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Molecular dynamics experiments have been performed to study equilibrium aspects of the solvation of
Coumarin-151 in polar nanoclusters containdg= 5, 10, and 50 water and methanol molecules. In small
aggregates, both solvents show preferential solvation of the amino group of the solute. Whereas in aqueous
aggregates the dye molecule shows a propensity to reside on the cluster surface for all sizes investigated, the
50 methanol cluster exhibits clear signs of more uniform, bulklike solvation. Using nonequilibrium simulations,
we also studied the solvation dynamics upon an electronic excitation of the probe. At temperatures close to
T = 200 K, small clusters exhibit two well differentiated equilibrium solvation structures for the excited
states of the solute. Interconversions between these structures take place in a time scale much longer than the
one characterizing the solvation relaxationNy= 5 clusters, the nonequilibrium responses are exclusively
dominated by a fast inertial relaxation lasting less that 0.1 psNfor 50, the relaxations exhibit a slow
diffusional regime that dominates the long time behavior as well. The overall response of the largest clusters
is also analyzed in terms of linear response theories.

I. Introduction reaction pathways. The solvation structures and dynamics of
| molecular probes in nanoclusters are also strongly influenced

reactivity in polar nanoclusters presents distinctive features thatPY the interplay between surface and bulk forces, which is
are normally absent in conventional macroscopic phises. F:Iearly manifested in the stabilization of surfape or cluster
Perhaps the most important reasons that account for thesdnterior sqlvated .spec'lé‘sThese are some of the issues that will
peculiarities are to be found in the lack of translational symmetry P€ investigated in this paper.
and in the presence of a free surface nearby that lead to large Our motivation focuses on establishing similarities and
anisotropies in the microscopic forces fields exerted on the differences between several aspects of solvation in bulk polar
different cluster constituents. In small and intermediate size phases and in their counterparts at the nanometer scale. Spurred
aggregates, these effects are translated into strong spatial antdy a series of recent infrared spectroscopy studies by Topp et
orientational correlations that, in turn, affect the different al.> 7 we examined equilibrium and dynamical aspects of the
solvation of Coumarin-151 (C-151) attached to water and
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dynamics techniques. C-151 (7-amino-4-trifluoromethylcou-
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Z 12 [I. Model

¥ The systems under investigation were composed by a single

y C-151 dissolved in polar clusters containiNg molecules of
solvent 6= H,O or MeOH). All molecules were modeled as a
collection of sites kept at fixed distances. Coumaisnlvent
(Ueo and solventsolvent Us9 potential energies were con-
sidered as a sum of sitesite Lennard-Jones plus Coulomb
interactions.
Figure 1. Coumarin-151. The molecular geometry and charge distributions of C-151

were computed using the AM1 parametrization of the semiem-

studying polar solvation because of its dual role as potential Pirical AMPAC packagé® This parametrization is known to

proton donor/acceptor via the amino/carbonyl groups (see FigureProvide reasonable descriptions of the electronic densities of

1). From the analysis of the different vibrational bands, Topp Several coumarin dye&-2! A full geometry optimization for

et al. were able to distinguish preferential solvation between the C-151 ground state,Svas performed using a restricted

these two groups and, in certain cases, the simultaneous presenddartree-Fock closed shell algorithm. The excited statg vias

of isomers with well differentiated solvation structures for the constructed by performing a configuration interaction (Cl)

same cluster speciés. calculation with 100 microstates at the ground-state optimized
The characterization of bulk polar solvation of relatively large 980Metry. These many states were used in order to achieve

polyatomic solutes such as C-151 is not always straightforward convergence of the Cl energy with respect to the number of
given the wide variety of length scales involved in the problem. Microstates within 1.0 kcal/mol and are believed to provide a
These length scales are associated with the particular chargd@" @Pproximation of correlation effects. An analysis based on
distribution of the solute and the specifities of the sokgelvent e Mulliken populations was implemented in order to obtain a
and solventsolvent interactions, with all of them of similar ~ charge value for the different atomic sites in both ground and
magnitude. The absence of a clear separation between thes&*Cited states. Our calculations yielded values= 5.7 and
parameters precludes a simple analysis based, for example, 0 1.0 D for th(_a dlpole_ moment; th_ese gesults are in reasonable
the examination of the different solvent density fields around 29réement with previous calculatiots: o

the probe. Interpretation of the solvation in nanoclusters is even 10 describe the geometry and charge distribution of the
more complex, given the effects imposed by the spatial water molecule, the simple point charge model by Berendsen

