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Application of mode-coupling theory to solvation dynamics
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Mode-coupling theoryMCT) is applied to the dynamics of electronic-state solvation. Solvation dynamics in
two solvents, propylene carbonate amdbutylbenzene, are analyzed by both mode-coupling theory and more
standard empirical methods. Fits of the solvation response function allow all the MCT parameters to be
extracted. In both liquids, the: and B regions overlap strongly and a simultaneous fit of both regions is
required. In the case of propylene carbonate, b@ttand a-relaxation components are clearly present. The
crossover temperatufie. and exponent parameteragree with those found by the light-scattering experiments
of Du et al.[Phys. Rev. 49, 2192(1994], showing that these parameters are independent of experiment, as
predicted by MCT. Inn-butylbenzene, both a standard fit withgB8itrelaxation and a MCT fit includingd
relaxation agree well with the data. The valueTaffound disagrees with the value found by the impulsive
stimulated thermal scattering experiments of Yang, Muller, and Nelson. In both liquids, the fits extend well
above the melting points into the low-viscosity, normal liquid rarfi@L063-651X96)09709-7

PACS numbes): 64.70.Pf, 61.20.Lc, 78.4%p, 33.15.Vb

[. INTRODUCTION lyze them. We have recently used transient hole burning to
measure the solvation response functions in two supercooled
This paper brings together two active areas of research ogystems: s-tetrazine in propylene carbonatg33] and
the dynamics of liquids: the dynamics of electronic-statedimethyls-tetrazine in n-butylbenzene[34,35. Both sol-
solvation and mode-coupling theories of supercooled liquidsvents are fragile glass formers, the type of liquid that MCT is
Solvation experiments examine how the electronic states of étended for. The solvation data are in the picosecond to
solute molecule are perturbed by the motion of the surroundd@nosecond time range, where many of the characteristic fea-
ing solvent molecule§1—4]. The equilibrated solute mol- tures of MCT should be observed. Although testing MCTs
ecules are electronically excited by a short pulse of light. A&VaS not envisioned when these data were collected, we will
a result of the excitation, the interaction potential of the sol-SNoW that MCT can be successtully applied to them.
ute with the solvent is changed, and the solvent reorganizes I,n the last several years, there have been numerous ex-
in response to the new forces. The dynamics of the solve eriments that test various aspects of MCT. Almost all these

are followed in time by measuring the shift in the electronic ests have relied on either light-scattering9-5§ or
- . neutron-scatterin54—70 measurements. However, one of
transition as the relaxation proceeds. The results have pro;

. S he most powerful predictions of MCT is that any dynamical
found consequences for the rates of chemical reaction in S%’xperiment should yield the same values of certain param-

lution, and especially for electron transfer reactions. In theeters In particular, the crossover temperatlieand the
last several years, new theoretical approaches have appeaiggica| exponent, as well as the various exponents derived

[5-10}, standard experiments have improved their time resofyom ), should transfer between experiments. Transferability
lution [11-13, and echo experiments have provided a newof MCT results between neutron- and light-scattering experi-

approach to solvation dynami¢s4—21). ments has been demonstrated in the case of CakKNO
During the same period, there has also been a dramatjg6-56.
advance in the use of mode-coupling theorftCTs), to Solvation experiments offer a distinctly different measure

explain the dynamics of supercooled liqui@2-27. These of dynamics with which to test MCT predictions. In solva-
theories are schematic in the sense that they examine equ#en experiments, the solute molecule can be viewed as a
tions that have features typical of all liquids, but do not at-molecular size transducer, which both creates a perturbing
tempt to model any one specific system. Nonetheless, thigeld and also measures the response to the field. Thus, the
MCT makes a variety of quantitative predictions about thesolvation measurement examines short-range dynamics,
shapes of relaxation functions, the form of the temperaturevhereas light-scattering methods inherently look at long-
dependence of the relaxation times, and the relationship bavavelength dynamics. Neutron scattering measures dynam-
tween these two features. ics on a molecular length scale, but measures the response to
Although solvation experiments have been reported in sua different perturbing field than that created by changing a
percooled liquid$28—-3g, MCT has never been used to ana- solute’s electronic statésee Sec. 1l A for more discussipn
This paper will show that both tha- and g-scaling re-
gions predicted by MCT are found in solvation response
*Present address: Dept. of Chemistry, University of Minnesotafunctions. Moreover, the temperature dependence of the cor-
Minneapolis, MN 55418, responding time constants, and 7 follow the power-law
TFAX: (803 777-9521; electronic address: berg@psc.sc.edu  forms given by MCT. For propylene carbonate, there are also
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(a)t<0 YO/
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the solute molecules will be in a variety of local environ-
ments distributed about the minimum energy value of the
solvent coordinatgFig. 1(a)]. In the excited state, the mini-
mum of the potential curve is shifted to a different value of
hy the solvent coordinate. As a result, the transition energy var-
gnd ies with solvent coordinate: high on the left-hand side of
XQK Fig. 1(a), and low on the right-hand side.
Solvation Coordinate Solvation Coordinate Solvation Coordinate In the transient hole burning eXperiment, a Subpicosecond
pulse of light excites only those solute molecules with a

