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Equilibrium and dynamical characteristics pertaining to the solvation of the fluorescent probe
Coumarin 480 within different confining environments are investigated using molecular dynamics
simulations. Three kinds of confining systems are examined: (i) the cetyltrimethylammonium bro-
mide (CTAB)/isooctane/1-hexanol/water; cationic inverse micelle (IM) (ii) a CTAB/water direct mi-
celle (DM), and (iii) a silica-surfactant nanocomposite, comprising a cylindrical silica pore (SP)
containing small amounts of water and CTAB species adsorbed at the pore walls. The solvation
structures in the three environments differ at a qualitative level: an exchange between bulk- and
interface-like solvation states was found in the IM, whereas in the DM, the solvation states of the
probe are characterized by its embedding at the interface, trapped among the surfactant heads and
tails. Within the SP structure, the coumarin exhibits alternations between internal and interfacial sol-
vation states that occur on a ~20 ns time scale and operate via 90° rotations of its molecular plane.
The solvation responses of the environment following a vertical excitation of the probe are also in-
vestigated. Solvation times resulted between 2 and 1000 times longer than those found in bulk water,
with a fast-to-slow trend IM— DM—> SP, which can be interpreted in terms of the solvation structures
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that prevail in each case. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4861586]

. INTRODUCTION

This study deals with the impact of confinement on the
solvation of the fluorescent probe Coumarin 480 (C480) in
three different media. This molecule represents a popular and
versatile dye that has been used in previous experimental stud-
ies to examine solvation dynamics in a wide variety of polar
and non-polar macroscopic liquid phases.'~® More recently,
C480 has also been used to obtain information about the na-
ture of the solvation in a series of inhomogeneous environ-
ments as well. Without being exhaustive, the list of systems
investigated includes direct and inverse micelles,”!* lipid
vesicles,'! cyclodextrin cavities,*'? sol-gel matrices,'® and
silica-surfactant nanocavities,!*!> to mention a few relevant
examples.

The recent publication of three experimental studies fo-
cused on the solvation of C480 in confining environments
sparked our interest of unveiling the microscopic character-
istics of the structure and the dynamical mechanisms that
control the solvation of this probe under these conditions.
The first one corresponds to time-resolved experiments per-
formed by Hazra et al.,'° who have measured the solvation
dynamics of water trapped within the cores of aqueous in-
verse micelles (IM), stabilized within an isooctane/1-hexanol
organic phase by the surfactant cetyltrimethylammonium bro-
mide (CTAB). Hazra et al.'” reported average solvation times
close to ~7 ns, a value that clearly reveals the important re-
tardations that take place in the overall dynamics of the con-
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fined aqueous phase, compared to the timescales observed in
the isotropic bulk, which are in the picosecond time regime.
Moreover, based on the fact that the observed retardations
were roughly independent of the size of the water nano-pools,
the authors concluded that the most stable solvation envi-
ronment for the fluorescent probe seems to be the micellar
interface. Similar conclusions were reported by Corbeil and
Levinger in their experimental study on solvation dynamics in
CTAB/1-pentanol/cyclohexane/water and CTAB/1-heptanol/
cyclohexane/water IMs, using the anionic form of Coumarin
343 as a probe. !¢

Solvation dynamics of C480 in a related inhomogeneous
environment, also combining CTAB and water, was examined
in a second study by Sarkar ef al.” At the experimental condi-
tions investigated, the liquid phase includes nearly spherical,
direct micelles of radius ~3—4 nm, containing typically ~80—
100 surfactant molecules. The resulting structures of these
moieties can be pictured in terms of a “dry” core, comprising
the hydrocarbon tails, and an external, “wet,” interface shell
of thickness 6-9 A, composed of the polar head groups and a
sizeable fraction of the counterions as well. In these systems,
the reported solvation times were found to be of the order of
0.5 ns, a temporal scale that is one order of magnitude shorter
than that reported in IM with the same surfactant.

The third experimental study involved the analysis of the
solvation of C480 within the interior of mesostructured silica-
surfactant (CTAB) nanocomposites. We are referring to the
work performed by Yamaguchi et al.'> who employed time-
resolved fluorescent techniques to analyze the characteristics
of the solvation of coumarin dyes within cylindrical cavities

© 2014 AIP Publishing LLC
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of silica-surfactant nanocomposites, built on a porous alumina
membrane by surfactant-templated methods. In these cases,
the resulting solvation times were found to exhibit a bi-modal
character, with timescales of the order of ~0.9 ns and ~7.5 ns,
respectively. Similar timescales were reported by Sahu
et al.'"* who analyzed the solvation dynamics of C480 in a
nanoporous sol-gel matrix in the presence of CTAB.

In an effort to provide a complementary description to
this body of experimental information, in what follows, we
will present results from massive molecular dynamics (MD)
experiments on systems that closely reproduce the geomet-
rical characteristics of the three different confining environ-
ments previously described. Our analysis will include not
only structural characteristics pertaining to the solvation of
the fluorescent probe but also information about particular
features of its translational and orientational dynamics. In
addition, we will also examine the solvation dynamics that
follow a sudden change in the electronic distribution of the
probe.

