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1. Abstract

The presence of magnesium perchlorate (Mg(ClO4)2) as the dominating ionic compound in the Martian 

regolith and the recent discovery of a subsurface lake on Mars suggests that beneath the Martian surface 

may lie an aqueous environment suitable for life, rich in chaotropic ions.  Closer to Earth, terrestrial 

organisms use osmolytes, such as trimethylamine N-oxide (TMAO), to overcome the biologically 

damaging effects of pressure.  While previous studies have revealed that Mg(ClO4)2 acts to modify 

water structure as if it has been pressurized, little is known about the competing effects of chaotropes 

and kosmotropes. Therefore the question here is whether TMAO can help to preserve the hydrogen 

bond network of water against the pressurising effect of Mg(ClO4)2?  We address this question using 

neutron scattering, computational modelling using Empirical Potential Structure Refinement (EPSR) 

analysis, and a new approach to quantifying hydrogen bond conformations and energies.  We find that 

the addition of 1.0 M TMAO to 0.2 M Mg(ClO4)2 or 2.7 M Mg(ClO4)2 is capable of partially restoring 

the hydrogen bond network of water, and the fraction of water molecules in conformations associated 

with hydrogen bond switching.  This suggests that terrestrial protecting osmolytes could provide a 

protective mechanism to the extremes found in Martian environments for biological systems. 

2. Introduction

Liquid water lies at the most fundamental level of life as we know it, and yet despite extensive

research there is no conclusive theory which accurately explains its host of unusual, and sometimes 

counterintuitive, properties(1–5). Its maximum density at 4oC, unusually high heat capacity and low 

compressibility are examples of these. The response of the hydrogen bonded loosely packed network 

of liquid water to solutes such as ions and amphiphilic molecules has been examined in depth by 

techniques such as Raman(6,7), IR spectroscopy(8–14), molecular dynamics simulations(15–22), 

NMR(23), X-ray diffraction(24,25) and neutron diffraction(26–33), which has allowed us to visualise 

structure making (kosmotropic) and structure breaking (chaotropic) effects. One of the most striking 

results is the modification to water structure as a result of ion addition, which is often similar to that of 

pure water under pressure(29,30).   

Neutron diffraction combined with empirical potential structure refinement (EPSR) showed that at 

a concentration of 44 wt% (2.7 M) and 298 K, the highly chaotropic salt Mg(ClO4)2 is capable of 

perturbing the structure of water in the same manner as an external pressure of 3 GPa(30).  This 

Mg(ClO4)2 induced perturbation of water structure is currently of particular interest due to the recent 



discovery of periods of flowing surface water on Mars(34) and the presence of subsurface liquid water 

in the form of a lake(35), which may be one of many. Mg(ClO4)2 is present in surprisingly high 

quantities (Mg2+ at 3.3 × 10−3 m and ClO4
- at 2.4 × 10−3 m where the concentrations are given in 

molality), dominating the ionic makeup of the Martian regolith at the Phoenix lander site(36,37). As 

the landing site in the Vastitas Borealis plains was chosen to study the history of water on Mars this 

striking result allows us to speculate that Mg(ClO4)2 may also be present in the subsurface lakes.  This 

would provide an aqueous environment in a similar geographical location to Lake Vostok(38) or Lake 

Whillans(39) on Earth, with an interesting ionic composition, similar to the high salt concentration 

environments on Earth such as salt lakes and solar salterns(40), that would be protected from the 

combined bacteriocidal effects of Mg(ClO4)2 and UV radiation present at the surface(41). 

We have previously shown that hydrogen bonding between amino acids is reduced but can still 

persist even in concentrated Mg(ClO4)2(42). Many terrestrial organisms use osmolytes as stabilising 

agents against the detrimental effects of their biochemistry, such as urea in the cells of sharks and 

rays(43), or their environment, such as extreme pressures experienced by snailfish(44). A commonly 

used osmolyte and powerful protein stabilising agent is trimethylamine N-oxide (TMAO).  TMAO has 

already been shown to protect proteins against denaturation against a range of agents including 

urea(45,46) and pressure(47,48), as well as enhancing hydrogen bonding in bulk water(49–51). This 

motivates us to ask the question: can TMAO help to preserve the hydrogen bond network of water 

against the pressurising effect of Mg(ClO4)2? To address this, we have examined a solution at two 

Mg(ClO4)2 concentrations: the previously studied concentration of 44 wt% (2.7 M), and a lower 

concentration of 0.2 M.   

This lower concentration was chosen because in order to study the counteracting ability of TMAO 

to the pressurising effect of Mg(ClO4)2 it is sensible to try and study an Mg(ClO4)2 concentration that 

perturbs water structure in such a way that it is noticeable through neutron scattering, but not so extreme 

that any resisting effects caused by TMAO would overwhelmed.  We therefore wish to choose a 

concentration that is equivalent to a pressurising effect of 2-3 kbar.  As there is no direct measure of the 

pressurising effect of Mg(ClO4)2 as a function of concentration we must attempt to estimate one using 

available published data (Figures 1 and 2). A property of Mg(ClO4)2 solutions that has been studied in 

detail is the melting temperature by Pestova et al.(52), which shows a roughly exponential dependence 

as a function of concentration measured in molality until a concentration corresponding to 44 wt% and 

is reproduced in figure 1(a). If one assumes that the density of solution is proportional to the wt% of 

the solute, as is the case in other salt solutions(53), and uses the experimental density of the 2.7 M 

Mg(ClO4)2 solution measured in this work, it is possible to convert the molality concentration in Pestova 

et al. to a molarity concentration.  If one also assumes that the change in melting temperature serves as 

a good indication of the change in water structure of the system, then the induced pressure should be 

proportional to the change in melting temperature. Using the information that 2.7 M is equivalent to an 

external pressure of 3 GPa(30) (30 kbar) (point circled in Figure 1(b)), it is then possible to relate all 

the melting temperature data points in Pestova et al. to an equivalent induced pressure, and fit the data 

to an exponential growth.  This fit is shown in Figure 1(b). This reveals that a concentration of 0.2 M 

Mg(ClO4)2 may result in an induced pressure of 2.2 kbar. It is important to note that because the melting 

temperature data does not extrapolate to 0oC at 0 concentration, the induced pressure as a function of 

concentration does not extrapolate to atmospheric pressure at 0 concentration either.  However as this 

is merely an estimate drawn from limited data, it should be a reasonable approximation for our purposes. 