X . . 22 imi inti

confinement that prevails in these aggregates. In a much wider€t &l was adopted. A similar description was used for the
context, the problem bears several aspects in common withM&OH molecule, which comprised three interaction sites O, H,
solvation in other microheterogeneous structures such asdd the united atom model for GF¥ Full details of the
interfaced or complex bioenvironmerf&°where the properties parameters for the solute and solvent interactions can be found
of the solvent differ drastically from what is known in bulk n Table 1.~ _ _ _ _
phases. Within this framework, computer simulation experiments The dynamical trajectories corresppnd(_ad to mlcrocgnonlcal
emerge as one of the most suitable tools to gain a realistic insight'Uns at temperatures closeTes 200 K; in this thermal regime,
on the microscopic details of the gradual changes that take place?!! Systems exhibited dynamical, liquidlike behavior with
in the solvation as we move from isolated molecule states to N€dligible evaporation dunng the course of the simulation féins.
macroscopic phases. Three cluster sizes were investigatéd, = 5, 10, and 50.

Coumarins are also very popular as molecular probes to Statistics were collected over rather long equilibrium trajectories
monitor ultrafast dynamical aspects of solvation via time- Iastir_lg typically%S ns. Nonequilibriur_n_ runs were perforr_ned
resolved Stokes shift experiments. An exhaustive enumerationby f|_rst_ selecting initial 1000 cor_1d|t|ons from a previous
of previous experimental and theoretical work in this area is equm.brlum run, separqted by 5 ps intervals to pr.owde statisti-
well bevond the scope of this work. so we will refer the cally independent configurations. From these initial conditions,
interest()a/d reader to% few recent réview artidled” The we monitored the relaxations of relevant observables during
dynamical characteristics of polar solvation in bulk phases are typical periods of 5 ps. The Verlet algoritffwas employed

sufficiently well established; a distinctive characteristic of the Tgtigﬁglr:::iltaﬁe c?)qnus?:;)ithSs o\flvggt'?rne::gz "tgir:e ?rt]eep ngA}f(SE
overall response of these environments is given by its bimodal lqorithm28 9

character, .., an initial fast transient accounting for a major algorthm:

fraction of the total response and lasting a few hundreds of ||| Nonequilibrium Solvation

femtoseconds, followed by a much slower diffusive regime with

characteristic time scale of the order of3 ps. In this work, We_are inter_ested in Qescribing the dyf‘amics of cluster
we also shed light on the dynamical characteristics of the solvation following a vertical electronic excitation of C-151.

response of different clusters upon an electronic excitation of The si:pplgst way t;:_tt)a_ckle the problsz_is tc)jybconsidering the
C-151 by trying to establish a correspondence between theN0'Maliz€d NoONequilibrium response denined by

different relaxation mechanisms and the limiting, initial and (E(t) — E(e0)]
final, equilibrium solvation structures. St) = ° (1)
The remainder of this paper is organized as follows: In [E(0) — E(0)[Je

section Il, we provide details of the model and the methodology

implemented in the simulation runs. Results for the nonequi- In the previous equatioril.[J. denotes an average taken from
librium responses are presented in section Ill. Section IV & distribution of nonequilibrium initial Configuratioﬁé.E(t) is
includes an analysis of the equilibrium solvation structures. An the instantaneous Coulombic energy Hap

interpretation of the overall responses in terms of microscopic

mechanisms is provided in section V. Concluding remarks are Et) = ZEa(t) = ZAana(t) )
presented in section VI. « «
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TABLE 1. Parameters for the Potentials