FIG. 1. Schematic of the transient hole burning experim@nt. O{)articular value of the solvent coordinaftgig. 1(b)]. This

Due to the shift in the potential curves for the ground and excitegyeg g “hole” in the ground-state distribution and a narrow
states, different positions within the equilibrium distribution in the ..

ground state have different absorption frequendiesA subpico-

Free Energy

antihole” in the excited state. These nonequilibrium distri-
second pulse of light excites only molecules at a particular solvatimpu_'[Ions evolve with im¢Fig. 1(C)].' .The ground-state hole
coordinate.(c) Motion of the solvent causes both the ground-stateSh'fFS toward the_ground'_SIate minimum and. broadens. Th_e
hole and the excited-state antihole to evolve in time. The solvatiofeXcited-state antihole shifts toward the excited-state mini-
dynamics are monitored by either the increase in Stokes it ~mMum and also broadens. Both features are measured as a
or the hole widtho(t) as measured in a time-resolved transmissionfunction of time after excitation by measuring the transmis-
spectrum. sion spectrum of the sample. The solvation dynamics can be
derived either from the time dependence of the hole or anti-

MCT analyses of both light scatterifig2,52,53 and neutron  hole widths o(t), or from the Stokes shiff(t), i.e., the
scattering[55,59. The MCT fits to our solvation data in frequency splitting between the ground-state hole and the
propylene carbonate yield the sariig and A found from  excited-state antihol§€37]. All measurements discussed in
light scattering. Fom-butylbenzene there is a recent MCT this paper are based on Stokes shifts. The response function
analysis of impulsive stimulated thermal scatterif§TS  for the solvation coordinate is easily derived from these mea-
experiments, a time-domain equivalent of depolarized lighkurement§34—37. Because the initial value of the Stokes
scattering[39]. In this case, the solvation and ISTS experi- shift is known to be zero, the absolute value of the response
ments arrive at values df; that differ by 10 K. This differ-  fynction is known, even if a portion of the dynamics is faster
ence is larger than expected. _ than the time resolution of the experiment. In

Not only do solvation data provide a valuable test ofn_pytyloenzene, a related time-resolved fluorescence tech-
MCT, MCT also has Signiﬁcant implications for interpreting nique[l_{l was used to extend the measurements to |Onger
solvation dynamics. Complex nonexponential shapes are ofimes[34].
ten found for solvation response functions. We will show  The nature of the solvent-solute interaction and the solva-
that 8 relaxation is clearly important in propylene carbonatetion coordinate are still being debatf?}10,13,33 In some
and can explain the temperature-dependent form of the resystems, charge rearrangement in the excited state changes
laxation. 3 relaxation may be important im-butylbenzene as the |ocal electric field after excitatiofl—4]. The solvent
well. Furthermore, the MCT relations not only apply to the response is primarily reorientation of solvent dipoles, and the
supercooled region with long relaxation times, but remainselvation coordinate is a collective reorientation coordinate.
valid for temperatures well above the melting points and fonn this case, the solvation experiment resembles a large
relaxation times in the picosecond range. ~ k-vector dielectric relaxation experiment. In other systems, a

In addition to the MCT analysis of the data, we also in-change in size of the solute upon excitation appears to be the
clude a more standard, empirical analysis for comparisorgominant interaction mechanisi#]. The solvent coordinate
This comparison is important, given the amount of dynami-is the radius of the cavity containing the solute, and the dy-
cal data that has been successfully analyzed by standafhmics are related to shear relaxation. The solvation experi-
methods. In propylene carbonate, MCT clearly gives a bettegent then resembles a lardevector ultrasound measure-
fit to the data than standard methodsnl-lh)utylbenzene, the ment. The |atter mechanism appears to dominate for
standard and MCT analyses are equally good, although thgmethyls-tetrazine inn-butylbenzeng7], but the mecha-
interpretations of the data are quite different. Thus the sucpjsm is still uncertain fos-tetrazine in propylene carbonate
cess of standard treatments does not preclude the applicabjk3). Fortunately, this uncertainty is not a problem, because
ity of MCT. the predictions of MCT are independent of the nature of the

