PHYSICAL REVIEW B VOLUME 53, NUMBER 9 1 MARCH 1996-I

Dynamics of solvation in supercooled liquids confined to the pores of sol-gel glasses
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We have measured the solvation dynamics of the probe molecule quinoxaline in a glass-forming solvent,
2-methyltetrahydrofuran, geometrically confined to the pores of sol-gel glasses having nominal pore diameters
$=2.5,5.0, and 7.5 nm. Within the time range 1sts<1 s thea process and a second extremely slow process
are observed. On the basis of emission spectra, the latter relaxation is assigned to a surface layer with strongly
frustrated dynamics, opposed to the picture of a certain fraction of pores entirely filled with liquid of reduced
molecular mobility. According to the Stokes-shift results for porous samples, the thickness of this surface layer
increases significantly witfr;«T for the system under study. The results are compared with solvation dy-
namic experiments for the bulk solvent and with dielectric relaxation measurements.

[. INTRODUCTION the dipole moment in the excited stdjeg) differs substan-
tially from that in the ground statg), electronic excitation
It is well established that the dynamics of liquids areinduces a dielectric relaxation process in the immediate vi-
strongly affected by the immediate presence of a solictinity of the chromophore, which can be observed in terms
surfacet=8 By physical and/or chemical interactions, a solid of a time-dependent red shift of the mean emission energy
interface tends to induce anisotropic molecular alignmentsf the probe molecule. For the long time scales of molecular
and oscillatory density fluctuations with a concomitant strik-relaxation usually found in supercooled liquids close to their
ing impact on the molecular dynamics in the surface layer ofjlass transition temperatuii,, phosphorescent probes are
the liquid, which is typically several molecular diameters inused with correspondingly long excited state lifetimes
thickness’ The extent of such effects depend strongly on ther,;,.***° Solvation dynamics experiments in bulk liquids
liquid under study and on the chemical and physical properhave revealed that the temporal evolution of the Stokes shift
ties of the interface, so that no generally valid rule regardinglosely reflects the dielectric relaxation behawt(w) of the
confinement effects can be established easily. Therefore, dselvent?®*~??> The optical technique is, however, sensitive
spite the currently growing interest in the effects of geo-only to the features within a small number of solvation lay-
metrical confinement, only little is known on the detailed ers, i.e., solvation dynamics probe the local dielectric prop-
mechanisms with which confinement acts on molecular reerties in the vicinity of the chromophof@.In this context,
laxation processes. Especially for experimental techniquesieasurements of the Stokes shift as a function of pore
which are not surface specific, it is crucial that very largesize are highly desirable, because they should lead to an
surface to volume ratios can be obtained for porous glassesstimate of the spatial range of interactions between a chro-
which renders these systems interesting to both fundamentaiophore and the solvent. Within the geometrical confine-
science and technical applicatioh¥. ment of a porous glass, a particular chromophore will thus
The effects of geometrical confinement are of special insense predominantly the dynamics of the pore it resides in.
terest for liquids which are capable of supercooling. In suchConsequently, solvation dynamics results are not expected to
materials, decreasing the temperature to well below the melbe affected by Maxwell-Wagner polarization, which appears
ing point preserves the disordered liquidlike structure, buts a relaxation peak in dielectric relaxation spectroscopy of
leads to a marked increase of the molecular relaxatiometerogeneous systerffse.g., for a slightly conducting lig-
times’'*12 Further cooling eventually leads to nonergodic uid within an insulating glas®,
systems at the glass transition temperafligge where the In the present study, we investigate the effect of confine-
time scale of the structurat relaxation tends to exceed the ment on molecular dynamics of a supercooled liquid by sol-
time window of the experiment, say 108%The pronounced vation dynamics spectroscopy. Evidence is found for the ex-
increase in relaxation times dg«T is believed to be par- istence of a surface layer at the pore walls with strongly
alleled by an enhancement of cooperativity of molecular mohindered orientational mobility and with a significant depen-
tions. The spatial scal&son which cooperativity is effective dence of its thickness on temperature. The remaining inner
are assumed to attain values aroupdl—-3 nm atT =T, 14 pore liquid displays a relaxation process reminiscent of the
In this case, the range of cooperativity may compte with thébulk « or structural relaxation down to pore diameters of 2.5
pore size for a supercooled liquid confined to the mesopheraan, but associated with faster response times and lowered
of a porous glass. apparent activation energies as the pore size decreases. This
The technique of solvation dynamics as used here ensptical technique of probing the time dependence of orienta-
ploys chromophores as probe molecules at low concentraional dielectric polarizability yields complimentary informa-
tions, whose emission spectrum is monitored as a function dfon with respect to dielectric relaxation spectroscopy, be-
time following its electronic excitatiott~*® Provided that cause(i) it is insensitive to Maxwell-Wagner polarization
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effects, which complicate the assignment of loss peaks, anid defined either by gating the camera with gate widths be-
(i) it is capable of assigning the extremely slow process tdween 100 ns and 10 ms or by successive readouts of the
immobilized liquid portions in each pore, opposed to thecontroller at a speed of up to 50 spectra/s. For the probe
picture of some pores exhibiting completely frozen dynam-molecule QX the usable time range is lifetime limited
ics, while the entire liquid in other pores is relaxing. Addi- (7,,~0.33 9 to 1 msst<1 s for experiments using porous
tionally, the results demonstrate directly the very limited spaglasses.
tial range relevant for the solvation free energy of a dipolar Every one of the=~1600 spectra obtained in the above
chromophore embedded in a polar environment, thereby enmanner was subject to a Gaussian fit regarding the electronic
phasizing that solvation dynamics can be employed for oSy, T, (0-0) transition of QX which reduces the data to the
cally probing dielectric relaxation phenomena. relevant values of the mean emission eneugt,T) and
Gaussian widtho. Typical such spectra of QX/MTHF have
been reported elsewhete? The luminescence intensity
Il. EXPERIMENTAL I(»,t,T) relates simply to the phosphorescence lifetime in
terms offI(v,t,T) dveexp(—t, 7y, and is thus not evaluated
further. For focusing on the Stokes-shift dynamics it is con-
venient to normalize the(t) data to the so-called Stokes-
shift correlation functiorC(t):*’

