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Liquid—air interfaces have extensive implications in different areas of interest because the dynamical pro-
cesses at the interface can be different from those in bulk. Thus, its characterization, understanding, and
control may be pivotal in advancing discoveries. However, characterizing the interface requires special and
selective tools to avoid signals from the bulk region. This surface specificity and versatility is achieved by
using the second harmonic generation (SHG) responses. This study adopts multiscale simulation methods to
evaluate the surface SHG responses of methanol—-air interfaces with submonolayer resolution tackled by
sequentially using classical molecular dynamics simulations under different temperatures and then employing
quantum chemistry methods to compute the molecular first hyperpolarizabilities (f). This approach ensures
the configurational diversity required to evaluate the average f values. The main achievements are (i) a
quasi-absence of surface sensitivity of the mean polarizability (o) with values about 2% larger than those
obtained in bulk, (i) conversely, smooth variations on the polarizability anisotropy A are observed up to the
fourth molecular layer at around 20 A from the interface, and (i) narrow interfacial effects on the SHG
responses, f(—2w;m,w), which are limited to the first molecular layer (~3.0 A) and characterized by a high
contrast in the fzzz(—2w;w,®) tensor component between the first and the subsequent layers. Similar trends
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1. Introduction

Dynamic processes at liquid-air interfaces have extensive impli-
cations in a broad area of applications like catalysis, electro-
chemistry, and environmental science."” Understanding and
characterizing these interfacial phenomena is of paramount
importance, as they may play a pivotal role in advancing
discoveries. Notably, the interfacial water region exhibits larger
reaction rate constants compared to the bulk phase, making it
crucial in life sciences.> However, optically probing these inter-
faces is challenging because the bulk signals often dominate the
light-matter interaction responses, and surface-specific techni-
ques are required to characterize these regions. The second
harmonic generation (SHG) technique is a powerful optical tool
to probe interfaces due to its surface specificity, versatility, and
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simplicity.> SHG is a second-order nonlinear optical (NLO)
phenomenon, which converts pairs of photons of w energy into
photons of 27w energy. Its surface specificity, under the electric-
dipole approximation, is related to the forbidden responses of
media with inversion symmetry." Historically, the theory of
surface SHG was formulated in 1962 by Bloembergen and
Pershan,” who extended the Maxwell’s equations at the bound-
ary of nonlinear media, one year after the first experimental
observations of SHG.® Since its formulation and owing to the
development of controlled laser beams and more sensitive
detectors," ™’ surface SHG has attracted much attention and
has led to successful applications in a broad range of surface
science disciplines.

From the modeling point of view, the SHG responses of
dynamical systems are calculated using a multiscale sequential
approach,'? where (i) thermodynamically accessible structures
are first produced using molecular dynamics (MD) simulations
to probe the structural diversity and where (ii) the NLO
responses are then evaluated using quantum chemistry (QC)
methods. Similar approaches have also been applied to inter-
faces, where snapshots extracted from MD simulations have
been used for calculating the SHG of lipid bilayers,">'* func-
tionalized materials,">'® and liquid-air and liquid-liquid inter-
faces as well.'2° An important aspect to tackle with these
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methods is the relationship between the microscopic first
hyperpolarizability (8, a rank-3 tensor) and the corresponding
macroscopic second-order NLO susceptibility (3, a similar
rank-3 tensor) of the interfaces. This relationship depends on
orientational averages and is well-established for adsorbed
molecules at interfaces.>' However, this is less the case for pure
liquids, in which different assumptions of the averaging proce-
dure lead to different results,'® and a consensus has not yet been
reached to take into account the effects of intermolecular inter-
actions. In general (for interfaces), the transformation from the
microscopic to macroscopic responses has been performed by
using the average orientational profile (from MD simulations) of
the f tensor (determined at a given QC level) around the surface
normal direction. This approach usually predicts NLO active
regions beyond the first molecular layer thickness due to the
interface roughness incorporated in the average orientational
profile. Moreover, like pure liquids, whether the scattering units
are individual molecules or clusters of molecules remains an
open question. Indeed, the impact of the hyperpolarizability
fluctuations has been observed in bulk liquid water,>* and this
should also play a role at the interfaces.

The current study adopts multiscale simulation methods to
evaluate the “microscopic” surface SHG responses of metha-
nol-air interfaces. The submonolayer resolution of the surface
SHG response is tackled by sequentially using classical MD
simulations under different temperatures and then employing
QC methods to compute the molecular first hyperpolarizabilities.
In the later step, an increasing number of molecules is treated at
the QC level and a decomposition scheme is employed. Moreover,
identification and indexation of each molecule as belonging to a
given molecular layer allows to disentangle the contribution of the
first layers from those of the other layers and to capture a surface
SHG monolayer resolution. Besides considering another liquid,
this approach represents a step forward compared to our previous
study on the water-air interface®® by including the temperature
effects, the dependence on the number of molecules in the QC
region, and analyses of property decomposition. In addition, it
represents a step toward experimental results obtained for n-
alcohols.”®

This paper is organized as follows: a brief description of the
NLO responses is presented and is followed by the details of the
employed computational methods in the Methodology section.
Next, the results and discussions are divided into reference
bulk calculations and interfacial effects. The conclusions are
finally drawn in the last section.

