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Mechanisms of Nonexponential Relaxation in Supercooled Glucose Solutions: the Role of
Water Facilitation

1. Introduction
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Concentrated sugar solutions are prototypical glass formers with a wide application in food technology and
cyropreservation, but the microscopic mechanisms underlying these processes remain obscure. To uncover
these microscopic details, we study the structure and dynamics of binary ghwater mixtures by means

of atomistic and coarse grain molecular dynamics simulations. From atomistic simulations, we find that water
in glucose forms extended clusters that percolate above a water concentratid8 oft % atT = 340 K.

This percolation threshold and structure is very well reproduced with a coarse grain model even though it
lacks of directional interactions. Using the coarse grain model, we present a detailed study of the translational
dynamics of the 12.2 wt % water mixture in the temperature rdifgg= 1.5—1.05 and for times up to 0.65

us. These coarse grain studies lead to a glass transition temperature 6f Z8% in excellent agreement

with the experimental value of 240 K. The water diffusion coefficient obtained from these calculations has
an activation energy of 3538 kJ/mol, which compares very well with the 31 kJ/mol obtained experimentally

for the 25 wt % waterglucose mixture. Both water and glucose show nonexponential relaxation, although
the nonexponentiallity is more pronounced for water. We find that water diffusion in supercooled glucose
proceeds by two mechanisms: (i) continuous diffusion and (ii) discrete jumps on the order of 3 A. The
contribution of the jump mechanism increases with supercooling. On the other hand, the continuous diffusion
component of water diffusion decreases at lower temperatures until it becomes negligible fb2T;. At

this point rare jump events with characteristic times above 10 ns are the only mechanism of water relaxation.
The decrease of the extent of the continuous diffusion to water mobility with lowering temperatures is associated
with the freezing of the sugar matrix. In the deep supercooled regimBETat= 1.05 water moves in an
almost translationally frozen glucose matrix, and displays a broad distribution of waiting times between jumps.
Contrary to water, the mechanism of glucose translation does not involve big jumps even at the lowest
temperatures analyzed. Rather the center of mass of the glucose molecules translate through a continuous
diffusion mechanism with a distribution of characteristic times. We analyze the mobility of water molecules
as a function of the watetwater connectivity and find that the mobility of the water molecules increases
with their water coordination. The lower the temperature the more important the effect of water coordination
in water mobility. The distribution of mobilities associated with different water local environments constitutes

a structural contribution to the heterogeneous, nonexponential dynamics in the binary mixture.

understand the nature of water diffusion in glassy foodlike
systems, we have examined low water content glucose mixtures,

It is_ known that formation of glasses plays arole in preventing 4 simple binary glass-former that is considered to be a model
chemical and textural degradation of the fodttowever, recent for food systems.

studies of carbohydrate solutions found that water can still 11016 is no direct evidence for the microscopic mechanism

d.'ff.L]f.S‘e n _the glassf)f/_ _carbohyéj_rgte matrices, provmg_l_that of water diffusion in supercooled concentrated carbohydrate
vitrification is not a sufficient condition to arrest water mobility: oo tions. Magazet al” reported two distinct mechanisms for

24 L ; ;
These findings have important practical effects i the \ater and trehalose from the analysis of neutron scattering
chemical stability of glassy carbohydratwater mixtures; experiments of 54 wt % water in trehalose at 309 K:

with potential strong economical impact through the shelf life
of food, pharmaceutical, and cryopreserved products. To

(i) A continuous diffusion mechanism for the translation of
the sugar.
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_ (ii) A jump-diffusion mechanism for the water molecules.
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mobility in fructose with 40, 71, and 96 wt % water at 300 K
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to jump-diffusion mechanism between 71 and 96 wt % water. microscopic processes that allow the diffusion of a small

These later authors also interpreted water relaxation in termscomponent below the glass transition of the mixt{rdhis

of a stretched exponential decay and found a significant should allow us to understand the origin of the different

nonexponential behavior only for the lowest water content relaxations in supercooled and glassy binary mixtures. The aim
solution® of the present work is to provide a microscopic analysis of the

Using deuterium NMR studies of the diffusivity of water and ~ structure and dynamics of concentrated glucose solutions close
glucose in 25 wt % and 60 wt % water in glucose, Moran et tO the glass transition, from/Ty = 1.5 to 1.04. We present a
al® showed that the relaxation for water is highly nonexponen- molecular dynamics study of the distribution of water in
tial, while the sugar relaxation can be represented by a singleconcentrated glucose mixtures<80 wt % water) and the
characteristic time. They observed that in the supercooled regimecharacterization of the mechanisms of water and glucose
both water and glucose diffusion coefficients have Arrhenius translational diffusion in moderately supercooled and deep
temperature dependence. They found that for 60 wt % water supercooled regime.
these two diffusion coefficients have similar activation energies ~ Section 2 describes the methodology while section 3 discusses
(Ea), but for the concentrated 25 wt % solution gfor glucose the results on the structure and dynamics. Section 4 summarizes
is almost twice that of watérThe same decoupling of a probe the results, and section 5 provides the conclusions.
dynamics and the viscosity of the solution was found for sucrose
with water concentrations below 40 wt9%In a recent 2. Methods for Molecular Dynamics Simulations
publication!! we showed that the onset of decoupling in water
sucrose solutions coincides with the formation of a three-

dimensional hydrogen bonded network between the saccharideThe integration of the equations of motion was done with the

molecules. . . Verlet Leap-Frog algorithr using a time step of 0.001 ps.

In an NMR study of the mobiliity in maltose glasses with  The MD was performed in the isothermasobaric ensemble
5-20 wt % water, Van den Dries et 4showed that below the  (\pT), except when indicated otherwise. The temperature was
glass transition temperaturgg water mobility continues tobe  conrolled with a NoseHoover thermostat using a time
detected, but the number of protons corresponding to the mobileconstant; = 50 times the MD time step. The pressure was

fraction is lower than the total of the water molecules. They .gntrolled with the RahmanParrinello algorithr® with a
also found that for water contents of-30 wt % the strength fictitious mass of the cell coordinates W = 0.2 times the

of the dipolar interactions shows a considerable change in slopemass of the particles in the cell.

at Tg. However, for 20 wt % water content, the change inthe 5 1 Atomistic Simulations.Water and glucose were modeled
strength of the dipolar interactions with temperature is nearly ,q 5j1_atom fully flexible molecules using the DREIDING force
insensitive to the glass transition temperature. This result ¢qq19 energy expression that consists of a sum of valence

