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Electronic properties of a methane-water solution were investigated by a sequential quantum mechan-
ical/molecular dynamics approach. Upon hydration methane acquires an induced dipole moment of
~0.5+ 0.2 D. This is related to polarisation effects and to weak methane-water hydrogen bond inter-
actions. From gas phase to solution, the first vertical excitation and ionisation energies of methane are

red-shifted by 0.45+0.25 and 0.87 +0.40 eV, respectively. We also report results for the dynamic
polarisability of methane in water. In comparison with water, no difference was found for the average
monomeric dipole moment of water molecules in close interaction with methane.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The hydrophobic effect has received significant attention in the
literature over the years due to its generalized interest in chemis-
try and biology. The hydration of hydrophobic and amphiphilic
molecules is important to understand fundamental problems as di-
verse as protein folding, micelle formation or natural gas hydrates
[1,2]. From a thermodynamic point of view the hydrophobic effect
is characterized by a large entropy decrease upon solvation of a
hydrophobic solute. The well-known iceberg model proposed by
Frank and Evans [3] associates this entropy decrease with the for-
mation of icelike cages of water molecules around hydrophobic
groups. A structure similar to that found in natural gas hydrates
(clathrates), where small hydrophobic molecules are enclosed in
cavities of pentagonal, rather than hexagonal rings of ice, has also
been proposed [1]. Nonetheless, experimental and theoretical
verification or refutation of the iceberg model has been proven
difficult and therefore a complete understanding of the origin of
the observed entropy decrease remains elusive. The evidence
gathered from NMR [4-7], neutron diffraction [8] and simulation
studies [9-12], however, foster a microscopic view wherein the
water structure is either not significantly affected or weakly
decreased, and the dynamics although slower is also not near like
that put forward by the iceberg model. This idea has also been sup-
ported by vibrational sum-frequency spectroscopy experiments
[13,14], which indicate a weakening of the hydrogen-bonds and
a strong ordering in the water molecules near hydrophobic
surfaces. On the other hand, an interpretation of the recent
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experimental data [15] supports, to some extent, a microscopic
view similar to that depicted by the iceberg model.

Although the structural and dynamic implications of the iceberg
model have been the subject of a great deal of experimental and
theoretical work, the electronic structure of the water molecules
in the hydration layers of non-polar solutes has been far less scru-
tinized. In addition the electronic properties of the hydrated non-
polar solutes may provide further insight into the intermolecular
interactions at the origin of the hydrophobic effect. Hence in the
present work we address the electronic properties of both the sol-
ute and the solvent molecules. Our aim, regarding the latter, is to
probe the electronic properties of those water molecules pertain-
ing to the first hydration layer of a single hydrophobic molecule
as well as around its cavity equivalent, as the latter plays a central
role in the understanding of the hydrophobic effect [2]. Thus an
alternative view, to that of the iceberg model, attributes the
observed entropy decrease, to the creation of a cavity to accommo-
date the non-polar solute, which interrupts the disordered H-bond
network, rather than to the enhanced order (tetrahedrality)
induced in the water molecules surrounding the solute [8].

Electronic properties of water molecules near different solutes
can be correlated with the local structure of the hydrogen-bond
(H-bond) network. These properties may therefore be useful for
assessing the eventual modifications on the water H-bond network
induced by the presence of a hydrophobic species. A few examples
are the following. The gas phase water dipole moment increases
from 1.85 D [16] to 2.6-3.0 D in liquid water [17-19]. The first ver-
tical ionisation energy of liquid water is red-shifted by 2.0-3.3 eV
[20,21] relative to the gas phase value (12.62 eV) [22]. Therefore,
the purpose of the present work on the electronic properties of a
methane-water solution is twofold. The first is to analyse how
the presence of a small hydrophobic species may change the
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electronic properties of water, by focusing on the calculation of the
average monomeric dipole moment of water molecules in close
interaction with methane. Specifically, the strong structuring of
the water molecules in close interaction with an hydrophobic spe-
cies that characterizes the iceberg model could be related to an in-
crease of their average monomeric dipole moment in comparison
with pure water. The second one is to discuss the changes on the
electronic properties of methane upon hydration. The article is or-
ganized as follows. After presenting the computational details we
report a discussion on the role played by weak hydrogen bonding
between methane and water [23] in the methane hydration. Then
we analyse the electronic properties of the methane-water solu-
tion with emphasis on the calculation of dipole moments and dy-
namic polarisability of hydrated methane. The conclusions stress
the importance of investigating electronic properties for a better
understanding of hydrophobic solvation.

