
www.elsevier.nl/locate/carres

Carbohydrate Research 326 (2000) 305–322

A QM/MM analysis of the conformations of crystalline
sucrose moieties

Alfred D. French a,*1, Anne-Marie Kelterer b,*2, Christopher J. Cramer c,
Glenn P. Johnson a, Michael K. Dowd a

a Southern Regional Research Center, Agricultural Research Ser6ice, US Department of Agriculture,
1100 Robert E. Lee Boule6ard, PO Box 19687, New Orleans, LA 70179-0687, USA

b Institut für Physikalische und Theoretische Chemie, Technische Uni6ersität Graz, Technikerstraße 4,
A-8010 Graz, Austria

c Uni6ersity of Minnesota, Department of Chemistry and Supercomputer Institute, 207 Pleasant Street SE,
Minneapolis, MN 55455-0431, USA

Received 30 December 1999; accepted 4 February 2000

Abstract

Both ab initio quantum mechanics (QM) and molecular mechanics (MM) were used to produce a hybrid energy
surface for sucrose that simultaneously provides low energies for conformations that are observed in crystal
structures and high energies for most unobserved structures. HF/6-31G* QM energies were calculated for an
analogue based on tetrahydropyran (THP) and tetrahydrofuran (THF). Remaining contributions to the potential
energy of sucrose were calculated with MM. To do this, the MM surface for the analogue was subtracted from the
MM surface for the disaccharide, and the QM surface for the analogue was added. Prediction of the distribution of
observable geometries was enhanced by reducing the strength of the hydrogen bonding. Reduced hydrogen-bonding
strength is probably useful because many crystalline sucrose moieties do not have intramolecular hydrogen bonds
between the fructose and glucose residues. Therefore, hydrogen bonding does not play a large role in determining the
molecular conformation. On the hybrid energy surface that was constructed with a dielectric constant of 3.5, the
average potential energy of 23 sucrose moieties from crystal structures is 1.16 kcal/mol, and the population of
observed structures drops off exponentially as the energy increases. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The chemical and physical properties of the
disaccharide sucrose are of substantial interest
because of its biological and commercial roles.
Crops that produce table sugar are agricul-

tural mainstays in many nations. Sucrose is a
biosynthetic feedstock for cellulose, the
polysaccharide that is the most prevalent
biomolecule on the planet as well as the major
component of cotton fiber. Sucrose esters are
used as no-calorie fat substitutes, and sucrose
could become an important industrial raw ma-
terial [1] for many non-food products such as
adhesives [2] or even medicines [3].

Sucrose conformations have been studied
extensively because its molecular shapes are
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thought to help determine its properties. Be-
sides, even the relationship between its sweet-
ness and its structure is not completely
understood. An understanding of its confor-
mational behavior is necessary for many sorts
of investigations ranging from understanding
interactions with proteins to computer-aided
development of new materials. The basic con-
formation is usually expressed by the values of
the torsion angles f and c (Fig. 1) that de-
scribe the rotational orientations of the
monosaccharide residues about their C-1�O-1
and O-1�C-2% bonds to the glycosidic oxygen
atom. Values of c for crystalline sucrose moi-
eties range over almost 180°, while f takes
values over a more limited span of 30°. Thus,
some flexibility exists.

Computer models have been used exten-
sively to study sucrose. Ramachandran plots
[4] depict how the calculated energy changes
when f and c are varied. The approximate
relative populations of the various conforma-
tions in equilibria can be inferred from these
energy surfaces, as can the heights of barriers

between them. Such surfaces can be used to
validate the method of computing the energy
by comparison with observed structures. Con-
versely, energy surfaces indicate the extents of
distortion for well-determined experimental
geometries in particular environments. They
are also important for the interpretation of
less definitive experiments, and they indicate
the likelihood of proposed structures.

Energies for disaccharide surfaces can be
calculated in several ways, but at present, they
are usually based on empirical (or molecular
mechanics, MM) force fields. Some time ago,
we reported [5–7] that the MM program MM3
[8] does not account very well for all of the
structures of sucrose moieties that are ob-
served with diffraction crystallography despite
its apparent success with other disaccharides.
On the deficient MM3 surface and those made
with other force fields [9,10], some observed
sucrose conformations corresponded to high
energies. Also, parts of the low-energy region
were not populated by observed structures.
We refer to this situation as ‘the sucrose prob-

Fig. 1. Compounds used in this work. (a) Sucrose with most hydrogen atoms removed. (b) 1,2%-O-linked THP�O�THF analogue
of sucrose (c) Axial 2-Me�O�THP. (d) 2-Me�O�THF. f for sucrose is based on the O-5�C-1�O-1�C-2% sequence and c is based
on O-5%�C-2%�O-1�C-1. The torsion angles for the other species are defined analogously. Only hydrogen atoms involved in
hydrogen bonds are shown.
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lem’. Subsequently, energy surfaces were pro-
posed for sucrose that were based on molecu-
lar dynamics simulations with explicit water
[11,12], or on a model having united hydroxyl
groups [13]. Those proposals were not entirely
satisfying, and the purpose of the present pa-
per is to describe a new and hopefully more
convincing, potential-energy surface for su-
crose. We then undertake a detailed analysis
of the agreement of this surface with a variety
of linkage conformations that are observed in
crystal structures. In the process we introduce
a statistical comparison based on a Boltz-
mann-like, exponential decay distribution of
the conformational energies that appears to be
useful in testing the validity (or at least the
utility) of proposed potential-energy functions.

We had earlier attributed the problems with
the MM3 surface for sucrose to failure to
account for an ‘overlapping exo-anomeric ef-
fect’. The normal exo-anomeric effect, as
found in reducing disaccharides such as cel-
lobiose [14–16] is reasonably well understood
[17,18]. It leads to gauche preferences for
O�C�O�C sequences because of delocalization
of the lone-pair electrons on the glycosidic
oxygen atom. This effect has been mimicked in
MM force fields [8,19–23]. In the non-reduc-
ing sucrose molecule, however, two anomeric
centers are linked to the same oxygen atom,
and the energy may not be correctly calculated
with current MM potential functions [24].