This paper is organized as follows: in Sec. I we describe
the details of the model and the technical aspects of the sim-
ulation procedure. In Sec. III we analyze the main results of
our study, in which we examine equilibrium and dynamical
features of the probe within the different confining environ-
ments. Finally the concluding remarks are left for Sec. I'V.

Il. MODELS AND SIMULATION DETAILS

The systems under investigation were composed of a sin-
gle coumarin C480 (see scheme on Fig. 1) embedded within
three well differentiated confining environments: (i) an in-
verse aqueous micelle, i.e., a spherical-like water nano-pool
stabilized within a non-polar phase by cationic surfactants;
(ii) a direct micelle (DM) comprising a cationic surfactant
moiety dissolved in water, and (iii) a water-saturated, silica
pore of diameter ~4 nm, with polar groups and surfactants
adsorbed at the pore walls. All of them have in common the
presence of CTAB as a surfactant species.

2 Coumarin 480

FIG. 1. Atom numbering used for Coumarin 480. The dipole moment vec-
tors corresponding to the ground (Sp) and excited (S;) states are also dis-
played on top of the molecule.
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The different components were modeled as a collection
of interaction sites. The potential energy of the system was
considered as a sum of site-site, pair-decomposable contribu-
tions, and contains the usual terms from inter- and intramolec-
ular interactions.

Water interactions were modeled by adopting the well-
tested SPC/E potential.'” On the other hand, the CTA™ sur-
factant molecules were modeled as fully flexible units, in-
cluding 62 interacting sites. Intra- and intermolecular interac-
tions involving these sites were taken from the CHARMM?27
force field.'® In order to reduce computational costs, a sim-
plified description for the mixed organic phase of the in-
verse micelle—combining isooctane and 1-hexanol—was
implemented: methyl, methylene, CH, and OH groups were
described via a united-atom model potential, taken from the
GROMOS96 force field.!” As such, each isooctane (hexanol)
molecule involves a collection of 8 (7) sites. The inter- and
intramolecular potential parameters employed for silica and
silanol groups, were taken from Ref. 20. The fluorescent
probe C480 was modeled as a fully flexible, ~10 A x 6 A
planar structure, comprising 36 interaction sites. The set of
inter- and intramolecular parameters was taken from Ref. 21.
The atomic partial charges of the probe were obtained ac-
cording to the Merz-Singh-Kollman scheme.?> The B3LYP/
6-31G** level of calculation was employed for the descrip-
tion of C480 ground state, and for the case of its excited state,
a superposition of singly excited Slater determinants (CIS/
6-31G**) corresponding to ten different microstates was ap-
plied. All these computations were performed using the Gaus-
sian03 software package.>* This way of obtaining a reliable
set of partial charges for the ground and excited states of
the probe for MD simulations is a well-known and robust
method, and it has been widely used by other groups in the
past.21-24-27 With this parametrization, the change in the dipo-
lar moment between the ground and first excited states is Au
= 3.6 D. This value is in reasonable agreement with reported
experimental values, obtained from time resolved microwave
absorption techniques, which vary from Ay = 3 D up to
3.8D.%8

The preparation of the system involved a sequential pro-
cedure similar to that described previously in Refs. 29 and
30. The IM was constructed so as to reproduce experimen-
tal conditions'® and consists of a 7 nm diameter, inner water
pool surrounded by CTAB molecules, at a relative concen-
tration of wy = [H,O]/[CTAB] = 23 (see Table I). The ex-
ternal apolar phase includes an isooctane/1-hexanol, 9:1 v/v,
mixture. The role of the explicit organic phase (along with a
barostat setting to a P = 1 bar) is to essentially provide an
equilibrating liquid-like environment for the reverse micelle,

TABLE 1. Details of the simulations.

System  Nctas Nw  R(A)  popap (A% Simul box (A%)
(i) IM*? 206 4752 35 56 150 x 150 x 150
(ii) DM 90 9160 25 87 70 x 70 x 70
(iii) SP 80 500 20 70 70 x 70 x 53
2The organic external phase contained Nj,, = 11566 molecules of isooctane and Npex

= 1684 of 1-hexanol.
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allowing interface structural fluctuations in order to attain
accurate densities inside the micelle. Moreover, these inter-
face fluctuations would give rise to long wavelength collective
dynamical modes that any realistic description of a reverse
micelle in the nanosecond time scale should include. To build
up the DM, the initial conditions were generated from a radial
arrangement of 90 CTAB molecules conforming a spherical-
like moiety of radius 25 A (Ref. 31), surrounded by ~9000
water molecules. Finally, we also build up a cylindrical sil-
ica pore of radius ~20 A, with silanol groups adsorbed at the
pore walls with a surface density of psiog ~ 3 nm~2, in agree-
ment with experimental absorption data.?> The interior of the
pore was filled with adequate amounts of CTAB surfactants
in a cylindrical arrangement. The overall orientation of the
surfactants was such that their head groups remained in close
contact with the pore walls, whereas the corresponding hy-
drophobic tails were located at the central part of the pore. The
resulting area per surfactant group was ~70 A2, which agrees
reasonably well with the experimental conditions reported in
Ref. 33. Along the full length of the simulation experiments,
no meaningful modifications were observed in the overall sur-
factant structure inside the pore. Finally, water was allowed
to permeate within the pore via a coupling with a “bulk” wa-
ter reservoir, following the procedure described in detail in
Refs. 34 and 35.