2. Computational details

Molecular dynamics (MD) simulations were carried out for a
solution of one methane molecule and 256 water molecules. The
interaction between water molecules was represented by the
TIP3P model [24], whereas the methane interaction parameters
were represented by the OPLS-AA model [25]. A MD simulation
of liquid water was also carried out for comparison purposes.
The geometry of the water molecule was kept rigid but that of
methane was let fully flexible. Long-ranged electrostatic interac-
tions were calculated by using the particle mesh version of the
Ewald sum. Non-bonded van der Waals interactions were trun-
cated at L/2 where L is the length of the cubic MD box. The MD
simulations were carried out with the Tinker program [26]. The
starting configurations were those of a face centered cubic crystal
at the experimental density of water (0.997 gcm ). The systems
were first equilibrated for 150 ps in the NVT ensemble at a tem-
perature of 298.15 K, using the thermostat of Berendsen [27]. This
was followed by a NPT simulation for 300 ps at the same temper-
ature and 1 atm, using the thermostat and barostat of Berendsen
[27]. The last 150 ps were used to estimate the average density
of liquid water and that of the methane aqueous solution at
1 atm. The production MD runs were carried out for 500 ps in
the NVT ensemble for a box side length matching the average
density of liquid water (0.982 gcm™3) and that of the methane
solution (0.972 gcm—3), at 1 atm. Hence, the results reported here-
in are for an average temperature and pressure around 298.15 K
and 1 atm, respectively. Five hundred configurations, 1 ps spaced,
were then selected from the NVT MD simulations. These configu-
rations were used for the a posteriori quantum mechanical (QM)
calculations. The sequential QM calculations were carried out by
defining quantum systems including explicitly a few number of
water molecules (n,), whereas the remaining ones (256 — n,)
were represented by the atomic point charges of the TIP3P model
(electrostatic embedding).

The calculated electronic properties include the average in-
duced dipole moment and dynamic polarisability of methane in
water, and the monomeric dipole moment of the water molecules
in close interaction with methane. The approach relying on the
representation of the water molecules by the atomic charges of
the TIP3P model (electrostatic embedding) was adopted to investi-
gate the excitation and ionisation energies, and the dynamic polar-
isability of methane in water. The calculations of dipole moments
and dynamic polarisability were based on density functional the-
ory (DFT) with the BHandHLYP exchange-correlation functional
as implemented in the Gaussian-03 suite of programs [28]. DFT
was also used to predict excitation (TDDFT) and ionisation
energies. Further, two ab initio approaches were also adopted to

calculate excitation and ionisation energies of methane in the gas
phase and in solution. Equation-of-motion coupled-cluster with
single and double excitations (EOM-CCSD) [29] (excitation ener-
gies) and the outer valence Green’s function (OVGF) approximation
of the electron propagator theory [30] (ionisation energies). The
water monomeric dipole moments were calculated through a
charge localization scheme relying on a fitting of the charges to
the electrostatic potential [31]. These charges, the geometries of
methane (which was assumed as flexible) and water molecules
were then used to estimate the dipole moment for each molecular
species. The average values for the monomeric dipole moment of
water involves an average over the n,, water molecules as well
as the average over the 500 selected configurations. The quantum
mechanical calculations were performed with the Gaussian-03 [28]
and Motrro [32] programs. Dunning’s correlation-consistent basis
sets including a single set (aug-cc-pVxZ; x =D) and a double set
(d-aug-cc-pVxZ; x=D, T) of diffuse functions [33] were used in
the QM calculations (we will adopt (d)-apvxz for representing
these basis sets). Geometry optimisations for gas-phase meth-
ane-water systems relied on Meller-Plesset second order pertur-
bation theory (MP2) [34] with the apvdz basis set.

