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Computerized data-gathering techniques were employed to obtain electron-paramagnetic-
resonance (EPR) probe molecule spectra reflecting the molecular dynamics of a typical nematic
liquid crystal, MBBA, in. the supercooled temperature region previously unaccessible to traditional
analytical methods other than thermal analysis. Detailed line-shape simulations of the supercooled
and glassy spectra recorded at 0° and 90° agree with the percolation model of glass formation, and
confirm the validity of using extrapolated values of EPR and diffusion parameters from the nematic
temperature region through the onset of the glass transition. Near this glass phase transition, from
about 220 K and below, the spectra recorded at both 0° and 90° orientations are found to be the sums
of liquid and rigid EPR spectra, providing further evidence for the coexistence of two different
types of phase regions. Sudden changes in signal intensity observed at the glass transition are inter-
preted as resulting from EPR signal saturation effects associated with changes of T';, the spin-lattice
relaxation time, resulting from the change of a substantial amount of the sample from the super-
cooled liquid to the solidlike glass state. A faster molecular diffusion rate is observed at the glass
transition for nematic liquid crystals than for isotropic liquids. This may be a result of the nematic

DECEMBER 1985

order quenched into the glass.

I. INTRODUCTION

Liquid-crystalline glasses are unusual in that they com-
bine the amorphous qualities of the glass state with the
ordering of the liquid-crystal state.! Many different stud-
ies have probed some of the properties of this state
through different experimental techniques, including
amongst them differential thermal analysis (DTA),' dif-
ferent scanning calorimetry (DSC),>® Mossbauer-effect
studies,*~® Raman, ir, and far-infrared (FIR) spectros-
copy,’ diamagnetic susceptibility,” nuclear magnetic reso-
nance (NMR),® and electron paramagnetic resonance
(EPR) studies.”!® In addition to the determination of
glass transition temperatures for both the main glass tran-
sition and liquid-crystalline chain-tail-melting transi-
tions,*° liquid-crystalline order parameters, Debye tem-
peratures, and diffusion-related parameters are often com-
puted.

In this study we use electron-paramagnetic-resonance
techniques to extend our knowledge of the molecular
dynamics of the liquid-crystalline nematic phase'"!? into
the supercooled liquid and glass regimes of the liquid-
crystal glass. Along with some of the above-mentioned
material parameters, anisotropic rotational-diffusion re-
laxation times, 7| and 7, are determined for the entire
glass to isotropic temperature range and the EPR magnet-
ic parameters are determined. Further, we could observe
the liquid-crystalline glass in orientations both parallel
and perpendicular to the liquid-crystal director axes, re-
vealing important information about the molecular relaxa-
tion behavior at the glass transition and in the liquid-
crystalline glass. A faster molecular diffusion rate is ob-
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served at the glass transition for nematics than for isotro-
pic liquids. This information is viewed in light of the
Grest-Cohen model of glass formation'3~!° and a two-
dimensional model of the liquid-crystalline glass state.

The experimental methods used in this research are de-
tailed in Sec. II of this paper and the above-mentioned re-
sults and discussion are found in Sec. III. Our summary
and conclusions are presented in Sec. IV.

II. EXPERIMENTAL TECHNIQUE

Two nitroxide spin probes were dissolved into separate
samples of MBBA, n-( p-methoxybenzlidene)-p-
butylaniline, a nematic liquid crystal, and EPR spectra
were observed from above room temperature to well below
the reported main glass transition temperature of
T,=201-206 K,"*>!° and also the reported chain-
melting temperature of Tcy=176—193 K.*#° MBBA has
recorded transition temperatures as are shown in Fig.
1(a).!% The literature values were confirmed with scan-
ning thermal microscopy under crossed polarizers, to
check that the presence of impurities and the EPR probe
molecules was not great enough to change the clearing
and melting-point temperatures.'” 8

Two probes were used in these studies. A small nearly
spherical, perdeuterated nitroxide spin probe, C¢D;¢NO,
(D-Tempone), 2,2,6,6-tetramethyl-4-oxopiperidinooxy was
prepared at Kent State University. From its size and
shape, one expects this probe to engage in nearly isotropic
tumbling and to diffuse according to a free diffusion
model. Tempone is mildly polar and therefore is expected
to reside near the rigid polar part of MBBA, except at
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FIG. 1. MBBA structure and phase-transition temperatures are shown in (a). The main glass transition temperature is denoted as
T,, and the observed subsidiary chain-melting glass transition temperature is denoted as T'cy. (b) shows the chemical structure of the
nitroxide probes N-6 and D-Tempone. The nitroxide N-O moiety is at the rightmost end of the N-6 probe.

lower temperatures when closer packing would force it
out into the nonpolar chain region.® The probe was per-
deuterated to minimize the inhomogeneous broadening
observed before with the protonated probe, H-Tempone.’
The other probe used was a long rodlike-shaped molecule,
N-6, piperidinooxy-4-hydroxy-2,2,6,6-tetramethyl-p-
nitrocinnamate, which was prepared by Sheley at Kent
State University and discussed in Ref. 19. The chemical
structure of both probes is shown in Fig. 1(b). The shape
and size of N-6 leads one to believe that it will tumble an-
isotropically and undergo Brownian motion. EPR param-
eters for both probes are listed in Table I. These were ob-
tained for N-6 from computer simulations based on start-
ing values obtained from our previous study’ and from
the rigid-limit and fast-motion limit experimental spectra.
The D-Tempone parameters were obtained from the ex-
perimental spectra, computer simulation of the fast-
motion, isotropic spectra, and the literature, 182023

To obtain the glass state, each sample was alternately
cooled and heated within the spectrometer cavity at rates
estimated to be of between 10 and 30 K/min. Spectral
measurements were recorded while continuously varying
the temperature, at 10- to 20-K intervals, on numerous
scans, sweeping both up and down from well below both
glass transitions (= 140 K) to within the liquid-crystalline
nematic temperature range.”* This procedure was made
possible through the modifications made to the standard
EPR setup described in the following.

