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Incoherent Quasi-elastic Neutron Scattering from Fructose-Water Solutions
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Quasi-elastic incoherent neutron scattering (QENS) was used to study the dynamics of 4, 29, and 60 wt %
solutions of fructose in deionized water at 300 K. Both the jurdiffusion and stretched exponential models

were used to analyze the data, enabling the determination of the structural relaxatiom eate thle stretch
exponents as functions of fructose concentration. The analysis of the neutron scattering data based on the
jump—diffusion model is consistent with a transition from continuous to “hopping” or jump diffusion at 29

wt % fructose concentration observed in recent simulations of this same system. The analysis based on the
stretched exponential model suggests that this change occurs at a higher fructose concentration.

I. Introduction therefore it dominates the signal of incoherent neutron scattering

In the early stages of the development ofaproteintherapeutic,.GXpenments when it is present in a system. Consequently,

it is essential to design a formulation that is stable during |ncqherent QENS is an ef_fe_ctlve tool to probe the diffusive
shipping and long-term storage. Historically this has been motion of molecules containing h}/dfoge“ atgms. )
achieved through properly prepared lyophilized or freeze-dried Recent related neutron scattering results include studies of
formulations, in which carbohydrates make up the majority of the dlffuswl_ty of trehalose, a naturally occurring dlsacch_arlde
the nonactive componertté.It is thought that carbohydrates ~ ©Of glucose, in aqueous solutiotfsiIn the first of these studies,
protect proteins from both freezing and drying stresses during Magazu et al. reported the detection of two distinct tran_slatlonal
the lyophilization proces’? It is also believed that the mech-  diffusive mechanisms from QENS experimeHtShey assigned
anism responsible for the preservation of proteins during storagethese mechanisms to the continuous translation diffusion of the
and drying are fundamentally differeéhf Protection of the labile ~ trehalose molecules and to the translational jump diffusion of
proteins during storage appears to be due to the structural arresthe water molecules. More recently, Magazu et al. used QENS
and the consequent dramatic s|owing down of diffusive pro- in combination with H/D substitution to diStingUiSh the diffusive
cesses in the amorphous solid or glassy state. Protection ofdynamics of water from that of trehalo¥eThey found that in
proteins during dehydration by carbohydrates, on the other hand the presence of trehalose the water translational dynamics suffers
is thought to be due to hydrogen bonding between the sugara slowing down. In addition to dynamics, neutrons can also
and the dried protein with the former serving as a water provide structural information. Tromp et al. used H/D substitu-
replacement. However, the molecular mechanisms by which tion and wide angle neutron scattering to determine the hydrogen
particular sugars are able to stabilize and protect labile biomol- bond structure in glassy and liquid glucd3e.

ecules are still not fully understoddAt present, there is no Another technique for measuring water mobility in concen-
consensus on the detailed roles of specific interactions and oftrated carbohydrate water solutions is nuclear magnetic reso-
vitrification in the stabilization of dry biomateriafs. nance (NMR). In a recedftd! NMR study of the glucosewater

With the above points in mind, it is of interest to know how system, Moran and Jeffely,used BO mixed with ordinary
low molecular weight carbohydratevater solutions evolve glucose, and deuterated glucose mixed witd©HThus, they
toward a glassy state upon dehydration. From the standpoint ofwere able to measure separately the relaxation times and the
the rational design of formulations for preserving labile bio- diffusion coefficients of water in both the crystalline ice and
logicals, it is desirable to have a molecular-level understanding amorphous glass phases, and of the sugar in the glass phase.
of how the structure and dynamics of carbohydratater The usefulness of NMR in studying concentrated sugeter
solutions are affected by changes in composition. In this work systems is not limited t8H NMR, but also includedH NMR
we report incoherent quasi-elastic neutron scattering (QENS) and!3C NMR. van den Dries et al. usé#i NMR to study the
experiments for 4, 29, and 60 wt % solutions of fructose in molecular mobility of water and carbohydrate protons in
deionized water at 300 K. The aim of these experiments is to maltose samples as a function of water content and tempera-
explore the relationship between the dynamics of fructosater ture4 They concluded that water disrupts the stable hydrogen-
solutions and changes in composition. Since QENS typically hond network between sugar molecules, which is formed at the
measures small energy exchange in the regiohdmeV it is glass transition temperature, by increasing the mobility of
frequently used to study the diffusive motion of moleciles. hydroxyl protons of maltose. Rampp et al. used a combination
Hydrogen has an unusually large incoherent cross-section,of 133C NMR and'H NMR to study the effect of concentration
and temperature on the viscosity and the diffusion coefficients
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the diffusion coefficient of water to be determined in a much TABLE 1: Percentage of Signal from Water versus Fructose

