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1. Abstract

Liquid water is known as the “universal” solvent, capable of dissolving a wide variety of different
solutes. While much is now understood about the impact of solutes on water structure in binary
solutions, it is much more challenging to deconvolute the potentially competing effects of more
complex solutions. Here, we present a correlative NMR and neutron diffraction study to examine the
solute induced perturbation of water structure and dynamics in a tertiary solution containing the
naturally occurring osmolyte trimethylamine N-oxide (TMAOQO) and magnesium perchlorate
(Mg(Cl10s)2). We show that while TMAO and Mg(ClO4), perturb water structure in an opposing
manner, the two solutes slow water dynamics in an additive manner. We quantify the relative ability of
each solute to perturb water by introducing a weighting parameter, and show that TMAO is 1.54 times
more effective at perturbing water structure and dynamics than Mg(ClOs),. The combination of NMR,
neutron diffraction and computational modelling offers unprecedented access to the structure and
dynamics of more complex aqueous solutions, permitting deconvolution of solute specific perturbation
of water. Such insight provides a new route to understand this universal solvent in the context of
important and relevant aqueous environments.

2. Introduction

Liquid water is fundamental to life on Earth and has been extensively studied to understand its host of
unusual properties, such as its expansion upon freezing, its density maximum at 4°C, and its unusually
high specific heat capacity, melting and boiling points' . This “anomalous” behaviour emerges as a
result of hydrogen bonds, the electrostatic interaction between the more positively charged hydrogens
and the more negatively charged oxygen atom between neighbouring molecules. The molecular
properties of water result in diverse structural and dynamical roles in biology, acting as a solvent for a
variety of different solutes, as well as a reactant, catalyst, chaperone and controller!®!!, Indeed, water
is essential for life, and interactions with water are a major driving force for biomolecular structure,
dynamics and function in living systems, including in protein folding and partitioning of solutes across
membranes. To understand living systems, we need an accurate understanding of the structure and
dynamics of water in relevant aqueous environments, containing solutes such as salts, osmolytes and
biological molecules. However, the properties of aqueous solutions of even the simplest ions result from
a subtle balance of geometry, density, hydrogen bonding and charge interactions. This has prompted a
range of investigations into bulk measurements of enthalpies, entropies and heat capacities of pure water
and changes due to dissolving solutes, as well as studies of hydration of solutes, and solute perturbation
of water structure and dynamics®’.

Two powerful methods of investigating water structure are x-ray and neutron diffraction techniques,
which are sensitive to the electron cloud and the nuclei of the water molecules respectively'?. These
diffraction techniques allow access to the intermolecular pair correlation function g(r) of a system,
which is related to the probability of finding an atom of a particular type at a given distance from a
central atom. Neutrons are extremely sensitive to the nucleus of hydrogen and its isotope deuterium.
Therefore, neutron diffraction has been used extensively to study the structure of water and aqueous



systems including those containing ionic compounds’!*~16, model biomolecules such as amino acids

and peptides!’ 2%, protecting and denaturing osmolytes*’°, and alcohols*' >, These studies have helped
us to better understand the influence that these solutes have on the structure of water both in their
hydration shells and in the bulk. They have also revealed information about the thermodynamics of self-
association and segregation of solutes in aqueous solution?”-?8:31:323435 "guch as the excess entropy of
mixing in alcohol solutions®, details of the local solute-water conformations around amino acids and
peptides that are potentially crucial in the early stages of protein folding!’2*?%3°, and potential
mechanisms underlying Hofmeister and pressure-like effects”!3-16:30,

Nuclear Magnetic Resonance (NMR )38 is a technique which has been widely applied for the study of

aqueous solutions and biological macromolecules®”*!, This allows for the extrapolation of
information such as the relative abundance of isomers, macromolecular structure, rotational motions,
diffusion, and perturbations to the strength of hydrogen bonds present in the system. It also allows for
water in aqueous systems to be studied in detail, as hydration water and bulk water have separate peaks
in 70O NMR*. This methodology has been successfully applied to ions in solution, including
Mg(ClO4)2, to determine the rotational dynamics, coordination number, and residence times of water
molecules in the ionic hydration shell®. It has also been applied to alcohols, diols, amines, diamines®*2,
denaturants such as guanidine and alkylated urea*!, and noble gasses™ in solution to observe
perturbations to hydrophobic hydration dynamics in response to pressure, temperature, or proximity to
a polar group. These studies also helped demonstrate a correlation between entropy of hydration, and
partial molar volumes and partial molar heat capacities at infinite dilution with dynamic hydration
number’.

