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Abstract

As part of the ongoing effort to study the mechanical behavior of biological materials in cryopreservation processes, the
current study focuses on thermal expansion during vitrification (vitreous in Latin means glassy). A new device is utilized in
this study, which has been described in detail in the companion paper (Part I). The current study (Part II) focuses on mea-
surements of vitrified blood vessels permeated with the cryoprotectants VS55, DP6, and DMSO. Data analysis in this
study includes polynomial approximation of experimental results in the lower part of the cryogenic temperature range,
where the material behaves as solid over a practical time scale. The study further includes a unified thermal expansion anal-
ysis throughout the entire cryogenic temperature range by compiling the current results with previously reported data.
Finally, analysis of the glass transition temperature, based on thermal strain data is presented.
� 2006 Elsevier Inc. All rights reserved.
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Vitrification is an alternative to conventional
cryopreservation of biological materials (vitreous
in Latin means glassy), first suggested by Luyet
[6], but applied successfully only in recent years
[14,16,17]. Here, ice formation is completely pre-
vented due to the presence of high cryoprotectant
concentrations; viscosity increases exponentially
with decreasing temperature, which eventually leads
to an arrested state of the water molecules. No
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appreciable degradation occurs over time in living
matter trapped within a vitreous matrix, and vitrifi-
cation is potentially applicable to all biological
systems.

Vitrification is a relatively well-understood phe-
nomenon, but its application to the preservation
of biological systems is not without problems, since
the high cryoprotectant concentration necessary to
facilitate vitrification is potentially toxic. To limit
the effects of toxicity, it is necessary to use the least
toxic cryoprotectant and the minimum concentra-
tion that permits glass formation [1,2]. The cooling
rate threshold above which glass forms (also known
as the ‘‘critical cooling rate’’) is a physical property
of the cryoprotectant and is inversely proportional
.
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to the cryoprotectant concentration. In bulky mam-
malian tissues and large organs, the critical cooling
rate is not always achievable at the center of the
specimen, due to the thermophysical properties of
the biological material and cryoprotectant, even
when subjected to an extremely rapid cooling rate
on the outer surface of the specimen. Moreover,
when vitrification with a specific cryoprotectant is
achievable in bulky tissues and organs, it is typically
associated with large variations in temperature and
cooling rate across the specimen. These variations
lead to size limitations on vitrification, due to the
tendency of the material to change its size with
temperature.

The thermophysical property representing the
tendency of the material to change its size with tem-
perature is defined as the ‘‘thermal expansion,’’ and
the amount of expansion (or contraction) with
respect to the original size is defined as ‘‘thermal
strain.’’ In the case of a non-uniform temperature
distribution, a non-uniform tendency to expand
(leading to a non-uniform thermal strain) develops.
The mechanical stress originating from thermal
strain is known as ‘‘thermo-mechanical stress.’’ In
general, thermo-mechanical problems relevant to
vitrification belong to the field of continuum
mechanics, where the specimen changes continually
from a liquid to a solid-like material.

The observation that glass formation may be
associated with structural damage is not new. Kro-
ener and Luyet [5] studied the formation of fractures
during vitrification of glycerol solutions in 10 ml
vials, and the disappearance of fracturing during
rewarming. In their short report, Kroener and
Luyet [5] speculated on the conditions under which
fractures are likely to occur. Following a similar line
of research, Fahy et al. [3] studied the formation of
fractures in propylene glycol solution, and in much
larger containers of up to 1.5 L. They speculated
that fractures can be prevented in large vitrifying
systems if carefully handled.

The formation of macro-fractures in blood vessels
has received a great deal of attention in the context of
cryopreservation. Pegg at al. [9] performed an empir-
ical investigation seeking the conditions under which
macro-fractures occur in vascular tissues during
cryopreservation, and they developed a protocol
which prevents fracturing. It was found that fractures
occurred as the temperature range of �150 to
�120 �C was traversed during the rewarming phase
of the process. Pegg et al. [9] succeeded in preventing
fracturing when the warming rate in the temperature
range of�180 �C (storage temperature) and�100 �C
was reduced to less than 50 �C/min.