suggests that there may be a structural contribution from the jeractions between connected atoms (two body harmonic
water d|str|!out|on' that allows a re]axaﬂon pathwgy ina frozen bonds, three body cosine harmonic angle term, and four body
sugar matrix, which would explain why water diffusion is S0  giheqral torsion angle terms) plus two nonbonded interactions
sensitive to the dynamics of the matrix at low water content (two body exponentiatsix van der Waals terms and coulomb
and is almost independent of it for the highest water content. j,ieractions between partial charges on the atoms, and three body
Dielectric relaxation studies of watemaltose mixture'g also hydrogen bond term). The atom type assignment and their
showed a significant change in the relative strength of the dipolar respective parameters were those of the DREIDING force
relaxation with water content: the los$ of the secondary peak  field.1® Geometric combination rules for the van der Waals
(B relaxation) at 213 K changes slowly with water content from interactions between different atom types, except that we defined
0 to 11.5 wt % water, and its intensity doubles between 11.5 explicit off-diagonal exponential-6 van der Waals interactions
and 15 wt % water and then continues to increase with water petween any carbohydrate oxygen and the hydroxylic hydrogen
content. These authors claim that this change in slopé€ o6 atoms with the parameteB = 0.03783 kcal/molR = 2.4 A,
wt % is absent in glucosewater mixtures, but they studied andz = 12.76, instead of using the geometric combination rule.
mixtures with water content 0, 5, and 12 wt % whereas the The hydrogen bond parameters were takeBas= 2.5 kcal/
change in slope would be expected at a slightly higher water mol andRoo = 3.2 A. Partial charges on carbohydrate atoms
content. were obtained by charge equilibrati8hin a water box with
In our previous atomistic simulations of the structure of density 1 g/cthand T = 300 K, averaged over a 10 pévT
water—sucrose solution, we found that water has a locally  simulation. Partial charges on water molecule were obtained
heterogeneous structure (in agreement simulations of otherby LMP2 quantum mechanics calculations, leadingjéo=
water-carbohydrate solutiohd with a percolation threshold  —2g4 = —0.7287 eu. Long-range interactions in the periodic
between 10 and 18 wt % water content. We showed that the systems were evaluated with Ewald suth3he modification
free volume in watersucrose mixtures is nonmonotonic with  of the cross interactions between the sugar's hydroxyl groups
increasing water content and that the percolation of the free was based on fitting crystal structure and amorphous data to
volume pathways occurs for a probe radius much smaller thanimprove the matching between the experimental and simulated
the water size. These results reinforce the idea that waterdensity for glucose, sucrose and fructose. The densities obtained
diffusion in supercooled and frozen matrices is not determined with the modified Dreiding force field at 300 K and 1 atm are
by the free-volume but rather it might be strongly coupled to as follows:
the water structure. In a frozen matrix with low water content, (1) 1.48 4+ 0.02 g/cni for amorphousx-b-glucose?? which
we would expect the water pathways to facilitate water diffusion. compares well with the experimental 1.52 gfcth
Understanding and predicting water diffusivity in supercooled  (I1) 1.56 & 0.01 g/cnd for crystallinea-p-glucose?* which
and glassy carbohydrates is of utmost importance in the practicalcompares well with the experimental 1.566 gfcth
applications of these mixtures but is even more interesting from  (lll) 1.46 £ 0.02 g/cni for amorphous sucrosé,which
a fundamental point of view is the elucidation of the differential compares well with the experimental 1.43 g#cth

Constant volume and constant pressure atomistic molecular
dynamics (MD}® simulations were performed using Ceriud$2.
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TABLE 1: Composition and Density of Water—Glucose
Mixtures

wt % no. of no. of
water  waters  glucoses Paton? omze?

8.0 35 40 1.415 0.010 1.379+ 0.003
12.Z 56 40 1.397 0.011 1.358+ 0.003
16.5 79 40 1.381- 0.006 1.335+ 0.003
20.0 100 40 1.37% 0.005 1.315+ 0.003

aT = 343+ 8 K. Each density was averaged over the last 20 ps for
4 independently built cell®T = 338 £ 18 K. Each density was
averaged over the last 1 ns for 5 independently built celslarger

system with 90 glucose and 125 water molecules was prepared for the.

study of the dynamics and glass transition using the M3B coarse grain
model.

B6 =C6

Figure 1. M3B coarse grain model of glucose molecule superimposed
on the atomistic description. The positions of the M3B particles
correspond to those of the carbon atoms C1, C4, and @égificose.

(IV) 1.594 + 0.002 g/cm for crystalline sucros&! which
compares well with the experimental 1.59 gfcih

(V) 1.59 & 0.01 g/cnd for crystalline-p-fructopyranosé?
which compares well with the experimental 1.60 g#éh

(VI) The densities of watersucrosemixturesare predicted
within 2% of the experimental value, in all concentration
rangest!

We prepared concentrated gluceseater amorphous mix-
tures with water content in the range-80 wt % The number
of a-p-glucose and water molecules per cell is listed in Table
1.We have not found experimental densities of watgucose

J. Phys. Chem. A, Vol. 108, No. 17, 2008701

TABLE 2: M3B Bond Parameters. E(r) = Yk(r — rg)?

bond typé ro(A) K, (kcal molt A-2)
14 2.93 425
16 3.69 235
46 2.60 435

aThe bond typdj corresponds to the bond between beadritl B
(numbered as in Figure 1).

TABLE 3: M3B Masses and Morse Parameters for Glucose
and Water Beads

bead mass (amu) R, (A) D, (kcal mol?) o
Bl 75 5.13 2.05 11
B4 75 6.11 1.95 105
B6 30 4.63 1.79 11
w 18 3.77 1.15 8

a measure of the curvature of the potential aroigdin the
coarse grain model the water molecule is represented by a single
bead (W) that interacts with glucose and other water molecules
through a Morse potential (eq 1). The Morse parameters for
each bead type are listed in Table 3; we used geometric
combination rules to compute the parameters of the cross
interactions:

Dojj = +/DoiDojs Rojj = +/RojRy; and oy = %(ai + o)
(2)

The nonbond interactions were truncated with a spline
function, using a cut off radius it = 12 A. The details of
the force field development can be found elsewtére.

With M3B, the MD simulations use time steps of 10 fs (10
times higher than for atomistic simulations of sugars), and the
number of particles decreases by a factor of 8. In addition there
is not need for the costly Ewald sums associated with coulomb
interactions. The result is that MD simulations with M3B are

solutions in this concentration range. For each composition, a about 7000 times faster than those for the fully flexible atomistic

set of four independent equilibrated amorphous atomistic
samples were prepared and equilibrated at 343 K andp =
1 atm following the CED proceduf& which involves a series

model??
To study water structure in concentrated mixtures,we prepared
concentrated glucosavater amorphous solutions with water

of compression/expansion and annealing steps, designed to fullycontent in the range-820 wt %, using the same composition

equilibrate the structure of amorphous systems built through
Monte Carlo techniques. The structure of the mixtures was
analyzed over the last 20 ps of each equilibration trajectory.
2.2. Coarse Grain SimulationsThe coarse grain simulations
were performed with the M3B model and force fi@kdThis
force field was parametrized from atomistic simulations of

and number of molecules as the atomistic cells (Table 1). Five
independent coarse grain amorphous cells were prepared per
water content. The M3B mixtures were constructed with the
Cerius2 Amorphous Builder and equilibrated under isobaric
isothermal conditions gb = 1 atm andT = 343 K for 2 ns
each. The first nanosecond was considered to be equilibration

amorphous glucose and maltooligosaccharides, using the samand the second nanosecond was used to extract the equilibrium

atomistic force field used in this work. M3B predicts the density
for pure amorphous glucose within 2% of the atomistic value
in the pressure range-2 to 20 GP&2 The M3B model

properties. A bigger cell of composition 12.2 wt % water
glucose was prepared for determining the glass transition
temperature and to study the dynamics over a broad range of

represents each glucose molecule by three particles (beadsjemperatures. This larger periodic cell was composed of 90

connected through bonds. The M3B model is mapped from the
atomistic glucose, placing the three beads in the positions of
carbons C1, C4, and C6, as shown in Figure 1. The intramo-
lecular interactions of glucose are completely defined by three

glucose and 125 water molecules. The mixture was prepared
and equilibrated at 343 K following the same procedure as for
the other coarse grain cells.

For the system with 90 glucose 125 water molecules, we

harmonic bonds between the beads. The parameters of the bongerformed NPT molecular dynamics simulations at temperatures

interactions are shown in Table 2. The intermolecular interac-

T = 365, 335, 310, 280, and 250 K. The equilibrated samples

tions between glucose molecules are described by the sum ofwere run for times up to 0.65s.

Morse nonbond interaction among all pairs of beads of the
different molecules,

V(R;) = Df (€ *FFRb)? — (g 0ty (1)

whereR, is the distance for the minimum enerdyJj anda is

3. Results and Discussion

3.1. Structure of Water in Glucose Mixtures. The M3B
force field was developéd to reproduce structural (density,
bond distances, etc.) and thermodynamics properties (energy
vs V andV vs p) of amorphous glucose, and to reproduce the
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Figure 2. Water radial distribution function for the atomistic (black)
and coarse grain (gray) wateglucose mixtures. For each modef{r)

is rather insensitive to water concentration for the water contents
considered. Thus, the lines for 8 (solid), 12.2 (points), 16.5 (dashed),
and 20 wt % (dotdashed) overlap for most of threrange.

density, cohesive energy and diffusion coefficient of pure water.
Table 1 shows that M3B performs very well in predicting the
densities of binary mixtures, giving values withir2% of the
atomistic results.

