en the above coBsideration is in progress,
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     JLt&7

Kion :
3kBT'

(IMion = ncion(iU6H)) (3)

 When the steady state is attained, the left-hand side of Eq.(1) becomes zero and the ion flow

disappears, then, the spatial distribution ofion concentration is expressed by

n(x) = C exp( 2I:;"T B(x)2)

(4)

where C is the censtant which is determined by the tetal number ofiens in the solution.

 Ifthe Dy3' ign (ag.. :8.007 × lg-25JT-2ion-i) is exposed by a magnetic field of13T at 300K, the ratio

ofion concentratien at 13T to that at eT is n(El= 13T)ln(B=OT) :1.009. This is possibly observed in a

sever experiment. in contrast to this, if the Cu2' ion b<i･..==O.212 × lo-25JT-2ion-i) is examined, that

ratio is n(B=:13T)ln(B :OT)==1.eO04, actually resulting in an impossible observation.

3. Experimental metheds

3.1 Requirements

 We rm}st set careful experirr}ental conditions in order to detect the cencentratioB diffk)rence ofless
than 1% for Dy3' ion. The temperature gradient of IK in a solution at 300K possibly causes the

concentration difference of O.3% on the assumption ef an ideal solution. Accordingly, the
temperature is desired to be cQntrolled within the deviation of O.2K throughout the sample. Judging

from the mobility of a metallic ion in the aqueous solutieR by an electric field, it may take several
hundred hours for Dy3" ions to migrate a distance ofa few mm by the magnetic fbrce prodnced by a

13T magnet.

3.2 Samples and equipment

 The sample was O.9N-Dy(N03)36H20 aqueous solution. Nitrogen gas was bubbled into the selution

for removing oxygen and stirring it fbr 30 min. This selution was fully contained in sa'mple tubes

with the ikside bore of 6mm and the total length of 200mm. Each sample tube consisted of twe

9emm-long glass tubes (A-R and R-A') connected by a 20mm-long rubberjoint R as shewn by the

in$et in Fig.1. We use a cryo-cooled supercondueting magnet (JMTD--13TIOOEF3, Japan
Superconducting Technology Co, Ltd.) with the maximum field of 13T and leOmm bore at room

temperature. The rr}agnet was horizontally situated. The temperature of samples was controlled at

293.2±O.2K during magnetic field exposure by the temp¢rature-controlled water which was
circulated through a double wall jacket inside of the magnet's bore, The temperature gradient was

less than O.IK alongthe sample tubes. This was rr}easufed by a thermister (YSI44004, TDK) which

output scarcely depended on magnetic fields.

3.3 Magnetic field exposure

 We made two kinds of experiments for magnetic field expesure. In Experiment l, we prepared 32

sample tubes and classified them into two assemblies with 16 tubes each. The two assemb!ies were

located in different positions in the magnet' bore as shewn in Fig. 1. 0ne assembly was locased in

Position A-R-A3 with high fields between l2.3T at A, 9.IT at R and 3.5T at Ar and the other assembly

was in Position B-R-B' with law fields between O.2T at B, O.13T at R and O.IT at B' when the

magnetic field was 12.6T at the magnet's center. The magnetic field was exposed fbr 336 heurs.

immediately after the field exposure, each sample tube was separated into two parts at the central

2
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rubberjoint R. Then, outside of the magnet, the Dy3" concentration in the solution was measured by

the iRtensity I ef absorption line at 806.9nm with a spectremeter (UV-1700, Shimadm Co.). The

concentratien difiiorence was obtained from Ac :(lk=l14･)i7L4 or (lb-ZB･)ZZb where Ik, 114･, lb and lb･were

the line intensities ofthe solution at Parts A, A?, B and B' respectively. The experimental error efthe

concentration diffk)rence was ±e.1% for each sample tube.
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Fig.1. Spatial distribution efmagnetic fields and Positions A-A' and B-B' ofthe sample tubes fbr

              magnetic field exposure. The inset shows a sample tube.

 In Experiment 2, we prepared 7assemblies with 8 sample tt}bes each. The assernblies were located

in the same position ofA-R-A7 and exposed by the same magnetic field as in Experiment 1. But the

exposed dnration was varied betweeB 24 and 672 hours.

3. Results and Piscussion

 Figure 2 shows the result of Experiment l by the distribwtion ef the measured values for the

concentration difference Ac. ObvieuslM the samples in Position A-R-Ar has non-zero value ef

Ac==O.67±O.42%; in contrast to this, the samples in Position B-R-B' has nearly zero value of

Ac==O.07±O.429t6.
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Fig. 2. Disuibution of the measured values fbr the concentration difference Ac. (a) Position A-R-A'

and (b) Position B-R-B'.

 We cempare these values with the calculation based on Eq.(4). For the solution ofPosition A-R-A',

for instance,

3
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Ac = Gn(x)dbc - ".in(x)du)/R.f n(x)du

(5)

The calculation gave Ac==O.87% for Position A-R-A' and Act-O.OO% for Position B-R-B', These
values agree with the observed ones. We have confirmed that Dy3' ions were migrated in the

aqueous solutien by the magnetic fbrce.

 Figure 3 illustrates the result ofExperiment 2 by the dependence efthe ion concentration difference

Ac on the duration of fnagnetic field exposure. It is observcd that the ion migration gets saturated in

abeut 168 hours. The time dependence obtained can be fitted by the expenential type relation.

Ac(t) :A(1 - exp(-t1i)) (6)

where A is the calculated steady value of Ac==e.879!6 amd Tis the effective time constant ef96 hours,

In the present O.9N solution, the iens migrate in a larger velocity than that we predicted. It is

speeulated that the ions in a concentrated selution are much more fbrced by magnetic fields

compared with ones in a dilute solution.

 In conclusion, we have ebserved the magnetomigratioR of a single paramagnetic ien in the aqueous

                  3+                    ion solution in high magnetic fields up to 13T.solution using by the Dy
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Fig.3.Ion concentration diffk)rence Ae vs, the duration ofmagnetic field exposure. The broken line is

the fitting curve according tg Eq,(6).
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     Various investigations hewe been eanied eut on the adsorption of water oR metal surfaces. Ito

et al.i showed that the structur¢ of adsorption of water on metal surfaces including Pt(111) and

Ru(OOI), From IR spectra and STM, a water molecule is bound to a surface metal atom strongly,

and H atom$ of the water molecule are oriented upward. The water mole¢ules forms a trianguilear

latti¢e in the first layer. In the second layer, a water melecule is beund to three water molecules in

the first layer to form a tetrahedral-1ike stmcture. This stmcture is called a bilayer ice stmcture.

     Harigaya et al. 2 showed that stacked Bano-graphite has paramagnetism by x-K interaction

between the sheets usiRg the Hubbard type model theory. Ftmhermere, they suggested that the

paramagnetism decreases dramatically on adsorption ofwater on the sheets.

     Recendy, we are interested iR hydregen bonds ef water on the metal and its magnetism.

Magnetism of hydrogeB bonds vvas investigated by measuring refractive index of water under a
strong magnet field,3 Although the refractive index changes only by -e.1% at 10T, it is attributed to

the magnetic response of lrydrogen bcmds. This means hydrogen bonds are stabilized under a
magnetic field. Results of deuterium substitution and other erganic solvent support this hypothesis.

Furthermore, it was fouRd that the magnetism of water adsorbed on a gold surface is different firom

that ofbulk water.

     In or(ler to study the interfacial magnetism of water on a gold surface, selfiassembled

monolayers (SAM) of alkanethiol were used, changiRg the length of the allry1 chain and the terminal

group between hydrophilic and hydrophobic ones. We used a surface plasmon resenance sensor that

rrieasures the refractive index of liquid on the gold fihn very sensitively. in Fig. 1, the change of

refractive index ofwater was plotted against the magnetic field, The increase ofthe refractive index

for SAM surfaces is similar to each other and to the one ofbulk water (not shown). The substitution

between ionic (-COOH) and nonienic (-CH3) terminal groups hatfe no remaiikable effkrct en the

behavior under the magnetic field. This sBggests that water in the electric double layer does net

respond to the magnetic field. Therefbre, we can conclude that water in the inner Helmholz layer,

that is, water adsorbed on the sui face contributes the intembcial magnetism significantly.

     Currently, the direct investigation ofthe interface magnetism is under progress using a surface

sensitive magnetic measurement like Surface Magneto-Optical Kerr Effect (SMOKE).

Reference:

l) M. Nakamura, Y. Shingaya and M. Ito, Sur£ Sci., 502-503 (2002) 474

2) K. flarigaya, Hyoumenkagaku, 26 (2005) 47･

3) H. Hosoda, N. Sogoshi and S. Nakabayashi, J. Phys, Chem. A, 108 (20e4) 1461
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Fig.1 Refractive index of water measured by SPR sensor. The Au surface of the SPR sensor
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 Magnetic'field induced orientation of mierodomain structures was examined for bleck

copolymers comprising nonhcrystalline block chains. We censider that micredomains
may be oriented by applying the magnetic field, bearing in mind that the microdemain

interface possibly pos$esses a diamagnetic susceptibility. Te experimeRtally confrrm

this idea, we used thin fflm of a
polystyrene-bfock-poly(ethylene-cabut'}-ene)-block'p

olystyrene uiblock copolymer (SEBS), which forms

PS cylinders in PEB matrix. The SEBS sample was
spin-cast on Si wafer. High magnetic fields with 30 Tesla

were imposed on the thin film at 180 ℃ and the erientation

of the PS cylinders was examined by atomic force
microscope (AFM) at room temperature,

 The SEBS sample was spin-cast en Si wafer. The film
thickness is about 20 nm, The sample was further armealed at

l80 ℃ for 12 heurs to induce the in-plaae orientation of the

PS cylinders (Figure 1) and then the sample was armealed in

the presence ofthe imagnetic field of30 Tesla at 180 ℃ for

3 hours. Figtne 2 shows that the PS cylinders were destroyed

by the magnetic field applied perpendicular to the cylinder

axis. On th¢ contrary, the cylinders ahnost align parallel to

the magnetic field applied parallel to the thin fihn, as shown

in Figure 3.
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Fig.1 AFM tapping
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Abstract
 Effects of stroflg static magnetic field on swimming behaviers of Paramecium caudatum (R

caudottim), Blepharisma 1mponicum (B. 7mponicum), and Emplotes woodrzEfi7 (E. woodraff)) were

studied by using a superconducting magnet. In the case ofR caudatum, random swimming at e T

and aligned swimming parallel to the magnetic field (MF) of 8 T were observed around a center of a

round vessel. In the other two pretists of B. J' aponicz{m and E. woodraLfii, no appreciable effect was

observed. k was experimentally revealed that the MF-induced parallel swimming of R caudatum

was caused physicochemically by the parallel magnetic orientatien of the cell itself The erientation

ofthe cell was con$idered to result from the magnetic orientation ofthe cell membralle.

Keywerds
 strong magnetic field; swimming behavior; Paramecium eaudatum; Blepharisma 1'aponicum,
Euplotes woodtaZ7}; magnetic orientation

1. Introductien

 Effect of a magnetic field in biological research fields has long attracted much attention of

scientists. One of the reasons might lie in a point of view whether the effect occurs
physicochemically or biologically. The studies of the magnetic field effects (MFEs) on organisms

canied out till the begirming of 1990s had been already reviewed,[1] some of which were imagined

to remain uncertain owing to experimentally and instrumentally yielded inaccuraey, and insuMcient

intensity of the magnetic field u$ed. Howeveg recently developed technique and apparatus enable

the scientists te measi}re even the effect of an extremely small geomaguetic field. Very recently, two

groups independently demonstrated the appreciable effects of the geomagnetic field en the
rnovement of a migratory bird,[2] a lobster,[3] and a sea-turtle.[4] The spin chemistry is now taken

notice as a mechanism ef the effk)ct on the migratory bird. As the epposite side, on the other hand,

the effect of strong magnetic fields of several tesla on organisms is an important subject to be

explored since, fbr instance, a nuclear magnetic resoRance imagiBg (MRI) using such a strong

magnetic field is nowadays eimployed frequently as the technique essential for aceurate and right

medical inspectien. O"r group has contributed to the constmction of a field of studies, the spin

chemistry, through Rumerous studies ofthe MFEs on photochemical reactions in the strong magnetic

fields of rrp to 14 T.([5-7] and refere"ces therein) Regardless of the magnetic field intensity, the spin

chemistry is now recognized to be one ofthe core mechanisms for the MFEs. Besides it, the strong

magnetic force and the enlianced magnetic orientation are important features in the streng magnetic

field, and thereby other MFEs Rot explained by the spin chemistry can be expected even in
organisms at the strollg magnetic field. Thus, we initiated to explore the effects of horizontal strgng

magrietic fields on organisms by using sorne protists which are well-known to be sensitive to some

envirenm¢ntal stimmli such as gravity. The horizontal magnetic fields were utilized for the purpose

efremovillg the infiuenee of gravity, First of all, our group detected two intriguing MFEs in Euglena

gracilis (E. gracilis) which eontains several teRs of chloroplasts inside the cell.[8] One of them was

the swimming aligned perpendicularly to the maglletic field (the MF-induced perpendicular

1
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swiiuming). This meaRs that a long axis of the ceil is aligried perpendicularly to the field (the

perpendieular magnetic erientatien). Another MFE was that, altheugh each ce}1 kept the
perpendicular swimming, the cell distribution in a vessel altered so as te become higher at the side

cleser to the magriet center at about two hours after the vessel was set in the magnetic gradient

generating the strong magr}etic force (the positive magnetotaxis). The MF-iRduced perpendicular

swimming was expiained by the magnetic orientation of the chloroplasts tightly packed inside E.

gracilis. Further, the positive magnetotaxis was interpreted by the combination mechanism ofthe

perpendicular magnetic orientation of the cell itself and the inhomogeneeus distribution of the

diamagiietic chloroplasts inside the cell. As a result, the MFEs of E gracilis were interpreted

physicochemicaily. in this papeg we present the M-FE on 2 caudatum in the horizontal strong static

magnetic fields. Since R caudatum has no chleroplasts responsible for the magnetic orientation Iike

E. gracilis and further the magnetic field used is horizontal, the MFE is considered to give a chance

to understand･the magnetic erientation of the pretist in detail without the infiuence of gravity.

Independently, two groups already reported the MFE on the swimming of a paramecium at the
vertical magnetic field where the MFE should be estimated by taking the infu]ence of gravity inte

account.[9, 10] Howeveg there was inconsistency between their results that the paramecium swam

perpendicularly to the field ef O,68 T [9] in contrast with parallel te the field of18 T.[1O] We had the

impression of the necessity of removing the infiuence of gravity to simplify the interpretation of the

MFE because R caudatum is known to have the geotaxis.[11] In this work, it is reported that R

caudatum actually orients and swims parallel to the horizontal magnetic field of 8 T.[12]

2. Experimental methods

 Ciliated protezoa ofR caudatum, B. 1aponicum, and E woodraLff} in the steady state growth period

were employed for the experiment. The cultivation was performed according to the literature.[13,

14] Figure 1 shows pictures ofthe protists. All ofthem consist ofa single cell which includes a cell

membrane, cilia, etc, Especially, R caudatum has a specific organ, trichecyst, buried beneath the

membrane which is released toward a predator and stimuli such as chemicals.

<b)･

Fig. 1. S.napshots of(a) R caudatum, (b) B. 1'aponicum, and (c) E, woodrzof7.

 The horizontal strong static magnetic fields of up to 8 T were afforded by a supercondncting

magnet (Oxford lnsrmments, SM-leOO-11, ip 5e mm bore diameter). The vertical strong magnetic

fields of 10.7, 12 and l5 T used for comparison were provided with a superconducting magnet

(Japan Supercenductor Technology, JASTEC LH15T40, ¢ 40 mm bore diameteD. A geomagnetic
field, which was nermally about O.05 mT, was treated as O T in this study.

 A reund glass vessel (ip = 30 imn) containing each of the protists was set iRside the horizontal

magneticfield¢quippedwithathermestatmaintainedat298K. Theswimmingbehaviorsofthem
were measured from an upside of the vessel with a CCD camera (OLYMPUS, OH-411) - lighr
source (OI-:YMPUS, ILK-5) - light guide (OL7Y'MPUS, RIOO-095-090-50) - display moniter (SONY,

EVM-901eR) -- digital video cassette reeerder (SONY, GVLDIOOO NTSC) system. In the case efthe

vertical magrietic field, the swimming was monitored frem a side ofthe vessel. Every experirnent of

the measurement was initiated at the same early time in the aftemooR to Ewoid the infiuence of the

circadian thythrn of the protists, In seeking the magnetic orientation of the cell as an assembly of

simple chemieal substance$, immobilized R caudatum was prepared by adding
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ethylenediamiRe-N,N,N',N'-tetraacetic acid, disedium salt (ED'IA) (O.O03 - O.02 moVdm3) into the

solutioR containing the living cells in advance. No organic disruption ofthe cell was detected in the

ED']ZA treatment.

3. Res"ks

3.1 Effect of horizontal stroBg magnetic fieid on swimming ofR caucintum and its magRetic field

dependence
 Figure 2 shews snapshets ef videos recording the behavior efR caudatum swimming around a
center ofthe vessel in the absence and presellce ofthe horizontal strong magnetic field of8 T. A datk

gray ellipse and an arrow in front of it show a single cell ofR caudatum and the swimming direction,

respectively. It is clear that the arrows are in disorder at O T (Figure 2a) whereas they are almost

restricted to orient parallel to the magnetic field of 8 T (Figure 2b).
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   Fig. 2. Snapshots of videos recording the behavior efR caudatum areund a ceRter of the

   reund vessel in the case of(a) living cells at O T; (b) living cells at 8 T; and (c) immobilized

   cells at 8 T, respectively. All snapshots are taken from an upside ofthe found vessel (i.e, top

   view). Original'magnification is ×2e in all cases. Olle dark gray spot corresponds to one

   single cell. Arrows drawn in (a) and (b) indi¢ate the swimming direction ofeach livifig cell.

 This MF-induced parallel swirnming appeared immediately after being exposed te the xnagrietic

field, and disappeared without delay when removed from the field. Frorn these results, we

recognized that R caudotum was definitely affected by the strong magnetic field so as to swim

para11el to the strong magnetic field. In other words, the cell ofR caudatum can be said to show the

magnetic orieRtation parallel to the field (the parallel rr}agnetic orientatioR). IR fact, the parallel

magnetic orientation ofthe cell as an assembly ofsimple chemical substaRces is confirmed by using

the immebilized R cauclatum (vide iBfra). Furthermore, it was revealed that the MF-induced parallel

swimming speed reduced when the expesure to the stroBg magiietic field lasted for more than

several ten minutes, However, no recovery in the speed was detected even ifthe cell was removed
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Fig. 3. MFDs of the percentages ofR caudutunz showing the MF-indnced
parallel swimrning around a center of the round vessel.
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from the field although the direction ofthe swimmng became in disorder promptly.

 Plots of closed circles in Figure 3 display magnetic field dependence (A(UFD) of a percentage ofthe

cells showing the MF-induced parallel swimming. The percentage was calculated in tems of
dividing the nuMber of celts swimming parallel te the field by the whole number ef cells coming

into the field of view of the microscope during a constant time, In the graph, it appears that the

percentage increases together with increasing the magnetic field. The percentage at 8 T was

approximately seven times larger than that at e T. Incidentally speaking, no magnetotaxis, which was

seen in the case ofE. gracilis,[8] was observed in the magnetic gradient.

