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Simulations of time-dependent fluorescence in nano-confined solvents
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Department of Chemistry, University of Kansas, Lawrence, Kansas 66045
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The time-dependent fluorescence of a model diatomic molecule with a charge-transfer electronic
transition in confined solvents has been simulated. The effect of confining the solvent is examined
by comparing results for solutions contained within hydrophobic spherical cavities of varying size
(radii of 10-20 A). In previous workl. Chem. Physl18, 6618(2002)]it was found that the solute
position in the cavity critically affects the absorption and fluorescence spectra and their dependence
on cavity size. Here we examine the effect of cavity size on the time-dependent fluorescence, a
common experimental probe of solvent dynamics. The present results confirm a prediction that
motion of the solute in the cavity after excitation can be important in the time-dependent
fluorescence. The effects of solvent density are also considered. The results are discussed in the
context of interpreting time-dependent fluorescence measurements of confined solvent systems.
© 2004 American Institute of Physic$DOI: 10.1063/1.1691391]

I. INTRODUCTION redshifted as the cavity radius is increased while the absorp-
tion spectrum is essentially unchanged. This behavior can be
There has recently been increasing interest in the cheminderstood based on the solute position: In the ground state
cal dynamics of confined solvertts’® This derives from the the solute has a relatively small dipole moment and is most
ability of chemists to synthesize materials that are structurdikely found near the cavity wall, excluded by the solvent. In
on the nanometer length sc&le*2and the desire to use these the excited state, the solute dipole moment is large and the
materials to carry out useful chemistry or to understand thsolute is most likely to be found fully solvated near the cen-
chemistry in similar systems found in nature. Despite theer of thecavity*’ Thus, in paper | we predicted that the
advances in synthetic techniques, our understanding ¢ime-dependent fluorescence of such a chromophore in a
chemistry in solvents confined in nanometer-size cavities @pherical nanometer-scale cavity will exhibit characteristics
pores is still relatively limited. Ultimately one would like to due to the change in the chromophore position in the cavity
design nanostructured materials adapted for specific reactiadter excitation. In this paper, we present nonequilibrium mo-
or spectroscopic purposes, e.g., catalysis or sensing, by cdaeular dynamics simulations of the TDF spectra; the details
trolling the cavity/pore size, geometry, and surface chemissf the calculations are given in Sec. lll. In Sec. IV we
try. In order to develop guidelines for this design, we muspresent the results of the calculations that confirm this pre-
first understand how the characteristics of a cavity affect thdiction, examine the relationship between the TDF spectra
chemistry. These effects should be particularly pronounceand cavity size, and compare with previous experimental and
when the chemical process of interest involves charge trangieoretical studies.
fer and is therefore intimately coupled to the solvent
dynamics*®#4 Theoretical and simulation approaches can be
useful in this context since the cavity propertieeluding || NANOCAVITY SYSTEM
size) can be straightforwardly controlled and varied, isolat-
ing their effects. This is the focus of this paper and a previ- In Sec. IV the results of simulations of a solute dissolved
ous papéP (henceforth referred to as paper I). in a solvent confined inside a spherical nanocavity are pre-
One of the primary techniques for probing the change isented. The solute is a model diatomic mole¢hkreafter
solvent dynamics upon confinement is to measure the timelenoted as AB with Lennard-Jones and Coulombic interac-
dependent fluorescen¢eDF) of adissolved chromophof®.  tions. The details of the model are given in paper I. Briefly,
Such measurements have been carried out by Levinger atite A and B Lennard-Jones parameters are the same and are
co-workers in a wide variety of reverse micefles,Bhatta-  independent of electronic state. The two electronic states are
charyya and co-workers in reverse micelles, vesicles, sofelated by a charge-transfer transitiopy(1.44 D, ey
gels, and zeolite’;® Baumannet al. in sol-gelst®”and a  =7.2D) with the excited state 2 eV higher in energy than the
number of other groupg§2® In paper | we found that ayround state. Though a two valence bond state fifbigel
chromophore with a charge transfer transition in a hydrophaised the electronic coupling is sufficiently sm@lo1 eV)
bic spherical nanometer-scale cavity displays different trendat these simulations involve effectively fixed charges in the
in the steady-state absorption and fluorescence spectra withio electronic states. Simulations have been carried out with
cavity size.(The model solute, solvent, and nanocavity sysa CH;l solvent using the rigid molecule model of Freitas
tem are briefly described in Sec. II; additional details may bet al*® for CHl (e,,=7). In this model the methyl group
found in paper |.Specifically, the fluorescence spectrum isis treated as a “unified atom.”
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The model for cavity-molecule interactions is the samequations-of-motion. It is important to note that the NVT
as in paper ¥22 The interactions of the solute and solventdynamics were used only for the equilibration stages with
molecules with the cavity walls involve only Lennard-JonesT =298 K. No thermostat was applied to the nonequilibrium
interactions’>*3*The potential depends only on the radial dis-dynamics during which the TDF signal was collected. The
tance of the Lennard-Jones site on the molecule from theverage temperature rose slightly during this period. Test cal-
center of the cavity. We consider two solvent densitiesgulations revealed only slight differences between this ap-
p=1.4 glcnd and 2.0 g/cr (the bulk density of CHl is proach and an implementation of the thermostat for all dy-
2.279g/cn?).*° The density of the solution inside the cavity namics.
is taken to be approximately the same for a given solvent as
the cavity size is varied. Note that the actual densities mag. Bulk simulations
be slightly less than these nominal densities since for a fixed We have also carried out noneauilibrium MD simula-
cavity size it is not possible to attain an arbitrary density. Thﬁon d