We have worked around this apparent
problem in the present paper by using ab initio
quantum mechanics (QM) for the critical part
of the molecule and MM for the rest of the
structure. In this sense, our method is a QM/
MM hybrid [25], but it is simpler than the
methods usually described by that phrase. In
our method, the critical part is itself a com-
plete molecule. It is an analogue of sucrose
(Fig. 1(b)), based on the tetrahydropyran
(THP) and tetrahydrofuran (THF) rings of the
sucrose backbone and the linkage oxygen
atom. We propose that this choice of the
critical part provides the necessary atoms to
allow for a reasonable approximation of the
varying electronic structures that contribute to
the torsional energies as the values of f and c
are changed.

The method requires three separate sets (or
maps) of f, c and energy values: Ef,c for the
disaccharide as computed by MM, Ef,c for the
analogue, computed by MM, and Ef,c for the
analogue computed by QM. At each f, c
point, the hybrid energy for sucrose is then
defined by:

Ef,c(hybrid)=Ef,c(QM, analogue)

+Ef,c(MM, whole molecule)

−Ef,c(MM, analogue)

This expression depicts the hybrid energies
as being the result of starting with the QM
energies for the backbone and then adding the
net effect of the presence of the hydroxyl and
hydroxymethylene groups from the MM cal-
culations. Alternatively, the hybrid energy
could be computed by adding the difference
between the QM and MM calculations for the
analogue to the MM energies for the disac-
charide. That would depict the hybrid energy
as being the MM energy for the disaccharide,
with a correction to the MM values for the
torsional energy. Both descriptions of the hy-
brid energy are equivalent.

The QM calculations allow us to treat di-
rectly the apparently different exo-anomeric
effects in sucrose and also to deal directly with
the potential issue of conformationally depen-
dent atomic charges. The MM calculations for
the less important parts of the molecule re-
duce the size of the QM calculations, which
would otherwise be impractically time con-
suming. MM also allows us to deal rapidly
with the manifold hydroxyl and primary alco-
hol group orientations.

Compared with reducing disaccharides, su-
crose presents an additional challenge with its
more flexible furanosyl ring. It also has the
problems that are encountered when modeling
‘normal’ disaccharides. When predicting con-
densed phase shapes with isolated molecules,
appropriate accounting for hydrogen bonding
is difficult. Some intramolecular hydrogen
bonds are observed in crystals, as in Fig. 1(a).
More often, however, hydrogen bonds are
intermolecular. Isolated models have no op-
portunity for intramolecular hydrogen bonds,
and such models will have the lowest energy
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when the strongest intramolecular hydrogen-
bonding system is formed. This leads to high
relative energies for structures that cannot
form the intramolecular hydrogen bonds, even
though they could form good intermolecular
hydrogen bonds and otherwise have low en-
ergy. The stabilizing energy of a full-strength
hydroxyl�hydroxyl hydrogen bond is around
5 kcal (MM3 gives 5.3 kcal {all energies herein
are molar} lower energy for an isolated
methanol dimer than for the two molecules at
infinite separation [26]). Therefore, shapes of
sucrose that permit both of these hydrogen
bonds could be stabilized by 10 kcal. This
overwhelming computed advantage over other
structures that are otherwise equivalent in en-
ergy is an artifact of predicting condensed
phase structures with isolated models. The
MM part of our hybrid method allows us to
give quickly (although crudely) varying
strength to the hydrogen bonding through
alterations of the dielectric constant.

2. Methods

Molecules used in this study are shown in
Fig. 1, including sucrose (Fig. 1(a)), and its
analogue based on tetrahydropyran and te-
trahydrofuran, THP�O�THF (Fig. 1(b)). Also
included are axial 2-methoxytetrahydropyran,
Me�O�THP (Fig. 1(c)), and 2-methoxyte-
trahydrofuran, Me�O�THF (Fig. 1(d)). The
driven linkage torsion angles are f (O-5�C-
1�O-1�C-2%) and c (O-5%�C-2%�O-1�C-1). Fur-
ther discussion of the modeling strategies is
presented elsewhere [27].

The QM calculations were carried out with
GAMESS [28] and GAUSSIAN94 [29]. The QM
surfaces were calculated at the RHF/6-31G(d)
level of theory, which has been used to study
anomeric effects in molecules that are smaller
than our analogues [30]. Because of fortuitous
cancellation of errors, HF/6-31G* energies for
glucopyranose are similar to relative energies
produced by advanced electronic structure
theory [31,32]. Also, HF/6-31G* conforma-
tional energies are reasonably comparable to
energies from higher levels of theory for
dimethoxymethane [33,34], an important frag-
ment of our analogs.

The MM calculations used MM3(96) [8].
(MM3 is available to academic users from the
Quantum Chemistry Program Exchange, De-
partment of Chemistry, Indiana University,
Bloomington, IN. Others may obtain it from
Tripos Associates, St. Louis, MO.) Calcula-
tions for the analogue used the default dielec-
tric constant of 1.5, as intended for
comparisons with QM calculations. For su-
crose we used dielectric constants (o) of 1.5,
3.5 (our choice for modeling condensed
phases), and 7.5 (further de-emphasis of hy-
drogen bonding). The force field was altered
by using the equilibrium distance (1.82 A, ) and
force constant (3.30 kcal) for H···O hydrogen
bonding from the 1992 version of MM3. Our
experience has been that those shorter or
stronger parameters (compared with the 1996
values of 2.02 A, and 3.00 kcal) are better for
modeling condensed phase systems. In partic-
ular, lattice dimensions for modeled crystals
are closer to the experimental values, as are
the geometries of individual hydrogen bonds.

Default criteria for termination of mini-
mization were used in the respective pro-
grams. All internal coordinates were allowed
to vary during minimization except the link-
age torsions, f and c. Although Tvaroška
and Carver [35] had previously carried out the
calculations for Me�O�THP, we repeated
them at 20° increments, the same as for the
other molecules in the present work. The QM
calculations for the analogue of sucrose started
with crystalline disaccharide geometry [36], af-
ter the exocyclic groups were replaced by hy-
drogen. The ‘northern’ starting conformation
of its furanosyl ring was also modified to
make starting geometries with ‘southern’
forms for both the MM3 and QM calcula-
tions. ‘Northern’ refers to furanoid geometries
in the upper half of the conformational wheel,
and ‘southern’ to those in the lower half
[37,38]. For fructofuranose, the northernmost
structure is 4T3, and the southernmost is 3T4.
Starting the calculations with both northern
and southern structures for the furanose ring
was a way to make sure that the lowest-energy
ring shape was used at each f, c point. This
simple strategy was confirmed by computing
the entire pseudorotational itinerary at each of
the three major minima.
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The final MM3 calculations for the
THP�O�THF analogue were started from the
QM structures. For the sucrose molecule, 48
different starting geometries, with different
combinations of exocyclic substituent orienta-
tions, were used at each f, c point. Those
structures, all started as northern forms, were
sketched with CHEM-X [39]. These combina-
tions included clockwise and counterclockwise
orientations of the secondary OH groups on
glucose and fructose. A second counterclock-
wise combination on glucose had O-2�H ori-
ented trans to the C-2�H bond. The tg
rotamer of the glucose C-6�OH group was
omitted from the starting models because it
rarely occurs in crystal structures. Two orien-
tations of each primary alcohol group on the
furanose ring, as observed in crystal struc-
tures, were included. Each minimization be-
gan with rigid rotations to the f, c point in
question from one of the starting structures.
The lowest energy obtained at any f, c point,
regardless of input geometry, was used to
construct each energy surface. Six Sixf, c
points had starting structures that were so
entangled that they could not be minimized,
and those points were not included in the
data.