perturbing field used.
Il. BACKGROUND

B. Standard analysis of dynamics

A. The transient hole burning experiment . .
The standard treatment of the dynamics of relaxation in

Detailed descriptions of the theory and implementation Ofsupercooled liquids contains three major feat(i#s. First,
the transient hole burning experiment have been publishege response functions have a nonexponential shape that is
previously[34—38. Figure 1 helps to discuss the basic prin- gescriped by a stretched exponential
ciples. The energy of both the ground and excited electronic
Be
} ey

states of the solute are plotted as functions of the solvation ¢
coordinate, whose exact form depends on the nature of the Re(t)=A ex;{—(—
solvent-solute interaction. Due to the disorder of the solvent,

e
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(The very similar Cole-Davidson function is often used for t \Bm
frequency domain experiment2].) Second, the time- Ra(t)=f¢ exr{—( )

temperature superposition principle holds that the shape of
R(t) is independent of temperature. In the case of ther
stretched exponential, this principle implies tifatis a con-

stant with changing temperature. Finally, the dependence
7, On temperaturd is given by the Vogel-Fulcher formula

a

he scaling relation implies tha®, is constant with tem-
erature. Unlike the standard analysis, the stretched expo-
ential form and thex-scaling properties are expected to be
valid only in a regiort>r,. At sufficiently short times, these
relations should fail; however, at these timg@gelaxation
F(Bél) DT, formulas becor_ne valid. _ o _
(1e)= To= 1 ex;{ ) 2) In the B region, the relaxation function is approximated
Be T-To by a more complex form,

whereT, is a temperature slightly below the laboratory glass d

transition temperaturé, . Rg(t)=Tfe+ — g\ (t/7p). 5)
Justifications for these results have been proposed, but B

none has reached general consensus as a complete expl nﬁ_- . . .

tion [71]. This scheme must be taken as largely empirical, NiS form is expected to hold in a region negr. The func-

Deviations from this scheme have often been noted, anHon g, is a complex function whose shape depends on the

other formulations have been proposed. However, this treaffalue c_)f the exponent parameterSeries approximations to
gmencal solutions o, have been tabulatdd@6], and these

ment has been widely applied with reasonable success, and

an important reference point for judging the effectiveness ofunctions have been used in our analysis. Althogfdoes
MCT in fitting experimental data. not obey a simple scaling law in this regiay, 7 3(Rg—f)
does forT>T,.

The constantf; is shared by thex and 8 regions. The
C. Mode-coupling theory temperature dependence of the Debye-Waller factor and, in

Excellent reviews of both the theoretical development ofP@rticular, the well-known prediction of a Debye-Waller

MCT and its comparison to experiment are availableCUSP &tTc iS contained ing,. Below T¢, g, decays to a
[22—27. We will summarize only the features that are im- constant. The value of this constant, the temperature depen-
portant in analyzing our data. dence of7g [EQq. (7) below] plus f. gives the well-known

1/2 Fpr H
In dense liquid systems, the dynamics initially divide into (Tc—T)"* prediction for the experimental Debye-Waller

two regions. The fastest component, in the range of a fed@Ctor belowT, [22-24. Above T, g, has an inflection
hundred femtoseconds, has been called inertial, phononlik€°int atfc near7;. An experimental Debye-Waller factor

or instantaneous normal-mode motion in the solvation literaMay be observable at this point, @ is flat enough at the

ture, and is referred to as microscopic motion in the modelNfléction point. The portions O%% for t>7, contain the von
coupling literature. The slower components are described aschweidler limiting lawg, — —17, and tt]ae portions for<7,
diffusive, structural, or collective motions. Aside from the contain the critical limiting law,g,—t"°. Frequently, the
difference in time scale, the phonon motion is characterized©" Schweidler and critical limiting laws hold over such a
by a weak temperature dependence, whereas the structuf"oOW region that experlmental_observat_mn qf the laws is
time scale is strongly temperature depend@34—34. Al- Nt exp_ectetﬂ?G]. The full g, function contains higher-order
though MCT recognizes the distinction between microscopi&o”eCt'O”S to these limiting laws, and should give better fits

and structural relaxation, its main insights deal only with the!® experimental data. ,
structural dynamics. Equations(3)—(5) together define a more complex relax-

MCT predicts that there is a further division of the struc- ation function than that given by the standard analysis. Both

tural dynamics intax and 3 regions, with theg region oc- e average time scale and the shapBgér(t) change with
curring earlier than the region temperature. These changes are determined by the two time

constantsr,(T) and 74(T). MCT makes additional predic-

tions about the temperature dependence of these constants:
R,(1), t=7,, R<f
RuetO=1R 1), t~7,, R~f. @
Ta:Ca(T_TC)iy! T>TC! (6)

These regions are not mutually exclusive and may overlap.

