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The dynamics of water in aqueous solutions of glucose have been investigated using polarization-resolved
femtosecond infrared spectroscopy of the hydroxyl stretch vibrations of water and glucose. Using reference
measurements on solutions of glucose in DMSO and a spectral decomposition model, we are able to distinguish
the reorientation dynamics of the glucose and water hydroxyl groups. We find that the water reorientation
dynamics strongly slow down in the presence of glucose.
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I.

INTRODUCTION

Sugars and water are extremely important in biology,
and many studies have been devoted to their role in living systems. Sugars for example serve as energy source
in most organisms and (when part of a glycoprotein or
glycolipid) as signalling groups. Nevertheless, several biological processes involving sugars and water are not well
understood. An example is the so-called bioprotective
effect, which is the ability of sugars to stabilize proteins
in the native folded state under extremely cold and dry
conditions1 . This effect is used by living organisms in extreme environments and widely applied in industry and
biochemistry labs. One explanation for the bioprotective
effect of sugars is that the interaction between sugars
and water leads to a modification of the water structure
and dynamics, which in turn affects the conformation of
dissolved proteins2–6 .
Sugars interact quite favorably with water molecules,
as a sugar molecule contains multiple hydrophilic hydroxyl groups that can form stable hydrogen bonds with
water molecules. In the past decades, the interaction
between sugars and water has been studied with several
experimental techniques. With THz absorption measurements an increase in absorption coefficient is observed
relative to bulk water, which suggests a change of the
hydrogen-bond network around the sugar2,3 . From the
deviation of linear ideal-mixing absorption changes, and
the assumption that this deviation arises from the overlap
of the hydration shells, the glucose hydration shell radius
is estimated to be 3-4 Å. For disaccharides this radius is
found to increase to 5-8 Å. Neutron scattering5,6 , neutron
diffraction7 and Raman spectroscopy experiments5,8,9 all
provided evidence that the hydrogen bond network of water surrounding sugars differs from the structure of bulk
water, but the difference is quite small7,8 .
The dynamical effects of sugars on water are observed
to be substantially stronger. The water translational and
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reorientational dynamics around saccharides are slowed
down significantly compared to bulk water, as shown by
dynamic light scattering10,11 , dielectric relaxation12 and
NMR13 experiments, as well as MD simulations9 . In
most papers this effect is explained by the formation of
strong hydrogen bonds between sugar and water. Molecular dynamics simulations show that the sugar-bonded
water has a longer hydrogen bond lifetime14 and is spatially constrained. Since the water reorientation rate depends on the rate of hydrogen bond breaking and the
availability of a new hydrogen bond partner15 , the water
mobility is reduced2,3,9 . The precise amount of retardation and its spatial extent are still under debate. In
dynamic light scattering experiments a relaxation process is observed that is about 5-6 times slower than the
orientational relaxation of bulk water, and that is assigned to hydration water10 . The spectral amplitude of
this process indicates that in the dilute limit approximately 3.3 water molecules are slowed down per sugar
hydroxyl, but the exact amplitude is difficult to determine because it is masked by the sugar rotational relaxation. Recent NMR experiments report a retardation of
the water 17 O relaxation rate13 . Assuming only the first
hydration layer is affected, a modest dynamic retardation factor of 1.67 is found. Unfortunately, with NMR
experiments it is not possible to determine the hydration
shell size and dynamic retardation factor independently.
So in effect, while it is clear that sugars in water induce
a slowing down of water dynamics, the magnitude of the
effect remains to be determined.

Here we report on a study of the dynamics of water in
aqueous solutions of glucose using polarization-resolved
femtosecond infrared spectroscopy. This technique allows a direct measurement of the reorientation dynamics of individual water and glucose hydroxyl groups on
a sub-picosecond timescale. The measurements provide
molecular-scale insight into the dynamics of the hydration shell of glucose.
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II.

