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Water dynamics in solutions with biological or non-biological solutes has been intensely studied when
both components (solvent and solute) are amorphous. Here, we apply broadband dielectric spectroscopy
combined with calorimetric measurements to analyze the dynamics of the aqueous solutions tri-
propylene glycol (3PG) and e-poly (lysine) (e-PLL), after their water becomes semi-crystalline. Various
crystallization levels were explored by conducting experiments with different annealing times at temper-
atures above the glass transition temperature (Tg). We find that the amount of ice depends on both the
time and temperature of the annealing, and that this, in turn, affects Tg and dynamics of the amorphous
part of the samples. However, it should be noted that the observed differences are relatively small for the
degrees of crystallinity we have studied (up to about 26 wt% of the water). This also implies that the
dynamic crossover of the water relaxation from a high temperature non-Arrhenius behavior to a low
temperature Arrhenius dependence is unaffected by the partial crystallization and still occurs as a single
crossover at the calorimetric Tg. Thus, we cannot detect two different crossovers, as commonly observed
for other types of two-component systems, such as two glass formers.

� 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The study of water mixtures with diverse solutes (polymers
[1,2], biopolymers [3–6], salts, amino acids [4,7] or other liquids
[8]) is essential in technological applications and crucial to differ-
ent phenomena connected with life (those involving proteins and
other biomolecules in crowded solutions). Therefore, this field
remains under intense investigation. Furthermore, in some cases,
such as cryopreservation of stem cells, embryos for test-tube fertil-
ization, and body organs before transplantations, icing of hydrated
systems is harmful and should therefore be avoided if possible [9].
Nevertheless, it is crucial to understand how ice formation affects
the water dynamics and distorts the hydrogen bonds between the
solvent and the solute [10,11]. Moreover, water is not a passive sol-
vent in many types of systems. Rather, it takes part in, e.g., meta-
bolic enzymatic reactions and protein dynamics, which may be
severely affected by partial crystallization of the surrounding
water.

From a fundamental perspective, water shows several anoma-
lies [12] that are more pronounced when water is supercooled
[13] below its freezing/melting temperature of 0 oC. In particular,
to explain these anomalies, a liquid–liquid transition (LLT) has
been proposed using molecular dynamic simulations [14–16]. In
an LLT, there is a change between a low-density liquid to a high-
density liquid, and for bulk water, it has been proposed to occur
below the homogeneous nucleation temperature (�235 K) [17].
The experimental evidence for an LLT in water has remained elu-
sive because of the rapid crystallization of bulk water in the tem-
perature range from 150 to 235 K.

The water dynamics in solutions with synthetic or biological
materials has been deeply analyzed in the literature when the
solution remains amorphous (i.e., solute and water are in the
amorphous state). In this case, we know that ‘‘conventional” solu-
tions only show two relaxations [1,2] (the viscosity-related struc-
tural a-relaxation and a faster relaxation of hydration/interfacial
water). The temperature dependences of their relaxation times
sa(T) and swater(T) determined by dielectric spectroscopy [18],
nuclear magnetic resonance [19], or quasi-elastic neutron scatter-
ing [20,21] have shown that swater(T) exhibits a crossover at the
glass transition temperature (Tg) of the solution (see Fig. 1a, where
the temperature dependence of the relaxation times are schemat-
ically shown). On the other hand, in the case of biological solutions
and a reduced set of synthetic materials (such as poly(vinyl
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Fig. 1. Temperature dependence of the relaxation times for: (a) ordinary solutions with two relaxations (a- and water-relaxations) and (b) bio-like solutions with three
relaxations (a-relaxation, slow- and fast-water relaxation). The grey area indicates the glass transition temperature. (c) Water concentration dependence of the glass
transition temperature for both types of solutions.
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pyrrolidone) (PVP)) [22,23], it is possible to identify an extra water
related relaxation (as we call slow-water relaxation) in addition to
the two relaxations mentioned above for ‘‘conventional” solutions.
This additional water relaxation is faster than the structural a-
relaxation, but slower than the other and universal water relax-
ation. Consequently, this category of solutions presents three
relaxations (a-relaxation, slow- and fast-water relaxation, see
Fig. 1b) for which both the slow- and fast- water relaxations show
a single crossover at Tg. These dynamic crossovers, produced in the
two types of solutions, are of interest for understanding the
dynamical properties of supercooled water under soft confine-
ments and making predictions of a scenario for supercooled bulk
water [24]. The requirement for observing all three types of
dynamics is that the variation of the glass transition temperature
with water concentration is significant (more than 100 degrees)
in the range from � 0 to 50 wt% water [22] (see Fig. 1c).