While neutron diffraction and NMR studies of binary aqueous solutions containing one solute species
are now plentiful, there have been relatively few attempts to examine more complex aqueous solutions.
In biological systems the water is not bulk liquid water. For example, measurements of water dynamics
in the cell suggest that 10-25% of water molecule have slower reorientational dynamics, by an order of
magnitude, than those in the bulk®>*°, The cytosol or intracellular fluid consists of water (~80%) and
dissolved ions, small molecules such as osmolytes and larger biomolecule such as proteins. How can
we begin to understand the structure and dynamics of water in these complex solutions?

A first step is to deconvolute the solute induced perturbation of water structure and dynamics in tertiary
aqueous solutions. Notable recent examples of tertiary aqueous solutions are studies containing
trimethylamine N-oxide (TMAO) and either urea or magnesium perchlorate (Mg(ClO4),” as a second
solute. TMAQO is a naturally occurring osmolyte that stabilises proteins against the denaturing effects
of other solutes, pressure, and temperature>®. Conversely Mg(ClOs), has been shown to compress water
structure in a manner similar to a large external pressure'’. Given TMAOs action as a protecting
osmolyte under pressure, we recently investigated if TMAO was capable of restoring the hydrogen
bonded network of water against the perturbation induced by Mg(ClOs), using neutron diffraction and
an established computational modelling tool, empirical potential structure refinement (EPSR)>’. This
study revealed that TMAO was indeed capable of partially restoring the hydrogen bonded network of
water, as evidenced by the position of the coordination shells and height of the first peak in the water
oxygen-oxygen g(r), and the average interaction energy between two hydrogen bonded water
molecules. However, while neutron diffraction can provide powerful insights into liquid structure it
provides no access to water dynamics.

The importance of considering both these aspects when studying aqueous solutions becomes clear if we
consider studies on potassium halides. Neutron scattering data and computational modelling on
aqueous potassium halides shows that both KI and KF perturb water structure in a very similar manner'?,
with the 2" peak in the water oxygen-oxygen g(r) moving inwards to shorter distances, indicating a
more compressed structure. This is also shown in H' NMR peak shift data (Fig S1), where KF, KCl,
KBr, and KI all result in a shift of the H' NMR peak of water to lower ppm, indicative of weakened



hydrogen bonding between water molecules. However molecular dynamics and NMR studies on KF
and KI clearly show that while KF retards water dynamics, KI accelerates water dynamics*’. These two
salts could therefore be considered very similar or very different if only their structural or dynamic
perturbations to water are considered. The importance of considering both aspects also extends to
hydrophobic biological macromolecules as described earlier, where parameters such as the dynamic
hydration number require both structural and dynamic information. Therefore, for a full understanding
of solute induced perturbation of water both structural and dynamic information is required.

Here we combine NMR data with further analysis of neutron diffraction data to demonstrate a powerful
correlative approach which deconvolutes solute perturbation of water structure and dynamics. We show
that while TMAO and Mg(Cl10s); act to perturb water structure in an opposing manner, with each solute
effectively “cancelling the other out”, they instead act to perturb water dynamics in an additive manner.
We demonstrate a quantitative approach for determining the relative perturbative action of each solute
by forming a single master curve of the data using a weighting parameter. This correlative approach
helps bridge the gap between important yet simple model systems, such as binary solutions, and more
complex solutions that are towards “real world” systems in which organisms and biomacromolecules
reside and function.

3. Methods
a. NMR sample preparation

Aqueous TMAO and Mg(ClOs), samples were prepared by first dissolving Mg(ClOs4), or TMAO
dihydrate, obtained from Sigma-Aldrich and used without further purification, to 2.0 mol/kg H»O in
ultrapure water. These were then combined in appropriate ratios with ultrapure water to yield every
possible combination of 0-1.0 mol/kg H»O in 0.2 mol/kg H»O increments for mixed TMAO Mg(ClOs)»
solutions, yielding 36 samples in total. The samples were then placed in 5 mm borosilicate NMR tubes
(Fluorochem Ltd) for NMR data acquisition. The NMR tubes also contained 1 mm sealed borosilicate
x-ray tubes containing dimethyl sulfoxide (DMSO - Sigma-Aldrich) to serve as a calibration peak as
DMSO shows a strong single peak at 2.50 ppm?® in '"H NMR measurements. All data were taken at
27°C.

b. NMR spectral acquisition

"H NMR spectra were acquired using a Bruker Avance 11 400 MHz NMR spectrometer. Stronger
hydrogen bonds result in deshielding of the hydrogen proton, and therefore the observed NMR peak for
water hydrogen is shifted downfield (to higher ppm). The origin of this affect remains unclear, likely
due to inadequacies in defining hydrogen bonding itself. The traditionally adopted explanation is that a
stronger hydrogen bond causes the hydrogen atom on a water molecule to move further away from its
host molecule. It therefore experiences less shielding from the electrons located within the OH bond
and the spin on the proton precesses with a higher frequency, causing a downfield shift. However, as
distance is strongly affected by quantum effects, there is no simple rule between force field strength
and distance. It is more likely to result from distortion of the force field in which the proton sits, causing
vibrational and rotational frequencies to shift. Peak shift data can therefore be considered an indicator
of structural perturbations to the water network® 38,

