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ARTICLE INFO ABSTRACT
Keywords: We present measurements, molecular dynamics (MD) simulations, and predictions using Perturbed-Chain
Density determination Statistical Associating Fluid Theory (PC-SAFT) of the density of aqueous solutions in a pressure range from 1 bar
TMAO solutions to 5000 bar, a pressure regime that is highly relevant for both biochemical applications and the fundamental
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PC-SAFT modeling

Molecular dynamics

understanding of solvation. The accurate determination of density data of pressurized solutions remains chal-
lenging. We determined relative density changes from the variations in X-ray absorption through the sample and
developed a new water parameter set for PC-SAFT modeling that is appropriate for high pressure conditions in
the kilobar regime. As a showcase, we studied trimethylamine N-oxide (TMAO) solutions and demonstrated that
their compressibility decreases with the TMAO content. This result is linked to the stabilizing effect of TMAO on
the local H-bond network of water. Experiments and calculations, which represent two independent methods,
are in very good agreement and are in accordance with results of force field molecular dynamics simulations of
the same systems.

1. Introduction biochemical systems in a similar way to what is known for temperature,
with the advantage of being a non-disruptive influence factor, which
High pressure influences the thermodynamic properties of can readily be applied especially in the field of biochemistry or
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pharmaceutics. Notably, intermolecular bonds are not disrupted as long
as the pressure is lower than approximately 20 kbar.

In the context of biochemical production processes, where enzymes
are used to synthesize biochemical products, reaction conditions are
limited to a narrow window regarding temperature, concentration, and
pressure. These conditions determine the activity and stability of the
enzyme [1-5]. For certain osmolytes, stabilizing and destabilizing ef-
fects on enzyme stability have been investigated [6-12]. It is also well
known that enzymes denature at high temperatures [1-3]. In contrast,
the application of high pressure counteracts these temperature dena-
turation effects to a certain extent [1-4,13-15]. Pressurization has even
a positive effect on the activity of piezophile enzymes [1-4,13,14].
Consequently, knowledge about combined pressure and osmolyte ef-
fects is highly important. A well-studied osmolyte that can be used to
counteract denaturation effects of enzymes is trimethylamine N-oxide
(TMAO) [5,6,9-12,16-19]. It can be found in many organisms living at
deep sea conditions and contributes to counteracting pressure effects.
TMAO has been shown to influence the pressure-dependent interaction
potential in lysozyme solutions [20,21]. Effects of TMAO on enzymes
have been studied experimentally [5,10,13,14,22] and by simulations,
especially MD simulations [7,12,23-25] at ambient pressure as well as
at high pressure conditions. However, to tune and validate the applied
MD models, data is needed about the compound's behavior under de-
sired high pressure conditions. For this purpose, density data of aqu-
eous solutions can be used. Pressure-counteracting effects of TMAO
were also studied using statistical thermodynamics approaches, like the
Kirkwood - Buff theory, a fluctuation solution theory where density
data is of high importance (see e.g. [26]). The reliable analysis of THz
spectroscopy data of fluids is likewise only possible if the density is
known with high precision [27,28]. The knowledge of density data is
further required to convert concentration scales such as molarity to
mole fraction or molality. Despite the importance of density data of
solutions at pressure, the availability is limited.

At ambient pressure, it is unproblematic to experimentally de-
termine aqueous solution densities with high accuracy, but the task is
challenging under high pressure conditions. A standard method is the
determination of the longitudinal and transversal speeds of sound by
applying Brillouin light scattering spectroscopy, from which thermo-
dynamic quantities can be deduced, see for example [29-32]. This
method can be applied in a wide temperature and pressure range. In
order to determine densities in a very high pressure regime of up to 1.3
Mbar (130 GPa) in diamond anvil cells, the absorption of X-rays has
been successfully used, see e.g. [33,34]. Commercial devices for la-
boratory density determination are available for pressures up to
500 bar, while for pressures in the kilobar range, commercially avail-
able density meters do not exist to our knowledge. Thus, it is ad-
vantageous to use thermodynamic models to predict desired properties
under extreme conditions. Different approaches already exist to model
the influence of high pressure and temperature on liquid densities. In
first attempts, empirical correlations were used to simply describe the
effects of pressure and temperature on density. Even though thermo-
dynamic effects are not accounted for explicitly, this approach is still
being used since it does not require complex models [35,36]. In con-
trast, thermodynamic models can be used to model pressure and tem-
perature influences on liquid densities. Shock et al. used the Helgeson-
Kirkham-Flowers equation of state to successfully model high-pressure
and temperature effects on the density of aqueous solutions of gases and
salts [37,38]. Further, the group of Pereira applied the Peng-Robinson
equation of state to model the high-pressure density of gas and n-alkane
mixtures [39]. Recently, Liu et al. compared different thermodynamic
models regarding their performance to predict high-pressure and high-
temperature effects on densities of different hydrocarbon systems [40].
Their work showed that Perturbed-Chain Statistical Associating Fluid
Theory (PC-SAFT) [41] was the most suitable model for this purpose,
leading to the lowest mean absolute percentage deviation.