volume used in calculating this density is obtained by reduc- . s in bulk CH'. (p=2.0 glen) to prqwde a comparison
. . . . . with the nanocavity results. In these simulations 255 solvent
ing the nominal cavity radius by @5, (owa is the effec-

tive Lennard-Jones radius of the cavity wat) approxi- molecules and one AB solute molecule were simulated with

mately account for the excluded volume, a quantity thaPer'Od'C boundary conditions. The box length was 31.12 A

- . . . . .~ _and the interactions were smoothly truncated at a cutoff ra-
changes significantly with cavity size. The cavity radius,

R is taken to be 10. 12. 15 A for both densities and a 2gius of 15.55 A(This treatment of the long-range interac-
Acﬁgdius cavity is also ’con’sidered for-1.4 glcm tions limits the usefulness of the bulk simulations to obtain-

ing time scales for the time-dependent fluorescence; absolute
fluorescence energies are not accurately reproduiedtal

I1l. NONEQUILIBRIUM MOLECULAR DYNAMICS of 160 nonequilibrium trajectories were propagated for 40 ps
SIMULATIONS each using the same procedure described in Sec. Il A.

A. Nanocavity simulations

. . . . IV. RESULTS
Molecular dynamic§MD) simulations were carried out

in the NVT ensemble. The time-dependent fluorescenc®- P=14 g/em?

simulations were initiated with a long equilibration fdms We first consider the case of the solute dissolved in me-
in the electronic ground state. The molecule was then Prehyl iodide solvent at a relatively low density, 1.4 glcm
moted to the excited state and the fluorescence energyihis was the density used to obtain most of the results in
AEjq(t) =Eedt) —Eg(t), was monitored as a function of paper 1.)The unnormalized and normalized time-dependent
time for 70 ps(p=1.4 g/c) or 100 ps(p=2.0 g/cn). The  stokes shift functions are shown for this system in Fig. 1.
system was then returned to its configuration just prior tqhere are a couple of points to note regarding these results.

excitation and propagated in the electronic ground state fqfjrst, S(t) decays on multiple time scales. In fact, the decay
10 ps when the solute molecule was again excited and the pest fit by three exponentials,

TDF data collected. This process was repeated to obtain a . s i
total of 1200 nonequilibrium trajectories for each cavity and () =A1€ "+ Ae T2+ Age T, (4.1)
density. The TDF result can be plotted as the time-dependewith time scales ofr;~300fs, 7,~2.5ps, andrz~15 ps
Stokes shift{AE(t) — AE;(0)), or normalized in the usual (see Table I). Second, there is no clear tren&(i with

way as cavity size, particularly for the radii larger than 10 A. As is
(AEq(t)— AEq(x)) clear from the inset, this is true at both short and long times.
S(t)= (3.1) From Table | it can be seen that the decay timesin Eq.

