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whatsoever or howsoever caused arising directly or indirectly in connection
with or arising out of the use of this material.
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Liquid Crystalst 
D. ARMITAGE; and F. P. PRICES 

Polymer Science and Engineering, University of Massachusetts, Amherst, M A  01002 

(Received April 13. 1977) 

A study of'the supercoolingof the isotropic to nematic transition in the homologous neniatogens 
pazoxyanisole (PAA) and heptyloxyazoxybenzene (HOAOB) is reported. Differential scanning 
calorimeter therinograms are consistent with ii small supercooling -O.OI°K. Observations of 
the nematic-isotropic phase boundary by optical microscopy reveals the development of a 
dendritic-like growth front with increasing rate of transformation to the nematic phase. This is 
aiso consisreilr wirh a supercooling -0.01"K. The boundary surfaces induce nematogenic 
alignment and therefore acr a s  heterogeneous nucleation sites. Nucleation theory is used to show 
that if heterogeneous nucleation could be eliminated. the observable supercooling would be no 
more than O . I ( T ,  - F), where T, is the nematic-isotropic transition temperature and T, is the 
pseudo-second order transition temperature. 

l NTRO DU CTl ON 

Liquid crystals in general undergo first order thermodynamic transitions but 
show some of the pretransition fluctuations characteristic of second order 
 transition^.'-^ First order transitions generally show supercooling behavior, 
while second order transitions being continuous in nature do not s u p e r ~ o o l ~ * ~  
It is not obvious if liquid crystals should show supercooling in character with 
a first order nature, or whether the pretransition fluctuations will always 
niucleate the new phase. 

We present some semiquantitative argrirnents and experimental results 
which indicate a small supercooling -O.Ol°K is observable. 

1' Work supported by HEW grant 5 ROL H L  1318X-07 BBCB. 

5 With regret the untimely denth ol' Professor F. P. Price is noted. 
Present address: Liquid Crystal Institute. Kent State University. Kent, Ohio 44242. 
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34 D. ARMITAGE A N D  F.  P. PRICE 

THEORY 

A phase transition begins with the formation ofnuclei of the new phase, which 
increase in number and volume, finally coalescing to complete the transition. 
Classical nucleation theory4,' describes this process in terms of a volume 
and surface energy of the nuclei. A recognized limitation of this approach is 
the attribution of bulk properties to microscopic nuclei. Despite its obvious 
limitations, the classical approach produces sensible values for the physical 
parameters describing a wide variety of phase transitions. The classical result 
for spherical nuclei can be expressed:' J = R exp( -- AG/kT), where J is 
the nucleation rate, R = 103"'3(sec-' ~ m - . ~ ) ,  AG = 1703T,2/H2 AT', o = 
surface energy, To = transition temperature, H = transition enthalpy/cm3, 
AT = supercooling, and kT = Boltzmann energy. The nucleation tempera- 
ture is usually' taken as J = 1 sec-' cm-3, where the arbitrariness of this 
assumption is mitigated by the extreme temperature dependence of J .  

Substituting typical values'-8 for p-azoxyanisole (PAA) (see materials 
section) and taking R = lo3' (to favor maximum supercooling) gives: for 
solid, AT = 2 5 O K  and critical nucleus radius r, = 2oTo/HAT = 30A: for 
nematic, AT = 0.22OK, r, = 530A. Since AT - r ~ l . ~ ,  the error in AT is 
about the same order as that of 6. The value of o for PAA is not well 

however, it should not differ greatly from the reliable value 
of 0.02 erg/cm2 for the well-known nematogen MBBA.3s9*'o 

The elastic distortion energy of the bulk could be included. Approximating 
the bulk elastic energy of a sphere with tangential boundary" E = 27rK1., 
this is found to be an important contribution of about the same magnitude 
as the surface energy. However, i t  is an overestimate since the continuum 
theory is not valid at these dimensions; moreover, the tangential boundary 
state would be sacrificed to lower the energy. A detailed treatment would 
show that a sphere is not the minimum energy shape of the nuclei when the 
anisotropic surface energy and bulk elastic properties are taken into account. 
We assume that all this can be accounted for by a small increase in the surface 
energy parameter o in the spherical nucleus model. 