 For comparison, the swimming behaviors of the cell in the venical strong magnetic fields ef 10.7,

12, and 15 T besides O T were shown in Figure 4. The apparent MF-induced parailel swimming was

coRfirmed even in the three venical streng magBetic fields. This result was censistent with that of 18

T by Valles's group.[10] The decrease in the swiinniing speed was also detected during and after the

exposure to the vertical magnetic field as well as the herizontal magnetic field.
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･ Fig. 4. Snapshots ofvideos recording the swimming behavior ofR caudatum in the

 vertical magnetie fields of le.7, 12, and 15 T besides O T. All snapshots are taken

 from a side of the vessel (i.e. side view). Original magnification is xlO in all cases.

 OBe gray spet correspoRds to one single cell. Asrows indicate the swimming direction

 of each living cell.

3.2 Magnetic orientation ofimmobilized R caudatum ce!ls

 In erder to elucidate a mechanism of the MF-induced parallel swimming, we iavestigated the

magnetic orientation ef the cell immobilized with EDTA. This is an important experiment because

the result leads to reply a question that the MF-indnced parallel swimming occurs physicochemically

or biologically. Figure 2c exhibits a snapshot obtained firom the video recording the orientation ofthe

immebilized R cauciatum at 8 T. After the solution containing the immobilized cells was stirred by

inclining the vessel compulsorily, the video was recorded continuously until the cells came to a

standstill aRd oriepted in the presellce of the field of 8 T. Figure 2c is the snapshet at the standstill

demomstrating that the immobilized cell as an assembly of simple chemical substances is arranged

parallel to the field. IR Figure 2c it is found that most ofthe cells align their leng axes of the ellipse

body parallel to the magnetic field.

3.3 Swimming behaviers and no MFE ofB. Jmponicunz and E. woocintL197

 The swimming behaviors of the other protists, B. 1'aponicum and E. woodreq9}, were monitored at a

horizontal rr}agnetic field of8 T. Howeveg none ofthem shows appreciable MFE on the swimming.

B. 1'oponicum swain tuming around and around dnring observation, which probal)ly resulted from

phototaxis induced by the light for monitoring. E. woodrafi also showed no MF-induced aligned

swimming as well as at O T,
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4. DiscussioR

4.1. MF･-induced parallel swimming as a consequence ef parallel magnetic orientatien of R

caudatum
 The experiment of the immobilized R caudutum indicates that the MF-indaced parallel swimming

(Figure 2b) observed around a center ofthe vessel is simply attributed to the magnetic orientation of

the cell itself since the cell is regarded as an assembly of chemical substances and organs, as well as

the interpretation ef Nakaeka's and Valles's gro"ps.[9, 10] That i$, it is fbund that the MF-induced

parallel swimming is interpreted physicochemieaily not biologically. Ifthis interpretation is right, the

orientation is explained by the magnetic susceptibility anisetropy of the cell.

 Assuming that the R caudatum is magnetically symmetric aloBg its long axis !ike a cylinder and

possess susceptibilities parallel (z I) and perpendicular (x±) to the axis, the magnetic eRergy E(a to

per cell at a magnetic field ff is expressed as

        E(0, H) == -(H2/2)t2r. +(x,, -- x. )cos2 0] (1)

where e is an angle between the long axis and the magnetic field H,[15] In the case ef the

MF-indnced parallel swimming, the angle eis equal te zero. The magnetic orientation eccurs so that

the magnetic energy E(a H) becomes minimum. Hewever, the magnetic oriektatioB of the cell

holding the maglletic energy E(a H) at temperamre T is diserdered by thermal energy of Z
AccordiRg to the Beltzrr}alln statistics, therefore, the probahility P(a H, 7)de of the cell existing

between the aitgles eand e+deis written as

                       expl- E(0, H)/kT]dO

                       ff expF E(e, H)1kT]de

where k is the Beltzmann constant.[16] Here, since the deReminator in Equation 2 is considered

common to all the magnetic fields used, a ratio R(0 = O) at e == O of the probability at a magnetic

field H toward that at O T is sirnplified as

R(0= O)-
P(O, H, T)

p(e,o,T) ==

 exp[2Hk} (xi/ - xL )]
(3)

Thus, the logarithmic transformation ofboth hand sides in EquatioR 3 gives

in(R(e = OD == 2i･T (x// - xi )H2 == 2iT AxH2
(4)

with l)Lif = (x"vtrD. If the experimental result in this wotk obeys this relatien, it reveals that the

MF-induced parallel swimming is ascribed to physicochemical phenomenon of the parallel magnetic

otientation dne to the magnetic susceptibility anisotrepy of the cell as an assembly of chemical

substances.

 Figure 5 is a graph plotted according to Equation 4, The plots satisfy the relation within an

experimental error, which verifies the parallel magnetic orientatioR ef the cell induced
physicochemieally , as deseribed above. A straight line ,superimposed on the plots is the best fitted

line acquired by the least--squares methed. The anisotropy A,if of the susceptibility per cell was

obtained frem the slepe to be 3.4×iO-23 emm cellini at the experimeRtal temperamre of298 K. To the

best of our knowl¢dge, this is the first evaluation of the anisotropic value per cell of the living R
caudatum. This value was smaller thaR values of some substances (benzophenone: 3.0xlO-20 emu

crystal-i; single multiwall carbon nanotube: 6.sx10-22 emm nanotube-i; erythrccyte: 8.2×lo-22 emu
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cellhi; bloed platelet 1.2×lO-2i emn celri ) experimentally se far obtained.[l5-l7]
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Fig. 5. A ratio ef ln(R(0me O)) against a square efthe horizontal magnetic field

ofH plotted accofding to Equation 4. The straight line superimposed is the best

fitted line toward the observed plots estimated by a least squares method.

4,2. 0rigin ofparallel magnetic orientation ofR caudatum

 We sought an erigin of the magnetie orientation ofR caudatum. We observed the swimming of R

caudatum parallel to the herizontal magnetic field at 8 T from an upside of the round vessel while

Nakaoka et al. observed the horizontal swimming efR multimicronuclealum perpendicular to the

vertical magnetic field of O.68 T frem a side of the rectangglar vessel.[9] The relationship between

the MF-induced alignment and the magnetic field was distinct from each other in these cases.

Ftmher, Nakaoka et al. also measured parallel magnetic orientations ef two principal organs of cilia

and trichocysts, of which respective long axes were both parallel to the vertical low field used.

Since the cilia grew perpendicularly from the cell surface and the uichocysts are buried maintaining

the loRg axis at right angles to the surface, they led te the conclusien that the perpendicular magnetic

orientatien efthe cell results from the magnetic orientation ofthe two organs. Since a side ofthe cell

surface is by far wide in area, the magnetic orientation cansed by the two organs at the side is mere

rematkable than in the head and tail. Howeveg ti}is interpretation is inapplicable to our case ofthe

parallel magnetic orientation ofR caudutum. Thus, we examined a cell membrane as a candidate ef

the origin. It is well-known that the membrane consists of a bi-layer of upright phespholipids which

have leng chains of hydrocarbons. Since such a long hydrocarbonaceous chain is found to have a

certain magnitude of magnetic susceptibility anisotropy,[l8] the membrane as an assembly of the

upright hydrocarbons should be aiigned to the magnetic field. For instance, stearic acid

(CH3(CH2)i6COOH) possesses xv = - 235.7×10--6 ernu mol-i and x± =: - 2os.2xle-6 emn
mol"i).[18] The relationship of xl < x2 indicates that the membrane comprising many upright

stearic acids is arranged parallel te the magnetic field. Therefore, this arrangement ofthe membrane

is proper to explain our observed magnetic orientatieR ofthe cell itself parallel to the magnetic field

since a side of the noR-spherical cell is wider in area than a head and a tail. If we roughly calculate

the magnetic susceptibility anisotropy of the membrane based on assumptions that (i) the membrane

coRsists of only stearic acid which has a cylindrical stmcture and (ii) the cell is also symmetric like a

cylinder of 200 ptm in length and 60 pm in diameter, then it is approximately estimated to be Ayy =
1.sxlO-i7 emu cell-i by taking acceunt of a diameter of cylindrical stearic acid. This value is

considerably larger than that (iijr == 3.4×10-23 emu cell-i) obtained fbr the cell in this study.

However, the diffk)rence in the two values seems to be compensated with the anisotropy of cilia and

trichocysts. Judging from the direction of the magnetic orientation of cilia and trichocysts measured

by Nakaoka et al., the relationship betweeg xl and zi ofthe two organs is certainly zv > .;if± as

opposed to xv < x± of stearic acid, Therefore, adding the magr!etic erientation of the two organs

leads to re{ince a value of the susceptibility anisotropy (Az), that is, the obtained small value (z)ur =

3.4xlo-23 emm cell-i) mealls an apparent value which results from a total effect due to several
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substances having independently different susceptibility anisotropies. The smallness ofthe apparent

Ax value efR caudatum fnight imply that zfyu for the menabrane is merely different in the absolute

valBe from that efa total Ax fbr the two organs, though the sigB is oppesite to each other. In other

words, the smallness rnight suggest that R caudatum has a tendency of easy alteration of the

rnagnetic erientatien (the MF-indnced swimming) ofthe cell by the scanty difference and sign in zXx

ef the cel! membrane and the combination ofcilia and trichocysts. Hence, it might first be said that

the difference in the magnetic orientatiens between Nakaoka et al. and us arises from a difference in

a species ofparamecium though there still remain infiuences of gravity and vessel shape.

5. Conclusiens

 In this s"]dy we revealed the MF-induced parallel swimming results from the magnetic orientation

of the cell itself as an assembly ef chemical substances by using horizolltal strong magnetic fields

unnecessary to take the gravity into accougt. We preposed the possibility ofthe cell membrane as the

origin ofthe magnetic orientation by evaluating the susceptibility anisotropy value Aljr ofthe cell.
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Abstraet

  Monodisperse silica sphercs with a diameter of ca. 140 nm containing magnetic cores ef TFe203
were synthesized following a similar methed by St6beri and Philipse.2 Rendering a structural color

was successfully achieved by thorough deionization efthe aqueous suspeRsien efthe spheres, The

magnetic tunability ofthe stmctural color efthe colloidal crystal was demonstrated. The optical

preperty was characterized by UVLVis. refiection spectra.

Keywords
  Magnetic composite panicle, eolloidal crystal, structural color

i. Intreduction

  Recently, celloidal crystals attract much atteRtion of researchers aiming the realization of
three-･dimensional photonic crystals.3'4 Bragg difftaction by the periodic stmcture of dielectric

materials is the basis ofphotonic properties.5 Dilute charged celleidal crystals are interesting since

         strueture is sustained by the electrically repulsive interaction and is affected by ionicthe crystal
atrnosphere ofthe solvent,6'7 They are useful to the study ofphetonic crystals ewing to {he fiexible

structure. Colloidal crystals composed of magnetic panicles are panicularly promising in this

respect for its in･insitu tunabily using externa! magmetic fields. Wagner et al. reported synthesis ef

I:.IZg,",fige,.CO,M,P&Sg`.',,R,a･,rtk'Le,g,.<}Og,ek･9$lil,ISg9%),.ay,d,.`Rg,cg,",trgYh2fi,l3,ls.s,tm.c,tu,r.a,i,go"zr.,2I,tge,

JpcFe203@Si02.2 Hewever, they did net present the formatioR of the colloidal crystal, possibly

because ofrelatively poor unifbrmity ofthe panicles. The aim ofthis work is the improvement fbr

the synthesis of yc･Fe203@Si02 particles and the realization of the colloidal crystallization,

Moreoveg spectroscopic characterization ofthe crystal is presented.

2. Experimental methods

  All reagents were purchased fk om Wako Pure Chemical IRdnstries, L rD. Fine ?aFe203 panicles
were prepared by co-precipitation.9 FeCl2 of 2.08 g and FeCl3 of 5,22 g were dissolved in 380 mL

ultrapure water, and 20 mL of25% NH3 was added to the solution with acute agitation for one hour.

After ultrafine MFe203 particles were flocc"lated, the supernatant liquid was removed by decantation,

4emL 2M HN03 was added to the sediment with stining for five miRutes. 60ML O.35M
Fe(N03)3 was slowly added to the solution boiling for one hour. After standing for a while, the

supernatant was again removed by decantation. The datk reddish-brown sedimentation was

washed with 2M HN03, and precipitated using a permaneRt magnet. The dark reddish-brown
precipitate was dissolved in l L of distilled water. The point of zero charge of kcFe203 particles

was lewered by adding a e.Ol M cinic acid solubon until preciphation was visible.9 The

precipitation was separated by fi1tratien, and dissoived in 40 mL 20% tetraethylammeniumhydroxide

(TEAH).
   Controling the number density ef the core particles is very important te synthesize monodisperse
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                    Figure 1. Transmission electron rnicrograph of
                    colloidal core-shell panicles. Ferromagnetic core
                    can be seen as a daric spot at the center ofpanicles.

composite panicles.ie The target number is 4.sxloiO particleslML. In order to synthesize

composite panicles (Fe203@Si02), the TEAH selutiolt of O.5 mL is mixed with ultrapure water and

added to 720mi. 2-propanol and 240mL ethanol. [I]etraethylorthosilicate and 25% NH3 were
added with sonication. After one hour of agitation, yellow ocher particles vvere synthesized. To

remove stray iens from the suspensioR, the pairticles were separated using a centrifuge and diluted in

ultrapurewater. Thelastprocedurewasrepeatedseveraltirriestocompletedeionization,

3. Results aptd dis¢ussioR

  Figure l shows a transmission electron micrograph of the particles synthesized. A magnetic

core was found at the center ef each panicle, which i$ visible as a datk spot in a gray sphere in

Figure 1. The average diameter ofparticles is 14il nm, which is estimated using a particle analyzer

(UIIA-150; Micretrac, Inc). The standard deviation of diameter was 43 nm, which was relativeiy

large possibly due to the panial aggregation ofparticles.

  Colloidal erystals are known to have a faee-center-cubic (fec) crystal stmcture typically.ii The

(111) facet is parallel with the wall of the centainer The distance between the nearest (lll) faces

of the colloidal crystal was determined from reflection spectra. The refiection spectra were

measured with an UV-Vis. spectremeter (UVL570, JASCO Corp.) equipped with a rotatable stage

and an integrating sphere. A rectangular quartz cell filled with the colloidal crystal was placed on
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Figure 2. (a) Reftection spectra of the colloidal crystal of cornposite magnetic particles with

incident and refiected angle angles of200, 3eO and 400. The baseline of each specmm is venically

shifted for claiity. (b) incident aBgle dependence ofthe peak wavelength ofBragg difficaction.
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the rotatable stage. The incideRt and reflective angles were set to be identical. Figure 2(a) shows

refiective spectra with altering incident angles. The peak ofthe reflective spectra shifted te lenger

wavelengths with increasiRg incident angles. The reason fbr rather large peak widrh is not clear.

However, the shapes efthe peak for different incident angles are quite similag which may mean the

(111) faces near the cell wall were well defined. In Figure 2(b), the wavelength ef the refiection

peak is plotted against the incident angle. The distance between (111) faces (ai> was obtained as

240 nm using the relatien of a = (JU2)[1-(sinevn)2]ii2 (A: the peak wavelength ofrefiection spe¢tra, a

incident angle, n: the volume average ef the refractive index of the suspension).i2 The volume

average of the refractive index (n) was decided from the relation to be 1.37. This value is
reasenable since it is close to the reimctive index of pure water (1.33).

  In Figure 3, pictures showing the change of the stmctural color by magnetic fields are presented.

In Fig.3(a), the collgidal crystal with a strutmral color (violet) is seen at the middle ofthe container.

The apparent sedimentatien ef the crystal phase ar}d the disordered phase above it may indicate the

critical concentration fbr the crystallization. In order to permrb the interactien between particles, a

permanent magnet (SmCo, O,3 T) was attached at the tep of the container. The structural color

changed gradually from violet to green as shown iR Fig.3(b) and became stationary after abo"t eight

heurs. This change ofthe structural celor means the expansion of the lattice. Since magnetic

particles are aturacted toward the magnet at the top and this cancels the gravity acting on the particles.

Therefore, the particle density decreases and lattice spacing increases. After removing the magnet,

the color was reverted to violet within half an hour. Figure 3(c) shows refiective spectra with and

without magnetic fields. The peak wavelength was 504 nm (without magnetic field) and 52e nm

(with magnetic field). A rather irregular deformation of the shape of the peak was observed upon

magnetization. This is pessibly due to imperfect colleidal crystallization, since the prebe beam was

rather wide (100 pm × IO mm), which incidented both of the ordered aRd disordered phases. The
rate ofthe change efthe stmctural celor is rather slow. k is reported that the phase transition ofthe
colloidal crystal is quite slow,i3 Further characterization of reflective spectra is under progress.

4. Conclusiens

  In summary, we hEvve succeeded in rendering the stmctural color of the rFe203@Si02 magnetic

colloid. The crystal constant was obtained from UVVIs. refiective spectra. Magnetic tuning of

the structural color was demonstrated.
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   Opal is knewn to be one of the photonic crystals found in nature. It is composed of spherical

silica particles. We reported synthesis of spherical silica particles containing the magnetic core of y

-Fe203.[1] As shown in Figure 1, the magnetic core can be seen as a datk spet at the center of

particles. The opai film made from this magnetic particles is expected to be a new optical material

which can respond to a magnetic field. The Faraday effect is ene efthe magneto-optical properties ef

materials. The direction of polarization of light propagating parailel to a magnetic field is rotated

when light pass through magnetized material. We fabricated magnetic opal films and measured the

Faraday effk)ct of the films.

   Artificial opal films were fabricated from ethano! sBspensiens by a vertical deposition method.

Composite particles with a diameter of ¢a.2eenm were dispersed in ethanol. A glass substrate was

cleaned by concentrated sulfuric acid, and imnersed approximately verticaliy into the suspensioll.

After the evaporatien of the solvent, silica spheres were selgassembled onto the substrate. Uniform

colored filrn was obtained. Figmre 2 shows an atomic force micrograph ofthis film. From this picture,

it was fbund that this film has a relatively well--ordered stmcture. The reflection spectra were

measured with a UVVIS.spectrometer. We observed the sharp peaks due to the Bragg diffiraction of

vi$ible light from the periodic structure.

   Next, we set up the apparatus fbr the Faraday effect measurement using a superconductive

magnet. We measured the Faraday effect of silica opal filrns with and without magnetic cores,

respective}y. Figure 3 shows the depeRdence of the Faraday rotation oB the magnetic field,

Corr}pared te the film witheut magnetic cores, it was fbund that light intensity of the film with

magnetic core increased dramaticaily. In general, the relation between the Faraday effk)ct and

magnetization is proportional. In this case, the intensity increased linearly to the magnetic field, and

therefore magnetizatioR ofthe cores is not saturated. Thus, we suppose that the cornposite particle is

not ferremagnetic but superparamagnetic due to the small volume ofthe cores.

