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ABSTRACT: Modern spectroscopic techniques such as time-
resolved second-harmonic-generation spectroscopy allow mol-
ecules to be examined selectively directly at phase interfaces.
Two-phase systems formed by glycerol/water and alkane layers
have previously been studied by time-resolved second-
harmonic-generation spectroscopic measurements. In this
molecular dynamics study, a triphenylmethane dye was
inserted at the glycerol/water−alkane interface and was used
as a probe for local properties such as viscosity. We now show
how extensive simulations over a wide range of concentrations
can be used to obtain a detailed view of the molecular structure
at the glycerol/water−alkane interface. Glycerol is accumulated
in a double layer adjacent to the alkane interface, which results in increased viscosity of the glycerol/water phase in the direct
vicinity of the interface. We also show that conformational ensembles created by classical molecular-dynamics simulations can
serve as input for QM/MM calculations, yielding further information such as transition dipoles, which can be compared with
spectroscopic measurements.

■ INTRODUCTION

Interfaces, at which different phases are in close contact, are of
special interest because the properties of the molecules at the
interface can differ decidedly from those in the bulk. Due to the
asymmetry of the forces, molecules at interfaces are frequently
observed to be more ordered than in the bulk, where more
random orientations are usually observed.1,2 As a result, even
such fundamental characteristics as pH and equilibrium
constants can differ dramatically.3,4

While it is difficult to probe interfaces with linear optical
spectroscopy because of the preponderance of molecules in the
bulk, nonlinear optical techniques such as second harmonic
generation (SHG), sum frequency generation (SFG), or
difference frequency generation (DFG) have been used
increasingly to study interfaces in recent years,5−23 as they
allow interface species to be probed selectively. In addition to
the steady-state forms of these techniques, time-resolved
variations have been developed.5,12,16,23−25 For example, time-
resolved second harmonic generation (TRSHG) or time-
resolved electronic sum frequency generation (TR-ESFG) can

be used to measure the excited-state deactivation of a dye
molecule at an interface. The dye acts as a probe, and can be
used to determine a property of interest, e.g. local viscosity,
directly at the interface.12,23

In nonlinear optical techniques like SHG and related
techniques, high field strengths are used, and the polarization
of the medium is therefore no longer proportional to the
incoming field, that is, higher-order terms in the polarization
expansion can no longer be neglected. In SHG, SFG, and DFG,
a second-order polarization and an associated nonzero second-
order nonlinear susceptibility χ(2) are observed and therefore, in
addition to the linear response, light of twice the incident
frequency (SHG), the sum frequency (SFG), or the difference
frequency (DFG) is generated.7 Liquids, gases, centrosym-
metric materials and all materials with an inversion center have
a zero second order susceptibility, in contrast to molecules
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located at interfaces, where symmetry breaking leads to a
nonvanishing χ(2). Hence, interface molecules can be studied
selectively by second-order techniques like SHG.7 Frequently, a
dye with a large second-order polarizability, like malachite
green (MG), is added to the system of interest, and is used as a
probe or indicator molecule.12,23,26,27

Glycerol−water solutions have been investigated intensively
in recent years,12,28−31 not only out of theoretical interest, but
also because they are widely used in the pharmaceutical and
cosmetic industries and as cryoprotective agents. Also,
glycerol−water mixtures offer an easy way to fine-tune the
viscosity of a polar (water) phase, for example, in spectroscopic
studies.12,32,33 The bulk behavior of glycerol−water mixtures
and the behavior of water/glycerol at interfaces have been
studied experimentally.12,28 However, details of the molecular
structure at the interface remain scarce, leaving room for much
speculation.
To investigate the interface formed by a water/glycerol phase

and an alkane, Fita, Punzi, and Vauthey (FPV) performed
transient absorption and TRSHG spectroscopic measurements
in which they investigated a series of glycerol/water mixtures
with different concentrations of glycerol, both in the bulk and at
the interface with alkanes.12 To enhance SHG, they added two
different triphenylmethane dyes (malachite green, MG, and
brilliant green, BG, Chart 1) to the water/glycerol mixtures.