The glass-forming liquid 2-methyltetrahydrofuran
(MTHF) obtained from Aldrich was distilled and passed
through ALO; filters to remove polar contaminations directly
before filling the pores. QuinoxalingX) obtained from Al-
drich was distilled and sublimated and then dissolved in (t) — ()

MTHF at a concentration o&10~% mol/mol. Due to these Cit)y= ————. @
low QX concentrations the probability of finding two QX v(0) = (=)

molecules in one pore is practically zero. As porous glasses

with sufficiently high optical quality we used Gelsil glasses ll. RESULTS

of cylindrical shapg10 mm ¢, 5 mm thick being produced
by sol-gel technology and purchased from GelTech. The
nominal pore diameters agg=2.5, 5.0, and 7.5 nm. Accord-
ing to a Brunauer-Emmett-Teller analysis supplied by
GelTech, the actual data in the above ordergoére: pore

The reason for particularly selecting the QX/MTHF sys-
tem for the present study of solvation dynamics in geometri-
cal confinement is that bulk MTHF has been investigated in
detail in the extremely broad time range covering ¥96-1¢?

. i : regarding both solvation dynamics and dielectric
diameters 2.6, 4.6, and 8.4 nm; pore volume fractions 0'3g?elaxation2.2 For the sake of reliability we have repeated the

grgir ?gdogt';zn; 2I2isugg?gesi:?§:5ego?ﬁ:gtsasn\(ljnglgte d bﬁjlk solvation measurements for QX/MTHF under the same
vacuum to 400 °C for 24 h. The glasses were filled with xperimental conditions and calibrations used for the porous

QX/MTHF under dry N atmosphere and placed into a glasses, but with some extension towards lower temperatures

o relative to previous data. At temperatures sufficiently below
vacuum sealed sample holder, where it is gently pressed e glass transition of MTHE af,~91 K22 e in the
g ’ Ty

contact to a sapphire window. The remaining volume W|th|nrange 70-85 K, the mean emission energy of QX is time

the sample holder was also filled with the QX/MTHF liquid invariant at»(0)=21 375 cm. Above T, again a constant

e L pene I i SpaeSalu 1 found i the range 83100 € but )21 115
P P m 1 At intermediate temperatures we find a time-

walls. This sample housing was mounted to the cold stage 0 . e B h

a closed cycle He refrigeratéteybold, RDK 10-320, RWR egﬁnge_mv(t)k,} with total Stofkehs Sg.'f?v_.”(ol)l M(2) =260

