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Two-dimensional Fourier transform (2D-FT) and CW-ESR experiments at X-band frequencies were performed
over a broad range of temperatures covering the solid and melt states of a liquid crystalline (LC) polymer.
The CW-ESR experiments were analyzed by conventional motional models. The nematic phase was
macroscopically aligned in the dc magnetic field, whereas the solid state showed microscopic order but
macroscopic disorder (MOMD). An end-label on the polymer showed smaller ordering and larger
reorientational rates than that of the cholestane (CSL) spin probe dissolved in the same polymer, since the
former can reorient by local internal chain modes. It was demonstrated that the 2D-FT-ESR experiments
provide greatly enhanced resolution to the ordering and dynamics of the end-label, especially when performed
as 2D-ELDOR (electron-electron double resonance) experiments as a function of mixing time. The
conventional model of Brownian reorientation in an orienting potential was unsuccessful in interpreting these
results. Instead the model of a slowly relaxing local structure (SRLS), which enables differentiation between
the local internal modes experienced by the end-label and the collective reorganization of the polymer molecules
around the end label, yielded much improved fits to the experiments in the nematic phase. These nonlinear
least squares fits showed that the polymer “cage” relaxes more than 2 orders of magnitude slower than the
local end-chain modes, and there is a moderate orientational potential coupling the local end-chain motion to
the “cage” with axial and nonaxial local order parameters of about 0.14 and 0.29 at 100°C. In the solid state
the 2D-ELDOR spectra were fitted to the MOMD model, which is a limiting case of the SRLS model when
the cage relaxation becomes very slow.

1. Introduction

Electron spin resonance (ESR) has been extensively applied
in the study of molecular structure and dynamics in isotropic
fluids, ordered phases such as liquid crystals, and lipid model
membranes1,2 as well as for polymers.3,4 The high sensitivity
and favorable time scale of ESR have made it a powerful tool
for studying both the microscopic ordering and the molecular
dynamics. We have been interested in extending this ESR
approach to study liquid crystalline (LC) polymer systems. Due
to the complex nature of LC polymers, the interpretation of the
ESR spectra may be expected to require sophisticated dynamic
models and spectral simulations, although simple analyses were
utilized in previous ESR studies on different LC polymers.5,6

For many polymeric LC systems it is not conveniently
possible to prepare macroscopically well-aligned samples that
can provide enhanced spectral resolution and orientation de-
pendence. In most cases, the “dispersed” MOMD (microscopi-
cally ordered but macroscopically disordered) sample, whose
ESR spectrum can be approximated as the superposition of
spectra from microscopically well-ordered local domains that
are randomly oriented, may readily be prepared. Despite the
limited spectral resolution and substantially increased computing
time required in the simulation, ESR has played a useful role
in extracting dynamic and structural information from such
MOMD spectra.7

In a companion paper, we describe a CW-ESR study on a
thermotropic main chain LC polymer model system, end labeled
by a nitroxide free radical, in its nematic phase.8 We have found
some of these samples were macroscopically aligned by the ESR
magnetic field of 3.3 kG, while some of them could be

characterized as MOMD, and some showed a mixture of these
two kinds of spectra. The degree of macroscopic alignment
was shown to be largely dependent upon the molecular weight
of the matrix molecules in which the labeled ones were
dissolved; the lower the molecular weight, the more readily it
is aligned.
In that work it was found that in the nematic phase the

reorientational motion probed by the end-labeled nitroxide was
sensitive to the matrix molecular weight but not to that of the
spin-labeled tracer molecule. In the present paper we examine
the thermal behavior of the same main chain LC polymer
system. We utilized both the 3-carboxy-PROXYL spin label
attached to the LC polymer and, in the case of our CW-ESR
studies, the rigid CSL probe as a solute. It is known that CSL
reports on the overall ordering of the solvent molecules,9

whereas the spin label on the end of the chain reflects the
combined motion of the backbone, its internal modes, and the
flexible bond between the backbone and the label.10 Our initial
experiments reported here were by standard CW-ESR as in ref
8. However, it is now conveniently possible to employ modern
two-dimensional Fourier transform (2D-FT) ESR methods to
study the motional dynamics in these systems, as we show in
the present study.
An important recent development in ESR spectroscopy has

been that of 2D-FT-ESR.11-15 This development has the
technical advantages of (a) greatly reduced data acquisition
times, because the whole spectrum is irradiated simultaneously
(i.e. the multiplex advantage) with the use of very narrow
nonselective pulses (widths∼5 ns) that are significantly shorter
than the relevantT2’s. As a result they yield (b) reduced dead
time and less spectral distortion than what arises from the use
of long pulses. More important is the availability of a whole
class of new experiments to study both motion and structure.
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We wish to distinguish this important technique of 2D-FT-ESR
from other recent and important 2D-ESR methods, which
however lack the multiplex advantage in that neither the echo
decay nor the free induction decay is collected, nor does one
attempt to irradiate the full spectrum, since selective microwave
pulses are used.16 These methods have primarily been in the
class of electron spin echo modulation (ESEEM) experiments,
which emphasize structural studies,13,15,17,18 but they also
include studies of very slow motional dynamics.13,14 While
modern 2D-FT-ESR can provide the multiplex advantage and
an additional spectral dimension to ESEEM studies as described
elsewhere,16 we focus here on its use for dynamic studies. The
early 2D-FT-ESR work of Freed and co-workers emphasized
the study of translational diffusion by Heisenberg exchange11,12

and rotational diffusion by modulation of the hf tensor,19 leading
to cross-peak generation. Bowman15 showed how the cross-
peaks can be used to study intermolecular chemical exchange,
whereas Goldfarb and co-workers20 demonstrated its use for
slow intramolecular chemical exchange. More recently, Dinse21

has demonstrated its potential for the investigation of transient
radicals. All of these applications involve motionally narrowed
ESR spectra.

