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Determination to 2 kbar of the 
Nemat ic-lsot ro pic and Me It i ng 
Transitions in p-Azoxyanisole 
W. KLEMENT,Jr.t 

School of Engineering, 
University of California, 
Los Angeles. California 

and 

L. H. COHEN 

Department of Geological Sciences, 
University of California, 
Riverside. California 

Differential thermal analysis to 2 kbar of zone-refined p-azoxyanisole in hydrostatic appara- 
tus has corroborated the results of Hulett and of Robberecht at lower pressures-initial slopes 
5 48 deg kbar- '  for the nematic-isotropic transition and 5 31-32 deg kbar - '  for the melt- 
ing curve-and also established that the curvatures, d'TtranJdp:,, are - 5 deg kbar-' for 
the liquid transition and >O tor the melting curve. At transition temperatures above - 2 kbar, irreversible effects are encountered. A self-consistent discussion, using 1 bar data, 
is given for the thermodynamics of the nematic-isotropic transition in p-azoxyanisok and 
the implications of this discussion have been pursued for p-azoxyphenetole and other di-n- 
azox y-benzenes. 

INTRODUCTION 

P-azoxyanisole (PAA) is the most extensively studied of liquid crystals and 
hence should seemingly be the one for which an accurate and self-consistent 
thermodynamic description might be made. Alben has demonstrated the difficul- 
ties of various microscopic models' in accounting for the macroscopic data and 

t On leave at National Physical Research Laboratory, Pretoria, South Africa. 
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360 W. KLEMENT. JR. AND L. H. COHEN 

also has shown how a “theory independent” approach’ can yield useful results. 
However, there might be some question as to  how much of published data on 
PAA are “reliable” as a consequence of the dem~nstration,’-~ by small angle 
X-ray scattering, of significant effects of impurities near the nematic-isotropic 
transition. 

This work presents new experimental results, using the purest material’ a p  
parently available, for the effects of pressure on the temperature of the nematic- 
isotropic transition and on the melting temperature. Previous data for these 
phase boundaries from Hulett6 in 1897 were essentially corroborated and ex- 
tended by Robberecht7 in 1938. Puschin and Grebenschtschikow’ reported data 
in some disagreement in 1926 and very recently Deloche ef d.’ published results 
in severe disagreement with the earlier work and also claimed that PAA decom- 
posed above - 3 kbar. 

The present experiments to 2 kbar strongly corroborate the results of Hulett6 
and of Robberecht7 for the trajectory of the nematic-isotropic transition and 
also tend to favor their results for the melting curve, as compared to the other 
data.’-’ No trustworthy data above 2 kbar were obtained because of irreversible 
effects-“decomposition”-encountered. Self-consistent and accurate descrip 
tions of the variations in volume and in entropy near the nematic-isotropic 
transition are proposed and better agreement than hitherto is achieved between 
prediction and experiment for the slope of the phase boundary. The suitability 
of similar descriptions tor data near the mesophase transitions in the other 
di-n-azoxy-benzenes is explored in the appendices. 

EXPERIMENTS AND RESULTS 

The PAA used in the experiments was zone-refined and from the same supplier 
as the material used by Gravatt and Brady in experiments4 which demonstrated 
the great effect of impurities in PAA from other sources. For the high pressure 
differential thermal analysis (dta) runs, 3-10 mg of the sample material was 
packed into a platinum tube which was then sealed in an oxyacetylene flame. 
For the first run, the PAA was freshly powered and loaded into the tube in air 
whereas, for the second and third runs, the PAA was freshly powdered under 
argon and loaded in a glove box, with PzOS present, and the tube then crimped 
shut before being brought out into air for the welding. The arrangement of 
sample and chromel-alumel thermocouples and the high pressure apparatus, 
using argon as the pressure medium, is described elsewhere. l o  

Pressures were read to 25 bar from a Heise Bourdon tube pressure gage. 
Under approximately isobaric conditions, temperature was vaned at rates from 
0.1 to 1 deg sec-’ and both sample temperature and differential temperature 
were recorded with a 2-pen strip chart recorder. The maximum differential 
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NEMATIC-ISOTROPIC AND MELTING TRANSITIONS 36 1 

0 0  

220 P-AZOXYANISOLE 

temperature before traversing the nematic-isotropic transition was always less 
than I". Upon approaching the nematic-isotropic transition o n  both heating and 
cooling, abrupt shifts in the differential pen were observed and taken as indica- 
tive o f  the transition, with the temperature so obtained on heating and cooling 
always agreeing t o  within 2". 