The dyes adsorb at the interface formed with the alkane and are
the origin of the resonantly enhanced SHG signal. They are
also of special interest themselves as there is controversy about
their exact excited-state deactivation mechanisms. In particular,
it is unclear if all three rings are required to rotate in the initial
step of the radiationless deactivation of the first excited singlet
states of MG and BG,12,32 or if only a rotation of the two
aniline rings5,6 takes place in the barrierless formation of the
intermediate, which then returns to the electronic ground state
in a radiationless decay process. The notion that the individual
rings protrude into different phases (and hence their rotation
may possibly be influenced by tuning the viscosity of these
phases) has been the basis of several studies that have tried to
clarify the deactivation mechanism of triphenylmethane
dyes.5,12 Two of three lifetime components of the excited
state are found to depend strongly on the viscosity of the
medium (eq 1; τ, lifetime; η, viscosity; α, fitting parameter), as
friction is exerted on the rotating rings by the environment.
FPV used TRSHG to measure the decay times of the excited
states of the dyes MG and BG, both in order to use the dyes as
probes for local viscosity and to investigate the exact
deactivation mechanism of the dyes.12

τ η η∼ α( ) (1)

FPV also showed that the decay times obtained with either
dye (MG or BG) in various water/glycerol mixtures at the

water/dodecane interface are almost four times larger than the
shortest viscosity-dependent decay time measured in bulk
aqueous solutions. This slow-down was attributed to the
increase of the friction exerted by interfacial water on the dye at
the interface compared to the situation in the bulk because the
decay time of MG at a water/alkane interface was found to be
relatively independent of the viscosity of the alkane phase. FPV
interpret these results as an indication that there is a structural
modification of water several molecular layers below the
interface and that the layer of water that exhibits a higher
viscosity encompasses the aniline groups of either dye
completely, including the alkyl substituents.12

FPV also observed that the relaxation of the excited dyes is
less affected by the addition of glycerol at interfaces than in
bulk solutions, which suggests that the local structure of the
liquids plays a major role in the increase of the frictional
resistance in the interfacial layer, and that the addition of
glycerol contributes only to a lesser extent. They could not
exclude that the number of glycerol molecules is reduced close
to the interface compared to the bulk liquid (because of a
reduced solubility of glycerol in the interfacial layer).12

In a complementary study to that by FPV, Tahara and co-
workers used TR-ESFG to MG at the air/water interface to
investigate the local interface viscosity.23 They found that the
ground-state recovery of MG at the air/water interface is much
slower than that in bulk water and almost equivalent to that in a
glycerol−water mixture containing glycerol volume fractions as
high as 65−80%. They interpret this result as indicating a
higher local viscosity at the interface than in bulk water.
However, the apparent very large viscosity values evaluated are
only valid if other factors (such as changes in the potential
energy hypersurface for the dye) are negligible. Thus, the
authors emphasize the importance of both changes in the
physicochemical properties at the interface and in the dynamics
of the indicator molecule (MG) itself.23

Earlier work by Eisenthal and co-workers,5 in which time-
resolved measurements were supplemented by analysis of the
polarization of the second-harmonic light radiated from the
interface (water/air, water/octane, and water/pentadecane
interfaces), indicated that the phenyl group of the dye points
toward the alkane phase, whereas the aniline substituents are
submerged in water and the molecules are tilted by
approximately 42° with respect to the interface normal.
In contrast to earlier studies, which assume that the rotation

of the phenyl ring (projecting into the alkane phase) is not
involved in the deactivation of the excited state of MG,5,6 FPV
conclude that the rotation of all three rings of the dye is
involved in the radiationless deactivation; however, because of
the smaller molecular volume of the phenyl ring, its rotation
rapidly follows the motion of aniline groups when the phenyl
ring is surrounded by a low-viscosity medium. The rotation of
the phenyl ring becomes a bottleneck for the relaxation only in
highly viscous liquids (e.g., paraffin oil instead of shorter
alkanes like dodecane in the upper phase), where the effect of
the increased viscosity of the upper phase can be seen.12