(AEn(0)—AEq(=)) (4.1) are essentially independent of cavity size while the am-
Here,AE;() is taken from an average AfEg(t) over the plitudes, A;, exhibit a weak, nonmonotonic dependence.
last 10 ps of the nonequilibrium dynamics. We have not acFhereis a clear trend in the unnormalized TDF result since
counted for any fluorescence lifetime. the Stokes shift increases with the cavity size.

In these systems there can be a significant difference Free energy surfaces shown in paper | indicate that after
between microcanonicdNVE) and canonicalNVT) results  excitation the relaxation of the solvent polarization should be
due to the small number of moleculésnd perhaps the accompanied by solute motigfirom near the cavity wall
solvent-cavity interactions Specifically, the absorption and toward the interior). However, those Monte Carlo simula-
fluorescence spectra and the TDF can all be different béions could not address the time scale of the solute motion or
tween the two ensembles. We have chosen to use an NWibw it affectsS(t). The solute position is obtained in the
ensemble in order to compare with our previous Monte Carlaonequilibrium MD simulations and the results are shown in
simulations. However, the sensitivity of the results indicateig. 2, in which the average change in distance from the
that in some confined systems the particular ensemble appreavity wall, (Ad(t))=(d(t))—(d(0)), is plotted vs time for
priate to a specific experiment may not always be clear. different cavity radii. In all cases the solute does, on average,

To sample a canonical ensemble we used a Nosemove away from the cavity waltoward the interiorwith a
Poincarethermostat® A Verlet leapfrog integrator was used time scale of~15-25 ps(see Table Il). This corresponds
with a time step of 1 fs. This approach has the advantage wfell to the longest time scale in the decay of the Stokes shift
providing a physical, evenly spaced time variable in thdunction in Fig. 1. It is important to note that the fluorescence
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FIG. 2. The time-dependent solute position is shown as a function of time
0 v after excitation in Chl with a density of 1.4 g/cfn The position is plotted
. as the average change in the distance of the solute center-of-mass from the
€= 1000 - cavity wall and is shown for cavities with radii of 10(thick solid line), 12
~ 1000k E N A (thick dashed line), 15 Athin solid line), and 20 Athin dashed line).
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We now consider results for a solute in a methyl iodide
solvent nearer the bulk density. These simulations, which are
more directly comparable to experimental measurements, ad-
dress whether the qualitative behavior changes from the low
density case and how the time scales for solvent relaxation
and solute motion change with density. The unnormalized
and normalized time-dependent Stokes shifts are shown in
Fig. 4 for cavity radii of 10, 12, and 15 A. As in the 1.4
spectrum of the solute is strongly correlated with its positiom/cn? case the time decay is multiexponential. FitsS¢o)
in the cavity. This is illustrated in Fig. 3, which shows theusing Eq. (4.1) yield time constants ofr;~300fs, 7,
fluorescence spectra for solutes with fixed radial positions irR-2 ps, andr;~30-40 ps(see Table 1). As for the lower
a 15 A radius cavity(These spectra are obtained by Montedensity, there is not a straightforward dependenctfon
Carlo simulations in which the solute center-of-mass is fixedsavity size while the unnormalized Stokes shift again in-
details are given in Ref. 45Jhe fluorescence spectrum creases with cavity size. The fastest two decay timeand
shifts to longer wavelengths and broadens for solute posi,, are independent of cavity size whilgis smaller for the
tions further in the interior. It is also relevant that the shiftR.,,=15 A cavity(see Table I). In contrast to the lower den-
begins to saturate as the radial distance is decreased, indicat-
ing the effect of solute motion d&(t) is reduced for solutes
in the cavity interior. Thus, the longest time scale S¢t)

Time (ps)

FIG. 1. The normalizedtop) and unnormalizedbottom) time-dependent
Stokes shift functions are plotted as a function of time for the solute jh CH
with a density of 1.4 g/cPn Results are shown for cavities of radii 10 A
(thick solid lina, 12 A (thick dashed ling 15 A (thin solid line), and 20 A
(thin dashed line). The short-time results are shown in the inset.

TABLE Il. Values obtained from fitting the average time-dependent solute
position, (Ad(t)) after excitation forp=1.4 g/cn? and 2.0 g/crh (Error
TABLE |. The values obtained from fitting the time-dependent Stokes shifbars are based on estimated 95% confidence limits.
for p=1.4 g/cni and 2.0 g/crhby Eq.(4.1). (Error bars are based on esti-
mated 95% confidence limijs.

