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A Monte Carlo study of spectroscopy in nanoconfined solvents
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The absorption and fluorescence spectra of a model diatomic molecule with a charge-transfer
electronic transition are simulated. The effect of confining the solvent in which the diatomic
molecule is dissolved is examined by comparing results for solutions contained within hydrophobic
spherical cavities of varying sizeadii of 10—20 A). The effect of solvent polarity is also considered

by comparing results of simulations with glthnd CH,CN solvents. The spectra, solute radial and
angular distribution functions, and free energy surfaces in the solvent and radial solute position
coordinates are presented and discussed. It is found that the solute position in the cavity critically
affects the absorption and fluorescence spectra and their dependence on cavity size. The
implications of these results for time-dependent fluorescence measurements are discu266@. ©
American Institute of Physicg.DOI: 10.1063/1.1505436]

I. INTRODUCTION There have been relatively few studies that compare the
solvation dynamics in a range of confinement frameworks.
It is now possible to synthesize nanometer-sized cavitie9ne example is the work of Bhattacharyya and co-workers
in sol-gelst zeolites, organic, and inorganic supramoleculaiyho have measured the time-dependent Stokes (stifi
assemblied,reverse micelle3 vesicles, and even proteihs. g0 ps resolutiondf the same dye molecule, Coumarin 480,
This gives strong impetus to improving our understanding ofy solventless zeolite, aqueous micelle¥, and in water
chemical reactions and spectroscopy in nanoconfined sQlnols in a sol-gel matrt& and vesicled® Due to their lim-
vents. For example, these cavities might serve as vesselsjjgq time resolution they are only able to probe longer-time
which chemical reactions take place in the small pool ofqjyation dynamics which they found depend strongly on the

solvent allowed in the restricted space. It is not difficult t0ayyironment. For example, the long-time decay @8 ns in
imagine that the dynamics of such reactions can be signifjp,o sol—gel matri#2 0.6—2.4 ns in micelleqsing different
cantly affected by the characteristics of the cavity inc'“di”%urfactants}l 11 né in vesicle®® and ~15.4 ns in the sol-

the size, shape, flexibility, and interactions with the SOIVen\tlentIess zeolites’® (The solvent relaxation dynamics for

andor reactants.-ldeal!y, one wishes .to control the Ch(?m'Str(-\L‘oumarin 480 in bulk aqueous solution takes place in 310
not only by manipulating what species are allowed in th

. .2 . . ?3.39) Clearly, the presence of a solvent and the constraints
cavity but also by designing the cavity properties. However,

: : . laced on the solvent by the structured environment strong|
to accomplish this a better understanding of the effect d? : . yhe gy
modify the solvation dynamics.

nanoscale confinement and the cavity characteristics on re- . 50 . .
- . Levinger and co-worket$?° have carried out time-
activity and spectroscopy is needed. . .
0(ilependent fluorescence experiments on a variety of reverse

Chemical processes that are strongly coupled to the sol-; I ing C in 343 b lecule. Th
vent, typically those involving charge transfer such as eledl!lcelies USINg Loumarin as a probe moiecule. 'hey
found that the solvation dynamics occur on multiple time

tron and proton transfer reactioh$should be most affected ) .
§cales and are slower than in bulk or electrolyte solutions

by confinement of the solvent. Thus they should exhibi

H 5-18
some of the most interesting phenomena and provide tH4th the longest time constantl00-350 ps. _“They have
greatest opportunity for manipulating the chemistry. Foinvestigated the effect of changing the identity or presence of

o 15,19 - -
these processes the limited number of solvent molecule¥!® counteriort* the polar solvent in the reverse micelle

+~-16,20 18 ;
geometric constraints of a nanocavity, and solvent cavity innterior,>“"and the surfactant molecuié’® They attribute

teractions may have dramatic effects on both the energetié3® solvation dynamics to different water types present in the
and dynamics. This is one of the motivations for the study oféverse micelle. The relative proportion of these water types
charge-transfer spectra presented in this paper. depends on the water content, and hence the size, of the
The structure and dynamics of solvents in nanocavitiekeverse micelle. Based on comparisons with electrolyte solu-
of various types have attracted increasing attention in recel@ns they assert that the solvation dynamics in the reverse
years®’~3There have been numerous experimental studie®icelles is not governed solely by water—ion interactions but
of confined neat |iqui&§9 and of solutes in confined involves a significant contribution from the restricted
solvents’~2” Of particular interest for the present work areenvironment>*#
several investigations of solvation dynamics in a wide vari-  Theoretical work on confined solvents has focused pri-
ety of nanocavity systems that have probed the timemarily on the structure and dynamics of pure solrfs’
independent and time-dependent spectrostépyf chro-  or reverse micelle systefs® with only a few studies of
mophores dissolved in the confined solvents. solvation dynamicd!®>3® most notably recent work by
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Bagchi and co-worker¥, Senapati and Chandtd,and  TABLE I. The parameters for the interaction models of the solute and sol-
Faeder and Ladan?/? vent molecules used in the Monte Carlo simulations are given. The param-

. . eterse ando define the Lennard-Jones interactianthe site charge, ang
. Senapati and .Chan&PaW?re .apparently th_e first to the distance between the site listed and the previous site.
simulate the solvation dynamics in a nanoconfined solvent
Their system consisted of a Stockmayer fluid in a spherical Site e (kcal/mol) o (A) q rij (A)

nanocavity (similar to the one used herahd a Lennard-

Jones solute that is charge@kcited statepr neutral(ground  Ground state solute
state). They found that the solvation dynamics in a nanocaw 0.3976 35 +0.1
ity exhibits a similar inertial relaxation, though with aB 0.3976 3.5 -01 3.0
smaller amplitude, to that in the bulk solvent. In contrast, th&cited state 03976 - 05
long-time relaxation is~4 times slower in the nanocavity g 03976 35 to:5 3.0
than in the bulk.

