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Hydrophobic zeolites, including Ti- and Sn-beta, have been found to adsorb and isomerize glucose into fructose. An experi-
mental question has been the significance of the entropic contribution to the free energy of transfer of glucose from solution
to zeolite. We here perform Gibbs ensemble Monte Carlo calculations to quantify the enthalpy, entropy, and free energy of
transfer of glucose from the aqueous phase to the zeolite phase. We find that the entropic contribution is large and positive,
nearly compensating for an unfavorable enthalpy of transfer in all-silica zeolite beta. A significant component of the positive
entropy of transfer from the aqueous phase to zeolite is the unstructuring of first coordination shell waters around glucose
as it leaves the solution. VC 2013 American Institute of Chemical Engineers AIChE J, 59: 3523-3529, 2013
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Introduction

Zeolites are nanoporous crystals, classically with chemical
composition Si12xAlxO2. The first zeolite to be commercial-
ized was Linde type A in 1953,1 and zeolites are now widely
used in catalytic, sorption, and separation processes.2 Tuning
of the shape selectivity that results from different pore archi-
tectures is a fundamental principle in the field of zeolite ca-
talysis.3 An interesting subset of zeolites are the hydrophobic
zeolites, first prepared in 1978.4,5 These materials can adsorb
and react on hydrophobic compounds in aqueous phase. The
(nearly) water-free environment provided by hydrophobic ze-
olite frameworks allows catalysis of different reactions than
does aqueous media or the environment of hydrophilic zeo-
lites.6,7 That is, these defect-free hydrophobic zeolites allow
catalysis that would otherwise be poisoned in the presence
of water in the zeolite host. Hydrophobic zeolites similarly
provide unique catalytic pathways to react on compounds in
two-phase water-organic mixtures, as might occur during
conversion of biomass feed stocks.8–11

A particularly interesting transformation that illustrates the
properties of hydrophobic zeolites is the isomerization of glu-
cose into fructose in these materials.7,12–14 In contrast, in zeo-
lites with defects and which are not hydrophobic, adsorbed
water molecules inhibit the Lewis-acid-catalyzed

isomerization. Interestingly, the mechanism of isomerization
in hydrophobic zeolites follows a pathway quite similar to
that of metalloenzyme-catalyzed isomerization.15 It appears
that the hydrophobic zeolite provides a water-excluded region
for the catalysis to occur, just as the hydrophobic groups in
the metalloenzyme do. In addition to hydrophobicity of the
zeolite, a good match between pore size and substrate size is
also important for catalytic yield and conversion.13

The first step of zeolite-catalyzed isomerization of glucose
is the transfer of glucose from the aqueous phase to the zeo-
lite phase. A natural question, not yet answered experimen-
tally, is to what extent there is an entropic driving force for
this partitioning. We wonder, in particular, whether there is
a restructuring of the water as the glucose leaves the aqueous
phase. The effect of this restructuring would be primarily
entropic in nature. We here quantify the contribution of this
water restructuring to the free energy of transfer for glucose
from the aqueous phase to zeolite beta (designated as BEA
framework). These calculations complement recent experi-
mental studies of this transformation in zeolite beta.16

The remainder of this article is organized as follows. In the
Methods section, we discuss the molecular models and Monte
Carlo algorithms used to calculate thermodynamic and struc-
tural properties. In the Results and Discussion section, we
give results for the enthalpy, entropy, and free energy of
transfer of glucose to zeolite beta and discuss structural prop-
erties. We discuss the importance of water restructuring on
the driving force for adsorption of glucose within zeolite beta
from aqueous solution. We conclude in the final section.

Correspondence concerning this article should be addressed to M. W. Deem at
mwdeem@rice.edu.
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Methods

Zeolite beta is an intergrown hybrid of two closely related
polymorphs that both possess a fully three-dimensional pore
structure with 12-ring as the windows between cages. Poly-
morph A forms an enantiomorphic pair with space group sym-
metries P4122 and P4322, with a 5 1:266 nm and c52:641
nm. In this simulation study, we used 3 3 3 3 2 unit cells of
the all-silica polymorph A with the structure determined by
Newsam et al.,17 that is, the simulation box lengths are 3.798
and 5.282 nm, respectively, and it contains 3456 framework
atoms with interaction sites placed at both O and Si locations.
The all-silica zeolite beta structure is treated as rigid, and the
simulation box is periodically replicated in all three directions
to form an infinite sorbent structure without open surfaces.