In the current work, we show for the first time that X-ray absorption
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measurements yield precise results for pressurized solutions in the
kilobar regime and in a experimental setup other than diamond anvil
cells. The density of aqueous trimethylamine N-oxide solutions is in-
vestigated for pressures up to 5000 bar experimentally and theoreti-
cally. We determine relative density changes from X-ray absorption
measurements, with a calibration to data obtained in a vibrating-tube
density meter at 500 bar. Besides experimental density determination,
the thermodynamic model PC-SAFT [41] was used to predict densities
of aqueous TMAO solutions. The prediction results were evaluated in
comparison to the experimentally determined density data. The two
main results are the following. First, X-ray absorption is a relatively
easy and reliable method to determine relative density changes from
aqueous solutions in the kilobar range and second, PC-SAFT is a well-
adapted modeling technique to predict thermodynamic variables in the
high pressure regime with the newly established parameter set. Ad-
ditionally, we performed predictive force field molecular dynamics si-
mulations using a TMAO model that was adapted for high pressure
conditions [25]. We found that the results of all methods are in ex-
cellent agreement.

2. Materials and methods
2.1. Sample preparation

TMAO solutions with m = 0.522 moles TMAO per kilogram pure
water (c = 0.5 mol/L) or m = 2.35 moles TMAO per kilogram pure
water (c =2 mol/L) were prepared by weighing the appropriate
amount of TMAO dihydrate and adding water (MilliQ, resistivity
R = 18.2 MQ cm) to the desired volume. TMAO hydrate was purchased
from TCI and Merck with a purity of > 98 % and used without further
treatment. The components were weighed in using a Sartorius labora-
tory balance with an accuracy of 0.0001 g. For absorption measure-
ments, the liquids were degassed for 10 min directly before the ex-
periments.

2.2. Absorption measurements

Lambert-Beer's law states that the intensity A, of radiation with
energy E that passes the distance D in matter with the linear absorption
coefficient u(E) is attenuated following

A (D,E) = Age #ED (€8]

We are considering here X-rays with an energy that is far away from
any absorption edges of the involved elements. The linear absorption
coefficient u(E) depends on the density of the material as

u(,E) = p(p)o(E) ,

where o(E) denotes the mass attenuation coefficient and p(p) the
homogeneous density. Thus, u(E) depends on the pressure and the
density can in principle be accessed via absorption measurements. It
follows for the density that

Ao 1
=1
@) “(Al (p))Do(E) @

As it is difficult to directly detect the number of incident and
transmitted photons with the required accuracy, we determine relative
density changes instead of absolute values. In our experimental setup,
the electric currents in ionization chambers before (I,) and after (I;) the
sample are measured. They are both linked to the intensities Ay = colp
and A; = c1I;. The amplification factor ratio co/c; of both ionization
chambers needs to be known for further data analysis and can be ex-
tracted from a water reference, as detailed later. Relative density
changes can then be determined within a pressure series, and the data is
calibrated to a known density at low pressure, measured by an in-
dependent method as the vibrating-tube density meter.
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Fig. 1. Beam path through the high pressure cell. PL = pressure transmitting
liquid; SL = sample liquid; PB = photon beam; K = Kapton windows;
D = diamond disks.

Experiments were performed in a custom-build high pressure cell
that can sustain pressures up to 5000 bar. [42]. This cell is designed for
X-ray reflectivity measurements, but is well-adapted for absorption
experiments if the cell is used in a transmission configuration. The cell
consists of an outer shell that guarantees the pressure stability. Inside
the cell, a small inner cell, which contains the sample liquid, is em-
bedded. The sample volume of approximately 0.75mL is separated
from the pressure-transmitting liquid (water) by two Kapton windows
and a flexible membrane. The latter is transmitting the pressure to the
sample volume, ensuring thus that the Kapton windows in beam di-
rection are only deformed slightly when pressure is applied. The cell is
sealed towards the outside by two diamond disks with a diameter of
6 mm and a thickness of 1 mm. Absorption experiments were performed
at beamline BL8 of DELTA at an incident energy of the synchrotron
radiation between 16.81keV to 16.91 keV [43]. The beam size was
approximately 1mm X 1mm. The ionization chambers before and
after the sample were filled with Argon and Xenon, respectively. The
sample temperature was set to 298 K and 300K, and the pressure sta-
bility was better than 1 %.