In all cases, the simulation protocol included initial equi-
libration periods of about 5 ns. In the simulation runs of
micelles, this initial stage involved isobaric-isothermal runs
whereas in the silica pore, due to the presence of a solid
structure, the equilibration was performed along microcanon-
ical trajectories. Meaningful statistics were collected along
production runs, lasting typically 20-50 ns. All molecu-
lar dynamics trajectories were generated using the NAMD
package.’® Periodic boundary conditions were applied along
the three Cartesian coordinates. Short-ranged intermolecu-
lar forces were cut off at 13 A, while the particle mesh
Ewald (PME) method was implemented to handle long-range
Coulomb forces. The equations of motions were integrated
using a multiple time step integration scheme, with a time
step of 1 fs for intramolecular modes, 2 fs for non-bonded
short-ranged forces, and 4 fs for the rest of the Coulomb
forces. Additional details concerning Hamiltonian parameters
and simulation procedures are provided in the supplementary
material.’! Table I displays the numbers of molecules and
sizes of each simulated system. Figure 2 shows, schemati-
cally, the three systems, as well as some typical snapshots
taken during the MD simulations.

Two kinds of simulation experiments were performed:
(i) equilibrium averages of relevant observables related to the
solvation of C480 in the ground state were collected along 20—
50 ns, previously equilibrated, microcanonical trajectories;
and (ii) non-equilibrium runs, in which the original charge
distribution of C480 was switched, at + = 0, to that corre-
sponding to the excited state. Initial conditions for these runs
were taken from statistically independent configurations of
the ground state trajectory, separated by 50 ps intervals. From
these non-equilibrium initial configurations, the relaxations of
the system were followed for about 30 ps in the case of mi-
celles, and 200 ps in the case of the silica pore.

J. Chem. Phys. 140, 034702 (2014)
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FIG. 2. Schemes of the three different confining systems in which the
coumarin C480 was studied: (a) Inverse micelle CTAB/isooctane/1-hexanol/
water; (b) direct CTAB micelle in water; and (c) cylindrical silica pore with
CTAB and water. Typical snapshots captured during the MD simulations are
shown on the right side.

lll. RESULTS
A. Equilibrium local density profiles

We will start our analysis by examining local densities for
a few relevant species along radial directions within the two
different micelles investigated and the silica pore. The results
correspond to ensemble averages collected along equilibrium
trajectories, with the coumarin in its ground state. Assuming
a spherical-like geometry for the micelle structures, a reason-
able choice for the origin of a local reference system is their
centers of mass. As such, density profiles for micellar systems
were calculated as

1

pulr) = g5 D (81| = r)). M

wr?

In the case of the cylindrical silica pore, the center of the local
coordinate system was set at the center of mass of the solid
block and the corresponding density profiles were computed
from

1
pulr) = 5o D8Ry —r)), )

i
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FIG. 3. Local density profiles of different species for the three systems in-
vestigated: (a) Inverse micelle CTAB/isooctane/1-hexanol/water; (b) direct
CTAB micelle in water; and (c) silica nanopore with CTAB and water. The
coumarin densities have been multiplied by a factor of 40 for better visual-
ization; the water densities displayed in panels (a) and (b) are divided by a
factor of 10. (Notice that the water bulk value at ambient conditions is p%2
= 0.033 A=3.) On panel (c), the dark-grey density peak corresponds to the
hydrogen sites of SiOH groups at the internal surface of the pore; and the
profile of CTA™ tails is multiplied by 10 for better visualization.

where R} denotes the distance between the position of site o
in the ith molecule and the axis of the pore.

Results for the different p,(r) are shown in Fig. 3. In the
aqueous phase, we focused attention on the following species:
water-oxygen, bromide ions, and the center of mass of the
coumarin probe. Regarding the surfactant sites, we examined
4 atoms in the head groups (N and three C), whereas we also
considered the set of 16 C atoms comprising the hydrophobic
tails. Finally, for the organic phases, we considered the centers
of mass of isooctane and 1-hexanol groups.

The structure of the inverse micelle CTAB/isooctane/
I-hexanol/water is clearly characterized by three spatial
domains (see Fig. 3(a)): on the one hand, an inner, r < 20 A
aqueous pool; on the other one, an external, r 2 45 A region,
where the organic species, isooctane and 1-hexanol, predom-
inate. In between, one observes an intermediate third region,
occupied by the bromide counterions and the CTA™ surfac-
tants, with their polar head groups in contact with the inner
water pool and their hydrophobic tail groups lying at the most
external region of the interface. Note that a major fraction of
the Br™ ions (96%) remains associated with the cationic head
groups, whereas the rest of free Br™ ions, are fully solvated
by water, inside the micellar core. The density profiles corre-
sponding to the surfactant head groups and the hydrophobic
tails look both Gaussian-like, with widths of the order of ~7 A
and 11 A, respectively. Note that the coumarin probe explores
the central region of the water pool, quite uniformly.