Proton NMR relaxometry T; data were acquired using a Magritek Spinsolve 43 MHz NMR
spectrometer (Magritek) via inversion recovery. T; relaxation occurs following the application of the
180° pulse that inverts the net magnetization of the spins present in the sample, which were initially
aligned parallel to the large external magnetic field (z-axis). As the molecules then translate and rotate
in solution the spins experience varying time-dependent local magnetic fields due to interactions with
other spins. The spectral density of these fluctuations, at the Larmor frequency (®) and twice the Larmor
frequency, determine the spin-lattice relaxation rate®* 3. The characteristic time period for the spins to



return to equilibrium is described by the time constant T; shown in equation 1, where M,(t) is the
nuclear spin magnetization in the z direction at a time t. Example data shown in Fig S2.
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As the spectral density of the time-varying magnetic field experienced by a spin depends on the
rotational motion of the molecule, the T; decay time is also dependent on rotational motion. It can be
shown that in the fast limit (@zrcr << 1), T{ 1 & Tgper, Where Tgpe is the rotational correlation time of
the molecule, roughly equal to the time taken for the root-mean-square deflection of the molecule to be
approximately one radian®*3%46, It therefore serves as a measure of the microscale dynamics of the
system, where accelerated dynamics would correspond to a lower T; 1, and can be used to study changes
to the rotational correlation time of the water molecules in the system.

c. NMR diffusion

The diffusion coefficient D for the water molecules in each sample was determined using a Bruker
Avance II 400 MHz NMR spectrometer. This is done using the principle of pulsed field gradient spin
echo. In addition to the uniform large static external magnetic field parallel to the z axis, a magnetic
field gradient G of increasing magnitude is also applied parallel to the z axis. The Larmor frequency of
the individual spins in the sample is therefore dependent on their location in the z direction, which
enables diffusion measurements to be carried out.

If one measures signal attenuation as a function of field gradient G, one can use the Stejskal-Tanner
expression®’, shown in equation 2 where I is the signal at gradient strength G, y is the gyromagnetic
ratio of the nuclei in question, in our case hydrogen, § is the length of the gradient pulses, and 4 is the
diffusion period between gradient pulses, to extract the diffusion coefficient D.
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d. Neutron scattering

The acquisition of neutron diffraction data and subsequent analysis for mixed aqueous Mg(ClO4)»
TMAO is previously described®” and will therefore only be briefly overviewed here. Diffraction data
were taken using the Near to Intermediate Range Order Diffractometer (NIMROD)® and corrected for
multiple scattering, attenuation, and inelasticity effects using Gudrun'2, Three isotopic variants of water
and three isotopic variants of TMAO were used to help deconvolute the total interference scattering
cross section produced by Gudrun. Full details of the neutron diffraction can be found in the Methods

section of our recent study®’. A complete list of samples is available in the supporting information (List
S1).

e. Empirical potential structure refinement

The scattering data were analysed using empirical potential structure refinement (EPSR) as described
previously”’. This is a Monte Carlo based analysis tool which equilibrates a simulated box of molecules
that is representative of the experimental sample using a reference potential containing a Lennard-Jones
and a Coulomb component, and then applies an empirical potential to refine the simulation against the
experimental scattering data®®>. The result is a simulated box of molecules whose structure (or atomic
arrangement) is consistent with the experimental scattering data. It is important to note here that EPSR
does not guarantee a unique structure, merely one that is consistent with the scattering data. The
resulting simulated box can then be used to calculate pair correlation functions (g (r)s) and coordination



numbers, as well as more detailed analysis such as hydrogen bond energies and conformations as
detailed in section 3(g). The simulation parameters for the reference potential, as well as the fits to the
scattering data, are available in the supporting information (Table S1, Table S2, Fig S3).

f. Hydrogen bonding analysis

The simulated box of atoms produced by EPSR can be analysed further using a hydrogen bond analysis
code. Since its first implementation®’ it has been expanded here to study hydrogen bonding in more
detail as described below. The hydrogen bond analysis code first reads in the coordinates for all the
simulated molecules. Any water molecules that are directly solvating a solute molecule are then
identified and excluded from further analysis. This is defined by a cut off distance corresponding to the
first minima in the OwX RDF where X is the solute atom/molecule. This step is included as strong
interactions between water molecules and solute molecules can allow the hydration water molecules to
adopt energetically unfavourable conformations relative to other, neighbouring, water molecules.
Therefore, when water molecules of this nature are included in the hydrogen bond analysis there will
be a tendency for the average interaction energy between two hydrogen bonded water molecules to be
overestimated, and hence the network will appear to be less enthalpically stable. This also helps to
minimise any effects the heterogeneity between local water environments that are present in aqueous
solutions would have on the measured geometric and energetic distributions. This is because the
geometry of neighbouring water molecules in the hydration shell of solute molecules will certainly be
different than in the bulk. By considering only the bulk water molecules, and disregarding any hydration
water, the effects of the solute on the bond network are more reliably observed. This feature was not
present in the original routine®’.