The sorbent–sorbate and sorbate–sorbate intermolecular
interactions are described using Lennard–Jones 12–6 (LJ)
and Coulomb potentials, with parameters taken from the
TIP4P (Transferable Intermolecular Potential 4 Point)
model18 for water, the OPLS-AA (Optimized Potentials for
Liquid Simulations – All Atom) force field for glucose,19

and the TraPPE-zeo (Transferable Potentials for Phase Equi-
libria – zeolite) force field20,21 for the framework atoms. For
the TraPPE-zeo force field, a training set of sorption iso-
therms for alkanes, carbon dioxide, and ethanol was used for
the parameterization of the interaction sites in the zeolite
matrix. The glucose molecule is modeled as semiflexible
with a rigid ring structure and flexible hydroxyl groups and
side chain. The LJ parameters for all unlike interactions,
including those with zeolite framework atoms, are obtained
using Lorentz–Berthelot combining rules. A spherical poten-
tial truncation at a distance of 1.4 nm is used for sorbate–
sorbate interactions and for those in the solution phase with
analytical tail corrections to estimate LJ interactions beyond
this distance.22 Coulomb interactions are treated using the
Ewald summation method.22 All host–guest interactions are
pretabulated and interpolated during simulation.23

The MCCCS-MN (Monte Carlo for Complex Chemical
Systems – Minnesota) software24 was used for all Monte
Carlo (MC) simulations. The adsorption equilibria were

determined using the isobaric–isothermal version of the
Gibbs ensemble25 with three simulation boxes used to repre-
sent the zeolite phase, the solution phase, and a vapor-phase
transfer medium. This setup is very similar to those previ-
ously used by us to study liquid–liquid equilibria,26 retention
in reversed-phase liquid chromatography,27 and adsorption of
methanol and ethanol onto silicalite-1 from aqueous solu-
tion.20 The Gibbs ensemble simulations were performed using
a system size consisting of 1000 water molecules at the three
different compositions of 9, 18, and 36 glucose molecules per
1000 water molecules; the three temperatures of 348 K, 353
K, and 358 K; and an external pressure of 1 atm. In addition
to conventional translational, rotational, and volume moves,
we used two types of configurational-bias Monte Carlo
(CBMC) moves: coupled-decoupled CBMC swap moves that
transfer particles (only water and the smallest glucose inter-
mediate) between different simulation boxes28–31 and CBMC
identity switch moves that convert between two related mole-
cules.32 Because cavities of the size needed to accommo-
date a glucose molecule do not appear with sufficient
frequency in liquid water, the transfer of glucose molecules
is enhanced through multiple intermediate glucose variants
that have scaled interactions and an external biasing poten-
tial is used to help with the transfer of glucose variants to the
vapor phase (and corrected for in the calculation of the trans-
fer-free energies).33 The probabilities for performing both types
of the CBMC transfer moves were adjusted so that about one
move of each type was accepted per 10 MC cycles. Sixteen in-
dependent simulations were carried out at each state point.
The equilibration and production periods consisted of
100,000–250,000 and 100,000 MC cycles, respectively, where
each cycle consists of N MC trial moves.

In addition to the Gibbs ensemble Monte Carlo (GEMC)

simulations for the adsorption equilibria, additional simula-

tions were carried out in the isobaric–isothermal ensemble34

to quantify the enthalpy of solvation for glucose in water. To

this extent, an isolated gas-phase glucose molecule and liq-

uid phases consisting of either 1000 water molecules or of

one glucose and 1000 water molecules were studied.

Figure 1. Locally optimized conformations of glucose: (a) and (b), two forms of the a-chair with counter clockwise
hydrogen bonding pattern; (c) and (d), two forms of the a-chair with clockwise hydrogen bonding pattern;
(e), a-boat; (f) and (g), two forms of the b-chair with counter clockwise hydrogen bonding pattern; (h) and
(i), two forms of the b-chair with clockwise hydrogen bonding pattern; (j), b-boat.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Results and Discussion

