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We study the effect of the sugars glucose, trehalose and sorbitol on the reorientation dynamics of water molecules, using
polarization-resolved femtosecond infrared spectroscopy. We find that at all sugar concentrations the water dynamics can be
described by a single reorientation time constant. With increasing carbohydrate concentration, the water reorientation time con-
stant increases from 2.5 picoseconds to a value of about 15 picoseconds. The slowing down of the water dynamics is strongest

for trehalose, followed by glucose and sorbitol.

1 Introduction

Sugars are an important class of biological molecules. In liv-
ing organisms, they fulfill a wide range of functions, serving
for example as energy source or signaling group (when part
of a glycoprotein or glycolipid), or acting as a stabilizing os-
molyte of proteins under environmental stress conditions !
Even though this latter property is widely used in industry
and biochemistry labs, the exact mechanism by which sug-
ars stabilize proteins against unfolding is still not fully under-
stood 1 3.

Since sugars are preferentially excluded from protein sur-
faces 2, it has been hypothesized that they protect proteins
indirectly by modifying the properties of the water solvent.
For this reason, people have extensively investigated the prop-
erties of water in solutions of sugars, using a wide range
of techniques. With Raman spectroscopy*°, neutron scat-
tering®, neutron diffraction’ and THz absorption experi-
ments %11 it was found that the water structure around sug-
ars is changed in comparison to the structure of neat water.
However, the observed structural changes tend to be quite
small®. A more pronounced effect is found with techniques
that probe the dynamics of the water molecules. Dielectric
relaxation 2, NMR 13, time-resolved fluorescence '# and dy-
namic light scattering !> studies all show that the dynamics
of water slows down significantly near sugar molecules. A
similar slowing down effect is seen with molecular dynam-
ics simulations®!7-1°. However, the different studies do not
agree on the magnitude and the spatial extent of the effects
of sugar molecules on the dynamics of water. For trehalose
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for example, which is the sugar with the highest degree of
bioprotectability, different techniques give different results.
With NMR measurements of the spin relaxation rate of water
170 in dilute trehalose solutions a modest retardation factor of
1.6 was found, assuming that the hydration shell consists of
47 water molecules 3. In dynamic light scattering measure-
ments '3 a much larger retardation factor of 5 to 6 was found,
for a hydration shell consisting of 25 water molecules. Fi-
nally, time-dependent fluorescence Stokes shift measurements
of a small THz probe covalently attached to trehalose '#, in-
dicate that trehalose affects the dynamics of more than 150
surrounding water molecules.

Here we report on the effect of different sugars and sugar
alcohols on water reorientation dynamics, using polarization-
resolved femtosecond infrared spectroscopy. This technique
has the advantage that it directly measures the picosecond re-
orientation dynamics of both water and solute. We studied so-
lutions of glucose, trehalose and sorbitol, as these are all com-
monly used as stabilizing osmolytes. In addition, glucose is
the main monosaccharide unit and energy source in biological
systems. Trehalose, on the other hand, is known to be the most
bioprotective sugar?. Finally, sorbitol is interesting because it
is a linear form of glucose; unlike glucose and trehalose it does
not contain a pyranose ring, and therefore the comparison be-
tween glucose and sorbitol gives information on the effects of
sugar conformation on the water reorientation dynamics.

2 Methods

We investigate solutions of glucose, trehalose and sorbitol in
isotopically diluted water, using polarization-resolved fem-
tosecond infrared spectroscopy. The solutions are prepared by
mixing the carbohydrate (purity >98%, Sigma-Aldrich) with
ultrapure milli-Q grade H,O and DO (99.9%D, Cambridge
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Isotope Laboratories) such that the percentage of deuterated
hydroxyl groups in the sample is always 4%. After mixing,
we stir and heat the solutions to about 50°C to promote disso-
Iution. Upon cooling back to room temperature, the carbohy-
drates stay well dissolved.

We excite and probe the OD stretch vibrations centered at
2500 cm~!. A short pump pulse, in resonance with the OD vi-
bration at 2500 cm™!, efficiently excites the OD stretch vibra-
tions in the sample, which we then follow by monitoring the
absorption of a weaker probe pulse at a variable delay time t.
The transient absorption setup is described in ref.?. At early
delay times, the probe absorption is decreased around 2500
cm™!, due to ground state depletion and v = 1—0 stimulated
emission. The absorption is increased around 2300 cm~!, due
to v = 1—2 excited state absorption. Both absorption changes
decay with the lifetime of the OD stretch vibration. In addi-
tion there is a small ingrowing signal associated with sample
heating.