The dynamics of conventional solutions have also been studied
under annealing to form some ice [25–28]. The main result is that
annealing produces an increase of the glass transition temperature
compared to the Tg of the amorphous state, since the unfreeze-
concentrated phase decreases. It has been also reported that, by
annealing water solutions, it is possible to observe the liquid–liq-
uid transition in water [16,27]. However, later reports [25] showed
that the Tg shift is due to a change in the water concentration when
a part of the water crystallizes into ice. Bio-solutions were also
studied in the presence of ice [19,29–31]. It has been observed that
ice forms in solutions of collagen or elastin with hydration levels of
0.3 g/g, but the relaxation times of water remain unaffected [29].
Feldman and co-workers studied the dynamics of water and ice,
both in bulk [32,33] and in aqueous solutions [34,35] of lysozyme.
In this case, two crossovers were identified [35] for the water
relaxation. The crossover at �155 K corresponds to the calorimetry
glass transition, while the crossover at �186 K was assigned to the
melting of water confined in the protein.

This work analyzes the dynamics of water in a semi-crystalline
environment for the two categories of solutions (i.e., solutions that
display two or three relaxations). We performed calorimetric and
dynamical studies on water solutions of the glass-forming materi-
als tri-propylene glycol (3PG) and e-poly(lysine) (e-PLL), with the
aim to elucidate the influence of ice on the behavior of the water
relaxation (for conventional solutions) and the fast-water relax-
ation (for aqueous solutions with multiple water relaxations).
Specifically, we want to determine the number of dynamical cross-
overs observed in the water relaxation and whether the crossover
temperatures are affected by ice in the solutions.

2. Experimental

2.1. Samples:

Tri-propylene glycol (3PG, MW = 192.25 g/mol) was purchased
from Sigma Aldrich, and (e-poly(lysine) (e-PLL, MW = 4700 g/mol)
2

was supplied by JNC Corporation (Japan). After lyophilization, the
solutes were purified using an ion transfer resin (AG 501-X8, Bio-
Rad Laboratories). Water (Sigma Aldrich water 95289) was added
to the appropriate water concentration (cw = 50 wt%) to prepare
the aqueous solutions. In the case of e-PLL, the samples were
sealed for at least six months before being used. Such a long time
was used because the water relaxation was found to change during
up to 5 months of storage, probably because the water causes some
slow conformational alterations of e-PLL, which in turn affect how
the water interacts with e-PLL.
2.2. Calorimetric characterization:

Differential scanning calorimetry (DSC) measurements were
performed using Q2000 TA equipment in the temperature-
modulated mode (TMDSC). The total heat flow (HF) is equivalent
to standard DSC, the reversing signal provides information on heat
capacity and melting, whereas the non-reversing signal shows the
kinetic events, such as the cold crystallization here studied. In
TMDSC mode, a periodic temperature perturbation is superim-
posed to a linear heating or cooling. TMDSC experiments were car-
ried out with different temperature amplitudes TA = 0.08, 0.32 and
0.8 K using scanning rates of 0.5, 2 and 5 K/min, respectively. The
modulation period was 60 s (x = 0.105 rad s�1). To compare the
signals at different heating rates, normalization by the heating rate
was done. Samples weighing about 10 to 15 mg were prepared in
hermetic pans. Different temperature protocols were applied to
measure the amorphous and the crystalline samples, as shown in
Fig. 2.

2.3. Dynamical characterization:

The dynamics of the solutions were studied by broadband
dielectric spectroscopy (BDS). The complex dielectric permittivity,
e⁄(x) = e’(x) – i e”(x), was measured in the frequency domain
using a Novocontrol Alpha-A+ analyzer in the frequency range from
10-1 to 106 Hz and in the temperature range from 140 to 300 K.
Samples were prepared forming a parallel-plate capacitor between
gold-plated electrodes with a diameter of 20 mm and a thickness
of 0.1 mm. The dielectric response was described by using the phe-
nomenological Havriliak-Negami function for the a-relaxation and
symmetric Cole-Cole functions for the water related relaxations.

e�ðxÞ ¼ e1 þ
X

j

Deð1þ ði �x � sjÞaj Þ�bj ð1Þ

where De = es � e1, with e1 and es being the un-relaxed and
relaxed values of the dielectric constant, and sj is the characteristic
relaxation time. aj and bj are the shape parameters (0 � aj * bj � 1
and 0 � aj � 1) which describe the symmetric and asymmetric
broadening of the relaxation. The Cole-Cole function is the same
as in eq. (1) with b = 1.