2. Methodology

2.1 Basics of nonlinear optical responses

Oscillating electric fields [E”] interacting with matter give rise
to induced dipole moments [Aji(w,)], which are expressed in the
form of Taylor expansions [T convention, eqn (1)]. The electric
field perturbations on the molecular electronic structures are
described by their “microscopic” properties associated with the
linear response termed polarizability (o, a rank-2 tensor), and the
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nonlinear ones termed the first hyperpolarizability (f, a rank-3
tensor), the second hyperpolarizability (y, a rank-4 tensor),
and so on.
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Several invariants are associated with the various macro-
scopic or observable properties. These are obtained from
combining the tensor components. Here, the focus is on the
so-called mean [(x), eqn (2)] and anisotropic [Aa, eqn (3)]
polarizability, and on the Hyper-Rayleigh Scattering (HRS)>®
first hyperpolarizability [furs, eqn (4)] and its corresponding
depolarization ratio [DR, eqn (5)]. The HRS experiment probes
the incoherent responses by analyzing the intensities of the
vertically-polarized (along Z) scattered light, which is usually
collected at 90° angle with respect to the incident beam.>® The
(B%22) response [eqn (6)] corresponds to the intensity obtained
for a vertically-polarized incident light, whereas the (B%xx)
response [eqn (7)] to the horizontally-polarized (along X) inci-
dent light.*® The lower-case indices [e.g., eqn (1)] define the
molecular axes coordinates while the upper-case [e.g., eqn (4)]
define the laboratory axes. The HRS technique was developed to
measure the first hyperpolarizability of molecules in solutions,
and, in our analysis, it is employed to monitor the variation of
the SHG responses as well as the modification of “symmetry”
effects between the bulk and interfacial regions. Additionally,
the Cartesian components of the vectorial representation of f§
are given in eqn (8). This quantity is relevant for describing the
B, response [eqn (9)], the B projection onto j, which is asso-
ciated with the electric field induced SHG (EFISHG) response.
0(.,p) is the angle between (i and B.
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2.2 Molecular dynamic simulations

MD simulations were performed to sample energetically
allowed configurations in the liquid phase. A cubic box was
filled with 5000 methanol (MeOH) molecules, assuming a
0.8 g cm ™~ density, resulting in a box edge of L = 69.3 A. The
MeOH molecules were represented by the OPLS-AA force field>”
(in a.u.: go = —0.683, guo = 0.418, g¢ = 0.145, gyc = 0.040).
Following a standard procedure, the atomic positions were first
relaxed to minimize the potential energy of the initial structure
using the steepest descent algorithm with a 350 k] mol™ " nm ™"
force tolerance criterium; second, the thermalization was per-
formed in two steps. First, the dynamics was run for 2.5 ns
within the NVT ensemble (at 7= 300 K) and then for additional
2.5 ns within the NPT ensemble (P =1 atm) at three temperatures
(260, 280, and 300 K). Last, extra 30 ns of trajectories were
created as the production step for each temperature within the
NPT ensemble. The considered range of temperatures is far from
the ~175 K freezing point,*® ensuring the liquid phase of the
MeOH. These MD simulations provide structures of the bulk
MeOH phase. To simulate the interfaces, the Z-edge of the cubic
boxes was then extended to 300 A, creating a vacuum of about
230 A between the two interfaces and ensuring slab conditions.
The MeOH-air interface simulations were performed within the
NVT ensemble for 30 ns.

All the MD simulations were performed using the leap-frog
integrator®® with a 1 fs time step. The short-range interactions
were accounted for up to 14 A distance, and long-range electro-
static corrections were incorporated by the smooth Particle-Mesh
Ewald method.** The Berendsen thermostat®® and barostat®* were
coupled every 0.1 and 1.0 ps, respectively. The hydrogen bonds
were constrained using the LINCS algorithm.** All MD simula-
tions were carried out on GROMACS.**** Snapshots of the bulk
and slab simulation boxes are presented in Fig. 1.

2.3 Classical trajectories analyses

Radial distribution functions (RDFs) are used to examine how
the density of particles varies as a function of the distance
between pairs of atoms. Its structures provide the average size
of the coordination shells as well as the associated coordina-
tion numbers after integrating it.

Hydrogen bond analysis is a helpful tool for understanding
the intermolecular interactions. Geometrical criteria were used
to assess these values. A hydrogen bond (H-bond) is assigned
when the donor-acceptor distance is smaller than 3.5 A and the
donor-hydrogen-acceptor angle is larger than 140°. Layer-
selective H-bond values were computed using the molecular
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Fig. 1 Snapshots from bulk (left) and slab (right) MD simulations. The blue
lines identify the MD simulation boxes. The images were created using
VMD.®

layer index (described below) for disentangling the intralayer
and interlayer interactions.

The static dielectric constant (¢;) of the bulk phase was
computed as an extra parameter to assess the accuracy of the
molecular force field for describing the electrostatic environ-
mental effects since they play a key role in modulating the NLO
properties. ¢, [eqn (10)] was estimated using the fluctuation of
the dipole moment vector of the whole simulation box [M,
eqn (11)], comprising N molecules within a V volume and under
a T temperature following the expressions derived by
Neumann.?” The computations were carried out using the
MDAnalysis®*® Python package.

a=1 +47ﬁ2 (M) = (m))  (10)
M =", (11)

The interfacial density profile [p(Z)] along the direction of
the normal to the interface describes a sigmoid function
[eqn (12)] relating the density of the bulk-like region (pcenter,
termed as center, not to be confused with the bulk properties
coming from the bulk reference MD simulations), the z-
coordinate defining the interface position (z, corresponds to
p(20) = Peenter/2), and the interfacial thickness (D) corresponding
to density change from 90% to 10%, which reflects the rough-
ness of the interface.”

p(z) = ”T‘(l ~ tanh’ 520) (12)

Molecular layers were defined by moving probe spheres of
1.5 A radius from top to bottom inside the simulation boxes.
Starting from above the interface, these probe spheres stop
their movement when touching an atom, assigning it as
belonging to the first molecular layer. After defining the
molecules of the first molecular layer, they are removed and
the probe movement resumes to define the second, third, and
following molecular layers. The possible evaporated molecules
are excluded from this procedure by a neighbor minimum
distance criterion of 3.5 A. This procedure is known as identifi-
cation of the truly interfacial molecules (ITIM)** and was
performed using the Pytim*® package. Since the molecules are
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indexed as belonging to a given molecular layer through the
whole trajectory, it becomes straightforward to compute their
density profiles and the intralayer and interlayer properties, as
well as to extract molecular clusters for the NLO computations.

