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• New osmotic coefficients were mea-
sured for aqueous osmolyte systems

• New high pressure density data were
measured for aqueous osmolyte sys-
tems

• PC-SAFT was used to model density
and osmotic coefficients at 1 bar

• High pressure effects on density of
osmolyte solutions were predicted
using PC-SAFT

• PC-SAFT accurately predicts combined
influence of pressure and concentra-
tion
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A B S T R A C T

Living organisms can be encountered in nature under extreme conditions. At the seabed, pressure may reach
1000 bar. Yet microorganisms can be found that still function under these conditions. On the one hand, it is
known that high pressure even has a positive effect on piezophile enzymes increasing their activity. On the other
hand, such microorganisms might contain up to very high concentrations of osmolytes that counteract osmotic
stress. To better understand high-pressure influences on biochemical systems, fundamental knowledge about
pressure effects on thermodynamic properties of such osmolytes is important. However, literature data is scarce
and experiments at high-pressure conditions are challenging. Hence, new high-pressure density data of aqueous
osmolyte solutions were measured in this work at temperatures between 298.15 K and 318.15 K and at osmolyte
concentrations up to 3mol/kg water. Further, the thermodynamic model PC-SAFT has been applied recently to
successfully model vapor pressures of water and density of water up to 10 kbar [M. Knierbein et al., Density
variations of TMAO solutions in the kilobar range: experiments, PC-SAFT predictions, and molecular dynamics
simulations, Biophysical chemistry, (2019)]. This allowed accurately predicting effects of temperature and os-
molyte concentration on thermodynamic properties (especially mixture densities) up to very high pressures.
Common osmolytes (trimethylamine-N-oxide, urea, ectoine, glycerol, glycine) as well as the dipeptides acetyl-N-
methylglycine amide, acetyl-N-methylalanine amide, and acetyl-N-methylleucine amide were under investiga-
tion.
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1. Introduction

Biochemical systems have been studied intensively at atmospheric
conditions. The influence of temperature and concentration effects on
many systems has been investigated and are already quite well under-
stood. This knowledge can be applied for the optimization of bio-
chemical production processes as well as for better understanding the
metabolism in microorganisms. Another influence factor that has re-
cently gained attraction is high pressure [1–8]. Multiple microorgan-
isms can be encountered in nature under extreme conditions, e.g. under
high-pressure conditions at the bottom of the sea where pressures of up
to 1000 bar can be encountered [9,10]. Studies have shown that mi-
croorganisms do not only survive under high-pressure conditions but
also that high pressure has a positive influence on piezophile enzymes
[5,11–14] that have adopted high-pressure conditions. The mechanisms
that are influenced by high pressure conditions, e.g. enzyme folding and
enzymatic kinetics, can be complex and are subject of recent studies
[3,4,15–17]. These works have shown that enzyme functionalities de-
pend strongly on the presence of osmolytes, which are usually present
in microorganism to counteract stress conditions such as stress by os-
motic pressure.

Osmolytes are molecules of low molecular weight, and even the
simplest ones have a strong influence on osmotic pressure and therefore
on the stability of enzymes and the functionality of microorganisms
[18–21]. Molecules that counteract unfavorable concentration effects
and increase enzyme stability are called compatible solutes, e.g. tri-
methylamine-N-oxide (TMAO), glycerol, ectoine [18,19,22–28]. In
contrast to that molecules that increase osmotic stress and decrease
enzyme stability are called incompatible solutes, e.g. urea [19,29–32].
From microorganisms living under extreme conditions it is known that
they have the ability to synthesize compatible solutes that do not in-
terfere with the microorganism's metabolism in order to protect
themselves against osmotic stress [9,10,18,19,33]. Furthermore, it has
been shown that marine organisms contain TMAO and urea to coun-
teract osmotic stress as well as to counteract high hydrostatic pressure
effects and that the concentration of these two solutes increases with
increasing depth [34,35]. In this work, all biological molecules that
influence the osmotic pressure are further denoted as osmolytes.