In the experimental set-up, see the sketch in Fig. 1, the X-ray beam
passes two diamond windows (D), two Kapton windows (K), and the
sample (SL) with length d;. In addition, there are two thin layers, each
with a thickness of d,,/2, between sample and diamond windows that
are filled with the pressure transmitting medium (PL), which is water.
This small water layer adds additional absorption contributions. In the
following, we consider d; and d,, to be constant with pressure. This
assumption is valid since the small flexible membrane is compensating
for volume changes inside the cell as the pressure is increased, and will
be discussed later in more detail. As per construction of the cell,
d; = 9800 ym and d,, = 2-100 pm.

I(E,p) and I, were measured over the entire energy range from
16.81 keV to 16.91 keV with a step size of 0.001 keV. Since this energy
range is very small and far from any absorption edges of the elements in
the sample, the quantity ln% can be approximated with a linear func-
tion. The quantity M(p) is defined as M (p) = 3, ln%J of the fitted data
over this energy range at a given pressure. Likewise, y(E) depends lin-
early on the energy in the considered energy range and &, (p) is the
mean linear absorption coefficient of water or sample.

If the sample volume is filled with water, Eq. (1) reads

A (p) = Age #w (B> Pdw+ds) -

and thus
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2y =y (B Py +do)

L Ty = (E Py +d; @
Withc=1n %‘l’, we can deduce

M(p) + ¢ = B, (p)(dw + ds) 5)

Changes in the quantity M(p) relative to a reference pressure po can
then be expressed as

Mp)+c _ A®

M@,) +c¢  Hy(py) ®)
It follows with u = p o for the water reference measurement that

P _ M) +c

ppy) M(py) +c¢ @)

The parameter c is determined by adjusting the right side of Eq. (7)
with c being the only fit parameter by a least mean square algorithm, so
that the sum of the squared differences between the experimental data

Riyp = ]Cf ((;0)):‘; and the literature data Ryst = p(p)/p(po) as available
from reference [44] is minimal:

|
z IRexp — Rnistl? = 0 (8)

Fig. 2 shows results of the fitting procedure of two independent
water reference measurements. The experimental data (blue squares
and red stars) fall perfectly onto the data from NIST (black line) after
fitting c. The residuum, that is, the sum of the squared differences be-
tween reference data and experimental data normalized to the number
of data points, is on the order of 108 to 10~7. The lower panels in the
figure (red and blue crosses) show the difference between experimental
and NIST data for each data point.

When the cell is filled with the sample liquid, there are contribu-
tions from the sample and the thin pressure transmitting water layer,
resulting in the equation

M@ +c _ E@ds+ 7, ()dy
M(py) + ¢ [ (py)ds + [y, (py)dw ©)

with g indicating the sample material. It follows

M) +c [ﬁs(po>ds +ﬁw(po>dw] _ Ay (@)

A=y @) + ¢ dy dy (10)

In this equation, M(p) and M(p,) are measured in the experiment, c
is determined from the water reference as described above, 7 (p,) is
calculated from the reference density of the sample measured in the
vibrating-tube density meter and the mass attenuation coefficient o in
the given energy range, which can be obtained from data bases as
XCOM [45]. fr, (p) is likewise calculated from the mass attenuation
coefficient and the pressure-dependent density of water [44]. Thus, all
variables in Eq. (10) are either known or can be measured, and con-
sequently, &, (p) can be calculated. The desired sample density as a
function of pressure follows from a simple division by the mass ab-
sorption coefficient as

_A®

S

o (P)

The experimental absorption data that are presented in the fol-
lowing were obtained in this way. The mean values and error bars of p
were determined by analyzing several independent pressure series.

In the analysis as described above, we assume that the absorbing
length of the sample ds and the thin water layer d,, are constant with
pressure. To evaluate possible effects of a varying thickness d,,, we re-
peated the analysis of a TMAO solution with m = 2.35 mol/kg for
dy=0 pm, d, =200 ym, and d,, =500 pm, corresponding to
ds; = 10000 pum, ds = 9800 um, and ds; = 9500 pum. Fig. 3 displays for all
three values of d, the difference in the resulting density as compared to
d,, = 200 pm, which is the nominal value as per construction of the cell.