FPV identified three distinct deactivation processes following
optical excitation (see Figure 1), the two slower of which were
described by the same power function of viscosity, which leads
to the conclusion that they can be associated with a twist and
twist-back of the aromatic rings attached to the central carbon
atom. This is seen as additional evidence supporting the
identification of the intermediate state appearing in the

Chart 1. Structures of Malachite Green (MG, a) and Brilliant
Green (BG, b)
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relaxation pathway of MG and BG as the twisted form of the
molecule.12

Molecular dynamics (MD) simulations have been used
increasingly to understand the structure of soft matter. They
are, in some cases, the only tool to understand complex
experimental phenomena,34 and they allow direct insight into
molecular structures which are sometimes inaccessible to
experiment.34,35 In order to complement the FPV measure-
ments12 and to obtain a detailed view of the interface structure,
we have performed extensive molecular dynamics simulations
of a two-phase system formed by glycerol/water and dodecane,
with MG and BG at the interfaces, and over a wide range of
glycerol concentrations. The results are described below.

■ COMPUTATIONAL DETAILS
In the experiment, different mixtures (“sample solution”) were
obtained by diluting a glycerol “stock-solution” containing 86 mass
% glycerol with water,12 yielding a concentration range from 20.6 to
45.5 vol % glycerol stock-solution in water. For the present work, we
converted these concentrations to molar concentrations (0.843−2.04
mol L−1; see Table S5 in the Supporting Information). To cover the
experimental concentration range, 33 sets of MD simulations were
performed. Simulations were set up using AmberTools 1.2 as included
in the Amber 10 Suite.36 The initial geometries of MG, BG (Chart 1),
glycerol, and dodecane were set up in Materials Studio 4.437 and
subsequently optimized using the semiempirical Hamiltonian AM138

with the program Vamp 10.39 AM1-bcc-charges40,41 were extracted
from the calculations using Antechamber42 from the Amber suite.

To construct the dodecane phase, dodecane was solvated in itself
using Amber 10 Leap.36 For the glycerol/water phase, a similar
procedure was used: glycerol was solvated in itself. Then, TIP3P43

water molecules were added to the glycerol phase. The different
concentrations were obtained by removing individual glycerol
molecules. The phases were pasted together and one dye molecule
(MG or BG) was placed at each phase interface between the water/
glycerol and dodecane phase using a custom-made Perl44 script. The
final system (e.g., for concentration 1.23 mol L−1) consisted of 1 MG
molecule, 1 BG molecule, 62 glycerol, 1451 water, and 158 dodecane
molecules, and 2 Cl− ions for charge neutrality (see Table S5 in the
Supporting Information for a complete list of concentrations and
particle numbers). As a result of the setup procedure, the two
interfaces in the system are parallel to the xy-plane. General Amber
Force Field (gaff) parameters45 suitable46,47 for nonprotein simulations
were adapted for MG, BG, glycerol, and dodecane. Parameters not
included in the standard gaff parameter files are given in Tables S1−S4
in the Supporting Information.

The initial geometry optimization was performed using Amber 10
Sander.36 One thousand steps of geometry optimization (500 steps
steepest decent and 500 steps conjugated gradient) were performed

Figure 1. Proposed deactivation mechanism of the excited state of
malachite green and brilliant green. (Adapted with permission from ref
12. Copyright 2012 American Chemical Society.)