Crystal structures [3,40–56] (Table 1) were
taken from the Cambridge Structural Data-
base (CSD) [57]. A sarcosine�sucrose adduct
[58] and two molecules in the crystalline
NaI�sucrose complex [59] were not in the
CSD, but were taken from the original litera-
ture. The CSD search was based on molecules
having the THP�O�THF backbone. All struc-
tures were included unless there were addi-
tional covalent bonds between the THP and
THF rings. SURFER (version 7.00) [60] was
used to construct the contour surfaces and to
create the difference surfaces. Its optional
multiquadric radial basis function method for
interpolating the data was used to produce
files with 1° intervals, and interpolated data
were adjusted for the zero of relative energy.
The corresponding crystal structure energies
were derived from these grid files with the
calculate residuals function of Surfer. We ob-
served some minor variation in the reported
energy values of the crystalline conformations
compared to a previous version of SURFER.

3. Results and discussion

Components of the hybrid sucrose surface.—
Fig. 2(a) shows the MM3 energy surface for
sucrose calculated at o=3.5 and Fig. 2(b) and
(c) depict the MM3 and QM surfaces for the
analogue, similar to maps published previ-
ously [6]. The 23 linkage geometries from
small-molecule crystal structures are indicated
by symbols. SUC, RAF and TGS notations
point, respectively, to the conformations in
crystal structures of sucrose [55]; the trisac-
charide, raffinose [53]; and 4,1%,6%-trichloro-
galactosucrose [45].

On Fig. 2(a), some observed conformations
of sucrose moieties have high energies, espe-
cially the RAF conformation with a corre-
sponding energy of 8.26 kcal. Previously we
showed that neither the galactose residue nor
neighboring water or raffinose molecules
would be likely to stabilize the RAF confor-
mation if the high MM3 energy were correct
[6]. Immel and Lichtenthaler also agree that
the intramolecular interactions from the galac-
tose residue are not important in determining
the conformation of the sucrose moiety [12].
Only five of the 23 observed conformations
are within the 1 kcal contour of Fig. 2(a), and
none are very near the global minimum. Some
of the moderately high-energy parts of the
surface are occupied while others are not.
These observations suggest that MM3 does not
calculate the energy correctly for the sucrose
linkage, as mentioned in Section 1. It would
be desirable to have a more predictive surface
than Fig. 2(a).

Fig. 2(b) shows that the observed confor-
mations are also poorly distributed on the
MM3 energy surface for the THF�O�THP
analog of sucrose. The discrepancy between
the surface and the observed structures is very
similar to the discrepancy in Fig. 2(a). This
suggests that a method that gives an improved
calculation of the energy for the analogue
could lead to a more predictive surface for the
disaccharide. The biggest contribution to the
difference between the energy of the confor-
mation at the minimum in MM3 energy and
the RAF shape of this simplified model is
from the torsional energy term [6]. Even with-
out the partitioning of the energy given by the
MM3 report, it appears that substantial varia-
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Table 1
Crystal structures, their conformations, their corresponding energies on the o=3.5 hybrid surface and their hydrogen bonds

Ref. Ref. code f, c (°) kcal Hydrogen bonding aMolecule name

O-6fru···O-5glu O-1fru···O-2glu

CELGIJ[40]6-Kestose NA1.6389.58, −54.50
0.4199.84, −46.06DINYOO10[41]NaBr�sucrose dihydrate weak *

Erlose monohydrate HAHXUJ 0.52[42] 104.54, −32.56
Xylo-sucrose hemihydrate [43] 108.25, −46.90 0.02 *HAHYUK
Xylo-sucrose hemihydrate HAHYUK[43] 96.95, −37.18 0.72
Erlose trihydrate [44] HEGXOG 98.00, −55.71 0.75 weak *

109.90, −39.76 0.15Erlose trihydrate [44] HEGXOG
Trichlorogalactosucrose [45] O-3fru···O-2gluKANJOY 91.43, −162.21 4.00 NA

[46] KESTOS 84.64, −65.901-Kestose 2.00 weak *, R
Potassium sucrose octasulfate [47] KSCOSF 107.25, −41.52 0.10 NA NA

*[48] 0.74Melezitose I 99.77, −30.61MELEZT01
[49] MELEZT02 109.58, −43.42Melezitose II 0.04

6,6%-Dichloro-6,6%-dideoxy-2,3,4,3%,4%- *, R[50] NIVPIR 105.79, −52.96 0.18 NA
penta-O-benzylsucrose

Nystose trihydrate [51] RPEKHES01 102.33, −18.64 1.38
Di-iodoplatinum monohydrate of 6,6 NANA1.34110.32, −70.29PELWEI[3]

diamino hexa-O-methylsucrose H2O
1.01108.21, −26.18PLANTE10 NA[52]Planteose

Raffinose [53] RAFINO01 82.08, 11.98 3.88
Stachyose [54] STACHY01 109.32, −47.31 0.01 * *
Sucrose [55] *SUCROS11 108.20, −45.09 0.03 *

93.22, −21.79ZZZSTI01[56] 1.50Sucrose octaacetate NA NA
79.90, −66.60 2.19not in CSD[59]3 NaI·2 sucrose·3 H2O complex

not in CSD 79.60, −61.60 2.56[59]3 NaI·2 sucrose·3 H2O complex
[58] not in CSD 94.1, −20.60 1.48Sarcosine�sucrose adduct

a Criteria for hydrogen bonding were: dH···OB3.0 A, , ÚO�H···O\90°. * means that bond was observed. NA means that
substitution on that molecule precludes hydrogen bonding. Weak means that 2.5BdH···OB3.0 A, . R means that only the
O-2glu�H can be a donor; O-1fru is in the linkage to another monomer and cannot donate.

tion in MM3 conformational energy in the area
of the crystal structures arises from the tor-
sional energies and not from forces such as
hydrogen bonding, etc. This is because the
analogue has no capability for hydrogen bond-
ing, and the nonbonded interactions would be
quite different for sucrose and this analogue.