3. Results and discussion
3.1. Structure of the methane-water solution

The methane-water interactions have been investigated by sev-
eral works [35,36,39,37,23,38]. It should be expected that the
structure of the methane-water solution is related to the nature
of these interactions. MP2/apvdz level optimized structures for
the gas phase methane-water complex are shown in Figure 1 (left
panel). The first and more stable one (top left panel) is stabilized by
a C---HO interaction, where methane plays the role of a proton
acceptor (PA). The second one (bottom left panel) shows a CH---O
interaction, and in this case, methane plays the role of a proton do-
nor (PD). These two conformers are well known in the literature
[35-37,23]. The first one is also a local minimum structure pre-
dicted by the combination of OPLS-AA with the TIP3P model and
recent calculations [38] confirmed that the structure where a
water H is pointing towards the methane tetrahedal plane is the
global minimum on the potential energy surface. This finding
seems to be in agreement with experimental spectroscopic infor-
mation in gas [39]. By carrying out single-point energy calculations
at the CCSD (T)/apvtz level we have verified that the first structure
(top) is more stable than the second (bottom) one by 0.4 kcal/mol.

Numerous works on hydrophobic hydration of small solutes
were reported [9,40-43]. The most recent ones were focused on
the orientational order and spatial distribution of water around
the solute [40] and on the importance of the solute polarisability
for predicting the solubility of hydrophobic species in water [42].
Some known features on the hydration of methane are the follow-
ing. The structure of the methane-water solution is not signifi-
cantly dependent on the intermolecular potential model for
water [40]; the orientational order of the water molecules around
methane predicted by first principles molecular dynamics may ex-
hibit notable differences in comparison with results relying on
classical simulations [40]; theoretical calculations for the solubility
of small hydrophobic species are improved when a polarisable
model for the solute is adopted [42]. It should be observed that
methane-water interactions are mainly determined by dispersion
and weak hydrogen bond interactions. However, despite some re-
cent progress, dispersion interactions are not yet very well de-
scribed by density functional theory (DFT). Moreover, DFT
significantly underestimates the diffusion coefficient of liquid
water. Therefore, it is not clear that first principles MD relying on
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Figure 1. Methane-water complex. (top left) Gas-phase structure where methane is a PA; (top middle) Most frequent conformation of PA methane-water in solution; (top
right) Superposition of configurations of PA methane-water in solution; (bottom left) Gas-phase structure where methane is a PD; (bottom middle) Most frequent
conformation of PD methane-water in solution; (bottom right) Superposition of configurations of PD methane-water in solution.

DFT [40] is an adequate approach to model methane-water
solutions.

In the present approach, the solute is not polarisable and we are
assuming that the structure of the methane-water solution is not
significantly dependent on the explicit inclusion of the methane
polarisability.

It should be expected that the structure of the methane-water
solution in the first hydration shell of methane is determined by
a competition between weak methane-water and significantly
stronger water-water interactions. However, in line with the anal-
ysis for the gas phase methane-water conformers, the structures
where methane plays the role of PD and/or PA should be distin-
guished. The criteria for defining HB between methane and water
in solution were the following: R(C—0) < 3.90 A; 0(C—OH) < 30°
(for methane as PA) and §(HC—O) < 30° (for methane as PD).
Moreover, the methane-water pair interaction energy (E;) should
be negative. Ej; was calculated by using the combination OPLS-AA
(for methane) and TIP3P (for water) interaction models. The
R(C—O0) criterium was obtained from the partial radial distribution
functions (RDFs) for the methane-water solution that are reported
in Figure 2. Integration of the CO RDF up to the first maximum
(1.84 at 3.65 A) leads to ~4. Integration of this RDF up to 3.9 A
leads to six water molecules, which we will take as those in close
interaction with methane. Integration of the CO RDF up to the first
minimum (0.82 at 5.35 A) leads to 19.7, which is the number of

water molecules in the first coordination shell of methane. This
number coincides with a recent experimental value (20) [44].
The partial solute-solvent C---H and H - - - O RDFs are also reported
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Figure 2. Partial methane-water radial distribution functions in the methane-
water solution.
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in Figure 2 and show that the R(C---HO) and R(CH - - - O) distances
can be as small as ~2.3 A.

By adopting the above criteria, methane plays the role of PD in
56.4% of the 500 selected configurations. In these cases, the most
frequent configuration for the methane-water complex in solution
is shown in Figure 1 (top middle panel). This configuration was
identified by selecting methane-water structures whose HB
parameters are similar to the average values reported in Table 1.
On the other hand, for only 13.8% of the selected configurations
methane plays the role of PA and the most frequent methane-
water structure for this situation is illustrated in Figure 1 (bottom
middle panel). In 7.8% of the 500 configurations methane is both
PA and PD. A representation for the superposition of configurations
where methane is only PD or PA is shown in Figure 1 (right panels).