A. Solvents
site o € o}
H.O

(0] 3.17 0.156 —0.82

H 0.00 0.000 0.41

dofH =1.0 A, dHfH =1.633

MeOH

(0] 3.071 0.170 —0.700

H 0.000 0.000 0.435

CHs 3.775 0.207 0.265

dof(:H3 =1.424;do-n = O.9451;dCH37H =1.943

B. Coumarin-151
Co

site o € Ou AQq Nh,0 = 50 Nmeon = 50
C 0.332 -0.027 0.044 0.042
Cs —0.191 —0.080 0.184 0.188
Cy —0.035 —0.228 0.440 0.356
Cs —0.025 —0.054 —0.041 —0.032
Ce -0.211 0.079 0.140 0.139
C, 3.50 0.080 0.147 —0.066 —0.140 —0.156
Cg —0.240 0.082 0.123 0.141
Cy -0.179 0.212 —0.066 —0.035
Cuo 0.145 —0.024 —0.007 —0.011
Cu2 0.460 —0.004 0.006 0.007
O —0.186 —0.013 0.008 0.004
Ou 2.96 0210 ~0.273 0.012 ~0.016 ~0.018
N 3.25 0.170 —0.349 0.124 0.313 0.361
= 2.80 0.105 —0.157 —0.004 0.002 0.003
H 2.50 0.005 0.140.21° 0.000 0.000 0.000

aThe Lennard Jones parameters were considered the same ferahe Bie $states? The three F sites have identical parametef&he values

represent the minimum and maximum values for the partial charges of the H sites. Length parameters are given in A; energy parameters are given

in kcal/mol; charge parameters are given in e. The usual geometrical and arithmetic means were used to deterr@ndd frerameters for the

cross interactions.

1.0 ¢ TABLE 2: Solvation Parameters for Different Polar
0.8 Clusters
0.6 Ns 7 e [EO) E(o)B E(o)d, [E(w)L
0.4 5 >3¢¢ 05 -1.1 =37 —-2.5 —-4.3
0.2 Wi H20 10 37 16 -19 -58 —54 —-6.1
0'0 50 1.7 17 -23 —6.9
St 4, 5 >10¢ 028 -22 -34 -30 -57
MeOH 10 03 03 -39 -51
08 |, 50 37 37 -25 70
0.6 P
6 aComputed from 5 ns equilibrium runs and assuming tB@}
0.4 presents a single-exponential decaytfor 5 ps.? Computed from an

0.2
0.0

equilibrium average taken exclusively over state (see text)® The
errors in the long time portion of the correlation are too large to obtain
a more precise estimation. Energies are given in kcal/mole, and times
are given in ps.

t(ps)

Figure 2. Solvation responses for different polar clusters containing
Ns solvent molecules. Trianglebl = 5; squaresNs = 10; circles,Ns

=50 decay. After a short transient lastimgl00 fs, the curves for

both solvents seem to level off at practically plateau values of
the order ofSt) = 0.4—0.5. A crude estimate of the overall
characteristic relaxation times,, can be obtained from the

where Aq, and V,(t) represent the charge jump and the ¢
integral

instantaneous solvent electrical potential atdhste of C-151

at timet, respectively. .
In Figure 2, we present results for the solvation relaxations. T = jg S(t) dt (3)

Notwithstanding the obvious differences in intermolecular

interactions and sizes, at a first glance, the six curves look Results forzs are displayed in the third column of Table 2

qualitatively rather similar. However, a closer inspection of the where one can see that fidg = 5 bothzs surpass 30 ps! Another

top and bottom panels reveals peculiarities in the individual puzzling result is given by the fact that, although water clusters

behaviors which are worth commenting. We start by considering exhibit a monotonias vs size dependence, the fastest relaxation

the particularly intriguing results for the smallest aggregates: for methanol clusters corresponds to the intermediate size

note that the dynamical responses exhibit an unusually slow aggregatezs = 0.3 ps forNweonw = 10. The two examples
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n,[cos(8)]

n,(¢)
o
o

0.0 L L
-m/2 0 /2 T 3n/2

-3
d"‘" Figure 4. Angular distributions for the solvation iNs = 5 clusters

) ) ) . o (see text). Solid lines, ¥D; dashed lines, MeOH.

