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The Glass Transition of p-Alky1-p'- 
Al koxy-Azoxybenzene Mesophases 
JANUSZ GREBOVlCZt and BERNHARD WUNDERLICH 
Department of Chemistry, Rensselaer Polytechnic Institute, Troy, New York 121 80 USA 

(Received June 8, 1981) 

An isomeric mixture ofp-butyl-p'-methoxy-azoxybenzenes (IV) and the low melting eutectic mix- 
ture ofp-butyl-p'-methoxy-azoxybenzenes withp-ethyl-p'-methoxy-azoxybenzenes (V) have been 
analyzed with differential scanning calorimetry (DSC). By quenching, it was possible to establish 
the glassy mesophase of both materials. Their glass transition temperatures are 207.6 K and 
208.1 K, respectively, with an increase in heat capacity at T,of 129 JK-' mol-' and 102 JK-' mol-'. 
As found previously with polymeric mesophases, the hysteresis is strongly reduced, while the AC, 
seems little affected by going from an amorphous glass to a mesophase glass. The meltink. cold 
crystallization, and mesophase-isotropic melt transitions were also studied. 

1 INTRODUCTION 

The glass transition is well understood as an upper temperature limit to the 
solid, amorphous phase. Above the glass transition temperature, micro- 
brownian motion characteristic of a liquid becomes possible. 

Very little information is available about the glass transition in mesophase 
materials which are unable to crystallize on cooling. Such inability to crystal- 
lize is frequent is macromolecular mesophase materials. To study the glass 
transition in macromolecular mesophases, we analyzed poly(acryloy1oxyben- 
zoic acid), PABA, which could be obtained both, as an amorphous glass and 
as a mesophase glass.' The mesophase glass had a substantially higher glass 
transition temperature than the amorphous glass (408 K instead of 348 K), but 
approximately the same ACp(43 JK-' mol-' instead of 39 JK-' mol-'). Since in 
PABA the mesogenic group is a side-group attached to the backbone chain, 
we also looked at a main chain mesogenic macromolecule, a copolyester of 

ton leave from the Center of Molecular and Macromolecular Studies, Polish Academy of 
Sciences, Lodz, Poland. 
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288 J. GREBOVICZ and B. WUNDERLICH 

ethylene terephthalate and oxybenzoate, PET-co-OB. In this case only the 
mesophase glass could be made.* Again, the ACp was comparable to the copo- 
lyesters which show no mesophase behavior, and the temperature of the glass 
transition indicated no abnormal rise when going from mesophase copolymer 
compositions to the amorphous compositions. All mesogenic glasses showed 
a distinct reduction in the heat capacity hysteresis behavior. Hysteresis is 
found for all amorphous glasses (i.e. a slowly cooled glass develops a sizeable 
endotherm in the glass transition region when heated fast).3 

In the present paper we present work on the thermal properties of low mo- 
lecular weight mesophase materials to make comparisons with t he macromo- 
lecular materials. We found that some of thep-alkyl-p’-alkoxy-azoxybenzenes 
and their eutectic mixtures can be prevented from crystallization by quenching. 
These materials were originally synthesized because of their low temperature 
mesophase.‘ Thermal analysis and optical microscopy were the analysis tech- 
niques of choice. 

2 EXPERIMENTAL 

The two samples investigated were obtained from E. Merck, Darmstadt (US. 
supplier: E. M. Laboratories, Elmsford, N.Y.). They are sold as “Nematic 
Phase IV, (17176) Licristal” article number 10,105, and “Nematic Phase V, 
(-5/75) Licristal” article number 10,206. The numbers in parenthesis give the 
transition temperatures in “C from crystal to nematic phase and from nematic 
phase to isotropic melt. Sample IV is p-butyl-p’-methoxy-azoxybenzene 
(molar mass 0.2844 kg) in the normal mixture of isomers of azoxybenzenes 
(about 60:40). Sample Visa eutectic mixture of 65 wt.-%p-butyl-p’-methoxy- 
azox ybenzene and 35 wt . -% p-et h y I-p’-methox y-azoxy benzene (molar mass 
0.2746 kg), both in their normal mixtures of azoxybenzene isomers. The syn- 
thesis of the compounds is described in Ref. 4. The physical properties have 
been summarized by Knaak et ul.’ 