1)Kitajima et al.,Chem.Lett.33(2004),1OO6
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Photoindnced Convection of Organic Solution in Magnetic Field
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Abstract

   We studied the rising pEyttern of a colored benzene soimien photochemically generated by the

reaction of diphenylamine and carbon tetrabromide in high magrietic field. At zero field the colored

solutien stayed on the bottom after 10 s laser irradiation. At -140eT2 m'i the solutien rese fast with

forming a pipe-Iike shape, at -54T2 m-i it rose straight from the center of the vessel, and at +1155T2

m-i it rose slowly after 1 mirute from irradiation, These results can be understood, to some extent,

by the magrtetic fbrce applied to the colored selution.

Keywerds

  carbon tetrabromide, diphenylamine, photochemical reaction, thermal convectiolt, magnetic force,

magnetic susceptibility, magnetic field efifect

1. introductioM

 Recently, because of development of superconducting magnet technology, high magnetic field has

been available, and many kinds of research on magnetic phenomena have been reported. 1fo know

the convection of liquid solution cai}sed by magnetic field leads to a new viewpoiRt of

heterogeneous solution's convection. But few experiments were held to ebserve convection, and

finther studies are required about it. Therefore we studied the rising pattern of colored benzene

solution photochemically generated by the reaction of diphenylamine and carbon tetrabromide in

magnetic field.

2. Experimental

Diphenylamine (DPA: WAKO, special grade), CBr4 (WAKO, special grade) and benzene

spectrosol)wereusedasreceived. InthisexperimentequimolarbenzenesolutionofDPA

(WAKO,

1
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and CBr4 were used, A lml sample solution in a lcrn x lcm x 4cm quartz cell was degassed by

passing threugh argon gas for IO minutes. The cell was still standing in the magnetic field fbr 3

mmutes.

   Figure 1 shows the experimental setup for in sitor observation of convection in a magnet.

Magnetic field was generated by a superconducting magnet (JASTEC, JMTD-LH15T40). A solution

in the quartz cell, placed in the bere, was irradiated by a 355-nm lighr from a pulsed Nd:YAG laser

(Spectra-Physics, Quanta-Ray INDI) from the bottom of the cell through a 6-rr}m hole for IO s,

Rising pattern of the photogenerated colored sotution was recorded by CCD camera (TELI,

CSU9000B) and video recorder (SONM GV-DIOOO). In situ observation was canied out at 3

positions in the magnet bore, i.e,, "Upper" (-14eOT2 m-i), "Middle" (-54T2 m-i), and "Lewer"

positions (+nssT2 m-i) and outside the magnet (O'I2 m-i) as contrel experiment. The prodnct of

magnetic field and its gradient in the radial direction was 50-lOe T2m-i at three positions.

3. Results astd Discllssien

 10-Seeond laser irradiatioll of the benzelle selution of DRA and CBr4 iiumediately generates a

colored solution on the bettom ofthe cell. Figure 2 shows the rising pattems ofthe colored solution.

2

--- 220 -



ド　　瀕
レ　　　　ぎ

　鶏ぎ講．礁鱒＄鎚

　　　　　　　　　Ψ警

ζ

　　鍵塁．蠣裕鞠

　　＿繋噸

　鱗・繕。

鑓1鵡総｛妻、3睡2馳鶴

　　　羅
　　　蘇＿講難
　　　　　　　　難
臥淵書薄．尋纒《》鎗導

靴　　薫璽
　＼’　　　　　　　ゆ潔
　㍍　　　　　　　　　　　セ
　鰍　　　　　　　　　　　　　　　　　　　　　僻
　μ嬢　　　　　　　　　　　　　　　　　　　　啄
　ヘ　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ゼ

　　　　　　レ　ムよ
磁麟謹縫鳶

　　z劔騰．蓬欝欝騰¢

　だ　　　　　　　　　　　　　　　　　　ンめ
難曲　　　　　　　　　．藩弩

　蔚　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　戸

　お　　　　　　　　　　　　　　　き

　．　　　　　　　　熱
熱　Ψ鰐　　　　　　　　　　　　　　　　　　　　　　　　　　　耀

　㌧　　　　　　　　　　　　　　妻

罫

岬幽熱海戚
　鞠鯵邉」2購＄町

議坤灘馨

　鞠鯵緯。講鴛脚導

ギき諏ビ

　獅鉾緯．藤野§鵬

難：　　激
鰺

覇1翻1鐙．2翻3s鵬

　　　難
　　　　　　　誇灘　　馨
　　　　　磯並
　羅

籔麗1奪¢．3蔵～轟＄鵬

　z§跨《1，盤1鵜＄総

　ドび　が　　　　　　　　　　　　　　　やドが

鐙　　　　　　　　　　雲
叢
　へ　　　　　　　　　　　　　　　　　も
蓼　　　滋　．
噂　　　　　　　　　　　　　　　　　　　　　　　　渚

　　　　　諦　　イ

鞍舞織鋼考2駒奪＿

馨
ご麟，

鞠舞四一礪2考＄劔

欝　　華．
擁師

繍顛1駐難．2㍊§s劔

響　響．

騨鋸1繍．3翻2馨s鋤

繋

∴灘一飛

　　環

z禽鱒警蟹隈偽鈴

　卯

羅
饗

　＄¢

難羅
嚢難議講

：Fig．2・Rising　Paもterns◎f　colored　solution（side　view）．　UpPer：一1400T2m・1，　Middle：

一54T2m覇1，　L，◎wer：÷U55T2m“1，　Zero：OT2m4。

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　3

　　　　　　　　　　　　　　　　　　　　　　　　－221一



  O.8

g
sx
Eii e.6

B
ti'.::S

co
pt e.4
ii;

s
x$tw
mt O.2

pt
bo
.as

=

            Time/$ec Tlme/$ec Time/$ec
Fig.3. The distance between the bottem of the cell and the top of the colored selution

with time from start of irradiation. (A)[CBr4]=[DRAI=O.2M, (B)O.3M, (C)O.4M

z,

ts..:..:

ip"

(A)O.2M
kisfg

(B)O.3M
/kpatmp･.int,

(C)O.4M

2

S'/L'"asan-//j...

esttda"

"Vpper--14ooT2m"
twMiddle-54T2M-I
-Lewer+l155T2m"t
"ZeroOT2m-i

ee.walifmp/g
;/v'M".'

,`

e ne zvaeo e ac de EDee o 20 tlO {irc}seao

It is obvious from the figure that the patterns are strongly affected by the magnetic fields. The

movement ofthe colored $olutien's frontier was analyzed manually and the results are given in Fig.

3. When the ceAcentration of solutes was O.4 M, for example, the retention time and rising speed of

the colered selution are: >150 s and O mm s'i (OT2 mhi), 6.1 s and 1.1 mm s-i (-14ooT2 m-i ), 13.1 s

and o.s mm s'i (-s4T2 m-i), 29 s and e,4 mm s"i (+li55T2 m'i). For all cases, the strength and

directioR of the magnetic force infiuenced the risiRg patterns ofthe colored solution.

 If diamagnetism ofthe colored solution is strenger than the surrounding bulk soiution, the maguetic

force against magnetic center is applied to the celored sol"tion for z direction, and the force to the

bore center axis is applied to the colored solution for r direction (fig.4). These forces were very

dominant.

 Magnetic foree (Fmag) to z direetion which acts the colored solution can be writteR as a follow.

                            Ilnag = )CBI.'t-oXA VBB [ltll

Where xA is the magnetic susceptibility ef around colorless solutioR, xB is the magnetic

susceptibility ofthe colored solution, st ois the magnetic permeability ofvacuum. VB is the volume

ofcolered solutioll, B is the magnetic field, and 0 Bl 0 z is the magnetic gradieRt for z axis.

The value of (?: B- x A) depends on the concentration of the solution, and the product of the fiux

density and its gradient, (B 0 Bl 0 z), depends on the position in the magnet bore,

  At zero field (OT2m-i), the colored solutien did not move since the density of the celored solution

is teo large to thermal convection under the circumstances.

  At Upper positien (-140eT2 m-i), the colored soiution rose very fast by the strong upward

raagnetic fotce with shrinking rapidly in shape from the bottom due to the radial magnetic force

(sO-leO T2m'i). The reason wlry the colored solution began to rise from circurrrference of the
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Ar"bubbling and irradiated for l-sec by a

high pressure Hg lamp.

 colored solution can't be explained well.

  At Middle positioR (･-54T2 m-i), the

 colored solution gathered te the center and

rise slowly, because the radial magnetic

 force (sO-100 T2m-i) might be stronger than

the vertical one.

  At Levver position (+llssT2 m-i),

because of streng magnetic force to

 downward, the colored solution could not

rise. But in fact the colored solution rose

slowly at a 1 minute delay after irradiatien.

The reason was tentatively speculated as

follows: At first, a green compound, whose

abserption peak was 650nm, was produced

by UV inradiation. Since it was not stable, it

changed into a red compound whose

absorption peak was 540llm, as shown in Fig,

5. If the magnetic susceptibility of the red

compouBd was difiierent from that of green

compound and if the red compound had

larger magnetic susceptibility than that of the

bulk solution, the colored solution may rise

because of the upward magrietic force. It

was found from SQUID mea$urement that

magnetic susceptibility of the red compound

(-o,sl x lo-6cm3 g-i) is larger thaR that of

benzene (-O.702 x IO-6cm3 g-i). Thus the

asswmption seems reasonab}e. Then the

rising colored solution was gathered by the

radial magnetic fbrce. As coBcentratien of

solutes increase, more green compeund and,

therefore, more red compound was prodnced.

As a result upward magnetic force applied to

the colored solution, contained red

compound, became stronger, aRd colored

solution rose faster.
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4. Cenchasions

  We studied the rising pattem of the colored beBzene selution photochemically generated by the

reaction ofDPA and CBr4 in high magnetic fields. In situ observation ofthe motion of the solution

showed that the direction and strength of the magnetic force infiuenced significantly the rising

pattern and speed efthe colored selution. In addition the concentration ofthe solutes also influeBced

the risiBg speed.
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Abstract

  High magnetic force plays an inrportant role in many applications ofmagnetic processing, such as

the raagnetic separation of ferromagnetic materials and the magtietic levitation of diamagnetic

materials. fo enhance a magnetic force, a new numerical optimization method using only solenoid

coils was developed. With this methoa the magnetic fiux density B, the magnetic field gradient grad

B, and the magnetic force field grad (IB2Z21) in the z-axis, as objective functions, were maximized

with the teta} volumes of the coils and the B-J characteristics ef superconductors, As a result, the

optimal shapes for a single coil and double coils were exhibited.

Key words

  magnetic force, solenoid coils, optimization, FEM

1. Introduction

  High magnetic fields can be used in varieus disciplines, such as physics, biologyi chemistry,

materials science, and geoiogg for research and development in science and technology. They can

facilitate understanding of microscopic states and the control of movement in materials. The

interest in the research ofmagnetic force enhancement is growing. Experimental methods in recent

years, including a high-temperature superconductor (HTS) bulk eylinder, were used to enhance the

magnetic force [1], and a magnetic force boester was also developed to create stronger magnetic

force [2]. In addition, as the technology for calculation has develepea many numerical methods

have also become widely used in the optimal design of magnet or magnetic ficrcce enhancement. A

solution to the problem of re{incing the cost of coils for magnets was sought [3], and the

optimization of an HTS bulk cylinder was studied fbr detemining its optimal shape and amangement

[4]. Several numerical methods haye been prqposed; however, their range of application is limited to

high magnetic fields and their hemogeneity and excludes magn¢tic force.

   A new method ef numerical optimization using enly solenoid coils to enhance a magnetic force

was deve!eped. In this method, not gnly the magnetic flux density B but also the magnetic field

1
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gradient grad B and the inagnetic force grad (st21) in the z-axis, as objective functions, were

maximized with the tetal volumes of the coils and the B-J characteristics of supercondrtctors. The

method is a combination ofthe Finite Element Method (FEM) and the global optimization method. It

was carried out on soflMrare ANSYS (version 8.1). As a result, the optimal shapes fbr a single coil

and double coils were exhibited.

2. Physiealeoptditions

 We assumed that solenoid ceils were made of superconducting wires, which were rectangular in

this case. Their specifications are given in Table 1. Equations ¢ and @ are the B-J characteristic

curves ofNb3Sn and NbTi, respectively.

Ihble 1. SpechicatioRs of the superconducting wire materials

Ceilnumber coil1 coil2 coil3

Superconductor

Acu/Asc

Nb3Sn

O.75

NbTi

2.80

NbTi

4.78

Nb3Sn :

NbTi ;

 J =-80B+150e

J == -400B+420e

[Almm?]

[Nmm2]
@
@

3. M[athematicalproblem

 To solve the physical problem, fuiding max B, max grad B, and max grad (B2ZZ) in the z-axis by

using the total volumes of coils, the following equivalent mathematical problem is propesed:

Rroblem ev:

Meximum
  lez-exrs

subject to

{f(z) If(z):=

2L :eonst.
  i

J, <. gij (B)

B, grad B, and grad(B2/2)}

(1' -<i--1or 2)

where Vi is the volume of the ith coil, Ji is the current density in the coil, and glj(B) is the constraint

ftmction fbr thejth coil, which is similar to Equatien @ or @. Wheni=1, gij lj---'1) is for a single

coil, and, when i=2, gaj G =1,2) is for double cei}s. in this case, bei is defined for the irmer coil and

g22 for the outer coil, and Ji==J2. thoblem av is a nonlinear optimization problem, which was selved

2
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by using a eombiRation of the FEM and glcA)al nenlinear programming method. Figure 1

fiow chart ofthe optimization method.

shows a

given V
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Fig. 1 Flew chart ofthe optimization method.
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4. Calculatioxexamp}es

volume
(m3)

imsideradius

(mm)
constraintatApoint

(Nmm2)
design1dependent

variable

v R:5e JAmgn(BA)SJ TIB

4.l A single coil

  First, we carried out an optimization method on a single coil. in this case, coil 3 in Table i was

used for the calculation; here, the constraint function gii (B) :-400B+42eO [A/mn2]. Its model is

shown in Fig. 2, and the specifications are given in Thble 2.

                                                            z

                                                           e
         Tal)le 2. Specifications of a single coil

                                                           cR mi'

                                                     Fig.2 Model for eptimization.
 As an example, we gave V=O.33×lO-2 (m3). By solving problem 6e)

for the velume, max B, max grad B, and max g7ud (B;lif2) in the z-axis were found. Figures 3, 4, and

5 show the eptimal critical current density in a superconducting wire for obtaining the maximum

values for B, gnd B, and grad (B:l/21), respectively.
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Fig.3 Optimal

density at Max B.
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 Figures 6, 7, and 8 show the optimal shapes (models) for max B, max grrad B, and max grad

(stx･

-di'g ''

  Fig.6 Optimal model at

  MaxB, J==132oAlmm2.

 Figures 9, 10, and 11 show the values ef B, grtad B, and grad (IB;IL21) along the z-axis fbr the

optimal medels above.

8

E

-sooosoeZexis(mm)

Fig.7 Optimal model at Max

gradB, J=1356.6Alnrm2.

gredB

5

ZexdnD

ww "¥.ilk//t./k･-

Fig.8 Optimal model at Max

grad(B9i?7, J=1243.3Nmm2.

vadtw/2}

ls
o

zrk(imo

     Fig.9Bdistribution Fig.10GradBdistributionFig.11Grada9ai2)distribution

     along the z-axis. along the z-axis. along the z-axis.

4.2 Deuble coils

 SecondlM we carried out an optimization method on double coils. in this case, coils 1 and 2 in

Table 1 were used for the calculation; here, the constraint function g2i (B) : -80B+1500 [Almm2] Emd

gn (B) :-400B+42eO [Afmm2]. Their model is shown in Fig. 12, and specifications are given iii Table

3. In Fig. 12, the constraint point P is selected between P1 afid P2 for coil 2.

                                                      z
1[hble 3. Specifications ofthe domble coils

coils
vo!ume
(m3)

interval

(mm)

inside

radius

(mm)

constraintatA

&Ppoints
(A/mm2)

desigudependent

variabie

coil1 Vl No R=50 J.=izi(B,)SJ,

coil2 V2 D==1 R+D+ti Jp=g22(Bp)5J2
bi,b2,t!ft2

r

                                               Fig.12 Model for eptimization.

 For the double coils, we alse obtained the optimal shapes (models)

for the max B, max grad B, and max grad (B2721). Figures 13, l4, and 15 show three cases of the

4
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optimal shapes for max B. in one case, we obtained bl> b2 (V=O.5 ×10-2 m3), but, in others, we had

b1 :b2 (V :l.02 × 1O-2 m3) and b1<b2 (V :1.3 × 1e"2 m3).

   Fig.130ptimalmodelat Fig.140ptimalmodelat Fig.150ptimalmodeiat

   MaxB(V:05×10-2m3). MaxB(V=1.o2×10-2m3). MaxB(v==1.3×lo-2m3).

  Figures l6, l7, 2md 18 show the B values along the z-axis for the optimal medels above.

B

Ei

-ooO-3co-1oo1oosoO5eo
ZaxisCmrTD

B

E

-soe-3oo-1oolooseoffcK}
Zaxis{mrr,)

B

6

Soo-3oo-1oo1oo3CK}500
Zaxis(inrvD

Fig.16Bdistributionalengthe Fig.17Bdistribmionalongthe Fig.18Bdistributionalongthe

z-axis(V:O.sxlO'2m3). z-axis(v=1.02×lo"2m3). z-axis(v==1.3×lo'2m3).

 Figures l9, 20, and 21 show three optimal shapes for the Max grad B in volumes V==O.5×le-2 m3,

o.gsxio'2 m3, and v=1.3×le-2 m3.

tif' ua

Fig.l9 Optimal model at

Max grad B (V==O.s × 1o'2 m3).

--- eeectgessectee

      eeee#ttee--

Fig.20 Optimal model at

Max grad B (V=O.gs × 1o-2 m3).

Fig,21 Optimal model at

Max grad B (V =1.3 × 1o'2 m3).

Figures 22, 23, and 24 show the grad B values along the z-axis about their optimal models above.
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gredB

g

zaxis(rm)

Fig.22 6?nd B distribution

along the z-axis (V=O.sxlo'2

m3).

gradB

?:v-

.

ZaxisCrnm)

Fig.23 Gi`ad B distribution

along the z-axis (V=O.95×le'2

m3),

gradB

Q,t-

Zaxi6(mm)

Fig.24 Grad B distribution

along the z-axis (V==l.3×lo-2

m3).

 Figures 25, 26, and 27 show three optimal shapes foT the Max gnd (bl21) in volumes V =e.5×le'2

m3, o.6×lo'2 m3, and v :1.3×1o-2 m3 respectively.

i･ e.op.m eepsj･-･.i･ klliilllasss

ew

Fig.25 Optimal model at Max

grad(Bg/O (v=o.sxlo-2.3).

 ll.- -..-,..･.,ee' gtgetes,getee

Fig.26Optimalmodelat Max

grad(IBL:V (v==o.6×lo"2m3).

s/' SAS ' "'
l, ･e va,:

l

ex

wa

Fig.27 Qptimal model at Max

grad(B?i2) (v=1.3×lo-2m3).

