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of Chemistry A thorough exploration of the molecular basis for hydrophobicity with a comprehensive set of theoretical

tools and an extensive set of organic solvent S/water binary systems is discussed in this work. Without
a single exception, regardless of the nature or structure of S, all quantum descriptors of bonding yield
stabilizing S---water interactions, therefore, there is no evidence of repulsion and thus no reason for
etymological hydrophobicity at the molecular level. Our results provide molecular insight behind the
exclusion of S molecules by water, customarily invoked to explain phase separation and the formation of
interfaces, in favor of a complex interplay between entropic, enthalpic, and dynamic factors. S---water
interfaces are not just thin films separating the two phases; instead, they are non-isotropic regions with
density gradients for each component whose macroscopic stability is provided by a large number of very
weak dihydrogen contacts. We offer a definition of interface as the region in which the density of the
components in the A/B binary system is not constant. At a fundamental level, our results contribute to
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1 Introduction

Hydrophobicity, a key concept in chemistry, is defined by
IUPAC! as “the association of non-polar groups or molecules in
an aqueous environment which arises from the tendency of
water to exclude non-polar molecules”. IUPAC also defines
hydrophobic interactions as “The tendency of hydrocarbons (or
of lipophilic hydrocarbon-like groups in solutes) to form inter-
molecular aggregates in an aqueous medium, and analogous
intramolecular interactions. The name arises from the attribu-
tion of the phenomenon to the apparent repulsion between
water and hydrocarbons. However, the phenomenon ought to
be attributed to the effect of the hydrocarbon-like groups on the
water-water interaction”. Except for the “apparent repulsion
between water and hydrocarbons”, in situ discarded as the
source of hydrophobicity, both definitions depart from the
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better current understanding of hydrophobicity.

etymological meaning of the word, literally the fear of water,
focusing instead on water---water, water---hydrophobe, and
hydrophobe---hydrophobe interactions. This seems a sensible
approach since substances that are entirely insoluble in water
cannot be found in any source. To our knowledge, the lowest
solubility is 0.28 pmol Hg per liter of water® (clearly not zero);
thus, the very concept of etymological hydrophobicity is
questionable.

The implications of hydrophobicity (as defined by IUPAC) on
structural chemistry and biology are well understood. Since
most biomolecules are ambiphilic, there is a complex interplay
between hydrophobicity and hydrophilicity in determining
protein structure and function.® It is thought, for example, that
despite the very weak nature of water---hydrophobe contacts,
their vast numbers outweigh contributions from stronger
interactions in the final overall structure of biomolecules in
physiological environments.** Furthermore, a popular view of
the microscopic structure of water/hydrophobe mixtures calls
for the formation of water cavities enclosing non-polar mole-
cules®**” even though a high entropy investment, which is
compensated by a net entropy gain produced by the liberation
of solvating water molecules into the environment.®® In his
seminal review, Chandler™ offers a more thoughtful perspective
for larger hydrophobes: “But the extreme view that pictures
hydrophobic solvation in terms of rigid clathrate structures, like
those surrounding hydrophobic particles in gas hydrates, is
clearly incorrect: intermolecular correlations in liquid matter
are insufficiently strong to be consistent with this crystalline
picture. And while remnants of clathrate structure persist in the
liquid near a small hydrophobic particle," a surrounding
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clathrate structure is geometrically implausible in the case of
extended hydrophobic surfaces”.

