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Geometry and time scale of the rotational dynamics in supercooled toluene
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Multidimensional deuteron NMR provides powerful tools for studying molecular reorientation in super-
cooled liquids. We present results on selectively deuterated tollieneshich may be one of the molecularly
most simple van der Waals glass formers. From two-time correlation functions the time scale of reorientation
was obtained slightly above the calorimetric glass transition temperature. The applied stimulated echo method
provides a geometry parameter that, in analogy-tkependent scattering experiments, allows one to investi-
gate the geometry of the elementary rotational process. Continuous time random walk computer simulations
were used for the interpretation of the data. It is shown that an isotropic single jump angle model does not
describe the toluene rotation, rather the existence of several jump angles is required. Assuming mainly small
jump angles<6° but also some larger angles up to 30° an acceptable fit to the experimental data was obtained.
Using four-time correlation functions further properties of molecular reorientation are elucidated. Slow reori-
enting subensembles can be selected. Their return to the full ensemble occurs on the same time scale as the
elementary rotational jump process. In accord with previous investigations in other supercooled liquids, a
heterogeneous scenario is found for the rotational dynamics of tol®h@63-651X98)10402-6

PACS numbgs): 61.20.Lc, 61.25-f, 61.43.Fs, 64.70.Pf

I. INTRODUCTION seen in the pronounced non-Debye spectral density observed,
e.g., in dielectric experiments. Controversial discussions
One prominent feature of glass forming liquids is theconcerning the origin of the nonexponentiatelaxation led
slowing down of the characteristic time scale associated witlto a number of experiments dealing with this question. In
structural relaxation over many decades with decreasing tenprinciple two extreme scenarios are conceivable. Inttbe
perature. Although this behavior is found qualitatively with mogeneousicture all molecules of a sample relax in a simi-
many experimental methods, there are indications for slightar but nonexponential way. The other extreme ishbeero-
differences for different observables. In several supercoolegeneousase, where a distribution of exponential relaxations
liquids, e.g., a so-called temperature dependent decoupligads to the nonexponentiality. Several recently developed
of translational and rotational dynamics occlits Here, dif-  experimental techniques allow for studying this issue
ferent properties are compared, but even the rotational dyi8,9,10. The underlying principle of these experiments is
namics alone as observed with two different methods leadepughly the same. First a dynamically distinguishable suben-
to different results. A recent comparison of dielectric relax-semble is selected and then its relaxation back to the overall
ation and relaxation times from NMR of supercooled toluenedynamics is observed. In that way a nonhomogeneous sce-
near the calorimetric glass transition indicates deviations thanario was found in several glass forming liquids and poly-
cannot be explained by the different Legendre polynomialgners[8—13. Furthermore, there are indications for dynami-
associated with the two methofg]. Most recently, several cal exchange, which means that, e.g., slowly reorienting
of these apparent differences including the translationalmolecules become fast and vice versa.
rotational decoupling have been interpreted within a simple Altogether it turns out that the detailed knowledge of the
energy landscape modg,4]. In this model, transitions be- dynamics in supercooled liquids is essential for an under-
tween different energy minima are directly connected withstanding of the vitrification process. Therefore there is much
rotational and translational dynamics. It turns out that for ainterest in the study of glass forming liquids consisting of
quantitative description of experimental data by this modesimple molecules. One of the molecularly most simple van
the geometry of the molecular dynamics is essential. der Waals bonded glass formers may be supercooled toluene
Mode coupling theory(MCT) describes density fluctua- (CgHs-CHz). Of course the methyl group attached to the
tions and predicts a variety of time scales on which dynamicghenyl ring performs rapid rotations around @g axis. On
occurs[5]. In a recent extension of this theory to molecularthe other hand at temperatures négrand above, this inter-
liguids orientational degrees of freedom were included innal motion is fast compared to the overall structural relax-
addition to density fluctuatiori$]. It was found that by this ation. Therefore only a time-averaged molecular structure
extension different strengths of thepeak with respect to the needs to be considered. Detailed studies on the methyl-group
microscopic peak are possible, depending on whether dieletetation in the glassy state of toluene were perforriibg]
tric relaxation or density fluctuations are considered. Withand will be published elsewhere.
regard to the MCT extension it becomes necessary to study In this work phenyl-ring deuterated toluene has been mea-
the rotational dynamics of supercooled liquids in more detaikured slightly abovd 4 using deuteron NMR. The main ad-
in order to understand certain differences in thpeak sce- vantage of?H-NMR is that it provides a means to measure
nario, which are experimentally well know]. single particle correlation functions. On the other hand selec-
Another characteristic of supercooled liquids n&gris  tively deuterated compounds allow one to focus on the de-
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Under the assumption of isotropic reorientation the mean
rotational correlation time is now defined by