Figure 2. (a) Initial setup of the simulation cell. Blue: glycerol and dodecane molecules. Red: water molecules. Green: malachite green. Magenta:
brilliant green. (b) Simulation cell after 46.2 ns (beginning of the analysis interval). Dodecane molecules are omitted for clarity. The data shown
correspond to the simulation with 1.23 mol L−1 glycerol in water. Figures were created using VMD.65,66
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using weak restraints (50 kcal mol−1 Å−2) on the heavy atoms of all
molecules, followed by 5000 steps of unrestrained minimization. The
optimized structures were used as input for Langevin dynamics
simulations at 298 K using a 2 fs time step and a collision frequency of
2 ps−1. Bonds involving hydrogen were constrained using SHAKE.48

The distance cutoff for all nonbonding interactions was set to 10 Å.
Long range electrostatics were described by the particle mesh Ewald
method.49,50 For van der Waals interactions beyond those included in
the direct sum, a continuum model correction for energy and pressure
was used, as implemented in Amber 10. A rectangular box was
simulated using periodic boundary conditions. System heat-up was
performed during a 200 ps constant volume (NVT) simulation with
weak restraints (50 kcal mol−1 Ǻ−2). The system was then simulated
for 56 ns at constant pressure (NPT) (1 bar, weak pressure coupling,
isotropic position scaling, pressure relaxation time 2 ps) without any
restraints. Energy and geometry were written out every ps, only the
last 10 ns were used for data analysis.
The approximate location of the interfaces was determined by

calculating the mean of the z-coordinates of the glycerol atom closest
to the neighboring dodecane phase and the dodecane atom closest to
the glycerol/water phase (see Figure S12 in the Supporting
Information for an illustration). Visual inspection of the simulation
trajectories showed that the interfaces were not tilted with respect to
the xy-plane, thus ensuring that the above procedure was sufficient.
Distance-distribution functions for the different concentrations (Figure
5) were calculated using the centers of mass of the glycerol molecules
plotted vs the distance from the interface defined as above, using a bin
size of 1 Å.
QM/MM calculations were performed with VAMP 10.039 using the

AM1 Hamiltonian.38 The dye was treated quantum mechanically and
the remainder of the system as a rigid point-charge environment.51

MM charges were taken from the force field, as shown above. The
polarization of the QM wave function by the point charges in the MM
environment was taken into account via an additional one-electron
term in the Fock matrix.51−53 No back-polarization of the MM part by
the QM part was included. As explicit solvent molecules were present,
we used a constant dielectric constant of 1.0 for both the MM- and the
QM/MM-Coulomb interactions. For more details of the QM/MM
implementation, see references.34,51,53−57 The energies and character-
istics of the excited states were calculated using configuration
interaction that included single and pair double excitations.58 The
transition dipoles corresponding to the S0→S2 transition (which is
approximately resonant with the second harmonic of the 800 nm
probe pulse) were extracted from the outputs for a subset of the MD
ensemble (100 snapshots, one structure every 100 ps), and visualized
using Jmol 9.159 and gnuplot.60 Further details are given in the
Supporting Information.
In order to compare the time scales of the movement of the

chromophore as obtained from MD (2 fs time step) with the situation
perceived by the SHG probe pulses (120 fs fwhm),12 a part (2000 fs)
of the MD simulation was rerun saving snapshots every other fs (1000
snapshots), which also served as a structural basis for QM/MM
calculations as explained above.
To validate the quality of the atomistic force field parameters for the

use in the simulations of the biphasic systems we have determined
densities and self-diffusion coefficients for simulations of bulk glycerol
and dodecane and bulk glycerol−water mixtures with different
concentrations (see Table S6 in the Supporting Information). The
simulations were performed for 10.2 ns each (200 ps NVT heat-up and
10 ns NPT simulation) and show very good agreement with
experimental literature values for both bulk properties61−64 (Table
S6 and Figures S10−11 in the Supporting Information).

■ RESULTS

In the initial setup, the glycerol molecules were distributed
evenly over the glycerol−water phase (Figure 2a). At the
beginning of the analysis interval (46.2 ns), an accumulation of
glycerol molecules near the interface is observed for all
concentrations (Figure 2b). The phase interfaces are parallel

to the xy-plane in all simulation cells. The histograms of the z-
components of the geometric centers of all molecules (“z-plot”)
show the enrichment of glycerol molecules at the interface
more clearly (see, e.g., Figure 3, 1.23 mol L−1 glycerol in water).