Data for hydrogen bonding in the methane-water system are
reported in Table 1. Results for the gas-phase structures from
MP2/apvdz geometry optimisations are shown in parentheses.
The average distance between the methane carbon and water
oxygen [R(C-0)] is 3.75+0.09A when methane is a PD and
3.58 +0.21 A when it plays the role of PA. The difference between
the results for the average [R(C-0)] distance indicates that it could
be a useful parameter for characterizing the situations where
methane plays the role of PA or PD. It should be noticed, however,
that the difference reflects the criteria for defining methane-water
hydrogen bond. The two hydrogen bond distances R(CH - --O) and
R(C---HO) are quite similar (~2.7 A) and much larger than the
average distance R(O - - - H) in bulk water (1.99 + 0.21 A). Hydrogen
bonding directionality can be analysed by defining the angles 0
(HC-0) and 6(C-OH) for the cases where methane plays, respec-
tively, the role of proton donor and proton acceptor. As indicated
by the results reported in Table 1, for both situations, the devia-
tions from linearity are close to 20°, and therefore they are not very

Table 1

Data for hydrogen bonding in the methane-water solution. Bond lengths in A. Angles
in degrees. E; (in kcal/mol) is the average interaction energy between a pair of
methane-water or water-water molecules. Gas-phase data from MP2/apvdz optimi-
sations in parentheses. Results for bulk water in brackets. Nygo,q is the average
number of HB (per molecule) between the water molecules. Uncertainties are
standard deviations.

Methane as proton acceptor (PA)

R(C-0) 3.58 +0.21 (3.48)
R(C---HO) 2.71+0.21 (2.57)
0(C-OH) 20.9+6.1(17.1)
0(C---HO) 152 + 8 (156.6)
0(CH-OH) 40 +20°

E; —0.29 +0.14 (—0.91)°
NHgond® 2.68 +0.33

R(C-0) 3.75 £0.09 (3.65)

R(CH-: --0) 2.78 +0.09 (2.55)
6(HC-0) 20.7 £6.8 (0.2)

0(CH- --0) 151.4 +9.39(179.7)
6(CH- - -OH) 106 + 26°

E; —0.17 +0.08 (—0.58)"
NHBond 3.34+043

Water®

R(0-0) 2.87+0.21 [2.89 +0.21]
R(O---H) 1.97 £0.21 [1.99 £ 0.21]
0(0-0OH) 14.9+9.3 [154+9.3]

E; ~423+0.95 [~3.98 £ 0.95]
3.31+0.44 [3.40 + 0.44]

¢ Farthest CH from water.

b Single-point energy calculation at the MP2/apvtz level.

¢ Average number of HB between the water bonded to methane and the sur-
rounding water molecules.

4 Nearest CH to water.

€ Nearest CH to water for the OH closer to methane.

f For the methane-water solution, averages were calculated for water molecules
near methane Rco < 3.9 A). Bulk values (in brackets) are for Rep > 6.0 A.

different from HB interactions in bulk water, where 0(0-OH) is
15.4 £ 9.3°. Results for Ej, which represents the pair interaction be-
tween methane-water or water-water molecules, indicate that
this interaction is stronger by around 0.12 kcal/mol when methane
is a PA (Ej = —0.29 + 0.14 kcal/mol) than when it plays the role of
a PD (Ej = —0.17 + 0.08 kcal/mol). This is also the observed trend
for the gas phase methane-water complexes. However, as previ-
ously discussed, the first situation (methane as PD) is the more fre-
quent one in solution. This result can be explained by observing
that when methane plays the role of a PA, the bonded water mol-
ecule forms 2.68 + 0.33 HB with the surrounding water molecules.
On the other hand, when methane behaves as a PD to water, the
bonded water molecule forms 3.34 + 0.43 HB with the surrounding
water molecules. Thus, the water molecule bonded to the PD meth-
ane forms more ~0.7 HB with other water molecules and consider-
ing the E; of —4.23 kcal/mol between the water-water molecules
in the presence of methane it gives an exceeding energy of 2.8 kcal/
mol in favour of the PD methane-water conformation. Therefore,
the most frequent number of configurations where methane is
playing the role of PD to water reflects the competition between
methane-water and water-water interactions in solution.