The X-band paramagnetic resonance spectra were ob-
tained using a modified Varian 4500 spectrometer. A
Heath-Zenith H-89 microcomputer was interfaced with
the spectrometer to record magnetic field and derivative
absorption values, and to control the magnetic field. The
computer interface allowed the magnet field to be swept
through the 100-G sweep range in 8 sec. Generally, 6—14
spectra were recorded per temperature run, either sweep-

TABLE 1. EPR magnetic parameters were obtained for the D-Tempone probe from the literature,
and for the N-6 probe from best fits of simulated lines to observed spectra. For D-Tempone and N-6,
H,=3330 and 3323 G, respectively. For both probes, v=9.27x10° GHz, w,=2mv, and
®,=(8.8%10%a,. The D-Tempone probe has a T, of 0.29+0.05 G, whereas the N-6 probe has a mea-

sured T, of 1.00+0.25 G.

Spin probe 8xx 8w 8= Ay (G) 4, (G) Az (G) a, (G)
D-Tempone 20104  2.0074 2.0026 5.9 6.6 34.6 15.7
N-6 2.0542 2.0542 2.0446 6.47 6.47 34.1 15.7

+0.0004 +0.0008
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ing up or down in temperature, and the spectra were saved
on the data disks between temperature runs. The data ob-
tained by our improved techniques were analyzed using
hardware and software described elsewhere. %23

A ramp generator was constructed for the Varian 4547
variable-temperature accessory. The time constant of the
ramp circuit was varied to achieve the temperature sweep
rates noted above. Even at the slow sweep rates crystalli-
zation of the MBBA sample was not found to be a prob-
lem. During the variable-temperature runs, the sample
temperature was observed to vary from 5 to 20 K over the
8-sec sweep time of the spectrometer magnet B-field ex-
cursion. At temperatures above the MBBA melting
point!® of 20°C, and temperatures below the main glass
transition of =205 K, the sample temperature was held
constant during the recording of spectra.!®2

The major experimental accomplishment of this work
was the computer interfacing and programming enabling
the recording of EPR spectra of the liquid-crystal sample
in the supercooled region where longer sampling times
would have included crystallization. This extends the
availability of a molecular probe technique, dependent on
the microscopic behavior of the material, to regions where
previously only thermal scanning methods had access.
The results of this extended investigation are reviewed and
discussed in the next section.

III. RESULTS AND DISCUSSION

A. Temperature dependence of the spectra

The experimental results of our variable-temperature
runs showing spectra of the D-Tempone and N-6 EPR
probes are shown in Figs. 2 and 3, respectively. Addition-
al “rigid-limit” spectra are shown in Figs. 7 and 8. These
figures show rigid-limit spectra with the liquid-crystal
director axis aligned both parallel (0°) and perpendicular
(90°) to the laboratory magnetic field z axis.

The supercooled spectra do not vary considerably from
what may be expected if one were to extrapolate EPR
matching parameters from the rigid-limit and fast-motion
regimes.

Spectra obtained with the liquid-crystal director rotated
90° perpendicular to the magnetic field were obtained
below the glass transition temperature T,. However, the
MBBA was found to reorient and crystallize at tempera-
tures 10—20 K above this temperature when the sample
was allowed to sit for short lengths of time.>!® When the
90°-oriented sample was swept in temperature from the
glass state to the supercooled-liquid state, the liquid-
crystal director rapidly realigned with the spectrometer
magnet B field. Spectra recorded in this temperature re-
gion show a composite spectrum of several molecular
orientations between 90° and 0° superposed on one anoth-
er.

B. Line simulation, S, 7, and Heisenberg spin exchange

Simulated “best-fit” matches!"?%?” are also shown
coincident with the N-6 spectra. Matches to D-Tempone
spectra require the inclusion of diffusion parameters ac-
counting for the slowly relaxing local structure (SRLS)
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FIG. 2. Experimental EPR spectra from the MBBA isotropic
phase, the nematic liquid-crystalline phase, the previously inac-
cessible supercooled nematic liquid-crystal phase, and the glass
phase with the director oriented parallel (0°) and perpendicular
(90°) to the magnetic B field are shown for the D-Tempone
probe. Data from the supercooled region of MBBA were taken
while the sample temperature was rapidly swept from glassy to
nematic liquid-crystalline states.
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that are found to be important in liquid-crystalline
media.'>?3  Therefore, computer matches to the D-
Tempone spectra were not made.

Spectral fits were made from visual comparison of the
recorded experimental spectra and the computer-generated
simulations, and also through minimizing a reduced X
value obtained from a comparison of 256 points of the
two lines.

Other experiments have made extensive simulation
studies of D-Tempone in MBBA and other liquid crystals
at higher temperature,”?%?° and the interested reader
may consult those works. Representative fits of the N-6
data, which exhibit Brownian motion,*® are shown in Fig.
3.

Line simulations were made for the N-6 spectra and de-
pend primarily on values of the material parameters: the
anisotropic rotational-diffusion parameters 7, the Heisen-
berg spin exchange frequency wgg, the Saupe ordering pa-
rameter S, and the anisotropic magnetic parameters: the
Landé g tensor, and the hyperfine A tensor. Starting
values for the material parameters were obtained from the
methods mentioned in the following paragraphs. Starting
values for the magnetic parameters were obtained from
the fast- and slow-motion limit spectra using standard
EPR techniques.?

For the N-6 probe, A4 is perpendicular to the long
body axis of the molecule. We corrected for this so that
the relaxation times, 7| and 7, here refer to the parallel
and perpendicular diffusion of the probe molecule. In the
fast-motion regime where the individual hyperfine lines
are easily resolved, the starting values were often found to
be within 15% of the simulated “best” fit. For the rela-
tively large N-6 probe in the fast-motion region, inhomo-
geneous broadening can be expected to play only a minor
role in the observed line shapes and need not be corrected
for to obtain accurate results.?3! The N-6 probe mole-
cule, not being deuterated, is expected, from the hydrogen
hyperfine interaction, to exhibit more nearly Gaussian-
shaped spectral lines, being narrower in the tail sections
than Lorentzian spectral lines.'® This was found to signi-
ficantly affect our matches of the experimental, slow-
tumbling 90°-oriented spectra.