(Ad(t))=D(1—e""")

Rcav Rcav (A) D Td (pS)
&) Ag 71 (fs) A 72 (ps) As 73 (PS) 10 1.60+0.03 14.2+1.0

= 1.4 glord 12 2.40+0.04 18.7+1.0
10 0.60+0.02 293+30 0.23+0.03 2.8+0.5 0.17+0.04 16.2+3.0 15 2.90x0.05 21.3+1.0
12 0.56+0.02 301+30 0.19+0.03 2.7+0.6 0.25+0.04 16.5+25 20 3.32£0.05 23.7x11
15 0.52+0.02 27140 0.23+0.03 2.2+0.5 0.25+0.04 16.2+2.5
20 0.57+0.02 286+40 0.21+0.03 3.0+0.7 0.22+0.04 14.7+2.5 (Ad(1))=D(1—B,e~ V71— B,el"e)

p=2.0 glend Reav (A D B T S B T S
10 0.48+0.01 259+35 0.40+0.02 1.7+0.2 0.12+0.03 37.7+6 cav(A) ! a (PS) 2 a2 (PS)
12 0.50+0.01 301+35 0.35+0.02 1.9+0.3 0.15+0.03 39.9+5 10 3.44+0.06 0.046+0.003 1.4+0.4 0.954+0.003 342+9
15 0.55+0.01 271+30 0.28+0.02 1.8+0.3 0.17+0.03 30.8+4 12 2.39+0.03 0.065+0.005 1.4+0.5 0.935+0.005 119+2
bulk 0.81+0.04 267+50 0.19+0.04 1.9+0.5 15 2.60+0.03 0.066+0.006 1.5+0.6 0.934+0.006 72+2
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FIG. 3. Fluorescence spectra for solutes held at fixed distances from the
cavity center for a 15 A radius cavigy=1.4 g/cni. The solid(dashed)ines
represent distances from the cavity wall of 3, 7, and 18,8, 13 A)from
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sity case, the amplitudes; , have a monotonic dependence
on cavity size withA; and A increasing withR.,, and A,
decreasing.

The average change in solute position after excitation is 30001 Podvags, i
shown in Fig. 5. Clearly the solute moves toward the center T T T 1
of the cavity on the time scale of the decaySgf). In Time (ps)
comparison to the=1.4 g/cni results the solute motion is
significantly slower(relaxation to the excited state equilib- ~
rium distribution is not completed in the 100 ps duration oﬁ
the nonequilibrium trajectoriesnd it has a distinct biexpo-
nential time-dependence with a fast, but small, initial change

in ~1.5 ps followed by much slower relaxation to the equi- iar ti e he | i i
librium solute position distribution for the excited stigee ~ Similar time scale is observed as the long-time component in

Table I1). Since the nonequilibrium MD simulations do notthel3 bulk S‘?'Ye”'s(;) (see Fi%' 4 IgnhleabIe 23 anid) the I
extend to long enough times to recover the final, excited staf@'Ute position changes only slightly on this time scale.
solute distribution the fits in Table Il, particulaflyand r,, Naturally, the co_ntrlbutlons of solute motion and solvent re-
should be considered only as rough guides. In contrast to t§80Nse to the time-dependent Stokes shift are convoluted,

lower density case, the solute motion becomes faster as th@l" as the lsolu;[e moves tovyard”the ca\_/lty _mter_lor while the
cavity radius is increased. solvent molecules are continually reorienting In response.