It has long been recognized that hydrophobicity is an
extremely hard theoretical problem,"” which has originated
a number of sound statistical models with little attention to
explicit quantum interactions, that have evolved over time into
the current view,'”** cemented in the Lum-Chandler-Weeks
theory.”* In this view, hydrophobicity is a complex multicausal
phenomenon, which is best explained based on the effects that
a particular hydrophobe has on the surrounding hydrogen
bonding network among water molecules, as envisioned by
Stillinger half a century ago.* These effects are dictated mostly
by molecular size and shape of the hydrophobes,**° tempera-
ture and external conditions, and the nature of intermolecular
interactions. In this context, molecular size, shape, and the
length scale of interactions are directly related to hydropho-
bicity and phase separation because it is argued that unlike
small solutes, large molecules have a chaotropic effect in the
local hydrogen bonding network of the surrounding liquid by
breaking the weak water---water contacts, inducing the freed
water molecules to migrate to the bulk of the liquid, where
those interactions are restored, effectively forming an interface
around the hydrophobe. Intermolecular interactions are also
quite relevant because in the current view, not repulsion, but
only tiny stabilization energies are at play when hydrophobes
interact with water at the molecular level.>*”>>*%3! Appropri-
ately, in this context, statements of this sort “Of all factors
driving intermolecular interactions, the hydrophobic effect is
the most often cited. At the same time, it is the least under-
stood”,® or “In spite of the enormous experimental and
modeling efforts, many microscopic aspects related to the
nature of forces and action mechanism are still not well
understood”® are a commonplace in the scientific literature.
Finally, temperature and pressure confer a highly dynamic
character to binary S/water mixtures, thus, energetic interfacial
costs decrease while hydrophobic forces increase with
increasing temperatures.

Despite all that is known about hydrophobicity and the
hydrophobic effect, much remains obscure in the crucial
problem of understanding, at a fundamental level, the nature of
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the intermolecular forces involved in the very weak structure
determining water---hydrophobe and hydrophobe:--hydro-
phobe interactions. For example, it has been pointed out that
“water interactions with aliphatic chains are puzzling due to
their inability to form hydrogen bonding or favorable electro-
static interaction”.” This argument ignores the contributions
from secondary hydrogen interactions (those where the proton
in the HB comes from a C-H bond),**** and more specifically, it
overlooks stabilizing orbital interactions.*”** Recognizing
present limitations, the same authors stated in a recent work®
“there have been no significant efforts in using modern
quantum chemical methods to derive plausible forces from
a true ab initio procedure”. Herein, we address this specific
issue and offer an in-depth study of the nature of the delicate
stabilizing interactions using Natural Bond Orbitals (NBO**™*°),
the Quantum Theory of Atoms in Molecules (QTAIM****), and
Non-Covalent Interactions (NCI**®°) methods, analysis tools
firmly rooted in the formalism of quantum mechanics. Our aim
is to better our fundamental understanding of hydrophobicity
and its questionable etymological origin by uncovering the
molecular reasons driving this phenomenon.

2 Methods

How can hydrophobicity be quantified? Strictly speaking,
etymological hydrophobicity should mean solubility = 0 and
miscibility = 0, but, as stated above, this is never the case. An
indirect measure of hydrophobicity is the partition coefficient,
which measures relative affinity of a given substance towards
two solvents, usually water and 1-octanol. Aldrich lists an
extensive table of miscibilities for binary organic solvent/water
mixtures.”” Within this list, a total of 20 solvents are marked
(by an unspecified criterion) as water-immiscible. We selected
those 20 solvents (Table 1), added 1-octanol (the organic solvent
used to derive partition coefficients), address them collectively
as solvents, or individually simply as S, and proceeded with the
two separate approaches™”**¢® described in Section 1 of the
ESIt. Because of space restrictions, in what follows, we will
show explicit results for the S = heptane (HPT), benzene (BZN),

cyclohexane  (CYH), methyl ethyl ketone (MEK),

Table1 Representative subset of the binary systems studied in this work. The number of local minima on each MP2/6-311++G(d,p) dimer PES is
provided. Binding energies in kcal mol™. The octanol/water partition coefficients, (log Ke,).*” are also included. ng, n,, are the numbers of organic
solvent (S) and water molecules used during the MD runs. Temperatures in °C for the experimental densities are provided inside parentheses. I is
the thickness of the interface (see Fig. 1). See text for the three letter code assigned to each S

MD conditions Density (g cm?) Minima BEprpNo-cosp(r)