(a) (b)
to] tm |t to » &

/\ = | Filter |_J\ (1e)= f: F33(tp—0tm)dtp. (4)

(©) ¢ /F4 In this work the rotational isotropy was not explicitly dem-
P 1\ L2 tp onstrated, but it is found in similar supercooled molecular
) i ) H liquids like o-terphenyl(OTP) [22] or glycerol[17].
Filter A Filter - A restriction of the time window accessible to the stimu-

lated echo method is given in principal by spin-spin and
FIG. 1. The stimulated echo sequerfagcan be understood as SPin-lattice relaxation. In addition to decorrelation due to

a dynamical filter(b) allowing only slow reorienting molecules to Molecular reorientation, both effects lead to loss of magneti-
pass. The reduced 4D NMR experimen} now consists of two ~ zation. Since spin-spin relaxation acts only during the evolu-
successivér, pulse sequences, andt,, determine the filter func-  tion period, it is negligible in the limit,—0. Spin-lattice
tion, only t,, is varied leading td= ,(t,). relaxation on the other hand becomes important during the

mixing time and can therefore mask the desired rotational
sired dynamics. In the case of toluedg-the phenyl-ring correlation function. Therefore a separate measurement of
rotation becomes observable. Stimulated echo techniquake spin-lattice relaxation is advisable. In the cas€¥fthe
were applied in order to obtain insight into the different as-spin-lattice relaxation of the Zeeman orddr;] can easily
pects of the rotational dynamics. Along with the determina-be measured by standard techniques. This is the reason why
tion of rotational correlation times as a function of tempera-we used these correlation functions to learn about the rota-
ture a detailed analysis of the elementary molecular rotatiofional geometry. The situation is somewhat more compli-
process is performed. Using four-time stimulated echo excated in the case of3°, where spin-lattice relaxation of
periments the dynamical heterogeneity of the reorientation iguadrupolar orderT,) becomes important. This contribu-
studied. tion cannot be measured independently from the rotational

The remainder of the paper is organized as follows. In thegrrelation function.

next section we present the experimental methods to measure virtually all experimental methods for studying molecular
the different two- and four-time rotational correlation func- reorientations measure rotational correlation times, depend-
tions. The experimental results are discussed in Sec. lll anghg on the elementary rotational jump process. The correla-

we close with some conclusions in Sec. IV. tion functionsF3Yt,—0,t) decay to 1#, if the molecules
have reoriented around a particular angle, which lfer2
Il. EXPERIMENTAL DETAILS methods is between 42° and 57°. On the other hand, at the

same time theijump correlation functiong18] can differ
_ o enormously. In the following we consider an isotropic jump
In deuteron NMR the molecular orientatidd is probed  process with a constant jump angl®. Then the jump cor-

directly via the angular dependence of the quadrupolar frerelation timer; is related to the rotational correlation timg
quencyw(6) =+ 5P,(cosd). The angle enclosed by the di- py [18]
rection of a C-D bond and the external magnetic field is

A. Two-time correlation functions

denoted byy, the quadrupolar coupling constant for toluene- 7 3
ds is 6=(1.18us) ! [15]. By applying a standard three T—ZESiHZAH- 5)
pulse sequencsee Fig. 1a)] [16], two-time rotational cor- €

pendent quadrupolar frequencies are correlated before a jmilar relations hold for the correlation times as extracted
after a mixing timet,,. With appropriately chosen pulse rom methods such as, e.g., dielectric spectroscapy1).

: : In the limit of infinitesimally small angled 69— 0 the stan-
phases two different functions, dard rotational diffusion model is obtained ang is no
F3°=(sin w(0)t,]siM w(ty)t,)/(sif{w(0)t,]) (1) longer defined. The other extreme is the rotational random
jump scenario, where both correlation timgsand 7. are
and equal.
The stimulated echo method now provides the possibility
F§C=(cos{w(O)tp]cos{w(tm)tp])/<co§[w(0)tp]) (2)  to measure both correlation times depending on the chosen
evolution timet, . In the limitt,—0 one obtainsr., while
can be obtainedt, is the evolution time and adjusts the for very larget,, (depending on the jump angléhe elemen-
sensitivity of the experiment with respect to changes in theary jump correlation timer; is accessible. In addition, cor-
quadrupolar frequencies. relation timesr(t,) corresponding to the intermediatg re-

