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Trimethylamine N-oxide (TMAOQO) is a protecting osmolyte that stabilizes proteins against both temperature and pressure de-
naturation. Yet, even the solvation of TMAO itself is not well understood beyond ambient conditions. Here, using ab inito
molecular dynamics, we analyze how its solvation structure changes upon compressing its = 0.5 M aqueous solution from 1 bar
to 10 kbar. The neat solvent, liquid water compressed to 10 kbar, is analyzed in detail as to provide a meaningful gauge for the
pressure-induced solvation changes of the solute. Pure water is shown to prefer keeping four H-bonded water molecules in a
locally tetrahedral arrangement up to 10 kbar. The eye-catching shape changes of its oxygen-oxygen radial distribution function,
where apparently the entire second peak is shifted into the first one, are traced back to about two more water molecules which are
squeezed into the tetrahedral voids that are offered in the first shell by the H-bonded water molecules. These additional molecules
increase the coordination number of pure water at 10 kbar significantly, but they are definitely not H-bonded to the central water
molecule, rather they are its topological second to fourth H-bonded neighbors. The pressure response of TMAO(aq) is distinctly
different, although its radial distribution functions do not change much. At ambient conditions, the negatively charged oxygen
site of the solute, which is strongly hydrophilic, accepts overwhelmingly three H-bonds, whereas a roughly equal population of
threefold and square-planar fourfold H-bonding is observed at 10 kbar. Moreover, only a negligible contribution of non-H-bonded
water molecules is found in the first-shell region of TMAO even at 10 kbar, in contrast to the pressure response of water itself. In
the hydrophobic region of TMAO, the solvating waters are found to straddle the three methyl groups at ambient pressure, which
remains virtually unchanged upon compressing the solution to 10 kbar. Here, the pressure reponse is an increase from about 17
to 21 water molecules that solvate the methyl groups despite a sizable radial compression of the hydrophobic solvation shell.

1 Introduction cessively filled upon compressing water and aqueous solu-
tions, which is key to the present investigation. For instance,
there is solid evidence from experiments that the local sol-
vation shell structure around biomolecules is strongly altered
upon compressing such solutions to high hydrostatic pressures
(HHP) in the kilobar regime 2°3!, which might be depicted as
squeezing the second solvation shell into the first one; note

that 1 kbar corresponds to 100 MPa. Therefore, understand-

Hydrogen bonding (H-bonding) in liquid water and aque-
ous solutions is of great importance in many fields including
chemistry, biology, and physics . Therefore, a myriad of
experimental, theoretical and computational studies have been
devoted since decades to understand H-bonding in neat liquid
water and aqueous solutions — from simple to complex, from

ambient to extreme conditions, from homogeneous to inhomo-
geneous® 14 In the sense of an extremely simplified yet use-
ful gross picture '3, the essentially linear and thus directional
H-bonds in liquid water can be said to favor a local tetrahe-
dral structure around any reference water molecule that is con-
nected to about four H-bonded nearest-neighbor molecules.
This fluctuating three-dimensional H-bond network is charac-
terized by much open space, including larger voids, as a result
of connecting these local tetrahedra only at their corners to
yield a space-filling topology '¢-22. Importantly, the “empty
space” plays a crucial role in explaining various anomalous
properties of water>3-23. Moreover, it is expected to be suc-
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ing the effect of HHP perturbations on the H-bond network of
liquid water and its impact on the solvation shells of molecular

solutes is increasingly investigated using both experiment and
simulation 1417:18:28,30-39

It is now well established from theoretical analyses that the
position of the first peak of the water-water radial distribution
function (RDF) does not change much upon hydrostatic com-
pression of pure water up to kilobar pressures >33 whereas the
orientational order of the associated water molecules is found
to decrease significantly 378, Furthermore, the second hydra-
tion shell apparently shifts towards the first shell which leads
to interstitial water molecules that are not H-bonded within
the first shell>37. In particular, a strong modification of the
local H-bond network, i.e. from the open tetrahedral struc-
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ture to a more densely packed structure, is suggested to occur
at roughly 4 kbar3+3°. However, direct breaking of covalent
bonds and even of H-bonds, being largely of electrostatic ori-
gin in liquid water, hardly occurs at kbar pressures. Therefore,
the dominant response of liquid water to HHP in the kilobar
regime is expected to be the filling of open spaces that are
offered by the tetrahedral network topology. It is recalled in
passing that this picture changes dramatically upon compress-
ing water up to the Mbar regime where H-bonds are readily
broken up to the point to converting a molecular solid into a
largely ionic solid called ice X***!. In stark contrast to H-
bonding interactions that establish the structure of neat water,
the much weaker and non-directional van der Waals interac-
tions are expected to be much more susceptible to increasing
pressure. Therefore, solute-water and solute-solute interac-
tions in aqueous solutions, which mainly consist of a deli-
cate balance between H-bonding and van der Waals forces,
display a complex response against pressure increase. Es-
pecially aqueous trimethylamine N-oxide (TMAO) solutions,
TMAO(aq), are of great interest because the TMAO molecule
has both strongly hydrophilic and hydrophobic groups at its
opposite ends, in addition to carrying a pronounced dipole mo-
ment.

In addition to this rather fundamental interest, TMAO is
also a well-known co-solvent used in biophysical chemistry.
In general, the presence of co-solvents, which are abundant
in living cells, alters the stability of proteins in aqueous so-
Iution. Chemical compounds such as carbohydrates, polyols,
amino acids, methylamines or TMAQ are known to stabilize
the folded state of proteins and therefore are often designated
as chemical chaperones, whereas those that favor the unfolded
state, such as urea, are known as denaturants. Specifically,
TMAO is well-known to act as a protecting osmolyte by sta-
bilizing the folded state of proteins at high pressures (and also
high temperatures), thus counteracting their unfolding*>-°.
In that sense, TMAO could be viewed as an antagonist to
high—pressure protein denaturation. Most interestingly, it was
also found that the amount of TMAO in the cells of certain
marine organisms increases linearly with the depth of their
preferred habitats in the ocean, that is, with increasing hy-
drostatic pressure and decreasing temperature. Hence, TMAO
is thought to serve as pressure counteractant even in the bio-
sphere and the term “piezolyte” has been coined for such kind
of co-solute 260,

When it comes to the experimental elucidation of the de-
tailed molecular structure of such aqueous solutions, X-ray
and neutron diffraction are the most powerful methods avail-
able to date. High pressure diffraction measurements of lig-
uid water show dramatic changes of RDFs upon compression
from ambient pressure into the kbar regime !>!7:18.61-64 " The
first peak of the oxygen-oxygen RDFs becomes broad, very
much skewed toward its large-distance wing, and its height

decreases with increasing pressure while its position remains
rather stable 72, This results in a steady increase of the coor-
dination number, i.e. the number of “nearest neighbors” irre-
spectively if they are considered to be H-bonded or not, which
saturates above 40 kbar where water apparently approaches
the structure of simple liquids ®-64.