More recently, Faeder and Ladaftysimulated time- Solvents
dependent fluorescence dynamics in model aqueous reve | (Ref. 41) 0.2378 377 +0.25
micelles and hydrophobic cavities. Their hydrophobic cavity” 0.5985 3.83 025 216
model3* developed by Linse and Halftéjs the same as that cH.CN (Ref. 42)
used here; the reverse micelle model consists of the sarfiés 0.207 3.775  +0.15
cavity framework with anionic headgroups and cationic® 0.150 3.65 +028 1458

0.170 3.2 -0.43 1.157

counterionsadded®* The solvation dynamics were studied N
using an anionic diatomic probe molecule with symmetri-
cally (ground stateu=0) or asymmetrically(excited state,

#=7.76 D)distributed charge. They simulated the SOIVationThe solute is a model diatomic molecuhereafter denoted
dynamics for the first 2 picoseconds after excitation and oh- AB) with parameters adapted from a system used previ-
tained results that were relatively independent of the size usly by Carter anddynes™ It consists of Lennard-Jones
the reverse micelle. In addltl_on_, the dynaml_cs in the modg nd Coulombic interactions; the model parameters are given
reverse m'ce"es were very similar to those in the hydrophGy, apie | The Lennard-Jones parameters are the same for
bic cavities. andB, and are independent of the electronic state. The two

38 e
Recently, Tumeret al. gsed a transition state theory g0 cyonic states are related by a charge-transfer transition
approach to calculate reaction rate constants for thelH with the ground state relatively neut(al=1.44 D)and the

—2HI reaction in confined solvents. However, they consid, .iq state quite poldr=7.1 D). For generality the elec-
ered only one polar solvent and assumed that the react

- . o .at%nic structure is described in terms of a two valence-bond
and transition state geometries and the activation bam%

ffected by th vent. A It their stud | tate model with each valence-bond state having fixed
were unatiected by the Solvent. AS a result, their study on Xharges and the excited state 2 eV higher in energy than the
examined the case where the reaction was weakly coupled

h vent and thev found K solvent effect h Pound state. However, the electronic coupling between the
he solvent an €y found weak solvent eflects on the 1eaga ance-bond states is taken to be only 0.01 eV so that these
tion rate constant.

. . . . charges are essentially those of the ground and excited states,
In this paper simulations of the absorption and fluores

: respectively. Thus, these simulations involve effectively
cence spectra of a solute molecule with a charge—transfﬂ;(ed charges in the two electronic states

transition are presented. This represents one of the simplest Simulations have been carried out with {LHand

and most generic examples of a process that is strqngly "H;CN solvents. These solvents have been chosen because
fected by the solvent. A fupdamental ynderstandmg %he molecules are structurally similar but the dielectric con-
charge-transfer spectroscopy in nanoconfined solvents MYants are significantly different=7 for CHyl and e=35 for

impact many areas of chemistry by providing important In'CH3CN. Interaction potentials, consisting of Lennard-Jones

sights into the larger class of solvent-coupled ProcesSezn4 coulombic interactions, have previously been developed

T_hese Investigations W'I.I help to uncover some of the_ PO%or these molecules. We have used the rigid molecule models

sible phenomena that might be observed and to determine t € Freitaset al*! for CH.l and Jorgensen and Brid§gor

effect of the various cavity characteristics on reaction dy-CH CN. In bo.th interacation models the methyl groups are
3 .

hamics and Spectroscopy. treated as a “unified atom.” The parameters defining the in-

The remainder of this paper is s.tructured as foIIow;: Th?eraction models for the solute and solvent molecules are
model solute, solvent, and nanocavity system is described &ven in Table |

Sec. II. The details of the application of the Monte Carlo The interactions of the solute and solvent molecules with

simulation method to calculate the spectra, distribution funct-he cavity walls involve only Lennard-Jones interactions. We
tions, and free energies are given in Sec. lll. The results g

dopt the model developed by Li d Hakend subse-
the simulations are presented and discussed in Sec. IV. op" the more! developec by e an subse

I udi " tered in Sec. \/ uently used by Faeder and Lad&fjn which the Lennard-
hally, some concluding remarks are offered in Sec. V. Jones interaction is averaged over the cavity surroundings.