 Figures 28, 29, and 30 show the Max grad (ZB9/2) values along the z-axis for the optimal medels

above.

gred(B2fX

2al..vr-

Za)ds(mm)

Fig.28 Grad a9aLZ)

distribution along the z-axis

(V- O.s × lo-2 m3),

gred(tfl2)

gv

5

Zaxis<Ymn)

Fig.29 Grad (cbZ)

disti ibution along the z-axis

(V= :O.6 × lo"2 m3).

gyati(tf12)

?x-t'

ZexisfrnrrD

Fig.30 Grad (Bat(27

distribution alofig the z-axis

(V =1.3 × io'2 m3).
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5. Diseussio"

  The total volumes (Vl-FV2) were only assumed te be constant in double coils; hewever, the cost

of two coils was not considered. That may account for the variety ef optimal shapes in calculating

the max B, max grad B, aRd max gi'tzd a3g!2). To funher reseairch magnetic force enhancement, it

will be necessary te consider the cost ofcoils and minimize them.

6. Co"elusie"s

 In this paper, a new numerical optimization methed using only soleneid coils was develeped to

enhanee a magnetic force. In this methoa once the tota1 volume of coils is given, max B, max grad

B, and max grad (stX in the z-axis and their optimal shapes can be ebtained under the constraim

condition on the B-J chatracteristic cuive of supercondwcting wire materials. From the results

ebtained with this methoq it is eviderrt that, when the volume of coils increases, the increase ofB

and grad (st2) is remarlmble, but the change in grad B is little. Therefore, when superconducting

magnets are designed, it weuld be best to maximize grad (st) only.
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Abstraet
   A mechanical property of agarose gel aligned in strong magnetic fields is investigated by

acoustic measurement. The propagation of ultrasonic wave palse through magnetic treated gels

indicates anisotrepic elasticity. The perpendicular direction in the gel is harder than the parallel one

to the magnetic field exposed. The anisotpopy ofelasticity decreases wi{h increasing concentratien of

agarose. These results are diseussed with the strt}cture ef the gel and under the infiuence of the

strong magnetic field.

Keywords
   magnetic field efifect, magnetic order, agarose gel, viscoelasticity, ultrasenic wave

1. X"troduetioR

   Agarose is a natura1 high polymer extracted from seaweeds and the main component of agar: The

agarose molecule is chain-like stmcture which consists of ffD-galactose and 3, 6-ambydro-a-

L-galaetose. The molecule orients perpendicularly te the magnetic field due to its diamagnetic

anisotrepy. The agarose solution shows thermo reversible sol-gel phase transition: the gel melts

above temperature of338K and gelates again below 300K. Once it is formed in the magnetic field,

macromolecular aggregates (called "domain") in the gel order perpendicularly te the field.

   Our previeus studies reported the order of agarose molecules and the changes in the properties of

the gel formed in magnetic field, as fbllows. The network structure efthe gel changes anisotrepically

by measurements of the velocity of DNA electrophoresis and the volumetric shnnkage in
acetone-water system [l, 2]. AccordinglM the anisetropic changes in the cross-linking strueture

andlor the bridgtng density are expected for the magnetic ordered gel. In this paper, the change in

mechanical property of the magnetic ordered gel is investigated by usiRg ultrasonic wave.

2. Experimental methods

2,1 Gel preparation

   Hot aqueous solution of agarose (Agarose-L, JUNSEI CHEIVttCAL CO. LTD.) was peured into
an acry1-made sanrple holder with wlOxdlOxh30mm3 in capacity. The concentration ofthe solutions

was prepared to be 1.0, 2.0, 3.0, and 4.0wt. %. The solutions within the holders were set up in the

bore of a superconducting maguet. The setting positions were the center of magnetic field and

450mm distance from there. The magnetic flux densities were 13T at the center and O.5T at 450mm

position, respectively. No magnetic effects of the gel formed below O.5T were observed by eptical

measurement l3]. Temperature ofthe sample space iR the bere was controlled by fiowing water. The

samples were cooled-down from 70 OC to 15 OC fbr 3 hours under the infiuence of the censtant

magnetic field. Thus, the magnetic ordered gels and the disordered (randem) gels were prepared

simmltaneously in the same cooling rate.

2.2 Ultrasonic measurements

   Ultrasenic waves were chosen to measure the mechanical properties of the gels. The
measuremeRt device could be miniaturized by using ultrasonic wave, The same sanrple can be

measured many times because the ultrasonic w2vve dees not destrcy the ordered stmcture ofthe gel.

1
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   The ultrasonic wave transducer and the hydrophone were fixed on the acry1-made hQlder and

sunk into a water bath at 120C as shown in Fig. 1. Two large wave pulses with the time diffk)reRce

were ebserved en the monitor ef the escilloscope. The fust wave passed directly through the holder

and the sample. OR the other hand, the secend wave was refiected twice on the inside walls ef the

holder, The ultrasonic wave transmitted the ordered gels perpendicularly and parallel to the magnetic

field exposed.
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 Fig. 1. The ultrasenic wave measurement system was constructed of a function

generator to control the frequency and the shape of the wave pulse, a transducer

(PRECISION ACOUSTICS LTD., Pa075) to make the ultrasonic wave of one
cycle, a needle hydrophone (NTR SYSTEMS INC., TNUOOI) as a detector, a
pre-amplifier to 40dB amplify the detected signal, and an oscilloscope.

3. Results and DiscussioR

  As the preliminary experiment, the sonic velecity in distilled water was measured to confirm the

accuracy of our system. The sonic velecity c in the sample is expressed by Eq. (1).

   2d
c= ,   At

(1)

where d is thickness ef the sample aAd ZV is the time difference between the first and the second

waves. Figure 2 shows the temperature dependence of the sonic velocity which was calculated

according as Eq. (l). For example, the sonic velecity was 1454 m/sec at 12.0 OC. The'solid eurve

shows a value of empnical formula by (ireenspan-Tschiegg [4]. The measured values agreed with

this empirical formula within ±O.i %.

   1490
vro

 [ll t4so

E
x t470
 o
s.-.- t460

 o.sl!
 9 i4se
.9
 8 tpae
co

1430

5 10 t5 2e 25 Water temperature, r/ Oc

 Fig. 2. 'Ibmperatmre dependence of sonic velocity c in distilled water. The symbols

and c"rve denote the measured values and the empirical value after Green$pan and

Tschiegg, respectively.
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   In the same way, the sonic velocities were measured for the magnetic ordered gels and random

gels. Fig. 3 illustrates the sonic velocities in the gels as a function of the agarose concentration. All

the soRic velocities were increased with increasing the concentration. The liner relation was

ebserved for dilute gels but tended to be saturated at 4wt. %. It is consider¢d that this saturation

phenomenon relates with the limit of selubility of5wt. 9i6. The anisotropic sonie velocity was found

for the magnetic ordered gels as shown in Fig. 3: the velocities were faster along the perpendicular

direction than the parallel one ofthe magnetic field exposed.
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 Fig. 3. Sonic velecity in the
magnetic ordered gels formed in the

magnetic field of l3T.

 Fig, 4. CoRcentration dependency

of change in elasticity of magnetie

erdered gel

Theelasticmodulus m' of gel is expressed by Eq. (2),

 t2m= pc , (2)

where p is density of the gel. Equation (2) means that the inerease in the sonic velocity corresponds

to the increase in hardness ofthe ge}. Figure 4 indicates the change in the ratio of e!asticity defiRed

by Eq. (3).

Ir =
Mtordered umMt

random ×lOO
mt
  random

,
(3)

Where M',.d.,.d and M'...do. are elastic modulus ofthe ordered and random gels, respectively. In

Fig. 4, the ordered gels had the anisotropic elasticity: the perpendicular directien iR the erdered gel

was harder than the random gel at all concentrations. On the other hand, the parallel directions in the

erdered were softer thEm the random, This magnetic field effect in the perpendicular direction was

twice compared to the parallel one. Funhermore, the anisotropy was clecreased with increasing

concentration.

   It was reported that the magnetic ordered gel shrunk anisotrepically in acetene-water system [2].

The perpendicular direction was less shrinkable to the magnetic field expesed than the parallel

direction. This unshnnkable directioR ofthe anisotropic gel was agreed with the hard direction in the

present results. The elasticity and shrinkage efthe agarose gel depend on the cross-linking stmcture

and the bridging density. These results reflect the ehange in the structure among "domains" in the gel.

It is considered that the ordered gels have the anisotrepic elasticity because the magnetic field has

coRtrolled anisetrepically the gelation precess.

3
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4. Cene}usiosts

   The inechanical propert ies have beeR investigated for agarose gels formed in the strong magnetic

field of 13T by usiRg ultrasonic wave. The magnetic ordered gels had anisotropic e}asticity, which

was decreased as the concentration increase. The high elasticity direetion Was agreed with that ofthe

poor shrinkage in acetone-water system. It is considered that the agarose gel has anisotropic

stmcture and elasticity because the ge}ation process is controlled anisotropically with the magnetic

field.
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Abstraet
 This study aims at functionalization ofsupramolecular biosystems in high magnetic fields. We

integrated molecular devices on cyteskeletal Bano-tubules, and eperated them as on-demand
nano-devices. We developed new teols that enable application of diamagnetic orientation to the

device system, which can provide higher functionalizations ofthe nano-devices.

Keyvvords
 high magnetic field, tubulin, microtubule, Rano-device, photosynthesis

1. Ietreductien

 Nano-integrated circuits, which have been extensively studied for downsizing and energy-saving

in the field of electronics and photonics, may be afforded by elaborate arrangements of various

moleeulaF and nano-devices. Development ef methods to integrate functienal melecules into
well-defined nano structures is crucial for fabrication of future materials and nevel supramoleeular

systems, We fabricated a unique nano-device by utilizing cyteskeleton `microtubule (MT)' [l2].

MT is a hollow cylinder whose outer and irmer diameters are 25 and l3 nm, respectively, and is

formed by assembly of cytoskeletal protein `tubulin' heterodimer (Tvtb; ca. 5 × 5 × 4 nm and 55 kl)a

fbr both ct and P-subunits). MTS can be decomposed into the building-blocks (Tubs) by e.g.

Iowering temperature to O OC, and the Ttlbs can reassemble to fbrm M'fs at 37 OC in the presence of

Rucleotide. We coajugated various rnelecular devices with Tub, and integrated them in the
nano-ordered structure by selfiassernbly ofthe protein. The `functionalized MT' is characteristic

fbr its on-demand funetion, reusahility, repairahility, and modifiability.

 Arrangement ofthe functionalized MTS into ordered nano structures, as well as further integration

of various functional elements, including another functienalized MTs, are advantageous for

fabrication of elaborate nano devices. It was reported that, in spite of extremely low diamagnetic

anisotropy of Ttib, the assembly of TUb into MT in strong magnetic fields showed diamagnetic

orientation of MTs [4,5]. Diamagnetic orientation may be a powerful method to affbrd ordered

arrangements ofthe MT nano-devices. Here we report oR our attempts to functionalize the MTS in

strong magnetic fields.

2. Experimental metheds

 Unlabeled tubulin, fiuerescein-labeled tubulin (labeling stoichiometry, Flul'I]Ub == l),
tetramethylrhodamine-labeled tubulin (TMRfTub = 1), and biotinylated tubulin (biotin/Tub = l)

were all obtained from Cytoskeleton Inc. Avidin (`Avidin D') and biotinylation reagent `biotin

(Long Arm) NHS'were from Vector Laboratories Inc. Bovine serum albumin was obtained from
Nacalai tesque. Visible absorption spectra were recerded en a JASCO spectrophotometer V550 at

25 OC. The corrected fiuorescence spectra were ebtained using by a JASCO fluorescence
spectrophotometer FP-777 at 25 OC,

  Cong'ugation ef a fluorophore and a photosensitizer-labeled hemoprotein to Tubs, and fabrication

ofthe photofunctional MTs were described previeusly [1,2]. Flow-cells we usedto apply magrietic

1
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fields to the MTs arid te fix the M[fs on substrates consists of a sttbstrate plates (ITO, quaptz, silicon

elc.) pretreated with 3-aminopropylniethoxysilane (or poly-L-lysine), spacers and a glass cover slip.

Biotinylated albim [in, avidin, and diluted, paclitaxel steibilized MT were loaded into this flow-cell, in

this order, and incubated to fix them on the surface of the substrate. The fiow-ceil was then

subjected to magnetic field zrnd to visible abserptien, fluorescence and microscopic rneasurements.

 FIuorescence anisotropy measurements (excited at 47e nm) for oriented MT was carried eut for an

aqueous solution of relatively condensed, fiuorescein-labeled T"b (lemg!mL, 5 ptL). The MT was

prepared by incmbation ef the Iinb solution in a thin quartz cuvette in magnetic field (6 T) at 37 OC

for 15 min [3,4].

 Fer integration of various functienal elements on the surface of MT, we designed a peptide
referring to the M'IZ-associated proteins [5,6]: biotin - Ahex --- Cys - Ahex - bys- Asn - Val - Arg -

Ser - bys-Val - Gly - Ser - Thr - Glu -- Asu --- Ile - Lys - His - Gln - Pro - Gly - Gly - Arg --- Ala -

tys (Ahex, 6-aminehexaneic acid). The peptide was synthesized by NIBB Center for Analytical

Instruments (National lnstitute fbr Basic Biology, Okazaki, Japan), and was purified by using a

reversed-phase HPLC, The peptide was 1al)eled with tetramethyirhodamine (Morecular Probes,

Inc.) and purified by conventional way (in what follows the labeled peptide is denoted as

`TMR-MAP'),

3. Resuks and Discussion

3.1 DevelopmentofasetupthatallowsmagneticfieldapplicatioRtothefunctionalizedM'fs
 For higher device function, and fbr observation of orientation of M[[S, it is necessary that the Mts

are fixed opto appropriate substrates witheut disruption of the orientation by, say, diffUsion and

washing. We designed and fabricated flow-cells that facilitate imctionalization of the MTS

including application of magnetic fields. The flow-cell was constmcted on the ITO glass plate, or

other substrates, pretreated with 3-aminoprepyltriethoxysilane. Biotinylated albumin, avidin, and

diluted MT solutions were loaded into this fiow-cell. The sample was subjected to fluorescence

measurements after washing inside of the fiow-cell with builfeg Fluorescence spectra show

emission bands both from avidin and MT (Figue IA), suggesting formatioB of the ternary complex

of albumin -- avidin - MT (Figure IB) in the fiow-ceil, Essential}y the same results were obtained

for pioy-L-lysine treated substrates. Adsorption of MTb in the fiow-cells was also revealed by

AFM measurements (Figure 2). The fiow-cell will also be advantageous for facile iptegration and

facile exchange of the functional elements and blocks that faciiitate dynamic manipulatien and

function of the nano-device,

3,2 Diamagnetic orientadon efMT
  The fiuorescein-labeled MT prepared in the magnetic field (6 T) showed fluorescence anisotropy

ofO.22 (detected at 530 nm). When the fiuorescein-labeled MT fbrmed in 6 T was disassemble out

of the field, the fh}orescence anisotropy value of the sample iRcreased to be O.26,
Fluorescein--labeled MTS prepared out of the inagnetic field (O T) gave the value of O.25.
Fluorescence anisotropy value in general cart decrease by arrafiging the orientation of filamentous

aggregates ofproteins. The observed difference between the values ofthe M[fs prepared in and out

of the magnetic field is attributable to dia!nagnetic orieBtation of the M'TS. We now examine

evaluatien of degree of orientatien by using SEM aRd AFM, as well as functionalizatien of
diamagRetically oriented M'I)s,

3.3 Deve!opmentofanewmethedofiptegration
 We had so far utilized the specific interaction between avidin and biotin to ceajugate functional

elements with MT [l,2]. Alternative ways should be developed for further irrtegration ef varieus

functional elements, wiriRg of the devices, and connection of the nano-device to the macro world.

We examined utility ofa specific peptide, MAP peptide, as a tool for this purpose. TMR-MAP was

mixed with a solution of fiuorescein-1al)eled MT. Fluorescence from fiuorescein decreased with

increase of the coexisting TMR-MAg due te excitatien eBergy transfer firom fiuorescein to
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tetrainethyirhodamine. ThisindicatesassociationofTMR-MAPwiththesurfaceoftheMT. The
dissociation constant ofTMR-MAP aitd MT was calculated to be 5 × 103 ･--･ 1.5 × 104 M-i (Figure 3).

Because MAP can be coajugated with various functional elements, it enables fi3rther
imctionalization and wide extension of MT mano-devi¢e in and out ofthe magnetic fields.

(A>

AMCA-avidin

gG･X TMR-MT
1'l, Xx

          l. i.. .i s

(B)

   TMR-MTaf

    AMCA-
-e$g'--- avidin

<gg-- ITO

400 500 600 700
     Wavelength (nm>

Fig, 1. (A) Fluorescence emission spectra ofthe ternary complex ofalbumin - avidill - MT in the

 flowcell fabricated on an ITO glass plate, MT and avidin were labeled with TMR andAMCA

 (aminomet±iylcoumarin),respectively. FluorescencefromAMCAandTMRweremeasuredby
excitations at 350 aRd 550 nm, respectively, at room temperature. (B) Schematic representation of

           the ternary complex of albumin - avidin - MT fbrmed in the fiowcell.

･ee

･es

ee

-ee

Fig. 2. An AFM image efM'fs deposited oR a silicon sui face by using the fiow-cell (in zero fi eld).
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Fig. 3. Efficiency ofexcitation energy transiv between fluoreseein fixed on the MT surfaee and

 TMR ofthe TMR-MAP (fiuorescein-labeled tubulin, 36 nM; measured at room temperature).

5. Conelusions

 We developed new tools that facilitate further development of the MT nano-devices. The
fiow･-cell, magnetic orientation, and the `MAP peptide' will eiiable a vartety of manipulations and

imctionalizatiens of the MT nano-devices. Further investigations for evaluation of degree ef

orientation and functionalizatiok of oriented M'l]s in the magnetic field are now underway.
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Abstraet

      Magnetic field induced stmctures and functions were examined using hydrogeks of

acrylamide (AAm), N,?V-d[iethylacrylarr}ide (DEAA), and N-isopropylacrylarnide (NIRA) gels.

The diameter of these gels prepared under high magnetic field became larger thaR that of each

zero-field gel at 298K, e.g., 4e% larger in a NIRA gel prepared at 30T. Vblume phase transitien

temperature did not change by magnetic fields in preparing gels, but the heat of volume phase

transition was increased. When magnetic fields were applied to reactant solutions in the

preparation cenditions for continuous volume change gels, the prepared gels showed the

discontinuous volume change. The effective degree of cross-linkage of gels prepared under

magnetic fields decreased steeply with increasing magnetic field. Magnetic fields iRduced

formation of dangling chains and ortentation of polymer chains to make gels soft and anisotropic.

The anisotropic gels controlled molecular difusion in them, Furthermore, when magr}etic fields

were applied to prepared gels, the gels swelled, e.g., in NIPA gel$, about 9% larger in a 30T

magnetic field than zero fields.

Kyewords

      hydrogel, magnetic field, magnete-orientatioit, hydration, volume phase transition

1. IRtroductioR

      Hydrogels have been investigated frerr} the view point of scientific and technelogical aspects.