By comparing the transient absorption for probe pulses po-
larized either parallel or perpendicular with respect to the
pump polarization, we can determine the reorientation rate
of the excited OD oscillators. This determination relies on
the fact that OD vibrations aligned parallel to the pump po-
larization are most efficiently excited. Therefore the parallel
transient absorption signal is initially higher than the perpen-
dicular signal. At longer delay times this difference decays to
zero due to molecular reorientation. From the parallel (AaH)
and perpendicular (Ao, ) transient absorption signals we can
construct the isotropic signal:

Adtiso (V1) = L(Aoy (v,1) + 240, (v,1)) (1)

Here v is the frequency and 7 is the pump-probe delay time.
Ao, decays with the lifetime of the vibration and is indepen-
dent of molecular reorientation. In addition we can construct
the anisotropic signal

AO(H(V,Z‘) 7AOCL(V,I)

R(v,1) = Aay(v.1) +280, (v,1)

@

The anisotropic signal is directly proportional to the second
order reorientational correlation function, and decays with the
rate of molecular reorientation, after a small librational contri-
bution at delay times smaller than 0.5 picoseconds.

To calculate the anisotropic signal associated with the OD
stretch vibrations, the parallel and perpendicular absorption
signals first have to be corrected for the isotropic heating con-
tribution. As the energy of the excited OD vibrations is ul-
timately transferred into heat, the relaxation eventually gives
rise to a delayed transient absorption signal with the shape of a
thermal difference spectrum. To correct for the heating effect,
we need to determine the dynamics of this effect with great
accuracy. We determine these dynamics in an independent ex-
periment in which we probe the red wing of the OH stretch

Om
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Fig. 1 Linear spectra of aqueous glucose solutions (0,1,2,3,5,7,10
mol/kg), with 4%D:H. Spectra are corrected for HyO background.

vibration of the H,O solvent (that is centered at 3400 cm™)
in the spectral region between 2800 and 3100 cm~'.2! The
OH stretch vibration is not directly excited by the 2500 cm™!
pump pulse, but its frequency and cross-section are affected by
the heating effect that follows the relaxation of the excited OD
stretch vibrations. Therefore, the red wing of the OH stretch
spectrum forms an excellent reporter of the dynamics of the
ingrowing heating effect. With the thus determined heating
dynamics, we can correct the transient absorption signals at
all delay times for the heating contribution.

3 Results and discussion

3.1 Linear spectra

Figure 1 presents linear spectra of solutions of glucose in iso-
topically diluted water. The spectra show a broad absorption
band centered at 2500 cm ™! due to the OD stretch vibrations
of water and glucose. With increasing glucose concentration,
the center frequency and spectral shape show little change.
The absorption around 2500 cm™! slightly decreases, due to
the decrease of the concentration of OD oscillators, and the ab-
sorption at frequencies above 2600 cm™! increases, due to the
absorption of the CH stretch vibrations of glucose. The same
trends are observed for solutions of trehalose and sorbitol in
isotopically diluted water.

3.2 Isotropic and anisotropic signals

In figure 2 we present isotropic transient absorption signals
measured for solutions of trehalose after exciting the sam-
ple with a pump pulse at 2500 cm~!. Figure 2a presents the
isotropic absorption signal between 2400 and 2600 cm™' for
a solution of 3.5 molal trehalose. At early delay times, we ob-
serve a bleach at the fundamental transition of the OD stretch
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Fig. 2 Isotropic absorption change for solutions of trehalose in water at different picosecond delay times after excitation with a 2500 cm™
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pump pulse. a: Absorption change between 2400 and 2600 cm~!(OD stretch vibration) for 3.5 molal trehalose. b: Absorption change
between 2800 and 3100 cm ™~ (tail of OH stretch vibration, heating signal) for 3.5 molal trehalose. c: Absorption change between 2800 and
3100 cm™!, normalized at 100 picoseconds, for different concentrations of trehalose (0, 0.5, 1, 1.5, 2.5 and 3.5 molal). The dotted lines

represent empirical triple-exponential fits.

vibration around 2500 cm ™!, and an induced absorption at fre-
quencies below 2420 cm~!. At later delay times, these signals
have decayed and the transient spectral response is formed
by the thermal difference spectrum. Figure 2b presents the
isotropic absorption signal between 2800 and 3100 cm ™! for
the same solution. The bleaching signal (negative absorption
change) slowly rises with increasing delay time. This signal is
due to the shift and decrease in cross-section of the OH stretch
vibrations with temperature, and directly represents the rise in
sample temperature. The dynamics of the heat signal between
2800 and 3100 cm ™! (normalized at 100 picoseconds) for dif-
ferent concentrations of trehalose are shown in figure 2c. With
increasing concentration of trehalose, the heat dynamics slow
down considerably. For solutions of glucose and sorbitol we
observe a similar slowing down of the heating dynamics with
increasing solute concentration.