Fig. 2. Temperature profile used in the DSC and BDS experiments.
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2.4. Temperature profile – Crystallization experiment parameters

Fig. 2 shows the temperature profile used in the DSC and BDS
experiments. In the first scan, we measured the amorphous sample
without annealing (reference scan). The second scan measures the
semi-crystalline sample after annealing. The isothermal experi-
ments were carried out over a series of crystallization tempera-
tures (Tann) and crystallization times (tann) to obtain different
amounts of ice in each sample. In addition, for the e-PLL solutions,
we used two different cooling rates (fast cooling, 30 K/min, and
slow cooling, 5 K/min) to prepare samples with different levels of
crystallization. In both cases, the heating rate was 0.5 K/min.
3. Results

3.1. Calorimetric characterization under different crystallization
temperatures and times.

Fig. 3 (a-b) shows the total heat flow (HF), the non-reversing
heat flow (nRHF), and the reversing heat flow (RHF) of 3PG (cw = 50-
wt%) at a heating rate of 0.5 K/min before (in black) and after (in
blue and red) isothermal crystallization. As indicated in the figure,
we have used different annealing times (tann) and temperatures
(Tann). For the amorphous sample (reference scan), we can observe
the glass transition temperature (overshoot in nRHF) and the cold-
crystallization at higher temperatures. After annealing, cp is lower
in the semi-crystalline than in the amorphous state (i.e., Dcp
decreases after crystallization). We can also observe two endother-
mic peaks in the nRHF. The first one, located at 190 K, is the so-
called ‘‘overshoot” (which is a manifestation of the recovery of
the enthalpy state of the supercooled liquid, and it gives informa-
tion of the energy released upon aging [36,37]). The second one at
higher temperatures (�255 K) is related to the melting peak, and it
can be interpreted as the breaking of hydrogen bonds during melt-
ing [38].

A significant Tg shift is produced at the highest annealing tem-
perature (Tann = 223 K). However, at Tann = 203 K, Tg does not
change before and after crystallization (see Fig. 3b), and only after
a long annealing time (tann = 600 min), it is possible to detect a tiny
Dcp change (see inset of Fig. 4). Therefore, although some nucle-
ation is expected to occur, both the conserved Tg value and the
small Dcp indicate that only a tiny amount of ice is produced in
the sample annealed at 203 K.

In addition, Fig. 4 shows temperature scans before and after
isothermal crystallization at different heating rates and annealing
times. Fig. 4a shows the normalized nRFH, where the crystalliza-
3

tion peak strongly depends on the heating rate. Increasing the
heating rate of the reference scan, the cold crystallization onset
shifts to higher temperatures. The same happens after annealing,
although the peak shapes are broader than those in the reference
scan and the onset of crystallization temperature (Tcryst,on) changes
to lower temperatures. In the RHF (Fig. 4b), we observe an increase
of the signal (exothermic) at temperatures (T > Tg), which coincide
with the crystallization peaks observed in the non-reversing heat
flow part. This observation is discussed in the next section.

Fig. 5 shows the calorimetric response for the e-PLL solution at
two different cooling rates. Crystallization is avoided during the
cooling cycle because of the high cooling rate (Fig. 5a). On heating
(Fig. 5b), we observe cold crystallization at T = 210 K in the nRHF,
whereas the glass transition (at T � 195 K) and melting of ice are
seen in the RHF. In the second case (not shown), we have annealed
a sample using Tann = 205 K with tann = 192 min. The result indi-
cates that 1 wt% of the water is crystalline, and no Tg shift is
observed (Tg � 195 K). Finally, in Fig. 5c, there is crystallization
on cooling because of the low cooling rate (5 K/min). For this sam-
ple, 5.4 wt% of the water is crystalline, and Tg shifts to a slightly
higher temperature, Tg = 196 K.