and temperature stability withirt50 mK was achieved by a cm - being t ?;;"Q”a“_”e. of the dielectrically actiwepro-
cess in MTHPY22The limiting valuesi(0)=1(t) for T<T,

temperature controllefl.ake Shore, LS 330equipped with andw(x)=(t) for T>T, are independent dfif varied in the

calibrated diode sensors. Samples were allowed to .equ'“range 1 mst<1 s and are thus used to normaliz@) ac-
brate for at least one hour at each set temperature prior to &_ 3. :

cording to Eq.(1). The resultingC(t) data for the bulk
measurement. Subsequent measurements for a sample were

done from high to low temperatures. Sample is well approximated by a Kohlrausch-

) - . Williams-Watt$’ (KWW) or stretched exponential law of the
As an excitation source we employed an excimer lasef_

(Radiant Dyes, RD-EXC-1Q®perated at 308 nm with pulse

width ~25 ns, pulse energy 120 mJ, and at a repetition rate _ _

of 1 Hz. The attenuated+10) laser beam was passed C(t) =exd —(t/7)"], 2
through a filter(Schott, DUG-1] to block any components with an exponenj3~0.45.

in the visible wavelength range. The aperture was limited For the emission energies of QX/MTHF in pores for 70
such that excitation outside the porous glass cylinder iK<T<100 K we find values in the range 21100
avoided. The phosphorescence from QX was coupled viam '<u(t,T)<21 375 cm?, i.e., the total Stokes shiftv is
fiber optics to a triple grating monochromat&G&G, 1235 practically not affected by geometrical confinement. The
and registered by a micro-channel-plate intensified diode astriking impact of the confinement to pores is observed when
ray camera (EG&G, 1455B-700-HQ with controller focusing on the Stokes-shift dynamiCgt) for temperatures
(EG&G, 1471 A, gating options(EG&G, 1304, and syn- 85 K<=T=95 K. ExperimentalC(t) data for bulk and porous
chronization facilities(EG&G, 9650. The spectra, consist- samples are depicted in Fig. 1 for=92 K. Without further
ing of 730 channels with a resolution of 0.04 nm/channel fordata analysis it is seen from the€Xt) curves that with
the 1800 g/mm holographic grating, were wavelength cali-decreasing pore sizé the decay separates into arprocess
brated with Xe and Kr calibration lamps. The time resolutionwhich is faster than the bulk relaxation and a second pro-
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TABLE |. Results of the global fit to alC(t) data for the bulk

bulk 7.5 nm and porous sample&, and 7y are used in Eq(4) to define the
decay time constart(®,T). T, and© are used in Eq(5) to define

the offsetCqy(¢,T). For ¢=2.5 nm the values of(T) are beyond

E Q ® experimental resolution.
o (&)
[
Sample E,/kJ mol? —logio(mfs) T /K 0
° t[s] ! ° t [s] ‘ Bulk 110 62.9 0.00
7.5 nm 75 44.0 90.8 0.06
5.0 nm 2.5 nm 5.0 nm 65 38.7 921 0.5
2.5 nm 93.5 0.20
° g
2 o

The sigmoidal-like change a, with T is represented by an
arctariT) function with high-temperature offsé® in the
! o t [s] 1 form

o t [s]

Co=0(¢)+[1-6(¢)]G— 7 *arctaf0.8 K 1T
FIG. 1. Experimental resuli®) for the normalized decag(t)
of the averageS,— T, (0-0) emission energy of QX in MTHF at —To(P)1}). 6)

T~92 K for bulk and porous samples. The solid lines are recon- . . _ _
structions based on a global fit to @t) using Egs.(3)—(5) and In this functionCo(T—0)=1, Co(T—)=6 the constant

_1 . . _
the data in Table I. The linear scales cover the range€@) <1 0.8 K def_"_]es a¢-|nglepen_dent S_IOpe ao(T) at T=T,,
(Av=260 cni'l) and O<t<1 s in all four panels. and T, positions the inflection point o€,(T) on the tem-

perature scale. For the bulk sample we Ggt¢=,T)=0.

