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Geometrical confinement and cooperativity in supercooled liquids studied by solvation dynamics
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The molecular dynamics of supercooled liquids confined to the mesopores of sol-gel glasses are interpreted
in terms of the spatial competition between the average length scale of cooperativity assumed to increase with
time and the geometrical confinement on scales between 2.5 and 7.5 nm. Opposed to relating the fast and slow
relaxation components to spatially distinct regimes, the picture of a mesoscopically uniform but cooperative
relaxation as stimulated by the theoretical work adkla is proposed. It will be demonstrated that rationalizing
the data along these lines leads to a consistency with the theory while relaxing some of the conceptual
problems encountered in previous interpretations. The data supports the idea that the relaxation in restricting
geometries proceeds like in the bulk liquid until the length sééie=<log(t) of cooperativity reaches the pore
size leading to nonergodic behavior within the experimental time scale. For a characteristic cooperativity
length&; the data analysis yield&(T)=T and{.(T4)~3 nm. The solvation dynamics results under study are
compared to analogous dielectric relaxation dp5163-182896)01246-3

[. INTRODUCTION between surface layer and inner pore liquid differ by orders
of magnitude with respect to their relaxation time scale.

The effect of geometrical confinement on the molecular It is the purpose of this contribution to investigate the
dynamics has attracted much attention in recent years, bogpmpatibility of experimental findings with the assumption
from the experimental as well as from the theoretical $ide. Of uniform dynamics in the pores, i.e., while refraining from
Despite the current activity in this field, no genera“y ac-any Spatial localization of distinct relaxation times. An un-
cepted satisfactory coincidence between theoretical ag@mbiguous decision towards the previous or the currently
proaches and experimental observations has been achievéioposed alternative interpretation calls for further experi-
Much of the experimental effort focuses on liquids and sumental evidence, preferentially with a technique having a
percooled liquids in mesoporous media because of the enof€soscopic spatial resolution. Strongly stimulated by the
mous surface to volume ratio with well characterized poretheoretical work of Donati and"dkle cooperative dynam-
sizes currently achievabfeThe interest in studying super- iCS are assumed and the slow relaxation component is under-
cooled liquids near their glass transition temperaftigein ~ Stood as a signature of nonergodicity emerging from motion-
mesopores is stimulated in part from the expectation that th@lly blocked molecules at the pore surface. An important and
spatial dimension of mesopores in the range 1—10 nm shoukmediate consequence of analyzing the experimental re-
compete with the characteristic length scélef cooperative ~ Sults in this fashion is the result that the dynamics of the
motion in such highly viscous liquidsin this context the —confined liquid is at no time faster than its bulk counterpart.
cooperativity scale outlines the average number of moleculeshe discussion is based on the results of a solvation dynamic
involved in the relaxation process at a certain site and i$tudy, where the dielectric relaxation of the supercooled lig-
believed to be an important factor in the extreme slowinguid of interest is locally probed by means of optical spectros-
down of motional time scales as the temperature approach&é9Py. The advantage over dielectric relaxation measurements
Ty 7 are the lacking effects of dc conductivity and Maxwell-

Dielectric relaxation studies regarding glass-forming lig-Wagner polarization which otherwise interfere with a
uids confined to porous glasses have facilitated the experftraightforward data analysis.
mental access to the relaxation dynamics in a wide range of
frequencies. The main features seen by this technique under
geometrical confinement are alterations in the time scale and
dispersion of the structurak process relative to the bulk The technique of solvation dynamics used previously for
behavior and the appearance of a further process at lowonfined liquids employs phosphorophores as probe mol-
frequencies:*®° Although the details of the interpretation ecules at low concentrations, whose emission spectrum is
are a matter of controversy, there has been only little ambirecorded as a function of time following the excitation into
guity in assigning the fast and slow relaxation components irthe triplet staté®!! Electronic excitation and the subsequent
pores to spatially distinct regimes, with the slow process beehange in the permanent dipole moment of the probe mol-
ing attributed to an interfacial surface layer of the liquid ecule induces a dielectric relaxation process in the immediate
whose dynamics are frustrated by physical and/or chemicalicinity of the chromophore, which can be observed in terms
interactions with the pore walfs® The problematic issue of of a time dependent redshift of the mean emission energy
such a picture is the necessity of explaining the faster struc(t).}? Analogous experiments in bulk liquids have revealed
tural relaxation in pores compared to the bulk liquid and thethat the temporal evolution of the Stokes-shift quantitatively
inherent assumption that adjacent molecules at the boundargflects the dielectric relaxation behaviei* (w) of the