In  the first, exploratory, run data were taken at  sizeable increments of  pres- 
sure and upon increasing pressure to about 3 kbar, the signals disappeared and 
did not reappear upon decrease of pressure. In the second run,  data were taken 
at smaller increments of pressure. The pressure was occasionally decreased and a 
corroborative point taken until, above - 2 kbar, corroboration could not be 
achieved in this way, the signals falling lower in temperature and thus indicating 
some irreversible effects, presumably decomposition. Tactics for the third run 
were similar t o  those for the second and again corroboration of previous points 
became impossible after the excursion to  above - 2 kbar. 

Temperatures for the solid-liquid transition could not be determined as pre- 
cisely as for the mesophase transition because the onset o f  melting was not as 
sharp as the signal for the mesophase transition, possibly because of  the much 
larger thermal effect which often resulted in a differential temperature of - 3". 
After traverses above 2 kbar, the melting signals also fell lower in temperature as 
compared with the data obtained before the onset o f  "decomposition". 

Data for the nematic-isotropic transition and for melting are shown in Fig- 
ure 1.  The data from other workers6 - 9  are not shown in order t o  avoid confu- 
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FIGURE 1 Tcmpcratures of solid-nematic and nematlc-isotropic transitions in p-azoxy- 
anisole as a I'unction of pressure. Triangles rcpresent data from the first run, circles the 
second, and squares the third. 
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362 W. KLEMENT, JR. AND L. H. COHEN 

sion. Agreement among the data  from several runs is within 3". The initial slopes 
from the present data are 5 48 deg kbar-' for the nematic-isotropic transition 
and 5 3 I deg kbar-' for melting. For  the nematic-isotropic transition the initial 
curvature -d' Tni /dpZ  is - 5 deg kbar-' and it also appears that d' T,,,,/dp' < 0 
for the melting curve (Figure I ) .  At I bar, direct measurement of  the tempera- 
ture of  the nematic-isotropic transition, T,, = 135" - 136"C, and the melting 
temperature T m p  = 116" - 117°C. 

DISCUSS1 ON 

The present data for ihe nematic-isotropic phase boundary strongly corroborate 
the results of Hulett6 and o f  Robberecht.' The present data for the melting 
curve also tend t o  favor the results of  Hulett6 and Robberecht' over those of  
other investigators.8 -' A possible explanation for the discrepancy between the 
Puschin-Crebenschtschikow data8 and the preferred data  is that the former erred 
in their pressure calibration, since the ratio of  slopes o f  the phase boundaries is 
about the same for all of  these data. N o  explanation can be offered for the 
disagreement of the results of Deloche et ai.' 

Two other  recent investigators also lend some support  t o  the present data. 
McColl ' I  suggests a slope o f  46.3 deg kbar-'  from NMR measurements t o  
2 kbar on material of  unspe'cified source o r  purity. The  uncertainty in slope may 
be - 5%, as estimated from the data plotted in his Figure 1 .  Johnson and 
Miller report that 900 psi increased the nematic-isotropic transition tempera- 
ture 2.5" above that obtained at  ambient pressure, yielding an initial dT/dp of  - 41 deg kbar-' . 

At I bar, Cravatt and Brady4 report T,,, = 136°C which is comparable with 
the present results and with the value of  135.9"C reported by Hulett6 and by 
Robberecht.' At I bar, Hulett6 reported I18.30"C and Robberecht I17.8"C. 
Assuming that the present material' is purer than the PAA used by these earlier 
workers, it is difficult t o  detect any significant differences due to impurities on 
the trajectories of the phase boundaries. 