The solvation structure of TMAO(aq) at ambient conditions
was also experimentally studied by using X-ray and neutron
diffraction where it is found that TMAO has a limited effect
on the structure of surrounding water molecules®-%. How-
ever, RDF information, for instance from diffraction measure-
ments, is orientationally averaged and, thus, of limited use
to extract the detailed molecular structure of solvation shells.
Complementing experiment, force field based molecular dy-
namics (MD) simulations are well-established tools to analyze
molecular details of solutions including aqueous TMAO so-
lutions 424347:48,55.56.58.67 ~ gych simulations revealed the im-
portance of a subtle balance between dipole strength and hy-
drophobicity when it comes to understanding the thermody-
namic properties of TMAO(aq)>8. The H-bonds between wa-
ter molecules and TMAOQ are stronger, shorter, and more linear
than those between water molecules themselves*®. Moreover,
an enhancement of the H-bond network around TMAO both
at ambient and also at HHP conditions is observed 33067,

Today, a viable alternative to cost-efficient force field MD
simulations is ab initio molecular dynamics (AIMD)® where
energies and forces are computed directly (‘“on the fly”) from
concurrent electronic structure calculations, which are mostly
performed in the framework of Kohn-Sham density functional
theory. In these methods, the choice of the most appropri-
ate force field is shifted to the question as to the best ap-
proximation to electronic structure calculations that is “chem-
ically accurate”. Unfortunately, chemical accuracy is still be-
yond reach for AIMD simulations today and in the near fu-
ture — with the notable exceptions of few-electron systems and
purely static calculations. It is noted in passing that such a
“gold standard”, the so-called CCSD(T)/CBS method, is in-
deed available in the realm of static single-point electronic
structure calculations. For water and aqueous solutions, in
particular, there is a long-standing discussion that still goes
on as to which density functional is “best” for the purpose.
Here, stimulated by promising findings of the Behler group
for water clusters, a wealth of ice phases and liquid wa-
ter®, we assessed the performance of the RPBE-D3(2b) ap-
proximation, which is a combination of the RPBE”? revised
Perdew-Burke-Ernzerhof exchange-correlation functional and
the two-body contribution of Grimme’s D3 correction’!. The
latter adds independently parameterized dispersion interac-
tions to the semilocal density functional at virtually no compu-
tational overhead. As we will demonstrate, the RPBE-D3(2b)
functional allows us to simulate liquid water at the physical
temperature, being 300 K in the present case, without ad-
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justment and reproduces its structural changes from 1 bar to
10 kbar (and up to 40 kbar at 480 K) in close accord with
experimental RDFs.

In this paper, we analyze the structural and H-bonding
properties of TMAO(aq) at 10 kbar compared to 1 bar with
reference to pure liquid water at the same thermodynamic
conditions by using AIMD simulations based on the RPBE-
D3(2b) dispersion-corrected density functional. Anticipating
our main results on HHP perturbation effects, we reveal in
detail how the open spaces within the tetrahedral structure of
pure water get filled by so-called topological second to fourth
neighbors. This greatly increases the coordination number
in agreement with experiment, while the essentially tetrahe-
dral H-bonding topology that is characterized by roughly two
donated and two accepted H-bonds per water molecule, i.e.
about four H-bonds in the first hydration shell, is strictly pre-
served up to 10 kbar. The pressure response of the solute,
TMADO, is distinctly different from the solvent. First of all,
the number of H-bonded water molecules in the first shell of
the hydrophilic oxygen site of TMAO(aq) increases from three
at 1 bar to a roughly equal ratio of threefold and fourfold H-
bonded configurations at 10 kbar. Secondly, not many non-
H-bonded water molecules are found to intrude this H-bonded
solvation shell even upon compression to 10 kbar. The three
methyl units, being the hydrophobic group of TMAO(aq), are
solvated at ambient conditions by roughly 17 water molecules
in the first shell assuming straddling orientations. At 10 kbar,
a simple radial compression of the hydrophobic solvent shell
is observed while concurrently approximately four additional
water molecules populate the first hydrophobic shell in this
HHP regime. This implies that the pressure responses of the
hydrophilic and hydrophobic solvation shells of TMAO(aq)
are distinctly different.

2 Methods and computational details

The AIMD simulations®® were carried out using the CP2k
software package ’> based on Born-Oppenheimer propagation
that is generated via the Quickstep electronic structure
module”? and employing the RPBE functional 7 of the libxc
library7*. The Quickstep approach combines a Gaussian
basis set for the atomic orbitals with an auxiliary plane wave
basis for the electron density”>. We chose a triple-{ qual-
ity TZV2P basis set with polarization functions’® and use
a charge density cutoff of 500 Ry together with the NN50
smoothing both for the charge density and its derivatives. Core
electrons were replaced by the corresponding Goedecker-
Teter-Hutter norm-conserving pseudopotentials’’-’8. We took
the London dispersion interaction into account using the
method proposed by Grimme et al. called D3 (with zero-
damping)’!. Since the influence of its three-body terms is neg-
ligible for liquid water’®, we added only the two-body terms,

hereafter called the RPBE-D3(2b) functional.

The pure liquid water systems contain 128 H,O molecules
which are hosted by periodic cubic supercells of constant vol-
umes corresponding to the experimental density of liquid wa-
ter at 300 K (according to the equation of state from Ref. 80),
which leads to box lengths of 15.6627 and 14.5724 A at 1 bar
and 10 kbar, respectively. These neat water systems were
equilibrated for 20 ps in the canonical ensemble using mas-
sive Nosé-Hoover chain thermostatting set to a temperature of
300 K. After the equilibration period, 16 statistically indepen-
dent initial conditions were sampled for each system from the
canonical simulations at time intervals of 5 ps in order to ini-
tialize non-thermostatted microcanonical trajectories of 20 ps
length always using a time step of 0.5 fs.

The aqueous TMAO solutions contain one TMAO molecule
and 107 H,O molecules at a concentration of 0.498 M at 1 bar,
again using simple cubic periodic boundary conditions. To
determine the volume, the density of aqueous TMAO solu-
tions at 300 K has been experimentally determined®! for sev-
eral concentrations up to 700 bar and finally extrapolated?!
up to 10 kbar. For this purpose a modified equation of state
is used that is suitable to accurately describe the temperature-
and pressure-dependent density of pure water over a wide tem-
perature and pressure range 82, which has been shown to repro-
duce the experimental density of liquid water up to 75°C and
20 kbar within an accuracy of 0.1%. The resulting densities
yield 14.9382 and 13.9223 A supercells at 1 bar and 10 kbar,
respectively; it is noted in passing that the concentration of the
simulated solution at 10 kbar corresponds to 0.615 M given
that the number of particles is kept fixed. The TMAO(aq)
systems were simulated for 250 ps in the canonical ensem-
ble using a time step of 0.5 fs and massive Nosé-Hoover chain
thermostatting set to a temperature of 300 K after 20 ps of
equilibration. The statistical quality of the reported results is
supported by dividing the data for both TMAO(aq) and pure
water at 1 bar and 10 kbar into two halves which yields virtu-
ally identical graphs e.g. for key data such as those presented
in Figs. 4(a,b), 6(c), and 8(a,b,c).