An alternative approach is possible for mesophase transitions. Above the 
transition there exists short range order describedip3 by a correlation 
function of the form exp(r/t;)/r, where the correlation length 5 = (,(T - T*)-0.5 
with ( W lOOA at the transition point To. The correlations would diverge 
at  T* and this provides an upper limit AT = To - T* * 1°K for the 
super~ooling. ' -~ 

A sohisticated version of the classical nucleation droplet m ~ d e l ' ~ - ' ~  
gives the droplet size distribution N ( r )  = B exp( -r2/2t2)/r'  where B is a 
temperature-independent constant that can be derived by making the crude 
approximation N ( 5 )  'v (-3/cm3. Then for N ( r )  = l/cm3, r = 8OOA if 
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SUPERCOOLING A N D  NUCLEATION 35 

% IWA. The relaxation rate 7 of such fluctuations should be about the 
same as for MBBA,' . l5 which is of order ( r / [ ) 2 p  sec; hence, about 
6 x 104/sec cm3 fluctuations with r = 8008, take place, well in excess of 
the l/sec cm3 characteristic of the nucleation point. The result r = S< is 
insensitive to the approximation for B and T on account of a logarithmic 
dependence. A weakness of this approach is that the validity of the corre- 
lation function at r 9 [ is not known. Assuming that classical volume and 
surface energetics determine the stability of this fluctuation, a supercooling 
AT = 0.1"K can be deduced. Alternatively, if the exponential factor is 
identified with the energy of the fluctuation, viz. r2 /2 t2  = E/kT, then 
equating this to the volume term 4nr3ATH/3To gives a supercooling 
A 7  = 0.02"K. In this approximation, AT + and to recover the earlier 
value AT = 0.2"K requires 5 = 508,. 

The supporting walls or even free surfaces will provide a preferred 
orientation, thus acting as heterogeneous nucleation sites.' I-Ieterogeneous 
nucleation always lowers the observable supercooling. Therefore, the AT 
which has been calculated on the basis of homogeneous nucleation is an 
tipper limit to the observable value. 

D I F F E R E NTI A L SCAN N I N G CA LO R I M ET RY 

Since the DSC results are interpreted in an unorthodox way, a brief descrip- 
tion is in order. We are specifically concerned' with the Perkin-Elmer DSC 2, 
but the argument should be true for other  instrument^.'^ 

The sample temperature is programmed to increase or decrease at a set 
rate and the heat required to do this is recorded. Since the heat flow requires 
a temperature gradient, it can be shown that the ideal delta function transition 
heat is recorded as a right triangle.l6*I7 This is easily seen in the thermogram 
of pure indium run at slow speed. 

peak height ~ (mass x sweep 
rate)'.', which is easily verified using indium samples. It is of interest to note 
that the recorder deflection for specific heat ~ (mass) (sweep rate). There- 
fore to discriminate transition heat from specific heat favors a slow sweep, 
i.e., trans heat/sp. heat - (mass x sweep 

The eflect of supercooling on the thermogram can also be demonstrated 
with indium. A supercooled sample on crystallizing increases in temperature. 
The DSC control loop responds rapidly to this temperature jump. For 
indium the supercooled crystallization thermogram approximates a delta 
function. In general, on account of the temperature jump in a supercooled 
sample, the thermogram peak will be higher than that of themelting transition. 
Of course, if the crystal growth rate is low, this will limit the peak height. 
The ratio of peak heights can be used to infer supercooling.' 

For a right triangle thermogram: width 
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36 D. ARMITAGE A N D  F. P. PRICE 

The best test of supercooling is obviously to measure the transition 
temperatures. There is on account of heat flow temperature gradients an 
inherent sweep-dependent error in temperature. This error changes in sign 
on  cooling as opposed to heating. Using an indium sample, this error can 
be studied as a function of positive sweep rate, and we find the error 
6T°K = 0.035 (sweep rate OK/min). Assuming the magnitude of the error 
remains the same at negative sweep rates, the thermograms can be corrected 
for this error. 