  
Figure 1. (a) Melting temperature of Mg(ClO4)2 solutions as a function of concentration in molality 

from Pestova et al(52). The circled point highlights the melting temperature at a Mg(ClO4)2 

concentration of 3.48 mol/kg (44 wt%) (b) Pressure in kbar induced by Mg(ClO4)2 as a function of 

concentration in molarity 𝑀 based on melting temperature data (points).  This is fit using the 

equation 𝑃 = 1.07565 × exp (
𝑀

0.81949
) + 0.82427 where the constants were determined by fitting 

the data in (b) (line). The circled point highlights the induced pressure at a Mg(ClO4)2 
concentration of 2.7 M (44 wt%).  The circled points in (a) and (b) correspond to a Mg(ClO4)2 

concentration which has been studied previously using neutron diffraction(30). 

We must now attempt to estimate the pressure resisting ability of TMAO as a function of 

concentration, as there is no direct experimental evidence of this, such that we can choose a 

concentration of TMAO that will resist a pressure of 2-3 kbar. The concentration of TMAO in the 

muscle tissue of snailfish as a function of depth as measured by Yancey et al.(44) and shown in figure 

2 shows a linear dependence.  It is well known that the pressure in the ocean increases by 1 atm for 

every 10 metres of depth. The presence of TMAO has been suggested to be a mechanism by which the 

snailfish protect themselves against this increased pressure, although the exact molecular mechanism is 

yet to be determined.  One can therefore infer the pressure resisting ability of TMAO as a function of 

concentration from this data, as shown in figure 2.  If one extrapolates the concentration dependence on 

depth, and therefore equivalent pressure, one finds that 1.0 M TMAO must resist a pressure of 2.4 kbar 

(point circled in Figure 2(b)). The available published data and its analysis (Figures 1 and 2) therefore 

suggest that a 0.2 M Mg(ClO4)2 and 1.0 M TMAO mixture may provide a balance between the action 

of the terrestrial kosmotrope TMAO and the martian chaotrope Mg(ClO4)2. 

   
Figure 2. (a) Concentration of TMAO in mmol/kg of wet muscle tissue as a function of depth from 

Yancey et al(44). (b) Equivalent pressure 𝑃 as a function of TMAO concentration 𝑀 as derived 

from the relationship shown in red by Yancey et al. (right).  The red relationship was chosen as this 

better fits the high concentration data. For the conversion from molality to molarity it was assumed 

that the density of TMAO solution changes negligibly with TMAO concentration.  This is 



supported by the experimental solution densities reported in table 1. Pressure relationship derived 

in supplementary information. 𝑃 = [
𝑀×106

1000−75.11𝑀
− 62.1] [

0.101325

0.0429
] + 1.01325 

The question of whether TMAO can act to preserve the hydrogen bond network of water against 

the pressurising effect of Mg(ClO4)2will be addressed here using neutron diffraction and data analysed 

using empirical potential structure refinement (EPSR) to produce site-specific radial distribution 

functions and coordination numbers.  The resulting simulated box of atoms produced by EPSR will 

then be analysed further using a custom built code to determine hydrogen bond angle distributions and 

hydrogen bond energy distributions. This allows us to study the effects of TMAO and Mg(ClO4)2 on 

the structure of water at a level of detail previously inaccessible to EPSR. 

3. Materials and Methods 

3.1. Neutron Diffraction 

Neutron diffraction data were taken using the Near to InterMediate Range Order Diffractometer(54) 

at the ISIS Pulsed Neutron and Muon Source covering a 𝑄 range of 0.01 – 30 Å-1. Multiple scattering, 

attenuation and inelastic scattering effects corrected using Gudrun software(55). This also was used to 

verify the amount of hydrogen present in each sample, as this has a large effect on the predicted 

differential scattering cross section level determined by Gudrun. This is therefore an extremely 

sensitive method by which to estimate any water that may have been absorbed onto the anhydrous and 

highly hydroscopic Mg(ClO4)2 during sample preparation. The resulting total interference differential 

scattering cross section 𝐹(𝑄) can be deconstructed into its constituent partial structure factors 𝑆𝛼𝛽(𝑄) 

between any two atomic species 𝛼 and 𝛽 by equation 1, where 𝑐 is the concentration of a particular 

atomic species and 𝑏 is the nuclear scattering length of a particular atomic species(56). 

𝐹(𝑄) = ∑ 𝑐𝛼𝑐𝛽𝑏𝛼𝑏𝛽(𝑆𝛼𝛽(𝑄) − 1)
𝛼𝛽

 (1) 

Performing a Fourier transform on a partial structure factor results in the radial distribution function 

(RDF), and integrating the RDF between a distance 𝑟1 and 𝑟2 yields the average number of 𝛽 atoms that 

can be found in a spherical shell with inner radius 𝑟1 and outer radius 𝑟2 from an 𝛼 atom located at its 

centre. This is more commonly known as the coordination number when the distances 𝑟1 and 𝑟2 

correspond to the beginning and end of hydration/coordination shells around central atoms. 