cess with an unresolved slow time constant. For the 2.5 nmihe results of a simultaneous fit to &(t) data under the
pores, only a temperature-dependent change in the relati@0ve parameter limitations are compiledgé#), Ea(#),
contributions of fast and slow process is observed. In thi€(#), and T,(¢) in Table I. The resulting functions
case we can only estimate that the fast process is related feo(#:T) and7(¢,T) are shown for the range 80<KT<100
(1)<3 ms and the slow one t@)> 30 s. In order to quantify K in Figs. 2 and 3, respectlvely. We can now reconstruct the
these effects as a function of temperature and pore size, we(t) decays along the lines of Eq®)—(5) using the param-
assume a sum of two KWW decays. Since it is obvious thagters of Table I. Such fits are included as lines in Fig. 1,
one of the contributions is related to a valuerefl s which ~ Whereas, the symbols represent the experimental data for
cannot be resolved within the experimental time window, wel ~92 K for the four different samples.

fit the data in terms of the sum of a KWW decay and an

offsetC,: IV. DISCUSSION

C(t)~Cy+(1—Co)exr — (t/7)”]. (3) In order_to visualiz_e h_ow temperature and pore size affect
) ) ) the dynamics of the liquid, Fig. 4 presents a series of recon-
For each of the four pores sizé¢s(bulk is considereds==)  structed decays parametric in pore sizand temperatur@.
we have recorded(t) decays at eight different tempera- The panel related to the bulk liquid shows therocess of

tures, so that fits according to the three parameter function ighe solvent in terms o(t), with no signature for a further,
Eq. (3) yield 4x8x3=96 values forC,(¢,T), (¢4, T), and

B(4,T). An inspection of these results unambiguously indi-

cates thati) a decreasing pore sizgleads to an increase in

C, at T>Ty and to a decrease of the apparent activation

energy of «(T), (ii) lowering the temperature results in a

sigmoidal shaped increase @, for ¢<« [for the bulk

sampleC, (>, T)=0], with the onset temperature of this ef- J

fect being shifted to highef as ¢ is lowered (i) (¢$<ce,T)

<r¢p=2,T), and (iv) B(dp<x)<B(p==), with approxi-

mately 8#B(T). In order to better extract the information

regarding the impact o and T on the decay behavior of

C(t), we have conducted a global fit to the 82t) curves 0 ' : :

under the following parameter restrictions: For the stretched 80 0 100

exponent3 temperature invariant valug& ¢=)=0.40 and T [K]

B(p<»)=0.35 are used. Since the range of temperatures is

too small the actual curvature in an activation plot-6F),? FIG. 2. Fit paramete€, used in Eq(3), calculated from Eq(5)

the temperature dependencerd$ modeled by an Arrhenius with the parameters listed in Table I. For the bulk sanple=0 is

law, temperature invariant. The plot demonstrates that both parameters
of Eq. (5), T, and O, increase if the pore sizé is varied in the

7=1o(Pp)exd Ex(p)/KT]. 4) following order: 7.5 nm(Q), 5.0 nm(0), 2.5 nm(A).
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+4 related to the solvation free energy cannot exceed the pore
size significantly. Otherwise, the Stokes st would have
been decreased to-xAv, where « is the porosity of the
sample delineating the volume fraction of the pores, because
in the glass volume fraction,-1«, no orientational relaxation
O e ok ] is active. In accord with this result, it can be estimated that
- 1 for the solvation free energy of spherical point dipoles in
polar solvents mainly the first solvent shell is relevaht.
—&— 5.0 nm 1 In the porous systems, we find the dielectaicprocess
_4 - - . which is faster than the equivalent relaxation in the bulk as
10 1 12 indicated in Fig. 3. The decrease gfin Eq. (3) relative to
1000/T [K™'] the value for the bulk liquid reflects a broadening of the
underlying relaxation time distribution, which in all cases
deviates strongly from exponentig3=1) response func-
tions. These two features regarding tagrocess, accelera-
%on, and broadening, in the case of geometrical confinement
strates that the apparent activation enegyused in Eq.(4) de- are identically observed by dielectric spectroscopy on pure

e i ,30-32p 4 Jiti ; ;
creases if the pore siz¢is varied in the following order: bulk®), liquids in meSOpore%r? ) Additionally, V\,’e have direct evi-
7.5 nm(0), 5.02 nm(CJ). dence for then-relaxation strengtiAe, being suppressed by

either lowering the pore size or decreasing the temperature.

