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Two-dimensional Fourier transforf2D-FT)-electron spin resonan¢ESR) studies on the small
globular spin probe perdeuterated tempdf®T) in the liquid crystal solvent 40,&butoxy
benzylidene octylanilineare reported. These experiments, over the temperature range of 95 °C to
24 °C, cover the isotropicl§, nematic N), smecticA (S,), smecticB (Sg), and crystal C)
phases. The 2D-ELDORwo-dimensional electron—electron double resonaepectra confirm the
anomalously rapid reorientation of PDT, especially in the lower temperature phases. The model of
a slowly relaxing local structuréSRLS) leads to generally very good non-linear least squares
(NLLS) global fits to the sets of 2D-ELDOR spectra obtained at each temperature. These fits are
significantly better than those achieved by the standard model of Brownian reorientation in a
macroscopic orienting potential. The SRLS model is able to account for anomalies first observed in
an earlier 2D-ELDOR study on PDT in a different liquid crystal in its smectic phases. Although it
is instructional to extract the various spectral densities from the C@8i¥elation spectroscopy)

and 2D-ELDOR spectra, the use of NLLS global fitting to a full set of 2D-ELDOR spectra is shown
to be more reliable and convenient for obtaining optimum model parameters, especially in view of
possible(incipient) slow motional effects from the SRLS or dynamic cage. The cage potential is
found to remain fairly constant at abdkT over the various phaséwith only a small drop in the

Sg phase), but its asymmetry increases with decreasing tempefatdieis value is significantly
larger than the weak macroscopic orienting potential which increases from 0.1 tgT Ov@th
decreasingT. The cage relaxation rate, given I®f is about 3<10’ s ! in the | phase, but
increases to about §0s™! in the S,, Sg, andC phases. The rotational diffusion tensor for PDT
shows only a small-independent asymmetry, and its mean rotational diffusion coefficient is of
order 13° s, with however, a small increase in tSg phase. These results are consistent with a
model previously proposed for PDT in benzylidene liquid crystal solvents, thati@seduced the

PDT molecules are partially expelled from the hard c@ligolar) region of the liquid crystalline
molecules toward the more flexible aliphatic chain region as a result of increased core packing from
smectic layer formation, and it thus experiences a more floda given temperaturdpcal cage
structure. ©1996 American Institute of Physids$S0021-9606(96)51333-4]

I. INTRODUCTION In an early 2D-FT electron—electron double resonance
(2D-ELDOR) study PD-Tempone was examined in the
smecticA (S,) phase of a mixed cyano-biphenyl liquid
crystal solvent{S2) which extended over a substantial tem-
small nitroxide probe, perdeuterated-tempotRDT) dis- p_erature rangéant_j its a_nisotropic translationalldiffusion has
solved in the liquid crystal 40,8, which was also used in the>Nce been examined in that phase as Walhis study of
companion papér(Part I). The PD-tempone probe has beentranslational dlffu5|pn showeql that PI?-Tempong e>§h|b|ts ef-
used extensively as a solute in a wide range of liquid crystaﬁeCtS that relate to its small size relative to thg Ilq_wd crystal
solvents. Its rotational mobility has been utilized to probe theMolecules and thus to the size of the smectic bilayers that

dynamic molecular structure of these solvéifsa topic that ~ form (~30 A). (Smectic layers in 40,8 are about this thick-
has been reviewed recenfiyts small size(~3.2 A molecu- €SS judging from the value of 26.8 A measured for 4%,7.

lar radius)means that it is in the motional narrowing regime Thatis, diffusion of PDT within the smectic layefgiven by

in most liquid crystalline phases, despite their increased visransverse diffusion coefficienD, ) is always greater than
cosity. traversing then(given by longitudinal diffusion coefficient,

Dy), such thatD, /Dj>1. The standard model, due to
o | T f o ph Cvderat dVolino and Dianou and Moroet al.}%!is that the longi-
On leave of absence from School of Physics, University of Hyderaba ; ; ; ;
Hyderabad 500 134, India. tudinal diffusion of a small globular probe over times long

bOn leave of absence from Department of Physical Chemistry, University opompare.d to the time of tra\{erSing asingle Sm?CtiC layer, can
Padova, Via Loredan 2, 35131 Padova, Italy. be described as a random jump over the barrier of the hard-

In this paper we continue our studies of rotational relax
ation by two-dimensional Fourier transfor(@D-FT) elec-
tron spin resonancéESR) methods. We study the relatively
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core region of the smectic layer in addition to the normalfor 2D-FT-ESR in Paper |, and also to see how the results for
diffusive factors that also affe@, . ThusD| experiences an the SRLS model depended on the different phases. Given
extra contribution to its activation energy, which Moscicki that we wished to fit all aspects of the 2D-ELDOR experi-
et al’ interpret in terms of a model of the free volume redis-ments, we emphasize in this work the global fitting proce-
tribution within the smectic liquid. In these models, the po-dure based on nonlinear least squaidkLS) methods uti-
tential energy of the probe depends on both its orientatiotized in Paper |. In this procedure one forgoes the
and its location within the smectic layer, so there isdecomposition of the fast-motional spin-relaxation into the
translational—rotational coupling. That is, the PDT will ex- various spectral densiti&® favor of the simultaneous fitting
perience a greater orienting potential when it is near the hardf the sets of 2D-ELDOR specti@s a function of mixing
core region of the smectic layers, and a reduced potentidime, T;)) to the fundamental molecular ordering and dy-
when it is in the aliphatic chain region. Also, the probe will namic parameters.*® Nevertheless, we do also consider in
have a preference for where it resides within the layer. Irsome detail salient features of the key spectral densities one
addition, extensive evidence from past cw-ESR results iobtains from these experiments.
consistent with a model in which PDT molecules are par-  Given the significant differences between PDT, which is
tially expelled from the hard corédipolar) region of the sensitive to precise location in a smectic layer, and the larger,
liquid crystalline molecules toward the more flexible hydro-rigid CSL probe studied in Paper I, which does not show
carbon end chains as a result of the packing of the smecti@to-translational coupling effects, it is of additional interest
layers®® This partial expulsion is clearly enhanced by theto compare the respective features of the SRLS model that
smectic layer formation as the temperature is reduced. It wagmerge from these studies. We can ask the question of how
suggested that, concomitant with this partial expulsion, thé&imilar is the nature of the dynamic cage which influences
PDT increasingly experiences a slowly relaxing local structhe reorientational motion of these two probes in the same
ture (SRLS) in a cavity-like locatior® Given the limited  liquid crystalline solvent.
information content of fast motional cw-ESR spectra in mac- ~ We show in Fig. 1 typical 2D-ELDOR spectra of PDT in
roscopically aligned phasése., 3 hyperfinghf) lines each 40,8 in the different phases,(N, Sy, Sg, andC) at a fixed
with a linewidth and a resonant magnetic field positjais ~ Mixing time. We clearly see very sharp auto- and cross-peaks
well as the fact that sample mosaicity and proton super hfor all the phases that signal the motionally narrowed regime.
can obscure the homogeneous contribution to the linewidthThese are distinctly different from the very broad CSL spec-
only inferences of a preliminary nature could be made aboutra (cf. Paper 1), as expected. In all phases the cross-peaks are
the appropriateness of the SRLS model. Additionally, thevery weak, characteristic of very fast rotational reorientation.
theory available at that time was not precisely formulated folt makes clear that there is no appreciable slowing down of
ordered phases. the motion as the temperature is lowered into the different
In the 2D-ELDOR study by Gorcestet al. (referred to liquid crystalline phases, an unusual behavior, which we ex-
as GRF)on PDT in theS, phase of S2, an attempt was madeamine in the context of the SRLS model.
to fit the 2D-ELDOR cross-peaks to the model of In Sec. Il we present the experimental details. Our re-
translational—rotational coupling outlined in the previoussults are presented in Sec. llI, with a discussion in Sec. IV
paragrapH. It appeared to be successful in dealing with theand conclusions in Sec. V.
orientation dependence of the cross-peak intensities, from
which W, , the nuclear spin-flip rate, is obtained. But it could
not at the same time successfully predict the rather Iargg' EXPERIMENTAL DETAILS
homogeneou§;1's measured and their insensitivity to ori- The liquid crystal(40,8) was prepared earlier in this
entation of the smectic layers relative to the applied dc magraboratory, and the transition temperatures were confirmed

netic field. It was suggestéthat there is an additional con- by differential scanning calorimeti®SC) measurements as:
tribution to T, ! arising from cooperative aliphatic chain

fluctuations, i.e., the basic SRLS mechani@tso outlined s4tc 48°Cc extc rrec
in the previous paragraph). C=S—>Sa—>N—1 @