Data for hydrogen bonding in water are also reported in Table 1.
We are comparing two situations. Firstly, HB for water molecules
in close interaction with methane (R0 < 3.9 A). Second, HB in
bulk water Reo > 6.0 A). The following criterium for HB between
water molecules was adopted: R(0—0) < 3.50 A and 0(0-OH) <
35°. The results show that averaged geometrical values of HB are
quite similar for water molecules in close interaction with meth-
ane and for bulk water. For example, the average number of hydro-
gen bonds for water molecules Nypong is 3.31+£0.44 near the
methane and 3.40 £ 0.44 for the bulk water. The only small differ-
ence concerns the average values of Ej;, which are —4.23 + 0.95 and
—3.98 + 0.95 kcal/mol, for water molecules in close interaction
with methane and bulk water, respectively. Because of the small
difference in energy and the large fluctuations involved it is not
possible to discern one situation from the other. Therefore, no sig-
nificant differences between HB for water molecules in the first
hydration shell of methane and bulk water were found.

3.2. Electronic properties of the methane-water solution

To discuss how the water molecules modify the electronic prop-
erties of methane we are reporting results for the dipole moment and
dynamic polarisability of methane in solution. Moreover, we are also
interested in discussing how the electronic properties of the water
molecules in close interaction with methane are modified when
compared with liquid water. Thus, we are also reporting results for
the monomeric dipoles of water in the first coordination shell of
the methane-water solution and in pure water. These calculations
were carried out at the BHandHLYP/apvdz level. A charge localiza-
tion scheme based on fitting to the electrostatic potential [31] was
adopted. It is important to assess the dependence of the results on
the number (n,,) of water molecules explicitly included in the quan-
tum mechanical calculations. The methane-water R (C-0) distance
was used to select the n,, water molecules nearest to methane.

The results for the average dipole moment of methane in water
(<u>) are reported in Figure 3 (top panel). Some weak dependence
of <u> on n,, can be observed. Thus, <u> changes from 0.27 +
0.12 D (ny, = 1) but converges quickly to ~0.48 D for n,, = 6. In these
calculations n,, water molecules are explicitly included, whereas
the remaining (250 — n,y) ones are represented by the charge dis-
tribution of the TIP3P model. Comparison between calculations
with and without electrostatic embedding and different sizes of
the quantum system allows us to discuss short- and long-range
effects on the methane polarization. As illustrated in Figure 3
(top panel), for n, =1, the methane average induced dipole



M.P.S. Mateus et al./Chemical Physics Letters 506 (2011) 183-189 187

0.9

0.6

<u>/D
.{

o~ ® CH4-EMB
CH4-NOEMB

2.8

a i 1 T

A F _

F 26 _e—— T
24 | S I T I T A T |
2.8

Water H
} A A Water in a CH4 cavity

Figure 3. Behavior of the average dipole moments (in D) with the number of water molecules included in the QM calculations. (top) Average induced dipole moment of
methane in water with (EMB) or without (NOEMB) electrostatic embedding; (middle) Average monomeric dipole moment of water in methane and in pure water; (bottom)

Average monomeric dipole moment of water molecules near a methane cavity.

moment without electrostatic embedding (0.22 +0.10 D) is smal-
ler than the value with embedding. However, quite similar values
(with and without embedding) are observed by increasing the
number of water molecules explicitly included in the QM system.
Moreover, methane polarization is not very dependent on the role
played by methane as PA or PD. When n,, = 1 the average induced
dipole moments <x> are 0.31 +0.11 D and 0.27 £ 0.12 D for PA and
PD configurations, respectively. However, significantly smaller dif-
ferences are observed for larger values of n,, and when n,, > 6 the
calculations lead to nearly identical values of <u> for both PA and
PD configurations. In the middle panel, we report the results for the
average monomeric dipole moment of water molecules close to the
hydrophobic species. The same panel shows the results for pure
water. Comparison between them indicates very small changes
on the dipole moment of water in the methane-water solution in
comparison with pure water. These results also show a weak
dependence on n,, and converge quickly to the value correspond-
ing to bulk water reported by several works (~2.65D) [18,19].
The bottom panel of Figure 3 shows the results for the average di-
pole moment of pure water and for a solution with a cavity corre-
sponding to methane. Comparison between them indicates that
<p;> for the case of cavity is slightly smaller than for liquid water
when n,, =1 — 3. However, as expected, no significant difference
is found for larger values of n,,. Therefore, our results indicate that
in comparison with liquid water, the average monomeric dipole
moment of the water molecules in close interaction with methane
is not significantly modified.