. : : . Within the C(t) data, a measure for this valuke, is
faster or slower, dielectrically active relaxation process. A

previoug! analysis of these data within the framework of the glr]—(bcgr,];v_:_wei;eg:ﬁol\?v:]hieno;fisetzm Er?t(a?’?ﬁ;vsﬁor?:tgreaplet?:seigigr
dynamical mean spherical approximatidSA) has indi- 9. <.

cated thatC(t) for bulk QX/MTHF complies with a dielec- ;uglr(;cil\(lez”ag%?ciogﬁﬁ 'ﬁr:hngsfetfggt'gr‘] cgeti?qe;inr:gﬁ_r of
tric relaxation of pure MTHF according to the empirical P pating 9

Cole-Davidson(CD)?® function in the frequency domain, dependent. In general, other parar?gters which affecare

which readse* (w)=¢.,+As(1+i wrep) 7P, with ~05 the effective dipole moment.« or g~'“u and absolute tem-

The corresponding Stokes shift A= 260 e L fz;‘?DQX ' peratureT.2* However, the trivial variation o\ with tem-

bulk MTHF is in accord with the dielectric relaxation perature by virtue of itg.*/3 kT dependence is negligible in

strength of MTHFAz=18 atT~T, .22 The present observa- the present small temperature range. Secondly, it has been
g

' : . ; shown previously for bulk MTHF that the effective dipole
tion of Av being practically unaffected by geometrical con- . . Lo L 33
i d . - momentu. is temperature invariant in the vicinity df, .
finement down to pore diameters of 2.5 nm yields direct = 9"

A nontrivial problem related to the observed reduction of

evidence for the chromophore serving as a highly local prOb"E“he a-relaxation strength is to discriminate between the fol-

for the dielectric properties, since the relevant length scalt?OWing two possibilities behind lowering the number of mol-

ecules participating in tha process. One is that for a certain
bulk 7.5 nm number of pores the entire liquid within these pores is fro-
S — S zen, the other possibility is assuming that simultaneously in
all pores a certain fraction of the liquid is immobilized. In
the former case, an ensemble averaged incomplete solvation
process is seen, because some of the pores display the total
solvation energyAv=260 cm 't [a Stokes shift fromi(0)
0 ¢ [s] 1 0 t [s] 1 =21375 cm* to »(ee)=21 115 cm *], while those with fro-
zen dynamics will yield a time-independent emission/(@&

5.0 nm 2.5 nm =21375 cm’ In the latter case, the orientational
polarizability around each probe molecule is reduced by im-
mobilization, such that all pores identically display a smaller
total solvation energy related to a shift fron§0)=21 375
cm ! to a valuer>w(). Since we have measured not only
1(t) but the entireS;—T,(0-0) spectra as a function of
; time, the data is capable of discriminating between the two

above situations on the basis of the inhomogeneous spectral

width of(t). If a mean emission enerdfor t>0) at v=[»(0)

FIG. 4. Reconstructed normalized dec&y&) for the average +¥(**)J/2 would originate from equally weighted but distinct
Sy T, (0-0) emission energy of QX in MTHF for bulk and porous €Missions ai(0) and aty(=<), according to the case of equal
samples, as indicated. The dashed lines are based on a global fitdimbers of frozen and active pores, then the observed line
all C(t) using Egs.(3)—(5) and the data in Table I. For each pore Widths should be at least twice theg0) [~a()], because
size C(t) is shown for the temperatures 87.5, 90.0, 92.5, 95.0, and»>0(0). In the case of partially frozen dynamics in each
97.5 K, in the order from upper to lower curves. The linear scalepore, the observed width is expected to maintain the value
cover the ranges<C(t)<1 (Av=260 cmi’) and O<t<1 sinall  ¢(0)~190 cm . The solvation dynamics results clearly ar-
four panels. gues against the picture of some pores filled with entirely

+2

_10910(T[S])

—— 7.5 nm

FIG. 3. Fit parameter used in Eq(3), calculated from Eq(4)
with the parameters listed in Table I. For the 2.5 nm porous sampl
7 is below the experimental limit of resolution. The plot demon-

c(t)
C(t)

c(t)
c(t)

0 t [s] ! 0 t [s]
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10 number of molecules participating in the process as the
temperature is lowered with an increasing length séabé

e 75w cooperativity. One could imagine that a cooperatively rear-

73 ranging region(CRR) looses relaxation strength asap-
E' proaches the radius given by the amount of inner pore liquid
= 3.0 subject to thex relaxation, because the outer immobile mol-
o ecules will gradually suppress the relaxation process. Actu-