The density profiles corresponding to the direct CTAB
micelle (Fig. 3(b)) also reveal three different regions: (i) a
hydrophobic interior micellar core, composed exclusively of
surfactant tail groups, which extends up to r ~ 18 A; (ii) an
external polar aqueous phase, beyond r ~ 30 A; and (iii) an
18 A <r <30 A, intermediate Stern layer comprising the
polar head groups, the bromide counterions, and a sizeable
amount of water as well. Similarly to what we found in
the inverse micelle case, a large fraction of the Br~ ions re-
mains associated with the cationic head groups, at the most
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external side of the Stern layer, whereas a small fraction of
the order of 15% remains solvated in the bulk-like aqueous
phase. Contrasting, in this case, the coumarin remains located
at the 10 A < r <20 A region, in contact with the hydropho-
bic tails.

The density profiles within the silica pores are plotted in
Fig. 3(c). As a reference, the density profiles associated to
Si and O atoms of the silica walls are represented as shaded
regions. The presence of the surface polar Si—OH groups pro-
motes a sensible increment of the local water density at the
vicinity of pore walls: The profile exhibits a double-peaked
structure which suggests at least two, tightly packed, layers.
Note that the local density in the outmost one, is of similar
order to the normal bulk value, p“*(r = 17 A) ~0.03 A3,
A more detailed analysis also shows that the latter layer re-
mains hydrogen-bonded to the silanol groups at the interface,
whereas the inner one, located ~3 A deeper into the pore
would be in contact with the surfactant head groups. The bro-
mide profile shows an intense external peak adjacent to the
pore wall and a much milder internal shoulder, which would
correspond to counterions bound to [CTA]" head groups. Fi-
nally, the inner portion of the pore is occupied by the sur-
factant tail groups, which exhibit a high degree of structure
consisting of concentrical arrangement of layers, separated at
regular 4-5 A intervals, extending down to the center of the
pore. Similarly to what we observed in the case of the direct
micelle, the central hydrophobic region seems to provide the
more stable environments for the solvation of the C480 probe.
As a new element, the presence of some structure in the cor-
responding density profile would also suggest a manifold of
stable solvation arrangements controlled by the intricacies of
the local arrangement of the surfactant tails.

B. Translational and rotational dynamics

To gain a first insight into the dynamical characteristics
of the probe within the confining environments, we will ex-
amine the time evolution of a few relevant parameters along
equilibrium trajectories, with the probe in the Sy state. In the
three panels composing Fig. 4, we present time evolutions of
R(?), i.e., the distance between the center of mass of the probe
and the micelle center (top and middle panels) and the pore
axis (bottom panel). As a reference, we have included shaded
regions that represent the locations of the surfactant head lay-
ers. At first glance, one observes clear differences in the mag-
nitudes of the fluctuations of R(¢). Within the IM, in the course
of a 20 ns time interval, the coumarin explores a wide range
of radial distances, spanning from the micelle center up to
R() ~ 25 A. Moreover, exchange between bulk-like, i.e., in-
ner solvation states, and interface ones was found to occur at
intervals of, roughly, 1-4 ns. The time evolution of R(f) within
the direct micelle (middle panel) shows more restrictions in
the radial displacements, since the probe remains mostly in
contact with the inner boundary of the head group layer. More
dramatic changes are observed in the silica pores (panel c)
where the radial displacements of the probe are severely ham-
pered. Note that, in this case, the translational dynamics of
the probe can be pictured as a combination of fast, small
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FIG. 4. Time evolution of the center-of-mass radial position of the coumarin,
for the systems: (a) Inverse micelle; (b) direct micelle; and (c) silica pore.
Note the expanded temporal scale on panel (c). The shaded regions represent
the radial layer occupied by surfactant head groups. The radial distances to
sites C5 (circles) and O19 (squares) of C480 are also plotted in panel (c).

amplitude oscillations interrupted by sudden transitions, most
notably the one clearly perceived at t ~ 27 ns. The addi-
tional discrimination of the radial distances involving the
019 and C5, distal groups reveals additional details of the
probe dynamics. During the initial 10 ns, both radial distances
look very much comparable (within 1-2 A); an intermediate
stage follows, in which the difference between these distances
presents a moderate increment up to ~ 3—4 A before present-
ing a second abrupt jump, at # ~ 27 ns, after which they clearly
differ by ~6-7 A.

To shed light into the latter feature, we found it conve-
nient to also analyze the behaviors of orientational degrees of
freedom. In Fig. 5 we present results for the time evolution for
cos 6(f), along the same trajectory analyzed previously. The
latter variable represents the angle between the instantaneous
radial coordinate of the C480 center of mass and a direction
perpendicular to its molecular plane. Note that the character-
istics of the three plots in Fig. 5 present features that seem to
go hand-in-hand with those displayed in Fig. 4. In the inverse
micelles, the probe exhibits full rotations along temporal in-
tervals in the sub-nanosecond time domain whereas, in the di-
rect micelles, the amplitude of orientational dynamics dimin-
ishes and the characteristic timescale stretches typically up to
a few nanosecond. Interestingly, the three stages described in
Fig. 4(c) are also clearly manifested in Fig. 5(c): during the
initial 10 ns time interval, the probe remains solvated in the
center of the pore, with its molecular plane practically per-
pendicular to the radial direction. The amplitude of the orien-
tational fluctuations presents a twofold increment during the
intermediate 10 ns < ¢ < 27 ns stage, as the probe approaches
the head group layer. Finally, during the second half of the tra-

J. Chem. Phys. 140, 034702 (2014)
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FIG. 5. Time evolution of the tilt angle cos® for the systems studied:
(a) Inverse micelle; (b) direct micelle; and (c) silica pore. Note the longer
scale for the x-axis on panel (c).

jectory, rotational motions cease, as the probe remains with its
molecular plane oriented in a 6 ~ 75°, slanted geometry.

