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is a reasonable result. As the number of desorption sites de- 
creases, the observed value of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATO would increase. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Contaminat ion Effects. A decrease in T values with con- 
taminated surfaces has been observed in these studies with 
desorption of CsCl and CsI as well as in the case of desorption 
of UZ4 and U+.25 Studies by Scheer and Fine5 of desorption 
of Cs+ resulting from Cs, CsCl, and CsI adsorbed on W and 
Re surfaces showed that T increased when the surface was 
contaminated. An explanation of the decrease observed in the 
present studies with contamination of the surface is given by 
considering that more desorption sites are present with more 
impurities on the surface. Fewer random walk steps would be 
required in step 3. In the studies of Scheer and Fine, large 
values of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAH* were observed which would lead one to believe 
that step 1 is probably the rate-determining step in their de- 
sorption process. The addition of contaminates to the surface 
in the studies of Scheer and Fine would not be expected to 
have the same effect since the rate-determining step is step 
1 rather than step 3. 

Acknowledgments. The authors gratefully acknowledge 
financial support for this research from the National Science 
Foundation through Grants No. GH-35938 and GH-42513. 

Thanks are given also to Dr. Leo W. Huang for his work on 
preparation of the Ni(100) surfaces and some scanning elec- 
tron microscopy performed at the University of Wisconsin- 
Milwaukee. Professor William Warke of the Illinois Institute 

of Technology is thanked for his help with scanning electron 
microscopy of the surfaces used in this study. 

References and Notes 

Based on a thesis by M. B. Liu submitted in partial fulfillment of the re- 
quirements for the Ph.D. Degree, Illinois Institute of Technology, Chicago, 
Ill., 1974. 
L. W. Huang and P. G. Wahlbeck, J. Phys. Chem., preceding paper in this 
issue. 
(a) G. E. Cogin and G. E. Kimball, J. Chem. Phys., 11, 1035 (1948). (b) M. 
D. Scheer and J. Fine, ibid., 36, 1647 (1962). 
G. M. Rothberg, M. Eisenstadt, and P. Kusch, J. Chem. Phys., 30,517 (1959). 
M. D. Scheer and J. Fine, J. Chem. Phys., 38, 307 (1963). 
D. R. Stull and H. Prophet, Natl. Stand. Ref. Data Ser., Natl. Bur. Stand., 
No. 37, 2nd ed (1971). 
S. A. Rice and W. Klemperer, J. Chem. Phys., 27, 573 (1957). 
R. F. Barrow and A. D. Caunt, Proc. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAR. SOC. London, Ser. A, 219, 120 (1953). 
H. Honig, M. Mandel, M. L. Stitch, and C. H. Townes, Phys. Rev.. 96, 629 
(1954). 
A. G. Gaydon, “Dissociation Energies and Spectra of Diatomic Molecules”, 
3d ed, Chapman and Hall, London, 1968. 
J. G. Allpress and J. V. Sanders, Surface Sci, 7, 1 (1967). 
J. R. Anderson and R. J. MacDonald, J. Catal., 13, 345 (1969). 
L. H. Germer, E. J. Scheibner, and C. P. Hartman, Phil. Mag., 5,222 (1960). 
L. H. Germer and A. V. MacRae, J. Appl. Phys., 33, 2923 (1962). 
L. H. Germer and A. V. MacRae, J. Chem. Phys., 36, 1555 (1962). 
D. A. Degras, Suppl. Nuovo Cim., 5, 406 (1967). 
A. M. Horgen and D. A. King in “The Structure and Chemistry of Solid 
Surfaces”, G. A. Somorjai, Ed., Wiley, New York. N.Y., 1969. 
G. Blyholder, J. Chem. Phys., 62, 3193 (1975). 
G. Blyholder, J. Phys. Chem., 79, 756 (1975). 
G. Ehrlich and F. G. Hudda, J. Chem. Phys., 35, 1421 (1961). 
0. Knacke and I. N. Stranski, Prog. Metal Phys., 6, 181 (1956). 
C. A. Hultman and G. M. Rosenblatt, Science, 188, 145 (1975). 
E. A. Moelwyn-Hughes, “Physical Chemistry”, 2d ed, Pergamon Press, New 
York, N.Y., 1961, p 959. 

An Electron Spin Resonance Study of the Pressure Dependence of Ordering and Spin 

Relaxation in a Liquid Crystalline Solvent’ 

James S. Hwang, K. V. S. Rao, and Jack H. Freed* 

Department zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof Chemistry, Cornell University, lthaca, New York 14853 (Received December 17, 1975) 

An ESR study of ordering and relaxation as a function of pressure is reported for the perdeuterated Tem- 
pone nitroxide radical probe in phase V solvent. The study of ordering focuses on the nature of the intermo- 
lecular interactions between the probe and solvent (and between solvent molecules), which lead to the weak 
ordering of the probe. The results are suggestive of longer range interactions than were previously found by 
McColl in an NMR study on a pure solvent. The spin relaxation results have been analyzed in terms of acti- 
vated-state theory to obtain values of AHa and AVa as a function of T and P for the rotational reorientation. 
Anomalous features of the spin relaxation previously reported by Polnaszek and Freed in a temperature- 
dependent study of this system are reported here as a function of pressure. These anomalies are most pro- 
nounced for rotational correlation times (TR) large enough that ESR line shapes are no longer motionally av- 
eraged (i.e., they are characteristic of the slow motional region). In general, the anomalous behavior depends 
mainly on TR and appears to be nearly independent of the particular combination of T and P. A mechanism 
in which the local structure around the probe relaxes more slowly than the probe, as proposed by Polnaszek 
and Freed, is taken to be the most likely explanation. Rapid motional effects in the rigid solvent are also re- 
ported. Details of the high-pressure accessory are given. 

1. Introduction wide range of temperatures, embracing the fast motional re- 
gion to the rigid limit. Some NMR studies have demonstrated 
the utility of experiments over a wide range of pressures to 
learn about molecular dynamics.7.8 However, there are few 
comparable ESR studies.9 In this work, we complement our 
previous experiments on temperature dependence, in which 

ESR relaxation studies can supply useful information about 
molecular dynamics in condensed media. We have actively 
conducted careful studies of such processes in both isotropic 
and anisotropic (liquid crystalline) environments,2-6 over a 
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line shapes consistent with non-Brownian reorientational 
motion (e.g., large angle jump diffusion) and anomalous fre- 
quency dependences of the rotational reorientational corre- 
lation functions were observed, with a study of pressure de- 
pendence. This complementary study has yielded results 
which aid in interpreting the previous observations. For ex- 
ample, we can ask such questions as to whether "pressure- 
induced" slow-motional spectra will be consistent with the 
same or different non-Brownian motional models; or whether 
anomalous frequency -dependent line width behavior also 
exists as a function of pressure. 

The primary effect of increasing pressure at constant 
temperature is to increase the intermolecular potentials, while 
measurements a t  constant pressure, in which temperature is 
varied, include combined effects of molecular kinetic energies 
and intermolecular potentials. Thus, the pressure-dependent 
experiments are more directly amenable to analysis in terms 
of molecular models. [Of course representations of the ex- 
periments at constant volume are of considerable utility, but 
this requires the knowledge of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPVT data.] Furthermore, as 
reviewed by Jonas,7 pressure-dependent experiments are very 
useful in distinguishing between spin relaxation effects due 
to internal motions from those due to overall motions. This 
is of particular importance in assigning anomalous relaxation 
behavior. 