A topological definition of hydrogen bonding is used, broadly similar to the approach used in previous
literature® %, where a water molecule is deemed to be hydrogen bonded to a central molecule if it
simultaneously satisfies two criteria: the water molecule’s oxygen must be within a distance to the
central molecule’s oxygen corresponding to the first minima in the O,Ow RDF, and the water
molecule’s hydrogen must be within a distance to the central molecule’s oxygen corresponding to the
first minima in the OyHy RDF. This allows for increased flexibility in defining a hydrogen bond, as
strict geometric or energetic criterias® > would be inadequate to describe a system that is perturbed by
the addition of solute molecules. Based on this definition the hydrogen bond donor and acceptor angles,
total interaction energies between hydrogen bonded molecules, as well as the abundance of specific
hydrogen bonding conformations such as bifurcated oxygens and cyclic dimers are calculated.

4. Results
a. NMR study of hydrogen bonding in TMAO : Mg(ClOs), aqueous solutions

To examine hydrogen bonding in the tertiary aqueous solution, NMR experiments measured the relative
position of the "H NMR water peak as a function of solute concentration. All NMR experiments were
completed over a concentration range of 0 — 1.0 mol/kg H>O in increments of 0.2 mol/kg H>O for both
solutes at 27°C, as outlined in section 3(a), resulting in 36 samples. As outlined in section 3(b), a
stronger hydrogen bond results in increased deshielding of the hydrogen nucleus and a shift downfield
(higher ppm) of the associated NMR peak. The shift of the NMR peak from the water hydrogen data is
presented in figure 1 below. These results show a downfield shift upon addition of TMAO, suggesting
strengthened hydrogen bonding between water molecules. An upfield shift upon Mg(ClO4), addition is
observed, suggesting weakened hydrogen bonding between water molecules. The perturbation to water
structure is therefore opposite for each solute, and act to cancel each other out when in combination.
This supports previous neutron diffraction experiments®’, which showed that TMAO restores the
hydrogen bonding network of water when perturbed by Mg(ClOs4),.
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Figure 1. '"H NMR peak shift data for mixed aqueous Mg(ClO4), and TMAO from 0 — 1.0 mol/kg
H>O in increments of 0.2 mol/kg H»O relative to the value for pure water. Data shows that Mg(ClO4)»
results in negative peak shifts, corresponding to weaker hydrogen bonding, and TMAO results in
positive peak shifts, corresponding to strengthened hydrogen bonding. The two solutes appear to act
in opposition to one another.

b. NMR study of dynamics of water molecules in TMAO : Mg(ClO4), aqueous solutions

The inverse T decay time and diffusion coefficient for water molecule hydrogens present in the system
as a function of Mg(ClO4), and TMAO concentration at 27°C are presented in figure 2. These results
for pure water, D ~ 2.3 X 1079m?s™! and T, ~ 3.0s, are consistent with previously reported
values™’™. As shown in figures 2(a) and 2(b) both solutes slow the dynamics of the water molecules
present in the system. This is indicated by the increasing relaxation rate T; 1, and therefore increasing
rotational correlation time with increasing solute concentration, and by a decreasing diffusion
coefficient as a function of increasing solute concentration. This is unsurprising” as both TMAO and
Mg** interact more strongly with water molecules than water molecules interact with themselves, as
shown in our previous work®’. Previous literature have shown that the interactions between water
molecules and ClO4 are weaker than between neighbouring water molecules in pure water and are
therefore expected to exhibit increased dynamics’ "7, however our results clearly demonstrate that these
effects, if present, are overpowered by the strong interactions between water molecules and
Mg*/TMAO. Our results also show that any dynamic heterogeneities in the aqueous solution due to
perturbed dynamics of water molecules in the first hydration shell of the solutes are minimal. This is
clearly demonstrated by the data used to determine the T; times for the samples as described in section
3(b) (example data shown in Fig S2). The T; times are determined by fitting these data to the expression
shown in equation 1. Any dynamic heterogeneities would result in multiple T, decay times and
therefore the data would need to be described by multiple exponential terms. As the data is clearly
extremely well described using a single exponential, this indicates that any dynamic heterogeneities
across all samples are minimal. Both Mg(ClO4); and TMAO therefore act to slow water dynamics and
this perturbation is additive.
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Figure 2. (a) Inverse T; decay time (proportional to rotational correlation time) from NMR
experiments as a function of solute concentration (b) Diffusion coefficient of water molecules as a
function of solute concentration. An increasing rotational correlation time and decreasing diffusion
coefficient with increasing solute concentration is indicative of slowed water molecule dynamics.
The two solutes appear to act additively.