The previous observations can be gauged from a more
quantitative perspective by analyzing time correlation func-
tions (TCFs). In order to make contact with direct experi-
mental information derived from time resolved fluorescent
anisotropy measurements, we focused attention on single-
dipole TCFs of the type

CP(t) = (Pa[cos 6,(1)]), 3)
with
cos B,(t) = —ﬂ(()l)u'ztﬂ(t). 4

In Eq. (3), P>(x) = (3x*> — 1)/2 is the second-rank Legendre
polynomial, and u(¢) in Eq. (4) represents the instantaneous
transition dipole moment of the C480 which, in this case, was
approximated by the fs,.” Results for C((7), for the differ-
ent environments, are presented in Fig. 6 where, as a refer-
ence, we have also included results from simulations of C480
in bulk water. To extract dynamical information, the different
functions C{?(¢) were fitted by bi- or tri-exponential functions
of the type:

3
CPW) ~ Y aiexp(—t/T). (5)

i=1
Results for the different fitting parameters and for the overall

rotational correlation times, 7, extracted from time integrals
of the single-dipole TCF,

o0
ot = f CO()dr, ©)
0

are listed in Table II. The analysis of the entries reveals that
the orientational dynamics of the probe in bulk water and
in inverse micelles are still comparable. Both decays can be
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FIG. 6. Second-rank single dipole time correlation function of Coumarin 480
in the studied systems (with symbols). Solid lines represent the fitting func-
tions. The inset shows the curve corresponding to the SP system, on a larger
time scale of 10 ns.

reasonably well described by invoking two different
timescales: the initial decorrelation is characterized by a fast
71 ~ 1 ps; in addition, a second, somewhat slower, stage fol-
lows, characterized by 7, of the order of a few tens of picosec-
onds. For bulk water, our simulation experiments yield 7y ~
25 ps whereas for inverse micelles, the latter timescale was
found to be 40% larger.

In the last column of Table II we have included results
from time-resolved fluorescence anisotropy experiments. The
direct comparison between the latter ones for bulk water and
IM and our results reveals that, in both cases, our estimates
fall too low compared to the experimental information. We
can think of several possible reasons to account for such dis-
crepancies: deficiencies in the parametrization of the adopted
Hamiltonian are clearly one possibility. However, one should
also keep in mind the inherent limitations in the temporal res-
olution of Hazra’s setup, which are of the order of ~80 ps.
Note that Horng et al.*® have also measured rotational dynam-
ics of a similar coumarin (C153) in a series of solvents using a
femtosecond up-conversion apparatus with much lower, 70 fs
time resolution and reported typical values of 7, in the or-

TABLE II. Fitting parameters for the second-rank single-dipole TCF of
C480, C,(f)(t) ~ Z;L, a; exp(—t/t;), and rotational times (7o) obtained by
time integration of Cff )(t). Experimental data are also included, when avail-
able. Times are given in ps.

System  a ay as T 72 73 Trot Trot.
Water  0.07 093 ... 1.0 265 ... 249 125

20-40°
™M 0.05 095 ... 1.0 355 ... 33.7 281¢
DM 0.08 046 046 15 115 1315 660 6104
SP 005 095 ... 119 19600 (Z 20 ns)

“Reference 10.
bReferences 38 and 39.
“Reference 40.
dReference 9.

J. Chem. Phys. 140, 034702 (2014)

der of 2040 ps. Although neither the probe nor the solvent in
Horng’s experiments corresponds to the ones analyzed here,
it is reasonable to infer that their results for 7, should still be
comparable to ours.

Important retardations were registered for the orienta-
tional dynamics of C480 in direct CTAB micelles. In this case,
the fitting procedure required a third exponential, with char-
acteristic time of the order of 1 ns, a fact that stretched the
overall temporal decay up to 7ot ~ 600 ps. We remark that,
in this case, our estimate agrees remarkably well with the one
reported by Chakraborty et al.,’ obtained from time-resolved
experiments, which is listed in the last column of Table II.

Those dynamical modifications in the rotational dynam-
ics of the probe are even more dramatic in silica pores. The
plot in the inset of Fig. 6 shows that, after 10 ns, only half of
the total orientational decorrelation has been achieved. These
ultra-slow dynamical modes are exceedingly large to be ac-
curately captured in the present simulations, so our charac-
terization will be limited to this qualitative description. Still,
given the structural similarities between the solvation scenar-
ios prevailing in the decorated silica pore (SP) and the DM,
one is led to believe that the large disparities between the cor-
responding values of 7, could be somehow controlled by the
differences in the rigidity of the confining framework. For the
case of the DM, the persistence of large amplitude collective
modes at the external interface could be transmitted to the in-
terior of the moiety, benefiting the rotational dynamics of the
probe. Contrasting, in the pore walls, the only remnant dy-
namical modes would be small amplitude vibrations which,
in turn, would be insufficient to promote thermal fluctuations
strong enough to lead to meaningful modifications in the ori-
entation of the probe.

