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Microwave heating effects of liquid
crystalline molecules as revealed by
microwave irradiation NMR

spectroscopy
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1. Mechanism for microwave heating of

1-(4’-cyanophenyl)-4-propylcyclohexane characterized by in situ
microwave irradiation NMR spectroscopy

(Journal of Magnetic Resonance 2015)

The microwave heating mechanism of
N-(4-methoxybenzyliden)-4-butylaniline in liquid crystalline and
isotropic phases as determined by in situ microwave irradiation NMR

spectroscopy (Physical Chemistry Chemical Physics 2015)

Separation of Local Fields of Individual Protons in Nematic
Phase of 4’-Ethoxybenzylidene-4-n-Butylaniline by Microwave
Heating 2D NMR Spectroscopy (MS&T 2010)



1 Frim[1-4]

1.1 ~A 7 ok

<A 7 BRI ARSI RA N LD 0720 RWDIEEZS 1T mm )6 1 m DERE
WTHV (Figure 1.1), < OWEII~A 7 oz B35 2 & TRGITINEAT
HZENTED, BEITEFL VY THOLBNATWAIKE 12.2cm @ 2.45 GHz
Wb TS, FERKICI S TNASNIEREBRTHDLI~A 7 a7
AL NMR I281T 2R T TO R DB HYEN 2B S8 SR
DOT NIRRT —Th b,

ujfgﬂ : MO =T b .
X ¥ - T4 70K SUFHE |
X8 Ta ) | oom iR
[ || | )
EE 100 A Tpum 100pm 1mm 10fm 1m 100 m
BUEE(Hz) 3x10' 3% 10 3X10123X10 3% 10 3% 100

I
2.45 GHz (12.4 cm)

Figure 1.1 BRI O FE - A EMHEK

1.2 72¥ 2.45 GHz 72 D 7)»

~A 7 AR CEDN D E T 2.45 GHz N2V DN, £ ZE HE
LU THOWOBNTWD BN 728 2.45 GHz 2070, Zud, b b E~A
JalE L —F —REEHRSICHNO N TE R LICERT 5, BIfE, HAT
IZFEIEE &V 9 EHEIZ L > T ISM (Industrial, Scientific, Medical) 73> K &
MEIEN D 3 DD JE M EH (2.45 GHz, 5.8 GHz, 24 GHz) 721 M TECERE R
iz 2 &ilhhoTnD, TNUNDOKRELZEHT 2 LBEELZIZLDE L
Ttk & AR D O TRERMEIC/R S, 2.45 GHz 13~ 4 7 2 OERLD L~L
PR TEWEREE CHOLT-OFEANETHL, FETFL VoKL
LR, A= —TE~A 7 kORI ChH DL~ % bra 3N ETIE-
THbDEHSTWNALIENIFEAETHD, ZOIIITHRIEENFIZAY T
WZ b b 245 GHz MER SN D Z ENZWRIKTH S,

1.3 ~A 7 o gk

TR L=~ A 7 m i3y, L—F —RlE#EsICHw T\, £
W~ AT MDD FIZEEREE S TNDE I ZTvA 7 M ORRLOH
AT Y — KRB LD TN T 5, 1945 FFEH, L—X —DHf%E%E LT
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LAt D= — e ARl LR OIEE T O~ 7 R b
(A 7 ailREH) ORI >TWDERT Yy hOFDOF 3 2 L— FRRT
TWAHDIZRDNWT-, T2 TRy S a—r w2732 b OFiHZEL ERy 7
a—2 T, ZTUWRNETFLUVVORBOZSNTTHY, ZIhblb Ak
FUHNBIRTBIND Z LI ole, TR~ A 7 alMBOFER Licix &
AV o7 ARV
~A 7 aEMBNLERE DX Y BT AN THOMMT 52 & TMEENS, V<
DONTEIER N T o X LIS > TWAREEA < LT E— RV, —ODELE
WP T BT REE SV I ALE— RV, <A 7 a e TEEE |z &
DIMBTGIE LT R DR AL < b0, FHCHERZLEDh D202 0 <20
ZAFTHATZ,
1)  NEINEL
%ﬁ%%ﬂ%Lfoab\@f%ﬁ%&@%%@%@f%i@ IZhEvcx 5, HEOW
AEBENST 2 LN TE 5, @HOMATIIAMEE EtiimnEZZ ., b
PO AT 5 & A ITEERE RIS Z » TRE N BAET 5,
UL, <A 7 aMEVCIINEINEC L0 2 5 L-REMEHE TX 5,
2)  EEHUINEL
WEIZ L > CHERIMABICENE L DT OMBGY RN RIS, 2D
H ) 2 SR INE G 5 Z LN TE D, Bl 21T, K& T ATl 2.45 GHz
D~ A 7 a IR 200 FLLEDOENRH DD TIFEAEKIZI~YA 7 8
WeSRIN L ChnEvEn %,
3)  JRRTnE
~A 7 aEEE WD 2 L CIRBEORE NS EIZ 585 (A—X
—b—7 4 7) BDEIDH, ZHUIERNIBPEFRNTIEAIND =T
bbb, TOMBIGIIREA R FIETRIHI S TR, Bk T5~vA4 7 )
BEDFKR E L TWAHFZEE &%\,
4y YN
BV THOEATREELTICEVETNEALS b2 b < HDM
BRI AL oM T 2D Th D, RE—MEEET 572 OIILERE
WaIEEFEIZT D20, EEFROEAFICHEMEZEL Z LERE X Ez]”bé
IMBAD Y —PEITEE L WA T RTAIULFRETH D E bV 2 b,
5) BHT-ARILX—
BRE T L D INEH B R TEIFIZ I RN B <, R TINEAC &
D BIZm L F —{HE MR, ETPET AR LR W2 O BREAR D72
A

ZOXIBRFENE T = I AN Y —OBLR BIEE BT RINE vk
ELTRELERSL TN S,



1.4 ~A 7 a2 JF R

WIRRIZB T D~ A 7 oA FEIIAZRES M- L &Il gL X —
D—F NN 72 DFHBRELLE WO BRI SR Z H[5-8], BRIKILEY & 5O
AR THY . B INT=070 s L OLAILEL OB X ZBHEL L) &
T 5, WENEWGEITESGOZLR IRV O T IR D 72 < BRET 5,
WO ENB OGS IXESGOZENET ZH-OITBET H T ENTE 0,
LALen b, Y72 R CIEELOLMICH L T LR, #REL
THERHEIPICEN TEBRET 5 Z & C, o FRILETEENEZ VRIS, 20
LR REEVIONR~A 7 iR T VAROBERICHTZ0 . FEBRKOK
VIR S D LRI MBS D,

Table 1 (2~ A 7 2 BENC L D S I ERBEORE LR ZRH7-HL0TH
5o KEIFZULOHETHIZEALEOWMEEEII~ A 7 iR CIRENR LR T
B, M ronF Y AT ER L2 ERNbD,

(10ml, 500 W, #200 W)

s B (°C) BT FEE%

30%) 60F) £ tan &

7K 62 104 80.4 0.123

TEr=RF)IL 91* 113% 38 0.659

SAFIILRILLT IR 139 151 37 0.062

I8/—IL 81 85 25 0.054

EEERTFIL 37 60 6 0.174
;LT 32 34 2
At 20 23 2

Tablel ~A 7 uiEME (245GHz) 2 X B0 HIR
~ A 7 I X ABAEE YL OB OB HERIILL T ORISR 5,
1 " "
P=§Gﬂﬂlﬂﬁ&ﬁAEF+nﬂmuAHF

P [W/m’]: power dissipation par unit volume
|[E| [V/m]: electric

[H| [A/m]: magnetic field
o [S/m]: conductivity

€o[F/m]: permittivity in vacuum
&.[F/m]: dielectric loss factor
Wo[H/m]: permeability in vacuum

1,.[H/m]: magnetic loss factor
f [1/sec]: frequency



ZORDPLE LN —ETHIVIME OFEHRR () PR WVIE EEH K&
<, WEDREIFIRELS ERTHEZERDND, DEVFERLTITAHL O
AR REWVIFEERBAENKE L 72D,

Z L THELRTNILZ2 5720013 E ORRE TREBEBUKIFER LD D L
IRTHD, BIAIDKITEBEF LU PEfioTh~vA 7 m 2RI IE S
RV DITHEARFETH DA, 900 MHz FEE OARJE R TIIRINT 5, ZD~A
7 a2 L CTHEAOREICEBRICHWONTWD, FHERENREDD Z
ETHBEBRIZRELSEDOLRVWIFERLIIRELS LD D, flxiX, =%/ —
JLTIX10°C & 70 °C T B & 70°C D J732.45 GHz D~ A 7 v ik #RKIN$ 5,
DF Y 10 °C DX ) —)LIZ 245 GHz D~ A 7 0l Z WS- 2 & BETHRRE] & 4t
WZIRE LBEERADERT S, ZO/RR, WE LA > TIENIZ~Y A 7 =
BMBNET G AN DD EWVWz b, Tz, EERWEIZ~A 7 oS 21772
BAZERER 5y NG AL T/ LIIRAE LT, C OEy DO EREEN K E W E
BIEE FANEZ AEAENH D LV D,

1.5 ~A 7 v zhE

BT T 5~ A 7 v RN ORI R IXEM LTI 1970 %4, Ak
T 1980 FFEEIM BB SN TS, L LENURITH SR VRIO X D1
MBI ELE LT~ 7 aiidfEibnTnd L) Thd, HEHSND LTk
T DIk % 72 ORI xE U CREAF O MBS IE L LERT, v~ 7 i > TH
R i D SO R A3 KE 2 18] B9 5 [5,6,9-17]. EEAKERI 2N A [18-21], EEE D
IEMEIE[22-251E W o T2 b DB BB S R EINTEND T D, TLbIFEEIRh R
P TIIFHBATE RV DIENY Tholz, FDT0., ~A 7 v kA O IEE
IR DFAEDRIR X T X 72[26], BlxiX, 7 kv OiEje & (Figure 1.2) Tl
A IR IS S B &9 @E A L 0 SSRGS T LIRS BRI ER Lz,
F721,2,4- U 7V — VDG T (Figure 1.3) (3@ & MELCTIL 3 2 (N, Ny, Ny o)
DALEDERR S DN, A 7 oA TIE 1> (N) OLEPEREINTE
REE 525,

Z DI R OH NI OWTIIE A ZRikam S SV T E 7203, 2008 o~ A
7 a i REHZ KD FER RN H D E SN T\ 4 SOFMMICEREE LT &
AR BENGERD G o2 E W) LT 2T R E SN TV T EH%
BTBY~A 7 oIz kB O BT RIC LD b D7 EEZ BT
WA[6], —H TiE 2010 42 3L M(Coyhi 2R A L TdH 5D DMSO TT ~ %5
WHEIC K > THBWIZN R A MAES LTV A[13], Co RiFiI~A 7 a B X
BHIMEGhZMNIEF TR, ~A 7 aBEH o DMSO O T~ 2 A7 MU &
> TR SNZRENRBEOREAS50 K)YE D H 2272 0 EW AR » (500 K)AS A,
Bz, ZHud~A 7 vl K> TIEV Sz Co R TICEBEZ T LT
DMSO 73R EIRIZ 2> TWb & L, fliam & LT Co RFif-IZir#: L 7= DMSO