The  "decomposition" encountered above - 2 kbar and above - 220°C is not 
understood. In contrast t o  the speculation' of Deloche et ai. it does not appear 
t o  be due t o  reaction with "unevacuated air". Whether there is a significant time 
dependence involved in the degradation is unknown. Deloche et ai.' do not  state 
how long their material was kept at the higher temperatures and pressures. In 
these experiments, temperatures did not exceed those of  the nematic-isotropic 
transition by more than 10-15" at  each pressure and - 5-10 min were usually 
necessary for the cycles in temperature a t  each pressure. No attempt was made 
t o  analyze the material after "decomposition". 

For  the solid-liquid transition, the Clausius-Clapeyron equation 
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NEMATIC-ISOTROPIC AND MELTING TRANSITIONS 363 
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FlCURE 2 
denote data for T < T,,;, filled circles for T > Tnj. The slopcs dil’fcr by a facror o f  -4. 

Plot of Arnold’s c p / T  data for p-aaoxyanisolc vs. IT.  Tn,I-”’ . Opcn circlcs 

dTmp/dp = AV/AS relates thermodynamic data at 1 bar with the initial melting 
slope. Agreement of  data I 3 - l 5  for the discontinuities with the preferred high 
pressure data is within lo%, which is usually considered good agreement. 

For the nematic-isotropic transition, most thermodynamic estimates thus far 
have been for discontinuities in volume and in entropy or enthalpy. Such data 
may then be interrelated and compared with dTni/dp by the Clausius-Clapeyron 
equation. Measurements at the transition are hampered by the rapid and sizeable 
variations in the thermodynamic properties near T,,i. Current estimates l 3 - I 6  

for AL‘ and A S  can be combined to  yield a range o f  values for dT,,Jdp which 
bracket the preferred value. 

Among those theories which attempt t o  interrelate the rapidly varying ther- 
mophysical properties near the transition, that of  Torgalkar ct al. yields an 
erroneous value for the slope. Alben’s analysis2 involves arbitrarily subtracting 

out  backgrounds for the cusp-like variations of Cp/TV,  -!(?I and -(g)T with 

temperature and results in equations‘ much like Ehrenfest’s equations which 
relate discontinuities in specific heat, thermal expansion and isothermal corn- 
pressibility a t  a second order transition. Alben’s results for the slope scatter 
considerably about the preferred value and part of the problem may be the lack 
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364 W. KLEMENT. JR. AND L. H. COtIEN 
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FIGURE 3 
Maier and Saupe. The regions of similar thermal expansion are shown. 

Plot vs. temperature of molar volumes derived from density data quoted by 

of good interpolation functions for the rapidly varying quantities near the transi- 
tion temperature. In the following section there are presented simple and accu- 
rate representations for some of the generally preferred data near the transition 
which self-consistently interrelate the rapid variations and discontinuities in the 
data with the preferred slope. 
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NEMATIC-ISOTROPIC AND MELTING TRANSITIONS 365 

_ -  > 

226.0  
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225.0  

224.8 

224.6 

FIGURE 4 Plot of Y ' =  Y . B ( T .  T,,) vs. I T -  T, , l l - ' / a  as a test of Eq. (2) .  The slopes 
of the drawn lines are -C,, for 7 < T,,, and t Ci for T > T,,,, where Cn/C, T, 4. The difference 
between the interccptc at T - T,, is the discontinuous volume change A v,,, 

REPRESENTATIONS FOR THE THERMODYNAMIC DATA 

As chosen by Alben,2 for example, the preferred thermodynamic data are here 
also taken to be the specific heat and latent heat data l4 of  Arnold and the 
density measurements l6 quoted by Maier and Saupe. These appear t o  be the 
most careful and extensive measurements relating to  the entropy and volume, 
have been approximately corroborated by others I s  I' l 9  and are conveniently 
tabulated together with the Tni for the respective samples and  laboratory tem- 
perature scales. As done by Albert,* for example, the data are here intercom- 
pared at  temperatures relative to  the nematic-isotropic transition temperature 
for the  particular measurements, i.e., as a function of (T-T,,,).  
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366 W. KLEMENT, J R .  AND L. H.  COHEN 