The QM surface for the same analogue (Fig.
2(c)) is quite different from the MM3 analogue
surface (Fig. 2(b)) in the general region of the
crystal structures, although it is otherwise sim-
ilar, even in areas of high energy. The crystal
structures are clustered about a secondary
minimum of 0.68 kcal near f=99° and c=
−54°. While Fig. 2(c) also does not provide an
even distribution of the conformations from
crystal structures about the global minimum,
all of the linkages from these crystals have

corresponding energies of B3 kcal. Fig. 2(d)
shows the difference that was computed by
subtracting the relative QM energy for the
analogue from the relative MM3 energy for the
analogue at each f, c point. Some crystal
conformations occur where the two methods
give the same relative energy, but the RAF
conformation in particular falls where the dif-
ferences are among the greatest.

The discrepancy between MM3 and QM
maps for the sucrose analogue was pointed out
earlier [6]. The improvements here are that the
new QM surface covers the full range of f and
c. This was important because it shows
substantial agreement between the QM and
MM3 energies in other regions of f, c space.
Also, the new map is based on the more
complete HF/6-31G* theory instead of HF/4-
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Fig. 2. Potential-energy surfaces involved in the preparation of the hybrid surface for sucrose and the hybrid surface. The symbols
show the locations of conformations observed in small-molecule crystals. Contours are at levels of 1, 2, 3, 4, 5, 6, 8, 10, 15, and
20 kcal. The RAF, SUC and TGS notations show the locations of structures discussed in the text for raffinose pentahydrate [53],
surface [53], sucrose and trichlorogalactosucrose [45]. (a) The MM3 map for the full sucrose disaccharide with o=3.5. (b) The MM3
map for the THF�O�THP sucrose analogue at o=1.5. (c) The HF/6-31G*//HF/6-31G* map for the THP�O�THF analogue. (d)
The map of the difference between the previous two surfaces (MM3−HF/6-31G*). The dashed contours represent areas where the
relative QM energies were higher than the MM3 energies. (e) The hybrid surface obtained by subtracting the MM3 analogue surface
(2b) from the MM3 disaccharide surface (2a) and adding the QM surface (2c). (f) A magnified view of the hybrid surface (2e)
showing the region of crystal structures (except TGS). The labels are the CSD Ref. codes in Table 1. The + symbols indicate
the molecules that are most likely to have linkage conformations similar to sucrose, while the� symbols and italicized labels show
the structures that have substitution in the region of the glycosidic linkage or are ionic complexes.
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Fig. 2. (Continued)
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21G (d on O). (The 4-21G partial surface was
similar to the corresponding part of the 6-
31G* surface.) Because of the lack of ob-
served linkage geometries in the region of the
global minimum on both the current and pre-
vious QM analogue maps, we were still con-
cerned about their applicability to sucrose.
That concern is answered by our hybrid sur-
face. We have also created a HF/6-31G* sur-
face for the C-2%-methylated THP�O�THF
analogue of sucrose. The global minimum on
that map coincides with most of the crystal
structures [61].

The hybrid surface.—Fig. 2(e) shows the
hybrid MM3–QM surface, which is the result
of subtracting Fig. 2(d) from Fig. 2(a). Fig.
2(f) shows a closeup view of the region of all
crystal structures except TGS. Table 1 shows
the details of the fit of the crystal structures to
the hybrid energy surface. On the hybrid sur-
face, the observed structures are scattered ran-
domly about the global minimum, with none
corresponding to high (\4.0 kcal) energies.
There are no large, low-energy areas that are
unpopulated. There is an exception to this
intuitive accounting. An unpopulated local
minimum of just under 1 kcal exists near
f=65°, c= −85°. That local minimum is
separated from the global minimum by a low
(B3 kcal) barrier and is in the region of the
global minimum of the QM THF�O�THP
map. Crystalline sucrose itself has an energy
of 0.03 kcal on our hybrid surface (Table 1),
compared with 1.51 kcal on the MM3 surface,
and the energy of the RAF conformation was
reduced by 4.38 kcal from its value on the
MM3 map to 3.88 kcal on the hybrid map.

Other observed molecules with conforma-
tions that are found inside the 0.25 kcal con-
tour of Fig. 2(f) include stachyose [54], one of
the erlose trihydrate molecules [44], one of the
xylo-sucrose molecules [43], the potassium salt
of sucrose octasulfate [47], melezitose II
[49], and 6,6%-dichloro-6,6%-dideoxy-2,3,4,3%,4%-
penta-O-benzylsucrose [50]. Despite very simi-
lar f and c values, the inter-residue,
intramolecular hydrogen-bonding schemes in
these seven molecules vary. No hydrogen
bonds are possible for the octasulfate, and
none occur for this melezitose form, although
one occurs for a different polymorph, melezi-

tose I. None occur in this particular erlose
molecule either, although one of the two other
erlose molecules in the database does have one
intramolecular hydrogen bond. Dichloropen-
tabenzylsucrose does form an intramolecular
hydrogen bond with its only hydroxyl group.
Sucrose and stachyose have similar O-1fru···O-
2glu and O-6fru···O-5glu links, but the bonds in
sucrose are shorter. Xylo-sucrose forms an
O-1fru···O-2glu link in the lower energy
molecule in its two-molecule asymmetric unit.

The c torsion angle of the TGS molecule
(Fig. 2(e), Table 1), which has a non-exo-
anomeric (trans) geometry and a high cor-
responding energy, is stabilized by an
O-3fru···O-2glu bond of very good geometry.
The hydrogen bonds favored by sucrose and
stachyose are not possible in TGS because
O-1fru and O-6fru have been replaced by chlo-
rine. Of the 23 sucrose moieties in our set, 16
of the O-6fru, O-1fru and O-2glu sites are substi-
tuted, precluding their serving as hydrogen-
bond donors. At the remaining 30 unblocked
hydrogen bonding sites, nine intramolecular
hydrogen bonds are formed. These observa-
tions imply that intramolecular hydrogen
bonds do not have a large role in determining
linkage conformations in carbohydrate crystal
structures. In contrast to the decreased corre-
sponding energy of the RAF geometry, the
relative energy for the TGS linkage geometry
was raised 0.62 kcal on the o=3.5 hybrid map
compared to the MM3 map. Both RAF and
TGS depended on the dielectric constant, be-
ing over 8 kcal on the hybrid o=1.5 map.