Our present study, however, addresses slow motional and near
rigid limit spectra, which provide the additional challenges of
wide spectral bandwidth, very short (inhomogeneous)T*2 ’s and
usually very short (homogeneous)T2’s. Recent developments
have now made it possible to study such cases by modern 2D-
FT-ESR methods.16,22-24 These 2D-FT-ESR spectra provide
enhanced resolution to dynamic molecular structure compared
to conventional CW-ESR spectra, especially those that are
inhomogeneously broadened by the macroscopic disorder.
Recent studies have illustrated the great potential of slow
motional 2D-FT-ESR for the study of complex fluids.23,24 The
model LC polymer system8 used in our present work has many
similarities to complex fluids, which are characterized by slower
motion and very shortT*2 ’s, due partly to the inhomogeneities
of MOMD. In CW-ESR spectra, it is difficult to distinguish
this inhomogeneous MOMD broadening effect from the homo-
geneous line broadening (which arises mainly from the rotational
modulation of hyperfine (hf) andg tensors) and from other
inhomogeneous broadening (e.g. from proton super-hyperfine
(shf) interactions). Previous study has shown how 2D-FT-ESR
methods enable one to obtain the details of the complex spin
relaxation processes in lipid membranes23,24 and in a single
crystal.16 With significant improvements in capabilities of
instrumentation, including shortened spectrometer dead times,
enhanced signal to noise resulting from very rapid signal
averaging of successive pulse sequences, and improved data
processing and filtering, it is now feasible to perform 2D-FT-
ESR experiments on liquid crystalline polymers to obtain high-
quality 2D-FT-ESR spectra. Using the well-developed theory
for the analysis of 2D-FT-ESR spectra,25,26 we are able to
perform nonlinear least squares (NLLS) fitting of sets of 2D-
FT-ESR spectra to quantify the details of molecular ordering
and dynamics as a function of temperature.

We report here the first 2D-FT-ESR study of a nitroxide spin-
labeled LC polymer. We illustrate its capabilities by comparison
with our CW-ESR studies of the same class of LC polymer.
The primary objective of the present work is to relate the phase
behavior of LC polymers to the ordering and dynamic informa-
tion available from 2D-FT- and standard CW-ESR techniques.
Our methods provide a general approach for learning about
anisotropic rotational diffusion, orientational ordering, and local
domain or cage structure.

The now standard CW-ESR spectral analysis has been
discussed in detail elsewhere.1,26-29 Spectral simulation of
experiments based on the stochastic Liouville equation (SLE)
utilizing a nonlinear least squares (NLLS) fitting algorithm has
been performed to obtain the dynamic and ordering information
in the slow motional regime from both macroscopically aligned
and MOMD samples.7,27 Recent improvements in this approach,
which includes applying the “model trust region” modification
of the Levenberg-Marquardt minimization algorithm, have
greatly increased the efficiency of the fitting procedure and
have several other useful features.26 Thus, it also includes a
separation-of-variables method to deal more effectively with
the linear coefficients, and it allows fitting to multicomponent
spectra. We could also take advantage of this modified “user-
friendly” program to perform interactive, real-time NLLS fitting
on a laboratory workstation with a graphical interface. Such
improved features have enabled us to perform NLLS fitting in
a very efficient and reliable manner to study by ESR methods
the dynamics of LC polymeric samples over a broad temperature
range.
The analysis of the 2D-FT-ESR spectra, while less familiar,

proceeds in a manner analogous to (but more complex than)
that of CW-ESR spectra.25 We utilize NLLS fitting of solutions
of the SLE to sets of 2D spectra obtained as a function of mixing
time (which actually provides a third “spectral” dimen-
sion).23,24,26 We find that the increased resolution to ordering
and dynamics provided by these “extra spectral dimensions”
cannot be adequately fit by the standard models of motional
dynamics.28-30 This is especially clear for the nematic phase.
Recently, Polimeno and Freed have developed the slowly

relaxing local structure (SRLS) model of solvent cage effects
to interpret the slow motional ESR spectra obtained from
complex fluids.31 The SRLS model describes the molecular
motion in terms of the reorientation of the spin-labeled probe
molecule within a dynamic solvent cage that reorients on a
slower time scale. Whereas both the probe molecule and the
cage can experience microscopic aligning potentials, there is
an additional potential describing the coupling between the probe
and the cage. Thus the motion of the probe is described by the
same set of parameters as simple Brownian reorientation, while
the cage, which is a set of collective parameters that represent
the instantaneous solvent structure around the probe, is also
described as a Brownian rotor. That is, the SRLS model consists
of two coupled Brownian rotors. This SRLS model is in fact
supported by recent molecular dynamics simulations on a simple
liquid.32 This SRLS model has been incorporated into the SLE
in a form that enables NLLS fitting to experimental spectra,31

and significant improvements were found in fitting 250 GHz
CW-ESR spectra of spin probes dissolved in a glass-forming
solvent, when compared to the model of simple Brownian
reorientation.31 This SRLS model has now been incorporated
into the NLLS fitting programs for 2D-FT-ESR,33 and it has
led to improved fitting of 2D-ESR spectra from spin probes
dissolved in a macroscopically aligned thermotropic liquid
crystal (nonpolymeric).33

Just as the standard Brownian model (in an orienting potential
when needed) has been so effective in interpreting CW-ESR
spectra for so many years, one may expect that an improved
model, such as the SRLS model, would have a more general
applicability to a wide range of systems, when studied by
modern ESR spectroscopies yielding improved resolution to
molecular dynamics. In the case of the LC polymer that is end
labeled, one can regard the local motion of the probe including
the internal motion of the chain to which it is attached, as well
as the motion about its tether, as being represented by the faster
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“probe motion” of the SRLS model. Then the overall backbone
reorientation of the polymer, as well as that of nearby polymer
molecules, which define the local environment of the probe,
becomes the slower relaxing “cage”. The alignment of these
LC polymer molecules, which can be macroscopic in the
nematic phase, is (weakly) transmitted to the end-chain label,
and it is represented by the orienting potential between the probe
and the cage in the SRLS model. It is in this spirit that we
apply the SRLS model to the analysis of our 2D-FT-ESR
spectra, and we demonstrate the greatly improved fits to
experiment.
We give details of the preparation of materials and the

experimental procedures in section 2. The results and analysis
including the NLLS fits to the SRLS model for the 2D-FT-
ESR are presented in section 3. Discussion and conclusions
appear in sections 4 and 5, respectively.