5y~ D FEA SR INEAIR e (Non-equilibrium local heating state)Z &1 L7-& LT
Wb, F7o, 2014 FITIIvA 7 e EHNWD 2 ETAETOMEAKGIETILITE
72 TR Y HEEOERFR AR LT 0 | FRICESIC X 2 IR )
RN ERHE SN TND21], 2D XS IEFELSIIZBNTH A 7 2 InE
BHRIIEREIN T DR TH D,

NO, NO,

MW

NaOH, PTC, EtOH

Cl OFEt
Time Yield
A-heating 4 h 99 %
MW-heating 2min | 9%
O OH

| Al,O;-NaBH, |
C-Me > Q CH-Me
MW

Temp. Time Yield
A-heating 130:49C 40%
MW-heating | 130°C 2 min 90%

Figure 1.2 v~ 7 a i@ MBAZTH WA Z L TRIGMEEZ T T M DR
Ayl



N, N, N4

ArCOCH, ACOCH, X
" |
8 allalya
N 4 ArCOCH,X — N s N .
H |
CH.COAr Cl l;f_"().-"\r
Ar X |\ [2E0C | mmrE | ®=eo | N N, N,,
— MW | 90 100
(Y| «a 25 140 . - -
— | A 98 | 38 29 38
; MW | 95 100
s/ M| I 20 140 = .
= A 98 38 22 37
MW 90 100
a Br 24 170 - . .
5 A 98 | 38 28 34

Figure 1.3 ~A 7 vl MBZEZHAWVE 1,2,4- 8V 7V — VOIS L 55BN
HEDEAL

1.6 £&0

LS. ALFRDBHICBWTCIEFICEHTH D~ A 7 v e E A 7z)s 3
D ENTRRINLGF T~ A 7 o lMEBLG OPFENIEF ICEHEIT /> TS
%o ZHMET~YA 7 v ERERIEL 751 LUV CBUAIT 2 F2RIEITE 72 S
TN RNZ & LB E OXBIBEHE LW Enb | v A 7 o e
RIZIZEL Do TRV ORBIRTH 5,

Z 2T AR TIE~A 7 a i BEHREZ 75 1 L~V CBLIIIT 2328k L LT
BEFD T 0 —T12~A 7 agRiE A MARA LT~ A 7 a ST NMR % BHJE L,
~A 7 aEMEF OFREZ NMR JET D Z & T A 7 2 IR %505 i
FINCERRT 2 Z &2 B L7z, JRPTIENMR, ik NMR, iRE 2 v 7 NMR
D~ A 7 AP INEAE W RIEZITV, BIIER & OXBINE AT S L ORRE
RALF 7 FTIREZHE T 52 L TITo 7z, MFERRIC LIZiE S FIERE
RHIBFE—RA L N AL TEY, FERKICLIMEBGRNEVMETH S,
LW T ERANT~A 7 e EMBBRE A LT 522 HE LT,

AFETIIE 2ETII~A 7 ok BS NMR EEOBFR & UEERFR & EED
MEZBRARD, FFIC7 e —TBRCIISEIERTREEDS LIZOTHEHLT
W22 E T2, 3 FETII~ A 7 m RS NMR 12 X 2k (PCH3) DfftT

& LIREL Y - CTd % 1-cyano-4-(trans-4-propylcyclohexyl) benzene (PCH3) @

FRERRIR AT 2B 2 /T NMR & ABEEREIEE DL E o &R NMR I &



FIZONWTIRAR D, FATME NMR TIZ AT FLORED HIREZ H 5
Z LT~ A 7 uNAOEREEZ RN, &miE NMR T34 ~7'e b o TH NMR
b%y 7 FOBILIZER L. 0 FNICBIT D~ A 7 ain#uc X 2 2% 7~
7o BAETII~A 7 oS NMR (2 L 5545 T-(MBBA) Ofi#HT & Uikdh 5y
+ T 5 N-(4-methoxybenzyliden)-4-butylaniline (MBBA) @ & iE NMR i F
IZOWTIRRB, HFE3FE Tk 5 PCH3 XV b~1 7w BBHHIT L0 2Lk
T DPIEFIZHRIRO R R G O iz, 5 5 B TR s —5 )7 FRIRRBAEBE Kk
gt NMR 73 HEORIE E LR Lo~ 7 o nE NMR 2EE CmdiEE Y v
VT DEBREIT o7, 4-ethoxybenzylidene-4-n-butylaniline (EBBA)ZEHZF
WTC, @ COMEBNAREIZ/ > 72O ZFH LT, Weafi—5% 5 OfRaER
B k5t NMR A7 b L OBLHIGE B 285,
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2 o~ A 7 oS NMR HE B3

2.1 ~A 7 R NMR 7' 12— 7 OB¥

~ A 7 2R S NMR 43 g OFEX % Figure 2 A (2R, BEAFORE AR NMR
43 25 (Chemmagnetics CMX-400 infinity)iZ~ 1 7 & i R [A]#E (Figure 2 B,C &
R=VMEATHDT =T B MBAALTND, ZOTa—TF~ T F ke

(R 7 2.45GHz, 1.3 kW) E[REh7 —7 L CTHft L T b, £7o~v 27 R b m
& NMR Zitas & b T 252 & TV AT 0 7T ADON T~ A 7 n ik BE
Z A[HEIC LT,

~A 7 aEIEREIL T UARERBEOSHE R L, S5V A 7 a g
ZBH <20 NMRAE SHREN TR - CLE 9 M, 7 VA IR O th i fL A
ANTE, BE4mm, £ I 38 mm OHIE 69 DH T AE (7 ) THEErZ &
TarFrh—o&EZ R L mOEH S TI180° finaE-7TmbDia Ak
LC~A 7 v dREE & Ui L7 (Figure 2 B,C), 7 ¥ A O IR AIEE T
A ZREIEFAL Car T oY —TCHHE &> TWNWT, A7 2EOHE
A CIIEt 2 a T o —ICflA L Ca vy T o —0F% v RA X v R &4k
SHTCHEFAE EDZETHRITOREOZBEZ X< Lz ZERFAERKIZ /2> T
% (Figure 2 B IR~—72),

A Super Conducting Magnet C
ﬁ 0 ﬁ Top view
Magnetron Glass outer tube
NMR spectrometer
(MW generator) L Teflon spacer 1 Glas inner tube Copper ribbon
(Inductor)
EHEEEEEEE| |
AL Q) m i
w |Probe L o~ 7 FEEEL ]
N Coaxial cable / *\\ Copper ribbon
| _\_ ] Sample RF coil (Capacitor)
Waveguide Coaxial cable
B Sample tube Side view
Capacitor |

Inductor

Coaxial cable O
©

rhr

Figure 2 (A) in-situ <~ A 7 v B H NMR 432 (CMX Infinity 400,
Chemagnetics) DA B) v 7 2 FEEE (C) > FLE., ~A( 7
BREIRBI O VAREBIROHEANK L FEA T :AEX
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NMR 7'va— 7R S e~ 7 2 b 3K 1.3 kW O/ V0 28 K UNE
WA N TH D, ~ 72 bV NORE LT~ A 7 o3& S ) 5 Rl
=7 WICE L TCNMR e —7Z8A L TWb, 70, @miRFERIZTHI2H
Teo TARRMEMRT DR THD 5S¢ OREHE TILAR, BO/NEI W 30 BEZ M
WTC Figure 2 C (FijfX—3) O X I~ A 7 aREE gLk oz, %=
[TCHENS 5 Z L CRE O MBS NS L 51z Liz,

ZOEEOHBIZL > T~ A 7 a By 2T CE DEBRGIEE L
THIHTE S L9127, SBIZEBRT 2 /ATIIEL NMR, =L NMR, RE Y
¥ > 7" NMR #IENAIREIC 72 o 72,

22 VA 7 v REHEE

~A 7 aEMH GRREF 245GHz, 1.3kW) IR ZRoO~7 %2 b 2M
16 4DREENEHINTNWD, ZOEBIZILLTOFIET~A 7 a4
179,
OA NGB ST E RN T — AT 5,
@AC200V 3 ¢ BB OMAFE L, 7L —T—% ONIZT 5,
(DSTANDO BY [OFF| 7 > 7'M 5579 5O T STANDO BY [ONJ %4,
@WSTANDO BY TONJ 23547 L, #1312 OPERATE [OFF| 7 > 778 ikl
% T TOUTPUT CONTROL | 23 0 1272 5> T\ 5 Z & 38 L C OPERATE [ON |
T,
<CW (EfEH) O%a>
CW-PULUS U] ¥ 2 24 v F % CW IZ L. TOUTPUT CONTROL] {Z X > TH
T D,
<PULSE (V3L R) DOE>
CW-PULUS 9]V #x A A v F % PULSE |Z L [EXT.PULSEIN] =7 ¥ —[Z k
U H—[E ¥ &2 L TOUTPUT CONTROL] T L - TH 94 %,

& 19 5454 1% TOUTPUT CONTROL] % 02 L. OPERATE [OFF|, STANDO
BY [OFF] DOIEFE 24, Z LT3N EREL, +0Mmd b7 L—I—%
OFF |27 %,

2.3 NMR J#lI7&

NMR H|E % Chemmagnetics CMX-400 infinity T{To>7=, F9. KEZEHERE
ELUREE 20°C IR E L, Y AR EITo 7, MIGARELEZ RN HKD 'H
NMR A7 [V [T =7 OISR THRIEDZ NS DI 25 2 & TRk
HORGOX)—b a2 Uiz, FEER. 87 8@ ORIE TR WM B L AA F
NTNDIeDITY AFHENIEFIZHE L VWO THEEDIMLETH D, HlxiLh o7
WEDEI Lo TH Y ANRED DO CTHEEAERE & SEEICHIE T DR aLEN D
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P TNVETR—OESIDREE LV, 2, AVRERETH v AR OM
HHEITH 2L TID%, 1To7- L% 7 M X ARERELS EMER DI L

wIZEELE K (20°C) (12U T, 'THNMR HIEIC L > TTTL B E—2 % 0ppm
WZERE LT, b d 'H NMR A7 MFERIZAETIDY 77 Ly ATH
RLTWD, ZZCTHELRITNERLZ2VOMEEICL 257 R T
bb, KFJHEEZELKITFITIREIC L DMLY 7 FEERNE LVWO T, BE
REZ LoMmVITH ZEBFLTH D,

V77 L ZAZRDIH%,. 90°7 IV ZADESDOREEIToT-, 7SIV AE &
T'H NMR HIEZITV, EENEL Aotz b 2 5% 180°/L ZDIE & L4 D
%z 90° SV ADES L Lz, Z0O%, [EHfE NMR THEEHER R FIETHD MAS
EOREFTIEN S 208, SEIORE TITHANS Lo 7220 1h o T2,
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F3E <A 7 P RE NMR (2 X 555 - (PCH3) DT
3.1 PCH3 (1-cyano-4-(trans-4-propylcyclohexyl)benzene)

