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ABSTRACT The synthesis and characterization of side-chain liquid crystal polymers baaed on atactic 
polystyrene and derivatized with differing mesogenic groups are described. These groups are cyano-, methoxy-, 
nitro-, and fluoroazobenzene and cyanobiphenyl. In each caw a butyl spacer is used to link the mesagenic 
group to the backbone. The cyano- and nitro-substituted azobenzenes exhibit a partially interdigitated 
smectic A phase, whereas the methoxy- and fluoro-substituted azobenzenes exhibit a smectic A phase in 
which the side chains overlap to a considerably greater extent. The dependence of the clearing temperaturea 
on the molecular structure of the mesogenic unit was found to be in accord with the behavior obaerved for 
low molar mass mesogens and other side-chain polymers having differing backbones. In contrast, the 
dependence of the glass transition temperature on the chemical nature of the mesogenic moiety appears to 
be influenced by the structure of the backbone. 

Introduction 
Side-chain liquid crystal polymers have attracted in- 

terest since their discovery over 12 years ago.' Over this 
period, research has centered not only on the application 
potential of this novel class of materials but also on 
fundamental aspects, in particular on the competition 
between configurational entropy and liquid-crystalline 
order. In the initial investigations the majority of side- 
chain polymers reported were based on either poly- 
(siloxane)s2 or poly(methacrylate)s and poly(acrylate)s? 
In more recent years a wide range of backbones has been 
used for synthesizing side-chain liquid crystal polymers 
including, for example, poly(viny1 ether)s,l poly(phos- 
phazene)s,Ss6 and poly(tartrate)s.' Several of these sys- 
tems, notably poly(siloxane)s and poly(phosphazene)s, 
have particularly low glass transition temperatures as a 
result of the inherent flexibility of the polymer backbone. 
But most of the proposed applications for these materials, 
such as information storage or nonlinear optics, in fact 
require a high glass transition temperature. Thus, as part 
of a systematic program to develop new materials for 
advanced electro-optic technologies, we have undertaken 
a systematic investigation of the properties of side-chain 
liquid crystal polymers derived from polystyrene. The 
choice of polystyrene was based on the assumption that 
a more rigid backbone would endow the final polymers 
with higher glass transition temperatures, and indeed we 
have shown this to be the case.8 In this contribution we 
consider the effect of varying the chemical constitution of 
the mesogenic moiety on the thermal properties of the 
polymer and on the ultrastructure of the mesophase. The 
structures of the polymers as well as the acronyms we use 
to describe them are listed in Table I. 

Experimental Section 
The polymers were prepared through reactions shown in 

Scheme I. The coupling of a diazotized 4eubetituted aniline 
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Table I 
Structure8 of the Polymer8 and Their Acronym8 

Z X acronym Z X acronym 
N-N CN Azo-CN N-N F A2o-F 
N-N NO2 Azo-Na CN BigCN 
N-N OMe Azo-OMe 

with phenol to yield 4-hydro~y-4~-subntituted ambenzene, 1, was 
performed by a standard method.# 4Cyano-4f-hydroxybiphsnyl 
was used as received from American Tokyo Kaaei, Inc. W other 
matariala were used as received from Aldrich Chemical Co. 
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at that temperature for approximately 10 min and subsequently 
cooled to room temperature at 0.2 OC min-l. In addition, from 
Azo-NOs it was poeeible to obtain fibers that were drawn from 
the liquid-crystalline melt. The small-angle (SAXS) and wide 
angle (WAXS) X-ray scattering patterm were recorded on flat 
film with sampleto-film distances of 253 and 78.6 mm, respec- 
tively. 

Results and Discussion 
The thermal properties of the polymers are listed in 

Table V. Qualitatively, the DSC traces of the polymers 
were identical, each showing a second-order transition 
corresponding to the glass transition and a first-order 
transition corresponding to the clearing transition. To 
obtain an optical texture for use in assigning a phase, each 
polymer was heated to approximately 10 OC above ita 
clearing point and allowed to cool at 0.2 OC min-' through 
the phase transition. BAtonnets developed at the tran- 
sition and coalesced to yield a focal-conic fan texture 
indicative of a layered structure. In addition, regions of 
homeotropic texture formed, a result implying that the 
director of the phase is orthogonal to the layer planes. 
Consequently, the observed phase was assigned as smectic 
A, an assignment that was supported by the X-ray 
diffraction experiments to be described later. 