2.5 € ally, &T) deduced from such a picture should be considered
M as an effective value, composed&f and ¢, which respec-

0 ! L - tively originate from the inner liquid and surface layer, with
80 90 100 possibly different values and temperature dependences. The
T [K] more severe objection against estimat§t@) from the sur-

face layer thickness or frome (T) is that a value ofé

substantially exceeding intermolecular distances contrasts
the highly separated relaxation times related to the molecular
dynamics of the inner liquid and of the surface layer, because

the surface layer thicknegs decreases ab approachesp with an approach of thez-r_elaxatlon time towards the time scale_
increasing temperature. The curves are plotted for the average popé the surface dynamics should preceed the eventual freezing

sizes of the sample#=7.5 nm(O), 5.0 nm(CJ), and 2.5 nm(A). of relaxation strength. However, such a divergencelike be-
havior of the a-relaxation time towards much longer time

frozen liquid and others with dynamically active content, be-scales whileAe ,—0 has not been observed. Alternatively, a
cause the width does not exceetD) by more than 5% for CRR in the strict sense of Adam and GibBswhere all
all C(t) curves. We therefore adopt the picture of relating theconstituents of a CRR exhibit identical dynamics, should be-
decrease oAe,~(1—-C,) to an enhanced fraction of immo- come frozen entirely when its boundary is in contact with
bilized liquid in each pore. immobile molecules. Within such a picture proposed

Following the above and previotts®3%evidence derived recently*® a gradual decrease Ak, must be associated with
from dielectric relaxation data, we assign the slow process varying fraction of entirely frozen pores regarding their
(which cannot be quantified in terms of itand 8, but only ~ dynamics, in contrast to the observed inhomogeneous
by its strengthC,) to the highly frustrated dynamics of mol- linewidths discussed above.
ecules within a surface layer in physical and/or chemical In view of the above notions regarding cooperativity, it is
contact with the pore walls. The relaxation strengity of = more realistic to simply assume that the surface layer grows
this surface layer is proportional ©,, and as forAs, we in thickness on the expense of the inner pore liquid as the
relate Ae4 to the number of molecules associated with thetemperature is lowered, with the two phases displaying
surface layer. Conservation of particles now requires a conhighly distinct dynamics, i.e., with no gradual transition re-
stant Ae,+Aeg, in accord with our observation garding the relaxation time scales. Such a sharp transition in
Ae,+Ae,=As#As(,T), corresponding ta\v=260 cni’l.  dynamical behavior is also observed in dielectric relaxation
This rules out a surface layer relaxation strength much irexperiments in terms of distinct loss pedRsl*?rather than
excess of the bullde for this system, as seen in other porousa continuous distribution, and in viscosity measurements of
glasses via dielectric experimefts’'*?As a consequence, ultrathin liquid films? where the viscosity tends to diverge
the paramete€, in Fig. 2 indicates the relative amount of abruptly at a film thickness of several monolayers. However,
liguid associated with the surface layer of thickngsas a it remains to be explained why the present average surface
function of pore size and temperature. The high-temperaturiyer thickness results(T) display a transition from 0.1 nm
values ofCy(¢,T), O(¢), are consistent with a pore size to ¢/2 at temperatures close to the glass transifigni.e., in
independent surface layer thicknesspef0.1 (+0.0249 nm,  a narrow temperature range arouhws92 K for MTHF. The
calculated asp/2{1-[1-O(¢)]3}, i.e., assuming spherical relaxation behavior of supercooled liquids ndgrare com-
pores for simplicity. Since this value is significantly below monly characterized by extremely long relaxation times
the thickness of a MTHF monolayer, the average of 0.1 nm isombined with a strong sensitivity ofto temperature varia-
expected to be determined by only those molecules whictions. Therefore, aff; only small additional barriers are
are chemically trapped at the glass surface even at elevatesteded to completely freeze the dynamics, analogous to find-
temperatures, presumably by the silanol groups of the glagsg almost infinitely long relaxation times at temperatures
surface. The increase @f with decreasing temperature re- slightly below T,. Since an immobile molecule or solid in-
sults in a decreasing diameterassociated with the remain- terface are likely to impose an additional barrier to an adja-
ing inner pore liquid, which again on the basis ©f(,T) cent mobile site, it is not surprising that the number of im-
and assuming spherical pores is given bymobilized molecules increases substantially at precisely
D= ¢[1—CO(¢,T)]1/3. The resultingd(T) is plotted in Fig.  those temperatures where the molecular mobility of the bulk
5, showing thaD attains values as low as 2.5 nmlat90 K liquid is highly frustrated. Since the pore surface is rough or
for $=5.0 nm and afT~80 K for $=7.5 nm. Therefore even fractal-like for sol-gel-type porous glaséeke transi-
D(p) is a substantial effect which may not be disregardedion of p(T) from 0.1 nm to¢/2 should be a gradual process
when rationalizing the confinement effect on the inner poreas a function ofl, because roughness results in a distribution
dynamics. of liquid-to-glass interaction energies.