In contrast to other efforts ’> I’ though, analytical representations are sought 
for  the specific heat l4 and volume l6 data in order t o  avoid errors in estimating 
quantities by interpolation. The impetus for the present approach is the recent 
macroscopic description ’O for the transition in sodium nitrate, for which there 
are also many excellent data and only an unclear microscopic understanding. 
The physical assumption here is that the nematic-isotropic transition in PAA 
may be considered as a first-order transition at  Tnj  superimposed on a lambda 
transition a t  the same temperature. The slope, dT,,,/dp, obtained via the Clau- 
sius-Clapeyron equation for the discontinuities at T,,, must be consistent with 
both the preferred experimental value and the slope obtained from the Pippard 
equations, ” which interrelate the rapidly varying quantities near a lambda tran- 
sition. The superposition of a first-order transition o n  a lambda transition does 
not  seem t o  invalidate the thermodynamical treatment o f  the latter, as shown by 
the treatment ’’ of  the high-low quartz  inversion, for example. 

Arnold’s superior specific heat data’4 may be represented by 

C P /T = (Cp/T)o + A  I T - Tni I - I R  ( 1 )  

where ( C p / q 0  and A are constants, the latter differing below and above Tni. 

I .8 

I .6 

1.4 

0 0.2 0.4 0.6 0.8 I .o 1.2 

FIGURE 5 
dcnote data for T < T,;, filled circlcs for T > T,,,. The slopes differ by a factor of - 6.7. 

Plot o f  Arnold’s cp/T data for pazoxyphenctole vs. I T  - Tnjl- ’ /a . Open circles 
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NEMATIC-ISOTROPIC AND MELTING TRANSITIONS 367 

For T,,i = 135.Ol0C, l4  Eq. ( I )  appears valid (Figure 2) down to T z  T,,, -I6 ' ,  

up to T - Tni t 3" and within less than a degree of  T,;. The intercept (C,/n,, 
IS a 1.21 J d e g '  mole-' ; A = 0.19 J deg-3/2 mole-' for T < Tni and - 1/4 as 
great for T > Tni (Figure 2). 

Plotting the molar volumes obtained from the Maier-Saupe density measure- 
ments l6 (mol.wt. = 258.3) vs. temperature shows that the thermal expansions 
are about the same far enough below and above T,,i. Within the "transition 
region", the Maier-Saupe data l6  may be represented by 

V = b',,+B(T- T,;) - C, (Tni - T ) ' O  for T < T,,, (2a) 

and V = Vi + B ( T  - T,,,) t Ci ( T  - T,,;)'O t'or T > T,,, , (2b) 

3.2 

3.0 

2.8 

2.6 

2.4 

2.2 

2.0 

1.8 

1.6 
0 0.2 0.4 0.6 0.8 1.0 1.2 

F I G U R E  6 Plots of rp /T  vs. (T, , i .  r)-  '1' for n = 3 ,4 .  5 . 6  and 7. for T < Tn,. 
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368 W. KLEMENT, JR. AND L. H. COHEN 

where B, C,, and Cj are constants, as are V,, and V i ,  which are related to the 
discountinuous volume changeAVni asAVni= Vi - V,. Also as shown in Figure 2, 
B = 0.16' cm3 deg-' mole-'. Figure 4 shows the plots of V ' z  V-B (T-Tni) 
vs. IT-Tnil (Eq. (2)) for Tni = 135.8°C.'6 By modest extrapolation to T =  Tni 
(Figure 4). AV,,, is estimated as 0.62 cm3 mole-' ; C,, = 0.246 cm3 deg-'I2 
mole-' and C,,/C, - 4; Eq. (2) appears valid over the same temperature range as 

To relate these results consistently to the experimental dTni/dp, one must 
consider: the Clausius-Clapeyron relation for the first-order component of the 
tramition-with ASnj == 1.406 J deg-' mole-' ,  '' AV,,,/A!?,,i 44 deg kbar-' ; 
the Pippard equation,2' 

Eq. (1 ). 