The average induced dipole moment of methane in water is due
to the polarisation field of liquid water and it is also dependent of
the liquid phase polarisability of methane. To estimate the meth-
ane polarisability in water we will adopt a simplified approach
where the water molecules are represented by the atomic point
charges of the TIP3P intermolecular model. The methane isotropic
polarisability in the gas and water will rely in a full sum of states
(SOS) procedure and o(w) = 1 [t (@) + oy (@) + atzz(w)] will be
calculated as follows:

N 1
a(w) = ;fk{(AEi—wz)} (1)

where AE; and f are transition energies and oscillator strengths,
respectively. N is the number of states. For methane N = 395 (dap-
vdz) and N; = 925 (dapvtz). A discussion on the convergence of the
above expression for the calculation of the dynamic polarisability of
water with Dunning’s correlation consistent basis sets can be found
in Ref. [45]. As illustrated in Figure 4 (top panel) the gas phase iso-
tropic dynamic polarisability of methane can be correctly calculated
up to 12 eV with a dapvdz basis set and further calculations with
the dapvtz basis set indicate that for the above energy range o(w)
is converged by using a dapvdz basis set. Therefore, the sequential
QM calculations for the selected MD configurations were performed
with the dapvdz basis set.

The gas phase polarisability of methane has been investigated
by several works [46-48]. Bishop et al. reported MP2 calculations
of the isotropic dynamic polarisability o(w) for @ in the 0-3.3 eV
range. These results are represented as diamonds in the inset of
Figure 4 (top panel). A very good agreement between the SOS
calculations relying on TDDFT/BHandHLYP and the results of
Bishop et al. is observed. For example, the electronic isotropic
polarisability for o =0 are 16.58 a.u. from Bishop et al. [46] and
16.55 a.u. by using the present SOS procedure, respectively. These
results are also in good agreement with a CCSD (T) prediction of
16.39 a.u. by Champagne et al. [47]. The total gas phase polarisabil-
ity of methane has been estimated as 17.72 a.u. [46], i.e. the vibra-
tional contribution to the methane polarisability is ~1.1 a.u., which
is a relatively small correction. The divergences near 10.3, 11.3, and
11.8 eV are related to resonances at these electronic excitation
energies. These values correspond to BHandHLYP/dapvdz vertical
excitation energies using the OPLS-AA T, geometry of methane.

The average dynamic polarisability of methane in water is
shown in Figure 4 (bottom panel). It is characterized by resonances
near 9.0 and 9.2 eV and by an almost continuous series of reso-
nances starting at ~ 9.5 eV. The low energy resonances indicate
that electronic excitations of methane in water can be significantly
red-shifted relative to the gas phase. It is important to observe that
the interaction with the water molecules breaks the methane gas
phase T; symmetry. The resonances at higher energies are related
to different thermal induced configurations for the methane-water
solution leading to an increased series of high energy excitations.
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Figure 4. Dynamic polarisability of methane (in a.u.). (top) Gas phase dynamic polarisability of methane calculated with the dapvdz and dapvtz basis sets. The inset
illustrates the behavior a(w) for small values of w for the gas G and solution S (full circles). Diamonds are gas phase results from Bishop et al. [46]; (bottom) Dynamic
polarisability of methane in liquid water. The inset shows the behavior of the dynamic anisotropic polarisability.
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Figure 5. (Left) Distribution of the first excitation energy (EE in eV) of methane in a methane-water solution from EOM-CCSD calculations; (Right) Distribution of the first
ionisation energy (IE in eV) of methane in a methane-water solution from OVGF calculations.

This is also illustrated in Figure 5 (left panel), where the first exci-
tation band of methane in water is reported. The low energy
behavior of the dynamic polarisability of methane in water (top
panel inset in Figure 4) indicates that a(w) is not significantly
changed in comparison with the gas phase value and that the small
observed increase is not dependent on . Our estimate for the
average o(0) of methane in water is 16.59 a.u., which coincides
with the gas phase value of 16.55 a.u. The bottom panel inset
shows the behaviour of the dynamic anisotropic polarisability of
methane in solution, which is defined as [Ax(w)]* = ) [(ote () —
Oty (@))% + (O (@) — 0z (0))? + (0yy () — 0zz())?].  Our  results
suggest that Aa(0) ~ 1.1a.u.,, which is in keeping with our
previous analysis on the polarisation of methane in liquid water.
Results for vertical excitation (EE) and ionisation energies (IE) of
methane in water are gathered in Table 2, where they are com-
pared with experiment and other theoretical data from the litera-
ture. First, we will discuss excitation energies. A very good
agreement between the present EOM-CCSD predictions and the

