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Variation of molecular stacking with different length of alkyl chain:
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{Institute of Chemistry, Academia Sinica, Taipei, Taiwan 115, ROC

§Instrumentation Center and Department of Chemistry, National Taiwan University, Taipei, Taiwan 106, ROC

(Received 26 July 2004; in final form 17 October 2004; accepted 10 November 2004 )

To help understand the influence of polarity and length of the terminal alkyl chain of a
molecule on the molecular stacking of a liquid crystal and on its mesogenic behaviour, four
new aminophenylazo-(4)-p-alkylbenzenes were prepared and one of them was further studied
by single crystal structure determination. The molecular stacking based on this crystal-
lographic data was established, and compared with that of two previously reported
homologues. The mesogenic behaviour of this series of compounds was also investigated.

1. Introduction

Supramolecular aggregation by molecular self-assembly

is an important issue in the field of structural chemistry

[1]. In addition to electrostatic interaction, non-covalent

forces also play a significant role in determining the

structural stacking and properties of molecular assem-

blies [2]. The interaction between functional molecules is

found to be critical for molecular packing in crystal-

lization [3], and the stability and phase behaviour of

mesogenic molecules have been reported to arise there-

from [4]. We previously reported the preparation of

liquid crystal azo dyes 1a and 2c in a primary

communication [5 a]. Although the N–CO dipole and

benzene moiety significantly influence molecular pack-

ing in the solid state, the lengths of terminal alkyl chain

and weak intermolecular H-bond interaction, also

contribute to the solid stacking, and consequently may

affect the mesogenic behaviour. In particular, we found

that a dramatic mesogenic variation (from smectic B to

nematic phase) arose simply by changing the length of

alkyl chain (from C9H19 to C7H15) in azo dyes 3b and 3a

[5 b]. A more complete study of this series of azo dyes

was thus encouraged, and is now reported.

2. Experimental

The chemicals used were commercially available from

ACROS. Mesogenic behaviour and phase transitions were

characterized by polarizing optical microscopy (POM)

and differential scanning calorimetry (Perkin-Elmer DSC

6). Powder X-ray diffraction (XRD) patterns were

obtained from a Siemens D-5000 X-ray diffractometer

equipped with a TTK 450 temperature controller and

Cu radiation with wavelength length l51.5406 Å. The

molecular stackings of compounds 1a, 2a and 2c were

obtained from crystallographic data using the CAChe

program.

2.1. Synthesis of compounds 1 and 2

The phenylpiperazine derivative 4 (R95C5H11 or

C9H19) was prepared according to our previous

procedure [6 a] in almost quantitative yield. The

diazonium salt 5 (R5C2H5, C4H9 or C6H13) was

prepared by a literature process [6 b] in 50–70%

yield. Compound 5 (3 mmol) was dissolved in acetone

(5 ml), and compound 4 (2 mmol) in CH2Cl2 (5 ml)

was added. The resulting solution was allowed to

stand at room temperature for 24 h. The solvent

was removed at reduced pressure and the residue

was dissolved in dichloromethane (5 ml); this solution

was then purified by chromatography and the

product (compounds 1 or 2) recrystallized from

CH2Cl2/hexane (1/3) for the further physical study.

Compounds 1a–1c and 2a–2c were all prepared in a

similar manner [5 a]. The new compounds 1b, 1c, 2a and

2b were characterized by 1H NMR (Varian 300 MHz

FTNMR spectrometer) at room temperature also by*Corresponding author. Email: lilai@ncnu.edu.tw
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using CDCl3 (7.24 ppm) as internal standard (s5singlet,

d5doublet, t5triplet, b5broad); high resolution mass

spectrometry (VG70-250; EI, 70 ev) and elemental

analysis (Heraeus).