3.2. Dynamical characterization

Now we focus our attention on the dynamics of these solutions
in both the amorphous and semi-crystalline states. We have used
the same samples to measure the dynamics before and after crys-
tallization. In addition, we have applied the same temperature pro-
file as that used in the calorimetric measurements. The dynamics
of amorphous (no annealing) 3PG- and e-PLL-water solutions were
previously analysed [22,23,39–42], and a summary of these results
can be seen in Figures S1 to S4 of SI (Supplementary Information).
For the 3PG solution [1,39], two dynamic processes (the slower one
related to the a-relaxation and the faster due to the reorientation
of water molecules) are displayed. In contrast, for the e-PLL solu-
tion, three dynamic processes [23] are observed (the a-
relaxation, the slow water relaxation, and the fast water
relaxation).

Fig. 6a shows the frequency dependence of the imaginary part
of the complex permittivity associated with the a-relaxation and
the water relaxation for the amorphous 3PG solution at
T = 203 K. Fig. 6b shows the time evolution of the imaginary part
of the permittivity (e0 0) during isothermal crystallization, using a
low annealing temperature (Tann = 203 K) where no Tg change is
observed by DSC. At tann = 0 min (amorphous sample), the water
relaxation is located at f � 5�104 Hz, whereas the a-relaxation
can be seen at f � 1�103 Hz. Increasing the crystallization time,
the relaxation times of both water and a-relaxation do not change,
although the spectrum becomes broader on the low-frequency
side. In addition, a slow extra peak in the spectrum (f � 100 Hz)
progressively develops while the sample crystallizes, and therefore
this dielectric process is related to the presence of ice. Fig. 6c shows
the curve fitting for the annealed sample where the contributions
from the ice related-, a-, and water relaxations are displayed.
Although the relaxation times of the three processes do not change
during crystallization (in agreement with the DSC measurements
showing that the Tg value does not change because of the low
amount of crystallization), the dielectric strength of the water
relaxation decreases more than expected from the DSC measure-
ments (see Fig. 6d). However, the relaxation time does not change
during the annealing. This implies that concentration and Tg are
not changing either. We notice here that the relaxation strength
depends on the dipole moment, the density of dipoles, and the cor-
relation between dipoles [43]. The correlation or interaction
between water molecules can be induced, for instance, by hydro-
gen bonding. Therefore, a plausible explanation for the decrease



Fig. 3. a) non-Reversing (nRHF) and b) Reversing heat flow (RHF) of 3PG (cw = 50 wt%) for the amorphous sample (black line) and after annealing at Tann = 223 K and
tann = 120 min (red line) and at Tann = 203 K and tann = 400 min (blue line). The heating rate was 0.5 K/min. For the reference and the semi-crystalline samples (after
Tann = 203 K) a signal jump is produced compared to the cp,liquid baseline (grey line). Inset 1: Cooling scan at 10 K/min. Inset 2: The total heat flow measured on heating is
shown. Inset: Zoom in of the glass transition before (Inset 1) annealing and after the annealing (Inset 2) Colors are the same as in the main plot.

Fig. 4. a) non-reversing heat flow (nRHF) and b) Reversing heat flow (RHF) normalized for different heating rates (0.5, 2 and 5 K/min). The dashed lines represent the
reference (amorphous) samples and solid lines represent the second scan (i.e. after isothermal crystallization using Tann = 203 K and tann = 400, 600 and 300 min respectively).
Details of the crystallization peaks and cp jumps are shown. Inset: Zoom in of the glass transition before and after the annealing. The step size is just slightly smaller after the
isothermal crystallization.
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ofDe is that the correlation between water molecules changes dur-
ing annealing, and thus, the relaxation strength decreases,
although the relaxation time remains the same. At the same time,
the relaxation strength of the ice-related relaxation increases, and
that of the a-relaxation slightly decreases with annealing time,
implying that water contributes to the a-relaxation of 3PG. A
recent article [28] shows an amplitude decrease of the a-
relaxation as a consequence of ice formation in ethylene glycol
solutions. In this case, ice formation leads to a non-monotonous
concentration dependence of the a-process, which does not occur
4

at higher temperatures. The effect is most prominent above Tg
because ice formation also reduces the fragility, mitigating the
impact near Tg. However, in our case, the dielectric signal is
strongly dominated by the ice and water processes significantly
above Tg. Therefore, it is not possible to obtain the dynamics of
the a-relaxation for the semi-crystalline sample in a broad temper-
ature range to analyse this effect.

