A 250 GHz ESR study of o-terphenyl: Dynamic cage effects above T,
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Three nitroxide spin probes of different sizes and geometrical shape were used in a 250 GHz
ESR study of the probe rotational dynamics in the fragile glass former ortho-terpt@m)

over a wide temperature range from 380 to 180 K. Comparative studies at 9.5 GHz have also
been performed. Perdeuterated’ 6% -tetramethyl-4-methyl aminopiperidinyl-ddxide (MOTA),

and 3,3-dimethyloxazolidinylN-oxy-2',3-5a-cholestane(CSL) are, respectively, comparable

in size to and larger than the OTP host molecule, whereas Perdeuteraté®,62,2
-tetramethyl-4-piperidineN-oxide (PDT) is substantially smaller. The sensitivity of 250 GHz ESR

to the details of the rotational tumbling far=T. (whereT, is the crossover temperatiireas
exploited to show that the relaxation is fit by a model that is characteristic of a homogeneous liquid.
A nonlinear least-squares analysis shows that below the melting pgint,CSL, and MOTA
dynamics are well-described by a model of dynamic cage relaxation proposed by Polimeno and
Freed wherein the probe relaxation is significantly influenced by a fluctuating potential well created
by the neighboring OTP molecules. A model of simple Brownian reorientation does not fit the
experimental spectra of CSL or MOTA as well as the dynamic cage model bBejovwSpectra of

PDT do not show any significant non-Brownian dynamics for this probe. It was found that the
characteristic rates of the cage model, viz., the reorientation of the probe and the cage relaxation,
were describable by activated processes; however, the “average” rotational diffusiofdeftasd

in the usual manner as the time integral of the correlation functenived from the dynamic cage
parameters follow the Stokes—Einstein—Del§8ED) relation rather well, in agreement with
previous studies by other physical techniques. It is then shown that the usual stretched exponential
fit to the motional correlation function, interpreted in terms of an inhomogeneous distribution of
simple reorientational rates, is clearly inconsistent with the observed ESR spectrum. The absence of
a significant cage potential aboVg, is discussed in terms of a model of frustration limited domain
sizes proposed by Kivelson and co-workers. Evidence for the existence of substantial voids in OTP
belowT,,, especially from the spectra of the small PDT probe, is discussed in terms of the structure
and packing of the OTP solvent. @997 American Institute of Physi¢§0021-9606(97)51024-5]

I. INTRODUCTION nal perturbation. Therefore, the concept of cooperative
many-body motion has been a natural assumption in the in-
The origins of glass formation have attracted considerterpretation of the behavior of supercooled liquids for more
able and sustained experimental and theoretical attention fehan five decades. But this has yet to lead to a complete
nearly a century. It has been well established that when varunderstanding of the phenomenon.
ous liquids, ra”gif‘g from simplg, single Compongnt system%_ Theories for the liquid to glass transition
to polymers, multicomponent mixtures, and colloids, are su-
percooled, a single relaxation process characteristic of higher Jenckel was probably the first to introduce the idea of
temperatures bifurcates into two distinct relaxation pro-many body cooperative rearrangements in regioi@rup-
cesses: Name|y a slower, pr|ma(rgr a) and a faster, sec- pen”) the sizes of which are temperature dependent, to ex-
ondary (or B) process at some criticdbr crossovertem-  plain the non-Arrhenius behavior of viscosity upon ap-
peratureT, . CharacteristicallyT, is several tens of degrees ProachingTg.* This concept was explored further by Adam
above the calorimetric glass transition temperatlige, The ~ and Gibb$who assumed that these “cooperatively rearrang-
a relaxation is non-Arrhenius in character and freezes out"d regions” (CRR) form a subsystem of the sample which
aroundT,, while the3 process remains Arrhenius-like upon goes from one conflgura_tlon to another independent of its
lowering the temperature. Viscosity measurements and dfnvironment. The CRR picture has been further explored by
electric spectroscopy were the primary tools for Studyingconaderlr_wg the .eX|stence in supercooled Ilgwds pf .dynaml-
these relaxation processes in the past. Both these methof@ domains which may or may not be spatially distihét.

report on the many-body response of the system to an exter- However, neither of the models was specific about the
dynamics of individual molecules with respect to each other.

Other investigators have explored a wide range of ideas re-
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molecule couples to its neighbors in its dynamical behaviorand co-workers model the situation by postulating that the

A theoretical model based on the free volume concephamiltonian for the system has a term that describes the local
was introduced by Cohen and TurnBuib explain the dra- structure plus a perturbing term that models frustration
matic changes in the viscosity, diffusion, and the mé&din  within the system and prevents the local structure from be-
electric) relaxation time of thex process betweeff, and coming a global one. It is the frustration term that prevents
T,. The fundamental assumption of the free-volume theorythe phase transition at*. They were able to show that the
is that a diffusing molecule is trapped in a cage by the surmodel is quite successful in rationalizing bulk properties
rounding molecules except for the short periods when thersuch as the shear viscosity and the temperature dependence
are substantial displacements that contribute to the overaflf the average relaxation time for tlkeprocess in a variety
diffusion process:?® A redistribution of the free volume of strong and fragile glass forméfsover a broad range of
within the sample will occasionally enlarge the trap, therebytemperatures. As the model stands, it is limited to a descrip-
enabling a displacement. The theory rationalized phenomntion of the o relaxation process. Nevertheless, the theory
enological Doolittle and Vogel—Fulcher—Tammann laws, of-makes predictions about the behavior of glass formers on a
ten used to parametrize experimental findings frépnto ~ microscopic level in the range betwe®p andT., and it is
well aboveT,. Although the theory does not specify a par- an important experimental problem to test whether the as-
ticular mechanism for the free volume redistribution, an im-sumptions of the frustration limited domain model are valid
portant feature of this simple but conceptually attractiveOr not.
theory rests on its strong coupling of the monomolecular ~ The mode-coupling theory of the glass transitibi?
dynamics to the structural dynamics of the neighborhood(MCT) attempts to elucidate the and 3 processes in super-
thereby implying a similar origin for the single molecule and cooled liquids and is, in that sense, a more general theory
many-body behavior. than the frustration limited domain model of Kivelson and

The concept of heterogeneity in the supercooled systerio-workers. MCT stipulates that as a result of nonlinear in-
was the key idea that has carried over to other theoreticgeraction effects between density fluctuations, there is dy-
approaches to the molecular dynamics. Although two opposiamical feedback which leads to a sharp crossover of dy-
ing concepts of how the molecular dynamics is coupled tdamics from fluidlike to solidlike on increasing the coupling
dynamics of the local environment have been intensively exconstants towards a certain critical value, e.g., by lowering
plored in the past, the emerging picture remains unclear. Of1e temperature of the system or upon increasing the system
the one hand, is a model that assumes the existence of rigiensity towards critical valueg, and p., respectively. On
domains in the system. It was first suggested by McLaughi@pproaching this ergodic to nonergodic transition point two
and Ubbelohde and has subsequently been explored bystructural relaxation processes are predicted. The slower,
Stillinge® and by Kirkpatricket al® They have presented awmcr process freezes out at the transition, but the faster,
models of glassy state formation that results from the exisBwcr Process associated with the localized motion survives
tence, within the otherwise fluid system, of strongly bondednto the glass phase.
domains which preserve their integrity in the course of trans- ~ As successful as MCT has been at explaining some im-
lational and rotational motions. The concept is useful in exPortant, universal features of the experiments at the glass
plaining a paradoxical discrepancy between rates of transldtansition?*~?° the physical nature of the modes that are
tional and rotational diffusion as the supercooled liquidcoupled is unclear and this makes molecular details of the
approaches’fg, name]y a Significanﬂy weaker temperature phenomena difficult to Identlfy In fact, MCT cannot yet pro-
dependence of translational diffusion compared to rotationa¥ide answers to many intriguing and important questions re-
diffusion 1011 lated to quantitative differences between different materials.

On the other hand, this translation—rotation paradox car his includes not only a variety of possible universal com-
also be fit satisfactorily with models emphasizing the impor-plex relaxations but also the details of molecular dynamics of
tance of system fluidity, by assuming the coexistence othe glass forming liquids. Undoubtedly, further progress in
fluid- and solidlike regions in the supercooled liquid, with the matter requires a better characterization of the molecular
molecular dynamic events taking place in liquid regiéfis®  dynamics of complex liquids.

A recent theoretical model of Kivelson and
co-workers”'® emphasizes a different point of view that
may be relevant in current work to unravel the approach t
the glass transition. The key feature of this model is the As this brief review of theoretical models illustrates, an
assumption of an avoided thermodynamic phase transition @&xperimental technique sensitive to details of the molecular
a temperatur@* =T,,. AboveT*, there is so much kinetic dynamics in the supercooled region is timely and important
energy in the system that it is impossible to form long-livedfor elucidating the role of structural heterogeneity, complex
domains. BelowT*, it is assumed that there is a preferred dynamics, and cooperative behavior in supercooled liquids.
local structure within the solvent that differs substantially It has been shown over the years that the electron spin reso-
from the actual structure of the crystal phase. The local strucrance(ESR) spectra of nitroxide spin probes in liquids, al-
ture cannot be sustained over all space in the thermodynamtbough they arise from individual spin-bearing molecules,
limit, otherwise the local structure would be the crystallineare very sensitive to a range of interactions between the
structure, contrary to the assumption of the model. Kivelsorspin—probe and its surroundings, and this yields much useful

0B. ESR experiments at high frequencies
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insight into the spin probe dynamics in the host liquid. Thistational dynamics, the spectrum loses its sensitivity to the
is very well illustrated by results from the present study, sealynamics. This is the so-called “rigid limit regime(il), cf.