M. Knierbein, et al.

Biophysical Chemistry 253 (2019) 106222

114 T T T T T T T T T T |
112
1 2
o = (Rexp — Rnist)” =9.0233e-08
1 S™ (Rpxp — Ryist)” =4.8169e-07
—1.08F .
~ 0 M (p)+c
h= M (po)+c
S 106 *
= —
< 1.04f NIST |-
1.02 1
1+ -
0.98 L L ! ! L I I 1]
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
[bar]
x 107
15 T T T T T T T T T T T
1 X .
e X - X
E 05F X % -
59 " x x
| T X X
o - X X P X
& -05F )gxx - g
o~ X
-1 4
-15 1 L 1 L | Il L 1 L | x_
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

[bar]

Fig. 2. Determination of the constant ¢ from two independent reference measurements on water samples (blue squares and red stars). The lower panel shows the
difference between experimental and NIST data for each data point of the two samples. (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)
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Fig. 3. Influence of the assumed thickness d,, on the resulting density values.

We can conclude that the maximum discrepancy between d,, = 0 pm
and d,, = 500 pm appears at p = 4500 bar, with a variation of below
0.001 g/mL.

2.3. Vibrating-tube density meter

As discussed before, the density of the sample must be known at a given
reference pressure (here, po = 500 bar) for a reliable analysis of the ab-
sorption measurements. The reference density measurements were per-
formed using an Anton Paar vibrating-tube density meter DMA 4200 M.
The method is based on a pulsed excitation and allows highly precise
density measurements with an accuracy of 0.2 kg/m® at controlled tem-
perature. The accuracy of the measured temperature is 0.03K and the
manufacturer's specified reproducibility is 0.1 kg/m>. The instrument was
calibrated using water and n-heptane. The measurement method was va-
lidated by comparing the measured density of a 1 mol/L aqueous sodium
chloride solution to literature data [46], which resulted in an average re-
lative deviation (ARD) of 0.028 % and an average absolute deviation (AAD)
of 0.29 kg/m>. Density measurements were performed at a temperature of
298K and 300K, respectively, for TMAO solutions with a molality of
0.522, 1.082, or 2.350 moles TMAO per kg pure water, being equivalent to
a molarity of 0.5, 1, or 2 moles TMAO per liter solution. The density was
measured in steps of 100 bar to a maximum pressure of 500 bar, the data is
given in Tables 1 to 5. All measurements were performed at least twice
with a maximum deviation of 0.1 kg/m?>, being equal to a reproducibility of
0.01 %. Fig. 4 shows the experimentally determined densities of aqueous
TMAQO solutions at 298.15K in comparison to literature data [47]. Very
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Table 1
PC-SAFT pure-component parameters for HP-water and TMAO. HP-water from
this work, TMAO from [53]. The binary interaction parameter between HP-

water and TMAO is k; = — 0.15 — 0.005417 T.
m*¢[—1 oAl u/kslK]l e*Pi/kp[K]  «APi[—] Association
scheme
HP-water 1.442 2612 113.47 2171.8 0.070 2:2
TMAO 8.928 2248 24544 0 0.070 1:1
1030 I T I T T I T | T
L H
500 bar n
1020 |5 A —
mmm N
2 1010 ] H-
B i 100 bar m [ i
mm K- n
1000 (M ol —
(L L
= 1 bar _
990 | | | | | | | 1 | |
0 1 2 3 4

2
Mia0 [mol kgwa(er]

Fig. 4. Density of aqueous TMAO solutions plotted against TMAO molality at
298.15K. Green stars: experimental results from the vibrating-tube density
meter, squares: literature data [47]. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)

good agreement with literature was obtained at pressures between 1 bar
and 500 bar.

2.4. Molecular dynamics simulations

In molecular dynamics simulations, the reliability of classical force
fields is highest for the conditions at which they were optimized.
Concerning pressure variations in water, high pressures lead to an in-
creased polarization of solutes. This can be accounted for by pressure-
dependent atomic partial charges. We have previously optimized a
nonpolarizable force field for TMAO that accounts for the increased
polarization of TMAO in water at elevated pressures by scaling the
partial charges [25]. Here, we use this force field in combination with
the TIP4P/2005 water model [48] to simulate a 2.35mol/kg TMAO
solution at six pressures from 1 bar to 5kbar in order to calculate the
solution densities. Computational details and system compositions are
identical to those in ref. [25]. We also show density data of the
0.522 mol/kg TMAO system, which was taken from the same reference.
The rational activity coefficients in the molality scale (y*) were calcu-
lated via Kirkwood-Buff theory [49] using the method by Cortes-Huerto
et al. [50]. G denote the Kirkwood-Buff integrals, and the indices T and
W refer to TMAO and water respectively.