PCH3 % Figure 3.1 A T/RSNDMIEZL &0, AL 7 WAHESREIR B (Te) )’ 45°C
DL T 5, Figure 3.1 B, C T/RT X 912 Te LV RVEEE TH 5 35°C I
FRELTHNMR A7 MLVEHIELTZE 2 A, 20 kHz DIETE O A D A
X7 M THY, Te LV EWRETH S 50°C TIEHEHHOIHRME 5 03B,
fHlx D7 a h o TIRBNRTED LIRS T2[26], ZOREZHANT~A 7 v
PR 2 O 72 R ETINELE X OVE IR NMR JIE 21T - 72,

A .
3 2 3 2
voB x g 1
CH,CH,CH, ><:>--uu|®-CN
B 5 6 5 6
| l - PPm
40 0 -40
C 2,6 B o
3,5\\“ L4 v
35,26 *
|
JlU“
| T 1ppm
10 0 -10

Figure 3.1 PCH3(A) 4> 71#&& (B) 40 °C (¥R
F) ® 1H NMR %<7 b (C) 50 °C (Z5#8)
®» 1H NMR R~ k.
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3.1.2 &L 'H NMR

Wt FIEm W FE— A a2 b b, BT TR T A2MEND D,
S F VRS T CTh D NMR TIEALHA L7RAETELI L TWA Z LT/ 5, il
FATCIE "H NMR U8 - 3G A AR 3 F(E9 5, 2 Z T Figure 3.2 (27
L7z KT TWD 7 r F B ORIZIER LTHAD, I 2 OO M+
WAFEALERHIZNMR A7 MLVEKFELTERY  pHIEEZ AV 2T 5 LD
KR TZENTE D,

3y%h
Av = 3c0s°8—1) S
\Y nr3( COS )

ST T L FHIN D b D TUTOAEKR T Z LN TE 5,

N
1 1
=— » =(3cos?¢—1
NZZ( - 1)
1=
ZORIZIFMAATHD EREENTWATDIRED TOWMEE M5 Z L3 'H
NMR 2 OHB5 2 EMNTES, L LARNHERIZIE T o b roBixLnwi=bsy
KU A/ — DERDIZRD, fERELUTEERANT MABELN
}Z)o
5RO TH NMR 13 H (R 0 B0~ — BOR-F0 BAE 0345 - 00 %% 7 & dih ¢
UL END - O RBRETBELND, ZZTHLILD 'H D% H{L%y 7 K
VIRCREME L o ~WEBITIK T T 5, ZHUTEFEEIKGFTAZ L XL T
WT, 'H D 1s ETOTDERHENEG W EIZERLTWD

§ B,

B
'

)
'

Figure 3.2 R0 FDOBBE R OKF (£) & PBFNNZ—
Dy RE () OEMK
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3.3 R Gk
3.3.1 AFTINEANMR  (FRERFS IR 1 3T)

52 OB Lo E A VT MERRBIRE AT 381 5 BVRE )N EY(Thermal
heating) & ~ 1 27 T IZMNE(MW heating) T 'H NMR 27 R LD HB AT 77,
BRENNELCIE NMR BEEICHB SN TWHIREa Y b — VI E TEEDOR
EREEIToT-, ZOEBIIEKE T —TIZHALSDIT S & ClREa

=V ZiToTWD, v A 7 aEEVTITAENEE & LT 20°CIZekE LT%E

KA Lo, @5t (Continue Wave)lZ X 5~ A 7 1 il B & & MRS 1R A T
2725 X 92T —FHE 24TV 30 20121 'THNMR HIE 21T > 72, 'H NMR HIE
1% 400 MHz O $:0EJE 50T 900/ L AL 2.0 u B TIT o 72,

3.3.2 &R NMR

S50°CITIRERR E 21TV, B2 2RI FEHFRIC LIR30 E LT b D%
ISR L Lz, 220D REOINHBHT1(65 W, 130 W, 195 W)YD~ A 7 a i %
B S L CRE LARNS 10 T &I IR L 2 1.0% T4Rl 0% T'H
NMRHIE Z1TV, ~ A 7 a I INEGEFE 2B > 7=, 72, 50°C 7>595°CD ] #5°C
BX I HNMREIEZITV, ZhEo7 o b ASHIET Hb%y 7 MED 7 1
v FE(To Tz, ZAUFMEFEY T D OWRERIFIED b RO ILERIE 5 725 T
& %, 'H NMRIIE 1L BT & F4AI2400 MHz O 0B &% 5 T90°/ 3L 2 132.0 pfh T
1T-77,

34 FERLEBL
3.4.1 JFFTINEANMR  (FRERRE IR E +IT)
FNENOMBUEFRICE T S 'HNMR 227 kL% Figure 3.2 TR d, BYmiE
JNEACIT 45°C(Figure 3.3 C) & 46°C(Figure 3.3 DYDEE A I —F 0 HHHIC 72 - 72,
~A 7 aEINENTHRIR 72 AT RV 54.6 W(Figure 3.3 G NHTH D 1L AL
MR O IO T OEFHENBI S e, THUTIREZE CIEH S
MoT= AT MLV TH D, Figure 3.4 A D7 T 7IXIREEIC L D AT humn
OAREN A2 IR MR OBIEZ 7 ey F L2 O TH D, TORE,
RS IZIT D IO THMBEDR R E D Z Edbrolz, TORGREHNT
A 7 IR K > THERRE 2N EE & 72 54.6 W DR SLFE ORRIE 7> HIRFEZ B H L
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5.2 EEBRGE
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7=, IREEFEEI —¥kIC NMR #1792 H 7= - T A - BB L 0 ik SaFE >
SEEFTH~HLS BT 5 2 L BNMETH S, EBBA O 'H D R B KRR
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5.3 MR & BE
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Abstract

Microwave heating is widely used to accelerate organic reactions and enhance the
activity of enzymes. However, the detailed molecular mechanism for the effect of
microwave on chemical reactions is not yet fully understood. To investigate the effects
of microwave heating on organic compounds, we have developed an in sifu microwave
irradiation NMR spectroscopy. 'H NMR spectra of
1-(4’-cyanophenyl)-4-propylcyclohexane (PCH3) in the liquid crystalline and isotropic
phases were observed under microwave irradiation. When the temperature was
regulated at slightly higher than the phase transition temperature (Tc = 45 °C) under a
gas flow temperature control system, liquid crystalline phase mostly changed to the
isotropic phase. Under microwave irradiation and with the gas flow temperature
maintained at 20 °C, which is 25 °C below the Tc, the isotropic phase appeared
stationary as an approximately 2 % fraction in the liquid crystalline phase. The
temperature of the liquid crystalline state was estimated to be 38 °C according to the
line width, which is at least 7 °C lower than the Tc. The temperature of this isotropic
phase should be higher than 45°C, which is considered to be a non-equilibrium local
heating state induced by microwave irradiation. Microwaves at a power of 195 W were
irradiated to the isotropic phase of PCH3 at 50 °C and after 2 min, the temperature
reached 220 °C. The temperature of PCH3 under microwave irradiation was estimated
by measurement of the chemical shift changes of individual protons in the molecule.
These results demonstrate that microwave heating generates very high temperature

within a short time using an in situ microwave irradiation NMR spectrometer.



Introduction

Microwave heating is widely used to accelerate organic reactions [1-7] and enhance the
activity of enzymes [8-11]. It is considered that microwave effects can be classified as
thermal and nonthermal, and it has been reported that microwave thermal effects can be
separated from nonthermal effect [12]. It is known that most microwave-assisted
organic reactions can be explained by microwave thermal effects [13]. However, it has
been recently shown that polymerization reaction rates differ between electric and
magnetic field irradiation at the same temperature, which indicates the influence of
nonthermal effects on the chemical reaction [14].The microwave thermal effects
contribute to a rise in the solvent temperature due to dielectric losses [4,6,15,16]. These
effects are characterized as a local heating state that is induced under a microwave
irradiation. However, the detailed molecular mechanism for the effects of microwave
heating on chemical reaction is not yet fully understood. One of the important heating
modes is non-equilibrium local heating, which has been reported for a liquid-solid
mixed system under microwave irradiation [17], where non-equilibrium local heating
occurred in dimethyl sulfoxide (DMSO) molecules in the proximity of Co particles
under microwave irradiation. Non-equilibrium local heating is defined as the
phenomenon where microwave irradiation induces domain heating at a much higher
temperature than the bulk solution temperature induced by microwave irradiation.

To characterize a non-equilibrium local heating state induced by microwave
irradiation, an in situ microwave-irradiation solid state NMR spectrometer was
developed. A microwave irradiation liquid state NMR spectrometer was first developed
by Naito et al. [18,19], where very rapid temperature jump experiments were achieved.

Consequently, it was possible to demonstrate state-correlated two-dimensional NMR



spectroscopy to obtain a correlation between liquid crystalline and isotropic phases.
This technique was useful to observe 'H-'H dipolar patterns of '"H NMR spectra with
high resolution in the liquid state rather than liquid crystalline state. This technique can
be used to obtain local dipolar interaction of individual protons in the liquid crystalline
state via high resolution resonance peaks in the isotropic phase [20-22], and also to
detect the state-correlated two-dimensional NMR spectra of native and denatured states
of proteins [23]. It should be stressed that with microwave irradiation NMR
spectroscopy, electron dipole moments are excited, which causes heating of samples
rather than excitation of electron spins, as in the case of electron spin resonance (ESR)
and dynamic nuclear polarization (DNP) experiments.

To measure the microwave heating effects, the microwave irradiation NMR
spectrometer was further improved to observe NMR signals under condition of in situ
microwave irradiation, in contrast to ex-situ NMR spectrometer [24].In this study, it is
important to accurately determine the sample temperature under microwave irradiation.
It has been reported that chemical shifts change linearly with respect to the temperature
[25-28]. Therefore, the relation of the chemical shifts with the temperature is calibrated
using the sample itself with respect to the temperature control unit of the NMR
spectrometer.

Liquid crystalline samples have high efficiency for microwave absorption, as in
the case of liquid crystalline display. In particular, we have previously reported that a
liquid crystalline state transferred to the isotropic phase within 10 ms of microwave
irradiation [20]. It is therefore expected that a non-equilibrium local heating
phenomenon could be observed more clearly under microwave irradiation. The in situ

microwave irradiation NMR spectrometer was particularly designed to observe NMR



signals under microwave irradiation with good isolation of radio frequency wave for
NMR detection from the microwave irradiation for local heating. This makes it possible

to observe NMR signals under microwave irradiation condition.

Materials and Methods

A liquid crystalline sample of 1-(4’-cyanophenyl)-4-propylcyclohexane (PCH3; Tokyo
Chemical Industry Co., Ltd.) was used as received without further purification. The
liquid crystalline to isotropic phase transition temperature (Tc) of PCH3 is 45 °C [21].