A new imaging device termed a ‘‘cryomacro-
scope’’ has been presented recently, to study the
likelihood of vitrification, crystallization, and frac-
ture formation in bulky samples [12,15]. Initial stud-
ies were published on 1 ml samples of DP6 and
VS55. The presence of fractures, as well as patterns
in their position and orientation, were found to be
dependent on the cooling rate and on the specific
cryoprotectant cocktail. Fractures, if present, disap-
peared upon rewarming, although they were found
to be sites for consequent crystallization. Computa-
tions which predict temperatures and mechanical
stresses were used to explain observations of frac-
turing [15].

As part of the ongoing effort to study the
mechanical behavior of biological material in cryo-
preservation processes, the current study focuses
on thermal expansion of blood vessels during vitri-
fication. A new experimental device for thermal
expansion measurements of blood vessels in typical
conditions to vitrification has been described in Part
I of this paper [13]. The current paper (Part II)
reports on thermal expansion results of blood ves-
sels permeated with VS55, DP6, and 7.05 M
DMSO, where VS55 and DP6 are cryoprotectant
cocktails that draw significant interest in the devel-
opment of vitrification technology, and 7.05 M
DMSO has been established as a reference solution
in previous studies [10]. Unified thermal expansion
curves are further compiled based on the current
results, and previously reported data from the upper
part of the cryogenic temperature range [10]. Final-
ly, data analysis in the current report includes the
effect of glass transition on thermal expansion. To
the best knowledge of the authors, the current study
provides—for the first time—data on the thermal
expansion of vitrifying biological materials in low
cryogenic temperatures. The compilation, with pre-
viously developed data at the upper part of the cryo-
genic temperature range [10,11], provides for the
first time, a comprehensive picture of the thermal
expansion history of vitrifying biomaterial.

Material and methods

Artery sample preparation

Tissue specimens from goats (which were
sacrificed for other purposes), were donated by a
local slaughterhouse. No animals were sacrificed
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specifically for the purpose of the current study.
Artery segments were taken from either the main
carotid artery (from smaller animals), or branches
extending from the main carotid artery (from larger
animals), were the emphasis was on the inner and
outer diameters of the sample, to be compatible
with the size of the cooling chamber. Tested samples
had a diameter in the range of 4–6 mm, and length
in the range of 41–50 mm. The wall thickness of the
main carotid artery is about 1 mm, and the wall
thickness of arteries extending from main carotid
artery is about 0.5 mm. The wall thickness of the
artery is expected to bear no effect on the thermal
expansion in a stress free condition, as is the case
in the current experimental setup. Samples were
immersed in a phosphate-buffered saline (PBS) solu-
tion immediately after harvesting, and stored at
4 �C for a period between one and five days. This
time period was selected due to practical time con-
straints of specimen availability and duration of
experiments. The emphasis in this study is maintain-
ing the structure of blood vessels segment; viability
post-thawing is deemed unimportant in this context.
Moreover, thermal expansion measurements were
essentially the same, independent of the duration
of immersion in PBS. Following protocol estab-
lished in previous studies [7], specimens were stored
in the cryoprotectant solution for 48 h before
testing.

In total, one set of experiments on n specimens
was performed for each of the cryoprotectants:
DP6 (n = 5), VS55 (n = 6), and 7.05 M DMSO
(n = 5). For purposes of protocol development
and training, between three and five additional
experiments were performed for each cryoprotec-
tant, this data is not included in the current report.
Two experimental runs were repeated on each
sample, for a total number of 2n experiments for
each of the above cryoprotectants. Between every
two consecutive runs, the artery sample was
removed from the chamber and the process of prep-
aration of the measurement setup repeated itself.
The reason for repeated experiments on the same
sample was to identify whether the thermal expan-
sion property is affected by the number of cooling
cycles. The reason for repeated preparations
between consecutive experiments is to eliminate pos-
sible systematic errors due to preparation errors
with the sample.