————————  Solubility
S ng Ny (mg L™ 10g Ko Experimental®’ MD I (nm) S-S S W S-S S W
HPT 930 6916 3.40 4.66 0.67 (25) 0.65 1.20 4 7 4.79 1.94
CYH 1000 8058 5.50 x 10" 3.44 0.78 (20) 0.76 1.48 2 4 2.93 1.68
OTN 819 6733 5.40 x 10* 3.00 0.83 (25) 0.82 1.40 2 7 9.05 1.94
CTC 1000 10 061 7.93 x 10* 2.83 1.59 (ZO) 1.56 1.44 1 3 4.73 2.39
BZN 1000 9244 1.79 x 10° 2.13 0.88 (20) 0.83 1.51 5 2 5.33 3.95
BAC 967 7124 8.33 x 10° 1.78 0.88 (20) 0.88 1.87 1 7 4.89 6.69
DPE 984 7217 8.80 x 10° 1.52 0.72 (20) 0.73 1.82 3 2 6.34 8.03
MEK 1000 9071 2.11 x 10° 0.29 0.81 (ZO) 0.67 3.60 7 3 7.62 6.50
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diisopropylether (DPE), butyl acetate (BAC), carbon tetrachlo-
ride (CTC), 1-octanol (OTN) cases. This selection includes all
kinds of functional groups as well as a representative sample of
all polarities and solubilities within the systems studied in this
work. Results for the extended list of solvents are listed in
additional Tables available in the ESL}
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3 Results and discussion

Table S17 lists the entire set of binary systems studied in this
work in increasing order of solubility in water. Table 1
summarizes the chosen representative subset. The number of
local minima in the PES for each dimer and the corresponding
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Fig. 1 Densities (continuous lines) and derivatives of the densities (discontinuous lines) along the normal direction to the interface for the
representative set of S. Vertical solid lines mark the boundaries of the interface. The complete set of plots is provided in Fig. S1 of the ESI.{
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DLPNO-CCSD(T) binding energy are included. The number of
water molecules (n,) and the number of molecules of the
hydrophobe (ns) used in the MD runs are also included.

3.1 MD simulations

Without exception, MD simulations for all binary systems
considered here show equilibrated systems well before the 30 ns
are consumed (see the videos of the corresponding trajectories
provided in the ESIf). Fittingly, the solubility of S seems to
correlate with the time needed for equilibration, thus, the
higher the solubility, the longer equilibration time required.
This observation is fully consistent with high diffusion rates for
the least water-miscible organic solvent molecules which leads
to earlier aggregation, a process that is considerably more
difficult for stronger S---water explicit interactions. In fact, as
a general rule, for low solubility cases, phase separation initi-
ates as early as in the equilibration steps.

A clear sign of the reliability of our results is the accurate
reproduction of experimental densities for all S phases as
shown in Table 1, Fig. 1, and the ESIt{ (Table S1 and Fig. S1),
thus, it is evident that 30 ns MD simulations correctly describe
bulk properties of the mixtures. The derivatives of the densities
along the arbitrarily chosen z-axis are quite revealing and
provide a formal way of defining the interface as that region
where the derivatives of the densities along the reference axis
are non-zero (solid vertical bars in Fig. 1). First, we point out
that the crossing of density curves occurs at the corresponding
inflexion points, that is, the crossing points mark the approxi-
mate coordinates for the maximum change in the densities.
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Second, it is clearly seen that S---water interfaces are not just
thin films separating the two phases, instead, they appear to be
complex, non-isotropic regions with density gradients in which
the densities of the two components progressively approach the
values for the isolated substances at their respective phases.
Moreover, for the three most soluble solvents (n-butanol, ethyl
acetate and methyl ethyl ketone), the density of S in the aqueous
phase does not vanish, and the density of water in the organic
phase does not vanish either (see for example the tails of the
MEK plot in Fig. 1), clearly showing binary phases. Third, as
seen in Fig. S2 of the ESI,t the thickness of the interface region
(I, Tables 1 and S17) is exponentially related to the solubility of
S in water, with the most incompatible pairs showing narrower
separations and larger deviations from the trend.

The above discussed definition and structure of interfaces is
also fully consistent with Gibbs' adsorption equation. A few
reassuring points of our work are worth mentioning in the
context of Gibbs' equation:

(1) The adsorption equation is an isotherm, thus, during its
derivation the entropy —SdT term is eliminated from the free
energy. Therefore, under this model, adsorption, or interface
formation in our case, exclusively arise from the relative
strength of intermolecular interactions and from chemical
potentials.