3 Results and discussions

3.1 Liquid water: 10 kbar versus 1 bar

Let us start by discussing the change of the pure liquid wa-
ter structure in response to increasing the hydrostatic pressure
from atmospheric to the kilobar regime while staying at ambi-
ent temperature, 300 K. Figures 1(a) and 1(b) display the sim-
ulated oxygen-oxygen RDFs of liquid water, goo(r), at 1 bar
and 10 kbar, respectively, that are benchmarked with respect
to experimental data!®%*. Since the RPBE-D3 functional is
known to systematically overestimate the oxygen-oxygen dis-
tance of liquid water®-33, the first maxima of the computed
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goo(r) functions are found to be systematically shifted, by
about 0.1 (or 4 %) and 0.03 A (or 1 %) at 1 bar and 10 kbar,
respectively, toward larger distances compared to the experi-
mental results.

Despite this systematic flaw, the calculated RDFs are almost
on top on the experimental results and, importantly, reproduce
the grossly changing modulations of goo as a function of r
over the full distance range and from 1 bar to 10 kbar with-
out any temperature adjustment. In particular, the deep first
minimum and the clear second maximum at 1 bar that trans-
mute at 10 kbar into a characteristically skewed and unusually
broad first peak together with the concurrent disappearance
of both the first minimum and the second maximum at these
HHP conditions is well described. The coordination numbers
based on integrating goo(r) up to r = 3.45 A (the first mini-
mum at 1 bar) yields 5.0 and 7.3 at 1 bar and 10 kbar, respec-
tively, which are in accord with the experimentally determined
values of 4.7 at 1 bar and 6.2+ 1.2 at 10 kbar according to
Refs. 19,64, respectively; note that our computed values are
4.4 and 6.1, respectively, upon integrating up to r = 3.35 A as
in Ref. 64. The picture provided by the change of the inter-
molecular oxygen-hydrogen correlations, gog(r) as presented
in Fig. 1(c), upon compression to 10 kbar is different in the
sense that the overall modulations as a function of r do not
change much, in stark contrast to what is observed for goo (7).
Yet, both the first and second peaks shift to slightly smaller
distances and the first peak decreases in intensity. Concur-
rently, the first minimum becomes more shallow at HHP con-
ditions but the second minimum is more pronounced. As a
result, the integrated coordination number as a function of dis-
tance is systematically higher beyond the first minimum, and
thus beyond the first solvation shell, at 10 kbar compared to
1 bar as depicted by the dashed lines in panel (c).

The assessment of the pressure-induced structural changes
based on RDFs analysis suggests, at first glance, a completely
different H-bonding topology of neat liquid water at 10 kbar
compared to atmospheric pressure. However, it is well-known
that the RDFs are a highly condensed measure of structure
in view of the underlying orientational averaging as well as
the pair-correlation nature of these functions. In order to pro-
ceed on firm ground, we now look more carefully into the
H-bonding pattern thus going beyond these restrictions. As
a first step, the water molecules in the first hydration shell
are divided into two groups: molecules which are H-bonded
and those which are non-H-bonded to the reference molecule.
Since there exists no unique definition of H-bonding®*, we
analyse in Figs. 2(a) and 2(b) the two-dimensional distribution
function of all pairs of water molecules in terms of an inter-
molecular distance and angle. The peak close to ri..0 ~ 1.8 A
and 6p_g...0 =~ 180°, both at 1 bar and 10 kbar, clearly is asso-
ciated to H-bonded water pairs, which provides us with a sim-
ple yet efficient ad hoc geometric definition for H-bonding,

namely
a0 < —1.71A cos(6o_pn..0) + 1.37A ; (1)

here ry...0 and Op_y...0 denote the intermolecular H- - - O dis-
tance and the angle between the intermolecular H- - - O and in-
tramolecular O—H vectors (the separating conditions accord-
ing to Eq. (1) and the frequently employed criterion used in
Ref. 6 are marked as solid red and dashed green lines, respec-
tively, in Figs. 2(a) and (b)).

This H-bond criterion allows us to easily disentangle the
spatial distribution functions (SDFs) of water molecules that
are within the first minimum of goo(r) at 1 bar, i.e. r < 3.45 A
around a reference water molecule, into H-bonded and non-H-
bonded molecules, cf. Figs. 3(b) and 3(a) at 10 kbar versus
1 bar, respectively. At 1 bar, the closeby water molecules
are all H-bonded to the central water and define, as ex-
pected, the pronounced tetrahedral H-bond network. The lat-
ter leaves plenty of open space between the extended patches
that are densely populated by the approximately four first
neighbors. At 10 kbar, the SDF of the H-bonded neighbors
remains almost completely unchanged, see the green patches
in panel (b), which is fully consistent with the very similar his-
tograms of H-bonds per water molecule at 1 bar and 10 kbar
as depicted in Fig. 2(c). However, it is the open spaces left
by the H-bonded neighbors, see yellow volume in Fig. 3(b),
corresponding to the four tetrahedral voids in the case of dia-
mond lattices, are filled by additional water molecules. These
additional water molecules, however, are non-H-bonded to the
central one. Yet, there is a systematic change to the H-bond
distribution function as observed in Fig. 2(c): although the
percentage of water molecules with exactly four H-bonds is
essentially identical at both pressures, compared to 10 kbar
the number of threefold H-bonded water molecules at 1 bar
decreases at the expense of increasing the contribution of the
five-fold H-bonded waters. This yields an average number
of H-bonds per HO molecule of approximately 3.8 and 4.1
at 1 bar and 10 kbar, respectively, according to the above-
introduced H-bonding criterion.

We conclude at this stage that, contrary to the very sig-
nificant increase of the average oxygen-oxygen coordination
number upon increasing pressure into the kbar regime, the
average number of H-bonds per water molecule is very sim-
ilar at atmospheric pressure and 10 kbar. Obviously, the
stark difference between the two solvation scenarios provided
by the oxygen-oxygen RDF picture stems from those water
molecules that are first coordination neighbors but non-H-
bonded, which amount to about 3.2 such “interstitial” water
molecules at 10 kbar whereas this number is quite small at
1 bar, ~ 1.2. In a nutshell, neat liquid water at 10 kbar is
still H-bonded by close to four water molecules in a locally
tetrahedral arrangement, whereas its coordination number is
significantly increased due to water molecules that are pushed
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into the four tetrahedral voids due to HHP conditions.

To elucidate in more depth the relation between the chang-
ing structure of liquid water at HHP conditions and its H-
bond topology, we decomposed goo(r) in terms of so-called
topological H-bonded neighbors. All water molecules which
are directly H-bonded to a reference molecule are called its
topological first neighbors, whereas all water molecules which
are H-bonded to the topological first neighbors are called the
topological second neighbors of the reference molecule and so
forth 8386 Tt is noted that the resulting topological distance of
a given water molecule with respect to the reference molecule
is always counted by using the shortest connecting path; water
molecules whose topological distance is greater than five, or
which belong to a different H-bond network than the one orig-
inating at the reference molecule, are categorized into “rest”
molecules. Figures 4(a) and 4(b) display the total oxygen-
oxygen RDFs (“all”) at 1 bar and 10 kbar, respectively, that
have been split into partial RDFs due to the different topo-
logical H-bonded neighbors up to the 4™ neighbor; note that r
measures the geometric oxygen-oxygen distance. It is obvious
from panel (a) in this figure that the first and second maxima
of the total goo(r) function at 1 bar almost exclusively arise
from the topological first and second neighbors, respectively.
Even the third maximum has its most significant contribution
coming from the third topological H-bonded neighbor.