3.2. Sample Preparation 

As neutron scattering is highly sensitive to isotope substitution, particularly hydrogen-deuterium, 

isotopic variants of each sample were prepared. This is assumed to have a negligible effect on structure 

while having a large effect on the total interference differential scattering cross section. In order to keep 

molar ratios constant between isotopic variants samples were prepared by weight, taking into account 

the different molar masses of the isotopic variants. The water in each sample was prepared using either 

pure H2O, pure D2O, or an equal mixture of the two, HDO. The TMAO used in the relevant samples 

was also either fully hydrogenated TMAO, fully deuterated TMAO, or an equal molar ratio of the two.  

This therefore yielded 3 isotopic variants for each sample not containing any TMAO, and 7 isotopic 

variants for each sample containing TMAO.  A full table of the samples studied in this work is available 

in the supplementary information. 

3.3. Densities of Solution 



The densities of all the solutions used in this work were measured at 25oC using an Anton Parr 

DMA 4100 M densitometer, which gives a value in g/cm3. The densities in terms of atoms/Å3 were then 

calculated using the molar ratios and molar masses for each constituent element in each sample. 

3.4. ESPR Simulations 

EPSR is a Monte Carlo based simulation method that parameterises every atom in the system with 

a reference potential containing the Lennard Jones 𝜎 and 𝜀 parameters and a charge(3,57,58). The 

system is allowed to equilibrate using this reference potential, typically over several hundred Monte 

Carlo iterations, to produce simulated total interference scattering cross sections and provide 

preliminary fits to the experimental scattering data. An empirical potential is then included which 

further refines the simulation against the experimental scattering data over hundreds to thousands more 

Monte Carlo iterations to improve the quality of the simulated total interference scattering cross 

sections. The final result is a simulated box of atoms whose total interference scattering cross sections 

are consistent with the experimental neutron scattering data. This simulated box is then used to calculate 

radial distribution functions, coordination numbers, spatial density functions, etc. 

Within EPSR a cubic box was built with the appropriate concentrations, temperatures, and densities. 

Details of the box dimensions and number of molecules used for each sample can be found in the 

supplementary information. All bond lengths, angles, Lennard Jones and Coulomb parameters were 

taken from previous literature on neutron scattering and EPSR analysis on aqueous TMAO(45,46) and 

aqueous Mg(ClO4)2(30,42). A number of force field parameters are available for TMAO(59,60). For 

consistency we chose the force field parameters employed in the neutron scattering and EPSR study of 

TMAO from Meersman et al(45,46). The final parameters and resultant fits from the EPSR simulations 

to the experimental total interference scattering cross sections can also be found in the supplementary 

information.  It is important to note that EPSR yields total interference scattering cross sections that are 

consistent with the experimental data and based on sensible initial parameters. It does not guarantee a 

unique solution that perfectly matches the samples. It also fails to perfectly fit the data at low Q values 

as a result of insufficient correction to data or imperfectly estimated inelasticity effects.  Both of these 

are increasingly difficult to account for at low Q, and particularly with samples containing a large 

proportion of light atoms.  However despite these inaccuracies, it is unlikely that the overall structure 

resulting from EPSR is significantly effected(45). 

3.5. Hydrogen Bonding Analysis Routine 

In order to further analyse the results from EPSR, a custom hydrogen bonding analysis routine was 

written. This code first reads in the coordinates for the centre of mass of each molecule relative to the 

centre of the box, and the coordinates of each atom relative to its molecule’s centre of mass.  

It then identifies which water molecules are within the first coordination shell of each water 

molecule or TMAO oxygen in the box. For each of these molecules in the coordination shell it then 

identifies which ones are donating hydrogen bonds to the central molecule. Here we define a water 

molecule as donating a hydrogen bond to the central molecule if it simultaneously satisfies two 

conditions: The water molecule’s oxygen must be within a distance to the central molecule oxygen 

corresponding to the first minima in the OwOw RDF, and its hydrogen must be within a distance to the 

central molecule oxygen corresponding to the first minima in the OwHw RDF.  Water molecules 

donating hydrogen bonds to TMAO are defined in a similar way but treating the TMAO oxygen as the 

central oxygen. This topographical definition of hydrogen bonding in water has the advantage of 

flexibility over a variety of other criteria. Strict geometric criteria usually consider the simultaneous 

satisfaction of a distance constraint and an angular constraint concerning the orientation of the OH 

vector(61–67), and energetic criteria usually define a hydrogen bond as two molecules having an 



interaction energy below a certain threshold(62,64,67,68). There also exists a definition based on the 

occupancy of the 𝜎∗ electron orbital on the acceptor oxygen, but this is also derived from geometric 

criteria(62). The definition used here allows the RDFs of the system to define the hydrogen bonding, 

allowing it to be applied to systems where the hydrogen bonding network of water is significantly 

perturbed, and to other molecular species that can accept hydrogen bonds. Under these circumstances 

any geometric or energetic cut offs would be inapplicable by definition. 

Based on this definition of hydrogen bonding the code is then able to evaluate the hydrogen bond 

donor angle and the total interaction energy between every atom in the hydrogen bonded molecule pair. 

The donor angle is defined as the angle between the vector pointing from the donor oxygen to the 

acceptor oxygen and the vector pointing from the donor oxygen to the donor hydrogen, and the total 

interaction energy is defined as the sum of the electric potential energy and the Lennard-Jones 

interaction energy between every atom in hydrogen bonded molecule pair. This allows for a distribution 

of bond angles and bond energies to be obtained. The average number of water molecules hydrogen 

bonded to a central water or TMAO molecule is also obtained, as well as the number of water molecules 

in the system that are hydrogen bonded to other water molecules in cyclic dimer or bifurcated oxygen 

conformations.  These are conformations water molecules undergo during hydrogen bond switching 

events, and so counting them gives a measure of the instability of the hydrogen bond network. 

After the EPSR simulation had been run for a large number (>1000) of iterations to ensure the 

system was well equilibrated and had explored a large conformational space, the relevant distributions, 

hydrogen bond counts and conformations were obtained. EPSR was then iterated once and the process 

repeated.  This was repeated 20 times to improve the statistical significance of the results. 