It is very important to investigate the methedology for control structures and physical properties of

gels. Although magnetic energy is m"ch less than thermal energy, macromolecules would orient

under high magnetic fields because of molecular magnetic anisotrepy. Therefbre, magnetic fields

may be one ofuseful energies for stmctural control of gels, Magnetic anisotropy ofmonomer itself

is not enbugh to respense to magnetic fields, but polymer chains prodnced in the pelymerizatien

precesses may orient coeperatively even to relatively low magnetic fields. WheA oriented polymer

chains are cress-linked, the structrtred gel would be taken out from magnetic fields, Moreeveg

application of magnetic field to gels would bring about chains in orieRtation and hydration of
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polymer chains. In this worK magnetic field-induced

using various hydrogels in¢luding thermo-responsive gels.

structures and functions were examiRed

2. Experimental methods

     NIPA gels were prepared by radical polymerization with monomers (acrylamide (AAm),

Al,N-diethylacrylamide (DEAA), and N-isopropylacrylamide (NII}A)), N, IV"-methylenebis-

acrylamide (BIS) as a cross-linker, potassium peroxodisulfaie (KPS) as an inniator, and

Al,N,Ar',N'-tetramethylethylenediamine (TEMED) as an acceleratori'2), NI]?A concentratien was

fixed 700mh and BIS concentratien varied from 4.3mM to 34,4mM (usual condition was 8.6mM)

to investigate the effbct of cross-link density. The pelymerization was allowed to preceed fbr lh at

278K in O.4mm (i,d.) glass capillary to make cylindrical gels. Magnetic fields were applied

perpendieular (Hi) and parallel (H)i) to the capillary for lh using supercondwcting magnet (H SIOT)

and hybrid magnet (H <ma30T; National Institute fbr Materials Science). Then, the capillary

remained silently under zero-field at 278K for 24h. Gel prepared were taken out ofthe capillaries,

washed repeatedly by temperature swing in large amount of distilled water to remove residwal

chemicals, and then dried at reem temperature in an air.

      The gels with diameter of e.4mm was cut into 2errrm rods af}d irmnersed into distilled water

fbr 24h to reaeh swelling equilibrium. The swelling behavior of gels were observed by an optical

microscope coupled with CCD camera as terr}perature was increased frem 278K to 318K under zero

field. Equilibriumtimewas2hforeachtemperature.

     Swelling experiments under magnetic field was earried eut in hybrid magnet, Temperature

was kept 298K and diameter change due to rnagnetic field was observed with the CCD camera.

     The molecular diffusion in gels was examined at 298K using beth Hi and H>7 gels and a

zere-field gel iR 2.emm (i.d.) glass capillaries. One side ef a gel centaining 1% starch was

vertically immersed into an aqueous KIII2 solution, and the velocity of color changing head in the

gel was ebserved at zero-field.

3. Results and Mscussion

     The gel diameter prepared under magnetic fields increased in swelling state. The gel

diameter increased linearly with increase in magnetic field bclow 10T to become 40% larger than

that of zero-fieid gel3), On the other hand, it is well knewn that decrease of BIS concentration in

preparatien makes gel swell. This s"ggests that the increase of gel diameter due to magnetic fields

wculd be ascribed to reduction of cross-link deRsity in pelymer network. Magnetic field

dependence of the effective degree of cross-linkage (qe5 was estimated by cemparison of the
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diameter of gels prepar¢d at different degree of

cross-linkage qPre (EiE CBis!Cts6; C},f =: 700miVI,

monomer concentration) with that of gels prepared

under varieus magnetic fields, as shown in Fig. 1.

It shows that magnetic field reduced the eflfective

cross-linkage from qPre : O.O123 to geff " 113 qPre

at 15T. The qeffreduction means that gels were

softened by magnetic fields which was supported

by decrease in Ybung's modulus. The Ybung's

modulus of the gel prepared "nder leT magnetic

field was about 113 ofzero-field gel. CoRsidering

that no change in an averaged qeff value estimated

from C!N ratios in NIRA gels with the elemental

analysis was detected by magnetic field, dangling

chains, whose one side is not cross-linked, would

be increased by rriagnetic fields. The increase in

dangling chain dne te magnetic fields was

cenfirmed by the results that the elastic relaxation

time of magnetic field gels was mueh longer than

that of zero-field gels.

      When a magnetic field was applied to a gel

in preparing at preparation conditions for Ro

volume phase transition gels, discentinBous

volume change (i,e. volume phase transition)

appeared (Fig. 2 upper). The discontinuity in the

volume phase transition of NIPA gel was enlarged

with increasing magnetic field intensityy and not

saturated even at 3eT yet. The swelling and

shrinking lines of gels prepared at various q

crossed at a critical magnetic field intensity, H",

where volume phase transitions indaced as shown

iRFig.2. Thesamephenomenonwasobservedin

AAm gels, although AAm gels are well known as a

non-volume phase transition gel,

      The di3meter chaRges of H± gels were

mnch larger than these of H)i gels, suggesting that

magnetic orientation of polymer chains in gels
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made gels anisetropoic. The structural anisotropy brought about changes in the iodine diffusion

rate in HL and H)! gels, abeut iO% faster and 20% slower than that ofa zero-field gel, respectively,

as shown in Fig. 3. Magnetic fields can control molecular diffbsien in gels.

     Time course ofgel diameterwith changing magnetic field intensity is shown in Fig. 4. Gel

volume increased with magnetic field inteRsity, suggesting that polymer chains should be

cooperatively oriented by water-assist under magnetic fields. DSC measurement supported this by

increase in the heat of volume ohange under magrtetic fields. The magnetic field-indnced volume

change in NIPA gels was a very fast process, different from the thermal volume change. This

process might be affected by hydration change dne to magnetic field.
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Abstraet
 ln this paper, we demollstrate a simple and general strategy, namely, simnltaneous alignment and

line patterning of disordered multi-walled carbell nanotubes (CNTs) in conducting polymer!CNT

composite films. The CNTs were first dispersed in an aqueous solutien containing SDS (sodium

dodecyl sulfate). Then, the dispersed CNTs were mixed with a condncting polymer,
poly(3,4-ethylenedioxythiophene)-poly(styrene sulfonate) (PEDT-PSS), aqueous soh}tion to form a

conductingpolymetiCNTscompositesolutioll. ThePEDT-PSS!CNTcompositesol[uioRwasdropped
onto the surface of a substrate put on the top s"rface of a field modulator placed in the magnet

generating a horizontal field of10 T. Due to the modulated field, diamagnetic CNTs are trapped to

the place where the field strength is weak. At {he same time, the CNTs are aligned dae to their

diamagnetic aRisotropy

Keywords
 magnetic alignment, conducting polymer, carbon nanetube, patteru, diamagnetic anisotropy

1. XntreductieR

  In recent years, a number ofwotks have been reported on CNTs due to their excelleRt eptoelectric

properties and resultant applicatiens to electronic devices such as field effect transistor (FET).

There is also an increasing interest in polymestCNT cermposites because of their superior

mechanicaYelectremechanical propenies [1,2]. For example, addition of only 1% muki-walled
CNTs to polystyrene fesults in a significant inerease in the mechanical prepenies of the polymer

because the extema} load is effectively transferred to the nanetubes [3]. The presence of

single-walled CNTs in poly (m-phenyleRe vinylene-¢o-2, 5-dioctoxy:p- phenylene) (PmPV), a
condncting polymer, induces the shift of the radiative recombinatien region in the double-emitting

erganic light--emitting diodes (OLEDs) without chaBging the PmPV emission encrgy [4]. The
introdnctioll of multi-walled CNTs to polyaniline, another conducting polymer, enhances the

electrical properties because their presence facilitates the process ef the ¢harge-transfer between the

two components [5]. The polymer composites with carbon nanotubes have potential to the
applications in optoelectrenic devices such as OLEDs and photovoltaic devices,

  However, a simple rnixing of CNTs witli a polymeric rnatrix just results in random dispersion of

CNTs. If they are aliglled, they can exhibit their higher performance due to their intrinsic

anisotropic physical properties. Aligned CNTs offer many advaittages corrrpared to the random

tangles of bundled tubes [6-7] and in develeping optoelectronie devices based on the condncting

polymertCNT composite 1ayer, it is necessary te pattem the CNTs within the composite one. A

number ofapproaches on alignmeRt and patteming ofCNTs have been reported [8-13]. However,
there is little report on simuitaneogs,alignment and patteming of CNTs within the pelymerlCNT

composite system [l4-15]. The need to develop special patterning techniques for the pelyn}erlCNT

cemposite is important, and here the "se ofmodnlated magnetic field offers altematives [16]. The

substrate surface is exposed to a microscopical!y modrtlated magnetie field that traps diamagnetic

particles to the place where the field strength is weak. Due to its diaxnagnetic anisetropy, CNT is

also expected to align at the same time. Cembining these two magrtetic effk)cts together, it is

1
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pessible to obtain patterniRg ef CNTs with alignment within the peiymertCNT･ manix.
Poly(3,4-･ethylenediexythiophene)-pely(styrene sulfonate) (PEDT-PSS, see Figure 1), a partieular

coRducting pelymer with a high application petential[17], is a promising candidate for the fbrmatien

of such aligning and patteraing cenducting polymer/CNT composites suitable for improved
structural or functional applications.

  The present paper describes a novel, facile method for simultaneous orientation and line

patterning of CNTs within the condwcting polymetiCNT manix on a glass substrate using a
microscepically modulated magnetic field. This method is superior to ether methods in that it does

not require a pretreatment ofthe substrate needed for the patterning alld alignment.

Z. Experig]Renta} wtetheds

2.1 Preparation of PEDT-PSS ICNT coinposite solution

 The multi-walled CNT aqueous dispersion assisted by SDS was prepared accerding to the methed

reported by Zhang et al [!8]. Multi-walled CNTs (frem Showa Denko Co. diam. × 1ength: 100 um× 10

pm) were dispersed in SDS aquteous (lvvtPfo) selmion followed by homogenizatioi}, ultrasenication, and

ultra-ccntrifugati(m. IIIien, to the decanted super[vatant 2ooyl, 2.8 wtPfo concentration PEDT-PSS 2ml was

added to prepare PEDT-PSS /CNT eamposite soltuicni

2.2 Magnet field modulator and patteming procedure

  The field modulator "sed was similar to that used in the previous work [16]. They are composed

ofalternating aluminum and iron sheets 3eO pm thick, forming a layer stmcture ofperiodicity of600

pm. The PEDT-PSS /CNT composite solutien 50 pl was poured into a plastic vessel whose bottom is

covered with a cover glass (ip22 mm, 120pm thicknes$). Then, the above vessel was put on the

top surface efthe modulator placed in the center ofa JASTEC cryogell-free supercondncting magnet

generating a horizontal field of IO T, allowed the evaporation of the solvent ovemight at reom

temperature.

2.3 Optical system

 Observatioll ef alignment 2md patteming ef the PEDT-PSSICNT was canied out by using a
polarized optical microscope (Olympus) connected to a digital camera.

3. Resuks ts"d dicaxssign

oAo of--Xe o4"b

 -s s--s s-- nts s+
    eo o                  o

?EDTIPSS

orxo

 eN
nS

   liN:Xso3.X

n

03H

Al

Sample

Vessel

Figt}re1 MelecuiarstmctureofPEDptPSS(left)andexperimentalsetup(right)

  Figure l show$ the molecular st!ructure of PEDT-･PSS and the experimental setup. A field

modulator composed of alteraating alumiBum and iren layers (300 pm thickness) was placed in a
hofnegeneous horizental magnetic field (10 T) to generate a field gradient over a glass substrate that

was in touch with the modulator. At this experimental setup, the magnetic flux density is lower

over the irell layers than the aivmiBum layers beca"se ef the fiux is selectively absorbed by the iron

2
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Figure 2 Polanzmg optical micrographs of the aligned and patterned CN'Ils in a

PEDTLPSSICNTcomposite. Scalebaris600pm.

layers (ferromagnetic). If the applied external field is higher than that necessary to saturate the

magnetic moment induced in the iren layers, the horizontal component of the magnetic flux remains

over the modulator surface, enabling the magnetic ali.qnment ofparticles. The strength of 10 T

used in the present study is high enough for this purpose. The field rnedulation over the modulator

surface persists approximately only over the distance of the thickness of the alternating layer

(3eOpm). The thickness (120 pm) of the glass substrate used in the presellt study is thin enough to

meet this req"irement. The medulated field prodnces two effects [l6]. One is the micre･-Moses

effect, A thin liquid layer on a substrate exposed to the modulated field exhibits uRdulation of its

surface. If the iiquid is diamagnetic, the teps of the undnlation are formed over the iron layers

where the field strength is weak, while if the liquid is paramagnetic, they are fbrmed ever the

aluminumlayers. Theothereffectisthetrappingofparticles. Ifpanicles(magneticsusceptibility

ef xp) suspended in a liquid medium (magnetic susceptibility of .u.) are expesed to a modulated

field B,they receive a force AxVVB2,where Alr :xp-.if. and ]Pi is the volume ofthe

particle. Depending en the sigR ef Az,the particles are trapped at the location with a high field

strength (Ax > O) or a low field strength (Ax < O). Because the trapping force is propertienal

to A,zrV, the trapping efficiency is low fbr smailer particles andlor fer panicles whose magnetic

susceptibility is close te that of the surrounding medium. in such cases, the micro-Moses effect

could become dominant ever the trapping. CNTs were trapped over the iron layers. Figure 2

shows the polarizing optical microscope (POM) observation of the obtained line pattern of the

PEDT-PSSICNT cemposite. The change iR ,colors under different rotation angles (45 and 1350)

clearly demonstrates the orieRtatien ofCNTs within the PEDT-PSSICNT matrix. The observation

shows that the magnetic susceptibility A,z' =xp -x. <O, and the trapping mechanism are

dominant. IRthemeantime,theywerealignedparalleltoaleTmagneticfield. Theresultcanbe
explained by the susceptibility anisotropy. They are magrietically symmetric along the tube axis

and possess molar susceptibilities parallel (w/ ) and perpendicular (xD to it. Due to a large

magnetic anisotropy of CNTs, the magnetic energy is largely reduced when the long axes align
parallel to the applied magnetic field.

4. Conc}usions

  Here we have demonstrated a simple and general strategy, namely, simultaneeus alignment and

line patterning ef disordered multi-walled CNTs in conducting polymetiCNT composite films,
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regions specified by white circles) indicates existence of
optented cylinders parallel to the incident X-ray beam. In
p"nciple,       the GISAXS results are consistent with the AFM
results. Furthermore, the GISAXS results rigorously
indicate that the most                  PS                     cylinders in the thin film are
almost perfectly aligned parallel to the magrietic field.
Especially, the results shown in Fig, 2 suggest that the 3eT
rnagnetic field caR orient a sing}e PS nano-cylinder (ca. I3

nm diameteD existing in the 20nm-thick film. Thus,
although the sample is non-crystalline, such a small size ef

the.single PS cylinder can possess a magnetic torque
against the thermal random force.
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  Mago.etic-field inctucgd orientation.ofmicrodomain stmctures was examined for block copolymers
ssm,,p.ggig.g,,n･.o,n,sc.ry,stg!Ei,nfi･.bdis,cE,cSasgi,･,.E,s,ge,cistw,ltipg,u.e,n.c.e2,2f,kigh,,m,.ag,iiiiltlic.{,egdg.Sa.s,,h.eg,h,ag

grpzmg mcidence small-angle X-ray scattenng (GISAXS). We have found by atomic force
rmcroscopy (AFM).that the PS nano-cylinders aimost align parallel to the magnetic field applied
cr.a/bra

}kiS,1.cioe,p.othtlili.i}[lelllpu,g.Bfi;sMrm), }¥O,/Lisha.fo,llllili#S,P.l5,e.n[i[lkl,Z.Cy,i1:Pg,:,Yr5,eyth..Y.thii,.",B-E.Cfi.3b::",2.ii'il.:.xe.I t.)ndS,¥lo,eCgkl`g,sOeLnY,?tyi't,,e, ii,,.ye:

cylinder with respect to the applied magnetic fields by conducting GISAXS on the thin film.

  The SEBS sample was spin-cast oB Si wafer (the film thickness r- 2e nm). The thin film was
fimiier apilealed at 180℃ for 12 h to induce the in-plane orientation efthe PS cylinders (Fig. I) and
gh,e.n..t,he,gg{?,,fi,lm,w, ag,?.i.m･ ,e,a,isdL"g,ghe,,pg.es.e,n,c,e o,9th,,',miflieei/lil'g2,,fieAd,,o,f gg,',,3,t,i ;O,.?g.,fo,,r.3,,,h',F,igthZ

&y,ifand.e,r,rix,i,s St.' me"6n,hfi,lm,,'i.Ofini,l,i¥s ,gog,tr,aJck･ ll･2.e,c,ged. eem,aig.ilo.sg,a,i8ee/x:gra.iif,i ,E'l(gig,lgs,{ ,pekig

presented together in (hese figures. The appearance of the

GIEIIAXSpeaks(inFigs.1&3butnopeakinFig.2iBthe {a)Ai;Mphaseimage (in>GisAxs

(a)AFMphasctirnage hard <b) GtSAXS
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       ' imfim
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Fig. 2 AFM phase image and
corresponding GISAIXS result for the

thin fiim annealed at l80℃ for 3 h in
the presence of the 30T magnetic
field perpendicular te the thin film.

         L-"SOft -        2(}O nm G= O.2 nm"i
Fig. I AFM phase image and corres-
ponding GISAXS result for tlie thin
film before applying magnetic field.
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Abstract
We studied the efilects of vertical magnetic field oR the laser-･induced convection of water by using water-

soluble diaryethene (WDAE). When a WDAE solution is irradiated by a 355-nm light from Nd:YAG laser
from the bottom ofa vessel, WDAE undergoes photo-isomerization to its photoisorner (Pl) and the color ofthe

i?l",?'9kCohoa¥ilfliil,J,ORgUfi,A,t, ke68 fi,S,iili･,l't,:`S,'29,illii.Y,tr.li X,`¥s.pi,esznsg,;lig,p;g,g;;fs,tl;.gf,i.ds the speeds are i･2

Keywords
magnetic field effect, magnetic fbrce, themial convectioll, diarylethene

g. Introduction

   Gravity dne to earth induces convection ef liquid solution and, therefbre, it is very impertant te control

coRveetion of solution in chemistry and physics. In a previous paper,i we reported the control of thermal

convection ofbenzene using a magnetic field. In this paper, we studied the effects ofvertical magnetic field on

the laser-induced cenvection ofwater, as it is the most important solvent in life sciences. Here a photochromic

reaction ofwateFsoluble diaryethene (WDAE) is used for visualize thermal cenvection, since photon energy

absorbed by WDAE is used partly to uRderge isomerization raction to its isomer (PI) and partly to heat the PI

solution.
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2. ExperimeRtal metheds

 WDAE was synthesized and H20 were
used 3s received. The concentration of
WDAE in H20 was abeBt 3.1×le'3M.