As aforementioned, for computational efficiency a semi-
rigid glucose model was used for this work. Thus, the first
task was to identify the ring structure that is energetically
most favorable. To this extent, electronic structure calcula-
tions using Kohn–Sham density functional theory with the
M06-2X/6–3111g(3df,3pd) combination of functional and
basis set35 were used. Figure 1 illustrates the gas-phase-opti-
mized structures and Table 1 summarizes the corresponding
energies. Conformers a and b are significantly lower in
energy than the other conformers and their geometries for
the six ring atoms and for those six atoms directly bonded to
the ring are very similar. Thus, the 12-atom core from the a

conformer is used to initialize the simulations. Because the
hydroxyl groups and the side chain can freely rotate, Con-
formers a–d, that is, the a chair structures, are allowed in
the simulation. It should be noted that Conformers f and g

are also within the thermally accessible energy range, but
are inaccessible in the simulations. Given the similarity of
the overall shapes, it is likely that the adsorption and solva-
tion behavior for Conformers a and f (and conformers b and
g) would be quite similar. A question that cannot be
answered with the current simulation protocol is whether the
population of the open-chain form would be significant in
zeolite beta. The lengths of the intramolecular hydrogen
bonds are also indicated in Figure 1, and with the exception
of the one hydrogen bond of Conformer a involving the
hydroxyl group of the CH2OH group as donor, all other
intramolecular hydrogen bonds are longer than 0.22 nm, that
is, fairly strained.

In GEMC simulations of multicomponent adsorption sys-
tems, only the overall composition is specified, and molecules
distribute between the different phases through particle trans-
fer moves.36 Within the statistical errors, the partition coeffi-
cients are found to agree for all three temperatures. The
simulations containing a total of 9, 18, and 36 glucose mole-
cules yield weight fractions of 0.05, 0.09, and 0.17, respec-
tively, in the aqueous phase. The corresponding loadings for
glucose in the zeolite are 0:17 6 0:03, 0:32 6 0:05, and
0:46 6 0:04 molecules per crystallographic unit cell, respec-
tively, that is, they exhibit a linear correlation with the solu-
tion-phase concentrations. In contrast, the corresponding
loadings for water in the zeolite are 0:49 6 0:08, 0:68 6 0:12,
and 0:83 6 0:15 molecules per crystallographic unit cell,
respectively. As was also found for mixtures of primary alco-
hols and water,20 the adsorption of glucose induces coadsorp-
tion of water. A nearly linear relation exists between adsorbed
water and adsorbed glucose, nads

water � 0:30 1 1:2 3 nads
glucose .

The Gibbs free energy of transfer from Phase A to Phase
B can be evaluated directly from the ratio of number den-
sities as follows37

DGtrans 5 2 RTln
qB

qA

where qA and qB are the number densities of the solute in
the two phases. Due to the relatively small number of

successful complete particle transfers, we used data from all
nine state points to estimate DGtrans and found values of
142 and 1 2:2 kJ/mol for the transfer from the aqueous
phase to the vapor and to the zeolite phase, respectively. As
can be seen, the transfer into the zeolite phase is
significantly more favorable than the transfer to the vapor
phase. In our GEMC simulations, both the glucose and the
water molecules are allowed to transfer between all three
phases. The fluctuating particle numbers resulting from the
phase transfers make a direct estimation of the enthalpy of
transfer, a statistically very challenging problem;38 hence, sepa-
rate simulations with fixed numbers of particles in the iso-
baric–isothermal ensemble were used to compute the enthalpy
of transfer at infinite dilution. The numerical data are summar-
ized in Table 2. The potential energies for all three systems
increase monotonically with temperature, but as the enthalpy
of solvation for transfer from vapor phase to solution phase
involves computing a small number from the difference of two
larger numbers, larger by about two orders of magnitude, the
uncertainty in DHsol is larger than the temperature effect.
Averaging over all three temperatures, we estimate
DHtrans 5 2 DHsol 51416 6 kJ/mol. As will be seen from the
structural analysis provided below, the solvation structure around
the glucose molecules and the number of hydrogen bonds
formed to the solvent do not show a significant concentration de-
pendence over the range of state points investigated here.

Once the Gibbs free energy and the enthalpy of transfer
are known, the entropy of transfer can be estimated from the
usual thermodynamic definition

DGtrans 5DHtrans 2 TDStrans

As is already clear from the different magnitudes of DGtrans

and DHtrans for the transfer of glucose from the aqueous
phase to the vapor phase, the entropy of transfer must be
large and positive, and a value of 1 280 6 20 J/(mol K) is
estimated here.