4. Results 

4.1. Density of solutions 

The bulk densities of all six samples measured at 25oC and using fully hydrogenated isotope 

constituents are given in table 1 below. 

Sample Density (g/cm3) ± 0.0001 

Pure H2O 0.9970 

1.0 M TMAO 0.9994 

2.7 M Mg(ClO4)2 1.3770 

1.0 M TMAO, 2.7 M Mg(ClO4)2 1.3513 

0.2 M Mg(ClO4)2 1.0281 

1.0 M TMAO, 0.2 M Mg(ClO4)2 1.0275 

Table 1. Densities of solutions as measured at 25oC using a densitometer 

As shown in table 1, the introduction of 1.0 M TMAO causes a slight increase in density, likely 

simply due to the introduction of a larger molecule into the system. 2.7 M Mg(ClO4)2 shows a large 

increase in the density of the solution, but the introduction of 1.0 M TMAO into 2.7 M Mg(ClO4)2 

causes a reduction in density again, consistent with our hypothesis that TMAO is acting to overcome 

the pressurising effect of the Mg(ClO4)2. The same effect is observed to a lesser extent at the lower 

concentration of 0.2 M Mg(ClO4)2. 

4.2. Radial Distribution Functions 

In order to assess whether TMAO can restore the hydrogen bond network of water against the 

perturbation caused by Mg(ClO4)2 neutron scattering experiments were completed on pure water to 

provide a reference. This was to ensure that all samples were prepared in an identical manner and data 

was treated in the same way with regards to inelasticity corrections and EPSR analysis to allow for the 



most reliable possible comparison. EPSR was performed on the resulting corrected scattering data and 

a high quality fit was achieved as shown in figure 3.  The resulting fits for the other 4 samples were to 

a similar standard as shown in the supplementary material.  

 
 

Figure 3. EPSR fits (red lines) to corrected diffraction data (black points) for the three isotopic 
variants on pure water (left) and the three isotopic variants of 2.7 M Mg(ClO4)2 (right) 

As with previous results, the tetrahedral nature of pure water was observed by studying the 

OwOw RDF as derived from the resultant EPSR simulation.  A first strong peak was detected at 2.78 Å 

and a second weaker peak was detected at 4.45 Å, consistent with a tetrahedral arrangement of the water 

molecules.  The OwOw  RDFs for all 6 samples investigated in this research can be seen in figure 4.  

 
Figure 4. (a) OwOw site-site RDF for low concentration Mg(ClO4)2 samples. (b) OwOw site-site 

RDF for high concentration Mg(ClO4)2 samples. RDFs vertically offset for clarity. 

The positions of the first and second peaks for all samples are illustrated in table 2. The 

positions of the peaks were determined by fitting a Gaussian function to the very top of the peak, and 

the uncertainties in peak location are therefore the uncertainties associated with the Guassian fitting. As 

the large number of iterations within EPSR generate extremely smooth RDFs the top of the peaks can 

all be fit very closely to a Guassian and the uncertainties were therefore smaller than the quoted 

precision. It is important to note that the second peak for both samples containing 2.7 M Mg(ClO4)2 

actually corresponds to an inward movement of the third peak of the pure water sample.  The second 

peak in the pure water sample is a result of the second hydration shell, but in the presence of 2.7 M 

Mg(ClO4)2 this has completely collapsed into the first hydration shell, as shown in figure 5(b). These 

results are consistent with the results from the first study done on aqueous Mg(ClO4)2(30). 
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Figure 5. Spatial density functions of water around a central water molecule from neutron 

diffraction data and EPSR analysis for pure water (a), 2.7 M Mg(ClO4)2 (b), and 1.0 M TMAO + 
2.7 M Mg(ClO4)2 (c).  These surface contours contain the highest 30% probability areas of finding 

another molecule within a distance of 5 Å from the central molecule 

In agreement with previous studies,(30) the impact of Mg(ClO4)2 on the structure of water is 

more pronounced in the second hydration shell than the first due to steric hindrance.  The addition of 

1.0 M TMAO to pure water results in a more expanded structure relative to pure water with the second 

hydration shell moving outwards by 0.11 Å as shown in figure 4(a). Again, in agreement with previous 

studies(30) the presence of 2.7 M Mg(ClO4)2 causes the second peak to be completely pushed into the 

first peak, and the third peak to be drawn inwards from 6.89 Å to 5.27 Å, as shown in figure 4(b). The 

pressurising effect is so significant that the first peak also experiences an inward movement, with the 

position of the first hydration shell reducing from 2.78 Å to 2.71 Å. The addition of 1.0 M TMAO to 

2.7 M Mg(ClO4)2 results in both the first and the second peak to shift back outwards only very slightly, 

as shown in figure 4(b) and figure 5(c).   

Sample First Peak Location (Å) Second Peak Location (Å) 

Pure H2O 2.78 4.45 

1.0 M TMAO 2.77 4.56 

2.7 M Mg(ClO4)2 2.71 5.27 

1.0 M TMAO, 2.7 M Mg(ClO4)2 2.72 5.29 

0.2 M Mg(ClO4)2 2.78 4.49 

1.0 M TMAO, 0.2 M Mg(ClO4)2 2.77 4.50 

Table 2. Peak locations for OwOw RDFs for all samples. Uncertainties not quoted as very high 
quality Gaussian fits to the tops of the RDF peaks yielded an associated uncertainty smaller than 

the quoted precision. 