In this subsection, we study the structure of water in
concentrated waterglucose mixtures with two main purposes:

(1) First we evaluate the fidelity of the coarse grain model
in predicting the structure of mixtures not considered in the force
field parametrization. This comparison of atomistic and coarse

Molinero et al.

Figure 3. Typical configurations of water clusters in glucose solutions
for various water content (wt % of water indicated on top of each
snapshot). Each cluster can be identified by tracing the bonds between
its constituents. The color of each cluster is arbitrary; it was assigned
randomly. Water (balls) form scattered clusters (connected balls) with
chainlike and starlike portions that grow with water content. The results
shown here correspond to randomly selected snapshots for the atomistic
models; water distribution for the M3B models does not look

grain models is done through the simultaneous analysis in thedistinguishable at a glance from the atomistic ones.

equilibrated mixtures of the (i) density, (ii) radial distribution
function, (iii) water connectivity, and (iv) water percolation
threshold for the same compositions.

if their oxygen atoms (or W beads, for the M3B model) are at
a distance not farther than 4 A. Although previous atomistic

2) Second (and more interesting) is the characterization of MD studies of waterglucose mixture’$-31.32analyze clusters
g

the distribution of water in the highly hydrophilic environment
provided by the sugars. In our atomistic simulation analysis of
water-sucrose mixtures! we found that water forms extended
clusters that percolate into a 3D network for water contents
above 18 wt % In this work, we present a similar analysis of
water distribution in glucose, in the narrower range ef28

wt % water.

The radial distribution function (rdf) of water molecules is
shown in Figure 2. The atomistic watewater distribution
shows a first neighbor peak expanding up t@ A. This
expansion of the first neighbor shell with respect to pure water
has previously been observed for other low water content
monosaccharidé$ and sucrosét?°® The radial distribution

in terms of standard hydrogen bonds distances and angles, our
criteria for clusters is based only on distances because our goal
is to characterize the connectivity of water irrespective of their
possible orientations. The same spherical averaging is implicit
in the use of a single particle model for water molecule in the
coarse grain model.

Figure 3 displays the water molecules in atomistic water
glucose mixtures at different water contents. Lines connect water
molecules that belong to the same cluster. A visual inspection
of the clusters in the M3B model shows features indistinguish-
able from the atomistic description. To quantify the distribution
of the molecules in the clusters, we define the connectivity for
each water as the number of water neighbors withia 4 A.

function for water in the coarse grain representation shows aWe computed the probability of a water molecule having

good agreement, although the coarse grain model displays aneighbors as an average over the four independent atomistic
broadening and displacement of the peak to larger distancestrajectories (five for coarse grain) for each water content. These
The lack of agreement between the details in the atomistic anddistributions from the atomistic and coarse grain models (shown
coarse grain rdf is not surprising, since the parametrization of in Figure 4) are almost indistinguishable, suggesting that the
coarse grain water was done to reproduce the experimentaldistribution of the water molecules is determined more by the
properties of density, cohesive energy and diffusion of water packing of the sugar component than by the details of the
at 300 K. It has been demonstratéthat two-body approxima-  interaction potentials. We define a water cluster to be percolated
tions of many body interactions (as in the case of a coarseif it is connected with its periodic image in the three axis
graining procedure) cannot reproduce the rdf and the thermo-directions. We computed the percolation probability as the
dynamics simultaneously. Although the details of the atomistic fraction of percolated configurations over the set of four
rdf are not reproduced by the coarse grain model, a close atomistic independent trajectories (or five coarse grain inde-
inspection of the distribution of water molecules in glucose pendent trajectories) of the amorphous mixture for each water
mixtures reveals the similarity between the two models. For concentration. The results (Figure 5) indicate thatlfoth the
both the atomistic and coarse grain models, the water distributionatomistic and coarse grain model water percolation is attained
is heterogeneous in a length-scale of a few molecular diametersbetween 16.5 and 20 wt % water. For atomistic wasrcrose

For both models we find similar water clustering in glucose, mixtures, we found previously that the percolations threshold
for example: two water molecules belong to the same cluster of water is between 10 and 18 wt % water for similar cell size
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L/ Figure 6. Determination of the glass transition temperature through
,: the change in the thermal expansivity of the coarse grain 12.2 wt %
0 water—glucose mixture. Ascending temperature stair of 25 K every

125 ps. The rubbery (high temperature) curve was fitted from the points

o left to the down pointing arrow, and the glassy (low T) curve from the
Water Coordination points right to the up pointing arrow. See text for details.

Figure 4. Water—water coordination distribution for wateglucose

mixtures of various water contents. The atomistic (empty squares) and ; 0 ;

M3B (filled circles) distributions for 8% (black), 12.2% (red), 16.5% 239d:i:| 2$hK for %l.ufogieM‘Qch 12.2% d".V/;’.V Wa?tehr Vt‘)’l'th fthe '\fﬁ’ B

(green), and 20 wt % water (blue) show excellent agreement. model. The preadictedy “F12.20 1S InCiStinguisnable trom the

experimental valueTg® P15 20, = 240 K32 within the error of

our estimation. It should be noted, however, that the temperature
rate used in the experiments (5 K/min) is many orders of
magnitude slower than the one of the simulation. We studied
the dynamics of glucose 12 wt % water at temperatures ranging
from T = 365 to 250K, corresponding Ty from 1.5 to 1.05.
The simulation times spanned from Q:& at 365 K to 0.65:s
at 250 K.
: In the following we analyze the MD of water and glucose
‘ molecules with the aim of establishing the following points:
10 15 20 . ; o9
. (i) The mechanism of water diffusion in glucose and how
e the mechanism changes when the system goes from a liquid to
Figure 5. Egrcolation prhob_ag?lityt_for W?tfl‘: in glucoste Tixturets. Lheh a deeply supercooled state.
arrow provides a rough indication of the concentration at whic ” . ; —
percoIaFt)ion occurs. Th(geJ clustering distambeas 4 A. The simulation (") The meCh.amsm of glucose tran5|a.tlor.]al (_1|ffu3|on.
conditions are detailed in Table 1. (iii) The relationship between water distribution and water
dynamics in concentrated sugar solutions.
and temperatur¥. This suggests that the percolation threshold ~ 3.2.1. Mean Square DisplacemenfTo quantify the extent
may be rather insensitive to the nature of the saccharide; in of water and glucose mobility, it is useful to compute the time
agreement with the hypothesis that for the concentration rangeevolution of the mean square displacement (MSD) of the beads
studied here water distribution is mainly determined by the corresponding to the different species in the mixture. The MSD
packing of the carbohydrates. of a tagged particle is defined &8(t)= Or(t) — r(0)|2C) where
3.2. Translational dynamics for Water and Glucose We [l..Oindicates an average over an equilibrium trajectory for the
will now examine in some detail the results for MD of glucose particles of a given species (i.e., glucose or water). Glucose
with 12.2 wt % water. We selected this water concentration for MSD is defined in terms of the beads and not the center of
these studies, because it is a concentration for which watermass mobility, so that it includes both translation and rotation
already form extended clusters while still presenting a consider- of the glucose molecule. A leglog plot for the MSD for water
able amount of isolated water molecules (\W®). This variety and glucose is shown in Figure 7. They both show three
of water coordination environments is useful for testing whether distinctive regions$*
water coordination has any impact on water mobility. (i) For subpicosecond times a ballistic motion of the particles
Concentrated glucosavater mixtures experience a transition  with [E2(t)00 t2
between a viscous rubbery liquid and a glass at the glass (ii) For intermediate times a plateau value [6%(t)[] corre-
transition temperaturdy. This transition is accompanied by a  sponding to the restricted motion of the particle within the cage
change in thermal expansion coefficient. Hence, we estimatedformed by the sorrounding molecules.
T, from the intersection of the slopes of the glassy and rubbery (i) At longer times a diffusional behavide?(t)(J t”, where
regions ofV vs 1/T. The system was first equilibrated during 5 v = 1 for the hydrodynamic (Fickian) limit of long displace-
ns at 500 K at a constant pressure of 1 atm. It was then cooledments or times. We observed that the hydrodynamic limit was
to 200 K in steps of 50 K (0.5 ns at each temperature), not completely attained in the hundreds of nanoseconds of our
equilibrated at 150 K for 10 ns and then heated in a series of simulations. Thus, for water, we foundo range from 0.89 to
steps in which thél was maintained during 125 ps, and then 0.98 (see caption of Figure 8 for the values at each
suddenly increased by 25 K, up to 325 K. Prior to the analysis temperature).
of V vs 1T, the volume and temperature of the heating  The mobility of glucose beads is slower than those of water
simulations were averaged every 5 ps to decrease the “noise”for each temperature, as expected from the size difference
of the fluctuations. The resultaktvs 1/T curves are plotted in ~ between these two molecules and in agreement with the
Figure 6, along with the linear fit for the two portions of low experimental resultsThe lower the temperature, the higher the
and high-temperature data. This method rend@id'g1, 20, = separation of time scales of glucose and water diffusion. As an
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Figure 7. Mean square displacement of water (upper panel) and
glucose (lower panel) in 12 wt % wateglucose atT = 250, 280,
310, 335, and 365 K (from down up). The dashed line indicates 3.5 A,
approximately the size of a water molecule.
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Figure 8. Water diffusion coefficient estimationBap, (black circles)
andDe (gray circles) for the 12 wt % wateiglucose, computed with
the M3B model. The values of the slopeof the linear portions of
water diffusion in Figure 7 were 0.98, 0.95, 0.93, 0.89, and 0.97 in
decreasing order of temperatures.