2. Experimental Methods

2.1. Materials and Characterization. The LC polymeric
samples for 1D and 2D ESR measurements are the same
semirigid main chain liquid crystalline poly(ether)s DHMS-7,9
(based on 4,4′-dihydroxy-R-methylstilbene and mixed aliphatic
linking groups of 7 and 9 carbons in length) used in the studies
reported in the accompanying papers.8,34 The raw materials
(labeled with 3-carboxy-Proxyl free radical and unlabeled) were
synthesized and provided by Dr. Elizabeth Hall of the Depart-
ment of Materials Science and Engineering at Cornell Univer-
sity. The synthesis procedures were described in ref 34. The
spin probe CSL (3â-doxyl-5R-cholestane) (cf. Figure 1) was
purchased from SIGMA Chemical Co. and used without further
purification.
Due to the high spin concentration in raw labeled DHMS-

7,9 materials, they need to be diluted by unlabeled DHMS-7,9
to obtain the appropriate spin concentration for ESR studies
(cf. ref 34). The procedure is the same for samples with spin
probes and spin labels. First, we dissolved CSL spin probe (or
labeled DHMS-7,9) in chloroform; then we completely mixed
it with a chloroform solution of unlabeled DHMS-7,9. The
materials were dried overnight in a vacuum chamber. The
samples for the CW-ESR experiment were put into a 1.7 mm
i.d. glass tube (3 mm o.d.), further degassed on a vacuum line
for several hours, and then sealed after filling with high-purity
nitrogen gas. The samples for the 2D-ESR experiment were
prepared in a glovebag filled with high-purity nitrogen gas. The
dried materials were put into a 2.1 mm i.d. glass tube (2.5 mm
o.d.) and sealed by epoxy. After being sealed, both samples
were heated up to their isotropic phase and quenched at liquid
nitrogen to form tightly packed samples. The spin concentration
in these samples was approximately 2-4 mmol (by assuming
the density of DHMS-7,9 melt to be 1 g/cm3).
The molecular weights of the raw materials were determined

by gel permeation chromatography (GPC). The thermal transi-
tion temperatures of the raw materials were measured by
differential scanning calorimeter (DSC) (cf. section 3.3 of ref
34). These results are listed in Table 1, whereMw (Mn) are the
weight (number) average molecular weights,Tm is the melting
transition temperature, andTni is the transition temperature from
the nematic to the isotropic phase.

2.2. CW-ESR Measurements.All CW-ESR measurements
were performed on a Varian Associates, Inc. (Palo Alto, CA)
E-12 spectrometer. The spectra were taken in the first-derivative
mode, at a constant microwave power without saturation (6.3
mW), during a data acquisition time of 2 min with a 0.128 s
time constant. The ESR spectra had 100 G sweep widths. The
field modulation frequency was 100 kHz, and its amplitude was
chosen in a range of 0.16-1 G to maximize the signal without
distorting the spectra. Spectra were digitized to 1024 points
and were collected on a 386 PC interfaced to a HP-3457A
multimeter. A Varian V6040 variable temperature controller
was used to control sample temperature with nitrogen gas. The
reported temperature was the temperature at the center of the
cavity after calibration. The variation of the temperature over
the sample dimension was less than(2 °C.
2.3. 2D-FT-ESR Measurements.The 2D-FT-ESR spec-

trometer has been described elsewhere.12,14,16 Two basic types
of 2D-FT-ESR experiments were performed in our study. The
first is the two-pulse experiment of SECSY (spin-echo cor-
related spectroscopy) ESR, and the second type consists of the
three-pulse experiments of 2D-ELDOR (electron-electron
double resonance) and stimulated SECSY. SECSY ESR has
the advantage of spin-echo spectroscopy by providing the
homogeneous line widths (hence theT2 values) across the
inhomogeneously broadened ESR spectrum from which to infer
motional dynamics. We were able to detect the echo signal in
our LC polymer samples, whereas the FID signal was unavail-
able due to its very fast decay, (i.e.,T*2 ≈ 9 ns was less than
the dead time,td).
The pulse sequences for the various 2D-FT-ESR experiments

(SECSY, ELDOR, stimulated SECSY) are shown in Figure 2.
The pulse widths were 5 ns forπ/2 pulses. The evolution
period,t1, was sampled with 128 steps of 3 ns size (4.5 ns step
size for spectra taken at 24,-47,-107°C) with an initial t1 of
50 ns for the SECSY and ELDOR experiments. In stimulated
SECSY experiments, thet1 value of 50 ns was fixed and the
Tmix was sampled with 128 steps, and an initialTmix of 75 ns.

Figure 1. Schematic structure of the CSL (3â-doxyl-5R-cholestane)
probe.

TABLE 1: Molecular Weights and Transition Temperatures
of DHMS-7,9 Samples for CW and 2D-FT-ESR Studies

species Mw Mn Tm(°C) Tni (°C)
samples for 1D labeled 3300 2700 87 125
experiments unlabeleda 3000 2400 86 123

samples for 2D labeled 4000 3000 92 118
experiments unlabeled 4600 3200 90 160

a The same unlabeled DHMS-7,9 was used for dilution of labeled
DHMS-7,9 and for dissolving the CSL spin probe.

Figure 2. 2D-FT-ESR pulse sequences for echo signals: (a) SECSY,
t1 is stepped; (b) ELDOR,t1 is stepped; (c) stimulated SECSY,Tmix is
stepped.
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The step size chosen varied from 30 to 400 ns for stimulated
SECSY depending on the decay rate of the signal at each
temperature.

The echo signal was collected as a function oft2 for a total
of 256 complex points with a step size of 1 ns (obtained by
interleaving14) starting at the maximum of echo signal. At each
t1 value (or eachTmix value for stimulated SECSY), the signal
was averaged hundreds to thousands of times for each of the
32 phase cycles steps.35 A complete 2D experiment took about
20 min to several hours, depending on the repetition rate and
the number of averages.

The 2D-FT-ESR experiments (SECSY, ELDOR, stimulated
SECSY) were carried out first at room temperature (RT) (24
°C) and then at lower temperatures (-47 and-107°C). Later
we studied the polymer at temperatures above RT (58, 73, 85
°C), up to its nematic phase (100, 111°C). A series of mixing
times,Tmix, were used for the ELDOR experiments to construct
a virtual three-dimensional (3D) data set at each temperature.

The signals were doubly Fourier transformed and utilized for
magnitude spectra. No filtering or coverage correction was
needed.24 By linear combination of a dual quadrature signal,
we can construct two kinds of signals. The first one is an FID-
like signal, because it is not refocused (it is called anSc+ signal).
The second one is echo-like, because it is refocused by the pulse
sequence (it is anSc- signal).25 The Sc- 2D spectra are
substantially sharper due to the cancellation of the inhomoge-
neous broadening along thet1 axis, whereas theSc+ signal
typically decayed within thet1 dead time. Thus just theSc-

signal could be studied.

A Bruker ER 4111 VT variable temperature unit was used
to control the sample temperature, which could be varied with
cold nitrogen gas. The reported temperature was the temper-
ature at the center of the cavity after calibration. The magnetic
field was stabilized at 3355.00 G using a standard field
frequency lock (Varian Associates, Palo Alto, CA), with the
microwave frequency locked at 9.445730 GHz.