This effect is also observed in the 1.0 M TMAO + 0.2 M Mg(ClO4)2 sample.  Contrary to 

expectations, 0.2 M Mg(ClO4)2 results in a slight outward shift of the second coordination shell relative 

to pure water rather than an inward one, however the relationship observed between the second peak 

location of 0.2 M Mg(ClO4)2, 1.0 M TMAO, and the combined 1.0 M TMAO + 0.2 M Mg(ClO4)2 

sample still supports the hypothesis that TMAO is acting to resist the perturbations to water structure 

induced by Mg(ClO4)2. This hypothesis is further supported when considering the height of the first 

peak. The addition of 1.0 TMAO causes a slight increase in peak height.  The addition of 2.7 or 0.2 M 

Mg(ClO4)2 causes a roughly equal reduction in peak height relative to pure water, whereas the combined 

samples at both Mg(ClO4)2 concentrations result in a relatively unchanged peak height. 

4.3. Coordination numbers 

The average coordination number for particular molecules around a central molecule in each sample 

is calculated by integrating the relevant RDF over a distance corresponding to its first minima (see 



supporting information for full description of coordination number and calculation distances).  The 

value for pure water, calculated over a distance of 3.33 Å corresponding to the first minima in the OwOw 

RDF, was given as 4.41 ± 0.02 molecules. Here the uncertainties are calculated by fitting a Gaussian 

peak to the histogram of coordination numbers produced by EPSR as a result of >1000 iterations, and 

do not include the effects of (unknown) systematic uncertainties in the original scattering data and in 

the EPSR method. An example of this is provided in the supplementary information. This is slightly 

lower than the value of 4.67 ± 0.01 given in the literature(3), however this latter value was calculated 

over 3.36 Å. The addition of 2.7 M Mg(ClO4)2 increases the average coordination number to 5.752 ± 

0.009 calculated over 3.73 Å.  Contrary to the hypothesis that TMAO can resist the pressurising effect 

of Mg(ClO4)2 on water structure, which would be reflected in an average coordination number decrease, 

the coordination number is shown to increase upon the subsequent addition of 1.0 M TMAO to 5.89 ± 

0.01. However this is calculated over a larger distance of 3.83 Å. It is difficult to comment on whether 

these findings support the hypothesis or not as they are calculated over different distances in each case 

and each sample has a different excluded volume effect as a result of the solute addition which will 

directly affect the resulting coordination number. What is clear however when considering the results 

from the RDFs, the overall similarity of the RDFs, and the coordination numbers is that the conventional 

quantitative methods employed by EPSR are not capable of revealing very subtle changes in the 

network. In order to investigate the hypothesis further a more detailed analysis tool is required.  

4.4. Hydrogen Bonding Conformation and Energy Analysis 

4.4.1. Water-water hydrogen bonding 

The average number of water molecules donating a hydrogen bond to a central water molecule 

was measured, which was then doubled to get the total number of hydrogen bonds per water molecule 

as there must be exactly as many acceptors as donors in pure liquid. The uncertainties are calculated 

using the standard deviation of the values for the average number of hydrogen bonds per molecule from 

the 20 iterations as described in the methods section.  For pure water the average number of water 

molecules hydrogen bonded to a central water molecule was determined to be 3.412 ± 0.004, consistent 

with previous results(5,8,62,64,68).  In 1.0 M TMAO this number decreases to 3.232 ± 0.005, likely 

due to an excluded volume effect. While these uncertainties are extremely small, because all samples 

have been treated the same way by both Gudrun and EPSR, we can still use the trends in the hydrogen 

bond numbers to draw conclusions about the nature of the hydrogen bonding in each solvent 

environment, even though the absolute accuracy may be poorer than quoted here. The highly perturbed 

hydrogen bond network induced by 2.7 M Mg(ClO4)2 is reflected by a significant decrease in the 

average number of hydrogen bonds per molecule to 2.005 ± 0.002. However the subsequent addition of 

1.0 M TMAO results in a slight increase to 2.052 ± 0.002.  Although small, this increase in the average 

number of hydrogen bonds per water molecule upon addition of TMAO is particularly striking in light 

of the fact that TMAO will have the effect of reducing the volume available for water molecules to 

donate hydrogen bonds to a central molecule. However, this excluded volume effect appears to be more 

than compensated for by the way TMAO restructures the system. A similar increase in hydrogen bond 

number is also observed when 1.0 M TMAO is added to 0.2 M Mg(ClO4)2 (see table in supporting 

information). This is in complete agreement with our hypothesis that TMAO is able to resist the 

perturbation to water structure induced by Mg(ClO4)2. 

The hydrogen bond donor angle distribution and the total interaction energy distribution 

between two hydrogen bonded molecules for all six samples were calculated as described previously 

(see supporting information for distributions). It is important to note that the bond angle distributions 

peak at a positive value because the calculation of the angle between the vectors as described in section 

3.5 effectively reduces a 3D problem to a 2D problem.  In reality this angle represents the angle formed 

by the cone described by the orientation of the OH bond towards the acceptor oxygen (see supporting 

information for diagram).  Averaging this value over the solid angle therefore means a most probable 



angle in 3D of 0 degrees.  The hydrogen bond angle distributions were fit using equation 2 below to 

determine the peak location 𝑥𝑐 where 𝑥 is the binned donor angle, 𝑦 is the frequency of occurrence, 𝐴 

is the amplitude, and 𝑤 is the width. This fits the general distribution shapes shown in figure 6(a) well 

around the peak and is therefore a useful mathematical tool for determining peak location. However it 

is nonzero at 𝑥 = 0 and therefore cannot contain any physical relevance as at 0o the solid angle becomes 

0 and therefore any probability distribution function must also be 0. The final calculated parameters 

from this function for each of the 6 samples are presented in the supporting information. The bond 

energy distributions were fit using a Gaussian distribution. 