example, we consider the time for which the MSD of water
and glucose beads reach 3.5 A (dashed lines in Figure 7):

(i) At T= 365K, it takes 12.5 ps for water and 38 ps for the
glucose beads.

(i) At T= 250 K, it takes them 3.7 ns for water and 28.3 ns
for the glucose beads.

For the rangd = 310—-365 K, the plateau region of MSD is
not completely flat. But folT = 280-250 K, there is a very
well-defined plateau of MSD for both for water and glucose.
In analyzing water dynamics, we considered these two temper-
ature ranges separately:

ForT = 365-310 K, we classify the system as a moderately
supercooled liquid,,

For T = 280 and 250 K, we classify the system as a deeply
supercooled liquid.

More justification of this classification is given in section
3.2.2.

The water MSD attained in the plateau regions is comparable
for all the temperatures: the amplitude of motion of each water
molecule in the cage formed by its neighbors-i8.7-0.9 A,
increasing slightly with temperature. This amplitude for water
vibration in the cage of neighbors is in good agreement with
the 0.5-0.7 A calculated for the H atoms of water molecules
in disaccharides from QENS experimefits.

For times longer than the plateau region, we foati) 0
tvfor water diffusion. We estimated the diffusion coefficient for
water in this third regime in two ways:

Molinero et al.
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Figure 9. Arrhenius plot of the two estimations of the diffusion

coefficient of water in 12% waterglucose.Dqp, (black circles) and

Des (gray squares) of water in glucose 12 wt % water (see text for

details). The lines correspond to the fits with the parameters indicated
in Table 4.

TABLE 4: Arrhenius Parameters for Water Diffusion in a
12.2 wt % Supercooled Mixture

Dapp Derr
Do(m?/s) 8.8x 108 5.9 10°5
Ea (kJ/mol) 38.3+ 2.3 35.8+ 4.5

(i) An effectve diffusional coefficient,Des, is defined by
[A2(t) 0= 6Dent”, and

(i) an apparentdiffusion coefficients is computed by forcing
v to be 1,[%(t)0= 6Dapg.

The values obtained are displayed in Figure 8. A similar
analysis for glucose diffusion was not attempted in the present
work because it would require much longer simulations to attain
comparable quality of data. It should be emphasized that the
Dapp and Dett are estimations of the diffusion coefficient, as
should converge to 1 for long enough runs and the two
estimations should converge to the actual diffusion coefficient.
Thus, we may consider the difference betw®&gp,andDer as
indicative of the error bar in the estimatéd

To analyze the temperature dependence of water diffusion
coefficient, we first considered an Arrhenius form:

a

D=Doeﬁ_

®3)
Figure 9 displays an Arrhenius plot for the computed diffusion
coefficients of water. Within the estimated uncertainty, the
activation energyE, and the preexponentidD, Arrhenius
parameters obtained f@r,ppandDess (Table 4) are comparable:
E2PP=38.3+ 2.3 kJ/mol

a

and ES"=35.8+ 4.5 kJ/mol
D¥P=88x 10 °m?¥s; D"=5.9x 10°m?/s

We were unable to find experimental diffusion coefficients for
water in glucose with 12 wt % water content. The closest
concentrations for which there are experimental determinations
of water diffusion coefficient in the supercooled regime are 25
wt % glucose and 60 wt % watérFor these mixtures the
Arrhenius equation provides a good fit for water diffusion, with

25% _
EX" =

31.14 1 kd/mol and E2** = 25.34 0.3 kJ/mof
D?*=1.7+0.8x 10 °m%s and
D3 =1.140.1x 10°ms

Considering the trend with decreasing water content, the
preexponential factors and activation energy from our coarse
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grain model is quite similar to the experiments, suggesting that diffusion), the van Hove self-correlation function is a Gaussian
the coarse grain description represents well the overall waterfunction (eq 6)
mobility in supercooled glucose.

We also considered a VogeFulcher-Tammann (VTF) G ) = 1 exd — r_2 )
temperature dependence of water diffusion coefficient, s\ (4yrDt)3/2 ADt
D=Ae B (4) Incoherent neutron scattering experiments provide data on the
T-T, incoherent intermediate scattering functieyk,t), which is the

space Fourier transform of the van Hove self-correlation

This form is usually invoked for analyzing supercooled mixtures, function. Thus, we computeis(k,t) as the isotropic Fourier
and represents well the increasing temperature dependence offansform ofGy(r.t). In the hydrodynamic limify(k;t)is a single
the dynamical quantities observed cooling to the glass transition, €XPonential,

The temperaturd, is a phenomenological coefficient that is

lower than Tq. We computed the values o&, B, and T, Fykt) =exp(—Dk2t) (7)
coefficients fromDapp and Derr Sets of data in the range 365

250 K. The results of unconstrained fits are whereD is the diffusion coefficient. A common, phenomeno-

logical, way to characterize the departureFafk,t) from the

B=2337K and T,=85K for D.pp exponent?al regime, is_its description as a KWW or stretched
exponential (SE) function,
and (7
Fykt) =e 8)

B=501K and T,= 190K forDey The exponenp is called the nonexponential parameter, with

) ) - values between 0 and 1, while fitting parametés associated
It is evident that the parameters are too sensitive to the ith an effective time constartthrough

differences betweeap, and Desr. As these estimates of the
diffusion coefficient should converge for sufficiently long __zrl
trajectories, we interpret the calculated VTF parameters as t= B (ﬁ)
bounds for the actuaB and T, parameters for water in this
system. In this respect is encouraging to note that for water in WhereI' is the gamma function. The descriptionf{k) by a
10 wt % watersucrose the values extracted from experiment stretched exponential function is not valid in the ballistic regime,
sinceF4(k,t) has a quadratic dependence on tith&@hus, we
B=687K and T,=118K discard the first picosecond &fyk,t) decay in our analysis,
effectively assuming thaEgk,t) = AK)e @28, We will not
analyze the behavior of\(k) here, but rather focus on the
nonexponential parametgrand the characteristic tinme
The MSD of glucose shown in Figure 7 corresponds to the
average of translational motion of the three beads in the M3B
representation of the glucose molecule and has contributions
both from the center of mass (CM) translation and the rotation
B = 1557 K (cc=0.992) forD and of the molecules. To determined the CM contribution to glucose
' app mobility, we used the van Hove self-correlation function,
B =1640 K (cc= 0.997) forD GSG(r,t), defined by eq 5, where indicates the position of
glucose molecule center of mass.