C. Solvation dynamics

The next aspect that we will investigate concerns the sol-
vation dynamics of the probe. In time-resolved Stokes shift
experiments,*' ™ the solvation response is usually reported
in terms of the time evolution of v(f), the frequency of the
maximum of the fluorescence signal, via normalized response
functions of the type:

v(t) — v(o0)

SO = S0 = vo)

(N
In the previous equation, v(co) corresponds to the maximum
of the steady-state emission spectrum. Within the context of
computer simulation studies, the latter function is equivalent
to time-dependent relaxations of the solute-environment elec-
trostatic energy gap, namely,?!#+43

(AE(I) - AE(OO))ne

S = AEO) = AE(o))

®)

where AE(f) represents the environment contribution (i.e.,
water, surfactant, counterions, and pore walls) to the energy
gap between the S; and Sy Born-Oppenheimer potential en-
ergy surfaces of the probe at time 7.4

AE@) = ) Agy Valb). ©)

aeC480
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FIG. 7. Short-time solvation response function S(f), for Coumarin 480 in
different environments, obtained from 500 nonequilibrium independent tra-
jectories for each system. Dashed lines represent the fitting functions.

In the previous equation, Ag, and V,(¢) represent the charge
jump and the electrostatic potential at the solute site «, re-
spectively:

Van =y L (10)

jecaso T ()

In Eq. (10), the label j refers to all charged sites in the system,
other than those of the probe. Angular brackets of the type
(-+)ne in Eq. (8) denote an average obtained from a set of
non-equilibrium trajectories.

In Fig. 7 we present results for S(¢). The values of AE(c0)
in Eq. (8) were estimated from (AE )2(‘1, i.e., the equilib-
rium ensemble averages of the energy gaps collected along a
20 ns equilibrium trajectory with the coumarin in its first ex-
cited state S;.

Quantitative estimates of solvation characteristic times
can be inferred from time integrals of S(¢), namely,

Ty = /OO S(¢)dr. (11
0

Results for tg, are listed in Table III, along with the best fit-
ting parameters.

The direct inspection of Fig. 7 reveals that the set of sol-
vation responses exhibits two well differentiated characteris-
tics: on the one side, the responses of pure water and inverse
micelles present decays that practically vanish after ~1 ps.
The characteristics of these relaxations have been described in
previous studies in terms of initial, inertial decays—involving
time scales in the sub-picosecond time domain—operated via
librational motions of the water molecules. Diffusive, slower
tails are also observed, with characteristic timescales of the
order of a few picoseconds. The entries in the two upper
rows in Table III corroborate the previous description al-
though, in IM case, we found it necessary to include a third
slower timescale 73 = 4.3 ps that could be ascribed to a
non-negligible extent of dynamical heterogeneity from wa-
ter molecules in the IM, in close contact with the surfactant
species. Contrasting, after ~1 ps, solvation processes in DM
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TABLE III. Solvation fitting parameters, S(t) ~ Z?:l a; exp(—t/t;), and
solvation times (7gy) obtained by time integration of S(r). Experimental and
convoluted solvation times are also listed when available (see text). Times are
given in ps.

System  a a as 71 T T3 Tslv t:]f,p e
Water 0.64 036 ... 005 0.63 0.26 0.23*

™M 043 0.50 0.07 0.06 0.50 43 0.56 7000 ...
DM 0.38 0.28 034 0.07 34 115 40 474¢ 435
Sp 0.38 0.18 044 0.06 7.8 660 292 40004 1360

4Reference 4.
bReference 10.
¢Reference 7.
dReference 15.

and in silica pores are half-way towards their full relaxations
and both exhibit temporal decays characterized by values of
T3 which are, at least, between one and two orders of magni-
tude larger than those found in the previous two cases (bulk
water and IM).

The expression in Eq. (10) shows that the solvation re-
sponse includes contributions from all the different charged
species surrounding the probe. These contributions, in princi-
ple, may exhibit different dynamical characteristics. So, it is
useful to decompose the full response into its different contri-
butions, S;, namely,

S =) ¢ Si0), (12)
with
¢ = <AE1(0) - AEi(OO)>ne (13)
(AE(O) - AE(oo»ne
and

(AE,(I) - AEi(OO)>ne
(AE;(0) — AE;(00))pe

Si(t) = (14)
In the previous equations, c¢; represents the fractional contri-
bution of the ith component (i = CTA™, Br~, water or even-
tually SiOH species) to the Stokes shift, while S;(¢) is the
normalized solvation response of component i to the charge
jump operated in the C480 solute. The relative weights of
the different species to the total energy gap are displayed in
Table IV, along with our estimates for the total Stokes shifts,
Av = (AE(0) — AE(00)), and the corresponding experimen-
tal values.