It is an attractive idea to correlate the decrease of the For the time scales of the inner pore liquid’'sx process,

FIG. 5. Effective diameteD of the inner pore liquid as a func-
tion of temperature, calculated on the basi<gt ¢, T) results and
assuming spherical pore§=¢ [1-C,(¢,T)]Y>. Accordingly,
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we find an acceleration of therelaxation upon lowering the molecular dynamics couples to the solvation free energy of
pore sizeg, in accord with a confinement-induced shiftf  the chromophore. Because the total Stokes shiftin the
towards lower temperatures found for similar liquids in po-bulk and in the smallest pores with=2.5 nm is practically
rous glasse$>*~*In the present case, this effect is paral- identical, the relevant coupling range cannot exceed 2.5 nm
leled by a reduction of the apparent activation energy as se&dignificantly.

in Fig. 3. It should be emphasized that the linear behavior in  For the structural relaxation of the solvent we find accord-
the activation plot Fig. 3 is an approximation to the rédl)  jhg to Figs. 1 and 4 two relaxation processes exhibiting a
curve of MTHF, which displays marked deviations from d)ronounced separation of time scales, which differ by at least
simple activated behavior in the extended range 90_3 orgers of magnitude. On the basis of the widths of the
K<T<180 K~ Fora particular temperature, the_ present -5, T, (0-0) emission spectra, both relaxation processes are
_srlalts.mdmatefa fastes process ':; the Ipore. SIze 1S IO\;vered. found to be active in each pore, so that the molecular dynam-

e Impact of temperature on the relaxation time of a con;.q appear to separate into a very slow component associated

fined liquid is thus a combination of a bulklike effect and, . -
o  with a surface layer and a fast component assigned to the
additionally, the effect of the temperature-dependent eﬁecfemaining inner pore liquid, which is reminiscent of the bulk

ltlve pct)rrf Eze for theTlndner liquid, dLuJe to the ?.mv‘(’fl'_q)g tﬁurfacea process. Due to their distinct dynamical behavior, the rela-
ayer thicknessp as ecreases. Lpon cooling US " tive contributions of the two processes to the entire relax-

countergcts the_ lncr:as_ac_nrfthere?y Ieladlng toa Iests prt(_)- ation strength can be accurately resolved. The corresponding
notL_mce variation Ob wi d’."(?r"b(l)‘"’: OV\(/je::gpp?’aren act yesults compiled in Fig. 2 are consistent with a pore size
valion energy, as observed in fable 1 and Fig. o. independent surface layer thicknessof ~0.1 nm at the

rFlorx triatrl10tri]rarL1IIZIri]tgi ?219 riogf'?er;:nvtv Wehﬁetﬁtsr thonin:\h? higher temperatures, and a pronounced increage a¥ the
a-relaxatio €, 1L 1S Important to kno ether the inne temperature is lowered until, eventually, the entire liquid in

pore liquid is subject to constant pressure or constant VOIumfhe pores participates in the surface layer dynamics at
conditions, corresponding to the question of the extent by|'~T Accordingly, the remaining inner pore volume dis-
which the liquid is capable of flowing macroscopically Iayigé the a-like ’relaxation is subject to a strongly
within the porous glass in order to establish the ambien emperature-dependent effective pore sige2p, as indi-
pressure within the pores after cooling. Upon filling thecated in Fig. 5. Relative to the bulk properties,,the in-pere

sample by capil]ary wetting, it takes approximgtdl h for relaxation is accelerated and related to a wider distribution of
the bulk of the liquid to enter the pores, as observed by theg |y ation times. The impact of the effective pore size

transition from transparent to opaque appearance of th —25(T) on the a process is to gradually reduce its relax-

sample. At this temperature;300 K, the viscosity of MTHF ation strength and further decrease its time scale compared to

is as low as~10¢ P. In the present temperature range T :