The RDF of the topological first neighbors does not change
with increasing the pressure to 10 kbar, see panel (b) of Fig. 4,
which is consistent with the previous finding that the num-
ber of H-bonds remains close to four within the tetrahedral
arrangement. In stark contrast, the radial distributions of the
topological second, third and even fourth neighbors changes
significantly at 10 kbar. The RDF of the topological second
neighbors becomes extremely flat in the kilobar regime and
extends significantly toward the peak of the partial goo(r) due
to the H-bonded first hydration shell. That is, the probabil-
ity to find such topological second neighbors around 4.5 A
(corresponding to the second goo(r) maximum at 1 bar) de-
creases, whereas the probability near the outer edge of the first
H-bonded shell at around 3.45 A is found to increase upon
pressurizing liquid water. In addition, also the RDFs of the
topological third and fourth neighbors show small but signif-
icant peaks around 3.3 A as part of the right wing of the first
shell peak of the total RDF (“all” in Fig. 4(a)), which are ab-
sent at 1 bar. A corresponding snapshot of this high pres-
sure H-bonding topology is shown in the inset of Fig. 4(b).
The resulting significant increase in the probability density
around 3.3 A at 10 kbar indicates that the topological sec-
ond to fourth neighbors fill the open space around the tetrahe-
dral excluded volume structure made by the topological first
neighbors; note, however, that essentially no contribution due
to fifth and higher neigbhors is found in this distance regime,
see the “rest” RDF in Fig. 4(b). Finally, Figs. 4(c) and (d)

display the SDFs due topological third neighbors at 1 bar and
10 kbar, respectively. These topological third neighbors (as
well as these second neighbors, not shown) at 1 bar are found
to build up a single layer around the first hydration sphere due
to H-bonded first neighbors, whereas at 10 kbar they lead to a
two-layered shell structure in panel (b) where the inner layer
fills the open space left by the tetrahedral structure of the H-
bonded first shell.

To summarize, the water molecules that are forced by pres-
sure to invade the tetrahedral void spaces left free by the tetra-
hedral structure of the H-bonded first solvation sphere around
a reference molecule are topologically connected to the ref-
erence molecule. This way to accommodate additional wa-
ter molecules in the open H-bonding structure of compressed
liquid water is vastly different from what is observed in the
case of high-density polymorphs of crystalline water, namely
ice VIII and ice VII, where two tetrahedral H-bonded net-
works interpenetrate (and thereby essentially double the den-
sity) but do not form H-bonds and thus remain topologi-
cally disconnected®’. The presented topological H-bonded
neighbor analysis therefore completely resolves the signifi-
cant shape change of goo(r) upon compression from 1 bar
to 10 kbar in terms of detailed structural responses, while it
also explains why gop(7) essentially preserves its radial mod-
ulations at HHP conditions.

3.2 TMAO in water: 10 kbar versus 1 bar

Having understood both the structural changes and topolog-
ical invariants of the solvation of water molecules by water
upon studying the pure liquid at atmospheric pressure and
10 kbar, we now move forward to elucidate the pressure-
induced changes of our relatively dilute ~ 0.5 M aqueous
TMAO solution, TMAO(aq) at 300 K. Figures 5(a) and 5(b)
depict the RDFs involving the oxygen of TMAO and all
oxygen and hydrogen sites of water molecules, go oy, () in
panel (a) and go,ny, (7) in (b), at 1 bar and 10 kbar. The oxy-
gen site of TMAO is negatively charged and thus is expected
to be a strong H-bond acceptor. As seen from Fig. 5(a), the
influence of HHP conditions on the first maxima of go,oy, is
small although the maximum at 10 kbar is bit lower than that
at 1 bar. The first maxima of go,0,, both at 1 bar and 10 kbar
are located at ~ 2.7 A and the peak position at 1 bar is similar
to the experimentally measured value of 2.67 A 9.

The pronounced difference in change of solvation struc-
ture between TMAO(aq) and pure liquid water in response to
HHP conditions can be gleaned from the first minima of the
oxygen-oxygen RDFs. The corresponding RDF, go.oy (1),
still shows a clear first minimum at 3.40 A even at 10 kbar,
although the minimum becomes a bit more shallow at HHP
conditions, whereas this minimum disappeared in the case of
neat water at 10 kbar (see panel (b) in Fig. 1). The coordi-
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nation number of TMAO oxygen increases from 3.1 at 1 bar
to 3.9 at 10 kbar, which also implies that the solvation shell
around the oxygen of TMAO is less affected by HHP con-
ditions compared to liquid water. After this minimum, the
RDF rises again and reaches a plateau-like regime already at
about 4.5 A, where go,o,, (r) is close to unity at 1 bar. This is
very similar at 10 kbar, where an additional small peak appears
around 5.3 A with a subsequent decay of go,0y, (7). The sol-
vation shell is even more sharply defined in terms of TMAO
oxygen-water hydrogen correlations, cf. Fig. 5(b). Both at
1 bar and 10 kbar, the first minima are below 0.1 and rela-
tively flat over a large distance, indicating a well defined, sta-
ble first solvation shell. The peak position of 1.73 A at 1 bar is
also consistent with the experimentally measured®> distance
of .71 A.

3.2.1 Solvation of the hydrophilic group

In order to shed more light on the pressure response of the
H-bonding pattern around the hydrophilic part of TMAO, we
now analyze in depth the H-bonding structure between the
oxygen site of TMAO and the surrounding water molecules.
Following what we have done for neat water, we analyze
first the distributions of all TMAO oxygen-water hydrogen
pairs in terms of their intermolecular distances and angles, see
Figs. 6(a) and 6(b). Similarly to the case of pure water, the
peak close to rg...o ~ 1.8 A and 6p_p...0 &~ 180°, both at 1 bar
and 10 kbar, is clearly associated to H-bonded pairs. There-
fore, we employ the same geometric definition for H-bonds
between TMAO and water molecules as that used earlier for
pure liquid water. The distribution function of the number of
H-bonds accepted by the oxygen site of the solvated TMAO
molecule is depicted in Fig. 6(c). Different from the rather
broad distribution for water, it is much sharper for TMAO at
1 bar and the overwhelming H-bond number is three, which
leads to an average number of H-bonds per TMAO oxygen of
about 3.1 at 1 bar. This is consistent with experimental conclu-
sions 340366 a5 well as the previous theoretical studies based
on force fields simulations *+3.

The pressure response of the H-bond distribution is dis-
tinctly different from water (which barely changes due to com-
pression, cf. Fig. 2(c)): for TMAO(aq) there is a clear change
in the H-bond pattern observed that results at 10 kbar in
roughly equal population of threefold and fourfold H-bonding
of its hydrophilic group. In particular, the populations of
threefold, fourfold, and rest at 1 bar are 88, 10, and 2 %, re-
spectively, whereas those are 58, 40, and 2 % at 10 kbar. This
leads to an average H-bond number of 3.1 and 3.4 at 1 bar and
10 kbar, respectively.