In the present study on PDT in 40,8 solvent by modernThe nitroxide free radical 2,2,6,6-tetramethyl-4-piperidone-
2D-ELDOR method$?!® we can take advantage of im- N-oxyl-d16 (PD-Tempone= PDT) was synthesized by E.
proved instrumental capabilities which have led to bettedgner and solutions of this radical in 40,8 at a concentration
spectral coverage, shorter spectrometer dead times, amd about 1X10 2 M were prepared by mixing them very
greatly enhanced signal averaging capabilitfeS.We also  well for a prolonged period just above the clearing tempera-
have, in 40,8, a liquid crystal that exhibits several orderedure. Samples were prepared in 2-mm-o0.d. glass tubes after
phases, each with a substantial temperature range. Furtheteoxygenating them by standard procedures and sealing
more 40,8, unlike S2, exhibits a monolayer smectic pasethem under vacuum.

Our principal objectives in the present study were to see  2D-ESR experimentfcorrelation spectroscop§COSY)
if we could achieve a consistent interpretation of all the fea-and ELDORwere carried out on a home-built Fourier trans-
tures of the 2D-ELDOR, viz. auto- and cross-peak intensitieform (FT)-ESR?~1* spectrometer as a function of tempera-
and their homogeneous widths, in terms of the new versioture covering all the phases. In these measurements the
for SRLS developed by Polimeno and Frédnd adapted sample was aligned and the director was kept parallel to the
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FIG. 1. ELDOR Magnitude spectra of PDT in 40.8 in different phases at a fixed mixing time of 64&)r#) °C—isotropic;(b) 72 °C—nematic;(c)
57 °C—smecticA; (d) 39 °C—smectid; (e) 24 °C—crystal. Note the weak cross-peaks.

magnetic field. Additional COSY measurements were madé¢ime, 74, was 60 ns, while the minimum separation between
in the S, and Sy phases, as a function of the orientation of pulses was 50 ns. A 3(B) step dual quadrature phase cy-
the director with respect to the magnetic field. The width ofcling sequence for 2D-ELDORCOSY) provided the com-

a /2 pulse was typically about 5 ns which provides a nearlyplex signal with respect to; andt,, and it provided for
uniform spectral rotation into the rotating-y plane over at subtraction of all unwanted signd%.*® Each step in the
least a* 75 MHz bandwidtht>~'® The free induction decay phase cycling sequence was an average of 500 repetitions
(FID) after the last pulse was sampled every 5 ns corresponabtained at a 10 kHz rate.

ing to the time resolution in the, direction, providing 256 The sample temperature was regulated using a gas flow
data points. The separation between the first two putges, type cryostat with a commercial temperature controller
was stepped in 128 steps of 5 ns each. The spectrometer ded@fuker model ER 4111 VJIto an accuracy of about 1 K.
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The magnetic field was stabilized using a standard fieldperimental points falling outside this range were replaced by
frequency lock arrangeme(iarian Fieldial, Mark 1), lead- an interpolation between the neighboring points. In the
ing to a typical field stability better thaft 10 mG(or about  present case, all experimental points which deviated from the
3 parts in 16) during a 20 minute data collection. The mi- predicted values by more than five times the root mean
crowave frequency was stabilized to an accuracy of aboutquare(rms)deviation were replaced by the above procedure
+1 kHz (or about 1 part in 1§ using a Microwave Systems (see Ref. 4 for details).
Inc. metal—oxide semiconduct¢MOS) lock box. Rotation By means of linear prediction methods it was possible to
of the static magnetic field with respect to the director isextract the pure absorption—absorption spectra by procedures
effected by mounting the sample on a suitable goniometer.discussed elsewheté.The linearly predicted forms of the
The COSY spectra of PDT were recorded, using dfiltered data were then used to extract spectral densities.
wl2—t,—m/2—t, sequence, and the dual quadrature datdlowever, when comparing spectral simulations to experi-
were then subjected to a shearing transformation to provideental data, we utilized the original but filtered and doubly
equivalent electron spin-echo results for purposes of compufFourier transformed spectra displayed as magnitude spectra
ing homogeneous linewidthsee the discussion below). In for convenience. We used ti& _ combination, which cor-
the S, andSg phases these measurements were carried out 46sponds to the echo-like coherence pathWey There was
a function of the orientation of the director with respect toalmost no difference between ti$g_ andS; ., (or FID-like
the static magnetic field at two temperatures in each phas@athway) combinations in all cases. The spectra are dis-
The 2D-ELDOR measurements were performed with aplayed for the frequency range ef100 MHz to 100 MHz
wl2—t—ml2—T,—ml2—t, sequence for different mixing along bothf; andf,. For comparison of simulated and ex-
times (T,,). Typically, spectra were recorded for at least sixPerimental spectra it was found necessary to first extend the
mixing times ranging from 300 or 400 ns to 1400 ns, thet; andt, ranges by a factor of 2 by zero filling prior to the
signal to noise ratio being the limiting factor for stepping outdouble fast Fourier transfortFFT) in order to provide the

T, further. The average time to record a data set for eacReeded frequency resolution i and f,. For purposes of
mixing time was about 20 minutes. comparing the experiments with simulations, corrections

Instrumental artifacts arising out of the interaction of thewere made for the spectrometer coverage obtained from a set
microwave pulses for values df less than 200 ns were Of single pulse FID experiments measured over the range of
corrected for by deconvoluting the data with an instrumentamagnetic field values covering the spectral bandwidth.
response functiof® This is done by obtaining, under identi- Typical 2D ELDOR magnitude FT spectra at a representa-
cal experimental conditions, 2D spectra on a referencéive temperature in each phase are shown in Fig 1, for a fixed
sample with sharp and well-defined lines. In particular, wemixing time of T,,= 600 ns.
used a solution of PDT in toluene. The idea is to use the The magnetic parameters of PDT in 40,8 have been de-
signal of the reference in the error free time doméie.,  termined by Lin and Freetiwho found that the hf tensor
t,>200 ns)and linear predictiolf to correct earlier time changes slightly with phase. We used their values, which are:
domain behaviofi.e., t;<200) which has been corrupted in (Axx,Ayy,Az2) =(5.58,4.99,33.5¢ in the | phase;
the experiment by instrumental artifacts. The filter function,(5.56,4.97,33.4%in the N phase; (5.54,4.95,335 in the
F(t,), generated by comparing this prediction with the actualSa phase; and (5.51,4.92,33.]1Gin the Sz phase;
experimental data from the reference, accounts for the extré@xx,9yy:9z2) = (2.0099;2.0062;2.00215). The phase depen-
phase and amplitude modulations induced by such pulse irflence of the hf tensor for PDT is interpreted in terms of the
terference. The actual signals from the liquid crystal samplegartial expulsion of PDT from the hard core region of the
were then corrected by multiplication Hy(t,), leading to  liquid crystal molecules, noted in Sec. I. Following common
substantially improved experimental 2D results. practice, we shall refer to the principal axes of these mag-