For our first applicationF5® is considered in the limit gime provide further information on the rotational geometry.
t,— 0 where Eq(1) becomes the autocorrelation function of The analogy to a scattering experiment is straightforward.
the Legendre polynomidP,(cog #]) [1] While at small scattering vectay (smallty) long-time dif-

fusion can be observed, at large enough scattering vegtors
F3(tp—01tm) =(P2(cog 6(0)])P,(cog 6(tn)1)). (3)  elementary jump processes are SEES.

relation functions can be measured. Here the orientation d%d
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We have measured the detaitgddependence of the cor-

-1 A L T 7T
relation functions gc(tp,tm) to investigate geometric as- = 107 ] ® 3
pects of molecular rotation. In principle the same informa- A, 10"_’ ®e oe 3
tion can be obtained fror5t,,ty), which, however, can v 107 F ®e0 o 1
be affected byl , as discussed above. The larger the evo- 104 L (a) ]
lution timet, is chosen, the smaller the changes in the qua- ——— —
drupolar frequencyw are that can be resolved. Correspond- 0.50 (b) )
ingly, in this limit reorientations by relatively small angles T a ¥ "
lead to a decay oF5° already. With a whole set df, de- = 045 Ll B i
pendent correlation functions the geometry of the elementary =
rotational process can be analyzed in detail. Interpretjres 0 T T 5 o6
a “generalized” scattering vectay nothing but aq depen- T[K]

dent “scattering experiment” is carried o{i20]. The well
known deuteron 2D NMR exchange spectroscopy represents
a similar experiment in the frequency domd@i]. Espe- FIG. 2. (8 Meanrotational correlation times of toluends ob-
cially in systems where molecules reorient via large angulatained with the stimulated echo technigde). The stretching expo-
jumps this method allows for data interpretation without anynents 8 of the corresponding correlation functions decrease with
model assumptions. However, the time domain analysis oflecreasing temperature.

the stimulated echo as carried out in this paper provides a

higher resolution on small angle jumf2,23. tation are also seen ifr, as was e_xpe_rimentally demon-
strated for the case of rotational diffusion of polymer col-

loids[26]. From this observation it becomes obvious that the
knowledge of the elementary rotational jump geometry is
Since a detailed description of the reduced 4D NMR ex+equired for interpreting four-time correlation functions.
periment is given elsewhel@,11,13,24, the basic idea of
this method is only sketched here. Combining Eds.and
(2) one obtaing ,= (F5°+ Fgc)/2:(cos{w(O)—w(tm)]tp). As- All experiments discussed in this paper have been per-
suming a rotational jump process, for large evolution timegormed on a home built spectrometer af’l Larmor fre-
dt,>1 this function can be understood aslynamicalfiter ~ quency of 40.2 MHz with a typicair/2 pulse length of 2.8
of molecular reorientatiofisee Fig. 1 Any rotational jump  #S. Temperature stability to withit-0.1 K was maintained
that takes p|ace duringn alters the NMR frequency of a using a static flow cryostat from Oxford Instruments.
molecule to such an extent that its contributionRg van-
ishes. Only the fraction of molecules that have not jumped . RESULTS AND DISCUSSION
during the mixing time,, contribute toF,. In this picture no
enhanced return-jump probabilifi25] is assumed as it is
justified, e.g., in the case of the rotational random jump Rotational correlation timegr) of tolueneds have been
model. measured in the temperature range 121.7-125.5 K slightly
The reduced 4D NMR experiment now consists of twoabove the calorimetric glass transition temperature
successivéE, pulse sequences. With the first one, a subenTq=117.5 K[27]. In comparison to earlier measurements
semble of molecules is selected, which have not reorienteflL5], the accessible regime of correlation times could be en-
during the first mixing timet.,;. Their magnetization is larged by a factor of four using an extended phase dyafi¢
stored with an additional pulse. After a mixing tiryg,, the It should be noted that temperature stability and accuracy
secondF, sequence is applied with the same parameters agere examined carefully, since already small deviations lead
the first one. Therewith the same filter is applied twice. Onlyto enormous variations in correlation times. In the entire

slow molecules, which pass the first filter and remain slowtemperature regime nonexponential correlation functions
duringt,,,, will also pass the second filter and contribute towere found that could be fitted to the stretched exponential

the four-time correlation function function F;SOCeXF[—(t/TC)B]. A mean correlation time was

obtained by integrating the normaliz&g® [cf. Eq. (4)] lead-

E(tm) =(cog (w1~ wa)tp]cod (w3~ wa)tp]),  (6)  ing to (r)=7.8 (B 1), whereT denotes the gamma