Thus, our discussion is subject to the caveat that it is not
possible to unambiguously identify each time scale in the
V. DISCUSSION decay ofS(t) with that of the solute motion or solvent reori-

The time-dependent Stokes shift results presented in Setationalone.
IV display a number of interesting features including decay
on multiple time scales, no clear trend with cavity size, and
changes with solvent density. In this section we discuss thes - T - T - 1 T T '
issues and compare the results to previous theoretical ar  af-
experimental work.
We begin by a general discussion of the three time scale
observed in the decay 8{t). The fast time scale-300 fs) - T Py}
in the time-dependent Stokes shift can be attributed to th ,/~"~ 1
inertial response of the solvent to the change in solute charcg 1|
distribution® At short timesS(t) is actually Gaussiafsee > pane?
the insets of Figs. 1 and donsistent with inertial dynamics; -
the exponential fit in Eg4.1) is used only to determine a 0.5+
rough time scale. The longest time scale~df5—-25 ps for F e
p=1.4 glcni and ~30-40 ps fop=2.0 g/cnt is related to 0 A R S S T
the solute motion after excitation. This is supported by the 0 20 40 60 80 100
results for{ Ad(t)) shown in Figs. 2 and 5. The intermediate Time (ps)

t_ime SGale Of”1-5f3 ps is not as easily attr”_wtab_le though itr . 5. Same as Fig. 2 but for GHwith a density of 2.0 g/ch(No results
likely involves primarily solvent reorientation sing&) a  are shown for cavity radius of 20)A.

-2000

(AE,

o Time (ps)
Moy Y ey | Y
TNy

L aada ¥ TV
"*"""“‘“(‘h"‘«u.\l'

IG. 4. Same as Fig. 1 but for @Hwith a density of 2.0 g/cfa[No results
re shown for the cavity radius of 20 A a8(t) results are shown by the
otted—dashed line for the bulk solvent chse.
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FIG. 6. The solvent radial density obtained from Monte Carlo simulations is 1 1
shown as a function of position in the cavity for1.4 g/lcni, Re, =10 A 0.8
(thick solid line) and 15 A (thick dashed lineand p=2.0 g/cm, Ry, 0.8} 0.6
=10 A (thin solid line)and 15 A(thin dashed line). r
A. p=1.4 g/cm?
Additional insight into the nonequilibrium dynamics for
the low density case can be obtained by dividing up the
contributions toS(t) based on the solute position at the time

of excitation. In particular, there is a natural dividing point
presented by the solvent layering induced by the cavity wall. Time (ps)
Thls_wel_l-known phenomenon also affec_ts the S.OIUte pOSItIOEIG. 7. The time-dependent Stokes shift is plottedtfmp panel)solutes in
d|Str!bUI'on (thrOUQh the SONte_SOIVe:m mtergctl_oms) WaS. the first solvent shell next to the cavity wall when excited, @mitom
previously observetf The solvent radial density is shown in paneljthe remaining solutes that are in the cavity interior when excited. The
Fig. 6 for different densities and cavity sizes. The solventesults are for a solute in GH(p=1.4 g/cr) and are shown foRc,,
layering induced by the cavity wall is clearly observable an@ 10 A (thick solid line), 12 A(thick dashed ling 15 A (thin solid line), and

. . . . 0 A (thin dashed line).
the density modulations decrease as the cavity size increases

and as the total solution density decreases. Given this solvent

density the nonequilibrium trajectories can be divided intyf these distributions is greater for smaller cavities and this is
those with solutes starting in the first solvent layer next to thgsflected in the increasiny with increasingRq,,. The same
wall, shown in the top panel of Fig. 7, and those beginning iargument applies for trajectories beginning near the wall
the interior, shown in the bottom panel of Fig. 7. The dividyith the modification that the overlap of the distributions in
ing radius is taken to be 6.5 A, based on the solvent densifiis first solvent layer is most relevant.
in Fig. 6 and Fig. 2 of paper (Note that a total of 1200 The S(t) obtained from nonequilibrium trajectories start-
trajectories are divided in this way so that the number ofyq in the cavity interior is more strongly dependent on cav-
trajectories differs between the panels of Fig. 7 and variggy size. [Note that there is greater statistical error for these
with cavity size.) cases sincé(t) is constructed from only 58, 115, 243, and
The time-dependent Stokes shift functions obtained by3g trajectories foR.,,= 10, 12, 15, and 20 A, respectively.
dividing the trajectories in this waylo display a clear, Thys, we focus on only the gross featur&ne reason is
though not dramatic, trend with cavity size. For trajectoriegpat forRea= 10, 12, and 15 A the solute movesvard the
starting near the cavity wal§(t) decays more slowly the cayity wall on average after excitation in these trajectories
larger the cavity size. The decay for these trajectories is alggnile for R.ay= 20 A the solute moves away from the cavity
best fit by three exponentials, with time scales comparable {91, This is shown in Fig. 8 which also clearly displays the
those obtained for the tot&(t). The primary differences gjgnificant dependence of solute motion on cavity size for
between these results and the td@), are in the ampli-  trgjectories starting in the interior. This solute motion leads
tudes,A;, in Eq.(4.1). In fact, the decay times, are quite g 3 significant negative loléhat decays on ar20 ps time
similar for the different cavity sizes. The difference in amM-scale)in S(t) for R.,=10 A, a small negative lobe for 12 A,