(2) The density profiles in Fig. 1 and S1t provide essentially
the same information as the density profiles in Fig. 5.2, page
139 of Rowlinson and Widom's book,* which are traditionally
obtained via numerical methods (finite differences) treatment
of their eqn (5.35).

Table2 NBO and QTAIM descriptors of bonding for the representative set of S---water and S---S isolated dimers (the entire set considered in this
work is listed in Table S2 in the ESI). The water dimer is included for comparison. Energies in kcal mol™?, all other quantities in a.u. All calculations

on the MP2/6-311++G(d,p) optimized global minima

S W Interaction EY., pre) x 10 V2p(re) [v(re)l/Gre) H(re)/p(re) BE

HPT Oc_H —>057H 0.07 0.60 0.02 0.71 0.21 1.94
CYH no— GE—H 0.49 0.64 0.02 0.87 0.10 1.68
OTN np— gz‘)iH 7.12 2.48 0.11 0.87 0.12 1.94
CTC no— 02761 1.7 1.09 0.05 0.85 0.14 2.39
BZN TCaC — G*O,H 0.58 7.6 0.03 0.74 0.17 3.95
BAC no— 5:)71_1 3.74 2.10 0.10 0.82 0.18 6.69
DPE no— Gz)fH 6.09 2.76 0.12 0.91 0.09 8.03
MEK No— 04 4 6.11 2.32 0.10 0.86 0.13 6.50
Water---water no— 0:)4-1 7.09 0.02 0.09 0.89 0.10 5.60
S-S Interaction EY. p(re) x 10 V2p(re) [v(re)l/G(re) H(re)/p(re) BE

HPT Oc-H— ()'ZiH 0.35 0.69 0.02 0.88 0.07 4.79
CYH Oc-H— szn 0.29 0.44 0.01 0.86 0.09 2.93
OTN no— 5:)71-1 5.80 2.30 0.10 0.86 0.13 9.05
CTC ng — GZ‘—CI 0.07 0.43 0.01 0.67 0.22 4.73
BZN TCaC — TC:DuC 0.73 0.72 0.02 0.82 0.10 5.33
BAC np— 027}1 0.52 0.76 0.02 0.86 0.10 4.89
DPE np— (y’éiH 1.04 0.83 0.03 0.87 0.10 6.34
MEK a0 = Ty 0.97 0.72 0.03 0.76 0.17 7.62
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(3) We are providing in this work a straight forward method
for obtaining these profiles from standard MD calculations
once the system has reached equilibrium, but more impor-
tantly, we provide a method to obtain the derivatives of the
densities, which are readily available, include the entropy
contributions, and explicitly define the interfaces, which are
only implicitly defined in the adsorption equation.

Heptane serves as a model for the study of hydrophobic
interactions as currently defined by IUPAC." In fact, as discussed
above, heptane/water phase separation is almost completed
during the equilibration steps. Thus, in order to investigate the
formation of intermolecular aggregates in the aqueous phase, we
ran additional MD simulations under the same conditions as for

View Article Online
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all other systems using very dilute samples of heptane. For this
purpose, we placed two heptane molecules at each corner and two
more at the center of water-filled boxes and proceeded with the
corresponding calculations (video available in the ESIT).

Even under this unfavorable dilute and long separation
conditions, there seems to be little obstacle for the aggregation
of the few heptane molecules. We rationalize this observation as
follows: binding energies are (Tables 1 and 2) 5.60, 4.79,
1.94 kcal mol™* for the W---W, HPT---HPT, and HPT---W
dimers, respectively, thus, intermolecular interactions are
highly favored for homomolecular dimers in this series. It is
exciting to notice that the collective action of a number of very
weak dispersive interactions (see NBO, QTAIM, NCI analysis