wider range of temperature and concentration. % of signal from % of signal from
Finally, we mention molecular simulation, which has emerged  weight % fructose hydrogen atom hydrogen atom
in recent years as a powerful method for obtaining microscopic- in solution in water in fructose
level information on the structure and dynamics of carbohyerate 4 97.6 2.4
water systems16.17Diffusion coefficients, density of states, and 29 79.5 20.5
scattering functions can be measured directly using both 60 52.6 47.4

simulations and neutron scattering. Thus, the combined use of ) ) )
these two techniques appears to be a powerful approach to thénotion of the water molecules. This was achieved by using a

molecular dynamic simulatiorig. elastically and all diffusive motion detected in our system can
be attributed to the water molecules. The elastically scattered
Il. Experimental Section neutrons from the sugar and the scattering due to the water’s

diffusive motion compromise th&r(Q,w), which must still be
convoluted with the resolution function, a Gaussian, to represent
S(Q,w). We chose not to use deuterated fructose because
Fructose contains five exchangeable deuterium atoms. These
deuterium atoms would rapidly exchange with the hydrogenated
water and therefore we would still need to separate the signal.
Table 1 lists the percentage of the total signal due to the
hydrogen atoms in fructose versus those in water for each of
the solutions studied. The results listed in Table 1 were found
by counting the number of hydrogen atoms in water and fructose
for each solution. As explained below, the figures reported in
Table 1 were used to weigh the appropriate scattering function
so as to account for the fraction of the signal due to the water
and sugar molecules. In the rest of this section we describe the
two different models used to analyze the data and how in each
model we accounted for the elastic scattering of the sugar
molecules.

(a) Gaussian-Lorenztian Model. The GaussiarLorenztian
model contains a Guassian component, which accounts for
elastic scattering, and a Lorenztian component, which accounts
for all motion detected within a system. Therefore the scattering
from sugar molecules is accounted for by a resolution-limited
Gaussian component, which is weighted by the fraction of

The standard way to analyze neutron scattering spectrahydrogen atoms in the system that belong to fructose molecules.
assumes decoupling between vibrations, rotations, and trans-The scattering of the water molecules is accounted by the
lational motions'® Under this approximation, the scattering Lorenztian component, which is weighted by the percentage of

We used the Fermi chopper time-of-flight spectrometer at
the Center for Neutron Research at National Institute of
Standards and Technology. The neutron beam was monochro
mated b 6 A and pulsed at 135 Hz resulting in an energy
resolution of~63 eV for our experiments. Data were collected
for momentum transfer8Q (h = h/2x) corresponding to the
range ofQ values 0.25< Q < 2 A~L, The typical data collection
time was about 24 h.

4, 29, and 60 wt % samples pffructose in deionized water
were prepared. The sample was placed in an aluminum containe
with a thin annular radius of 0.1 mm. This radius was chosen
to reduce multiple scattering, which complicates data analysis.
The container was mounted inside a closed-cycle, He refrigera-
tor. Data were collected at 300 K for the 4, 29, and 60 wt %
fructose solutions. A separate empty-cell run was made at 300
K, and the result was subtracted from that of the fructose
solutions to remove scattering from the sample cell. Another
separate run was made with vanadium in order to obtain the
resolution function and the detector efficiency of the spectrom-
eter.