3. Results

3.1. CW-ESR Study. (a) End-Labeled Polymer. These
experiments on the end-labeled polymer covered the temperature
range from 20 to 123°C, corresponding to motional states from
the near rigid limit to the motional narrowing regime. At

temperatures below 95°C, no orientation dependent spectra were
observed (cf. ref 8). When the sample was heated to temper-
atures above 98°C in the magnet, the observed ESR spectra,
characterized by the hyperfine splittings (hfs), showed significant
macroscopic alignment occurring during the first half hour. An
orientation dependent study confirmed that the spin labels
possess macroscopic orientational ordering. This result was
consistent with what we observed on samples of low MWs
during the DID-ESR measurements.34 The hfs increased as the
temperature increased, indicating a reduced ordering. Above
115 °C, the spectra became independent of orientation with
respect to the ESR magnetic field, and the hfs was shown to be
independent of temperature and greater than that for the
macroscopically aligned spectra, indicating that the sample had
entered the isotropic phase from the nematic phase.

We started the analysis with the spectra in the nematic phase,
in order to take advantage of the macroscopic alignment we
obtained for this phase, leading to spectra that have enhanced
resolution. This also meant that we could utilize the basic model
of reorientation in a macroscopic aligning potential.27-30 The
MOMD model and the “amorphous” model (corresponding to
neither macroscopic nor microscopic order) were clearly inap-
propriate.

We used the same magnetic parameters (in they-ordering
permutation) that were obtained from the rigid limit ESR
spectrum at 250 GHz and utilized in ref 8 (cf. Table 1 of ref 8).
The four coordinate systems utilized in the simulation were
described in detail in ref 8. All spectra were taken at the
orientation in which the nematic director coincided with the
external magnetic field (i.e.,ψ ) 0). In our simulation, we
found that the case where “diffusion tilt” Euler angleâ ) 0°
produced spectra with no noticeable difference from the case
of â ) 10°, which was the value found in ref 8. This was true
for spectra computed for all temperatures and for the ESR
spectra from the CSL spin probe as well. Therefore, we letâ
) 0° throughout all simulations reported in this section, since
the symmetry retained significantly reduces the computation
time. The parameters determined by the NLLS fit included the
rotational diffusion coefficients,R| and R⊥ (which relate to
molecular motions about the directions parallel and perpen-
dicular to the axis coinciding with the polymer molecular
backbone), the Gaussian inhomogeneous broadening,∆, and
the potential parameters (cf. ref 8). We also report in Table 2,
the geometric average rotational diffusion coefficient,Rh, the

TABLE 2: NLLS Fit Results from Spin-Labeled DHMS-7,9a

T (°C) ∆ (G) R⊥(107 s-1) R| (108 s-1) ε20 Rh (107 s-1) N S model

123 1.08 33 16 0 56 5.0 0 isotropic
117 0.97 18.7 11.3 0 34 6.0 0 isotropic
112 0.59 9.6 11.2 0.59 22 12 0.123 aligned
106 0.63 10.9 8.3 0.79 22 7.7 0.172 aligned
102 0.58 10.3 7.4 0.86 20 7.2 0.189 aligned
95 0.67 7.3 6.5 0.51 15 8.9 0.107 momd
91 0.70 7.2 6.4 0.56 15 8.8 0.119 momd
87 0.75 6.6 5.6 0.60 14 8.4 0.129 momd
80 0.66 5.9 4.0 0.60 11 6.7 0.128 momd
68 0.65 4.5 2.6 0.57 8.0 5.9 0.123 momd
58 0.74 3.2 1.8 0 5.7 5.8 0 amor
48 0.78 2.7 1.2 0 4.5 4.6 0 amor
38 1.1 2.3 0.88 0 3.6 3.8 0 amor
29 1.1 2.1 0.56 0 2.9 2.7 0 amor
20 2.1 1.8 0.43 0 2.4 2.4 0 amor

a The average percent errors of the NLLS parameters areε∆ ) 4.7, εR⊥ ) 4.5, εR| ) 7.8, εε20 ) 3.0 forT > 100 °C andε∆ ) 10, εR⊥ ) 6.3, εR|

) 12, εε20 ) 9 for T < 100 °C. They were determined from the NLLS fitting procedure as described elsewhere.8,26
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rotational anisotropy,N, and the order parameter,S, given by

whereV(Ω) is the orientational potential function, and just the
first term, ε20 in its generalized spherical harmonic expansion
(cf. ref 8, eq 1) was sufficient because of the rather low ordering
for this case.36 The experimental and simulated spectra are
shown in Figure 3. One notable observation was that within
the nematic phase,Rh was almost independent of temperature,
whereasSwas inversely correlated with temperature.
The next set of spectra we fit were those in the isotropic

phase, where there is no preferential molecular orientation, (i.e.
V(Ω) ) 0). In this phase,Rh was found to increase significantly
with increasing temperature.
The spectra below the melting point had no indication of

orientation dependent behavior, showing that there was no
macroscopic alignment in the solid state. Both the MOMD and
amorphous models were initially utilized to study the micro-
scopic dynamics of any local domains. We found that at higher
temperatures where the rotational diffusion coefficients were
sufficiently large (Rh > 6× 107 s-1), i.e.T> 65 °C, the MOMD

model provided a much better fit to the experimental spectra
than the amorphous model. It significantly reduced the deviation
between the calculated and experimental data (up to 25%). This
shows that the spin labels attached to the polymer chain possess
weak local ordering in the solid state, and the effect of ordering
upon the ESR spectra is significant when the molecular motion
is in the slow motion regime. Note that for motions slow
enough that rigid limit ESR spectra are obtained, the MOMD
model yields the usual powder spectrum, so in this motional
regime it is impossible to distinguish a MOMD model from an
amorphous one. This ordering is apparently due to crystalliza-
tion during the sample preparation process (note that the sample
was melted into the isotropic phase and then rapidly cooled
down to liquid nitrogen temperature).
WhenRh decreases to less than 6× 107 s-1 (i.e.T < 65 °C),

the MOMD model did not provide a better fit than the
amorphous model. We found that at this motional regime the
spectra were more sensitive toR⊥ than to eitherR| or ε20, and
the fit to the experimental data was not as satisfactory as at the
higher temperatures. It is possible that structural parameters
such as the three Euler angles specifying the transform between
the diffusion frame and the magnetic frame become important
when the molecular motion is slow. However, our initial
attempts to determine their values from a NLLS fit became very
time-consuming and proved unsuccessful because of the exces-
sive number of parameters to be fit to spectra of limited
resolution. Therefore, we utilized the amorphous model to
simulate these slow motional spectra and kept zero values for
the Euler angles for simplicity.
When studying the results of the NLLS fits listed in Table 2,