The dye molecules (malachite green and brilliant green) are
located within an approximately ±5 Å interval from the
interfaces over the whole simulation time for all concentrations
investigated. An analysis of the relative concentration of
glycerol molecules near the interface (glycerol peak height in
Figure 3) shows that the relative number of glycerol molecules
near the interface decreases at higher concentrations (Figure 4).
For a deeper analysis of the glycerol−water phase structure

near the interface, the distance distribution functions of glycerol
with respect to the interface were calculated (Figure 5)
(distance of the closest atom of each glycerol molecule from
the interface plane, bin size 1 Å). The distribution of glycerol
within the glycerol−water phase reveals two layers with a
higher probability of presence for glycerol molecules (Figure

Figure 3. Number density (above) and mass density (below) of
glycerol (black), water (red), dodecane (blue), and the dyes malachite
green and brilliant green (green, see legend) along the z-axis of the
simulation cell during the last 10 ns of the simulation (46.2−56.2 ns,
bin size 1 Å). The data shown correspond to the simulation with 1.23
mol L−1 glycerol in water, and are normalized with respect to the
number of molecules and the number of snapshots. The system was
centered on the center of mass of all water molecules prior to analysis.
Analyses were performed using a modified version of AmberTools
ptraj provided by Hannes Loeffler.67
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5). Potentials of mean force were calculated from the
distribution functions according to eq 2 (Figure S1 in the
Supporting Information),

= −A r k T g d( ) ln( ( ))B (2)

where A is the Helmholtz free energy, g(d) the distribution
function, and T the temperature.
Cross sections of the energy differences between the

potentials of mean force for molecules at distances of 4 Å
(first minimum/glycerol layer in Figure S1), 6 Å (activation
barrier between first and second glycerol layer), and 7.5 Å
(second glycerol layer) from the interface are shown in the
Supporting Information, Figures S2 and S3. While the energies
of the activation barrier at 6 Å and the second glycerol layer at
7.5 Å are almost constant for all concentrations investigated,
the energy of the glycerol molecules in the first layer (4 Å)
increases moderately with higher concentrations. Therefore, the
energy difference between the first layer and the barrier and the

difference between the first and the second layer decrease with
increasing glycerol concentration (Figures S2 and S3 in the
Supporting Information).
In order to analyze the orientation of the dye chromophores

relative to the interface, vectors were defined that represent the
orientation of the aromatic rings of the triphenyl systems
(Chart S3 in the Supporting Information). The mean deviation
of these vectors from the interface (xy-plane) was calculated
and lies within ±20° for all concentrations investigated (Figure
S4 in the Supporting Information).
Figure 6 shows the normalized average mean square

displacements of the glycerol molecules for the different

concentrations. The average mean square displacement of the
glycerol molecules was calculated and divided by the number of

Figure 4. Relative concentration of glycerol molecules within 8 Å from
the interface, calculated by dividing the number of glycerol molecules
near the interface by the total number of glycerol molecules at a given
concentration. The red line is a guide to the eye.

Figure 5. Distribution of the glycerol molecules with respect to the
interfaces, normalized by the total number of glycerol molecules and
the number of snapshots (interface plane at 0 Å, bin size 1 Å, data
symmetrized for both interfaces). Concentrations of glycerol in water
(mol L−1) are given in the legend. For clarity, only a subset of the 33
concentrations investigated is shown. At about 25 Å, the distribution
function vanishes due to the limited box size.

Figure 6. Normalized mean square displacements of all glycerol
molecules in the system calculated with Amber10 Ptraj. For each
concentration investigated, the average mean square displacement (⟨|
r(t) − r(0)|2>) was computed, divided by the number of molecules,
and plotted vs time. As expected, glycerol mobility decreases with
increasing concentration of glycerol in the sample solution.