Another correction was found necessary for larger internetic tensors a&™, y”, ) and the principal axes of diffu-
vals of tl! particu|ar|y in the present experiments WhereSiOﬂ taken as coincident with the principal axes of alignment
t, ma=690 ns. Large spikes occasionally appeared for largefor the PDT molecule ag’, y’, z').>**2°The x"-axis is
t, values, presumably due to a noise fluctuation, which2long the N—O bond, and th&’-axis is along the nitrogen
yielded incomplete cancellation of the FID signal after theP-7 orbital, with they”-axis perpendicular to both. Follow-
third pulse that arises from the magnetization that had recodnd the previous studie} we have taken thg”-axis to be
ered from the previous pulses. This spiky noise is observethe principal axis of alignment such thgt’[z’, and also
only for fairly longt, values(typically greater than 500—600 X"|[x" with z"[ly".
ns) where the ELDOR signal has already decayed apprecia-
bly. However, the signal is clean and significantly noise freg|l, RESULTS
for the earlyt; values. Thus, this region of data was used toA The orientational order parameters
linearly predict the time domain complex information for *~ P
longert, values, thereby providing an approximation to the Measurements of the effective hyperfine splittig,
signal in that region. This predictédual quadraturegignal  and of the effectiveg-factor, (g) in oriented media have in
was then compared with the experiment, and only those exhe past been used extensively to obtain the macroscopic
perimental points which fell within a predetermined range oforder parameter§73,) and(Z3,+ 3 _,) for the spin-probe
the corresponding predicted values were retained. The exrom motionally narrowed spectfawWe find that the use of
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FIG. 2.(g) (open circlesand(a) (open trianglesyersus temperature. From FIG. 3. Mean field order parameter§=(“§y (open circles), and
single pulse FID measurements. Si=(Z%,+ 72, (open triangles), versus temperature. From single pulse
FID measurements.

modern FT methods improves the accuracy of these mea-

surements over conventional cw-ESR methods. This arisegh the time domain data by using the data for which
because the FT spectra have the dc magnetic figldmnain-
tained at a constant value, whereas in cw-EBRjs swept
and one must calibrate this sweep. Also, the microwave fre
guency is kept locked to a constant value. Thus, the fre
quency axis of the FT spectrum is known to high accurdcy.
The only calibration required is the magnetic field offset be-,
tween that at the sample location and that at the gaussme

t,>t,, and then lettingt,—t;+t,.1"??> This leads to a
SECSY-based experimental result, even though the actual
experiment was performed by simply collecting the FIDs
after the sampling pulse. This technique is particularly useful
in that it permits the determination of the homogeneous
linewidths (T, ') of the three spectral lines. The procedure
tgaopted for the present purpose involved application of the

: . . . o r'ghearing transformation to the time domain data, followed by
with the director aligned with the magnetic field. They were Fourier transformation along thg direction, resulting in a

Fourier transformed to provide the magnitude ESR spectrum, o trum int, and f, comprising magnitude ESR spectra

an_d the Ioc;itltons 9f tgebthree _spelctral Imesf_;)t_n the freq:enc alongf,) stacked together in the direction. Given the well
SX'.S w;ahre ke ermmel y a Elmpi ;g_‘;e Itrl1ng' prtoce_ U esolved spectra in the motionally narrowed regime, it was
sing the known value ofg)=gs o In he isotropic simple to find the decay constants of the three hf lines along

liquid phasg of 40,8,the FT _spgctrum for this phasg_ was 1, yielding the homogeneous linewidths of the three spectral
used to calibrate the magnetic field offset. The positions of

. . ines. The COSY experiments, with the director parallel to
the three spectral lines in the other phases were then used %% field. thus provided the variation ®b's of the different
obtain the variation ofg) and{a) with temperaturéFig. 2). ’

Such sinal se FID ¢ | lected ¢ hyperfine lines as a function of temperature.
uch singie puise Spectra were aiso coflected as a func=- o T,’s of the different hyperfine lines have the well

tion of the angle between the director and the field in theknOWn dependence on tlrecomponent of the nuclear spin
S, andSg phases, enabling confirmation of the isotropic partNI given in the motional narrowing region By:
of the hyperfine interaction in these phagése isotropic b '

value, g; does not exhibit any observable change with T,(M))"*=A+BM,+CM?2, 2
phase). Then, using standard procedrém hyperfine ten-

A’ _o1AA 24AA AA 8199
sor, andg-tensor of PDT, the macroscopic order parameters A~A =2J1 (wa)+ 530" (we) +4J3 (we) +3357(0)

S5=( 754 Q°)) andSi=( 7 AQ°) + 75 Q%)) (cf. Eq. 43 1 209% w,), &)
of Paper l)were determined vs temperatufeig. 3). These
results are, of course, quite similar to the results of Lin and B:%GJQQ(O)+4J’1*9(%), (4

Freed® However, they show thafg) and(a) have no sub-

__81AA AA AA 14AA
stantial discontinuity at thBl—S, transition as expected for a C=3J5"(0) =31 (wa) + 21" (we) — 3J0" (we)

second order transitiohThe results of Lin and Freed are _oPA

= ) . B (we), (5
erroneous in this respect f¢g) as previously pointed odt,
and this led to inaccuracies % and S% whereA andg indicate respectively electron—nuclear dipolar

andg-tensor interactions of the electrof! represents line-
broadening independent of the rotational modulation of these
interactions (e.g., Heisenberg spin exchange and spin—

The choice of theS._ combination in the COSY experi- rotational relaxationf° and it will be represented as
ments permits a “shearing transformation” to be performedA’ETz’el below.

B. The homogeneous T,'s
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TABLE I. Zero frequency spectral densities for PDT in 40,8.

Phase T (°C) —J8%0)x 1 (7Y +I5M0)x 10 (s7Y) +IM(w,) X 1P (s7Y)
[ 90.6 0.042+ 0.003 0.168+ 0.013 0.157+ 0.006
[ 85.2 0.052= 0.003 0.193+ 0.015 0.190+ 0.007
I 80.6 0.065+ 0.003 0.168+ 0.011 0.218+ 0.007
N 73.5 0.061= 0.003 0.283+ 0.015 0.251+ 0.009
N 71.0 0.057+ 0.003 0.235+ 0.015 0.237+ 0.007
N 68.4 0.074= 0.003 0.150+ 0.014 0.188+ 0.009
N 65.6 0.068= 0.005 0.234+ 0.022 0.180+ 0.005
Sy 58.6 0.099+ 0.005 0.283+ 0.022 0.162+ 0.005
Sy 55.9 0.116+ 0.005 0.302+ 0.022 0.151+ 0.004
Sa 53.3 0.124* 0.004 0.330+ 0.022 0.139+ 0.003
Sy 50.5 0.136+ 0.008 0.366+ 0.028 0.149+ 0.005
Sy 44.4 0.046 = 0.004 0.267+ 0.016 0.041+ 0.003
Sy 415 0.053+ 0.004 0.269+ 0.017 0.067+ 0.003
Sy 38.8 0.054+ 0.005 0.233+ 0.022 0.075+ 0.002
Sy 36.0 0.072+ 0.005 0.267+ 0.020 0.072+ 0.003
c 29.0 0.112+ 0.007 0.265+ 0.026 0.090+ 0.003
c 23.6 0.092+ 0.009 0.383+ 0.032 0.103+ 0.003

For liquid crystal solvents with their substantial viscos-
ity, non-secular terms are usually found to be unimportant

(i.e., 3 (we) < <JIE'(0),3¥(w,)). Thus, we shall adopt the T T T T
procedure of GRF of ignoring the non-secular terms and jus- | € ( SB, SA | N L
tifying this neglecta posteriori. Thus we have the remaining 7y 041 % | | | | .
spectral densities)§9(0), J5*(0), I (w,), and J3%0), < | {% \ \ ]
which may be written in terms of observables: S sl | | %% | : | ]
= i ! | | b
5? [ % }%H \ I % 3 : i
o L | | | 1
36%0)= 1B, (6) " oaf S R N S
3 C | | [ I3 3
S b et el
364(0) =3[ C+2w,], U T T e P ]
B x5 =z = =
[ | | | = &
AA ool v bl 11 ‘:\ L]
— 20 40 60 80 100
Jl (0a)=2Wh, ®) (a) Temperature (C)
5 T — —T— T T T ——
Toe=A"=A—224"(w0a) - 9§%0). (9) o ]
The nuclear spin-flip rate\®,, may be obtained from the §; Bor p
2D-ELDOR cross-peak intensities as described below. Thus = L // ]
we can obtail49(0), J5A(0), andJ{*(w,), butJge(0) can- & sk ;
not be obtained fromA unlessT, 2 is known or inferred. We 2 ]
present in Table | the values al590), J5*(0), and e 1
J(w,) obtained in this mannery%(0) and J3*(0) are w0 1
also plotted vsT in Fig. 4(a) and they are fit to an Arrhenius 2 0 1
plot for the S, phase in Fig. &). One sees that sk 2 b
I (w4)~=J5A(0) in thel phase as one expects for motional Lot
narrowing and an isotropic pha&¢lowever, in the smectic 300 3.02 3.04 3.06 308 310 312
phases)*(w,) <J5™(0), a result consistent with the previ- (b) Inverse Temperature 10° (K™)

ous observations for S2 solveht.
The additional studies in both smectic phases, performe8l!G. 4. (a) J3”(0) (open circlesiand J5%(0) (open trianglesyersus tem-
as a function of angle of the director with respect to thePerature. From COSYthroughA, B, andC) and ELDOR ;) measure-
. . . ments.(b) J3*(0) (open circles)and J3%0) (open trianglesyersus tem-
magnet_lcl field, yleld_ed the anQUIar variation - of the_perature inS, phase, the solid lines representing the best Arrhenius
To(M,) " ". It was possible to decompose the spectral densinctivation energies: fod5A(0) it is 13.8 = 1.2 kcal/mol and fod29(0) it
ties obtained in the angular variation studies by using thes 18.3+ 2.5 kcal/mol.
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TABLE Il. Zero frequency spectral densities for PDT in 40,8 from orientation-dependent stidie9(1,2).