They are only defined as regions in which certain approxi- Tﬁ=cB|T—TC|*1’2‘3. )

mations to the full response function are valid. Theelax-

ation of MCT should also be distinguished from tB@eaks Both time constants diverge at a temperaflge Below T,

seen in dielectric relaxation of some liquifisZ3—75. More  the « relaxation is frozen. The8 relaxation persists below

elaborate versions of MCT are needed to deal yditheaks T., becoming faster, but of lower amplitude, as the tempera-

[23,24]. ture decreases. The exponents in these power laws are not
The « region comprises the main relaxation to final equi-new independent parameters, but can be calculated from the

librium. MCT predicts simple scaling within the region,  value of\ used to define the shape Rf(t) in the g region

R,(t,T)=R,(t/7,(T)). In this region, the exact MCT solu- [Eq. (5)] [76]. Because the temperature variationsrpfand

tions are well approximated by stretched exponentials, 75 are differentRycr(t) has a temperature-dependent shape
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FIG. 3. The temperature dependence @f needed to fit
stretched exponentials to solvation data in propylene carbdsege
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FIG. 2. Solvation response functions ®tetrazine in propylene [42’48’52’55 a_nd depolarized light scatterirg2] and dl-.
carbonate fit with stretched exponentiég. (1)]. The 3, param- electric relaxatl_or[77—8q. We have measur_ed the solvation
eter of the fits is not constant, violating the time-temperature supet€SPonse function for propylene carbonate in the temperature
position principle(see Fig. 3 Each temperature has been offset range 160—270 K using-tetrazine as the probe solute mol-
vertically for clarity. (Symbol, offset (V, 0), 298 K; (+, 0.2, 280  ecule[33].

K; (O, 0.4, 250 K; (4, 0.6, 237 K; (A, 0.8, 220 K; (®, 0.9, 210
K; (4, 1.05, 200 K; (M, 1.2, 190 K; (X, 1.3), 160 K. Not shown:
295, 270, 257, and 230 K. A. Standard analysis

] . ) ) ) The solvation response functions in propylene carbonate
and, if examined over a wide range, will not obey the time-are shown in Fig. 2 along with stretched exponential &s.

temperature superposition principle. o (1)]1[33]. The response functions are absolute measurements,
These equations come from the so-called idealized MCT; - R(0)=1. Phonon dynamics, which are faster than the

In the extended version of MCT, the divergencesTatare o, o imental time resolution, cause the earliest points to be

lrg\llj\/g?fgr’ncael:;ﬂggfh?;gg%a;cg %:zﬁzté?jn\f:rlgigrgoo?(li/clgrat I%ss than 1. The amplitude of the structural component of the
b grome T dynamics is kept at a constant valuefot0.75 in the fitting.

should be valid except for a small temperature region igar (;\Iote that an amplitude this large is needed to fit the data at

and for very long times. None of our measurements falls int S )
these regions, so we will only employ the simpler idealized190 K, but causes a_;mall but significant mismatch at 160 K,
near the glass transition.

version of MCT. i i
To fully define the temperature dependenc®gf1(t;T), Although stretched exponentials can be fit to the response

MCT requires seven independent parametef®;, \, f., functions, the time—temperature superposition is strongly vio-
Bw, d, c,, andc,. Of these,f., By, d, andc, depend on lated. As the ¥ time becomes longer at lower temperatures,
the exact dynamical process being measured. Because gpme relaxation remains even at the earliest times. Increased
these parameters, response functions measured by neutrgiietching(smallerg,) is required as the temperature is low-
scattering, light scattering, dielectric relaxation, and transienered. The temperature dependencgoheeded in the fits is
hole burning are different in detdiB3]. However, all experi- shown in Fig. 3. Onces, is allowed to vary with tempera-
ments should share the same value3J oand)\, as well the ture, the number of adjustable parameters in the fit is signifi-
v anda exponents derived from. In some analyses of ex- cantly increased, and the appealing simplicity of the standard
perimental data, the constarfts andd are also allowed to analysis is reduced.

have some temperature dependence. We will not do this, but If this problem is ignored, the average relaxation times

will require that they be strict constants. extracted from the fits can be fit to a Vogel-Fulcher form
[Eq. (2)] as shown in Fig. 4. Although the Vogel-Fulcher
lll. PROPYLENE CARBONATE form is satisfied for the solvation data to within experimental

fccuracy, viscosity data show that it is not generally satisfac-

Propylene carbonate is a very fragile glass former with
by y ragre 9 tory [81]. Values in the range ofl;=122-150 K and

glass transition temperatuig,=160 K [75]. Its dynamics
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FIG. 4. A Vogel-Fulcher plot of the average relaxation times  FIG. 6. A 8-scaling plot for propylene carbonate along with the
from a standard analysis of propylene carbonate solvéfon(2), scaling functiong, (t/75) [Eg. (5), A=0.78, f.=0.56]. The devia-