Fig. 7 shows the temperature dependences of the relaxation
times obtained from fits for the amorphous (a) and semi-
crystalline (b) samples at two annealing temperatures (Tann = 203



Fig. 5. Calorimetric response of e-PLL (cw = 50 wt%) under two different conditions. In (a) the cooling rate exceeds 30 K/min (high) and therefore crystallization on cooling is
avoided. In (b) this sample is heated at a rate of 0.5 K/min. In (c) the cooling rate is 5 K/min and therefore there is some crystallization on cooling.

Fig. 6. Loss component, e”, of the complex permittivity, e*, in the amorphous state (a) and a semi-crystalline state (c). (b) e” during isothermal crystallization at Tann = 203 K
during tann = 240 min. Curve at tann = 0 min represents the response of the amorphous material whereas the rest of the curves represent the dynamics after crystallization at
different times. (d) Relaxation strengths of the ice-related, water- and a- processes during isothermal crystallization.
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and 223 K) for the 3PG solution. For the amorphous sample, we can
observe the a- and water relaxations. An apparent single crossover
is observed for the water relaxation at Tg (�185 K) for both the
amorphous and semi-crystalline (Tann = 203 K) samples. This result
can be expected since neither Tg changes for this annealing tem-
perature. However, for the sample annealed at Tann = 223 K, the
crossover is produced at a higher temperature (�189 K), also in
agreement with the Tg shift found by DSC. The Arrhenius law can
describe the water relaxation, s = s0�exp (Ea/(k�T)), regardless of
whether the sample is amorphous or semi-crystalline. For the
5

annealing temperature Tann = 203 K the activation energy is
Ea = 0.46 eV for the amorphous and semi-crystalline samples, as
previously reported [44–46]. In contrast, for the sample annealed
at Tann = 223 K, the activation energy is 0.36 eV. This value is in
good agreement with that of the ice-affected water reported in
[47], which corresponds to interfacial water between the ice and
the solute. In the relaxation map of Fig. 7b, we can also observe
the ice-related relaxation with an activation energy of 0.39 eV.
The ice-related relaxation for the semi-crystalline e-PLL (cw = 50-
wt%) sample obtained after slow cooling rate has a similar activa-



Fig. 7. Temperature dependences of the relaxation times for (a) amorphous and (b) semi-crystalline 3PG-water solutions (cw = 50 wt%) obtained after annealing at Tann = 203
and 223 K. Tg was obtained by DSC and is shown as dashed lines for all samples. (c) Derivative of the relaxation times (Ds) of the water relaxation in the amorphous and semi-
crystalline states, as shown in Figure (b) Inset: Derivative of relaxation times of 3PG with cw = 40 wt%.
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tion energy as the annealed sample (see Fig. 8 (b) and (c)). How-
ever, comparing the semi-crystalline state of 3PG and e-PLL solu-
tions, the ice-related relaxation times in e-PLL is almost one
order of magnitude slower than that of 3PG (cw = 50 wt%) and this
could be due to the growth of ice in a different environment. Fig-
ure S5 shows the temperature dependence of the relaxation times
for bulk ice[46,48], ice under confinement [49], and ice in solutions
[31,50–53]. It can be seen that the relaxation times for the different
ice-related processes differ from each other, and probably each
solute affects this relaxation differently. Indeed, the bulk ice relax-
Fig. 8. (a) Temperature dependences of the relaxation times. (a) Amorphous e-PLL soluti
sample after slow cooling. (d)-(f) Derivatives of relaxation times of Figures (a)-(c). Verti

6

ation times strongly depend on the preparation protocol [54]. It
should also be noted that the ice-related relaxation shows a pla-
teau above Tg (see Fig. 7b), which is also observed in ethylene gly-
col–water solutions [28]. Water is prone to re-crystalize more
quickly above Tg than at lower temperatures and, therefore the
water and ice contents are changing very fast, which is the reason
for this plateau.