Compound 1b. Yield 22.8% (0.19 g). 1H NMR:d
(CDCl3) 0.87–0.95 (mix. of 2t, 6H, 26CH3), 1.31–1.73

(m, 10H, 56CH2), 2.38 (t, 2H, J57.8 Hz, CH2), 2.72 (t,

2H, J57.8 Hz, CH2), 3.33 (s,b, 4H, 26CH2), 3.64 (s,b,

2H, CH2), 3.79 (s,b, 2H, CH2), 6.99 (d, 2H, J58.7 Hz,

26Ar–H), 7.27 (d, 2H, J58.1 Hz, 26Ar–H), 7.78 (d,

2H, J58.7 Hz, 26Ar–H), 7.87 (d, 2H, J58.1 Hz,

26Ar–H). HRMS for C26H36N4O 420.2889; found

420.2888. Analytical data for C26H36N4O: calcd C

74.23, H 8.63, N 13.33; found C 74.24, H 8.68, N

13.32%.

Compound 1c. Yield 12.9% (0.12 g). 1H NMR:d
(CDCl3) 0.86–0.96 (mix. of 2t, 6H, 26CH3), 1.31–

1.75(m, 14H, 76CH2), 2.38 (t, 2H, J57.8 Hz, CH2),

2.70 (t, 2H, J57.8 Hz, CH2), 3.20 (s,b, 2H, CH2), 3.38

(s,b, 2H, CH2), 3.68 (s,b, 2H, CH2), 3.83 (s,b, 2H, CH2),

7.00 (d, 2H, J58.7 Hz, 26Ar–H), 7.31 (d, 2H,

J58.1 Hz, 26Ar–H), 7.81 (d, 2H, J58.7 Hz, 26Ar–

H), 7.90 (d, 2H, J58.1 Hz, 26Ar–H). HRMS for

C28H40N4O 448.3202; found 448.3200. Analytical data

for C28H40N4O: calcd C 74.95, H 8.99, N 12.49; found

C 74.96, H 9.10, N 12.48%.

Compound 2a. Yield 32.9% (0.30 g). 1H NMR:d
(CDCl3) 0.86 (t, 3H, J56.6 Hz, CH3), 1.15–1.73 (m,

17H, 76CH2+CH3), 2.35 (t, 2H, J57.8 Hz, CH2), 2.70

(quart, 2H, CH2), 3.36 (s,b, 4H, 26CH2), 3.70 (s,b, 2H,

CH2), 3.84 (s,b, 2H, CH2), 7.08 (d, 2H, J58.7 Hz,

26Ar–H), 7.29 (d, 2H, J58.1 Hz, 26Ar–H), 7.81 (d,

2H, J58.7 Hz, 26Ar–H), 7.92 (d, 2H, J58.1 Hz,

26Ar–H). HRMS for C28H40N4O 448.3199; found

448.3202. Analytical data for C28H40N4O: calcd C

74.95, H 8.99, N 12.49; found C 74.87, H 9.00, N

12.56%.

Compound 2b. Yield 22.8% (0.19 g). 1H NMR:d
(CDCl3) 0.83–0.94 (mix. of 2t, 6H, 26CH3), 1.25–1.67

(m, 18H, 96CH2), 2.35 (t, 2H, J57.8 Hz, CH2), 2.66 (t,

2H, J57.8 Hz, CH2), 3.34 (s,b, 4H, 26CH2), 3.68 (s,b,

2H, CH2), 3.83 (s,b, 2H, CH2), 7.02 (d, 2H, J58.7 Hz,

26Ar–H), 7.29 (d, 2H, J58.1 Hz, 26Ar–H), 7.78 (d,

2H, J58.7 Hz, 26Ar–H), 7.88 (d, 2H, J58.1 Hz,

26Ar–H). HRMS for C30H44N4O 476.3516; found

476.3515. Analytical data for C30H44N4O: calcd C

75.57, H 9.31, N 11.76; found C 75.56, H 9.31, N

11.73%.