2.4 Quantum chemistry calculations

Time-dependent density functional theory (TD-DFT) was
employed in its linear and quadratic formalisms*' to compute
the polarizabilities and first hyperpolarizabilities. Based on our
previous results in describing the NLO properties of interfacial
water molecules,” the CAM-B3LYP** exchange-correlation (XC)
functional and the aug-cc-pvVDZ*® basis set were used in the
current study. In ref. 20, B3LYP and CAM-B3LYP XC functionals
provided the same trends, while the aug-cc-pVDZ basis set gave
a good compromise between CPU time and accuracy in com-
parison to aug-cc-pVTZ. Also, CAM-B3LYP has been reported to
deliver good accuracy in simulating the NLO properties of small
molecules.** The environment effects were accounted for using
the polarizable embedding (PE)*> approach and including the
external effective field*® for the solvent embedding potential
derived for MeOH" (in a.u.: go = —0.59543, g0 = 0.38068, g¢ =
0.18382, gc = 0.01031, 0 = 5.60297, oy = 1.85100, g =
6.42738, opc = 2.50587). All calculations were performed with
the Dalton software*®*® considering the frequently employed
optical perturbation at 1064 nm wavelength.

Additionally, the convergence of the optical properties as a
function of the embedding size was investigated for both the
bulk and the interface, with a QC region comprising only one
MeOH molecule. These embeddings were spherical with a
radius ranging from 15 A to 30 A, either considering a shell
of charges and polarizabilities centered at the atoms or also, in
addition, a second external shell of only point charges. All the
NLO results reported in the following sections were obtained
for a cluster encompassing N MeOH molecules (N =1, 3, and 6)
surrounded by 20 A of polarizable and point charge sites. The
left side of Fig. 2 shows a representative snapshot illustrating
the interface model including the quantum region with N = 6
and the 20 A embedding, while its right side shows a detailed
picture of the cluster highlighting the central (vdW representa-
tion), the hydrogen-bonded (blue), and the first neighboring
(orange) MeOH molecules.

Fig. 2 A snapshot illustrating the interfacial model used in the quantum
chemical calculations. Left: A cluster with 6 MeOH molecules surrounded
by 20 A of polarizable embedding sites. Right: A detailed view of the cluster
highlighting the central (vdW representation), the hydrogen-bonded (blue),
and first neighbors (orange) MeOH molecules. The images were created
using VMD.%®
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2.5 Decomposition into local properties

Partitioning the molecular properties could also help understand-
ing its properties as a function of its constituents. It becomes more
relevant when this decomposition is performed on extended
systems, large molecules, or clusters of small molecules. Here,
the local properties (LoProp) approach® was employed to separate
the f contribution of each MeOH molecule belonging to the
quantum region. It allows to understand the impact of the
hydrogen bonds and of the first neighbors on the first hyperpolar-
izability and to unravel how they affect the SHG interfacial signal.
The dynamic f response decomposition is obtained by projecting
the second-order electronic density perturbation into atomic basis
functions, providing the f contribution of each atom. Therefore,
the f response of each MeOH molecule of a cluster is obtained by
summing its atomic contributions. These calculations were per-
formed using the “LoProp for Dalton” program.*!

3. Results and discussions

3.1 Structural analysis

3.1.1 Bulk MeOH. The RDFs of the oxygen [g(7)oo], carbon
[g(r)cc), and center-of-mass [g(r)com-com] are shown in Fig. S1-
S3 (ESIt) for T = 260, 280, and 300 K. Since this 40 K tempera-
ture range is far from phase transitions, similar distributions
are observed at different temperatures. The first peak of g(r)oo
~ 2.8 A is related to the hydrogen-bond shell, and it provides a
coordination number of 2 MeOH molecules at the first valley (at
3.5 A). This is in agreement with what has been observed using
X-ray diffraction (g(r)oo peaks at 2.7 A)*?> and more recently
using extended X-ray absorption fine structure (EXAFS) in
liquid microjets (g(r)oo peaks at ~2.75 A).>* The g(r)oo dis-
tributions also show two additional peaks after the hydrogen-
bond shell before smoothly converging at 10 A. The structure
defining the “first” solvation shell shows its maximum at
4.75 A and its minimum at 6.10 A (except for T = 300 K, where
it is 6.15 A), which are associated with coordination numbers
of 5 and 14 MeOH molecules. In a consistent way, the CC
distributions present three peaks, the g(r)com-com distribution
is even better suited for analyzing the MeOH solvation shells.
Four well-defined peaks describe successively the hydrogen
bonds and the following solvation shells of MeOH in the bulk
region. Its coordination number corroborates that 2 surround-
ing MeOH molecules interact via H-bonds with the central
MeOH. Then, the peak of the first solvation shell (~4.5 A)
encompasses 5 molecules, and its valley around 6.2 A encom-
passes 14 MeOH molecules. From these results, the following
numbers of MeOH molecules included in the QC region for the
calculations of the NLO responses are defined: N = 1 (only the
central molecule), N = 3 (the central molecule and its H-bonded
molecules), and N = 6 (the central molecule and the 5 nearest
defining the first solvation shell are also included). The average
numbers of H-bond interacting MeOH were determined from
the entire trajectory by considering the following geometrical
criteria: (i) oxygen-oxygen donor-acceptor distance dp, < 3.5 A
and (ii) donor-hydrogen-acceptor angle 0pps > 140.0°. The
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Table 1 Temperature dependence of the density, of the average number
of hydrogen bonds, and of the dielectric constant of MeOH simulated
in bulk

T [K] p [gem™?) # H-Bonds ¢ OPLS-AA & PE
260 0.816 1.89 32.79 35.98
280 0.794 1.84 29.97 32.72
300 0.771 1.78 25.74 27.81

values show a decrease with the temperature (from 1.89 to 1.78,
Table 1) as expected due to the decrease of the density (from
0.816 to 0.771 g cm™ ', Table 1). Moreover, the values match the
coordination numbers associated with the H-bond peaks of
2(r)oo- These results provide trustworthy dynamical structures
to be used in subsequent calculations of their linear and
nonlinear optical properties.

