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ABSTRACT: Dimethyl sulfoxide is one of the most popular cryoprotectants in cryobiology. It is crucial for the successful
cryopreservation to quantitatively analyze the cryoprotective properties of dimethyl sulfoxide. In this study, the osmolality and the
unfrozen water content of the aqueous solution of dimethyl sulfoxide are determined using a Perkin-Elmer Diamond DSC. For
precisely calculating the unfrozen water content, this study takes into consideration the effect of dilution on the enthalpy of fusion in
the solution which is a commonly neglected factor. The osmotic virial representation and the quantitative relationships between the
unfrozen water content and the solution composition are reported. The experimental results show that the aqueous dimethyl
sulfoxide solution has a greatly depressed freezing point and a large osmolality. Moreover, the water-blocking ability of dimethyl
sulfoxide weakens when the solution is more concentrated. The results in this study will enlarge the database of physical and
chemical properties of dimethyl sulfoxide and reinforce our understanding of the cryoprotective mechanisms of dimethyl sulfoxide

in aqueous solutions.

B INTRODUCTION

Dimethyl sulfoxide (DMSO) enjoys a wide range of applic-
ability as a solvent in chemical and biological processes involving
both plants and animals." Therefore, the unique physical and
chemical properties of DMSO have been extensively studied
so far.””? It was found that thermodynamic properties of the
aqueous DMSO solution exhibit strong deviations from ideality.*
DMSO molecules can perturb the “water structure” by forming
strong hydrogen bonds with water molecules* and enhance the
remaining water—water hydrogen-bonding network.?

Owing to its unparalleled properties DMSO has been the
preferred cryoprotective agent (CPA) in the applications of
cryopreservation. Plenty of studies of the cryoprotective proper-
ties of DMSO have been initiated since the discovery of its
cryobiological advantage by Lovelock and Bishop'® in 1959.
The solid—liquid phase diagrams of DMSO /water and DMSO/
sodium chloride/water mixtures were determined through ther-
mal analysis techniques.'''*> Hey and MacFarlane'*'® investi-
gated the crystallization behaviors of ice in the DMSO solution.
Since vitrification has been proved to be a promising method of
cryopreservation, the glass-forming tendency and stability of the
aqueous DMSO solution were also evaluated.'®

The cryoprotective properties of DMSO can help enhance the
post-thaw viability of cells and tissues in cryopreservation.'”"®
However, little is known about the underlying cryoprotective
mechanisms of CPAs like DMSO."” Specifically, the quantitative
understanding of the ability of DMSO to intensify the water
transport across cell membranes and its ability to inhibit the
intracellular ice formation is still insufficient. There have been
some studies of the osmolality of the DMSO/water mixture
based on the osmotic virial equations,'®>* but further investiga-
tions are still necessary. On the other hand, the conventional
calculation of the unfrozen water content based on the “lever
rule” is subject to the assumption that ice is in equilibrium with
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the residual solution. Little attention has been paid to the
determination of the unfrozen water content in the aqueous
solution of DMSO under nonequilibrium freezing conditions.
DSC measurement is a widely used approach to determine the
unfrozen water content in 3polzmer solutions under nonequili-
brium freezing conditions,”° but it has rarely been employed
in cryobiology. In addition, the effect of dilution on the enthalpy
of fusion in the solution was neglected in previous studies for
simplifying the calculation of the unfrozen water content.”*”>°
However, such a simplification can cause the significant loss
of the calculation accuracy when the change brought forth by the
dilution heat is noticeable.

In the present study, DSC determinations of the osmolality
and the unfrozen water content of the aqueous DMSO solution
with compositions of cryobiological interest are undertaken.
The dissolution of DMSO in water can generate a non-negligible
amount of heat. Therefore, the effect of dilution caused by the
melting of ice in the solution is considered for calculating the
unfrozen water content precisely. As a result, the osmotic virial
equation of the aqueous DMSO solution and the quantitative
relationships between the unfrozen water content and the
molality of the solution are obtained.

B METHODOLOGY

Materials. DMSO with the initial mass-fraction purity of
99.5 % is used in our experiment. It is purchased from Kermel
Chemical Reagent Co. Ltd. (Tianjin, P.R.China) without further
purification. DMSO as the solute and the reverse osmosis and
deionized (RO/DI) water as the solvent are mixed into solutions
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of (1,2,3,5,7,and 9) mol -kgfl. The RO/DI water is produced
by the Hitech-Kflow laboratory water purification system
(Hogon Scientific Instrument Co. Ltd., Shanghai, P.R.China).
Three samples of each molality are prepared for repetitive
measurements. Each sample (3—4 mg) is sealed in an aluminum
sample pan by the volatile sample sealer kit (Perkin-Elmer Corp.,
Norwalk, CT, U.S.A.).