DP6 is a cocktail of 234.4 g/L DMSO (3 M),
228.3 g/L propylene glycol (3 M), and 2.4 g/L
Hepes in EuroCollins solution. VS55 is a cocktail
of 242.1 g/L DMSO (3.1 M), 168.4 g/L propylene
glycol (2.2 M), 139.6 g/L formamide (3.1 M), and
2.4 g/L Hepes in EuroCollins solution. The two
cocktails are similar, with the exception of the exclu-
sion of formamide from DP6. In return, the DP6
contains a higher concentration of propylene glycol.
The mass of DMSO present in a 7.05 M solution is
the same as the total mass from all the cryoprotec-
tants present in VS55, hence it is used as a reference.
The DP6 and VS55 cocktails have been prepared by
Cell and Tissue Systems, Inc., Charleston, SC.

Data analysis of a vitrifying material

Fig. 1 schematically illustrates the dependency of
thermal strain in temperature. Segment A–B is the
upper part of the cryogenic temperature range, in
which the material behaves like liquid from contin-
uum mechanics considerations (i.e., where shear
stress cannot develop without flow of the material).
Results for VS55, DP6, and various concentrations
of DMSO have been reported previously for that
range, in the absence [10] and presence [11] of blood
vessels and muscle specimens. Segment C–D is the
lower part of the cryogenic temperature range, in
which the vitrified material behaves like solid from
continuum mechanics considerations (i.e., shear
stress does not lead to flow of the material in the rel-
evant time scale); the current study is aimed at mea-
surements in this temperature range. Segment B–C
is an interpolated range between the previously
measured data (segment A–B), and data from the
current study (segment C–D). The material can be
considered neither solid nor liquid along the B–C
segment.

As illustrated in the inset in Fig. 1, segment C–D
can further be subdivided into two segments, above
(C–G) and below (G–D) the glass transition temper-
ature range, TG. The reason for the monotonically
increasing thermal strain (or contraction) with cool-
ing, is that the molecules tend to rearrange closer to
one another, in order to minimize intra-molecular
forces (associated with minimum energy configura-
tion). However, viscosity increases dramatically
with the decrease in temperature, where the viscosi-
ty is typically modeled as exponentially dependent
on the decrease in temperature. When the viscosity
reaches a significantly high value, the molecules
are trapped and cannot move fast enough to cope
with the imposed intra-molecular forces. The tem-
perature range at which this process takes place is
know as the ‘‘glass transition temperature range,’’
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Fig. 1. Schematic illustration of the dependency of the thermal strain in temperature, where (A and B) is the range in which the material
behaves like liquid, (B and C) is an interpolated range, (C and D) is the range in which the vitrified material behaves like solid for the
purpose of the current study, and point G is the glass transition temperature, derived from thermal expansion considerations.
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Fig. 2. Schematic illustration of the dependency of the thermal
strain in temperature around glass transition [13].
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and the imaginary point at which the asymptotes to
the thermal strain outside of this region meet is
known as the ‘‘glass transition temperature.’’ If
the glassy material is maintained at a constant tem-
perature, molecules will eventually move to their
minimum energy state (i.e., locations), in a process
known as ‘‘structural relaxation.’’ The typical time
constant for structural relaxation is proportional
to the viscosity and, therefore, increases exponen-
tially with the decrease in temperature. While struc-
tural relaxation may take a few minutes at a few
degrees below the glass transition temperature, it
may take an impractically long time at lower
temperatures.