𝑦 = y0 + 𝐴 exp(− exp(−𝑧) − 𝑧 + 1) 

𝑧 =
𝑥 − 𝑥𝑐

𝑤
 

(2) 

While these results reveal more detail than simply observing the RDFs, the changes are still 

very subtle and not easily visible by direct comparison of the distributions, as shown in figure 6.  The 

response of the hydrogen bonding characteristics of the bulk water are more easily visualised using a 

conformational energy density map, where the donor angle and energy of each hydrogen bond are 

plotted simultaneously.  These results, along with the fitting results of the bond angle and energy 

distributions are shown in figure 7 below.  Each point is coloured according to the normalized density 

of points around it and colours are separated at the boundaries described in figure 7. An exact 

description of the mathematics behind these plots is well described in the OriginLab user guide(69), 

and will not be discussed here. This is kept consistent for all samples to allow for direct comparison. It 

is important to note that the water density map has significantly fewer points.  This is because the pure 

water simulations used a smaller box of molecules as this allows for a faster simulation and there was 

no need to account for solute molecules.  There are also significantly fewer points in the samples 

containing 2.7 M Mg(ClO4)2 as the highly distorted pressurised network meant there are fewer hydrogen 

bonds detected. 

 
Figure 6. (a) Water-water hydrogen bond angle distribution.(b) hydrogen bond energy distribution. 

A vertical line at 30 degrees is included in the bond angle distributions and a vertical line at -12.9 

kJ/mol is included in the energy distributions as these represent typically employed energetic and 
geometric cut-offs for hydrogen bonding(18,62,64,65,68). 

Here we see that pure water (fig. 7(a)) has a well-defined sharp peak, indicated by the grey area 

in the conformational energy density map. This can be thought of as a reflection of the most intact and 

most stable hydrogen bond network, with the lowest average hydrogen bond interaction energy, and 

highest number of hydrogen bonds per water molecule. The addition of 1.0 M TMAO into pure water 

(fig. 7(b)) results in a slight decrease in the angle peak location and a straighter average water-water 

hydrogen bond, consistent with the more expanded network of water indicated by the movement of the 

second peak of the OwOw RDF outwards. This is accompanied by a reduction in stability of the average 



water-water hydrogen bond indicated by an increase in the average bond energy. Such a change is likely 

due to strong interactions between the water molecules hydrating the TMAO molecule and leading to a 

decrease of stability in the bulk.  These changes to the network are reflected in the conformational 

energy density map as the very high density grey area present in pure water disappears in the presence 

of 1.0 M TMAO as the peak becomes less sharp. This translates to a less well defined network and is 

likely due to an excluded volume effect of the TMAO. Hydration of the molecule causes a local 

distortion of the network in order to accommodate the solute. All these effects are also observed using 

the same justifications for 0.2 M Mg(ClO4)2 (fig. 7(e)).  

The presence of 2.7 M Mg(ClO4)2 (fig. 7(c)) results in a much more distorted network, indicated 

by the angle distribution peak location increase, and a large increase in the average bond energy.  This 

is consistent with the pressure-like effect, as hydrogen bonds must get more distorted and weaker in 

order to accommodate more neighbours in the first hydration shell.  This large distortion is reflected in 

the conformational energy density map as the high density red area completely disappears, again 

meaning a less well defined peak and therefore a more poorly defined and distorted hydrogen bonding 

network. The introduction of 1.0 M TMAO to this system (fig. 7(d)) then results in a slight straightening 

of the bonds again, albeit within the uncertainty of the bond angle peak location, and a reduction of the 

average hydrogen bond energy back towards the value for pure water.  The high density red area also 

slightly recovers, meaning a more well defined peak relative to 2.7 M Mg(ClO4)2, as the network 

distortion is reduced. This is consistent with the hypothesis that TMAO is helping to restore the 

hydrogen bond network against the perturbations induced by Mg(ClO4)2. These effects are also 

observed for the introduction of 1.0 M TMAO to 0.2 M Mg(ClO4)2 (fig. 7(f)), however in this case the 

high density red area expands to fill a greater range of angles and energies.  This suggests a plateau 

rather than a peak in the conformational energy density map, but with an increased gradient around the 

plateau. This is likely a result of a larger excluded volume effect than either of the solutes individually 

and reflects a distorted, but overall more stable, network as shown by the values for the average 

interaction energy between two hydrogen bonded molecules. 

  

  



  
Figure 7. Conformational energy density maps for water-water hydrogen bonding for all samples. 
(a) Pure H2O, (b) 1.0 M TMAO, (c) 2.7 M Mg(ClO4)2, (d) 2.7 M Mg(ClO4)2 + 1.0 M TMAO, (e) 

0.2 M Mg(ClO4)2, (f) 0.2 M Mg(ClO4)2 + 1.0 M TMAO. Level boundaries correspond to: grey > 

0.00196, red = 0.00171, orange = 0.00147, yellow = 0.00123, green = 0.00098, dark green = 
0.000735, blue = 0.00049, dark blue = 0.000245, purple < 0.000245. 

 

4.4.2. TMAO-water hydrogen bonding 

The average number of water molecules donating a hydrogen bond to the TMAO oxygen and 

associated uncertainties are calculated using the same method as previously. In 1.0 M TMAO 2.191 ± 

0.008 water molecules form hydrogen bonds with the TMAO oxygen, consistent with previous 

results(45). Upon the addition of 0.2 M Mg(ClO4)2 this is reduced to 2.014 ± 0.007, and increasing the 

concentration further to 2.7 M results in a further reduction to 1.33 ± 0.01. It is clear that as the 

concentration of Mg(ClO4)2 increases, the ability of TMAO to form hydrogen bonds with the 

surrounding water molecules is reduced.  This is likely due to direct interaction between the positively 

charged Mg2+ ion and the negatively charged TMAO oxygen.  This both limits the volume available for 

water molecules to occupy and donate a hydrogen bond to the TMAO oxygen, and electrostatically 

screens the negative charge on the TMAO oxygen inhibiting its ability to act as a hydrogen bond 

acceptor.  These effects are illustrated by the bond angle and bond energy distributions (see supporting 

information). Determining the peak locations as previously shows that as the concentration of 

Mg(ClO4)2 increases the peak value for the bond angle first decreases then increases, and the average 

bond energy increases.  In 1.0 M TMAO the hydrogen bond donor bond angle is 9.9 ± 0.2o and the bond 

energy is -35.5 ± 0.3 kJ/mol.  These values then become 9.3 ± 0.1o and -31.8 ± 0.2 kJ/mol respectively 

in the presence of 0.2 M Mg(ClO4)2, and 11.2 ± 0.1o and -30.4 ± 0.4 kJ/mol respectively in the presence 

of 2.7 M Mg(ClO4)2. These results are consistent with direct interaction between the Mg2+ ion and the 

TMAO oxygen causing a reduction in the stability of TMAO-water hydrogen bonds.  In all cases 

however the hydrogen bond between a water molecule and a TMAO molecule is much stronger than 

the hydrogen bond between two water molecules, as has been previously reported(45,47,50,70). 