we noticed that the spectrum obtained just above the melting
point (i.e.T) 102°C) showed the highest macroscopic ordering
amongst all the spectra, including those in the solid. This would
seem to imply that macroscopic alignment improves the local
ordering within domains. However, the fitting of the disordered
solid spectra to the MOMD model leads to greater uncertainty
in ε20 compared to that for the better resolved aligned spectra.
On the other hand, the detailed analysis of Budil et al.26 showed
that if an imperfect model is used to fit experimental data, which
is frequently the case, then the MOMD fit to the basic model
that we use seems to return the more reliable values for the
parameters, at least in the cases studied. This most probably is
because it does include the full range of director orientations,
unlike the aligned spectra, for which only theΨ ) 0 orientation
is observed. Also, we note that in contrast to its constant
behavior in the nematic phase,Rh increases rapidly after entering
the isotropic phase. This “nematic plateau” implies a zero
activation energy forRh in this phase, which is very similar to
observations on the translational diffusion coefficient in this
phase, in a temperature dependent study by the FRES (forward
recoil spectroscopy) technique on the same model LC polymer
system,37 suggesting some correlation between microscopic
rotational diffusion and the macroscopic translational diffusion
in this phase.
We show in Figure 4 a plot of logRh as a function of the

inverse of temperature, 1/T, leading to the activation energy,
Elabel ) (1.16( 0.07)× 104 J/mol.
(b) CSL Solute. CSL has a cigar-like shape, and when it is

dissolved into a polymer, it is expected to reveal ordering and
dynamic information about its neighboring polymer molecules.
The CSL spin probe has been widely used in previous ESR
studies, and its magnetic parameters have been determined in
various environments.9,30,38-42 We adapted itsg andA tensor
values from those obtained at 250 GHz, but in toluene solvent,42

with a fine adjustment obtained by fitting a rigid limit X-band

Figure 3. Experimental (solid line) and simulated (dashed line) ESR
spectra from spin-labeled DHMS-7,9 at various temperatures. Their
fitting parameters are listed in Table 2.

Rh ) (R⊥
2R|)

1/3 (1)

N) R|/R⊥ (2)

S2,K ≡ 〈D0K
2 (Ω)〉 )

∫dΩD0K
2 (Ω) exp[-

V(Ω)
kT ]/∫dΩ exp[-

V(Ω)
kT ] (3)

S≡ S2,0) 〈D00
2 (Ω)〉 ) 〈(3 cos2 θ - 1)/2〉 (4)
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CW spectrum for CSL in DHMS-7,9. We list theseg andA
tensors of CSL in Table 3.
Similar to what we observed from spin-labeled DHMS-7,9,

we found that the ESR spectra from the CSL probe were
orientation dependent in the nematic phase and orientation
independent in the isotropic and solid phases. Using the same
procedure for fitting the spin label ESR spectra, we performed
NLLS fits to these spin probe ESR spectra from the isotropic
phase to the solid phase. The isotropic and macroscopically
aligned models were utilized to describe the CSL molecular
motions in the isotropic and nematic phases, respectively, as
we did for spin-labeled DHMS-7,9. We found that the CSL
spin probe has a larger rotational anisotropy and slower
rotational diffusion coefficients (Rh and R⊥) than the spin label
at the end of the polymer chain and a larger macroscopic
ordering (S) in the nematic phase. Since the spin probes were
dissolved in polymer molecules, and thus their dynamics
reflected the overall polymer backbone motion, this result
suggests that the polymer end has much greater rotational
mobility than the polymer backbone. The “nematic plateau”
was again observed in this spin probe experiment; that is, the
average rotational coefficientRh is independent of the temperature
within the nematic phase.
Below the melting point, the rotational diffusion of the CSL

probe is slow enough that the MOMD model no longer shows
any significant effect on the ESR spectra, compared to the
amorphous model, so the latter (simpler) model was applied
for these spectra. BothRh and the rotational anisotropy,N, were
found to increase when the temperature increases. These results
are summarized in Table 4. The experimental and simulated
spectra are plotted in Figure 5.
The activation energy for CSL,Eprobe, obtained from a linear

fit to the plot of logRh as a function of 1/T, was found to be
(1.64( 0.03)× 104 J/mol (cf. Figure 6), about 40% greater
than that for the spin label attached to the end of the polymer
molecule. To compare the ordering of the end-labeled DHMS-

7,9 and the CSL spin probe, we plot their potential coefficients,
ε20, as a function of temperature over the melt phases in Figure
7. It is found that the CSL probe possesses higher ordering
than the polymer end-label in the nematic, as we would expect,
since it is expected to reflect the overall dynamic structure of
the polymer molecules.
3.2. 2D-FT-ESR Study. The 2D-FT-ESR experiments were

performed at eight temperatures. At each temperature, we
measured stimulated SECSY, SECSY, and 2D-ELDOR. Five
to nine values of mixing time,Tmix, were chosen ranging from
0 to 2µs at the highest temperatures and 0 to 50µs at the lowest
temperatures for the ELDOR experiments to construct a virtual
3D data set. In this context we note that a SECSY experiment
is the equivalent25 of a 2D-ELDOR experiment withTmix ) 0.
In Figure 8 we include ELDOR spectra from each temperature
at a mixing time of 1µs. These eight spectra show the thermal
behavior of the LC polymer observed by 2D-ELDOR.
We noticed that below the solid to nematic phase transition

temperature,Tm,43 the 2D-ELDOR spectra did not show any
significant cross-peaks, which would develop from cross-
relaxation mechanisms.12-14,19 These include the intramolecular
electron-nuclear dipolar (END) interaction, which leads to
nuclear flip rates,Wn, and Heisenberg spin exchange (HE) rates,
ωHE. One can distinguish the two mechanisms because theWn

contributes primarily to the∆MΙ ) (1 (single-quantum) cross-
peaks, whereasωHE contributes equally to the∆MΙ ) (1 and
(2 cross-peaks. Our experiment showed a virtual absence of
cross peaks at all mixing times belowTm, indicating that both
the HE and END contributions were very weak in the solid
phase.
Based on our previous ESR work,8,34 as well as the sample