Fig. 7c shows the derivative (Ds) of the water relaxation times.
From the figure, it can be seen that there is a constant value of Ds
above the crossover range (indicating an Arrhenius temperature
on, (b) after annealing at Tann = 205 K during 192 min, and (c) for a semi-crystalline
cal green lines (in all the Figures) indicate the onset of the calorimetric Tg.
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dependence of the relaxation time). Below the crossover range, a
decreasing value of Ds with decreasing temperature indicates a
non-perfect Arrhenius behaviour with a slight decrease of the
apparent activation energy. The crossover range starts at about
the calorimetric Tg and continues to 10 K below Tg. Thus, partial
crystallization does not affect the width (approximately 10 K) of
the crossover region.

We now focus on the dynamics of the e-PLL solution in the tem-
perature range from 150 to 210 K, where cold-crystallization starts.
In this restricted temperature interval, only the slow- and fast-
water relaxations are observed. Fig. S3 in SI shows the imaginary
part of the complex dielectric permittivity from 150 to 200 K,
where also the fitting procedure is described (see Figure S4 in SI).
Fig. 8 shows the temperature dependence of the fast-water relax-
ation before and after annealing at different times, as indicated
in the plot. We have measured the permittivity every degree to
be able to determine the crossover temperature with good
accuracy.

Also, in the case of the e-PLL solutions, it is evident from Fig. 8
(d)-(f) that there is only one crossover and that this is not signifi-
cantly affected by the partial crystallization. However, in this case,
it is obvious that the derivative value Ds increases rapidly with
decreasing temperature above the crossover temperature range.
This is typical for a super-Arrhenius temperature dependence, such
as VFT. Below the crossover range, the Ds value is almost constant,
as expected for an Arrhenius temperature dependence (the activa-
tion energy is about 0.50 eV irrespective of the level of crys-
tallinity). As for the 3PG solutions, the crossover range starts at
about Tg and continues to less than 10 K below Tg. Neither for
the e-PLL solution an apparent effect of crystallization on the cross-
over is observed.
4. Discussion

4.1. Calorimetric results

Crystallization is a process that occurs as a collection of several
sub-processes [55]. The first step is the as primary nucleation,
where nuclei formation occurs from an initial clear solution. Fol-
lowing this initial nucleation, the growth of crystals occurs [56].
A high-speed cooling scan could avoid crystallization, although
nuclei formation is most of the time unavoidable. This is the case
shown in Inset 1 of Fig. 3, where the DSC measurement does not
detect any crystal formation, but there could be some nuclei. As
mentioned, DSC does not detect crystal nuclei. Therefore, even
the sample we call ‘‘amorphous” might contain some nucleus gen-
erated during cooling.

Table 1 shows the Tg for amorphous and semi-crystalline
(Tann = 203 and 223 K) 3PG samples. When the annealing is per-
formed at a low temperature (Tann = 203 K), Tg does not change
(since a low amount of ice is produced), whereas, at a high anneal-
ing temperature (Tann = 223 K), there is a more considerable Tg
Table 1
Tg (onset) for 3PG (cw = 50 wt%) in the amorphous and semi-crystalline state (after anneale
the cold crystallization peak.

Sample Tann
[K]

tann
[min]

3PG amorphous state – –

3PG semi-crystalline state 203 300
400
600

223 120
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change due to a large amount of ice. In addition, the enthalpy of
crystallization is almost identical for samples annealed at 203 K
during different times (300, 400, and 600 min, Fig. 4), indicating
that basically the same amount of ice is produced independent of
the heating rate. In fact, after 600 min only (5.75 ± 1.15) % of the
water had crystallized. Thus, Tg and Dcp of the amorphous solu-
tions, are not significantly affected by this small quantity of ice,
probably because this low annealing temperature, just above Tg,
favored the nuclei formation but not the succeeding growth of
the nuclei (this can be also seen in Fig. 6d where De of water
decreases). However, after annealing at Tann = 223 K, (26 ± 2) %
of water had crystallized, which causes Tg to increase and Dcp to
decrease due to a corresponding reduction of the amount of non-
crystalline water. This change of cp after crystallization not only
occurs for water but also for any homo-polymer [57,58]. As shown
in Fig. 3b, above Tg and below the cold-crystallization temperature,
cp agrees with the heat capacity of the liquid (cp,liquid) for the amor-
phous and semi-crystalline samples (Tann = 203 K, see Fig. 3b).
Simultaneously, with the starting of cold-crystallization (Fig. 3b),
a cp jump is produced, which is seen as an exothermic peak in
the RHF (Fig. 3a). Murata and Tanaka [16] observed a similar
exothermic peak in the reversing heat flow of water/1,2,4-
butanetriol mixtures. In that paper, this feature was interpreted
as a liquid–liquid transition of water. However, this exothermic
peak is caused by a change of the concentrations in the solution.
This was also analyzed by Zhao and coworkers [25] in glycerol-
water mixtures and they concluded that the ‘‘liquid II phase of
water” refers to a freeze-concentrated phase obtained by anneal-
ing. Moreover, this behavior was also observed after crystallization
of pure poly(3-hydroxybutyrate) [58] or pure ethylene glycol [59].
For both pure materials, an abrupt decrease of cp in the RHF was
observed simultaneously with the cold-crystallization. Thus, we
conclude that the heat capacity of water mixtures varies during
crystallization, due to an associated change in the phase composi-
tion. Therefore, the decrease of cp is related to the occurrence of
cold-crystallization.