The diffusion coefficient D is inversely proportional to the viscosity 1 experienced by the the water
molecule, as shown by the Stokes-Einstein relation (equation 3), where T is temperature, kg is
Boltzmann’s constant, and 73, is the hydrodynamic radius of the molecule,

_ kT 3)
6mnry,

A similar expression can be derived that considers rotational diffusion, rather than translational
diffusion, known as the Debye-Einstein relationship (equation 4). This shows that the rotational
correlation time Tgy¢ is proportional to the local viscosity.

4y, 4)

T o Tppe = W

It therefore follows that if translational diffusion and rotational diffusion are governed by the same local
viscosity”, that D o T, « T;. We therefore plot the spin lattice relaxation rate against the diffusion
coefficient for each sample in figure 3. This shows a linear dependence and indicates that translational
diffusion and rotational diffusion are indeed governed by the same local microscale viscosity. This also
supports the assumption that the spin lattice relaxation rate T; is dominated by rotational motion.
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Figure 3. Spin-lattice relaxation rate (T;) decay time as a function of diffusion coefficient D for
mixed Mg(ClO4), and TMAO tertiary aqueous solutions from 0 — 1.0 mol/kg H»O in increments of
0.2 mol/kg H»O for each solute. Linear relationship between both properties for each sample shows

water molecules experience the same local viscosity for both translational diffusion and rotational
motion.

c. Neutron diffraction data and computational modelling

Neutron diffraction data and computational modelling allow for an examination of the structure the
hydrogen bonding in the tertiary aqueous solution, as described in section 3(g), as well as the local
structures present in the aqueous solution through RDFs, coordination numbers, spatial density
functions, etc. A complete description of perturbations to water structure in aqueous Mg(ClOs), and
TMAO using these methods can be found in our recent publication®” and will not be further discussed
here. Details of the solute-solute coordination numbers can be found in the supporting information
(Table S3). This data shows that solute-solute interactions between Mg>* and ClO4 ions are minimal as
evidenced by coordination numbers substantially below 1, even at the highest concentration of 2.7 M.
The solute-solute interactions between TMAQO molecules are shown to be moderate, consistent with
neutron scattering data by Meersman et al®®. and are most likely driven by hydrophobic association.
However, in the presence of 2.7 M Mg(ClOas), this interaction is substantially reduced and replaced by
favourable interactions between ClO4 ions. Due to the weak interactions between ClO4 ions and water
molecules”™ "7 this interaction is also likely hydrophobically driven.

Figure 4 shows the average hydrogen bond interaction energy between two water molecules for binary
and tertiary solutions containing TMAO and Mg(ClOs), and pure water, and show excellent agreement
with previous literature®®. An increase in the average hydrogen bond interaction energy upon addition
of each solute is measured relative to pure water, suggesting a reduction in the stability of the average
hydrogen bond between two water molecules. This is likely due to an excluded volume effect of the
solute. However, for samples containing both 1.0 M TMAO and Mg(ClO4); at concentrations of 0.2 M
and 2.7 M the average hydrogen bond interaction energy decreases towards the value measured for
pure water. This suggests that while individually both solutes act to reduce the stability of water
molecule hydrogen bonding, when together this perturbation is absent, and the two solutes cancel each
other out. The full conformational energy density maps, such as those reported in the previous work,
are available in the supporting information (Fig S4).
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Figure 4. Average hydrogen bond interaction energy (E) for pairs of hydrogen bonded water
molecules in the bulk for all samples calculated as previously described in section 3(g)*’. The
inclusion of either Mg(ClO4), or TMAO individually results in less stable hydrogen bonds. The
inclusion of both solute species simultaneously results in more stable hydrogen bonds, more
reminiscent of those found in pure water.

d. Extended hydrogen bonding analysis: Examination of hydrogen bonded conformations