It is important to measure the temperature of the sample directly in the NMR
probe to observe microwave heating effects. Therefore, the temperature dependence of
'H chemical shifts were observed for PCH3 at various temperatures using the
temperature control system of the spectrometer. In the case of liquid state NMR, the
difference in chemical shift Hbetween CH; and OH protons of methanol and glycol has
been commonly used as a thermometer [25,26]. However, & for methanol is not
represented as a straight-line over the large temperature range. The coefficient of the
quadratic term is small; therefore, the straight line approximation will not cause a large
temperature error. Moreover, &for glycol is perfectly linear within the error of 0.3 K
over the range 310 — 410K. In the case of solid state NMR, the temperature dependence
of the *"’Pb chemical shift in magic angle spinning (MAS) spectra is linear over the
range of -130 to +150 °C [27]. Paramagnetic lanthanide complexes also show linear
dependence on the temperature over a small temperature range [28]. In the present work,
A for individual protons in PCH3 was measured in the temperature range from 50 to
95 °C. The temperature of the sample under microwave irradiation were thus evaluated

from the slope of this temperature dependence.



The microwave irradiation solid state NMR spectrometer was developed
in-house with modification made to a solid state NMR spectrometer (CMX infinity 400,
Chemagnetics), as schematically shown in Fig. 1A. A flat 4 mm wide and 38 mm long
copper ribbon was used as a capacitor and a half turn of copper ribbon in the edge part
was used as an inductor for the microwave resonance circuit (Fig. 1B and Fig. 1C),
which is coaxially inserted inside the radio frequency induction coil of 7 mm diameter
and 18 mm width (Fig. 1C). The dimensions of the microwave and radio frequency
circuits increase the isolation between microwave and radio frequency resonance
circuits and allows NMR signals to be observed under microwave irradiation condition.
Although the sensitivity of NMR signals is reduced, it is important for the capacitor part
of the microwave resonance circuit to be wound inside the radio frequency coil. If the
radio frequency coil is located inside of the microwave circuit, strong arcing occurred
and the radio frequency coil immediately disrupted. The microwave circuit was
appropriately tuned to 2.45 GHz by adjusting the capacitor part of copper ribbon space
in the outside of the sample tube and the radio frequency circuit was tuned to 398 MHz
by adjusting variable capacitors for matching and tuning using a sweep generator. NMR
spectra were recorded at 398 MHz on the CMX infinity 400 NMR spectrometer
(Chemagnetics), which was equipped with a microwave generator (IDX, Tokyo
Electron Co., Ltd.) capable of transmitting 1.3 kW pulsed and continuous wave (CW)
microwave irradiation at a frequency of 2.45 GHz. Microwaves were transmitted from
microwave generator to near the magnet through a waveguide, and transformed from
the waveguide to coaxial cable. This coaxial cable was guided to the resonance circuit at
the probe head. Microwave pulses were controlled by a gating pulse produced by the

pulse programmer of the NMR spectrometer. The sample was cooled down to the



temperature of the liquid crystalline phase using a gas flow temperature controller.
Samples were filled into a 3 mm OD and 35 mm long inner glass tube (Shigemi) for
NMR measurements to insulate thermal contact with a 6 mm OD and 38 mm long outer
glass tube (Shigemi) for NMR measurements without the use of any protection
apparatus for high temperature experiments (Fig. 1C). As dielectric constant of a glass is
much smaller than those of water and polar solvents [29], heating from the glass tube

under microwave irradiation can be negligible [30].
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Fig. 1. (A) Schematic diagram of the in situ microwave irradiation solid state NMR
spectrometer (CMX Infinity 400, Chemagnetics) equipped with a microwave
transmitter (IDX, 1.3 kW, Tokyo Electron Co., Ltd.). CW and pulsed microwave are
gated by the pulse from the pulse programmer of the NMR spectrometer. Microwaves
were transmitted from the microwave transmitter via waveguide and coaxial cable and
finally introduced to the microwave resonance circuit in the probe. (B) Equalizing
microwave resonance circuit consists of an inductor and capacitor. The sample is
inserted into the capacitor in the microwave resonance circuit. (C) Schematic diagrams
of sample tube, capacitor and inductor of microwave resonance circuit and inductor of
radio frequency. The top view indicates the names of components and the side view
indicates the dimensions of components. The inner glass tube (Shigemi) filled with
samples is inserted into an outer glass tube, so that the gas flow on the surface of the
outer glass tube (Shigemi) is mostly insulated from the inner sample tube. Microwave

resonance circuit is attached on the surface of outer glass tube.



Results and Discussion

Phase transition processes of PCH3 induced by microwave heating

Fig. 2A shows the molecular structure of PCH3. Fig. 2B shows 'H NMR spectra for
PCH3 at 40 °C, which is 5 °C below the phase transition temperature (Tc = 45 °C). A
broad 'H NMR spectrum with a 40 kHz linewidth was obtained for the liquid crystalline
sample due to residual 'H-"H dipolar couplings. The "H NMR spectrum of the isotropic
phase was obtained at 50 °C, which is 5 °C higher than the Tc, and many types of proton

signals were resolved and assigned to different protons [21] as shown in Fig. 2C.
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Fig. 2. (A) Molecular structure of PCH3. 'H NMR spectra of PCH3 measured at (B)

40 °C in the liquid crystalline phase and at (C) 50 °C in the isotropic phase. High

resolution "H NMR signals were assigned to individual protons as indicated [21].
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The temperature was varied from 36 to 47 °C using the gas flow temperature
control system. When the gas flow temperature was set at 46 °C, which is 1 °C higher
than Tc, most of the liquid crystalline phase was changed to the isotropic phase (Fig.
3D). The liquid crystalline state could be transferred to the isotropic state with a very
small increase in the gas flow temperature, as shown in Fig. 3C and D. The gas flow
temperature was then set at 20 °C, which is 25°C below the Tc, and the sample was
subjected to CW microwave irradiation. When the CW microwave power was
controlled at 54.6 W, a small amount of isotropic signals (ca. 2% fraction) appeared
stationary in the majority of signals for the liquid crystalline phase (Fig. 3G and J). The
linewidths for the isotropic signals were very narrow as compared with that for the bulk
isotropic signals (Fig. 3K). The temperature for the isotropic phase should be higher
than the Tc (45 °C), therefore, this result indicates that microwave heat the sample
locally to generate isotropic phase with higher temperature than liquid crystalline phase.
In this state, temperature of liquid crystalline state was 38 °C, which was estimated from

the temperature dependence of linewidth values (see Fig. 4B).
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Fig. 3. "H NMR spectra of PCH3 at (A) 36, (B) 40, (C) 45, (D) 46, and (E) 47 °C, where
the temperature was regulated by heated air using a temperature control unit. '"H NMR
spectra of PCH3 under CW microwave irradiation at (F) 52.0, (G, J) 54.6, (H) 58.5, and
(I, K) 65.0 W, where the gas flow temperature was set at 20 °C using temperature

control unit.
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The temperature of the local heating state in the liquid crystalline phase has been
difficult to evaluate experimentally. Therefore, the temperature characteristics of the
liquid crystalline state of PCH3 were correlated with the linewidth, as shown in Fig. 4A.
The 'H NMR linewidth gradually decreased with the temperature increase and then
suddenly decreased at 46 °C, which is slightly higher than Tc (45 °C). Under microwave
irradiation, the isotropic phase appeared at 38 °C, which is 7 °C lower than the Tc of
PCH3 (Fig. 4B). Thus, the temperature of the samples under microwave heating was
successfully determined by analysis of the linewidth for the liquid crystalline signals

from in situ microwave irradiated NMR measurements.
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Mechanism for local heating phenomena near the phase transition temperature of
PCH3

Fig. 5 gives a schematic illustration for the thermal and microwave local heating
phenomena for PCH3 in the liquid crystalline state. When the liquid crystalline phase
below the phase transition temperature was heated with microwave irradiation (MW) to
reach a temperature near the Tc, a small amount of the isotropic phase appeared at a
temperature below Tc (Fig. 5D). The microwave thermal effects are attributed to
increase in the solvent temperature due to dielectric loss [4, 6]. The solvent molecule
dipoles will align with an applied electric field and in case of microwave irradiation, the
applied field will oscillate. As the dipoles attempt to realign itself with this alternating
electric field, energy is released in the form of heat by molecular friction and collisions.
The amount of heat generated by this process is directly related to the ability of the
matrix to align itself with the frequency of the applied field. If the dipole does not have
enough time to realign, small amount of heating occurs. In the case where molecule has
same dipole moment, a solid state such as ice is not absorb microwave, since molecule
will not align to an applied electric field [15]. While liquid state such as water
efficiently absorb microwave energy since they have mobility to align to the electric
field. Therefore, it is expected that the microwave absorption is higher in the isotropic
phase than in the less mobile liquid crystalline phase. This increased the temperature of
the sample where the isotropic phase was locally present. This can be considered to be a
type of non-equilibrium local heating state. The isotropic phase forms a small particle,
which is quite small and therefore the surface of the particle interact with the liquid
crystalline molecules (Fig. 5D). When the isotropic phase loses the thermal energy to

liquid crystalline phase, the sharp NMR signal was changed to a broad signal

15



characteristic of the pure liquid crystalline phase. This enable observation of the
microwave-induced isotropic phase, which can be thus distinguished from the liquid
crystalline phase. The non-equilibrium local heating state stationary appeared due to
heating by the absorption of microwave energy in the small isotropic phase particle. The
dissipation rate of heat to the bulk of the liquid crystalline phase is balanced with the
heating rate by microwave irradiation. When the power of the microwave heating was
increased, the small isotropic phase particles grew into a bulk isotropic state (Fig. 5E)
until the entire samples became isotropic phase (Fig. 5F). On the other hand, when the
temperature was increased with thermal heating (TH) without microwave irradiation
(top panel of Fig. 5), the isotropic phase appeared at 46 °C, which is slightly higher than
the liquid crystalline-isotropic phase transition temperature (Tc = 45 °C) as an
equilibrium state with liquid crystalline phase as shown in Fig. 5B (see also Fig. 3D).
Non-equilibrium local heating phenomena have been reported for a liquid-solid mixed
state [17], where solid particles absorbed microwave and acted as a heat source. In this
experiment, a non-equilibrium local heating state was stationarily observed as an
isotropic phase in the majority of liquid crystalline phase. It was also stressed that the
phase transition was directly generated by microwave irradiation. It is likely that the
high temperature of non-equilibrium locally heated domain of solvent may cause the
acceleration of a chemical reaction rate as observed in the local heating effects of

organic solvents.
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Fig. 5. Schematic diagram thermally (TH: A-B-C) and microwave (MW: A-BBB)
heating processes for the liquid crystalline state (A). Under microwave irradiation
(MW), a small fraction of the liquid crystalline domain transformed to the isotropic
phase (D). This isotropic phase domain increases the temperature to much higher than
that of the liquid crystalline phase because the diclectric loss of the isotropic phase is
larger than that of liquid crystalline phase. This state is considered to be a non
equilibrium local heating state. In contrast, under thermally heated (TH), a large fraction
of the isotropic phases appeared at a temperature slightly higher than Tc (B), and the

temperature of the isotropic phase is the same as that of the liquid crystalline state
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High temperature microwave heating of isotropic phase of PCH3

Temperature was set at 50 °C, and much higher microwave power was applied to
isotropic phase of PCH3. Fig. 6 shows that the individual proton signals were
significantly shifted to a higher field with increase of microwave power and individual
protons have different amount of chemical shifts. In addition, the line widths became
broader with microwave irradiation at higher power (right panel of Fig. 6B, C and D). It
is observed that the chemical shift dependence with temperature is very small in
diamagnetic compounds as compared to that in paramagnetic compounds. Therefore,
this significant chemical shifts suggest that the isotropic phase of PCH3 increased to
quit high temperature under high power microwave irradiation. The temperature of
PCH3 under CW microwave irradiation at 195 W for 10 min was estimated to be 210 —
290 °C. Moreover, the temperature distribution is estimated to be around 82 °C at 195

W from the linewidths of the "H NMR signals under microwave irradiation condition.