studied in section 3.1, it is clear that the DHMS-7,9 sample
used in this 2D-FT-ESR study would be macroscopically aligned
by the X-band ESR magnetic field in the nematic phase. This
was indeed the case, so that the 2D spectra became significantly
sharper after the sample temperature was brought above 94°C
for more than half an hour. The macroscopically aligned 2D
spectra obtained in the nematic phase yielded enhanced resolu-
tion compared to the lower temperatures, in addition to the
increased molecular motion. The hyperfine splitting between
the two peaks in the SECSY spectrum (cf. Figure 9a) was
consistent with what we observed from the macroscopically
aligned CW-ESR spectra. The single-quantum (∆MΙ ) (1)
cross-peak in the 2D-ELDOR spectra grew with mixing time,
and reached a maximum forTmix ) 600 ns at 111°C (cf. Figure
9). However, even with the enhanced resolution in the nematic
phase, no double-quantum (∆MΙ ) (2) cross-peak was ob-
served. Therefore, we concluded that in this spin-labeled system
the spin concentration is too low to show an appreciable HE
effect.
We performed NLLS fits to these 2D-FT-ESR spectra to

extract the dynamic and ordering information. At present, we
can fit SECSY (corresponding to 2D-ELDOR whereTmix ) 0)
and several 2D-ELDOR spectra simultaneously, i.e., a virtually
3D NLLS fit. We first fit experimental data at the highest
temperature studied (111°C) corresponding to the nematic
phase. Whereas the standard model of rotational diffusion in a
macroscopic aligning potential led to a very good fit to the CW-
ESR spectra, as we showed in the preceding section, the 2D
spectra with effectively two additional spectral dimensions
reveal more detailed dynamic information that could not be fit
with such a simple model for the molecular dynamics. This
standard model did not fit the 2D data in key features,
particularly in the magnitudes of the single-quantum cross-peaks
relative to the auto peaks (cf. Figure 9).

Figure 4. Plot of logRh as a function of the inverse of temperature,
1/T, for a spin label on the end of a polymer chain. The overall
activation energy,Elabel, is (1.16( 0.07)× 104 J/mol from a linear fit.

TABLE 3: Magnetic Parameters of CSL in DHMS-7,9

xx yy zz

g 2.0084( 0.0003 2.0060( 0.0003 2.0022( 0.0003
A (G) 6.47( 0.5 4.50( 0.5 32.52( 0.4
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To try to improve agreement with experiment, we used the
Polimeno-Freed model of SRLS appropriate for slow motional
ESR simulations (cf. section 1 and refs 31, 33). As we have
employed it in our NLLS fitting to the sets of 2D-ELDOR
spectra, we describe the local motion of the end-label by an
effective axial rotational diffusion tensor specified byR⊥ and
R|. The backbone structure of the polymer to which the
nitroxide is attached as well as any contributions to the “cage”
experienced by the end-label from adjacent molecules is allowed
to relax with a diffusion coefficient,Rc. We assume, for the
sake of simplicity, that the cage (i.e., the set of relevant polymer
molecules) experiences a cylindrically symmetric macroscopic

orienting potential in the nematic phase and that furthermore
the end-label prefers to align with its magneticy-axis parallel
to the principal axis of cage alignment, which is analogous to
the simpley-axis alignment we used in simulating the CW-
ESR spectra (cf. section 3.1 and ref 8). Given these symmetries,
we note thatRc more precisely equalsRc⊥, the perpendicular
component of a “cage” diffusion tensor, andRc|, the parallel
component, has no effect on the spectrum. Thus in our model
the polymer backbone is macroscopically aligned with its
nematic director parallel to the magnetic field, while the ordering
of the end-labels is due to its coupling to the “cage”. Also, it
is sufficient to represent the “cage” alignment by the potential
parameterb2,0 according toV(Ωc)/kT) -b2,0D2

0,0(Ωc), where
DM,K
L (Ωc), is a generalized spherical harmonic, and the align-

ment of the end-label relative to this “cage” is specified by the
two orienting potential coefficients,c20 and c22, as described
further in the next section, (cf. eq 5). (Although the case that
has a mean field potential for the label instead of for the cage
leads to a comparable quality of fit, the calculated spectra did
not produce as good a relative intensity of the peaks as the case
we chose to use.)

TABLE 4: NLLS Fit Results from a CSL Spin Probe in DHMS-7,9a

T (°C) ∆ (G)
R⊥

(107 s-1)
R|

(108 s-1) ε20

Rh
(107 s-1) N S model

139 1.8 5.7 27 0 21 47 0 isotropic
130 1.8 4.5 16 0 15 36 0 isotropic
127 1.7 4.1 13 0 13. 32 0 isotropic
122 1.6 3.1 16 0.18 12 53 0.036 aligned
117 1.4 3.0 13 1.36 10 44 0.30 aligned
112 1.5 3.1 9.5 1.76 9.8 30 0.39 aligned
106 1.6 3.0 12 2.00 10 40 0.44 aligned
93 1.2 1.5 3.0 0 4.0 20 0 amor
82 1.4 1.2 2.1 0 3.1 18 0 amor
70 1.6 0.98 1.2 0 2.3 12 0 amor
59 2.1 0.75 0.71 0 1.6 9.5 0 amor
50 3.0 0.47 0.44 0 0.90 9.3 0 amor
41 3.8 0.28 0.26 0 0.59 9.0 0 amor
34 4.3 0.23 0.19 0 0.46 8.0 0 amor
29 4.6 0.17 0.14 0 0.34 8.0 0 amor

a The average percent errors of the NLLS parameters areε∆ ) 6.2, εR⊥ ) 6, εR| ) 12, εε20 ) 3.5 for T > 100 °C andε∆ ) 11, εR⊥ ) 8, εR| )
15 for T < 100 °C. They were determined from the NLLS fitting procedure as described elsewhere.8,26

Figure 5. Experimental (solid line) and simulated (dashed line) ESR
spectra from spin probe CSL in DHMS-7,9 at various temperatures.
Their fitting parameters are listed in Table 4.

Figure 6. Plot of logRh as a function of the inverse of temperature,
1/T, for spin probe CSL dissolved in LC polymer DHMS-7,9. The
overall activation energy,Eprobe, is (1.64( 0.03)× 104 J/mol from a
linear fit.
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The spectra obtained in the nematic phase (100, 111°C) were
both NLLS fit by this SRLS model, and we found that it led to
a greatly improved quality of fit in comparison with the simple
model of macroscopic alignment and Brownian motion. We
plot experimental SECSY and ELDOR spectra at 111°C, and
their best fit using both the SRLS and standard models for
comparison, as shown in Figure 9.