The thermal properties of Azo-CN have been reported 
by Crivello et al.,l0 and, although the transition temper- 
atures show good agreement14 (allowing for a small 
molecular weight effect9, the phase assignment is very 
different. Crivello et al. describe the optical texture for 
this polymer as consisting of very small domains that 
remain essentially unchanged even after annealing for 
several days. We found this to be the case ais0 for other 
polystyrene-based liquid crystal polymers and 80 devel- 
oped the technique of cooling the polymer slowly through 
the transition rather than simply annealing.16 Using this 
method, we obtained a very well-defined focal-conic fan 
texture for Azo-CN, a result that unambiguously indicates 
asmecticarrangement. Onthebasis oftheir X - r a y r e s ~ ~ ,  
however, Crivello et al. assigned this phase as a nematic, 
because they obtained no reflections in the small-angle 
region. As we have already noted, however, in order to 
obtain good X-ray diffraction patterns for these polymers 
the powders have to be annealed and even then the 
exposure times are very long. Crivello et al. ale0 cite a low 
enthalpy change, which is in reasonable agreement with 
that reported here and is normally indicative of a nematie 
isotropic transition. It is surprising that the smectic 
A-isotropic transition is accompanied by such a small 
entropy change; we wil l  discuss this later. 

The glass transition temperatures of the polymers are 
in the order Azo-OMe = Azo-CN > Azo-Na - Azo-F - 
Bip-CN. It should be noted that the spread of the glass 
transition temperatures is approximately 14 O C ,  a value 
indicating that the structure of the meeogenic group not 
only is important in determining the liquid-crystal prop 
erties of the polymer but also has an effect, although 
significantly emaller, on the glass transition. The efficiency 
of the terminal group in stabilizing a liquid-crystal phase 
is Azo-CN > Azo-NOz > Azo-OMe > Azo-F > BipCN, 
and this is in complete accord with the behavior of low 
molar mass mes~gens .~~ The entropies of transition fall 
into two group; Azo-F and Azo-OMe exhibit sig&cantly 
hqher entropies than Azo-CNand Azo-Na. The entropy 
of transition exhibited by BipCN is particularly low for 
a smectic-isotropic transition, but this is presumably a 
consequence of the close proximity of the glass transition. 
The entropies of transition suggest that the Azo-F and 
Azo-OMe polymers form one modification of the smectic 

Table I1 
Elemental Analyses and Spectrorcopic Data for the 

Monomera 

X elemanaLa WPPm v1cm-l 
CN C, 57.02 (56.99) 2.05 (m, 4 H, Hf, Hg), 3.50 ) 2227 (CN 

stretch) H, 4.60 (4.50) 
N, 11.51 (11.73) 

(t, 2 H, Hh), 4.10 (t, 2 H, 
H& 7.02 (m, 2 H, H,$, 
7.85 (m, 6 H, Ha, Hb, HJ 

(t, 2 H, Hh), 4.10 (t, 2 H, a), 7.03 (m, 2 H, &), 
7.95 (m, 4 H, Hb, He), 
8.35 (m, 2 H, HJ 

NO2 C, 50.86 (50.81) 2.05 (m, 4 H, Hr, &), 3.50 1344 (NO 
stretch) H, 4.24 (4.26) 

N, 11.10 (11.11) 

a Parentheses denote theoretical values. 

Monomers 2. The reaction of a substituted phenol with a 
10-fold excess of an a,w-dibromoalkane has been described in 
detail elsewhere.1° The synthesis and characterization of the 
4-metho~yambenzene-,~~ 4fl~oroazobenzene-,~~ and 4-cyanobi- 
phenyl%ubstituted bromoalkanea are given elsewhere. The 
4-cyanoazobenzene- and 4-nitroazobenzenesubstituted com- 
pounds were prepared in an analogous fashion and recrystallized 
twice with hot fitration from ethanol. The elemental analyses 
and spectroscopic data for the monomere are listed in Table 11. 
The monomers are mesogenic, and their properties will be the 
subject of a separate paper? 
Polymers 3. The phasecatalyzed reaction of a bromo- 