Fig. 1. At the highest temperatures studied, probe rotationdfigs. 1(b)and 1(c). Note that the spectra shown in Fig. 1 are
rates are fast enough that the complex details of the spectrall obtained at an ESR frequency of 250 GHz and 9 T mag-
lines are averaged out to give simple Lorentzians. This isetic fields?® At these high frequencies the ESR spectra of
commonly referred to as the “fast motional regimé&mr). spin—probes in liquids are more commonly found in the
Because of this averaging, only estimates of rotational ratesmr® than is the case at a conventional ESR frequency of 9.5
but not dynamic details, can be determined in this regime. A&Hz, (cf. Fig. 2. Another important feature of very high
the molecular dynamics slows down upon cooling, the specfrequency ESR in the smr is the enhanced orientational se-
trum becomes more sensitive to the microscopic details ofectivity, which is largely due to the greatly enhanagten-

the motional processes involved, cf. the 28D<360 K  sor resolution. This provides improved sensitivity to the de-
spectra in Figs. (b) and 1(c). This is known as the “slow tails of microscopic features of rotational motions.

motional regime”(smr), and it constitutes the most desired ESR studies in the smr necessitated the development of
experimental condition. On further slowing down of the ro- theories accounting for microscopic details of the rotational
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a) solved in ortho-terphenylOTP), a nonpolar organic liquid,
T 334K which is one of the most extensively studied “model” glass
f 4 forming system¥~38 (cf. also the references given in these
319K papers). OTP has a weak tendency to crystallize, with a con-

venient melting point? T,,=332 K and a glasgcalorimet-
W 207K ric) temperaturd] T,=243K. According to Angell's
276K nomenclatur® OTP is a fragile glass former. The crossover
W temperature for OTPT, is found to be about 50 K above
255K T4 The nearly nonpolar character of Ofd#pole momenf?
’%"’/\F’J\,’——— wp=0.24 D), as well as the fact that it is an unassociated
235K van der Waals liquid, means that it has well-defined rigid
-—J\KJ\/’/\K"‘ molecular units weakly linked by nondirectional interactions.
215K .
/\// For all of these reasons, OTP is an excellent model system to
study the glass transition and the approach to the glass tran-
sition without the complications of network structures or in-
tertwined chain segment.The quantitative analysis of the
:'33'46 53‘66 : é3|56 . '34106 : '34'2(') 54‘4(’) ESR spectra in this work focuses on results from the tem-
B, [G] perature range abovie,, where the spectra of all three spin—

probes are most sensitive to the details of motion.
Our experimental results obtained indicate that the dy-

g —~— 341K namic cage is not manifest in the probe rotational dynamics
—t— 331K aboveT,,. The story changes significantly beldky, where
322K the cage orientational potential plays an important role in the
312K dynamics of the spin—probes, and it has a natural interpreta-
303K tion in terms of the growth of frustration limited domains, as
203K we argue below. The cage potential is also characteristic for
283K each spin—probe as we discuss below. An interesting result
—/\A/‘"“" 273K that emerges from our analysis is that the underlying cage
—J\/\/*‘jGSK relaxation rate is the san{eo within experimental errgrfor
——/\/\/——’—ZGSK all our spin—probes, which gives us confidence that the spin—
‘/\/\f—w— probes are truly reporting on dynamical processes within the
253K
——/\\/\f_v_ supercooled OTP.
W“sl{ We also show that, whereas our cage and probe relax-
_/\\/\\KV_Z%K ation rates have simple Arrhenius behavior, the average re-
__/\/\\K_VYMK laxation rate shows non-Arrhenius behavior, consistent with
the results from other spectroscopies such as KiiRand
L dynamic light scattering**?*We then show that the interpre-
3300 3350 3400 3450 3500 tation in terms of heterogeneous distributions of indepen-

B, [G] dently relaxing domaitf$ is inconsistent with the observed
experimental ESR spectra and that the relaxation in the range

FIG. 2. Experimental ESR spectra taken at 9.5 GHz covering the entir(;r>-rC IS homogeneous within our resolution, but described

temperature range of liquid to glassy behavi@y PDT; (b) MOTA. by complex dynamics.
This paper is organized as follows. The experimental

methods and measurements are described in Sec. Il. We

molecular motions beyond simple relaxation theotfe¥. It present the general observations and results in Sec. lll. Since
is commonly assumed that in liquids each constituent molthe spectral simulations and least-squares fitting to experi-
ecule feels the effects of a cage formed by its the nearegpent constitutes an integral part of the work, it is also in-
neighbors. Recently we have developed a model of the snfiuded in this section. Discussion of our resigec. 1V)and
ESR spectrum for a nitroxide spin probe reorienting within a2 summary of our findingtSec. V)follow.
dynamic orientational potential welli.e., the *“dynamic
cage”; both terms are synonymous in the followirig)This
model has been utilized satisfactorily in analyzing two-
dimensional Fourier-transform ESR spectra of spin probes in  As discussed in the previous section, the best sensitivity
a liquid crystal®® As we show in this paper, this theory can of ESR spectra to the microscopic details of the motional
be also applied to the analysis of ESR spectra in a glasgrocess occurs in the slow motional regime. This smr corre-
forming solvent to successfully infer the dynamics of thesponds to the limih w=R, whereR is the rotational rate of
probe and of the host solvent cage. the probe andAw is a measure of the magnitude of the
We studied three different nitroxide spin—probes dis-orientation-dependent part of the spin Hamiltonian. The lat-

II. EXPERIMENT
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ter is a function of properties inherent to a given spin—probe, a)

i.e., theg and hyperfine tensofé,and of the static magnetic

field. 0 CN’O
Because of the high rotational rates characteristic of the

molecular dynamics of tracers in typical liquids at ambient

temperatures, smr spectra are not frequently observed at con- b)

ventional frequencies e.g., 9.5 GHz, but this situation

changes significantly if one goes to high microwave frequen- \C/N\C;ZN—O
cies, e.g., 250 GHz, wherkw becomes significantly greater, 5

due to the enhanced role of tgetensor.
The main experiments of the present study were there- )
fore performed on a home-built 250 GHz EPR ¢

spectrometef>*®with additional experiments on a commer- 0
cial Bruker X-band spectrometer. The ability to observe 250
and 9.5 GHz spectra from the same sample was an important

advantage which we exploit. Standard field modulation tech-
nigues were used at 250 and 9.5 GHz, and the power was
kept low enough to avoid spectral saturation.

All spectra were taken in the course of cooling the d) O
samples from well abovel;,=331K to well below T,
=243 K. The temperature control for the 250 GHz spec- O O

trometer was provided by flowing water-free nitrogen gas

heated or cooled to the appropriate temperature by a home-

built unit. In this way, we were able to take spectra at tem-

peratures from about 381 K down to about 123 K. On the 9.5 104

GHz spectrometer, we took spectra at temperatures from

~343 K (well above the melting temperature of OTE FIG. 3. Geometry and relative sizes of the spin—probes and solvent used in
~213 K, (appreciably below the glass transition tempera-this work:(a) PDT (b) MOTA (c) CSL (d) OTP.

ture). The temperature was controlled by a Varian tempera-

ture control unit modified to accommodate the large diameter

of our sample. Both temperature control units provided tem- . . .
perature stabilization at the sample to withini K. Cu— mately 1 mM, which allowed excellent signal to noise at 250

GHz. The samples were sealed in quartz tubes of 6 mm OD
Constantan thermocouples placed near the sample were used . s
. and ~20 mm in length and degassed by standard, repetitive,
to monitor the sample temperature.
The three nitroxide spin probes used in this study vary in' ©e28_PUmp—thaw cycles.
. 4 ,p P - yvary Before line shape analysis, the phase of the 250 GHz
size and shap¥: 3,3-dimethyloxazolidinyl-N-oxy-2,3 : . !
] o7 S experimental spectra was adjusted to correct for a slight ad-
-5a-cholestandCSL) with the nitroxide moiety incorporated . : . . .
mixture of dispersion signal. The procedure for correcting

into a doxyl ring is a large, cigar-shaped, rigid spin probe S
with an effective hydrodynamic shape of a prolate spheroiéhe phase is discussed elsewtiere.

with semiaxe® a=12A and b=3A. Perdeuterated

2,2 ,6,6 -tetramethyl-4-piperidinéN-oxide (PD-Tempone

or PDT)is small and nearly spherical with an effective hy- |, RESULTS AND GENERAL OBSERVATIONS

drodynamic  radius of 3 A%  Perdeuterated

2,2 ,6,6 -tetramethyl-4-methylaminopiperidinyl-xide Experimental first derivative spectra of PDT, MOTA,
(MOTA,) is approximately spheroidal in shape, consisting ofand CSL in OTP at 250 GHz are shown in Fig. 1. 9.5 GHz
a PDT moiety elongated by a short acetamide chain attacha@sults for PDT and MOTA are shown in Fig. 2. We analyze
to the piperidinyl ring at the four positioH. The nitroxide  the 250 GHz spectra quantitatively and use the 9.5 GHz re-
moiety in these two probes is incorporated into a piperidinesults for general observations.

ring. We show the geometry and relative sizes of the spin—A General observations
probes and solvedOTP) used in this study in Fig. 3. '