Thermal analysis was performed with a duPont 990 Thermal Analyzer 
coupled to a 910 DSC-module. For differential scanning calorimetry (DSC) 
every sample was heated to 400 K to reach the liquid state, then cooled to the 
solid state with a programmed rate to 160 K, to impart a fixed thermal his- 
tory.6 DSC traces were subsequently taken on renewed heating of the sample 
with a standard heating rate of 50 K min-’. The temperature scale was cor- 
rected for instrument lag by calibration with high purity standard materials 
(n-octane, n-decane, n-dodecane, p-nitrotoluene, naphtalene, benzoic acid 
and indium).’ The heats of transition were calibrated with the same standard 
substances. All DSC measurements were run under nitrogen atmosphere. 

Glass transition temperatures, T,, are taken at the temperature of half un- 
freezing, a procedure which gives reproducible values as long as there is no 
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GLASS TRANSITION OF BMAB 289 

excessive hysteresis peak. The increase in heat capacity at the glass transition, 
ACp, was evaluated by comparison with the heat capacity of sapphire.' The 
other transition temperature, i.e.: the beginning of crystallization, Tc, the be- 
ginning of melting, T m ,  and the mesophase-isotropic transition temperature, 
T m a ,  were evaluated by extrapolation of the peak on the low temperature side 
in a straight line to the extended baseline. The peak temperature of the crystal- 
lization exotherm, Tp, was read directly from the position of the peak on the 
temperature scale. 

The heats of transition, i.e.: heat of crystallization AHc, heat of fusion A H m ,  
and heat of mesophase transition M m a ,  were calculated from the area under- 
neath the endotherm or exotherm. 

3 RESULTS AND DISCUSSION 

The samples cooled at specific cooling rates were analyzed between 160 to 
400 K. In this temperature region at most four transitions occurred when going 
from low to high temperature: the glass transition, a cold crystallization exo- 
therm, the melting peak and the mesophase-isotropic melt transition. The 
studied transitions were characterized by the following parameters: T,, ACpat 
T,, temperature of the beginning of crystallization, T,, the peak of the exo- 
therm, Tp, the melting temperature, T m ,  mesophase transition temperature, 
T m a ,  and the heats of transition AHc, A H m  and AH,,. 

In Figure 1 typical DSC curves of sample IV are shown. From the traces it 
can be seen that the cooling rate influences the character of the samples in their 
low temperature behavior. A sharp glass transition is seen only for samples 
cooled at 50 and 20 K min-'. A cooling rate of 10 K min-' causes considerable 
broadening of the glass transition. The samples cooled at 5 K min-' and less 
have practically no glass transition. These changes art  connected with the 
crystallization of the sample during the imparting of the thermal history. 
Slowly cooled samples crystallize almost fully and have thus no glass transi- 
tion. Fast cooled samples crystallize only partially. This interpretation is born 
out by the crystallization behavior above the glass transition region. The more 
glassy the material, the larger is the cold crystallization exotherm. Cold crys- 
tallization is the term used to distinguish crystallization on heating from the 
normal crystallization which is carried out on ~ o o l i n g . ~  

The melting peaks and mesophase to isotropic liquid transition peaks are 
practically the same for all measured samples, i.e. cold crystallization erases 
all imparted thermal history. The quantitative data characterizing the transi- 
tions of Sample IV are reported in Table I. From this table the correlation 
between glass transition and crystallinity of the sample can be seen. In the last 
column the weight fraction crystallinity wc at T,, calculated from the differen- 
ces in heats of crystallization and heats of melting is reported. One can say that 
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290 J. GREBOVICZ and B. WUNDERLICH 
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FIGURE I 
(Cooling rates are indicated in the graph). 