The numerical data for the energetics of the adsorption
process are summarized in Table 3. Because the temperature
effects are minor (see below) and statistically significant dif-
ferences were not observed, the data are averaged over the
three temperatures. The potential energies of glucose and of
water in the zeolite increase slightly in magnitude with
increasing glucose concentration, that is, sorbate–sorbate
interactions play a minor role at the compositions investi-
gated here. The magnitude of the potential energy for glu-
cose in the zeolite appears quite large at first glance, but it
should be noted that the intramolecular energy for glucose in
the vapor phase is also large and negative (see Table 2). The
values of the potential energy of glucose in the zeolite and

Table 1. Energy of D-Glucose Conformers in kJ/mol Relative

to Conformer a

a b c d e f g h i j

0 0.06 8.12 15.62 43.58 5.09 4.70 19.78 22.55 46.17

Table 2. Potential Energies and Enthalpies of Solvation in

kJ/(mol of System) at Three Temperatures

Temperature

System Property 348 K 353 K 358 K

Isolated glucose
molecule

U 2295:3 6 0:42295:0 6 0:22294:8 6 0:3

1000 water
molecules

U 238394 6 7 238096 6 7 237794 6 9

1 glucose + 1000
water molecules

U 238821 6 5 238532 6 11 238230 6 8

Solvation DHsol 2135 6 9 2144 6 9 2144 6 12
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in the gas phase and the pDV � RT contribution can be used
to estimate the enthalpy of adsorption. Here, we find values
ranging from 2108 to 2124 kJ/mol from the lowest to the
highest glucose concentration. A simple molecular dynamics
calculation on fully flexible D-glucose and fully flexible all-
silica zeolite beta at T 5 343 K with the DREIDING intera-
tomic potential39 gives a DUads 5 2 130 kJ/mol at a loading
of four glucose per crystallographic unit cell. The DHads val-
ues found here are also comparable to the binding energy of
2127 kJ/mol for unprotonated fructose in HZSM-5 esti-
mated from periodic electronic structure calculations with
dispersion correction.40

Using the values for the lowest concentration, because the
infinite dilution case was used for DHsol , these data can be
applied to estimate the entropies of transfer of glucose, and
we find 2270 J/(mol K) for the transfer from the vapor
phase to the zeolite and 1 90 J/(mol K) for the transfer from
the aqueous phase to the zeolite, that is, the entropy plays a
significant role in aiding glucose to adsorb in the zeolite, but
the Gibbs free energy is still unfavorable (see above). The
DStrans values are summarized in Table 4.

To provide further insight into the large and positive value
of DStrans for glucose from the aqueous solution to the vapor
phase, the structure of the aqueous solution was analyzed.
The oxygen(glucose)–oxygen(water) radial distribution func-
tions (RDFs) for four representative systems are illustrated
in Figure 2. The characteristically sharp peak centered at
0.28 nm is a good indication for the formation of strong
hydrogen bonds, but the heights of the first peak are much
lower than those found for oxygen(water)–oxygen(water)
RDFs (not shown). Furthermore, the latter RDFs show a
weak second peak at 0.44 nm for the second solvent shell of
tetrahedrally coordinated water, but only a shoulder is found
in this region for the oxygen(glucose)–oxygen(water) RDFs.
Thus, the presence of the glucose solute leads to a significant
disturbance of the local solvent structure. The fact that the
oxygen(glucose)–oxygen(water) RDFs remain below unity
up to 0.7 nm is likely due to the excluded volume of glu-
cose. The oxygen(glucose)–oxygen(water) RDFs do not ex-
hibit significant changes as temperature and composition are
varied over the range of conditions studied here.

Additional insight about the solvation structure can be
gleaned from a hydrogen bond analysis. In this work, a
hydrogen bond was defined by either (loose) solely distance
criteria of rOH < 0:25 nm and rOO < 0:33 nm, or (strict) a
combination of the same distance criteria and an angular
bound of cos /O-H ���O < 2 0:4, where the acceptor oxygen

can be either from a water or glucose molecule or from the
zeolite framework. Quantitative data on the number and type
of hydrogen bonds are provided in Figure 3. For the condi-
tions investigated here, there is not any significant concentra-
tion dependence for the number of hydrogen bonds being
formed in the solution phase. Using the loose criteria, the
glucose molecule in aqueous solution is involved in the for-
mation of about 11 (intermolecular and intramolecular)
hydrogen bonds. About six of these involve glucose as the
acceptor and water as the donor, whereas about four of these
involve glucose as the donor and water as the acceptor, that
is, the hydroxyl groups of glucose are better hydrogen bond
acceptors than donors. In solution, the number of intramolec-
ular glucose–glucose hydrogen bonds is about one. In con-
trast, a glucose molecule in the gas phase forms about two
hydrogen bonds at T 5 353 K; that is, the conformational
distribution of glucose changes on solvation. Using the strict
criteria, the total number of hydrogen bonds is reduced to
10; with the largest decrease found for the intramolecular
hydrogen bond. The observation that a glucose molecule is
involved in about 10 hydrogen bonds (using either the loose
or strict criteria) with solvation water at T 5 353 K) agrees
well with the results obtained from nuclear magnetic reso-
nance spectra that each glucose hydroxyl group forms two
hydrogen bonds to water (at T 5 273 K).41

