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Relaxation Processes in Supercooled Confined Water and Implications for Protein Dynamics
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We show that the viscosity-related main («) relaxation of confined water vanishes at a temperature
where the volume required for the cooperative a relaxation becomes larger than the size of the
geometrically confined water cluster. This occurs typically around 200 K, implying that above this
temperature we observe a merged a-f relaxation, whereas below it only a local () relaxation remains.
This also means that such confined supercooled water does not exhibit any true glass transition, in contrast
to other liquids in similar confinements. Furthermore, it implies that deeply supercooled water in
biological systems, such as membranes and proteins, generally shows only a local B relaxation, a finding
of importance for low temperature properties of biological materials.
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The behavior of water in confined geometries and near
solid surfaces is of central importance in nature, since most
of the water in living organisms is closely associated with
different kinds of biomolecules. The presence of this con-
fined water is necessary for all living organisms [1-4],
which makes it important to understand its properties. It is
also of fundamental importance to understand how the
structure and dynamics of the confined water affect its
nearest surrounding, e.g., how the motion and function of
proteins depend on the properties of its hydration water. In
order to attack these important issues, we need a better
understanding of structural relaxation processes in con-
fined water, not only at ambient temperature but also in
the supercooled regime, where, for instance, proteins begin
to show anharmonic motions. It is at these low tempera-
tures that it is most straightforward to gain insights into the
important relation between protein and solvent dynamics.
In order to study such supercooled water, we need to
choose systems where the confinement is severe enough
to avoid crystallization; i.e., the water clusters have to be
smaller than the critical size of homogeneous nucleation
[5].

The relaxation behavior of deeply supercooled liquids is
generally described by the viscosity-related main («) re-
laxation and one or several secondary (f3) relaxation pro-
cesses. The relaxation time 7, of the & process generally
shows some degree of non-Arrhenius temperature depen-
dence, whereas the B processes tend to follow the
Arrhenius law (logr « %). Using Angell’s fragility con-
cept [6,7], a supercooled liquid is termed fragile when its
viscosity or « relaxation time exhibit a highly non-
Arrhenius temperature dependence, typical for ionic and
van-der-Waals systems. In contrast, a supercooled liquid
which shows a temperature dependence of the « relaxation
time close to the Arrhenius law is denoted strong, reflecting
that the material is held together by strong (commonly
covalent) bonds forming a network structure. Recently,
there has been experimental support [§—10] for the fact
that supercooled highly confined water exhibits an appar-

0031-9007/06/96(24)/247802(4)

247802-1

PACS numbers: 61.25.Em, 77.22.Gm, 87.68.+z

ent fragile-to-strong transition somewhere in the tempera-
ture range 180—-250 K, depending on the size and geometry
of the confinement as well as the strength of the interac-
tions with the host material. In this Letter, we provide an
explanation for this anomalous crossover and show that it
is not due to a true fragile-to-strong transition but rather
due to a vanishing of the strongly cooperative « relaxation.
However, this does not mean that a real fragile-to-strong
transition cannot occur for bulk water or bulklike water
where the « relaxation is actually observed in the deeply
supercooled regime.