function. In Fig. Za) the rotational correlation times of tolu-
with w; = w(t=0), w,=w(t=t,), wz=w(t=t,+t,,), and ene thus determined are plotted versus temperature. From
ws= w(t=2t,+t,,). On the other hand, slow molecules recent dielectric relaxation measuremef®$ it was found
that become fast during,, cannot pass the second filter and that toluene shows a very fragile behavior. There a fragility
therefore lead to an attenuation®f(t,,,). From these con- index m=105 was obtained by analyzing the temperature
siderations, the normalized function F,(t,») dependence arourid, [28]. It turns out that toluene is one of
=E4(tm2)/E4(0) can be seen as a correlation function forthe most fragile aromatic low-molecular-weight liquids.
dynamical exchange. Indeed, under ideal conditions the coiHowever, the above-mentioned dielectric relaxation times
relation functionF,(t,,,) does not depend on the jump pro- are a factor of ten shorter in this regime, which could not be
cess and reflects only dynamical changes. In the case @iplained by the fact that the different techniques yield dif-
small jump angles, on the other hand, if the conditibd  ferent mean values or the different order of the Legendre
>7T(tp§)*l is no longer fulfilled, contributions from the ro- polynomials[2].

B. Four-time correlation functions

C. Experimental setup

A. Rotational time scales
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FIG. 3. Tolueneds rotational correlation functions5%(t, ,ty) 010 2030 40 30 60 70
for different evolution times,, measured at =122.2 K. The de-
cay of the longitudinal magnetizatigdashed lingis well separated tp [s]
from the rotational correlation functions.
FIG. 4. Results from the parametrization of th§" correlation
Not only the distinct temperature dependence of the structunctions.(a) For larger evolution timet,>50 us the experimental
tural relaxation but also the pronounced nonexponentiality ofmean correlation timeg(t,)) (®) reach a plateau value that is
the corresponding correlation functions is a characteristic ofompatible with a simple rotational jump model that assumes one
supercooled liquids nedf, . In toluene we find a stretching distinct jump angle 10° and a static distribution of correlation times.
parameter of3~0.5 for the rotational correlation function. (0) The width parameteg shows no significant, dependence.
The slight temperature dependence ®is plotted in Fig.
2(b). With decreasing temperatures the correlation functiongorrelation times is very broad as it is in the case of toluene-
F5° become more nonexponential. It should be noted thafls- Thens(ty) is dominated by the width of the distribution,
qualitatively the same tendency was found in the width ofwhereas the geometry of reorientation is comprised(tf).
the spectral densities obtained by dielectric spectroscopy In Fig. 4 the resulting 7(t,))/(7c) [full circles, Fig. 4a)]
[29]. In Sec. Il C of this paper we will focus on further andg(t,) [full squares, Fig. é)] data of thet, dependent
details of this non-Debye behavior. correlation functions are plotted for one temperature. The
The influence of the spin-lattice relaxatidiy, on the ~mean correlation times were calculated from the fit param-
obtained correlation functions was estimated as followseters again by r(t,))=(t,) 3~ 'T'(8~"). To simplify the
From other g|ass formers such Merphenw and g|ycero| it representation, in the fO”OWing Only relative time scales
is known that at temperatures aroufig the quadrupolar (7(t;))/(7c) are considered. The oscillations @f(t;)) as a
order decay timd ,, decays about 68 times faster than thefunction oft,, are due to the cosine functionsj® [Eq. (2)]
Zeeman ordefT;. Therefore it is expected that only at the and would be phase shifted considerifg’. However, as
lowest temperature measured hétg1.7 K,(T,)~0.2 9 the  seen in Fig. ), the width parameterg are about 0.5 and
rotational correlation time of tolueng £;)=0.025s) could show no significant, dependence. Neglecting the oscilla-
be affected byT;o. At higher temperatures the time scalestions in Fig. 4a), the mean correlation timeér(t,)) de-
of spin-lattice relaxation and reorientation become more andrease with increasing, and become almost constant for
more different, so thal,q effects can be neglected. t,>50 us. At these evolution times we are in the limit of
measuring the jump correlation tinde;). Applying Eg. (5)
to the plateau value, a mean jump angleAaf~11° can be
_ ) _ ) estimated. It is noted that this rough estimate does not take
With a detailed set of, dependent correlation functions into account either a distribution of correlation times or a
Fgc(tp .tm) geometric aspects of molecular reorientation aregistribution of jump angles.
accessible. Since the measurements are relatively time con- To analyze the rotational geometry in more detail, we
suming, data were measured only at one temperaiure have compared the experimental data with model calcula-
=122.2 K. The spin-lattice relaxation tim€; was deter- tions. For this purpose we have used several isotropic rota-
mined separately. We found an almost exponential magtional jump models. Starting from a randomly chosen orien-
netization decay, which could be fitted with tation, molecular reorientation is modeled to consist of
exd —(t/0.09%)%%]. The rotational correlation timér.)  rotational jumps with well defined jump anglésd. In the
=0.023 s was measured as described in the previous sectidimit of A#—0 the standard rotational diffusion model is
The obtained5° data are analyzed following Gedt al.  obtained. A detailed description of the model calculations is
[22]. In a first step we parametrize the experimental dataiven in Appendix A.
(see Fig. 3 with a stretched exponential function In our first simulation a rotational jump model was as-
exp{—[t/T(tp)]ﬂ(‘p)} to obtain the time scales(t,) and the sumed that incorporated fixed jump angles and a log-Gauss
widths B(t,) of the correlation functions. It turns out that the distribution of correlation times. The width of the distribu-
two parameters(t,) andB(t,) reflect two different aspects tion was chosen to fit thg(t,,) values in Fig. 4b). To illus-
of the reorientation, at least if the distribution of rotational trate the effect of different jump angles ¢nm(t,)), in Fig.