2.2. X-ray crystallography

Crystals of compound 2a were grown from dichlor-

omethane/hexane (1/1) at room temperature. A single

orange crystal of suitable quality was mounted on a

glass fibre and used for the measurement of precise cell

constants and collection of intensity data. Diffraction

measurements were made on a Nonius Kappa CCD

diffractometer with graphite–monochromated Mo-Ka

radiation (l50.71073 Å), operating at 295(2) K over the

h range 1.38u–27.50u. No significant decay was observed

during the data collection. Reflections (5472) were

observed with I§2s(I) among the 11619 unique

reflections, and 5422 reflections were used in the

refinement. Data were processed on a PC using the

SHELXTL software package [7]. The structure of 2a

was solved using the direct method and refined by full-

matrix least squares on the F2 value. All non-hydrogen

atoms were refined anisotropically. The positions of

hydrogen atoms were identified by calculation, and

their contributions to structural factors were included.

The final indices were R150.0615, wR250.1304 with

goodness-of-fit on F250.992.

Other data are as follows: formula C28H40N4O;

formula weight 448.32; crystal size 0.3060.206
0.05 mm3; unit cell a55.7360(4), b57.6130(6),

c559.235(5), a5b5c590u; crystal system orthorhombic;

space group P212121; volume 2586.7(3) Å3; cell units

(Z) 4; density(calcd.) 1.152 g cm23; linear absorption

coefficient 0.084 cm21. Crystallographic data for the

compound 2a have been deposited with Cambridge

Crystallographic Data Center as supplementary

publication No. CCDC 240605. Copies of the data

can be obtained free of charge from the Director,

CCDC, 12 Union Road, Cambridge CB2 1EZ, UK

(fax: +44-1223-336033, e-mail: deposit@ccdc.cam.ac.uk).

3. Results and discussion

3.1. Synthesis and mesogenic study

Compounds 1a–2c were prepared in a similar manner

according to the scheme [5 a]. Compounds 4a, b were

obtained by reaction of the N-phenylpiperazine with

corresponding alkanoyl chlorides in dichloromethane in

almost quantitative yield. The diazonium salt 5 was

prepared according to the literature method [6 b], and

compounds 1a–2c were subsequently obtained as

expected. The new compounds 1b, 1c, 2a and 2b were

characterized by 1H NMR, high resolution mass

spectrometry and elemental analysis.

The phase transition temperatures and corresponding

enthalpies for azo dyes 1a–2c, characterized by DSC

(2nd scans at heating/cooling rates of 10uC min21,

50–220uC) and POM, are shown in the table. Azo dyes

1a–2c show a SmA phase characterized by typical focal-

conic textures and low viscosity. The SmA range for

these dyes is about 45u on heating or cooling. In general,

390 L.-L. Lai et al.
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the enthalpy difference between the SmA and isotropic

phases for azo dyes 1a–c are slightly lower than the

corresponding values for 2a–c; this may result from

different molecular stackings, to be discussed later.

3.2. Crystallographic and physical study

Compound 2a was studied by single crystal analysis; its

stacking is shown in figure 1. Molecules of 2a are

directed regularly head-to-head and tail-to-tail in the

same layers (for example, molecules a1–a3 in layer A).

However, molecules in adjacent layers are arranged

head-to-tail (for example, molecules a1–a3 in layer A

and molecules b1–b2 in layer B). In the same layer, the

molecules lie parallel to adjacent molecules and the

distances between two corresponding atoms in the same

layer (for example, Ca–Cb and Na–Nb) are all about

5.73 Å. Molecules of 2a in different layers are not

parallel to each other, and the angle between the planes

containing azobenzene moieties of the molecules in

layers A and B is estimated to be about 80u on the basis

of the crystallographic data. Molecules of 1a are

regularly arranged head-to-head with adjacent mole-

cules in the X, Y or Z columns (see figure 2) [5 a].
However, molecules in different columns are packed in

opposite directions; the molecules are found to be

parallel to neighbouring molecules in the same layer

(for example layer A in column Z) and the distances

between two corresponding atoms in the same layers

(for example, Na–Nb and Ca–Cb) are all about 7.6 Å.