DSC Measurement. A Diamond DSC (Perkin-Elmer Corp.,
Norwalk, CT, U.S.A.) is employed in our experiment. It is
equipped with a TAGS gas station and an intracooler 2P cooling
accessory (i.e., a mechanical refrigerator) which can provide a
stable cryogenic environment as low as —85 °C. The thermo-
gram of each sample subjected to the cooling and subsequent
warming protocols can be recorded and the phase transitional
behavior of the sample can be also real-time tracked by the DSC
equipment.

A two-point temperature calibration is conducted using
n-decane (melting temperature: —29.66 °C) and RO/DI water
(melting temperature: 0 °C) as standard samples, prior to our
experiment. The n-decane (mass-fraction purity >99.5%) is pur-
chased from Sinopharm Chemical Reagent Co. Ltd. (Shanghai,
P.R.China) without further purification. The scheme of the
temperature calibration is as follows: the temperature range is
from (—60 to +30) °C and the scanning rate is S °C -min~". The
heat flow scale is calibrated against the enthalpy of fusion in pure
water (333.5 J-g~ ") during the warming protocol with a rate
of 5 °C-min" .

In our DSC measurement, each sample is cooled to —50 °C
and then held at this temperature for 5 min so that the freezable
water in the sample can be completely crystallized, leaving the
solute and the unfrozen water in the remaining liquid phase.
Afterward, the sample is heated to 25 °C at a rate of 5 °C-min ™.
The warming thermogram containing the melting endotherm
is recorded by the Pyris software installed in a Dell Precision
T3400 workstation (Dell Inc, Round Rock, Texas, U.S.A.).
Finally, the endothermic peak area A and the peak temperature
tp are determined based on the warming thermogram with the
sigmoidal baseline. The peak temperature tp is determined to be
the melting temperature t,, of the sample as previously shown.>”
The thermal lag is negligible in our experiment due to the slow
scanning rate (5 °C+-min~ ') and the small sample size [(3—4)
mg]. Hence, no further temperature corrections are needed.

Calculation of the Osmolality. The osmolality 77 in Osm can
be calculated according to the melting temperature t,, in °C by
the following equation:**

t0 —tm

T= QYR (b +273.15)

(1)

M /(%" =

where 2, is the melting temperature of ice in pure water (0 °C),
M,, the molar mass of water (0.01802 kg-mol "), s and s the
molar entropies of pure liquid water and pure ice, respectively.
The difference between sva and 53,5 is22.00]- mol '-K . Ris the
universal gas constant (8.314 J-mol "+K ).

A truncated second-order osmotic virial equation for the
single-solute system is used in this study to obtain the second
osmotic virial coefficient."”

T = m+B-m? (2)

where m is the molality of the solution in mol~kg71 and B the
second osmotic virial coefficient in (mol-kg71)7 .

The osmolality can be correlated with the molality of the
solution according to the following equation as well.”®

T = pum (3)

where v is the dissociation coeflicient of the solute. Specifically,
v = 1 for DMSO? and ¢ is the osmotic coefficient which varies
with the solution composition.

Thereby, 7t of the aqueous DMSO solution can be quantified
according to our experimental data on the melting temp-
erature t,,. Meanwhile, it can be evaluated in terms of either B
or .

Calculation of the Unfrozen Water Content. In this study,
the unfrozen water (or the bound water) is defined as the water
that has not been transferred into its solid phase at —50 °C. The
water that has solidified at —50 °C is considered as the freezable
water (or the free water). The amount of the unfrozen water
can be calculated by subtracting the freezable water content from
the total amount of water in the solution. For determining the
amount of the freezable water, the effective enthalpy of fusion L,
is introduced which is the algebraic addition of the enthalpy of
fusion in the solution and the heat generated by the dissolution of
DMSO in the melted ice.

The detailed procedures of calculating the unfrozen water
content are explained as follows:

The freezable water content Wy in mg, can be calculated with
the following equation.