These results indicate that the accuracy of the simulations and !N the following we will examine the diffusion of water and
the number of points are not sufficient to estimate the VTF glucose in this concentrated mixture as a function of temperature
parameters. from the moderate to the deep supercooled state.

3.2.2. Van Hove Self-Correlation Function and Incoherent 3.2.2.1. Translational Dynamics in the Moderately Su-
Intermediate Scattering Function. While the analysis of the p(a/rcooled Regime, T = 310—365 K. Figure 10 shows
MSD proves to be a very useful tool to examine the average Gs (I.)for water in 12 wt % waterglucose at 365, 335, and
displacement as a function of time, a more detailed analysis of 310 K at a variety of times spanning over the semi-plateau
molecular mobility is needed to establish the mechanism of region of Figure 7 into the diffusive regime. At long times the
water and glucose diffusion in supercooled mixtures. A suitable curves tend to a GaussiaB; (,t), but for short times an
function to provide more insight into the motion of the particles evident shoulder is seen at distances aroune-8.8, along
is the van Hove self-correlation function, which indicates the Wwith a persistent first peak. The departure of the van Hove self-
probability density for a type of molecule to travel a distance ~ correlation function from Gaussian can be quantified through
in a time intervalt, the non-Gaussian parametes®® defined in terms of the lowest

moments ofGg(r,t)

9

lie between our two wildly different estimates. On the basis of
this we fitted our results assumirg)= 687 K to obtainT, =
176 K for DappandT, = 176 K for Desr. (correlation coefficients
cc=0.980 and 0.997, respectively). Alternatively assumipg

= 118 K, our results lead to

Ne

1 4
Gl =—or —IT® - 7,0NT (5 ) = 3500 10
NOL = 2( ) 5m2(t)|ﬁ ( )
where oo = water (W) or glucose (G)J(r) is the Diracod For a Gaussian distributiomy(t) is zero.

function, andll..Cindicates a trajectory average. In the hydro- Figure 11 compares the non-Gaussian paramet@) for
dynamics limi#® corresponding t@ — « andt — « (Fickean water and glucose in the 12 wt % water mixture at the highest
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Figure 10. Van Hove self-correlation function for water in 12.2 wt %
water—glucose for the moderately supercooled regime {3366 K).

Note at distances of3.5—4 A the presence of a shoulder on the main
(diffusive) peak. The position of the shoulder is comparable to water
size (see Figure 2) suggesting the existence of preferential jump
distances for the water molecules.
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Figure 11. Non-Gaussian parameter, (eq 10) for translational
diffusion of water and glucose @t= 365 K in 12 wt % water-glucose.
This shows higher non-Gaussianity for water than glucose.
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Figure 12. Van Hove self-correlation function for water®G4(r t)-

for t = 10 ps atT = 365 K (solid line) compared to the Gaussian
prediction 4r2G¥*{r,t) for the same (dashed line) from eq 6 [using
the diffusion coefficienD = 0.024 &/ps obtained from the long time
slope of MSD (Figures 7 and 8)]. The difference between the two curves
(inset) reflects the contributions from jumps, leading to a distribution
of distances between2.5 and 4 A for the decay of waterd?G4(r t).
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Figure 13. Occasional jumps for a randomly selected water molecule
at 365 K (upper panel) and the effect of these jumps on the cumulative
displacement of that molecule (lower panel). Water motion consists of
continuous small steps, associated with continuous diffusion, combined
with jumps.

6500

= 0.024 Rps atT = 365 K). The difference between the two
curves (inset of Figure 12) suggests that there is a second water
diffusion mechanism in addition to regular diffusion. To analyze
the incidence of jumps in the mechanism of water diffusion at
365 K, we followed the individual molecule displacements using

a time resolution of 5 ps. The displacements for a randomly
selected water molecule are shown in Figure 13. This shows
that water experiences both small and big jumps, consistent with
a jump diffusion mechanism.

The non-Gaussian van Hove self-correlation functions shown
in Figure 10 correspond to nonexponential incoherent intermedi-
ate scattering functiongZ(kt). We analyzed=g(k,t), the CM
translation for water and glucose using 19 equispacealues
in the range 0.252.5 A-1. This range covers the reciprocal
distances = 2n/k from 2.5 to 25 A. The stretched exponential

temperature, 365 K. We see here that water dynamics departdunction (eq 8) gives an excellent fit for the time decay of

more from the hydrodynamic behavior than glucose, although
glucose diffusivity is slower. For water at 365 K, the maximum
departure from Gaussian behavior istat= 13 ps. Figure 12
compares the actual van Hove function for watet &t 10 ps

in the glucose mixture at 365 K with the Gaussian prediction
for the hydrodynamic value of the diffusion coefficieafp

Fo(kt) at T = 310-365 K for all reciprocal distances studied.
We observe in Figure 14 that the stretch exportefar water
translation is lower than 1 in throughout tkerange studied.
We also find that for each temperature, the water relaxation is
more nonexponential than is glucose relaxation; f.éor water

is lower thang for glucose. The wave vector dependencé of
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0.5 1 1.5 2 2. Figure 15. Wavevector dependence of the characteristic translational

A1 time. Circles and triangles correspond to the simulation results for water
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and glucose translation, respectively. The lines correspond to the fit to

Figure 14. Stretch exponenf for the nonexponential relaxation of  a model of random jump model plus continuous diffusion for water
water (circles) and glucose (triangles) in the moderately supercooled (eq 13) and a continuous diffusion for glucose center of mass (eq 11).
regime (316-365K) for the waterglucose mixturef is lowest for
the molecular size distancek £ 1 A1), where the heterogeneous TABLE 5: Translational Diffusion Characteristics for
structure of the mixture is more pronounced. Beyond the molecular Water and Glucosé
size, there is a steep increase of the nonexponential parameter toward

1 water
' T %o lo Diump D¢ glucose
(K) (ps) A (A%ps) (A%ps) D (A%ps)

is similar for both components and for all the three temperatures.

We found thaf3 vs k displays a “two-slope regime’/3 presents ggg zﬁ-g gig %-g igz éll-gx igz g-‘-;x igj

a low, slowly varying value up tk~ 1 A-1and then increases : : : s SoXon ., Slxol

steeply in the range of distances above the molecular size.310 514.6 3.28 35107 2710 35107

Considering as a measure of the dynamical heterogeneities Ea(kJ/mol) ~ 32.0+ 2.3 26.8+0.6 454+12 34.6+34

in the_ mi)_(ture (see below), Figu_re 14 reveals tha_lt an important  apiume = | /67, is the low k-vector contribution to the diffusion

contribution to the heterogeneity of the dynamics of glucose coefficient due to water jumps, shown for comparison with the

and water is to be found in the heterogeneous first neighbor continuous componer®. The activation energi. shown in the last

structure of the mixture (Figure 3). row correspond_s to an Arrr_le_nius analysis of the respective time
Stretch exponents lower than one can arise from a distribution constants and diffusion coefficients.

of exponential decays (called the heterogeneous scenario) or ] ] ) ) )

from subdiffusive behavior of all the particles (homogeneous Provide an excellentfit to eq 11 (straight lines through triangles

scenario). In the heterogeneous scenario there is a distributionn Figure 15). The estimated diffusion coefficients for glucose

of time constants for the mobility. In this context, a lowgr  are listed in Table 5. o .

implies a broader distribution of characteristic times. Arbe et We computed the apparent activation energies for CM

al3 proposed to distinguish between a homogeneous anddiffusion in glucose from the diffusion coefficients at three

heterogeneous scenario by the power exponesftthe wave points in the range 310365 K. The activation energy obtained

vector dependence of the inverse average time stale] k™ from this method, = 34.6 kJ/mol) (see Table 5) is comparable
(i) If the distribution is a sum of exponential decays, tmen  © that (~35 I_<J/mo|) obtaln(_ad for water_d|ffu3|c_)n. Th|s_result