Table 2 shows the results for the e-PLL solutions. In this case, we
did not generate a large amount of ice (only 1 and 5.4 wt% of water
is crystalline) by the annealing and therefore Tg is not appreciably
changing for any of the protocols used.

4.2. Dynamics –fast water relaxation

We have presented results of the dynamics of water in conven-
tional and bio solutions in both the amorphous and semi-
crystalline states with different ice contents. When the samples
were annealed at temperatures close to Tg, the ice content is low,
and the glass transition does not change compared to the amor-
phous state. In this case, the dynamics also remains the same.
We have shown this case in Fig. 7b for 3PG solutions using
Tann = 203 K, and in Fig. 8b for e-PLL solutions using Tann = 205 K.
By contrast, when the ice level increases, the unfreeze-
concentrated phase changes and, consequently, Tg increases and
d at Tann during tann). DHcrsyt is the enthalpy of crystallization calculated as the area of

Heating rate
[K/min]

DHcrsyt

[J/g]
Tg
[K]

0.5 34.7 185.0
2
5
5 33 ± 2 185.0
0.5 31 ± 2
2 31 ± 2
2 – 189.0



Table 2
Tg (onset) for e-PLL (cw = 50 wt%) in the amorphous and semi crystalline state (after annealed at Tann during tann). DHcrsyt is the enthalpy of crystallization calculated as the area of
the cold crystallization peak.

Sample Tann
[K]

tann
[min]

Cooling rate
[K/min]

Heating rate
[K/min]

DHcrsyt

[J/g]
Tg
[K]

e-PLL - amorphous state – – � 30 0.5 34.8 195
e-PLL semi-crystalline state 205 192 �30 0.5 33.4 195

– – 5 0.5 8.5 / 26.6 196
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the dynamics changes accordingly. This is the case shown in Fig. 7b
for the 3PG solution after annealing at Tann = 223 K.

In both types of solutions, we detected the same phenomeno-
logical behaviour; the fast water relaxation displays a single cross-
over in the temperature dependence of its relaxation time,
irrespective of the degree of crystallization. This is shown in
Fig. 9, where the derivate of the relaxation times of e-PLL (cw = 50-
wt%) and 3PG (cw = 40 wt%) are displayed (3PG with 50 wt% of
water was previously shown in Fig. 7c). In this case, to be more
precise in the derivative analysis, we measured the dielectric
response each one degree. The calorimetric glass transition tem-
perature, from its onset to its end (see the grey area), is also shown
in the same figure. The onset of the crossover is clearly occurring in
the middle of the calorimetric Tg-range as reported by us and sev-
eral other investigations of the dynamics of water in solutions
[5,18,20,29]. However, the reason for a lack of a second dynamic
crossover due to partial crystallization may be that the BDS mea-
surements were performed from low to high temperatures, i.e.,
no additional crystallization occurred during the temperature scan.
On the other hand, the activation energy of the water relaxation
was not substantially affected by the partial crystallization (only
a clear difference for the 3PG sample containing the highest
amount, (26 ± 2) %, of ice). This indicates that a measurement dur-
ing heating, with ice formation during cooling (before the mea-
surement), would not cause a clear change of the activation
energy of the water, i.e. no evident dynamical crossover.