Diisopropyl ether

Methyl Ethyl Ketone

Fig. 2 NCI surfaces at the S---water interfaces for the chosen subset. The complete set of plots is provided in Fig. S5 of the ESI.¥
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below) lead to a strongly bound heptane dimer, which is as
strongly bound as the water dimer. This result is consistent with
increasing binding energies as a function of the number of
carbon atoms in alkane chains, as reported by Tsuzuki and
coworkers for the methane to decane series of dimers.”””* These
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binding energies reveal that the collection of tiny interactions in
the molecular regime is responsible for the boiling point of
heptane (98.4 °C), which is quite close to the 100 °C boiling
point of water at room conditions. The comparatively lower
heteromolecular affinity confers heptane molecules a high

Heptane Heptane Cyclohexane
oCc—-H — 06~H no — O-’CkJ~H no — UEAH
E? =007 E? =013 EP =-0.49

n-octanol Carbon tetrachloride Benzene
no — 05_u no — 0&_q1 TC—C — OO_g
E? — 712 E? =170 E? =058

Butyl acetate Diisopropyl ether Methyl Ethyl Ketone
no — UB_H no — O'B_H no — U(*)—H

2 _ (2 _ _ (2 _ _
E”, =-3.00 E;”, =-6.09 E;,=-6.11

E® — 709

d—a

Fig. 3 Dimers for the representative set of S---water pairs (orbital interactions for the entire set considered in this work are available in Fig. S6 of
the ESIt). Explicit orbital interactions leading to the largest orbital interaction energies in kcal mol™ are shown. Two configurations for HTP---
water are shown: the configuration at the interface (top left) and the configuration of the minimum for the isolated dimer (second structure at the

top row). The water dimer is included as a reference. Donor orbitals are
calculations are done on the MP2/6-311++G(d,p) minima.

9238 | Chem. Sci, 2021, 12, 9233-9245

shown as solid surfaces, acceptor orbitals are shown as line surfaces. All
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diffusion coefficient in aqueous media, thus the short times
needed for HPT---HPT encounters and aggregation, and for the
ensuing phase separation.

The above results are significant in the interpretation of the
hydrophobic effect: it appears that not much of “exclusion” (if
literally taken as water < S repulsions) of non-polar molecules
from the aqueous phase is actually going on, rather, the
hydrophobic effect results from a complex interplay between
several factors: in a highly dynamic situation, aggregation of
strongly interacting S molecules on one side and of water
molecules on the other, play major roles. This role played on
hydrophobicity by the attractive forces among solute molecules
has been recognized before’ and is consistent with similar
findings in MD simulations of aqueous Ar and methane inter-
acting via Lennard-Jones potentials.”" In view of these observa-
tion, for the set of organic solvents studied here, enthalpic
contributions to hydrophobicity (quantified below) should not
be overlooked in favor of only entropic contributions (quanti-
fied in Section 2.1 of the ESI}). Furthermore, our results show
that the diffusion of heptane molecules through the water-filled
box is favored by the dissociation of the initial heptane dimers
(which are not necessarily in an optimal configuration for the
aqueous environment) and by internal rearrangement of HPT
monomers, and is mediated by the formation of transient
clathrates-like structures, that is, by the fast rearrangement of
water molecules surrounding the heptane molecules as they
diffuse on their way to finding other heptane molecules and
forming larger aggregates. For more concentrated samples, this
nucleation process continues until the aggregates reach critical
sizes that confer the newly formed phases macroscopic
stability.*

3.2 Non-covalent interactions at the interface

Our MD calculations correctly describe bulk properties of the
mixtures, and, since quantum mechanics postulates that
of

macroscopic properties are the statistical averages

BE= 1.94, %z; = 19
1 2

BE= 1.88, %ax; = 17
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microstates, it is appropriate to take snapshots of the MDs to
analyze quantum interactions.>** Accordingly, Fig. 2 shows well
defined large surfaces of attractive S---water non-covalent
interactions for the representative subset (water---water and
S---S interactions are not shown). NCI plots for the remaining
pairs are available in Fig. S5 in the ESL{