4.5. Unstable Hydrogen Bond Configurations 

While EPSR is a Monte Carlo based technique and therefore incapable of quantifying the lifetimes 

of various conformations within the system, it can provide information on the fractions of energetically 

unfavourable or metastable conformations in the system.  As a water molecule switches hydrogen bond 

partners, the hydrogen bond switching between molecules typically goes through an intermediate state 

where two water molecules are hydrogen bonded together through two bent hydrogen bonds.  These 

intermediate states can be either bifurcated oxygens (BOs) or cyclic dimers (CDs)(71). The 

conformational landscape of the system can then be assessed in three ways: calculating the fraction of 



molecules in CD conformations, calculating the fraction of molecules in BO conformations, and 

calculating the fraction of molecules that have positive hydrogen bond interaction energies.  These 

conformations are energetically unfavourable and are likely to be short lived and in the process of 

switching their hydrogen bonding partner. The percentage of molecules in these conformations as a 

function of Mg(ClO4)2 concentration both with and without 1.0 M TMAO can be seen in figure 8 below. 

 
Figure 8. Percentage of molecules in cyclic dimer, bifurcated oxygen, or energetically 

unfavourable conformations 

Here we can see that in the absence of TMAO the fraction of both cyclic dimers and bifurcated oxygens 

decrease with increasing Mg(ClO4)2 concentration. The fraction of energetically unstable molecules 

initially decreases slightly, before increasing with increasing Mg(ClO4)2 concentration .  In the presence 

of TMAO the fraction of bifurcated oxygens decreases with increasing Mg(ClO4)2 concentration, but 

the fraction of cyclic dimers has an sharp initial increase before decreasing at the high Mg(ClO4)2 

concentration. The fraction of energetically unfavourable molecules also increases with increasing 

Mg(ClO4)2 concentration.  

5. Discussion 

5.1. Structural Analysis 

As seen previously, the effect of Mg(ClO4)2 is to perturb the structure of water in a manner similar 

to that of a large external pressure(30) and strongly reduce, but not eliminate, hydrogen bonding in the 

system(42). The results described in sections 4.1 – 4.4 suggest that TMAO is partially capable of 

resisting the perturbation to water structure induced by Mg(ClO4)2.  Conventional analysis methods 

show that at concentrations of both 0.2 M and 2.7 M Mg(ClO4)2, the addition of 1.0 M TMAO causes 

the density of solution to reduce, the position of the second peak in the OwOw RDF to shift outwards, 

and the height of the first peak in the OwOw RDF to return to the value observed for pure water. More 

in depth analysis of the hydrogen bonding in the system reveals that the addition of 1.0 M TMAO to 

both concentrations of Mg(ClO4)2 results in an increase of the average number of water molecules 

hydrogen bonded to a central molecule, a decrease in the peak value for the water-water hydrogen bond 

donor angle, and  a decrease in the average hydrogen bond energy between water molecules.  All of 

these results suggest that the addition of TMAO to Mg(ClO4)2 solution results in a more expanded and 

more stable hydrogen bonding structure, more reminiscent of pure water. Examining these results in 

detail however does show that the resisting effects are only slight. Hence the stabilising effect of TMAO 

on proteins against chaotropic ions like those used in this study likely comes from an additional effect 

and is not solely due to water structure modification. It is worth noting that while we have focused on 

the hydrogen bond angles and energy conformations, the distribution of hydrogen bonding 

conformations may be a compensation between the entropy and energy of hydrogen bonds. Other 

studies in the literature have included this analysis(72,73), however without a series of neutron 



scattering experiments on the system presented here at different temperatures it is not possible to 

deconvolute these effects. 

While we have presented the first study of water structure in TMAO-Mg(ClO4)2 solutions, it is 

interesting to consider how these results compare with the more well studied system of TMAO-urea.  A 

previous neutron diffraction study of TMAO-urea solutions showed that the oxygen atom on TMAO 

preferentially forms hydrogen bonds with urea(45). In the context of a protein in a urea-water solution, 

urea-induced denaturation is thought to act via a direct mechanism, with urea binding to the protein 

backbone and side chains, with little perturbation to water structure(74–77). Conversely, the mechanism 

by which TMAO stabilises proteins remains debated.  While some studies have suggested depletion 

effects associated with unfavourable interactions of TMAO with the protein backbone(78–80), other 

studies have suggested that TMAO interacts favourably with polypeptides(81,82). The counteracting 

effect of TMAO on urea also remains controversial with some studies arguing that TMAO decreases 

the protein solubility by modifying the urea and water structure around the protein, leading to protein 

compaction(83,84). While others have argued that TMAO does not modify urea structure around 

protein(85,86). In a recent study TMAO was found to counteract the denaturing effects of urea by 

inhibiting protein-urea preferential interactions and the extent of counteraction is heavily dependent on 

the amino acid composition of the peptide(87). These studies highlight the importance of the choice and 

presence of protein when examining the counteracting action of TMAO and urea.  While in the present 

study we have focused on the impact of TMAO and Mg(ClO4)2 on water structure, future studies which 

include a polypeptide will allow combined action of these important solutes. 