We have, in this work, studied the spin-probe PD-Tempone 
in the liquid crystalline solvent phase V. We have shown in 
previous extensive studies at atmospheric pressure with a 
variety of isotropic and nematic liquid solvents that, by the 
use of this perdeuterated spin probe, one removes most of the 
undersirable width inhomogeneity typical of spin probes. This 
yields better resolved spectra, which can be analyzed with 
much greater confidence and accuracy. Also, i t  was found in 
our previous studies with this probe that the magnetic tensors 
are very nearly identical in a variety of nonhydrogen-bonding 
solvents, including nematic  solvent^,^-^ and we take this to 
imply that there are little or no specific interactions with the 
nitroxide entity in such solvents that might confuse our in- 
terpretations. We chose phase V solvent for this initial study 
as a function of pressure, because i t  was the only nematic 
solvent that in our previous studies5 had the properties of (1) 
having a nematic phase over a wide temperature range and (2) 
being viscous enough at its lower temperatures that spectra 
characteristic of the slow motional region were observed. 
These properties were expected to be manifested as a function 
of pressure. 

It is possible, with nematic solvents, to study thermody- 
namic properties related to the measured order parameter as 
a function of T and P (or T and V ) ,  and one may interpret 
them in terms of statistical theories of the nematic state. 
There have been a few such NMR studies of nematics,1°-12 
although this work is the first such ESR study. Thus, while 
our experiments were conceived primarily for studies of mo- 
lecular dynamics, we also discuss our results on ordering to 
indicate their relevance to nematic equations of state. 

The experimental aspects, including a description of the 
high-pressure system, are given in section 2. Our results on 
ordering vs. T and P are given in section 3, where they are 
discussed in terms of simple mean field theory. The spin re- 
laxation results are presented and discussed in section zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4. 
Conclusions appear in section 5. 

2. Experimental Methods 

Spectra of PD-Tempone in phase V a t  X-band were ob- 
tained with a Varian E-12 spectrometer modified for high 

pressures and interfaced with a PDP-9 computer. The details 
of interfacing are discussed in ref 3. The high-pressure ex- 
periments were carried out in a thermostated Be-Cu vessel 
containing a slow-wave helix, and a pair of modulation coils 
mounted on a Teflon modulation capsule. The high-pressure 
system was designed for 10 kbars maximum pressure, but the 
actual maximum pressures required in this work (e.g., 4.5 
kbars for phase V a t  45 "C) were determined by the freezing 
point of the nematic phase of phase V. 

The high-pressure generating system is capable of deliv- 
ering 14 1. of high-pressure fluid continuously without being 
disconnected from the vessel. The schematic of the high- 
pressure generating system is given in Figure 1. Pressures up  
to 4 kbars can be conveniently generated with a Haskel 
DSXHW-602 air driven liquid pump. This is performed with 
valves 1 and 2 closed and valve 3 open. For pressures in excess 
of 4 kbars (and up to 10 kbars), a Harwood A2.5J high-pres- 
sure intensifier is brought into the circuit by closing valve 3 
and opening valve 2. 

We show in Figure 2 the assembled ESR high-pressure 
vessel which was tested up to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 kbars. The vessel is machined 
from a %in. rod of temper H Berylco 25. The rod was tested 
ultrasonically before machining using an immersion method. 
After machining, the finished parts were heat treated (at 600 
O F  for 2 h) using a precipitation hardening process. Earlier 
work on the use of Berylco 25 for a high-pressure ESR vessel 
has been discussed by Plachy and Schaafsma13 and by Doyle 
et al.14 for a high-pressure ENDOR cavity. The microwave and 
pressure plugs, which seal the ESR vessel at both ends, employ 
true Bridgman seals,15 which cause minimal wear on the seals 
and yield a vessel virtually free of leaks.16 The microwave plug 
was designed for variable frequency experiments from S-band 
to X-band. 

Variable temperature and high pressure experiments were 
performed using a brass temperature control jacket con- 
structed to fit around the pressure vessel. This system was 
made leak tight by means of a rubber sealant. The tempera- 
ture of the solution in the variable temperature jacket was 
monitored with a copper-constantan thermocouple or (when 
accurate temperature reading to 0.1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA"C is required) a precision 
thermistor. The solution, which flows into the copper tubings 
of the temperature control jacket, is from a Tamson constant 
temperature bath, with temperature stability to within 0.01 
"C. The temperature in the temperature control jacket is 
constant to within 0.1 "C and has a temperature range from 
-25 to 75 "C. 

The sample preparation and sample holder containing a 
helix are similar to the description given elsewhere.9 The so- 
lutions of PD-Tempone in phase V were somewhat more 
concentrated than previously used in I in order to enhance 
sensitivity. Some spin exchange, therefore, was present at the 
higher temperatures near atmospheric pressure, but it was still 
possible to introduce the appropriate line shape corrections 
for inhomogeneous deuteron broadening3s5 in the presence of 
spin exchange in the manner of Lang and Freed.l7 

Most of the other aspects of the experimental methods are 
as discussed in I; e.g., the magnetic tensor components used 
for PD-Tempone in phase V are those given in I. 

3. Order Parameters and Statistical Thermodynamic 
Relations 

The nominal ordering parameters (em}= = S(p)  determined 
for PD-Tempone in phase V, appropriate for a one parameter 
p ~ t e n t i a l , ~  are plotted vs. pressure in Figure 3. [The a~(s2) 
are the generalized spherical harmonics, cf. ref 2-5, and the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

The zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAJournal of Physical Chemistry, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAVol. 80, No. 13, 1978 



1492 

Electrical leads for moduloflon system 

J. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHwang, K. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAV. S. Rao, and J. H. Freed zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Hosktl hlph p r o w r e  ~ I liquid output 

I n h e r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA!-397 two Three connections woy valva - on 

pressure (1160 

Two way angle volve 

Flgure 1. Schematic of the high pressure generating system. 

angular brackets imply ensemble averaging.] These results 
are from the measured hyperfine shifts and are computed 
from eq 2.27a of I (with zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp’ the tilt angle of the magnetic z axis 
with respect to the ordering z’ axis set equal to zero). I t  is seen 
to vary linearly with pressure. (The significant deviations from 
linearity at high pressures are due to the fact that the data 
have not been corrected for the effects of slow tumbling and 
are not otherwise anomalous, cf. I.) In an NMR study on PAA 
of Ss) (the order parameter of the pure solvent) with pressure 
a t  more elevated temperatures, the graphs were generally 
nonlinear.ll 

It was shown in I, that the ordering of the spin probe is 
usually not axially symmetric, so that a pair of order param- 
eters ( zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI&)z and ( a,o + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6-2,0)z (and the principal axes) must 
be specified. These may be determined from combined hy- 
perfine and g shift measurements and eq 2.26 of I. However, 
it was not conveniently possible to measure very accurate g 
values in the high-pressure vessel. I t  was therefore assumed 
for convenience that the nominal (@,o )z  value shown in 
Figure 3 may be replaced by the associated pair of order pa- 
rameters found in I for the same nominal ( in the same 
system a t  atmospheric pressure (or more precisely the vapor 
pressure of solvent) and different temperatures. This would 
follow if, while the extent of ordering is affected by T and P,  
the “symmetry” of the molecular alignment remains about 
the same for a given extent of ordering. The basis of the two- 
term ordering tensor is5 

( a i d Q ) )  = .I” dQPo(Q)&dQ) (3.1) 

where Po(Q), the equilibrium distribution in Euler angles Q 
between the molecular coordinate system and the laboratory 
system, is given by 

Po(0) = exp(-U(O)/hT)/J d 0  exp(-U(Q)/hT) (3.2) 

with U ( 0 )  the mean restoring potential of the probe in the 
field of nematic solvent molecules, which is given by 

U ( a ,  p, O)lhT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE - A  cos2 p - p sin2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 cos 2a (3.3) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

2* Sliding Short W o w g w d i  X-Bond 
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Figure 2. ESR high pressure vessel fully assembled. (The upper and 
lower halves are shown separately but are actually joined at the break 
lines.) 