Figure 3 presents the isotropic transient absorption signals
for water and the three studied sugars, after correcting for
the heating contribution. All isotropic spectra show a strong
bleaching signal around 2500 cm~! due to the bleaching of
the fundamental v = 0—1 transition (ground-state bleaching
and stimulated emission) and an induced absorption at fre-
quencies below 2420 cm~! due to v = 1—2 excited-state ab-
sorption. The spectral shapes are very similar for the differ-
ent carbohydrates, even at high concentrations, in accordance
with the linear spectra. For neat water, we find that the tran-
sient absorption changes decay with a frequency-independent
time constant of 1.7 picoseconds, in agreement with earlier re-
ports?2. This time constant represents the vibrational lifetime
of the OD stretch vibration of HDO dissolved in D, 0.

The vibrational decay becomes quite inhomogeneous upon
the addition of sugar: on the red side of the OD absorption
band the decay speeds up compared to neat water, while on the
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OI “\\ .o "'}*‘“\ .o
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Fig. 3 Isotropic absorption signals for solutions of glucose,
trehalose and sorbitol in isotopically diluted water, at five different
picosecond delay times after the excitation. The concentrations are
given in molal (mol/kg). The solid lines represent fits using the
model described in the text.
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Fig. 5 Anisotropic absorption signal at 2500 cm™! for solutions of
trehalose in water of different concentrations (0, 0.5, 1, 1.5, 2.5 and
3.5 molal). Solid lines are description with our model fit.

blue side of the OD absorption band the decay slows down in
comparison with neat water. This observation is further illus-
trated in figure 4, which shows the isotropic absorption change
measured for a solution of 3.5 molal trehalose as a function of
delay time at different probe frequencies. The inhomogene-
ity of the relaxation increases with increasing sugar concen-
tration. This inhomogeneity follows from the fact that both
water and sugar contain hydroxyl groups that contribute to the
transient spectral response. The frequency-dependent decay
of the isotropic spectra shows that the spectral responses and
lifetimes of the water and sugar hydroxyl groups differ.

Figure 5 presents the anisotropy of the vibrational excita-
tion (as defined by eq. 2) measured at 2500 cm™! for different
concentrations of trehalose. With increasing concentration of
trehalose, the decay of the anisotropy strongly slows down. A

Frequency (cm %) Delay(ps)

Fig. 6 a: The isotropic absorption change and b: the anisotropic
absorption change as a function of frequency for 0.3 molal 10%
deuterated trehalose in DMSO (solid lines are description with
model fit). c: Spectral components contributing to isotropic signal
(relative amplitudes correspond to 1 ps), ¢: Anisotropy of the two
spectral components as a function of delay time.

similar effect is observed for solutions of glucose and sorbitol.
For neat water the anisotropy decays with a timescale of 2.5
ps, in agreement with earlier reports 2.

3.3 Reference measurements in DMSO

The transient absorption signals as shown in figure 3, 4 and
5 contain contributions from both water and sugar hydroxyl
groups. To extract the water reorientation dynamics, we need
to separate these contributions. To this purpose we performed
reference measurements on solutions of the studied sugars in
dimethylsulfoxide (DMSO)?°. The carbohydrates will form
similar hydrogen bonds with DMSO as with water, but since
DMSO itself does not contain hydroxyl groups, the transient
absorption signals only represent the response from the OD
stretch vibrations of the sugars. Figure 6 presents the isotropic
and anisotropic signals of a solution of 0.3 molal trehalose
(10% deuterated) in DMSO. The decay of the isotropic ab-
sorption change is again observed to be frequency dependent:
on the red side the decay is much faster than on the blue
side of the OD absorption band. We find that the dynamics
of the isotropic and anisotropic signals can be very well de-
scribed with two spectral bands, with vibrational relaxation
time constants of 1.5+0.2 picoseconds and 5.7+0.2 picosec-
onds (figure 6¢), and different associated anisotropy dynamics
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(figure 6d). The responses of glucose and sorbitol dissolved
in DMSO can also be very well described with two spectral
bands with different vibrational lifetimes and different associ-
ated anisotropy dynamicsy.