The result is a potential that depends only on the radial dis-

tance of the Lennard-Jones site on the molecule from the
In this paper simulations of a solute dissolved in a soleenter of the cavity>**We use the same parameters as Ref.

vent confined inside a spherical nanocavity are presente84: oy =2.5A, ey =0.46 kcal/mol. The cavity radius,

II. NANOCAVITY SYSTEM
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TABLE II. The number of moleculedNy, in the nanocavity is given for  even when this is greater than the final desired radius. The
both the CHI and CHCN solvents as a function of cavity radi&g,,. The radius is then reduced during a warm-up period in which it is
number includes the solvent molecules and the single solute molecule.
reduced by 0.1 A every 100 cyclés cycle=N,, steps).
Nimol Once the desired radius is reached, the equilibration contin-
ues until a total of 400 000 cycles have been completed, fol-

Reav (A) ChHyl CH.CN lowed by 4000 000(3000000) cycles for the Chi
10 16 16 (CH3;CN) simulations during which data is collected.
12 30 30
15 64 63
20 164

A. Free energies

Free energy surfaces as a function of the solute position
R.ayis taken to be 10, 12, 15, or 20 A. In each simulation thare calculated using thermodynamic integraffbttThis ap-
density of the solution inside the cavity is taken to be approach is necessary to accurately obtain the free energy at
proximately the same for a given solveéhtit different for  radii where the solute molecule is infrequently found. In this
CHgl and CHCN). The volume used in calculating this den-approach, a Monte Carlo simulation is carried out with the
sity is obtained by reducing the nominal cavity radius bysolute molecule frozen at a fixed position in the cavity and
0.50,4 to approximately account for the excluded volume the average radial force on the solute molecule center-of-
guantity that changes significantly with cavity size). mass,

ou
Monte Carlo simulations of a single solute molecule in <Fr>:< >: (3.2)

IIl. MONTE CARLO SIMULATIONS f dqf dp( _ %) e BH(P.Q)
nanoconfined CH and CHCN solvents were carried out o f dqf dpe AHPa
and the results, including the absorption and fluorescence

spectra, distribution functions, and free energies, are prés calculated, whereis the distance of the solute center-of-
sented in Sec. IV. Solute molecules in both the ground anmass from the center of the spherical cavity. The Helmholtz
excited states in nanocavities of varying size were simulatefree energy can then be obtained by integration of the aver
providing absorption and fluorescence spectra as well as digge force over the radial distance,

tribution functions and free energies useful in interpreting the ]

spectra. All simulations were carried out at a temperature of A(f)ZA(fo)—f dr(F,). (3.3

298 K. The absorption and fluorescence spectra are calcu- "o

lated by a golden rule approach, in which the spectral inte

el MY h practice, the average force is calculated at 0.25 A intervals
sity is given b

in the radial coordinate. Each Monte Carlo simulation to cal-
()% (] tex gJ25(EeX_ Egr_ﬁw», (3.1) culate the average force consists of 400 000 equilibration

- . . cycles and 2 000 000 cycles over which the average is com-
Here(---) indicates a thermal average with the solute in th%uted

ground(excited)state for the absorptidiiuorescencespec- Two-dimensional free energy surfaces as a function of

t_rum ?nd'““exvgf is the Fransmon dipole moment. The transt-yhe solute radial coordinate and collective solvent coordinate
tion dipole moment is that for a two val_ence-bond St e calculated from this same set of simulations. The solvent
model,_ however, due_ o the S”_‘a” eI(_actromc coupling, it i$.5ginate is defined as the difference in the ground and
essentially con;tant n these simulations. Thus, the S.peCté‘?(cited state interaction energies between the solute and the
represent the distribution of energy gaps,—Eqr, exper- solvent. Since the only difference between the ground and

enced by the solute due to interactions with the surroundlngxcited state interactions of the solute molecule with the sol-

;dolvgnt.l(:'hehcaV|ty W;‘” |3teragtl%ns ng] the. SOIUI? are yent molecules is due to the different charges, the solvent
identical for the ground and excited statdhg primary fo- coordinate can be calculated as

cus here is on the position and widths of the spectra, not the

relative intensities. Hence the proportionality constant im- AE=Eg—Eg, (3.4)

plicit in Eqg. (3.1) is taken such thd{ wna) =1, Wherew max

is the frequency at which the intensity is a maximum.
The simulations in confined solvents are initiated from

bulk solvent configuration. The number of moleculg,,,

to be enclosed in the cavity is calculated from the desire

densny.(TabI(_a l I_|sts the number of molecules for each SOI'required for the thermodynamic integration discussed above,
vent and cavity sizelThenN,,,,; molecules are selected from

the bulk solvent configuration by including those that fallwe histogram the occurrences of the solvent coordinate val-
9 y 9 .ues. This gives a distribution function of the solvent coordi-

inside a spherical cavity. The center of the spherical cavity i i X .
chosen such that the solute is included, however the distanﬁate’P(AE’r)’ from which the free energy can be obtained

of the solute from the center is chosen randomly. Initially, the
cavity radius is made large enough to inclilg, molecules AA(AE;r)=—kgTInP(AE;r). (3.5

whereEy, andE,, are the ground and excited state energies.
Thermodynamic integration is not used to compute the free
%nergy as a function of the solvent coordinate. Rather, a
traightforward histogram approach is used. For each simu-
tion with a solute molecule fixed at a specific value, of
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T fluorescence spectra are significantly broader than the ab-
sorption spectra but the widths are also fairly independent of
cavity size at~123 nm.