Equilibrium conditions can be approached by operating the DSC in a 
“step” mode. A minimum step of &0.l0K can be made, the temperature 
remaining constant until such time as another step is triggered. The heat 
recorded during these step changes can be interpreted, but errors are intro- 
duced by the transient response of the instrument. 

MATERIALS 

P-azoxyanisole (PAA) obtained from Aldrich was purified by recrystal- 
lization from ethanol followed by zone refining.’ This technique is effective 
when the viscosity of the melt is low as in the nematic to solid transformation. 
The presence of a smectic to solid transformation generally requires special 
zone refining techniques?’ 

Heptyloxyazoxybenzene (HOAOB) (Eastman) is the heptyl homologue of 
PAA and was purified by multiple recrystallizations from pentanol and then 
ethanol. 

The DSC thermogram of the purified materials is as sharply defined as that 
of the pure DSC standards such as benzoic acid; therefore we estimate an 
upper impurity level ‘v 0.1%. 

Samples are encapsulated in standard aluminum pans for the DSC, which 
is operated with nitrogen purge gas. 

Relevant data: PAA, solid-nematic transition temperature To = 392OK, 
transition enthalpy H = 105 J/ml, solid-nematic surface energy’ 0 = 
10 erg/cm2, nematic-isotropic To = 409OK, H = 2.1 J/ml, surface“* 0 = 
0.03 erg,’cm2; HOAOB, smectic-C to nematic 368.6OK, H = 3.72 J/ml, 
nematic-isotropic 397h°K, H = 2.27 J/ml. 

RESULTS 

DSC 

DSC thermograms were recorded for various PAA samples using the 
Perkin-Elmer DSC 2. Figure 1 shows the thermograms for a purified sample. 
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SUPERCOOLING A N D  NUCLEATION 

10 

408.2 409.0 ( K 4 0 9-2 

FIGURE 1 P-azoxyanisole DSC endotherm and exotherm (2 mg sample, 0.31°K/min). 

The endotherm and exotherm are shown without distinguishing the sign of 
heat flow. The temperatures are corrected for machine hysteresis as discussed 
earlier. It is clear that the transitions begin at virtually the same temperatures. 
A small sample fails to conform to the ideal right triangle shape due to limiting 
sensitivity of the machine and sample transition range. 

The effect of stepping through the transition is shown in Figure 2. Spikes 
result at each step due to the machine transient. However, most of the 
transition takes place in the step 409.0 to 409.1'K as indicated by the broader 
spike.This suggests as expected that the DSC exaggerates the transition width. 

Returning to Figure 1 we note that the peak height of the exotherm is 
greater than that of the endotherm. As discussed earlier, this is indicative of 
supercooling. An estimate of the supercooling can be made according to 
AT = (% increase in peak height) (half width) = 0.03OK. It may also be 
accounted for by different thermal conductivities in nematic and isotropic 
phases. If that were the explanation the efiect would be expected to increase 
with sample size or sweep speed. However, the opposite is observed. A 
sample pan of pure copper weighing 500 mg was substituted for the 20 mg 
aluminum pan that is normally used. This thermal inertia should inhibit a n y  
small temperature jump the sample might make at the transition. No 
significant change in the thermogram is observed with this procedure. This 
suggests that if there is a temperature jump it is confined to  a temperature 
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38 D. ARMITAGE AND F. P. PRICE 

, 
408-9 (‘K 409.4 

0 I M I N )  15 

FIGURE 2 P-azoxyanisole DSC response to step changes O.I°K at 3 min intervals. 

0 I- 

~ 

403 ( O K )  4 0  4 405 

P-azoxyanisole DSC of impure sample. (0.3I0K/min). FIGURE 3 

gradient in the sample. There is some confirmation of this from observations 
on a sample mixed with lop glass powder where the two peaks are almost the 
same. The glass will, however, change the nucleation behavior as well as 
increase the thermal inertia. 