9=270 s, Ty=144 K, D=2.53. tions at long times are attributed t® relaxation. See Fig. 5 for
symbols.
D=1.27-5.47 are found depending on the temperature range
fit. For the region withR>0.5, there are strong deviations
from R,. A close examination of the data below 220 K in
B. Mode-coupling analysis Fig. 5 shows that the deviations occur earlier in scaled time

_ : as the temperature is lowered, and the data do not appear to

The results of a mode-coupling fit to the propylene car-he approaching a short-time asymptote. This behavior is ex-
bonate data are shown in Figs. 5-8. Figure 5 shows thBected forg relaxation.
scaling behavior expected in the region. The data from Figure 6 shows that the upper portions of the response
each temperature have been shifted in time until the lowefnction do indeed fit the scaling relation expected for
portions of the response functions match. The behavior Ofg|axation[Eq. (5)]. The scaling is done with the same value
fche upper portion of the response fl_Jnctlons is not consideregs f.=0.56 used in fitting thex relaxation. The exponent
in the fitting, because this region will be shown later to CON-narametern=0.78 found from light-scattering daf@?] is
tain B relaxation. The time shifts needed for scaling yield 53,50 ysed here. The value wffixes the shape of, (t/74),

7,S. A stretched exponentidEq. (4)] is fit to the « region  \yhich is shown along with the data. The exponamt0.29
with B,,=0.8 andf.=0.56. The predicted time-temperature

scaling relationship is found within the region.
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log 1o (t/74) FIG. 7. Power-law fits to the MCT scaling timgggs. (6) and

(7)] from propylene carbonate. A value 8£=176 K is found. The
FIG. 5. Ana-scaling plot for propylene carbonate along with a exponents(a«=0.29, y=2.706 are determined by the value af
stretched exponential representimy,(t/7,) [Eq. (4), f.=0.65, used in the scaling analysis. The fit linés,=1.45x10° ps K,
Bu=0.8]. The deviations at short times are attributedaaelax- CB=3.58><103 ps KY%%) are constrained to have the saménter-
ation. cept, i.e., the samg&.
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The scaling fits produce two time constantsand g, for
each temperature. These time constants should fit the power-
law temperature dependencies given by Efsand(7). The
exponentsa and vy are fixed by the choice of above[76].

The value ofT, must also be the same for both theand 8
times. Fits under these conditions are shown in Fig. 7. Good
fits are found for temperatures as high as 270 K. The in-
creased mismatch above 270 K may be due to the expected
failure of MCT at sufficiently high temperatures. On the
other hand, the time scales for relaxation at these tempera-
tures are short enough that the dynamic range of the data is
reduced, which may cause additional experimental error.
Thus we are not confident that MCT has failed, even above
270 K.

At this point we can make a specific comparison of the
parameters\ and T, obtained here and by light scattering
[42]. In fitting the solvation data, there is some interdepen-
dence in the values of andT,. Using the value oh=0.78
found by light scattering gives fits within the best-fit range.
In the reported results, has been fixed at 0.78, afid has
been fit entirely independently of the light-scattering results.
The solvation value off.=176 K is close to the light-
scattering valueT.=179+2 K (from the extended MCT

logygt (ps) analysis [42].
The light-scattering experiments required an extended

FIG. 8. Solvation response functions in propylene carbonatéVICT analysis, be_ca_usg measurements clodg toere _avall-
along with the fits from mode-coupling theoffigs. 5 and & The  able. That analysis indicated that the crossover region, where
solid lines are a combination dt, at long times andR, at short ~ deviations from ideal MCTs are expected, is approximately
times, joined at their crossing point. OnRy, is shown at 160 K. 10 K wide[42]. Because none of the solvation measurements
The continuations oR,, (dotted and RB (dot-dashefibeyond the falls within this range, the ideal MCT treatment used here is
crossing point are also shown. The and B regions overlap expected to be sufficient.
strongly, and a well-defined Debye-Waller factor is not formed in ~ An important conclusion from the MCT fitting is best
this temperature region. Each temperature has been offset verticalijustrated by plotting theR, andR; MCT functions against
for clarity. See Fig. 2 for symbols and offsets. the data in real timéFig. 8). The complete response function
Ruct is approximated by simply joining the short-time por-
tion of R, to the long-time portion oR,, at their crossing