5.2. Unstable Conformation Analysis 

As mentioned in section 4.5, EPSR is a Monte Carlo based technique and therefore incapable of 

directly measuring the hydrogen bonding dynamics of the system.  However, we can use the data to 

study the relative fractions of energetically unstable intermediates or energetically unfavourable 

conformations in the system.   

Let us first consider the effect of adding 1.0 M TMAO to pure water. In this case the relative 

proportion of bifurcated oxygens, cyclic dimers, and energetically unfavourable conformations all 

decrease.  This is consistent with previous findings that TMAO causes an enhanced hydrogen bond 

lifetime between water molecules(47,50,70,88), and therefore fewer conformations associated with 

hydrogen bond switching should be observed. This is also the case for the addition of 0.2 M Mg(ClO4)2 

to pure water.  All three criteria decrease, consistent with previous findings that strong interactions 

between water molecules and Mg2+ and ClO4
- ions cause an increase in hydrogen bond reorientation 

time(9,17,19,20,22).  The ability to calculate distributions of the interaction energies between ions and 

water molecules was not included in the hydrogen bonding analysis routine. However, the positions of 

the relevant peaks in the water-ion RDFs, as shown in the supplementary information, suggest that the 

average interaction energy between an Mg2+ ion and a neighbouring water molecule is approximately -

438 kJ/mol, and the average interaction energy between a ClO4
- ion is approximately -37 kJ/mol.  The 

strong interactions seen in previous research are therefore also observed here(9,17,19,20,22).  

Now let us consider the combined effect of 0.2 M Mg(ClO4)2 and 1.0 M TMAO.  As previously the 

bifurcated oxygen proportion continues to decrease to a level lower than each individual case, however 

the cyclic dimer proportion increases from 3.70% in 1.0 M TMAO or 3.78% in 0.2 M Mg(ClO4)2 to 

6.60% in the combined case. This represents a movement back towards the value for pure water, which 

is determined to be 8.70%. This is also the case for the fraction of energetically unfavourable 

conformations. In 1.0 M TMAO and 0.2 M Mg(ClO4)2 the fraction of energetically unfavourable 

conformations are 4.22% and 4.71% respectively.  In the combined case this increases to 5.22%.  This 

actually surpasses the value determined for pure water of 4.73%.  The data therefore suggests that in 



the low concentration samples the combined effect of Mg(ClO4)2 and TMAO restores the structure of 

water.  These results are likely due to the interaction between the Mg2+ ion and the TMAO oxygen. The 

MgO1 RDF in the supplementary information shows a very sharp, but likely overestimated, peak, 

indicating a strong interaction between the two species. This screens the electrostatic interaction 

between the Mg2+ ion or the TMAO oxygen with the surrounding water molecules, and effectively 

eliminates strong hydrogen bonding sites from the system.  This is also consistent with the results 

described in section 4.4.2, which shows increasing Mg(ClO4)2 concentration reduces the number of 

water molecules forming hydrogen bonds with the TMAO oxygen. 

Finally let us consider the relative proportions of unstable intermediates for 2.7 M Mg(ClO4)2 both with 

and without TMAO.  2.7 M Mg(ClO4)2 shows a very low proportion of cyclic dimers, 0.39%, and 

bifurcated oxygens, 0.30%. Upon the addition of 1.0 M TMAO, both of these values then slightly 

increase to 0.55% and 0.47% respectively, consistent with the results from the low concentration sample 

and can again be explained by association of the Mg2+ ion and the TMAO oxygen resulting in weaker 

hydrogen bonding sites. When considering the fraction of energetically unfavourable conformations, 

the presence of 2.7 M Mg(ClO4)2 causes a large increase relative to pure water, from 4.73% to 7.35% 

both with and without 1.0 M TMAO.  These results are seemingly somewhat contradictory, as both are 

measures of instability of the system, yet one increases while the other decreases.  We rationalise this 

contradiction by suggesting that the extreme perturbation to the hydrogen bond network and reduction 

in hydrogen bond stability at high Mg(ClO4)2 concentration means that it is no longer significantly 

energetically favourable to adopt an intermediate BO or CD conformation while switching hydrogen 

bond partners. The reduced hydrogen bond stability means that water molecules can switch partners 

through energetically unfavourable conformations that are not typically observed intermediates. 

6. Conclusion 

Based on the results presented in this work we can conclude that TMAO is partially capable of 

restoring the water hydrogen bond network against the perturbations induced by Mg(ClO4)2.  The 

structure of bulk water, as evidenced by the density, OwOw RDFs, and the calculated hydrogen bonding 

parameters, is more similar to that of pure water when TMAO is added to aqueous Mg(ClO4)2. However, 

as the effects are only slight, the ability of TMAO to stabilise proteins against chaotropic ions likely 

comes from an additional effect and is not solely due to water structure modification. The effect on the 

relative proportion of unstable BO or CD intermediates and energetically unfavourable conformations 

is likely due to the strong interaction between the Mg2+ ion and the TMAO oxygen electrostatically 

screening each other and effectively eliminating the strong hydrogen bonding sites.  This causes these 

proportions to return towards the values recorded for pure water.  This work also introduces a 

topographical definition of hydrogen bonding that is well suited to EPSR analysis, and yields an average 

number of water molecules hydrogen bonded to a central molecule and an average hydrogen bond 

energy between two water molecules that are consistent with previous literature(5,8,62,64,68).  The 

resulting bond angle and bond energy distributions help to illustrate some of the inadequacies with 

purely energetic or geometric constraints.  Many hydrogen bonds may be much less stable, and much 

more bent, than one would reasonably assume.  This also supports our previous work which states that 

even in concentrated Mg(ClO4)2 solutions, hydrogen bonding between molecules in the system is not 

completely destroyed(42). 
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