The Maier-Saupe-type form of the potential comes about 
when p = 0 in eq 3.3. Note that the mean torque on the probe 
is derived by taking the appropriate gradient of U(Q) ,  i.e. 

T = +iMU(Q) (3.4) 

where M is an angular gradient operator defined in I. Thus 
U(Q)  is statistically the potential of mean torquels (within an 
arbitrary energy zero) for the spin probe. 
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Figure 3. Nominal orderlng parameter zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(67) vs. pressure for PD- 
Tempone in phase V. The solid lines show least-squares fits. The dashed 
curve is for the temperature variation at 1 atm from Polnaszek and 
Freed. The nonlinear effects for larger ordering are due to onset of slow 
motion. The X's mark the meltlng points from the least-squares fits 
given in the text. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

The values of -X, and p ,  obtained in this manner are shown 
in Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4. [The subscript zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAz means that the molecular mag- 
netic z axis is taken as the primary orientation axis.] They are 
linear in zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP ,  just as S ( p )  was. I t  was noted in I that the probe 
orients weakly with the magnetic z axis tending to be per- 
pendicular to the director, they axis tending to be parallel to 
the director, and the x axis tending to be oriented nearly a t  
the magic angle. 

Our results on ordering of the spin probe (S(p)) as a function 
of T and P has some relevance for theories of the nematic 
state. First we note that, while the PD-Tempone spin probe 
is ordered to a lesser extent than the nematic solvent mole- 
cules themselves, it is indeed a probe of the surroundings. One 
often employs a "mean field" theory to estimate the true po- 
tential of mean torque U which is measured experimentally. 
Then one may make use of orientation-dependent expansions 
such as19-23 

and 

where the subscripts mf imply mean field approximation, the 
superscripts (s) and (p) refer to solvent and probe, and we are 
assuming low concentrations of probe molecules, so the latter 
only interact with solvent molecules. The solvent order pa- 
rameters ( zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAll@( n')) are determined by self-consistency 
considerations. The coefficients a@&) are a measure of the 
strengths of the anisotropic interaction between molecules of 
species i and j and they are averages over the pair distribution 
function n ( 2 ) ( r ) ,  e.g. 

0 II 
1000 2000 3000 4000 

Pressure In bars 

Flgure 4. Asymmetric ordering, potential parameters, vs. pressure for 
PD-Tempone in phase V. The ordering parameters are defined with 
respect to the L molecular axis. The solid llnes show least-squares fits. 
The dashed curve Is for the temperature variatlon at 1 atm from Poln- 
aszek and Freed. 

"mean field" approaches are discussed in numerous 
p l a c e ~ . l ~ - ~ ~  Note however the eq 3.5 for U;)f assumes a 
spherically symmetric pair distribution function for simplicity, 
while for U,$') this is not invoked to better allow for anisotropic 
ordering. The Maier-Saupe potentiallg is based on the as- 
sumption that only (D#") is important and due to weak 
attractive forces, although more recent theories have included 
( f l k ) ) ,  but in different ways.21122 In general, for long rodlike 
solvents the K # 0 terms in eq 3.5 should not be important, 
although for the probe they will generally have to be consid- 
ered. While it is, in general, possible to represent all types of 
attractive and repulsive pairwise intermolecular forces by 
equations such as eq 3.5 and 3.6, some theories have intro- 
duced repulsive forces as a purely entropic, excluded volume 
between hard 

One general feature of the various theories is that each 
predicts a universal value for S(5) (at)) for the isotropic- 
nematic, and possibly for the nematic-solid phase transitions. 
NMR studies on the liquid crystal PAA as a function of T and 
P have confirmed this.1° Our results at the nematic-solid 
phase transition for the different temperatures and pressures 
yield Ski = -0.14 f 0.017, at the melting point. (However, 
there appears to be a definite trend such that S,$'i increases 
somewhat with increasing pressure.) This value is, as expected, 
smaller than the value 0.55 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf 0.015 obtained for SkL for PAA. 
Our results appear to indicate that the ordering of the probe 
is a definite monitor of the thermodynamic properties of the 
liquid crystalline solvent. Note that it has recently been shown 
that the presence of small amounts of impurities does not 
normally change the value of a t  the nematic-isotropic 
transition, and we may expect this to be true at the melting 
point as well. 

The observed pressure dependence of the solid-nematic 
melting point for phase V is 

T,,(P) = -2.5 "C + 12 "Clkbar X P (3.8) 

(While substantial supercooling of the freezing point was 
noted in the temperature-dependent studies involving sam- 
ples in thin capillary tubes, cf. I, i t  was not observed in this 
work.) This pressure dependence is smaller than that reported 
for PAA:10 

(3.9) TmP(P) = 116 O C  + 24.5 OC/kbar X P where p is the number density. The other assumptions of such 
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Note that solutions of nematics with small amounts of im- 
purity are known to be ideal, and they will cause a freezing 
point depression predicted in the usual fashion. 

Our result can be interpreted, with the Clausius-Clapeyron 
equation (neglecting the small impurity effect) to yield at the 
melting point 

i u r / A V  = T zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(5) = [T  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAO)k)/12] kbars (3.10) 

Unfortunately there is no latent heat zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(iur) or specific volume 
(AV) data available for phase V (or the similar MBBA solvent) 
a t  the melting point. [If we were to use the A V  for PAA,1°J9 
then we would get AH - 4.3 kcal/mol.] 

McCollll has introduced the thermodynamic quantity y 

(3.11) 

as a measure of the relative importance of density (or specific 
volume) vs. temperature in establishing nematic order. This 
parameter is best calculated by converting data of Sei) taken 
as a function of T and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP to results as a function of T and V by 
means of data on the T and P dependences of molar volume.12 
However, one may rearrange eq 3.11 for y to obtain 

1 
(3.12) 

where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPT (d In p / d P ) ~  is the isothermal compressibility. 
Thus, while the slopes (dP/dT)s may be determined from our 
experiments, PT and (dP/dT), must be determined by other 
measurements. No such data have as yet been obtained for 
phase V, so we make use of published data on sonic velocity,26 
heat ~ a p a c i t y , 2 ~ , ~ ~  and thermal e x p a n ~ i o n ~ ~ ~ ~ ~  for the liquid 
crystal MBBA, since in our previous work (I), we found that 
phase V and MBBA yielded similar results for ordering of the 
probe and for viscosity at the same temperatures. Our results 
for (dP/dT)s with some results on y are given in Table I. Note 
that McCd1 and Shih12 have found y = 4, and it is constant 
over a range of temperatures (at 1 bar). Our estimates from 
less data amount to y = 1.9 f 0.4. Note that this difference is 
directly traceable to our values of (dP/dT)s = 45 bars/K, 
which is fairly constant, as shown in Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 where nearly 
straight lines curves of T vs. P at constant S ( p )  have been 
obtained.31 McColl12 also found a near constancy, but with 
(aP/aT)s N 23 bars/K or nearly half our result. We also give 
results for another useful thermodynamic derivative, (as/ 
dT)v, which may be obtained from our measurement, as was 
y, using 