the time 74 is adjusted to scale the data. The predicted scalP0int. The a- and S-scaling regions overlap heavily over
ing is found at short and intermediate times. As expected, th0st of the temperature range. A clear plateau regidy &t
data deviate from thes-relaxation function at times suffi- not seen. The a”*’?"ys's of Debye—WgIIer factors to test MCT
ciently longer thanr,. In the long-time regime, the data are requires a clear time-scale separation betweeqnd ﬂ re-
accounted for by the-relaxation function(Fig. 5. gions. For propylene carbonate, such a test wlll fail at tem-
One temperature point at 160 K cannot be included on th eratures sllghtly above,, _wh_ereas an analy3|s_of response
scaling plot in Fig. 6. It is near the glass transition tempera-unCtlonS as given here siill finds agreement with MCT pre-

ture T4 and definitely belowT ., whereg, changes its form. dictions.
However, a fit to Eq(5) with the same parameters can still
be made, and is shown in Fig. 8. A weak, but ragidiecay IV. n-BUTYLBENZENE

to a constant is expected in this temperature region. Al- n-butylbenzene is another fragile glass former with a

though the amplitude of the decay is near the experimente&aSS transition temperaturg,=128 K. The solvation re-

precision, the decay time, amplitude, and the long-time asponse function fon-butylbenzene has been measured at

ymptote are simultaneously fit by adjusting the single paramqg5_240 using dimethyé-tetrazine as the probe solute

eter 7. . _ molecule[34].
The a- and B-scaling fits presented above were found by

an iterative procedure. Three parameters aside from the scal-
ing times were needed, By, andf.. Becausd . is shared

by the a- and B-scaling relations, fitting one region affects  In contrast to propylene carbonate, a standard analysis of
the other. Fits ofx scaling to the lower portion dR(t) were  n-butylbenzene solvation dynamics is straightforward and
alternated withg-scaling fits to the middle section &(t).  quite successful. Figure 9 shows the solvation data with
There are reasonably sharp limits to the time ranges that castretched exponentifiEq. (1)] fits. Both the amplitudé\ and

be fit with each formula, regardless of the parameters usedhape paramete, are constant with temperature. The time-
Thus there is only a small amount of uncertainty in the fittemperature superposition principle holds within a small er-
parameters resulting from the choice of time ranges fit. ror. Figure 10 reinforces this conclusion with a master plot of

Response Function

used in the scaling is also fixed by the valuexd{76]. Only

A. Standard analysis
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FIG. 11. A Vogel-Fulcher plot of the average relaxation times
from a standard analysis ai-butylbenzene solvatiohEqg. (2),
=155 fs5,Ty=118 K, D=5.44].

most noticeable in Fig. 10 for 165 and 175 K. The slope of
the data does not seem to be decreasing to zero at short times
as it should.

logpt (ps)

FIG. 9. Solvation response functions for dimetlayietrazine in
n-butylbenzene fit with stretched exponentidsg. (1)]. The B,
parameter of the fits is constant, in conformity with the time-
temperature superposition princidieee Fig. 10 Each temperature Although the standard analysis of thebutylbenzene data
has been offset vertically for claritySymbol, offser (M, 0), 240 s satisfactory, we must ask if a MCT analysis works equally
K; (¥,0.2, 220 K; (X, 0.4), 200 K; (4, 0.6, 190 K; (A, 0.8, 185 well, At first, it might seem that a MCT fit is obtained trivi-
K; (@, 1.0, 180 K; (0, 1.2, 175 K; (A, 1.3, 165 K. Not shown:  aly by letting 7,=7, and f,=A. However, such a fit is not
250, 230, 210, and 195 K. consistent with the predictions of MCT regardiggrelax-

ation. AsRyc1(t) approaches, at short times, th@g-scaling
the data. The temperature dependence of the relaxation timesgy [Eq. (5)] must be followed. This scaling is incompatible
obtained from the master plot can be fit to a Vogel-Fulchekyith the a-scaling law[Eq. (4)] at longer times. Thus MCT
form [Eq. (2), Fig. 11]. predicts that the time-temperature superposition principle

Despite the general success of the standard treatmerhust fail at short times, and the success of the master plot in
there are small discrepancies at short times and low tempera-

tures, just as there were in propylene carbonate. These are

B. Mode-coupling analysis
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logqo (t/7e) FIG. 12. An a-scaling plot forn-butylbenzene along with a

stretched exponential representifg,(t/7,) [Eq. (4), f.=0.625,
FIG. 10. A master plot oh-butylbenzene solvation data along B,,=0.5]. The deviations at short times are attributed@oelax-
with a stretched exponential fiEq. (1), A=0.7, 8,=0.45]. ation.
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FIG. 13. A B-scaling plot forn-butylbenzene along with the
scaling functiong, (t/75) [EQq. (5), A=0.86,f.=0.625. The devia-
tions at long times are attributed to relaxation. See Fig. 12 for
symbols.