Below the melting point, the polymer backbone had no
macroscopic alignment. However, the crystallization resulting
from the isotropic to solid phase (room temperature) transition
during the sample preparation is expected to introduce a local
ordering of the spin labels, as we observed in the CW-ESR
study. Such a case can be well described by the more
conventional MOMD model to simplify the spectral analysis.
It is equivalent to the limiting case of the SRLS model in which
the motion of the cage is too slow to affect the spectrum. (We
initially attempted to use the SRLS model to fit the spectra at
85 °C. However, with the largest basis set that our current
computing capability can handle, the slowest cage rotational
rate (5× 104 s-1) is still too fast for optimum fits; in particular,
it generates sufficiently large cross-peaks that were not observed
from the experimental spectra. This corresponds to aø2 error
that is 50% greater than the fits to the spectra in nematic phase.)
It is very likely that the virtual absence of any cross-peaks in
the solid phase 2D-ELDOR spectra is primarily due to the
MOMD broadening. Therefore, the basic MOMD model was
used to fit the spectra at the two temperatures 85°and 73°C,
which lie below the melting point.44 The experimental and
simulated spectra of 73°C are plotted in Figure 10.

We list all the parameters extracted from NLLS fit to these
3D data in Table 5, and we shall compare the 2D-FT-ESR results
with those obtained from CW-ESR studies on spin-labeled
DHMS-7,9 and CSL dissolved in DHMS-7,9 in the next section.

4. Discussion

The principal result we have obtained is the dramatic
difference between the predicted 2D-FT-ESR spectra for the
SRLS model (or its limiting MOMD model) and the standard
model of Brownian reorientation in an orientational potential.
Whereas the latter gives very poor agreement with experiment,
the former gives much better, though not perfect, agreement

with experiment. The CW-ESR spectra, on the other hand, are
rather well fit by the standard model, and there is no reasonable
justification for introducing the extra model parameters, required
in the SRLS model, to fit the X-band CW-ESR spectra with
their limited resolution to dynamics and their limited information
content (i.e., 1D vs effectively 3D spectral degrees of freedom).
Nevertheless, the CW-ESR spectra are still useful in monitoring
overall trends in the ordering and dynamics.
When we compare the 2D-FT-ESR and CW-ESR results for

the end-labeled polymer, we find that the local dynamic
parametersR⊥ andR| are systematically somewhat higher for
the CW-ESR fits. More precisely,R⊥ is 2-3 times larger, while
R| is about 20-40% greater. In the slow motional regime, an
increase inR⊥ yields greater line broadening.1,28,29 When SRLS
(or MOMD) is present in this regime, there is additional line-
broadening, but of an inhomogeneous type. Failure to include
this SRLS (or MOMD) model in a fit means that one must
compensate by increasingR⊥. A virtue of the 2D-FT-ESR
experiment is that it allows one to distinguish homogeneous
and the various types of inhomogeneous broadening, and this
is one source of the better spectral resolution to ordering and
dynamics compared to CW-ESR.23-25 Note that the values of
R⊥ andR| obtained for the fit to the 111°C 2D-FT-ESR spectra
using the standard model (cf. caption to Figure 9) are quite close
to those obtained using the SRLS model (cf. Table 5). Instead,
the additional inhomogeneous broadening appears as a substan-
tial increase in∆ (the Gaussian broadening) for the standard
model vs SRLS.
These comments are most relevant for a comparison of our

results in the nematic phase where SRLS was used for the 2D-
FT-ESR analysis and the standard model was used for the CW-
ESR. In the solid phase the MOMD model was used for both
types of experiments, yet even larger differences inR⊥ were
found. Simply stated, the NLLS fitting had to reduce theR⊥ to
be consistent with the observed absence of (∆MI ) (1) cross-
peak development in the 2D-ELDOR experiments in this phase.
But this also required a substantially larger∆, the extra
inhomogeneous broadening, for these 2D-ELDOR fits. We take
these features to imply the use of an imperfect model, viz.,
MOMD rather than SRLS for the practical reasons outlined in
the previous section. Also we have not allowed for any
heterogeneities in the polymer, which could lead to a distribution
in, for example, cage properties.
We note that the 2D-FT-ESR spectral fitting was not very

sensitive to the value ofR|, as is typically the case for slow
motional CW-ESR, although both 2D-FT-ESR and CW-ESR
yielded anN on the order of 10.
In ref 8, it was found that the dynamics of the end-label does

depend somewhat on the molecular weight of the matrix
polymer, and there is some difference between that for the CW
experiment (Mw ) 3000) and that for the 2D-FT-ESR experi-
ments (Mw ) 4600). This could lead to a moderate increase in
R⊥ for the lower molecular weight CW-ESR sample, which is
also consistent with our fits. However, it should be appreciated
that the structure of the “cage”, within which the end-label
engages in its local motions, should be sensitive to the matrix
molecular weight. In fact, in ref 8 the matrix MW dependence
of R⊥ was interpreted in terms of the free volume available to
the end-label. Clearly, it would be interesting to explore in some
future study how the dynamic “cage” properties predicted from
a SRLS analysis of 2D-ESR experiments depend upon matrix
MW.
In the case of the ordering predicted from both experiments,

this is easier to compare for the solid phase where the same

Figure 7. Plot of potential coefficient,ε20, as a function of temperature,
T, for spin label (*) and spin probe CSL (O) in LC polymer DHMS-
7,9.
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MOMD model was used. Both experiments lead to an order
parameterS= 0.13. In the nematic phase, our use of a SRLS
model, in which the macroscopic alignment only directly affects
the polymer backbones, whereas the end-label experiences the
macroscopic alignment indirectly via its coupling to the “cage”
formed by the nearby polymers, leads to a less precisely defined
macroscopic order parameter. For such cases,45 it is usually
given asSl ≈ SoverallSinternal when the two averaging processes
are approximately independent, whereSoverall≈ 0.27 is derived
from theb2,0 values in Table 5, whileSinternal ≈ 0.14 is from

the c20 andc22 values also in Table 5. (These values are for
100°C). Thus we would estimateSl ≈ 0.04, which would imply
a reduced effective ordering using the fits to the SRLS model.
In addition there is a nonaxial order parameter1, S2,internal≡ 2〈Re
D02
2 (Ω)〉 ≈ 0.29.
We now consider in further detail the potential function

describing the microscopic alignment of the spin label at the
end of the polymer main chain, with respect to the cage axis,
i.e., the backbone of the polymer molecule. This potential
function may be written as31