Figure 3 shows the thermogram of an impure sample. The transitions are 
broader and overlap. There is a gap between the termination of the endotherm 
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SUPERCOOLING A N D  NUCLEATION 39 

and the start of the exotherm of about 0.5'K. This is expected on account of 
the higher solubility of impurities in the isotropic phase which gives rise to 
an impurity segregation in the two-phase region. 

The experiments were repeated with HOAOB. The difference between 
isotropic exotherm and endotherm peaks is less than half the effect in PAA 
and corresponds to a supercooling O.Ol°K. 

Miscroscopy 

Microscopic studies are carried out with a Zeiss polarizing microscope and 
FP4 Mettler hot stage. The birefringent nematic phase is easily distinguished 
from the isotropic phase during microscopic observation of the phase 
transition. Here, as is well known:' we see the formation of nematic spherical 
droplets in the isotropic phase at the transition point. This is indicative of a 
nucleation p roces~ .~  

A study of the phase boundary region is aided by the introduction of a 
temperature gradient such as to stabilize that region. This can be achieved 
in the Mettler hot stage by replacing the transparent heat shield with plain 
glass, thus producing a circular region of slightly lower temperature. Figure 4 
shows how a nematic region about 1 mm diameter surrounded by isotropic 

FIGURE 4 
rotinded by isotropic. 

Photomicrograph of PAA in cleaved mica wedge showing nematic region sur- 
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40 D. ARMITAGE A N D  F. P. PRICE 

FIGURE 5 
growth front. 

Sample shown in Figure4, but moviiig 0.1 mmjsec. Movement produces dendritic 

phase can be stabilized using this method. If the sample shown in Figure 4 
is moved steadily through the temperature gradient an interesting growth 
pattern develops as shown in Figure 5. This looks like dendritic growth 
familiar from crystal growth experiments.22 Crystal growth rate increases 
with the degree of supercooling. The temperature at the growth front is 
raised by the heat of fusion and hence there is a non-uniform temperature 
distribution in the melt. This promotes an instability in the growth front 
favoring dendritic growth. 

This effect is most easily seen with a thin film sample -1 pm in a freshly 
cleaved thin mica sheet. Alternatively the nematic film can be supported 
between thin cover glasses, the point being that the support should be of low 
thermal inertia to allow the temperature to change rapidly. 

The width of the growth fringes decreases with the film thickness. This is 
ascertained by experiments on wedge-shaped films as shown in Figure 6. 
Here light and dark optical interference bands run perpendicular to the wedge 
direction. These are consistent with decreasing film thickness at the smaller 
growth fringes. The interference bands are used to calculate the film thickness, 
which is estimated to vary from 0.2 pm to 0.5 pn over the diameter shown in 
Figure 6.  The fringed growth front is preceded by a bright halo. This is due 
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SUPERCOOLING AND NUCLEATION 

FIGURE 6 Similar to sample in Figure 5. but monochromatic light produces interference 
bands. 

to a layer of nematic on one or both surfaces which does not yet extend 
through the sample thickness as shown in Figure 7, a conclusion that is 
reached from monochromatic studies such as Figure 6 which show “Newton 
ring” type interference behavior. 

In these experiments the temperature difference between the disappearance 
of the nematic phase and the first appearance of the isotropic phase is checked 
by stepping the hot stage at O.OlOM intervals. A supercooling of about 0.03OK 
is found which is in  agreement with the DSC results. 

The growth fringes can naively be interpreted as manifestations of super- 
cooling. An. upper limit to the supercooling is estimated at 0.05OK from the 
maximum temperature difference observed in the I2ot stage. 
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100 p/sec 100 y. 
C-L 

- 
- 1000 p - I 

FIGURE 7 Cross section sketch of nematic-isotropic interface. 