: L L 'the situation wherep~0. Thereby,p(T) contributes to the
T§'100 K, the viscosity is;=10° P, sp.that itis by NoOMeans . yered apparent activation energy of haeelaxation as the
trivial that constant pressure conditions are attained Wlthlébore diameter is decreaséske Fig. 3

the time scales of the experiment. If the liquid exchang The features induced by geometrical confinement as sum-

Gi¥play three distinct relaxation procesé&®-32In these
es, an external electric field is applied to the sample,
hich represents a heterogeneous dielectric material because

are expected to be more densely packed, reduces the aver
particle density in the remaining pore volume with a con-.,
comitant decrease of the structural relaxation time, in accorg

th th . tal findi | i £ th iin of liquid exhibiting dc conductivity is imbibed into a dielec-
wi € expenmental Tindings. lrrespective ot ine origin o trically inert and insulating porous glass. Such a situation
the relaxation time shift, it is reasonable to attribute the

. . . . . o ives rise to Maxwell-Wagner polarization and thus to a loss
confinement-induced increase of thaelaxation time distri- 9 9 b

. o ) X eak in addition to those reflecting orientational polarization.
bution to an additional heterogeneity which stems from th 9 b

) e . . " he present results support this picture by revealing two pro-
site specific distance between relaxing and immobilized moI-Cesses which unambiguously stem from the orientation of

ecules. However, further experir_nents are needed to SUPPOLL manent dipoles. Also the confinement-induced broaden-
or quantify these more speculative statements regarding t ﬁg and acceleration of thea process observed here are in

comparison between bulk and in-pore molecular dynam'cs'qualitative accord with the findings of dielectric spectros-

copy for simple liquids of low molecular weight:>° The
feature of a substantial change in theelaxation strength
with temperature is similarly found in dielectric data ob-
We have acquired solvation dynamics data for the probé¢ained for sol-gel-type porous glass8sHowever, the
molecule quinoxaline dissolved in the glass-forming liquid present data is inconsistent with a straightforward relation
2-methyltetrahydrofuran for temperatures from 80 to 100 Kbetween length scale of cooperativity anerelaxation
and in the time range 1 i@ <1 s. The study compares the strength, but argues in favor of a marked variation of the
bulk liquid with that confined to the mesopores of sol-gelsurface layer thickness with temperature. For Bioran-type
porous glasses for different pore diameters. The timeporous glasses made by spinodal decomposition with cylin-
resolved Stokes shifts(t) or C(t) observed for the porous drical pores of highly defined diamet€t0.2 nm-5%) no
samples not only reflect the dielectrically active structuralsuch indication exists for a variation pfaccording to dielec-
relaxation as in the bulk system, but additionally yields di-tric results for a series of low molecular weight liquiddie
rect evidence for extremely small spatial range in which theconclude that a growing surface layer upon lowering the

V. SUMMARY AND CONCLUSIONS
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temperature is characteristic only for pores with rough ofWagner process is removed. Additionally, the slower process
fractal surfaces like in porous media obtained by sol-getan be identified to be active in each pore, which strongly
technology. A more quantitative comparison between solvasupports the idea of a surface layer with frustrated molecular
tion dynamics and dielectric relaxation under confinementlynamics. The method of dielectric spectroscopy is bound to
calls for dielectric experiments on MTHF in porous glassesremain indecisive regarding this latter result.

which are presently not available.

As a general conclusion, we wish to emphasize that the
optical technique of solvation dynamics experiments has
turned out to yield complementary information with respect Financial support by the Deutsche Forschungsgemein-
to dielectric spectroscopy in the context of molecular dynamschaft and by the Fonds der Chemischen Industrie is grate-
ics in porous media. Because a chromophore representsfally acknowledged. Yu.M. acknowledges financial support
highly local probe for the orientational relaxation of perma-by the Humboldt FoundatiotiGermany and the Interna-
nent dipoles, the ambiguity in allocating the Maxwell- tional Science FoundatiofSA).
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