Using neutron diffraction data and computational modelling we examine the hydrogen bonded
conformations in the tertiary solution. The conformations the current routine is capable of identifying
include cyclic dimers, bifurcated oxygens, hydrogen bonded pairs of molecules with a positive overall
interaction energy, and bifurcated hydrogens. Their relative abundance in binary and tertiary solutions
of TMAO and Mg(ClO4), were found (Fig S5). Bifurcated hydrogen conformations are an intermediate
step that occurs as a water molecule switches hydrogen bonding partners. During this switching event
a water molecule simultaneously donates a hydrogen bond to two neighbouring water molecules
through a single hydrogen as illustrated in figure 5(a). The relative abundance of water molecules in a
bifurcated hydrogen conformation in water decreases with increasing solute concentration (Fig 5(b)).
Such a reduction in bifurcated hydrogen conformations is consistent with less frequent hydrogen bond
switching events, and hence slower dynamics, as observed for the increased inverse T decay time and
decreased diffusion coefficient with increasing solute concentration (Fig 2).
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Figure 5. (a) The bifurcated hydrogen conformation occurs as an intermediate as a water molecule
switches hydrogen bonding partners. (b) Fraction of water molecules with a bifurcated hydrogen
bond for each sample studied by neutron diffraction. A decreasing fraction of bifurcated hydrogen
conformations with increasing solute concentration is therefore consistent with reduced dynamics.
Error bars are negligible.

e. Quantifying TMAO relative to Mg(ClO4),

At this point it should be clear that if one considers the effect of the two solutes on the structure of bulk
water then they act in opposition to one another, with one solute effectively cancelling out the other,
whereas if one considers the effect of the two solutes on the dynamics of water they act additively,
where the inclusion of one solute results in reduced dynamics and the inclusion of the second slows
dynamics yet further. We will now attempt to quantify the ability of one solute as a perturbing agent
relative to the other. This can be achieved by plotting all the data as a function of the effective total
concentration such that all points for a given dataset lie on a single master curve. The effective total
concentration is described in equation 5 below where [x] is the concentration of x in mol/kg H,O and
g is a dimensionless weighting factor that represents how effective TMAO is as a perturbing agent
relative to Mg(ClO4)>. A straight line is then fit to the resultant master curve data. The quality of the
linear fit to the data is quantified by the calculated r? value, which gives a score from 0-1. The 72 value
is then monitored as a function of g to determine the optimum g value. It is important to note here that
when using this method, we are concerned solely with the quality of the linear fit, and not the gradient
or intercept of the fit itself.

| [Eff] = [Mg(ClOy),] + g[TMAO] [5) ]

Five datasets were chosen for this method of analysis: the peak shift NMR data (Fig 1), the inverse T}
NMR data (Fig 2(a)), the diffusion coefficient data (Fig 2(b)), the bulk average hydrogen bond
interaction energy predicted by neutron diffraction and EPSR (Fig 4), and the fraction of bulk water
molecules with a bifurcated hydrogen predicted by neutron diffraction and EPSR (Fig 5). These datasets
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were chosen as they represent both dynamic and structural measures of the system. The peak shift NMR
data and bulk average hydrogen bond interaction energy represent perturbations to structural hydrogen
bonding as a result of the two solutes. The inverse T; data and diffusion coefficient data represent
dynamic measures of the system that are measured through well-established means®**3#, The fraction of
bulk water molecules with a bifurcated hydrogen corresponds to the intermediate step in the bond
switching mechanism outlined by the extended jump model proposed by Laage and Hynes*’#. It is
important to note that the data is plotted using the absolute value of the weighting parameter. This is
because the two solutes act to oppose one another from a structural perspective, and therefore have a
negative weighting parameter, whereas they act additively from a dynamic perspective, and therefore
have a positive weighting parameter. Plotting the absolute value makes the data sets more directly
comparable. The results are shown in figure 6.

1.0+ b
""'."::.. "y
AAAAAAx :‘:
094 a4 Yo
4 = Inverse T, data
D data
~ 0.8_ 1 =
— A “H peak shift data

Bifurcated hydrogen data
0.7 - ¢ Average hydrogen bond
interaction energy data

0.6 1

0.8 1.2 1.6 2.0 2.4
lg|

Figure 6. Combining each dataset as a function of effective total solute concentration [Eff] =
[Mg(ClO,),] + g[TMAO] for inverse T; decay time data, diffusion coefficient data, "H NMR peak
shift data, relative abundance of bifurcated hydrogens, and average interaction energy between two
hydrogen bonded molecules. [x] is the concentration of solute x in mol/kg H,O and g is a weighting
parameter. The resultant master curves are fit using a linear expression. The quality of the fit, which
is scored between O for poor quality linear fits and 1 for high quality linear fits as determined by its
72 is plotted as a function of the absolute weighting parameter g. The location of the peak of the
resultant curves shown above corresponds to the optimum value of g. This g value therefore
quantifies the ability of Mg(ClO4), to perturb water structure and dynamics relative to TMAO.

