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The bisazomethine dyes derived from diaminomaleonitrile and aminobenzaldehydes, 2,3-bis[(E)-4-

(dialkylamino)benzylideneamino]fumaronitrile derivatives, are known to have potential as dyes for

forming J-aggregate vapour-deposited films, even though appropriate conditions for preparation of

their pure J-aggregate films are unknown. In this study, an attempt was made to investigate the effects

of alkoxy substitution on the crystal structures of eight bisazomethine dyes; our final goal was to obtain

pure J-aggregates of bisazomethine dyes in a crystalline state. The focus of this study is on the

relationship between changes in the molecular structure and the crystal structure, characterized by

a two-dimensional molecular stacking layer and its alignment. We found that the interlayer distance

between adjacent two-dimensional stacking layers can be controlled by alkoxy substitution, when the

substituent chain length is less than C10, without any significant structural changes in the stacking

layer. Our observation was confirmed by lattice energy calculations from an energetic perspective.
1. Introduction

Flexible opto-electronic devices have attracted much attention as

a promising future technology for the needs of a highly advanced

information society. Organic molecules are considered to be

promising materials for flexible device applications such as

organic light-emitting diodes,1–4 organic thin-film transistors,5,6

and organic solar cells.7,8 In addition to providing light-weight

flexible structures for organic devices, organic molecular mate-

rials are low-cost and eco friendly manufacturing processes such

as ink-jet printing can be used.9–12 Organic molecules are also

thought to have great advantages over conventional inorganic

compounds because their molecular structures can be easily

modified in order to improve their physico-chemical properties.13

High-performance organic materials are needed in the develop-

ment of the aforementioned applications in order to achieve the

characteristics required in practical applications. To achieve this

objective, the solid-state structures of organic molecules should
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be intensively studied, as the history of the development of

silicon-based semiconductor technologies indicates. However, it

is still very difficult to design organic molecules with the desired

solid-state properties.

The J-aggregates14–27 of organic dyes can be regarded as

potential candidates. The optical features of J-aggregates result

from a resonance electronic state within the aggregates,25 so

J-aggregates are expected to exhibit ultrafast optical responses,22

as well as resonance fluorescence,23 because there is no coupling

of the vibrational and rotational state changes with the electronic

transition. This unique electronic nature should be applicable to

high-performance device applications, as described above. For

solid-film applications, however, we have to find answers to

scientific as well as technological issues regarding J-aggregate

formation in solids. The optical properties of J-aggregates may

originate from specific one-dimensional (D) or 2-D electronic

states,25,26 based on excitonic resonance interactions.24 There

have been some theoretical studies21,24,27 on these models, and

Kato et al. reported experimental observation of the proposed

low-D molecular arrangement for J-aggregates by synchrotron
Scheme 1 Chemical structures of dyes 1–8.
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Fig. 1 Molecular structures (ORTEP) of dyes 3 (a), 7 (b) and 8 (c) drawn

with 30% ellipsoidal probability; H atoms are omitted for clarity.

Fig. 2 Molecular arrangements of dye 1: (a) on the (103) plane, (b)

looking down the normal to the (103) plane, and (c) looking down the

[�301] direction.
X-ray diffraction of a LB-film of a merocyanine dye.16 His group

proved that the characteristic optical properties of J-aggregates

are caused by the electronic states, based on the proposed
5376 | CrystEngComm, 2011, 13, 5374–5383
brick-wall 2-D molecular arrangement, by theoretical estimation

using X-ray data. Smith28 and Nakatsu29 separately reported

crystal structure studies of cyanine dyes, focusing on low-D

molecular arrangements in the crystal structures. They suggested

that the cyanine dyes have the potential for J-aggregate forma-

tion because of the constituent molecular arrangements in their

crystal structures. However, the question of how we can design

crystalline 3-D J-aggregates has not yet been resolved, although

there have been many publications on the formation of

J-aggregate solids on crystal surfaces,30,31 in vapour-deposited

films on glass substrates,32–36 and as thin-needle solids.37,38

A bisazomethine dye, N,N0-bis[4-(N,N-diethylamino)benzyli-

dene]diaminomaleonitrile (DE2), derived from diamino-

maleonitrile and 4-diethylaminobenzaldehyde, has been reported
This journal is ª The Royal Society of Chemistry 2011