_ 6lnyT‘ cr + crew (Grr + Gww — 2Gtw)
dln mr T cr+ cw + CTCW(GTT + GWW - ZGTw) (11)

2.5. PC-SAFT modeling

The thermodynamic model PC-SAFT [41] was used to predict the
density of aqueous TMAO solutions of defined TMAO molality at a pressure
range of 1 bar to 5000 bar. Within PC-SAFT, each molecule is described as a
chain of spherical segments, each of them defined by the segment diameter
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and the number of segments. The attractive interactions between the mo-
lecules are characterized by dispersion and association forces. Based on
these model contributions, PC-SAFT calculates the residual Helmholtz free
energy A™ in a mixture. A™ is calculated as the sum of the hard chain A",
dispersion A%P, and association A**** Helmholtz energy contributions to
the residual Helmholtz free energy. The number of association sites as well
as the corresponding association energy and the association volume are
required for A***°°, PC-SAFT is suited to predict pressure effects since it
explicitly accounts for pressure disturbances [41]. Furthermore, PC-SAFT
has proven to predict fluid densities very accurately in scientific literature
[8,51-53]. PC-SAFT predictions were calculated for aqueous solutions at
defined conditions (pressure p, temperature T, and composition x;). The PC-
SAFT parameters for all components used in this work are given in Table 1.
Induced association was accounted for between water and TMAO ac-
cording to Kleiner et al. [54]. In this work, the solute's (TMAQO) PC-SAFT
parameters were taken from literature [53] and only the binary interaction
parameter k; between water and TMAO was fitted to osmotic coefficient
and solution density data. Consequently, only one parameter was fitted to
simultaneously describe numerous mixture data. Please note that in the
following, ‘HP-water’ denotes water that is modeled in the high-pressure
range with a new PC-SAFT parameter set.

In order to achieve highly accurate predictions for the density of aqu-
eous solutions, it is crucial to model the density of liquid water itself at
high-pressure conditions with satisfying accuracy. Due to its characteristic
and often anomalous properties, water is challenging to model using PC-
SAFT or comparable models. Thus, many pure-component parameter sets
for water exist in scientific literature [51,55-59]. However, all of these
proposed parameter sets fail to predict the density of water with satisfying
accuracy over a wide pressure scale up to the kilobar range. The commonly
used parameter set for water in biochemical applications was developed by
Cameretti et al. [51]. It is especially suitable to model the behavior of pure
water and aqueous mixtures at conditions common for biochemical pro-
cesses, i.e. forp < 10 bar and T < = 373 K. However, at high pressure
conditions, this parameter set fails to predict the liquid density (see the
dashed line in Fig. 5). While the density is modeled at 1 bar with an ac-
curacy of 0.03 %, the deviation between predicted and experimental
density at 9500 bar is 8.5 %. For the pressure range from 1 bar to 9500 bar,
the liquid density is predicted with an unsatisfying AAD of 54.25 kg/m>
(ARD = 4.7 %).

As a consequence, a new parameter set for water was developed in
this work that is especially suitable to model high-pressure density data.
The new PC-SAFT parameters for HP-water that were fitted to vapor
pressure data and density data are given in Table 1. PC-SAFT modeling
results for the water density from 1 bar to 10,000 bar are illustrated in

1200

1100

p [kg m’]

1000

0 2500 5000 7500 10000

p [bar]

Fig. 5. Density of pure water in kg/m® plotted against pressure in bar at
298.15K. Squares: literature data [60], dashed line: PC-SAFT modeling results
using state-of-the-art water parameters from Cameretti and Sadowski [51],
solid line: PC-SAFT modeling results using newly determined PC-SAFT para-
meters for HP-water [this work from Table 1].
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Fig. 6. Logarithm of the vapor pressure (in bar) of water plotted against the
inverse temperature (in K). Squares: literature data [60], dashed line: PC-SAFT
modeling results using state-of-the-art water parameters from Cameretti and
Sadowski [51], solid line: PC-SAFT modeling results using newly determined
PC-SAFT parameters for HP-water [this work using parameters from Table 1].

Fig. 5 (solid line). Clearly, the new PC-SAFT parameters for HP-water
allow modeling the density very well with a maximum deviation of 0.5
% at 9500 bar. For the pressure range from 1bar to 9500 bar, the
density can be modeled accurately with an AAD of 2.71 kg/m® and an
ARD of 0.24%.