EXPERIMENT

We measure the vibrational and reorientation dynamics of water and glucose using polarization-resolved femtosecond infrared spectroscopy. Aqueous glucose solutions are prepared by adding glucose (purity >99.5%),
from Sigma-Aldrich) to ultrapure water (Milli-Q grade)
at concentrations ranging from 1 to 10 molal (moles per
kg solvent). To optimize the dissolution the solutions are
stirred and heated to 50 ◦ C. After cooling back to room
temperature the glucose stays well-dissolved. In addition,
4% of the water and glucose hydroxyl groups are deuterated by adding a small amount of heavy water (D2 O).
The deuterated hydroxyl (OD) groups have a strong absorption at 2500 cm−1 , associated with the OD stretch
vibration. We excite and probe this vibration to measure
the picosecond orientational dynamics of the OD group.
The infrared excitation and probe pulses are generated
by frequency conversion of the output of a Ti:sapphire
based regenerative amplifier. This amplifier produces
800 µJ pulses centered at 800 nm at a repetition rate
of 1 kHz. Part of the light is used to pump a BBO-based
optical parametric amplifier. The resulting 2 µm idler
beam is subsequently frequency doubled in a second BBO
crystal and mixed with the remaining 800 nm light in a
lithiumniobate crystal. This difference frequency generation process produces 7 µJ pulses at 2500 cm−1 with 100
cm−1 bandwidth and 200 fs pulse duration. In most experiments part of the pulse is split off by a wedged plate
to use as a probe pulse. In another experiment an independently tunable probe pulse is generated by a separate
optical parametric amplifier. The probe pulses are dispersed in a grating-based spectrometer and detected with
a 3x32 pixel mercury-cadmium-telluride (MCT) detector
array.
The excitation with the main part of the 7 µJ, 200
fs infrared pulse leads to transient absorption changes
that are monitored by the probe pulse. These absorption
changes contain two contributions. Firstly, the excitation
leads to a decreased absorption around 2500 cm−1 due to
bleaching of the ground-state absorption and stimulated
emission out of the vibrationally excited state. Secondly,
there is an increased absorption around 2300 cm−1 associated with the absorption from the first excited state of
the vibration to the second excited state. By changing
the pump-probe delay we measure the time dependence
of the signals, which provides information on the lifetime of the vibration. Since we use broadband excitation
pulses that cover the whole OD stretch absorption band,
the effects of spectral diffusion are negligible. In addition
to the vibrational signal associated with the excitation
of the v=1 state of the OD stretch vibration, there is a
smaller signal due to sample heating. As the energy of
the excited vibration is ultimately transferred into heat,
this signal grows in with delay.
We probe the transient absorption at the fundamental
v=0→1 transition around 2500 cm−1 . Probing this transition has advantages over probing the 1→2 transition:

the smaller spectral width of the v=0→1 transition leads
to stronger signals and allows us to probe the complete
transient spectral response of the glucose and water OD
oscillators. In addition, the v=1→2 transition overlaps
with the strong absorption of CO2 in air, which means
that this band can only be accurately measured in case
the setup would be purged with nitrogen.
We measure the transient spectral response with probe
pulses polarized parallel and perpendicular to the polarization direction of the pump. Since the pump primarily
excites OD vibrations aligned to the pump polarization,
the transient absorption signal measured with the parallel polarized probe pulse will initially be larger than the
signal measured with the perpendicular polarized probe
pulse. At longer delay times the signals will become equal
due to the randomization of the orientation of the excited
OD oscillators.
From the parallel (∆αk ) and perpendicular (∆α⊥ )
probe signals we construct the isotropic signal16 ,
∆αiso (ν, t) = 13 (∆αk (ν, t) + 2∆α⊥ (ν, t))

(1)

where ν signifies the probe frequency and t the pumpprobe delay. The isotropic signal decays with the lifetime
of the OD stretch vibration and is independent of molecular reorientation. The normalized difference between the
parallel and perpendicular probe signals corresponds to
the anisotropic signal16 ,
R(v, t) =

∆αk (ν, t) − ∆α⊥ (ν, t)
∆αk (ν, t) + 2∆α⊥ (ν, t)

(2)