The most important conclusion from these plots is that there
are no hydrophobic repulsive interactions, thus, the enthalpic
contribution to phase separation and the formation of the
interfaces is always stabilizing. For pure hydrocarbons, the
positioning of water molecules contrasts the tangential prefer-
ence observed in the formation of clathrates,” instead, O-H
bonds seem to mostly be explicitly directed towards S molecules
leading to the following interesting structural and energetic
consequences: (i) for water molecules at the interface, water to
water hydrogen bonding either to other water molecules at the
interface or to water molecules at the bulk is energetically
preferred over S---water interactions (ii) extremely weak dihy-
drogen contacts of the O-H---H-C type (not the expected
O---H-C secondary hydrogen bonds) are the most common type
of interaction at the interface! (iii) notwithstanding the very
weak nature of individual dihydrogen contacts,” it is the
cumulative effect of a large number of interactions (precisely
what is shown in Fig. 2) which provides macroscopic stability to
the interfaces (iv) as expected, the interfaces for the least
miscible S are better defined.

3.3 Dimers

The following analysis of S---S and S---water interactions is not
an attempt to oversimplify the problem by reducing hydro-
phobicity to intermolecular interactions between isolated pairs
of molecules. Rather, in an effort to understand the nature of
intermolecular interactions and to offer a molecular perspective
of hydrophobicity, we use the dimer approach, based in the
following observation by Gao and coworkers®* referring to the
Pratts and Chandler model:”* “The observed sensitivity of the

£

BE= 1.87, %z; = 17
3

16 13

BE= 1.86, %x; =
4 5

BE= 1.72, %a; =

BE= 1.63, %z; = 11 BE= 138, %z; =7
6 7

Fig. 4 Well defined heptane---water isolated dimers found in the MP2/6-311++G(d,p) potential energy surface. Binding energies in kcal mol™

and isomer populations, x; (%), are included.
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hydrophobic interactions was attributed to a competition
between the strengths of the solute-water and solute-solute
attractive forces”. In this context, we point out that we make no
inferences regarding macroscopic observations from isolated
molecular pairs, instead, we emphasize that it is the collection
of these interactions, as shown in the QTAIM, NBO, and (very
clearly) in the NCI analysis, which leads to the observed exclu-
sion of water molecules by the solute.

As seen in Tables 1 and S1,} the potential energy surfaces for
isolated S---S and S---water dimers are populated by large
numbers of isomers. However, since the complexity of the PESs
is not the focus of this work, due to a large number of struc-
tures, we only analyze the most representative interaction in the
lowest energy structures for each case.

Heptane

Cyclohexane
OC—_H — O¥C—H OC—H — 04 g
E® =-035 E®  =-029

Carbon tetrachloride Benzene
nol — 0G_cy TCc—C = TG_¢
E® =007 E® =073

View Article Online
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3.3.1 S---water. The structures and energies of isolated S---
water dimers may substantially differ from what is observed at
the interfaces. Fig. 3 shows the representative pairs with the two
specific configurations for heptane---water that illustrate the
differences between isolated vs. interface dimers. QTAIM
derived intermolecular bond paths as well as the NBO orbitals
responsible for the stabilization are explicitly shown.

Without exception, all bonding descriptors reveal stabilizing
interactions (Tables 2 and S2%), thus, even pure hydrocarbons
are attracted to water and there are no reasons to think of
molecular repulsion. All interactions are consistent with long-
range stabilizing contacts in the form of primary (X-H:---Y)
and secondary (C-H---Y) hydrogen bonds, as well as dihydrogen
(C-H---H-O) contacts, and interactions involving m clouds.
From the NBO perspective, each orbital interaction fits one of