In Fig. 6, the logarithm of the vapor pressure from PC-SAFT mod-
eling is plotted against the inverse temperature. The results show that
both parameter sets are well suited to model the vapor pressure of pure
water with high accuracy. In a temperature range from 275K to 560 K,
the state-of-the-art water parameters lead to an AAD of 0.4 bar, while
the new HP-water parameters result in an AAD of 2.0 bar.

After the verification that the new parameter set works reliably for
pure water, the next step was the modeling of aqueous TMAO solutions.
For TMAO, the pure-component parameters published by Held et al.
were used [53]. This parameter set was fitted to solution density data
and osmotic coefficients of TMAO aqueous solution. Due to new HP-
water parameters determined in this work, the binary interaction
parameter k; between HP-water and TMAO was fitted to density data
and experimental osmotic coefficients. In a first modeling step of this
work, the density of aqueous TMAO solutions was modeled at 298.15K
and 1 bar and evaluated using literature data from Makarov et al. [47],
see Fig. 7. The modeling results have a maximum deviation of 0.034 %
at a molality of 0.4018 mol/kg. For the considered concentration range,
the AAD is 0.139 kg/m® and the ARD is 0.014 %.

Both the modeled aqueous density and the osmotic coefficients of
TMAO solutions show that the HP-water parameters are very well
suited to model binary volumetric and energetic properties of aqueous
TMAO solutions at ambient pressure. Given these results, we modeled
in a final step volumetric properties of aqueous TMAO solutions at high-
pressure conditions. The densities of 0.522mol/kg and 2.35mol/kg
TMAO solutions were predicted at 300.15K and 298.15 K, respectively,
for pressures up to 5000 bar.

3. Results and discussion

Figs. 8 and 9 display the overall combined results of our experimental
and simulation work. The PC-SAFT modeling, molecular dynamics simu-
lations, and the data from X-ray absorption measurements agree very well
concerning the pressure influence on the density of the aqueous TMAO
solutions for all concentrations under investigation. Comparing the ex-
perimentally determined densities up to 500 bar from the vibrating-tube
density meter with the corresponding PC-SAFT predicted densities of
aqueous TMAO solutions yields a maximum ARD of 0.18 %. Evaluating the
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Fig. 7. Density of aqueous TMAO solutions at 298.15K and 1bar plotted
against molality of TMAO. Symbols: literature data [47], line: PC-SAFT mod-
eling results.
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Fig. 8. Density of 0.522 mol/kg aqueous TMAO solutions plotted against
pressure at 300.15 K. Green stars: experimental results from the vibrating-tube
density meter, black squares: experimental results from the X-ray absorption
measurements, orange circles: MD simulations, line: PC-SAFT modeling results
using parameters from Table 1. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Density of 2.35 mol/kg aqueous TMAO solutions plotted against
pressure at 298.15 K. Stars: experimental results from the vibrating-tube density
meter, black squares: experimental results from the X-ray absorption mea-
surements, orange circles: MD simulations, line: PC SAFT modeling results
using parameters from Table 1.



M. Knierbein, et al.

predicted densities for pressures up to 5000 bar in comparison to the ex-
perimentally determined densities from X-ray absorption yields a max-
imum ARD of 0.31 %. It is important to note that the X-ray absorption
technique and the PC-SAFT modeling are independent of each other. The
absorption technique has as only input the TMAO density at 500 bar and
literature data for water, PC-SAFT requires data for the properties of the
pure components at ambient pressure. In that light, we show clearly that
we present two independent approaches that are well suited to determine
and predict high pressure and concentration effects on the density of
aqueous TMAO solutions over a very wide pressure range. In principle, the
X-ray absorption technique is well-suited to determine relative density
changes in any other solution with known reference density and known
composition.

The experimental results from the vibrating-tube density meter show, in
agreement with literature, that the concentration of TMAO has a significant
influence on the solutions density at 1 bar. However, the density difference
between water and aqueous TMAO solutions depends non-linearly on
pressure. Indeed, we found in experiments, simulations and calculations
under high-pressure conditions that the 2.35 mol/kg TMAO solution has a
lower density than the 0.522 mol/kg TMAO solution for pressures above
2500 bar. The density of the aqueous 2.35 mol/kg solution is even lower
than the density of pure water in the same pressure range. At 5000 bar and
298K, the density of the 2.35 mol/kg TMAQ solution is 1147.3 kg/m® in
absorption experiments and 1143.1 kg/m® in PC-SAFT calculations, while
the density of water is 1149.4 kg/m> We observed the same trend in
molecular dynamics simulations, where the density of 2.35 mol/kg TMAO
is 1144.8 kg/m>, and the water density is 1153.4 kg/m°. These observa-
tions are equivalent to the fact that aqueous TMAO solutions become less
compressible the more TMAO is added, leading to a less pressure-re-
sponsive density of the liquids.