18



50 °C \
— \‘%nhm
10 0 10
B
65 W
10 0 o
130 W L}L
i T 1Ppm
i0 0 -10

—=ppm

Fig. 6. "H NMR spectra of PCH3 at (A) 50 °C and under CW microwave irradiation for
10 min of (B) 65, (C) 130, and (D) 195 W by setting the gas flow temperature at 50 °C
of the NMR spectrometer. Individual proton signals shifted to higher fields as higher

microwave powers (right panel of B, C and D) were applied.
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The extent of chemical shift is related to the temperature [24,25]; therefore, the
chemical shifts of individual protons were experimentally measured as a function of
temperature for the isotropic phase of PCH3 system as shown in Fig. 7. When the
temperature was increased by 30 °C, an up-field shifts of only 0.06 and 0.03 ppm were
observed for aromatic and aliphatic protons, respectively. The chemical shift values
changed linearly with respect to the temperatures, which enabled the effective
temperature of the isotropic phase of PCH3 under microwave irradiation to be evaluated.
In addition, different slopes of chemical shift values vs. temperatures were observed for
individual protons; therefore, it is possible to directly measure the temperature of
samples according to the chemical shifts of protons as a type of thermal signature, even

under microwave irradiation.
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Fig. 7. Plots of '"H chemical shifts vs. temperature for individual protons of PCH3.
Chemical shifts for (A) 3°, 5’ (or 2°, 6°), (B) 2°, 6’ (or 3°, 5°), (C) 1, (D) 3, 5, (E) 2, 6,
(F) af, (G) 4, and (H) yprotons were measured at the range of 50 - 95 °C.
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Fig. 8 shows time course for the temperature of isotropic phase PCH3 samples
under microwave irradiation at various power. When microwaves were irradiated
continuously at 65 W, the temperature increased from 50 to 80 'C within 2 min and the
same temperature was then maintained after 2 min. Under microwave irradiation at 130
W, the temperature increased from 50 to 190 °C and became constant within 5 min.
Microwave irradiation at 195 W resulted in a temperature increase from 50 to 210 -
250 “C within 2 min. At 195 W, the temperature distributions of the sample appeared as
a line broadening (see Fig. 6). Moreover, the temperature distribution of individual
protons was observed under microwave irradiation as shown in Fig. 8C. These results
indicate that individual protons have different temperatures according to the chemical
shifts. Because the temperatures were obtained by extrapolation of the chemical shifts at
lower temperatures and there might be deviation from the linearity observed at low
temperature. Further experiments are necessary to verify the accuracy of temperatures in

the sample under microwave heating.
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temperatures were evaluated using the slopes of chemical shifts vs. temperatures shown

in Fig. 7.
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Temperature measurements according to chemical shifts

It is difficult to determine the temperatures of the samples under microwave
irradiation, because the temperature of the bulk state does not always reflect the
temperature of microwave heating samples due to the effect of local heating. The
temperature dependent chemical shifts for individual 'H NMR signals is a good
indicator of the sample temperature and can estimate the temperatures of individual
molecules or individual group of the molecules under microwave irradiation. Different
temperatures were observed for individual protons as far as chemical shifts were
concerned as temperature indicator; therefore, the individual protons in the molecules
show slightly different effective temperatures.

It is important to point out that microwave can increase the temperature of a
sample with a large electric dipole moment in a short time and significantly high
temperature can be achieved during NMR measurements. It should be stressed that the
NMR probe used here was not designed for high temperature experiments. Nevertheless,
it is possible to perform the high temperature NMR experiment using microwave as a
heat source. It is also possible to perform rapid temperature jump experiments using
pulsed microwave irradiation. As an application of a rapid temperature jump
experiments, liquid crystalline-isotropic phase correlated 2D NMR experiments were
successfully performed [18-22]. It is noted that liquid crystalline samples are good for
high temperature experiments because they have high microwave absorption efficiently

and high boiling points.

Conclusion
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An in situ microwave irradiation NMR spectrometer was developed and the in situ
NMR signal acquisition under microwave heating was performed for liquid crystalline
PCH3. The non-equilibrium local heating state was stationary and the temperature of
the state was higher than the bulk liquid crystalline state, according to analysis of the
temperature dependent linewidth of liquid crystalline samples. The non-equilibrium
local heating state at high temperature may cause the significant acceleration of
chemical reactions. It was also demonstrated that very high temperature can be rapidly
achieved for the isotropic phase of liquid crystalline sample using the in situ microwave
irradiation NMR spectrometer without the need for high temperature protection in the

probe.
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Research highlights

In situ microwave irradiation NMR spectrometer was developed.
'H NMR spectra of liquid crystal PCH3 under microwave irradiation were observed
Non-equilibrium local heating state of PCH3 was observed as a isotropic phase

Microwave heating generate very high temperature within a short time

Temperature of PCH3 under microwave irradiation was estimated by chemical

shifts
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Introduction

Microwave heating is widely used to accelerate organic reactions," ™
to reduce polymerization times,
The majority of the reaction acceleration
obtained in this manner can be explained by the thermal effect

of enzymes.'®*®

The microwave heating mechanism of
N-(4-methoxybenzyliden)-4-butylaniline in liquid
crystalline and isotropic phases as determined
using in situ microwave irradiation NMR
spectroscopy

Yugo Tasei,? Fumikazu Tanigawa,? Izuru Kawamura,® Teruaki Fujito,”
Motoyasu Sato® and Akira Naito*?

Microwave heating effects are widely used in the acceleration of organic, polymerization and enzymatic
reactions. These effects are primarily caused by the local heating induced by microwave irradiation.
However, the detailed molecular mechanisms associated with microwave heating effects on the
chemical reactions are not yet well understood. This study investigated the microwave heating effect of
N-(4-methoxybenzylidene)-4-butylaniline (MBBA) in liquid crystalline and isotropic phases using in situ
microwave irradiation nuclear magnetic resonance (NMR) spectroscopy, by obtaining *H NMR spectra of
MBBA under microwave irradiation. When heated simply using the temperature control unit of the NMR
instrument, the liquid crystalline MBBA was converted to the isotropic phase exactly at its phase transition
temperature (T.) of 41 °C. The application of microwave irradiation at 130 W for 90 s while maintaining the
instrument temperature at 20 °C generated a small amount of isotropic phase within the bulk liquid crystal.
The sample temperature of the liquid crystalline state obtained during microwave irradiation was estimated to
be 35 °C by assessing the linewidths of the 'H NMR spectrum. This partial transition to the isotropic phase
can be attributed to a non-equilibrium local heating state induced by the microwave irradiation. The
application of microwave at 195 W for 5 min to isotropic MBBA while maintaining an instrument temperature
of 50 °C raised the sample temperature to 160 °C. In this study, the MBBA temperature during microwave
irradiation was estimated by measuring the temperature dependent chemical shifts of individual protons in
the sample, and the different protons were found to indicate significantly different temperatures in the
molecule. These results suggest that microwave heating polarizes bonds in polar functional groups, and this
effect may partly explain the attendant acceleration of organic reactions.

nonthermal effects of microwaves can be separated.” The existence
of nonthermal effects of microwave has recently been demon-
strated by the observation that the rates of polymerization reactions
are increased under electric fields but decreased under magnetic
fields."” The microwave thermal effects are attributed to an increase
in the solvent temperature due to dielectric loss.*>”**** The

2715 and to enhance the activity

of the microwaves.! However, nonthermal effects have also
been identified and it has been reported that the thermal and
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solvent molecule dipoles will align with an applied electric field
and in the case of microwave irradiation, the applied field will
oscillate. As the dipoles attempt to realign with this alternating
electric field, heat energy is released by molecular friction and
collision. Ions will also translate along the oscillating electric field,
generating collisions or friction with other molecules in the
sample matrix to produce additional thermal energy. However,
the details of the molecular mechanisms associated with the
microwave heating effect on chemical reaction rates have not yet
been fully elucidated. One of the most important phenomena

Phys. Chem. Chem. Phys.
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associated with microwave irradiation is non-equilibrium localized
heating, defined as the generation of isolated regions with much
higher temperatures than the bulk solution. This has been reported
to occur in liquid-solid® systems in response to microwave irradia-
tion, such as in the case of dimethyl sulfoxide (DMSO) molecules in
contact with Co particles under microwave irradiation.

In the present study, an in situ microwave irradiation solid state
NMR spectrometer was developed with the aim of characterizing
microwave heating mechanisms. The technique of microwave
irradiation liquid state NMR spectrometer was first envisioned
by Naito et al.>>*> and was used to obtain state-correlated two-
dimensional (2D) NMR spectra. This allowed high resolution
observation of 'H dipolar patterns in 'H NMR spectra in the
liquid state rather than the liquid crystalline state. Using this
method, the local dipolar interactions of individual protons in
the liquid crystalline state can be examined via high resolution
resonance in the isotropic phase**™® and the resulting data
may also be used to obtain state-correlated two dimensional NMR
spectra of proteins in both native and denatured states.”® During
the microwave irradiation process, electron dipole moments
are excited, leading to heating of the sample. This differs from
the excitation of electron spin magnetic moments, as occurs in
electron spin resonance (ESR) and dynamic nuclear polarization
(DNP) experiments.

Liquid crystalline samples are known to absorb microwaves
with high efficiency, since they necessarily contain polar func-
tional groups. It is therefore expected that microwave heating
phenomena will be more readily observed in liquid crystals.
Thus, an in situ microwave irradiation solid state NMR spectro-
meter set-up was designed specifically to obtain NMR signals
during microwave irradiation. This system isolated the effects
of the radio waves applied to obtain the NMR detection from
the microwaves employed to generate local heating. This spectro-
scopic technique thus allowed clear NMR signals to be obtained
while simultaneously applying microwave irradiation.