For the hydrogen bond analysis of water, the solvent mol-
ecules were grouped into those inside the first solvation shell
of glucose, as defined by forming at least one hydrogen
bond to a glucose molecule, and those outside the first solva-
tion shell. Applying the present geometric criteria for hydro-
gen bond formation, water molecules are involved in about
3.7 hydrogen bonds that are equally divided between donor
and acceptor interactions. Water molecules inside glucose’s
first solvation shell are found to act as donor and acceptor
for about 0.7 and 0.5, respectively, hydrogen bonds with glu-
cose. These values agree with the observation that glucose is
the acceptor for more hydrogen bonds than it is the donor.
Because glucose forms about 10 hydrogen bonds to

Table 3. Potential Energies and Heats of Adsorption in kJ/

mol at Three Overall Compositions

Composition

System Property 1000 : 9 1000 : 18 1000 : 36

Glucose in zeolite U 2400 2409 2416
Water in zeolite U 229 233 235
Glucose adsorption DHads –108 –117 –124

Table 4. Transfer Entropies for Glucose in J/(mol K)

Process DStrans

Solution to vapor 1280 6 20
Vapor to zeolite 2190 6 20
Solution to zeolite 190 6 30

Figure 2. Oxygen(glucose)–oxygen(water) radial distri-
bution function for selected systems.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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hydration and the number of hydrogen bonds to glucose per
water molecule is about 1.2, the number of hydrogen-bonded
water molecules is 8–9. This value is somewhat higher than
the number of six solvation water molecules deduced from
dielectric relaxation studies.42 The water molecules inside
the first solvation shell are also found to act as donor and as
acceptor for about 1.3 and 1.5 hydrogen bond from other
water molecules. The total number of hydrogen bonds per

water molecule is slightly higher for molecules in the first
solvation shell than outside of it. As also observed for the
RDFs, the formation of hydrogen bonds in the aqueous solu-
tion does not depend significantly on the state point.

To provide further insight into the concentration depend-
ence of the enthalpy of adsorption, the distribution of the
potential energies for glucose and water in the zeolite were
analyzed. Figure 4 shows the distributions for glucose for
four representative systems. The temperature dependence is
very small, but increasing the overall number of glucose
molecules and correspondingly the loading of glucose shifts
the distribution to lower energies. It should be noted here
that the potential energy of a vapor-phase glucose molecule
is about 2295 kJ/mol and that this value needs to be sub-
tracted from the potential energies of adsorbed glucose mole-
cules to obtain DHads. Because the zeolite is treated in this
work as rigid, there is no contribution from changes in the
zeolite configuration. The number of hydrogen bonds per
glucose molecule with other sorbate molecules is found to
increase from about 0.5 for the lowest concentration to about
1 for the highest concentration, whereas the number of intra-
molecular hydrogen bonds remains close to 1.2 for all three
compositions. To illustrate the packing of glucose in zeolite
beta, a snapshot is shown in Figure 5. As can be seen, the fit
of the glucose molecule is relatively tight and the molecular
long axis is aligned with the channel direction.

The distributions of the potential energies for adsorbed
water molecules are illustrated in Figure 6. In this case, the
composition dependence is more significant. The energy dis-
tribution for water is bimodal with the sharper peak at 210
kJ/mol reflecting water molecules that interact only with the
zeolite framework, and the broader peak at more favorable
energies is caused by water molecules forming at least one
hydrogen bond with other sorbate molecules. At the lower
glucose concentration, the nonhydrogen-bonding peak is
higher, but its integral smaller than for the hydrogen-bonding
peak. At the highest glucose concentration, the nonhydrogen-

Figure 3. Number of hydrogen bonds for glucose (top)
and water (bottom) molecules in the aqueous
phase at T 5 353 K.

The open and filled symbols show data computed with

the loose and strict hydrogen bond criteria, respectively.