Table 1 also lists the dielectric constants [¢;, eqn (10)], which
decreases from ~33 (at 7= 260 K) to ~26 (at T = 300 K) when
increasing the temperature, presenting the same trend as that
observed in experiments [36.88 (T = 278.15 K), 35.40 (T = 283.15 K),
33.30 (T = 293.15 K), 32.66 (T = 298.15 K), and 31.69 (T =
303.15 K)].>**® One reason for this reasonable agreement between
the theoretical results derived using the OPLS-AA charges originates
from the fact that this force field has been designed to reproduce
macroscopic properties associated with the potential energy
surface.’® However, the dielectric constant depends also on the
dipole moment surface of the system, that is, how the dipole
moment of the system changes as a function of the nuclei
coordinates. In terms of absolute values, classical non-polarizable
force fields lack induction effects when predicting dielectric con-
stants, and an empirical scaling factor of 1.26 usually leads to a
better theoretical-experimental match.”® Applying this scaling fac-
tor modifies the values to 37.76 and 32.43 at T = 280 K and 300 K,
respectively, in much better agreement with the experimental
results. Alternatively, ¢, was also calculated using the PE (employed
on the QC calculations) in order to evaluate how the model
performs in predicting the dipole moment surface, which might
affect the NLO responses. The induced dipole moments were
calculated using the CPPE (C++ and Python library for PE)
library,”” and they lead to values about 10% larger than those with
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the non-polarizable OPLS-AA but remain still smaller than the
experimental results, ie., ¢ =25.74 (OPLS-AA) and ¢, = 27.81
(PE) for T'= 300 K.

3.1.2 MeOH-air interface. The density profile of the MeOH
slabs shows the expected decrease of the density with the
temperature, with pcenter values being smaller than the
corresponding values from the bulk MD simulations by a
maximum of 0.006 g cm™? (Fig. 3 and Table 2). The D values
increase with the temperature, from 2.37 A to 2.99 A, because
the higher the temperature the larger the kinetic energy and,
consequently, the larger the roughness, enlarging the region
(i.e., the average value of the thickness) where the density
changes from 90% to 10%. This value is slightly smaller than
those obtained by Matsumoto and Kataoka®®*® (~3.4 A).
Complementary, the density profiles of the first four molecular
layers were evaluated and fitted using Gaussian functions.
The densities of the first layer (L,) peak at 2.40 A, 2.49 A, and
2.59 A below the interface with 0.591 g ecm ™2, 0.547 g cm ™2, and
0.513 g cm > values for T= 260 K, 280 K, and 300 K, respectively.
Going to deeper layers, the density peaks shift by 4.51 A, 4.71 A,
and 4.93 A for the T value given in the same order, indicating
thicker layers. Note that these values are also larger than the
~2.7 A shifts observed in water MD simulations.>* This behavior
is confirmed with the increase of the half-width at half-maximum
(HWHM) values of the Gaussians with the temperature. Notably,
the peak densities for the second to fourth molecular layers are
similar, indicating a fast convergence to the bulk structure.

The average numbers of H-bonds of MeOH were evaluated
separately for the intralayer and interlayer contributions
(Table 3). The number of intralayer H-bonds for the molecules
belonging to L; is around 1.25, which is larger than the
corresponding intralayer values for deeper layers (~0.9). These
results indicate strong intralayer interactions at the topmost
layer and suggest that L; is ordered in a 2D-like network, as
observed for the water interface.®® Moreover, the interlayer
values are around 0.5, with slightly larger values between
L, and L, because of the trend of each MeOH molecule to form
almost 2 H-bonds and because the first layer interacts only with
the second one. This trend is the same for the three tempera-
tures. Yet, all these values decrease in a consistent way at higher

T T T T T
0.8 Global -] Global Global -]
Layer 1 Layer 1 Layer 1
07F Layer2 ] Layer 2 Layer 2 ]
0.6 E Layer 3 Layer 3 Layer 3
’ Layer 4 Layer 4 Layer 4
+ O05SF B b 1
£
5]
on 04 F E b 1
QU
03 F E 7 1
02F b 02 F - 02F b
0.1F 1 0.1F E 0.1F B
0.0 L 0.0 — L 0.0 L ——
=30 -20 -10 10 =30 -20 -10 0 10 =30 -20 -10 10

Fig. 3

Interfacial density profiles for the MeOH slabs at (left) T = 260 K, (center) T = 280 K, and (right) T = 300 K, as well as for its first four layers. The

interfacial position (black vertical line) and interfacial roughness (gray shade) are also presented.
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Table 2 Structural properties of MeOH slab as a function of the tem-
perature extracted using egn (12). The peak density, peak position, and
half-width at half-maximum (HWHM) were obtained by fitting Gaussian
functions

Temperature 260 K 280 K 300 K
Peenter [€ cm ] 0.811 0.788 0.765
D [A] 2.37 2.66 2.99
Peak density [g cm ]

L, 0.591 0.547 0.513
L, 0.554 0.520 0.489
Ls 0.556 0.521 0.489
L, 0.551 0.520 0.489
Peak shift [A]