TABLE IV. Solvation parameters for the solvation of C480 confined within
different environments.

System CCTA CBr Cw Av (cm™1) AVEXP
M 0.066 0.024 0.910 1256 14102
DM 0.286 0.004 0.710 914 490P
SP 0.306 0.131 0.507 599 510¢
Water 1553 13404

#Reference 10.
YReference 7.
“Reference 15.
dReference 4.
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A few important comments concerning this set of data
are in order: (i) Note that the values Av exhibit a gradual re-
duction in passing from the most polar (bulk water) towards
the much less polar environment (in our case, the silica pore).
Despite the variety of systems and different experimental
techniques implemented, one can conclude that the overall
agreement with the experimental results is acceptable, with
the exception of the DM entry, for which our result is a fac-
tor of ~2 higher than the value reported in Ref 7. (ii) The
modifications in the overall polarity promote a gradual re-
duction in the water contribution and a concomitant incre-
ment in the surfactant response (expressed in terms of cy,
and ccra, respectively). Still, in the three confined environ-
ments, the major contribution to the decay of the energy gap
comes from the water molecules. The latter observation is
somehow unexpected, considering that, for example, in the
case of SP, the water content in close contact with the probe
barely exceeds, typically, ~1-2 molecules. A detailed anal-
ysis of water and surfactant contributions to the total Stokes
shift, by integrating contributions of molecules lying within
a sphere of radius d centered at the coumarin center-of-mass,
showed that the few water molecules that lie within a sphere
of radius d ~ 7 A around the C480, already accounts for
85% of the total aqueous contribution. A closer inspection
of the structure near the probe revealed that the closest wa-
ter molecules around the C480 are those acting as hydrogen
bond (HB) donors to the O12 and O19 sites of the coumarin.
A rough estimate of the difference in the energy gaps asso-
ciated with the small changes in O19-water distances upon
excitation yields a Stokes shift of Av ~ 210 cm~'. In a re-
lated context, Ramegowda46 investigated, in a recent work, by
electronic structure calculations, the coumarin 1-(H,O)3; com-
plex in vacuum. The author analyzed the contribution of the
nearest hydrogen bonded water molecules to the relaxation of
the excited state of the dye, and found that a minimal varia-
tion (less than 0.1 A) in the distance between one or two water
molecules H-bonded to the carbonyl moiety of the coumarin
could yield a decrease of about 5-6 kJ/mol (~500 cm™!)
in the energy gap between excited and ground states of the
complex.

The overall picture that would emerge from this more de-
tailed analysis suggests that the retardations operated in the
overall solvation response not only do they reflect modifica-
tions in the diffusive and orientational behaviors of the water
molecules as a result of the restrictions in their mobilities,
but also an increment of contributions from inherently more
massive—and consequently slower—groups which lie in the
vicinity of the probe. The plots in Fig. 8 provide helpful in-
formation to gauge the real differences between the dynamical
characteristics of the solvation responses from the two major
contributors, i.e., Sy and Scta, in the more sluggish environ-
ments. Note that the confinement brings the water response
practically comparable to the CTA™ one, a fact that would re-
veal a high degree of coupling between the dynamical modes
of these two species operated by the characteristics of the pre-
vailing confinement.

Before closing this section, we would like to bring into
consideration a final aspect related to the comparison be-
tween the present simulation results and the experimental
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FIG. 8. Normalized contributions from different species, S;(#), to the total
solvation response of C480 trapped in a direct micelle (a) and in a silica
nanopore (b).

ones, listed in columns 8 and 9 of Table III. As we men-
tioned in Sec. III B, such comparison is not straightforward
and, in fact, the two sets of results should be considered as
complementary pieces of information: on the one hand, the
temporal resolutions of the experimental setups are, normally,
not enough to capture ultrafast components of the solvation
whereas, on the other hand, and due to the wide interval of
relevant time scales—which span over practically 6 orders of
magnitude—the simulations are not sufficiently long to har-
vest reliable statistics for dynamical processes characterized
by timescales beyond a few nanoseconds. As expected, the
more sluggish the particular dynamical response considered,
the more marked the disparities observed. In a related context,
also note, for example, that the temporal resolution reported in
Ref. 15 for SPs is of the order of 200 ps. Under these circum-
stances, additional technical problems should also be consid-
ered, such as those related to the finite fluorescence lifetime
of the probe, which may affect the ability to accurately cap-
ture the complete decay of S(f) or, even, the actual magnitude
of Av.

From the simulation perspective, a crude modification,
which takes into account effects from temporal resolutions,
can be easily incorporated by convoluting the solvation
response with a Gaussian-like window function, yielding
shifted responses of the type:*’

1 /Zfo NGE [_(t’ —10)2] d
VA b saw ST 2ar [T
(15)

where f is the time shift related to the temporal resolution of
the experiments whereas the width A should be chosen much
smaller than fy. In Fig. 9 we present plots for the original non-
equilibrium relaxations S(¢) and their convoluted counterparts
S$M(1), whereas in the last column of Table III we report

SCOHV(t) —
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FIG. 9. Comparison between the computed solvation response before [S(7),
circles] and after convolution with a Gaussian function representing the in-
strument time resolution [S°°™(¢) with squares, Eq. (15)], for (a) the direct
micelle and (b) the silica pore cavity. Symbols correspond to the computed
responses and lines, to the fitting functions. The Gaussian is centered at
to = 10 ps for the DM and at o = 50 ps in the SP.

values of T 0", the time integrals of S°°™ () computed by set-
ting tp = 10 ps and 7y = 50 ps for DM and SP, respectively (A
= 50 fs in both cases). Note that the latter values are compa-
rable to the reported temporal resolutions of the experimen-
tal setups and bring simulation and experimental results in a
much more reasonable agreement.