Figure 7. Average mean square displacements, calculated for all atoms
of glycerol in the interface simulation (black) and the pure bulk
simulation (red), at a glycerol concentration of 1.23 mol L−1 (glycerol
mole fraction 0.041). Mean square displacements were calculated for
the time interval between 3 and 10 ns (7 ns) in the case of the bulk
simulation and between 26.2 and 56.2 ns (30 ns) in the case of the
interface simulation. Snapshots recorded every ps were used for the
analysis. Diffusion coefficient were calculated using D = (MSD)/(6t):
Dbulk = 1.63 × 10−5 (cm2)/s; Dinterface = 0.28 × 10−5 (cm2)/s.
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glycerol molecules at each concentration. As expected, the
mobility of the glycerol molecules decreases with higher
concentration.

■ DISCUSSION
The simulations provide a detailed view of the concentration
profiles of the species present in the sample and their molecular
interactions in the bulk and at the interface.
The analysis of the distribution of molecules along the z-

direction of the simulation cell (Figure 3) clearly shows an
enrichment of glycerol near the interface, thus ruling out the
opposite effect considered as an alternative in the experimental
paper.12 Although the force field used for the simulations may
suffer from the approximations inherent in the model, this
enrichment of glycerol at the interface is likely to be a real
effect. Visual inspection of sample snapshots reveals that the
glycerol molecules are frequently oriented with their hydro-
phobic ends toward the dodecane phase (Figure 8).

Our finding that there is an accumulation of glycerol near the
interface is consistent with the insight gained from previous
experimental work, which shows that the local viscosity in the
immediate neighborhood of the interface is increased.12 This
observation can be explained by two effects: in the case of a
pure water-dodecane interface, the longer lifetime of the MG
and BG excited states are due to the specific nature of
interfacial water. When glycerol is added to the water phase, the
organization of interfacial water is disrupted and in this case the
longer excited-state lifetimes can be explained by a larger
interfacial concentration of glycerol than in the bulk, consistent
with the higher viscosity of concentrated glycerol solutions.
Additionally, the presence of the interface can change the
potential surface of the dye molecule, as pointed out by Tahara
and co-workers.23

Furthermore, an enrichment of glycerol near the interface has
also been observed experimentally for other types of interfaces

formed with glycerol/water mixtures (glycerol/water−air68 and
glycerol/water−lipid interfaces).69

The radial distribution functions shown in Figure 9 further
support this interpretation. The dye is located at the interface,

the radial distribution function calculated for the interaction
with glycerol molecules shows a peak at approximately 5 Å
from the dye molecule, whereas the water molecules have their
maximum approximately 8 Å from the dye. The decrease in the
radial distribution functions is enhanced as we have analyzed an
interface system. Thus, only one-half-sphere used in the
calculation of the radial distribution function is occupied with
the glycerol/water mixture, the other half is filled with
dodecane.
Our finding that the relative amount of glycerol molecules

near the interface decreases with higher concentrations (Figure
4) results from a saturation of glycerol in the first layers near
the interface at higher concentrations, and, therefore, more
glycerol molecules are found in the bulk. This is consistent with
the slower increase of the MG and BG excited-state lifetimes at
the interface compared to the bulk water/glycerol mixture with
increasing glycerol concentration.
Both dyes (MG and BG), which were initially placed at the

interface, remain there (approximately within ±5 Å, Figure 3)
for the whole simulation time, in good agreement with
experiment.12 Our observation that the mean deflection of
the chromophore axes lies within ±20° from the interface plane
(Figure S4 in the Supporting Information) agrees well with the
previous measurements by Eisenthal and co-workers.5 How-
ever, we cannot see a clear preference which ring (i.e., phenyl or
aniline) protrudes into which phase (alkane or water/glycerol).
While we are confident that the sampling performed in the

present study is sufficient to gain insight into the interface
structure, it is, however, in principle possible that the SHG
signal in the experiment is caused by a minor subpopulation of
the adsorbed dye molecules that have a more anisotropic
orientation and hence a strong second-order response.
The simulation data also allow us to investigate the dynamics

of glycerol molecules in the first and second bulk layers near
the interface. In agreement with the analysis shown above
(Figure 3), Figure 5 and Figure S1 in the Supporting

Figure 8. Detailed view of the interface structure from a sample
snapshot (50.2 ns, 1.23 mol L−1 glycerol in water). CPK sticks,
glycerol; blue lines, dodecane. Water molecules are omitted for clarity.