L, 2.40 2.49 2.59
L, 6.91 7.20 7.52
Ls 11.45 11.94 12.48
Ly 15.99 16.67 17.43
HWHM [A]

L, 3.03 3.30 3.58
L, 3.14 3.38 3.65
Ls 3.12 3.36 3.62
Ly 3.12 3.37 3.63

Table 3 Average numbers of H-bonds as a function of the layer (L) and
temperature. The total value corresponds to the L;_;; + L;; + Ljjy1 SUM

i Lii | Total
T =260 K

1 1.29 0.54 1.83
2 0.90 0.50 1.94
3 0.90 0.48 1.88
T =280 K

1 1.25 0.51 1.76
2 0.89 0.46 1.86
3 0.90 0.46 1.81
T =300 K

1 1.21 0.47 1.68
2 0.86 0.45 1.78
3 0.88 0.45 1.77

temperatures, following the density evolution. Furthermore, the
average values for the total number of H-bonds, encompassing
both the intralayer and interlayer ones, are like those obtained in
the bulk MD simulations already for L,. Thus, from the structural
point of view, only L, is distinguishable from the bulk, and there-
fore, one can assume it is the dominant contribution to the
interfacial SHG responses.

3.2 Linear and nonlinear optical responses

3.2.1 Bulk MeOH. The linear and nonlinear optical proper-
ties were evaluated for one MeOH molecule embedded in a PE
environment encompassing all the surrounding molecules
whose center-of-mass is inside a sphere of radius R ranging
from 15 A to 30 A. Moreover, a mixed embedding including
polarizable sites up to 20 A and an extra shell of point charges
up to 30 A was also tested. The results for T = 300 K are very
similar for all R values (Table S1, ESIt), indicating that the
optical properties are already converged when including the
surrounding molecules within a sphere of 20 A radius as
approximated by one shell of polarizable and point charge
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sites, and that an extra shell of point charges does not affect
the result. This is in line with a reported non-negligible influence
on the NLO responses of molecular switches due to the electro-
static effects of point charges up to ~25 A in acetonitrile
solution.®" Moreover, the extra shell of point charges does not
impact the probed properties, indicating that the missing polar-
ization at the cutoff border has weak or negligible effects on the
probed MeOH molecules. In summary, the (o) values amount to
about 20 a.u., while Ax ~ 6 a.u., and fiyrs ~ 26 a.u. with a DR of
4.4. Yet, the values of the vectorial components of f§ are between
0.8 a.u. and 4.2 a.u. with large standard deviations (~35 a.u.),
confirming that it vanishes in the bulk region, as expected for an
isotropic medium (Fig. S4, ESIf).

Additionally, for R = 15 A and 20 A, the linear and nonlinear
properties were also probed at different temperatures to ensure
convergence in these thermodynamic conditions. This assess-
ment of the model was realized because the number of MeOH
molecules is larger in denser regions (at lower T) and, therefore,
may induce stronger interactions. Like 7= 300 K, the results are
very similar for R = 15 A and 20 A at the different temperatures
(Table S2, ESIf). In addition, though (x) and fugrs hardly
change with 7, a smooth increase with the temperature is
observed for f; and DR. The variation in f§; are attributed to
those in 0, 5. Owing to the similarity of results obtained with
different embedding sizes (at different 7), all the following NLO
results are obtained with R = 20 A. In fact, surrounding
molecules are included provided that the position of their
center-of-mass is less than 20 A away from the center-of-mass
of the central MeOH molecule. Since the QC part includes up to
6 molecules, this criterium ensures at least 15 A embedding for
each MeOH molecule. These results are presented in Table 4. In
addition, Table S3 (ESIt) contains the linear and nonlinear
optical properties obtained at different temperatures as a
function of the number N of MeOH molecules in the QC region.
For the examined properties, the reported values were obtained
by dividing the total values by the number of MeOH molecules
in the QC region.

(o) is weakly impacted by both the temperature and the
number of QC molecules (Table 4 and Table S3, ESIf). It
amounts to about 20.3 a.u. with differences smaller than
0.2 au. and a slight tendency to larger values at higher

Table 4 Temperature effects on the MeOH bulk linear and nonlinear
optical properties as obtained using a 20 A radius embedding. The
quantum region comprises one MeOH molecule (N = 1). All results are
in atomic units, except 0, (°) and DR (dimensionless)

Property T=260K T=280K T=300K
(o) 20.39 £ 0.36 20.37 £ 0.39 20.37 = 0.43
Ao, 5.69 + 1.94 6.67 £ 1.92 6.08 £ 1.80
|| 0.98 £ 0.08 0.95 £+ 0.10 0.95 £ 0.10
B —12.26 £ 9.26 —13.88 £ 9.61 —14.54 £ 9.84
O p) 109.95 + 14.49 113.26 + 14.98 113.57 £ 14.96
HRS 26.73 & 5.05 26.27 + 4.94 26.59 + 5.40
DR 4.25 £ 1.06 4.38 £ 1.15 4.43 £1.19
P —6.86 + 36.56 5.06 £ 34.21 4.12 £ 36.97
By —0.86 + 34.54 —0.33 + 35.24 2.87 £ 34.97
7.15 £ 33.94 —1.98 + 35.84 1.00 + 35.04
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temperatures. Contrarily, increasing N induces a decrease in Aa
(per molecule) from ~6 a.u. for N =1 to ~2.5 a.u. for N = 6,
indicating that the larger the cluster the more isotropic the
response. Additionally, A is systematically smaller at 7= 260 K.
The magnitude of the dipole moment is also very similar over the
range of temperatures, and it decreases with N by a factor of 2.