Ill. Data Processing

function SQ,w) can be expressed as hydrogen atoms in the system that belong to water molecules.
These percentages are reported in Table 1.
SQ.w) =[S,(Qw) + K(Qw) + S{(Qw)] ® Rw) (1) The translational part of the correlation function results in a

sharp Lorentzian peak in the QENS spectrum of the following

where each term is convoluted with the instrument resolution, form:
R(w).*® S/(Qw), Sr(Qw), and Sx(Q,w) are the vibrational,
translational, and rotational scattering functior®, is the Ir'Q

: - SQw) 05— 2)
scattering vector, anfil is the energy transferred to the sample [h2w2 4 [I‘(Q)]z]
by a scattered neutron. The time scale of observation of the
time-of-flight Fermi chopper spectrometer is approximately 75 whereTI'(Q) is the full width at half-maximum as a function of
ps. This is much longer than the vibrational period of the Q, the scattering vector. The narrowing®R,w) at increasing
hydrogen atom. In this long-time limit, the vibrational scattering fructose concentration signals the slowing of water motions,
function is reduced to the Deby#&Valler factor?® Di Cola et and the corresponding line width gives us the characteristic time
al. concluded that for time scales longer than about 1 ps, QENSscale of the motions. This is shown in Figure 1.
experiments essentially probe the dynamics of the translational The connection between the broadening of the scattering
motion, i.e., center of mass dynamics, of water molectfles. function and diffusion coefficients can be made through
This means that for all practical purposes, we simply need a Einstein’s theory of Brownian motio#. This continuous dif-
theoretical expression for the translational scattering function fusion model predicts foF(Q) the following form
in order to analyze high-resolution quasi-elastic neutron scat-
tering (QENS) spectra. To characterize the relaxation, we used r= 2hDQ2 ()
two different models to analyze the data.

As mentioned earlier, hydrogen has an unusually large whereD is the diffusion coefficient. The continuous model
incoherent scattering length, and therefore dominates the scatbreaks down when the strength of intermolecular interactions
tering function of QENS experiments. It is important to separate increases, as in structured liquids. Junaiffusion models are
the signal from fructose and water in order to study the diffusive often used to describe these situations, in which molecules are
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8.0 " stretch exponent; the inverse time Fourier transform 8Q,w),
Water is the intermediate scattering function; aAds the Debye-
- ‘2“5’,“;,{/ Waller factor. This equation is routinely applied to model the
6.0 —-— 60wt% relaxation behavior in glass-forming microemulsions, polymer
melts, polyalcohols, metallic melts, and polyether ketdi§e¥.

The diffusive motion of the water molecules was modeled
by a stretched exponential. The scattering from sugar molecules
was accounted for by an elastic component convoluted with
the Gaussian resolution. Each component was weighted by the
appropriate value given in Table 1. In the stretched-exponential
model, the quasi-elastic peak has a line shape that is a Fourier
transform of a stretched exponential function. In contrast to the
GaussiarLorentzian model, the stretched-exponential function
has twoQ-dependent parameterst Bhd/, which characterize
the line width. It is convenient to combine the two parameters
into a single quantity, the mean relaxation time, that
Figure 1. Quasi-elastic incoherent neutron spectra from fructose characterizes the structural relaxatfSnln the case of an

water solutions aQ = 1.0 A"t and T = 300 K. The narrowing of exponential relaxation as a result of continuous diffusion
spectra at increasing fructose concentration signals the slowing of water

motions. The quantity plotted is proportional $(Q,w) [see eq 2]. Q) = exp(—Dta) (8)

Intensity (relative units)

assumed to undergo localized oscillatory motions, and oc-
casional translations, during which they diffuse over lengths
that exceed the amplitude of localized vibratiéd$he jump-
diffusion model employed here involves the existence of two
characteristic times: the jump timgduring which the particle
diffuses and the residence timg during which it undergoes
oscillatory motions without translatirf§.The jump-diffusion . t 71

model leads to scattering laws in which the quasi-elastic T=ﬁ) dt ex;{—(;ﬂ :BF(B) 9)
broadening at larg® values deviates noticeably from tbe&)?