In order to get further insight into high-pressure effects on bio-
chemical systems it is important to investigate and quantify the influ-
ence of high pressure on fundamental thermodynamic properties, e.g.
density, in a first step. At ambient conditions concentration and tem-
perature effects on biochemical systems have already been studied
[18,19]. However, the effect of high pressure on biochemical systems is
still much less investigated. For example, high-pressure density data is
known for aqueous solutions of some osmolytes [36–38]; besides, high-
pressure data of biochemical systems is scarce in literature. Further-
more, commercial devices only exist to perform measurements and
experiments under high pressure up to a few hundred bar. However,
special equipment and the fulfillment of many regulations is required
for measurements within the kilobar range. Therefore, it is meaningful
to apply models and simulations additional to experiments. Recent
molecular dynamics (MD) simulations were used to explore the effects
of high pressure on osmolyte solutions [39,40]. The results are very
detailed, yet the computational effort is high. In contrast, thermo-
dynamic equations of state allow for investigating high pressure effects
on a different molecular scale with much less computational effort than
MD simulations. In literature high-pressure effects on density data is
often described by empirical correlations [41,42]. However, these
empirical approaches do not explicitly account for thermodynamics.
Consequently, thermodynamic models are used in literature to model
pressure effects on liquid density data [43,44]. The thermodynamic
model PC-SAFT (Perturbed-Chain Statistical Associating Fluid Theory)
[45] has already been successfully applied to predict concentration and
temperature effects on osmolyte systems at ambient pressure
[18,19,46–48]. Since PC-SAFT explicitly accounts for pressure

disturbances it is hence a promising model to investigate high-pressure
effects on thermodynamic properties of osmolyte solutions.

In this work, an approach to predict temperature, concentration and
especially high-pressure effects on thermodynamic properties of os-
molyte solutions is presented. For this the thermodynamic model PC-
SAFT is used to predict osmotic coefficients of osmolyte solutions and
high-pressure solution densities of osmolyte solutions. Prediction re-
sults are evaluated using literature data and own experimental data
where required. Biologically meaningful ranges of pressure, tempera-
ture, and concentration were studied. In conventional biological sys-
tems typically temperatures between 20 °C and 37 °C are most inter-
esting. However, at deep-sea conditions temperatures may decrease to
−2 °C while pressure may reach 1000 bar. Under these conditions os-
molyte concentrations of up to 1mol/kg may be encountered in or-
ganisms. Monomeric osmolytes under investigation were TMAO, ec-
toine and glycerol, urea, and glycine. In order to analyze the behavior
of more complex molecules the acetylated dipeptides acetyl-N-methyl-
glycine amide (Ac-Gly-NHMe), acetyl-N-methylalanine amide (Ac-Ala-
NHMe) and acetyl-N-methylleucine amide (Ac-Leu-NHMe) were stu-
died as well.

2. Experimental methods

2.1. Vibrating-tube density meter

All density measurements shown in this work were performed using
an Anton Paar vibrating-tube density meter DMA 4200M. This appa-
ratus uses the pulsed excitation method that allows highly accurate
density measurements in the pressure range of 1 bar to 500 bar. The
manufacturer's specified reproducibility is 0.1 kg/m3 while the tem-
perature is kept constant at a controlled temperature with an accuracy
of± 0.03 K. Water and n-heptane were used to calibrate the density
meter and the method was validated by measuring the density of an
aqueous 1mol/kg sodium chloride solution at 298.15 K and pressures
from 1 bar to 500 bar. The experimental results of this validation
measurement were evaluated using literature data [49] and the average
absolute deviation (AAD) for this validation was 0.29 kg/m3.

All samples were prepared using water from Millipore water pur-
ification system. The supplier of the substances under investigation and
their purity is given in Table 1. The substances were weighed using a
Sartorius laboratory balance with an accuracy of 0.0001 g in order to
obtain solutions of desired and defined composition. All density mea-
surements were performed at least twice.

2.2. Freezing-point depression osmometer

The freezing-point depression osmometer Osmomat O10 from
Gonotec was used to determine osmotic coefficients in this work.
Osmotic coefficient (ϕ) and rational molality-based activity coefficient
(γosmolyte∗) of the osmolyte can be converted into each other according
to (1) where mosmolyte is the molality of the osmolyte as moles per kg
pure water.