The general spectral features of the simulation were
found to be sensitive to even small changes in some pa-
rameters and insensitive to changes in other parame-
ters.!®2® The spectral features are sensitive to 7, S, and to
wgs. In the intermediate-tumbling region, however, once
D,, =1/(67,), the diffusion coefficient about the molecu-
lar xy plane, was fixed, the line shape was somewhat in-
sensitive to changes of D, =1/(6r), the diffusion con-
stant about the molecular z axis. In the glass state, this
parameter appears to be crucial as both 0°- and 9C°-
oriented spectra are readily observable. This phase of the
material is further discussed below.

Starting values for the Saupe order parameter
S =D3=+((3cos’0—1)) were obtained from' isotropic
and liquid-crystal {a ) splittings, the EPR probe magnetic
tensor values, and the relation®?
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FIG. 3. Experimental and calculated computer-matched EPR
spectra from the MBBA isotropic phase, the nematic liquid-
crystalline phase, the previously inaccessible supercooled nemat-
ic liquid-crystal phase, and the glass phase with the director
oriented parallel (0°) and perpendicular (90°) to the magnetic B
field are shown for the N-6 probe. Data from the supercooled
region of MBBA were taken while the sample temperature was
rapidly swept from glassy to nematic liquid-crystalline states.
EPR parameters used for the matches are shown in Figs. 4—6
and Table I. Glassy and near-glass fitted spectra are composed
of varying percentages of rigid-limit and fast-tumbling spectra,
with the matches at 210.3, 181.7, and 148.7 K being, respective-
ly, 50%, 70%, and 100% rigid-limit spectrum. The rigid-limit
spectrum has 7,=1.7X1077, 7y=1.1x10"%, $=0.165, and
wss =20 MHz.
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where (a) is the experimental splitting between the indi-
vidual spectral lines, ay is the average splitting of the
fast-motion limit, isotropic spectrum, and 4, is the aver-
age perpendicular component of the hyperfine A4 tensor.
For the slow-motion tumbling regions, the lowest-
temperature liquid-crystalline spectrum was used for a
starting S value. The values from this relation represent
the order of the nitroxide moiety. They may be scaled
times —2.to show ordering about the liquid-crystal direc-
tor. A plot of S versus T is shown in Fig. 4 from the N-6
spectra. Values are plotted from Eq. (1) and from our
simulations to the experimental data. For the 0° spectra,
one finds that the Saupe order parameter S remains most-
ly constant in the supercooled liquid crystal temperature
range.

Rotational correlation times 7 were calculated for all
the spectra gathered in several ways. For the purposes of
calculating 7, it is convenient to view the EPR data as di-
vided into two tumbling groups, fast and slow. The data
of the fast-tumbling isotropic region is adequately
described by motional narrowing theory,”?%3%3% from
which it is easy to calculate perpendicular, parallel, and
average rotational correlations times, 7. In the ordered,
liquid-crystal, phases of the sample, these methods are
inadequate,'? as the fast-tumbling formulas will give non-
physical results if applied without caution. However, the
value calculated for 7, using these methods does give the
approximate correct value for 7, even in the ordered re-
gimes.!1:12:28

A plot of loggr versus 1/ T is shown for the values cal-
culated from the fast-motion theory and line simulations
for N-6 in Fig. 5(a). A similar plot for D-Tempone is
shown in Fig. 5(b) using values obtained from the fast-
motion theory. One finds that the molecular diffusion
times 7, fall on a curve extrapolated from the liquid-
crystalline liquid to the glassy, slow-tumbling region.

This data is matched with the Stokes-Einstein relation
for 7, r=4ma’n/3kT = Ayn /T, where a is related to the
molecular radius, kT is the thermal energy, and 7 is the
viscosity. In the liquid-crystalline regions, the 7 relaxa-
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FIG. 4. Liquid-crystalline order parameter S plotted vs tem-
perature T for the N-6 probe. Order parameters for the N-6
probe from our computer simulations (I) and from Eq. (1) ()
are shown.
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FIG. 5. logo7 vs 1/ T is shown for the values calculated from
the fast-motion theory and line simulations for N-6 in (a).
Value calculated from the fast-motion model are < for 7| and
Q for r,, while those values found from computer matches are I
for 7)) and O for 7,. The two fits shown are (1) from the Grest-
Cohen model for viscosity 7 in the high-temperature region and
(2) from our extension of this model for microviscosity, valid
even in the glass state. A similar plot for D-Tempone is shown
in (b) using values obtained from the fast-motion theory. The
values are those found for 7;. Line fit is from the Grest-Cohen
viscosity model. Fitting parameters for the curves of these fig-
ures are found in Table II.

tion data is fit with the Grest-Cohen percolation model
for .13 Here, the liquid-state viscosity is found as a
function of a molecular free volume, dependent on tem-
perature and the formation of liquidlike and solidlike
clusters in the near-glass and glassy material. The viscosi-
ty is found from a free-energy calculation, and depends on
the glass transition temperature T,, with a finite free
volume even at temperatures well below the glass transi-
tion. One may find 7 as
To1 Vo

Ti=—0r€xp | —
T P\ TV T T (T + T+ BTT

()

The fitting parameters for these matches are shown in
Table II. For the N-6 data, the local microviscosity, 7
was also calculated according to our extension'® of the
Grest-Cohen model so as to be valid for the regions both
above and below the glass transition temperature,

rl=(r)" 1+ (rp) T, (3)
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TABLE II. Activation rates and energies for N-6 in MBBA,
in the liquid (/) and glassy (g) states, are calculated assuming
Arrhenius behavior. Glassy-state values from our fit to Eq. (3)
are also shown. Values for the D-Tempone fast-motion region
are also recorded. Lower part of the table shows the matching
parameters from Eq. (2), the Grest-Cohen viscosity model fitted
with the Stokes-Einstein relation for both probes in the high-
temperature, liquid state.