—INS0)X 1P (7Y INOYX 1P (s7Y)
Phase T (°C) M=0 M=1 M=2 M=0 M=1 M=2
Sa 57 0.109+ 0.006 0.084+ 0.008 0.104+ 0.008 0.296+ 0.015 0.141+ 0.019 0.117+ 0.019
Sa 51 0.093+ 0.007 0.079+ 0.009 0.104+ 0.005 0.276+ 0.019 0.143+ 0.025 0.191+ 0.025
Sg 42 0.071+ 0.007 0.038+ 0.009 0.089+ 0.009 0.189+ 0.006 0.000+ 0.008 0.167+ 0.009
Sg 37 1.0= 0.007 0.494+ 0.009 0.67% 0.009 0.216+ 0.015 0.000+ 0.008 0.179+ 0.018

following expressions, which are strictly valid only for low umes as a function of mixing time. 2D linear prediction tech-
ordering® niqgues based on singular value decomposititPSVD)

_11_ 2 — were employed to reconstruct the experimental data in terms
Jo(w,0)=4(1~3 c050)"3g(w) +3 c0SO SO (w) of Lorentzian components with known amplitude, resonant

+ 35inf0J,(w), (10)  frequency, width and phasghe latter three quantities are
— 36020 sir? 1 20)2 with respect to botlf; and f,). The deconvoluted and fil-
Ji(@,0)=32C050 simOJo(w)+3[(1-2c0s0) tered experimental data were used in this analysis. The opti-
+c0£01J1(w)+i(1-cod0)Ixw), (11) mum number of LP co_efficients alongy were typically.
. ) found to be about 34 with about 17 predicted frequencies,
Jo(@,0)=$si'OJg(w) + 5(1-c0$0)J;(w) including noise components and artifacts, while thoset for
+H(1+cog0)+4 co$0]J,(w), (12)

where theJ;(w,0) are the orientation dependent spectral

densities, andd is the angle between the nematic director M
and the dc magnetic field. The values dﬁ]g(O) and -
J37(0) obtained from these expressions are given in Table II

(further details are given in the next subsecliofhese an- I

<010 - —
gular dependent spectral densities are plotted in Fig. 5 for i

one temperature in th®, phase (57°Cand in theSz phase
(37°C).

C. The 2D-ELDOR spectra: W, and o,

The 2D-ELDOR spectra at each temperature have some
readily noticeable featurdsf. Fig. 1). First of all, the spec-

(0) 10° (s

Ag
0

-J,
o
f=1
G

— T
—o—
|

tral lines in the 2D map, including the auto-pedfa which 0.00" N T ,
f,=f,), are all very narrow. Second, the cross-peaks remain 05 00 05 10 L5 20
very weak even a3, increases, particularly in the ordered (@) Angle (radians)
mesophasedcf. below). The low temperatur&s; phase 035 = T T T

shows the smallest cross-peaks at a given mixing time. These s b 3
spectra in all the different phases also indicate that the r ]
double cross-peak&.e., those for whichf; and f, corre- 025 L 7
spond toM,=*1 and¥ 1 respectivelyjre virtually absent - ]
for all mixing times, indicating that there is no appreciable o.; 020 |- *
Heisenberg spin-exchange between radicals at this concen- — ¢ ]
tration. In the absence of Heisenberg exchange, the evolution 5:30 OB E
of cross-peaks is a direct measure of the nuclear spin relax- = 0F A
ation rate W, (due to electron—nuclear dipolar interactipns 5

which is normally expected to increase with decrease in tem- 0.05 |- 7
perature, consistent with an increase of the correlation times 5 1
under motional narrowing conditions. Instead the opposite is s s 0 s 20
observed. (b) Angle (radians)

The initial analysis of the 2D-ELDOR experiments was
carried out with a view to estimating/,, and wye, and to  FIG. 5. (a) J4%(0) versus director tilt inS, phase(57 °C; open trianglés
observe what changes, if any, occur with mixing time. TheandSg phase(37 °C; open circles), the solid lines represent the best fit in
well-resolved nature of these spectra permits the determinde™s of3v(0), M=0, 1, 2.(From orientation dependent COSY experi-

. . . ents.) b) JQA(O) versus director tilt ifS, phase(57 °C; open triangles)
tion of these quantities in terms of the peak volumes for th(_{:':lnndsB phase(37 °C; open circles the solid lines represent the best fit in

auto- and cross—pea'ks as developed by GRF. This requirggms of J8A(0), M=0, 1, 2. From orientation dependent COSY experi-
the accurate determinations of the auto- and cross-peak vahents.
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were about 50 and 25, respectively. The predicted spectra 0.4
consisted mainly of single Lorentzians at the coordinates of i
the auto- and cross-peaks in, f, space, but tha=—1 L C
(lowest frequencyauto-peak seemed to be better represented 03 [
in a number of cases with a cluster of closely spaced Lorent- i
zians(typically 2 or 3 instead. In those cases, appropriately
integrated volumes were used to represent the total contribu-
tion in that region.

GRF give a set of 6 coupled linear equations involving
the ratio of the 6 cross-peak volumes to respective auto-peak 0.1k s
volumes, from whichW,, and wyg may be obtained when I
nuclear—spin-dependent non-secular terms may be neglected.
This overdetermined set of equatioie., 6 equations and 2 00l L . w L. -

. . 20 40 60 80 100
unknowns)may be solved by appropriate linear least squares (@) Temperature (C)
methods® In our present analysis thAM,=*1 cross-
peaks were measurable in all phases, but A, =+2 -
cross-peaks were observable only in the isotropic phase. 030 ]
Thus for the isotropic phase all six coupled equations were i 1
used to extract botW, and g, whereas in the ordered 025 ]
phases only four of these equations were utilized. In cases _
where wye~0, then these equations can be replaced by a
simpler analysis for justV,. In particular, one has: ©

SA N

oL@

2w, 10° ™)

T
\
\
|
\
|
|
|
|
I
\
\
|
\
\
|
\
|

"

1 ¥ ]
2020 L I % 3
0.15

1

_ 0.10
W, 6Tm|

wye 10

2levlr21 +er 2m
er 2m— Qmjvjrzj

which applies just to the two cross-peaks for which g
m=+1 andj=0, and WherQ is the normalized matrix of 000 Jt—t—— b
2D-ELDOR peak volumegi.e., Qui(T)=Qmi(T)/QoiT) (b) Temperature (C)

with Qqo(T) the volume of the central auto-pdakand the

productsVr,; are the coverage corrections to each of the 3, 6. (a) 2w, versus temperature. From LPSVD based analysis of
hf lines determined from a single microwave pulse., FID)  ELDOR data.(b) w versus temperature. From LPSVD based analysis of
experiment. A somewhat more complex expression applieELDOR data.

to the other two cross-peaks.

The volume data for all 6 to 8 mixing times at a given
temperature were simultaneously used to get the optimum
Wn and ope. In the present analysis it was found that, %ecreases with decreasiiign the N phase(on the face of it
whereas the spectrometer coverage corrections that are ob- . . o ) .