OTP was purchased from Aldrich and was used without = The following general features can be observed from
further purification. The perdeuterated spin—probes MOTAFigs. 1 and 2. Abové ,,, the 250 GHz spectra for PDT have
and PDT were synthesized locally according to publishecharrow ESR line shapes, characteristic of the fast motional
procedureé® CSL was purchased commercialligma)and  regime, but those of MOTA and CSL show fast motional to
used without further purification. The samples were preparethcipient slow motional character. As one cools the sample
by dissolving a known amount of spin—probe into a knownbelow T,,, there are pronounced differences in the behavior
amount of OTP above the melting temperatliyg. of the line shapes that are correlated with the size of the

The samples were all at a concentration of approxi-spin—probe.
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At 250 GHz, on cooling, the CSL spectrum changes I
monotonically into the rigid limit spectrum, i.e., that spec-

trum which is no longer sensitive to the residual motions of LT T TTNTY Voo
/

the spin—probes. This rl spectrum is reached well above the
glass temperaturgy;. The MOTA spectrum also approaches

its rl spectrum as the temperature is lowered. There are still
small motional contributions present®t, however. As the
temperature decreases further, a second spectral componen
appears. The second component is characterized by a much
faster dynamical rate than the near rigid limit component.
The PDT sample never reaches the rigid limit, even when the
sample is cooled to about 123 K, which is well beldyy. T
The spectra that one observes beldware temperature de- 8.89 8.90 891 892  B8.93 894 895
pendent, however. At the lowest temperatures, the line shape By [G] x10¢
is an asymmetric, broad, single line. At higher temperatures,

but still well below T, the spectra show a poorly resolved FiG. 4. Fits to rigid limit 250 GHz spectra d¢fop to bottom)PDT, MOTA,
two peak structure. and CSL. The solid lines are the experimental spectra taken at 241 K for

It is difficult to tell from the 250 GHz data alone whether MOTA and 228 K for CSL, i.e., sufficiently close @, that_ thgre are no
. . . esolvable motional features. The dashed lines are best fit simulations.

or not the broad PDT line shape is due to the rotational
diffusion process or to rapid spin exchange within aggregates
of spin—probe. When the sample is heated abdye we The 9.5 GHz MOTA spectrum does approach a rigid
recover motionally narrowed spectra with no evidence ofimit spectrum belowT,. However, careful examination of
spin exchange, however. This result suggests that aggredfivese spectra also shows a second component that is motion-
tion is not a serious problem at temperatures abbye ally narrowed below the critical temperature. We believe that

It is known that the rate of cooling supercooled OTP canthe broad feature of the 250 GHz MOTA spectra belbw
influence the formation of polycrystalline domains, particu-can be correlated with the motionally-narrowed component
larly in the rang&” 283-323 K. PDT aggregation in OTP of the 9.5 GHz MOTA spectra. For example, spectral simu-
near and abové, could be related to this phenomenon. Note ations of a typical nitroxide for a rotational diffusion rate of
(i) the background component which is a feature of all of the x 10° s7* yield at 250 GHz a broad spectrum characteristic
PDT spectra below 303 K in Fig(@), and thatii) the spec-  for smr, while at 9.5 GHz a typical, motionally narrowed
tral extent is considerably less at 303 K than at 323 K. Thighree-line spectrum is predicte@f. Fig. 5. We will address

is due, we believe, to spin—probe aggregation. In one para possible origin of the second component in the discussion.
ticular PDT experiment that we performed at 250 GHz we

were successful in cooling the sample without any sign ofg. spectral simulations
spin—probe aggregation in the spectra down to 33 Ror
this reason, we limit our present analysis to PDT spectr R
collected at 303 K and higher, for which we were able to  Knowledge ofg and hyperfine &) tensors is essential
collect spectra with no apparent spin—probe aggregation. for successfully extracting the reorientational dynamics of a
The MOTA and CSL spectra show no evidence of spin—probe from the ESR spectra. The principal valuesAadind
probe aggregation and we were able to analyze data down § were obtained in the usual W&y* by fitting theoretical
T, without any problems. In fact, we succeeded in obtainingsimulations to the rl experimental spectrum. The spectra used
the rigid limit spectra of CSL and MOTA in OTP at 250 for this purpose are gathered together in Fig. 4. The values of
GHz that are essential for precise evaluationgoBnd A the magnetic tensors obtained and used in this work are
tensors(cf. Fig. 4 and below). given in Table I. As we have done in previous wéPK8:52

al. Magnetic tensors

TABLE |. Magnetic tensor parameters.

Ox gy 9z A)(a Aya Aza ,Bd
csLb 2.009 016 0.006 058 2.002 237 4.5 4.7 34.2 15
MOTAP 2.009 956 2.006 119 2.002 239 4.1 4.9 34.2 0
PDT! 2.009 8§ 2.006 6 2.002 2 4.5 49 34.2 0

@The estimated error i£ 0.2 G.

PObtained at 250 GHz from rigid limit spectrum.

‘The relative errof(i.e., the error ing; relative to a calibration point in the spectruiis estimated to be 8
1076 for MOTA and 7x 10" ® for CSL. (The absolute error is dominated by the field calibration error, and it
is estimated as 810 °).

YEstimated by scaling results from different solvents, cf. text.

®The estimated error is-1x10 “.
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a) hyperfine lines at 250 GHz in the fnii.e., high tempera-
tures). For MOTA, however, the 250 GHz data, even at the
highest temperatures, did not extend to fast enough rotational
diffusion times to be entirely confident that the splitting of
the hyperfine lines accurately representéd, cf. Fig. 1(b).

The 9.5 GHz spectrduncorrected for dynamic line
shifts*®) have line splittings that are in reasonable agreement
with (A). If we apply scaling to the tensor, we must also

e Lo L L 1o o) scale theA values. A comparison off with A shows that

3380 3400 34130 [?,340 3460 3480 whereasg, and g, change considerably amongst the three

0 spin—probesA, does not. We also note that the scaled PDT
magnetic parameters are similar to the MOgAndA val-

b) ues. The PDTA, andA, values are somewhat arbitrary and
are chosen to reflect the measured anisotropy of PDT in
toluene. In any cas€A) is chosen to be equal to the mea-
sured hyperfine splitting in the motionally narrowed region
of PDT at 250 GHz. The small uncertainties in the PDT
magnetic tensor parameters are a source of some uncertainty
in the determination of the potential well and the rotational
diffusion rate for this probe; they have less of an effect on

R Y TR TR T Y TOY the cage relaxation rate.

B, [G] xtot The rigid limit tensor parameters for CSL and MOTA
were found by using the nonlinear least-squares fitting pack-
age described elsewhértavith a very slow tumbling raté®

FIG. 5. Simulations appropriate for the fast compone®it=£2x10° s7%)
of the MOTA spectra belovl; (a) 9.5 GHz,(b) 250 GHz. Note that the
three-line spectrum at 9.5 GHz is a single, broad line at 250 GHz. 2. Dynamic parameters

We first compare the spectral fits obtainable with the

we permute the magnetic axes, i.e., the principal axes of thgmple Brownian diffusion model versus the dynamic cage

- . model for 250 GHz spectra over a temperature range where
g an_dA tensors, of MQTA. and P.DT so that the ma_lgnenc all three spin—probes are sensitive to the details of the model.
x axis lies along the diffusioz axis, so-calledk ordering.

CSL spectra, as usual, were fit using a modey airdering, The dynamic cage model applied to smr ESR by Polimeno

h h i C ted to be al the dif and Freed includes the cage—probe interaction potential,
where the magnetiy axis 1s permuted o be along the dit- V"(Q)) generated by the solvent molecules surrounding the
fusion z axis. In addition, there is a tilt of the magnetic

tensors with respect to the diffusion frame, parametrized b)zrobe, where(} is the solid angle describing the orientation
) R . ' . ~of the probe reference frame with respect to the instanta-
the tilt anglepBy . This tiltis absent in PDT and MOTA and is P WI b !

- - . neous orientation of the cage symmetry axis. For details of
15° in .CSL.(We use here the nomenclature utilized in thethe dynamic cage model the reader is referre® fhe cage
dynamic cage theor$).