Figure 9. Radial distribution functions calculated for the interaction
between the centers of mass of malachite green and glycerol (red), and
water (black), respectively. The data shown are for the exemplary
system with 1.23 mol L−1 glycerol in water (interface simulation).
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Information show an accumulation of glycerol in two layers
next to the interface. The energy cost for a position change of
individual glycerol molecules from the first to the second layer
decreases more rapidly than the energy barrier that needs to be
crossed (Figures S2 and S3 in the Supporting Information).
The barrier height (kinetics) does not vary much depending on
the glycerol concentration, in contrast to the energy difference
between the first and second minima (glycerol layer). The
energy gain for a glycerol molecule that hops from the second
to the first layer is higher for lower glycerol concentrations, in
agreement with the above assumption of a saturation of glycerol
near the interface at higher concentrations. Therefore, the
diffusional motion of individual glycerol molecules decreases
with higher concentration. This agrees well with the analysis of
the mean square displacements for the concentration series
investigated, shown in the Results section (Figure 6). The
influence of the interface on glycerol mobility is further
illustrated by the analysis of the average mean square
displacements, calculated for glycerol in the interface simulation
and in the bulk simulation (Figure 7, glycerol concentration
1.23 mol L−1, glycerol mole fraction 0.041). The diffusion
coefficient obtained from this plot for glycerol in the bulk
simulation is larger (Dbulk = 1.63 × 10−5 cm2 s−1) than that
obtained in the interface simulation (Dinterface = 0.28 × 10−5 cm2

s−1). These values are quite consistent with literature values for
glycerol in a dilute solution in water (0.93 × 10−5 cm2 s−1),61

and for a glycerol/water mixture with a glycerol mole fraction
of 0.0432 (0.43 × 10−9 m2 s−1).62

Figures S5−S8 in the Supporting Information show the
transition dipoles of the dye molecules as obtained from the
QM/MM calculations performed on parts of the classical MD
simulation trajectories (snapshots were extracted every 100 ps,
and the actual time-step was 2 fs). The S0→S2 transition was
analyzed because an 800 nm laser was used in the experiment
for the probe pulses. The probe light at 800 nm is two-photon
resonant with the S0→S2 transition of the dyes. A comparison
of the transition dipoles that correspond to malachite green
molecules fitted on a reference structure obtained from the
interface simulation (Figure S6 in the Supporting Information)
with those obtained from the bulk simulation (Figure S8 in the
Supporting Information) shows that there is no qualitative
difference visible between the two cases; that is, the influence
(polarization) of the different environments (interface vs bulk)
is negligible. The (moderate) variation of the transition dipoles
with respect to the molecular frame of the chromophore thus
mainly results from the flexibility of the chromophore. This
variation must be taken into account in experiments in which
the orientation of molecules at the interface is studied.
Typically, both the angle between molecular axis and the
interface and its distribution are calculated from measured
components of the χ(2) tensor. Nevertheless, the simulations
indicate that the angle’s distribution calculated this way may be
affected by fluctuations of transition dipoles with respect to the
molecular frame.
We have observed a similar behavior earlier for tryptophan,34

where FRET in a flexible system was simulated and we
concluded that simulations and the calculation of the actual
transition dipoles can make important contributions to
understand spectroscopic properties of flexible molecules.
In the interface situation, the transition dipoles (unfitted with

respect to the molecular frame of the chromophore) are
approximately freely distributed with respect to the interface
plane, and most of them show a significant z-component which