Finally, we would like to refer to a recent work per-
formed by Guchhait and Biswas,*® in which they investigate
AOT/water reverse micelles of different sizes, with a trapped
Coumarin 153, by MD simulations and dynamic fluorescence
techniques. Their MD simulation results suggest that the so-
lute resides always close to the interface, and the average re-
laxation times of rotation and solvation of the probe are of
the order of hundreds of picoseconds, substantially longer
than those observed in bulk water. Important differences ap-
pear when both MD simulations are contrasted: (i) The use
of different approaches for modeling the reverse micelles. In
the work of Guchhait and Biswas the interior of the reverse
micelle was approximated as a rigid spherical cavity and the
external organic phase was not included. Consequently, the
long wavelength collective dynamical modes at the interface
were not explicitly considered in their model. (ii) The con-
sideration of different surfactants (CTAB versus AOT) may
have major consequences on the overall dynamics. Recent re-
sults obtained by infrared spectroscopy*® showed that when
the anionic AOT surfactant is changed by a chemically dif-
ferent surfactant, the cationic CTAB, the dynamical features
of the micelle are markedly different. (iii) The use of differ-
ent probes—C480 in this work and C153 in Guchhait’s one.
The fact that both probes are structurally comparable does
not necessarily imply that they behave in the same way, even
when they are confined in a similar environment. Indeed, Rao
et al.>® analyzed the dynamic relaxation of C153 and C480 in
direct micelles and found a probe dependent solvation dynam-
ics that they assign to different locations of those molecules
within the micelles. As a consequence, we believe that the
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comparison between the results obtained from both MD sim-
ulations is far to be straightforward. Reverse micelles are
complex systems in which the presence of charged species,
irregular interfaces, and highly inhomogeneous density dis-
tributions may preclude any attempt of generalization; spe-
cial caution should be exerted when general conclusions are
drawn from a given particular case.

IV. CONCLUDING REMARKS

We have presented molecular dynamics simulation re-
sults that provide microscopic structural details and dynam-
ical information about the solvation of Coumarin 480 in three
different environments, in which CTAB acts as a cationic sur-
factant. Two of them correspond to soft confining structures
involving an inverse micelle of radius 35 A and a direct one of
radius close to 30 A. The third system corresponds to a water
filled, rigid cylindrical silica pore of radius 20 A, with hy-
drophilic OH-terminated walls, containing CTAB surfactants.

Concerning the spatial localization of the coumarin in in-
verse micelles, our simulation results reveal the presence of
solvation states mainly at the center of the aqueous pool, in
which the rotational dynamics of the probe is ~33% slower
than the one in aqueous bulk phases. On the other hand, in
direct micelles, the probe localizes mainly at the interface re-
gion, embedded among the tail groups of the CTAB surfac-
tant, a fact that brings the rotational dynamics even slower,
with a characteristic solvation time which is approximately 25
times longer than the one observed in the bulk. In the cylin-
drical silica pore, water exhibits a two-layer structure at the
vicinity of the silica walls: (i) the outer one, highly-packed
and hydrogen-bonded to the surface silanol groups, and
(i1) a more internal second one, located ~3 A inward, solvat-
ing the surfactant head groups and counterions. Moreover, the
location of the coumarin presents alternations between inter-
nal and interfacial solvation states, controlled by 90° rotations
of the coumarin plane, which require characteristic time spans
of the order of ~20 ns, to be fully achieved.

We followed the relaxations of the solvent energy gap
upon the vertical excitation (So — S;) of the probe, along
non-equilibrium trajectories for about 30 ps in the IM and
DM cases, and along 200 ps in the SP one. The character-
istic solvation times were found to be between 2 and 1000
times longer than those normally recorded in isotropic phases
of water, with a fast-to-slow trend similar to the one registered
for the rotational dynamics, previously described.

A decomposition analysis of the total solvation response
reveals that water molecules still provide the main contribu-
tions to the solvation decay in IM and DM systems—90%
and 70%, respectively—in spite of the remarkable reduction
in the average number of water molecules that lye in the clos-
est shell solvation of the probe. This feature still persists in
SP, in which one observes a 50% water contribution despite
an even more drastic (*95%) drop of the water content in the
first solvation shell.

The comparison between MD simulation results and ex-
perimental time-resolved data is also presented. The direct
comparison between computed solvation times and those re-
ported in direct experiments exhibits large disparities that can
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be systematically reduced by convoluting the computed re-
sponses with a Gaussian window-like functions that take into
account limitations in the temporal resolution of the experi-
mental techniques.
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