substituted monomer, 2, with poly(4hydroxyatyrene) (average 
molecular weight = 9000-11 OOO; Polysciences, Inc.) was per- 
formed by the method described by Crivello et al.l0 We have 
extended the reaction time, however, from 24 h up to 72 h to 
ensure essentially complete derivatization of the backbone. 
Infrared spectroscopy is a particularly useful tool with which to 
monitor the extent of backbone substitution, because the very 
strong OH stretch absorption present in the spectrum of the 
parent polymer is not evident in that of the final polymer.12 The 
yields of the derivatized polymers are typically in the region of 
65 % , and we have not observed any appreciable molecular weight 
degradationduringthederivatizationproceaa. Onlythe elemental 
analysea for the new polymers are listed in Table 111, but Table 
IV gives the spectroscopic characteristics of these materials and, 
for comparison, those of the polymer reported previously. 

Characterization. The proposed structures of the polymers 
and their intermediatee were verified by IR spectroscopy using 
an IBM System 9OOO FTIR spectrometer and by 'H-NMR 
spectroecopy using a Varian XL200 NMR spectrometer. These 
were further confiied by elemental analysis performed by the 
University of Maesachueetta Microanalytical Laboratory. 
Thermal Characterization. The thermal properties of the 

polymers were investigated by differential scanning calorimetry 
using a Perkin-Elmer DSC-7 differential scanning calorimeter 
calibrated using an indium standard. Two samples of each 
polymer were run, and the average valuea of the enthalpiee are 
quoted in Table V. Peak maxima are used to indicate the 
transition temperatures. The heating rate in all instances was 
10 OC min-l, and the resultant traces are qualitatively identical 
to those previously published for analogous materials.l1Js The 
texturee of the liquid-cryad phasea exhibited by the polymers 
were studied by polarizing microscopy using a Carl-Zeiss polar- 
izing microscope equipped with a Linkam hot stage. The 
ultrastiucture of the mesophama was pmbd  by X-ray diffraction 
using Cu Ka1 radiation. These studies were performed with 
annealed powder samples. The sample preparation involved 
heating the polymer to a temperature approximately 60 O C  above 
ita clearing point, cooling at 2 OC min-l to a temperature 
approximately 10 O C  above the clearing temperature, equili- 
bratingat that temperature for several minutes, and then cooling 
at 0.2 OC min-l into the clearing range. The polymer was held 
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Table 111 
Elemental Ana1y.n for the Polymers 

molvmer formula mol wt d C  found d c  found d C  found 
C H N 

. .  

h C N  ~CI6WPNQOZ)" (397.5). 75.54 75.03 5.83 5.69 10.57 10.76 
h N O I  CuHpNsOi)n (417.4). 69.05 69.08 5.55 5.57 10.07 10.23 
h F  (CuH23FNzOdn (390.4). 73.82 73.34 5.94 6.06 7.18 7.30 
BipCN (CmHmNOdn (369.4). 81.27 81.23 6.27 6.25 3.79 3.84 

Table IV 
Smtraoopic Data for the Polymers * 

Hj Ht HI 

OCHZCH~CH~CH~O 0 Z g  

HI 

A d  z x  UPpm "/em-' nm 
N=N CN 1.95 (m. 7 H, Hr, H ,  It, Hb). 2227 (CN 361 

e f E h 

H, 

4.00(m.4 H, H., Hh),6.65, stretch) 
6.90 (m. 6 H, H,. Hd. Hi). 
7.85 (m. 6 H, Hi, Hk. HI) 

4.05 (m. 4 H, H.. Hb), 6.70. 
6.95 (m, 6 H, H., Hd, Hi), 
1.85 (m, 4 H, Hi, Hk) 8.25 

I N-N NOI 2.01 (m, 7 H, Hf, Hi, H., Hb), 1344 (NO 375 
stretch) Figure 1. SAXS pattern obtained from the fibers drawn from 

the liquid-crystalline melt of Azo-NOz and slowly cwled. The 
orientation direction is orthogonal with r e swt to  the reflections. 