Il. RESULTS
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FIG. 1. Experimental results for the Stokes shift correlation

function C(t) for MTHF probed by QX aflf=92.5 K~T4+2 K. o
The solid curve refers to the bulk liquid. The dashed curves are the &
result in mesopores for the different pore sizes7.5 nm(—O—), =
5.0 nm(—[—), and 2.5 nm(—A—). The symbols are for curve w
identification purposes only.

solvent!®~1®Because the probe molecule is electrostatically
coupled mainly to its first solvent shéfi;® solvation dy-
namics results are not affected by Maxwell-Wagner polariza-
tion or dc conductivity.

The data which form the basis for the present investiga- FIG. 2. Time domaifupper framez(t)] and frequency domain
tion and the concomittant experimental conditions have beelower frame:s”(w)] schematic representation of the comparison of
presented in detail previously The liquid under study is the dynamics in the bulksolid lines and in the confined statelashed
glass former 2-methyltetrahydrofuratMTHF), optically lines) of a”supercooled _Ilqum_l. The rate distributions undﬂlylng the
probed by the phosphorescent solute quinoxalX). The g(t) and&"(w) plots are identical. The average r_a(ef) or(r *)are
solvation dynamics of this system has been measured in t{8€ same for all four curves, such that the initial slapgt)/dt at
time range 1 ms—1 s in the bulk and in pores of nominalt,fo is equal for the bulk apd cqnflned case. The peak normalized
diameterg=2.5, 5.0, and 7.5 nm. As porous matrices Gelsil® @) CUTves actually have identical areas.

glasses(GelTech being produced by sol-gel technology . . , , ,
have been employed. In the bulk MTHF liquid the g|assqualltatlve features are thé&) C, increases with decreasing

transition temperature is found to Bg=91 K18 The experi- POre size and___temperaturéi,_) 7 decreases with decreasing

mental temperature window was 8GR <100 K. pore size, andiii) 8 in pores is smaller thag(«). Taken the
The emission spectra of the electroSig— T, (0-0) tran-  Present experimental time range limitationtsf1 s, the off-

sition of QX were subjected to a Gaussian profile analysis ir?€t Co Should be understood as a contributionGdt) for

order to obtain the mean emission enengy,T,¢) and the which the relaxation time scale is well al®t s sothat its

according Gaussian widths(t,T,¢). For focusing on the decay pattern remains unresolved.

Stokes-shift dynamics it is convenient to normalize (g

log10(21tf[Hz])

data to the so-called Stokes-shift correlation funct): Il. DISCUSSION
Clt)= (1) —v(») 1 The above shown existence of a slow and fast relaxation
(t)= v(0)— v(®)’ (1) component operating on strongly separated time scales in

) ) . ) ) o confined liquids is unambiguously confirmed by dielectric
To a first approximationC(t) is the normalized polarization g|axation resuls®® for analogous samples. In this tech-