(3.13) 

with zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACY I (d In V/dT)p also computed from the published 
data.26-30 

The theoretical importance of these quantities may be il- 
lustrated in the context of eq 3.5-3.7. The pair-interaction 
coefficients ut,&$ will in general depend on inverse powers 
of rij or r in ,  e.g., n = 6 for dispersion forces which were the only 
forces introduced by Maier and Saupe.lg More general 
treatments of attractive and repulsive forces yield more 
complex dependences on rij. One can hope to estimate a 
“mean” n from experiment to shed some light on the relative 
importance of these terms. This is done as follows. One as- 
sumes that 

U?,p(rij) a V-43 (3.14) 

since an r i n  dependence implies a Vbnl3 dependence. Now 

1000 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2000 3000 
-15.0 

Pressure in bars 

Figure 5. Graph of temperature vs. pressure showing contours of 
constant (43) =. The results shown are for the pressure runs at 24 and 
45 OC, and the atmospheric pressure experiments of Polnaszek and 
Freed (ref 5). 

the minimization of the Helmholtz free energy of orientation 
in the limit of very dilute solution of probes, for the mean field 
potentials of eq 3.5 and 3.6 leads to the result that P;$(Q) is 
given by the form of eq 3.2, but with @)given by eq 3.5. Then, 
in the mean field of the aligned solvent molecules, the distri- 
bution function for the probe molecules, P,(,$(Q), is also given 
by the form of eq 3.2, but with lJ$) of eq 3.6. Thus our mea- 
surements of S(p) are to be interpreted in the mean field theory 
by 

S ( p )  = Jl@))(Q)P~~(Q) d o  (3.15) 

Let us, purely for simplicity, assume Maier-Saupe-type po- 
tentials (i.e., only @&,(Q) terms in the expansions of eq 3.5 and 
3.6). Furthermore we assume, utp/kT = asp/VypT and @/kT 
= ass/VysT with asp and ass independent of T and V. Also ass 
is negative for rods and asp is positive for PD-Tempone. Then 
from the functional relation 

S(‘)( T, V) = gi( T, V,S(s)) (3.16) 

where i = s or p, (and, e.g., gp is given by the right-hand side 
of eq 3.15) we obtain 

with a similar expression for (dSi /dV)~.  We then obtain for 
this simple mean field model 

where (AS(s))2 is the mean square fluctuation in order pa- 
rameter given by 

(AS(”)2 = ( ( D p ) 2 )  - (#$’)2 (3.19) 

Then utilizing 

(E) av S(S)  =-(E) av T /(E) d~ v 
(3.20) 

we obtain 

(3.21) 
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T, K (aP/aT)scp), mol/cm zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs2 K yo’ S ( P )  s ( s )  a Exptl value Predicted value from eq 3.22 

298 1.68 x 105 2.28 -0.101 0.58 
313 1.68 x 105 1.9 -0.0824 0.5 

a The values given are for MBBA from ref 32. 

-1.85 
-2.58 

-2.75 
-4.34 

Actually it is easy to show that eq 3.21 is obtained from more 
general mean field distribution functions utilizing eq 3.5, 
provided only that the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa@/kT for all L and K show the same 
l /Vy#T dependence; but eq 3.18 would then become more 
complicated. McColl and Shih12 compare in a graph the 
Maier-Saupe prediction for S(s) vs. T at constant V with their 
actual experimental results. One sees that, in general, the 
(dSS)/dT)v, which are negative, are predicted to be too large 
in magnitude by a Maier-Saupe theory. Note that  
-(AS(S))2usS/hT is predicted from Maier-Saupe theory to 
range from -1 to 3/4 over the nematic range (with the values 
near unity in the vicinity of the isotropic-nematic phase 
transition). Thus, only small changes in the equivalent of 
(ASs)2uSS/hT resulting from including other terms in the po- 
tential (cf. eq 3.5, e.g., zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA@&,(Q)) will have a significant effect on 
the denominator of eq 3.18. Thus, we would expect that the 
equivalent of ( ASs)2uss/hT must be corrected to smaller values 
to agree with experiment by the inclusion of other terms in the 
potential. 

The similar results for the probe ordering are given by 

( A ~ ( P ) ) ~ ~ ~ P S ( ~ ) / V ~ P T S ( P )  
(3.22) (-) V = 1 + (AS(S))2aSS/VTsT 

and 

where for PD-Tempone probe, S ( p )  is negative. Thus the mean 
field theory, wherein the ordering potential of the probe is 
taken to be proportional to S(s) (cf. eq 3.6), aptly shows from 
eq 3.23 that the volume dependence at constant S ( P )  depends 
on both yp and ys. And, in general, the thermodynamic de- 
pendence of S(p)  is a function of both zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAusP and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAuss. We list, in 
Table I, the results for (d In S(P)/d In T)v predicted from eq 
3.22 from our measurements on S(p )  and published results on 
MBBA32 for SS) (recall that the results in I implied very 
similar ordering behavior in MBBA and phase V). These 
predictions are qualitatively in reasonable agreement with the 
experimental values, but tend to be 50-70% high. However, 
our previous discussion of (d In SS) /d  In T)v indicated that 
a “corrected” (AS(s))2uSs/hT that is smaller than the predic- 
tion from a Maier-Saupe potential is needed to produce 
agreement with experiment. This also clearly applies to eq 
3.22, and the order of the correction in this parameter (Le., 
about 25% lower) is also similar. Thus, the thermodynamic 
properties of the probe ordering S ( P )  appear to be amenable 
to the same kind of analysis as S(s). The expression of eq 3.23 
suggests that our measurement of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAy (call i t yp’) is roughly yp’ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
N (%yP + Y4ys), for (AS(s))2~ss/lh T N - 3/4, but with a “cor- 
rected” (AS(s))2~ss/k T, i t  would, from the above indications, 
be closer to yp’ - %(yp + ys) .  Thus, it may well be that our 
result of y,’ - 2 compared to McColl’s ys = 4 in PAA reflects 
either a yp < ys in phase V (or “quasi”-MBBA) or else if yp = 
ys in this solvent, then the overall result is different from PAA. 