Table 1
Supplier and purity of all substances studied in this work.

Substance Supplier Purity

Urea Merck > 99.5%
Trimethylamine-N-oxide TCI > 98%
Glycerol VWR > 99.5%
Ectoine Bitop > 95%
Acetyl-N-methylglycine amide Bachem > 99%
Acetyl-N-methylalanine amide Bachem > 99%
Acetyl-N-methylleucine amide Bachem > 99%
Glycine Sigma Aldrich > 99%
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This device allows measuring the freezing point depression of an
aqueous solution which depends on the molality of the osmolyte and
molecular interactions. A sample of the solution is supercooled to
264.15 K and a stainless-steel needle is then used to induce crystal-
lization. At the end of the crystallization process the solution reaches its
freezing temperature which is lower than the freezing temperature of
the pure solvent, i.e. water in this work. This freezing-point depression
depends on the activity of water awater according to (2).
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Finally, the osmotic coefficient is then calculated according to (3),
where 1.86 is the cryoscopic constant of water.
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All freezing-point depression measurements were performed at least
three times. The manufacturer specifies the accuracy of the device's
temperature measurement with 0.00186 K leading to an uncertainty of
the osmotic coefficients of 0.6%.

3. PC-SAFT modeling

The thermodynamic model PC-SAFT was used to model osmotic
coefficients of osmolyte solutions and to predict the density of aqueous
osmolyte solutions of pressures up to 1000 bar. Within PC-SAFT each
molecule is described as a chain of spherical segments that are defined
by the segment diameter (σi) and the number of segments (miseg). The
attractive interactions between the molecules are characterized by
dispersion (ui/kB) and association forces. Based on these model con-
tributions PC-SAFT calculates the residual Helmholtz free energy Ares of
a fluid. Ares is calculated as the sum of Helmholtz energy contributions
from the hard chain AHC, dispersion Adisp and association Aassoc to the
residual Helmholtz free energy. The number of association sites as well
as the corresponding association-energy parameter (εAiBi/kB) and the
association-volume parameter (κAiBi) are required for Aassoc. PC-SAFT is
suited to predict pressure effects since it explicitly accounts for pressure
disturbances [45]. Furthermore, in scientific literature PC-SAFT has
proven to predict fluid densities very accurately [18,19,50,51].

PC-SAFT predictions were performed for aqueous solutions at de-
fined conditions (pressure p, temperature T, and molality of the solute
mi). The PC-SAFT pure-component parameters for all components used
in this work are given in Table 2 and the binary interaction parameters
used are given in Table 3. Induced association was accounted for be-
tween water and TMAO according to Kleiner et al. [52]. Binary inter-
action parameters were determined in this work and are valid only with
the parameters for water according to Table 2. The binary interaction
parameters kij between solutes and water were fitted to osmotic-

coefficient data. The pure-component parameters of the peptides were
fitted in this work to experimental density data (see Table 6) and os-
motic-coefficient data of the peptide solutions at atmospheric pressure
(see Table 4).

4. Results and discussion

4.1. Osmotic coefficients and activity coefficients at atmospheric pressure
conditions

In this work thermodynamic properties of osmolyte solutions were
measured and modeled with PC-SAFT. Osmolytes counteract osmotic
stress and are thus actively used by living organisms to counteract
concentration effects as well as to counteract pressure effects at extreme
conditions [20,21,35]. The strength of this osmoprotectant effect can be
classified by their influence on osmotic coefficients or by their rational
activity coefficients. This is shown illustratively using two examples in
Figs. 1 and 2.

In Fig. 1, the rational activity coefficients of two osmolytes, ectoine
and glycine, are presented. Aqueous mixtures of ectoine were analyzed
at different temperature and concentration conditions. From the lit-
erature it is well known that ectoine has a strong influence on the os-
motic pressure [18]. The rational activity coefficient can be used to
quantify the effect of ectoine on osmotic pressure. Fig. 1 illustrates that
an increased concentration of ectoine in aqueous solution leads to
higher values of γectoine∗. This is equal to higher values of the osmotic
coefficient (according to Eq. 1). This means that rising concentrations of
ectoine effectively counteract the effects of higher (osmotic) pressure.
This effect is highest at low temperatures where low ectoine con-
centrations already have a strong effect on γectoine∗ and consequently on
the osmotic pressure of a solution. At higher temperature, this effect
decreases. The observed effects of concentration and temperature are
thus very important for living organisms under high osmotic stress
conditions. It is known that living organisms take advantage of the
effect of ectoine on osmotic pressure to counteract the effects of high
salt concentrations [55].