. otential “seen” by the probe is assumed, for simplicity to
Some comments about these values of magnetic pararﬁ- y P pheity

eters are inAorder. First, th_e enha_nced sensit_ivity of ZSQ GHFO?N:Z;a;rIgL? wiége?ioigtﬁ)gzxgifél@%k?g)e;%%nsmn " e

EPR to theg tensor made it possible to obtain very reliable

values for CSL and MOTA from the spectra taken well be-  —V™(Q)/kgT=c373,( Q)+ 73 Q)+ T3 _,(Q)]

low the glass transition temperature. Given that we were not 1.2

able to obtain a rigid limit spectrum for PDT at 9.5 GHz or at =13Co(3 cos 6-1)

250 GHz, we relied on a scaling procedure for its magnetic 30 .

parameters. Accuratg tensor values for PDT and CSL in * \/;CZ sir? ¢ cos 25, @)

toluene are available from previous 250 GHz studieédle  where 6 and ¢ may be taken as the polar and azimuthal

also have the tensor values for CSL and MOTA derived angles defining the position of the probe reference frame

from rigid limit simulations at 250 GHz from the present symmetry or “z axis” with respect to the cage reference

study in OTP. To proceed further we make the assumptioframe. Note that this “lowest order” expansion implies that

that the PDTQ tensor may be scaled from a knowledge ofwe can select the principal axes of molecular alignment with

the g tensor of PDT in toluene. We used the measwggd  respect to the cag.To do this we use the known molecular

gy, andA, shifts for CSL in OTP compared to toluene to shapes and the results of other studies of these probes in

establish a linear extrapolation of the PDT-tolugnandA  isotropic and oriented fluid®;31-3347-49.52-5453nd we dis-

tensor to values appropriate for PDT in OTP. This is similarcuss them in Sec. IV D.

to the A andg scaling used by us in previous wotk>* Comparisons between experimental and best-fit theoret-
For CSL and PDT in OTP it was possible to compare theical spectra both for Brownian motion and for the dynamic

trace of the hyperfine tensof &) with the splitting of the cage model are given in Fig. 6. In the fits the probe diffusion

J. Chem. Phys., Vol. 106, No. 24, 22 June 1997

Downloaded-06-Sep-2002-t0-128.253.229.132.~Redistribution-subject-to-AlP-license-or-copyright,~see-http://ojps.aip.org/jcpo/jcpcr.jsp



Earle et al.: ESR study of o-terphenyl 10003
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FIG. 6. Comparison of two models for fitting rotational diffusion of spin
probes in OTP(—) experiment(—-) the dynamic cage modsl;—) simple

Brownian diffusion;(a) CSL; (b) MOTA; and (c) PDT.
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FIG. 7. Dynamic parameters for the cage model: Pid®dfopen symbols),

the average rotational diffusion rate of the probe &idfull symbols), the

cage relaxation parameter as a function of inverse temperature for three
probes: PDT, A MOTA, andO CSL. Dotted lines show the Arrhenius fit

to the model of simple Brownian reorientation. The dashed line shows an
Arrhenius extrapolation foR® to temperatures abovi, consistent with fits

to experiment.

is assumed to be uniaxial and is characterized by the diffu-
sion tensor componen®R, andR;, the former describing
the motion of the probe symmetry axis its€ttumbling”)

and the latter related to motion around this akispin-
ning”). For convenience of calculations we introduce the
anisotropy ratioN=R, /R, and the mean rotation rate of the
probe, R°=3\/RHRL2. The cage relaxation rate is given by
R®, and we also have two potential parametegsand c3,
given by Eq.(1). From inspection of Fig. 6, it is clear that the
Brownian model is insufficient in fitting key qualitative fea-
tures of the spectra. The cage model, however, enables good
gquantitative agreement between experiment and theory. We
consider this as solid support for the validity of the dynamic
cage model, and in the following analysis we concentrate on
the cage model.

The values ofR® and R®, and ofc3 and c3 that are
obtained for each of three spin—probes over the temperature
range of this study are shown in Figs. 7 and 8, respectively.
All the fit parameters includindy for PDT, MOTA, and CSL
are collected in Tables Il, lll, and IV. We found it also in-
structive to plot the orientational probability function,
P(6,¢)=exd—V"(6,¢)]/S sindexd —V"(6,4)]d6 d¢,
with VI"'(9, ¢) given by Eq.(1) for all three probes(cf. Sec.

IV D).

Some comments about the fitting procedure used in this
work are in order. For very efficient nonlinear least-squares
analyses of the 250 GHz spectra a modified Levenberg—
Marquardt algorithm was applied.In order to obtain a re-
liable set of parameters an iterative procedure has been em-
ployed. First, we optimized the rotational diffusion
parametersR® andN.%® The 9.5 GHz spectra were used to
check the consistency of the rotational diffusion tensor com-
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TABLE lll. MOTA: Dynamic cage model paramete?$.

6_..,|..|.|.,.|.;|.|...‘....._
r Te : Tu : 1 TK RX107(sH) N RX107(sh) 3 (kT) c3(KT)
4 - .
I b, | ] 283 3.16 5.62 0.85 40  —49
z [ | R | i 293 6.17 5.37 1.01 3.6 —-44
L 2L | & - 302 16.6 5.50 1.3 3.3 -4.0
§ I dewe eey 1 312 28.8 5.88 2.2 26 -39
z L D e ww 1 323 57.5 6.31 2.7 21 -2.8
g 0 - | S R Lt aQekotQ*(SQOQ%QOQ 7 333 130 6.76
g | ' ! ] 342 265 6.31
5ok | . 1 353 470 6.46
ad T ojo 00 ©o OA [ 1
o | | 1 Relative errors:R%+1.2%, N=7%; Below T,,, R°+3%, c3+3%, c3
a4l [N | N +3%.
3 L | E Above Tm,|c§|<0.1 and statistically indistinguishable from RS values
i | | 1 obtained are thus statistically not meaningful.
= t 1 1 I 1 lI L I ] L 1 | 1 1 | 1 | 1 L L | 1 1 1 | 1 1

260 280 300 320 340 360 380 400

T [K
K] more slowly than the small PDT molecule. The MOTA ro-

FIG. 8. The Cage potential parameters: Plo@f(open symbolshnd c2 tational rate is between these two sets of yalues. On varying
(full symbols)in units of kgT vs temperature® CSL, A MOTA, andv  the temperature, all probes have dynamics that follow an
PDT. Results abovd, are statistically indistinguishable from zero for Arrhenius law from well abovd ,, down to and just below
:\\/I/OTA and PDT; for CSLc3~0.1 and is judged barely significant cf. Table T., with no apparent change @,. PDT and MOTA have

' practically the same “activation energy,E,~14.2+0.3

and 13.920.3 kcal/mol, respectively which are larger than

ponents in the fmf® Then the cage model parameters werethat for CSL,E;~9.0+0.2 kcal/mol. The data in Fig. 7 sug-
optimized. We found thaR®, c3, andcs had the most sig- gest a convergence of the probes’ relaxation rates at lower
nificant effect on the spectra. Once suitable seed values fé@mperatures, in accord with earlier observattbribat the
all of the relevant dynamic parameters were found in thignean rotational correlation times of tracer molecules become
manner, the constraints were released and we fit all thesd#ze i_ndependelnt on approachiiig (cf. also the references
parameters simultaneously until the optimum set wadn Fujara,etal. ¥ indicating an increasing coupling of the
achieved?® Further details of the fitting procedures are to beprobes to their surroundings, which smears out the size dif-
found elsewheré*>° ference.

IV. DISCUSSION
TABLE IV. CSL: Dynamic cage model parametérs.

A. Molecular dynamics above T,

o . . T(K) R°x1077 (s} N R°x1077 (st 2 (kT) 2 (kT
Substantial differences in the mean rotational rates ofthp() () () cm <KD

probes used in the present study are apparent, cf. Fig. 7. Th&%0 2.45 7.08 1.18 —-25 13
cigarlike CSL probe rotates nearly two orders of magnitude 2%° 2.69 6.17 1.20 —25 12
300 3.90 6.46 1.48 —24 1.2
305 5.50 6.31 151 —24 1.2
TABLE Il. PDT. Dynamic cage model parametérs. 311 7.10 6.76 1.91 —23 12
3.15 7.6 6.03 1.95 —24 1.2
T (K) RDX 1078 (sfl) N RCX 1077 (S*l) C[Z) (kT) Cg (kT) 320 9.3 6.17 2.41 —-2.2 1.16
325 12.6 5.89 2.46 —-2.0 0.8
303 5.1 1.29 1.7 0.3 —0.15 330 14.8 5.89 3.09 -1.6 0.7
308 7.9 1.15 2.2 0.3 —0.15 342 30.2 6.31 3.89 0.1 0.0
313 10.0 1.10 2.3 0.2 —0.15 346 39.0 6.46 3.98 -0.1 -0.0
318 15.8 1.20 3.0 0.3 -0.10 351 42.7 5.75 4.07 -0.0 0.1
323 20.0 1.20 3.1 0.4 —0.10 356 50.1 5.51 4.08 0.2 0.1
328 30.9 1.20 3.2 0.1 —0.10 361 60.3 5.13 5.01 -0.2 0.0
333 40.7 1.10 363 61.7 5.25 5.02 0.1 0.0
338 60.3 1.15 366 67.6 4.79 5.13 0.1 0.0
348 100 1.10 369 74.1 5.13 6.31 0.1 0.0
353 160 1.20 372 79.4 491 6.46 0.2 0.0
358 200 1.15 375 89 5.01 6.61 0.1 0.0
363 250 1.10 378 101 4.57 6.61 0.1 0.0
373 400 1.20 381 107 4.68 8.13 0.1 0.0
382 800 1.15
*Relative error: R%+2%, N*=7%; Below T,; R°+2%, c3+3%, c3
®Relative errors in parameterR’+1.3%, N+5%; belowT,,: R°+2%, +3%.
c3+3%, c3+4%. PAbove T,,, where|c3|~0.1, these values are barely statistically signifi-
PAbove T, |c2|<0.1 and statistically indistinguishable from RS values cant; R® values obtained are statistically consistent with the Arrhenius fit
obtained are thus statistically not meaningful. shown in Fig. 7 for the results beloW, .
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Above T,, the rotational motion of all these probes is TABLE V. Stretched exponential fit parameters: MOTA.
adequately fit by a simple Brownian model, and when the

. ) . (K) B 1/67yx 1077 (s7Y

dynamic cage model is used, the cage potential parameters
are zero to within experimental error, cf. Tables II, Ill, and ggg 8-21 g-is
IV. It is apparent from Fig. 6 that 250 GHz ESR spectra  3q, 0.63 16.6
clearly begin to discriminate between simple Brownian and 312 0.68 28.8
non-Brownian dynamics of probes upon crossifg. Fur- 323 0.80 57.5

. 333 1.00 130.
thermore, PDT, MOTA, and CSL probes are seen from Fig. 34 0.99 265,
14 to experience distinctly different types of cage potential. 353 1.00 470.