law. The full width at half-maximuml’, is given in this model \yhereT is the gamma function. The area under the curve is

the relaxation can be characterized by its initial sI@f@? or

by its area IDQ?. For stretched exponential relaxation, the area
under the curve, is utilized to characterize the relaxation process
instead of its initial slope, which diverges fér< 1. For KWW
behavior, the area under the curve is given by

by the average relaxation time For Q <1 A~1 a power-law
2 dependence7 O Q77 is observed, with an exponemt ap-
= _2hQD (4) proximately equal to 2. Following Zanotti et &f.pne can then
1+ QZDrJ define an effective diffusion coefficient through the relation
The jump timer; and the characteristic jump distankeare 1_ DQ2 (10)
related to the diffusion coefficient by T
| 2 Note that eq 10 provides an estimate of the average diffusion
D==" 5) coefficient?° It is clearly not an exact relation, because it implies

3] equality between eq 7 and eq 8, which is true only whien
1. In other words, when stretched exponential behavior occurs,
the average relaxation time has an unambiguous meaning but

. the diffusion coefficient is only an effective, estimated quan-
reduces to the continuous model.

, tity.20
(b) Stretched Exponential Model. QENS data can also be y
analyzed ysing thg Kohlraqsch-WiIIiams-Watts (KWW) §tretched IV. Results and Discussion
exponential functiod? which approximates a collection of ) ] ]
individual exponential decay processes in a single function with ~ The dynamics of water at different fructose concentrations

However, at smalQ values, the details of the elementary jump
processes are no longer observed and the judiffusion law

only two parameters; and 3, in such a way that as represented by the scattering funct®®,w) are presented
in Figure 1 atQ = 1.0 A~L The narrowing ofSQ,w) at
exp(t/r)’ ~ Z A exp(—t/r) (6) increasing fructose concentrations signals the slowing of water
motions, and the corresponding line width gives us the

Relaxation processes in deeply supercooled liquids are We”characteristic time scale of the motions. Similar trends are seen

represented by the KWW function. In low-temperature associat- 'OF @ll experimentally accessibi values. Both the Gaussian
ing liquids, the center of mass motion can be considered as a-Oréntzian model and the KWW stretched exponential models
compounded motion of a short-time in-cage vibrations and long- were used to estimate the d|ffq3|on goefﬂuents of Water.as a
time cage relaxation, having two widely separated time s@ales. function of fructose concentration. Figure 2 §hows the fit of
The cage relaxation at long time can be expressed in terms ofth® two models for the 60 wt % fructose solution &Qaalue
the intermediate scattering function as of 1.02 A-1. Notice that both are in excellent agreement with
the data. Results from the Gausstdrorentzian model will be
t\8 presented first, followed by the results from the stretched-
QY =AQ) exp{—(;) ] @) exponential model.
(a) Gaussianr-Lorentzian Model. For the GaussianlLorent-
In the above eq 1/is the relaxation rate3 (0 < § < 1) is the zian model, the slope df versusQ? is related to the diffusion
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TABLE 2: Comparison of Water Diffusion Coefficients in Fructose (QENS, 2 Models, This Work; MD'” and NMR19)

D QENS D QENS DaMD Db
Gaussian-Lorentzian stretched-exponential simulationg’ NMR
solution (1075 cn¥/s) (1075 cnr?/s) (10°5cn?/s) (1075 cn¥/s)

pure water 2.6# 0.05 2.51+ 0.03 2.584+ 0.03
4 wt % fructose 2.5%0.10 2.30+ 0.06 1.80+ 0.05
29 wt % fructose 1.8& 0.10 1.50+ 0.10 0.062t 0.005 2.00
50 wt % fructose 0.75
60 wt % fructose 0.7% 0.20 0.38+ 0.08 0.016+ 0.003
70 wt % fructose 0.23

2Roberts, C. J.; Debenedetti, P. & Phys. Chem. B999 103 7308.° Rampp, M.; Buttersack, C.; ldemann, H. DCarboydr. Res200Q 328
561.
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Figure 2. Comparison of the two different methods of analysis of the Figure 4. Line widthT of the translational component of the spectrum
same QENS data set. The typical spectrum as taken from a 60 wt %versusQ? shown for allQ values. The line width of pure water and
fructose-water solution aQ = 1.0 A~ and T = 300 K. The empty the 4 wt % solution varies linearly withQsuggesting that continuous
circles are experimental data; the solid line is the stretched exponentialdiffusion dominates, with the best fit given by eq 3. At higher
model. In the inset the empty circles are data and the solid line is the concentrations, the line widths show an initial linear region and then
GaussiarLorentzian model. Notice that both models are in excellent flatten out to a constant value. This confirms the jundiffusion model
agreement with the data. for the intermediate-time diffusion of water, with the best fit given by
eq 4.