 In silu observation of phetoindnced
convection was carried out by using an
experimental setup shown in Fig. 1, A quartz

cell (1×1×4 cm) containing a WDEA
aqueous solution was .placed in a bore tube

of a supercoRducting magnet (JASTEC,
LHI5T40). The solution was irradiated by a

355 um laser (Spectra Physics, INDI-40-

TBH-W) through a 6-mm hole from its
bottom. The movernent ofthe blue Pl selation

was observed by a CCD camera and
recorded by a videe recorder.
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Fig. I Experimental setu}p
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The experiments were carried out at
three diffk3rent positions in the bere tube

of the magnet, i.e., Upper (11T, -1500
T2/m), Middle (l5T, -100 T21m), and
Lower (11T; +1200 T2!m) and oi}tside
the magnet, i.e., Outside (OT, OT21rr}) at

room temperature.

l8e $

60 s

th..----

3. Resutts
lg $

   Figure 2 shows sequential photos of

the laser-irradiated WDAE aqueous
solution. After the laser shot, a thin

layer of aqueous solution ofWDAE at the

bottom of the vessel changes its color to

blue dne to its photeisemer (PI) and the

PI solution starts to move upward. The
movement of the PI so!ution in magnetic
fields is diffk)rent from that at zero field. The

movemellt of the frontier of the PI solutien

was analyzed manually.

   Figure 3 shows the movement                             ef the
frontier of the PI selutioR in magnetic fields.

From the slope of the plots shown in Fig. 3,

the lift speeds of the selutioR are calculated.

At zero field, it is 1.0 mm!min. In the
YT8S?Yi8, 9f,vegEi 59ti.C,,89tw, gh.e -9P,Ze,dS2,&3e,

and 2.5 mtwmin (llT, +120e T2/m),

respectively. Photoinduced thermal
conveetien is enhanced by applicatien of
+l200 T21m by 2,5 times in a magnetic fieid

of+12oo T2!m.

is-.-

     .. ua tt. .

diin''w 'di'--de` '''a - ' 'l ''" '
   eppe# Miedta Lovyer eastside
Fig. 2 Sequential photes ofthe WDAE aqueous solution

     taken after laser irradiation (Side-view).
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Fig. 3 Movernent ofthe frontier of PI se!ution after laser

     irradiation

4. Dise"ssioit

 The movements ef the blue PI solution shown in Fig. 3 can be explained by the force difference, AF, ofthe

bulk WDAE solution and the PI selution, calculated using the following equatioll.

AF=(Apsoiuti..)gV+(AxH2o)(11sio)VBOBIaz+(xpi-xwDAE)c(11Iie)VBOBIaz (1)

Where, ApsoiBtion is the density change of the solution, A)c}i2o is the magnetic susceptibility change of water

induced by the temperature jump, V is the volume of the PI solution, g is gravity, IAe is the magnetic

permeability in vacuum, B is the magt}etic fiux density, VBOBIOz is the gradient ofB in the venical z directiofi,

)cpi and xwDAE are the magnetic susceptibilities of PI and WDAE, and c is the concentration ofthe solute.

The first term of the right-hand side of eq. 1 is the buoyancy due to eamb gravity, the second term is the

magnetic fbrce due to the magnetic susceptibility change ofwater and the last term is the magnetie fbrce due to

the magrietic susceptibility change ofthe sotute.

  Since Apsoiution < O and A)c}i2o > e by thermal expansion of the water, the magnetic field effk)ct on the water

eonvection shewn in Fig, 3 can be explained only when xpi < xwDAE < e, This consideratien is consistent

with a simple calculation that (xpi - xwDAE) < O･
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Abstraet

 A new magrtedc field effect on the elec trophoresis is discovered. The elecxtophoresis of DNA is perfbrmed in

magnetic fields up to 12T, The velocines ofDNAs are deereased with inereasing magnetic field 'IIhe magnetic

field effbct alse depends on the shapes and lengths of DNAs. Elec trophoresis under magRetic field can be used

fbr anew separation methed ofDNAs.

Keywords
 magnetic field effect, magnet ic orientati(m, DNA, elegtrophoresis

1. introdueden

 DNAs carry gerietic infbrmatioms and it is essential for the biological studies to analym the stnictures and the

sequeRces ofbases ofDNAs. Phosphates, conrponent parts of DNA, are charged negativelM so DNAs !neve

from a cathede to aii anode by an elecrtric field Fer such an electrophoresis, a gel is used as the support media.

The mobility of DNA in gel depends on their molecndar weight aad shape becEruse the gel behaves as a

molecular sieve. Therefore, the gel electrophoresis is often used for the separation method ofvarious DNAs.

 On the o{her hma it has been repQrted that DNAs are eriented perpendicularly to the magnetic field as a

resvtlt of the anisotrepy of diamagnetic susceptibility;[1] in the present studyi the electrophoresis of DNA is

performed in magr}etic fields up to 12'I; then the magnetic field e{fect on the electyophoretic velocity of DNAs

are obseTved. in previous experiments, the velocities of deuble stranded DNAs were decreased with increasing

magnetic field[2] The stmcture dErpenclence of the magnetic field effiDct is examined in this expament.

Possibdities ofa new separation method ofDNAs are investigated milizing the magnetic field effect.

2. Expetmenmimethods

 First, we made two small electrephuresis systems (},y70xd96xh34mm3) to place in the waterjacket set on the

supercondncting magriet. the surface of buffet used in the psesent experiment is a{fZected by strong magnetic

fields dne to its diamagr}etic property. 'I he cover was attached te the top ofthe electrephoresis system to preverrt

the change ofthe buffl)r surface and current, Platinum wires were used for the electrodes at both ends.

 ']]we types of DNA were prepared for electrophoresis, "M13 mpl8 single stranded DNA" supplied ftem

TAKARA Bio Corporation is single stranded DNA with cyclic shEtpe (72491rp r(nmd). "Molecular Ruler 2.5kl)"

st}pplied from Bio-Racl Labontories included various sizes of domble stranded DNA wi{h linear shape. We
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observed only the 5}(oj)-long DNA ameng them. It was verified experirner}tally that this cyc}ic DNA and 5klrp

linear DNA have the same velocities in zero rr}agr}etic fields.

 Agarose gels (2.0vvt.%) weie prepared as the support media for the electrDphofesis. 'Ilhe plate-like gel

(w40xcl`toxh7mi) formed in zero fields was put in the electirephoresis system. Cyclic DNA of 1pt l, linear

DNA of1.5 pt 1, and the mixed DNA ef them were irljected into diiferent three wells ef the gel. Then, the two

system filled with 'IAE bulfer were prepared in this way.

 These two systems were placed at the center ofthe magnetic field and 75Ctn tm distance from the center (Fig.

1.) Where, the magnetic field below O.2T at 750nrm distance from the center was weak enough, so that no

magnetic field efiixrt eccurs for DNAs there. Hence, the electrQphofesis at mis pesition was regaided as the

control experiment. The tenrperature of the sample space was kgpt at 5℃ by cixrcmlating water of the

thermostatic bath. [l hen the same voltage of50V was applied parallel to the direction ofthe magnetic field to

the systems for thiBe hozms.

 After the electrephoresis, the gels were dyed by ethidium bromide solmi(m and DNAbands were observed

by irradiatlng UV rays. The veiocities ofDNAs were calculated by measvning patterns ofDNAbands.
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Electrophoresis stystem ofDNAunder magnetic field (Tep-view).

3. Resu1tsandEbiseassion

 Fig, 2. shows magnetic field dependence of fractioma1 charige in electrophoretic velecity of DNA. 'I he

imomal change in velecity is defined by fu-valfuo, where v is the veloeity in the magrietic fields 2md vo is that in

the zere fields. 'I[he velocity of the double stranded DNA with linear shape was decreased down to -25% with

iriereasing magnetic fields and the decrease was saturated at 4T. If DNA is orierrted perpendicularly te the

magnetic field er the elegtrophoretic direction, then the velocity of DNA mvist be deereased due to the increase

ofthe eross-secticm to the sieve efthe gel. "Ihese results suggest (1) the eleetropheretic velocity was decreased

because ofthe oriematicm ofDNA and (2) the orientation oflinear DNAwas satuwated at 4T. dn the ether hana

the vel(x)ity of the single stranded DNA with cyclic st}ape was not deereased below gl) 'Ihe single strmded

DNA tends to form cemplicated shape by intramolecuiar bcmding. ConsequentlM the magriedc anisotropy of

the single stranded DNA is ccmsidered te becoTne weak in corrrparisoR with that efthe double straiided DNA.

Ihus, it is censidered that the double stranded DNA with linear shepe is easier to orient im the single stranded

DNA with cyclic shape.

 [{he mixed DNA cannet be separated with uswal electrophoresis becauise ofthe same velocity. According to

the above results, the velocity of linear DNA is less thaii that ofcyclic DNAunder the influenee ofthe magnetic

field. The separation was expeeted to beccwne possible with the elecmophoresis under the magnetic field
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because the difference in the velocity cmhances under the rnagnetic field between 4T and 8T in particular, 'Il}e

electropheresis was examined for the 1ineafy cyclic and mixed DNAunder the infiuence ofmagnetic field of6T.

 Fig. 3(a) shows the electrophoretic pacterns ofDNAs after the electropheresis in the absent efmagnetic field.

The 5kl)p linear DNA moved at the same veloeity as cyclic DNA in the zero fields. As a resulg mixed DNA

was not separated. On the ethcr hana the velocities ef DNAs were decreased as a whole in the magrietic field

of 6T as shown in Fig. 3(b). Moreover, the change in veloeity of the 1inear DNA was larger than that of cyclic

DNA. Then the mixed DNAwas separated sfticcessfully into two bands as our expectation.
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4. Cenctusioit

 The electrophoresis of DNA was perfbrmed under strong magnetic fields, [he electrephoretic velocities ef

DNAs decreased under n3agrietic field, The structme dependerice of magnetic field eifect was discovered emd

expected to be applied to the separation method of DNAs. The separatien ef double stmded DNA and single

stranded DNAwas accorrrplished rhese results demcmstrated that the elec trophoresis imder magnetic field can

be used for a new separation method ef DNAs.
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Abstract
 Magnetic alignment of micro-sized panicles was achieved at low fields below B = 1 mT fbr major

rock forming minerals such as forsterite, enstatite, and biotite; the crystals contain paramagnetic ions.

The alignment was detected in low temperature condition of 1'=: 90 K using He gas as a dispersing

medium. Field intensity to achieve alignment was reduced at low temperatures considerably due to

the decrease of thermal agitation energy that randomizes directions of crystal axes; the increase of

paramagnetic anisotropy deriving from the impurity ions was the canse of the reduction of the field

intensity as well. The results serve as a basis to solve the origin of alignment of dust panicles which

is commonly observed in star fermation regions.

Keywerds
 magnetic aligrmieng forsterite, enstatite, magnetic anisotropy

1. Introduction

  Magnetically stable-axes of micron-sized non-ferromagnetic crystals dispersed in a fluid medium

are known to align parallel to magnetic field at infinite intensity [1,2]. The magnetic alignment
proceeds by field induced anisotropy eneigy NA)eB212 originated from the anisotropy of magnetic

susceptibility Ax ef material at magnetic field intensity B. The anisotropy ef magnetic susceptibility

ofa crystal is defined as Ax =xrx± where xll and x± are the susceptibility per unit rr}ass parallel

and perpendicular to the stable axis, respectively. The weight ef a particle is denoted as AiL The

alignrnent is achieved when the magnetic energy is comparable to the eReigy of Brownian motion

kB7]t2 at temperature Z the motion randomizes directions ofa magnetic stable axes. The Axvalue of

a non-ferromagnetic material is the sum of inninsic diamagnetic anisotropy (A)OmA and
paramagnetic anisotropy (A)C)pARA originating firom paramagnetic impurity ions [3]. The effective

magnetic anisotropy Ax of a non-ferrornagnetic material is hence expressed as Ax == (A)ODiA +

(A )OpARA. The amount of (AX)pARA is knewlt to be proponional to the reciprocal of Tin accordance

with Curie law.

    The application of magnetic alignment due to paramagnetic anisotropy in terrestrial and cosmic

conditiens has been discussed previously [4,5]. One of the applications is concerned with the

alignment of cosfnic dust particles. 'I}}e eircumstellar field in a star formation region that may cause

dust alignment is one ef the essential factors to understand stellar and planetary fbrmation. Magnetic

alignment of maj or rock fbrming minefals, namely forsterite, enstatite, kaolinite, muscovite, talc and

biotite are reported in the present work [6,7]. These samples have paramagnetic Fe impurity ions.

Forsterite aRd enstatite are considered to be the major components of circumstellar disks [8]. The

origin of dust aligr}meng which is observed in star formation regions, can be discussed olt the basis

of the measured results.

1
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2. Experimewt

2.1 Definition ef the field ofmagnetic alignment B,

  Quanthative analysis on the magnetic aiignment process is not popularly done at present. The

alignment is achieved only at iniinite field intensity The field of magnetic alignment B, was

therefbre introduced tentativelM which was used as an indicator te compare the field intensity

causing the alignment [6].

  Reladonship between degree of the magnetic alignment and field intensity} observed for
micron-sized particles, was analyzed successfu11y by the theory first proposed by Langevin atid

Curie [9]. Degree of alignment is generally defined by an order parameteg which is a Boltzmann

average of a function described as

       <m>=<(3cos2e--l)/2>. (1)An angle between a magnetically stable axis and a field direction is denoted as e. Completely

random state and completely ordered state of the crystals correspond to <m> = O and 1, respectively.

A Boltzmann average is calculated by using the free energy U of a particle, U == -(ZVB212){xi

+Axcos2e}.

   The field intensityi vvhere <m> amounts te <m>=O.78 in eq. (1), is defined as the field of

magnetic akgnment B, as shown in fig. 2 (a),

       B, ---- (l5kBT/NAxiY2. (2)ft is seen explicitly that the value of B, depends on IV) Ax and 1; accordingly aligmnents of

micron-sized particles are expected to occur belew B = l T at room temperatt}re for various
diamagnetic materials, since published values of Ax usually exceed 10'9 emu!g [10]. However; the

study of the magnetic alignment due to magnetic anisotropy Ax is not popularly done at present.

Hence the limited number of materials is recognizedto align by magnetic field.

2.2 Apparatus to measure the alignment ofpmicles dispersed in gas medium

The measurement of the magnetic alignment was allewed only above T = 160 K previously, when
liquid was used as a dispersing medium [6]. A new method was developed to measure the value ofB,

at low temperatures [11]. The alignment was perfbrmed for micron-sized crystals dispersed in celd

He gas. He gas is a unique medium that can disperse micron-sized panicles and remains as fluid

below 1' :160 K. l]emperature dependence of the magnetic alignment process was examined in the

range of 1' :340 K and 1'= 90 K.

   He gas
-･e e-'-'-'

vbktttel 1aj

   detector

      /
Helmholtz coils

He Gas

  He-Ne
  ]Laser

Fig.1. Aschemadcviewofapparamsdevelopedtoobservemagneticalignmentbelow7':1eOK.

3.Resnits .

3.1 Effects of concentration of paramagnetic iens

   Magnetic alignment was achieved at low field intensities wiien concentrations of paramagnetic

ions were high (see Fig.2 (b), (c), (d)) [7]. The B, value observed fbr biotite micro-crystals having

paramagnetic susceptibility of xpARA r: 4.4×10-5 emulg was B, = O.e21 T. B, was O.060 T for

2
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muscovite micro-crystals with )cpARA = 4.8×10--6 emulg. The alignment has not been reported at such

low field intensities for non-ferromagnetic oxide particles. B, of synthetic phiogopite 'free of

paramagnetic ions was measured to be B, =3.6 T in previous studies [7]. The crystal structures of

biodte and phlogopite are nearly equivaleng and are considered to posses similar (A)d)DiA values. The

small B, value of biotite is hence attributed to (A)OpARA. indeed the measured B, value of biotite was

consistent with the calculated Bs vaiue based on Ax obtained from bulk erystal measurement; the

cibserved Ax-T relationships on bulk crystals showed explicitly that (A)OpARA was considerably laige

cempared to (AxiDiA. The paramagnetic origin of alignment was examined simultaneously for grains

of muscovite, kaolinite and talc as well [3,l2]. Ax values generally showed Curie temperature

dependences for most of the measured oxides such as fbr talc, brucite [l3], ortihoclase, petalite,

scapolite [l4] and kaoliRite [15]. Hence the effect of (AX>pARA in reducing B, as observed is likely to

occur for inorganic oxides in general.

1.0
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O.78

         l
         l
         l
         1
        W,
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Fig. 2 (a)

fo), (c), (d)

The process ofmagnetic alignment. The field intensity at <m>=O.78 is denoted as B,.

 The magnetic alignment measured fbr fbrsterite, biotite, phlogopite and muscovite.

3.2 Effect of Reducbon ef 'Ilemperature

    The obtained B,-1'reladonship fbr grains dispersed in He gas is shown in Fig. 3. The measured

data of enstatite and fbrsteiite are shown in red-opeRed square and green-opened circle respectively.

The solid line ofB, is calculated from eq. (2) using the Ax values measured fbr bulk single crystals

of each mineral. The remarkably smal1 B, values of enstatite and fbrsterite in the low temperature

region derive from the 1arge (AX)pARA caused by the paramagnetic ions. B, was proponionai te T for

forsterite and enstadte according to Fig.3. This is becanse the energy ofBrownian motion kig172 that

randomizes the paiticles decreases with the temperature, and also because the amount ef (A)c)pARA is

known to be proportional to the reciprecal of Tfo11owing the Curie law This relationship is chserved

for micre£rystals of kaolinite [15] and talc [3] as well; these materials contained paramagnetic ions.

The effk)ct may be expected fbr other inorganic materials. The A)c-1'relationships shown in the Fig. 3

indicate that B, becomes smaller than 1 mT below 1'= 10 K for these materials; paitial alignment by

terrestrial field may be detected at this condnion.

3
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Fig. 3 Temperature dependence of the magnetic alignment
observed fbr micron-sized grains. The measured data of enstatite

and forsterite are shown as red-closed squares and green£losed
circles, respectively. The data of kaolinite, talc and graphite are

shown as gray-opened uiangles, circles and diamonds,
respectively. The B, values of paramagnetic enstatite, forsterite,

kaelinite and talc are proponional to T whereas the B, values of
pure diamagrtetic graphite are propordonal to pti2.

4. Discussion

  This study can be applied to the discussion of the stmcture of the circurnstellar field in star

formation regions as mentioned ahove. Observation of starlight polarization caused by aligned dust

pardcles is one of the standard techniques to detemine interstellar magnedc field (see Fig. 4).