to form J-aggregates in vapour-deposited films on glass

substrates,32 and its parent derivatives are also known to exhibit

J-aggregate-like absorption bands in films.33,34 These J-aggregate

films, however, also include a non-aggregated solid-phase cor-

responding to a single-crystal phase. The J-aggregates of DE2

were found to be meta-stable phases,32 and morphological

studies revealed that the aggregates are formed on the film

surface.33

In contrast, crystal structure studies on some bisazomethine

dyes39–41 showed that the crystal structure of this dye system can

be fractionalized into the proposed low-D structural units of

J-aggregates. Their crystal structure is characterized by a 2-D

molecular stacking layer in which molecules are p–p stacked in

a staircase arrangement with small slip angles along the long

molecular axis.39 The optical transition moment for visible

absorption in this dye system is calculated to be on the molecular

plane, almost in parallel with the long molecular axis.42 The

observed staircase stacking arrangement is thus regarded as

a potential J-aggregate structure. This may indicate that this dye
Fig. 3 Molecular arrangements of dye 2: (a) on the (102) plane, (b)

looking down the normal to the (102) plane, and (c) looking down the

[�201] direction.

This journal is ª The Royal Society of Chemistry 2011
system has the structure needed for potential formation of

J-aggregates, as Smith and Nakatsu described in their

reports.28,29 The 2-D stacking layers are further aligned along the

short molecular axis to form a 3-D crystal structure. With respect

to the molecular arrangement along the short molecular axis,

the cyano group, the substituents on the phenyl rings (R1), and

the alkyl substituents on the amino groups (R2) are related to the

spacing between the adjacent 2-D stacking layers.

This spacing between neighbouring layers is regarded as one of

the important parameters for gaining pure J-aggregate solid films

in this dye system because the physico-chemical properties of

J-aggregates are considered to be based on a low-D electronic

state.

In this study, our attention was focused on substituent effects

on the molecular arrangements in a series of bisazomethine dyes.

Among the substituents, R1 in particular was examined, focusing

on the geometry of the 2-D stacking layers and the spacing

between the stacking layers. In this study, the terminal amino

group is a diethylamino moiety. The effects of R1 were investi-

gated by analyzing the crystal structures of the dyes in detail, and

were also interpreted using lattice energy calculations.
Fig. 4 Molecular arrangements of dye 5: (a) on the (201) plane, (b)

looking down the normal to the (201) plane, and (c) looking down the

[�102] direction.

CrystEngComm, 2011, 13, 5374–5383 | 5377



2. Experimental

The bisazomethine dyes 1–8 (Scheme 1) were synthesized by the

reported procedure43 and characterized by conventional analyt-

ical methods. The synthesis and optical properties in solution

and in vapour-deposited films of these dyes have been

published.42
2.1. Crystal growth and data collection

Purple crystals of 1–3, 5, and 6, as well as reddish purple crystals

of 7 and 8, suitable for X-ray diffraction measurements, were

grown by a solvent-diffusion method. Chloroform and

dichloromethane were used as good solvents for 1–3 and 5–8,

respectively. n-Hexane and n-pentane were used as poor solvents

for 1–6, 8, and 7, respectively. Purple crystals of 4 were obtained

by slowly evaporating its chloroform solution at room temper-

ature. X-Ray diffraction experiments were carried out with
Fig. 5 Molecular arrangements of dye 3: (a) on the (202) plane, (b)

looking down the normal to the (202) plane, and (c) looking down the

[�111] direction.

5378 | CrystEngComm, 2011, 13, 5374–5383
a Rigaku RAXIS-RAPID imaging plate diffractometer with

graphite monochromated CuKa radiation at 40 kV and 30 mA at

room temperature. The structures were solved by direct methods:

SIR 9244 for 1–5, SIR 200445 for 6 and 7, and SHELXS 9746 for 8;

they were refined by full-matrix least-squares calculations. Non-

hydrogen atoms were refined with anisotropic displacement. The

positions of all the hydrogen atoms were geometrically calculated

and refined by the riding model. All calculations were performed

using the CrystalStructure 3.847 and 4.048 crystallographic soft-

ware package. The packing diagrams were drawn using the

Mercury 1.4.2.49
2.2. Lattice energy calculations

Lattice energy calculations were performed using the ZipOpec

module, which calculates lattice energies, packing coefficients,

short atom–atom distances, and significant molecule–molecule

distances, using the known cell dimensions, space groups, and

atomic coordinates for crystal and empirical atom–atom force
Fig. 6 Molecular arrangements of dye 4: (a) on the (2�11) plane, (b)

looking down the normal to the (2�11) plane, and (c) looking down the

[120] direction.