Fig. 10 would seem to prove the MCT wrong. However, we logypt (ps)

will show that a MCT fit, including a violation of the time-

temperature superposition principle at short times, fits the FIG. 15. Solvation response functionsnrbutylbenzene along

experimental data as well or better than the standard analysisith the fits from mode-coupling theorgFigs. 12 and 1B The
Because separateand 8 regions are not readily apparent solid lines are a combination &, at long times an(Rﬁ at short

in the raw data, an iterative fitting procedure was used contimes, joined at their crossing point. The continuationgRgf(dot-

sisting of the following steps: (1) A value of f, was esti- ted andRg (dot-dashefibeyond the crossing point are also shown.

mated from the short-time, low-temperature data. AnEach temperature has been offset vertically for clarity. See Fig. 9

a-scaling analysis was performed on data below {.8A  for symbols and offsets.

value of By, and a set ofr,’s resulted. The temperature de-

pendence of the,’s could satisfy Eq(6) for a range off\,  cross at a point that gave a revised valuef of (3) For a

T¢) values.(2) For each(\, T¢) pair, a set ofg-scaling  range ofi’s, a g-scaling analysis was performed with the

times was found from Eq7). In a plot ofR vst/7, the data  found in step(2). The fitting ignored the small values B{t)

at long times. A value ofl and a set ofrg's resulted. The

temperature dependence of thgs defined aT# for each

1.2} value of A. Fitting to Eq.(5) further refinedf.. (4) With
- the new value off;, steps(1)—(3) were repeated until an
S 10t optimum set of parameters was found.
3 For the desired value of, the « and 8 regions are con-
l'w 08F sistent with each othefl ¢(A\)=T#()\). This occurred in a
= region A=0.86-0.84 andT.=159-161 K. Self-consistent
&’ 0.6l fits were not found neaf =150 K, the value reported by
T ISTS experiment$39].
& oal The results of the fitting are shown in Figs. 12-14. The
a-scaling plot in Fig. 12 is very similar to the master plot
ook (Fig. 10 in the standard analysis, except the stretched expo-
) nential portion of the response function is confined to the
. A lower portion of the response. The deviations from ghfit
O‘? 50 170 190 210 230 250 at short scaled times are attributed gorelaxation. As ex-
Temperature (K) pected, the deviations occur earlier in scaled time as the tem-
perature is raised.
FIG. 14. Power-law fits to the MCT scaling timgsgs. (6) and Figure 13 shows that this early behavior can indeed be

(7)] from n-butylbenzene. A value oT.=160 K is found. The €Xxplained asg relaxation. Theg-scaling plot accounts for
exponentsa=0.241, y=3.408 are determined by the value af the data nearr,. It only fails at long times, where the
used in the scaling analysis. The fit linés,=1.55x10" psK’,  a-scaling relations are adequate. Comparing Figs. 13 and 10,
Cc5=6.03x10° ps K¥23 are constrained to have the saménter-  the MCT analysis gives a better account of the short-time
cept, i.e., the sam&,,. data at 165 and 175 K than the standard analysis.
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The consistency of the and 8 scaling is demonstrated in efforts to construct complete MCT response functions will
Fig. 14. The power-law temperature dependencies,@ind  provide a more rigorous test of MC[B6]. _
75 [Egs.(6) and (7)] hold with a common value of .. The ~ Beyond fitting the data from a specific experiment, an
exponents for the power lawa,and v, are derived from the important test of MCT is the transferability ofc and A
exponent parametevr used in fitting thed-relaxation region. @mong different experiments on the same liquid. Such trans-

Figure 15 shows the solvation data along wWRhandR ferab'lllty_ |_nd|cates that these parameters have genuine physi-
: ) e B cal significance and are not arbitrary fitting parameters. In
in real time. The overlap of the ranges of validity of these

Do X han i I the case of propylene carbonate, good agreement exists be-
LWO atlpproxmatlons Is even greater than in propylene cargy,een solvation and light scatteridg2]. The actual relax-
onate.

ation times found by light scattering and solvation are nu-
merically different and have a different temperature
V. DISCUSSION dependencéRef. [33], Fig. 9. Thus the ability of MCT to

, L ) ) . identify a connection between these experiments is not trivial
The first criterion for assessing MCT must be its ability to anq js a strong point in favor of MCT.