of the material under the condition of a constant charge dispique the material is characterized by the complex dielectric
tribution ?ngthereby strong!y related to the d|elect.r|c modu+,nction e*(w)=¢'—ie”, where a peak situated ai=w,
lus M(t).”“" A representative set oE(t) decays is por-  yithin the loss spectrure”(w) indicates an orientational re-
trayed in Fig. 1 for MTHF at the temperatufe=92.5 Kwith |55ation process with a characteristic timg=1/w,. In con-
the curves being parametric in the pore size. For the decay,q; 1o a single asymmetrically broadened peak for the bulk
ana!y5|s the t_ende_:ncy of the geometrically confl_ned cases tﬁ’quid, one observes in the porous samples a bulklike loss
attain a quasistationary level well above zero is accountefeak byt shifted to higher frequencies and an additional peak
for by an additional offsetC, to the Kohlrausch- at mych lower frequencie¥'® A schematic comparison of
Williams-Watts™" like structural process, so that the curvesypical dielectric loss spectra for the bulk and confined case
are well represented by is depicted in the lower frame of Fig. 2. On the basis of this
henomenology is appears natural to conclude on the accel-
C(t)=Co+ (1= Colexd —(t/7)”]. @ gration of the g?t/ructul::apl process and to assign the slow com-
The data representation thus reducesCif#,T), (4, T),  ponent to a spatially distinct subensemble of molecules, be-
and B(¢), where the bulk liquid is designate@i=«. The lieved to reflect a surface layer with frustrated dynamics due
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to interfacial effects. The upper frame of Fig. 2 outlines the
identical scenario as shown in tla&(w) curves, but simply
converted to a time domain representation. Again in terms of
two distinct contributions one easily arrives at the same in-
terpretation.
The above conclusions drawn either fraift) or &"(w)
data become less obvious when observing that(hecurve
for the confined case actually contains no faster component
on the absolute(t) scale. Theg(t) curves in Fig. 2 have
been chosen to display identical slopes at titseD and,
equivalently, the average frequenci@s) of the two £"(w) 1
curves are identical. The main point is that only the artificial
decomposition into distinct processes is responsible for con-
cluding on an accelerated structural relaxation for the con-
fined liquids relative to the bulk behavior. Following the idea
put forward by Donati and &#le? the following is devoted
to investigating the applicability of an understanding of con-
finement effects assuming spatially uniform dynamics as an
alternative to localizing the distinct relaxation times. 0
The starting point of the proposed alternative interpreta- 0
tion is that the obviously existing slow and fast relaxation
contributions are both an inherent property in each relaxing
unit. In the original experimental pagéit has been argued
that the dynamically different domains cannot be separated FIG. 3. Schematic illustration of the interrelation between decay
on length scales of the pore size or above, i.e., the picture gfattern and temporal progress of the length scale of cooperativity.
some pores displaying the fast relaxation, while others ar&he bold solid arc is meant to represent the pore wall and the SiO
entirely filled with the motionally slow liquid does not com- glass surrounding the pore is indicated by the shaded area. The
ply with the solvation dynamic results. The basis for thistemporal increase of the cooperativity lengtlashed semicirclgss
notion is that a spatial heterogeneity of time scales beyongnderstood to have no effect on the relaxation relative to the bulk
the dipo'ar Coup"ng range of the probe molecule to the So|.decay(50|id decay CUrV)?Until it matches the pore size and thus
vent dipoles would have led to wider emission spectra thafnduces nonergodicity on longer time scales. None of the axes are
actually observed. The recent progress in understanding thfgéant to be scaled.
dipolar coupling range in disordered materials has revealed
that mainly the first solvent shell is “seen” by the molecular underlying this scheme is that the ensemble averaged initial
probel*~1® Therefore, the observation of time-independentshort-time motion of a relaxing site involves only the coop-
widths of the emission spectra withi5% argues against erative motion of a few neighboring molecules. Further steps
dynamically distinct domains of considerable size. towards the equilibrium situation require more and more
Anticipating spatially uniform dynamics in the following, molecules to act cooperatively, so that the number of dy-
the pore-size-dependent relaxations as plotted in Fig. 1 are mamically coupled relaxors increases during the progress of
be compared on the absolu@€t) scale, which immediately equilibration. In other words, the length scalg) of coop-
indicates that the confined liquid displays at no time a decagrativity is an increasing function of time, an idea which is
pattern which is faster than the bulk cur¢®olid curve in  conceptually similar to Ngai's coupling scherfef subject
Fig. 1). Note that the previous data analysis has claimed ato geometrical confinement such a relaxation mechanism
acceleration of thex process by a factor of 10 or more, proceeds initially as in the bulk material but is expected to
depending on pore sizé and temperature. More specifi- differ from the bulk behavior as soon as the spatial extent of
cally, the data of Fig. 1 reveals a bulklike decay at shortcooperativity has reached the pore size. In this latter situa-
timest<7' for all pore sizes. It should be emphasized thattion, the rigid pore wall is likely to block any further ap-
the qualitative features of Fig. 1 discussed here are parallelgatoach to equilibrium conditions in the entire pore because
by the results obtained at the other experimentahow all molecules are dynamically coupled to the interface.
temperature$’ The effect of the pore diameter or extent of The transition timer’ at which this blocking of the dynamics
geometrical confinement is to alter the tirlég) at which a  takes effect will thus depend on pore size and on tempera-
transition from a bulklike behavior to a freezing in of the ture. Eventually, the final equilibrium case is restored but on
remaining relaxation occurs at the amplitud@&>r')=C,.  a much longer time scale dictated by the effectivity by which
Therefore, at short timets<7’ the structural relaxation does the pore boundary frustrates the molecules which reside in
not sense the geometrical confinement, whereas it depenidtemediate contact with the pore wall.