The dendrites propagate along the plane of the film at the expense of 
growth across the thickness of the film. This is favored by the curvature of 
the growth front as shown in Figure 7. A 1 ,urn radius cylindrical growth 
front concave to the nematic phase has an equilibrium temperature 0.006OK 
(= aT',/rH) higher than that of a plane interface. The dependence of growth 
fringe width on film thickness probably reflects the increased transition heat 
evolved in the thicker film. This requires a higher temperature gradient at 
the growth front, which is known to favor a coarser dendrite structure in 
crystals.'* The analogy with the growth of solid crystals may be misleading. 
A detailed interpretation of the phenomena will need to take into account: 
(1) supercooling, (2) heat flow and temperature distribution, (3) interfacial 
tension, (4) surface alignment properties, ( 5 )  elastic distortion energy, and 
(6) pressure changes induced by transition volume changes. 

Similar experiments were performed with HOAOB. Here growth fringes 
are observed, but they are smaller and the effect seems much weaker. This is 
consistent with the DSC behavior. At the nematic-smectic transition an 
entirely different growth front is observed. This is in the form of a number of 
sharp spikes with no particular pattern. 

DISCUSSION 

The experiments demonstrate an apparent supercooling in PAA -O.Ol°K, 
which is in agreement with the value determined from droplet growth rate." 
This is much less than the classically predicted value 0.2OK. The theoretical 
predictions are not firm; moreover, the experimentally determined value 
should be smaller on account of heterogeneous nucleation. 

All of the containing surfaces have aligning properties, particularly mica. 
This aligned molecular surface layer should be preserved into the isotropic 

and may therefore act as a nucleus when the sample is cooled to the 
nematic transition temperature. In this event the observations relate to the 
rate of transformation as a function of supercooling. A small decrease in 
temperature from the two-phase equilibrium will cause the nematic to grow 
by diffusive processes. However, rapid growth may require the nucleation 
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SUPERCOOLING AND NUCLEATION 43 

of a dendritic structure and necessitate supercooling to near the homogeneous 
nucleation temperature. 

PAA shows the largest supercooling effect of several nematic and choles- 
teric materials." It is interesting to note that in the expression for correlation 
length t = &(To - T*)-0.5, the upper limit of supercooling (To - T*) is 
comparatively high for PAA,24-28 i.e., for PAA,24*26 To - T* = 3.0 to 
lS°K, while for HOAOB24.25 T - T* = 0.7 to 0.6OK. This implies that 
supercooling should be more readily observed in PAA. 

The value of To - T* has been determined for several n e m a t i c ~ ~ ~ - ~ '  and 
cholestericsZ8 and is in the range 0.01 to 0.6OK. For these materials the 
asymmetry in the DSC peaks is much smaller than that of PAA. 

Analysis of the pretransition behavior in terms of a second order transition 
approximation is usually curtailed about 1°K before the first order transition. 
It is argued that perturbations related to  the first order point are significant 
close to the tran~ition.'-~ If our treatment of nucleation in nematics is valid, 
then it could be correct to treat the pretransition effect as "reliable" second 
order behavior up to the transition point, since the first order transition is 
precipitated by a statistically rare fluctuation. 

Experiments on the size dependence of phase transitions using samples 
absorbed in porous silica' can be related to the nucleation problem. A 
cylindrical pore of radius 600 A depresses the nematic-isotropic transition29 
AT = O.l°K. With spherical geometry this should increase5 to AT = 0.2"K. 
The surface energy parameter derived from these experiments* was used in 
the nucleation calculation, therefore guaranteeing the agreement AT =0.2"K. 
The porous silica experiments' introduce extra problems of interpretation in 
the nature of the silica-nematic interface. Nevertheless it appears improbable 
that supercoolings in excess of 0.2OK can be observed in PAA if some method 
of eliminating heterogeneous nucleation can be found. 

The extrapolation of the pretransition correlations suggests an upper 
bound AT < To - T*. This is significantly reduced when statistically rare 
fluctuations are considered. A reasonable limit appears to be AT < 
O.l(T0 - T*). 
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