results reported by Mebel et al. [49] for the first gas phase excita-
tion energy of methane is observed. The TDDFT/BHandHLYP pre-
diction is ~ 0.2 eV below these reference calculations. Our best
estimate (EOM-CCSD/dapvdz) for the average EE of methane in
water is 10.06 + 0.25 eV. Comparison with the gas phase result
indicates a 0.45 +0.25 eV red-shift. The difference between the
gas (G) and solution (S) excitation or ionisation energies are repre-
sented as A(G-S) in Table 2. The OVGF/dapvdz ionisation energy of
gas phase methane (14.31eV) is in very good agreement with
experiment (14.32 eV) [50]. A significantly lower value is predicted
by DFT, mainly when the energy of the highest occupied molecular
orbital (HOMO) (—12.44 eV) is used. Some improvement is ob-
served by carrying out a AE calculation (14.13 eV). Our best esti-
mate for the average first vertical ionisation of methane in water
(OVGF/dapvdz) is 13.44 + 0.40 eV. Therefore, we are predicting a
0.87 + 0.40 eV red-shift of the first vertical ionisation energy of
methane from the gas to the methane-water solution. Interest-
ingly, nearly identical values for A(G-S) are predicted by using
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Table 2

Vertical excitation (EE) and ionisation (IE) energies of gas phase (G) and hydrated
methane (S). Calculations with the dapvdz basis set. Energies in eV. Oscillator
strengths (bracketed values) in a.u. Pole strengths for OVGF calculations are shown in
brackets. Uncertainties are standard deviations.

EE EOM-CCSD BHandHLYP
G 10.51 [0.13] (10.66) 10.26 [0.11]
S 10.06 £ 0.25 [0.12 £ 0.02] 9.79 £0.25 [0.10 £ 0.02]
A(G-S) 0.45 +£0.25 0.47 +0.25
IE OVGF BHandHLYP
G 14.31 [0.93] (14.32)° (12.44)%; (14.13)¢
S 13.44 +0.40 [0.93] (11.57 £0.42)¢; (13.26 £ 0.43)4
A(G - S) 0.87 +0.40 0.87 +0.42°; 0.87 +0.43¢
2 Theoretical value from Mebel et al. [49].
b Experimental value from Pullen et al. [50].
¢ From the HOMO energy.
d

AE SCF calculation.

DFT and ab initio calculations for both excitation and ionisation
energies. The distribution of the first vertical excitation and ionisa-
tion energies of methane in water are shown in Figure 5. Excitation
energies are in the ~9 — 10.5 eV range, whereas ionisation energies
are in the ~12 — 15 eV range. Although these distributions rely in a
simplified representation of the surrounding water molecules
(electrostatic embedding), it seems reasonable to assume that
polarisation effects should play a dominant role in the hydrophobic
solvation of methane.

4. Conclusions

Hydrogen bond analysis for the methane-water solution
strongly indicates that methane, plays preferentially, the role of a
proton donor species. This feature seems to be explained by the
significant energy difference between methane-water and
water-water interactions. Our results for the electronic properties
of water molecules in close interaction with methane indicate that,
in comparison with pure water, no significant differences on the
average monomeric water dipole moment are observed. This con-
clusion is supported by a HB analysis for the water molecules in
close interaction with methane that indicates no significant change
in comparison with bulk water. On the other hand, methane hydra-
tion leads to the appearance of an average induced dipole moment
of ~ 0.5 D in the small hydrophobic species. This result reflects the
local organization of the water molecules around methane and is
apparently related to the role played by the hydrophobic species
as a weak proton donor or proton acceptor in the methane-water
solution. The dynamic polarisability of methane in water was cal-
culated by a sum of states (SOS) procedure relying on TDDFT calcu-
lations of excitation energies and oscillators strengths. Comparison
with other theoretical calculations for the methane dynamic polar-
isability in the gas phase shows a very good agreement thus sup-
porting the SOS procedure for the methane-water solution. Our
results indicate that in comparison with the gas phase a significant
shift to lower values should be observed for the average value of
the first vertical excitation and ionisation energies of methane in
water.
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