In the absence of Förster energy transfer between vibrations, the anisotropic signal decays with the molecular
reorientation rate. R is proportional to the second-order
rotational correlation function, which also contains librational contributions in the first 0.5 ps after the excitation.
The time window for which we can accurately determine
the anisotropy depends on the vibrational lifetime, since
vibrational relaxation leads to a decrease of both the numerator and the denominator of Eq. (2).
To calculate the anisotropy signal associated with the
vibrational excitation, the parallel and perpendicular absorption signals need to be corrected for the ingrowing
heating signal mentioned earlier. The heating signal results from a rise in the sample equilibrium temperature
after excitation and subsequent relaxation of OD oscillators. As such, its spectral signature is similar to the
thermal difference spectrum, and only the amplitude of
the heating signal changes with delay time. During the
first few picoseconds after excitation, the local heating
effect might lead to a slightly different spectral change
than at later delay times. However, even if such a different thermal spectral response would be present at early
delay times, its contribution to the total spectrum will be
small as in the first few picoseconds the contribution of
the thermal signal is small compared to the signal associated with the excitation of the OD stretch vibration. We
determine the delay-time dependence of the heating signal by probing the transient absorption in the spectral
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region between 2800 and 3000 cm−1 , following excitation of the OD vibration at 2500 cm−1 .17 Between 2800
and 3000 cm−1 the spectral changes associated with the
excitation of the v=1 state of the OD stretch vibration
are negligibly small, and the absorption is dominated by
the low frequency tail of the water OH stretch vibrations
and the CH vibrations of glucose. As these vibrations
are not directly excited by the 2500 cm−1 pump pulse,
their response only changes as a result of thermal effects
following the relaxation of the OD stretch vibration. The
dynamics of the response in this spectral region thus directly represents the dynamics of the heating. Combining the dynamics of the rise of the heating signal with
its spectral response - which is the transient spectrum at
long delays - we can accurately correct the parallel and
perpendicular signals at all delay times and frequencies
for the heating contribution.

III.
A.

RESULTS
Isotropic and anisotropic signals

Figure 1a displays the isotropic vibrational signal for
three different concentrations of aqueous glucose. These
spectra are corrected for the ingrowing heat signal. The
heat dynamics corresponding to the data of Figure 1 are
shown in Figure 2c. With increasing concentration of
glucose, the heat dynamics slow down. This can be explained by the fact that glucose is larger and heavier than
water and as such will require more time to adapt its position to the higher local temperature. For all concentrations of glucose, the isotropic vibrational signal shows a
transient absorption decrease (bleaching signal) around
2500 cm−1 and the onset of an excited state absorption
at lower frequencies. With increasing concentration of
glucose, the vibrational relaxation becomes more inhomogeneous over the OD stretch absorption band, showing a faster decay on the red side and a slower decay on
the blue side of this band. In Figure 1b we present the
anisotropic signals corresponding to the isotropic signals
of Figure 1a. With increasing concentration of glucose,
the anisotropy decay becomes slower and increasingly frequency dependent.
In Figure 2a we show the isotropic signal measured
at 2500 cm−1 as a function of delay time for different
concentrations of glucose. For water without any added
glucose the signal decays with a relaxation time constant of ∼1.7 ps, which agrees with previous observations
of the lifetime of the OD stretch vibration18 . In Figure 2b we show the anisotropy dynamics corresponding
to the isotropic signals of Figure 2a. For pure water the
anisotropy decays with a time constant of 2.5 ps, in agreement with previous work on the molecular reorientation
of bulk water18 . As glucose is added, the anisotropy decay slows down dramatically.

B. Disentangling contributions from water and glucose spectral decomposition model

The signals shown in Figures 1 and 2 contain contributions from both water and glucose OD stretch vibrations.
These contributions need to be disentangled in order to
study the effect of glucose on the dynamics of water. To
clarify the contribution of the glucose hydroxyl vibrations to the signals of Figures 1 and 2, we performed
similar measurements on a solution of partly deuterated
glucose in dimethylsulfoxide (DMSO). DMSO is a highly
polar solvent like water, but unlike water does not contain hydroxyl vibrations. Hence, for this solution the signals measured in the frequency region of the OD stretch
vibration only represent the hydroxyl vibrations of glucose. In Figure 3a we show transient spectra measured
for a solution of 0.4 molal glucose in DMSO. We observe a bleaching signal around 2500 cm−1 and the onset
of an induced (excited-state) absorption at frequencies
<2420 cm−1 . The decay of the bleaching is observed to
be highly frequency-dependent, being much faster on the
red side of the OD absorption band than on the blue side
of this band. The transient spectra at all delay times
can be modeled well with the two bands shown in Figure 3c. These bands decay mono-exponentially with time
constants of 1.4±0.1 ps and 4.6±0.1 ps. The associated
anisotropy decays of the two bands are shown in Figure 3d. It is seen that these anisotropy decays are quite
slow in comparison to the anisotropy decay of bulk water.
For the low-frequency band, the decay of the anisotropy
is negligible in the time range of ∼10 ps of the experiment.
Based on this knowledge, we analyze the data for the
glucose in water solutions shown in Figures 1 and 2 with
a spectral decomposition model in which we define one
vibrational band for water and two vibrational bands for
glucose. In this model, we fix the spectral shape and
vibrational relaxation of the water band to the corresponding parameters of bulk HDO:H2 O, and we assume
that the spectral shapes, vibrational relaxation rates, and
anisotropy decays of the two glucose bands do not change
with the concentration of glucose. The amplitudes of the
glucose bands relative to the water band are determined
by the concentration of glucose. Each spectral band is
assumed to have an associated frequency independent
anisotropy, of the form
Ri (t) = Ai e−t/τri + Bi