A high-quality linear fit can be achieved to the inverse Ty (Fig 7(a)), diffusion coefficient (Fig S7(a)),
peak shift (Fig S7(b)), and bifurcated hydrogen data (Fig 7(b)), as shown by a maximum 7?2 value
approaching unity and shown in figure 6. However, a linear fit to the average hydrogen bond interaction
energy data is of much lower quality and may result from the assumptions that go into producing this
data (Fig S7(c)). This is related to the difficulty accurately describing a hydrogen bond between water
molecules, to which there is still no definitively accepted answer®%’. This could also be a result of the
intrinsic limitations of neutron diffraction and EPSR, as neutron diffraction data requires correction for
multiple scattering, attenuation and inelasticity effects'? before EPSR can be performed, and EPSR does
not guarantee a unique solution, merely one that is consistent with the corrected scattering data. The
peak in each of these 5 data sets represents the optimum weighting parameter. This was determined by
numerically differentiating the datasets (Fig S6). These results, along with the averaged value and its
standard uncertainty are given in table 1. This shows an overall consistency of the optimum g value
taken from 5 different sources across 2 different experimental techniques and 3 different experimental
apparatus, and when considering both dynamic and structural perturbations to the system. Within the
dynamic measures of the system it also shows a consistency across multiple length scales. Using the
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diffusion coefficient data presented in figure 2 and the experimental diffusion time of 60 ms, a water
molecule has a root-mean-square deviation of 20-30 microns in this time period, corresponding to

approximately 83,000 water molecule diameters.

Data set Absolute g value

Inverse T, 1.563

Diffusion coefficient 1.442

Peak shift NMR 1.727

Bifurcated hydrogen 1.370

Averaged hydrogen bond interaction energy 1.579

Average value 1.54 £ 0.06

Table 1. Optimum weighting parameter calculated by the peak location of quality of linear fit for
each data set (r2) as a function of weighting parameter (g) for each of the 5 data sets. The optimum
weight parameter corresponds to the highest quality linear fit of the data plotted using effective total
concentration.

TMAO can therefore be thought of as being a factor of 1.54 + 0.06 more “effective” at perturbing water
structure and dynamics than Mg(ClOs4),. The inverse T; data and bifurcated hydrogen data using the
effective total concentration at this average optimum g value are plotted in figure 7. The remaining data
sets are shown in the supporting information (Fig S7), and example inverse T; data using the extreme
g values of 0.9 and 2.4 are shown in Fig S8.
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Figure 7. Replotting data sets using effective total concentration described by [Eff] =
[Mg(ClO,),] + g[TMAO] where [x] is the concentration of solute x in mol/kg H>O and g is a
weighting factor. Weighting factor is set to 1.54, the average optimum weighting factor as described
in figure 6. (a) Inverse T data, (b) Bifurcated hydrogen data. Remaining datasets can be found in
supporting information (Fig S7). Error bars are negligible.

5. Discussion

This study of TMAO and Mg(ClOs), reveals the surprising result that while the two solutes perturb
water structure in an opposing manner with one solute cancelling out the other, they act to perturb water
dynamics in an additive manner, both acting to slow water dynamics.

The identification of the fraction of bulk water molecules with a bifurcated hydrogen, inspired by the
so called “extended jump model” of Laage and Hynes*>*758082 guggests dynamic changes in the
system, and allows the extended jump model to be applied to neutron diffraction data for the first time.
The model proposes that water dynamics is the sum of two parts; (i) a large angular jump through a
bifurcated hydrogen intermediate as a water molecule switches hydrogen bonding partners from an
over-coordinated first shell neighbour to an under-coordinated second shell neighbour, and (ii) diffusion
of water molecules that maintain a hydrogen bond called frame reorientation. Measuring the relative
abundance of bifurcated hydrogens, as demonstrated here, could serve as an indication for modifications
to system dynamics, provided that the jump reorientation is the dominant mechanism for the water
dynamics in the system of interest. This can then be validated by NMR, as has been done in this work.
It is important to note here that the analysis of the inverse Ty employed in this work and described in
equation 4 assumes diffusive rotational motion of water molecules, which is in contradiction to the large
angular jumps described by the extended jump model. We rationalise this disparity by considering the
difference in scale between these two datasets. The abundance of bifurcated hydrogens calculated
through computer simulations based on neutron scattering data considers each water molecule
individually, whereas the inverse T; measurements from NMR data considers an ensemble average over
the whole sample. When considering the whole sample in this way, the ensemble average of many large
angular jumps would appear to be rotational diffusion, in the same way that the ensemble average of
many particles undergoing Brownian motion would appear to be translational diffusion. However, when
employing the extended jump model as we have done in this work, it is crucially important to consider
two factors: the excluded volume effect of the solute, and the frame reorientation mechanism.