Figure 3. Snapshots for typical configurations for clusters containing

the probe C-151. (e)lueon = 5 (S solute); (D)Nweon = 5 (S solute, center of mass of the coumariR;, and the center of mass of
state8); (¢) Nweon = 50 (S solute); (d)Nw,o = 50 (S solute). the solventRs, defined as

C

that we have just presented reveal important qualitative differ- 1
ences and a wide variety of time scales whose rationalization g = - B(R,— RJ — 1O (5)
will require a more detailed analysis in terms of temporal and 4

spatial correlations that we will perform in the next sec- second, the spatial correlation between the individual solvent

tions. molecules andRs, namely
IV. Equilibrium Solvation Structures Ns i
o(r = B(Rey — R — O (6)
Before addressing the dynamical aspects of solvation, it will NAnre i=

be instructive to briefly digress on the equilibrium solvation _

structures for the different cluster sizes. In Figure 3, we presentwhereR,, denotes the coordinate of the center of mass of the
snapshots of typical cluster configurations. For the smallest ith solvent molecule; and finally, a third distributidP{cos@©)],
clusters, the solvation structures are practically identical for both that provides information about the orientation of C-151 at the
solvents and are characterized by a highly asymmetric distribu- water cluster surface

tions localized in the vicinity of the amino group. The degree

of asymmetry can be described in terms of the angular P[cos@)] = [d[cos@.y) — cos@)]]

distributionsn; andn, defined as (R~ R)

1 Ns COS@CS) - |R —R
n,[cos@)] = — ) B[cos@;) — cos@)]C
N, = whereX is a versor in thex direction of the local coordinate
system. In Figure 5, we present results for these distributions.
From the simultaneous analysis of the three sets of curves, one
ny(¢) =— » B(¢; — $)U (4) can conclude that the most probable solvation structure in the
s!= aqueous aggregate corresponds to the C-151 with its molecular

where6; and¢; identify the angular coordinates of the center plane mostly tangential to the clustgr surface at a distance
of mass of thdth solvent molecule with respect to the local /- A from theR, On the other hand, in the 50 MeOH cluster,

coordinate system with the origin at the solute center of mass, the coumarin lies practically at the center of mass of the
also shown in Figure 1. Results for the angular correlations are 299régate and the solvent density profile presents a much more

displayed in Figure 4. We observe that thedistributions are .

()

C S|

Ns

inhomogeneous and less compact structure compared to that of

peaked at co8) ~ 0.8, revealing the preferential solvation of [tS Water counterpart. We refrain from commenting on the
the amino group located at cég(,) = 0.92. Then, distributions solvgno_n structures for_&olutes because they present similar
show two zones of preferential solvationgate /4 and¢ ~ qualitative characteristics to those already described for ghe S
3n/4 with less favorable configurations exhibiting = 7/2; cases.
given that the site distribution of the molecule of C-151 lies
practically on the<= 0 plane, these results suggest the presence
of free energy barriers (somewhat higher for MeOH than for  Having established the main features of the equilibrium
H,0) that prevent frequent solvent transitions fram 0 to x solvation structures, we now turn to the dynamical analysis of
< 0 regions. the solvation. We start by trying to unveil the origin of the slow
The scenarios for the largest clusters contrast sharply (seedecay that dominates the long time regime of the smallest cluster
snapshots ¢ and d of Figure 3): although in the aqueous aggretesponses. In Figure 6, we present results for the time evolution
gate the solute still exhibits surface states, solvation in 50 MeOH of E(t) along two long equilibrium runs withgaand S solutes.
presents clear signs of internal, “bulklike” behavior. These two The differences in the two sets of curves are noteworthy:
structures can be conveniently described in terms of three although $curves are characterized by fast50 fs) oscillations
correlations functions: first, the spatial correlations between the around their average values, bothc8rves exhibit a distinctive

V. Solvation Dynamics
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-1.0 ~-0.5 0.0 0.5 1.0
cos(0)
0.2
14 2
5 il /\\ %
= 0.1 v AN 1, < t(ps)
%) gt \ bl Figure 7. Solvation responses for different polar clusters considering
g N — [E(0)[de = [E[, (See text). Same labeling as in Figure 2. Also shown
0.0 -L . = 0 is the nonequilibrium relaxation @N for the Ny,0 = 50 cluster (black
1.5 circles).
ol< 1.0 :\\\
T ‘~”‘\\ to the central part of the coumarin (see Figure 3b). Note that it
— o5} . is in this region where the largest changesAig, take place
= A (see Table 1B), and this might provide an explanation for the
2 0.0 . g 12 absence of solvation structures of typé for S solutes. A
0 r(A) similar situation is found in small water clusters; however, the

time scale for the interconversion drops to a few tens of
Figure 5. Angular and spatial correlation for C-151 dissolvedNn picoseconds (see the lower panel of Figure 6) revealing a much
= 50 clusters. Top panel: angular correlation for the superficial |ower activation free energy for the transitions.