Nevertheless the slope &° vs T for each probe does not
change on crossing,, cf. Fig. 7. As the temperature de-
creasesR? of CSL becomes more nearly comparable to the
cage relaxation ratR. This is in contrast to the rotational tained from our ESR spectral fits to generate the correlation
dynamics of PDT and MOTA which are still 1-1.5 orders of function for the probe reorientation in the dynamic cage in
magnitude faster &at.. The faster dynamics and the same the absence of the spin degrees of freedom. These correlation
activation energies clearly distinguishes the behavior of thesginctions were subsequently fit to a stretched exponential.
two probes from CSL. One may then define an average rotational relaxation rate by
Below Ty, each of the probes exhibits a substantially using the relatiof R%) = 1/6( 7).
different cage potential. Our results indicate that there is  The correlation functions corresponding to the particular
some critical probe size that is required for its rotationalsets of dynamic cage model parameters were conveniently
motion to be significantly influenced by its surroundings.calculated by modifying our standard programs so that only
That is, the larger MOTA and CSL spin—probes have cagehe probe and cage diffusive part of the stochastic Liouville
parameters that sense dynamic or structural changes in tRguation(SLE) was included. This class of correlation func-
OTP solvent below ,,, whereas the dynamic cage of PDT is tions had previously been calculated by us by a related
very weak, and its rotational motion remains virtually un- procedurd?’! Operationally, we set the contributions to the
changed by the solvent cage beldyy, cf. Fig. 8. Despite SLE from the magnetic tensors to zero. In addition, we
these differences, the cage dynamics that emerges from omfodified the starting vector calculatii*so that the corre-
model fitting is consistent for all the probes. The cage relaxtation function of3(Q) was calculated. Our standard suite
ation rateR° is found, within experimental error, to be the of programé? was then used to generate the relevant eigen-
same for PDT, MOTA, and CSL; it is also slower than theyalues projected from the modified SLE and starting vector
spin—probeR® and is weakly temperature dependent, with anpy the Lanczos algorithm. The resulting eigenvalues and
Ea=5.0%0.2 kcal/mol, see Fig. 7. weights were then used to generate the correlation function
of ,@SO(Q). The resulting function was then fit to a stretched
exponential in order to determine the effectiggeand 8. We

®Relative errorB=1%, 1/6r,+=2%.

B. Correlation functions for the dynamic cage model give the best fit parameters T and 8 in Table V for
and stretched exponential fits MOTA and Table VI for CSL
Most workers?343569-67qg not report basic relaxation We show examples of the correlation functions and the

rates as we have done. Rather, they report an “averageStretched exponential fits to them in Fig. 9. A set of curves
correlation time(7), that results from fitting their motional for three temperatures is shown in whighdecreases from
correlation times to a stretched exponertiff G(t)  unity to less than 0.6 &B is reduced from above the melting
=exf —(t/7)?], where 7, sets the time scale of the relax- temperature to values approachifig. Plots are shown for
ation and 6<8<1 is an exponent that characterizes the de-MOTA and CSL. Since PDT relaxes essentially exponen-
parture of the relaxation from simple exponential. The averdially over the entire data range we analyZedrresponding
age correlation timér) is defined as follows for a stretched to S=1), it was unnecessary to perform a stretched expo-

exponential: nential analysis for this spin—probe. The stretched exponen-
" tial model fits the MOTA correlation functions rather well.
<T>:f G(t)dt (20  The agreement is reasonable but not quite as good for the
0 CSL correlation functions, and this may be due in part to its
" ESR spectrum being affected by substantial unresolved hy-
:J exp( — (t/7p)P)dt (3)  perfine (shf) interactions with neighboring protons in the
0 molecule. We note that shf interactions are an additional
0 (1 source of inhomogeneous broadening, which reduces the ac-
= E F(E) (4) curacy with which the magnetic tensor parameters may be

determined from the rigid limit line shape, and it can reduce
where T is Euler's Gamma functiof® In order to check the sensitivity to motion in the near rigid limit. These inac-

whether our results harmonize with the probe and self diffu-curacies for CSL could contribute to the small differences
sion data in OTP obtained by other workers abdye we  between the fitting function and the calculated correlation
used the dynamic cage model fitting parameters that we olfunction. On the other hand, there is no fundamental reason
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TABLE VI. Stretched exponential fit parameters: CSL.

T (K) B 1/675x10°7 (s7Y)
290 0.55 2.45
295 0.57 2.69
300 0.60 3.90
305 0.61 5.50
311 0.63 7.10
315 0.70 7.60
320 0.71 9.30
325 0.79 12.6
330 0.90 14.8
342 0.99 30.2
346 0.99 39.0
351 1.00 42.7
356 1.00 50.1
361 1.00 60.3
363 0.99 61.7
366 0.99 67.6
369 1.00 74.1
372 1.01 79.4
375 1.00 89.0
378 1.00 101.
381 1.01 107.

“Relative errorB*=2%, 1/6r,+3%.

why molecular correlation functions must precisely fit the

stretched exponential function.

Finally, Eq.(4) was used to determine tlje) and hence

(R%=1/6(7), the average relaxation rate for stretched expo:

nential fits. The 1/6, values derived from the stretched ex-
ponential fitting function closely follow the proli®® values.
The increase of the cage potential parameters bdlgvas
the temperature is lowered leads to a significant decrease
B from 1 to less than 0.6. The temperature dependenge of
causeg7) and(R®) to deviate significantly from Arrhenius-
like behavior as shown in Fig. 10. In fa¢R®) is much more
closely proportional to 4 than R®, where 7 is the shear
viscosity, consistent with the Stokes—Einstein—De(8€D)
relation, as we discuss in more detail belojef. also the
1/m dependence shown by the dashed and dotted lines in Figters(CSL: O; MOTA: A), and stretched exponential fits-). (a) CSL. The
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FIG. 9. Calculated correlation functions from dynamic cage model param-

fit parameters8 and 7, appropriate to each temperature may be found in

The agreement with the SED is best for the MOTA Table VI.(b) MOTA. The fit parameter@ and 7, may be found in Table V.

(R% values except for the lowest temperatures analyzed.

The trend for the CSI(R®) values is consistent, but there is
some departure from the SED prediction &g is ap-

proached. In our view this could well be caused by the rehe probe dynamics to that of the cage. _
A stretched exponential witlB#1 has typically been

duced sensitivity of the CSL spectra to the molecular dynam-
ics as the rl is approached.
In order to ensure that our results are not an artifact o

the fitting model, we also fit all of our spectra with a simple

Brownian model of diffusion, as discussed in Sec. Ill. We

found that the BrownianR® values followed a simple
Arrhenius law similar to our results using the dynamic cagewherep(,1q;8) is the probability distribution in relaxation

model as shown in Fig. 7.

Thus, in our view, the average correlation tinge
should really be regarded as the time intedcal Eq. (2)] of
a more sophisticated, but homogeneous correlation functioquestiod®’®7#whether the nonexponential relaxation is ho-
for the motion. For our dynamic cage model fit to a stretchednogeneougconsistent with our above analygisn which

More

generally,

there

J. Chem. Phys., Vol. 106, No. 24, 22 June 1997

B %
) )=f exp—t/7)p(7,70; B)d,
0

exponential,8 is a measure of the extent of the coupling of

taken in the past to imply a distribution of correlation times
jeading to nonexponential relaxatidh®®i.e.,

ol

5)

times~. In Fig. 11 we show distributions of correlation times
in 1/o=17/7y corresponding to various values ok@B<1.

has been long-standing
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FIG. 10. Parameters from fits of motional correlation functions to aF|G. 12. 250 GHz spectral simulation based on an inhomogeneous distribu-

stretched exponential. We plot the average rotational diffusion (R
=1/6(7) (with (7) defined by Eq(4) and 1/6 (cf. Tables V and V), for
CSL and MOTA. The values dR? from Tables Ill and IV are shown for
comparison.A MOTA 1/67,; A MOTA 1/6(7); ¢ MOTA R% O CSL
1/67,; @ 1/6(7); ¥« CSLRY; (---) is the SED prediction for the rotational
tumbling rate of CSLy(—--) is the SED prediction for MOTA; both SED
predictions are proportional to 4/

case all regions of the sample would show the same nonex-
ponential relaxation, or whether the relaxation is inhomoge
neous with a distribution of sites relaxing exponentially,

yielding an overall nonexponential behavior.

We determined the distribution of relaxation times
p(7,79;8) that would reproduce the stretched exponential

fits.”® If we follow the often invoked Ansat?*®"that the

stretched exponential implies that the relaxation is heterogeq

tion of correlation times according to E@5), and parametrized by the
exponentB=0.6. (The stretched exponential function fit was to the corre-

lation function corresponding to CSL at 27 C, cf. tgxt.

l(w:ro,m:f:uw;r)p(r,ro;ﬁ)dr, ®)

wherel (w; 79, 8) is the predicted ESR spectrum correspond-

ing to the stretched exponential parameterizedrpyand 3,
andl (w; 7) is a spectral component relaxing by simple reori-
entational diffusion, characterized by a Debye relaxation

function i.e., =1. To accomplish this, a series of model

slow-motional ESR spectra were calculated assuming simple
iffusion. The weighted sum of the model spectra that were

neous, and we write the relaxation function in the form of@PProximately equally spaced in the variable ldgf), was

Eq. (5), then we may calculate the ESR spectrum associate

with a particular distribution of relaxation times as follows

10E LI B T T T TrrT LI B R T 1 |||||\E

= 1.0 -

I 0.9 1
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a | ]
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FIG. 11. Plot of weighted distributions in &% 7/ 7, (cf. text) for various
values of the parameter 0.43=<1. As 8 approaches one, the distribution of
relaxation times becomes narrower.