Informaden on cosmic field is a base to understand stellar and pianetary evolution. For example,

recombinadoR of magnetic field, assumed in the planetary fbrmation region, is considered to be the

heat scftrrce of preducing planetary materials; however the alignment mechanism of dust panicles is

less well understood.

  ft is necessary to know the approximate values ofN; A)c, and T of eq.(2), in the region in order to

discuss the possibility of the dust alignment. The temperamre is considered te range between 1' : 10

and leO K. The enstadte grains are assumed to have a size of3 lrm (At -- 5×10-ii g). The Axvalue is

2×10-5 emulg at T :50 K a£cording to Axlr-T measurements ofbulk crystals. AccordinglM the Bs

value is 9×10-4 T. The actual field intensity has not been detemined yet; howeveg the circumstellar

magnetic field of about B = O.3-3 ×10in4 T was proposed. Therefore, it is possible that partial

alignment of silicate grains may cause polarization in star formation regions.

star

Atlagnetic Field in our Galaxy

                  B

PolaTized Light

(}raiaAligrmient

"'ii' ee.,

Observer

Fig. 4 The mechanism ofpolarization caused by
the elongated grains.
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5. Coneausion

1. Fieldintensitywhereanorderparameter<m>=<(3cos2e--l)l2>reaches<m> :O.78isdefined
   2h'dth,eh,fifiei,?,9f.M, ,2g,n,ei"EtiCigl'ggll,rg,e.",t..B(sl,e,LS,lllill,La,o"$9,bft･,tw,rzS".;l:'h,S,t.ah3g,i l,s,g･X,te･,e,E.oiig.g,od,¥

2. iil: i.'.O,rdpe,r.tpO.iliil .IIYi`th.e :7/$i¥'6,Ofdl'l21Zleglll:ti,'t,'aciicgrnyMstea"ist qfr"eaen"o'II9fpl"areardt agnetic ions, whiie B, was

   proponional to 1' for particles including paramagnetic ions since Ax was proponional to 7'

   fbllowing the Curie law; the effbct is expected to occur fbr many of the non--ferromagnetic

   materials since their Ax-T relationship on bulk crystals foliowed the Curie 1at]v. The particles are

   dispersed in the He gas fnedium in order to reaiize aligrttnent at low temperatures.

3. ThedqpingofparamagneticionsiseffectiveinreducingB,,sincetheparamagneticanisotropy
   increases the effk)ctive Ax value considerably. The alignment has not been reported at such low

   fields fbr non-ferromagnetic ("dde particles previously. Practical eMciency of magnetic
   alignment can be enhanced considerably in the course of material processing.

4. Silicate grains have a pessibility to align panially in star formation regions, according to the

   estimate using the measured results. The data of the magnetic alignment measured at low
   temperatures comparable to that of the condition of a star formation region would be a basis to

   discuss the magnetic srmeture of this region, which is considered to control the stellar and

   planetary evolution.
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   In this paper, we report straightforward applications ofmagnetic levitation to diamagnetic
susceptibility measurement and magnetic separatien ef diamagnetic plastic chips.i)

   A diamagnetic panicle can be levitated magnetically when a magnetic force is applied to it in the

opposite direction to gravity with equal intensity:

(inxLeto)B(z)dB(z)/dz : mg. (1)

   Here, x is the magnetic susceptibility per unit mass of a panicle, pte is the magnetic permeability

ofvacuum, B(z) is the magrietic fiux density at z in the vertical position, dB(z)ldz is the density

gradient, m is the particle mass, and g is the gravitational aeceleration, Levitated positions of

different chips in the tube are different, whefi their magnetic susceptibilities are different. So,

diamagnetic susceptibilities efplastic chips were ealculated from their levitated positiolls, z, in the

tube.

   Magnetic levitation ef diamagrtetic.plastic chips was canied out by using a compact
supercon(tucting magnet, prodncing a horizontal magnetic force of1500 T2m-i. Table 1 shows the

results of magnetic levitation ofplastic chips. They were in agreement with those obtained by

SQUID, indicating that one can determine magnetic susceptibility ofplastic chips frem levitated

posltlon, z,

   Next, magnetic separation ofplastic chips was examined. In the bore tube, a home-made

separater is installed by which levitated and non-levitated chips are removed and cellected Separately.

When polypropylene and poly(ethylene terepkthalate) chips are randomly introdnced to the separator

one by one, they are separated into two groups.

   In conclusion, it is shown that magnetic levitation is a convenient and usefu1 technique for both

diamagnetic susceptibility measurement and magnetic separabon ofdiamagnetic substances.

N ame

Tal,le 1 Magnetic levitation and magnetic susceptibility efplastic chips

           za) B(z)dB(z)!dz x(Levitation)b) x<SQUID)C)
          /rom !T2m-i 11o-9m3k'i 11o-9m3k'i

Polypropylene

Polyethylene

Polystyrene

Polyamide
PelycarboRate

Poly(methyl methacrylate)
Pol eth lenetere hthalate d)

367.5

367.0

361

357.5

351

3485

-1070

-1e81

-1270

-1358

-1481

-li51
-H .34

 -900
 -9,07

 -8.29

-9.63

-8.87

-7.85

-7,78

-7.08

-6.28
a) Distanee from the magr!et bottom. b) Diamagrtetic susceptibility o                                                   btained from magnetic levitation.
C) Diamagrietic susceptibility obtained from SQUll), d) Not levitated.

References:

   l) Y. Tanimoto et al., ,ipn. I Appl. Pbys., 44, OOOO (2005).
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Abstract

   Mesoporous silica fiims were prepared a by dip coating method using Pluronic P123
(E02eP07oE02o) and hexadecyluimethylammenium bromide (CTAB) as templates uRder steady
magnetic fields, Synthesized meseporous silicas were characterized by X-ray difftactioR, scanning

electron microscopy, transmission electron microscopy. Hexagonal packed silicatelP123 (or
CTAB) hYbrids were oriented vvith long axes parallel to the direction of applied magnetic fields

because of negative diamagnetic anisotropy of template molecules. We have syBthesized
successfully SBA-l5 and MCM-41 films with very long straight and lying pores and standing pores

against the substrate when parallel and perpendicular magnetic fields, respectively.

Keywords
magnetic Grientatioll, mesoperous silica, SBA-15, MCM-41,

a. Introduetiept

   Steady magnetic field was applied to sumbctantisilicate hybrids having hexagonal structure in

order to prepare the highly ordered structural mesopereus silicas, which were prepared by
calcination of amphiphiles in the hybrids, This method made it possible to align a silica skeleton

through magnetic orientation of CTAB aBd Pluronic Pl23 molecules as templates. The
mesoporous silicas having a honeycomb structure have hornogeneous mesopores with a narrow size

distribution. Therefore, mesoporous silicas as a potential material have been paid attention from

the viewpoint ofboth fuRdamentals and application. In this study, application ofmagnetic fields to

fiim formatien of mesoperous silica is reported. Oriented domain ef honeycomb stmcture of

mesoporous silicas prepared under magnetic fields was much larger than that ef conventionally

synthesized mesoporeus silicas.

2. ExperimentalSection

2.l Materials
   Silica films were synthesized by a dip ceating method using a bleckcopelymer of pely ethylene

oxide and poly propylene oxide (E02eP07oE02c, Pluronic P123) and hexadecyltrimetkylammonium

bromide (CTAB) as templates under steady magnetic fields. The precursor was prepared from

P123, ethanol (EtOH) and silicate solutioB which was a supplied by mixture of tetraethyl

orthosilicate (TEOS), EtOH, water, and hydrochloric acid. The melar ratio of the precursor

solutions fbr SBA-15 and MCM-41 films was TEOS : P123 : H20 : HCI : EtOH = 1 : O.Ol4 : 15 :

O.16:39and TEOS:CTAB:H20:HCI:EtOH=1:O.1:5:e.04:3.8,respectively. The
solutions were stirred for about 30 min at 308 K and employed to coat a film on a pyrex glass as

substrate under steady rr}agnetic field$ (H<--6 T). Magnetic fields were applied in parallel and

perpendicular te the film (substrate) $urface for 4h at 308 K. The films were cal¢ined in air by
increasing slowly temperature from room temperature to 773 K and kept the temprature for 6h.

2.2 Characterization.

   X-ray di£fraction (XRD) experiments were condxicted on a Rigaku MultiFlex dithactometer
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3.2 X-raydithaction
   XRD pattems of SBA-15 and MCM-41 films are shown in Figure 2. Three diffractien peaks
observed in as-synthesized sample, which have a d spacing ratio ef l: 112: 113, could be indexed as

the (100), (200) and (300) refiections efa twe-dimensioBal hexagonal structure (Figure 2A). The

(11O) refiections ofhexagonal strucwte disappeared by formation ofthe pere channels parallel to the

substrate surface. The intensity of(100) peak offtll and HJ- films were higher than that ofzero field

film. Thissuggestsincreasingcrysta11inityandugifomity.

   In order to examine the angle dependence of diffraction intensity, the films were rotated

                           oohorizontally at various angles (-90to 90) and X-ray was irradiated at difft)rent angles. Ifpores

stand on the substrate or are not orieRted, the di£fraction intensity must not depend en the angle.

The H)7 film depended on the angle, but the film prepared under zero fields ai}d HL film didn't.

These results i"dicate that the pores of the Hi. film are ordered in perpendicular te the film surface

and Hla film are lying in parallel to ir. Furthermore, when the film prepared under perpendicular

magnetic fields was rotated at 45, the (llO) reflection was observed, as shown m Figure 2B.

These results are agreed with the electroR rnicroscopic irnages,

   In the case of MCM-41 films, three diffraction peaks observed could be indexed as the (leO),

(110) and (200) refiectiens ofa two-dimeBsioBal hexagonal stm¢ture (Figure 2C). This suggests
that the pores stand in part on the substrate. Also, is considered that the pores of MCM-41 are

sherter than pores of SBA-15.
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Figure.2. XRDpatterns
A and B: XRD patteras ofas-synthesized SBA-15 films prepared under zero fields (a), parallel (b)

and perpendicular (c) by 6T to fihn sui face, Film was not rotated when X-ray was irradiated to

                         efilms. B:Filmwasrotatedat45.
C: XRD pattemas of as-syBthesized MCM-41 films prepared under zero fields (aj, parallel fo) and

perpendicular (c) by 6T to film surface.

4. Cenc}usien

   We successfu!ly aceomplished the synthesis of SBA-l5 and MCM-41 fiims with very long
straight, standing Ranopores. The nanopores eriented with their long axes parallel to the applied

magnetic fields due to negative diamagnetic anisotropy oftemplates. Therefore, the stmctures of

mesoporous silica films can be eontroiled bystaRding magnetic fields,
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(BD2548N) using CuKct radiation operated at 40 kV and 20 mA. The samples were scanRed from
O.9ete 50 (2e with a step of O.02eand counting time of e.25 s. Sample morphology and

microstrutcture were examined by a JEOL scanning electron microscope JSM-600eF; SEM) and a

JEOL transmission electren microscope JEM-3500EX; TEM with acceleration voltage of300 kV.

3. ResultsaitdDiscussion

3.l Electronmicroscepy
   SEM images of SBA-15 reveal that the film prepared under zero field was werm-like having

about 300 nm in euter diameter, as shown Figure IA (a). Ilowever, wh¢n the hybrid was prepared
at same conditions under magnetic fields applied parallel to film surface (L41 film), the morphology

changed to be rod-like, (straight cylinder), as shewn in Figure IA (b), On the other hand, films

prepared under magnetic fields perpendicular to fiim surface (HLL film) showed vague short

worm-like cylinder (Figure IA c). The cylinder in a hybrid domain under zero and parallel
magnetic fields were laid on the substrate. On the coRtrary, the eylinders seem standing in the film,

when magRetic fields were applied iB parallel to the film substrate,

   TEM image of SBA-15 films prepared under zero, parallel, and perpendicular magnetic fields

areshowninFigureIB. Hexagona}lyarrangedmesoporeswereobservedinallcases. Thecurved
pores having 5-6 nrn diameter were ebserved ill the zero field film. The Hu film had very long

straight peres oriented in the same direction as, magnetic field. The pores of film prepared under

zero field also are locally oriented, but their domain was net so large. The cross-section of the

cylinder or pore dianteter seems to be observed iB the HLL fihn, but not to be in zero field and HH

films.

A (a) (b)

pt

(c)

B b

f

Figure 1, Electron microsc･Jpicimages ef SBA-15 films. The arrow shows the
direction of applied magrtetic fields.

A: SEM images of as-synthesized SBA-15 filrns prepared under zero fields (a), 6 T

fields applied parallel (b) and perpendicular (c) to film surface,

B: TEM images of calcined SBA-15 films prepared under zero fields (a), 6 T fields

applied parallel fo) and perpelldicular (c) to fi}m surface.
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 Photosensirizers for Photodynamic Therapy (P-059), The 42nd Japanese Peptide Symposium, Osaka, Oct.

 27-29, 2ee5.
 38) T. Oba, T. Nagai, Yl Tanimoto, Functionalization of supramolecular biosystems in magnetic fields,

 imernational Symposium oR Magneto-Science 2005 (ISMS2005), Ybkohama, Nov. 14-17, 2005.
 39) -T...-,,.,m. Oba M. Hamasaki, M. Sato, T. Nagai, M. Karikomi, M. Minabe, S. Ito and K. Hiratani, IAtegration

 and Function of Molecular Devices oB a Dynamic Supramolecular System, intemational Symposium on
 Molecular Scale Electronics (in coajugation with 6th Molecular Scale Electronics Wbrkshop in Japan),

 Tsukuba, Dec. 5-6, 20e5.

2006
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1）迦，NShlbata，　a蕪d　Y　Tanimoto，　Magnetlc　o鍾entation　of　porph）ぼin難ano－rods　in　th¢presence

and　absence　of　str◎ng　mag捻etic　fbrce，2nd　Intemational　Wbrkshop　on　Ma重erials　Analysis　and　Processing

in　Magnetic　Fields，　Mar．19－22（2006）Grenoble，　France、

2）K．Takahashl，　S，：Koh伽i，　and幽，　Magnetic　Fleld　and　Methylene　Chain：Length　Effbcts　on

Photochemistry　of　Bichromophoric　Chain　Species　Containing　7－Nitro－2－fluorenyloxy　and　Anilino

Chromophore，　XXIst　IUPAC　Symposiu搬on　Photochemistry，　Ap劔2－7，　Kyoto，　Japan．（発表予定），

3）YTanimoto，　F．：K◎yama，　K．　Sueda，　and　M．　Irie，加3伽Observati◎n　of　Laser－induced

Convection　i簸Magnetic　Field　Usi無g　Photochromic　Reaction，　XXIst　IUPAC　Symposium◎n
Photochemistry，　Apri12－7，：Kyo重。，　Japan．（発表予定）．

解説・書籍等
2003

1）大庭　亨，民秋　均，「裏表のなし裏表の話～平面分子の非平面性とキラリティ～」，化学，
　58（11），12－18（2003）．

2）YTanimoto　andエ迦，　Ef艶cts　of　High　Magnetic　Fields　on　Photochemical　Reactions，　i益
H鋤dbook　of　Photochemistry　and　Pho£obiology　1，　H．　S。　Nalwa（ed．），　American　Scientific　Publishers，

Stevenson　Ra簸ch，　Califbrnia，2003，　PP．413－446．

2004

1）藤原好演，シンクロトロン放射光を用いた円二色性スペクトルの測定，分光研究，52（5），
　288－289（2003）

2）谷本能文，高磁：気力用超伝導磁石による磁場効果の研究，信画技報EM∫C－2003－138，73－76
（2004）．

3）若狭雅信，谷本能文，“磁場による触媒反応の制御，触媒，46，224－229（2004）．

2005
1）T．Oba，　H．　Tamiaki，　Chirality　a£the　central　metal就oms　of　chlorophylls，　In　Photosynthesis：

負mdamental　aspects　to　global　perspectives（A．　va益der　Est，　a熱d　D．　Br魏ce．　eds．），　pp．886－888，Allen　Press，

：Lawrence，　KS，　USA（2005）．

2）H，Takatoya，　A．　Ug勾in，　H：。　Tobi重a，　K：。　Ogura，　M．　Minabe，　T．　Oba，　Syntheses　and　properties　of簸ovel

cationic　chlorophy1重derivatives，　In　Photo　synthesi　s：fUndamental　aspects重。　global　perspectives（A，　van

der　Est，　a難d　D．　Bruce．　eds．），　pp。1080－1◎82，　Allen　Press，：Lawrence，　KS，　USA（2005）．

3）．M．　Hanasaki，　M．　Sato，　M．　Minabe，　H：．　Tamiaki，　T．　Ob銭Fabrication　of　an　a就i丘ciahano－device　o鍛a

design　pri録ciple　of　pho重osynthe亀ic　syste飢s，　In　Photosynthesis：fb簸damental　aspects　to錘obal　perspectives

（A．van　der　Est，　and　D。　Bruce．　eds．），　pp．1079－1080，　Allen　Press，：Lawrence，　KS，　USA（2005）．

4）K。Takahashi，　Y　Itoh，　M．　Akiyama，　T．　Watanabe，　K．　Inoue，　T．　Ob遇M．　Umetsu，　M．　Kobayashi，

Delicate　distin（詫ion　between　absorption　spectra　of‘normar　and　‘prime’bacteriochlor◎phylls，　In

Photosynthesis：fUndamental　aspec£s　to　global　perspectives（A．　van　der　Est，　and　D．　Bruce．　eds．），　pp．46－48，

A1玉e盤Press，　Lawrence，　KS，　USA（2◎05）．

5）YTanimoto　and　W・Duan，　Application　of　H：igh　Magnetic　Field　t◎Chemical　and　Physical　Processes，　in

“Mate貢als　Processing　i盆Magnetic　FieIds，”H．　Wada　and旺J．　Sc㎞eider－Muntau（eds．），　W6rld　Scienti且c

Publishing，　Si簸gapore，141－146（2005）．

6）S．Anandan　and　M．　Okazaki，　Dynamics，αow　motion　a獄d　nanopore　ef飴ct　of　molecules　present　in　the

MCM－4　ha益opores－An　over》iew，泌αρρo㎜3αη4醜5（ψo罫。鋸5ル勧ε7ノ蜘87，77－92，2005．

2006
D谷本能文，光化学と磁場効果，「光科学研究の最前線」，「光科学研究の最前線」編集委員会編，

強光子科学研究懇談会，東京，292－293（2005）、

2）魎』i薙Magneto－Science，　M　Yiamaguchi　and　Y　Tanimoto（eds．），　Kodansha－Springer，　Toky◎，
（in　press）．

3）魍and　S．：Kohtani，（Eds）Yamguchi，　M；Tanimoto，　Y，　Magneto－Science，：Kodansha－Sp面ger，
（in　press）．

4）M．Okaz泌（i　a簸d：K．　Toriy盆拠a，　Spin　probe　and　spin－trapping　study　on　the　magne重ic　field　e飴（沈on

chelnical　reactions　in　the　nanospace　of　MCM－41，　in　Magneto－Science，　Chapter　6，　Sec℃．3，

Kodansha－Springer，（in　press）．

　　10

－276一



7）谷本能文，シリケートガーデン反応の磁場効果一磁場で形態的キラリティーを誘導する一，
化学と教育，54，4－7（2006）．

（3）研究課題ウ

雑誌論文
2003
1）Thi　T．　Nge，　N．　Hori，　A．　Takemura，　H．　Ono，　and　T．　Kimura，　Phase　Behavior　of　Liquid　CrystaUine

Chiti難／Acryhc　Acid：Liquid　Mix加re，　Langmuir　19（2003）1390－1395．

2）K．T◎zakl，　H．　Inaba，　H．　Hayashi，　C．　QuaR，　N．　Nemoto，　aれd　T．　Kimura，：Phase　transitio薮s　of　n－C32H66

measured　by　means　of　high　resolution　and　super－sensitive　DSC，　Thermochimica　Acta　397（2003）