Having found a significant impact of pressure on the first
hydrophilic solvation shell, we now dissect the solvation pat-
tern of structures with exactly three or four H-bonds at the
oxygen end of TMAO, which we denote as TMAO - (H,0)3

and TMAO - (H0)4, respectively. Figures 7(a)-(f) display the
spatial distributions of water molecules around the oxygen site
of TMAO split into the TMAO - (H,0)3 and TMAO - (H,0)4
classes using two different cuts in the left and right pan-
els as defined in the caption. We can see in Fig. 7(a) a
ring-like distribution of H-bonded water molecules around
TMAO - (H,0)3 configurations at 1 bar where the density be-
tween the carbon sites is much more pronounced than close
to them. Furthermore, the N-O axial water density above the
oxygen site of TMAO, which is mainly due to non-H-bonded
water molecules, is extremely low and ill-defined in space ac-
cording to Fig. 7(b).

The spatial distribution that characterize such
TMAO- (H20)3 configurations at 10 kbar turns out to
be different from that at 1 bar. The distribution of H-bonded
molecules shows an even more pronounced modulation
within the ring-like structure, see Fig. 7(c). More importantly,
compression of the solution is found to produce a very
significant density increase of non-H-bonded water molecules
on top of the oxygen along the N-O axis as seen from
Fig. 7(d) compared to panel (b). These water molecules are
squeezed into the “crown” due to the three H-bonded water
molecules, which themselves are kept in place due to the
directionality of the H-bonding interaction. In contrast to the
high pressure TMAO- (H,0)3 scenario, the water density
around TMAO - (H,0)4 structures at 10 kbar features a much
less modulated “ring” of H-bonded water molecules, compare
panel (e) to (c), which is made of four water molecules. In
addition, the density of non-H-bonded water molecules above
the oxygen site along the N-O axis is smaller compared to
that of TMAO - (H,0)3 configurations, cf. Fig. 7(f) and (d).
It appears that less additional non-H-bonded water molecules
can be hosted within the “crown” if that is established by four
(and not only three) H-bonded water molecules at 10 kbar.

The distribution function of the angle between two H-
bonded water molecules and the oxygen site of TMAO,
00y, ---0p--0y» Clearly show a difference of solvation structure
between TMAO - (H20)3 and TMAO - (H,0)4 configurations
according to Fig. 7(g). These distributions are unimodal for
threefold structures, both at 1 bar and 10 kbar, and feature
their maxima in the range of 100 4+ 10°, thus the three H-
bonded water molecules occupy preferentially the corners of
a triangle located above the TMAO oxygen site. In the case
of the fourfold structures populated at 10 kbar, the four water
molecule are found to be located roughly at the corners of a
square instead. Therefore, the distribution of angles between
neighboring water molecules features a maximum around 70°
whereas water pairs on opposite corners contribute mostly
around 130°.

Based on the knowledge of the pressure response of the
first hydrophilic hydration shell, we proceed by analyzing the
pressure perturbation beyond by splitting the total gooy, (¥)
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function into the topological neighbors, shown in Fig. 8(a)-(c),
akin to what we have done for neat water. At 1 bar and for the
TMAO - (H,0); H-bond pattern, the topological first neigh-
bors are spatially well separated from all other molecules and
the first peak of the corresponding total go.oy, () is exclu-
sively due to these first topological neighbors. The distribu-
tion of the topological second neighbors is rather symmet-
ric and the second maximum of the total go oy, () RDF is
found to mainly arise from these topological second neigh-
bors, whereas the radial distributions of all higher-order topo-
logical neighbors are relatively flat. Even at HHP conditions,
the first peak of the total go o (1) distribution function for
both H-bond patterns, TMAO - (H,0)3 and TMAO - (H,0)4
in panels (b) and (c), respectively, arise from the topological
first neighbors and these molecules are again spatially sepa-
rated from other molecules. In addition, the distributions of
the topological second neighbors show clear peaks that estab-
lish the second solvation shell, whereas the topological third
and fourth neighbors do not intrude into the inner solvation
regions. This implies that not only the first solvation shell, but
also at least the second hydrophilic solvation shell of TMAO
is structurally robust against compression up to 10 kbar — in
stark contrast to what we have observed for pure water. The
rather small differences of the total OyOw RDFs between
TMAO - (H,0)3 and TMAO - (H,0)4 solvation classes can be
detected in the distribution functions of the topological second
neighbors. The open axial space around the hydrophilic site
of TMAO - (H,0)3 configurations is filled by non-H-bonded
molecules at 10 kbar, whereas TMAO - (H,0)4 structures have
already a crowded first solvation shell which largely prevents
intrusion of additional, non-H-bonded water molecules. As a
result, the density of the second topological neighbors in the
distance range between roughly 3.0 and 4.0 A is higher by
about 0.5 water molecules for TMAO - (H,O)3 configurations
compared to TMAO - (H,0)s.

3.2.2 Solvation of the hydrophobic group

We finally turn to the analysis of the hydration structure
around the exceptionally bulky hydrophobic group of TMAO
consisting of three methyl groups. In general, water molecules
around hydrophobic surfaces are less well structured than
those that are directly H-bonded to strongly charged groups
and, therefore, it is more difficult to unveil characteristic fea-
tures of such solvation shells. As a start, we present in
Fig. 9(a) and (b) the RDFs from TMAQO’s three carbon sites
to water oxygens and hydrogens, respectively, whereas these
RDFs involving the methyl group hydrogens are compiled in
Fig. 10 for completeness. In these RDFs, only those water
molecules are considered in the analysis which are not H-
bonded to the oxygen site of TMAO according to our crite-
rion. The distance distribution functions of the H-bonded wa-
ter molecules, which we call “hydrophilic water” for short, are

compiled in Fig. 11 for comparison (together with those due
to what we call “hydrophobic water”; see below for definition
and detailed discussion). As expected, the distance distribu-
tions involving these H-bonded water molecules are not only
well structured but very similar at ambient and high pressure.

In stark contrast, there is a significant pressure response ob-
served for those water molecules that are not H-bonded to the
hydrophilic group yet being close to the hydrophobic methyl
groups. Their radial modulation is rather weak at 1 bar (com-
pare the green lines in Fig. 9 to both blue and red for 10 kbar)
and is even slightly more pronounced in the second solva-
tion shell, whereas compression to 10 kbar introduces much
more structure in these RDFs, which is particularly true for
the first solvation shell (whereas the difference between the
TMAO - (H,0)3 and TMAO - (H,0)4 solvation complexes at
10 kbar is negligible, cf. blue and red lines, respectively).
At variance with the hydrophilic group where the positions
of the first Ot ---Ow and Or---Hw peaks show virtually no
pressure response, see also the solid lines in Fig. 11, there
is a considerable compression observed at the hydrophobic
group of TMAO. In particular, the first peaks stemming from
the Ct---Ow and Cg---Hw correlations are compressed by
roughly 0.15 and 0.55 A, respectively, at 10 kbar with respect
to 1 bar, see also the dashed lines in Fig. 11 for distance dis-
tributions.