is visualized in Figure S7 in the Supporting Information for
malachite green. In the case of strongly resonant second-
harmonic generation, it is this z-component of the transition
dipoles that is responsible for the measured signal. The effective
contribution of in-plane components averages to zero due to
isotropic distribution of transition moments around the z-axis.
Therefore, at a given moment in time, a relative contribution of
each molecule to the measured second harmonic light depends
on the orientation of the probed transition dipole. According to
the simulation, this orientation changes on a picosecond time
scale, thus it is randomized between consecutive laser pulses,
which are a millisecond apart. This means that in a typical
experiment, where a large number of pulses (of the order of
1000) is averaged for each data point, there is no defined
population and all MG molecules present at the interface
contribute equally to the measured signal.
In order to investigate how fast the transition dipoles actually

fluctuate (caused by the flexibility of the molecule), we reran a
short MD (2000 fs) in which we saved every geometry (every 2
fs) and used these 1000 structures for QM/MM. The results
(Figure S9 in the Supporting Information) show that the
transition dipoles, in addition to the distribution shown above
(100 ps time scale), also show a variation on the fs time scale.
The probe laser in the SHG experiment (fwhm 120 fs) would
thus perceive only mean orientations of the calculated and
plotted (Figure S9 in the Supporting Information) transition
dipoles. This, however, does not affect the variation of the
transition dipoles on the 100 ps time scale as discussed above
(Figures S5−S8 in the Supporting Information).
Our present and previous34 simulations show that the static

pictures frequently used as an approximate description of the
position of the transition dipole with respect to the molecular
axis needs to be refined with ensembles of transition dipoles
which result from intramolecular flexibility, which can be
obtained by the simulation approach presented in this work.

■ CONCLUSIONS AND OUTLOOK
Overall, our simulations provide a detailed view of the
conclusions and assumptions considering the molecular fine
structure of the interface given in the experimental work by
Fita, Punzi, and Vauthey.12 These authors conclude that the
increase of viscosity in the interfacial region (compared to the
bulk) probably results from a structural modification of water
several molecular layers below the interface and that this layer
encompasses entirely the aniline groups of either dye, including
the alkyl substituents. Our simulations suggest that there is
indeed a layer of increased viscosity, but that this is due to an
enrichment of glycerol near the interface. Our analyses further
support the view that this special layer covers the aniline
substituents of the dyes. However, it cannot be ruled out that
the influence of the interface on the potential surface of the dye
is in part responsible for the slow-down of malachite green or
brilliant green excited state deactivation observed in experi-
ment.23

The present study shows that molecular simulations can
most valuably complement experimental studies, as they allow a
direct view on an atomistic scale, which is in many cases
inaccessible by experiments. Future studies of the system
presented in this work will comprise a detailed analysis of the
deactivation mechanism by quantum mechanical/molecular
mechanical (QM/MM) methods. Furthermore, nonlinear
optical spectroscopic effects like SHG can be explicitly
simulated by the quantum mechanical calculation of second
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order polarizabilities, for a large number of snapshots obtained
from the classical MD trajectories presented here. This work is
now in progress.

■ ASSOCIATED CONTENT
*S Supporting Information
Additional figures and tables showing (a) force field parameters
not included in the standard gaff parameter files, atom
numbering, atom types, and charges for malachite green and
brilliant green, (b) concentrations and glycerol particle
numbers, (c) potentials of mean force calculated from the
distribution functions shown in Figure 5, (d) energy difference
between the first glycerol layer and the barrier, (e) energy
difference between the first and the second glycerol layer, (f)
vectors used for the analysis (Figure S4) of the orientation of
the dye chromophores relative to the interface, (g) deflection of
the aromatic rings from the xy-plane (interface plane) for
brilliant green and malachite green, (h) QM/MM results: (S0
→ S2) transition dipoles, calculated for the dyes in a point
charge environment, fitted and unfitted, interface and bulk
simulations, (i) calculated densities and diffusion coefficients of
glycerol, glycerol−water mixtures, dodecane, and (j) procedure
for interface determination. This material is available free of
charge via the Internet at http://pubs.acs.org.
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(54) Schürer, G.; Horn, A. H. C.; Gedeck, P.; Clark, T. J. Phys. Chem.
B 2002, 106, 8815−8830.
(55) Beierlein, F.; Lanig, H.; Schürer, G.; Horn, A. H. C.; Clark, T.
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