: . X ) . surprising). In the § phase it is smaller than in the higher

tained from the single pulse FID experiment are fairly rell-t h h dit d t sh iqnificant ch
able, some variation of these parameters in the analysis in g.mpera ure phases and It does not s OW significant changes
least square sense provided a more accurate determination§f tmperature. In th&s andC phases, it is the smallest of
the relaxation parameter®nly V,r, ;andV_;r, _, need to all, though it exhibits a typical variation by increasing with
be determined, sincé,r, o is conveniently set at unityJhe decreasing temperature within each phase. The Heisenberg
best fit values for these corrections are found to be close texchange measured for thephase shows the expected de-
the experimentally estimated results, typically within aboutcrease withT [Fig. 6(b)].
10%-15%. In the isotropic phase, the data are analyzed to Initial experiments were performed to obtain orientation-
yield bothW, and wye. The value ofw,g was found to be  dependent 2D-ELDOR spectra in the smectic phases, but it
small. In the mesophasesyg was found to be negligibly \as difficult to obtain accurate cross-peak intensities, since
small, and hence only, could be measured in t&, Sx  {hey are intrinsically very small, and also the signal to noise
and S(’jB tp has_es.d Otﬂcyg“ (and ?)tTF n tthe |so(';rop|c phaS)i ﬁ)osed some limitations. We did find that the already weak
was determined, the decay of the auto- and Cross-peax Vo ,ss peaks did decrease with orientatdnbut did not ap-
umes, as a function of,,, was analyzed to obtain the value - . . .

pear to exhibit a large variation with angle. Thus we did not

of electron spin lattice relaxation raté/), which was found X o ) .
to be essentially independent of temperature with a value JAttempt any detailed quantitative studies. In order to estimate

about 0.8— K 10° s L. The variations oMW, (and e in J3A(0,0) from Eq. (7) we utilized the fact thaw,, is con-

the isotropic phagawith temperature are shown in Figgap  Siderably smaller thar€ in the Sy and Sz phases to add
and 6(b). Note thatV,, is observed from Fig. @) to increase W,(0®=0) to C(®). Given thatW,, is observed to decrease
with decrease of in the isotropic phaséas is typical, butit  for ® # 0, theJ;*(0,0) estimated in this fashion are ex-

(13)

T T T T T T
|

0.05 |
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pected to be a little larger than the true valuesdo# 0, and  chosen to work with the linear predicted data set, but we felt

this affects the]{\*,lA(O) in Table Il and Fig. 5(b). it would be more reliable to utilize the original data set to
avoid any approximations or artifacts introduced by the
LPSVD.

D. Global fitting of the 2D-ELDOR spectra to

: ) ; The presence of very weak and narrow cross-peaks pre-
microscopic dynamic models

sented another problem for utilizing non-linear least squares

Instead of the phenomenological approach of determin¢NLLS) methods to fit the experimental spectra by simula-
ing the various relaxation ratdge., the linewidths and the tions. Due to the relatively more intense auto-peaks, simple
W, and wye values)and then analyzing them to yield the implementation of the NLLS fitting procedures tended to ig-
spectral densities associated with the spin relaxation, a mongore the features of the cross-peaks in favor of the features of
global approach is available to us. In this approach, a parthe auto-peaks. This required an acceptable procedure for
ticular microscopic model for the dynamic molecular pro-enhancing the relative importance of the weak cross-peaks.
cesses is directly fit to the complete set of 2D-ELDOR specThis was accomplished by weighting both the experimental
tra (for the differentT,,) at a given temperature yielding and computed 2D-FT-ESR spectra such that the role of the
best-fit values for the parameters, and an assessment canfg@r AM=+1 cross-peaks was enhanced. We used 2D
made of the degree to which the microscopic model is sucGayssian weighting functions with a width that encompassed
cessful in fitting the results. In this way, the effects of mi- gach cross-peak and an amplitude that increased the intensity
croscopic models of the 2D FT-ESR spectra may be detelyf these cross-peaks by a factor of 5. The data at all the
mined directly via the stochastic-Liouville equati¢8LE), mixing times(at a given temperaturavere included simul-
and all key spectral features are fit simultaneously WithouEaneously in these NLLS fittings. In order to compensate for
the need to partition the effect upon each spectral density,q |55 of intensity of these spectra with mixing tifdeie to

term from the model. Of course, in the slow-motional regimegociron spin lattice relaxationrq,) processes], the highest
it would not even be possible to extract simple spectral den

4 . . onger mixing times, with their decreased S/N, thereby intro-
reasons just stated, it would appear sensible to employ th g 9 y

same approach for analvzing the present results of PDT inuced more noise into the fittinglrhis scheme is found to be
40 8 PP yzing P very helpful in fitting the present data in a fashion that takes

Additional advantages of this global approach are: thdProper heed of the importance of the cross-peak development

. ) L . with mixing time.
full set of 2D-ELDOR spectra with different mixing times . L
are used, and they contain more extensilemogeneous) The set of 2D-ELDOR spectra for the different mixing

line shape information for the auto- and cross-peaks than ju&mes, Tm, at each temperature were f'tt_ed to the SRLS

a single COSY spectrum, as well as the cross-relaxatien model(cf. Paper ). For purposes of comparison, the spectra

W, and wyg) information. Also, to utilize sophisticated mi- were also fitted to the standard model of Brownian reorien-
n . '

croscopic models such as SRLS, it would be necessary t@tion in @ macroscopic orienting potentiaf. Paper ) for a
calculate from the models a variety of reorientational spectrafi"9l€ temperature in each phase. Typical results of these
density terms instead of computing their composite effect orfimulations are shown in Fig. 7 for just two of the 6-8 val-
the 2D spectrum. Finally, we allow for the possibility of any UeS 0f T for economy in presentation. Also, we show re-
slow motional effects from, e.g., a slowly relaxing dynamic sults for just the one temperature in each phase for which
cage.(Note that in the limit of a very slowly reorienting cage calculations were algo performed with the _standard model. In
one achieves a MOMD spectrum which is characterized bﬁll phases the best fit to the SRLS model is seen to be supe-
substantial inhomogeneous broadening. Our LPSVD-basddPr to that of the standard model. In all phases, save the
COSY studies did in fact indicate that thd,=—1 line, nematic, the SRLS model provides a very good overall fit to
which is the broadest, could be better represented by 2 or #€ intensities and widths of the auto- and cross-peaks. The
Lorentzians, rather than a single Lorentzian, in a number ofiematic phase is a special case because of large additional
cases.) contributions to the spin relaxation due to quasi-critical fluc-
A significant technical problem arose in dealing with thetuations associated with the nearbyN and N-S, phase
2D-FT-ESR spectra with narrow lines arising from the fea-transitions>** We have not attempted to correct for these
ture of the FFT that the frequency resolution is essentiallyadditional dynamic processes and simultaneously fit to the
determined by Wt, whereAt is the length of the time do- SRLS model. Thus, we consider our results for th@hase
main signal. The values daft, andAt, that we used did not as being less reliable than those for the other phases.
provide adequate frequency resolution for discriminating the =~ We also examined the effect of preferentially weighting
sharp lines. However, this problem was easily overcome, athe cross-peaks in performing the NLLS fits by varying the
noted in Sec. Il, by zero-filling the data sets to double theweighting factor. We found that within the estimated uncer-
values ofAt; and At, (i.e., the original data set of density tainties in the fits, the results using the SRLS model were
128256 points was thereby increased to 2882 points). typically not significantly changed. However, for the stan-
Note that such a problem would not have existed if we hadlard model, this was not the case. With substantial weighting
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FIG. 7. Simulated 2D-ELDOR spectra based on SRLS and stari8artple) models compared with experimental spectra at representative temperatures in

each phasefa) 90 °C—I; (b) 72 °C—N, (c) 57 °C—S,; (d) 39 °C—S;; (e) 24 °C—C. In (a)—(d), the spectra labelle¢i) and (ii) are experimental for

T.»=400 ns[300 ns for(a)]and 1000 ns respectively; those labell@d and(iv) represent the respective SRLS fits; those labeNednd (vi) represent the

respective “standard” fits. Ife), (i)—(iii) are the experimental spectra fof,= 400, 800, and 1000 ns, respectively ahd—(vi) are their respective SRLS

fits. Because of the reduction in the size of these 2D spectra, the weak cross-peaks are more clearly seen in the simulations; but they are observed at the sam
coordinates in the experimental spect@).is shown above anth)—(e) are shown on subsequent pages.