The thermodynamic model PC-SAFT was used to model the mole-
cular interactions in the ectoine + water solutions (see Table S.1). The
results given in Fig. 1 show that PC-SAFT describes the combined
concentration and temperature effects on γectoine∗ very well with a
maximum deviation of< 0.25%.

The amino acid glycine has an opposite effect on aqueous solutions
(see Fig. 1). Glycine dissolved in water has rational activity coefficients
γglycine∗ lower than one, which means that osmotic coefficients are also
lower than one and glycine is a less effective osmolyte than ectoine. In
nature, glycine can be found in marine organisms where it is supposed
to counteract pressure effects [10]. Thus, the finding of rational activity
coefficients lower than one does not necessarily mean that glycine is a
protein destabilizer. Compared to ectoine (which is strongly hydrated),
glycine might form dimers. This explains the observed effects that lead
to different efficiencies of counteracting osmotic stress. Summing up,

Table 2
PC-SAFT pure-component parameters and binary interaction parameters with water used in this work.

mi
seg

[−]
σi
[Å]

ui/kB
[K]

εAiBi/kB [K] κAiBi

[−]
Assoc. Scheme Ref.

Water⁎ 1.442 2.612 113.47 2171.8 0.0700 2:2 [53]
Urea 4.300 2.625 400.05 2100.1 0.0010 2:2 [54]
TMAO 8.928 2.248 245.44 0# 0.0700 1:1 [19]
Glycerol 2.007 3.815 430.82 4633.5 0.0019 1:1 [19]
Ectoine 1.250 5.050 530.00 3500.0 0.0900 1:1 [18]
Ac-Gly-NHMe 5.445 3.403 560.71 1652.4 0.0781 2:2 this work
Ac-Ala-NHMe 5.337 3.608 631.24 1488.6 0.0769 2:2 this work
Ac-Leu-NHMe 7.293 3.542 579.15 1538.6 0.0614 2:2 this work
Glycine 4.851 2.327 216.96 2598.1 0.0393 1:1 [46]

⁎ Water parameters especially designed for high-pressure conditions, # induced association as introduced by Kleiner et al. [52].
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PC-SAFT correctly describes the opposing effects of ectoine and glycine
in aqueous solution on the rational activity coefficient at different
concentration and temperature conditions.

Similar to the different behavior of ectoine and glycine, also the
osmolytes urea and TMAO show contradictive effects in water. Both,
urea and TMAO, are known to influence the osmotic pressure of aqu-
eous solutions. Literature results show that urea decreases the osmotic
coefficient in aqueous solution [57], while TMAO strongly increases the
osmotic coefficient [19]. From deep-sea organisms it is known that
especially a 2:1 mixture of urea and TMAO is beneficial to counteract
the high-pressure effects at deep sea conditions [4]. PC-SAFT was used
to predict concentration effects of urea and TMAO on the osmotic
coefficient of the corresponding aqueous solutions at 298.15 K (see
Table S.2). PC-SAFT correctly describes that TMAO increases the os-
motic coefficient strongly. Further, the opposing effect of urea which
decreases the osmotic coefficient of the solution is also described with
high accuracy. This means that PC-SAFT is able to distinguish the ef-
fects of the common osmolytes urea and TMAO on aqueous solutions
correctly.