B. Rotational geometry
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FIG. 6. Models involving four different combinations of two
jump angles are simulate@ines) and compared with the experi-
FIG. 5. The experimental da{®) are the same as in Fig. 4. The mental dat4®) (see Fig. 4 Deviations from the experimental data
solid line represents the simulation with two rotational jump anglesare obvious in all calculations and demonstrate the dependence of
80% 4° and 20% 25°. The simplest model with only one jump anglehe angle combination on the simulation result. The amount of

deviates significantly in the intermediate regimgd<t,<30uS  |arger and smaller angles was chosen to fit the plateau valye at
(dashed ling =70 us.

4(a) the calculated data are plottétiill lines) for several Fig. 6 several combinations of jump angles are plotted to
fixed jump angles. With increasinty the correlation times demonstrate the deviations._lt should be no_ted that inc_iepen-
(7(t,)) decrease and assume a plateau value for layger dent from the exact numerical values, mainly small jump
which depends o\ 6. As mentioned above, the oscillations angles are required in conjunction with a small fraction of
should be disregarded. Only in the case of rotational diffusome larger jumps in order to yield an acceptable fit to the
sion no constan{r(t,)) is reached for large,. The other ~experimental data.

limit would be the isotropic random jump model, where all An equivalent picture is obtained if continuous jump
correlation timeg 7(t,)) and(.) are equal, but which is not angle distributions are assumed. Many different distributions
considered here. From the comparison of the experimentavere tested, but only a few of them fit well to the experi-
plateau value with the single jump angle simulatigffgg.  mental data. We find that symmetric distributions such as
4(a)] a mean jump angle arounkié~10° can be extracted. Gaussian or box distributions are incompatible with the ex-
This value is somewhat smaller than our first rough estimate@eriment. Rather a strong asymmetry of the distribution is
since we now consider a distribution of correlation times thatequired. In Fig. 7a) a truncated exponential distribution is
appears realistic. However, in the rangg.€<t,<20us plotted that shows similar good agreement with the data as
significant deviations between the model calculations and ththe simple two angle model described above. This distribu-
experimental data are apparent. tion again involves mainly small jump anglé®) and some

In addition to a distribution of correlation times, one larger ones.
would expect that a model with a distribution of rotational In general two regimes of thg, dependent correlation
jump anglesA@ gives a more realistic description of the re- times can be distinguished. The first regime is characterized
orientational dynamics in a supercooled liquid. Therefore,
computer simulations were performed using various forms of
jump angle distributions. Within the simple rotational jump
simulations performed in this paper, it is straightforward to
take into account such a distribution. Whenever a jump oc-
curs, the corresponding angled is chosen randomly from
the given distribution.

The simplest possible distribution that we have consid-
ered consists of two components. Indeed, with mainly small
jump angles and some larger ones a reasonable agreement
with the data is obtained. We find an optimum with 80% 4° ! . s
and 20% 25° jumps; see Fig. 5. With this choice not only the 0 1020 30 40 30
plateau but also the intermediate ranget,<20 us can A¢ in degrees
be described significantly better than without a distribution
of jump angles. A similar picture could be obtained with, FIG. 7. Rotational jump angle distributions of the best fitting
e.g., 3° and 30° jumps, but not any combination is possiblejump models. Both distributions, the continuous and the discrete
Choosing the large angle component to be 35° or largeristribution, are similar: in addition to mainly small rotational
deviations to the experimental data become obvious. Alsgumps also some larger jump angles occur. The continuous distri-
the deviations increase if the small angle is set below 3°. Irbution is proportional te~ %€ for A §=1°.