Am AE/R Agn AE /R
Probe (sec) (K) (sec) (K)
N-6 1.13x10~1 4639 1.32x 108 1121
N-6 (fitted) 3.23x 1078 979
D-Tempone  1.19% 107" 5436
To1 YVo Tg B
Probe (sec) (K) (K)
N-6 1.52x10~° 1104 204 4.03
D-Tempone 1.14x10~° 715 214.7 0.307
where

702
Ty= —T—exp(AE/RT) .

Here, 7, is the local microviscosity of the liquidlike
“pockets” of the glass region, 7, is an activation rate for
the liquidlike portions of the glass region, AE is an activa-
tion energy for diffusion in this region, and R is the
universal gas constant.’® Equation (3) is matched to the
data in Fig. 5(a). Additional liquid-state activation-energy
values for both probes and glassy values for N-6 are listed
in Table II.

Another of the fitting parameters found to be critical
for accurate line-shape simulation in the slow-tumbling
regime of the EPR Lanczos algorithm program?%?” is the
Heisenberg spin exchange frequency, wgg. 525343538 This
interaction is a result of bimolecular collisions of radicals
when an exchange integral J' is present. One finds that
an additional term must be added to the spin Hamiltoni-
an, Hgg, that is dependent on time because of the relative
motion of the radical pairs. The apparent effect is to
cause an exchange of nuclear environment for the electron
spins. The effective exchange frequency wgs from the
rotational-diffusion value using the relation for = for Eq.
(3) is'®

W55 = “B—T,/ZA—, -D’, @

(r/4")+C

where A', B', C', and D' are fitted constants. We found
that even at short rotational relaxation times, a residual
wgs should be included to best fit the experimental data,
therefore necessitating the additional D’ constant. One
may match the wgg values used in the line simulations to
this equation, as has been done in Fig. 6. The shape of
the curve and the corresponding matches are considered
with strong exchange, J7>>1 (J=2J'), at higher tem-
peratures. This relationship changes in the glass state,
where a larger wgs value is observed for the rigid-limit
spectrum.
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FIG. 6. Plotted here is wss vs T for N-6. The curve is a
least-squares fit to the data of Eq. (4), with N-6 parameters of
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slow-motion tumbling and rigid-limit component spectra of the
composite simulated spectra.
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C. Ordered glassy spectral matches; slow-tumbling
plus rigid-limit nematic spectra

At temperatures well above the glass transition the
probe may be thought to undergo nearly uniform relaxa-
tion. The observed spectra can be well fit with a single
spectrum characterized by a single rotational-diffusion
time and a fixed parallel-to-perpendicular tumbling ratio.
At lower temperatures, the spectra were found to be best
fit with a linear combination of a slow-tumbling (large-7)
spectrum and rigid-limit (7 maximum) spectrum. The
lowest-temperature spectrum that we observed for each
probe, 148.7 K for N-6 and 136.2 K for D-Tempone, is
taken as the rigid-limit spectrum. The rotational-
diffusion time used for the liquidlike component of each
match is based on starting values extrapolated from the
phenomenological models previously described.!® At tem-
peratures below the glass transition, the observed spectra
are best fit with 50—100 % rigid-limit spectrum (depend-
ing on temperature) and the balance slow-tumbling spec-
trum. In this temperature region the dominant spectral
shape is that of the rigid-limit spectrum. The general
spectral shape would appear to be independent of tem-
perature, but many of the spectral details are influenced
by the slow-tumbling spectrum that is still part of the
composite spectrum. As the temperature is raised above
the glass transition, the observed spectra are best matched
using smaller percentages of the rigid-limit spectrum,
with the relative percentages of liquidlike and solidlike
spectra following a step function at the glass transition
temperature (see Fig. 3, the graph of p, the percentage of
liquidlike cells from Ref. 18). Since the observed spectra
appear to be sums of slow-tumbling and rigid, solidlike
spectra, these observations provide support for the Grest
and Cohen percolation model of the glass.

From the glassy- and liquid-state activation-energy
values of Table II it is possible to estimate the percentage
of liquidlike cells at the onset of the glassy state, p,.!®
For p greater than the critical concentration p., there ex-
ists an infinite, connected liquidlike cluster. One may



consider the material within this infinite cluster to be a
liquid.”® We find p, equal to 0.24+0.03 for N-6 in
MBBA. Our experimental “difference” spectra discussed
below suggest a p. value of ~0.30 for the main glass
transition for both probe molecules. Also, the simulated
N-6 spectrum just above T, at 210.3 K shows a 0.50
liquidlike component. Both of these results agree well
with that calculated from the activation energies and the
percolation model. The product a,(p)A4,(p) of the percen-
tage of liquidlike cells that belong to liquid clusters, a,(p),
and the number, A,(p), of clusters larger than some
minimum value v,,, is found in the glassy state from the
activation rates and p, to be equal to (3.5F5$x10715),18
This result suggest that the liquidlike clusters of the
nematic glass are few and small in size.

This model implies that the primary objective in fitting
glassy spectra is in finding a rigid-limit simulation that
closely matches the observed experimental rigid-limit
spectrum. Thus, the 0°-oriented matches from Fig. 3 are
predominantly composed of the rigid-limit low-
temperature spectra there displayed. We were unable to
find a good match to the 90°-oriented rigid-limit spectrum
of N-6, even though this spectrum should be obtainable
simply through introducing a 90° rotation into the simula-
tion program. Some reasons for this failure are worth ex-
amining. One reason already discussed is inhomogeneous
line broadening from the hydrogen hyperfine interaction
of the nondeuterated probe. A similar problem was found
in another work when trying to match spectra from the
H-Tempone probe in an isotropic liquid prompting a
change to deuterated Tempone in later work.'® Another
possible reason for the difficulties encountered in match-
ing the perpendicularly oriented glassy spectra may be
found in the glass state itself. One might expect that the
solidlike components of the glass can align themselves
perpendicular to the EPR magnet B field when the sam-
ple is rotated, but there is no inherent reason the liquidlike
components should do likewise. One expects that, to the
extent of their freedom of motion and ability, the liquid-
like components of the glass would reorient themselves
with the magnetic field in a direction perpendicular to the
solidlike components. This would also change the simple
single-line spectra. Further experimentation may be use-
ful to test these hypotheses and suggest others.