This journal is ª The Royal Society of Chemistry 2011



fields (UNI potentials)50 of the OPiX program suite.51,52 The

functional form of the i–j atom–atom potential was calculated by

the following formula:53

E(ij, kJ mol�1) ¼ A exp (�BRij) � CRij
�6 + qiqj/Rij

where Rij is the intermolecular distance between atomic nuclear

positions, and the coefficients A, B, and C, and qi and qj denote

empirical parameters and atomic charge parameters located at an

atomic nuclear position, respectively. The total lattice energy is

the lattice sum over i and j. Calculations were performed using

X-ray crystal atomic coordinates. The output from these calcu-

lations yields the total energy and the contribution of molecular

pairs to the lattice energy.
3. Results and discussion

3.1. Molecular structure

Details of crystal data collection and structure refinement

parameters for all the dyes are listed in Table 1 and the ORTEP
Fig. 7 Molecular arrangements of dye 6: (a) on the (2�4�1) plane, (b)

looking down the normal to the (2�4�1) plane, and (c) looking down the

[210] direction.

This journal is ª The Royal Society of Chemistry 2011
drawings of molecular structures for three representative dyes are

given in Fig. 1.

Seven of the eight derivatives have an inversion symmetry in

their molecular structures (Fig. 1 (b)). This is consequently

reflected in the conformation of the central ethylene unit, giving

a trans structure. Only 3 has no inversion symmetry in the

molecular structure (Fig. 1 (a)). The resulting difference in the

structure from that of the other symmetric derivatives was

recognized in the conformation of the terminal diethylamino

groups, while the central ethylene unit has a trans conformation.

In 3, the two terminal amino groups displayed a different

structural combination. One amino moiety has a staggered

conformation, and the two ethyl substituents are projected in the

same direction in the other amino moiety. Such a variety of

structural combinations of the terminal diethyl substituents may

suggest their potential for structural disorder in solids, as

observed in the structural analysis of DE2.39
Fig. 8 Molecular arrangements of dye 7: (a) on the (1�20) plane, (b)

looking down the normal to the (1�20) plane, and (c) looking down the

[210] direction.

CrystEngComm, 2011, 13, 5374–5383 | 5379



Fig. 9 Molecular arrangements of dye 8: (a) on the (1�2�3) plane, (b)

looking down the normal to the (1�2�3) plane, and (c) looking down the

[�2�10] direction.
The geometry of R1 was classified into two types. In 2–7, the

substituents are located on the molecular plane, whereas 1 and 8

have a conformation in which the substituents are projected out

of the molecular plane (Fig. 1(c)). Little bond alternation was

seen in all the dyes, and this clearly indicates that effective p-

conjugation is developed between the electro-donating amino

groups and the electro-accepting dicyanoethylene groups. This

should reflect an almost planar molecular plane with a mean

deviation of the component atoms of the chromophoric system in

the range of 0.002 �A from 0.234 �A.
Table 2 Distances between stacking molecules and the interlayer
distances between adjacent 2-D layers in dyes 1–8

1 2 3 4 5 6 7 8

Stacking molecular
distance/�A

3.48 4.38 3.78 3.52 3.56 3.63 3.63 3.60

Interlayer distance
between adjacent 2-D
layers/�A

8.51 9.21 9.84 10.58 11.74 13.80 14.52 11.59

5380 | CrystEngComm, 2011, 13, 5374–5383
3.2. Crystal structures

Single-crystals of 1, 2, and 5 belong to the monoclinic crystal

system, with the same space group irrespective of the different

substituents. Structural similarities are also seen in their molec-

ular arrangements. It is also interesting that the geometry of their

crystal lattices and the geometry of their molecular arrangements

harmonized with each other. Their molecules are p–p stacked in

a layer parallel to the ac plane, and the molecules are aligned in

parallel with the long molecular axis. As illustrated in Fig. 2(a),

3(a), and 4(a), for 1, 2, and 5, respectively, the molecular

arrangements in these stacking layers are identified with the

staircase arrangement which is one of the proposed 2-D molec-

ular arrangements for J-aggregates.28,29 These 2-D stacking

layers are further aligned along the b-axis to form the crystal

structure. The direction of the short molecular axis is conform-

able with the b-axis, and thus the R1 groups are considered to

play a major role in the separation of the 2-D stacking layers. The

two slip angles between the stacking molecules are estimated to

be 9� and 21� for 1, 21� and 23� for 2, and 16� and 24� for 5. A
large transition moment corresponding to intense visible