orientation of the solute attached to a 5eCHcluster. Middle panel: : :
pair correlation functions.r) (solid line, left axis) and(r) (dashed The presence of two decorrelation time scales for the temporal

line, right axis) forNmeon = 50 cluster (see text). Lower panel: same d_ependence OE(t) in the S case, one on the order of a feyv

as in the middle panel for aNu,0 = 50 cluster. picoseconds and a second one at least 3 orders of magnitude
larger, provides some clues to explain the unusually long
relaxation ofS(t): we have verified that the solvation structures
during the first picoseconds after the vertical excitation cor-
respond exclusively to state’. Under these circumstances, the

-1
-3

-2 clear separation of time scales suggests that the interconversion
-4 between.¢ and 28 can be treated as an independent, much
Lg -6 slower process, totally uncorrelated to the initial relaxation of
g -8 the solvation structure. Of course, this peculiarity is a finite size
?3 1 effect that should progressively be less important as the size of
E, 3 the aggregates and that of the solute become comparable. At
this point, an important question arises, namely, which value
—4 should be included in eq 1 for the limiting valu&(c)lJe
Results shown in Figure 2 correspond to averages taken over
-8 the complete 5 ns trajectory, namelf(e)[Je = —3.7 and—3.4
{(ns) kcal/mol for water and methanol clusters, re;pectively. In Figure
Figure 6. Top panel: time evolution of the solvent energy d&® 7, we present results for the same relaxations as those shown
for the § and the $states of C-151 attached to Bky.on = 5 cluster. n Flgu.re 2 b!‘Jt nNow assuming thﬁ(m) [de - (L), Note that.
Configurations corresponding ta’ and ¢4 states in the Strajectory with this choice a similar monotonics vs size dependence is
are plotted in solid and dash lines, respectively. Bottom panel: same "eécovered for both solvents (see the fourth column of Table 2),
as the top panel for aNp,0 = 5 cluster. with the smallest clusters presenting the fastest relaxations with

practically exclusive inertial characteristics.
bimodal character. The particular case of the methanol cluster We now turn to the analysis of the slower diffusive regime
is perhaps the clearest: one can identify two episodes=at  of the response in the largest clusters. Because in our model
1.8 and 4.45 ns, corresponding to sudden transitions betweerthe details of the electronic density of the probe are incorporated
two solvation states, hereafter referred to as stateand %3, via a discrete distribution of point charges, it will useful to
respectively. These states are characterized by averag&japs decompose the total response in terms of a weighted sum of
~ — 3.0 kcal/mol andE[}; ~ —5.6 kcal/mol; a similar analysis  different solute-site contributionS,(t), namely
performed on the time evolution of the different couplings shows
that state. ¢ presents stronger solvergolvent interactions ) = zcasa(t) (8)
(Wsd1, = —39.4 kcal/mol andUsdd; = —30.5 kcal/mol) and S
weaker solventsolute interactionsUc{], = —6.2 kcal/mol
andWcl = —12.7 kcal/mol). The solvation structure of state \yhere
A looks practically identical to that already described in the
previous paragraph foreSolutes (see Figure 3a). On the other [E,(t) — E (oo)[]
hand, in states, the solvent stretches across the solute molecule St =— - c 9)
generating a “chain structure” bridging the distal amino group [E,(0) — Ey(0) e
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g(r) (107°A7)

Figure 8. Cs-solvent pair correlation functions fd¥s clusters. Top
panel, HO; trianglesgc,-o; circles,gc,—n. The full and open symbols
correspond to §and S solutes, respectively. Also shown is the
nonequilibriumgc,-1 at selected timest = 0.5 ps, dotted lined;= 2
ps, dot-dashed linest = 5 ps, dashed lines. Bottom panel: MeOH,;
triangles,gc,-+; circles,ge,—chs; Squaresge,—o.

In eq 8, the weight, represents the fractional contributions of
site a to the total Coulomb energy gap:

c = [Ea(o) - Ea(oo)me
¢ TE(0) — E(o)e

(10)

The results shown in columns 4 through 7 of Table 1B reveal
several interesting features:
(i) The largest changes in the electronic distribution of the

Tamashiro et al.