0.4 T T
® pure water

+ 4 wt% Fructose
A 29 wt% Fructose
03T x 60 wit% Fructose

% fructose solution, indicating an order of magnitude drop in
the diffusive motion of water upon increasing the fructose
concentration. The sensitivity @"-° to the percentage of the
signal attributed to the sugar was tested by systematically
increasing (decreasing) the percentage of the signal due to elastic
scattering. The error bars included in Table 2 are the direct result
of this sensitivity test. We varied the percentage of the signal
due to elastic scattering by5%, which caused th®H:° for
the 4 and 29 wt % solutions to differ by-4.0% from the results
in Table 2. However, for the more concentrated solution, 60 wt
% fructose, the same changes in the amount of elastic scattering
caused":° to vary by as much as 30% from the results reported
00,3 od ) 22 Py in Table 2. The increased sensitivity to the elastic component
Q (A7) for the 60 wt % data is likely due to the poor statistics at low
Figure 3. Line widthT of the translational component of the spectrum  Q Vvalues. )
versusQ?, shown forQ values less than 1&. Best fit is given by eq Figure 4 showsI' versusQ? as a function of fructose
3, indicating that continuous diffusion dominates at I@walues or concentration for alQ values measured. For pure water and
large length scales. The decrease of slope for increasing fructosethe 4 wt % solution the line widths vary linearly witQ? and
concentrations indicates a slowing of the diffusive motion of water.  therefore can be described by the continuous diffusion model.
The dynamics of these solutions are not controlled by highly

0.1

coefficient as seen by eq 3 for sm@llvalues, i.e.Q < 1 AL cooperative molecular rearrangements. However, at higher
Figure 3 shows the linear dependencelbfiersusQ? as a fructose concentrations, the line widths show an initial linear
function of fructose concentration @values less than 1A, region but then start to flatten toward a constant value given

Values of the diffusion coefficient of pure water, and of water by 2k; eq 4. This is a striking confirmation of the jump

in 4, 29, and 60 wt % solutions are reported in Table 2. These diffusion model for the intermediate time diffusion of water.
values are based on eq 3 and account for the elastic scatteringhis is consistent with the suggestion that in concentrated
due to the fructose. They vary froBH° = 2.7 x 1075 cn/s carbohydrate solutions, water molecules diffuse by “hopping”
for pure water tadD"° = 7.1 x 107% cm?/s for water in 60 wt over preferential jump distancdsg, The transition in diffusion
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Figure 5. The inverse of the average relaxation tifnglefined by eq Figure 6. Results from the fitting procedure for the paramgfenf

9] for pure water and 4, 29, and 60 wt % fructose solutions ve@&us the stretched exponential modgl.is plotted as a function of both

The slope decreases for increasing fructose concentration, signaling{TUCtose concentration arfd. Note the decrease jfi with increasing

the progressive slowing of water's translation motion. fructose concentration.
nanose? While inorganic compounds and temperature affect

from continuous, hydrodynamic behavior to *hopping” is the equilibrium distribution of anomers in solution, sugar
observed at 300 K, well above the glass transition temperatureconcentration appears not to affect anomeric equilibAa®nly
(Tg) for the 29 wt % or 60 wt % fructose SOIUtionS, which are the most stable fornﬁ_pyranose was used in the MD simula-
149 K and 190 K, respectiveRf.The occurrence of *hopping”  tions, as accounting for the transformation between the various
is expected in more concentrated carbohydrate water solutionsgnomers is beyond the range of what is currently possible in
because the macroscopic translational mobility becomes morepmpD simulations. The values obH:© predicted by the MD
strongly influenced by the need for highly cooperative molecular simulations decrease by more than 2 orders of magnitude in
rearrangements. going from pure water to the 60 wt % solution. Both recent