2(Ad)
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by a decreasing dfr(t,)) with increasing, and in our case our simulations each small angle rotational jump leads to a
runs from 1us to 40us. As clearly demonstrated in Fig. 5, new molecular orientation; no reorientations or librations
this regime yields different information on the jump geom-around equilibrium positions were assumed. Therefore our
etry than the plateau regime at larggvalues. From the first small angle jumps differ from the dynamics typically as-
regime we learn that small angle jumf@mnaller than 10° sumed for secondary relaxation processes.

contribute significantly to the decay of the rotational corre- In a simple picture, different jump angles could also be
lation function. The plateau valuer(t,—=)) reflects a explained assuming only one process. Then the large angle
mean jump angle. This information was also used in the datiumps (~25°) are ascribed to elementary reorientations of
analysis ofo-terphenyl, where a mean jump angle-efl0°  the molecules. The large amount of small rotational jumps
was extracted22]. It is noted that the averaging over severalfound in the experiment could be attributed to localized de-
jump angles is not a simple arithmetic averaging, rather iformations, induced by the elementary jumps. If one mol-
depends on the experimental methods with which the meaeacule reorients by a 25° jump, the local potentials change and
jump angle is observed. In our case the calculation of a meatie neighboring molecules also will move, which could yield
jump angleA 6 from a distributiong(A 6) is straightforward the small-angle contributions. In this context we note that an

using the plateau value given by/ 7. (see Appendix B approach t.hat takes the shoving work on the surrounding
molecules into account was used to explain the temperature

7 3 ) 3 — dependence of the viscosity in several supercooled liquids
—=3 j d(A6)g(A6)sir? A0=§sm2 Ao (D [37]
¢ For a more detailed interpretation of the two-time corre-

It is remarkable that in a polymeric system at temperaJation_functions further data are required. Parfcicularly sys-
tures slightly abovd, a similar scenario with different jump tematic temperature dependent studies could give some hints
angles was found30]. Using a difference correlated ex- @S to the importance of a secondary process, sin@nd
change spectroscop®ICO) NMR experiment, it was ob- slow B processes show significantly different t_emperature
served in polystyrene a rotational process with small jumrfjependences. It s_hould be noted_ that the data interpretation
angles around-10° but also some larger contributions of Performed above ignores dynamical “exchange,” which is
30°—40°. The latter could not be attributed to conformationafh® subject of the following section.
rearrangements typical for chain dynamics. In addition, from
molecular dynamics simulations of a simple model of the C. Dynamical heterogeneity
glass former-terphenyl, different types of reorientation in- ) ) i )
cluding small angle fluctuations but also large angle jump '€ Stimulated echo experiment yielded two-time corre-
processes were identifié81]. Ietron functions, which decayed srgnrfrcantly nonexponen-

From our experiments we cannot determine whether smalfa!ly- The reduced 4D NMR experiment allows one to elu-
and larger angle jumps are both connected with the structurgidate this nonexponentiality further. In - toluedg- the
relaxation. Or should the small and large angle jumps bdransversal relaxation time, is very short (-35us) in the
attributed to different dynamical processes? Although statelnteresting temperature range abolg and measuring the
ments about this issue are speculative, it should be noted thfgur-time correlation functions becomes very time consum-
indeed further processes faster than the structural relaxatidA9: ) . . o
are observable in almost every glass former. The so-called FOr the choice of an appropriate filter it is necessary to
fast 8 process predicted by the MC[B] takes place on a know the two-time rotational correlation function. We have
time scale of~10"*2s and cannot be observed with the MeasuredF5(t,,ty) at T=123 K with an evolution time
NMR techniques employed in this paper. On the other hand,p::go ,bLS. The choice of this value is the result of conflict-
the slow3 process found by Johari and Goldstg®] near ing requirements. On the other hangl, should be large
T, occurs in the kHz regime and is therefore much closer t¢nough that any rotational jump will alter the NMR fre-
the time window of the stimulated echo experiment. How-duency so much that the jumped molecule will not contribute
ever, it is still unclear if the latter process represents an into F3°. On the other hand is the limiting factor to longer
trinsic feature of the glass transition or if it rather depends orvalues, unfortunately. The problem of choosing a proper
the molecular structure. In toluene, below the glass transitiofreparation time should be taken seriously, since otherwise
a slow 3 process could be identified using NMR relaxation not only dynamical exchange but also rotational dynamics
measurement§l5], which subsequently was confirmed by contributes to the four-time correlation functip26].
dielectric measuremen{g9]. Due to the simple molecular ~ The experimentally obtained two-time correlation func-
structure of toluene, no intramolecular degree of freedom cation F5° was fitted to exp—(t/7)?] yielding the parameters
be responsible for this procef33]. Rather the whole mol- 7=4.7X10"% s and3=0.48. In analogy to previous experi-
ecule undergoes some kind of librational motion, which wasments[11,13 the filter timest,, for the four-time correlation
shown to be highly anisotropid34]. In supercooled function were chosen to be on the same order.dsgure 8
o-terphenyl it was found in dielectric experiments that theshows the four-time echo functiofs, which were taken for
slow B process depends on the annealing history. Annealingwo filter timest,=4.6x10 % s and 7.& 10 * s, respec-
these samples at temperatures slightly beTgwthe strength  tively. The decay of theé-, function signals that in toluene
of the secondary relaxation decreases and seems to vanistdeed slow subensembles could be selected. Since due to
for long times[35]. In toluene on the other hand, this anneal-detailed balance after reequilibration,§— o) some parts of
ing effect could not be observed, neither in NMR-disper-  the selected slow subensemble must remain slow, a finite
sion experiments nor with dielectric spectroscd@g]. In plateau value is obtained.