Glycerol is also considered to be a compatible solute with a strong
effect on osmotic stress. Gylcerol can be found in marine organisms [9].
Since glycerol and water are completely miscible the osmotic coeffi-
cient is known for a broad concentration range (see Fig. 3). It should be
noted that a molality of 50mol/kg is equal to a mole fraction of> 0.5
and a mass fraction of> 0.8. Even though these highly concentrated
conditions will not be encountered in natural organisms they are of
high interest to evaluate the accuracy of PC-SAFT. Literature data
shows that low concentrations of glycerol (< 6mol/kg) increase the
osmotic coefficient at 298.15 K while higher concentrations strongly
decrease the osmotic coefficient [37]. It is thus reasonable that glycerol
naturally occurs only at rather low concentrations where glycerol is an
effective protectant against osmotic stress. PC-SAFT describes these
effects correctly in almost quantitative agreement for this vast con-
centration range (see Fig. 3 and Table S.3).

Besides analyzing different compatible and incompatible solutes
that can be found in nature, three different amino-acid-based dipeptides
were also analyzed in this work as model compounds for more complex
osmolytes. The dipeptides Ac-Gly-NHMe, Ac-Ala-NHMe and Ac-Leu-
NHMe have a functional acetyl group, further they are methylated to

Table 3
Binary interaction parameters kij between components used in this work. Only valid with the pure-component parameters from Table 2.

Ac-Gly-NHMe Ac-Ala-NHMe Ac-Leu-NHMe glycine glycerol ectoine TMAO water

Urea 0.0123 0.03 0.027 0 – – 0.26 −0.221
TMAO 0.135 0.16 0.14 – – – – ⁎
Water −0.136 −0.120 −0.102 −0.03 −0.01 0.096 ⁎ –

⁎ kij between water and TMAO kij=−0.15–0.005417∙T[K], kij values with water were fitted in this work to osmotic-coefficient data.

Table 4
Experimentally determined osmotic coefficients of aqueous dipeptide solutions
at 273.15 K and 1 bar.

m [mol/kg] 0.3 1.0 1.2 1.5

Ac-Gly-NHMe 0.9771 1.0263 1.0453 1.0706
Ac-Ala-NHMe 0.9590 1.0643 1.0805 1.1443
Ac-Leu-NHMe 0.9250 1.0122 1.0235 1.0387

Fig. 1. Rational activity coefficient of osmolytes vs. molality of the osmolyte.
Symbols: literature data (diamonds: glycine at 288.15 K [56], stars: ectoine at
273.15 K, 303.15 K and 323.15 K [18]), lines: PC-SAFT modeling results using
parameters from Table 2.

Fig. 2. Osmotic coefficient of aqueous osmolyte solutions vs. molality of the
osmolyte. Symbols: literature data (squares: urea at 298.15 K [57], triangles:
TMAO at 310.15 K [19]), lines: PC-SAFT modeling results using parameters
from Table 2.

Fig. 3. Osmotic coefficient of an aqueous glycerol solution vs. molality of
glycerol at 298.15 K. Symbols: literature data [58], line: PC-SAFT modeling
results using parameters from Table 2.

M. Knierbein, et al. Biophysical Chemistry 253 (2019) 106211

4



decrease reactivity and ensure stability for experimental investigations.
The osmotic coefficient was determined in this work for the three

dipeptides at 273.15 K and molalities up to 2mol/kg (see Fig. 4 and
Table 4). The results show that all three dipeptides cause osmotic
coefficients greater than unity at concentrations higher than 1mol/kg.
This means that the dipeptides can also be characterized as compatible
solutes. This effect is weakest for Ac-Leu-NHMe and strongest for Ac-
Ala-NHMe. The PC-SAFT modeling results are in good agreement with
experimental data. That is, PC-SAFT might also be used to model
thermodynamic properties of oligopeptides or even small proteins or
protein fragments (see Table S.4).

4.2. Mixture densities at atmospheric-pressure conditions

In order to be able to use the thermodynamic model PC-SAFT to
predict the effects of different osmolytes in aqueous solution it is not
only important to account for energetic properties, e.g. activity coeffi-
cient and osmotic coefficient, but also to account for volumetric prop-
erties, e.g. density.