of the cross-peaks, their intensities are fit reasonably wellwhich is not very satisfactory, viz. the standard model.

but the relative heights of the auto-peaks are not when the The results of the 10-parameter SRLS fits for all tem-
standard model was used, as seen in Fig. 7. When the crogseratures are given in Table Ill, and those for the
peaks are not weighted in the fits, then the reverse is the caséparameter standard fits appear in Table[IM.the | phase
This is most likely a consequence of the use of a modehn additional fitting parameter i®ye, but ag and a% are
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FIG. 7(b). See caption to Fig(d).

zero. The results ome are close to those shown in Fig. on the line positiongwhich directly reflect the macroscopic
6(b), so we do not list them in Table []iin principle [cf.  ordering)from both auto- and cross-peaks than does a single
Eq.(43) of Paper | the probe potential coefficienaﬁ and FID spectrum(Also, there are expected small corrections to
a% (defined in Eq.(10) of Paper ) are derivable from the the order parameters measured from the line positions due to
values of( Z5((Q°)) and(Z5(0°%) + Z5_,(Q°) given in  the presence of a local struct/@RF].)

Fig. 3% We adopted the procedure of using the values of  Note that the theoretical constraifit,e=T,, is obeyed

a2 and a3 obtained in this manner as seed values for theén virtually all our fits (the one exception, for 57.4°C in the
NLLS fits. The final values 0&3 and a§ were only slightly S phase, ha3 .~ T, within experimental error). The val-
modified by the NLLS procedure but did improve the fits ues ofT,, are found to be of the order of 0s without very
somewhat. The reason why we chose not to reduce our fittingiuch variation in the different phasd3hese values are in
parameters by two is that the set of 2D-ELDOR spectra fogood agreement with th&;.=(2W,) ~* found from the in-
6—8 mixing times provides much greater independent datéegrated auto- and cross-peak volumes using LPSVD meth-
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FIG. 7(c). See caption to Fig(a).

ods, cf. abovd.The fact thafT, is typically nearly compa- parametersc3 andc3, defined by Eq(12) of Paper I. The
rable to T, is consistent with a single spin-relaxation latter are plotted as a function of temperature in Fig)3
mechanism being dominant for both, and the expecterand the local order parameter§’,=(%§(Q)) and
mechanrsm for which T;e~T,. is spin-rotational S%,=(Z5 Q)+ 75 ,(Q)) derivable from them according
relaxation®? Note also that the Gaussian inhomogeneouso Eq. (44) of Paper | are plotted in Fig.(B). The cage
broadening parameteXs is small, about 0.1 G, and essen- potential coeffrcrentr:O remains at about KT (in dimen-
tially temperature independent, as expected for a perdeutesional units)through thel, N, and S, phases, dropping
ated spin probe that is weakly ordered. slightly in the Sz phase, but returning to aboukdT in the
Our primary interest is in the rotational diffusion of the C phase. There is a gradual increasazgnwith decreasing
PDT probe, given byRO—\/R2R|, andN=R|/R, (where T, buta drop in its value for th€ phase. The order param-
R, and R are respectively the perpendicular and paralleleters show srmrlar behavior, as expected. The cage potential
components of the rotational diffusion tensdhe rotational ~parameters andc3 are found to be larger than the macro-
diffusion coefficient of the cageR®, and the cage potential scopic orienting potential coefficient and a3, with a3
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FIG. 7(d). See caption to Fig(a).

ranging from about 0.1 in the N phase and increasing to The anisotropy in th&® tensor is small and fairly constant
about 0.3kT in the Sz phase. The asymmetry coefficient over temperature withi~2, consistent with previous studies

aj decreases to nearly zero evenagsincreases with de- on PDT® [In this study we are neglecting any small differ-
creasingT. On the other handcj, while smaller thancj,  epce % ,~R°.) compared to the mean

. . . . . L X! x! y'y’ _
remains substantial, except in the isotropic phase where it '?(RO +R°.)=R, .J?® Note that within each phade® de-
close to zero. y'y

x'x!
The diffusion coefficient®® andR° plotted in Fig. 9 are creases somewhat with decreasimig except for theS,
seen to fall in the range of 10 s ! and 1§ s respec-

phase, where it appears to remain constantl for a point in

tively. Thus, the cage is seen to relax about two orders of'€! phase near the-N transition, which is clearly a mani-
magnitude slower than the PDT probe. In fact, these valuefestation of the quasi-critical effects associated with this tran-
of RC are typically in the incipient slow-motional regime. sition). Somewhat related thermal behavior is notedRtr
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FIG. 7(e). See caption to Fig(a).

except for theN phaseand the same anomalous point in the same, whileT . and T, are slightly shorter for the standard
| phase). We expect that these results in thehase are model. The reduction irR® for the standard model is re-
significantly corrupted by the quasi-critical effects due toquired to compensate for the absence of the SRLS contribu-
both thel -N andN-S, transitions, so we shall ignore them tion to the linewidths and thev,’s.
in our subsequent discussion.

When we compare the results of Table IV for the analy-
sis based on the standard model with those of Table Il fofF- Non-secular terms
the SRLS model we find thaR® is a little smaller for the As in the previous study of GRF, we have neglected
former (ranging from 50% to 75% while N remains close to nuclear spin dependent non-secular terms arising from mo-
2. The macroscopic orientational parameters are nearly thiional averaging of the electron—nuclear dipolar grtgnsor
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TABLE lll. Optimum parameters obtained from fits to the SRLS mddel.

T (*C)phase Rox10 (s N as a5 Tielnws) Tyelinps) As(G) ¢ c3 ReXx107%(s™Y)
94.6 (1) 1.01 2.27 0.583 0.493 0.079 1.04 —-0.060 0.42
89.8 (1) 0.85 2.02 0.574 0.388 0.095 1.08 -0.025 0.31
84.7 () 0.54 2.29 0.446 0.426 0.099 1.08 -—0.056 0.13
79.8 (1) 1.07 2.25 0.479 0.363 0.129 1.03 0.13 0.46
75.2 (N) 1.00 2.00 0.036 0.226 0.516 0.452 0.094 1.01 0.32 0.74
72.3 (N) 0.71 1.77 0.103 0.228 0.485 0.437 0.067 1.09 0.25 2.10
69.4 (N) 0.71 2.03 0.153 0.227 0.558 0.429 0.070 1.11 0.27 2.66
65.8 (N) 0.47 1.81 0.241 0.223 0.486 0.375 0.069 1.10 0.33 9.96
60.0 (Sp) 1.39 2.20 0.220 0.218 0.558 0.527 0.108 1.00 0.26 1.00
57.4 (Sp) 1.40 1.70 0.236 0.208 0.486 0.526 0.104 1.02 0.23 1.18
54.2 (Sp) 1.38 2.00 0.224 0.196 0.644 0.532 0.063 1.12 0.31 0.91
50.5 (Sa) 1.38 2.00 0.239 0.184 0.701 0.527 0.072 1.11 0.33 1.05
445 (Sg) 3.18 2.06 0.238 0.039 0.679 0.436 0.102 0.82 0.44 0.86
41.8 (Sp) 3.16 2.10 0.249 0.037 0.550 0.451 0.093 0.79 0.45 1.75
38.8 (Sg) 2.72 2.14 0.318 0.012 0.601 0.436 0.100 0.73 0.46 1.20
35.8 (Sg) 2.45 1.90 0.334 0.013 0.634 0.450 0.110 0.74 0.45 1.09
29.1 K) 1.26 2.02 0.271 0.056 0.759 0.421 0.121 1.06 0.17 1.85
24.2 K) 1.30 2.00 0.227 0.071 0.714 0.449 0.123 1.12 0.23 1.47

#The average percent errors to the parameterszre 3.8, ey=1.8, €a2= 2.7, €a2= 5.0, €r, = 6.0, €1, = 5.0, €2~ 4.0, €= 6.5, €= 10, ege=9.0.