1 a v  
(C,,/TY) (d Tni/dp) - - (-) == constant, as T +  Tnj , v a T p  

(3) 

for the Mike component of the transition-via which a comparison of the con- 
stants A ,  C,, and Ci ( E q s . ( l ) m d ( z ) )  yields dT,,Jdp z 4 3 d e g  kbar-' .  Thus 
reasonably self-consistent agreement is achieved. 

FIGURE 7 
symbols denote data for T <T,j. filled zymbols data for T > T,i. 

Plots of c p / T  vs. IT,,, - TI- '1' for n = I 1  (circles) and I 2  (quare$) .  Open 
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N F M AT IC- ISOTROPIC A N  D M I-' LTI NC; T R AN SIT IONS 369 

Aiiotlier Pippard equation 2 1  involves the isotliermal compressibilities, for 
which direct iiieaswenients are lacking. lsvtheriiial compressibilities calculated 
from adiabatic compressibilities obtained from sound velocity data 23- 24 d o  not 
result in conclusions as to tlie slope in contradiction to the above although the 
accuiiiulated uncertainties are such that these data cannot be used here. 

Only rarely (e.g., the sound velocity data 2s of  Cabrielli and Verdini) is it 
obvious that impurities have drastically altered the thermophysical properties of 
PAA in the transition region. It is hoped that current speculation concerning the 
gross effects of impurities on tliermophysical properties near the nematic-iso- 
tropic transition will result in accurate and extensive remeasurement o f  those 
properties in purer PAA. 

To demonstrate that the representations offered above are useful for sub- 
stances other than PAA, Appendix 1 examines the extensive data for p-azoxy- 
phenetole and Appendix 2 examines Arnold's specific heat data l 4  about the 
mesophase transitions in other di-n-azoxybenzenes. 

FIGURE 8 Plots of c p / T v s .  ( T s n .  n-'/' for n = 7, 8 , 9 ,  and LO, for T < Tsn. 
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Appendix 

p-Azoxyphenetole 

Figure 5 shows the plot of Arnold's c,/Tdata l4 for p-azoxyphenetole according 
to Fq. (I). For T,, = 167.3 I"C, l4 (c,/n0 = 1.40 J deg-' mole-' and A = 0.48 J 

0 

ni sn s i  / 
0 0 .  

0 . .  

0 
0 

0 0  
0 

0 
0 

m . 

1 

I .IC;URL 9 lntcrccptc (c /T)-  (CirctccJ and slopubA (square>), according to I-q. ( I  1. plot- 
ted vc. n. the number o f  wrbon dtnrns in thc dlkyl chains. Open 3ymbols p c r t m  to datJ for 
ncmatic-iwtropic tramition\ fI:igurc 6). half-fillcd symbol\ to data for (mcctic-ncm3t1c tran- 
sitions fkigurc 8) and fillcd symbols to data for \mcctic i%otrnpic trdnution5 ( I  lgurc 7)  
Open \yrnbol\ cncloscd in parcnthcw\ derive I'rom fit\ o f  I.igurc 10. which arc J I w  diwucscd 
in tcxt. 
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NEMATIC-ISOTROPIC AND MELTING TRANSITIONS 371 

deg -YZ mole-' for T <  T,,,; A is -6.7 times as great below T,,; as above. 
Equation ( I )  appears valid down t o  (T,,ro-'l2 - 0.25 or T z  Tni-16". Bauer 
and Bernamont 26 have made precise relative volume measurements from 145" 
to  180°C, where T,,; = 167.7"C. For volume measured in "divisions" of their 
apparatus, 26 analyses as above suggest AVfCc = 1.19 div. and (aV /aT) ,  = con- 
stant t 0.085 (T,; - T)- ' l2 div. For ASni = 3.10 J deg-' mole-' I4 and A from 
above, the slope dT,,;/Q is self-consistently estimated as - 0.18 div. deg mole 
J - ' .  If Schenck's density data27 are converted to  molar volumes (mol. wt. = 
286.3) and analyzed according to Eq. ( 2 ) ,  there results B S= 0.2'10 c1n3 deg-' 
mole-' . Comparison of this slope for T > T,,, with the Bauer-Bernamont data 26 

then suggests that 1 div. = 2.61 cm3 mole- ' .  Hence dT,,;/dp 4 7  deg kbar-I , 
which compares very well with Hulett's value6 of = 46 deg kbar-' . 