Note, however, that our observed trend of Szi, viz., that it 
appears to show a systematic increase with increasing P,, 
would in the context of the mean-field theory used here, imply 
yp < ys, provided S,$, is constant as one expects.1° 

4. Relaxation and Rotational Reorientation 

(A) Line Width Analysis, Motional Narrowing Region. The 
observed motional narrowing line widths are fit to the usual 
quadratic in mI, the z component of the 14N nuclear spin 
quantum number: 

Tz-l(m1) = A + BmI + Cm12 (4.1) 

The results for the variation of A, B, and C plotted logarith- 
mically with pressure are shown in Figure 6. The In A ,  In B ,  
and In C are found to be linear with pressure except for the 
higher pressures consistent with the onset of slow tumbling. 
The results are found to be very similar to the results in I ob- 
tained as a function of T. The overall similarity in results for 
the different pressures and the work of I is emphasized in 
Figure 7 where the important C/B r a t i ~ ~ - ~  is plotted vs. T R  (the 
determination of TR, the rotational correlation time, is dis- 
cussed below). The increase in C/B with T R  is due to some 
extent to the increase in ordering as either the pressure is 
raised or the temperature is lowered. (For an isotropic liquid 
C/B should remain constant.) However, there is a substantial 
increase in C/B with TR not attributable to the ordering. As 
in I, this may be interpreted in terms of (1) anisotropic vis- 
cosity; (2) anisotropic diffusion; (3) modification of the 
pseudo-secular spectral densities to 

where, for t’ = 1, one recovers the well-known Debye spectral 
density. We summarize these (and other) mechanisms in 
Table 11. None of these explanations are really satisfactory, 
and again for the same reason given in I. We summarize some 
of these reasons. When the results _are analyzed in terms of 
anisotropic viscosity, the value of N + R ~ / + R I I  continues to 
increase with increasing 4~~ (Le., i ~ , ,  remains nearly equal 
while + R ~  increases considerably). [Here + R ~  and + R ~ ~  are the 
components of the rotational correlation time that are re- 
spectively perpendicular and parallel to the director.] When 
the results are analyzed in terms of anisotropic diffusion, one 
finds that N y  T R ~ / ~ R ~ ~  must be increasing as T R ~  increases, 
and this is “turned on” only for T R ~  > 2 X s. Further- 
more, when SR 5 s, A’ is predicted to be negative. This 
is totally unexpected; typically A’ is found to increase with 
increasing 7 ~ . ~ - ~  [Here T R ~  and 7~~~ are referred to a symmetry 
axis of the molecule.] The modification of the pseudo-secular 
spectral density with e’ - 13-20 yields results for T R  equal to 
that of the values of . j ~ ~  for the anisotropic viscosity model. 
However, in this case, a single, constant parameter (viz;, e’) 
adequately explains a range of results. [More precisely eps = 
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Figure 6. Line width parameters A, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6, or Cfrom fit of line width to ex- 
pression A + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASMN + C M N ~  (where MN is the I4N nuclear spin quantum 
number) plotted vs. pressure. The solid lines are the least-square fits. 
Parts a, b, and c are respectively for 7.7, 24, and 45 O C .  The dashed 
lines in part a are results for the solid phase; the phase transition is 
indicated by the vertical dashed line. 

20 effectively “explains” the low temperature lower pressure 
results, while Ebs FZ 13 is better for the higher temperature, high 
pressure results.] Thus the analysis in terms of t’ is a useful 
way of representing the data and, as discussed in I and in 
Section C below, it has certain theoretical implications. Its 
limitations will be discussed below. 

The results of an analysis of C and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE to yield TR for the 
different models according to the procedures in I are given in 
Figure 8. That is, the analysis was based on the appropriate 
diffusion solutions under the two-term potential, eq 3.3, with 
the values of X, and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp z  given in Figure 4. The theoretical ex- 
pressions for the line widths ( A  - A’), E, and C are given by 
eq 2.31 of I, and computer programs for their computation are 
given elsewhere.33 It  is seen from Figure 8 that the actual re- 
sults for TR are not very sensitive to the particular model (no 
more than 10% difference). Since the anomalies, presumably 
due to model-dependent effects, become much greater in the 
slow-motional region, we defer further discussion of this. 

(B) Activation Energy and Volume. The variation of TR 

with pressure at 8, 24, and 45 “C is shown in Figure 8. One 
finds that In TR is linear in P (as well as in UT). I t  is possible 
to obtain the usual activation enthalpies AH, and volumes 
AV, from the P and T dependences, r e s p e ~ t i v e l y . ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  That 
is, if we assume activated-state theory for convenience, we may 
write 

TR = TR,O exp[AGa/RT] (4.3) 

where AG, is the difference in Gibbs function between the 
initial and the activated state. One expects TR,O to be almost 
T and P independent, and we assume that it is. Then, from 
the thermodynamic relations 

AG, = AH, + T(dAG,/dT)p = AH, - TAS, (4.4) 

and 

A v ,  = (dAG,/dP)T (4.5) 

one easily finds that 

and 

2.5, I 
respectively. Our data analyzed in this way yield 

AH, = (9.37 + 0.001 02P) kcal/mol (4.8) 

with P in bars (e.g., AH, is 9.43,9.55,10.28,10.92 kcal/mol for 
P = 1, 200, 1000, and 1500 bars, respectively). [The linear 
variation of In T R  with 1/T results in a temperature indepen- 
dent AH,.] Also 

(4.9) AV, = (53.7 - 0.079T) cmg/mol 

and T is  in K (Le., AV, is 31.3,30.4,28.5 cm3/mol for T = 281, 
297,318 K, respectively). [The linear variation of In TR with 
P results in a pressure independent AV,.] By analogy to eq 4.6 
one typically defines 

0 7 7  0 40 80 120 160 200 240 280 320 

r,r 10“ Then, since 

(4.10) 

Figure 7. Graph of (C/B) vs. T R  for PD-Tempone in phase V. The polnts 
marked by 0, A, and V are for 45, 24, and for 7.7 O C ,  respectively. The (%).= -AS,+ (4.11) 

_ _  
points marked 0 are for the temperature variation at 1 atm from Poln- 
aszek and Freed.5 one easily shows that 
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TABLE 11: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASummary of Rotational Relaxation Mechanisms 

Mechanism Characteristic Parameters Ref 

(1) Anisotropic 
diffusion 

(2) Anisotropic 
viscosity 

(3) Fluctuating 
torques 

(4) SRLS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
( 5 )  Jump diffusion 

(6) Free diffusion 

(7) Director 
fluctuations 

Unequal reorientation rates 
about principal axis system 
fixed in molecule. When the 
reorientation rates are equal 
this becomes isotropic 
Brownian rotational 
diffusion. 

about principal axis system 
fixed in the laboratory (e.g., 
dc magnetic field axis). 

Unequal reorientation rates 

Anisotropic torques which 
induce reorientation are 
themselves relaxing at a rate 
that is not much faster than 
the reorientation of the probe 
molecule. 

Probe molecule relaxes in a 
local potential field, while 
the latter averages out 
isotropically at a significantly 
slower rate than the rate of 
probe molecule reorientation. 

Molecule reorients by random 
jumps of arbitrary angle. 

Molecular reorientation is 
partially due to free gaslike 
motion which is perturbed by 
the frictional effects of the 
surroundings. 

A hydrodynamic effect in 
which the nematic director 
fluctuates in its orientation 
with respect to the applied 
magnetic field. 

(4.12) 

The partial derivative (dP/dT)v zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa/@ where a = (1/V) 
(dV/dT)p and @ -(l/V)(dV/BP)T have already been used 
in section 3. We have estimated a and @ from the appropriate 
data on MBBA (cf. section 3) to obtain 

(4.13) 

which is applicable only for T 313 K and P - 1 bar. To  the 
extent that one accepts activated state theory, AH, and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAUV~, 
are measures of the energy required to reorient a molecule 
under conditions of constant P and V, respectively. Then eq 
4.8,4.9, and 4.13 are consistent with the intuitive 
that (1) the restoring torques exerted on the probe (hence 

AEv,, = 0.803 + 0.001 02P + 0.0126T kcal/mol 

RII = ( 6 4 - l  rotational diffusion 
coefficient about molecular 
symmetry axis. R l  = ( 6 7 ~ l ) - l  
rotational diffusion coefficient 
about molecular axes 
perpendicular to symmetry axis. N 
= ~ R ~ / T . R / I  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

l% = ( 6 i ~ , , ) - ~  rotational diffusion 
-"I, 

coefficient about orienting axis in 
lab frame. fr, = ( 6 ? ~ ~ ) - '  
rotational diffusion coefficient 
perpendicular to orienting axis in 
lab frame. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAl%' = + R ~ / + R I I  

TR = relaxation time for rotational 
diffusion of probe molecule. TM = 
relaxation time for fluctuating 
torques inducing reorientation of 
probe molecule. t' = (1 + 7M/7R)'. 
May be combined with analogues 
of models 1 (requiring additional 
specification of 7Ml1 and 7 M L )  or 2 
(requiring i ~ ~ ,  and i ~ ~ ) .  