2016 G. HINZE 57

. . — . o tistate rate exchange models. While these models deal with

1.0 _w ] distributions of rotational and exchange rates, respectively, it
osl " "-"_._ ] was shown to be even sufficient to use only a single distri-
= o6l ."»'; 1 bution of rates within the framework of an energy landscape
0al t =460us "am,, Ma ] model. Conn_ectlng th_e transitions fror_n one energy minimum
’ " ] to another directly with a rotational jump process, experi-
1.2 e mental 4D datgOTP) could be well describef]. In poly-
1.0 M g meric glass forming systems similar inhomogeneous sce-
og[ = ¥ » . ] narios were found previously8,12,13, where the time
= 060 - "'._ ] scales of the selection and the reorientation are comparable.
04l t =780us P ou ] With the reduced 4D experiment performed on toluene,
02 L . . .i..!.!...... we can identify inhomogeneous dynamics to be one reason
“10°  10% 100 102 101 for the nonexponentiality of two-time correlation functions.
t 8] The return of selected supensembles occurs on the same time
m2 scale as the elementary jump process.

FIG. 8. Tolueneds four-time rotational correlation functiors,
obtained with two different filter times,,=460us (a) and t, V. SUMMARY

=780us (b), respectively. The solid lines result from simulations In this paper the rotational dynamics and geometry of

with the static correlation time distributions. The deviations dem-t | de is i tigated in th led state at t
onstrate that this simplification does not hold, rather dynamical ex0lUeneds 1S nvestigated in € supercooied state at tem-

change has to be considered as being responsible for the decay Rfratures slightly abové,. Using multidimensional NMR
Fl. techniques two- and four-time rotational correlation func-

tions have been measured. Thus both the time scale and the

To check the filter efficiency of the reduced 4D experi- 9eometry of the molecular reorientation are investigated at
ment, computer simulations as described above were pefoe same time. The temperature dependence of the measured
formed. As input the rotational jump geometries of the twoNMR r(_)tational correlation times is in accord with dielectric
scenarios sketched in Fig. 7 were assumed. Orientational tr&€laxation datd2], but the former are a factor of 10 slower.
jectories of single molecules were produced using the sam&his cannot be explained by the different Legendre polyno-
algorithm as for the two-time rotational correlation functions Mials associated with the two methods.

(see Appendix A No dynamical exchange was assumed in  While the rotational correlation times are accessible in the
the calculations, which means that the rotational correlatiofimit of vanishing evolution timeg,—0 of the stimulated
time along one trajectory was constant. With the two angleeCho experiment, the rotational geometry is studied by mea-
model(4° and 259 as well as with the distributed jump angle Suring the explicit,, dependence of the two-time correlation
model the calculate&, curves differ significantly from the functions. Since the time window that is accessible with the
experimental datéFig. 8). This means that the simple static NMR method is very narrow, the rotational geometry is stud-
models used in the previous section cannot describe the ejed only at one temperaturé=122.2 K. Data evaluation
perimental four-time correlation functions although they arewas performed by comparing experimental data with com-

sufficient for the two-time correlation. puter simulations of different rotational scenarios using a
In order to parametrize th&, data we have used the continuous time random walk algorithm. It is found that the
Kohlrausch function assumption of only one jump angle does not describe the

experimental data satisfactorily. Rather a distribution of
F4(tm2)=F2+(1—Fg)exp{—(th/Zrex)BeX]. jump angles is required. Already two different angles are