The fluorescence spectra are consistent with the intuitive
idea that the solvent polarity increases with the cavity size

0.8

,30-6 7 and the number of solvent molecules. The dependence of the
E 1 solvent polarity on the cavity size was calculated in a previ-
= 04 - ous theoretical study by Senapati and Chafidstithe di-

electric constant of confined water in similar spherical nanos-
cale cavities. Using the SPC/E water model for which the
bulk dielectric constant is=72, they found that the dielec-
tric constant increased froe=39 for a 6.1 A radius cavity
to e=60 for a12.2 A radius cavity’ Thus, making the cavity
bigger is analogous to increasing the solvent polarity in a
bulk system. The shifts in the fluorescence spectrum as the
L N LI cavity radius is increased can therefore be attributed to the
ANY ® | better solvation associated with a larger, and perhaps less
K constrained, solvent pool. This argument should apply
0.8 I/,'I t ] equally well to the absorption spectrum yet this is not ob-
I i Y 1 served. Additional information is necessary to understand
! 3 - this difference between the absorption and fluorescence spec-
' tra as discussed in Sec. IV B.

0.2

600 700 T80 900 1000

4
=
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e
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M A | 2. CH,CN solvent

02l /-I" N N The absorption and fluorescence spectra for a solute
,/'.’ NS | molecule in CHCN solvent are shown fd&®.,,~= 10, 12, and
3 N 15 A in Fig. 1(b). The dependence of the absorption and
0~ a0 00500000 Tioo 1200  fluorescence spectra on the cavity radius is qualitatively the
A (nm) same as for the GHHsolvent. Specifically, the fluorescence
spectrum shifts to longer wavelengths with increasing cavity
FIG. 1. The calculated absorption and fluorescence spectra for a 50|U§?Ze while the absorption spectrum is hardly affected. The

molecule in(a) CH,l (density, p=1.4 g/cni) and (b) CH;CN (density, . .
p=0.4 glcn) are shown for nanocavities of different sizes. The spectramaX|mum in the fluorescence Spectrum  OCCUrsA gl

shown are for solute molecules in cavities of radius 1@dkid line), 12 A~ =869, 888, and 893 nm f&.,,~=10, 12, and 15 A, respec-
(dashed line), 15 Adot-dashed line), and 20(8ot-dot-dashed line, GH  tively. The maximum in the absorption spectra is within 1
only). nm of A ,,,=650 nm for each cavity radius. Thus, the solvent

polarity does not qualitatively affect the spectra. The primary

This approach only allows an accurate calculation of the freguantitative difference is that the spectra are shifted to longer

energy surface near the equilibrium value of the solvent cgyavelengths, by-7 and~100_ nm for _the absqrptlon and
ordinate. fluorescence spectra, respectively. This result is the same as

would be expected for bulk solvents as the polarity is in-
creased. The spectra of the solute inCN are also broader
IV RESULTS AND DISCUSSION than those in the CH solvent, with absorption and fluores-
A. Absorption and fluorescence spectra cence spectrum full widths at half maximum 80 and
~180 nm, respectively.

1. CH3l solvent

The absorption and fluorescence spectra for a single s@- sglute radial densities
ute molecule in CEl solvent in cavities of radius.,,
—10, 12, 15, and 20 A are shown in Figa)l Clearly, the 1 CHal solvent
absorption and fluorescence spectra have distinctly different The probability distributions for the solute molecule
behavior as a function of the nanocavity size. The fluoreszenter-of-mass position are shown in Fig. 2 as a function of
cence spectrum shifts consistently to the {ledger wave- the distance from the cavity wall. Distributions are given for
lengths) with increasing cavity radius. The fluorescencethe molecule in its ground and excited states and for cavities
Maximum iS\ma=776, 790, 798, and 804 nm fd.,  of radius 10, 12, 15, and 20 A. These distributions are nor
=10, 12, 15, and 20 A, respectively. In contrast, the absorpralized so that the integral of the probability distribution
tion spectrum changes little with increasing cavity radius; thever all radial distance§.e., the probability of finding the
absorption maximum is within 1 nm &f,,,=643 nm for all  solute molecule in the cavityg one. It is important to note
cavity radii. The width of the absorption spectrum is alsahat these distributions are representative of the solute posi-
essentially independent of the size of the nanocavity, the fulions that contribute to the absorption and fluorescence spec-
width at half maximum is~65 nm for all cavity radii. The tra. It is for this reason that we plot the probability distribu-
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0.7 different than those for the ground state. The most probable
i @ | location of a solute molecule in the excited state is in the
0.61 I interior of the cavity. As the cavity size is increased, the most
3 0.5__ \ N probable position for the solute moves farther from the wall
o " | and the distribution broadens. For the smaller cavikes,
5 04l 1’ - =10 and 12 A, there is still a significant probability of find-
g, - ll"‘-\ 1 ing the solute near the cavity wall. However, this probability
203 7 decreases as the cavity size increases and for a 20 A radius
-§ AR 1 cavity is quite small. Since the interactions of the solute in its
=020y ] ground and excited state are the same except for the atomic
01'_ ] \\it | charges, the differences in the probability distributions be-
SN ] tween the electronic states can only be due to electrostatic
0 R N T P T effects. The large charges of the excited state solute molecule
2 6 10 14 18 . T
Distance from the Cavity Wall (&) are better solvated in the cavity interior, sgrrounded by a
complete shell of solvent, than near the cavity wall.
03— T — T The different dependence of the absorption and fluores-
3 ® cence spectra on the cavity size can be attributed to the dis-
0.25- ,’ “ 7 tinctly different distributions of solute positions in the
T \\ ] ground and excited states. Since the most probable solute
o 021 PR q position is against the cavity wall in the ground state its
§ / '\‘\ 1 environment, consisting of only a partial solvation shell,
go.15~ / _i 1 — does not change much wifR,,,. This is reflected in the
ﬂg e J\Y.\ 1 absorption spectrum which is effectively independent of the
g o1 A A ‘\ ‘-\’.\ e . cavity radius. On the other hand, the solute is primarily in the
&~ H ‘,-’ 1 NN 1 cavity interior in the excited state and the position distribu-
0.05- Il/’ 7 Y ‘.\ . - tion shifts further from the wall &R, increases. This shift-
2PNt S N "\.,\- ing of the distribution and the increasing effective solvent
0 S ('5 — 1'0 S ?4~ EE— polarity with increasing cavity raditislead to a consistent