(Top) The black circles, red squares, blue diamonds,

and orange triangles show the number of hydrogen

bonds of any type, with glucose as the donor and water

as the acceptor, with glucose as the acceptor and water

as the donor, and of intramolecular hydrogen bonds,

respectively. (Bottom) The black circles, red squares,

and blue squares show the number of hydrogen bonds

of any type averaged over all water molecules, and with

water as a donor and as acceptor for water molecules

outside of the solvation shell of a glucose molecule.

The red diamonds, blue diamonds, red triangles, and

blue triangles show the number of hydrogen bonds for

water molecules inside the solvation shell of a glucose

molecule with water as the donor and glucose as the

acceptor, with water as the acceptor and glucose as the

donor, with water as the donor and acceptor to/from

another water molecule, respectively. [Color figure can

be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 4. Adsorption energy distributions for glucose
in all-silica zeolite beta for four selected
systems.

For the 18-glucose molecule system, the loadings were

0.29 and 0.37 per unit cell at T 5 348 K and 358 K,

respectively. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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bonding peak is greatly diminished, whereas the hydrogen-
bonding peak increases and shifts to more favorable
energies. The somewhat larger number of glucose molecules
adsorbed in the zeolite found for the 18-molecule system at
358 K is likely responsible for the larger fraction of water
molecules with more favorable interaction energies com-
pared to the 18-molecule system at 348 K. The number of
hydrogen bonds per water molecule with other sorbate mole-
cules is found to increase from about 0.7 for the lowest con-
centration to about 1 for the highest concentration.

The oxygen(glucose)–oxygen(zeolite) RDFs for selected
systems are shown in Figure 7. As expected for a hydropho-
bic all-silica framework and from the relatively small magni-
tude of the adsorption energy for water molecule interacting
only with the zeolite framework, see Figure 6, the RDFs
show only a weak shoulder in the typical hydrogen bond
region. Neither concentration, that is, glucose loading, nor
temperature has a significant effect on these RDFs.

Conclusions

As shown in Table 4, the solvation entropy of glucose is
negative. Both reconfiguration of the water molecules around
the glucose and change in the glucose conformational distri-
bution function contribute to this solvation entropy. Because
the average number of hydrogen bonds per water molecules
in the first coordination shell of glucose is 4.3, greater than
the 3.7 per bulk water molecule, it would appear that water
is more constrained around glucose relative to bulk water.
These results are consistent with previous observations of
increased water densities around glucose.43–45 Removing the
glucose reduces this constrained structure, and so it would
appear that there is an entropic force to drive glucose out of
solution. Glucose may be more conformationally restricted
in the gas phase, as measured by the two intramolecular
hydrogen bonds formed, than in the liquid phase, as meas-
ured by the one intramolecular hydrogen bond formed. If so,
this result along with the negative entropy of solvation also
indicates an entropic water unstructuring force to drive glu-
cose out of solution. Finally, and alternatively, we may argue
that because there are few conformational degrees of free-
dom in glucose, the majority of the 1 280 J/(mol K) entropy
of transfer from solution to vapor must be due to water
unstructuring.

The free energy of transfer for glucose from solution to
zeolite beta is the sum of the entropic, water-restructuring
contribution, and the enthalpy of transfer, as DGtrans 5

DHtrans 2 TDStrans . For all-silica zeolite beta, the enthalpy of
transfer is rather unfavorable. Nonetheless, there is a measur-
able loading of glucose in the zeolite, due to the compensat-
ing entropy of transfer. Significantly, the transfer of glucose
from aqueous solution to the zeolite reduces the extensive
hydration of aqueous glucose to a single water molecule
coadsorbed per glucose molecule in the zeolite. The exclu-
sion of bulk water is a key feature in the mechanism of glu-
cose isomerization in hydrophobic zeolites.15 The metal
binding sites in Ti- or Sn-beta may favorably enhance the
enthalpy of transfer for glucose and may increase the sub-
strate loading of glucose for isomerization in these

Figure 5. Snapshot of glucose molecule in all-silica ze-
olite beta.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 6. Adsorption energy distributions for water in all-
silica zeolite beta for four selected systems.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 7. Oxygen(glucose)–oxygen(zeolite) radial distri-
bution functions.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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Lewis acid zeolites. Temperature-programmed desorption
experiments on Sn or Ti beta16 in 1 wt % glucose solution
suggest the glucose loading in these materials is 5–10 times
larger than that extrapolated from the present calculations
for all-silica beta.
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