Note that there are alternative definitions to the
glass transition temperature, which are also derived
from the same exponentially-increasing viscosity
effect [13]. Other definitions of the glass transition
temperature are commonly associated with heat
transfer measurements using calorimetric techniques
[13]. In continuum mechanics analyses, TG is
frequently defined as the temperature at which vis-
cosity reaches a value of 1013 poise (1012 PaÆs) [13].

A closer view of the expected thermal strain
around the glass transition temperature is schemat-
ically illustrated in Fig. 2. In order to illustrate the
thermal strain process along the ideal curve, a
thought experiment is assumed in which the cooling
rate decreases exponentially. The process starts with
a very rapid cooling rate, in order to suppress
crystallization and promote vitrification. As the
process progresses, the cooling rate is decreased,
inversely proportional to the viscosity value, in
order to maintain the conditions for structural
relaxation. At a practical cooling rate however, a
deviation from the ideal curve will occur due to
the structural trapping effect addressed above,
which corresponds to the glass transition tempera-
ture during cooling, TG,cooling. The glass transition
temperature is not an intrinsic physical property,
but decreases with the decreased cooling rate when
approaching glass transition. The thermal expan-
sion during cooling and rewarming is expected to
be similar at very low temperatures, where structur-
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al relaxation is insignificant. As the material re-
warmed (and the viscosity decreases), a temperature
range is reached at which the material regains its
ability to flow, and structural rearrangements occur
rapidly; this temperature range is associated with
glass transition temperature during rewarming,
TG,rewarming. The temperature difference between
TG,cooling and TG,rewarming is rewarming rate-
dependent.

Data analysis in this study is performed in the
following order: (i) best-fit polynomial approxima-
tion of thermal strain in the lower part of the cryo-
genic temperature range (TD–TC), where its slope is
the thermophysical property of thermal expansion;
(ii) best-fit polynomial approximation of a unified
thermal strain curve in the entire range of tempera-
ture (TD–TA), based on compilation of the current
data, previously reported data, and interpolation
between the two data sets; and (iii) estimation of
the glass transition temperature based on thermal
strain data during cooling and subsequent
rewarming.

Thermal expansion in lower cryogenic temperatures

Thermal strain data was compiled from experi-
mental data on the elongation of the specimen and
the cooling chamber, using the same mathematical
formulation and system calibration presented in
the previous paper [4]. While the experimental data
in the previous paper refer to a solid material in the
entire temperature range of measurements, the
Fig. 3. Thermal strain measured during cooling and subsequen
upper limit below which the vitrified material can
be considered solid (and results can be consider val-
id) is yet to be established. For this purpose, Fig. 3
presents typical strain results obtained for a blood
vessel specimen permeated with VS55. In contrast
to the high repeatability below TC in Fig. 3, repeat-
ability virtually does not exist above the same tem-
perature. Note that the specimen tends to contract
during cooling, applying an upwards vertical force
on the glass cylindrical rod of the telescopic tubing
(Figs. 1 and 2 in [4]). Above TC, the specimen yields
to this force and the strain does not show monoton-
ic contraction, but rather an unpredicted behavior.
During rewarming, on the other hand, the force of
gravity on the glass cylindrical rod assists the natu-
ral elongation, and the strain curve becomes mono-
tonic in the entire temperature range. Below TC, the
thermal strain is calculated in the same manner
described in [4].

The thermal strain, e, is an integral property (the
integral of the thermal expansion coefficient with
respect to temperature), which is dependent on the
initial condition (or a reference point). A variation
in the upper temperature limit TC was observed
between consecutive experiments, which exceeded
±10 �C in some cases. In order to increase the statis-
tical significance of the polynomial approximation
of the thermal strain, ê, data analysis is based on
n separate experiments under similar conditions.
Since each experiment starts at a slightly different
initial temperature, the approximation of êj from a
specific experiment j (j = 1, . . .,n) may need to be
t rewarming of an artery specimen permeated with VS55.
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shifted in e direction on the e–T plane, so that data
sets overlap. For this purpose, the approximation êk

(k = j, j = 1, . . .,n) is arbitrarily selected as a refer-
ence. Next, an approximation of a second experi-
ment is selected êj (j „ k, j = 1, . . .,n), and all data
points are shifted by a constant value Dêj, such that
optimization parameter Fj is minimized:

F j ¼
X

i

êk � êj � Dêj

� �� �2
. ð1Þ

This process is repeated for the entire set of experi-
ments (j „ k, j = 1, . . .,n), where each experiment re-
quires a different value of Dêj. Finally, a polynomial
approximation êj is calculated based on all shifted
experimental data from all experiments combined.