When simulating the N-6 spectra recorded above the
glass transition temperature, one finds a ratio of about
© 1.5:1 between the parallel and perpendicular molecular
diffusion constants gives a good fit to the experimental
data. Previous studies of a similar nitroxide spin probe in
liquid-crystal media in nematic and smectic phases of
higher order exhibited values for N, the anisotropy ratio
of the diffusion tensor, of from 3 to 20.!' As mentioned
earlier, our spectra were largely insensitive to this parame-
ter.

From the Grest-Cohen percolation model of the glass
state one expects to find liquidlike clusters amongst the
solidlike sites of the nematic glass. These liquidlike clus-
ters may be thought of as having properties similar to
those of the supercooled nematic liquid crystal. Clusters
of liquidlike cells might form ovoid-shaped pockets
amidst the solidlike cells. These pockets may be viewed in

32 EPR PROBE STUDY OF THE MOLECULAR DYNAMICS OF . ..

3653

a polar coordinate system as a two-dimensional (2D)
glass®’~%° with free diffusion in the 6 direction and re-
stricted diffusion in the ¢ and r directions.

As is characteristic of 2D solids, one may find an order
parameter for the nematic glass, namely the Saupe order-
ing parameter S. This is the nematic short-range orienta-
tional order “quenched” into the glass state. The presence
of the magnetic field while the sample is quenched would
tend to align the nematic monodomains and give a long-
range orientational order through the whole sample.

The existence of liquidlike percolation clusters appear-
ing as defects® would increase the breakup of glassy
long-range positional order. Normally,*®3° no long-range
positional order may be expected to exist.

The nematic glassy percolation phenomena may be
compared to the melting of classical 2D solids.’”3® The
primary mechanism for percolation is the growth of
liquidlike clusters. This growth may proceed through the
formation of edge disclinations or screw dislocations at
the boundaries of the existing liquidlike clusters. As in
2D solids where disclination pairs are thought to be found
first at the edges of the 2D solid, in the 2D solid plane,
here, too, disclination or screw dislocations could be seen
as a growth from a liquidlike cluster into the r or ¢ direc-
tions, which are normally solidlike. The result could be a
growth of the glassy nematic cage or cluster, as is also
found with an isotropic glass. This would lead eventually

14,15

" to the formation of an infinite connected liquidlike cluster

at T,, the percolation temperature. This result is more
pronounced in the ordered liquid-crystal glass than in the
isotropic glass. It may be the cause of glass formation at
faster relaxation times than was observed in isotropic
liquids.'®#

Another simple experimental demonstration supporting
the two-tumbling-site model can be graphically given by
comparing the recorded spectra immediately above and
below the nominal glass transition.'® According to our
model the spectrum just above the glass transition should
reflect primarily liquidlike cells, whereas the spectrum
just below the glass transition should reflect a primarily
solidlike material. Subtraction of a small percentage of
the liquidlike spectrum above T, from the mostly solid-
like spectrum below T, should leave one with a spectrum
reflecting almost only solidlike tumbling centers. This
difference spectrum can be compared to a rigid-limit spec-
trum, or else to the lowest-temperature spectrum experi-
mentally recorded that may be used as an approximation
to this theoretical limit. This can be done for both the 0°
and 90° spectra for both spin probes studied. Figure 7 is
our attempt at this procedure for the N-6 data and Fig. 8
our results from the D-Tempone spectra. We will discuss
the N-6 probe results first here because its analysis is
simpler. For N-6, the two 0° spectra plotted are (1) the
different spectrum [highest-temperature glass spectrum
(198.9 K) minus 30% of the lowest-temperature liquid
spectrum (210.3 K)] and (2) our lowest-temperature rigid-
limit spectrum at 148.7 K. The match is seen to be
reasonable. The 90° liquidlike spectrum is found to be
physically nonexistent as the sample realigns parallel to
the magnetic field as it warms up out of the glass state,
before recrystallizing. Even in the fast temperature sweep
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N-6 PROBE

198.9 — 0.30 X 210.3K

148.7K

203.6 — 0.50 X 158.5K

90° [\ (b)

CALCULATED (FOR 210 K)

FIG. 7. (a) For N-6, the two O° spectra plotted are (1) the
difference spectrum [highest-temperature glass spectrum (198.9
K) minus 30% of the lowest-temperature liquid spectrum (210.3
K)] and (2) our lowest-temperature rigid-limit spectra, at 148.7
K. (b) The 90° liquidlike spectrum is found to be physically
nonexistent as the perpendicularly oriented sample realigns
parallel to the magnetic field as it warms up out of the glass
state, before recrystallizing. Here, it is constructed as the differ-
ence of the 90°-oriented high-temperature glass and the rigid-
limit spectra. This is compared with a simulated 90°-oriented
spectrum with 7,=1.85X107%, 7;=1.11x 1078, §=0.165, and
wss =1.4 MHz.

mode, the sample spectra were observed not to maintain
an orientation perpendicular to the magnetic field in the
supercooled liquid long enough to observe a 90° liquidlike
spectrum. However, one may still compute what this
spectrum may look like from the experimental data as the
difference of the perpendicular glassy spectrum just below
the glass transition temperature minus a large part of the
rigid-limit perpendicular glassy spectrum. This imaginary
perpendicular supercooled-liquid spectrum may be com-
pared with a simulated spectrum with the same estimated
physical parameters. This is done for the N-6 perpendicu-
lar orientation in Fig. 7 with moderate success. The spec-
trum matched is the high-temperature glass (203.6 K)
minus 50% of the rigid-limit (158.5-K) 90° spectrum.
Some of the features of the ‘“perpendicular liquidlike”
spectrum are matched as the 90° orientation of the corre-
sponding 0° 210-K liquidlike theoretical-experimental
match. '

Fitting the D-Tempone probe is more complicated be-
cause of its small size. We expect that, at low tempera-
tures, the D-Tempone probe would lodge in the tail re-
gions of the MBBA molecule and would detect the chain-
melting glass transition,*®*? instead of the main glass
transition as has been previously reported. This chain-
melting transition in MBBA has been reported at
175—185 K from Mdssbauer studies* and around
190—193 K in an earlier EPR study using the nondeu-
terated H-Tempone probe.’ In this work, one would
therefore expect the spectral line-shape changes revealing