{fien computed to generatéw; 7o, 5).

This is consistent with an inhomogeneous distribution of
domains relaxing exponentially, but yielding a “composite”
spectrum described by a nonexponential decay. Figure 12
shows the result of such a calculation at 250 GHz. The pa-
rameters used in the calculation were appropriate for CSL at
27 C. A comparison of the model spectrum shown in Fig. 12
and the experimental spectrum in Fig. 1 at 27 C shows that
the contribution from rapidly tumbling components produces
sharp features in the stretched exponential model spectrum
that are simply not present in the experimental spectrum. We
have performed this same exercise for a variety of cases
corresponding to the different spectra in Figé)land 1(c),

and we always obtain spectra with the characteristics of Fig.
12, that are inconsistent with experimefiVe do find that
summation spectra taken on a denser grid over values of
7/ 7y in the motional narrowing regime, do broaden some-
what the contribution from the rapidly tumbling regime, but
the key spectral characteristics do remain independent of grid
size. It is the assumption of a spread of correlation times that
is the most important feature of the analysWe take this as
strong evidence that the relaxation in the supercooled state is
homogeneous abovE.. This conclusion also appears to us
to be the most reasonable. After all, this is the region of a
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supercooled liquid where MOTA and CSL reorientation rates T [K]

are, R°~10-1 s ! consistent with quite rapid molecu- 2400 380 360 340 320 300 280
|ar relaxat|0n76 10 L L R I L B B I —3
3 Ty T E
11 I i
C. Comparison with the results from other 10 Eo® N 4 E
techniques : ¥ Ey A B
C N ]
. -y 10 — —

We are now in a position to compare our molecular dy- 10 3 A* *4 ‘ E
namics results with the results obtained from other spec~"  [° o e TE ]
troscopies. In order to do so, we shall convert translationa ; 10° ¢ - _
diffusion results of other workers into an equivalent average 8 E
rotational relaxation rate by a procedure we now descfibe. oL ]

It has become commonly accepted to interpret molecula 3 3
diffusion of individual molecules in a wide range of liquids 1
above the melting pointT=T,,) and to some extent also in 1071 -
the supercooled statd &T,.) in terms of the basic Stokes— B L
Einstein relation for translational diffusion 26 28 3.0 32 34 3.6

1000/T [K™]
kgT

D(T)= 6mn(T)r ’ () FIG. 13. Comparison of the temperature dependence of different relaxation

€ rates obtained by various experimental techniques scaled to an equivalent
and the Debye equation for rotational diffusion rotational tumbling rate as discussed in the text. Time correlated single
photon counting data of Ciceroret al. (Ref. 35) --) anthracene(—-)
kgT anthanthrene(—-—) mean behavior of rubrene, DPA, DANS, and BPEA

R(T)= 8—T3 (8) (vertical bars indicate range of values characteristic for these optical

m7( )re probes) B: rotational rates calculated from translational self diffusion NMR

77-80 : _ data of McCallet al. (Ref. 82) €f. text); (—): mean viscosity behavior from
(SED), ~*"whereD andR are the translational and rota- o ¢ ‘%0 2o hitied to coincide with 1080 of the CSL data). Light

tional diffusion constants, respectively is the Boltzmann scattering data of Steffegt al.(Refs. 27 and 660 slow process, ant fast
constant,n(T) is the shear viscosity of the substance of in-process. Other symbol codes as in Fig. 7 for ESR results from this work.
terest, and is the mean hydrodynamic radius of the moving
molecule. In light of the success of the SED in rationalizing
self and tracer dynamics in simple liquids, E¢&) and(8)  tational rates assuming=(67) 1. Whatever the origin of
have frequently been employed in studying deviations ofrg, it is the fastest of all processes shown in Fig. 13, and it
molecular dynamics from SED on lowering the temperaturedoes not visibly correlate with the rotational rate of any
and/or raising the pressut@l423:3543535463658}h grder to  probe.
convertD®™P to an “equivalent rotational rate”, we make At temperatures abov&,,, the diffusion rates of our
use of SED and multiplyD®™ by a conversion factor, probes are consistent with results for OTP self diffuéfon
3re_2/4, cf. Egs.(7) and(8), withr,=4.13 A% Such ascal- and other tracers used in time resolved optical
ing is justified in the temperature range of present interesspectroscopy® Notably, the rotational rate of CSL coincides
since a decoupling of translational and rotational dynamicsvith the self diffusion constant of OTP. Probes used as op-
reported in the literature takes place at appreciably lowetical tracers are generally larger, multiring molecules, and
temperatured®4-16 The self-diffusion translational coeffi- they can be divided into two categories: Those which are
cients,DO™” are taken from Hahn echo NMR ddfasince  extended in space, ramified and, thus, partially flexible, e.g.,
they are tabulated and they are in excellent quantitativeubrene, and those which are flat orthorhombohedron- or dis-
agreement with recent static gradient and pulsed gradierdike such as anthracene or anthanthrene, cf. Fig. 1 of Cice-
stimulated echo'H-NMR and (via SED) with 2H-NMR rone, et al3® Not surprisingly the rotational rates of tracers
molecular reorientation studié$®?3 Also the temperature belonging to the former category are smaller than that of
dependence of the OTP viscosity used for comparison is corGSL. The flat probes reorient at faster rates, with the disklike
veniently given by a phenomenological equation of Ciceroneanthanthrene reorienting at similar rates as CSL, while the
and Edigef? flat orthorhombohedronlike anthracene is closer in diffu-
Coherent neutron scatterfffg® and depolarized light sional behavior to MOTA.
scattering” % studies reported the existence of two relaxation ~ Note that by plotting the “average probe rotational tum-
processes abovE,, the slowa-process consistent with the bling rates” (R%) we improve the agreement considerably
results of other method§;?"#364-668%3n( a fast, less well- between our results and those of other workes3%:60-67
defined process on the ps time sc&é’% Depending on versus the actual measured rotational tumbling r&&s(cf.
how the data are analyzed, the fast process is found to beig. 10). An advantage of our study is that the experimental
either temperature independ&nor to some extent to follow ESR spectra, and the model used to fit them, allow us to
the predictions of MCT® As an example, results from light make a detailed study of the local molecular dynamics in
scattering studiés are included in Fig. 13. The relaxation ways that are inaccessible to spectroscopies that take a
times of both processes, and 7; are converted to the ro- stretched exponential correlation function as a given and do
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not enable one to explore the mechanism of the nonexponeshells on the lattice points, then we can account for the PDT
tial decay. To address this point we now discuss our dynamiand MOTA results by removing an OTP molecule from the
cage parameters in more detail. center of the bcc lattice and replacing it with a PDT or
MOTA spin—probe. PDT will diffuse freely in the large void.
The MOTA results indicate that the bcc lattice departs some-
what from cubic symmetry. If the central molecule of the bcc

Our results have shown that PDT reorients rapidly andattice is removed, it is possible that, locally at least, the two
only experiences a weak dynamic cage. The larger spinplanes of nearest neighbors to the void move toward one
probes MOTA and CSL experience a significant dynamicanother along the “discotic director” orientation. In this pic-
cage belowT ,,. We also have observed that MOTA not only ture, MOTA can rotate freely in a plane parallel to the dis-
reorients much faster than CSL but it also features a substawgotic director and containing the lattice point of the removed
tially different cage potential. The results given in Tables Ill “mesogen unit”.
and IV, and shown in Fig. 8, reveal the initially surprising We estimate below that the dynamic cage experienced
fact that while the ordering of the MOTA long axis with by our spin probes consists of approximately ten nearest
respect to the cage symmetry axis is positiice., c3>0),  neighbors, which is consistent with our simple postulate of a
the CSL long axis ordering is negative3<0), the latter  bcc lattice. Our model for CSL is only slightly more compli-
result being in contrast to the positive macroscopic orderingated. Here we assume that two adjacent bcc ‘unit cells’ are
it exhibits in liquid crystalline medi&33475%and the positive involved. In this case, we remove both central lattice me-
ordering it exhibits in the dynamic cage of a liquid—crystal sogens and insert a CSL molecule in the void. This simple
solvent®® To study the meaning and significance of thesepicture has the correct symmetry to accommodate our CSL
findings we first plotted the orientational probability function data.
for the molecule with respect to the cage, i.B(6,¢) in Although this picture is necessarily qualitative, it does
polar coordinate form[P(60,¢),6,¢]. The resultant prob- rationalize our data. Moreover, it is consistent, as we show
ability surface together with the Cartesian reference framebelow, with estimates of the number of participating neigh-
[x',y’,2'] for CSL, MOTA, and PDT are shown in Fig. 14. bors in the dynamic cage. The model can also rationalize