Moreover, the RDFs involving carbons at TMAO and water
oxygens and those between TMAO carbons and water hydro-
gens peak at roughly the same distance according to Fig. 9(a)
compared to (b) (whereas the first maxima of the correspond-
ing Or---Ow and Or---Hw RDFs at the hydrophilic part of
TMAO have their O versus H maxima displaced from each
other by about 1 A, cf. Fig. 5(a) and (b)). This very behavior
of the non-H-bonded water molecules appears to be consis-
tent with a hydrophobic hydration shell since it is the RDF-
based signature of water molecules that “straddle” non-polar
bulky groups®® as found earlier from AIMD simulations of
hydrophobic hydration in aqueous bulk environment3®. These
conclusions are in line with the situation as revealed by the
corresponding correlations involving the methyl group hydro-
gens according to Fig. 10.

But again, any purely radial information is averaged over
all possible orientations of solvation water molecules and
thus cannot reveal the full picture. For conclusive analysis,
the radial structuring of the solvation shell around the three
methyl groups allows us to separate what could be consid-
ered to be “hydrophobic solvation water” (in short “hydropho-
bic water”) as follows. We define these hydrophobic water
molecules to be those that are not H-bonded to the hydrophilic
group and, at the same time, have a Ct - - - Ow distance of less
than 4.5 A (as provided by the first minimum of the corre-
sponding RDFs in Fig. 9(a)) with respect to the closest car-
bon site of TMAO. This simple ad hoc procedure essentially
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projects out those solvent molecules which populate the hy-
drophobic regions of TMAO close to the methyl groups as
revealed by their SDFs in Fig. 12. Overall, the spatial distri-
bution of hydrophobic water (as measured by the oxygen po-
sitions) is much less modulated than that of hydrophilic wa-
ter. Still, one can discern systematically higher water densi-
ties between the methyl groups whereas the densities around
their hydrogen sites are low for all cases. Although the wa-
ter distributions of the TMAO - (H,0)3 and TMAO - (H,0)4
configurations at 10 kbar are almost identical, small differ-
ences can be seen at the interfacial region between the hy-
drophilic and hydrophobic waters. Since the hydrophobic wa-
ters around TMAO - (H,0)3 complexes fill the empty spaces
between the three H-bonded water molecules upon compres-
sion, this interface is more structured compared to that around
TMAO - (H,0)4 configurations. The total number of hy-
drophobic water molecules increases considerably from ~ 17
on average at 1 bar to roughly 21 at 10 kbar. Together with the
increasing number of H-bonded water molecules at the O site
of = (.3, this adds up to about four to five additional water
molecules in the first solvation shell of TMAO upon compres-
sion from 1 bar to 10 kbar.

Having exclusive access to hydrophobic water around
TMAO, we can now perform their “straddling analysis” fol-
lowing Geiger’s pioneering work 8. Obviously, the straddling
analysis clearly shows dramatic differences in the solvation
patterns of hydrophobic versus hydrophilic water as demon-
strated by Fig. 13, whereas pressure effects on their orien-
tational arrangements are very mild as they induce only a
slightly enhanced modulation around the hydrophobic group
(cf. blue/red versus green solid lines). Those water molecules
which we consider to be part of the hydrophobic solvation
shell indeed feature a broad maximum around cos(8) ~ 0.4,
ie. 6 ~ 66° as well as a spike as cos(0) — —1, i.e. 6 =
180 °. The double-peaked shape of the hydrophobic distribu-
tion function suggests® that roughly 25 % of the water hydro-
gens point away from TMAO, while about 75 % of the water
oxygen hydrogen bonds are roughly parallel to the hydropho-
bic surface (the two orientations are separated according to
the minimum of the distribution function), thus approximately
half of the straddling waters are of Type 1, while the other half
are of Type 2. This is strikingly different, of course, for the
hydrophilic water molecules with pronounced maxima corre-
sponding to preferred 0 values of about 0° and 110° which
herald donated H-bonds at the O end of TMAO. Moreover,
the broadness of the hydrophobic probability distribution, in
particular in relation to that of the H-bonded waters, suggests
that TMAO’s hydrophobic solvation shell is “sluggish” and
thus certainly not “ice-(berg-)like” (see e.g. Ref. 89 for back-
ground and discussion). We conclude that the water molecules
around the hydrophobic methyl groups straddle them with a
broad distribution of orientations.

3.2.3 Solute effects on solvent structure

Last but not least, we now assess the gross overall ef-
fect of the solute, TMAO, on the solvent pair correlations in
TMAO(aq) in the given concentration regime of about 0.5 M
at atmospheric pressure (and neglecting of course possible
TMAO:-: - - TMAO correlations that are absent in our compu-
tational model). As revealed by Fig. 14(a) there is virtually
no effect found at the level of the water-water RDFs upon
dissolving TMAO in water at this concentration. This is in
accord with recent experimental findings 6 where, however,
a much higher concentrated 2.5 M TMAO(aq) solution has
been investigated for experimental reasons. The same conclu-
sion of marginal structural effects on the solvent correlations
remain true upon compressing the simulated TMAO(aq) solu-
tion up to 10 kbar, see panel (b). Thus, TMAO at concentra-
tions of about 0.5 M apparently has negligible effects on the
radial structuring of the surrounding water molecules as de-
termined based on goo(r) in comparison to pure water which
holds true from ambient pressure up to the kbar regime. This
is despite the fact that the hydrophilic and hydrophobic groups
of TMAO have well-defined solvation shells which, in particu-
lar, feature much different responses to pressure perturbations.

4 Conclusions and outlook

The solvation structures of both pure liquid water and
TMAO(aq) solutions at 300 K and a concentration of about
0.5 M are analyzed at ambient versus high hydrostatic pressure
(HHP) conditions using ab initio molecular dynamics sim-
ulations based on a dispersion-corrected density functional,
RPBE-D3(2b). The calculated radial distribution functions of
liquid water reproduce very well the experimentally known
stark changes from 1 bar to 10 kbar, except for a known sys-
tematic shift of the first oxygen—oxygen peak toward some-
what too large distances. In particular, the deep first minimum
and the clear second maximum at 1 bar are seen to transmute
into a characteristically skewed and unusually broad first peak
at 10 kbar and a shallow minimum where the second maxi-
mum used to be at ambient conditions. Moreover, the coordi-
nation number of the water molecules increases from about 5.0
at 1 bar to 7.3 at 10 kbar, which is again in accord with experi-
mental trends. This suggests, at first glance, a dramatic change
in the H-bond network of bulk water upon pressure perturba-
tion. However, analyses beyond the radial structure reveals
that the essentially tetrahedral H-bonding topology, character-
ized by roughly two donated and two accepted H-bonds per
water molecule, is strictly preserved at 10 kbar.