In Fig. 1, we show temperature dependences of struc-
tural relaxation times obtained from dielectric spectros-
copy and quasielastic neutron scattering (QENS). The
normal temperature dependence of the « relaxation of a
liquid is represented by both bulk propylene glycol (PG) as
well as PG confined to a single molecular layer in the
interplatelet space of a Na-vermiculite clay [11,12].
However, in the cases of water confined to two molecular
layers in the same Na-vermiculite clay [8] and water con-
fined in 10 A pores of a molecular sieve [9], the behavior of
the main relaxation time is completely different. The re-
laxation time is not only substantially altered compared to
bulk water [13] (which evidently is not the case for the
confined PG), it also shows an apparent fragile-to-strong
transition, as discussed above. It should here be noted that
an even more dramatic change of the temperature depen-
dence of the relaxation time was observed at 7 = 225 K
for water confined in the nanoporous silica MCM-41 [10].
Hence, these results are not unique but show the most
common behavior for supercooled water in biological
materials and other confinements. Indeed, as exemplified
in Fig. 2 for ethylene glycol (EG), a ‘‘strong” (i.e.,
Arrhenius) behavior seems to be obtained for most deeply
supercooled liquids provided that the confinement is severe
enough. In the case of EG shown in Fig. 2, it is clearly seen
that it is a rather fragile liquid in bulk. However, the
cooperative « relaxation requires a certain number of
molecules to be present, and, for the very severe confine-
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FIG. 1 (color online). Average relaxation times, obtained from
dielectric spectroscopy (open symbols) and QENS experi-
ments (solid symbols), for a 6 A thick water layer in a fully
hydrated Na-vermiculite clay (triangles) [8,24], for water in 10 A
pores of a fully hydrated molecular sieve (squares) [9,25], for
water in hydrated hemoglobin (diamonds) [26], and for bulk
water (squares with cross) [13]. For comparison, average relaxa-
tion times for bulk PG (crosses) and for PG confined to a single
molecular layer in the Na-vermiculite clay (circles) [11,12] are
shown to represent the normal liquid behavior. The relaxation
times from QENS were obtained for Q =~ 1 A™!, since it has
been empirically found [27] that QENS and dielectric data seem
to agree for that Q value, although it should be noted that
different types of motions are probed with the two techniques.
In all cases, the dielectric data show the most pronounced
relaxation process, which corresponds to the « relaxation if
that is present and the [ relaxation in the absence of the «
process. This means that the high temperature data represent the
merged a-fB process, whereas the low temperature data corre-
spond to the « relaxation in the case of bulk and confined PG and
the more local B relaxation in the case of confined water. The
temperature dependences of the « relaxation times are described
(and extrapolated) by the Vogel-Fulcher Tammann (VFT) func-
tion 7 = 7y exp[DT,/(T — Ty)]. Note also that the confinement
of PG to a single molecular layer does not prevent the «
relaxation to occur, and neither does it have any significant
effect on the relaxation time.

ments shown in Fig. 2, the space is small enough not to
allow this number, which means that the « relaxation
vanish and only the more local B relaxation remains. All
density fluctuations are then relaxed through the local 8
relaxation. This gives rise to a similar apparent strong
behavior in the deeply supercooled regime as observed
for confined water in Fig. 1 and Ref. [10]. We will now
give evidence that the apparent fragile-to-strong transition
for supercooled confined water is due to an observation of a
merged a-f relaxation at high temperatures and a pure 8
relaxation below the apparent transition.

(a) The temperature for which the relaxation time
reaches 100 s is around 130 K, which means that, if this
is the a relaxation time, a glass transition temperature T,
of the confined water is expected at about this temperature.
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FIG. 2 (color online). Dielectric relaxation times of EG. Both
the & and B relaxations are present for bulk EG, whereas only
the local B relaxation can be observed for EG in the very severe
confinements (pore diameter approximately 5.5 A) of the zeolitic
host materials silicalite (solid circles) and H-ZSM-5 (open
circles). The data points, which in the legend are marked with
an asterisk, are taken from Ref. [28], whereas triangles indicate
our data. Note that the « relaxation of EG disappears in these
severe confinements.

However, the T, of bulk water has recently been suggested
to be >160 K [14,15], and, since the « relaxation at high
temperatures is slower in confinement than in bulk (and the
difference seems to increase with decreasing temperature),
it seems unphysical to have a T, around 130 K for the
confined water.

(b) No calorimetric glass transition is observed, in con-
trast to other liquids in the same (e.g., the vermiculite clay)
or similar confinements [16].

(c) The dielectrically observed process in the deeply
supercooled regime shows all the typical features of a 8
relaxation, such as a symmetric peak shape in the fre-
quency domain.

(d) In Ref. [10], the authors found a dramatic change of
the nature of the dynamics from translational diffusion to
local motions at the crossover temperature. This is the
expected behavior when the o relaxation disappears and
only the local § relaxation remains.

(e) In Ref. [17], a similar relaxation process was ob-
served for rapidly quenched bulk water by electron spin
resonance measurements, even in the so-called “no man’s
land” (150-235 K) where bulk water is mainly crystalline.
This fact further supports that the observed relaxation
process is of local character (in this case, the relaxation
of water molecules in the interface between different crys-
talline regions).