3.4 Spectral decomposition model

Based on the findings for the sugar solutions in DMSO, we an-
alyze the results measured for the sugar solutions in water with
amodel that includes two spectral bands for the sugar response
and one spectral band for the water response. In this model
we assume that the relative amplitudes of the sugar and water
bands are only defined by the sugar concentration. We further
assume that the spectral shape and lifetime of each band do
not change with concentration, and fix the spectral shape and
lifetime of the water band to the corresponding values for neat
water (4% D,0:H,0). Each spectral band is assumed to show
an associated anisotropy decay of the form:

Ri(t) =Are "% +B; 3)

The anisotropy dynamics of the two sugar bands are taken to
be the same at all concentrations. Only the anisotropy decay
of the water band is allowed to vary with concentration. We fit
this model to the isotropic absorption and anisotropy signals
at all measured concentrations for each sugar. The fit is per-
formed with a single fitting routine that adds the least-square
errors for each concentration. During each iteration of the
fit, the isotropic absorption signal is spectrally decomposed
in three spectra o;(v) for a given set of mono-exponentially
decaying populations N;(z). The error is then determined by
comparing the isotropic transient spectral response at all fre-
quencies and delay times to the result of the spectral decom-
position Y; N;(t)c;(v). The error for the anisotropic signal is
determined by comparing each model anisotropy component
R; (given by A, B; and 7;) to the following quantity

3(o — 1) = Yy RiNio;
Njo;

“

Here o and a; are the measured parallel and perpendicular
transient spectra, respectively. Equation (4) is based on the
following expression:

oy —ay) = ZRiNiﬁi %)

The result of the fits are displayed with solid lines in figure 3
and 5. The fits are in good agreement with the data for all
sugarst. The spectral band shapes resulting from the fits are
shown in the left column of figure 7. For all three sugars,
the two bands originating from the sugar hydroxyl groups are
red-shifted and blue-shifted with respect to the water band,
and have lifetimes around 0.4 ps and 3.8 ps respectively. The

0.4
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Fig. 7 a: Spectral components of the transient spectral response of
aqueous sugar solutions. The spectral components decay with
different vibrational lifetimes (indicated as legends). The three
panels present the amplitudes of the spectral components at 1 ps
after the excitation for the same sugar concentrations that are shown
in figure 3). b: Anisotropy as a function of delay time for the two
sugar hydroxyl bands (green and blue) and the water hydroxyl band
(red), at different sugar concentrations
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Fig. 8 Water reorientation time constant as a function of sugar
concentration. Solid lines represent the description with overlapping
hydration shell model described in the text.

band shapes are very similar to what is found for the sugars
in DMSO. For sorbitol the center frequencies of the two sugar
hydroxyl bands are slightly closer together than for glucose
and trehalose.

The anisotropy dynamics of the three spectral bands are
shown in the right column of figure 7. It is seen that the
anisotropy of the two sugar hydroxyl bands decays very
slowly. The anisotropy dynamics of the water hydroxyl band
are faster, but strongly slow down with increasing sugar con-
centration. We find that the final value of the anisotropy (co-
efficient B in eq. 3) of the water band stays within £0.015 for
all sugars at all concentrations. Hence, the anisotropy decay of
the water band can be well characterized by a single reorienta-
tion time constant 7,, of which the value depends on the nature
of the sugar and its concentration. This reorientation time con-
stant is presented in figure 8 for each sugar as a function of
concentration.

3.5 Modeling water reorientation of sugar hydration
shells

We measure the reorientation dynamics of water in sugar so-
lutions up to very high concentrations. At the highest con-
centrations, only 5 to 6 water molecules (and 15 in the case
of trehalose) are available per sugar molecule. As a result, the
hydration shells of the sugar molecules will overlap which im-
plies that the reorientation dynamics of the water molecules
will be affected by the nearby presence of multiple sugar
molecules. It is to be expected that the reorientation dynamics
of water will be become slower when the number of nearby
sugar molecules increases. To account for this effect, we cal-
culate the probabilities that a water molecule is located in zero,
one, two or more sugar hydration shells. We assume the sug-
ars to be randomly distributed, which is a reasonable assump-