TEMPONE PROBE

66.1 — 0.35 X 176.0K

00
146.8K

97.1— 0.30 X 207.6K

90°

178.8K

__/\___/1e7.9 - 030 X 178.8K
90° )

(c
160.6 K )

_—

FIG. 8. The D-Tempone 0°-oriented difference spectrum,
around the chain-melting transition of ~170 K, and the 0°
rigid-limit spectrum are shown in (a). The difference spectrum
around the main glass transition (205 K) and the rigid-limit
spectrum are shown in (b), for the 90° sample orientation. (c)
shows the difference spectrum and the rigid-limit spectrum of
the chain-melting transition from' the perspective of the 90°
orientation.

the glass transition to occur about this same temperature
range. Observation of spectral lines at 0° and 90° orienta-
tions surprisingly show both the main glass transition and
the chain-melting transition. The transition from the un-
changing rigid-limit glassy powder pattern to a changing,
almost rigid-limit spectrum occurs in both the 0° and 90°
orientations at between about 167 and 180 K, as may be
seen from Figs. 2 and 8. This change is more pronounced
in the perpendicular orientation than in the parallel orien-
tation. The perpendicular (90°) orientation shows another
spectral line change above the main glass transition tem-
perature around 210 K. One may still observe 90° spectra
of the D-Tempone probe well above the observed chain-
melting temperature up to roughly the same temperature
where the N-6 probe was seen to reorient and crystallize.
Thus, as one sweeps through the main glass transition
temperature, one may observe another change in the 90°
D-Tempone spectra, corresponding to increased molecular
diffusion and narrower spectral lines at the nominal T,
(see Fig. 2). Even though simulations were not done on
these D-Tempone spectra, the “difference-spectrum” tech-
nique used with N-6 should also be applicable to both of
the transitions observed with D-Tempone. For the 0°-
oriented spectrum, at the chain-melting transition, ~170
K, Fig. 8(a) shows the difference spectrum (166.1-K spec-
trum minus 35% of the 176.0-K spectrum) and the rigid-
limit spectrum at 146.8 K. Around the main glass transi-
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tion (205 K), Fig. 8(b) shows the 90°-oriented difference
spectrum (197.1-K spectrum minus 30% of the 207.6-K
spectrum) and the rigid-limit (178.8-K) spectrum. Here,
the rigid limit is taken as just above the chain-melting
temperature. For the 90° orientation the chain-melting
transition is shown with the difference (167.9-K spectrum
minus 30% of the 178.8-K spectrum) and rigid-limit
(160.6-K) spectra [Fig. 8(c)]. The 0° D-Tempone spectra
near the main MBBA glass transition temperature do not
show major line-shape changes. However, as will be dis-
cussed later, saturation phenomena are considered as the
cause of a change in line height and intensity also seen at
this transition.

Thus, we are able to show glassy spectra as being
comprised of parts of more elemental liquidlike and solid-
like spectra. Although this model is a simplification and
necessarily neglects the interactions between the com-
ponent parts of the system, it seems to adequately meet
the test of practical utility in matching the experimental
spectra and is theoretically plausible.

In our earlier work on an isotropic glass,'® it was found
below temperatures of 30—40 K above the glass transi-
tion, that the hyperfine A-tensor appeared to increase.
Although these spectra may have been fit through an in-
crease in the average hyperfine-splitting tensor of about 1
G, we chose instead to fit them with a linear combination
of liquidlike and solidlike rigid-limit spectra, with the per-
centage of liquidlike and solidlike spectra following a per-
colation model, as is discussed above. Alternate explana-
tions of the apparent hyperfine A-tensor increase could
include those of Meirovitch et al.!' and Lee and Ames,*
who observed hyperfine tensor changes caused from dis-
tortions of the piperidine ring and temperature effects,
respectively. In this work, these explanations are ruled
out through a careful examination of the parallel and per-
pendicular glassy N-6 spectra. For the 0° orientation, no
increase in the average hyperfine A-tensor value is re-
quired to match the EPR spectra from the isotropic liquid
phase through the liquid-crystal phases, the supercooled-
liquid state, and the glass state, whereas greatly decreased
molecular diffusion constants are still required to fit the
glassy spectra. The apparent increase observed in the hy-
perfine A-tensor of the previous work in an isotropic
media does not occur. The perpendicular (90°) spectra try
the model, as these spectra show a much larger 27, (see
Fig. 3, 90° spectra). One would expect that it is necessary
to only include a 90° rotation of the liquid-crystal director
tilt axis into the simulation program to match the perpen-
dicular orientation of the same-temperature 0° experimen-
tal spectrum. Even though the 0° spectrum may be fit

well with intermediate- to slow-tumbling time diffusion -

constants, rotating the director by 90° gives a simulated
spectrum with an apparent hyperfine A-tensor splitting
much too small to match the experimental 90° 2T, split-
ting. Only through greatly increased diffusion times is
this computer-simulation splitting value brought in line
with that experimentally observed. As before, the in-
creased splitting could be matched with an increase in the
A-tensor, however, this is theoretically unreasonable as
the parallel-orientation spectra would no longer match.
Therefore, our data gives support in favor of fitting the

observed spectra in the thermal region from 230 K to well
below the glass temperature with linear combinations of
rigid-limit and slow-tumbling spectra, and we feel that
this result gives evidence favoring current glass theories.

D. Transition line shapes, line heights,
spectral transforms, and line intensities

Although the measured liquidlike 7 rotational correla-
tion time undergoes no sudden changes at T, with the N-
6 probe and at Ty (the chain-melting temperature) and
T, with the D-Tempone probe, there are several readily
observable spectral line features that undergo pronounced
changes at the glass transition temperatures in both 0° and
90° spectra. These may be accounted for from the expect-
ed “solidification” of the (1— p) solidlike cells at the glass
transition temperature, and from subsidiary effects. The
spectral line shape takes on a mostly unchanging powder-
pattern form at Tg,g’41 which is maintained except for
small changes at all recorded lower temperatures. This
can be seen easily (Figs. 2, 3, 7, and 8) from plots of the
lowest-temperature spectra scaled to all have the same
height. At the same time that the spectral shape assumes
a mostly unchanging form, one finds a distinct transition
marker in the spectrometer signal intensity levels and in
the spectral line heights.>*' Figure 9(a) shows a plot of
integrated intensity for the O0°-oriented N-6 and D-
Tempone data, and Figs. 9(b) and 9(c) are the correspond-
ing plots for the 90°-oriented spectra. Figures 10(a) and
10(b) are plots of the relative height of the central spectral
line of the 0°- and 90°-oriented N-6 data. Figures 10(c)
and 10(d) are the corresponding plots for the D-Tempone
probe.'®* The integrated values were obtained from the
derivative spectra using an assembly-language program
that iteratively solves for the proper zero baseline.