Note that abovd , there is no significant dynamic cage why the cage diffusion rate is the same for all spin—probes.
as reported by the potential parameters. As we argue belowye view the dynamic cage as a sort of matrix “condensa-
this is due to the absence of local struct(irethe sense of tion” around the guest molecule, and this condensation very
Kivelson and co-workeré'*® and we assume that the spin— likely involves only the nearest neighbors of the probe, as we
probes are reorienting in an isotropic medium. Beldy,  argue based on the model of Kivelson and co-work&t&2*
we assume that a local structure grows in as the temperature We also wish to emphasize that experiméhfsand mo-
is lowered, and we identify the local structure with the dy-lecular dynamics studié&®® do not indicate any differences
namic cage. In order to rationalize our data, the local strucin OTP behavior from that of a normal liquid on crossing
ture must have the following properties: Tm. In particular, no change in the specific voluff&?8

1) There are voids in the local structure sufficiently largethe specific hedt or the excess configurational entrépgn
for the PDT spin—probe to tumble freely. We offer a possiblecrossingT,, have been observed. The Kivelson model and
interpretation of these voids in terms of defect propagation irour results are consistent with this behavior.
Sec. IVF. Since PDT, MOTA, and CSL have distinctively different

2) The voids are not so large that the MOTA spin—probesizes and shapes, some comments as to why the cage relax-
may tumble freely. Although the activation energy is similar ation rate is the same for all probes are in order. First, we
for PDT and MOTA, we postulate that it is the acetamide tailnote that if the probe is of the size of a matrix molecule, then
of the MOTA spin—probe that prevents MOTA from tum- the cage should relax on the time scale characteristic of, e.g.,
bling freely. This is consistent with MOTA having a hydro- dielectric or viscoelastic relaxation referred to the coopera-
dynamic radius between that of PDT and CSL, which istive motion of a limited number of nearest neighb®fs,
plausible on steric grounds, and is roughly equal to that ofvithin some rough distance from the domain cer{tarthe
OTP (hydrodynamic radif§ 4.13 A). probe). In this picture, we interpr&°® as the rate at which

3) The oblong CSL spin—probe prefers to lie along thediffusional events within the solvent cause the dynamic cage
x axis of the dynamic cage, indicative of a “discoticlike” to change its orientatioff Our results suggest that the sizes
ordering® and shapes of MOTA and CSL are in this regime, and a

OTP is a nonplanar molecule, however, and is incapableomparable number of the neighboring OTP molecules
of sustaining long-range discotic order. Nevertheless, a corshould be involved in relaxing their cages.
sistent model may be put forth by assuming that OTP packs It is, therefore, tempting to make an approximate esti-
locally like a discotic, where the “mesogen” units may be mate of the number of molecular events taking part in the
thought of as having the shape of a nautilus sHelfhis  dynamic cage relaxation. If we assume that the dynamic cage
simple picture accounts for the nonplanar character of OTRnaintains its orientation on a time scale set by diffusional
If we were to put such units on a bcc lattice with a lattice events of the solvent in the probe neighborhood, we may
constant approximately equal to two OTP hydrodynamicrelateR® to the translational diffusion constant of OTP by a
radii® i.e., 2x4.13 A, and the “origin” of the nautilus relation of the formR°=D°""d~2n~* whereD®"™Fd 2 is the

D. Description of the dynamic cage
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<)

FIG. 14. Graphs of the orientational probability function for the mo-
lecular ordering framéx’,y’,z’] relative to the cage symmetry axis:
(a) CSL (b) MOTA, and (c) PDT. The plotted surface is defined ky
=P(0,¢)sinfcose, y=P(6,¢)sin §sin ¢ andz=P(6,p)cosé. The
insets show chemical structures and the molecular ordering frame axis
system appropriate for each probe.
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displacement frequency, is the minimum significant trans- 07T 7"
lational displacement length and is of the order of thef

OTP. Also,n is an estimate of the number of translational
diffusion steps of the solvent that are requirB®'" used in

the above relation should be a microscopic diffusion constan
rather than the macroscopic one. For such an estimate th
self-diffusion data of McCallet al. can be use Recent Lo
molecular dynamics simulatioffshave shown that mean 2
molecular displacements of the orderrgfare accomplished 4
in OTP on a time scale of a few gat high temperaturesp

a few tens of pgat lower temperatur¢sand on those time

scales the diffusion constant has already reached its long 2
time asymptotic value. The very good agreement betweer I
the temperature dependence of the simulations and the sel I T R A R RPN AT U
diffusion coefficients(cf. Table Il and Fig. 4 of McCall 240 260 280 300 320 340 360
et al®), at high temperatures suggests tiHt™" value§? T K]

can be used in the estimate mfover the temperature range
of interest. WithR® from our results andi=4.13 A % one
findsn of the order of 10 and weakly decreasing on cooling
from 390 to 330 K.

o0
T

LA B B B B R

FIG. 15. Plot of the temperature dependence of the frustration-limited do-
main sizeRp using parameters appropriate for Ofld?. Eq. (14)].

o _ of Eq. (9), in agreement with our rotational tumbling results,
E. The frustration-limited cluster size model where we find that our high temperature spectra are well
Our estimate of the solvent cage size is consistent wittfescribed by a correlation time with an Arrhenius tempera-
the growth of a frustration-limited cluster size proposed bytUre dependence. o _
Kivelson and co-worker¥884(cf. Sec. ). That model uses The concept of a domain size is also useful for explain-
a dynamic scaling argument to write such properties as th#9 the “turn on” of the cage potential as reported by the
shear viscosityy or the average relaxation timéz) as fol- nonlinear least-squares analysis as the temperature is low-

lows ered. In the frustration model, the frustration-limited domain
. 4 size Rpxe”. Kivelson and co-workef$ estimate thatRp
T log[{7)/ 7o]~T log #/ no]~BT* €™, (9 ~10r, at the glass transition temperature, whegeis the

where »=2/3 for Ordinary three-dimensional critical phe_ size of an OTP mOleCUlg. ThUS, at the glaSS tranSition tem-
nomena,r, and 7, are molecular quantities described by anpPerature roughly Rp/re)°~1000 OTP molecules are in a

activation energy frustration limited domain size. Assuming thRf, may be
written as follows:
0™ N eX[{ Ew/kBT], (10)
T* _T v
To™ Tw eXF[EOO/kBT], (11) RD(T):Rg T—* ’

where .., 7., andE.., are all species dependent quantities (13)

characteristic of the fluid state aboVé&, B is a measure of Rp(Tg)=10re,
the degree of frustration in the system, anis the reduced we may solve forR, to find the temperature dependence of

temperature Rp . We find
™-T 50-T)23
€= (12) Rp(T)=22r, 350 (14)

For OTP, the parameters &f&d* =350 K, B=412, and  Figure 15 shows the predicted temperature dependence of
E..=6.25 kcal/mol. This activation energy is consistent withRy. At T*, Ry vanishes. From the estimate computed
but slightly larger than the dynamic cage activation energyabove, where we found~10, we may infer that-10 dif-
E,=5.0%0.2 kcal/mol we infer from our nonlinear least- fusion steps are required to relax the cage belgw At 330
square fits. K, where the cage potential begins to become significant, we

Note that the molecular time scatg and the molecular estimate thaRp~2.5r, or that there areRp /t )3~ 16 mol-
guantity o are both described by an activated process. Fronecules in a frustration limited domain. This is in qualitative
our dynamic cage model analysis, we note that the probe arajreement with our estimate far
cage diffusion rates are also described by activated pro- We suggest that below a certain minimum valueRpf
cesses. It is the average quant{ity and the macroscopic the domain size is too small to support a significant dynamic
shear viscosityy that show departures from simple activated cage. As the temperature is lowered and the number of mol-
behavior. Furthermore, abovie', the right hand side of Eq. ecules withinRp increases, it is possible for the probe mol-
(9) vanishes, which force&) and 7, to have the same tem- ecule to experience a significant dynamic cage and the po-
perature dependence via the logarithm on the left hand sidential parameters describing the depth of the cage “well”
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increase to reflect this correlated behayior.Estcontinues DO000 o C%@ DOOROO Qg} o0
to increase, the probe molecule, which is coupled mos 08%@&3@ O

tightly to its nearest neighbors, experiences a potential whic

Hap U o
“saturates” as the probe loses dynamic contact with the %&C&gg}@%} %i %—9@ C&D : C& <:4@<&:> Cg%
frustration limited domain boundary. Within the domain, %%%%% o Cg@

fluctuations described by the coherence lenfgjtie™ " be- CE@ %&%gg%
O

come shorter and shorter as the temperature is lowered ai < ég 8 C&D

may be responsi_ble fpr the slight te.mperature dependence OOO O OQC?O OO ﬁf@%&@fo 000
the numbemn of diffusion steps required to relax the cage as

T, is approached. “)OO OO0 Qg) oXe
b S0 ap:

O

F. Two-component features in the PDT and MOTA Q@@@@@ &%& Cg@

ESR spectra O Cg@ é@@@é@q@}
&

We would now like to discuss features of our experi- <28%} C%@ .
mental spectra below, which provide evidence for a dis- &%}&% &%@
crete type of heterogeneous relaxation. That is, this heterc COOO
geneity reflects discrete types of spin—probe interaction with
the solvent cage, rather than, e.g., a distribution of indeperFIG. 16. 2D hexagonal model showing the presence of single site and
dently relaxing domains in the solve’??t.The temperature double site defects. The deqse_pagking indicﬂgﬁilitatively)atempera—
varialon of the 250 and 8.5 GHz ESR spectra befow _ L o1y, (1 [T “erbunen oL o pens aeuee oo
provide us with qualitative information about the dependencecules(b) A system with two single site defectsarked 1)and one double
of the solvent cage on probe size. As we have already dissite defectmarked 2). The molecule marked with an asterisk can flip about
cussed, the spectra of our smallest probe, PDT are consisteﬁﬁ edge bordering on the double site_ defect to ponvert it i_nto tWQ single site