tion according to neutron diffraction experiments’® and MD
simulations®?3. The water molecules are largely randomly
distributed as well, except for the fact that we define a max-
imum number of shells to which a water molecule can be-
long. The distribution depends on the sugar molar concentra-
tion (calculated from the sugar molal concentration ¢, with
Cu = cp - p/(1000 + ¢y - Mgugar)) and the size of the hydra-
tion shell. The calculation of the distribution of probabilities
of the number of hydration shells to which a water molecule
belongs is described in detail in the appendix. To translate this
distribution to the dynamics of water, we assign increasingly
slow reorientation rates to water in zero, one, or two hydra-
tion shells. A single retardation factor x relates the reorienta-
tion rates, such that the rate decreases a factor x when going
from zero to one hydration shell, and x> when going from one
to two hydration shells. In addition we define the number of
water molecules dynamically perturbed by each carbohydrate,
i.e. the size of the hydration shell. This model yields a triple
exponential anisotropy decay at each sugar concentration that
we can approximate well with a single time constant (in the in-
terval of 0-8 picoseconds) to allow for a comparison with the
time constant coming from the experiment at the same sugar
concentration. Only two parameters, the retardation factor and
the hydration shell size, are varied until the calculated water
reorientation time constant is in accordance with the experi-
mentally determined values, shown in figure 8. The calculated
values are shown as solid lines in the same figure. We find
an optimal retardation factor of 1.6540.15, independently of
the type of sugar, and hydration numbers of 24+3, 4645 and
2243 for glucose, trehalose and sorbitol, respectively.

4 Discussion

4.1 Solute dynamics

For all investigated sugar solutions, the nonlinear vibrational
response of the hydroxyl vibrations can be well described with
three spectral bands, each with its own vibrational relaxation
time constant and associated anisotropy decay. The two bands
associated with the sugar hydroxyl groups probably do not
represent two distinct species of sugar hydroxyl groups but
rather a continuous distribution of vibrational relaxation time
constants across the inhomogeneously broadened sugar hy-
droxyl absorption band. The vibrational lifetime is observed
to be significantly shorter in the red wing than in the blue
wing of the absorption band. This is a quite general obser-
vation24-2% that follows from the fact that both the hydroxyl
stretch frequency and the vibrational lifetime decrease with
increasing strength of the hydrogen bond donated by the hy-
droxyl group. The shape and vibrational lifetime of the sugar
hydroxyl bands are very similar for glucose, trehalose and sor-
bitol. For sorbitol the two bands are slightly closer in fre-
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quency, which suggests that for sorbitol, the relaxation of the
OD stretch vibrations is less inhomogeneous than for glucose
and trehalose. This might be due to the lower chemical hetero-
geneity and the greater flexibility of the sorbitol molecule??
compared to trehalose and glucose.

For all sugars, the anisotropy of the vibrational excitation
of the hydroxyl stretch vibrations decays only partially within
the experimental time window of <10 ps. The partial decay
indicates that the reorientation of the sugar hydroxyl groups
occurs within a finite cone angle. The complete decay of the
anisotropy requires the molecular reorientation of the entire
sugar molecule, which takes tens of picoseconds!>!>. The
sugar hydroxyl band at lower frequencies (green band in fig-
ure 7) has a higher and more persistent anisotropy value than
the band at higher frequencies. This difference can be ex-
plained from the fact that the band at lower frequencies cor-
responds to more strongly hydrogen bonded hydroxyl groups
for which the cone angle will be smaller. The anisotropy decay
of the sugar bands is not very different for sorbitol compared
to glucose and trehalose, which indicates that the flexibility of
the backbone of the sugar does not play a role for the hydroxyl
reorientation dynamics occurring on a 10 ps time scale. The
reorientation on this time scale is thus only governed by the
strength of the local hydrogen-bond interaction.

4.2 Water dynamics

For all three sugars we observe a superlinear increase of the
water reorientation time with sugar concentration. Based on
our modeling of the water reorientation in the sugar hydra-
tion shells, we explain this superlinear behavior from a com-
bination of two effects. The first is that the probability for
a water molecule to belong to two or more hydration shells
strongly increases with concentration. The second is that the
reorientation of water molecules belonging to two or more hy-
dration shells is slower than for water molecules belonging to
a single hydration shell. In an NMR study of a solution of
trehalose in water a similar superlinear increase of the reori-
entation time with concentration has been observed'3. This
observation was interpreted as the result of water molecules
interacting with multiple trehalose molecules, in agreement
with our interpretation. A similar trend has been observed
with dielectric relaxation (DR) measurements of solutions of
glucose in water 2. In the NMR and the dielectric relaxation
measurements the water dynamics are observed to slow down
even more strongly with increasing concentration than in our
measurements. A possible explanation may be that the NMR
and dielectric relaxation results are more sensitive to collective
effects on the spin relaxation and the polarization response,
whereas the femtosecond infrared experiments probe the re-
orientation of single hydroxyl groups.