plitudes is related to the overlap of the ground and excitegng nearly double-exponential decay for 15 and 20 A.
state solute position distributions in the cavity. This gives, in

general, larger amplitudes for the “slow” componeAg, 3

the larger the cavity size. That is, if the ground and exciteg' p=2.0 glcm

state distributions are identical, there will be no change in the In contrast to the=1.4 g/cni case, dividing the contri-
average solute position amb=0, whereas if the distribu- butions toS(t) based on the solute position at the time of
tions are widely differend\; will be large. As is evident from excitation does not recover a trend with cavity size. How-
the Monte Carlo simulations presented in paper |, the overlagver, the same differences in ground and excited state solute
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] e L S ground state solute position distribution becomes less local-
e 1 ized near the cavity wall as the cavity size increases. This
4r - = means more molecules are in the cavity interior upon exci-
3 tation and the effective solvent density around the solute de-
< 3F . creases aR.,, increases. Coupled with the decreasé\jn
g PPN -7 with increasing cavity size is an increase in the amplitude for
S Pt . inertial dynamicsA,. We also attribute this to the increased
. ," 1 local solvent densities for smaller cavities combined with
1—,,’/'/’ A changes in the ground state solute position distribution which
reduce the magnitude of the inertial response while enhanc-
L T I - S — N ing the effect of solvent reorientational motion.
Time (ps) The fast time scale for solute motiafry;, can be under

stood by examining the time-dependent solute position dis-
tributions after excitation(not shown). These distributions
show solute motion only within the first solvent layer in the
first 1.5 ps after excitation; virtually no solute movement
between solvent layers is observed in the same time frame.
Thus, the short-time solute motioty,;, can be attributed to
intralayer motion and the long-time componeny,, to in-
terlayer motion. This is in contrast to the-1.4 g/cni case
where there is not a clearly observable separation of time
scales between intralayer and interlayer solute motion.
‘ . , ‘ J . . The fast(Ad(t)) time scale and the middIg(t) time

0 10 20 30 40 50 60 70 scale coincide reasonably well. This2 ps decay is also

Time (ps) similar to the long-time component in the bulk TDF simula-

FIG. 8. The time-dependent change in solute position (shown in terms of tH0N (see Table I). This implies that the solvent reorientation
distance from the cavity walls plotted for(top panel)solutes in the first  time is not strongly modified by confinement in this case but
g oo bt e oty o Tt f 2ocompanied blor involves)some solute moton, There
fcear : solgtzoiﬂ CHl (p=1.4 g/cm) and are shown foRg,~10 A (thick 18 not strong evidence for this model solute in;Céat these
solid line), 12 A(thick dashed ling 15 A (thin solid ling. and 20 Athin  densities to support a two-state mddeldescribe the solva-
dashed line). tion dynamics. That is, no separation of time scales is ob-
served for solutes near the cavity wall versus in the interior,
only for solvent reorientational motion versus solute motion.
|J1-[owever, the statistics for nonequilibrium trajectories begin-
ning in the cavity interior are not sufficient to draw a defini-

-
2y
’

C RN I W g
Py P

(Ad()) (A)

position distributions that can be used to explain the depe

dence of the amplitudes, , in the lower density results are . . ” . .
five conclusion; itis clear that the multiple time scales ob-

also relevant here. Specifically, these amplitudes are prim ) - .
P y P P served in the totalS(t) cannot be attributed to different

rily responsible for the lack of a trend. Note that the ampli- vent entation i in the interi d th it
tudes corresponding to inertial dynamias, and solute mo- S9'VENt reorientation imes In the Interior and hear e cavity

tion. A. both increase WithR... while A.. which is wall. Understanding how this result is related to properties of
1 3 cav 2

presumed to be dominated by solvent reorientational dynal e cavity, solute dye molecule, and the solvent will require
ics, decrease¢see Table ). At the same time, the deca urther study.

times for inertial and reorientational solvation dynamigs,

and 7,, are essentially independent of cavity siaad the C. Comparisons with previous work

same as for the bulk solventhile 75 is the same foR.,, .