Even though the density of low concentrated aqueous osmolyte
solutions does not deviate strongly from the density of pure water,
occurring volume effects are well measurable. The observed effects of
different osmolytes on the density of their aqueous solution do not only
depend on the osmolyte's concentration and molecular size but also on
molecular interactions, e.g. hydrogen bonding, hydration / solvation.
The thermodynamic model PC-SAFT does not explicitly account for the
exact arrangement of a hydration shell. However, it explicitly accounts
for molecular interactions in the form of association and dispersion.
Consequently, it is expected that PC-SAFT is an appropriate model to
quantify the osmolyte effect on the density of the aqueous solutions.
The PC-SAFT results that are presented in this work are predictions in a
sense that parameters have not been adjusted to mixture density data.

In Fig. 5 the density of aqueous solutions of ectoine, urea and TMAO
is shown for different molalities at 298.15 K. It can be seen that ectoine
strongly increases the solution density while TMAO barely has an effect.
Urea, in contrast, has a medium effect on the solution density. The
results show that this behavior does not correlate with a simple quantity
like the osmolyte's molar mass. Hence, molecular interactions between
osmolyte/osmolyte and osmolyte/water also make substantial con-
tributions to the density data.

The PC-SAFT prediction results correctly describe the effects of the
osmolytes under investigation on the solution's density in very good
agreement to literature data (see Table S.5). This shows that molecular

interactions and their contributions to effects on volumetric properties
are correctly accounted for in this thermodynamic model.

A wider concentration range has been investigated for quantifying
the effect of glycerol on the density of its aqueous solutions. At low
molalities glycerol strongly increases the density of the aqueous solu-
tion while the concentration effect on density does not increase much at
higher glycerol molalities. This effect is also predicted correctly by PC-
SAFT (see Table S.6) (Fig. 6).

Summing up, the results show that PC-SAFT is a useful tool to
predict both energetic and volumetric properties of aqueous solutions
of common osmolytes under different concentration and temperature
conditions at atmospheric pressure using a water parameter set that was
intentionally designed to be valid also at high pressure.

4.3. Mixture densities at high-pressure conditions

In the sections above the thermodynamic model PC-SAFT was used
to predict thermodynamic properties of aqueous osmolyte solutions at
atmospheric pressure. The results show that PC-SAFT is well suited to
perform predictions at different concentration and temperature condi-
tions. The following sections investigate the effect of pressure on aqu-
eous osmolyte solutions and evaluate the performance of PC-SAFT to
predict these pressure effects on aqueous solution densities.

Fig. 4. Osmotic coefficients of aqueous dipeptide solutions vs. molality at
273.15 K. Symbols: experimental data (this work), lines: PC-SAFT modeling
using parameters from Table 2 and Table 3. Black symbols and full line:
acetyl-N-methylglycine amide, gray symbols and dashed line: acetyl-N-methy-
lalanine amide, white symbols and dotted line: acetyl-N-methylleucine amide.

Fig. 5. Density of aqueous osmolyte solutions vs. molality of the osmolyte at
298.15 K. Symbols: literature data (triangles: TMAO [36], squares: urea [59],
stars: ectoine [18]), lines: PC-SAFT prediction results using parameters from
Table 2.

Fig. 6. Density of an aqueous glycerol solution vs. molality of glycerol at
298.15 K. Symbols: literature data [37], line: PC-SAFT prediction results using
parameters from Table 2.
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First, the effect of pressure on the density of aqueous osmolyte so-
lutions was investigated experimentally (see Table 5). In Fig. 7 the
density of urea, TMAO and ectoine solutions with a molality of 0.5mol/
kg at 298.15 K is presented for pressures between 1 bar and 500 bar.
Within this pressure range the density of each solution rises by
20–28 kg/m3 upon pressurization. This effect is correctly predicted by
PC-SAFT in good agreement to experimental data (see Table S.7).

Second, the pressure influence on the density of the ternary system
containing 0.5 mol/kg urea and 0.5 mol/kg TMAO aqueous solution
was investigated experimentally. From 1 bar to 500 bar the density
increases by 20 kg/m3. Even for this ternary mixture the pressure effect
on the density is predicted correctly by PC-SAFT, which can be also seen
from Fig. 7.