1-octanol
no — 0oH_y
EY® =580

—ra

Butyl acetate

E® =052

Diisopropyl ether

no — Ué}—H
(2 _
EZ  =-1.04

Methyl ethyl ketone
TC—0O — Wa_o
EP =097

d—a

Fig. 5 Dimers for the representative set of S---S pairs in this study (orbital interactions for the entire set listed in Tables 1 and S17 are available in
Fig. S7 of the ESIt). Explicit orbital interactions leading to the largest orbital interaction energies (there are many more) in kcal mol™ are shown.
Donor orbitals are shown as solid surfaces, acceptor orbitals are shown as line surfaces. All calculations on the MP2/6-311++G(d,p) optimized

global minima.
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the following donor — acceptor categories: n — ¢*, n — ¥ o
— o*, T — 7w* ™ — o* Note that in S---water dimers with the
proper functional groups, despite QTAIM and NBO descriptors
of bonding for X-H---Y primary hydrogen bonds revealing
strong interactions, of the same order as in the water dimer, this
molecular affinity does not necessarily translate into high
miscibility because other aspects of the microscopic interac-
tions, such as the size and shape of the non-polar regions, play
significant roles in the properties of the bulk. The range of
intermolecular interactions in the S---water dimers includes an
interesting case of an antielectrostatic contact in the line of
antielectrostatic hydrogen bonds:” in H,O---Cl-CCl;, the two
negative ends of the molecules are in direct contact via
ano— G,_ orbital interaction.

The heptane---water dimer may be taken as the archetypal
system to study what a priori seems like an extreme case of
hydrophobic (in the etymological sense) interaction. Indeed,
the 1.20 nm thickness of the interface (Table 1) suggests one of
the poorest interacting binary systems. Nonetheless, our
stochastic search located seven well-defined minima with high
populations shown in Fig. 4 with DLPNO-CCSD(T) binding
energies ranging from 1.94 to 1.38 kcal mol~'. The donor —
acceptor orbital interactions leading to the interface vs. isolated
configurations of the heptane---water dimers are shown in
Fig. 3. Orbital interaction energies in conjunction with QTAIM
descriptors (Table 2) for all heptane---water contacts suggest
long-range stabilizing interactions. Interestingly, these inter-
actions are so small that the lowest energy minimum seems
stabilized by two exotic bifurcated O-H---H-C dihydrogen
contacts rather than by the still rare but more common H-O---
H-C secondary hydrogen bonds present for example in dimer 2

View Article Online
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(also notice how structurally close dimers 1 and 5 are). The
richness of the heptane---water configurational space, the
variety of explicit contacts, and the non-negligible stabilizing
energies provide a picture far removed from the primitive
electrostatic description of intermolecular interactions that
plague general chemistry books.”

3.3.2 S:--S. Just as in the case of the S---water dimers, NBO
and QTAIM descriptors (Tables 2 and S27) suggest stabilizing
interactions for all S---S dimers in the form of primary (X-H:--Y)
and secondary (C-H---Y) hydrogen bonds, as well as dihydrogen
(C-H:--H-O) contacts and interactions involving C-Cl---C-Cl,
and 7 bonds. From the NBO perspective (Fig. 5 and S71), orbital
interactions fall in the following donor — acceptor categories: n
— o¥*,n - w* o — o¥, T > T

As a general rule (except for the primary HBs in alcohols),
orbital interaction energies and p(r.) at the BCPs associated to
intermolecular interactions in the S---S dimers are sensibly
smaller than in the S---water dimers. However, binding energies
are of comparable magnitudes for both sets of dimers. This is
a consequence of the cumulative effect of a large number of
weak individual contacts in the non-polar regions which add up
to yield large stabilization energies. This picture of a collective
action of a multitude of individually weak intermolecular
contacts provides a rationalization for the enthalpic contribu-
tion to solvent exclusion, phase separation, interface formation,
and hydrophobicity: pure hydrocarbons and large S molecules
have larger affinities towards each other than towards water
molecules, water molecules also have larger affinities towards
each other than towards S molecules (except for the ethers and
butyl acetate), as a result S and water molecules aggregate
separately rather than with each other. The only cases in which

0.8

o
=2}

Reduced Gradient

0.2

0.0

i

-0.20

-0.15

-0.10 -0.05 0.00

Sign(,) p (a.u)

0.05 0.15

Fig. 6 Explicit donor (solid surfaces) to acceptor (line surfaces) orbital interactions leading to the extended NCI attractive surface in the global
minimum of the MP2/6-311++G(d,p) potential energy surface of the isolated heptane dimer. The troughs of the reduced gradient, which yield

only weak interactions, are also shown.
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S---water binding energies are larger than for S---S are the three
ethers, which cannot form the highly stabilizing ether---ether
primary hydrogen bonds seen in ether---water.