DSC curves of Sample 1V.p-butyl-p'-methoxy-azoxybenzene heated at 50 K min-' 

every sample with a strong glass transition is only partially crystalline. Efforts 
to reach a completely amorphous samples were not successful. Even quench- 
ing in liquid nitrogen does not produce a fully amorphous sample (Sample A). 
Its crystallinity is similar to the sample cooled at 50 K min-', but the crystalli- 
zation process on heating shows differences. The crystallization peak consists 
in this case of four irregular subpeaks, which suggests the possibility of organ- 
izing the material into different metastable crystals. The dominant crystalliza- 
tion peak occurs at a temperature of 220 K when one heats the sample at 50 K 
min-'. This explains why the Sample B, which was quenched from 400 K to 
230 K, a temperature below the main crystalline peak of the other samples, 
and then slowly cooled (2 K min-') to 160 K, was actually more crystalline 
than the more slowly crystallized samples, and could not serve for a study of 
hysteresis phenomena. At 220 K, crystallization occurred and only a broaden- 
ing of glass transition is observed which is common for partially crystallized 
samples consisting of very small crystals. 

The mesophase-isotropic liquid transition temperature, T,,, and the melt- 
ing temperature, T,,,, as measured by us (averages 352.5 f 1.0 K and 
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292 J. GREBOVICZ and B. WUNDERLICH 

190 220 250 280 310 340 370 
Temperature (K) 4, 

FIGURE 2 DSC curves of Sample V, a eutectic mixture ofp-butyl-p'-methoxy-azoxybenzene 
and p-ethyl-p'methoxy-azoxybenzent. heated at 50 K mid'  (cooling rates are indicated in the 
graph). 

296.5 f 2 K, respectively) are in good agreement with these values reported 
earlier'.' when considering the fast heating rates. 

The DSC traces of the differently cooled eutectic mixtures, sample V, are all 
quite similar. For every coolingrate four rather sharp transitions can be seen. 
In Figure 2 some of the curves are shown as examples. The crystallization 
peaks are immediately followed by the melting peaks. This causes some diffi- 
culties in the construction of the baseline for the peak area measurements and 
indicates a much greater hindering to crystallization for the eutectic. 

The quantitative data for this sample are reported in Table 11. From these 
data one can see that the thermal history does in this case produce no effect on 
the temperatures of any of the transitions. Also, the heats of the mesophase- 
isotropic transitions AH,,," are not affected. The heats connected with the crys- 
tallization processes, however, are dependent on the cooling rate. Faster 
cooled samples (50,20 and 10 K min-') do not crystallize at all on cooling, and 
there is even only partial crystallization during heating (AHc = AHm, but a 
low value of AH,,,). Occasionally a sample did not crystallize at all on heating 
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294 J. GREBOVICZ and B. WUNDERLICH 

(Sample C). The heats of fusion never reached the values of Sample IV (see 
Table I). Even a sample annealed at 265 K (Sample D)did not crystallize fully. 
Some crystallization of Sample V occurs while coolingat low cooling rates (2, 
1 and 0.5 K min-I). Again, the total level of crystallinity reached is not very 
reproducible and seems to depend on accidental nucleation conditions. The 
mesophase-isotropic transition temperatures, Tmwr and the melting tempera- 
ture T,,, as measured by us (averages 349.7 f 0.6 K and 268.6 f 1.3 K, respec- 
tively) are in good agreement with these values reported earlier4" when con- 
sidering the fast heating rates. 

In Figure 3 micrographs of the samples quenched from 400 K in liquid nitro- 
gen are shown. The pictures were taken immediately after removing the glass 
slides from the liquid nitrogen, i.e. at a temperature below T,. Anisotropic, 
birefringent domain structures, typical for liquid crystals can be seen. The 
smaller domain size of Sample IV when compared to Sample V is probably the 
result of its partial crystallinity. Heating the samples above their T, involves 
some changes of interference colors inside the domains due to cold crystalliza- 
tion. Above Tm, both color and domain size changes are observed (mainly in 
Sample IV). 