The inclusion of a solute molecule into water creates an excluded volume in the water network due to
the physical space the solute molecule occupies. This occupation of space makes it less probable that
water molecules will be appropriately placed to adopt the bifurcated hydrogen bonded conformation.
One would therefore expect the fraction of hydrogen bonded water molecules with a bifurcated
hydrogen to decrease with increasing solute concentration for a purely hydrophobic solute. If this is an
indication of dynamic information it could mistakenly be concluded that the solute is slowing the
dynamics of water molecules, when this may not necessarily be the case. In order to ensure the results
from this research are not a result of this effect we can consider the TMAO-Oy, Mg**-O,, and ClO4 Oy
g(r)s (Fig S9). By considering the location of the first peak in this RDF, we can estimate the effective
volume the solute molecule occupies. Modelling the TMAO molecule as a sphere with its nitrogen
atom at its centre, the total volume occupied by its hydration sphere is approximately 387 A3. Similarly
for the ClOy4 ion, treating it as a sphere with its chlorine atom at its centre, its hydration sphere is
approximately 256 As. Mg?* in turn has a hydration sphere of approximately 18 As, Assuming complete
dissolution of the two ions with no hydration shell overlap, the total volume in solution occupied by a
single Mg(ClO4), molecule is approximately 530 A3 If the observed results were solely as a result of
the excluded volume effects one would therefore expect a weighting parameter equivalent to the ratio
of the TMAO exclude volume to the total Mg(ClOs), excluded volume, which is approximately 0.73
(see Derivation S1 in SI). . As this is not the case, and the weighting parameter derived from EPSR data

13



is consistent with that derived from NMR data, this suggests that using the bifurcated hydrogen bond
fraction as an indication of dynamic information is a suitable technique for this system. For this tertiary
system we have also shown that rotational dynamics and diffusion are both dependent on the same local
viscosity (Fig 3), allowing for meaningful comparison between the criteria used to compare dynamic
perturbations used here.

The consideration of the frame reorientation component of the extended jump model*’#8! is not

available from EPSR. EPSR is a Monte Carlo based technique, and hence molecular reorientations are
performed randomly, and their success is based on their stability in their new location and orientation.
These systems would have to be investigated more thoroughly using a combination of various
techniques such as Molecular Dynamics, NMR, IR-spectroscopy, and bulk viscosity measurements.

A final important implication of this work relates to the hydrophobic effect. A classical view of this
effect is that the introduction of a hydrophobic solute results in a rigid cage of highly structured water
molecules solvating the solute, and an associated entropy penalty®*®. Bringing the two solutes together
requires fewer water molecules to solvate the solutes, and therefore a lower entropy penalty. However,
there has been little direct evidence for highly structured water around hydrophobic solutes, so the
origins of the hydrophobic effect may not be a result of enhanced structure, but perturbed dynamics
near the solute. It is therefore important to consider both aspects simultaneously, such as has been done
in this work.

6. Conclusion

In this work the competing effects in a tertiary aqueous system between TMAO and Mg(ClO4), on
water structure and dynamics have been quantified using NMR and neutron scattering with subsequent
EPSR. This shows that while the two solutes perturb water structure in an opposing manner, they perturb
water dynamics in an additive manner in the concentration ranges studied here. By plotting the data as
a function of total solute concentration with an additional weighting parameter we have been able to
quantify these effects, and have shown that TMAOQ is a more effective perturbing agent by a factor of
1.54 + 0.06 than Mg(ClOs).. We believe this relatively simple technique could be easily applied to any
complex aqueous systems.

The fact that opposite results are drawn from dynamics and structure shows that one cannot draw simple
assumptions from a single technique, and that any assumptions made from one set of data must be tested
using an appropriate alternative technique. While NMR has been used to help guide EPSR studies on
peptides, for example by helping to identify the ratio of cis to trans isomers in polypeptides?**# a true
correlative study on a single system such as this one is yet to be reported.

7. Supporting Information

The supporting information document accompanying this publication contains: a complete list of
samples studied by neutron diffraction, the parameters of the EPSR simulations including Lennard-
Jones and Coulomb parameters for each atomic species present and the size of the simulations, example
NMR data of aqueous potassium halides, example data for the calculation of the spin-lattice relaxation
rate Ty, a summary of the solute-solute coordination numbers determined by EPSR, example EPSR fits
to the scattering data, the conformational energy density plots for each sample determined through the
hydrogen bond analysis routine, the abundance of specific hydrogen bonded conformations determined
through the hydrogen bond analysis routine, the numerically differentiated data presented in Fig 6 used
to determine the peak location, the remaining 3 datasets described in Fig 7 plotted using the effective
total concentration, and the inverse T dataset plotted as a function of effective total solute concentration
using a weighting parameter of 0.9 and 2.4.
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