SI = s(3 cos2 0 - 1) the order 
parameter of the probe relative to 
the local anisotropic potential 
field (Le., local structure). This 
ordering is assumed to be 
cylindrically symmetric for 
simplicity. T~ = the relaxation rate 
of the local structure. (May also be 
combined with the analogues of 
models 1 or 2.) 

between jumps and ( t2)," is the 
mean-square jump angle. Can be 
generalized to include anisotropic 
diffusion tensors, by analogy with 
models 1 or 2. 

momentum relaxation time. They 
are often related by the Hubbard- 
Einstein relation: 7 R T J  = I l 6 k T  
with I the moment of inertia. Also 
7j-l = p the friction coefficient. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

7q-1 = Kp2/q where 7q is the 
relaxation time of the qth Fourier 
component of the director 
fluctuation, with K the average 
elastic constant of the liquid 
crystal and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAq is the viscosity. 

R = (?),"/67 where 7 is the time 

7R and 75 where 75 is the angular- 

2a; J. H. Freed, J.  
Chem. Phys., 41, 
2077 (1964) 

4; 5; C. F. 
Polnaszek, G. V. 
Bruno, and J. H. 
Freed, J .  Chem. 
Phys., 58,3185 
(1973) 

3; 18 

5 

2a 

2a; 3; G. V. Bruno 
and J. H. Freed, 
J. Phys. Chem., 
78,935 (1974). 

5 

AH,) increase as P increases, since the free volume is reduced; 
and (2) the kinetic molecular fluctuations increase as T in- 
creases so the activation volume that is needed decreases. The 
T and P dependence of AEv,, is then a composite of these 
reasons, cf. eq 4.12. 

(C) Slow Motional Region and the Various Reorientational 
Models. Typical spectra obtained at  the highest pressures for 
which the nematic solvent has not frozen are shown in Figures 
9-11. The largest values of 7R occurred, surprisingly enough, 
at the higher temperatures, as a result of the nature of the 
pressure dependence of the phase transition (cf. eq 3.8) vs. the 
activation free energy of 7~ (cf. eq 4.3,4.6-4.9). Also shown in 
those figures are the theoretical spectra predicted for an iso- 
tropic Brownian motion model with the A, and pz from Figure 
4, and the 7R's from Figure 8 (extrapolated where necessary). 
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Figure 8. Graph of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT R  vs. pressure for PDTempone in phase V. The best 
fits with an asymmetric potential (Le., either anisotropic viscosity or zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
e’ # 1) are shown by V, A, 0, while the best fits with an anisotropic 
rotation model are shown by V, W, 0. See text. The dashed lines rep- 
resent extrapolated values used for the slow tumbling simulations. 

Flgure 9. Comparison of experimental and simulated spectra at 7.7 OC 
and 652 bars for PD-Tempone in phase V: (- - - -)experimental result: 
(- 0 - 0 -) theoretical result based on isotropic Brownian diffusion 
with T R  = 8.0 X lO-’Os, A, = -0.945, p,  = 0.38, and A’ = 1.18 G; 
(-) theoretical result based upon model with ts) = 1 ,  t p l  = 20, A’ = 
0.33 G but other values given by the Brownian model. 

Figure 10. Comparison of experimental and simulated spectra at 24 
OC and 1974 bars for PD-Tempone in phase V: (- - - -) experimental 
result; (- 0 - 0 -) theoretical result based on isotropic Brownian dif- 
fusion with T R  = 1.59 X s, A, = -1.096, p,  = 0.37, and A‘ = 
0.12 G; (-)theoretical result based upon model with t l  = 1, tpL = 13, 
A‘ = 0.52 G, but other values given by the Brownian model. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I t  is clear that there are large discrepancies between experi- 
mental and predicted spectra, and they become worse as TR 

increases. These discrepancies are virtually the same as was 
observed in I for temperature-dependent studies. As in I, i t  
was possible to get satisfactory fits with the anisotropic vis- 
cosity model but with anomalously large values of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfl (and with 
? R ~ ~  eventually having to become negative for the slower mo- 
tions). The anisotropic diffusion model is not satisfactory and 
it requires that zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA’ become negative. 

As in I, it was possible to satisfactorily fit the spectra with 
a model based upon frequency-dependent diffusion coeffi- 
cients, which result from having fluctuating intermolecular 
torques that induce the reorientation but are not fluctuating 
at a rate which is much faster than the reorientation. However, 
it was again necessary to distinguish between components 
which are parallel and perpendicular to the director. This 

a 

and 

Figure 11. Comparison of experimental and simulated spectra at 45 
OC for PD-Tempone in phase V: (a) 3450 bars, (- - - -) experimental 
result: (- 0 - 0 -)theoretical result based on isotropic Brownian dif- 
fussion with T R  = 2.25 X s, A, = 1.124, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp, = 0.40, and A’ = 0; 
(-)theoretical result based upon model with ts = 1, tps) = 13, and A’ 
= 0.95 G, but other values given by the Brownian model; (b) 4031 bars, 
(- - - -) experimental result; (- 0 - 0 - 0 -)theoretical result based on 
isotropic Brownian diffusion with T R  = 4.3 X s, A, = -1.21, p z  
= 0.43, and A‘ = 0; (-)theoretical result based upon model with 6s) 

- 1, t p l  = 13, and A’ = 1.35 G but other values given by the Brownian 
model. 

- 

matter is discussed in more detail in I. Here we just note the 
simplified formulae in the limit of zero ordering for L = 2: 

j 2 , s ( C d )  = ? R A / [ ~  + €S/?RlCd2] (4.14a) 

€: = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(1 + ?ML/?RL)2 (4.14 b) 

j2,p$(U) = ?R,1/[1 + tps’+R,lU2] 

6 ? ~ , 1 - l  = 5+RLb1 + ?RI~-’ 

(4.15a) 

(4.15b) 

and 

In these expressions ? M ~  and ?M,, are the relaxation times for 
the fluctuating torques inducing the reorientation, i.e., for 
those components parallel and perpendicular to the director. 
The subscripts s and ps refer to secular and pseudo-secular 
(or nuclear-spin flip) contributions, re~pectively.~ In general, 
we require e: - 1 or 2 and tps‘ - 20 for low T and low P slow 
tumbling while tpS/ - 13 for high T and high zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP slow tumbling. 
These results are consistent with the motional narrowing 
analysis, but they are more dramatic in the slow tumbling case. 
This is evidenced in Figures 9-11, where the results of such 
an analysis are presented.35b 

We have carried out an analogous analysis in terms of an- 
isotropic fluctuating torques referred to the molecular, as 
opposed to the director frame. Here one specifies T R ~ ~ ,  T R ~ ,  7MIl, 

and T M ~ ,  and one obtains expressions analogous to (but dlf- 
ferent from) those for the director frame. However, we could 
find no set of values of the adjustable parameters which could 
yield predictions in satisfactory agreement with experi- 
ment. 