. redshift in the fluorescence spectrum.
Distance from the Cavity Wall (A)

FIG. 2. The radial probability density is plotted for a solute molecule in the
(a) ground andb) excited state in nanocavities of different size. Results are
Zhowq fo_r a solutz moI(;CL:]:eI_in @Ii(g='«$4 gécn?rr)] ir(;I iavitiesa ozforil&(\jicljjs 10
dois_c;l;:lsﬁzg)iii:). (dashed line), ot—dashed ling an (dot 2. CHCN solvent
The probability distributions for the solute molecule po-
sition as a function of distance from the cavity wall are
tion rather than the radial densipfr). Note that the fall-off shown in Fig. 3 foR.,,~10, 12, and 15 A. These distribu-
in the distributions at large distances from the wall, i.e., thosgons are qualitatively the same as for a solute molecule in
approachingR.,,, is due to the decrease in the availableCH;l solvent. Specifically, the ground state probability dis-
volume for the solute molecule. tribution, shown in Fig. @), is sharply peaked near the cav-
Focusing first on the probability distributions for the sol-ity wall for all cavity sizes. The distribution becomes broader
ute in its ground electronic state, shown in Fig)2the most and the maximum shifts slightly to longer distances as the
probable solute molecule position is near the cavity wallcavity radius is increased.
independent of the cavity radius. However, the distribution is  The probability distributions for the excited solute,
broader for larger cavity radii, indicating that the probabilityshown in Fig. 3(b), indicate that the molecule is most likely
of finding a solute molecule away from the wall increases$o be found in the interior of the cavity independent of the
with cavity size. It is important to note that there are twaradius. As for the CHl results, the distribution broadens and
effects that contribute to this probability distribution: thethe probability of finding the solute near the wall decreases
space available for the solute molecule at a given distan@s R.,, increases. In addition, there is a slight shift in the
from the center of the cavityvhich is proportional to 4r?) position of the largest peak toward greater distances from the
and the dependence of the free energy on the solute positiasall.
(considered in Sec. IV D). Obviously, there is more space Based on the comparison of the simulation results with
available for the solute molecule near the cavity wall tharthese two solvents with roughly equal numbers of molecules
near the center of the cavity and this contributes to the large the cavity, the solvent polarity has a very small effect on
probability of finding the solute molecule near the wall.the solute radial probability distributions. There are no quali-
However, as discussed in Sec. IVD free energy considetative differences and the quantitative differences are minor.
ations play a role here as well. The effect of the solvent polarity is discussed further in Sec.
The probability distributions for the solute molecule inlV D where the free energy as a function of the solute posi-
its excited electronic state, shown in Figh)2 are distinctly tion in the cavity is considered.
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FIG. 3. Same as Fig. 2 but for QEN solvent(p=0.4 g/cm). (No results cos ©

are shown foRc,=20 A.) FIG. 4. The angular probability density is plotted for a solute molecule in
the (a) ground andb) excited state in nanocavities of different size. See the
text for the definition of the angke Results are shown for a solute molecule

o in CHyl (p=1.4 g/cn) in cavities of radius 10 Asolid line), 12 A(dashed
C. Solute angular distributions line), 15 A (dot—dashed line and 20 A(dot—dot—dashed line
The probability distributions for the angle of the solute

molecule bond with the surface normal of the cavity wall are

shown in Fig. 4. The distributions are shown as a function of

cosd fc_)r the solute n the_ _ground ?”d excited electromcreﬂect the greater probability in larger cavities of finding the

states in CHll solvent in cavities of radius 10, 12, 15, and 20 . L L : :
solute in the cavity interior and indicate that in the cavity

A. The anglegd is that between the vector from the molecule., . : . : S
interior any orientational preference is at best significantly

center-of-mass to the nearest point on the cavity wall and t% Ker
A-B vector. It is defined such that c#s1 (cosf=—1) cor eaTﬁ ' lar distributi for th ted stat lut
responds to thAB molecule perpendicular to the cavity wall € angular distributions for the excited stateé solute

with B(A) nearest the wall. The solute bond parallel to thdnolecule, shown in Fig. ‘_Kb_)' are more uniform than_ those
wall corresponds to cas=0. for the ground state. A distribution for a molecule with no