absorption is known to lie on the p-plane along the long

molecular axis in this dye system.42 Their estimated small slip

angles therefore imply that their 2-D stacking layers can be

regarded as potential structural components for J-aggregates.25

Dyes 3, 4, 6, 7, and 8 were found to crystallize in a different

crystal system from that of 1, 2, and 5. As illustrated in Fig. 5, 6,

7, and 8 for 3, 4, 6, and 7, respectively, the geometries of their

molecular arrangements were identified as being similar to those

of 1, 2, and 5. In 3, 4, 6, and 7 similar 2-D staircase stacking

layers were observed and the 3-D crystal structure is formed by

aligning these 2-D layers along the short molecular axis. Within

the staircase stacking layer, molecules are stacked along the long

molecular axis with small slip angles of 18� and 23� in 3, 16� and
24� in 4, 16� and 25� in 6, and 16� and 26� in 7. The spacing

between the 2-D layers is occupied by R1. This spatial filling

feature is basically equivalent to that for 1, 2, and 5. Although the

symmetry of the molecular conformation of 3 is different, it was

found to crystallize in the same manner. This might indicate that

the difference in conformation at the terminal group has no

significant impact on the formation of the crystal structure in the

diethylamino series of this dye system. These seven dyes were

classified into two different crystal systems. However, their space

filling feature in the crystal structure was identified as being the

same.

However, in 8, which has a long C10 alkyl chain on the phenyl

rings, the above structural similarity was not clearly seen. As

shown in Fig. 9, the molecules were arranged in the staircase

fashion with a slight dislocation along the short molecular axis.

The decyl chains have a non-planar conformation in which the

eight carbon atoms of the chain have a typical zigzag confor-

mation projected out of the molecular p-plane. These projected

segments of the alkyl chains are packed with a gradient angle of

about 59� between the molecular p-plane and the alkyl chains,

and are directed in the [1�10] direction. As a result of the close

packing nature adopted by crystals to minimize their lattice

energy, the long alkyl chains formed these spatial conformations

and, consequently, the molecular stacking arrangement under-

went a significant change. The structural difference between 8
This journal is ª The Royal Society of Chemistry 2011



Table 3 Results of lattice energy calculations for dyes 1–8a

Lattice
energy/kJ mol�1

Contribution of molecular pairs to lattice energies

1stand 2nd contributions/kJ mol�1 (ratio, ADC) 3rd and 4th contributions/kJ mol�1 (ratio, ADC)

1 �581.9 �120.6 (20.7%, 45 501 and 65 501) �46.8 (8.0%, 45 601 and 65 401)
2 �569.4 �106.1 (18.6%, 45 501 and 65 501) �56.7 (9.9%, 45 601 and 65 401)
3 �525.9 �120.9 (22.9%, 66 502) �119.9 (22.7%, 67 602) �71.4 (13.5%, 57 602) �41.6 (7.9%, 76 502)
4 �574.7 �119.8 (20.8%, 54 501 and 56 501) �86.4 (15.0%, 44 501 and 66 501)
5 �596.4 �116.9 (19.6%, 55 401 and 55 601) �88.6 (14.8%, 45 601 and 65 401)
6 �629.6 �143.6 (22.8%, 45 501 and 65 501) �86.1 (13.6%, 44 501 and 66 501)
7 �652.8 �150.7 (23.0%, 45 501 and 65 501) �88.3 (13.5%, 44 501 and 66 501)
8 �724.1 �140.4 (19.3%, 45 501 and 65 501) �62.6 (8.6%, 46 401 and 64 601)

a ADC (TX, TY, TZ, S) represent: TX, TY, TZ: unit cell translation along the x, y, and z directions. S: symmetry operation number 01 (x, y, z), 02 (�x,
�y, �z).
and the other derivatives is therefore considered to reflect the

difference in the energetic contribution of R1 to the whole lattice

energy. This result suggested the limit of space adjustment

between the 2-D stacking layers by changing the length of R1.

Table 2 summarizes the distances between the stacking mole-

cules and the interlayer distances between the adjacent stacking

2-D layers. Scheme 2 indicates the crystal structure of dye 7 with

these two geometrical parameters.