This behavior can be explained by solute/solute interactions be-
tween two TMAO molecules in aqueous solution. The increase in
pressure results in weaker solute/solute interactions, while strength-
ening the solute's hydration [47]. Strengthening of the local water
structure around TMAO was likewise found previously in experiments
employing X-ray Raman scattering spectroscopy [61] and X-ray
Compton scattering [62]. Further, the rational activity coefficient of the
solution allows quantifying the effects of pressure on molecular inter-
actions. As already applied by Baz et al. [63] the rational activity
coefficient yrpao™ is @ measure of the change in solvation Gibbs energy
of the solute in solution. Both, MD simulation and PC-SAFT modeling
underline that higher pressure results in increased rational activity
coefficients (see Fig. 10) and consequently in larger solvation Gibbs
energies. The fact that the rational activity coefficient increases with
increasing pressure might be caused by a higher density of water in the
hydration shell of the TMAO molecules or by increased repulsive in-
teractions between the TMAO molecules. Both effects would ultimately
result in lower compressibility. MD simulations of Imoto et al. [24]
gave further insight into molecular interactions between TMAO and
water as well as between water molecules at high pressure conditions.
They found that the application of p = 10 kbar on aqueous TMAO so-
lutions has a rather complex effect on molecular interactions, which is
distinctively different from the pressure response of pure water. While
the hydrophilic oxygen site of TMAO has threefold H-bonding in their
simulations at atmospheric pressure conditions, the probability of
fourfold H-bonding rises at high pressure conditions from 10% to 40%.
Contrary to that, the effect of high pressure on pure water was found to
be simpler, but stronger in reference [24]: Each water molecule is
surrounded by a hydrogen-bonded network of other water molecules,
with four water molecules arranged in a tetrahedral structure with large
voids in between. Under high pressure conditions, two more water
molecules are squeezed into the voids of this tetrahedral arrangement,
leading to a changed distribution of water molecules in this hydration
shell. In total, the coordination number is significantly increased due to
the intruding water molecules. The hydrogen bond network of TMAO is
locally enhanced, and the solvation shell is therefore less affected by
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Fig. 10. Rational activity coefficient of TMAO in aqueous solution at 298 K and
pressures from 1 bar to 5000 bar plotted against the molality of TMAO. Symbols:
MD simulation results (black: 1 bar, grey: 1000 bar, black-white: 2000 bar, white:
5000 bar), lines: PC-SAFT modeling results using parameters from Table 1 (full:
1 bar, dashed: 1000 bar, dashed-dotted: 2000 bar, dotted: 5000 bar).

high pressure compared to water. For TMAO, not only the first hydra-
tion shell, but also the second shell is structurally robust against com-
pression [24]. Consequently, we might conclude that the enhanced
robustness of the water hydration shell structure in presence of TMAO
molecules, which was observed by several authors in simulations and
experiments, is linked to a decreased compressibility of TMAO solutions
as compared to pure water. These results thus explain our findings from
experiments, thermodynamic modeling, and MD simulations.

4. Conclusion

Thermodynamic properties of aqueous TMAO solutions were in-
vestigated in this work, notably the density of aqueous TMAO solutions
under high pressure conditions both experimentally and theoretically. We
determined new high pressure density data experimentally, in MD simula-
tions and PC-SAFT predictions for pressures up to 5000 bar. At atmospheric
pressure, PC-SAFT successfully modeled both energetic and volumetric data
of TMAO solutions at different concentrations. Likewise, at high pressure
conditions, PC-SAFT was able to predict density data for aqueous TMAO
solutions with high accuracy. The modeling is in very good agreement with
measurements of relative density changes from X-ray absorption experi-
ments. Our finding that the compressibility of TMAO solutions decreases
with the added amount of TMAO can be explained by results from MD
simulations and experiments, where it was confirmed that the robustness of
the water H-bond network is locally enhanced around TMAO molecules.
Besides that, the main results of our study are the following. First, X-ray
absorption in combination with our high pressure environment is a suitable
method to determine relative density changes from aqueous solutions in the
kilobar regime and second, PC-SAFT is a well-adapted modeling technique
to predict thermodynamic properties in the high pressure regime with the
newly established pure-component parameter set for water. Both ap-
proaches yield density values that are in quantitative agreement with MD
simulations using a highly reliable force field.
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Appendix