(3)

The only parameters that are allowed to vary with concentration are the parameters describing the anisotropy
decay of the water band. We fit this model with few free
parameters to all recorded isotropic and anisotropic signals in one single least-squares fit, by adding up square
errors at each iteration step. The isotropic signal is spectrally decomposed in the three bands σi for a particular
set of mono-exponentially decaying populations Ni . The
error is then determined by comparing the isotropic signal at all delay times with the sum spectrum resulting
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FIG. 1. The isotropic absorption change (upper panels) and the anisotropy of the absorption change (lower panels) as a
function of frequency at five different delay times. The spectra are corrected for the heating contribution to the signal. Shown
are the results for three different glucose concentrations. The lines are calculated with the model described in the text of the
manuscript.
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FIG. 2. (a): The isotropic absorption change at 2500 cm−1 , (b): the anisotropy of the absorption change at 2500 cm−1 , and
(c): the normalized heat dynamics, as measured between 2800-3000 cm−1 , as a function of delay time for solutions of glucose
in water of differen concentration (0, 1, 2, 3, 5, 7 and 10 m). The solid lines in (b) are obtained with the model described in
the text. The solid lines in (c) represent an empirical triple-exponential fit to the data.

from the three spectral components
X

Ni (t)σi (ν)

quantity:
(4)

i

In addition each model anisotropy component Rj (given
by model Aj ,τrj and Bj ) is compared to the following

1
3 (αk

− α⊥ ) −

P

Nj σj

i6=j

Ri Ni σi

(5)

Here αk and α⊥ are the parallel and perpendicular ab-
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a solution of 0.4 m glucose (10% deuterated) in DMSO. (c): The spectral components resulting from a fit of the data with the
spectral decomposition model described in the text, and (d): the anisotropy of the two spectral components as a function of
delay time.
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FIG. 4. (a): Spectral components of the isotropic absorption change measured for a solution of 10 molal glucose in water. (b):
The population of the three spectral components as a function of delay time for the same solution. The solid lines are obtained
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sorption signals. In Eq. (5) we make use of the fact that
X
1
Ri Ni σi
(6)
3 (αk − α⊥ ) =
i

For faster convergence the right and left side of Eq. (6)
are compared in each iteration step as well.
We fit this model to all recorded data. The results
of the fit are represented by the solid curves in Figures 1 and 2 and are found to be in good agreement
with the data. The spectral band shapes resulting from
the fit are illustrated in Figure 4a. The vibrational
relaxation dynamics and anisotropy dynamics of these
bands are shown in Figures 4b and 4c, respectively. The
good agreement between our model and the data at all
recorded delay times and frequencies, shows that our assumption that the three bands have the same spectral

shape and lifetime at all concentrations of glucose is justified. The spectral shapes of the glucose bands are very
similar to the bands we observed before for the solutions
of glucose in DMSO. The bands are shifted by 10-20 cm−1
with respect to the water band and have a smaller width
by about 15 cm−1 . The shift leads to a broadening of the
total transient spectra, but the narrowing mostly undoes
this effect, which is why the transient spectra for different glucose concentrations have a similar shape, as shown
in Figure 1. The lifetimes of the two glucose bands are
0.9±0.2 ps and 3.2±0.2 ps, shorter than in DMSO, which
can be explained from the higher density of low-frequency
intermolecular accepting modes in the water solvent. The
anisotropy dynamics of the glucose bands is very similar
to the dynamics observed in DMSO. Again, these dynamics are very slow in comparison to the anisotropy
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dynamics of bulk water. We find that the anisotropy decays very slowly with a relaxation time of 10-20 ps for
the high-frequency band, and more than 20 ps for the
low frequency band. The anisotropy decay of the water
band is much faster, but slows down strongly with increasing concentration of glucose. We find that we can
describe the water anisotropy at each glucose concentration without including a constant anisotropy end level,
as the fit parameter B stays within ±0.01 from zero for
all concentrations. Hence, for all glucose concentrations
the water anisotropy decay is described well with a single
reorientation time constant.
In Figure 5 we present the reorientation time constant
τr of the water band as a function of concentration. The
time constant strongly increases with concentration.