Furthermore, the pressure effects on 0.5 mol/kg solutions of di-
peptide solutions were experimentally investigated at different tem-
peratures (see Table 6). The results for the experimentally determined
densities of Ac-Ala-NHMe solutions are illustrated in Fig. 8. It can be
seen that both temperature and pressure have a strong effect on solu-
tion density. Further, under same temperature and pressure conditions
solution density is lowest for Ac-Leu-NHMe solutions while it is highest
for Ac-Gly-NHMe solutions. For each dipeptide under investigation PC-
SAFT correctly predicts the effects of species, temperature and pressure
(see Table S.8).

For the investigation of pressure effects on aqueous glycerol solu-
tions density data was taken from the literature at 298.15 K and dif-
ferent concentration and pressure conditions [37] up to 1000 bar (see
Fig. 9). The data shows that compressibility is lower compared to the
low concentrated osmolyte solutions discussed above. Furthermore,
compressibility is lower for higher glycerol concentrations. Even
though the concentration range and pressure range of this density data
are wide, the PC-SAFT predictions for pressure and concentration ef-
fects on density data of the aqueous glycerol solutions are in almost
quantitative agreement with literature data (see Table S.9).

For studies of pressure and concentration effects on the density of
aqueous glycine solutions data was also taken from the literature [38].
For the aqueous glycine solutions compressibility decreases with in-
creasing glycine concentrations (see Fig. 10). The PC-SAFT prediction
results show that PC-SAFT correctly predicts concentration and pres-
sure effects on the density of aqueous glycine solutions for pressures up
to 1000 bar (see Table S.10).

The modeling results are based on pure-component parameters for
water that have been adjusted to vapor pressures and densities up to
very high pressures. In contrast, the pure-component parameters of the

osmolytes were fitted to densities and osmotic coefficients at ambient
pressure. This shows that a high accuracy for modeling water density is
the basis for modeling properties of aqueous solutions. To conclude,
these results show that the thermodynamic model PC-SAFT allows
predicting concentration, temperature and pressure effects on the
density of binary and ternary aqueous solutions containing important
osmolytes.

4.4. Osmotic coefficients of ternary systems containing two osmolytes and
water

In the section above focus was laid on temperature, concentration
and pressure effects on volumetric data, i.e. density, of aqueous os-
molyte solutions. In this section energetic data, i.e. osmotic coefficient,
is analyzed for ternary aqueous osmolyte solutions. In Fig. 11 the os-
motic coefficient of aqueous solutions containing Ac-Gly-NHMe and
urea as well as Ac-Gly-NHMe and TMAO is plotted different molalities
of the dipeptide (see Table S.11 and Table S.12). The results show that
higher dipeptide molality leads to a higher osmotic coefficient. The
addition of TMAO strongly increases the osmotic coefficient while urea
decreases the osmotic coefficient. This behavior was quantitatively
described by PC-SAFT by using one binary parameter between two
osmolytes. The results for the other dipeptides are given in Table S.13

Table 5
Experimentally determined densities of aqueous osmolyte solutions in kg/m3 vs. pressure.

T[K] 1 bar 100 bar 200 bar 300 bar 400 bar 500 bar

0.5mol/kg ectoine 298.15 1015.51 1021.22 1026.84 1032.37 1037.79 1043.16
0.5mol/kg urea 300.15 1004.31 1008.72 1013.02 1017.24 1021.35 1025.35
0.586mol/kg (0.5mol/L) TMAO 300.15 998.37 1002.515 1006.61 1010.68 1014.67 1018.51
0.5mol/kg urea +0.5mol/kg TMAO 300.15 1007.47 1011.29 1015.19 1019.05 1023.09 1027.11

Table 6
Experimentally determined densities of 0.5 mol/kg aqueous dipeptide solutions vs. pressure at 298.15 K, 308.15 K and 318.15 K.

p [bar] 1 100 200 300 400 500

Ac-Gly-NHMe 298.15 K 1008.59 1012.49 1016.46 1020.38 1024.56 1028.68
308.15 K 1004.20 – – – – –
318.15 K 999.13 – – – – –

Ac-Ala-NHMe 298.15 K 1007.15 1011.00 1014.91 1018.99 1023.05 1027.06
308.15 K 1002.71 1006.86 1010.82 1014.93 1018.93 1022.98
318.15 K 998.55 1002.79 1006.93 1010.85 1014.76 1018.46