A
Wy = = 4
(s (4)

where A, in m], is the peak area covered by the melting
endothermic peak above the scanning baseline in the DSC
thermogram. L, can be expressed as follows:>**'

L.=Ly—AH—-Q ()

where Ly is the enthalpy of fusion in pure water (333.5J-g ),
AH, in J-g ', is the decrement of the enthalpy difference
between water and ice caused by the freezing point depression
and Qg in J- gfl, is the heat generated when ice melts into the
solution.

AH can be obtained according to the following equation as
reviewed previously:*

AH — [ e —a) di (6)

where c,, and ¢; are the specific heat capacities of water and ice,
respectively, in J-g~'-°C ™.

Angell et al.>* measured the specific heat capacity of water at
the extreme of the supercooling. The specific heat capacity of ice
in a temperature range of (0 to ~—258) °C was reported by
Giauque and Stout.”® In our study, the values of ¢,, covering the
temperature range of (0 to ~—40) °C and those of ¢; covering
the temperature range of (0 to ~—100) °C are calculated with
the following representations. These two equations are obtained
by fitting the above-mentioned experimental data to them,
respectively.

Cw = 4.287 +0.031t + 0.004£> + 1.890 x 10 *£ + 3.261

x 107%¢* (7)
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Figure 1. H,, of aqueous DMSO solutions of ¢ ranging from 0 to 1 at
25 °C; Hyy, heat of mixing; ¢, mole fraction of DMSO in the solution;
—, results of H,, at 25 °C calculated with eq 10; [J, experimental data
reported by Clever and Pigott.>®

The goodness of fit R*is 0.9991.
¢ = 2.109 + 0.008f +2.592 X 10~ (8)

The goodness of fit R” is 0.9998.

Based on the theory proposed by Kumano et al.,*" the dilution
heat Q4 can be calculated according to the following equation. In
this study, the equation has been slightly modified for illustrative
clarity.

x”

100 b’ ©)

Q=

where h,, is the heat of mixing in J + g71 and x, the mass fraction of
the solute in the solution.

hyyin]- g71 , refers to the heat in J generated when 1 g solute is
solvated into enough water to produce the solution of a given
mass fraction x,. H,, in J-morl, represents the heat in ]
generated by making 1 mol solution of a given mole fraction
@s. Given that the relationship H,,, ~ ¢ can be converted into
the relationship h,, ~ x,, the effective enthalpy of fusion L, can
be obtained if the relationship H,, ~ ¢y is known.

The Redlich—Kister (RK) equation®* is commonly employed
to represent the thermodynamic properties such as heat of
mixing H,, of the nonideal solution.***¢ The interaction para-
meters in the RK equation are subject to the temperature.
Kaptay”” developed a representation to evaluate the effect of
temperature on the interaction parameters in the RK equation.
The following equation proposed by Kaptay®” is used in this
study for evaluating the composition and temperature depend-
ences of H,,,.

1 t+273.15 t+273.15 ;

Hn = ¢ (1—0,) Zho,(l +7> exp( —7) (2, —1)
i=0 Toi Toi

(10)

where hy; and 7y, are the interaction parameters. In this study,
the maximum power 7 in eq 10 is set to 1 and the experimental
data®® on H,, of the aqueous DMSO solution at 25 °C is fit
to eq 10 to obtain the values of the interaction parameters.
Finally, the values of the interaction parameters in eq 10 are:
hoo=—10239.6-mol ', 7o = 66408.7 K, ho; = 6847.8 ] -mol ",

and 7y; = 12570.8 K. The results of H,, of the aqueous DMSO
solution at 25 °C calculated with eq 10 and the experimental
data’® are graphically displayed in Figure 1. The goodness of fit
R* is 0.9679.

tn, of the aqueous DMSO solution can be solely correlated
with ¢, as explained later. Hence, eq 10 can describe the
relationship H,,, ~ ¢, when tin eq 10 is kept to be t,,,. Hitherto,
the mass of the freezable water Wy can be obtained according to
eqs 4—10.

The mass of the total water W, in mg and that of the solute W,
in mg in the solution can be expressed as the following equations:

W, = w—" (11)
T L mM,
M
W, = W (12)
1+ mM;

where W is the total mass of the solution in mg and M, the molar
mass of DMSO (0.07813 kg-mol ).
The mass of the unfrozen water W can be obtained by

Wy = W, — W; (13)

The amount of the unfrozen water in mmol is Ny =
Wo¢/(1000 + M,,) and the amount of the solute in mmol is
N, = W,/(1000 - M,).