(m. 2 H, HI) 
N-N OMe 1.92 (m. 7 H, Hr, &, H., Hb), 

3.85,3.98 (m. 7 H. H., Hb. 
OCHs), 6.65.6.90 (m, 8 H. 
K. Hd. Hi, HI), 7.80 (m. 4 
H, Hi. Hd  

N-N F 1.93 (m, 7 H, Hr. &. It, Hb), 
3.99 (m, 4 H, H., Hd, 6.63, 
6.94,7.05 (m, 8 H, M Hd, HI, 
Hi). 7.80 (m, 4 H, Hi. HI) 

1.45,1.95 (m, 7 H. Hr, H,, H., 
Hb), 4.00 (m. 4 H. H., Hd, 
6.62.6.90 (m. 6 H. H.. HA. 

CN 

357 

347 

Z25(CN 294 
stretch) 

_. _, 
Hi),7.42.1.55,1.62 (m, 6 H, 
Hi, Ht. HI) 

Table V 
Tberaul Properties of the Polymers 

polymer TJ'C T d " C  AHl(Jg') ASIR 
h C N  86 161 3.94 0.43 

78 152 4.14 0.49 
h O M e  144 11.8 1.37 
AZO-F 76 129 10.7 1.25 
A"o2 89 

BipCN 75 105 1.00 0.12 

Aphanewhereaa the remaining polymers exhihitadfierent 
variant on the smectic A structure. This possibility waa 
investigated uaing X-ray diffraction and indeed found to 
be the c~se. 

The X-ray diffraction pattermobtained from the fibers 
drawnfromtheLiquid-crystallinemeltofAzo-NO~confm 
the assignment of the phase aa a smectic A. In the SAXS 
pattern (Figure l), a single sharp reflection waa evident 
on the equator, a result indicating that the director of the 
smectic phase is oriented perpendicular to the fiber axis 
andthatthisisanorthogonalphase. IntheWAXSpattem, 
twosharpreflectionswereseenon theequatoratlowangle, 
and these were assigned as the first- and second-order 
reflections arising from the smectic layers. The remaining 
polymers were studied aa annealed samples as a result of 
greatdifficultiesencountered in trying to producesuitable 
fibers. Theaepattemsexhihitedasharpringatlowanglea, 
a pattern resulting from the smectic layers, and a diffuse 
halo at wide angles. In addition, the WAXS patterns for 

I%gore 2. WAXS pattern for a powder sample of Azo-F. 

Azo-F showed a sharp reflection a t  28 = 22.26O (see Fm 
2); this reflection has heen observed for another polysty- 
rene-based liquid crystal copolymer,'8although ita origin 
is somewhat unclear. Figures 2 and 3 reveal also that over 
a period of several days Azo-F and Azo-OMe tended to 
partially crystallize. The X-ray pattern for BipCN had 
only the diffuse halo a t  wide angles; this pattern may be 
the result of the high viscosity of the isotropic melt close 
to the clearing temperature. The observation of the 
smectic A phase by microscopy and calorimetry may be 
the result of surface forces. 

Table VI L i b  the values of 28 for the fmt-orderreflection 
observed and the associated layer spacing d for each 
polymer. In addition, Table VI gives the estimated all- 
trans molecular length I of the side chains, both including 
and excluding the segment of the backbone attached to 
the side chain, and'lista the dl l  ratios. When we include 
the backbone in our calculations, we see that Azo-NO? 
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Figure 3. WAXS pattern far B powder sample of Azo-OMe. 

Table VI 
X - n v  Data for the Polvmem 

[A is the estimated all-trans molecular length of the aide chain 
including the styrene moiety. 1s is the molecular length excluding 
the styrene group. 

and Azo-CN exhibit d/l ratios of approximately 1.15, 
whereas for Azo-OMeand Azo-F this ratiois just0.8. When 
we exclude the backbone, thew ratios increase to approx- 
imately 1.7 and 1.2, respectively. These differences 
suggest, as was implied by the entropies of transition, that 
Azo-NOz and Azo-CN have a smectic phase that differs 
in structure from the smectic phase of Azo-OMe and Azo- 
F. 
Tounderstandthedifferencesinthestructureofsmectic 