To find a reliable value for the heat of fusion ofp-butyl-p'-methoxy-azox- 
ybenzene (Sample IV), the first four values of Table I were averaged. On a 
molar basis, the heat of fusion is 13.4 f 0.6 k J  mol-', which leads to an en- 
tropy of fusion of45.2 JK-' mol-'. For the transition to the isotropic phase the 
corresponding values are averaged over all data: AHm" = 0.55 f 0.03 kJ  
mol-' and ASmm = 1.6 JK-' mol-I. The total entropy change on fusion is thus 
46.8 JK-' mol-', a value which agrees with the average of typical rigid mole- 
cules which gain positional and orientational freedom on fusion" (30-50 JK-' 
mol-I). The pending alkyl and alkoxide groups seem to contribute little to the 
entropy of fusion. The heat of fusion and entropy of fusion of the eutectic, 
Sample V, is expected to be only little different from Sample IV. Their lower 
values are most likely indicative that even Sample D of Table I1 is not fully 
crystallized. The heat and entropy of transition to the isotropic phase does not 
vary from sample to sample (0.47 f 0.02 k J  mol-', 1.35 JK-I mol-') and is 
close to that of Sample IV, an indication that the mesophase involves all the 
sample and not only the prior crystallized parts. A similar observation was 
made in macromolecular samples.'82 While crystallization leads to semicrys- 
talline samples, mesophase formation involves all matter. 

The final results involve the glass transition. In this case the Samples V of 
the eutectic are analyzed most easily. The indication is that ACpat T,, as well as 
T, itself, are close for both samples. ACp for the eutectic was averaged for the 
four completely amorphous samples and gave a value 101.9 f 3.7 JK-I mol-' 
at 208.1 f 1.0 K. The glass transition temperature was averaged over all sam- 
ples. For the Samples IV, which crystallized completely after the glass transi- 
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a 

295 

b 

FIGURE 3 Micrographs of the samples quenched from 400 K in liquid nitrogen below the glass 
transition temperature (crossed polaroids). (a) Sample IV, p-butyl-p'methoxy-azoxybenzene (b) 
Sample V, a eutectic mixture of p-butyl-p'-methoxy-azoxybenzene and p-ethy1-p'- 
methoxy-azoxybenzene. 

tion the values for AC, are less accurate. The three AC,-values were averaged 
after correction for the weight fraction crystallinity below the glass transition 
temperature. AC, for p-butyl-p'-methyoxy-azoxybenzene is 129 f 9 JK-' 
mol-' at 207.6 f 2.1 K. Using the rule of constant AC, per rigid backbone 
unit' ',I2 suggests that all seven rigid units per molecule gain mobility on devit- 
rification, with a slightly lower number for the eutectic sample, which has 
somewhat shorter pending groups (small rigid units have a AC, of 11.3 JK-' 
mol-', phenylene groups about 20 JK-' mol-I). Overall, AC, is thus similar to 
the expected value for a completely amorphous glass. The actual state of the 
glass was, however, a mesophase, proven by the birefringence of all glassy 
samples as shown in Figure 3. Furthermore, we found that changes in cooling 
as well as heating rate did not affect the mesophase to isotropic phase transi- 
tion, which means that fast quenching does not permit a vitrification of the 
isotropic liquid. The glass transition is thus a transition of the solid meso- 
phase. In contrast to the melting transition, which shows no contribution 
from the flexible end-groups, the glass transition reveals a major contribution 
from the flexible end groups. Checking into the hysteresis behavior at the glass 
transition, we find (particularly for the fully glassy eutectic Samples V) that 
even if cooling and heating rates differ by a factor 100 there is no indication of 
hysteresis. The same observation was made for macromolecular meso- 
phases."' It must mean that the glass transition of mesophases is much less 
temperature dependent than of amorphous glasses. 
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296 J. GREBOVICZ and B. WUNDERLICH 

4 CONCLUSIONS 

The study of the low molecular weight p-alkyl-p’-alkoxy-azoxybenzene 
mesophases revealed their glass transition temperatures with a ACp close to a 
value expected for amorphous materials with frozen mobile pending groups in 
the glassy state. The absence of the hysteresis for differences between heating 
and cooling rates of 100 indicates a largely time-independent glass transition 
temperature. All these observations are similar to the observations made on 
macromolecular mesophases.’” The overall melting entropy reveals little con- 
formational entropy contribution from the pending groups, suggesting that 
they have gained internal rotation below the melting temperature. One might 
expect that the pending groups may have more conformational entropy in the 
crystal than in the glass. 
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