In the present study, microwave heating effects were charac-
terized using a sample of liquid crystal N-(4-methoxybenzylidene)-
4-butylaniline (MBBA). This compound was chosen, since
liquid crystalline samples exhibit both highly efficient micro-
wave heating and high boiling points. It was necessary to
accurately measure the temperature of the sample during
microwave irradiation and in this work, the variation in the
"H chemical shifts was employed as an indicator of tempera-
ture. In the case of diamagnetic nuclei, it has been reported
that the temperature dependence of chemical shift values
is typically linear in nature,®** and we therefore assessed
the temperature of the MBBA sample based on the tempera-
ture dependent-chemical shifts of the protons in the MBBA
molecule.

Materials and methods
A sample of N-(4-methoxybenzyliden)-4-butylaniline (MBBA)

was purchased from the Tokyo Chemical Industry Co., Ltd. and
used without further purification. The liquid crystal to isotropic
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phase transition temperature (7.) of this compound is reported
to occur at 41 °C.*

The temperature of a sample within an NMR spectrometer is
normally regulated by the set point of the temperature control
unit integrated into the instrument. In the present work,
however, it was important to directly measure the temperature
of the sample itself, since microwave heating was expected to
increase the sample temperature and cause this temperature to
depart from the setting of the instrument. It can be physically
challenging to accurately measure the actual temperature of
NMR samples under microwave irradiation due to the wide
special variations in temperature throughout the bulk of the
sample. For these reasons, the temperature-dependent chemical
shift values of the sample were instead used as a temperature
indicator. The difference in the chemical shifts, Ad, of the CH;
and OH protons of methanol or glycol is commonly used for the
purposes of temperature calibration in NMR spectrometers.**"
In the case of methanol, the relation between Aé and temperature
is not completely linear over a wide temperature range, and so a
quadratic relationship is instead applied, with an associated error
of 0.6 K. Over a narrow temperature range, however, the plot of Ad
as a function of temperature can be fit by a straight line with a
minimal associated temperature error. In the case of glycol, the
data can be perfectly fit by a straight line over a wide temperature
range.”® The *'P chemical shift dependence of a paramagnetic
lanthanide complex on temperature has also been shown to
generate a straight line over a narrow temperature range,*”
although the chemical shift dependence of nuclei on paramag-
netic electrons typically exhibits an inverse relationship with
temperature. Variation of the chemical shifts of water protons
in a bicelle sample vs. temperatures shows a linear relationship
in the temperature range of 10 to 60 °C.** In solid state NMR
studies, the variation in **’Pb chemical shifts with temperature
has exhibited a linear relationship over the temperature range
of —130 to +150 °C.** Based on these previous reports, the
variation in the "H chemical shift values of individual protons
of the MBBA sample was assessed with regard to their variation
with temperature. The resulting plots of chemical shifts as a
function of temperature obtained from microwave irradiation
were subsequently evaluated by assuming that the relation-
ships between these chemical shifts and temperature were
approximately linear.

The instrument used in this work consisted of a Chemagnetics
solid state NMR spectrometer (CMX infinity 400) equipped with
a microwave generator (IDX, Tokyo Electronics Co., Ltd.) capable
of transmitting 1.3 kW pulsed or continuous microwave at a
frequency of 2.45 GHz. This apparatus allowed us to obtain
NMR signals without interference while simultaneously apply-
ing microwave irradiation. A 3 mm wide flat copper ribbon was
used to form the capacitor of the resonance circuit, and was
wound coaxially inside the radio wave circuit to reduce arcing
and to increase isolation during microwave irradiation (see
Fig. S1, ESIt). The microwave resonance circuit was tuned to
2.45 GHz and the radio wave was set to 398 MHz using a sweep
generator. Microwaves were transmitted from the microwave
generator to the vicinity of the magnet through the waveguide,

This journal is © the Owner Societies 2015


http://dx.doi.org/10.1039/c5cp00476d

Published on 26 February 2015. Downloaded by YOKOHAMA NATIONAL UNIVERSITY on 13/03/2015 04:11:04.

PCCP

which served a coaxial cable and finally the microwaves were
guided to the resonance circuit at the probe head. The micro-
wave pulses were controlled by the gating pulses produced by
the pulse programmer of the NMR spectrometer. The sample
was initially cooled to obtain the liquid crystalline phase using
the temperature control unit of the spectrometer. Samples were
packed in an inner glass tube to insulate them from thermal
contact with the outer glass tube.

Results
Microwave heating of liquid crystalline MBBA

Fig. 1A gives the molecular structure of MBBA. Fig. 1B shows
the "H NMR spectra of MBBA in the liquid crystalline state at
35 °C, which is 6 °C below its phase transition temperature (7)
of 41 °C. A broad 'H NMR spectrum with a 20 kHz linewidth
was obtained in the liquid crystalline sample due to "H-'H
dipolar couplings. Since MBBA molecules are aligned to the

H H 22
’ H H H
o /
N CH,CH,CH,CH,
H H
¥ z H H
6 5
I | I I 1
40 0 -40 ppm

2,6,3,5

3;’ 5’ 2’, 6 Bv

7;

5 0 5 BeD
'H Chemical Shift

Fig.1 (A) Molecular structure of N-(4-methoxybenzyliden)-4-butylaniline
(MBBA). *H NMR spectra of MBBA at (B) 35 °C in the liquid crystalline phase
and (C) 45 °C in the isotropic phase, together with signal assignments of the
individual protons.*®
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magnetic field in the liquid crystalline phase, residual "H-"H
dipolar interactions cause a number of transitions with various
dipolar interactions and this generates the observed line broadening.
These dipolar interactions can provide information concerning
the order parameters of liquid crystals. A high resolution
'"H NMR spectrum of MBBA in the isotropic phase was also
obtained at 45 °C, in which numerous proton signals were
resolved and assigned to the various protons in the molecule,*®
as shown in Fig. 1C.

In subsequent trials, the MBBA temperature was increased
from 20.0 °C, which is 20.5 °C below T, to 40.5 °C which was
experimentally determined 7. using the spectrometer’s tempera-
ture control unit. As shown in Fig. 2A, the 'H NMR signal of the
liquid crystalline phase appeared alone at 35 °C. At 40.0 °C, the
liquid crystalline phase had partly transitioned to the isotropic
phase (Fig. S2, ESIt). It was observed that the temperature of
liquid crystal and isotropic phases was nearly the same. It was also
evident that the signals obtained at this temperature were broader
than those of the fully isotropic phase, which may be attributed to
the interaction of the isotropic and liquid crystalline phases. This
phase transition was completed at 40.5 °C (Fig. 2B, Fig. S2F, ESIt),
which indicates that liquid crystal and isotropic phases coexisted
near the phase transition temperature.

The instrument temperature was then set at 20 °C, (20.5 °C
below T), followed by continuous wave (CW) microwave irradia-
tion. The application of 130 W for 90 s generated weak isotropic
phase signals (representing approximately 2% of the bulk sample)

m
| I 1 I 1P
40 6 0 -6

'H Chemical Shift

Fig. 2 H NMR spectra (left) and expanded spectra (right) of MBBA at
(A) 35 and (B) 40.5 °C and setting the temperature at 20 °C under 130 W CW
microwave irradiation for (C) 90 and (D) 140 s.
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Fig. 3 Plot of the line widths of *H NMR spectra of MBBA at various
temperatures as regulated by the instrument temperature control unit
(blue square). The red square indicates the temperature (35 °C) of MBBA in
the liquid crystalline state following microwave irradiation at 130 W for
90 s, in which a small amount of isotropic phase appeared within the liquid
crystalline bulk.

among the liquid crystalline phase signals (Fig. 2C and also see
Fig. S3A, ESIt). Based on the temperature dependence of the
linewidths, the temperature of the liquid crystalline phase was
estimated to be 35 °C by assessing the linewidths of the NMR
signals (Fig. 3). Normally, such signals would not be expected
until the temperature of the sample is close to its isotropic
phase transition temperature of 40.5 °C as seen in the setting of
a temperature control unit. The linewidth of the isotropic phase
generated under these conditions was slightly narrower than
that of the isotropic phase obtained by heating at 40.0 °C via the
temperature control unit (Fig. 2C and Fig. S2E, ESIf). This
result indicates that microwave irradiation generated localized
heating in the sample to form regions of the higher tempera-
ture isotropic phase.

Typically, the temperature of locally heated regions obtained
from microwave irradiation has been difficult to detect experi-
mentally. Using in situ microwave irradiation NMR, however,
the temperature of the sample was successfully determined,
since the temperature of the liquid crystal MBBA was correlated
with the NMR linewidths, as shown in Fig. 3. As noted, micro-
wave irradiation generated a small fraction of the isotropic
phase in the bulk liquid crystal at 35 °C, even though
this is 5.5 °C lower than the phase transition temperature of
40.5 °C, suggesting a non-equilibrium localized heating within
the sample.

Microwave heating of isotropic MBBA

In these trials, the instrument temperature was set at 50 °C and
various power settings (65, 130 and 195 W) were used to
irradiate the MBBA in the isotropic phase. As shown in Fig. 4,
the individual proton signals were shifted to higher fields with
the application of a greater amount of power for 10 min and
different protons exhibited different degrees of chemical shifts.
It is also evident that the linewidths were broadened by irradiation
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Fig. 4 'H NMR spectra (left) and expanded spectra (middle and right) of
MBBA in the isotropic phase at (A) 50 °C and under CW microwave
irradiation of (B) 65, (C) 130 and (D) 196 W for 10 min while regulating
the instrument temperature at 50 °C.

with higher power, although the chemical shift dependence on
temperature is typically very small in diamagnetic compounds.
These results indicate that the temperature of the MBBA
sample was increased significantly and that the spatial tem-
perature distribution was also very pronounced during micro-
wave irradiation.

It is well known that the chemical shift values of a sample
are affected by its temperature.’**™* In the case of diamagnetic
nuclei, the variation in chemical shift values with temperature
is approximately linear. Therefore, the chemical shift values of
individual protons were determined as a function of tempera-
ture for MBBA in the isotropic phase, as shown in Fig. 5. The
chemical shift values did not vary greatly with temperature,
when the temperature was increased by 30 °C, for example, a
higher field shift of only 0.06 ppm was observed for the
aromatic protons. Interestingly, the chemical shifts of different
protons also had very different the temperature variation.
However, the chemical shift did exhibit a linear change as a
function of temperature for each different proton and thus it
was possible to estimate the effective temperature of MBBA in
the isotropic phase as induced by the microwave irradiation.