One may apply the same power “saturation” reasoning
to these results as was used in the isotropic glasses previ-
ously studied.'®* There we found the spectrometer signal
intensity to be proportional to I,'%45

n/T

I(T)=n/T+b= 14 2PT,

+b, (5)

where n =n;—n, is the difference in population of the
lower and upper energy levels, n° is the thermal equilibri-
um population difference, P is the stimulated emission
coefficient, and b accounts for the background. This sa-
turation equation exhibits a 1/ 7T Curie-law dependence in
the high temperature, fast-motion range, yet saturates at
lower temperature as the spin-lattice relaxation time T,
increases with increasing molecular diffusion times 7.
The spin-lattice relaxation time in liquids is found as!®**

1 _ 2 ’B 2 T
T, E (|H(2) |}1+6ng2 , (6)
where g is the Landé g factor, wg is the spectrometer fre-
quency, and € is a fitted factor to account for shifts from
Brownian motion of the spin probe,?® which is expected to
be about 1 for N-6 and 5 for D-Tempone. The solid curve
drawn fitted to the data of Fig. 9 is a least-squares fit to
the Curie law, Eq. (5), with the liquid-state relation for
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Ty, Eq. (6), and the all-temperature rotational-diffusion
relation, Eq. (3), used to calculate the rotational-diffusion
correlation time 7. The final form of the fitting equation

in this simple model is

B,/T
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2
PT,=B, (1+€ew?m?) ,
T

with B;, B,, and € as fitting constants with easily deter-
minable physical meaning, and an additional y-axis shift
value Bj required to match the experimental results. The

I (T)=(_1:_“IT)+B3 ’ %) fitting parameters for Eq. (3) found from the match to
! Fig. 5(a) were substituted into this fit without further
where modification. With the observed scatter in the data the fit
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FIG. 9. The measured integrated intensity is plotted as a function of temperature here for (a) parallel, and (b) and (c) perpendicu-
lar, orientations of the aligned liquid-crystal samples. The N-6 (<1,I,{) and D-Tempone (A ) 0°-oriented data are plotted together in
(a). The different markers for each probe correspond to separate runs of data. Plotted curve is a fit of the N-6 data only to Eq. (7)
and our all-temperature microviscosity = formula, Eq. (3), of Fig. 5(a). The fitting program used minimizes the maximum absolute
error of the curve from the data. Fitting parameters used are B; =2653, B,=1.9x 107", B;=—3.6, and €=4.8. (b) shows the in-
tegrated intensity data of the 90° orientation of the N-6 MBBA sample and (c) the corresponding plot of the D-Tempone probe data.
The effects of the main glass and chain-melting transitions are clearly seen near where these transitions are marked.
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FIG. 10. Relative heights of the derivative spectral central
line are plotted as a function of temperature. 0° orientation of
the N-6 sample is shown in (a), and the 90° orientation in (b).
Corresponding D-Tempone results are plotted in (c) and (d).
Relative minima in the cubic-spline line fits are listed in the
text.

does not appear to be overly sensitive to the value of €.
Within the glass state, one may expect this relation for
simple fluids not to hold for 7. One may expect a de-
crease in the spin-lattice relaxation time resulting from an
increasing number of phonon relaxation modes in the
solid state, and a consequent increase in spectrometer sig-
nal intensity. This would then account for the observed
reversal or deceleration of the decrease in line heights and
signal intensity noted at the glass transition and chain-
melting temperatures as resulting from saturation effects.
The D-Tempone probe exhibits in our current work
only a leveling of the peak-height decline without further
increase at the chain-melting transition temperature
(165—175 K). The D-Tempone probe in MBBA also
records the main glass transition temperature T, as
another leveling of (1) intensity decline (Fig. 9) and (2)
transition line height, with a 0°-oriented minimum of 208
K, as is apparent from Fig. 10. These effects are observed
both in the 0° and 90° spectra. For the N-6 probe, the cen-
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1) 239K 3) 210.3K

5) 148.7K

2) 222K 4) 198.7K

FIG. 11. Autocorrelation functions of some N-6 and MBBA
low-temperature spectra are plotted to the same scale. Higher-
frequency component lines are seen to largely vanish below the
main glass-transition temperature. Here, 1 and 2 show above-
T, spectra, while 3 and 4 are just around the transition and 5 is
the rigid-limit spectrum. Inset shows the relative scaling factor
of each spectrum. The glass transition appears both in the fre-

‘quency distribution of the power-density spectrum, and the

overall power absorbed, as may be seen from the inset.

tral line height and signal intensity decrease from a high
value, some 30—40 K above T,. The decline is reversed
just below T,. One finds the glass transition in a line
height and intensity valley, and one may compute an ex-
perimental T, from the minimum of fitted cubic splines
to these figures (Figs. 9 and 10). For the N-6, 0°-oriented
probe, a line-height minimum at 206.4 K is found. The
90°-oriented probe has local line-height minima of 201.6
and 187.0 K. These may be viewed as marking the main
and chain-melting glass transitions. This effect was also
seen with nondeuterated H-Tempone, as well as N-6 in
earlier studies.” 184!