At HHP conditions, the significant increase in average co-
ordination number stems from roughly two additional wa-
ter molecules which are not H-bonded to the reference wa-
ter molecule, but simply squeezed into the spacious intersti-
tial voids that are offered by the rather open tetrahedral H-
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bonded structure of pure water. Topological network anal-
ysis shows that topological H-bonded neighbors in the sec-
ond and outermore shells at ambient conditions shift upon
compression toward the first shell and fill the voids of the
tetrahedral structures that are created by the four H-bonded
first neighbors. Thereby, the coordination number of water
increases from about five to roughly seven, but without in-
creasing the H-bond number beyond four. These structural
insights provide the mechanism underlying the previously re-
ported increased orientational disorder in the first solvation
shell upon compression of pure water to kilobar pressures and
elucidate in detail the nature of the so-called interstitial wa-
ter molecules. The particular way to accomodate these ad-
ditional water molecules in the open H-bonding structure of
compressed liquid water is vastly different from the mecha-
nism observed for high-density polymorphs of crystalline wa-
ter to increase the density. In the case of ice VIII and VII,
two independent tetrahedral H-bonded networks interpene-
trate each other, but do not form H-bonds and thus remain
topologically fully disconnected. The presented topological
H-bonding analysis of compressed water therefore explains
both the significant shape change of gop upon compression
from 1 bar to 10 kbar and why goy nevertheless essentially
preserves its radial modulations at HHP conditions.

In contrast to the significant changes of the radial correla-
tions in the neat solvent, the radial distribution functions in-
volving the oxygen site of TMAO and water molecules do
not change much upon compressing TMAO(aq) from atmo-
spheric pressure to the kilobar regime. The changes of the
radial modulations correspond to an increase of the coordina-
tion number of this hydrophilic group from about 3.1 at 1 bar
to 3.9 at 10 kbar. However, the underlying orientational av-
eraging of the pair correlation functions is found to wash out
very characteristic changes in the solvation pattern of the hy-
drophilic group of TMAO. Indeed, the preferred number of
H-bonds accepted by the hydrophilic group is essentially ex-
clusively three at 1 bar, whereas threefold and square-planar
fourfold H-bonding are found to contribute roughly equally at
10 kbar; note the difference to pure liquid water where the H-
bond number remains four from ambient up to 10 kbar. More-
over, the solvation pattern of threefold and fourfold H-bonded
structures at 10 kbar is distinctly different. While non-H-
bonded water molecule are found to populate the voids that are
left open by the tetrahedral arrangement in the threefold case,
much less pronounced non-H-bonded solvation is observed
if four H-bonds are accepted by the hydrophilic group. It is
noted in passing that the peculiar square-planar fourfold sol-
vation pattern that is observed around the (partially negatively
charged) oxygen site of TMAO at 10 kbar is similar to the pre-
ferred solvation pattern of (fully negatively charged) hydrox-
ide in water, OH™ (aq), at ambient conditions”’. Apart from
being relevant to understand its solvation structure, dynamical

changes of this solvation complex are key to understanding the
corresponding Grotthuss structural diffusion mechanism®® of
OH™ (aq), which is distinctly different from that of the proton
in water, H" (aq).

The solvation shell around the hydrophobic group of
TMAO shows a different pressure response compared to the
one around the hydrophilic group. The radial extent of the
first hydrophobic solvation shell is significantly compressed
(while the first hydrophilic solvation shell hardly displays any
such shift) and the number of water molecules increases on
average from approximately 17 at 1 bar to 21 at 10 kbar. Ori-
entational analysis clearly reveals that these hydrophobic wa-
ter molecules straddle the three methyl groups. Most interest-
ingly, the respective angular distribution functions are close to
indistinguishable at ambient and HHP conditions. This im-
plies that the hydrophobic solvation shell becomes both more
compact and denser upon compression while preserving the
straddling arrangement. In addition, TMAO has a marginal
effect on the total water-water correlations in TMAO(aq) both
at 1 bar and 10 kbar at concentrations of about 0.5 M.

It remains to be explored in future work if these distinctly
different structural responses of the hydrophilic and hydropho-
bic solvation shells to HHP perturbation effects are unique to
TMAO(aq) or rather a generic finding. This also stimulates
the question to what extent typical biomolecular force fields,
which have been parameterized at ambient conditions, can re-
produce such significant changes to the level of faithfully pre-
dicting, for instance, HHP effects on protein stability. Collab-
orative efforts toward the rational design of “HHP force fields”
are in progress with the aim to compute the pressure-induced
changes of the solvation thermodynamics of aqueous peptide
solutions that contain TMAO at various concentrations based
on force field molecular dynamics. It would be furthermore
of interest to find out if the changes in solvation structure also
impact in characteristic ways on the dynamics or even on the
chemical reactivity of TMAO or other molecular solutes in
compressed water. Last but not least, it is suggested to scruti-
nize these predicted solvation shell HHP responses by exper-
imental means, for instance by liquid-state THz spectroscopy
which has been demonstrated to be sensitive to even subtle
changes in the solvation shells around solutes.
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Fig. 1 Oxygen-oxygen radial distribution functions of liquid water
obtained from AIMD simulations (solid red lines with circles, left
axis) and experimental data '>%* (solid blue lines, left axis; digitally
extracted from the published curves) at (a) 1 bar and (b) 10 kbar and
300 K as well as the corresponding intermolecular oxygen-hydrogen
RDFs from AIMD in (c) at 1 bar (green lines with circles, left axis)
and 10 kbar (orange lines, left axis). The computed running
coordination numbers, noo(r) and nog (r), are shown with respect
to the right axes (dashed lines).

—
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relative abundance

Fig. 2 Probability distribution functions characterizing water pairs
in neat liquid water in terms of the intermolecular H- - - O distance
and the 6p_p...0 angle (see text) at (a) 1 bar and (b) 10 kbar; the
distributions are normalized with respect to the maximum value.
Solid red and dashed green lines represent the H-bond definitions
according to Eq. (1) and Ref. 6. Based on Eq. (1), water pairs
contributing to the lower-left corners below the solid red line are
considered to be H-bonded, whereas all others are non-H-bonded
pairs. Panel (c) shows the distribution function (normalized to unity)
of the number of H-bonds per water molecule # at 1 bar (filled blue
circles) and 10 kbar (filled red triangles). The same distribution
functions obtained by using the H-bond definition from Ref. 6 are
also shown at 1 bar (open blue small circles) and 10 kbar (open red
small triangles); all data are shown even if they overlay.
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Fig. 3 Spatial distribution functions of water molecules (in terms of
their oxygen positions) around a reference H,O molecule obtained
from AIMD simulations at (a) 1 bar and (b) 10 kbar and 300 K. The
plotted isosurfaces are based on those water molecules that are
within the first minimum of goo(r) at 1 bar, i.e. 3.45 A, and the
corresponding density is about 1.8 times higher than the average
density. Green and yellow parts indicate distributions of H-bonded
and non-H-bonded molecules, respectively; see text for definition.