A phases, it is helpful to consider the different structures 
of the smectic A phases of polymers and of low molar mass 
compounds. For low molar mass liquid crystals, it is a 
straightforward task todeduce thestructureofthesmectic 
A phase solely from a knowledge of the layer spacing. For 
side-chain polymers, however, the task is less straight 
forward,becausetheroleofthebackboneintheformation 
of the smectic phase is unclear. There are a t  least six 
possible typesofsmectic A phasesexhibited by side-chain 
liquid crystal polymers (Figure 4). These six structures 
are conveniently split into two sets of three, which differ 
according to the backbone arrangement. In one set of 
structures, panels a, c, and e in Figure 4, the backbone is 
confined by the smectic field and lies between the layers. 
This arrangement has been described in terms of a 
microphase ~eparation. '~ In the second set of structures, 
panels b, d, and f i n  Figure 4, the conformation of the 
backbone is largely unaffected by the smectic field and 
possesses essentially a three-dimensional isotropic struc- 
ture. Each set shows three structural variations of the 
smectic phase. In the first of these, termed SA,, the side 
chains overlap fully and the d/l ratio approaches unity. If 
the backbone is indeed sandwiched between the layers, 
then the dimensions of the polymer must be included in 
1inordertoobtainsucharatio;fortheisotropicbackbone. 
however, only the side chain needs to be considered. The 
other extreme is the SA* phase, in which the side chains 
exhibit no interdigitationand thusdllis 2. Between these 

(a) 

s Ad 

I j . 1  - - 
3Zm3- 
m d  - d 

- 

(c) 

- 
3" SA2 

d 
- 

w- d 

- 

t t t t t t t t  

(e )  (0 
Figure 4. Smectic A phases exhibited hy aide-chain polymers. 

extrema are a range of par t idy  interdigitatad phases, 
termed SA,. in which 1 < d < 21. 

A first insoection of the data orewnted in Table VI 
suggests that'the backbone is in &isotropic arrangement 
fortworeasons. First,phaeestructuresofmaterialshaving 
cyano and nitro groups are known to be dominated by the 
formation of antiparallel pairs, which serve to minimize 
the dipolar energy. Figure 5 shows two possible local 
structures that might he deduced from the X-ray da ta  
For Figure 5a, backbone interactions are neglected, and 
the local structure with minimized dipolar energy results. 
By contrast, it is difficult to conceive of a driving force 
thatmightberesponsible for thestructureshownin Figure 
5b. The second piece of evidence suggesting an isotropic 
arrangement of the backbone is the d/l ratio exhibited by 
Azo-OMe and Azo-F; for both compounds the ratio is less 
thanunity ifweinclude the backbone inour measurements. 
Figure 6 shows a possible local arrangement of the side 
chains for Azo-OMe, assuming an isotropic backbone. It 
is important to note that, irrespective of the backbone 
arrangement assigned to Azo-F, the fluorombenzene 
moieties do not arrange themselves in antiparallel pairs, 
and this may have very important consequences for the 
application of these materials. 

By referring to the structures shown in Figures 5 and 
6, we can readily explain the difference in the entropiea 
of transition. For Azo-OMe and Azo-F, there is consid- 
erableoverlapbetweenthemesogeniccoreandtheflexible 
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Figure 5. Locel arrangement of the side chains in the s m d c  
A phase of h C N ,  allowing for (a) an isotropic arrangement 
and (b) a confined arrangement of the backbone. Note that, in 
Figures 5'7. heavily shaded areas denote carbon atoms, lightly 
shaded arean denote the am linkages, unshaded areas are 
hydrogen atoms. and the speckled areas denote oxygen atoms. 

Figure 6. Local arrangement of the side chaina in the smectic 
A phase exhibited by Azo-OMe, allowing for an isotropic 
arrangement of the backbone. 

spacers. This interaction is entropically unfavorable and 
serves to order the spacer. Therefore, at the clearing 
transition, there will be a greater contribution to the 
entropyoftransitionarbingfrom theconformationchange 
of the spacers for Azo-OMe and Azo-F than for those of 
Azo-NO2 and Azo-CN. Indeed it is this interaction that 
drives the microphm separation in low molar mass liquid 
crystals that is responsible for the formation of smectic 
phases.20 It would appear, therefore, that on the basis of 
these X-ray data the backbone is not confined between 
the layers by the smectic field. 