Fig. 6 beautifully illustrates the cumulative stabilizing effect
of a large number of weak interactions for the lowest energy
heptane dimer (our stochastic search located four well-defined
dimers, Table 1). According to NBO, there are 14 donor —
acceptor interactions from molecule 1 to molecule 2, which
duplicate from molecule 2 to molecule 1, thus, a total of 28
orbital interactions in (C;H;¢), are accounted for within the
NBO threshold. The strongest intermolecular interaction is a C-
H---H-C  dihydrogen contact, affording E$,, =
—0.35 keal mol ™" for the o¢c_y — G,_ charge transfer, which is
very small compared to the —7.09 kcal mol ™" associated to the
no—>c%7H orbital interaction in the primary H,O---H-OH
hydrogen bond in the water dimer. All other orbital interactions
in the heptane dimer are considerably weaker, nonetheless,
they add up to —3.57 kcal mol~". This effect of a number of
orbital interactions adding up to a large stabilization energy has
also been reported for example in the microsolvation of mon-
oatomic cations.” The NCI surface of attractive non-covalent
interactions provided in Fig. 6 is a consequence of all these
orbital interactions and is responsible for the large binding
energy of the heptane dimer (4.79 kcal mol ", Tables 1 and 2)
and of related alkanes.

4 Summary and conclusions

A comprehensive set of theoretical tools including Molecular
Dynamics simulations, stochastic (simulated annealing) explo-
rations of complex energy landscapes, analytical optimization
and characterization of molecular geometries, natural bond
orbitals, quantum theory of atoms in molecules, and non-
covalent interaction indices were used in this work to investi-
gate hydrophobicity at the molecular level. Our subjects of study
comprise binary systems between water and each one of 21
organic solvents (S) listed by Aldrich as immiscible with water.
At a fundamental level, our results contribute to better current
understanding of the questionable concept of etymological
hydrophobicity.

Our main findings may be summarized as follows:

(1) MD simulations accurately reproduce available experi-
mental data for the bulk mixtures; thus, the quantum interac-
tions are adequately treated.

(2) without a single exception, all quantum descriptors of
bonding yield stabilizing S---water interactions, so, there is no
molecular reason for etymological hydrophobicity.

(3) IUPAC suggested exclusion of S molecules by water as the
source of hydrophobicity, phase separation and the formation
of interfaces results from a complex interplay between entropic
(molecular organization, quantified in Section 2.1 of the ESIT),
enthalpic (relative interaction strengths, quantified via NBO,
QTAIM and NCIs plots), and dynamic (room conditions) factors.

(4) Extremely weak dihydrogen contacts of the O-H---H-C
type, not the expected O---H-C secondary hydrogen bonds, are
the most common type of interaction at the S---water interface.

9242 | Chem. Sci., 2021, 12, 9233-9245
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(5) Notwithstanding the very weak nature of individual
dihydrogen contacts, it is the cumulative effect of a large
number of interactions which provides macroscopic stability to
the interfaces.

(6) S---water interfaces are not just thin films separating the
two phases, instead, they are complex, non-isotropic regions
with density gradients for each component.

(7) We offer a rigorous definition of interface as the region in
which the density of the components in the A, B binary system is
not constant, or equivalently, in the region for which

%io and %

~
z z

#0

where 2 is, for example, the same direction as gravity for liquid
systems. These derivatives are readily available from MD
simulations and contain the entropic contributions.

(8) Pure hydrocarbon and large S molecules have larger
affinities towards each other than towards water molecules.
Water molecules also have larger affinities towards each other
than towards S molecules (except for the ethers and for butyl
acetate). Consequently, S and water molecules aggregate sepa-
rately rather than with each other. These intermolecular inter-
actions constitute a significant part of the enthalpic
contribution to phase separation, which expose the relevance of
solute---solute interactions to hydrophobicity.

Data availability

All our computational data is already included in the ESI and in
the videos for the MD runs.
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