=10 and 12 A, but smaller for the 15 A cavity. The relation-1- Teoretical work

ship of the amplitudé\; to the solute motion can be under There have been only a few theoretical studies of solva-
stood by examining the overlap between the solute grourntibn dynamics in nanoconfined solvefts*3>most notably
and excited state distributions; this overlap decreases as treent work by Nandi and BagcliSenapati and Chanda,
cavity size increases leading to greater solute motion. At thend Faeder and Ladan¥i.

same time, the solute motion is more rapid for the largest Senapati and Chandrawere apparently the first to
cavity; this is in contrast to the lower density case but consimulate the solvation dynamics in a nanoconfined solvent.
sistent with a less constrained solvent with increasing cavityheir system consisted of a Stockmayer fluid in a spherical
size. The dependence of the amplitdge associated prima- nanocavity(similar to the one used herapd a Lennard-
rily with solvent reorientational dynamics, on cavity sizeJones solute that is charg@kcited statepr neutral(ground
may be somewhat counterintuitive. However, this depenstate). They found that the solvation dynamics in a nanocav-
dence is likely due to two factorgl) The local solvent den- ity exhibits a similar inertial relaxation, though with a
sity felt by the solute is larger in the smaller cavities wheresmaller amplitude, to that in the bulk solvent. In contrast, the
the solvent layering is more extreme, see Fig. 6. This giveslang-time relaxation is~4 times slower in the nanocavity
solvation effect that increases &s,, decreases(2) The than in the bulk. In their simulations the solute position was
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held fixed and thus they did not observe solute motion thanicelles® in water pools in a sol-gel matrfxand vesicle§.
almost certainly would occur after excitatiomhich in this  They found that the long-time solvation dynamics depend
case corresponds to adding a charge). strongly on the environment with a long-time decay-6£8

More recently, Faeder and Ladalysimulated time- ns in the sol-gel matri%,0.6—2.4 ns in micellegusing dif-
dependent fluorescence dynamics in model aqueous revefggent surfactants),8—12 ns in reverse micellésl1 ns in
micelles and hydrophobic cavities. Their hydrophobic cavitwesicle$ and ~15.4 ns in the solventless zeolife§The
model?® developed by Linse and Haftéjs the same as that solvent relaxation dynamics for Coumarin 480 in bulk aque-
used here; the reverse micelle model consists of the sam@s solution takes place in 310%f5.In the case of reverse
cavity framework with fixed anionic headgroups and mobilenicelles they investigated two water pool sizes and found
cationic counterionsdded®® The solvation dynamics were S(t) exhibits a single 8 ns decay for the smaller water pool
studied using an anionic diatomic probe molecule with symang a biexponential decay of 1.7 and 12 ns for the larger
metrically (ground stateu=0) or asymmetrically(excited 5|6 (Their time resolution is-80 ps.)

state,.=7.76 D)distributed charge. They simulated the sol-* garkar and co-workers have investigated the solvation
vation dynamics for the first 2 ps after excitation and oby

' i > ) %ynamics of Coumarin 490 in aqueous reverse micelles and
tained results that were relatively independent of the size f, ,narin 152A in  acetonitrile and methanol reverse

the reverse micelle. In addition, the dynamics in the mOderlniceIIeszz In all cases they find biexponential decayset)
reverse micelles were very similar to those in the hydrophq,—vith the. fast decay-0.5-1.7 ns and the long-time decay

bic cavities. Their solute molecule is negatively charged in/_6_15_5 ns. In the aqueous reverse micelles the longest de-
both the ground and excited states likely giving position dis-

o R D cay time was essentially independent of the water pool size
tributions that are quite similar. In addition, the present re- .
A~ . . and the shorter time constant was smaller for the larger sol-
sults indicate any solute motion would likely take place on a . . .
time scale longer than 2 ps vent pool. Interestingly, they found for Coumarin 152A in
Nandi and Bagch? havé used a multishell continuum acetonitrile reverse micelles solvation times that were essen-
model and molecular hydrodynamic theory to describe SOF_ially independent of solvent pool size; this is not observed in

vation dynamics in cyclodextrin cavities corresponding tgAqueous or methanol reverse micelles. This is consistent with

experimentameasurement. In this case only a single sol- our results for CHl, another nonhydrogen bonding solvent.