IV.
A.

DISCUSSION
Glucose dynamics

We have found that the transient spectral response
of hydrogen-bonded glucose molecules can be well described with two spectral bands showing different vibrational relaxation times and different anisotropy dynamics. The two bands do not necessarily represent two distinct species of glucose hydroxyl groups. They can rather
represent a continuous distribution of relaxation times
across the glucose OD stretch band. The red side of the
glucose OD stretch band corresponds to strongly hydrogen bonded hydroxyl groups, while the blue side corresponds to weakly hydrogen bonded hydroxyl groups. We
find that strongly hydrogen bonded groups have a shorter
vibrational lifetime, which is a quite generally observed
trend19 . The shorter lifetime can be explained by the increase of the anharmonic coupling to the low-frequency
intermolecular accepting modes of the solvent hydrogen
bond network.
The hydroxyl groups of glucose show little anisotropy

decay within the ∼10 ps time window of the experiment. For weakly hydrogen-bonded hydroxyl there is
only a fractional decay of the anisotropy, and for strongly
hydrogen-bonded hydroxyl groups the decay is even negligible. The absence of significant anisotropy decay for
the glucose hydroxyl groups suggests that the donated
hydrogen bond of the hydroxyl group remains intact for
a long time. This finding agrees with the results of molecular dynamics simulations that show that water-glucose
hydrogen bonds are very stable14 . The lack of significant
anisotropy decay also indicates that the complete solvation structure of the glucose molecule and its hydration
shell barely reorient within the time scale of the experiment. This notion agrees with previous studies, in which
it was found that glucose molecules in water reorient with
an average time constant of ∼33 ps11 . This rotational
motion contributes only slightly to the anisotropy decay
we observe. The limited anisotropy decay and its frequency dependence can be assigned to a wobbling motion
of the hydroxyl group during which the hydrogen bond
remains intact. The amplitude of this partial anisotropy
decay is smaller at lower hydroxyl stretch vibrational frequencies, because for stronger hydrogen bonds the wobbling motion is constrained to a smaller cone angle.

B.