=2. disagrees with the experimental available information for
(ii) If the diffusion is homogeneous and subdiffusive= glucose diffusior?, which shows that the activation energy for

21B. glucose diffusion increases with the sugar concentration and is

3.2.2.1a. Translational mobility of Glucose CMFigure 15 already 54 kJ/mol for the 25 wt % water glucose mixture. We
shows than = 2 for the glucose CM translation at 365, 335, nterpret this as |nd|c§1t|ng thqt the low activation energy we
and 310 K throughout thk range studied. This indicates that compute for glucose is an artifact of our coarse grain model,
the glucose nonexponential intermediate scattering function canWhich accounts for the effect of the hydrogen bonds using a
be understood as a superposition of exponential (continuousMean fle_ld. For a concentrated glucose solution, we expect that
diffusive) relaxations with a broad range of time scales. The Sugar will form a hydrogen bond netwotk,and that the

average translational diffusion coefficients for glucose can be topological constraints of the multiple sugar-sugar hydrogen
estimated from bonds will decrease glucose mobility, thus increasing the

activation energy above that of water.
710 DK (11) 3.2.2.1b. Translational Mobility of Water. Waterz~* values
(circles in Figure 15) show an initial linear behaviormof' vs
The computed characteristic times for glucose translation k?, followed by a flattening for highek that cannot be
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represented a1 00 k2 (all attempts to obtain a linear fit lead '
to an unphysicaB > 1). This flattening off 1 is indicative of
a jump-diffusion mechanism and has been observed for water
diffusion in neutron scattering experiments of trehalcsed
fructosé solutions. A random jump-diffusion mod&in which
the particles wait for a tim&, between jumps of lengthy,

o
e

280 K 1

o
»

(rt)

-]

predicts that "504 7
= i
T=Tol+% (12) 0.2 lff .
K4, | ]
According to this equatiort reaches a constant value at high 00 o
k values corresponding to the time between jumnigs,Our r (A)

simulations indicate that for the water beads increases even
beyondk = 2.5 A~1, in agreement with neutron scattering data
for water in carbohydrates®35411f we assume that water can

translate either via jumps or via continuous diffusion, the rate
constant of translation can be writen as a sum of a rate constant -
due to jumps (eq 12) plus a rate constant due to small-step :-;:n
continuous diffusion: Los
=
2 ~
%=§—EE—-+W¥ (13)
T To\6+ K12
Equation 13 gives an excellent fit far lof water, as shown in 0
Figure 15 (the circles indicate data points, the lines through
them are the fits). Table 5 lists the parameters corresponding r(A)
to the following: Figure 16. Van Hove self-correlation function for water in 12 wt %
(i) The waiting time between jumpg. wate_ﬁg'lucose 'atT/Tg = 1.17_and 1.05 showing_ _weII-define_d peaks
(ii) The length of the jumps.. that indicate a jump mechanism for water mobility. The existence of

multiple jump peaks is a consequence of the separation of water and

(iii) The effective contribution to the diffusion from small- glucose translational time scales in the 12 wt % wagguncose mixture.

step (continuous) diffusiorDe.
We observe that the length of the jumps decreases with TABLE 6: Characteristic Time Scalesz and Stretch
increasing temperature and is comparable to the size of the wateExponents for Water Translation, for k = 1.75 A1

bead at the lower temperatures. The jump-diffusion model T(K) 7 (ps) B

analysis of neutron scattering experiments in supercooled water 280 10078 052
found the same trend of increasing jump length with increased 310 403 0.56
supercooling? We estimated the temperature dependence of 335 131 0.62
diffusion in terms of an Arrhenius function for continuous 365 41 0.64

diffusion, D¢, and the formDiu™p = |,2/67, for jump contribu-
tions. The ratidDi'™P/D¢ was 13, forT = 310 K, 6.6 for 335 K, represented by the stretched exponential function (eq 8). Table
and 4.2 for 365 K. This trend (see the computed activation 6 lists the characteristic timasand stretched exponenfsfor
energies in Table 5) shows an increasing relative contribution water translation ak = 1.75 A1, the reciprocal distance of
of the jump mechanism to water diffusion as the temperature the first hopping peak, in the range 28865 K. The charac-
decreases, but a longer waiting time between hops. teristic time at 280 K is~10 ns.

3.2.2.2. Translational Mobility in the Deep Supercooled Notwithstanding the good agreement of the diffusion coef-
Mixture: T = 250—280 K. The preeminence of the hop- ficient temperature dependence with the Arrhenius equation for
ping mechanism for water diffusion in glucose at the lowest all the temperatures studied, the characteristic jump timé&s at
temperatures produces distinctive secondary peaks in the van=1.75 A~ do not follow an Arrhenius form in the range 365
Hove self-correlation function. AT = 310 K, zbrrzG‘SN(r,t) 280 K: While anE, of 37.33 kd/mol can be computed from
showed a significant shoulder on a single peak whose maxi- the three highest temperatufe the apparen€, for water
mum evolves with time to larger distances, bufTat 280 K translation between 310 and 280 K is more than double this
the shape of #rZGZV(r,t) displays an almost stationary first value (82.4 kJ/mol).
peak with a well-defined secondary peaks that grows at the The van Hove self-correlation function for water at the lowest
expense of the first one (upper panel of Figure 16). The first studied temperaturd, = 250 K (Figure 16), shows the same
peak corresponds to the vibration of the water molecule in qualitative features as fof = 280 K, but with more pro-
the “cage” formed by its neighbors, and its position is invar- nounced: multiple peaks whose positions do not evolve on the
iant at the lowest temperature. The position of this first peak in hundred nanoseconds time scale. The existence of well-defined
47r2G.'(r 1) corresponds to the distance observed in the pla- peaks in 4r2GY(r 1) is indicative of a hopping mechanism for
teau of W2(t)J (see Figure 7). The position of the second water mobility in the deeply supercooled glucose mixture. We
maximum of 4rr2GZ"(r,t) at r~3.7 A is comparable to the tested the existence of this mechanism by calculating the
closest waterwater and waterglucose distances. displacements of individual water molecules. The distadggs

We computed the intermediate scattering functiek,t) for = [fi(t) — Ti(0)| traveled at 250 K for several randomly chosen
water at 280 K, and found that its time evolution can be water molecules are shown in Figure 17. This figure confirms
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Water Coordination

Figure 19. Water coordination facilitates water mobilitiyacilitation
is defined by eq 14.