interactions, requiringa posteriori justification. In their ratesr; ! and T ! In the absence of non-secular tertasd
original cw-ESR study of PDT in 40,8, Lin and FreddF)®  w,e~0), we have 731~ 7, '=6W,.* When they are
considered the possibility of non-negligible non-secular connon-negligible 7-3*1— TIlg B6W,— 6" (we) =31 (w,)
tributions to theA, B, andC linewidth terms in the isotropic  —6J*(w,). Thus our procedures would lead to an esti-
phase. Following PEthey pointed out that the data required matedJAA(w,) ®5= 2WESs IA(w,) — 20 (we), and then to

a suppression of the non-secular spectral densities, for ex jAA(g)este 3¢ 4 3JAA( ) oSi= JAA(0) — LI (w,). For ap-
ample by the use of a modified spectral density funCt'OrbreciabIe values aI*(we)/IA(0) = I w) 1A w,), the
TR/(1+eT§wﬁ) with the adjustable parameter>1, and  jAA(, yest would be significanty smaller than the
they.obtalnede:7t1. (or alternatively unreasonably large JA(0)%128 In the nematic phase we still observe a
rotational asymmetries for PDT were requiredn the J?A(wa)%JéA(o), but theanalysis becomes more complex.

p/r&sent study, Wh?re'”. we have separaﬂ@f (@a) anq Ultimately, (as in GRF we rely on a self-consistency in
J57(0) from theC linewidth term andw,, we have addi- . : .
our analysis. In particular, we look to the SRLS mechanism

tional evidence of the relative unimportance of the non A .
. : to suppress the contribution of non-secular terms. That is, the
secular terms. Thus, our analysis, neglecting non-secular

contributions toC andW.,, resulted inJ’fA(wa)~J§A(O) in effect of SRLS can be ve_ry rough_ly approxin;aged by letting
the isotropic phase. This is an appropriate result given thatt1e Debye spectral d2en5|ty func’goan/ (12+“’ TR), k2)e2 r%-
Ju(w) must be independent & due to the spatial isotropy Placed by [%IS ]TR/(1+“C’ _T§)+S Tc/[lth 7cl,

and alsow273<<1 where w,/27 is the nuclear-spin flip [whereTr=(6R°) "~ and7.=(6R’) ", andS'=(S )°] and
frequency. If non-secular contributions were significanit W€ f2|nd from our analyses that the “cage terrfi'e., the one
are neglected in our analysithen the apparentbut incor- 1N ) accounts for about 75% of the contributions to B and
rect) values ofJ*(w,) andJAA(0) would not be equal be- C in both thel and S, phases. Then with the values §f,
cause these non-secular terms affécand W, differently. ~ 7r and 7 from Table Ill, we estimate errors i#p*(0) and
Neglecting the M subscript we can write C  J7(w,) of about 2.2% and 5.1%, respectively, arising from
=83AM(0) — M (w,) — 3 (w,), SoC is slightly reduced by  neglect of non-secular terms. This is well within the uncer-
the non-secular term. Using the perturbation analysis of GREainties of our detailed analysedn our opinion, the most
for the effects of non-secular terms on 2D-ELDOR, one mustffective way to deal with the non-secular contributions
consider the difference between the two normal mode decawould be to perform frequency-dependent 2D-ELDOR ex-

TABLE IV. Optimum parameters obtained from fits to the standard model.

Phase T(°C) Rox10©(sl) N aj a2 Tie(inus) T,e(inus) Ag(G)
| 94.6 0.50 2.0 0.451 0.328 0.122
N 72.3 0.54 2.0 0.147 0.204 0.377 0.393 0.100
Sa 57.4 0.74 2.0 0.250 0.197 0.382 0.451 0.127
Sp 38.8 2.11 2.0 0.334 0.010 0.403 0.294 0.094
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[ . laa aea e, ] just studied the cw-ESR linewidths. However, unlike their
w302 [ [ % ° . interpretation that large changes were occurring in
@ | | | | ] i . .
& Iy o gz | | | 7r(=1/6R°) with changes in phaség.g., a factor of nearly 5
o2 o1 L | | [ | b decreasen 7y as the temperature is lowered from ®einto
: o] o el . .
o | I~ “ocl oo | ] the Sz phase)we find that thergr remains more nearly the
B R
_ o | | o ] same from our NLLS fits of the SRLS model to the 2D-
00 | | | e o] ELDOR data. This model allows for a moderate drop in the
| | | | ] strength of the local structure at ti®, to Sg transition,
oyl b Ll which reduces the magnitude of both the linewidths and the
20 40 60 80 100

(b) Temperature (C) cross-peaks, without requiring the large droprig. Most

significant, the SRLS model leads to rather good fits in the

FIG. 8. (a) Potential parameters due to cage versus temperdtore SRLS VaI.’IOUS phases, whereas the standard model is unsuccessful.

based simulations). Open circles represehand open triangles represent 11iS provides good support of the postulate of a SRLS

c3. (b) Local order parameters due to cage versus temperétora SRLS mechanism by LF, and the 2D-ELDOR significantly drama-

based simulations). Open circles represgfy=(Z3,(Q)) and open tri-  tizes the failure of the standard model.

angles represers,= ( 7g(2)+ 75 ,(Q)), - It is also important that we are able to quantify the de-
tails of the SRLS model utilizing the NLLS fits to the 2D-

periments. We are currently constructing a 17 GHz 2D_ELDOR experiments. Study of just the cw-ESR linewidths

ELDOR bridge, which would make such experiments fea-d'd not permit this, nor cou!d they be regarded as completgly
. . X , accurate, because of residual inhomogeneous broadening.
sible. Higher frequencies will, of course, suppress non; , .

- We find that the cage potential has only a moderate effect on
secular contributions.)

. . the motion of the PDT with local order parameters of about
On another matter, we pointed out in Paper | that th 25 and with asymmetry increasing with decreasing tem-
hydrodynamic model of director fluctuations, which is im- " | asy y 9 9

[0} C
portant in nuclear magnetic resonarl®MR) relaxation, is perature. BotrR™ and R" do not show marked temperature

too slow and too weak to be of importance in ESR asdependence. These features are fully consistent with LF who

. : ; luded that in the smectic phases there is(flartial)
discussed previousf® Our observations thatlf(w,)  CONCH : . Lo
%JS\A(O) in the N phase, and thal’fA(wa)zzwn is very expulsion of the PDT from the dipolar region of the liquid—

small in all phases, are consistent with this conclusion, Sincgrystallme moleculegwhich is preferred by the polar PDT
it is the Jy,() spectral density witt =+ 1 that is prima- molecule)toward the more flexible hydrocarbon end chains

rily affected by this mechanism and not the=0 spectral as a result_ of the pack_ing of the.smes_tic layers.” Further-
density?2* more they interpret their observat_lons in terms of a SRLS
model due to the slow fluctuations of the hydrocarbon
chains.” Our present analysis shows that this process is a
fairly continuous one starting even in the isotropic phase.
We first reconsider the unusual variation, with liquid The lack of substantial temperature dependencBRnR®,
crystal phase, of the 2D-ELDOR spectra that are illustratecénd SIZ’O may be interpreted by this expulsion effect. The
in Fig. 1. The cross-peaks remain sméibout 6 times lower the temperature and phase, the more the PDT experi-
smaller than for PDT in the smectic §2characteristic of ences the less confined aliphatic chain region, which tends to
very rapid motion. This confirms the conclusions of LF who offset the usual effects of reduced temperature. LF dealt with

IV. DISCUSSION
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what appeared to them a large increase Rh at the Wwhich is unity in thel phase as it should bgf. Sec. I,
Sa— Sg transition(cf. previous paragraplas due to “a par- ranges from 2.0 to 2.5 in th8, phase ad decreases. For
tial freezing (or slowing down)of the hydrocarbon end PDT in S2, this ratio was found to go from unity to about 2
chains at theS,— Sy transition such that the PDT is in a Wwith decrease ifT. This decrease id;"(w,)=2W, vs the
fairly well-defined cavity with reduced ‘frictional’ restriction J5"(0) obtained fromT;* is exactly the anomaly reported
to its motion, so itsrg decreases.” Instead, in this work we by GRF for PDT in S2 that they could not explain by the
have seen that this partial freezing reflects itself in somewhdvloro—Nordio model of roto-translational coupling. Instead
reduced local ordering and a more moderate decrease they suggested this observation could be fit by a SRLS
TR model. Our successful fits to the 2D-ELDOR spectra using
When we compare the results on PDT in 40,8 with thosghe SRLS model seem to confirm thidote that for the
on CSL in 40,8 reported in Paper I, we note significantSg andC phases this ratio increases further to 3—4.
differences. The cage potential for CSL becomes very sub- GRF were able to study the angular dependenc#/pf
stantial mainly in theN andS, phases with order parameters for PDT in S2. Given thaW,, is almost an order of magni-
512’0 ranging from 0.4 to 0.5. The drop in cage potential at thetude smaller in the present case, we were limited to more