Except for the TGS structure, the crystal
structures with the most negative c values
include 1-kestose [46] (KESTOS) and a heav-
ily substituted derivative (PELWEI [3]), as
well as the two molecules in the asymmetric
unit of the NaI complex [60]. The furanose
rings in the sucrose moieties in KESTOS and
PELWEI have southwestern conformations
(E4 and 5E, respectively) [36]. The change
from northern to southern conformation en-
tails a change of the disposition of the glyco-
sidic bond from the furanose ring. That
change, from pseudo-axial to pseudo-equato-
rial, changes the O-1�C-2fru�O-5fru�C-5fru

torsion angle and might change the
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C-1glu�O-1�C-2fru�O-5fru torsional energy. The
corresponding energies on Fig. 2(f) of the
KESTOS and PELWEI conformations, 2.00
and 1.34 kcal, are above average but still
within the range for structures having north-
ern ring forms. The calculated energies for
sucrose structures having the conformations
found in the NaI complex are higher, at 2.19
and 2.56 kcal. Tvaroška and Carver [62]
showed that the anomeric effects were altered
in the presence of ions, so the actual energy of
distortion might be less. Alternatively, the
structures of the two sucrose molecules in the
NaI complex may be distorted beyond the
extent normally found in purely molecular
crystals. The observed shapes permit nearly
total coordination of the hydroxyl groups and
ring and linkage oxygen atoms with the three
Na+ and I− ions. On the other hand, the
conformation of sucrose in the 1:1 complex
with NaBr (DINYOO10) is similar to that of
sucrose itself, with a calculated distortion en-
ergy of 0.41 kcal.

Average energies of the crystal structures on
the MM3 and QM surfaces for the analogues
were 3.51 and 1.38 kcal, respectively. Table 2
shows the average energies of the crystal con-
formations on the MM3 and hybrid sucrose
surfaces at the different dielectric constants.
The average energies of the crystal structures
are lower on the hybrid maps, but the higher
dielectric constants also give lower energies.
This should not be taken to mean that the
hydrogen bonds in MM3 are intrinsically too
strong. In fact, hydrogen bonds in MM3 have
energies that are quite comparable with exper-
imental results and with ab initio calculations
on isolated molecules [36,63]. However, we
think that this reduction in average energy
with increased dielectric constant is meaning-
ful. The distribution of observed structures on
the energy surfaces is clearly predicted better
by the surfaces with dielectric constants higher
than 1.5 [27]. Some parts of the high-energy
regions are populated, while some lower-en-
ergy regions are unpopulated on the o=1.5
surface. Besides the obvious pragmatism of
using an elevated dielectric constant, numer-
ous arguments can be advanced for its
necessity:

(1) An elevated dielectric constant (4.0) is
recommended by Allinger for MM3 models of

condensed phase structures [64]. In MM3, the
hydrogen-bonding potential function replaces
the van der Waals interactions, and those
energies are added to the dipole–dipole inter-
actions. Both of these contributions depend
on the dielectric constant.

(2) Our unpublished calculation with the
MM3 force field used herein and o=3.5 gave a
value of 40.1 kcal for the lattice energy of
myo-inositol, a heavily hydrogen-bonded crys-
tal structure. That value can be compared to
the experimental and modeled estimations of
the heat of sublimation ranging from 37.0 to
42.5 kcal [65]. Thus, the strength of hydrogen
bonding used in our calculations may accu-
rately reflect the forces on the molecule.

(3) According to complete basis set ab initio
calculations at the MP2 level, the energy of
the hydrogen bond in the isolated water dimer
is only −2.82 kcal after correction for zero-
point vibrational energy, in comparison with
the difference in the electronic energy of
−4.94 kcal [66]. That −2.82 kcal value is
substantially different from the −5.3 kcal of
steric energy given by MM3 for the isolated
methanol dimer at o=1.5 [26]. The MM3 steric
energy with 1992 parameters at o=3.5 is
−2.2 kcal.

(4) Hydrogen-bonding schemes in crystals
invariably involve all or almost all of the
hydroxyl groups. Therefore, the total hydro-
gen-bonding energy for a given molecule in
condensed phase should be nearly constant,
regardless of conformation. Heats of combus-
tion of isomeric solid saccharides are very
uniform, supporting that idea. Therefore, hy-
drogen-bonding would have little influence on
observed conformations. This is not the case
when the molecule is modeled in isolation
with full-strength hydrogen-bonding interac-
tions, however. Therefore, it makes sense to
use a reduced strength of hydrogen bonding
so that there is not an undue influence of
hydrogen bonding on the modeling results.

The MM3 potential for the C�O�C�O tor-
sion angle was derived from experimental DHf

data from solutions [8]. No allowance was
made for dependence of the anomeric energies
on dielectric constant (Allinger, personal com-
munication). Such a dependency has been pro-
posed [15,24] for both single and overlapping
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exo-anomeric effects. Nevertheless, we have,
in effect, replaced the experimental, solution-
based torsional parameters from MM3 with
the net torsional parameters from gas-phase
QM data. Even though our increased dielec-
tric constants only affected dipole–dipole and
hydrogen-bonding calculations in the full di-
saccharides, and not the exo-anomeric tor-
sional energies, our results seem mostly satis-
factory. This observation is similar to an
experience with AMBER*. Its exo-anomeric
torsional energies derived from QM calcula-
tions do not vary with the dielectric constant
but still gave satisfactory results in solution
studies on THP compounds [22].