U o1 @& U3 04 0o 08 and glucose diffusion, leading to migration of water between
t(us) discrete positions in a matrix that is translationally frozen in
Figure 17. Displacementi(t) = [Fi(t) — Ti(0)| of the least moving  that time scale. Even after traveling for distances on the order
(green) and most hopping (black) water molecule during the 650 ns of four molecular diameters, the water molecules at 250 K still
simulation. The inset displays the dlsplacemen_t of these two moleculesshOW preferential positions evidenced as local maxima in the
plus two other randomly selected molecules, in a shorter time frame. 4JrrZGW(r )
< (1,0).
2 — T 77 3.3. Water Facilitation: The Effect of the Heterogeneous
0g RITTTTTTTTTI] | Structure on the Dynamics. We showed in section 3.1 that
glucose - water distribution in concentrated glucose is heterogeneous at
s the molecular length scale (Figures 3 and 4), and in section 3.2
that water dynamics is nonexponential, especially at molecular
size reciprocal distances (Figure 14). Now we discuss the
relationship between these structural and dynamical heteroge-
0 2 4 6 8 10 12 14 neities. The locally heterogeneous structure of water in glucose
implies the existence of a distribution of local environments.
Here we characterize the water environment by a single
1 variable: the number of other water molecules closer than 4 A
| ; (defined as water coordination). The increasing separation of
3 4 characteristic times between water and glucose translation at
r (A) the Iovyest. temperatures suggests that this variable for water
Figure 18. Van Hove self-correlation functionz#2GZ(r t)for glu- dynamics in th.e .supercooled and glassy state may be sensitive
cose center of mass mobility at 250 K. The translation of glucose center to the connectivity between water m(_)lec_uleg. .
of mass does not show secondary peaks even at the lowest temperatures. 10 analyze the effect of water coordination in water dynamics
The inset shows the differences in displacement of water and glucosewe computed the following:
after 75 ns. () The distributionP(WC) of all the water molecules for each
of the equilibrium trajectories of 12.2 wt % water mixtures at
that, at 250 K, water in 12 wt % wateglucose moves through T = 250 to 365 K (analogous to the results shown in Figure 4).
simple hops of about 3.5 A. The small step diffusive mechanism (i) The distribution describing the coordination of the water
that is significant in the moderately supercooled liquid regime moleculesvhen they jump)(WC), where we considered that a
(see Figure 13 and Table 5) does not contribute to water jump occurs when a molecule moves at t€ad\ in 20 ps.
translation close to the glass transition. On cooling the jump-  J(WC) considers only the coordination of the water molecules
diffusion mechanism for water gives rise to a hopping mech- just before they jump. If the jumps were independent of water
anism. Another feature obvious from Figure 17 is that there is coordination, the ratio betweelWC) andP(WC) should be 1
a wide distribution of waiting times between water jumps. After for all WC. We define the ratio between these two distributions
0.65us some water molecules still have not moved from their as thefacilitation
initial position, while others jumped hundreds of times.

In contrast the translation of the glucose center of mass at
250 K does not show evidence of jumps comparable to the beads
sizes. GIucose:#ZG‘sN(r,t) displays only one peak (Figure 18)
whosermax position advances slowly with time, correspond- The facilitation for water mobility in 12.2 wt % water
ing to a diffusive motion. The behavior we observe for glucose glucose is shown in Figure 19 for the five supercooled
dynamics in this mixture is similar to the behavior for temperatures. The results show the dramatic effect of water
o-terphenyl (OTP) in the model of Lewis and Wahnstr¥im.  coordination on water dynamics: The probability that a water
The similarity is not surprising since our model for glu- molecule jumps increases almost linearly with their number of
cose molecule and their model for OTP consist of three beadswater neighbors. The probability for an isolated water in the
in a similar geometry. The overall translational mobility of sugar matrix (WG= 0) to move one water diameter in 20 ps is
glucose at 250 K is negligible compared with water (see inset less than half the value it would have if the process were
of Figure 18), supporting the idea that at the lowest tempera- independent of water coordination. In contrast, the jump
tures there is an increasing separation of the time scales of wateprobability of water is double the average if its coordination is

1.5 - 06
' 0.4
0.2
0

2
4nrrGy(rt)
T

0.5

JWC)

facilitation(WC) = PWC)

(14)



3710 J. Phys. Chem. A, Vol. 108, No. 17, 2004 Molinero et al.

above 5. These results indicate that the free energy barriers forof our coarse grain model is due to its ability to reproduces
the activated water diffusion are decreased by the presence ofvery well the shape and interaction energy of glucse.

water neighbors. The effect of temperature in the facilitation is  The structures formed by water in glucose are similar to those
reasonable: t_he higher the temperature,_the more mobile thephserved in other carbohydrate mixtutésnterestingly, they
glucose matrix and the less relevant is the wateater  resemble the transient structures of highly mobile water
coordination for the water mobility. However these results show molecules observed by Giovambattista et al. in atomistic
that even afl = 365 K, the mixture is still in a landscape sjmulations of pure supercooled watéihe similarity of these
influenced dynamical regime and that the structure-induced stryctures may be responsible for thgof the VTF analysis
barriers still play an important role. This result is in agreement (eq 4) of the relaxation of water in concentrated sugar mixtéires
with the existence of true jumps in the dynamics of water even being the same as th&, for pure supercooled water. We

at such relatively high temperatures. ~ consider that the origin of this coincidence may be the existence
~ The presence of dynamical heterogeneities in water mobility of similar mobile water cluster structures in a frozen medium.
is expected to produce a nonexponential relaxation of the \while the water clusters are dynamical and transient in the case
intermediate Scattering function and a broad distribution of of pure Supercoo|ed water where they move in a frozen water
waiting times between jumps. These two effects have been environment, the water clusters formed in the concentrated sugar
observed for water diffusion in the 12.2 wt % wat@fucose  mixtures are structural and relax in a frozen sugar structure.
solution, and we consider them to be manifestations of the The similarity of the frozen sugar and water environment from
microscopic heterogeneity of water structure in these mixtures. the point of view of the relaxing water molecules may be

This picture agrees with the temperature dependence of theresponsible for confering similar dynamical characteristics to
nonexponential paramet@r At lower temperatures, the mobil-  the two processes.

ity depends more on water coordination, leading to a broader
distribution of time scales that produces a loydor water. It

is tempting to attempt an equivalent analysis for tke
dependence ¢f (Figure 14). In this case it seems that the main
contribution to the heterogeneous dynamics arises from short
distance molecular interactions ¢ 1 A1), in agreement with

the change of the mobility with water coordination in the first
shell. A more thorough analysis is required, however, to assess
the effects of longer range water structure in the heterogeneou
dynamical response and the microscopic interplay between wate
and glucose dynamics in these mixtures.

4.2. Dynamics.We have studied the dynamics of water and
glucose in the mixture with 12 wt % water using the M3B coarse
grain model. The glass transition temperature of the mixture
computed with the coarse grain model (239 K) is indistinguish-
able from the experimental value (240 K) (Figure 6). We studied
the translational dynamics in théTy range 1.5-1.05. Though-
out this temperature range, the felgg analysis the mean square
displacement of water and glucose both show the characteristic

lateau of supercooled liquids (Figure 7). For water, we obtained
the diffusion coefficients from the long time behavior of the
MSD and found that the temperature dependence is well
described with an Arrhenius form (Figure 9). The computed
activation energy for water diffusion is 388 kJ/mol. This

In this work, we present atomistic and coarse grain simula- result compares well with the expected activation energy from
tions of the distribution of water in concentrated glucose €xtrapolating the values for water diffusion in 25 and 60 wt %
mixtures and a coarse grain study of the translational dynamicsWater—glucose mixtures obtained with NMR in the supercooled
of water and glucose in the Supercoo'ed regime_ We find a I‘eglme? 31.1and 25.3 kJ/mOI, I’eSpectlve|y The pl’eexponentla|
relationship between the heterogeneous structure of water infactor also is in the same order of the experimental ‘one,
these mixtures and its heterogeneous dynamics_ The mainindicating that the essentials of water m0b|l|ty are well Captured
findings are ars follows. by our simple coarse grain model. We observed that for all

4.1. Structure. The M3B coarse grain model, parametrized teémperatures the diffusion of water in 12.2 wt % water glucose
to fit the atomistic properties for pure glucose and watér, IS faster than that of glucose and that at room temperature it is
gives densities for concentrated watetucose mixtures af ~ about 2 orders of magnitude below the diffusivity of pure water.
~ 340 K that are within 24% of the results from the atomistic ~ e find water diffusion to be nonexponential (Figure 14), in
model (Table 1). The atomistic distribution of water in glucose agreement with experimental dielectric relaxation results for
mixtures is also well reproduced by the coarse grain model, Water-glucose mixtures in the same concentration rédhged
leading to a heterogeneous water structure at the length scaléVith neutron scattering data for water in fructdse.
of a few water diameters. Similar results were found previously =~ We find that the mechanisms for translational diffusion of
for atomistic simulations of aqueous solutions of fructésad water and glucose are different. The dynamics of glucose center
sucrosé?! The water structure consists of clusters with chain of mass is nonexponential with no evidence of jumps for
and starlike portions that we characterize through the distribution reciprocal distances up to 2.5A For glucose, the inverse of
of waterwater connectivityP(WC). The distributions obtain  the characteristic time of translation verdug is linear. This
from the atomistic and coarse grain models (Figure 4) agree wave vector dependence of the characteristic time, (Figure 15)

4. Summary

surprisingly well for all water contents {80 wt %) studied. along with g38¢ < 1 (Figure 14) is consistent with a dynamically
Moreover, the two models predict the same percolation threshold heterogeneous scenafiin which the glucose molecules diffuse
for water in glucose, between 16.5 and 20 wt %3 at 340 K in a continuous way with a distribution of characteristic times.