We find that we can describe the increase in average water

16 16
14 e glucose 14 e glucose
*  trehalose *  trehalose
12 o sorbitol 12 o sorbitol
g 10 10
== 8 8
6 6
4 ¢ 4
X (a) e
2 2
0 20 40 60 0 0.2 0.4

Sugar OH concentration (molal) Sugar volume fraction
Fig. 9 Water reorientation time constant as a function of a:
concentration of sugar hydroxyl groups, b: Sugar volume fraction.

reorientation time with a model that assigns increasingly slow
reorientation times to water molecules in zero, one or two car-
bohydrate hydration shells. From the model we extract a re-
tardation factor of 1.6540.15. This retardation factor implies
that water molecules that are located within the hydration shell
of one sugar molecule reorient 1.65+0.15 times slower com-
pared to water molecules in bulk water, while water molecules
within the hydration shell of two sugar molecules reorient
2.7£0.3 times slower again. Obviously, this discrete descrip-
tion of the water reorientation in the vicinity of sugars is an
approximation of the actual, more diffuse, water reorientation,
but it nonetheless indicates the magnitude and extent of the
effect of sugars on the water dynamics in concentrated sugar
solutions. Interestingly, the retardation we find does not vary
significantly with the type of sugar. A similar observation was
made using dynamic light scattering measurements 1.

For all investigated sugar solutions the water reorientation
can be characterized with a single reorientation time constant.
This time constant increases strongly with increasing sugar
concentration, reflecting an overall slowing down of the water
reorientation. In contrast to the water dynamics around small
amphiphilic molecules?’?® and salts>*?, we do not observe
a clear distinction between bulk-like water and hydration wa-
ter. For these solutions, it was found that the reorientation of a
fraction of the water molecules is strongly retarded, while the
remaining water molecules were observed to reorient with the
same time constant as observed for neat water, even at high so-
lute concentrations. For the sugar solutions we do not observe
such a bimodal distribution of the reorientation time of the wa-
ter molecules. This finding indicates that the hydration layer
in which the water dynamics are affected is far more diffuse
around carbohydrates than around ions or hydrophobic molec-
ular groups. The effect on the dynamics of water thus appears
to be longer ranged for sugars than for ions or hydrophobic
molecular groups.

The long-range character of sugar molecules on the dynam-
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ics of water may find its origin in their large number of hy-
drophilic hydroxyl groups. These hydroxyl groups will form
strong hydrogen bonds with nearby water molecules!’, and
thus it has been proposed that the effect of sugars on the dy-
namics of water scales with the number of hydrogen bonds
between the sugar and water '!, or alternatively, with the num-
ber of sugar hydroxyl groups !°. Following this idea, we plot-
ted the water reorientation time constant against the number
of sugar hydroxyl groups in figure 9a. It is apparent from the
figure that the water reorientation time constants we measure
do not follow the suggested scaling behavior. Trehalose has
a comparatively strong effect on the water dynamics per hy-
droxyl group, while the effect of sorbitol is relatively weak.
This is most apparent at sugar concentrations above 1 molal
(trehalose) and 2 molal (glucose, sorbitol).

At higher concentrations, the effect of the overlapping hy-
dration shells becomes important. In this regime the water
dynamics are not only influenced by the hydrogen-bond inter-
actions between the sugar molecules and water, but also by the
volume that is left for water in between the sugar solutes. In
this limit the volume occupied by the sugar solutes starts to
play a role. The molecular weight and volume taken by tre-
halose are almost 2 times as large as for glucose. If we plot
the water reorientation time against the sugar volume fraction,
as determined from density measurements (figure 9b), we find
that the water reorientation time constants in solutions of glu-
cose and trehalose follow almost the same trend up to the high-
est concentrations.

For sorbitol the effect on the water dynamics is lower than
for glucose and trehalose. In modeling the effect of sorbitol
on the reorientation, we found that the hydration shell of sor-
bitol is somewhat smaller than for glucose, in spite of the fact
that the molecular masses are nearly the same and sorbitol
has 6 hydroxyl groups instead of 5. However, the molecular
structure of sorbitol strongly differs from that of glucose and
trehalose. The linear flexible structure of sorbitol allows for
the formation of intramolecular hydrogen bonds, thus reduc-
ing the effect on the surrounding water molecules?. The less
strong effect of sorbitol on the water reorientation dynamics
compared to glucose and trehalose thus likely finds its origin
in their difference in molecular structure. For sugar molecules
of similar structure like glucose and trehalose, the effect ap-
pears to scale quite well with the molecular volume, and sur-
prisingly, less well with the number of hydroxyl groups. These
findings suggest that the influence of sugars on the dynamics
of the surrounding water involves collective structural effects
in which the shape and size of the sugar molecule play impor-
tant roles.