In an attempt to better examine the underlying phe-
nomena behind these line-shape changes, we took power-
spectrum analyses (autocorrelation functions) of all our
near-glass and glassy spectra.!®*—3° One may use the
spectral density function as a window to view the underly-
ing frequency, and hence, linewidth distribution of in par-
ticular the intermediate- and slow-tumbling spectra.
Peaks closer to the edges of the spectra of Figs. 11 and 12
represent higher-frequency components in the EPR spec-
tra, thus reflecting narrower absorption or derivative lines,
and are predominant in fast-motional high-temperature
spectra. Peaks closer to the center of spectra from Figs.
11 and 12 represent low-frequency components of the
EPR spectra, reflecting wider lines, and are almost ex-
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1) 218.1K
2) 197.1
3) 178.8
4) 167.9

5) 140.7

FIG. 12. Autocorrelation functions of some D-Tempone and MBBA low-temperature spectra are plotted coincidently to the same
scale. Center diagram is an enlargement of the inset diagram in the upper left. Higher-frequency component lines are seen to de-
crease in relative height below the main glass and chain-melting transition temperatures. Here, 1 shows an above- T, spectra, while 2
and 3 are below the transition, yet above the chain-melting transition. The rigid-limit spectrum is shown in 5. Inset at the upper
right shows the relative scaling factor of each spectrum. The glass transitions appear both in the frequency distribution of the
power-density spectra, and the overall power absorbed, as may be seen from the inset.

clusively dominant in slow-tumbling glassy and rigid-
limit spectra. A more general discussion of the use of
power-spectrum analysis may be found in Ref. 18.

Some easily observed trends may be noticed. First, the
spectral distribution shifts from higher frequencies to
lower frequencies with lowered temperature demonstrat-
ing that as T is decreased n and 7 are increased. This is
just reflecting the observation that a slower-tumbling
probe molecule will produce a wider absorption peak.
Approaching the glass transition, one notices the setting
in of a powder power-density spectrum, corresponding to
the powder pattern observed in the derivative absorption
signal. There is a sudden decrease in absorbed power at
the main glass transition 7T, for both probes, reflecting
the intensity results about which we have already com-
mented. Lowered temperatures result in the elimination
of no additional lines from the frequency spectrum, only
in shifts of relative magnitude.

In addition to these intensity- and saturation-related
glass transition effects observable in the power-density
spectra, one finds another glass transition indicator in
both the 0° and 90° MBBA data that was not present in
the isotropic glass previously studied. These autocorrela-
tion functions show the enhanced presence of additional
lines marginally present in the glassy spectra as entering
in the above T, supercooled-liquid spectra. These lines
are of higher frequency and represent narrower EPR spec-
tral lines and faster molecular tumbling regions. This
phenomena is illustrated in Figs. 11 and 12 and presents
yet another indicator of the glass transition. One may hy-
pothesize that the larger size and anisotropy of the
liquid-crystal molecule, as compared to the isotropic dibu-

tyl phthalate previously studied, supports a more pro-
nounced spectral line-shape change at the glass transition
critical temperature.

IV. SUMMARY AND CONCLUSIONS

The major experimental accomplishment discussed in
this paper is the development of a multispectra, rapid-
sweep mode for gathering EPR spectral data. This has al-
lowed us to observe spectra from the heretofore unobserv-
able supercooled pre-glass-transition regions of nematic
liquid-crystalline MBBA. The data observed in this re-
gion from both D-Tempone and N-6 probes may be ac-
counted for in light of the Grest-Cohen glass-formation
model. We have further extended our earlier”!®*! EPR
probe molecule studies of the liquid and glass states of
some organic glass-forming liquids to include total line-
shape determination of liquid-crystalline EPR and materi-
al parameters. Both 0° and 90° orientations of the liquid-
crystal director tilt axis from the EPR magnetic field were
recorded.

Modeling the glass as a phase including two sites of dif-
ferent rotational correlation values, we are able to fit the
experimental N-6 probe EPR spectra as a sum of spectral
components from each site. Difference spectra of above
and below T, glass transition spectra match closely exper-
imental rigid-limit spectra. The 90° difference . spectra
produce a nonobservable 90° liquidlike spectrum that may
be found through computer simulation. Nonbroadened
parallel glassy EPR spectra and increased low-field to
high-field splittings in the perpendicular spectra support
the two-site glass model.
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The glass transition in MBBA was found to occur at
considerably faster molecular relaxation times than in iso-
tropic liquids. It is postulated that this may be an effect
of greater defect growth in a “2D” glass than in an amor-
phous isotropic solid. We also investigated the depen-
dence of the signal intensity and the power-frequency
spectrum on temperature and phase state.

These further conclusions, both theoretical and experi-
mental, are presented. (1) The Heisenberg spin exchange
interaction follows a simple model for the N-6 probe. (2)
Cubic splines fitted to the center line peak heights versus
temperature accurately predict the glass transition of the
D-Tempone probe molecule; these line heights show the
main glass transition and the chain-melting transition for
the N-6 probe. (3) The onset of the glass phase is also
marked with a change to a rigid, almost unchanging,
powder pattern for the N-6 probe at the main transition
temperature, and for the narrow-lined D-Tempone probe
at the chain-melting transition temperature. (4) This is in-
terpreted as a result of a large percentage (1—p) of the
cells of the liquid becoming solidlike at T, leaving only p
cells in a fluidlike medium. (5) The measured 7 of the
glass is according to the microdiffusion model presented
earlier. (6) The experimentally measured liquid-crystalline
order parameter S follows the Maier-Saupe theory even
into the supercooled and glassy regions of the material.
(7) The setting in of the glass-state powder-pattern-like
spectrum is also observed in the power-density spectra at

T, and at Tcy. (8) A dip in power-density line heights at
all frequencies just above the glass-transition temperature

" T, is consistent with saturation phenomena and a con-

current decrease in spectral intensity. (9) Measurement of
total signal intensity unveils a 1/ T Curie-law dependence
in the low-viscosity region of the liquid, a dependence that
is consistent with saturation phenomena in the super-
cooled liquid, and an apparent reduction of the saturation
effect in the glass state. (10) This reduction of the satura-
tion effect could be a result of a decrease in T';, the spin-
lattice relaxation time, brought about from the shift of a
large fraction of the material from a liquid to solidlike
structure.

Molecular probe studies of ordered glasses allow partial
control of some of the degrees of freedom found in amor-
phous systems. Here they lend valuable evidence useful in
understanding the microscopic organization and dynamics
of the glass state and glass transition.
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