S,— Sg transition is much more dramatic for CSL. Of course dualitative observations. However, we observed substantial
R° for PDT is much faster than Eﬁ’ andR® for CSL (typi- angular variation of th&, -, whereas GRF found them to be

cally one(two) orders of magnitude faster for PDT than for 3?][3/ V\;te?kly orientattircl)n—tdependeltnt ]fort:DTl intSZaThus itis
R] (R?) of CSL) as expected for the small PDT probe, iMcult to compare the two results furtner. Instead, we com-

which can effectively seek out the voids or regions of freePare the predictions for the spectrgl densm_es Obta'”e? with
e . . : the SRLS and standard models using our fits to@he0
volume existing in the liquid crystalline phases. Most inter- . . )
o . o . spectra with the experimentally measur@hd estimated)
esting is a comparison &° as seen by the two spin probes. . o ST . .
. . ) spectral densities for 57 °C shown in Fig. 5 and given in
One finds that at the highest temperatufies, thel phase) . . I !
c . . Table Il. These simulations are shown in Fig. 10. We find
R® for PDT is a few times larger than for CSle.g. about . AA Ag
. . . o . that the angular variation aJ;"(0,0) and J;°(0,0) pre-
twice at 95 °C and about thrice at 85)'GHowever in the dicted by the SRLS model appear to be in reasonable agree
smectic phases the values Bf differ greatly. In theS, y PP 9

phase they differ by a factor of 30—40, and in B phase ment with the experimental observations, although the pre-

their ratio i ¢ fact f about 500 AIIdicted magnitudes are somewhat larger, including a
€Il ratio Increases 1o a factor of abou Or MOre. Allsomewnhat larger angular variation §*(0,0). In a similar
these differences are consistent with our model that includ

. . . Cfashion we obtained predicted values o2 vs ® for
the different way these two probes sample their environmenk- o~ These values show the substantial decreaé, ifor

The CSL is affected by the overall dynamic structure of the® + 0°, in accord with our qualitative observations. Here
liquid crystal, whereas PDT is sensitive 10 its precise loca,yy ig predicted to be somewhat smaller than observed at
thn relative to the |IC]UId. crystal molecules, and th|§ change%:oo (cf. Table ). We note that thé-gl,s were estimated
with thg phase. At the high temperatpres the PDT is near thﬁ’om the COSY measurements, which were obtained under
aromatic cores and therefore experiences a cage not unlikfearent conditions, including slightly different tempera-
that of CSL, whereas in the smectic phases, CSL eXperiencegres, than the 2D-ELDOR experiments. This may be the
the slower overall motions of the surrounding liquid crystal gxpjanation for at least part of the discrepancy in magnitudes
molecules, but PDT has moved deeper into the aliphatigef, pelow, where a related comparison is made utilizing only
chain region where more rapid fluctuations can occur. This ighe 2D-ELDOR data). Given the very good simulations ob-
most dramatic in the&sg phase in which the overall motion tained in the global fits using the SRLS model in t8g
has nearly frozen out biitollective)hydrocarbon chain fluc-  phase[see, e.g., Fig. ()], any remaining discrepancy may
tuations are still permitted. be taken as an indication of some differences between the
When we compare the present results to those obtaineglobal fits to the full set of 2D-ELDOR data and the simpli-
by GRF on PDT in th&s, phase of S2, most prominent is the fied analyses based on estimatifig's from the COSY
weak cross-peaks in the present study such Wgais 6-8  measurements and the LPSVD approach to obtaikfiifg
times smaller. LF had previously argued that the expulsioms stated earlier, we clearly favor the global fits, which make
effect asT decreases is less important for cyanobiphenyls, sull use of all the 2D-ELDOR spectra, and they do not ignore
the motion of PDT is slower in S2. We can best compare th%ny incipient slow-motional effectef. the R = 108 s 1)_
results of the 2 experiments in terms of the spectral densitieshese simulations do make clear that the SRLS model does
for the S, phase. First we note that the ratio lead to substantially enhanced values of the homogeneous
—J39(0)/35"(0) is constant at 0.38 in this phase, and this islinewidths without appreciably enhanciig, , in accordance
very close to the near constant value of 0.40 obtained fowith the expectations of GRF.
PDT in S2 in theS, phase. The present study, however, Undoubtedly improvements can be made in the SRLS
shows that this constancy is not preserved in the othemodel that we have employed. There is sufficient evidence
phases. This ratio can be varied by changing the relativef roto-translational coupling from the anisotropic transla-
importance oft,, VS Cyg, the local structure aligning poten- tional diffusion coefficients measured for PDT in S2 and
tials, as well as by varyingR®. (It is also affected by the from the considerations of GRF that one would like to
values ofa,g, a,,, andN.) The ratio ofJ5*(0)/J}*(w,),  modify the present SRLS model. In particular, we envision a
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modified SRLS model, wherein the nature of the camgeeci-  5.3%107° s at 89.8 °C and 1.4410 ° s at 57.4 °C, which
fied bycé, c%, andR°®) becomes a function df, the location  still corresponds to a fast time scale relativeTtg in our
in the smectic layer. Thus, the diffusion of PDT through aexperiments. Note also that the simulat®] values are in
smectic layer would lead to a variation in the cage seen byather good agreement with the experimental results for the
the PDT molecule. The disadvantage of such a model is, 0B, case, but there are mild discrepancies forltbase (Here
course, the increased number of fitting parameters. Thithe comparisons utilize the same 2D-ELDOR experiments
could only be justified in the context of even more indepen-
dent experiments, such as including the 2D-ELDOR as a

function of tilt angle®, and/or 2D-ELDOR experiments at a 0 T I
series of different frequencig¢and magnetic fields (A fur- 450 E . . - A ]
ther modification to the model could be an anisotropic vis- [ & . oL ]
cosity sensed by the local structure or cage, as proposed by & 00 L E
LF.) =L 1
Finally, we wish to comment that there is no anomalous § ss0 b 1
variation of theT, or W,, with mixing time as shown in Figs. s | ]
11 and 12, respectively. These data were obtained from the 2 ;5 ..
2D-ELDOR spectra by using the LPSVD methods described £ [ ° ° ° ° 1
in Sec. lll for obtaining spectral densities. They show there 250 [ 1
is no significant very slow process such as director fluctua- r 1
tions in the time scale of the experiment corresponding to a 200 L o« o L - ]

| I L
0 500 1000 1500

maximumT,=1.4 us. TheT,’s correspond to th&, phase Mixing Time (ns)

(57.4 °C), and th&V,’s are shown for th&, phasg57.4 °C)

and thel phase(89.8 °C). Note that the spectral simulations o _ o _

were used to obtaiW.. from the SRLS analysis at these two FIG. 11. Variation of homogeneous, of different hyperfine lines with
n mixing time[ M, = —1 (plus signs)M,=0 (open triangles)M,= + 1 (open

temp_eratures_. They a_Iso show nO_Variation\mﬂ with Ty, circles)]. From echo based analysis of the experimental ELDOR data at
consistent with experiment. That is, the cage has. af 57.4°C.
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sion of PDT from the aromatic core region to the more labile

] aliphatic chain region as the temperature is lowered through
L 1 the various phases. This is in marked contrast to the CSL
- 1 probe, which shows a freezing out of the cage in $geand

C phases. Overall, the use of global fitting by NLLS was

<, A found to be a more reliable and convenient method for ob-
) 1 taining optimum model parameters than the decomposition
;= + 1 into the various spectral densities.
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