The long-range effects of sugars on the dynamics of water
may in turn play a role in their influence on the conformation
of proteins. Experiments show that trehalose is the most ef-
fective in preserving biomolecules, compared to other sugars,

and most notably for concentrations above 1 M.3 This is the
concentration range for which we observe a larger effect of
trehalose on the water dynamics compared to glucose and sor-
bitol. The present results are therefore in line with an indirect
protection mechanism of sugars via the water solvent.

5 Conclusions

We have investigated the molecular reorientation dynamics of
water molecules in aqueous solutions of glucose, trehalose
and sorbitol using polarization-resolved femtosecond infrared
spectroscopy. With increasing sugar concentration, the decay
of the OD stretch vibration becomes more inhomogeneous,
due to an increasing contribution of sugar hydroxyl groups.
We separate the contributions of sugar and water hydroxyl
groups to the nonlinear vibrational signals using a spectral de-
composition model. This allows us to observe the dynamics
of water and sugar separately.

We find that the sugar hydroxyl groups only move in a re-
stricted cone angle on the timescale of our experiment. The
water reorientation is faster, but strongly slows down with in-
creasing sugar concentration. Interestingly, the water reori-
entation can be characterized with a single reorientation time
constant. We find that the water reorientation time T, in-
creases from 2.54+0.3 to 13£2 ps for a solution with a glu-
cose concentration of 10 molal, to 841 ps for a solution with
a trehalose concentration of 3.5 molal, and to 8£1 ps for a
solution with a sorbitol concentration of 10 molal. The fact
that we do not observe a bimodal distribution of the reorienta-
tion time of the water molecules, as for aqueous solutions of
small amphiphiles and salts, indicates that the hydration layer
of sugars is more diffuse and extents over a longer range.

For all three sugars, the water reorientation time increases
superlinearly with sugar concentration. We explain this su-
perlinear dependence with the effect of overlapping hydration
shells, and describe the water reorientation time with a model
that assigns increasingly slower reorientation times to water
molecules in zero, one, two or three carbohydrate hydration
shells. From the model, we find that for all three studied sug-
ars the retardation factor is 1.65+0.15. From the model we
also find that the hydration shells of glucose, trehalose and
sorbitol comprise approximately 2443, 46+5, and 21+3 wa-
ter molecules respectively. A comparison of the effects of the
different sugars, suggests that the influence of sugars on the
dynamics of the surrounding water involves collective struc-
tural effects in which the shape and size of the sugar molecule
play important roles.
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7 Appendix

In this appendix we present a model to calculate the probabilities that water
molecules belong to 1, 2 3, or even more hydration shells of sugar solute
molecules. We consider a system containing Ny solute molecules. For each
solute molecule the fully filled solvation shell has a volume fraction x (x does
not include the volume of the solute) of the total volume, and thus the total
volume fraction of the solvation shells in case the shells would not overlap is
equal to Nyx. The volume fraction x is given by x = Njv,,, where N, is the
number of water molecules in the hydration shell and v,, is the volume of a
water molecule (0.018/N, liter). N; is equal to N, times Cs, the solute molar
concentration.

To determine the probabilities that a water molecule belongs to a particular
number of hydration shells we consider picking Ny times a volume x out of
the total volume of the solution and calculate the probability that a molecule
is within at least one of the picked volumes x. We define aV) = Nyx. At every
selection a molecule has a chance of x to be chosen, and a chance of 1 — x not
to be chosen. The probability that a molecule is not chosen after choosing N

times a volume fraction x is equal to (1 —x) = (1 7x)"(l)/". We arrive at the
following probabilities of molecules belonging to 0, 1, 2, 3 solvation shells:

PDO) = (1—x™ =1 —x)x = ©)
PO(1) = Nx(1—x)™ ' =aWea”
P(l)(Z) _ Ny(Ns — l)xz(l _x)Nx*Z _ [a(l)]Z —a(
2 2
— _ (1)13
rO@3) = wg(lf@z\/x% _ [a'V] eV
6 6
where we used that x — 0. In general:
. (i .
P(-’)(i): [aV] eﬂ/z(ﬁ7 D

i!
where we changed the superscript (1) for the more general superscript (). It
should be noted that /) = Y22 iPU) (i).