The stacking molecular distances were observed to be around

3.5 �A, except for 2. The stacking molecular distance in 2, about

4.3 �A, was larger than that in the other derivatives. This may be

attributed to the inflexible characteristics of the phenyl group of

the phenoxy substituents because, in benzyl-substituted deriva-

tive 1, the phenyl rings of the benzyloxy substituents occupied the

space in such a way that they are placed away from the stacking

between the planer molecular planes, as clearly indicated in

Fig. 2. The interlayer distances between the adjacent 2-D stack-

ing layers for all the dyes were estimated using the Mercury

software 1.4.2. Fifty-four component atoms related to the

chromophoric system of nine stacking molecules in one 2-D

stacking layer were considered as a representative stacking layer

in calculation of the plane. The estimated results showed that the

interlayer distance between adjacent 2-D stacking layers changed

from 8.51 �A to 14.52 �A, depending on the size of R1, except for 8.

Dye 8 exhibited an interlayer distance of about 11.59 �A because

the long alkyl substituents deviated from the molecular p-plane.
Scheme 2 Intermolecular distances between stacking molecule

This journal is ª The Royal Society of Chemistry 2011
Dye 8 demonstrated the limit of the length of R1 for spatial

control between the 2-D stacking layers to retain the 2-D

stacking structure with no slippage along the short molecular

axis.
3.3. Lattice energy

In order to interpret the substituent effects from an energetic

perspective, lattice energy calculations were carried out on the

basis of crystal structures. Table 3 indicates the important

molecular pairs in lattice formation. The first and second

energetic contributions to the lattice energy were from a stack-

ing molecular pair characterized by a large slip angle, except in

the case of 8. For 1–7, stacking pairs having small slip angles

were the third and fourth contributors. These results clearly

indicate that the 2-D stacking arrangement has a significant

impact on crystallization, and the present strategy of control-

ling the spacing between adjacent 2-D stacking layers by

changing the substituents on the phenyl rings operates effi-

ciently in this dye system. In the case of 3, there is no inversion

symmetry in the molecular structure and this is reflected by

a small difference in the third and fourth energy values. The

calculated results also revealed that the symmetry difference in

the molecular conformation in 3 has no significant influence on

the basic skeleton of the crystal structure of this dye system.

However, as the structural data and the calculation result for 8
s and the interlayer distances between adjacent 2-D layers.
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showed, the chain length of the alkoxy substituent affects the

construction of a crystal lattice. In 8, the molecules are no

longer stacked in the same manner as in the other dyes. The

molecules are stacked with small slippages along both the long

and the short molecular axes to give a skewed stacking motif in

the 2-D stacking layer. The most-overlapped stacking molec-

ular pair gave the first and second energetic contributions. The

long alkyl chains projected from the planar conjugated system

are stacked in parallel to the skew direction of the p-stacking

molecules. This structural feature was successfully explained by

the calculation results. The third and fourth energetic contri-

butions were given by the molecular pair with ADC 46401 and

64601, in which the long alkyl chains of the alkoxy substituent

are stacked with each other. This is the specific molecular pair

that characterizes the crystal structure of 8. The present design

strategy in this dye system, that is controlling the spacing

between 2-D molecular stacking layers by the size of R1, was

found to be effective when the length of the alkyl chain was less

than C10. This is a fundamental result for producing solid-state

J-aggregates and further consideration should be given to the

effects of other structural parameters, such as the alkyl chain

length of the amino group, on the crystal structure. Lattice

energy calculation was conducted for the interpretation of

effects of a change in molecular structure on the crystal

structure in this study and the calculation result was in good

agreement with their structural features for all dyes.
4. Conclusions

To achieve our final goal of obtaining pure J-aggregate solid

films, we investigated the effects of phenyl-ring substitution on

the crystal structures of a bisazomethine dye system, focusing on

their 2-D molecular stacking structures and arrangements. All

the dyes were found to have their molecules p–p stacked in the

2-D molecular layers; these layers were characterized by a stair-

case arrangement. We also found that the interlayer distance

between adjacent 2-D layers can be controlled by the substituents

on the phenyl rings when the chain length of the substituent is

less than C10. When the chain length is C10, the stacking

structure in the 2-D layer changed to a staircase arrangement

with a slight dislocation along the short molecular axis, and

additional molecular stacking was found to form between the

long alkyl chains. These structural characteristics were inter-

preted by considering the energetic relationship between the

molecular and crystal structures on the basis of lattice energy

calculations. These observations led us to conclude that, in this

dye system, the substituents on the phenyl rings can be used as

practical parameters in crystal engineering to obtain a quasi-low-

D electronic state. Further investigations, which involve crystal

structure studies on the effects of the alkyl substituents in the

terminal amino groups, will be reported elsewhere.
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