The planes containing azobenzene moieties of the

molecules in layer A are approximately parallel to the

Scheme.
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Table. Phase transition temperature (uC) and corresponding enthalpy changes (kJ mol21), in parenthess, of compounds 1a–2c.
Cr5crystalline; SmX, SmX15unidentified smectic phase; SmA5smectic A phase; I5isotropic liquid.

1a R5C2H5
SmX1

125.7 (104.3)
SmX

141.1 (11.5)
SmA

187.4 (29.6)
IR95C5H11

62.9 (67.6) 137.6 (9.2) 180.0 (32.7)
1b R5C4H9

Cr
110.3(87.4)

SmX
137.4 (11.4)

SmA
187.1(25.2)

IR95C5H11
133.0 (11.7) 180.0 (27.6)

1c R5C6H13
Cr

102.1(19.4)
SmX

149.1(12.1)
SmA

200.7 (28.3)
IR95C5H11

143.7 (10.9) 193.3 (25.4)
2a R5C2H5

Cr
96.7 (111.8)

SmX
161.4 (8.0)

SmA
209.3(36.2)

IR95C9H19
159.0 (7.6) 206.1 (37.5)

2b R5C4H9
SmX

150.1 (10.5)
SmA

196.4 (42.4)
IR95C9H19

148.6 (6.7) 194.0 (38.4)
2c R5C6H13

Cr
104.1 (31.7)

SmX
154.1 (13.5)

SmA
195.1 (30.8)

IR95C9H19
153.1 (10.7) 192.7 (28.8)

Figure 2. The molecular stacking of azo dye 1a. The hydrogen atoms are omitted for clarity.

Figure 1. The molecular stacking of azo dye 2a. The hydrogen atoms are omitted for clarity.
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corresponding planes in layer B, and the distances

between them are about 3.8 Å, half the distance between

corresponding atoms in layer A. Similarly, molecules of

2c are regularly arranged head-to-head with adjacent

molecules in the A, B or C layer (see figure 3) [5 a].

However, molecules in different layers are packed

in opposite directions; they are parallel to neigh-

bouring molecules in the same layer and the distances

between two corresponding atoms in the same

layers (for example, Na–Nb and Ca–Cb) are all

about 5.72 Å. Molecules in different layers are not

parallel to each other. The angle between the planes

containing diazobenzene moieties of the molecules in

layer A and the corresponding planes in layer B is

about 40u.
It is suggested that the charge distribution of the

N–C5O and azobenzene moieties should significantly

influence the molecular stacking in the solid state for

compounds 1a, 2a and 2c. The charge of molecule 1a,

representing this series of compounds, was therefore

calculated. The initial structure of 1a was established on

the basis of crystallographic data, and then optimized

by the CAChe program using the AM1 model; the

charge distribution of the N–C5O and azobenzene

moieties in molecule 1a is shown in figure 4. Clearly, in

the molecular stacking of 1a (figure 2), the partially

negative charge of the O atom in the N–C5O of one

molecule is directed towards the partially positive

charge of the C atom in the N–C5O of another

molecule. In the molecular stackings of 2a and 2c

(figures 1 and 3), the partially positive charge of the C

atom in the N–C5O of one molecule is directed towards

the partially negative charge of the azobenzene moiety

in another molecule. In addition to the polar functional

N–C5O group, the quadrupolar interaction between

intermolecular benzene moieties influences the mole-

cular stacking on the solid state [8]. As demonstrated

in figures 1 and 3, the aryl-Hs were directed into the

planes containing benzene moieties.

The weak intermolecular H-bond interactions appear

in the molecular stacking of 2a, as seen in the molecular

stackings of 1a and 2c [5 a]. In figure 1, the H-bond

interaction arises both from O...H and N...H. The

distances O1...H1 (at C1) and O1...H2 (at C2) between

the A–B layers are 3.02 and 2.85 Å, respectively; the

distances N1...H3 (at C3) and N2...H4 (at C4) between

the B–C layers are 3.01 and 2.87 Å, respectively. This

intermolecular H-bond interaction is similar to that

seen in the molecular stacking of 2c and slightly

different from that of 1a. In 1a (figure 2), the distances

of O1...H1 (at C1) and O1...H2 (at C2) are both

3.01 Å. In 2c (figure 3), the distance O1...H3 (at C3)

between the A–B layers is 2.83 Å, and the distances

N1...H1 (at C1) and N2...H2 (at C2) between the B–C

Figure 3. The molecular stacking of azo dye 2c. The hydrogen atoms are omitted for clarity.