To account for the fact that molecules can only belong to a maximum num-
ber of k solvation shells, we redistribute the probabilities of molecules belong-
ing to more than & shells over molecules belonging to less than & shells. This
redistribution is performed with a statistical approach, and will again yield
non-zero probabilities of molecules belonging to more than & shells. How-
ever, the sum of these probabilities will be smaller than in the first calcula-
tion. The procedure is repeated until there are only probabilities of molecules

belonging to k shells or less. We define an excess volume agﬁ:) of al/) that is
contained in molecules belonging to K+ 1 and even more solvation shells. For

Jj =1 the excess volume ag) is given by:

I - .
a) = Y (i-kPY ), ®)
i=k+1
where the term (i — k) is introduced to account for the fact that a molecule

belonging to i > k shells has been chosen i — k times too much. The excess

volume agﬁ) has to be redistributed over molecules that belong to less than k

solvation shells. As we will calculate the final distribution with an iterative

procedure, applying several subsequent calculations of the redistribution of

excess volumes ag/, we define the distribution P((." ) (i) as the distribution that

results after the j’th iteration. Obviously Pﬁ” (i) = p) (i).
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To calculate the probability distribution associated with the redistribution
of ag)]() we account for the fact that only molecules belonging to less than k
shells can be selected. Hence, we renormalize ag() to the volume from which
molecules can be selected in the next j+ 1 selection round:
(/)
QU = Gex )

Zk 1 P(/ ( )

Substitution of /1) in equation (7) yields the distribution function PU*1) (i)
of the excess volume a(] ). The division by ):k ! P(j ) (i) accounts for the fact
that the volume of molecules from which the moleculeﬂ can be selected in the
(j+ 1)’th round corresponds to the molecules that have only been selected
k — 1 or less times after the j’th round. The volume taken by these molecules
is smaller than the original volume by a factor Z (/ )( /). This means that
the probability that a particular molecule is selected from this volume is larger
than in the case that the excess volume aﬁ,{) could have been redistributed over
all molecules. This larger selection probability is expressed in the fact that

a1 > g The distribution function PUH (i) is used to determine the
corrections to the total probability function P((/ ) ().

Selection of molecules that belong to Pf( )(i) 1 or more times in the
(j+1)’th round (i.e. PUTD (1 > 1), with I = 1,2,...), will lead to a decrease
of P.(i), i.e. of the fraction of molecules belonging to i solvation shells, ir-
respective of whether these molecules are chosen 1, 2 or more times. On
the other hand, P.(i) will increase if a molecule belonging to PC“)(i— l) is
selected / times. The probability of selecting a molecule / times from a partic-
ular PV ) (i) is given by PUTD (1 )Pﬁj ) (i). Hence, the redistribution leads to the
following expression for the new, corrected fraction PC(J +
belonging to i solvation shells:

b (i) of molecules

PUY (i) =PV (i) ): PUHD () 4 t PYOPU (i 1),i <k

(10)

In case molecules from P(j) (i) (i < k) are selected two or more times
(P f“)(l > 2) # 0), the redistribution also leads to a non-zero probability
of molecules belonging to i > k solvation shells. As the maximum number
of solvation shells to which a molecule can belong is defined by &, the prob-
ability of belonging to to i > k solvation shells needs to be redistributed over
P.(i) (i < k). This is done in the following manner. First the probability of
molecules of belonging to i > k solvation shells is completely attributed to

PYY (k)

PYY (k) = U ( k)+ZP ) Y PUI() (11
1=0 i:k—1+1

The excess selections i > k define a new excess volume a(J +1)

tude given by:

with a magni-

) k=1 o )
ad™M=Y PV Y (i—k+D)PUH() (12)

=0 i=k—1+1

The case of agi-), as expressed in equation (8), applies to the case before any
selection was made, i.e. to PY(0) = 1 and P?(i > 0) = 0. The value of ad™h
evaluated with equation (12) is used in the next iteration in the determination
of P.(i) using equation (9) to transfer agﬂ) and PC(HI) (i) to alt2) | equation
(7) to calculate the normalized distribution function P(”z)( i), and equation
(10) to calculate P(/ +2)( /). The calculation is repeated until the probability
of molecules belonging to i > k solvation shells has become negligibly small

(¥; P-(i > k) ~ 0) or until all molecules are at least k times selected, meaning
that VP.(i < k) =0.
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