Despite the fact that the analysis based upon fluctuating 
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torques as described above and shown in Figures 9-11 yielded 
satisfactory agreement with experiment, it was argued in I that 
such large values of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcps’ are inconsistent with the physical 
model; i.e., i t  implies +M,, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA>> +R,,. Thus another model was 
considered there, viz., one assumes that significant compo- 
nents of the fluctuating torque persist for times long compare 
to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATR. Then, on a longer time scale, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT X ,  these components relax 
isotropically or nearly isotropically. This “slowly relaxing local 
structure” (SRLS) mechanism was analyzed in I and ap- 
proximate expressions were given for their contribution to the 
line width. These comments also apply to our present results. 
The SRLS is an effective mechanism for explaining an 
anomalous increase in zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC/E.  Order of magnitude estimates 
yield Sf (I$jo(s2))1- v16, where SI measures the ordering of 
the probe relative to the temporarily static torque compo- 
nents, while T X / T R  N 10. In particular, for motionally narrowed 
spectra, and where SI is not large, one can derive expressions 
for the spectral densities jo(o) and j z ( w )  

s12Tx ] (4.16a) 
1 + W 2 T X 2  

- [ Do(w) + 
1 + w27(0)2 

j o ( w )  = 

(4.16b) 

where the first equality is the usual definition of the spectral 
density for anisotropic diffusion in an isotropic liquid2 and 
the arrow points to the new result.36 Also the Do(w) and &(w) 
are given in I, and for W T ( O ) ,  w ~ ( 2 )  << 1, and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASi zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 0.8 one has 
(using a more accurate expansion than in I): 

Do(w = 0)  N [I + 0.27s1 - 2.87Sl2 + 1.522sl3]~(0) 
(4.17a) 

DZ(W = 0)  [l + 0.052Si-k o.264Si2 4- O.177sl3]7(2) 
(4.17b) 

while for negative SI 2 -0.4 one has 

DO(W = 0) N [l - 0.180s1- 3.11Sl2 - 6.34Sl3]7(0) 
(4.18a) 

D ~ ( w  = 0) N [ l  - 0.134s1 - 0.601Sf - 2.654S?]~(2) 
(4.18b) 

As in I, we assume that the molecular magnetic z axis orients 
perpendicular relative to the local ordering, so eq 4.18 apply. 
Then the hyperfine tensor is very nearly axially symmetric in 
this molecular reference frame, so at  X-band we can neglect 
in a first approximation the terms contributing to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA, E,  and 
C from D z ( w ) .  Then for our rough estimates of Sl2 - ‘/I6 and 
T X / T R  - 10, the terms Do(w) and S12rx/[1 + w2~x2] contribute 
roughly comparably for w2~x2 << 1 (more precisely Do(0) - 
0.95~(0) and Sl2TX - 0.6~(0), while for S12 - 0.1, Do(0) - 
0.8~(0)  and Sl2TX N ~ ( 0 ) ) .  Thus, this analysis indicates that 
T R  calculated from j o ( w )  might be about 60% larger than the 
true value. (We have not attempted a total reanalysis based 
on such an observation given the other approximations in our 
analysis.) 

One can explain the anomalous part of the C/E  increase 
which begins to develop for T R  > 2 X s by the choice of 
T X / T R  - 10. This requires the analysis of the SRLS mechanism 
for TX > 2 X s, which is near the incipient slow-motional 
region for nitroxides. However, the analysis of A, B, and C near 
the incipient slow motional region becomes complicated be- 
cause of the need to precisely distinguish the relevant secular 
and pseudo-secular frequencies for the spectral densities as- 

sociated with the S12~x/[1 + w 2 ~ x 2 ]  term. The more complex 
calculations which are required are summarized else- 
 here.^,^,^^ We show in Figure 12, the results of the contri- 
butions to A, B, and C from the SRLS mechanism, which were 
only briefly summarized in I. It should be emphasized that 
these results have been calculated neglecting any effects from 
the actual mean potential (cf. eq 3.3), so one must analyze the 
results assuming additivity of its effects with that of the SRLS 
mechanism. Note that the increase in C / E  is indeed predicted 
for T X  > 2 x 10-9 s from this contribution to the width, and 
it becomes very dramatic for T X  - s, corresponding to TR - 10-9 s (according to our analysis) and this is indeed con- 
sistent with our experimental observations both in I and in 
the present work. Since a careful analysis based upon slow 
tumbling becomes important for T X  Z 2.5 X (or -2.5 
X 10-8 s in the present case) the results shown in Figure 12 
should not be used for the slower values of rx. It is seen from 
results quoted in I that more dramatic effects may be ob- 
tained, hence smaller values of S12 and/or TX/TR would be 
needed, if there is substantial anisotropy in the relaxation of 
the local structure. Furthermore, one would expect S12 to  in- 
crease somewhat as the temperature is lowered and the 
pressure is increased. 

Clearly, it is somewhat arbitrary to distinguish models in 
which the fluctuating torques are relaxing at rates comparable 
to or significantly greater than the reorienting probe molecule. 
Fluctuating torque components must be relaxing over a very 
wide range of freq~encies.3~ However it seems reasonable that, 
for a small spherical probe in a solvent of long rodlike nematic 
solvent molecules, there will indeed exist local structure 
around the probe, which can relax only by the more improb- 
able reorientation of the solvent molecules about axes per- 
pendicular to the director (however, for typical values of S(s) - 0.35-0.55; the Maier-Saupe-type theory prediction is 
(AS(s))2 - 0.2-0.15 roughly corresponding to root-mean square 
angular fluctuations of -37-40’; however, the actual values 
are probably somewhat smaller, cf. section 3). Or, perhaps 
even more likely, the translational diffusion of the rodlike 
solvent molecules directly affects the local structure about the 
probe. 

We have discussed in I the de Gennes-Pincus-type hydro- 
dynamic model for fluctuations in the director38 and its po- 
tential effect on ESR re laxat i~n.~ There it was concluded that 
it was both qualitatively and quantitatively of the wrong 
character to explain the observed anomalies. Our pressure- 
dependent results reinforce these conclusions. I t  is perhaps 
useful to distinguish between the two models or mechanisms: 
SRLS, and hydrodynamic director fluctuations. In simple 
physical terms, the former is a model involving molecular 
dimensions and molecular diffusion, while the latter involves 
coupled modes or waves with dimensions much greater than 
molecular dimensions. Partly as a result of this, the rotational 
reorientation of the probe molecule should be more signifi- 
cantly affected by the former molecular-type process. The 
frequency and temperature dependence of the latter model 
has been worked 0ut,38339 and it is substantially different from 
that for molecular reorientation. Our combined temperature 
and pressure studies show that the relaxation anomalies are 
closely related in their T and P dependence to the rotational 
reorientation, TR, while TR exhibits very similar activation 
energies as the twist viscosity of the liquid crystal (cf. I). It is 
reasonable to expect that the SRLS mechanism is closely 
coupled to the rotational and translational diffusion processes 
of the solvent molecules. The frequency dependence of such 
a mechanism has not been analyzed yet; the discussion above 
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Figure 12. Graph of the contributions of the slowly relaxing local 
structure (SRLS) mechanism to the nitroxide line widths as a function 
of rx, the relaxation time for the local structure. The results are given 
as zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAIS?, WS?, C/SI2, where SI is the local structure order parameter, 
and these are ttie additional contributions to be added to the main 
contributions due to the overall molecular reorientation. The 0, 0, 0 
are the A/S12 values for SI = ’/a, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAy!, and 1, respectively: the V, V, V 
are the 6/S? values for SI = ’/e, ’h, and 1, respectively: and the A, A, 
A are the C/S12 values for SI = ’/a, ‘A, and 1, respectively. The insert 
shows a portion of the main graph on an expanded scale. 