Compilation of the unified thermal expansion curve

Thermal expansion in the upper part of the cryo-
genic temperature range has been presented previ-
ously [10,11] (segment A–B in Fig. 1), while
thermal expansion in the lower part of this range
is presented in the current report (segment C–D in
Fig. 1). To make this data useful, the experimental
data from both reports have been compiled, to pro-
vide one curve of thermal strain throughout the
entire cryogenic range (termed the ‘‘unified curve’’;
segment A–D in Fig. 1). Note that the thermal
strain in segment B–C is unmeasured.

Strain values were calculated from the estab-
lished polynomial approximation in segment A–B
[11] at 1 �C intervals, starting with zero strain at
point A. Next, strain values were calculated in seg-
ment C–D (current study) at 1 �C intervals, starting
with zero strain at point C. A best-fit polynomial
approximation was calculated in the entire cryogen-
ic range, with the requirement of minimum on the
sum of the squared errors:

F ¼
Xn

i¼1

êAD;i � êAB;i½ �2

þ
Xm

j¼1

êAD;j � êCD;j þ DêCD

� �� �2
; ð2Þ

where êAD is the unified polynomial approximation,
êAB is the available polynomial approximation in
segment A–B, n is the number of data points in seg-
ment A–B, êCD is the polynomial approximation in
segment C–D, m is the number of data points in seg-
ment C–D, and DêCD is a shift of all data points in
segment C–D, in order to make it compatible with
segment A–B (zero initial strain at room tempera-
ture). Since both polynomial approximations in seg-
ments A–B and C–D are of a second order, the
unified curve was also chosen to be of a second or-
der. Since the shift DêCD is not known, its value was
optimized to yield a minimum on F (which has only
one minimum).

Estimation of the glass transition temperature

The glass transition temperature in this study is
defined as the intersection of two asymptotic lines
starting from points C and D, respectively. Starting
from point C, the first three data points closest to
point C are selected, the coefficients of a best-fit lin-
ear approximation are calculated, and the coeffi-
cient of determination, R2, is recorded. This
calculation is repeated many times, while gradually
increasing the number of participating data points
in the best-fit approximation, until the value of R2

falls below a threshold of 0.995. While the R2 value
of 0.995 is deemed adequate to represent an asymp-
totic line in the current study, other values could be
selected as well. (Similar analysis with an R2 value
of 0.999 yielded essentially the same results, which
are not presented in this report.) Next, the same
process of asymptotic line approximation is repeat-
ed, this time starting from point D. Finally, the glass
transition temperature, TG, is estimated as the inter-
section of the two asymptotic lines.

Results and discussion

The repeatability in strain measurements using
the new experimental system has been demonstrated
in Fig. 3. In order to verify uniformity in tempera-
ture along the blood vessel, a few experiments were
performed with three thermocouples attached to the
blood vessel specimen, one at the center and one at
each end.

Fig. 4 presents the best-fit polynomial approxi-
mations of the thermal strain for VS55, DP6, and
7.05 M DMSO, with reference at �85 �C (approxi-
mation coefficients are listed in Table 1). It can be
seen that the difference in thermal strain between
VS55 and DP6 is about 4% of the full range of pre-
sentation, and both are lower by about 20% com-
pared with 7.05 M DMSO.