Comparison with other surfaces.—When
Engelsen et al. [11] studied sucrose by energy
minimization in vacuum with a modified
CHARMM force field, their fit of the crystal
structures was roughly similar to the account-
ing on our MM3 surface (Fig. 2(a)). A differ-
ent result was obtained by their molecular
dynamics (MD) simulations of sucrose in wa-
ter with the same force field. They presented a
contoured surface based on the frequencies or
probabilities (denoted by P) of the various
conformations. Six of the crystal structure
conformations of Table 1 are found within
their contour of P=0.01. This is equivalent to
2.75 kcal, assuming a Boltzmann distribution
and room temperature. Three of the present
structures are on the P=0.01 line, and 12
more, including RAF, are found within the
P=0.001 contours (4.1 kcal). Their outer,
0.0001 contour (5.5 kcal) includes the PEL-
WEI structure but does not provide a path-
way to the TGS conformation or a value for
its probability. The improved fit in their dy-
namics study was achieved partly because the
RAF conformation is stabilized in the solu-
tion dynamics study by a bridging water

molecule, even though it is not one of the
liaisons in the raffinose pentahydrate crystal
structure [60]. Also, the solvated dynamics
method provides explicit opportunities for in-
termolecular hydrogen bonding so the calcu-
lated relative energies for any given f, c
conformation should not depend so much on
whether there is an intramolecular hydrogen
bond.

A solvated dynamics simulation by Immel
and Lichtenthaler [12] was based on the 1987
GROMOS united-atom potential function [67].
Unlike the above simulation, this simulation
has a path to the TGS structure with plausible
energies for both the barrier (B4.0 kcal) and
the observed conformation (about 2.5 kcal).
Also, the RAF conformation is accounted for,
with an energy of about 4 kcal. Their 1 kJ
contour (1 kJ=0.24 kcal) surrounds the NaI
sucrose and kestose structures, KESTOS and
CELGIJ, while the cluster of structures that
includes sucrose (SUCROS11) and stachyose
(STACHY01) corresponds to energies be-
tween 1 and 2 kcal. In their work, the pre-
ferred solution conformation is stabilized by a
bridging water molecule, which again is not
part of the observed crystal structure. While
these authors did not apparently attempt to
predict crystal structures, theirs is the closest
of the energy surfaces discussed herein to our
hybrid surface.

A united-hydroxyl group version of the
CHARMM force field, CHEAT95, was used to
model sucrose [13]. Because all 14 of their
small-molecule crystal structures had energies
of less than 4 kcal, the authors concluded that
their force field does not have our sucrose
problem. Still, none of their structures (or our
additional nine) corresponded to less than 2
kcal on their surface, and their average energy

Table 2
Average energy values (kcal) corresponding to observed crystal structures based on MM3 and hybrid energy surfaces for the full
disaccharide

Number of linkages MM3 Hybrid

o=7.5 o=1.5 o=3.5o=1.5 o=7.5o=3.5

2.00 3.06 1.1623 3.93 0.932.51
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would be similar to the value of 2.51 kcal on
our o=3.5 MM3 map. Also, only a part of
their surface with energies of about 3 kcal was
occupied.

Rasmussen has published several energy
surfaces for sucrose or its THF�O�THP ana-
logue, exemplifying the difficulty in modeling
sucrose. There are two energy surfaces for the
THP�O�THF analogue in the first paper [68].
The first shows the RAF conformation to be
nearly 10 kcal above the global minimum at
f=63°, c=175°. On his improved analogue
surface, the RAF conformation is similar in
energy to the SUC conformation, which is
about 4 kcal above the global minimum. The
sucrose surface in a newer paper [69] shows a
global minimum at c= −175° for the sucrose
molecule. In that work, several minimizations
led to a variety of results under similar cir-
cumstances, and the energy surface is quite
different at the −180 and +180 values of c
where it should be identical. This indicates
technical difficulties in producing the surface.

Exponential decay.—By virtue of the low
average corresponding energy of the crystal
structures, its pathway to the TGS structure,
and the visual distribution of the crystal struc-
tures, our hybrid map is a better predictor of
observed conformations than other published
results. Its utility as a predictor of conforma-
tions in crystal structures can also be assessed
by how well the distribution fits a Boltzmann-
like exponential decay pattern. According to
Bürgi and Dunitz [70] and Bye et al. [71], the
most frequently observed conformations
should have corresponding energies near the
global minimum in energy. Further, the num-
ber of observations should fall off according
to a pattern of exponential decay as the en-
ergy increases. This of course assumes that
there is no particular packing mode that is
favored by a large portion of the structures.
Their main question regards the effective
value of T (temperature) to be used in the
Boltzmann equation when comparing poten-
tial-energy values with crystallographic data.

One way to determine whether the distribu-
tion of structures has a Boltzmann-like distri-
bution would be to plot a histogram. The
number of structures having energies in the
range of 0.0–0.5 kcal, for example, could be

plotted as a vertical bar, and bars for succeed-
ing 0.5 kcal increments would also be plotted
(see Table 1 for the energy value for each
structure). The bar with the greatest number
of structures would be scaled to have a value
of 1.0, and the same scaling would be applied
to the other bars. A curved line would then be
fit to the tops of the bars and compared with
the Boltzmann curve. Given the small number
of crystal structures (23) that contain sucrose
moieties, it is likely that such a plot would be
rather crude. Instead, we used a ‘cumulative
frequency’ technique in our analysis. The cor-
responding relative energies from all 23 link-
ages from small-molecule crystals were sorted
from lowest to highest calculated energy.
These sorted energies are plotted in Fig. 3(a),
where the y-coordinates are based on the posi-
tion in the list for a given energy value. The
highest point (the one with the lowest energy)
has a y-value of 1− (1/23), the second point is
1− (2/23) and so forth, until the last point is
reached with a y-value of 1− (23/23)=0. This
graph, based on cumulative frequencies, is
comparable to the histogram described above.
However, there is no need to choose the bin
size, and fitting a curve to the energy distribu-
tion is simplified because there is a value of x
and y for each point. For reference, a Boltz-
mann distribution at room temperature is
plotted. That distribution is based on Pi=
e−DGi /RT, where Pi is the probability or fre-
quency of structures having the ith value of
the energy and R is the universal gas constant.