sufficient to fit well to the experiment. The main contribution
The results of the fitgTable )) show a significant depen- to molecular reorientation is due to small angle jumps®,
dence on the filter time,,. With increasingt,, the decay whereas more rarely larger jump angles up to 30° occur.
time 7 increases too. In addition, both correlation timgg One property of correlation functions in supercooled lig-
and the corresponding reorientation timérom F3° are of  uids is the pronounced non-exponentiality. From other mo-
the same order of magnitude of time. This suggests that thiecular glass forming systems like glycer¢lil0] and
time scales of reorientation and dynamical exchange are rela-terphenyl[9,11] it is known that a heterogeneous scenario
tively similar. is at least partly responsible for the nonexponential decay of
We find a scenario that is comparable to that obtainedhe two-time correlation functions. In tolueng-we find a
previously in supercooled OTR1]. There the four-time cor-  similar behavior afT=123 K. Using a reduced 4D NMR
relation functions could be described by using various mulexperiment, slowly reorienting subensembles could be se-
lected. It turns out that the residence times of molecules in
TABLE I. Results for fits of the experimentsf, data to  the selected subensembles are on the same time scale as mo-

Fa(tmz) = Fa+ (1 FQ) extf — (trp /e Pex]. lecular reorientation.
Filter Tex Bex Fo
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APPENDIX A

. . . APPENDIX B
We have used computer simulations to compare and in-

terpret our experimental data. Basing on isotropic rotational The calculation of a mean rotational jump angle depends
jump processes, trajectories of individual molecules were reen the correlation function considered, particularly on the
corded, which means that molecular orientations as a funa-ankL of that correlation function. Assuming only one rota-
tion of time were calculated. Once a trajectory is followedtional jump rateR;= 7, * independent of the jump angle, the
over a sufficiently long time interval, the different NMR average jump angle can be calculated following Anderson
pulse sequences can be applied. From the time dependgnig]. For a single jump angle thetational correlation func-
orientations the quadrupolar frequencies can be calculategbn is given by

directly. As a function of time only the reorientation of the

molecules is considered when calculating the effect of the @, (t)=exp{— R t[1+ P, (cosA )]} =exd — Ret],

pulse sequences. Any further relaxation processes were ne- J (B1)
glected. In order to obtain the ensemble avefdge in Egs.

(1)—(3)], for one simulation typically more than 4@rajec- i

tories (molecules were recorded. Care should be taken forWherePL denote_slthe Legendre polynomial of order For

the choice of the random number generdtwe used “ran4” L=2 andR.=7;" Eq. (5) can be derived easily. If, for
from [38]). To generate a trajectory, a continuous time ran-€xample, each rotational jump occurs with an angle chosen

dom walk algorithm was used, which is outlined in the fol- "andomly from a bimodal distribution, i.e., from two jump
lowing: anglesA #, and A §, with probabilitiesp, and p,=1—py,

(1) The starting orientatio); (i=1) of one molecule is the resulting rotational correlation function can be written as
chosen randomly ensuring an isotropic distribution. The
computer timet; is set to zero. The first point of the trajec- & (t)=exp{—R;p,t[1+ P (cosA6,)]}exp{— R;p,t
tory is (t1,Q4).

(2) The indexi is incremented. The waiting tintg,; to the
next event, which means a rotational jump, has to be deter-
mined. With the assumption of Poisson distributed jumpThe generalization of EqB2) to arbitrary distributions of
events, the waiting times are chosen randomly from an exjump angles is a straightforward task.
ponential distributiorf39]. The correlation time of the jump In this work the mean rotational jump angrea is deter-
events is equal to the decay time of this distribution. mined experimentally from the ratio of the jump and the

(3) A new orientation(2;(6; , ¢;) of the molecule has to be rotational correlation times; /7., which now can be calcu-
determined. This step depends on the jump model used ited forL =2 with
the simulation. If only one jump angl&é should occur, then
the new polar angl®; with respect to the external magnet ;3 3
field is given by #,=arccos[sing;_,Sin(A#)cosy+cosh,_, J_Z g A== [p; S A6+ p, Sin? A6,].
cos(A6)], where s is chosen randomly between 0 and. 2f e 2 2
a distribution of jump angles is assumed, then for each rota-
tional jump the jump angldé is determined randomly from
the distribution. For theH NMR experiments performed in Equation(7) is the general expression for a continuous dis-
this work the azimuthal angles are irrelevant. Witht; tribution of jump angleg(A¥9).

X[1+P (cosAb,)]}. (B2)
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