Fig. 4 Relations between the total oxygen-oxygen radial
distribution functions, “all”, and radial distribution functions of
topological 1% to 4th neighbors at (a) 1 bar and (b) 10 kbar; see text
for the definition of “rest” molecules. The insets show snapshots of
topological 3 neighbors at 1 bar and 10 kbar where the
corresponding H-bonds are highlighted using green lines. Spatial
distribution functions of topological third neighbors (in terms of
their oxygen positions) at (c¢) 1 bar and (d) 10 kbar; the plotted
isosurfaces cover 50 % of the total distributions. The clearly
separated inner and outer shells at 10 kbar are depicted using
different colors to guide the eye.
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Fig. 5 (a) TMAO oxygen-water oxygen radial distribution functions
of TMAO(aq) obtained from AIMD simulations at 1 bar (solid blue
line with circles, left axis) and 10 kbar (solid red line, left axis) and
300 K and (b) TMAO oxygen-water hydrogen RDFs at 1 bar (solid
green line with circles, left axis) and 10 kbar (solid orange line, left
axis) and 300 K. The computed running coordination numbers,
10,0y, (r) and nony, (r), are shown with respect to the right axes
(dashed lines) and the inset in panel (b) depicts the structure of a
TMAO molecule and three H-bonded water molecules (oxygen: red,
nitrogen: blue, carbon: black, hydrogen: grey).
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Fig. 6 Probability distribution functions characterizing TMAO
oxygen-water pairs in TMAO(aq) in terms of the intermolecular
Hyy - - - Or distance and the 6o, _Hy,...0, angle at (a) 1 bar and (b)
10 kbar; the distributions are normalized with respect to the
maximum value. TMAO oxygen-water pairs contributing to the
lower-left corners below the red line (see text) are considered to be
H-bonded, whereas all others are non-H-bonded pairs. Panel (c)
shows the distribution function (normalized to unity) of the number
of H-bonds per TMAO molecule n at 1 bar (blue circles) and

10 kbar (red triangles).

14| Journal Name, 2010, [vol], 1-17

This journal is © The Royal Society of Chemistry [year]

Page 14 of 17



Page 15 of 17

Physical Chemistry Chemical Physics

4 . 20 6 6
(a) (b) X
2 e 15 4t
g )
<o . 10 Lo} Q 1
> N
2
-2 oS 5 0 1
-4 0 2 ™) R 0
4 2 0 2 4 4 2 0 2 4
x/A x/A
4 , , 20 6 , , , 6
() (d)
2 g 15 4 f—4
4
) b 10 Lot ‘ Q
> N
2
-2 S 5 0
4 0 -2 © © 0
4 2 0 2 4 4 2 0 2 4
x/A x/A
4 o ‘ 20 6 0 ‘ : 6
e
2 L 15 4 f L

0

o/ degree

OO

Fig. 7 Distributions of water molecules (in terms of their oxygen
positions) around the TMAO oxygen site at (a) and (b) 1 bar for
TMAO - (H,0)3, (c) and (d) 10 kbar for TMAO - (H,0)3, and (e)
and (f) 10 kbar for TMAO - (H,0)4. The origin of the coordinate
system is set at the center of mass of the TMAO molecule where the
z—axis is parallel to the N-O vector and the x—axis is parallel to one
of the N-C vectors. Panels (a), (c), and (e) display volume slices at
z=2.5 A, thus focusing on the region that mostly hosts the
H-bonded water molecules, while (b), (d), and (f) are depicted at

y =0 A. The water densities are scaled by the average densities of
the respective systems and the TMAO molecules in the insets are
guides to the eye. Panel (g) shows the probability distribution
functions of the angle between the oxygen site of TMAO and the
oxygens of two H-bonded water molecules, O - -- Ot - - - Owy.
Green squares, blue circles, and red triangles represent

TMAO - (H,0)3 configurations at 1 bar as well as TMAO - (H,0)3
and TMAO - (H,0)4 at 10 kbar, respectively.
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Fig. 8 Relations between the total TMAO oxygen-water oxygen
radial distribution functions, “all”, and radial distribution functions
of topological 1! to 4™ neighbors from TMAO oxygen at (a) 1 bar
and TMAO - (H,0)3, (b) 10 kbar and TMAO - (H,0)3, and

(c) 10 kbar and TMAO - (H,0)4. See text for the definition of “rest”
molecules.
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: Fig. 10 (a) TMAO hydrogen-water oxygen and (b) TMAO
hydrogen-water hydrogen radial distribution functions of
10} TMAO(aq) obtained from AIMD simulations at 1 bar and
= TMAO - (H,0)s3 (solid green lines with circles, left axis), 10 kbar
éI) and TMAO - (H,0)3 (solid blue lines with squares, left axis), and
05 r 10 kbar and TMAO - (H,0)4 (solid red lines, left axis) and 300 K.
The computed running coordination numbers, np, 0, () and
0.0 N nu.Hy, (), are shown with respect to the right axes (dashed lines).
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Fig. 9 (a) TMAO carbon-water oxygen and (b) TMAO

carbon-water hydrogen radial distribution functions of TMAO(aq)

obtained from AIMD simulations at 1 bar and TMAO - (H,0)3

(solid green lines with circles, left axis), 10 kbar and 3

TMAO - (H,0)3 (solid blue lines with squares, left axis), and
10 kbar and TMAO - (H0)4 (solid red lines, left axis) and 300 K. - ot
The computed running coordination numbers, nc,0,, (r) and <
nc;Hy (1), are shown with respect to the right axes (dashed lines). § ]
0
2.0

Fig. 11 Distance distribution functions (i.e. not RDFs) from TMAO
oxygen to the oxygen sites of hydrophilic water (dashed lines) and
from TMAO carbon to hydrophobic water (solid lines) at 1 bar (blue
lines with circles) and 10 kbar (red lines) and 300 K; see text for the
definition of “hydrophilic” and “hydrophobic” water molecules.
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Fig. 12 Spatial distribution functions of hydrophobic water
molecules (in terms of their oxygen positions) obtained from AIMD
simulations at (a) 1 bar and TMAO - (H,0)3, (b) 10 kbar and
TMAO - (H,0)3, and (c) 10 kbar and TMAO - (H,0)4 and 300 K.
The corresponding density is about 2.0 times higher than the
average density; see text for the definition of “hydrophobic” water

molecules. (@) 3
— 27
)
s
1 L
0 .
1 2
(b)
1.0 hydrophili%*‘i 110 3
) I
§ 08 F 8 = 2t
g NS 3
= F ©
% 0.6 6 g ° 4t
S04} 142
8 8 0
o T 1 2 3 4 5 6 7
& oot {2 r/A
e""l\
00 = gese S ‘ L 0 Fig. 14 Comparison of oxygen-oxygen radial distribution functions
-1.0 -0.5 0.0 0.5 1.0 between all water molecules in the TMAO(aq) solutions (red line)
cos(0)

and in pure liquid water (blue circles) obtained from AIMD

simulations at (a) 1 bar and (b) 10 kbar and 300 K.
Fig. 13 Probability distribution functions of the straddling angles

Oc;...oy—Hy between hydrophobic water molecules (as defined in
the text) and the closest carbon site of TMAO at 1 bar and

TMAQ - (H,0)3 (green line with circles), 10 kbar and

TMAO - (H,0)3 (blue line with squares), and 10 kbar and

TMAO - (H,0)4 (red line) with respect to the left axis; the inset
displays schematically the two typical straddling orientations,

Type 1 and 2, according to Geiger’s classification 8. The
corresponding data for hydrophilic water molecules, where

60, ...0y—Hy, 18 defined with respect to the oxygen site of TMAO and
the right ordinate scale applies, are shown using the same color code
but dotted lines.
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