correctly describe the experimental data. In both |IQUIdS ex- Comparison of neutron and |ight-scattering results on
amined, MCT provides a consistent description of both theCa, K, (NO5), , has shown a greater degree of transferabil-
temperature-dependent changes in time scale and the shape than found here[51,56. In our notation,c; was also
of the solvation response function. There was no need tfound to transfer between the experiments. FittingeDal.'s
introduce temperature dependence to the constants of tfight-scattering results on propylene carbor{@t# to Eq.(7)
theory. gives cz=1.00<10° ps K", This value is substantially
A more subtle question is whether MCT or the standam;rsnalllfg than the value found in solvation,=3.58x10°
analysis provide a better description of the data on a purel ) .
empirical basis. The most important difference in the treat- FOf N-butylbenzene, the case is less clear. Recent ISTS
ments is the prediction of g-relaxation region by MCT. In experiments have |dent|f|el_iC=15O K from a cusp in the
the case of propylene carbonate, the standard analysis C&)ﬁabye-Waller factof39). This value is 10 K lower than the

only be applied if3, is made temperature dependent, causin elue[ 'otitalnedtk:n this psper. Althou%h tthcebdlfzﬁrence IS hot
a significant increase in the number of fitting parameters. | g, 1t1S farger than can beé accommodated by the experimen-

the MCT fits, the B-relaxation component explains the al error ranges. Unfortunately, the temperature ranges of the
strongly temperature-dependent relaxation shape witho 0 exptlanments ?? n(ﬁ ?Vegliﬁ' Rbeqwnn%thF MCT simul-
compromising the model. Thus, MCT is superior on a purel aneously account for data both above and belus more
empirical basis. demanding and may result in some inconsistency between

In n-butylbenzene, the standard analysis is nearly as goo%ﬁ‘e(;w(;) aréa_ll_yses. Alﬁo’ tthe;hhopplr)g effects pr(jecti:cted byt ex-
in fitting the data as the MCT, although MCT is slightly ende s complicate the region negy and have no

better at describing the data at the lowest temperatures ar? en tt?ken tlntto accont It?\ elther experlm_entalt analyses..tFLcjjr-
shortest times. Although the differences are near the level o el\r/lademp S I'o ret.?]o Ve these wo”experlmer; sdare[hmerl ed.
experimental error, the improvement is in exactly the region ode-coupiing theory 1S generally associated with Super-
where the effects oB relaxation are expected to be greatest.COOIed liquids and the glass transition. It is expllc_ltly devel-
In the MCT analysis, theB relaxation is still present in (_)pe_d as an expansion ab_out a temperamrat which the
n-butylbenzene, but is less evident, becatjsand ; are too liquid has a moderately high viscosity. On the other hand,

close to each other for a clear plateau region to form. Th(—[‘“uc.h (.jf the current .work i_n solvetion dynamics ie focgsed
dangers of assuming thatand 8 regions are always sepa- on liquids above their melting points, where the viscosity is

rated and can be analyzed independently has been point dand rell.axatt;]on tlme's h?re ? few p|c|osec?rt1dsthor less.
out before[42,45,76 and is clearly illustrated by this ex- O e-couplng eory mignt not seem reievant to these ex-
ample. periments; however, we have not been able to reliably find

This example also shows that many experiments, whicljihfa point where MCT. breaks down as the temperature is
have previously been analyzed by standard methods and glsed. The MCT re!atlons .hOId to at least 270 K in Propy-
not have obvioug-relaxation features, may be amenable to ene carbonate(melt'mg pelnt of 224 ¥ and 24(.) K'in
reinterpretation according to MCT. In particul@relaxation n_-buty_ll?enzeneémeltlng point of 185 K. At these 90|nts, the
has not been previously identified in solvation experimentsvISCOSItIeS are down to 3.4 and 4.8 cP and #s are as

: Short as 1.5 and 0.7 ps in propylene carbonate and
even those focusing on the supercooled redigaB—38. . " .
However, complex and temperature-dependent relaxatio -butylbenzene, respectively. The validity c.)f MCT at high
emperatures, the role ¢f relaxation at low viscosities, and

functions are commonly seen. Mode-coupling theory offers he int i laxati d mi . i
potentially fruitful approach to understanding those results. € interaction of relaxa lon and microscopic motion ag
becomes smaller are questions that have not been carefully

The current approach to MCT data fitting, along with lored vet. but h : tant imolicati . d
most other experimental analyses, focuses on general scalifgP'ored yet, but may have important implications in under-

relations. This approach has a weakness, which is illustrate .andlng dynamics in the normal as well as supercooled re-
in Figs. 8 and 15. Although the and g regions are fit well gions.

on scaling plots and share the paramefers\, andT_, the
results from the two regions are not completely consistent.
Figures 8 and 15 show that when compl&#g) functions We thank Professor W. Gze for insightful comments on
are examined, there are noticeable discontinuities in théhe manuscript. This paper is based upon work supported by
slopes at the points joining the and B regions. Greater the National Science Foundation.
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