For a solute molecule in the ground state the angu|£referential orientation would be a constant value of 0.5 for

probability distribution is centered about @0, indicating &/l Cose values and this limit is approached Rg,=20 A.-
that the most probable orientation is parallel to the cavitﬂ_he distributions for all cavity sizes indicate that the orien-
wall. This result is consistent with the radial probability dis-tation of the solute molecule is more likely to have the nega-
tributions discussed in Sec. IVB in that a solute moleculdVvely chargedB atom pointing toward the cavity wall. This
near the cavity wal(the most likely position in the ground Preferential orientation becomes less pronounced as the cav-
state)would be expected to lie parallel to the uncharged wallity Size increases. In contrast to the distributions for the
The angular distribution is slightly asymmetric with a smallground state solute molecule, only for the 10 A cavity is
preference for the negatively chargedo be closer to the there a significant peak at c@s0. For this cavity radius, the
wall. In addition, the angular distribution broadens as thénost probable solute molecule orientation is parallel to the
cavity radius is increased. This is also consistent with thwall. This is a reflection of the greater likelihood of finding
radial distributions which broaden as the cavity size is inthe solute molecule near the wall fg,,~10A, as shown
creased. Thus the angular distributions shown in Fig) 4 in Fig. 2(b).

Downloaded 26 Sep 2002 to 129.237.102.140. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpoljcpcr.jsp


http://ojps.aip.org/jcpo/jcpcr.jsp

6624 J. Chem. Phys., Vol. 117, No. 14, 8 October 2002 Ward H. Thompson

T T T
(a)
a

3k - 3t @
= =
=] il - =}
g | g
= -
g g
& 25 — = 2A —
P s
oy ol
D )
& =
8 8 -7
= — = 1+ /’ —
= = ——

”
7
5

Distance from Cavity Wall A) Distance from Cavity Wall (A)

(b) b) A

Free Energy (kcal/mol)
!
Free Energy (kcal/mol)

T e~ = = = ! .
9 11 13 9 11 13
Distance from Cavity Wall (4) Distance from Cavity Wall ()

FIG. 5. The radial free energy is plotted for a solute molecufe)iground ~ FIG. 6. The same as Fig. 5 but for the CM solvent(p=0.4 g/crr). (No
and(b) excited state in nanocavities of different size. Results are shown fdiesults are shown fdR.,,=15A.)

a solute molecule in CH (p=1.4 g/crd) in cavities of radius 10 Asolid

line), 12 A (dashed line), and 15 &lot—dashed line

1. Ground state

For the ground state solute molecule the position of the
global minimum in the free energy surface is relatively inde-
pendent of the cavity size, occurring at a distance 425

The Helmholtz free energy as a function of the distancé from the cavity wall forR.,, =10 and 12 A and at4.5 A
of the solute center-of-mass from the cavity wall ingCH for R.,,~=15A. There is a free energy barrier, or local maxi-
solvent is shown in Fig. 5 f&®.,,~= 10, 12, and 15 A. Analo- mum, for the solute to move into the interior of the cavity at
gous free energy curves are shown in Fig. 6 for thgGQBH ~7 A for R.,,=10 and 12 A and at-7.25 A for Ry,
solvent forR,,~= 10 and 12 A. Results are presented for both=15 A. The height of this barrier decreases with the cavity
ground and excited state solute molecules. The minimum isize and is~1.1, 0.75, and 0.5 kcal/mol fd®.,,~= 10, 12,
each free energy curve has been set to zero for purposesanid 15 A, respectively. This barrier and the undulations in
comparison. the free energy curves at large distances reflect the ordering

As noted in Sec. Il A, the free energies presented heref the solvent into layers near the solvent-cavity wall inter
are calculated by thermodynamic integration. The free- eneface.
gies can also be calculated from the probability distributions The small charges on the ground state solute molecule
shown in Figs. 2 and 3 in a manner analogous to that us@dean that it has a smaller dipole moment than a solvent
for the solvent coordinafesee Eq(3.5)and Sec. IV E]. The molecule. As a consequence, the free energy is lowest when
free energy as a function of the solute position obtained ithe less polar solute is near the hydrophdbiccharged)
this way is in good agreement with the results obtained bwall and only solvent molecules are in the cavity interior.
thermodynamic integration except for positions where th&hat is, the solvent prefers to solvate another solvent mol-
probability of finding the solute is sma#.g., in the ground ecule in the cavity interior rather than the solute molecule.
state at large distances from the cavity yvdlhe sampling in  As illustrated in Figs. 2 and 5 this preference becomes
these regions is insufficient to accurately obtain the free enweaker as the cavity radius is increased. Even for the small-
ergy, thus we have used thermodynamic integration whichkst cavity the free energy difference for a solute molecule
does not suffer from this difficulty. near the wall versus in the cavity interior is less than 1 kcal/

D. Free energy versus solute position
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mol, not a large difference given thlgT~0.6 kcal/mol. = T
The strongly peaked probability distributions shown in Fig. 2 ’-"* _
therefore can be attributed to a cooperation between the en-
ergetic effects and the available space at a given radial posi-
tion in the cavity.