(b) KKW Stretched-Exponential Model. The slope of & NMR data and our QENS data show tH2i-C decreases less
versusQ? is related to the average diffusion coefficient as seen sharply as a function of increasing sugar concentration. This is
by eq 10 for smalQ values. Figure 5 is a plot of kersusQ? probably due to the fact that the force fields used in the
as a function of fructose concentrations @walues less than  simulations were developed for dilute sugar solutions. This
1 A-1. Based on eq 10 the values Drare calculated and listed  hypothesis is consistent with the agreement seen in Table 2 for
in Table 2. Like the values calculated based on eq 3, these valueure water diffusivities and fad"z° in 4% fructose, for which
of DH:0 also account for the elastic or Gaussian signal due to the MD results are within 25% of the experimental values. It is
the fructose. These values vary frdh:° = 2.5 x 107 cn?/s important to note that while the force fields do not accurately
for pure water to [:° = 3.8 x 1076 cn¥/s for water in 60 wt  predict diffusion coefficients for the concentrated solutions, they
% fructose solution. Again, to obtain error estimates, the are still capable of capturing the different mechanisms of
sensitivity of DH:° to the percentage of the signal attributed to diffusion, such as the transition from continuous to jump
the sugar was tested by systematically increasing (decreasingiffusion occurring around 29 wt % sugar concentrafibn.
the percentage of the signal due to elastic scattering. We varied The dependence of the stretch expongnion fructose
the elastic scattering by:5% from the values given in Table  concentration and o is shown in Figure 6. It can be seen
1, causingD"20 for the 4 and 29 wt % solutions to differ by  that there is an insignificant deviation gffrom 1 for water,
2—8% from the results reported in Table 2. However, for the and 4 wt % fructose, and deviations are quite small also for the
more concentrated solution, 60 wt % fructose, the same change9 wt % fructose solutions is appreciably smaller than 1 for
in the amount of elastic scattering caude'®® to vary by as the 60 wt % fructose solutionQ( < 1.4 A1), increasing from
much as 20% from the results reported in Table 2. Again, the ~0.63 Q = 0.3 A1) to ~0.88 Q = 1.4A™%). This suggests
larger changes at the high concentration are likely due to thethat a change in the mechanism of water diffusion occurs
poor statistics of the 60 wt % data at l@walues. The values  between 29% and 60 wt % fructose concentration. The analysis
of D20 obtained by using the Guasstahorentzian model and  based on the Gaussiahorentzian model (Figure 4) and
the stretched-exponential model differ by 6% for pure water previous MD simulations suggest that the transition occurs at
and by as much as 46% for the 60 wt % fructose solution. For 29 wt % fructose. Using the Gaussiahorentzian model a plot
pure water, this difference is due to the fact that eq 10 is not of " vs Q2 yielded a straight line indicating continuous diffusion
exact. With increasing fructose concentration, not only are the for Q < 1 A-1, for all solutions. However, the significant
differences between measured (jump diffusion) and effective deviation inj from 1 at values of < 1 A~1 for the 60 wt %
(stretched exponential) diffusivities more pronounced, but poorer fructose solution suggests that “hopping” entails cooperative
statistics (smaller fraction of the signal due to water, see Table events occurring over appreciable length scales. The same
1) may also contribute to this difference. progression in relaxation behavior with respect to carbohydrate

In addition to the diffusivity values obtained in this work, concentration can be seen in Figure 7. Finally, returning to
Table 2 also lists values fob"° calculated by molecular  Figure 6, we note that beyor@ = 1.5 A, B appears to be
dynamics (MD) simulations of fructosevater solutions; and less sensitive to fructose concentration. This suggests that the
recent NMR dat® for this same system. Aqueowsfructose effect of fructose on water dynamics is felt at length scales
contains various tautomeric forms. At 303 K these include 2% greater than 7 A. Such a length scale is relevant to the breakage
o-pyranose, 709p-pyranose, 5%-furanose, and 2398-fur- and formation of water cages, rather than the short-time
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how proteins are stabilized under these conditions. This insight
\ may be found more directly by studying the nature of cryopro-
tective ability of sugars in multicomponent systems.
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