1.0

t (ps)

Figure 9. Equilibrium and nonequilibrium time correlation functions
of the solvent energy gap Ms = 50 clusters. Triangle€(t) for MeOH;
squaresgC(t) for H,O; solid line,§(t) for MeOH; dot-dashed lineS(t)
for H20.

build up of negative charge at the solute site promotes the
gradual formation of two peaks: onegdg,—n atr = 2.2 A and

a second one igc,—o atr = 3.2 A, both with similar area at

= o0 ~ 0.9. Moreover, in Figure 7, we also included results for
the ratio

(MN(E) — Niy(0) e
MN4(0) = Niy(0) e

AN () = (12)

whereNy represents the integral under the first pealg@f w.
The almost perfect agreement between Hi§ curve and the
relaxation of ANy(t) would be indicative of the diffusive
character of the local solvent response in the vicinity of the

probe take place in two central carbon sites, where there is atagged solute site, involving a disruption of the original cluster

transfer~ —0.20 e from @ into C,, and in the N siteAgqy =
0.12 e.

(ii) the values ofc, appear to be only partially correlated to
Aqg. For instance, although the,@nd N weights account for

surface structure as a consequence of the breaking of a-water
water hydrogen bond, the approach of a water molecule toward
the solute site, and the subsequent formation of a new linear
C4:--H—0 bond. G-solvent spatial correlations for 50 MeOH

almost 80% of the total solvent-energy gap, the magnitude of ¢|ysters show no signs of new bonds (see bottom panel of Figure

the ¢, for the central G, with the second largest charge jump,
represents only a5% of the total solvent gap.

(iii) Yet, more interestingly, note that contributions from some
selected solute sites, including the aforementioned ate

negative, revealing that the total response is the result of partial

8); moreover, upon excitation, the different profiles suffer overall
changes in the opposite direction to that described for water,
with a significant loss of structure in the neighborhood of the
tagged solute site.

Before closing this section, we will comment on a last aspect

cancellations between different site relaxations. The physical gealing with the validity of linear response theory (LRT) to
picture that emerges from these observations suggests that thgescribe the nonequilibrium relaxations. Using Onsager’s

solvent electric field is not sufficiently quickly variant in space

regression hypothesis and for sufficiently small perturbations,

oppositeAd, lying at very small separations.
A microscopic interpretation of the diffusive regime normally

requires the study of the transients of different density solvent

fields in the vicinity of the probe; previous simulation studies

reveal that the dynamics of ionic solvation is basically dominated

by the contribution from closest solvent shéfi$\Ve shall focus
our attention exclusively on the solutsolvent spatial correla-
tions for the central & which is the site that exhibits the largest
c. and analyze different radial distribution functions, defined
as

N,

1 = .
9oy (1) = —— ) B(Ire() = O -nNte  (11)
4mr” =

wherer(t) andr jy(t) refer to the coordinates of site= C, of
the coumarin and the site of thejth solvent molecule at time

the equilibrium correlation functiofc(t):%”

[BE(t) OE(0)T

) ~ C(t) = e

(13)

wheredE(t) = E(t) — [(EL LRT has proven to be a robust and
successful tool to predict the main features of the time evolution
of solvation response of a large variety of polar and nonpolar
environments, even for solvent energy gaps much larger than
the usual thermal energies involved in the systems. However, a
singular behavior was observed in bulk methanol, where the
theory was found to work rather poort§ Therefore, we felt it
important to test if these inadequacies still persist in cluster
environments. The performance of LRT for the largest clusters
investigated is indicated in Figure 9 where we present results
for C(t) computed for $ solutes in order to have similar

t, respectively. In the top panel of Figure 8, we present results characteristics in the cluster dynamics in equilibrium and
for the limitingt = 0 () and® (S;) equilibrium states for 50 nonequilibrium runs?® Surprisingly enough, we observe that
H,O clusters; in addition, nonequilibrium spatial correlations despite the complexities found in the microscopic mechanisms
for the H site of the solvent collected at three intermediate times that drive the overall solvation, the performance of LRT is totally
along the relaxation process are included as well. The suddensatisfactory for both solvents.
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