(f) Although difficult, the « relaxation of deeply super-
cooled water can be observed if a delicate balance of the
size of the water clusters is reached. The clusters have to be
large enough (in all three dimensions) for the a relaxation
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FIG. 3 (color online).
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(a) Temperature dependences of the relaxation times for the two fastest dielectric processes of myoglobin in

water (0.8 g water per g protein). The fastest process (@) is due to interfacial water dynamics, whereas the slower one (A) is due to
protein motions. Both processes exhibit a crossover at about 180 K from a low temperature Arrhenius behavior to a high temperature
non-Arrhenius (VFT) dependence, given by the dashed lines. (b) The logarithm of the relaxation times obtained for the slower
(myoglobin) process is plotted as a function of the logarithm of the relaxation times for the faster (water) process. The dashed line is a
guide to the eye and shows a slope = 1 (i.e., a linear dependence of the relaxation times with the faster process approximately 3 orders
of magnitude faster than the slower one). Thus, above the crossover temperature there is a linear dependence between the relaxation
times of the two processes, as expected for solvent slaved protein motions.

to appear while they are small enough to prevent crystal-
lization. This has been achieved for water confined in bread
[18], where the high temperature «-£ relaxation splits into
one fast (similar to the one shown in Fig. 1) and one slower
relaxation process in the deeply supercooled regime. In
addition, a calorimetric 7, is observed at about the same
temperature (175 K) as the slower process reaches a re-
laxation time of 100 s, suggesting that this slower process
corresponds to the « relaxation and the faster one to the 8
relaxation of the deeply supercooled water [18].

All these experimental findings strongly suggest that the
common process of deeply supercooled confined water,
shown in Fig. 1, is due to a B relaxation, which means
that the « relaxation disappears in the same temperature
region as the apparent fragile-to-strong transition occurs.
Thus, the deeply supercooled confined water shows a
similar behavior as the most severely confined liquids
shown in Fig. 2, but the anomaly for water is that the
vanishing of the « relaxation occurs already at comparably
moderate confinements where other liquids show a strong
« relaxation and glass transition. The reason for this is
most likely that deeply supercooled water requires an
exceptionally extended three-dimensional hydrogen
bonded network [19] in order to show the « relaxation,
in contrast to most other liquids, where only a few con-
nected molecules (or lower dimensions) are enough for the
a relaxation to appear. This also suggests that the «
relaxation of deeply supercooled water is due to collective
motions of a large number of water molecules.

Finally, we discuss the biological implications of the fact
that hydration water around proteins and other biomole-
cules is lacking the viscosity-related a relaxation below

the apparent transition temperature. Today, there is consid-
erable evidence [20—-23] that solvent motions are essential
for the dynamics and functioning of proteins. This fact is
further supported by Fig. 3, which shows that the fastest
dielectrically observed protein (myoglobin) process exhib-
its the same temperature dependence as its solvent (water)
dynamics at temperatures above 180 K. At such high
temperatures, both processes show non-Arrhenius tem-
perature dependences, as expected for cooperative pro-
cesses as the « relaxation. However, at lower tem-
peratures, where only local solvent motions occur, both
relaxation times show similar Arrhenius temperature de-
pendences (although the exact linear relation is now lost).
This finding suggests that only local protein motions can
occur when no « relaxation is present in the solvent.
Therefore, the results support a recent study where it was
shown [20] that only local motions in proteins are deter-
mined by the local B relaxation in the hydration shell,
while the functionally most important protein motions
are more global in character and are governed mainly by
the viscosity-related « process in the solvent [21,22]. This
implies that, in the deeply supercooled regime (in this case,
below 180 K), where only the B relaxation of the non-
crystalline water is present, the biologically most impor-
tant protein motions cannot occur, in possible contrast to
proteins in solvents that exhibit also the viscosity-related «
relaxation (provided that the solvent does not crystallize in
the given temperature range). Hence, other solvents than
water are likely to be better suited to promote protein
dynamics at these low temperatures.
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