The question is, why partial ice formation has such a minor
influence on the water dynamics and its dynamic crossover? A pos-
sible answer to this question is that when ice starts to form, the ice
crystals grow and tend to aggregate into larger ice clusters, leading
to micro-phase separation of the amorphous and crystalline
regions. This implies that the presence of ice will have very little
influence on the dynamics in the amorphous regions, except for
the effect of freeze concentration. Since the effect of freeze concen-
tration is only significant for the 3PG sample with the highest
amount of ice (26 ± 2%), the water relaxation was only altered in
this sample.
Fig. 9. Derivate of the relaxation times of the fast water relaxation of (a) e-PLL with cw
crossover is seen.

8

4.3. Comparison between highly asymmetric mixtures of liquids and
water mixtures

Recently, it was suggested in the literature that the dynamics of
protein-water [60] or polymer-water [61] mixtures have similar
characteristics to those of highly asymmetric mixtures of two
glass-formers or polymers. These systems, called HAM (highly
asymmetric mixtures), were intensely studied in the literature
[62–65]. HAM refers to the mixture of two polymer or glass-
formers (A and B) with glass transition temperatures Tg,A � Tg,B.
If we can find parallelism between protein solutions and HAM, it
could be an essential finding to understand the dynamics of pro-
tein solutions.

In the case of a mixture with two components (A and B), we
know that from high temperatures, we can see the dynamics (aA

relaxation) of component A (high-Tg component), which extrapo-
lated to 100 s coincides with the calorimetric Tg,A. At lower temper-
atures, the dynamics of component B (aB relaxation) change from
VFT to Arrhenius behavior at Tg,A. The relaxation time of compo-
nent B reaches 100 s at Tg,B detected by DSC. The component B,
changes to Arrhenius at T � Tg,A because B is confined by the frozen
matrix A. Both aA and aB relaxation are mainly controlled by the
component A and B respectively and, in both cases there are partic-
ipation of the other component (B and A respectively). For these
mixtures, a secondary relaxation is observed below Tg.

The scenario explained above for HAM could be very similar to
what we show in Fig. 1b for biological solutions, considering com-
ponent A as the solute (e-PLL) and component B as the solvent (wa-
ter). Therefore, as previously suggested [60], we wonder whether
the dynamic crossovers in water mixtures can be connected with
those observed in highly asymmetric polymer blends or mixtures
of two liquids.

The first consideration to establish this parallelism is that we
can only observe one glass transition temperature by DSC. This
coincides with the temperature where the solute relaxation
reaches 100 s, and the water relaxation exhibits a dynamic cross-
over. In the case of biological solutions with two water relaxations
at low temperatures, both relaxations undergo a dynamic cross-
= 50 wt% and (b) 3PG with cw = 40 wt%. In both types of solutions, only a single
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over at Tg of the solute. However, there is no detected calorimetric
Tg for the water and neither any additional dynamic crossover.
Thus, there is a dynamic crossover at Tg,A, but no Tg,B or additional
dynamic crossover in the case of biological solutions. Moreover,
this scenario is also observed for 3PG mixtures, where no compo-
nent A (a-A relaxation) is seen. This fact is against a direct similar-
ity between HAM and water mixtures.

5. Conclusions

In summary, we have provided calorimetric and dielectric data
on conventional and bio-like solutions in both amorphous and
semi-crystalline states. We find only a single dynamic crossover
in the temperature dependence of the relaxation time for the water
relaxation process of conventional solutions and the fast water
relaxation process of bio-like solutions. This crossover is produced
at the calorimetric Tg, or some degrees below Tg. It is also evident
that partial ice formation has only a minor influence on the water
dynamics and the calorimetric Tg. A reason for this is likely that the
formed ice crystals grow and tend to aggregate into larger ice clus-
ters, leading to micro-phase separation of the amorphous and crys-
talline regions. This implies that the crystalline regions will not
affect the dynamics in the amorphous regions more than the effect
freeze concentration gives rise to.

We cannot establish direct parallelism between highly asym-
metric mixtures and water mixtures studied here. For example,
we cannot detect two glass transitions by DSC, despite two cooper-
ative dynamical processes (a-relaxation and the slow water relax-
ation) which vitrify at two different temperatures. A possible
reason for this might be that the slow-water relaxation also exhi-
bits a dynamic crossover to a low temperature Arrhenius behavior
at the single calorimetric Tg. Thus, the cooperativity of the slow-
water relaxation seems to disappear at Tg of the other component,
and therefore it does not give rise to any additional glass transition.
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