However, solid-state CP/MAS 'SC NMR spectroscopy 
has revealed that for octyl spacers the spacer actually 
poawsses a number of defectq this is evident in spectra 
collected using the interrupted decoupling technique.'* If 
weassume thatthepolymerbackboneisin factsandwiched 
between the layers, then in striving to increase ita entropy 
it can compress the smectic layer and muse the spacer to 
yield gauche defects. Within this framework, structures 
suchasthatshowninFigure7arepoeaible; thesestructures 
eatisfytheX-raydataandallowanantiparallelassociation 
of the nitro- and cyano-containing groups. To  remove 
thisambiguityinstructuretype,itwillbenecessarytouse 

Figure7. Arrangementof thesidechaias intheamdc A I 
of Azc-CN in which thebackbone isconfined bytheamectie 
and the spacer contains gauche defects. 

lese 
ield 

. -- 
2 X TJOC TdOC U d R  

COO OMs 15 9 9  0.B . ~. 
COO CN 15 133 0.27 
o c  OMa 7 1 M a  n I R  ... __. 
O W  NOn 20 165' 0.28 
OOC CN 40 114' 0.48 
e Nematieimtropic tnnsition. ' Smectic A-htropie tnnsition. 

therelativeintensitiesoftheBraggrefleetionstomnstruct 
the electron density profiles of the layers.2' 

The poly(acry1ate)- and poly(metbacrylate)-bad an- 
alogues of Azo-OMe have been reported,n and a mm- 
parison of their glass transition temperatures reveala that 
poly(methacry1ate) (Tg = 95 "C) c polystyrene (T, = 89 
"C) > poly(acrylate) (T, = 75 "C). Their clearing 
temperatures, however,areintheorderpoly(acrylate) (Tm 
= 149 OC) c polystyrene ( T s ~  = 144 "C) c poly- 
(methacrylate) (TNI = 143 OC) .  

These differences in tranaition temperatures are d 
but are in a m r d  with the general observation that 
increasing backbone flexibility for a given spacer length 
and mesogenic group tends to decrease the glass transition 
temperatures while increasing the clearing point.* 

It is of interest to compare our results with those from 
a similar study using poly(si1oxane) as the backbone and 
ester-linked mesogenic units by Richard et a l . W  Table 
VIIsu"arizestheirresults,anditisclearthat thetrenda 
in the clearing temperatures are the same, namely, that 
the efficiency of the terminal group in promoting liquid 
crystallinity is CN > NO2 > OMe. The difference in 
clearing temperature between the nitro- and cyano- 
substituted polymers is also the same, whereas the clearing 
temperature for the methoxy-substituted polymer is 
significantlylower than may have been anticipated on the 
basis of our results. For Z = COO, the TNI of the methoxy- 
substituted polymer is 44 "C lower than the cyano- 
substituted material, and for 2 = OOC, this difference 
increasesto70'C. Bycontrast, forthe polystyrene-based 
polymers, this difference is just 17 'C. This may reflect 
the fact that the transition temperatures of Azo-CN and 
Azo-NO2 are lower than anticipated, and a posaible 
rationalization for this result invokes the thermal acti- 



544 Imrie et al. 

vation of the cis-trans isomerization of the azo-linkage of 
these matmiah. At elevated temperatures, therefore, there 
is agreater concentration of the cis isomer, which obviously 
reduces the ehape anisometry of the mesogenic unit and 
hence reduces the clearing temperature. A similar ex- 
planation waa wed to rat iodim the anomalously low 
clearingtemperatureaof~azo-lin%edmesogene.uThe 
trend in the glass tramition temperatures listed in Table 
VI1 is CN > NO2 > OMe, and this is not in accord with 
our findings. The molecular significance of this result is 
unclear, although presumably it involvea interaction 
between the mesogenic unit and the backbone such that 
these trends cannot be generalized for all backbones. 

Conclusions 
We have shown that for polyetyreme-baaed side-chain 

liquid crystal polymers the effect of varying the structure 
of the mesogenic group on the clearing temperature is 
similar to that observed in low molar mass mesogens as 
well aa other side-chain polymers. This is apparently not 
the case for the glass tramition temperatures for which 
trends appear to be backbone dependent. 
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