The free energy curves for the ground state solute mol-
ecule in the CHCN solvent shown in Fig. 6(are qualita-
tively the same as the GHsolvent results. Relatively small
guantitative differences exist in the position of the global
minimum and the height of the barrier to movement of the
solute into the cavity interior. The free energy is a minimum
at a distance 0f4.0 and 4.25 A for the 10 and 12 A radius
cavities, respectively. This is 0.25 A closer to the wall than in
the CHl solvent for the 10 A radius cavity and the same for
the 12 A cavity. The barrier occurs-a?.0 and 7.5 A with a
height of 1.2 and 0.9 kcal/mol fd®.,,=10 and 12 A, re-
spectively.This is 0.1-0.15 kcal/mol higher than in the {{H
solvent. These results indicate that for a ground state solute
molecule the primary effect of the solvent polarity is to hold
the molecule more tightly to the wall. However, the energy
differences involved are relatively small despite the large
change in solvent polaritye=7 for CH;l and e=35 for
CH;CN).

o N O

o & b L

-10

FIG. 7. Contour plots of the two-dimensional free energy surfaces are
2. Excited state shown for the solute molecule in tfe) ground andb) excited state in the
o . . CHsl solvent withR.,,=15 A. The horizontal axis is the distance of the
The minimum in the free energy for the excited stat&olute center-of-mass from the cavity wall in A and the vertical axis is the

molecule occurs in the cavity interior for every cavity radiussolvent coordinateAE, in kcal/mol. The spacing between contours is 0.3
considered as can be seen in Fig. 5(b). The minimum for tHgal/mol.
R.a=10 A cavity occurs at the largest distance from the wall

for which we have calculated the free energy, 8.0 A. For th ecomes less pronounced for larger cavity radii. This effect

12 and 15 A radius C?‘V‘“es’ the global minima occur at 9'_ an also be seen in the solute radial probability distributions
and 12.75 A, respectively, though the free energy curve Shown in Figs. 2(band 3(b)

relatively flat in the cavity interior. In sharp contrast to the
ground state free energy curves there is a significantly unf
vorable free energy for the solute near the cavity wall whic
increases withR.,,. The energy is lower for the solute in the Two-dimensional free energy surfaces as a function of
cavity interior relative to near the cavity wall byl.2, 1.5, the solute distance from the cavity wall and the collective
and 1.7 kcal/mol folR.,,=10, 12, and 15 A, respectively. solvent coordinate are shown as contour plots in Fig. 7.
The dipole moment of the solute in the excited state is sigrhese free energy surfaces present a more complete picture
nificantly larger than the dipole moment of a solvent mol-of the system than can be obtained from one-dimensional
ecule. Thus, the excited state solute with a large dipole mglots of the free energy as a function of the solvent coordi-
ment is best solvated in the interior where it is surrounded biyate alone. This is particularly important in attempting to
a full solvent shell. It is more favorable for the solvent toinfer something about the time-dependent fluorescence based
solvate the excited state solute than a solvent molecule. Tloa the present results. Note that the position of the free en-
probability distributions shown in Figs(l® and 3(b)are the ergy minimum changes between the ground and excited
result of competition between the free energy consideratiorstates in both the solute posititas seen in Sec. IV Dand
and the 4rr? factor accounting for the available space. the solvent coordinate. Thus, upon excitation from the
As for the ground state solute results, the free energground state both the solvent coordinate and the solute posi-
curves are qualitatively the same for the,Cind CHCN  tion will have nonequilibrium values in the excited state. The
solvents. The free energy in the N solvent shown in  subsequent relaxation dynamics would then be expected to
Fig. 6(b)is only weakly dependent on the cavity radius. Itinvolve the usual solvent reorientatiand movement of the
has a global minimum in the interior of the cavity for bothsolute toward the interior of the cavity. We would expect that
R.a=10 and 12 A and a significant barrier for the solute tdhe solvent reorientation dynamics should occur on a signifi-
be at the cavity wall. This barrier is1.5 kcal/mol for both  cantly faster time scale than the solute motishich will be
cavity radii shown; this is 0.3 kcal/mol higher than for thediffusive in nature). This would lead to solvation dynamics
CH;l solvent forR.,,=10A and roughly the same for the occurring on multiple time scales; this is a common ebser
two solvents folR.,,= 12 A. Thus, the higher polarity of the vation in experimental studies of solvation dynamics in con-
CH;CN solvent results in a greater preference for the excitefined solvents. However, to our knowledge no solvation dy-
state solute to be in the cavity interior but this polarity effechamics have previously been associated with the diffusive

%_. Free energy surfaces
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movement of the solute in either experimental or theoretica
studies. We are currently carrying out molecular dynamics
simulations of the time-dependent fluorescence to verify this
prediction. Whether this phenomenon is occurring in con-¢
fined solvent systems that have been or are being investg
gated experimentally is unclear at present. However, even ig
this is not the case, one could imagine designing confinerz
solvent/solute systems that will exhibit such behavior. Oneg
caveat is that the solute position distributions depend on th%
geometry of the nanocavitie.g., cylindrical versus spheri- &
cal), an effect that we are currently investigating.