vation shell of water is contained with the solute inside the Baumannet al. have investigated solvation dynamics in
cavity and the size-dependence is not considered. sol-gels with pore diameters of 25—753%. They measured

the steady-state spectra and time-dependent Stokes shift of
nile blue and Coumarin 158C153) in ethanol inside the
o ) ) sol-gel pores. In the case of nile bli@ecationic dye with a
There has been a significant experimental work in receffagative counterionthey found a small blueshift in the
years investigating solvation dynamics in nanoconfinede,qy.state absorption spectrum and a redshift in the fluo-
systems. One ‘?f the mt_erestmg and C(_)mpllcatmg aspectiegeence spectrum with increasing pore diam@&@ervs 75
of these studies is the wide range of different systems th t)_le For C153(a neutral moleculethe absorption spectrum
have been investigated. This can make the identification Aas unchanged and the fluorescence redshifted between 25

general principles for confined solvent dynamics difficult; N nd 50 A pore&’ The results for the neutral C153 molecule

this section we discuss previous work in the context of the . . . S .
. . . . ._are consistent with our simulations; spectral shifts for
present results with an emphasis on studies of cavity size;

. . harged solutes such as nile blue can display distinctly dif-
dependence. The reader is also referred to a recent review e¥ent opertied? For both molecules the fourlt) ex.
Bhattacharyya and BagcH. prop - y

Levinger and co-workers have carried out extensivup'b'te_d a triexponential decaghey could“not resolve any
§_ubp|cosecond component to the dynamic$oth bulk and

state spectréelectronic and vibrationand time-dependent confined solutions; the fastest components were on the time
fluorescenc@:® Specifically, they have measured the time_scale of a few picoseconds while the slower ones were tens

dependent emission of Coumarin 343 in ionic aqueous, jonfef Picoseconds, the longest beirgl00 ps. The solvation
formamide, and nonionic reverse micelles. They have inveglynamics slowed significantly upon confinemesmd were
tigated the effect of the solvent pool size, the surfactant, argiowest for the smallest pojesnterestingly they found for
the associated counterion. Typically they observe biexponel:153 the fastest decay tinte 1.7 ps)was roughly the same
tial or triexponential decay iS(t) with the shortest time for the bulk and 25 and 50 A pores whereas the two longer
scale (<300 fs) corresponding to inertial dynamics. The decay times were reduced as the pore size was increased. In
longest time scale ranges from a few picosecbtmi$un- ~ contrast, all decay times were reduced with increasing pore
dreds ofpicoseconds$? One consistent conclusion of their Size for nile blue. In addition, the amplitudes of the different
studies is that there is not a one-to-one correspondence I§iecay components changed with pore size; this was not true
tween steady-state spectra and the time-dependent StoKes nile blue. Further, they infer for C158om differences
shift function, S(t): “...steady-state spectroscopy may notbetween the static and dynamic Stokes shétslecreasing
always be a good predictor for dynamical behavidr.” inertial component with decreasing pore size. Thus, the re-
Bhattacharyya and co-workers have measured the timsults for C153 are generally consistent with our simulations
dependent fluorescence of the dye molecule, Coumarin 48@hile those for nile blue exhibit distinct differences. Bau-
in solventless zeolités,aqueous micell@s and reverse mannet al. proposed an enhanced polarization field model

2. Experimental work
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and a steric hindrance model to account for the observalistributions of solutes means that solute motion should be

resultst® considered in interpreting TDF experiments. More generally,
Clearly our model system does not represent the electrthese results have implications for charge transfer reactions

static interactions and flexibility present in the “cavity” wall (e.g., electron or proton transfen) confined solvents where

of a reverse micelle or even a sol-gel matrix and we have neblute motion may be a component of the reaction coordi-

used wateror ethanol)as the solvent. However, it is inter nate; this is an area we are currently investigating.

esting to examine the general features in our results that are

also observed in experimental measurements. These inclu
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