C(t)

TIME

strongly on¢ after which time7’ or after which relaxation One could conclude on the same scenario without regard-
extent 1—C, the systems appears to become nonergodic oing the ensemble average only. Consider a statistical distri-
the experimental time scate<1 s. bution of the number of environmental molecules needed to

A molecular scenario which supports the above-move cooperatively for a certain site to relax. Those sites
mentioned transition from a bulklike decay to a nonergodiccoupled dynamically to only a few molecules will dominate
appearance is schematically visualized in Fig. 3. The modehe short-time response, while sites demanding a large num-
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+1 Ty itis in turn a matter of the pore size after which time the
blocking of the dynamics takes effect. At sufficiently high
temperatures the spatial extent of cooperativity is low such
that the crossover time' attains values abovén, i.e., the
confinement has practically no effect on the dynamics of the
liquid. The equivalent statement can be inferred from the
1-C, data which approache€,=0 only in the range
T>Tg.

The more quantitative results inferred from the data in
Fig. 4 are as follows: If a specific characteristic length scale
& of cooperativity is(arbitrarily) identified with its length
&(t.) at the timet,=0.K7, then the conditions’ =t. or
log,o(7'/{7)=—1 marks wheré; is on average equal to the
pore radiusp/2. Reading this condition fof.= ¢/2 from the
log;o(7 /(7)) curves indicates that.(T) varies approximately
linearly with temperature and thaf(Tg,)~3 nm. At the
glass transition temperatuiig =91 K the temporal evolution
of the cooperativity lengthé(t) is found to increase as
&t)xlog(t). Within the above concept the competition of
cooperativity lengths and mesoscopic geometrical confine-
ment thus leads to a characterization of cooperativity séales
summarized by

—— 7.5 nm
O e s5.0nm

—4— 2.5 nm

log‘o(‘r'/<1’>)
I

T [K]

E(T)xT,  £(Tg)~3 nm, andé(t)xlog(t), (3)

FIG. 4. Temperature and pore size dependence of the transitioyhere .= £(t.) can be viewed as the length scale of coop-
from bulklike relaxation to quasistationary conditions as inferrederativity which leads to blocking almost the entire dynamics
from thfe solvgti?_n Ctiync’:}[l;ict_ﬁa ffO:hMTtHF if)t_DOFOUlS tE_J'aS:‘e; Thein the case of a geometrical confinement associated with this
upper rrame Indicates the (0] IS transition relative 1o the i iS i
average relaxation timg) in the bulk in terms of logy(7' /(7). The \?V?S]tlzlres\fggc ;eg;?)r:ﬁ%g foréc(Tg) Is In good agreement
lower frame indicates the extent-T, of the relaxation prior ta”. A comparison of the present results with a Monte Carlo