In our study, two criteria are employed to quantitatively
evaluate the unfrozen water content in the solution. They are
W/ W, and N¢/Ny. In detail, W ¢/ W, refers to the mass fraction
of the unfrozen water out of the total water in the solution and
N,¢/Nj indicates the ability of DMSO to block water in their
mixtures.

Conventionally, the “lever rule” can be used to determine the
unfrozen water content if one assumes that ice is in equilibrium
with the residual solution. Such an assumption can hold only in
equilibrium freezing conditions. The equation takes the form
W/ Wy = m/m(t), where m(t) is the molality of the solution in
equilibrium with ice at the desired subzero temperature ¢
(=50 °C in this study). One can calculate m(t) from the liquidus
curve. Further, Ny/N; = 1/(m(t)M,,).

However, when cooling is not infinitely slow and the solution
becomes more concentrated as ice crystallization proceeds, an
increasing supercooling and a large increase in the viscosity of
the unfrozen phase occur. Consequently, freezing becomes
progressively slower since ice crystallization is hindered and
consequently more time is required for lattice growth at every
temperature. Therefore, the above-mentioned assumption can-
not hold under such nonequilibrium freezing conditions, where
eqs 4—13 will be sufficient to produce the accurate determina-
tion of the unfrozen water content.

B RESULTS AND DISCUSSION

Melting Temperature of the Aqueous DMSO Solution.
The numerical data on the melting temperature of the aqueous
solution of DMSO are listed in Table 1. The quantitative
relationship between the melting temperature and the solution
composition is commonly represented by a polynomial
equation.’® "' Therefore, the melting temperature t,, of the
aqueous DMSO solution is correlated with its molality m through
a quartic polynomial like eq 14 in this study.

tn = aym+bym® + oym’ + dym* (14)
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Table 1. Melting Temperature t,, of DMSO/Water Binary
Mixtures of Molalities m of Cryobiological Interest and the
Corresponding Standard Deviation o

m lm o
mol kg™’ °C °C
1 —1.62 0.15
2 —4.21 0.19
3 —6.95 0.11
N —13.03 0.16
7 —19.73 0.0S
9 —2748 0.01
0 1.0
AN
10 | N
S 409
A ~
20 S
o = ~ ~408
\E ~ N §_
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Figure 2. t,, and a,, of aqueous DMSO solutions with compositions of
cryobiological interest; t,,,, the melting temperature; a,,, the activity of
water; m, molality; —, results of t,,, calculated with eq 14; — — —, results
of a,, calculated by the relation 77 ~ a,, and eq 2; [, experimental data of
tn determined in our DSC experiment; O, experimental data of t,,
reported by Rasmussen and MacKenzie; "I'A, a,, determined in our DSC
experiment.

where ay, by, ¢;, and d, are the polynomial coefficients, equal to
—1.29517 °C-(mol-kg ")™!, —0.49579 °C-(mol-kg )7,
0.06241 °C- (mol-kg "~ )3, and —0.00323 °C-(mol-kg ") %,
respectively. The goodness of fit R* is 0.9982. Figure 2 displays
the results of t, determined in our experiment and those
reported in the previous study.'' The best-fitting curve calculated
according to eq 14 is presented in this figure as well. It is clear that
the results determined in our experiment have a good quantita-
tive agreement with those reported previously.

It is demonstrated that DMSO depresses the freezing point of
its aqueous solution more greatly than some of the alcohols such
as ethylene glycol (EG) and glycerol, corresponding to a given
concentration. In detail, t,, of EG/water and glycerol/water
mixtures of $ mol-kg ™" is —10.53 and —11.28 °C, respectively.*'
The 5 mol-kg ™" aqueous DMSO solution has an average melting
point of —13.03 °C, at least 1.75 °C lower, as measured in our
experiment. Most importantly, it is found that such an advantage
of DMSO to depress the freezing point can be more pronounced
as the solution becomes more concentrated. Similar findings
were also reported previously.'* For instance, the aqueous
DMSO solution of x, = 45 % depressed the melting temp-
erature of ice in the solution approximately by 34 °C (namely,

20

7 / Osm

m/ mol-kg’l

Figure 3. 71 of CPA/water binary mixtures with compositions of
cryobiological interest; 7, osmolality; m, molality; —, curve for
DMSO/water; — — —, curve for methanol/water; - - -, curve for EG/
water; — - —, curve for PG/water; — - - —, curve for glycerol/water; J,
results of DMSO calculated based on our experimental data. Curves are
calculated with eq 2.