Figure 8. 2D-ELDOR spectra (arbitrary magnitudes) at a mixing timeTmix ) 1 µs at various temperatures: (a)-107 °C; (b)-47 °C; (c) 24°C;
(d) 58 °C; (e) 85°C; (f) 94 °C; (g) 100°C; (h) 111°C.
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whereθ andφ represent the polar and azimuthal angles of the

polymer main chainzc axis, which is taken as the principal axis
of the cage in the molecular axis system (x′, y′, z′), which is
the principal axis system of alignment of the end-label, and
following standard practice, we take it to be collinear with the
principal axis system of the diffusion tensor. Since we used
y-ordering as described in ref 8, thez′-axis is parallel to the
y′′′-axis, andx′′′||y′,z′′′||x′, where by conventionx′′′ is defined
as parallel to the N-O bond of the free radical, andz′′′ is defined

Figure 10. 2D-FT ESR spectra (arbitrary magnitude) at 73°C, the experimental (upper) and simulated by MOMD model: (a) SECSY; (b) ELDOR
(Tmix ) 300 ns); (c) ELDOR (Tmix ) 1000 ns); (d) ELDOR (Tmix ) 2500 ns). MOMD fitting parameters are listed in Table 5.

u(θ,φ)≡
V(Ω)

kT
) - ∑

L,M,K

cMK
L DMK

L (Ω) )

-
1

2
c20(3 cos

2 θ - 1)- x3

2
c22 sin

2 θ cos 2φ (5)
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as parallel to the axis of the N-Oπ orbital (cf. Figure 1 of ref
8). We plot the potential function defined by eq 5 and thec20,
c22 results at 100 and 111°C in Figure 11. The simplicity and
symmetry of eq 5 dictates that the potential extrema must always
lie along one of these principal axes. This corresponds to the
minimum atθ ) 0 in Figure 11; that is,u(θ,φ) is a minimum
for y′′′||zc for both temperatures, making it a preferred orienta-
tion, as we expected. However, at 111°C the minimum atθ
) π/2, φ ) 0 or π lies slightly lower. It corresponds to the
z′′′-axis being aligned alongzc.
When we compare theR⊥ for the end-label with that of the

CSL probe, using the CW-ESR results for comparison, we find
that the reorientation of CSL is significantly slower (about 5
times slower). This is as expected since the nitroxide moiety
of CSL cannot reorient by any internal chain rotations and thus
is more sensitive to the polymer backbone rotation. In this
comparison we cannot distinguish relative differences due to
local motions of the probe vs those of the cage.
We note from the 2D-FT-ESR study that the cage motion is

more than 2 orders of magnitude slower than that of the end-
label, consistent with our expectations of much slower polymer
backbone reorientations than local internal motions. Further-
more, the cage motion has a larger temperature dependence than

the probe motion, implying this motion has a higher activation
energy. While theRc value of the cage increased by a factor
of 2 from 100 to 111°C, theRh value of the spin label increased
slightly, by only 24%. We utilized the results from the two
temperatures in the nematic phase to obtain a crude estimate of
the activation energy of the “cage”, which yielded 3.2× 104

J/mol. The activation energy of the end-label estimated from
the 2D data is 1.0× 104 J/mol, very close to its value of 1.2×
104 J/mol obtained from the CW-ESR study and a little smaller
than the activation energy estimated for CSL from its CW-ESR
study, of 1.6× 104 J/mol. Due to the limited temperature
dependent 2D-FT-ESR results in the nematic phase, we were
not able to distinguish the “nematic plateau” observed in the
1D-CW-ESR studies. Future 2D-FT-ESR experiments would
be helpful to further study this phenomenon.

5. Conclusions

1. Both 2D-FT-ESR (SECSY, ELDOR, stimulated SECSY)
and CW experiments have been successfully performed to study
the rotational molecular dynamics and ordering of the LC
polymer system.
2. From a CW-ESR temperature dependent study, we found

the spin labels attached to the end of the polymer chain possess
greater mobility and reduced order than the CSL spin probe
dissolved in the polymer. The former is significantly influenced
by the local internal modes of motion of the end-chain, whereas
the latter reflects the overall molecular dynamics of neighboring
polymer molecules. The overall activation energy for the CSL
is greater than that of the end-label.
3. The LC polymer system in our study was found to exhibit

microscopic ordering but no macroscopic ordering in its solid
phase, but it was macroscopically ordered in the nematic phase
by the ESR magnetic field of 3300 G.
4. The average rotational diffusion coefficient of both the

spin label and spin probe appeared to be independent of
temperature within the nematic phase from the 1D-CW-ESR
study. This “nematic plateau” phenomenon was very similar
to that observed for the translational diffusion coefficient
measured by the FRES technique on the same LC polymer
system, indicating there might be some correlation between the
microscopic rotational and the macroscopic translational mo-
tions.
5. The greatly enhanced resolution in 2D-FT ESR spectra

(especially in the 3D format obtained as a function of mixing
time,Tmix) in combination with nonlinear least squares spectral
analysis enables one to extract more detailed information about
the molecular reorientational process.
6. Using the slowly relaxing local structure model, we were

able to distinguish the local reorientational motion of the end-
label from the more slowly relaxing “cage” formed by the
polymer molecule to which it is attached as well as by the
neighboring polymer molecules.
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TABLE 5: NLLS Fit to 2D-FT-ESR from Spin-Labeled DHMS-7,9 a

T (°C) ∆ (G)
R⊥

(107 s-1)
R|

(108 s-1)
c20 or
ε20b

c22 or
ε22b

Rh
(107 s-1) N S

Rc

(105 s-1) b20 model

111 0.60 5.9 8.5 0.39 0.84 14 14 3.3 1.00 SRLS
100 0.59 4.8 6.7 0.91 1.01 12 14 1.7 1.45 SRLS
85 2.59 2.2 4.0 0.84 1.00 5.8 18 0.126 MOMD
73 2.80 1.5 2.8 0.81 0.90 4.0 18 0.130 MOMD

a The average percent errors of the NLLS parameters areε∆ ) 2.4, εR⊥ ) 4.1, εR| ) 5.3, εc20 ) 3.8, εc22 ) 4.2, εRc ) 5.6, andεb20 ) 5.4. They
were determined from the NLLS fitting procedure as described elsewhere.8,26 b c20 andc22 refer to the SRLS model, whereasε20 andε22 refer to
the MOMD model.

Figure 11. SRLS potential functionsu(θ,φ) obtained from the best fit
values listed in Table 5 and eq 4: (a)T ) 100 °C, c20 ) 0.91,c22 )
1.01; (b)T ) 111 °C, c20 ) 0.39,c22 ) 0.84.
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