155－161。

3）Thi　T．　Nge，　N．　Hori，　A．　Takemura，　H．　Ono，　and　T．　Kimura，　Synthesis　and　Orie魏ation　S加dy　of　a

Mag盤eticaUy　Aligned　Liquid－Crystalline　Chitin∠Poly（acrylic　acid）Co即osite，　Journal　of　Polymer

Science　Part］B　Polymer］しetters　41（2003）711－714。

4）T、：Kimura．　Study　on　the：Ef驚ct　of　Magnetic　Fields　on　Polymeric　Matedals　and　Its　Application，

Polylner　J　35（2◎03）823－843．

5）S．Sato，　H，　Sakamoto，　K．　Mizoguchi，　H。　Mo践oka，　and　T．　Kimura，　Ode醜dona1　dis励ution　of　PPy

rlngs　ana茎yzed　with　g－shi食～曲otropy　of　ESR，　Synth。　Metals（2003）135－136421－422．

6）T．Kimura．　Phase　Transfbrmation　of　Polymeric　Materials　in　High　Mag難etic　Field，　Materials

Transacti◎ns　44（20◎3）2595－259＆

2004
1）T．Kimura，　M．　Yamamoto　and　A，：Nara．　Pa震icle　Trapping　and　Undula重ion　of：Liquid　Surface　using

Microscopically　Modu玉ated　Magnetic　Field，　Langmuir　20（2004）572－574．

2）M．Tsuburaya　and　B：．　Saito，　C琢stalliz就ion　of　polycafbonate　induced　by　spinodal　decompositi◎n　in

polymer　blends，　Polymer　45（2004）1027－1032．

3）S．Takahashi　and　H．　Saito，　Confbrmational　Change　of　Pheny1：Ring　Side　Gτoup　d面ng　Stress

Relaxation　in　Glassy　Poly（s箪ene－co－acrylonitrile），　Macromolecules，37（2004），1062一玉066．

4）T．Oda　a難d　H．　Saito，　Exclusio益Effbct　of　Carbon　Dioxide　o血the　Crystalliza重i◎n　of：Polypropy玉e登e，　J，

Polym．　Sci．，　Pt，　B，　P◎1ym．　Phys，，42（2004）1565－1572．

5）T、Kimura，　M．　Yiamato，　A．　Nar駕Particle　Trapping　and　Undulati◎n　of　a　Liquid　Surface　Using　a

MicroscopicaUy　Modulated　Magnetic　Field，：Langmuir，20（2004）572－574．

6）T，：Kimura，　M．　Ybshino，　T．　Y包mane，1M．　Yamato，　M．　Tobita，“Uniaxial　Alig鍛me厩of　the　S難aUest

Diamagなetic　Susceptibility　Axis　Using　Time－Depe簸dent　Mag戯ic　Fields，：Langmuir，20（2004）

5669－5672．

7）山登正文，高分子プロセッシングへの磁：場応用，高分子論文集，61（20◎4）433－441．

8）GTeralnoto，　T．　Oda，旦麹H．　Sano，　Y珂ita，　Morphology　Control　of　Polypropylene　by
CrystaUiz鍵ti◎籍under　Carbon　Dioxide，」．　Polym．　Sci，，　Polym．　Phys．　Ed。，42，（2004）2738－2746．

9）M．H…式磁ka，　H：．　Saito，独一situ　Investigatio“　of：Liquid4iquid　Phase　Separatio益　in

Polycarb◎戯e／Cafbon　Dioxide　Syste玖Macromolecules，37（2004）7358－7363．
10）YMiw衛K．　Tanida，：K．　Yamamoto，　S．　Okamoto，　M。　Sakaguchi，　M．　S　akai，　S。　Makita，　S．　S　a㎞rai，　S．

Shimad馬　Dynamic　Heteroge貧eity　in　I凱er魚cial　Regi◎n　of　Micr◎phase－Separa亀ed
Polystyrene－bl◎ck－poly（methyl　acrylate）Studied　by　the　E　S：R　Spin－Label　Tech蜘ue，　Macromolecules，37，

（2004）3707－3716．

11）K．Sasaki，　H．　Nakagawa，　X．　Zhang，　S．　Sakurai，　K．　Ka鍛。，　Y　Kuroda，　Construction　of

porphydn－cyclodextrin　self＝assembly　with　molecular　wedge，　Chem．　Commun．，（2004）408－409。

12）S．Okam◎to，：K．　Ya搬amot◎，　Kl．　Nomwa，　S．　H：ara，1．　Akiba，　K　Sakurai，　A．：Koyama，　M．：Nomura，墨

Sa㎞，rai，　Crystallization　in　Microdomai簸s　of　a　Block　Copoly搬er　C◎mprisi簸g　Semi－crystalli難e　Block

Ob　served　by　Slmultaneous　Measurement　of　SAXS　and　WAXS　with　H：v－SA：LS　or　D　SC，∫．　Macromol．　Sci，，

Physics，　B43（2004）279－296．

13）S．Sakαrai，　T．　K◎ta，　D．　Isobe，　S．　Okamoto，　K　Sakurai，　T．　Ono，　K．　Imaizumi，　S．　Nomura，　Synchrotron

Small－Angle　X。ray　Scatteri勲g　Studies　on　Flow－lnduced　Gyroid　t◎Cyli難der　Transition　in　an　Elasto磁eric

SBS　Tdblock　Copolymer，　J．　Macr◎mo1、　Sci．，　Physics，　B43（2004）141．
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14）舩井栄志、櫻井伸一、原滋郎、由本勝宏、岡本茂、小島潤一、鞠谷雄士，高速紡糸ポリエチ

レンテレフタレート繊維のシンクロトロンX線散乱法による精密構造解析，繊維学会誌，59
（2004）322－330．

15）林京子・江島靖和・清水武史・木崎寿美子・原滋郎・山本勝宏・岡本茂・櫻井伸一，
小角・広角X線散乱／Hv光散乱同時測定による直鎖状低密度ポリエチレン／ゴムブレンド中で
の結晶化挙動の解析，目本レオロジー学会誌、32，（2004）179－187．

2005
1）T，照mura，　Y　Sa重。，　F：Kimur嬬M．　Iwasaka，　a益d　S．　Ueno，　Micropa抗eming　of　CeUs　Using　Modulated

Magnetic　Fields，　Langmuir　21（2005）2034－2037．

2）T．Kimura　and　M．　Ybshino，　Three－Dimensional　Crystal　Alignment　Using　Time－Dependent　EUip重ic

Magnetic　Field，　Langmuir　21（2005）4805－4808．

3）N．Intawong，　T．　Kimura，　M．　Tamura，　L．　Xia（加n，　and　S　ombatsompop，　Magnetic　Ef驚cts　on　Extrudate

Swell　of　a　Polystyrene　Melt　in　Capillary　Extrusion　Dies，　Polym．　J．37（2005）541－544．

4）C－K．Chang，　F．　Kimura，　T，　Kimura，　H．　Wada，　Preparation　and　characteriza重ion　of　rod－like　Eu二Gd203

phosphor　through　a　hydrothermal　routine，　Material　s：Letters　59（8－9）（20◎5）1037－1041．

5）FKimur亀T．　Kim“ra，　M　Tamura，　A．　Hirai，　M　I㎞no，　F。　Horii，　Magne重ic思ig㎜e煎of　the　C殖ral

Nematic　Phase　of　a　CeUulo　se　Micro負bril　Suspensi◎n，　Langmuir　21（2005）2034－2037．

6）YJeong，　K．　Hanabusa，　H．　Masunaga，1．　Akiba，　K．　Miyoshi，　S．　S　akurai，　a盆d：K．　Sakurai，

Solve韮t／Gelator：㎞tera（沈io益s　and　Supra　molecular　Stmcture　of　Gel　Fibers　in　Cyclic　Bis－Urea／Primary

Alcohol　Organogels，2005，：Langmuir，21（2005）586－594．

7）YJeong，　A．　Friggeri，1．　Akiba，　H．　Masunaga，：K．　Sa㎞rai，　S．　Sakurai，　S．　Okamoto，：K．　Inoue，　S．　Shinkai，

‘‘

rmall－angle　X－ray　sca重teri難g丘om　a　dual－component　organogel　to　exhibit　a　charge　transf珍r　interac虚on．”，

J。Colloid．　Int．　Sci．，283（2005）113－122．

8）T。Nambu，　Y　Yamauchi，　T．　Kushiro，　S．　Sa㎞rai，　Micro－convection，　Dissipative　Stru（加re　and　Pattern

Fo㎜ation　in　Polymer　Blend　Sdutions　under　Tempera加re　Gradients，　Faraday　Discussi◎ns，128（2005）

285幽298，

9）綾哲也、松田明祐、鈴木五大、福岡麻里、斎藤拓、市原祥次、石油樹脂のブレンドによるポ

リオレフィンの非晶構造制御と力学物性，高分子論文集、62（2005）579－584．

10）：K．Suzuki，旺Saito，　M　Tokita，　and工Watanabe，　Development　of　co－continuous　structure　inまiquid

crystalline　polyester，　Polymer，46（2005）8313－8320．

11）K．Maeyama，1．　Hikij　i，　K．　Ogura，　A．　Okamoto，　K．　Ogino，　H．　S　aito，　and，　N．　Ybnezaw馬Synthesis　of

Optically　Active　Aromatic　Poly（ether　keto難e）s　via　Nucleophilic　Aro搬atic　Substitution　Polymerization，

P◎lym．」．，37（2005）707－710．

12）：K．Maeyam礼1．　Hikil　i，　K．　Ogur嬬A．　Okamoto，　K：．　Ogino，　H．　Saito，　and　N。Ybnezawa，　Nickel

Complex－mediated　Synthesis　of　OpticaUy　Active　Wholly　Aromatic　Polyketones　Bearing
2，2誓一Dimethoxy－1，P－biRaphthy－6，6誓一e捻e　Units，　Pdym．　J．，37（2005）736－741．

13）KMaeyama，　S，　Maeda，：K　Ogino，　H　Saito，　and　N　Ybnezawa，　Synthesis　of　OpticaUy　Active

Arom翫tic：P◎ly（ether　ketone）s　co益taining　2，2㌧bis（4－benzoylphnoxy）一1，r－binaphthy1－6，6㌧ene　baGkbones，

Reactive＆Functional　Polymers，65（2005）229－237．

2006
1）M．Fu㎞ok亀T。　Aya，　H．　Saito，　S．　Ichihar嬬and　H：，　Sano，　Role　of　amorphous　region　on出e　defbrmation

behavior　of　crystalline　polymers，　Polym，」．38（in　print）．

2）T．Klmura，　E：Kimura，　and　M％s短no，　Magnetic　Altera池ion　of　Crystallite想ig㎜e簸t　Conve鷲ing

Powder　to　a：Pseudo　Single　Crysta1，　Langmuri（in　print）．

3）G：Piao，　E　Kimura，　and　T。　Kimur郵Simultaneous　Alignment　and　Micropatterning　of　Organic

Crystallites　Under　a　Modula重ed　Mag捻etic　Field，：Langmuir（in　print）。

4）T．Uemura，エ遮MSugita簸i，、and　M：Kuma㎞ra，　Formation　of　contact　holes　on　bumps　on
semiconduct◎r　chip　by　micro－Moses　ef驚ct，　Adv　Mater（in　print）．

5）MYamato　a簸d　T。　Kimur駕Rel絃tio鍛ship　between　magne重ic　ahgnmentξmd　the　crysta11ization　condition

of　i　sotactic　polystyrene，　Science　and　Technology　of　Advanced　Materials（in　print）．

国際会議

2003
1）T．Oda，　H．　Sait◎，　Crystalliza之ion：Kinetics　of　Polypropyle鍛e　under　CO2，㎞temational　W6rkshop　on
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Foam Processing & Supercritical Fluid Aided Polymer Processing, 147-l48, 2003112!5.

2) M. Hatanakeg H. Saito, Development of Modulated Structure in C021polycarbonate System,
Internettiomal WCrkshep on Foam Processing & Supercritical Fluid Aided Polymer Processing, l49-150,

200311215.

3) T. Yal)uhara, H. Saito, Molecular Motion ofPMMA under Supercritical C02, International Wbrkshop

on Foam Processing & Supercritical Fluid Aided Polymer Processing, l51-152, 200311215.

4) T. Kimura, Polymer Processing under High Magnetic Fields, Pacific Polymer Conference 8 (PPC8)

Nov. 24-27, (2003) Bangkok, Thailand (invited).

2ee4
l) M. Yiimato and T. Kimura. Magnetic alignment and crystallization behavior of istactic pelystyrene,

Internadonal Wbrkshop on Materials Ana!ysis and Processing in Magnetic Fields, March 16-19 (2004)

Tallahassee, USA.

2) T. Kimura and M. Yamato. Processing ofpolymer materials in magnetic fields, international Wbrkshop

on Materials Analysis and Processing in Magnetic Fields, Marchl6-l9, (2004) Tallahassee, USA.

3) T. Kimura, M. Yamato, Magnetic Processing efFeeble Magfietic Materials, Japan-France Cooperative

Science Progretm Seminar on Evolving New Fields in Electromagnetic Processing of Matertals, Oct.

25-27 (2004) Nareq Japar} (invited).

4) S. Sakurai, E. Funai, S. Munakata, S. Okameto, M. Yiimato, and T. Kimura, Orientation ofCylindrical

Microdomains of Block Copolymers under the Magnetic Fields, Internatiofial Micro-symposium on
Generation and Manipulation of Hierarchical Structures in Soft Materials, February 6-7 (2004) Nagoya,

Japan, Abstract BoeK p.1.

5) T. Kimura, Orientation of Cylindrical Mcrodomains ofBleck Copolymers under the Magnetic Field, S.

Sakurai, Faraday Discussion 128, SelflOrganizing Polymers, J:uly 19-21 (2004) Leeds, UK.

6) St,wwSgt}gg!tu,Sakt]ra! S. Okamote , E. Funai, M. Ylimato, and T. Kimura, Effects of the Magnetic Field on

Cylindrical Microdomain Structures in Polystyrene-block-poly(ethylene-co-but-1-ene)-block- polystyrene

TriblockCopolymers, Hl}{g!7")S/))t 7P, mM`-KSJJ<e}21t¥EJFIreEfi. April1-24(2004).

7) M. Shioyeg T. Kawazee, J. Kojimeg S. Sakurai, Time-resolved SAXS measurements during tensile
deformation of pely(ethylene terephthalate) films, PPS 2004 Polymer Processing Society AsialAustralia

Meeting, Abstracts, 31-O-G6-03.

2005
1) T. Kimura, Magnetic Alignment and Patterning, EuroMagNET Wbrkshop, June 27-･28 (2005)
Nljmegen, The NetherlaRds (invited).

2) H. Saito, Morphology Control of Polymers by Supercritical Carbon Dioxide, Hafima International

Forum - Smart Polymer and Smart Surface in Medicine and Industry} Center fbr Advanced Science and

TechnologM Jan. 31-Feb. 1 (2005) Hyogo, Japan.

3) S. Sakurai, E. Funai, S. Okamoto, K. Yamamoto, Efucts of magnetic field on hexagonally-ordered

cylindrical microdomains in triblock copolymers, 8th European Symposium on Polymer Blend$ and

Eurofillers 2005, May 9--12, (2005) Bruge, Belgium.
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4）一and　N，S◎goshi　magnetic　field　eff6cts　o簸optical　pr◎perties　of　water　and　aqueous
electrolyte　sdutions，　in　Magneto－Science，：K◎dansha－S画ngeτ，（i簸p藤t）．
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9，特許

1）発明者：米村弘明，山本裕一，山田淳，谷本能文，藤原好恒，発明の名称：繊維状

　材料の配列材料の製造方法，及び，繊維状材料の配列材料，特願2005－256890号，出

　願年月日：平成17年9，月5日．

2）発明者：勝木明夫，発明の名称：磁化率勾配による境界面制御下での反応方法，特

　願：NIO500036，出願年月日：平成17年9，月29日．

3）発明者：植田千秋，公開特許：微結晶体の配向方法及び微結晶配向集合体の製造方

　法，特開2005－162563，公開日：平成17年6，月23日，

4）発明者；上村太一，杉谷雅夫，熊倉昌義，木村恒久，発明の名称：磁場を用いたパ

　ターン形成方法および電子装置の製造方法，特開2005－317930，出願年月日：平成17

　年3，月15日，取得年，月日：平成17年11月10日．

5）発明者：山登正文，武喜郎，木村恒久，発明の名称：磁揚配向した結晶性高分子組

　成物の製造方法特開2005－68249，出願年月日：平成15年8，月21日，取得年．月日：

　平成17年3月17日．
6）発明者：渡會仁，木村恒久，飯国良規，発明の名称：キャピラリ電磁泳動吸脱着ク

　ロマトグラフィおよびその装置，特開2005－17214，出願年月日二平成15年6月27
　日，取得年月日：平成17年1月20日，
7）発明者：櫻井伸一，辻佳宏，木村恒久，山登正文，木村史子，発明の名称：配向したシ

　リンダー構造を有するブロック共重合体膜およびその製造方法，特願：2005－326221，

　出願年月日：平成17年11月10日。
8）発明者：木村恒久，吉野真司，出願人：木村恒久，発明の名称：磁場による精密配

　焔魔の製造方法，特許出願2004－242818，出願年月日：平成16年8，月23日，特許公

　開2006－57055，公開日：平成18年3月2日．
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10．主催した学術会合

（1＞第1回領域全体会議20G3／09／06（実施計画、研究計画の確認、東京都，国際文化会館，

　参加者50名）．

（2）第1回公開シンポジウム2003／12／19（テーマ「強磁場でなにができるか」，東京都，日

　本化学会会館，参加者100名）。

（3）第1回研究会2004／03／05（平成15年度研究成果報告、東京都，国際文化会館，参加者
　　50名）．

（4）第2回研究会2◎04／07／09－10（集中討論テーマ「水は磁：場と相互作用するか」，長野県，

　　松本市浅間温泉文化センター，参加者104名）．

（5）分子構造総合討論会2004シンポジウム磁気科学の最前線」2004／09／28（広島県，広

　　島国際会議場，参加者約100名，分子構造総合討論会に’協賛）．

（6）磁気科学合同シンポジウム2004および第2回公開［強磁場新機能］公開シンポジウム
　　2004／12／01－03（テーマ「高磁気力の世界」，神奈川県，横浜国立大学教育文化センター，

　　参加者204名，新磁気科学研究会と共催）．

（7）第3回研究会2005／03／04（集中討論テーマ「結晶・組織材料の方向を磁場でそろえる・

　　強磁揚での新機能創出」，神奈川県，横浜国立大学大学院工学研究棟、参加者65名）．

（8）第4回研究会2005／07／01（集中討論テーマ「ナノデバイスと磁揚」，千葉県、千葉大学

　　けやき会館，参加者70名）．

（9）International　Sy即osium　on　Magneto－Science　2005（ISMS2005）20◎5／11／14－17（神奈

　　川県，横浜国立大学教育文化センター，新磁気科学研究会と共催）磁気科学合同シン

　　ポジウム2005および第3回公開［強磁場新機能ユ公開シンポジウム）（参加者200名）．

（10）第2回領域全体会議2006／03／03（最終成果の評価，東京都，学士会館，参加者6◎名）．
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