Table 2. Second Osmotic Virial Coefficient B for Five Com-
monly-Employed CPAs (i.e., DMSO, Methanol, EG, PG, and
Glycerol)

CPA DMSO  methanol EG PG glycerol
B/(mol-kg™")™"  0.092 0.004° 0.037%  0.039°  0.023°
“ Reference 22.
tn = —34 °C) while the glycerol solution of the same mass

fraction has a t,, = —20.5 °C."*

From the cryobiological viewpoint, DMSO in the cytoplasm
can more effectively alleviate the supercooling of the intracellular
media, compared with other alcohol CPAs. Consequently, the
occurrence of the ice crystallization in cells subjected to the
freezing protocol can be postponed more greatly when DMSO
exists intracellularly. This phenomenon can in part be attributed
to strong interactions between DMSO and water molecules.' In
other words, DMSO molecules can inhibit water molecules from
attending the intracellular ice crystallization through DMSO—
water hydrogen bonds.>*

Osmolality of the Aqueous DMSO Solution. The relation-
ship 7t ~ m of the aqueous DMSO solution described by eq 2
is shown in Figure 3. The relationships 7t ~ m of the aqueous
solutions of other four commonly used CPAs involving metha-
nol, EG, propylene glycol (PG) and glycerol are also presented
according to their osmotic virial coefficients published
previously22 (as listed in Table 2). The osmotic coefficient ¢
for DMSO and the above-mentioned four alcohol CPAs calcu-
lated with eq 3 are presented in Figure 4. Moreover, given
that In(a,,) = —7tM,,, one can calculate the activity of water a,, in
the aqueous DMSO solution at t,,,. The results of a,, have been
presented in Figure 2.

The second osmotic virial coefficient B for DMSO is deter-
mined to be 0.092 in this study. The goodness of fit R> of eq 2 is
0.9809. The values reported previously are 0.0843*' and 0.108,”
respectively. These differences may be attributed to the different
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20

Figure 4. ¢ of CPA/water binary mixtures with compositions of
cryobiological interest; ¢, osmotic coefficient; m, molality; —, curve
for DMSO/water; — — —, curve for methanol/water; - - -, curve for
EG/water; —« —, curve for PG/water; — - - —, curve for glycerol/water.
Curves are calculated with eq 3.

composition ranges and the employment of different phase
diagrams in the studies.

According to eq 2, the osmolality of the solution increases as
the molality rises due to the positive value of B. This trend is
clearly presented in Figure 3. By comparatively analyzing the
osmotic behaviors of the five CPA solutions, it is found that the
aqueous DMSO solution can exert a greater osmotic pressure
across cell membranes than other four alcohol solutions corre-
sponding to a certain composition, in particular in the solute-rich
region. For example, the 3 mol-kg™ ' aqueous DMSO solution
has an osmolality of 3.83 Osm while EG and glycerol aqueous
solutions of the same concentration have osmolalities of 3.33 and
3.25 Osm, respectively. As the solution becomes more concen-
trated, such differences can be more obvious. The 5§ mol'kg7l
aqueous DMSO solution has an osmolality of 11.43 Osm while
the osmolalities of EG and glycerol aqueous solutions of the same
concentration are 2.62 and 3.04 Osm smaller, respectively. Such
differences can also be seen in terms of the osmotic virial
coeflicients. The osmotic virial coeflicient for DMSO is always
considerably larger than those for other four CPAs as seen in
Table 2. A great osmotic pressure across cell membranes can
aggravate the efflux of the intracellular water, which is able to
reduce the amount of the free water and eventually decrease the
amount of the intracellular ice. This phenomenon can in part
explain why DMSO is preferably employed in cryopreservation.

Unfrozen Water Content of the Aqueous DMSO Solution.
Figure S shows the effective enthalpy of fusion L, in the aqueous
DMSO solution of molalities 1—9 mol-kgfl. As seen in Figure S,
the effect of dilution on the latent heat of fusion is non-negligible so
that the dilution heat should be taken into consideration for the
aqueous DMSO solution to make the calculation results as accurate
as possible. The numerical data on the peak area of the melting
endotherm of the aqueous DMSO solution are listed in Table 3.