Appendix 

Some Other 4,4' - Di-n-Alkoxy-Azoxybenenes 

Arnold's careful calorimetric measurements l4 on the 4,4 '-di-n-alkoxy-azoxyben- 
zenes (for n = 3-12 carbon atoms in the alkyl chains) may be analyzed similarly 
to the above for n = I and 2 .  In addition t o  the nematic and isotropic phases, 
smectic phases also occur in these compounds, with increasing n ;  the transition 
temperatures T,,;. T,, and T,; in the following representations are always taken 
t o  be the values given by Arnold. l 4  

Figure 6 shows the plots of the cp/T data l4 according t o  Eq. (1 )  for the n-i 
transitions of n = 3 ,  4, 5, 6 and 7 ;  Eq. ( I )  appears valid down t o  (Tni-r)  - 0.25 or over about the same temperature range as for n = 1 and 2 .  To avoid 
cluttering Figure 6 unduly, the data for T > Tni are not  shown but  the approxi- 
mate symmetries appear to  be: n(ratio of A from Eq. ( I )  below T,,; t o  that 
above) - 3(-4.4); 4(-3.8); 5(-3.2); 6(-3.,); 7(-4). For n = 1 I and 12, the 
smectic phase transforms directly to  the isotropic liquid and Figure 7 shows that 
Eq. ( 1) also accurately represents the data and appears valid down t o  (T,; - r)-1/2 - 0.25; A appears to be the same below and above Tsi (for n = 11, especially). 
Figure 8 shows that Eq. ( I )  is also valid down to(Tsn - T)-'/' - 0.25 for the data 
for the s-n transitions of n = 7, 8,9 and 10. 

The results for the intercepts ( c p / r ) ,  and the slopes A (below the transition 
temperatures) of Eq. (1) are plotted vs. n, for the various transitions, in Figure 9. 
To a very good approximation, ( c P / r ) ,  varies linearly with n as ( c , /T )o  
22 1 .Oo + 0.20 n J deg-2 mole-' . No such simple relation seems to be apparent 
for the slopes A vs. n (Figure 9). 

There is increasing difficulty, however, in representing the specific heat da- 
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FIGURE 10 
of Eq. ( I )  represented by thC drawn lines are discussed in the text. 

Plots of cp/T VS. (Tni- 7-)-'/' for n = 8 and 9. for T < Tnr. Theuppurenr fits 

ta " for those nematic phases which exist over increasingly limited temperature 

8.59" or 2.89". Figures6 and 8 show that, for n = 7, Eq. (1)  is an adequate repre- 
sentation for both the n - i and s - n transitions, with about the same ( c p / n 0 .  
Figure 10 shows the plots of Eq. (1)  for n = 8 and 9 for T < Tni, which seeming- 
lygive approximate fits; the temperature ranges are much less than the usual (Tni- 
7)-'12 - 0.25, however, and the intercepts do not follow the established pat- 
tern (Figure 9). It Seems clear that the lambda-like contributions to c p / T  from 
the s-n and n-i transitions are "overlapping" for these nematic phases. If  one 
attempts to subtract the contributions of the s-n transition to cp/T in the nema- 
tic field (Figure 10) so that ( C , / T ) ~  and the temperature range for the validity of 
Eq. (1) conform with the above hypothesis, the slopes A for the n-i transitions in 
n=8 and 9 would be even higher than the values deduced from Figure 10 (and 
shown in parentheses in Figure 9). Thus, extrapolations of  A vs. n ,  to higher n,  
for the n-i transition are uncertain (Figure 9) and the lack of understanding of 
the slopes and symmetries for the transitions, and their variation with n, thwart 
the attempts to  represent cp/T analytically in these narrow nematic fields. 

ranges, i.e., for n = 7, 8, 9 or 10, Tni - T,, is, 14 respectively, 28.89". 18.57". 
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