Ac-Leu-NHMe 298.15 K 1004.75 1008.57 1012.38 1016.33 1020.21 1024.09
308.15 K 1000.09 1004.19 1008.27 1012.20 1016.12 1020.11
318.15 K 995.65 999.90 1003.96 1007.93 1011.82 1015.57

Fig. 7. Density of aqueous osmolyte solutions vs. pressure. Symbols: experi-
mental data (triangles: 0.586mol/kg (0.5 mol/L) TMAO at 300.15 K, squares:
0.5 mol/kg urea at 300.15 K, stars: 0.5 mol/kg ectoine at 298.15 K, crosses:
mixture of 0.5mol/kg TMAO and 0.5mol/kg urea at 298.15 K), lines: PC-SAFT
prediction results using parameters from Table 2.
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to Table S.16.
Also literature data was used to determine concentration effects on

the osmotic coefficient of ternary aqueous solutions containing urea
and glycine [60] (Fig. 12). The results show that low (<0.5mol/kg)
urea concentrations lead to a higher osmotic coefficient, while higher

urea concentrations decrease the osmotic coefficient. These con-
centration effects on the osmotic coefficient of ternary aqueous urea +
glycine solutions are described by PC-SAFT in quantitative agreement
to the experimental data (see Table S.17).

5. Conclusions

High-pressure effects on different biochemical systems were in-
vestigated in this work where a special focus was laid on pressure ef-
fects on osmolyte solutions. Osmolytes under investigation were TMAO,
urea, ectoine, glycerol, glycine as well as the dipeptides acetyl-N-me-
thylglycine amide, acetyl-N-methylalanine amide, and acetyl-N-me-
thylleucine amide. In order to get a complete picture, temperature
(273.15 K – 323.15 K) and concentration effects (typically up to 3mol/
kg) were also analyzed. New experimental high-pressure density data
was determined for aqueous osmolyte solutions at pressures up to
500 bar. The thermodynamic model PC-SAFT was used to predict the
influence of pressure, temperature and concentration on solution den-
sity of aqueous osmolyte systems. The prediction results agreed very
well with experimental data as well as with literature data. Further, the
influence of osmolyte concentration and of temperature on osmotic
coefficients at ambient pressure was modeled accurately with the same
PC-SAFT parameters. Finally, PC-SAFT was validated by successfully

Fig. 8. Density of aqueous 0.5mol/kg acetyl-N-methylalanine amide solutions
vs. pressure. Symbols: experimental data (black: 298.15 K, gray: 308.15 K,
white: 318.15 K), lines: PC-SAFT prediction results using parameters from
Table 2.

Fig. 9. Density of aqueous glycerol solutions vs. pressure at 298.15 K. Symbols:
literature data [37], lines: PC-SAFT prediction results using parameters from
Table 2.

Fig. 10. Density of aqueous glycine solutions vs. pressure at 298.15 K. Symbols:
literature data [38], lines: PC-SAFT prediction results using parameters from
Table 2.

Fig. 11. Osmotic coefficient of ternary aqueous solutions containing two os-
molytes (Ac-Gly-NHMe and TMAO) and (Ac-Gly-NHMe and urea) at different
molalities (N° 1–6: molalities of all osmolytes see Table S.11 and Table S.12) at
273.15 K. Black: experimental data, gray: PC-SAFT modeling results using
parameters from Tables 2 and 3.

Fig. 12. Osmotic coefficient of ternary aqueous solutions containing glycine
and urea vs. molality of urea (mglycine= 0.5mol/kg) at 298.15 K. Symbols:
literature data [60], line: PC-SAFT modeling results using parameters from
Tables 2 and 3.
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modeling osmotic coefficients of ternary solutions containing two os-
molytes. This shows that PC-SAFT is very well suited for modeling
biochemical solutions even at high pressure. Since the fundamental
thermodynamic influence factors pressure, temperature and con-
centration are correctly accounted for by PC-SAFT this work provides
the basis for further investigations of more complex systems. This
knowledge can be used in future work to approach more challenging
problems, e.g. pressure effects on enzymatic reactions.
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