assumes a simple Debye-type spectrum from the relaxing local 
structure. The qualitative effects of the two mechanisms on 
ESR relaxation (i.e., the relative magnitudes and signs of the 
contributions to A, B, and C) need not necessarily be different. 
For the analysis yielding Figure 12, it is assumed that the local 
structure about the probe is distributed isotropically; Le., one 
averages the persistent local torque over an isotropic distri- 
bution. This is not at all unreasonable for a spherical probe 
weakly ordered in the liquid crystal. The director fluctuation 
model is not isotropic in this sense. The director fluctuations 
are small increments from the mean director. [One could, of 
course, incorporate such a feature into the local structure 
mechanism, as was shown in I.] Because of this feature, i t  is 
predicted to make just a pseudo-secular (and nonsecular, or 
M = f l  terms in general) contribution to the ESR, A, B, and 
C terms. In particular it would reduce C, hence CIB, which is 
opposite to the observed effect. An isotropic model can con- 
tribute just as effectively to secular ( M  = 0) and pseudo-sec- 
ular ( M  = f l )  terms, and, as shown in Figure 12, lead to an 
increase in CIB for appropriate values of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBArx. 

Our analysis of the SRLS mechanism on the ESR line 
shapes is still very approximate, and the complicating features 
of slow tumbling in TR and r~ have not as yet been adequately 
dealt with, although the methods have been outlined in I. This 
is, in part, why the theoretical fits of the incipient and slow 
tumbling spectra in Figures 9-11 have been based mainly on 
the probably less important frequency-dependent diffusion 
model (or mechanism). It represents, nevertheless, an effective 
“semiempirical” method for fitting our results. 

We turn now to what appears to be a somewhat larger effect 

(E’ - 20) a t  low T and P compared to high T and P (e’ - 13). 
In the context of the activation analysis of the previous sec- 
tion, this would imply that the increase in the local structure 
(or restoring torques), due to the reduction in free volume as 
P is increased, is somewhat more than offset by the effects of 
the kinetic molecular fluctuations as T increases, which per- 
mits larger fluctuations of the probe, hence reduced ordering 
with respect to the local structure, as well as more rapid re- 
laxation. 

(D) Frozen Solutions. When the pressure is increased above 
the values at the freezing point (shown in Figure 3), a meta- 
stable form of phase V is observed. The motion of the spin 
probe slows down considerably. This metastable form decays 
to a stable solid within about 10 min. Because of this rapid 
change, we were not able to obtain well-defined reproducible 
spectra for possible ~ i m u l a t i o n . ~ ~  

The spectrum of PD-Tempone in the solid phase is like that 
in isotropic liquids in the motional narrowing region, i.e., there 
are three fairly sharp unshifted lines. I t  was noted in I, where 
the frozen solutions yielded ESR spectra characteristic of the 
rigid limit, that these spectra showed no preferential ordering. 
Line width parameters for this frozen phase are displayed in 
Figure 6a. One notes (1) that B and C appear to change dis- 
continuously at the freezing point and (2) that B and C are 
decreasing as the pressure is increased above its value at the 
freezing point. Observation (1) requires some explanation. Our 
theoretical estimates are that ordering potentials typical of 
PD-Tempone in the nematic phase should lead to values of 
B and C that are about 30% lower than for the isotropic phase, 
provided T R  remains the same. The isotropic and nematic 
values of B ,  when extrapolated to the freezing point, actually 
do lead to comparable estimates of T R  (1.0 X and 9.1 X 

s for the nematic and isotropic phases, respectively). 
Now observation (2) implies that TR decreases as the pressure 
is increased in the solid phase, as though the probe is located 
in a cavity (or clathrate) and, from the estimates of T R  from 
B ,  this structure is like that in the nematic phase, except that 
increasing the pressure freezes out movement of solvent 
molecules, and the motion of the spin probe becomes less 
hindered. At still higher pressures, the free volume of the 
cavity should be reduced, and T R  should again increase.41 

We have not yet considered the increase in C upon freezing, 
which is larger than expected from the change in B discussed 
above. In the context of the SRLS mechanism, one notes from 
Figure 12  that an enhanced C/B ratio results from its large 
relative contributions to C. If the local structure is relaxing 
more slowly, i.e., r X  is longer in the solid phase, and/or Si be- 
comes larger, then one might expect an enhanced CIB ratio. 
However, in our analysis of SRLS, we have assumed that in 
the nematic phase, its effects and those of the macroscopic 
director are additive. This may not be true, so we cannot a t  
present be confident of the proposed explanation for the large 
increase in C upon freezing. Note, however, that when the 
pressure has been increased substantially (and TR has de- 
creased) in the solid phase, then CIB * l, which is expected 
if the SRLS is not important. 

5. Conclusions 

In this work, it was shown that pressure-dependent ESR 
studies can supply useful information about molecular or- 
dering and dynamics in liquid crystalline solvents. The results 
on molecular ordering could be discussed in terms of simple 
mean field theory to show how they reflect, in general, the 
combined effects of the orientation dependent interactions 
between solvent molecules as well as between solvent and 
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probe. The present results for a spherical probe molecule are 
consistent with somewhat longer range interactions (ypl= 1.9 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
f 0.4) than the results of McColl on a pure solvent (PAA with zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
ys = 4.0 f O . l ) ,  although the present results are somewhat of 
a preliminary nature. 

The pressure-dependent spin-relaxation studies both am- 
plify and support the previous temperature-dependent studies 
on this system, and the results have been subjected to an ac- 
tivated state theory analysis. The anomalous relaxation be- 
havior previously noted for the temperature-dependent 
studies in the incipient slow-tumbling region has been con- 
firmed as a function of pressure. I t  is shown that this anom- 
alous behavior is nearly independent of what combination of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
T and P is required to achieve a given TR. The strong depen- 
dence of the anomaly on zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATR, and its virtual independence of 
the particular combination of T and P ,  is taken as strong ev- 
idence that the anomalous behavior is directly related to the 
viscous modes of motion associated with the reorientation of 
the spin probe in its surroundings of rodlike molecules. I t  has 
been argued that the most likely explanation for the anomaly 
is a slowly relaxing local structure mechanism, in which the 
rodlike solvent molecules present a persistent local structure 
for the probe, which relaxes on a time scale much slower than 
the reorientation of the probe. Furthermore, this would be 
consistent with an apparent cagelike structure which appears 
to be frozen in as the nematic phase solidifies. Also, it would 
be consistent with longer range orientation-dependent in- 
teractions acting on the probe than on the rodlike solvent 
molecules. This mechanism of a probe or solute molecule 
reorienting relative to a persistent potential, which then re- 
laxes on a slower time scale, is expected to be a very general 
one in liquid crystals and plastic crystals, structured liquids, 
and biological systems. 

I t  would, of course, be of considerable interest to study the 
effects of the size and the shape of a variety of spin probes on 
both the molecular ordering as reflected in yp', as well as on 
the molecular dynamics and the proposed SRLS mechanism. 
Such experiments are currently planned. 
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