. . . efects.(c) Conversion of a double site defect into two single site defects
with that of an almost freely diffusing molecule down to the via a molecular “flip” around the axis defined by the “edge” of the OTP
lowest temperatures studied, cf. Figga)land 2(a). Addi-  molecule marked with an asterigkf. Fig. 16b)]. Molecular flipping about
tionally, if the OTP sample is not annealed for sufficiently other molecular edges can cause two single site defects to coalesce into a
long times at high temperature3>T,,, before cooling double site defect.
down, the spectra show evidence of Heisenberg spin ex-
change characteristic of PDT spin—probes constrained to be
in close proximity,[cf. Fig. 2a) and the discussion in Sec. see Fig. 16. Each OTP molecule occupies three adjacent sites
[l A]. The spectra of MOTA, which is roughly almost twice on the network. We assume additionally that OTP phenyl
as large as PDT, are in turn, a superposition of two comporings are undistinguishable, therefore rotational dynamics
nents originating from two kinds of species each reorientingabout any of the symmetry axes does not change the position
with a distinctly different rate. On lowering the temperature,of the “particle” on the network. This is visualized by draw-
the slower component in the MOTA spectra converges to théng equilateral triangles joining the adjacent sites wherein
rigid-limit spectrum, while a contribution from the fast mov- each of the three sites is one of the phenyl rings. In Fi¢ajL6
ing species behaves in a similar manner to that of PDT spedhe close packing limicpl) is presented. Note that in the cpl
tra, cf. Figs. 1b) and 2(b). As we argue below, these obser-with random orientation of the particles, each “molecule”
vations imply characteristics in the behavior of PDT andhas -1 neighbors, and that the minimum size of a defect
MOTA, that originate from the same structural properties ofon the network will be of the size of a phenyl ring. Let us
the OTP matrix. now create a void in the system by removing one of the

In the absence of any additional experimental or theorettriangle particles representing the removal of a single OTP
ical evidence on the matter, we present schematic, intuitivenolecule. The neighboring phenyl rings can move into the
2D arguments based on a densely packed OTP m@toix  void space either byi) translation into the void—and this
responding to a temperature closeTtg), which help to ra-  can only happen to a molecule which is not sterically pre-
tionalize these findings, without attempting a specific ar-vented from doing so by the other molecules—or (by a
rangement of the probe molecules in OTP below We  “flip—flop” about one of the triangle’s edges. Whereas only
find that it is simplest to interpret our results beldy in (i) can yield a new void of three sites, bdif and (ii) can
terms of such a model involving dense packing which is insplit the void into two smaller defects: A single and a double
contrast to the relatively open bcc lattice structure that wesite one. Repetition ofii) can split the double site into two
utilized for the frustration-limited cluster-size model. One singe site defects, as we show in Figure 16(c).
could argue that this is consistent with the reduction of the If we put a PDT probe molecule into the proposed sys-
free volume in the supercooled liquid as the temperature igem, it will occupy a vacant site, i.e., a single site defect,
lowered. This might also be consistent with a disruption ofwhich will introduce only a limited amount of frustration in
the locally ordered structure of a cluster. the system because of the size compatibility. The PDT probe

Let us consider a simple 2D hexagonal network, with thewill be surrounded by either four or five particles in 2D.
intersite distance equal to that between phenyl rings of OTPRotationally, the probe should remain essentially decoupled

J. Chem. Phys., Vol. 106, No. 24, 22 June 1997

Downloaded-06-Sep-2002-t0-128.253.229.132.~Redistribution-subject-to-AlP-license-or-copyright,~see-http://ojps.aip.org/jcpo/jcpcr.jsp



Earle et al.: ESR study of o-terphenyl 10013

from the matrix, e.g., reside in the form of an isotropic cagebehavior of the slow cooperative mode in the MOTA spec-
formed by the surrounding particles. The translational dy-ra, that this should be the prevailing mechanism for the dy-
namics will be governed by a highly cooperative process ohamics of CSL. A void of the volume of two adjacent OTP
defect diffusion involving an orchestrated effort of severalmolecules would be sufficient to comfortably accommodate
particles to bring a defect to the probe neighborhood. Th&SL, and we find 7 to 8 OTP molecules surround such a void
larger the number of cooperatively involved particles, theon the network.
larger the distance the defect has to travel before reaching the Although the discussion of this subsection emphasized
probe. Thus, translational diffusion of the single site probe iheterogeneity due to the probe in the regioa T, results
controlled by defect diffusion and the number of defects infrom other spectroscopies indicate the importance of solvent
the system. heterogeneity beloW,, a matter we wish to addre¥sn the

This brings us to two observations. The first is that twocontext of a more detailed analysis of our ESR spectra below
PDT-like probes brought together on our network will haveT.. However, it is appropriate to note that significantly be-
difficulty separating from one another, even if we ignorelow T, the spectra lose their sensitivity &, because it
possible attractive forces between them. If a single site defedtecomes too slow. This is equivalent to saying that, in the
encounters the pair, the probes will probably prefer to diffusgime scale of the 250 GHz ESR experiment, the fluid looks
inside the enlarged cage rather than separate because of fit€ a heterogeneous distribution of cages, because one is not
substantial difference between the inertia of the probe and a@bserving it in a slow enough time scale to see it relax.
OTP molecule. Only an encounter with two or more defects
simultaneously can create a sufficiently large void to allow
the aggregate to separate. This would help to explain th¢ -~oncLUSION
Heisenberg spin—exchange broadening in low-temperature
spectra of PDT. Our 250 GHz ESR study, supplemented with 9.5 GHz

The second observation is that for a larger, double siteesults, provides detailed insights into the localized dynamics
probe(e.g., MOTA) not only translational but also rotational of probe molecules in OTP solvent aboVg. We find that
dynamics would require a strong cooperative effort with thethe 250 GHz spectra of the larger CSL and MOTA probes
surroundings to facilitate reorientation of the probe, as arbelow T, are very well described by the dynamic cage
gued by, e.g., Matsuoka and QuUHriThis probably explains model of Polimeno and Fre€d.The probe reorientation
the two-component feature of the MOTA spectra. This probeaates and the cage relaxation rate both follow simple Arrhen-
can fit into either a single or double site vacancy, with 5—7ius Laws consistent with elementary rate processes. The mo-
surrounding particles. The single site occupancy would retecular (i.e., spin independentorrelation functions for this
quire, however, some kind of local structural adjustment inmodel are themselves substantially different from simple ex-
the hexagonal network to accommodate the tail chain. Conponential(i.e., non-Debye-like). These results are consistent
sequently, any reorientation of the probe in this case requiresith homogeneous liquidlike behavior of OTP aboVg.
an orchestrated effort of the probe and surrounding particlettempts to reinterpret these spectra in terms of models of
It is important to note that the local positional adjustment ofheterogeneous but simpl@rownian) reorientation lead to
OTP molecules and the dynamic cooperativity requires, irunsatisfactory fits and/or are inconsistent with the approxi-
our model, the involvement of only a few of the nearestmate Stokes—Einstein behavior found for molecular relax-
neighbors. The rotational dynamics changes, however, wheation by other techniques when average reorientatmm
a defect encounters the probe and the probe has a double sitther) rates are considered. However, the average reorienta-
vacancy at its disposal. The probe gains sufficient space ttion rates obtained from the very good fits of the dynamic
rotate freely in a manner similar to PDT, as long as the locatage model to the ESR spectra are in accord with the results
rearrangements do not remove the defect, and this should iewm other techniques.
difficult as we argued above. These distinctly different sur- In the context of the frustration-limited cluster size
roundings, if present, give rise to two different time scalesmodel of Kivelson and co-worker$,we find that the dy-
for the rotational dynamics, a slow, cooperative one and aamic cage, formed from the neighboring OTP molecules,
fast one, characterized by rapid tumbling in a steric cagereaches a certain size, on the order of 10 molecules, before
The relatively large population of double site and larger sizeéhe dynamics show significant departures from simple
voids seems to persist, probably even to temperatures fa8rownian relaxation. The ESR spectra indicate the existence
belowT., as manifested in our MOTA spectra, cf. Figéh)l  of substantial voids in the system which permit unhindered
and 2(b)and the discussion in Sec. Il A. An estimate of the rotational dynamics of the small PDT molecule down to be-
fraction of probes taking part in each of the processes ifow T,,, PDT aggregation below., and the existence of
beyond the scope of the present paper. slow and fast components in the MOTA spectra belfw

Although the MOTA spectra suggest relatively large, The cage potential parameters for CSL and MOTA yield
double site and perhaps even larger voids belgwthere is  estimates of the orientational distribution of these probes in
a limit to the stable void size, as evidenced by the absence dfie cage potential. Our interpretation of these parameters
void-driven aggregation of MOTA and CSL in the experi- suggests that, in the rangeBf=T=T., OTP packs locally
mental spectra. We do not discuss the accommodation of tHike a discotic with mesogen units having the shape of a
CSL probe on our hexagonal network, but it is clear from thenautilus shell.
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