(Figure 5). This agreement between the coarse grain andWe find an activation energy for glucose diffusion in the range
atomistic results shows that the main features in the water 365—-310 K that is comparable to that of water (Table 5). The
distribution in concentrated glucose is described wéthout trend of experimental activation energies of water and glucose
include explicitly directional waterwater interactions (such as  in 25 and 60 wt % water mixtur@éndicate that the glucosg,
hydrogen bonds or a distribution of point charges). This suggestsshould be considerably larger than that of water. While the
that the water structure in the mixture n®t determined by coarse grain model reproduces very well the energetics of
directional waterwater hydrogen bonds but rather is determined glucose-glucose interactions, it does not provide the “sticky
by the packing of water in the glucose matrix. Thus, the successpoints” that restrain glucosgglucose relative mobility. We
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speculate that the absence of such directional interactions will points to a possible relationship between the heterogeneous

prevent the system from forming a polymer-like structtiesd

structure of water in glucose and the heterogeneous distribution

may be the responsible for the discrepancy in the activation of time scales expressed through low value$ of

energy.

For water diffusion we considered two regimes:

(i) A moderately supercooled regime fofTg = 1.3—1.5.

(i) A deeply supercooled regime below 1Tg.

These two regimes differ in the relevant contributions to water
diffusion of a continuous diffusion component vs the importance
of jumps (compare the time evolution of the peaks in the van
Hove self-correlation functions in Figures 10 and 16).

In the moderately supercooled regime, water has two
relaxation mechanisms:

(i) Continuous small step diffusion.

(ii) Big jumps of ~3 A average length that become longer
and less frequent as the temperature is decreased.

Thus, we interpret the diffusion rate of water as a sum of a
diffusion rate through random jump diffusion plus a diffusion
rate through continuous diffusion (Figure 15). Jumps play a
significant role in water diffusion in 12.2 wt % wateglucose
even at 1.5y Notwithstanding the increase in the waiting time
between jumps, we find that for water the jump mechanism

increases in importance with decreasing temperature (Table 5)
In the deep supercooled regime the predominant mechanism o

water diffusion is through hopping. At 250 K, the characteristic
times for glucose diffusion is much lower than that of water,

and water hops in a translationally frozen matrix (see inset of

Figure 18).

The appearance of well-defined peaks in the van Hove self-

correlation function foiT/Ty below 1.2, along with characteristic

times on the order of a few nanoseconds, signals the onset ofg,

landscape controlled dynamfésin this system. In addition
water-sucrose experiments show a breakdown of Stekes
Einstein relatiof® that suggests similar phenomena. Indeed a
similar change in dynamics around Tgds also observed in
molecular dynamics simulations of simple Lennard-Jones
fluids.#748 Sastry et af’

minima explored by the liquid increases with decreasing

temperature. They find a temperature below which nonexpo-

nential relaxation occurs so that aboVgthere is an abrupt
increase in the energy barriers separating energy minima leadin

to dynamics that is dominated by rare jumps on the order of
the interparticle distance. This description is consistent with our

findings for water translational dynamics in this binary mix-
ture: the onset of nonexponential relaxation is above 365 K,

We analyzed the relationship between the local structure of
water and water mobility and found that the heterogeneous
structure of water [characterized by the presence of a distribution
of water-water coordination populationB(WC)] has a tre-
mendous impact on water mobility. We showed that water
water connectivity facilitates water diffusion (Figure 19) and
that the effect is more pronounced for the lower temperatures,
where the dynamics of the glucose molecules is slowed with
respect to water. The smoothing in the dispersion of the
structural facilitation with increasing temperature is in agreement
with the observed increase of the nonexponential paranfeter
for water with increasing temperature (Figure 14 and Table 6).
We consider that the facilitation mechanism plays a very
important role in the nonexponential nature of water relaxation.
The fact thais is lower for reciprocal distances comparable to
the molecular size strongly supports the relevance of this close-
neighbors mechanism in the facilitation of mobility in super-
cooled mixtures.

A relationship between water local structure and water
dynamics was previously found by Sciortino et*&$° These

'fauthors studied atomistic liquid and supercooled water through

molecular dynamics simulations and found that water molecules
with five or six neighbors have higher mean square displace-
ments than those with four neighbors. Although these papers
unfortunately do not indicate whether the mobility for water
with two or three neighbors is lower than for a perfect tetrahedral
environment, the increase of mobility below a dengityhin
(~0.9 g/cn? for SPC/E water at 240 ¥) suggests that both
xcess and defect with respect to tetrahedral coordination
facilitate water mobility. This is not the case for water in the
binary mixture for which the monotonic increase of mobility
with the number of neighbors (see Figure 19) reflects the
difference in mobility of water and glucose: The existence of
more water neighbors provides more pathways for relaxation

X showed that b|nary Lennard-lJones for water in an environment of low mobile glucose molecules.
mixtures lead to an onset of nonexponential relaxation at a

temperature below from which the depth of the potential energy h

The quantification of the effect of the facilitation on the
eterogeneous dynamics of water requires the complementary
evaluation of other sources of heterogeneity, such as the
existence of “islands of mobility” in the overall mixture. These
factors will be presented in a forthcoming publicatfn.

g

5. Conclusions

We studied the structure and translational dynamics of a
binary mixture with components of different size and molecular

and the loss of the continuous diffusion mechanism can be complexity, although similar interactions. Our study of the
interpreted as the disappearance of the shallow energy minimatranslational dynamics in a supercooled 12.2 wt % water

We identify the deep supercooled regime with the region of
hopping preeminence.

glucose mixture reveals the existence of different mechanisms
for the translational diffusion of these molecules. The sugar

We measured the nonexponential nature of the relaxation of center of mass diffusion is continuous, whereas water mobility
water and glucose through the wave-vector dependent stretchresults from combining small step (continuous) and water size

exponenp3. We find (Figure 14) that (i) water relaxation is more
nonexponential than that of glucose for all conditions, in
qualitative agreement with NMR results for supercooled water
glucose mixtures (ii) the 8 for both water and glucose increase

jumps. These mechanisms had been suggested from the analysis
of neutron scattering of watercarbohydrate mixture®32 and

this work presents a striking confirmation along with a quantita-
tive characterization of the nonexponential behavior and char-

with temperature, and (iii) the wave-vector dependence of the acteristic times in thd range 316-365 K. For temperatureb

stretch exponents is similar for the two componeiftstecreases
sharply with increasing, up tok ~ 1 A-1 and then decreases
slowly up tok = 2.5 A-1, the maximum wave vector studied.

< 280 K, we observe that water diffusion is controlled by
activated hopping events, with water relaxation times exceeding
10 ns. We find an increasing separation of time scales between

The latter range corresponds to the molecular size of water andthe glucose matrix and the glucose while approaching the glass
glucose, indicating that the heterogeneities in the translational transition: at 250 K the water molecules already move in a
dynamics are felt particularly in the molecular range. This result translationally frozen matrix. This time scale separation for water
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and glucose diffusion is the precursor of the experimentally
observed water diffusivity in glassy watecarbohydrat&* and
other binary organic mixtures of different sized molecufes.

We find that the locally heterogeneous structure of water plays

a key role in water diffusivity, particularly in the deep
supercooled regime where the matrix diffusivity is negligible.
Here the pathways provided by the watgrater connectivity

facilitate the mobility of water molecules. Through this facilita-

tion mechanism, the heterogeneous environments of water in

the solution contribute to the nonexponential, dynamically
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