On the NLO side, the f values (B as well as its components) are
oscillating around zero with large standard deviations, indicating
its disappearance for a complete statistical sampling of an
isotropic environment. Then, the fugrs values decrease with N
(from 26 to 13, and to 10 a.u.), which suggests a fast convergence
with N. Yet, slight variations with the temperature are observed.
The DR ~4.0-4.4 values indicate that the MeOH molecules closely
behave like a 1-D harmonophore. In the case of  no clear trend
is observed when increasing T, except for N = 1 when the §,
amplitude clearly increases with 7. Experimentally, Campo et al.®>
reported a fiugrg value ~12 a.u. at 4 = 1072 nm for methanol
solution at room temperature (using 1 a.u. = 8.639 x 10> esu
and fyrs = \/6/3561). This fair agreement using the N = 1
model may be related to the fair description of the long-range
interactions dictated by the dipole moment surface and the
dielectric constant and mainly to the fair description of the
short-range interactions associated with the hydrogen bonding
molecules created by the PE model. This agreement becomes
more accurate when considering more MeOH molecules in the
QC region. Therefore, a systematic study of the dipole moment
surface of different solutions and its effects on the NLO properties
should clarify whether the scattering units are individual mole-
cules or clusters of molecules.

3.2.2 MeOH-air interface. The linear and nonlinear
properties of the MeOH-air interface were then probed, also
by considering different embedding sizes (T =300 Kand N=1,
Table S4, ESIt). In these analyses, the QC region consists of one
MeOH molecule of the first layer. The (x) values are around
21 a.u. with small standard deviations (~ 0.5 a.u.), contrarily to
the small increase of Au from 7.97 a.u. (for R = 15 A) to 8.18 a.u.
(for R = 30 A) with standard deviations being 30% of the average
values. Like the bulk properties, in the probed radius range, the
embedding size has no impact on |ji| and a minimal effect on
0(.,p (a decrease of 0.7°). Nevertheless, a decrease of ~5% is
observed on the f; amplitude. These embedding effects are
even smaller on firs and DR, where the average values change
by less than 1% and 3%, respectively. The vectorial $, and S,
values are oscillating around zero with large standard devia-
tions, which contrasts with the distinct nonzero value of f,,
characteristic of the interfacial symmetry. In summary, the
results (Table S4, ESIt) are independent of the choice of the R
values, and a sphere of radius 20 A is also used on the following
calculations to ensure at least 15 A embedding for each MeOH
molecule.

Splitting the interfacial region into molecular layers allows
for understanding on how the molecular property depends on
its interfacial or bulk character. It also provides an evolution of
the properties when going from L, to L,. The data are presented
in Table 5 for L, and Tables S5-S7 (ESIY) for L,-L,, and in Fig. 4
and Fig. S5-S7 (ESIt). In general, the (o) values decrease (~2%)

8664 | Phys. Chem. Chem. Phys., 2024, 26, 8658-8669

View Article Online

Paper

Table 5 Linear and nonlinear optical properties of MeOH molecules in Ly
obtained at different temperatures as a function of the number of MeOH
molecules in the quantum region. All results are in atomic units, except
0.p (°) and DR (dimensionless). u, «, and f quantities are given per MeOH
molecule

Property T =260 K T =280 K T=300K
N=1
(ar) 20.75 + 0.42 20.71 £ 0.49 20.77 £ 0.53
Ax 9.96 + 2.51 9.36 + 2.71 8.72 + 2.78
|| 0.94 + 0.10 0.94 + 0.09 0.91 + 0.10
it ~13.08 £ 9.66 —14.21 + 9.46 ~16.06 % 10.70
Oup) 109.54 + 14.50 112.89 =+ 15.34 113.32 + 14.79
RS 29.24 + 5.93 27.92 + 5.59 30.26 + 6.15
DR 4.29 +1.15 4.39 £ 1.35 448 +1.17
B —1.53 + 40.55 —6.12 + 38.06 7.45 + 36.73
B, —6.40 + 41.19 —1.68 + 39.44 1.57 + 43.72
2 —17.98 + 29.64 —14.37 + 30.69 ~19.55 + 36.79
N=3
(o) 20.61 + 0.27 20.64 + 0.27 20.73 + 0.28
Ax 6.48 + 2.18 6.40 + 2.04 5.68 + 1.96
|| 0.67 £ 0.20 0.61 + 0.21 0.59 + 0.20
By —1.86 + 10.38 0.23 + 11.32 0.53 + 10.33
) 94.68 + 30.79 87.21 + 34.45 86.94 + 34.12
Burs 15.95 + 4.34 15.64 + 3.96 15.41 £ 4.10
DR 4.54 + 1.57 4.41 + 1.45 4.16 + 1.53
B 1.08 + 20.37 —2.71 + 21.98 1.15 + 19.80
B, —2.35 £ 22.23 0.61 + 18.92 —2.14 £ 20.92
B, —16.84 + 17.83 —~16.16 + 17.42 —13.96 =+ 16.70
N=6
() 20.61 & 0.19 20.66 =+ 0.22 20.73 & 0.22
Aa 4.82 +1.48 5.01 + 1.54 4.49 + 1.58
|| 0.46 + 0.17 0.43 + 0.16 0.41 £ 0.15
By —2.26 £ 9.25 —~1.68 + 8.69 —2.07 £ 8.05
Oup) 97.17 + 33.48 94.56 + 34.25 97.90 + 30.78
Brirs 12.31 + 3.49 11.96 + 3.41 11.91 + 3.34
DR 4.83 + 1.46 4.66 + 1.54 4.77 + 1.44
B —0.81 =+ 15.06 —2.22 + 15.72 —1.98 + 14.81
B, 0.03 + 15.46 —0.09 + 12.79 —1.93 + 16.63
B, —~17.83 + 13.14 —16.97 + 13.25 —14.54 + 12.76

toward the bulk reference value (~20.3 a.u.) and present a very
small increase with T. Yet, increasing N does not affect its
values (i.e., its value per MeOH molecule). Similarly, from L, to
Ly, Ao decreases by a 1.3-1.8 factor towards the bulk value
(~3 a.u. for N = 6). Increasing N leads to more isotropic (QC)
clusters, therefore strongly affecting Aw, i.e., a decrease from
8.72 a.u. (N=1) to 5.68 a.u. (N =3), and to 4.49 a.u. (N = 6) for L,
at T =300 K.