It is useful to discuss this prediction in the context of the
two previous simulations of time-dependent fluorescence ir
nanoconfined solvents. Senapati and Chandra chose ¢
atomic solute with an electronic transition that involved the
creation of acharge® It seems likely that they would have
observed similar behavior to that predicted here if they hac
not fixed the position of the solute near the cavity wall in
their simulations. Faeder and Ladanyi simulated the time-_
dependent fluorescence of a model solute quite similar to theg
used here, including a charge-transfer transition with a com
parable change in the dipole mom&htowever, their solute
was an anion and therefore had strong interactions with th
solvent in both the ground and excited states. Hence, the%
did not observe a significant dependence of the distributior=
of solute positions on the electronic state.

It is apparent from Fig. 7 that the equilibrium value of
the solvent coordinate depends strongly on the solute pos
tion in the excited state. This should also affect the relaxatior
dynamics probed in time-dependent fluorescence experi Solvent Coordinate, AE (kcal/mol)
ments. In the ground state the shift is significantly smaller.

Furthermore. the for nstant for motion in th v F1G. 8. The free energy as a function of the solvent coordinate is shown for
urthermore, e lorce consta 0 oto e so en1];ne solute molecule in th@) ground andb) excited state in CH solvent

coordinate also appears to depend upon the solute positiqfi R ,,~ 15 A. Results are shown for fixed solute center-of-mass positions
This is verified by taking slices through the free energy surf 4.5 A(solid line/solid circle 8.0 A(dashed line/open circlgsand 11.5
face along the solvent coordinate for different solute posi? (dot-dashed linefopen squaréem the cavity wall. The lines represent
. . dratic fits to the calculated results indicated by the symbols.
tions. Three such slices are presented for the ground afd”
excited state in Fig. 8. The calculated free energies are indi-
cated by the symbols and quadratic fits to the data are shown
as lines. In all cases the quadratic fits describe the calculated
free energy curves well. From these quadratic fits we caificreases ad decreases. The values for the ground and ex-
extract a force constant in the solvent coordinate that deited states are virtually the same except der11.5A
pends on the solute positioky(d): wherek; is larger in the excited state. In fact, for the excited
1 statekg(d) appears to have reached its minimum value by
AA(AE,d)=AAg(d) + 3ky(d)[AE-AEo(d)]%  (4.1) d=8.0 A whereas for the ground stagd) continues to
whered= R, is the distance of the solute center-of-masglecrease ad increases.
from the cavity wall. This force constant is a measure of how These results for the dependence of the solvent force
tightly the solvent coordinate is held to its equilibrium valueconstant as a function of the solute position suggest that the
or alternatively, the difficulty for the solvent to undergo asolvent molecules that surround the solute when it is near the
fluctuation away from equilibrium with the solute Charges_CaVity wall are more constrained due to interactions with the
Hence, larger values &f indicate more constrained solvent cavity surface. Naturally, these constraints are more weakly
interactions with the solute. felt in the cavity interior where the behavior may be ex-
The solvent force constants obtained for the ground stagected to be more like that in a bulk solvent. Previously,
solute molecule areky(d=4.5A)=0.179 (kcal/mol)?, Carter and Hyné8 observed in bulk solvent simulations that
k(d=8.0A)=0.133 (kcal/moly!, and ky(d=11.5A) the solvent force constant is larger in the excited state than in
=0.113(kcal/mol)~ 1. For the excited state solute, the forcethe ground state for a charge-transfer transition. The present
constant has values d(d=4.5A)=0.176 (kcal/moly!, force constants al=11.5A are consistent with this result.
ks(d=8.0A)=0.132 (kcal/mol)!, and k(d=11.5A) Atdistances closer to the wall the constraints imposed by the
=0.134(kcal/mol)"%. Clearly the force constant does de-cavity surface appear to dominate since no difference is ob-
pend upon the position of the solute in the caviy(d) served in the force constants in the ground and excited states.

=
8
2]

=2

=
Py

Downloaded 26 Sep 2002 to 129.237.102.140. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpoljcpcr.jsp


http://ojps.aip.org/jcpo/jcpcr.jsp
https://moment.35
https://charge.36

J. Chem. Phys., Vol. 117, No. 14, 8 October 2002 Spectroscopy in nanoconfined solvents 6627

V. CONCLUDING REMARKS shape, dimensionality, flexibility, and interactions with the
olvent, solute, and/or counterignmakes it difficult to
anslate studies of one system into predictions for another.
hile the important variable of cavity size is explored here,
tpulations on only one nanocavity type—rigid, spherical
pédrophobic cavities—are presented. A great deal more in-

We have carried out simulations of the absorption angd
fluorescence spectra of a model diatomic solute with
charge-transfer transition in spherical hydrophobic nanocavi-.
ties. The absorption and fluorescence spectra have a differ
dependence on the cavity size. The fluorescence spectrum 5" """ . . e
redshifted as the cavity radius is increased while the absorE_l-eSt'galtlon will b_e required _to o_IeveIop a unified understgnd-
tion is essentially unchanged. This behavior is attributed t g of the chemical dynamics in the diverse set of confine-
the difference in the distribution of solute molecule position§ne
probed in the absorption and fluorescence spectra. In the less
polar ground state the solute is more likely to be found negkCKNOWLEDGMENTS
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