Table 4 illustratively explains the calculation of the unfrozen
water content in aqueous DMSO solutions of (1, 3, and 7)
mol-kg_l. The complete calculation results of N,/N; and
W,/ W, for the aqueous DMSO solutions of (1 to 9) mol-kg
are shown in Figures 6 and 7.

350

325 | E\%O i

300

-
AN

//

Lf /mJ'mg

225 R I . I R ) . 1 R
0 2 4 6 8 10

m/ mol-kg”

Figure 5. The quantitative relationship between L¢ and m considering
different effects; Ly, enthalpy of fusion in solutions; m, molality; O, Lo (L¢
without considering the effects of the freezing point depression and the
dilution of the solution due to the melting of ice); O, Ly + AH (L¢solely
considering the effect of the freezing point depression); A, L. (L¢
considering both the above-mentioned effects). The lines are just guides
to the eye.

Table 3. Peak Area A of the Melting Endotherm of the Sample
Measured in the Experiment
3rd measurement

1st measurement  2nd measurement

m® wt A wh A w? A

mol-kg™'  mg m] mg m] mg m]
1 4.27 1115.48 4.03 1051.57 3.52 917.46
2 3.34 678.13 3.93 785.13 4.13 835.17
3 3.02 459.88 3.93 607.39 4.35 670.06
N 3.42 301.83 4.12 369.39 3.19 290.34
7 4.67 20091 4.15 195.78 3.64 163.07
9 3.16 53.44 3.65 70.04 3.07 68.22

“The molality of the solution. * The total mass of the sample.

Figure 6 presents the relationship between N,¢/N; and m for
the aqueous DMSO solution. The standard deviations of the
results are less than 0.12. It is attention-attracting that the
scattered results calculated according to the DSC measurement
follow a linear correlation with the molality. Therefore, a linear fit
like eq 15 is employed in this study covering a composition range
up to 10 mol-kg ™" It should be noticed that this equation will be
insufficient for pure water where both the numerator and the
denominator of N¢/Nj are zero.

Ny
N;

= ay+ bzm (15)

where a, and b, the fitting parameters, equal to +8.36742 and
—0.35438 (mol-kg ") ', respectively. The goodness of fit R of
eq 15 is 0.9930.

As seen in Figure 6, a larger molality is always accompanied
by a smaller N¢/N;. The value of N¢/Nj is 8.05 for the dilute
solution of 1 mol-kg ' and is 6.43 reducing by 20.1 % for a
moderately concentrated solution of 5 mol-kg ™. Further, the
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Table 4. Illustrative Examples of Calculation of the Mass Fraction of Unfrozen Water W,,¢/W; and the Unfrozen Water Content in
mmol per mmol DMSO N,¢/N; in the Aqueous DMSO Solution with eqs 4 to 13

m® wb tn’ i W wf A wy' Wi
mol - kg71 mg °C J- g71 mg mg m] mg mg Wt/ W N/ N
1 4.27 —1.62 329 3.96 0.31 111548 3.39 0.57 0.143 7.996
3 3.93 —6.35 314 3.18 0.75 607.39 1.93 1.25 0.392 7.267
7 3.64 —19.73 270 2.35 1.29 163.07 0.60 1.75 0.861 5.312

“ Molality. ” The total sample mass. ‘ The melting temperature. 4 Effective enthalpy of fusion in the solution. ° The total water mass.” The solute mass.

B €
8Peak area. " The freezable water mass. ' The unfrozen water mass.

85

/N

N

m/ mol-kg’

Figure 6. Quantitative relationship between N,¢/N; and m; Ny¢/Nj, the
unfrozen water content in mmol per mmol DMSO; m, molality; —,
results calculated with eq 15; O, results calculated based on our
experimental data.

08 |- = 4
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06 | 2 i
d
a /
~
=
YN i
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02 - 7 —
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00 ] , | , ] . ] ,
0 2 4 6 8 10
-1
m [ mol-kg

Figure 7. Quantitative relationship between W,/ W, and m; W,/ W,
the mass fraction of the unfrozen water; m, molality; —, results
calculated with eq 18; — — —, results calculated with eq 19; - - -, results
calculated by the “lever rule” from the liquidus curve; [, results
calculated based on our experimental data.

value is 5.28 reducing by 33.4 % for a more concentrated solution
of 9 mol - kgfl. The value of N¢/N; calculated by the “lever rule”

3180

is constantly 4.11. The difference between the results in Figure 6
and that given by the “lever rule” reflects the deviation of the
nonequilibrium freezing from the equilibrium one. It is clear that
such deviation becomes more obvious as the solution is more
concentrated.