Table 2

Density of aqueous 0.522 mol/kg TMAO solutions at 300.15K and at pressures from 1 bar to 500 bar determined using the vibrating-tube density meter.
plbar] 1 100 200 300 400 500
p[kg/mB] 998.37 1002.52 1006.61 1010.68 1014.67 1018.51

Table 3

Density of aqueous 1.082 mol/kg (1 mol/L) TMAO solutions at 298.15K and at pressures from 1 bar to 500 bar determined using the vibrating-tube density meter.
plbar] 1 100 200 300 400 500
p[kg/mB] 999.38 1003.65 1007.91 1011.59 1015.37 1018.89

Table 4

Density of aqueous 2.35 mol/kg (2 mol/L) TMAO solutions at 298.15K and at pressures from 1 bar to 500 bar determined using the vibrating-tube density meter.
plbar] 1 100 200 300 400 500
p[kg/m3] 1003.16 1007.01 1010.81 1014.33 1017.94 1021.23

Table 5

PC-SAFT predictions of aqueous 0.522 mol/kg (0.5 mol/L) TMAO solutions at 300.15K and at pressures from 1 bar to 5000 bar.
plbar] 1 100 200 300 400 500
p[kg/mB] 996.96 1001.97 1006.85 1011.57 1016.13 1020.55
plbar] 750 1000 1250 1500 2000 2500
plkg/m®] 1031.05 1040.86 1050.06 1058.74 1074.79 1089.38
plbar] 3000 3500 4000 4500 5000
p[kg/mB] 1102.79 1115.21 1126.79 1137.66 1147.90

Table 6

PC-SAFT predictions of aqueous 1.082 mol/kg (1 mol/L) TMAO solutions at 298.15K and at pressures from 1 bar to 5000 bar.
plbar] 1 100 200 300 400 500
p[kg/m3] 999.67 1004.48 1009.18 1013.72 1018.12 1022.39
plbar] 750 1000 1250 1500 2000 2500
plkg/m®] 1032.54 1042.04 1050.97 1059.41 1075.03 1089.27
plbar] 3000 3500 4000 4500 5000
plkg/m] 1102.37 1114.53 1125.89 1136.55 1146.61

Table 7

PC-SAFT predictions of aqueous 2.35 mol/kg (2 mol/L) TMAO solutions at 298.15K and at pressures from 1 bar to 5000 bar.
plbar] 1 00 200 300 400 500
plkg/m®] 1002.79 1007.28 1011.68 1015.94 1020.08 1024.09
plbar] 750 1000 1250 1500 2000 2500
p[kg/ms] 1033.68 1042.67 1051.15 1059.19 1074.11 1087.76
plbar] 3000 3500 4000 4500 5000
plkg/m®] 1100.36 1112.08 1123.05 1133.38 1143.13

Table 8

Density of a 0.522 mol/kg (0.5 mol/L) TMAO solution at 300 K from X-ray absorption measurements.
plbar] 50 500 1000 1500 2000 2500
p[kg/m3] 999.2 1018.5 1036.6 1053.2 1069.2 1084.4
plbar] 3000 3500 4000 4500 5000
p[kg/m3] 1098.7 11129 1126.2 1138.9 1151.6
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Table 9

Density of a 2.35mol/kg (2 mol/L) TMAO solution at 298 K from X-ray absorption measurements.
plbar] 50 100 200 300 400 500
plkg/m®] 1005.2 1007.1 1010.7 1014.3 1017.7 1021.2
plbar] 600 1000 1500 2000 2500 3000
plkg/m®] 1024.3 1038.0 1055.3 1070.4 1084.9 1098.5
plbar] 3500 4000 4500 5000
p[kg/mS] 1111.4 1123.6 1135.4 1147.3

Table 10

Density of MD simulations of 0.522 mol/kg (0.5 mol/L) TMAO at 300K from ref. [25].
plbar] 1 500 1000 2000 3000
p[kg/mS] 997.568 1018.96 1038.29 1072.42 1101.63
plbar] 4000 5000
plkg/m®] 1127.17 1150.08

Table 11

Density of MD simulations of 2.35 mol/kg (2 mol/L) TMAO at 298 K.
plbar] 1 500 1000 2000 3000
plkg/m®] 1003.59 1023.22 1040.94 1071.84 1098.99
plbar] 4000 5000
plkg/m’] 1122.75 1144.8

Appendix A. Supplementary data
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