On the other hand, no clear trends can be drawn for |ji| and
O.,p as a function of the molecular layer, even though |ji|
decreases at higher temperatures and for larger N (due to the
increased isotropicity of the QC region). || is almost constant,
within 10%, as a function of the layer. Then, 0, s approaches
90° for N = 3 and 6, which is consistent with the decrease of f
(cos 0,,p) tends to zero). Moreover, the § values slightly oscil-
late from L; to L, and show an increase with T from L, to L,.
These small variations on f; as a function of the molecular
layer go in opposite directions to the strong effects on f, in L,
(Fig. 4) because the dipole moment is preferentially oriented in
the interfacial plane (perpendicular to the Z-direction). In
general, the first hyperpolarizability vector is strongly affected
by the symmetry and the molecular distributions, leading to
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Fig. 4 f, values, as a function of the molecular layer, calculated at 4 = 1064 nm. The average values (per molecule) are represented by symbols (blue
squares for N = 1, orange circles for N = 3, and green diamonds for N = 6), whereas the standard deviations are given by error bars.

large standard deviations. However, the standard error of the
mean (SEM) associated to 100 sampled configurations amounts
to 0.1 of the respective standard deviation (STD), allowing direct
comparisons between the results. (SEM = STD/\/Nemplcds
where Ngamplea = 100 is the number of sampled configurations
in the QC calculations). The results obtained for fygrs show a
small decrease as a function of the molecular layer and with N,
but no direct relationship with the temperature. Moreover, all
values are within the standard deviation error, indicating no
distinction among the molecular layers. Analogously to 8, the
Purs response is also not selective to the interface but for
different reasons. The fugrs is originally used to evaluate the
first hyperpolarizability of molecules in gas phase or in solution,
where they present random orientations. This is not the case at
the interface due to the preferential orientation of the molecules.
However, the figrs values are reported as a matter of comparison
with the bulk values to help understanding the convergence of
the molecular orientational average.

Table 6 collects the f,,2, izxx, and Pxzx values as a function
of N and of L; for T = 300 K, whereas those for T = 260 K and
280 K are in Tables S8 and S9 (ESI). The f3,,, values of the first
molecular layer are clearly distinct from the others with a small
decrease between N = 1 and N = 6, and it dominates f§ with
values one order of magnitude larger than f,xx and fxzx.
Increasing N (from 1 to 6) narrows the data distribution and
drives the values toward zero for L,-L,. These results also
satisfy the Kleinman’s rule for N = 1 and N = 6, where fizxx =
Bxzx far away from resonances.®® The projections onto the Z
axis of the OH and CO bonds were computed for the N = 1
model at L, to investigate the correlation between the £,
response and the MeOH orientation. Positive values of the
projection indicate that the bond points upward [H of OH (O
of CO) pointing towards increasing Z projection] and negative
downward. About 70% of configurations present at least one of
the two bonds pointing towards the bulk, while 50% present
both bonds pointing downward. On the other hand, only 13%

This journal is © the Owner Societies 2024

Table 6 f tensor components (per MeOH molecule) of the first layers as
given in the laboratory frame, together with their corresponding 7@
components for the first layer. The results were obtained for N = 1, 6,
and 1(6) [see text for details of N = 1(6)]. All of them were obtained at T =
300 K and are in atomic units unless explicitly stated

Property N=1 N=6 N=1(6)

Ly

Bzzz _17.78 + 2548  —12.64 + 8.80  —31.14 + 71.90
Brsx ~2.00 + 12.35 ~1.21 + 4.20 ~7.52 + 109.54
Bz ~1.98 + 12.39 121+ 4.22 —4.72 + 20.67
L,

Bz ~2.03 +17.31 0.67 + 6.84 ~5.03 + 67.87
B —0.98 + 14.36 —0.35 + 4.74 17.13 + 98.38
B ~0.97 + 14.40 ~0.35 + 4.74 —7.42 + 19.47
L

Brzz 0.17 + 17.88 1.89 + 8.98 0.21 + 68.21
B ~1.09 + 12.37 —0.64 + 4.34 ~6.06 + 90.07
[ ~1.09 + 12.39 —0.65 + 4.35 —8.28 + 17.61
Ly

Brzz 2.35 + 19.10 1.09+9.93  —22.31 + 71.65
[ 0.37 + 11.45 —0.78 + 4.33 —0.25 + 90.74
Bxax 0.37 + 11.47 —0.79 + 4.34 —8.20 + 17.50
L

2, —7.27 + 10.42 517 +3.60  —12.73 + 29.39
P —0.82 + 5.05 —0.49 + 1.72 —3.08 + 44.78
72, —0.81 + 5.07 —0.49 + 1.73 ~1.93 + 8.45
L, — #® values given in pm V!

72, 1414 + 2026  —10.06 + 7.00  —24.77 + 57.19
1R —1.59 + 9.82 —0.96 + 3.34 —5.98 + 87.12
19 ~1.57 + 9.86 ~0.96 + 3.36 ~3.75 + 16.44

of the snapshots present both bonds pointing upward. More
importantly, Fig. 5 shows that the ., response follows the CO
bond Z-orientation, and that negative f,,, values originate
from this preferential downward MeOH orientation.