Compilation of the unified curve

Figs. 5–7 present the unified curves of thermal
strain for the various cryoprotectants. It can be seen



Fig. 4. Thermal strain of artery specimens permeated with DP6 (n = 5), VS55 (n = 6), and 7.05 M DMSO (n = 5), with a reference
temperature of �85 �C. The coefficients of polynomial approximation are listed in Table 1.
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from Fig. 5 that, while no interpolation is needed
between the two temperature ranges of measure-
ments, the slope on both sides of the border between
the two temperature ranges overlap. The signifi-
cance of this observation is that while completely
different devices and experimental protocols were
employed in each temperature range, the resulting
thermal expansion appears to match very accurate-
ly. This observation gives a high level of confidence
in the results of both independent studies. Due to
toxicity, the concentration of 7.05 M DMSO is far
too high for cryopreservation (much lower concen-
trations of DMSO are mixed in the cryoprotectant
cocktails VS55 and DP6). However, the use of
7.05 M DMSO as a reference solution is critical
for the data comparison between the different exper-
imental systems, as discussed above.

A significant interpolation range is observed in
Figs. 6 and 7 for VS55 and DP6, respectively. In this
range, neither the experimental systems presented
previously [10,11] for the upper part of the cryogen-
ic temperature, nor the system presented in the cur-
rent study for the lower part of the cryogenic
temperature, can produce experimental data with
a good degree of certainty. The width of this gap
is, to a large extent, associated with the maximum
obtainable cooling rate in the previous system
[10,11], where DP6 shows the highest critical cool-
ing rate and 7.05 M DMSO the lowest rate. Never-
theless, it can be seen from those figures that a
second order polynomial approximation for the uni-
fied thermal strain curve falls within the uncertainty
range of experimental data, which leads to a high
level of confidence in data analysis.

Estimation of the glass transition temperature

With reference to Table 2, it can be seen that the
thermal expansion coefficient of the vitrified materi-
al changes in the range of 41 to 68% upon glass
transition, depending on the cryoprotectant, and
whether it is measured during cooling or rewarming.
The change in thermal expansion is lower during
cooling than during rewarming in the range of 8
to 12%.

Observations on silica glasses suggest that the
glass transition temperature during cooling is lower
than during rewarming [13], as illustrated in Fig. 2.
A similar trend was observed for 7.05 M DMSO
and DP6, where the difference in TG between cool-
ing and rewarming is less than one standard devia-
tion. The opposite effect was observed for VS55,
but its significance is not established since the differ-
ence in glass transition between cooling and
rewarming is much smaller than one standard devi-
ation in temperature estimation for all the cryopro-
tectants measured in this study.

As addressed above, the glass transition temper-
ature is dependent on the cooling rate [13]. In the
range of cooling rates tested (Table 2), no such
dependency could be observed. It could be expected
that an order of magnitude increase in cooling rate
would affect the glass transition to the order of 1 �C
[13]. It appears that the range of cooling rates
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applied in the current study is too narrow for a
definitive observation of this kind, but higher cool-
ing rates cannot be obtained in the current setup.

The glass transition temperature calculated in
this study is found to be in very good agreement
with literature data, measured with a differential
scanning calorimetry (DSC). When comparing, it
should be remembered that the DSC device mea-
sures the change in internal energy, while the cur-
rent system measures the corresponding structural
changes. Furthermore, since the change in internal
energy occurs over a temperature range, and since
there are alternative ways of representing this range
with a single temperature value [8], (i.e., the glass
transition temperature), it is not necessary that both
techniques yield the same value. Nevertheless, the
good agreement in measured glass transition tem-
perature between DSC analysis and thermal strain
analysis in the current study, enhances the level of
confidence in the sensitivity of the new device and
technique.