simulation conducted by Donati andckée® on a geometri-
ber of cooperatively rearranging units will equilibrate on cally confined system with inherent cooperativity appears in
longer time scales. In the case of geometrical confinementrder. The simulated system is a lattice gas model with two-
all sites associated with a few cooperative neighbors wilvacancy-assisted hopping where the relaxing units are asso-
relax as in the infinitely extenting liquid, while those which ciated with an orientation. It was therefore possible to calcu-
are dynamically coupled to the boundary will remain jate the orientation autocorrelation functigi,(t) under the
blocked for times well above the average bulk relaxationgeometrical confinement to strips of different widths. In a
time. Within the scope of the present discussion, this idea igase where the spatial confinement competes with the length
identical to an ensemble average length scale of cooperatigcale of cooperativity in this system, the initial decay of
ity which increases with time. ¢p(t) is only spuriously affected, while(t) attains quasis-

In Fig. 3 the transition of the decay into the quasistation-tationary behavior at longer times. Qualitatively, these fea-
ary situation is oversimplified by assuming a sharp break atures are paralleled by the solvation dynamic data shown in
7', which in reality should be smeared out on the time scaleFig. 1. Both, thep,,(t) simulation result and th€(t) experi-

In order to gain access to the transition tirieas a function mental evidence, can be regarded as orientational dynamics
of pore sizeg and temperaturg, all C(t) fits following Eq.  in a supercooled liquid near the glass transition and subject
(2) are analyzed by evaluating the timewhich satisfies the to geometrical constraints, so that the theoretical and experi-
condition Co(¢p, T)=C(t=17",¢=,T). According to Fig. mental results are believed to reflect comparable quantities.
2, this is the time at whiclC(t) for the bulk case has de-
cayed to the offset valu€,=Cy(¢,T). The resulting values
7 =7(¢,T), normalized to the average bulk relaxation time
(7 for the same temperatuilg are plotted in the upper part ~ The aim of the present work is to present an alternative
of Fig. 4 in terms of logy(7'/(7)) versusT for the different interpretation for the effects of geometrical confinement on
pore sizes. The lower part of Fig. 4 indicates the extent othe dynamics of supercooled liquids which refrains from as-
relaxation, - Cy=1—C,,,(t=7"), which is covered in the suming a spatial localization of distinct relaxation times. The
time range &t=<17'. From these results it is seen that for a picture of uniform cooperative dynamics leads to an under-
certain¢ the time ' (in units of the average relaxation time standing of experimental evidence, which relaxes the previ-
(1) needed for the cooperativity to spread over the entiredusly unresolved problems of why structural relaxation be-
pore size is a strongly increasing function of temperature, irtomes faster under geometrical restriction and of assuming
accord with the idea of the characteristic length séalef  adjacent molecules exhibiting relaxation time scales which
cooperativity increasing significantly as the temperature igliffer by orders of magnitude. The current basic idea is that
lowered towardd . At a certain temperature slightly above the ensemble averaged length scélef cooperativity in-

IV. SUMMARY AND CONCLUSIONS
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creases with time such th&attains values comparable to the possible application of this simple method of blocking the
pore size within the mean bulk relaxation time and at tem-entire molecular dynamics slightly beloW, for long times
peratures neaf . The experimental test of this picture ex- could be the orientational arresting of solute molecules in
ploits solvation dynamics results obtained for the glassrder to introduce a permanent anisotropy. However, it is
former MTHF in mesopores of different sizes aroufy In believed that further experiments capable of a spatial resolu-
accord with the model, the relaxation data for the geometrition on mesoscopic scales are necessary for unambiguously
cally restricted liquid decays initially like the bulk counter- clarifying the dynamical features induced by geometrically
part system until a transition at time leads to nonergodic confining a liquid.

behavior on the relaxation time scale of the bulk material. By
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