From the microscopic view, the smaller N,/ N; indicates the
weaker ability of the DMSO molecule to restrict water molecules.
This phenomenon can be attributed to the increasing probability
of forming DMSO—DMSO hydrogen bonds for one DMSO
molecule as more solute molecules exist in the solution. Conse-
quently, the quantity of DMSO—water interactions that one
DMSO molecule attends is reduced. These explanations at the
molecular level should be proved by molecular dynamics in-
vestigations, which is the current work of our research group.

With regard to W,/ W,, it can be expressed as follows:

Wy _ 1000n, N
Wi W,

t t

(16)

Considering the molality of the solution m = N,/ (W,/1000)
W, N,

! — Mym—2 (17)

We N
Therefore, W,/ W, can be correlated with m according to the
following equation:

Wy

(18)

where the E)arameters az = a,M,, and b; = b,M,,, equal to 0.15061
(mol-kg™ ") ~" and —0.00638 (mol-kg ') >, respectively. The
goodness of fit R* of eq 18 is 0.9659.

The trend W,¢/W, ~ m described by eq 18 is illustrated in
Figure 7. The value of W,/ W, increases as the molality m rises.
The value of W/ W, rises from 14.4 % to 86.1 % as m increases
from (1to 9) mol-kgfl. The standard deviations of the results
are less than 1.9 %.

More water can be blocked by DMSO when the solution
departs from the DMSO-deficit region and approaches to the
DMSO-rich region, as shown in Figure 7. The previous study
concluded that DMSO molecules can perturb the original
water—water interactions by strong DMSO-water hydrogen
bonds.* Hence, it is supposed that more water can be restricted
in the intensive DMSO—water interaction network as the un-
frozen water when more DMSO molecules present in the solution.

The results of W,/W, calculated by the “lever rule” are
presented in Figure 7 as well. Since m(t) at —50 °C is constant,
W,/ W, is in direct proportion to m according to the “lever rule”.
Corresponding to a given molality, the value of W,/ W, calcu-
lated by eq 18 is larger than that given by the “lever rule”. In other
words, there is more unfrozen water in the residual solution

= aym + bym*
t
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under nonequilibrium freezing conditions than under equilibri-
um ones. The finding is consistent with the observation by
Boutron,** in which the maximum quantity of ice crystallized in
aqueous solutions of glycerol was smaller than the quantity of ice
in equilibrium with the eutectic.

In addition, a fourth-order fitting representation like eq 19
is also presented by directly fitting our experimental data on
Woe/W; to it. This representation can predict W,¢/W, more
precisely as seen in Figure 7 because it avoids the accumulation of
errors of Ny¢/Ny in the above-mentioned theoretical derivation.

% _ _ 2 3 _ 4
L = 0.17052m — 0.01697m’ +0.00160m’ — 0.00007m
t
(19)

The goodness of fit R* of eq 19 is 0.9846.

Ideally, the values of A/W in the three measurements for
each m should be equal to one another. This equality can be
obeyed by solutions of m up to 7 mol-kg ™', as shown in Table 3.
Nonetheless, one can notice a relatively large difference in the
measurement for 9 mol-kg_l. In fact, A in the thermogram
becomes smaller as the solution is more concentrated. As a result,
both the difficulty of accurately determining A and the relative
error of the value of A increase. This is one of the reasons why
the current study does not focus on solutions of m more than
10 mol- kgfl.

Bl CONCLUSION

This paper presents a DSC experimental study of the osmol-
ality and the unfrozen water content of the aqueous solutions of
DMSO. The effect of dilution is taken into account to precisely
calculate the unfrozen water content. According to our experi-
mental results, DMSO can depress the freezing point of the
aqueous solution more greatly than alcohols like EG and glycerol.
It also can exert a great osmotic pressure across cell membranes.
Moreover, the amount of the unfrozen water blocked by unit
mmol DMSO decreases as the solution becomes more concen-
trated. On the contrary, the mass fraction of the unfrozen water
out of the total water in the aqueous DMSO solution increases as
the molality rises. The results in this study can not only enrich the
database of physical and chemical properties of dimethyl sulf-
oxide but deepen our understanding of the cryoprotective
mechanisms of dimethyl sulfoxide in aqueous solutions.
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