Finally, it is emphasized that the new experimen-
tal system is tailored to measure thermal expansion
of vitrifying biomaterials, where the system tissue-
cryoprotectant behaves as a composite material in
the continuum mechanics sense. In the process of
cooling, the tissue structure contains the cryoprotec-
tant in a specific geometry (the tissue) until it reach-
es temperatures low enough to behave as a solid; it
is in this temperature range that measurements of
thermal expansion and glass transition are conduct-
ed. Unfortunately, to the best of our knowledge, no
literature data on comparable systems in cryogenic
temperatures is available for comparison. Further-
more, it is not possible to measure the glass transi-
tion of the pure cryoprotectant in the current
system.

Summary

As part of the ongoing effort to study the
mechanical behavior of biological material in cryo-
preservation processes, the current study focuses
on thermal expansion of vitrified blood vessels.
The cryoprotectant solutions under investigation
are VS55, DP6, and DMSO, and the analysis
combined newly developed data in lower cryogenic
temperatures, with recently published data at
higher cryogenic temperatures. To the best of our
knowledge, this is the first attempt to study the ther-
mal expansion of vitrified biomaterial throughout
the entire cryogenic temperature range relevant to



Fig. 5. Unified thermal strain curve of blood vessels permeated with 7.05 M DMSO.

Fig. 6. Unified thermal strain curve of blood vessels permeated with VS55.
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cryopreservation. Data analysis includes thermal
strain, thermal expansion, and the effect of glass
transition on this property.

In an effort to estimate the thermal expansion of
DP6 and VS55 throughout the entire cryogenic tem-
perature range, an interpolation technique has been
employed to bridge the temperature gap between the
previously reported data and current measurements.
Such an interpolation technique was not required for
7.05 M DMSO, which has a greater tendency to form
glass. A very good agreement in thermal expansion
coefficient (i.e., the slope of the thermal strain) was
found in the overlapping range of temperature of the
two studies. This observation gives a high level of con-
fidence in the devices, results, and techniques of data
analysis in both independent studies.

The thermal expansion coefficient shows a
decrease in the range of 41 to 68% upon glass transi-
tion, depending on the cryoprotectant. The change
in thermal expansion is lower during cooling than
during rewarming in the range of 8 to 12%. Analysis
of glass transition temperature based on thermal
expansion results and DSC studies are found to be
in good agreement. No cooling rate dependency of
the glass transition temperature was observed in the
obtainable rates in the current experimental system.



Fig. 7. Unified thermal strain curve of blood vessels permeated with DP6.

Table 2
Glass transition temperature, TG, defined as the intersection of two asymptotic lines starting from points C and D in Fig. 1, respectively

bCG · 106 (�C�1) bGD · 106 (�C�1) bCG/bGD TG (�C) H (�C/min) TG,DSC (�C) n

VS55
Cooling 85.7 ± 7.7 41.8 ± 3.2 0.49 �119.8 ± 4.4 11.8 to 29.8 — 12
Rewarming 85.1 ± 6.2 35.2 ± 6.2 0.41 �122.7 ± 6.4 �7.7 to �9.6 �123 [8] 12

DP6
Cooling 84.8 ± 17.4 44.4 ± 6.2 0.53 �125.0 ± 6.3 26.4 to 47.8 — 10
Rewarming 97.7 ± 15.9 39.7 ± 4.4 0.41 �120.8 ± 4.8 �7.81 to �10.3 �119 [12] 10

7.05 M DMSO
Cooling 88.9 ± 15.9 58.7 ± 6.0 0.68 �128.7 ± 4.6 24.7 to 37.2 — 10
Rewarming 87.2 ± 13.7 52.2 ± 12.8 0.60 �126.0 ± 6.0 �8.7 to �11.5 �132 [10] 10

Asymptotic lines are best-fitted subject to a coefficient of determination (R2) value of 0.995. bCG and bGD are the thermal expansion
coefficients above and below the glass transition temperature, respectively. H is the cooling rate range in all experiments; and. TG,DSC is the
glass transition temperature based on differential scanning calorimetry (DSC). The uncertainty range represents one standard deviation.
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