Water dynamics

We found that the reorientation of water molecules
slows down with increasing concentration of glucose. Interestingly, at all concentrations the water reorientation
can be well described by a single exponential function.
This finding indicates that the reorientation time constants of the water molecules in a solution of glucose form
a single-peaked distribution. This observation stands
in strong contrast with the results of earlier studies of
the reorientation dynamics of water in solutions of small
amphiphiles20 and salts21,22 . For these solutions we observed clear bi-exponential decays, indicative of a bimodal distribution of reorientation time constants. The
slower time constant could be assigned to the reorientation dynamics in the hydration shell of the solute. For
amphiphiles in solution, it was found that part of the water molecules reorient with the same time constant as in
bulk water, while another part is strongly slowed down
by a factor 4-5 compared to the bulk23,24 . The slow water
molecules are located in the hydration shells of the hydrophobic molecular groups of the amphiphiles23,24 . In
the experiments on salt solutions, often a slow component
is observed as well; this component is associated with water molecules donating a hydrogen bond to the anion21,22 .
For glucose in water solutions we cannot make such a
clear distinction between the dynamics of the hydration
shell and the bulk. This indicates that for glucose in water, the transition from the hydration shell to the bulk is
more diffuse than for ions or the hydrophobic groups of
small amphiphilic molecules. The observation that the
anisotropy dynamics can be modeled well with a single
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slow average reorientation time at all glucose concentrations, indicates that the slowdown effect of glucose on
water is not distinctively strong for water molecules near
glucose and that the slowdown effect is quite long-range.
The effect of glucose on the reorientation dynamics of
water will be primarily associated with the interactions
between water and the hydrophilic hydroxyl groups of
the glucose molecule. These hydrophilic groups will accept and donate hydrogen bonds to water molecules and
thereby participate in the hydrogen-bonding network of
water. In view of the strong directional character of
hydrogen bonds, a donated bond from glucose to water influences the orientation of the hydrogen-bonded
water, which in turn can affect the orientation of the
surrounding water molecules. This view is consistent
with experimental evidence that carbohydrates slightly
modify the water structure5–9 . A slight change in water structure could have a strong effect on the water
dynamics. It has been shown that molecular reorientation in liquid water proceeds via water molecules in
special hydrogen-bonded configuration, in which the hydroxyl groups forms a weak, bifurcated hydrogen bond
to two other water molecules. Hence, a donated hydrogen bond from glucose to water can influence the dynamics over several water molecules. This interaction
is fundamentally different from water molecules in the
hydration shells of anions. For the latter system it has
been observed that the hydroxyl group that donates a
hydrogen bond to the anion - and is aligned towards
it - shows different dynamics from the other hydroxyl
groups. However, this effect cannot propagate to other
water molecules, because an anion like Cl− or I− does
not have an preferred binding direction, and the water
molecules are still free to move over the anion surface.
Our current hypothesis is consistent with the findings of
molecular dynamics simulations14 that show the formation of stable sugar-water hydrogen bonds, with a small
structural modification of the water network and a strong
slow down of water reorientation as a result.
The present results are consistent with the results of
dielectric relaxation measurements of aqueous glucose solutions as well12 . The dielectric relaxation (DR) spectra show a distribution of relaxation times that broadens with glucose concentration. The principal relaxation
time, which is proportional to the first order rotational
correlation function, strongly increases with glucose concentration. In fact, this time constant increases faster
with concentration than the water reorientation time constant we measure (Figure 5). The viscosity of aqueous
glucose, which is proportional to the molecular reorientation rate as well, increases even faster12 . While fs-IR
spectroscopy is sensitive to molecular-scale reorientation,
DR spectroscopy measures a more collective dipolar reorientation response. So by going from fs-IR to DR to
viscosity measurements, one effectively goes from a probe
of dynamics at the molecular scale to a probe of dynamics at the macroscopic scale. The stronger increase of
the dielectric relaxation time constant and viscosity with

glucose concentration can thus be explained from the fact
that these parameters probe the collective reorientation
and translation dynamics of water and glucose. In our
experiment we selectively determine the dynamics of the
water molecules, since we can distinguish the water and
glucose hydroxyl contributions to the measured transient
absorption spectra by their spectral signatures. The advantage of our technique is that such a distinction is possible.
Considering the bioprotective effect, our results show
that sugars lead to a slowdown of the hydrogen-bond and
molecular reorientation dynamics of water over relatively
large length scales. It is conceivable that these changes in
water dynamics in turn affect the conformational structure and dynamics of dissolved proteins.

V.

CONCLUSION

The dynamics of water in aqueous solutions of glucose have been investigated using polarization-resolved
femtosecond infrared spectroscopy. With increasing concentration of glucose, the hydroxyl stretch vibrational relaxation becomes more inhomogeneous, showing a faster
decay on the red side of the OD stretch band and a slower
decay on the blue side of this band. We find that this
inhomogeneity is caused by the response of the glucose
hydroxyl stretch vibrations. The inhomogeneous relaxation of the glucose vibrations can be modeled with two
spectral bands that decay with different time constants.
The response of the water hydroxyl stretch vibrations
can be modeled well with a single spectral band with a
vibrational lifetime of ∼1.7 ps that remains the same at
all glucose concentrations.
Thanks to the spectral decomposition, we can distinguish the anisotropy dynamics of the water and the glucose hydroxyl groups. This allows us to obtain information on the separate reorientation dynamics of these
groups. We find that the glucose hydroxyl groups only
show a restricted wobbling motion within the ∼10 ps time
scale of the experiment. The cone angle of the wobbling
motion is slightly larger on the blue side of the spectrum.
The water hydroxyl groups show a much faster reorientation (∼2.5 ps for water without any added glucose), but
this reorientation slows down with increasing concentration of glucose. Interestingly, at all glucose concentrations the orientational dynamics of the water molecules
can be well described with a single exponential function.
Compared to the effect of ions and hydrophobic molecules
on water dynamics, the effect of glucose is weaker but
much longer ranged.
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5 C. Branca, S. Magazù, G. Maisano, S. M. Bennington, and
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