Fig. 6 presents the MBBA sample temperature increase in
response to CW microwave irradiation. Applying 65 W of CW
microwave irradiation increased the temperature from 50 to
70 °C within 2 min based on the majority of proton data, after
which the temperature plateaued. However, there were signifi-
cant variations in the apparent temperatures; the 7’ and o’
protons indicated 110 and 80 °C, respectively. When 130 W was
applied, the temperature was increased to 140 °C according to
the majority of the proton data, although values of 210 and
330 °C were indicated by the o’ and 7’ protons, respectively, and
8 min was required to obtain a stable temperature. The
temperature of 7' and o’ protons more significantly deviated
from the others. Temperature increased by 15 °C during
microwave irradiation at 130 W for 90 s in the liquid crystalline

This journal is © the Owner Societies 2015
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Fig. 5 Plots of *H chemical shift values of MBBA for individual protons against temperatures regulated by the instrument's temperature control system.

phase (Fig. 3). On the other hand, temperature increased by
20 °C during microwave irradiation at 65 W for 1 min (Fig. 7) in
the isotropic phase. Thus, the temperature increase of the
isotropic phase was larger than that of the liquid crystalline
phase, and hence the isotropic phase more efficiently absorbs
microwave than the liquid crystalline phase. Applying 195 W
increased the temperature to 160 °C within 5 min, although
again the o’ and 7’ protons were discrepant, indicating 220 and
350 °C, respectively. Thus, at this microwave power level, large
temperature variations were evident among protons in the
same molecule, indicating that individual protons within the
same molecule experienced different temperatures.

As noted, it is difficult to determine the temperature of
samples during microwave irradiation, because the bulk tempera-
ture measured using a thermometer is not always an accurate
representation due to significant variation in temperature
throughout the sample. This work found that the analysis of
chemical shifts can determine the temperatures of individual
moieties within the sample molecules.

Fig. 7A makes it evident that the 7' and o’ protons evidently
experienced much higher temperature than those of other
protons in the same molecule. As shown in Fig. 7B, however,
the temperature indicated by protons other than 7’ and o’ were
all very similar and hence they are considered to represent
the temperature of the bulk isotropic state. Thus, the tempera-
ture at a power of 65 W could be determined accurately, since
the chemical shift values were within the range of experimen-
tally determined values using the temperature controlled unit
of the instrument.

This journal is © the Owner Societies 2015

Discussion

Mechanism of microwave heating effects on liquid crystalline
MBBA

The microwave-induced local heating phenomena observed in
the liquid crystalline MBBA can be explained as shown schema-
tically in Fig. 8A-D. Here, heating the liquid crystalline phase,
initially below its phase transition temperature, by microwave
irradiation (indicated by “MW?”) to a temperature near the T,
generates a small amount of the isotropic phase inside the
sample (Fig. 8B). Because the dielectric loss of the isotropic
phase is expected to be higher than that of the liquid crystalline
phase, the isotropic phase is heated more efficiently by micro-
wave irradiation, inducing a relatively high temperature in the
isotropic phase region. This phenomenon can be considered as
a kind of non-equilibrium localized heating state. These iso-
tropic phases form small particles and the surfaces of these
particles interact with the surrounding liquid crystal to gener-
ate different linewidths compared to those produced by the
bulk isotropic phase. As this isotropic phase loses thermal
energy to the liquid crystalline phase, the sharp signals of the
isotropic phase transition back to the broad signals of the
liquid crystalline phase. This allows us to distinguish the
microwave-induced isotropic phase from the liquid crystalline
phase. This non-equilibrium heating state can be maintained
over long time spans because the rate at which heat is obtained
by the small isotropic phase particles by absorbing microwave
energy balanced the rate at which heat is dissipated to the
bulk liquid crystalline phase. At higher power levels, the bulk
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Fig. 6 Plots of temperatures against microwave irradiation time at micro-
wave powers of (A) 65, (B) 130 and (C) 195 W. Temperatures were
determined using the slopes obtained for the individual protons.

isotropic phase appears (Fig. 8C) and, eventually, the entire
sample transitions to the isotropic phase (Fig. 8D). Conversely,
increasing the temperature solely by thermal heating (TH)
without microwave irradiation (Fig. 8E-G) causes the isotropic
phase to appear at the surface of the sample (Fig. 8F). There,
when a temperature nearly equal to the phase transition
temperature is applied, an equilibrium state is achieved in
which the temperature of the isotropic phase is the same as
that of the liquid crystalline phase.

Similar non-equilibrium local heating phenomena under
microwave irradiation have been reported for liquid-solid*
mixtures. In the present study, the microwave irradiation of
MBBA generated a non-equilibrium localized heating state that
could be maintained for long time spans, in which an isotopic
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Fig. 7 Plots of temperatures against microwave irradiation times under
microwave irradiation at 65 W for (A) the 7' and o’ protons (blue symbols)
and (B) the remainder of the protons. The black line in both plots indicates
the average temperature of the remainder of the protons.

phase was present within the neat liquid crystalline state, solely
as the result of the microwave irradiation.

Mechanism of microwave heating effects on isotropic phase
MBBA

It is of interest to consider the reason why the 7’ and o’ protons
of the MBBA molecules showed significantly different chemical
shifts from the other protons. Since the chemical shifts had a
linear relation with temperature, the 7' and o' protons also
indicated significantly higher temperatures than the other
protons, suggesting that these individual protons might actually
have experienced different temperatures.

It is not, however, ruled out the possibility that the slopes of
the chemical shifts of these two protons as a function of
temperature deviate from linearity at high temperatures, thus
generating exceptionally large chemical shifts in the higher
temperature range.

However, another theory may be advanced by considering
that both protons are associated with the polar bonds of the
H-C—=N- and CH;-O- functional groups. Irradiation of the MBBA
sample produces strong electric field that may interact with these
polar groups to generate dielectric polarization which reduces the
entropy term of the system. This reduction of the entropy term
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http://dx.doi.org/10.1039/c5cp00476d

Published on 26 February 2015. Downloaded by YOKOHAMA NATIONAL UNIVERSITY on 13/03/2015 04:11:04.

PCCP

View Article Online

Paper

Fig. 8 Schematic diagrams showing the proposed (A-D) microwave (MW) and (E-G) thermal heating (TH) processes within the liquid crystalline state.
During microwave irradiation, a small fraction of the liquid crystalline domain changes to the isotropic phase (image B). The rate of temperature increase
in this isotropic phase domain is higher than in the liquid crystalline phase because the dielectric loss of the isotropic phase is larger than in the liquid
crystalline phase. This may be considered to represent a non-equilibrium localized heating state. In contrast, thermal heating transitions a small fraction
of the liquid crystalline state to the isotropic phase at the surface of the sample (image F). When applying thermal heating using the instrument’s
temperature control unit, the temperature of the isotropic phase is the same as that of the liquid crystalline state.

gives additional energy to the system which has gained thermal
energy arising from the molecular friction to rise the tempera-
ture. Consequently, the electron density experienced by the
7' and o' protons increases slightly, producing higher field
chemical shift changes during microwave irradiation. It should
be pointed out that microwave energy at 2.45 GHz is far from
affecting any change in the electron density through excitation
of the electronic state. This energy of the entropy term causes
deviation from the linear temperature increase by thermal
energy. This energy increase of the polar group may in turn
affect the rates of various chemical reactions. This kind of tempera-
ture increase of the particular protons bonded to the polar group
may be discussed as a distinctive microwave effect as mentioned as
thermal and non-thermal microwave effects.>*”

It is important to note that this study has shown that
microwaves can increase the temperatures of samples with
large dipole moments in a short span of time and can achieve
significantly elevated temperatures during the measurement of
NMR signals. Therefore, microwaves have potential as a heat-
ing source in NMR spectrometers. This effect could also be
used for rapid temperature rise experiments such as have been
performed using a liquid crystalline isotropic phase with corre-
lated 2D NMR spectroscopy.”* >

The in situ microwave irradiation NMR spectroscopy makes it
possible to observe organic reaction’” and protein denaturation®
pathways under microwave irradiation together with the struc-
tural information. These observations provide the information
on the thermal and non-thermal microwave effects on the organic
reaction in the atomic resolution, although it is controversial to
distinguish them.>?” Furthermore, applications of the micro-
wave rapid temperature jump experiments enabled us to perform
a state correlated 2D NMR spectroscopy which provides 'H-'H
dipolar interaction with the resolution of the isotropic phase**2®
and hence allowed us to apply the technique to more complicated
liquid crystalline samples as demonstrated using advanced 2D
separated local field NMR.3%3°

This journal is © the Owner Societies 2015

Conclusion

An in situ microwave irradiation NMR spectrometry technique was
developed in which spectra were acquired simultaneously with
microwave heating of liquid crystalline samples of MBBA. Analysis
of the temperature dependence of the linewidths demonstrated
that non-equilibrium localized heating of the sample generated
regions of the isotropic state in which the temperature was higher
than that of the bulk liquid crystal. These non-equilibrium
localized zones may cause significant acceleration of chemical
reactions. It was also shown that significantly elevated tempera-
tures can be rapidly achieved using in situ microwave irradiation
in conjunction with NMR spectroscopy. Finally, the temperatures
indicated by the 7’ and o’ protons of the MBBA molecules were
significantly higher than those of the other protons. These
protons are bonded to polar functional groups, and hence it
is possible to propose that microwave irradiation induced
increased electron polarization in the associated bonds. This
polarization would result in changes in the chemical shifts and
may partly explain the mechanism by which organic reactions
are accelerated through the distinctive microwave effects.
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Abstract

A nematic-isotropic phase-correlated 2D NMR spectra were successfully obtained in 4’-
ethoxybenzylidene-4-n-buthylaniline (EBBA). The transition from nematic to isotropic phase
was realized within 10 ms using a microwave pulse of 2.45 GHz in the transition period. Local
dipolar fields of 11 magnetically different protons in EBBA in the nematic phase were separately
observed in the F1 dimension of a 2D NMR experiment by means of well-resolved signals in the
isotropic phase. The spectrum of the methyl protons of the ethoxy group clearly showed a triplet
pattern, whereas those of the aromatic, methylene, and methane protons showed doublet patterns.
Spin diffusion caused mixing of the spin states and gave mixed patterns in the 2D NMR
spectrum in the F1 dimension. Inspection of the amplitude of the mixing pattern gave
information on spin diffusion pathways in EBBA in the nematic phase.

Introduction

Microscopic orders of liquid crystalline samples have been studied successfully using
quadrupole couplings in the “H NMR spectra of “H-labeled samples [1,2]. In principle, 'H
dipolar couplings can be also used for a similar purpose. A direct analysis of a proton spectrum
of a liquid crystalline sample, however, has been difficult, because the strongly coupled dipolar
spin network causes splitting of individual proton resonances into complex multiplicities of
resonance lines, resulting in a highly overlapped one-dimensional NMR spectrum. A successful
analysis has usually been performed only after a reduction of the number of protons and a
simplification of spin network by partial deuteration [3]. For separating *C-'H dipolar couplings
of individual carbon nuclei in a liquid crystal, a two-dimensional NMR spectroscopy has been a
powerful means [4]. In this approach, correlation between the “C NMR spectrum with
heteronuclear decoupling and that with homonuclear decoupling in the liquid crystalline state is
observed. This technique was further modified by combining an off magic angle spinning and a
separated local dipolar field (SLF/VAS) [5,6] and by switching off magic angle spinning to
magic angle spinning [7] to obtain scaled C-"H dipolar interactions in various liquid crystalline
samples with excellent resolution. PISEMA experiments can separat local dipolar interaction into
chemical shift interactions with high resolution and provide microscopic order of liquid crystals
[8-11].