We will take our relative energies of distor-
tion as DG, even though in one analysis they
differ from the potential energy for different
conformers by as much as 0.5 kcal [72]. In
cases where the population of structures has
Boltzmann-like exponential decay, equations
of similar form, P=e−DE/b, apply and the
value of b corresponds approximately to the
average energy of the population. Table 2 has
average values of 1.16 for the hybrid sucrose
surface at a dielectric constant of 3.5 and 1.38
for the QM surface of the analogue, instead of
0.59 kcal (RT at room temperature.) In Fig.
3(a), a fitted exponential decay curve with
b=1.12 kcal is a good approximation to the
observed distribution on the hybrid surface
(Fig. 2(e)). In Fig. 3(b), the fitted decay curve
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Fig. 3. Distributions of crystalline conformations against energy for (a) the hybrid sucrose surface (Fig. 2(e)) and (b) the QM
analogue surface (Fig. 2(c)). The dashed lines show an ideal Boltzmann distribution, the	 show the observed points and the solid
lines show the Boltzmann-like exponential curve fitted to the observed structures on the given surface (see text). In (a) the
exponential line agrees fairly well with the observed data, while in (b) there is a substantial discrepancy. For (b), observations were
clustered near a secondary minimum and no energies were B0.69 kcal, while the exponential decay curve must take a value of
0 kcal at the maximum probability of 1.0.

with b=1.67 is a poor fit to the observed
distribution on the QM analogue surface (Fig.
2(c)). This shows a way to distinguish the
quality of fits of the observed data to different
potential-energy surfaces, despite similar val-
ues of the average energy. In this case, the
better fit for the hybrid sucrose model is rea-
sonable because both the substituents and the
QM stereoelectronics are included. The poorer
fit to the QM analogue surface results because
of the missing substituents in the THP�
O�THF model.

The question as to whether the distribution
of structures should match the room-tempera-
ture Boltzmann equation remains unanswered.
We anticipate that there is still substantial
room for improvement in our calculation. The
various simplifications, such as spherical
atoms for the MM interactions, and the
dielectric constant means of diminishing the
strength of the electrostatic interactions, have
substantial limitations. The level of QM the-
ory used can only be regarded as a useful
approximation. When electron correlation was
included, either at the MP2/6-31G* or the
B3LYP/6-31G* level, the differences between
the energies of the secondary minimum near
the SUC geometry and the saddlepoint near
the RAF geometry (Fig. 2(c)) drop from 2.3
kcal (RHF/6-31G*) to 1.8 and 1.4 kcal, re-

spectively. This flattening of the potential en-
ergy surface could significantly lower the
average energies of the crystal structures.

The average of the crystal-structure energies
might be higher than the theoretical value
because we have considered all of the avail-
able conformations of structures that contain
sucrose moieties regardless of chemical substi-
tution or other factors. Many of the present
crystal structures could be disqualified from
inclusion in the analysis because of the pres-
ence of ions, or substituents that might alter
the linkage conformation of the sucrose
molecule. The remaining, ‘best’ analogues in-
clude HAHXUJ, HAHYUK, HEGXOG,
MELEZT01, MELEZT02, RAFINO01,
STACHY01, SUCROS11, and the sarcosine
adduct. Raffinose, stachyose and erlose are
substituted at the O-4 of the glucose moiety,
as far as possible from the linkage. Xylo-su-
crose is the same as sucrose except for the loss
of the C-6 primary alcohol group on the glu-
cose ring. Again, this is a change fairly distant
from the linkage. The only sucrose moieties
that are modified on their fructose residue that
were included in this set of most analogous
moieties comes from melezitose. There, the
substitution is on C-3%. This inclusion is not as
clear-cut as the other tri- and tetrasaccharides
because the C-3% hydroxyl is involved in a
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hydrogen bond in TGS, although in a very
different f, c conformation. The average en-
ergy of these 11 structures on the o=3.5
surface is 0.76 kcal, with RAFINO01 con-
tributing the most energy. Removal of that
outlier gives ten structures with an average of
0.45 kcal.

The energy surfaces determined by other
workers, based on united-atom or solvated
dynamics methods as described above, have
more structures at higher energies than at the
lowest energies. They would not fit the expo-
nential decay curves as well as the fit in Fig.
3(a). Data from our hybrid o=1.5 surface [27]
also deviate from an exponential decay be-
cause none of the observed structures corre-
sponds to an energy of less than 0.69 kcal on
that surface. Our corresponding energies from
the hybrid o=7.5 surface [27] fit an exponen-
tial decay curve well.

Because it has an average energy value
closer to the ideal Boltzmann coefficient, the
hybrid o=7.5 surface might be preferred. Of
the 23 linkage conformations, 22 had lower
energies on the hybrid o=7.5 surface. How-
ever, the lattice energy might then be underes-
timated, and the intramolecular hydrogen
bonding geometry would not be very good.
Also, our similarly prepared o=3.5 hybrid
surfaces for other molecules gave an overall
average, including sucrose, for the crystal
structures of about 0.9 kcal [27]. Therefore, we
anticipate that there is still some error in our
calculations for sucrose. Also, the available
crystal structures for sucrose moieties may be
unusually distorted.

Thoughts on the o6erlapping exo-anomeric
effect.—The phrase ‘overlapping exo-ano-
meric effect’ was first mentioned by Schleifer
et al. [73], who were concerned about the
abnormalities that it might introduce in their
survey of the geometric features associated
with the anomeric centers. The earlier analysis
by Tvaroška and Václavı́k [24] suggested that
an MM method could not properly calculate
the torsional energies of molecules that have
extended sequences of carbon and oxygen
atoms such as trehalose or sucrose. This se-
quence covers C-5�O-5�C-1�O-1�C-2%�O-5%�
C-5%, as shown in Fig. 1(a). The idea is that
the delocalization of the lone-pair electrons is

mostly responsible for the exo-anomeric ef-
fect. In the case of these longer sequences, the
lone pairs have added opportunities for delo-
calization, and the delocalization of the lone
pairs from the shared glycosidic oxygen atom
will be dependent on the conformation of
both the f and c torsion angles. No MM
force field that we know of provides torsion–
torsion interactions. According to Hwang et
al. [23], torsional terms are very important in
determining the energy profiles of anomeric
sequences, so incorrect torsional energies are a
likely source of the difficulties in modeling
sucrose with MM. It is attractive to imagine
that the improvement in modeling sucrose
that was effected in this work by direct QM
calculation of the torsional energies is evi-
dence of the importance of such an effect.
More study is needed before such a conclusion
is warranted, however.