Then, the results obtained with N = 6 were decomposed to
disentangle the individual contributions of the central MeOH
molecule. These results, referred to as N = 1(6), lead to different
conclusions. First, the data distributions are much broader,
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Fig. 5 Correlation between the 5777 response and the orientation of the
OH (top) and CO (bottom) bond, as determined by their projections onto
the Z axis.

and the components are no longer specific to the interface.
Indeed, by using the LoProp decomposition scheme, the trend
of the components to become zero when going deeper and
deeper toward the bulk is lost with average values larger than
5 a.u. and standard deviations up to 110 units. Moreover, f3,, is
not vanishing at L4, neither fi,xx at L,. Furthermore, Klein-
man’s rule is also violated. These results evidently indicate that
the decomposition scheme is not suitable for this study case
and that it should be modified. This deficiency may be related
to the number N of close MeOH molecules because it induces
asymmetries in the individual contributions, and including the
second solvation shell may improve the accuracy.

The same trends are observed for T = 260 K and 280 K, and
no clear relationship can be drawn as a function of the
temperature due to the large values of the standard deviations.

At the macroscopic scale, the optical responses are
expressed as a power series of the polarization [B convention,
eqn (13)] where the 5™ is the nth order susceptibility tensor.
Comparing eqn (13) with (1), a relationship between the
macroscopic and microscopic responses is drawn [eqn (14)].
This relationship depends on the density of particles (o = pNa/
MM, where p is the mass density, MM the molar mass, and N,
the Avogadro’s number) and on the orientational average of the
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B tensor ((B)or)- €o is the vacuum electric permittivity.

filon=a (zzz)
J Jik Jiked
(13)

@=L o (Brox (14)

260

The second-order susceptibility [;?(—2wm;w,w)] probed in
surface-SHG experiments is reduced to only three non-
vanishing tensor elements (X(zzz)z, X(ZZJ}X, and )&Z)X) because the
air-liquid interface symmetry leads to rotational invariants
about the surface normal direction.>® On the one hand, (for)
is well-defined and broadly used for predicting the orientation
of adsorbed molecules on surfaces.>*®% On the other hand,
performing this orientational average for liquid-air interfaces
and then obtaining the microscopic-macroscopic (f — z?)
relationship is still not fully established.” Indeed, contribu-
tions different from those of the Aji(w,) expansion might also
affect the experimental measurements, e.g., the bulk quadru-
pole contributes for systems with weak interfacial dipolar
signals.®®

Looking for the macroscopic dipolar responses, the @
values were estimated by multiplying the corresponding aver-
age P72z, Pzxx, and fxzx components with the number density
associated with the first molecular layer (Table 2). This is a
reliable approximation because the average f values encompass
the orientational averaging over the extracted snapshots and
only the first molecular layer presents net § responses. At T =
300 K, the corresponding number density is py = 6.51 x 1072
particles bohr—>. The 3® values of L, are given at the bottom of
Table 6 for experimental comparison purpose.

Experimentally, the X(zzz)z/ ,C(ZZJ}X ratio is often reported, and the
corresponding fzz-/fzxx quantities are plotted in Fig. 6 for the
successive layers and for different QC schemes. Both N=1 and

[ T T 1 T ]
LE ™ N=6 ]

- W N=1(6) ]

o " .
— . ] [ | 1
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4t N Y .

[ RN m. 1

PR SRTA RN SRR N S S SN NS S S S N S S T
L, L, L, L,

Fig. 6 |Bzzz/Bzxx| ratio as a function of the molecular layer obtained at T =
300 K for different QC schemes. Note that the value obtained for N = 1(6)
at Ly is divided by 10 for clarity.
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N = 6 models predict large ratios (~10) at the interface with a
net decrease towards the bulk (~2). The obtained values are
comparable with the 12172 ratios (around 5) reported for
longer alcohols ranging from butanol to undecanol.>® Using N =
1, an unexpectedly large value is observed for L,. It is ascribed
to the large statistical fluctuations of these properties (between
10 and 20 a.u.). The ratios obtained using the N = 1(6) model are
smaller than those obtained with N =1 and N = 6, except for L,
which achieves a value of about 90 and is not reliable.

4. Conclusions

The second harmonic generation (SHG) responses of the
methanol-air interface have been evaluated by adopting a
sequential method, classical molecular dynamics (MD) then
quantum chemistry (QC). This approach ensures the configura-
tional diversity required to subsequently evaluate the average
values of the first hyperpolarizability, which is a dynamical and
symmetry-dependent property. Additionally, temperature
effects on the linear and nonlinear optical responses have been
studied. Within this approach, the molecular properties were
disentangled as a function of molecular layers to which the
MeOH molecules belong while different numbers of MeOH
molecules were treated at the QC level. The main results are (i)
the mean polarizability («) is almost insensitive to the inter-
face, with values about 2% larger than those obtained in bulk,
(ii) conversely, a smooth decrease is observed in the polariz-
ability anisotropy Ao, indicating a linear optical interface
thickness of around 20 A, corresponding to 4 MeOH molecular
layers, (iii) for the molecular SHG responses, fi(—2w;w,w), the
interfacial dependence is strong and limited to the first mole-
cular layer (~3.0 A). This narrow interface is characterized by a
high contrast in the f,;, tensor component between the first
(non-null values) and the subsequent (values toward zero)
layers. Moreover, the average f,xx and fxzx values satisfy the
Kleinman’s symmetry rule within the dipolar molecular
responses. Therefore, the model including six MeOH molecules
(a central molecule plus its five nearest neighbors) in the QC
region performs the best in capturing the SHG response of the
methanol-air interface and its progression toward the bulk
values. Furthermore, similar trends are obtained at different
temperatures or when increasing the number of MeOH mole-
cules treated at the QC level, which indicates the robustness of
the employed approach for describing the dipolar molecular
responses of air-liquid interfaces.
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