2886



State-correlated 2D NMR (SC-2D NMR) spectroscopy [12, 13] has been developed as an
alternative approach to elucidate microscopic order of liquid crystalline samples [14-16], to give
correlation between native and denatured states of proteins [17], and to reveal correlation
between the solid and liquid state of camphor using a CO, laser as a heat source [18]. This
technique turned out to be useful to observe 'H dipolar patterns of '"H NMR spectra with high
resolution. In this technique, local dipolar interaction of individual protons in the liquid
crystalline state can be obtained via resonances in the isotropic phase [14-16]. A phase transition
from a nematic to an isotropic phase is completed rapidly within the spin-lattice relaxation times
of 'H nuclei by applying a pulsed microwave. By this method, homonuclear dipolar interactions
for individual protons can be separately observed without applying a multiple pulse technique.
Thus it is not necessary to consider scaling factors depending on the pulse sequences, and hence
provide a detailed information on microscopic order parameters. In particular, recent technical
improvement in the microwave temperature jump probe has realized a transition in even less than
10 ms [15,16], and enable us to obtain simpler dipolar patterns.

In this work, an SC-2D NMR experiment between the nematic phase and the isotropic
phase of liquid crystalline samples of 4’-ethoxybenzylidene-4-n-butylaniline (EBBA) is
described, in which well separated dipolar patterns for individual protons are observed as cross
sectional spectra. Besides, this technique can also provide spin diffusion pathways among proton
spin networks. This information provides a detailed insight into the microscopic order of liquid
crystalline materials.

State-Correlated 2D NMR Spectroscopy
Microwave heating NMR spectrometer

The microwave pulse is applied through a microwave circuit built into a JEOL high resolution
"H NMR probe for liquids (Figure 1).

Probe Head

Microwave Coil

RF Coil SC Magnet

NMR Spectrometer

Magnetron |
(1.3 kW, 2.45 GHz

Microwave

— | Re

Microwave Gate

Figure 1 Block diagram of the microwave heating NMR spectrometer equipped with a microwave transmitter.
Microwave and radiowave coils in the probe head are also shown.
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A flat copper ribbon, 3 mm in width, is used for the microwave coil, which is wound inside the
radio wave coil coaxially to reduce arching during the microwave irradiation (Figure 1). The
microwave circuit is tuned properly to 2.45 GHz by using a sweep generator. NMR spectra were
recorded at 399.8 MHz on a JEOL GX 400 pulse FT NMR spectrometer, equipped with a pulsed
microwave transmitter (IDX, Tokyo Electric Co. Ltd.) capable of transmitting 1.3 kW pulsed
microwave at a frequency of 2.45 GHz. After the temperature jump, the temperature of the
sample was cooled down to that of nematic phase with a help of a JEOL gas flow temperature
controller in order to repeat the pulse sequence of Figure 2.

State correlated 2D NMR experiments

The pulse sequence used in the state-correlated two dimensional (SC-2D) NMR
spectroscopy is practically the same for the radio frequency part as that of 2D exchange or NOE
experiment (Figure 2). The first 90° pulse creates the transverse magnetization. During the
evolution period, the temperature of the sample is kept to maintain the nematic phase so that the
'H spins show precession frequency under strong dipolar interactions between proton nuclei in
the nematic phase. At time t;, the second 90° pulse is applied to align the magnetization vector
along the z axis. During the transition period, a pulsed microwave is applied for a short time to
raise temperature, during which the nematic phase is transformed into the isotropic phase. Any
remaining transverse magnetization is expected to diphase within a couple of milliseconds during
the transition period under strong dipolar interactions of the nematic phase. To study the spin
diffusion processes, mixing time, T, 1s inserted in the beginning of the transition period. After
the third 90° pulse, free induction decay is acquired for t, time in the detection period during
which the system experienced magnetic interactions in the isotropic phase. Free induction decay
signals recorded as functions of t; and t, are double Fourier-transformed to generate the
correlated 2D NMR spectrum between the nematic and isotropic phases.

PREPARATION | EVOLUTION TRANSITION DETECTION

PERIOD PERIOD PERIOD PERIOD
T—po|— t,— P —— 71— —t, — o — [—
90° 90° 90°
|'| |'| FID
RF
I_
Tl.'l'l
MICROWAVE -
{—
ISOTROPIC PHASE
/ N
PHASE NEMATIC PHASE

Figure 2 Pulse sequence for the state-correlated 2D NMR (SC-2D NMR) experiments. A mixing time T, is inserted
into the beginning of a transition period to examine the spin diffusion properties.
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Results and Discussion
Microwave heating of EBBA

Figure 3(top) shows a "H NMR spectrum of EBBA in the isotropic phase above 82 °C. By
inspecting the multiplet patterns of individual signals and comparing them with the results of
reported work. Assignments of the resonance lines to individual protons could be easily
performed in the isotropic phase. Figure 3(bottom) shows the '"H NMR spectrum of EBBA at 78
°C in the nematic phase. Resonance lines in the spectrum are quite broad and overlapped so that
the feature of each proton signal cannot be detected.

A temperature-jump experiments of EBBA was performed using the microwave heating
pulse sequence. The microwave pulse was applied for 10 ms, followed by a series of
radiofrequency detection pulses. The results clearly demonstrates that the transition from the
nematic phase to the isotropic phase is completed within 10 ms after starting the microwave
irradiation, well within the spin-lattice relaxation time. The microwave pulse was applied for 10
ms, followed by a series of radiofrequency detection pulses. It was estimated that the isotropic
phase returned to the nematic phase at 78 °C after 80 s. Therefore, the recycling time for the SC-
2D NMR experiments were chosen to be 120 s.
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Figure 3 '"H NMR spectra of EBBA in the isotropic phase at 82 °C (top) and in the nematic phase at 78 °C
(bottom).The expansion of the top spectrum is shown above the spectrum of isotropic phase with signal assignments.
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For successful SC-2D NMR experiments, a rapid transition from the nematic to the
isotropic phase within the spin-lattice time is essential. Spin-lattice relxation times of the protons
were measured in both phase, namely the isotropic phase at 82 °C and the nematic phase at 78°C
The T, values were commonly 1.4 s in the nematic phase and ranged between 0.9 and 1.9 s in the
isotropic phase.

SC-2D NMR spectra of EBBA

Figure 4 (left column) shows the contour plot of the SC-2D NMR spectrum of 4’-
ethoxybenzylidene-4-n-butylanilin (EBBA) between the nematic and isotropic phases, that was
carried out using the pulse sequence of Figure 2. This figure clearly demonstrates that the SC-2D
NMR experiment was successful in the liquid crystal sample of EBBA. It is recognized that the
dipolar spectra of individual protons are separated in the F1 dimension with resolution in the F2
dimension, namely with resolution in the isotropic phase.

Figure 4 (right column) also shows cross sections of individual types of protons along the F1
direction as a stacked plot. The local dipolar fields of nine types of protons were resolved, but
those of 2,6 and 3,5 protons, whose chemical-shift differences are too small even in the isotropic
phase, overlapped. It is recognized that the local dipolar fields for the methyl protons of the
ethoxy group (B’ protons) contain a triplet pattern with 1:2:1 intensity ratio and a splitting of 9.6
kHz characteristic of a triangle network of the protons as discussed for APAPA [16] Besides,
each triplet lines were further splitted into small couplings due to the couplings from the o’
protons. On the other hand, the 8 methyl protons show a singlet pattern indicating that the
splitting constant is very small. The aromatic protons in the phenyl group (3,5/3°,5” and 2,6/2°,6’
protons) are considered to give mainly doublet patterns with splittings of 12.8 kHz, as were
reported previously using deuteration of the alkyl group [3]. The main features of the spectra of
the methylene and methyl protons in the alkyl group (o, B, ¥, and § protons) reflect the mobility

of the groups. Namely the most mobile & methyl group shows a singlet pattern while the
linewidth increases as the protons are close to the core group with splittings ranging from 8 to 15
kHz corresponding to the increasing order from o to o protons. The splittings of the doublets for
methylene protons were observed for a proton which is a little larger than those of the aromatic
protons. Doublet patterns for the methylene protons have not been reported so far. It is of interest
to note that the methane proton (7’ proton) shows a mixture of doublet and singlet patterns and
the singlet pattern should be from the 7’ proton.

Although a triplet and singlet patterns were clearly observed for the B’ and & methyl
protons, respectively, in the cross sections of the SC-2D NMR spectrum as shown in Figure 5
(tTm = 0 ms), doublet patterns of the other protons mixed to the line-shapes of both the B’ and &
protons at T, = 200 ms (Figure 5). This fact indicates that the spin states of the methyl protons
and those of other protons exchange with each other by mutual dipolar interactions.
Phenomenologically, this is similar to the appearance of the cross peak in a 2D exchange or 2D
NOE spectrum. This phenomenon is expected to be efficient in the nematic phase since the
intramolecular dipolar interactions are relatively strong. Because the intermolecular dipolar
interactions are averaged out more effectively than the intramolecular ones due to the rapid
intermolecular rearrangement, the mixing rate between intermolecular protons should be slower
than that between intramolecular protons particularly in nematic phase. Therefore, this mixing of
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the spectra should represent pathways of intramolecular rather than of intermolecular spin
diffusion. Actually, Figure 5 clearly show that mixing among aromatic protons is the most
efficient and that between methyl protons and methylene protons is less efficient. Particularly,
the triplet pattern of the methyl protons of the ethoxy group is clear, because they are fairly
isolated from the aromatic and butyl protons within the molecule. On the other hand, & proton
mixed rapidly with the other protons to grow doublet character. In contrast, §° protons still
remain the triplet characters, leading that ethoxy group is more isolated from the aromatic
protons. When T, is set to 600 ms, most of the protons show now same line-shapes with each
other to indicate that it is long enough to establish equilibrium among all protons within the

molecule of EBBA in the nematic phase.
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Figure 4 A nematic isotropic phase correlated 2D NMR spectrum (SC-2D NMR) of EBBA with cross sectional
pattern by applying a microwave pulse of 10 ms.
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Figure 5 Dependence of the cross sectional patterns on the mixing time T, of 0, 200, 600 ms in the SC-2D NMR
spectrum of EBBA.

Conclusions

SC-2D NMR spectroscopy allows elucidation of local-order parameters without the need
for deuteration and therefore is readily applicable to a wide range of liquid crystalline samples.
Second, specific “H labeling is not necessary for assignments of the cross sectional spectra, since
SC-2D NMR allows their automatic assignments through cross peaks to the signals in the
isotropic phase which are readily assignable by the conventional liquid state 2D method. Third,
information on local conformation, as exemplified above by the torsion angle of the two phenyl
rings, could be obtained through the analysis if fine structures of the cross sectional spectra are
appeared. Finally, cross relaxation and spin diffusion can be a unique means to elucidate
dynamics intramolecular as well as intermolecular interactions in liquid-crystalline molecules.
Although the temperature range of measurement for SC-2D NMR spectroscopy of liquid crystals
is limited to those close to Tc, the method has those unique advantages over the conventional *H
NMR spectroscopy.
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