For example, one reason why the HF/6-
31G* and MM3 energies for the sucrose ana-
logue do not agree is that they do not agree
for the simple exo-anomeric torsions. Fig. 4
shows the HF/6-31G* and MM3 computed
energies as the methoxyl groups undergo tor-
sional rotation for 2-Me�O�THP (Fig. 4(a))
and 2-Me�O�THF (Fig. 4(b)). Their geom-
etries were taken from crystalline sucrose. The
THF moiety, if it were a pyranose ring instead
of a furanose ring with a pseudo-axial glyco-
sidic bond, would correspond to a-L-glucopyr-
anose. There is some resemblance between the
QM and MM3 curves, but there is a substan-
tial difference for each molecule. The differ-
ence curves would be nearly identical to each
other if one were plotted on a reversed f-axis.
From this it is understandable that the
MM3 and HF/6-31G* contours for the
THF�O�THP molecule (Fig. 2(b) and (c)) will
differ from each other. Further manipulation
of these data suggests, however, that even if
the MM3 and QM data for these monomeric
fragments matched, the aggregate correction
would not be the same as the correction devel-
oped for THF�O�THP itself. This could be
due to problems with the electrostatic terms in
MM3. There is little variation in the MM3
dipole–dipole energies for the different
THF�O�THP conformations, but they may
not be correct. Electrostatics have been iden-
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tified as important components of the exo-
anomeric effect [74].

The discrepancies between MM3 calcula-
tions and HF/6-31G* calculations on
dimethoxymethane are similar to those in Fig.
4 when one end of the C�O�C�O�C sequence
is held in conformations that resemble the ring
structures (results not shown). Overall, MM3
does not fit very well with the MP2/6-31G* or
B3LYP/6-31G* data for a complete Ra-
machandran surface [34]. These observations
suggest that improved fit of MM with the QM
data on dimethoxymethane would be useful.
When both the C�O�C�O and O�C�O�C se-
quences in dimethoxy methane can take the
complete range of torsion angles, the overlap-
ping exo-anomeric effect can also become evi-
dent. The longer sequence in sucrose and the
trehaloses may not be needed to study the
overlapping effect. Even so, the ultimate solu-
tion may require additions to the force field.
Alternatively, the fairly close agreement of the
solvated dynamics surface of Immel and Lich-
tenthaler and our hybrid surface suggests that
it may be possible to achieve a good represen-
tation of the potential energy surface of su-
crose with a relatively simple potential
function. Ironically, however, modifications to
the exo-anomeric torsional potential and other
terms have recently been offered for the GRO-
MOS87 potential function to make it more
suitable for modeling cellulose and other car-
bohydrates [75].

4. Conclusions

In the first part of this paper, we proposed
that a hybrid QM/MM energy surface for
sucrose would provide a better prediction of
conformations that are determined by crystal-
lography than previous surfaces. The hypothe-
sis was that the QM calculations would
account for non-additivity of torsional ener-
gies that arises at the head-to-head glycosidic
bonds in sucrose. A superior accounting for
the sucrose conformations was indeed ob-
tained by that method. This improvement
came even though our QM surface for the
analogue did not, by itself, account very well
for the observed distribution of crystal struc-
tures. We also suggested that intramolecular
hydrogen bonding would not be very impor-
tant in determining the conformations that
would be found in the crystal structure. Our
lower average energy and improved visual fit
of the structures showed that de-emphasis of
the hydrogen bonding through an increased
dielectric constant was important in isolated-
molecule modeling for obtaining a good
prediction of the distribution of crystal struc-
tures.

The crystal structures that contain sucrose
moieties were divided into two categories. One
was based on molecules that did not contain
serious impediments to the sorts of intra-
molecular interactions that sucrose would

Fig. 4. HF/6-31G*, MM3(96) and the difference (MM−QM) torsional energies for the methoxylated THP and THF molecules.
(a) axial 2-Me�O�THP (f). (b) 2-Me�O�THF (c). On these drawings, the QM data are shown by –	–, the MM data by –
–,
and the difference (MM−QM) by ···�···.
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be expected to experience. These structures
included sucrose itself, sucrose in the sarcosine
adduct, stachyose, erlose, xylosucrose, melezi-
tose and raffinose. Of the eleven linkages
available from these seven molecules, five are
within 0.25 kcal of the global minimum and
another four are still less than 1.0 kcal. Only
the sacrosine (1.48 kcal) and raffinose (3.88
kcal) conformations correspond to energies
greater than 1.0 kcal. The sucrose moieties
in the second echelon were deemed less
analogous because of impediments to normal
intramolecular interactions. These impedi-
ments included substitution involving O-2 of
the glucose ring or O-1% or O-6% of the fructose
ring, and the presence of ions. Although there
was some overlap of the individual energies
and conformations of the two classes of struc-
tures, the average energy of the second group
was 1.55 kcal, about twice as high as for the
best 11.

We used a statistical technique to show that
the distribution of linkage conformations that
are observed in crystal structures is consistent
with an exponential decrease in their popula-
tion as the energy on our hybrid surface in-
creases. Although it is not proven that
conformational energies in crystals conform to
a Boltzmann-like distribution, modeling meth-
ods that provide such a distribution of ob-
served structures have maximal predictive
utility.

The conclusions reached herein for sucrose
are bolstered by analogous results for other
disaccharides that will be reported elsewhere
[76]. In particular, another hybrid map for
sucrose [27] was very similar although a differ-
ent analogue was used. It had a methyl group
on the anomeric center of the glycosidic car-
bon of the furanoid ring. While it provided a
hybrid surface that was comparable to the
present one, the QM analogue map [62] itself
accounted for the observed structures much
better than the present QM map for the
THP�O�THF analogue.

Modeling sucrose with energy minimization
is particularly challenging, even compared to
other disaccharides, in part because of its flex-
ible furanose ring. For example, the ring
shapes in the MM and QM analogue models

are not necessarily the same as each other or
in the sucrose models. Nevertheless, our pro-
cedure has shown that the observed conforma-
tions of sucrose are predictable without
invoking an explicit environment. Also, it has
pointed to areas for improvement, in empiri-
cal representations of molecular structure of
molecules subject to anomeric effects.

Note added in proof

Two conformational analyses of molecules
with the same backbone as sucrose have been
reported. Conformations of sucrose octasul-
fate were studied with NMR and MM2* mod-
eling [77]. A single, deep minimum was found,
with the KSCOSF shape within the 10 kcal
contour. Its furanose ring has a southwestern
5T4 conformation. A map for TGS was based
on MM2HB, giving (with our conventions) a
global minimum at about f= +100°, c=
+50° [78]. The KANJOY crystal structure
was less than 4 kcal higher in energy. On that
surface, the SUCROS11 conformation falls
between two other secondary minima and its
energy is more than 2 kcal above the global
minimum. Finally, further work on the hydra-
tion of sucrose in the context of solvated
molecular dynamics calculations was recently
published by Andersson and Engelsen [79].
They reiterate the importance of water for
explaining the conformational and other prop-
erties of sucrose.
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