Figure 4. The charge distribution of N–C5O and azobenzene moieties in a molecule of 1a. The hydrogen atoms are omitted for
clarity.
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layers are both 2.82 Å. All the O...H distances in

figures 1–3 are slightly longer than the sum of the

van der Waals radii of H and O atoms (Bondi radii: H

1.20, O 1.52 Å) [9 a]. In an analogous way, all the

distances N...H in figures 1–3 are also slightly longer

than the sum of the van der Waals radii of H and N

atoms (Bondi radii: H 1.20, N 1.55 Å) [9 a]. These O...H
and N...H distances are in the normal hydrogen bond

range [9 b].

Based on these observations, it may be concluded

that the dipolar interaction between N–C5O groups

and the quadrupolar interaction between benzene

moieties significantly influence the molecular stackings

of compounds 1a, 2a, and 2c. Therefore, all this series of

compounds exhibit a SmA phase during thermal
processing. However, the weak intermolecular H-bond

interaction in the stackings of 2a and 2c appears

to be stronger than that of 1a. This, together with

quadrupolar interaction between benzene moieties,

shown in figures 1 and 3, may further explain why the

enthalpy difference between the SmA and isotropic

phases for azo dyes 1a–1c is slightly lower than

corresponding values for azo dyes 2a–2c.
As indicated previously, the mesogenic phase of azo

dye 2a was characterized as SmA by its typical focal-

conic texture. However, the molecular stacking of azo

dye 2a (figure 1) is less justified than those of azo dyes

1a and 2c (figures 2 and 3). For further characteriza-

tion, azo dye 2a was then studied by powder XRD. The

d-spacings (Z component of an extended molecular

length) from XRD at 200, 180 and 160uC were all
measured to be 30.59 Å during cooling. As the

molecular axis of liquid crystals in the SmA phase is

directed along the Z axis, the d-spacing of the molecule

may not vary with temperature in this range. As the

molecular arrangement between the columns in figure 1

is less justified, the identification of the d-spacing is thus

less straightforward. Calculation of the length of the

extended molecule 2a was therefore undertaken. To
obtain a realistic result, the starting conformation of

molecule 2a was first established on the basis of

crystallographic data and then optimized by the

CaChe program (version 4.1) using the AM1 model.

After optimization, the length of the extended molecule

2a was calculated to be 26.90 Å (from Cx to Cy in

figure 1), which is shorter than the d-spacing obtained

by XRD. However, the distance between Cx and Cz is
32.84 Å, which is longer than the d-spacing. Therefore,

it is suggested that the molecules b3–b5 shift relatively

to the left at elevated temperature, leading to a more

justified arrangement between the columns. Thus the d-

spacing (30.59 Å) obtained by XRD is in the range of

26.90–32.84 Å.

4. Conclusion

We have shown that azo dyes 1a, 2a and 2c, containing

the same mesogenic rigid core, exhibit significantly

different molecular stackings owing to the different

lengths of alkyl chains. These dyes also show various

types of H-bond interaction among the molecular

layers. Although variation of the alkyl chain length

does not result in a different liquid crystalline phase in

this system, such variation does cause different enthalpy

changes during thermal processing. The introduction of

other effects, together with the variation of alkyl chain

length, may result in the variation of liquid crystalline

phases as demonstrated in azo dyes 3a and 3b, which is

very important theoretically and in LCD applications.

Different azo dye systems with other functional groups

will therefore be synthesized and their physical proper-

ties studied systematically in future studies.
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