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Many substances are readily soluble in solvent mixtures but
not in the pure components and vice versa.[1] Some examples
of such solvents are binary mixtures of water, alcohols,
acetonitrile, and dimethyl sulfoxide (DMSO), including both
aqueous and nonaqueous mixtures of them. Selective solva-
tion of ions from salts in mixed solvents is another, early

discovered, property. The classic example is the heteroselec-
tive solvation of the ions of silver nitrate in a water ± aceto-
nitrile mixture, as demonstrated in 1958 by Strehlow and
Koepp in a Hittorf experiment.[2] They found that in an
equimolar solvent mixture, the nitrate anions were mainly
solvated by the water molecules, while the silver cations were
approximately four times more solvated by acetonitrile than
by water molecules, although acetonitrile is generally known
to solvate cations poorly. The unusual solvation properties of
some binary liquid mixtures can, to a large extent, be related
to a strong deviation from the ideality of Raoult�s law. For
example, the guide ªlike dissolves likeº is challenged in the
mixture of the highly polar molecules water and acetonitrile.
This particular mixture exhibits a liquid ± liquid separation,
with an upper critical point at ÿ1 8C at 38 mol% of
acetonitrile. Both IR measurements[3, 4] and computer simu-
lations[5, 6] have confirmed the existence of ªmicro-heteroge-
neitiesº and conglomerate water structures at higher acetoni-
trile concentrations. The often peculiar properties of liquid
mixtures have fascinated many, including Mendeleev, who
studied the nonideal behavior of water ± alcohol mixtures
some 130 years ago.[7] The ions of salts are not the only
examples of selectively solvated species in mixed solvents.
Many amphiphilic[8] and biomolecular systems[1] are better
dissolved in mixtures, as a result of preferential solvation.

We have studied a model disaccharide molecule (a-d-
Manp-(1!3)-b-d-Glcp-OMe, 1) in a mixture of DMSO and
water. The solvent mixture is not needed for the purpose of
increasing solubility, since disaccharides easily dissolve in
both water and DMSO. Our emphasis is to study the resulting
preferential solvation of the disaccharide and to learn about
the behavior of the 1:3 DMSO ± water molar mixture used.
We would stress that the characteristic properties of the
solvent mixture itself are very different from those of either
water or DMSO. Based on neutron diffraction[9] and computer
simulation studies,[10, 11] it has been suggested that DMSO ±
water mixtures contain complexes with either two or three
water molecules attached to one DMSO molecule, held
together by hydrogen bonds, as shown schematically in
Figure 1. Near to its astonishingly low freezing point of
ÿ62 8C (roughly 80 8C below the freezing point of pure
DMSO), the 1:3 mixture of DMSO and water behaves
essentially like a one-component system.[12] Our own molec-
ular dynamics (MD) simulations of this 1:3 DMSO ± water,
both at �15 and ÿ50 8C, confirm that
hydrogen-bonded associates (Figure 1)
are formed. Besides being a popular
cryosolvent, DMSO ± water mixtures
have been used in applications ranging
from antibacterial activity to membrane
permeability.[13] Most of these effects are,
however, still not well understood. The
solvation of carbohydrates in the
DMSO ± water mixture should be of
some broader interest, not least because
this group of biomolecules is associated
with cell membranes and is involved in
processes such as cell ± cell recogni-
tion.[14]
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Figure 1. Schematic
representation of a
1:3 DMSO ± water
complex in the bina-
ry mixture, observed
in MD simulations of
the mixture.
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MD simulations have been very helpful in the investigation
of water structures around carbohydrates.[15] From these
studies, a complex and highly anisotropic hydration structure
has been reported. We have recently studied 1 solvated in
water and in a 1:3 DMSO ± water mixture[16] using MD and
compared the simulation results to data from NMR measure-
ments.[17] One important purpose of the previous study was to
critically evaluate several sets of force-field models for the
disaccharide ± DMSO ± water system, which involves many
different types of competing intermolecular interactions.[16] In
the present work we have carried out a new simulation with a
larger system and used the force fields previously found to
agree best with the experiment regarding the overall reor-
ientational motion, proton ± proton distances, and the con-
formation of the disaccharide. Simulations were carried out in
an NPT ensemble at 1 atm pressure and at 288 K. The total
simulated time was 1.3 ns, and reported properties were
averaged over the last 1.0 ns.

In the present study, throughout the 1 ns simulation, the
trans-glycosidic torsional angles f (H1m-C1m-O3g-C3g) and y

(H3g-C3g-O3g-C1m), where m and g denote mannose and
glucose residues, respectively, stayed in a stable conformation
with their librational motion close to ÿ33 and �568,
respectively. The resulting trans-glycosidic H1mÿH3g pro-

ton ± proton distance of
2.41 � agrees very well
with the experimental val-
ue of 2.45 � by Mäler and
coworkers.[17] In this con-
formation, an intramolecu-
lar inter-residue hydrogen
bond is formed between the
hydroxymethyl (CH2OH)
group in the mannosyl res-
idue and a hydroxyl group
in the glucosyl residue,
namely, from HO6m as a
donor to O2g as an acceptor
(Figure 2).

The characteristic fea-
tures of the solvation struc-
ture around the disacchar-
ide stem from the rich vari-
ety of solute ± solvent
hydrogen bonds. Due to
the large number of hy-
droxyl groups, able to serve
both as hydrogen bond do-
nors and acceptors, carbo-

hydrates generally impose a strong anisotropic structuring on
the surrounding associated solvent. Our disaccharide is no
exception. In addition to a well-defined first solvation shell,
we can even observe the second shell around it. Water and
DMSO both compete as hydrogen bond acceptors, but only
water can serve as a hydrogen bond donor to the oxygen
atoms of the hydroxyl groups. This gives a clear preference for
water to enter the first solvation shell. The DMSO:water
molar ratio in the first shell was estimated to 1:5, which is
considerably lower than the overall molar ratio of 1:3 in the

bulk solvent. The composition of the second shell is close to
that of the surrounding bulk solvent.

Details on the structure of the first solvation shell can be
obtained from the radial distribution functions (RDFs),
calculated between the solvent molecules and each oxygen
atom of 1. The oxygen ± oxygen RDFs for O4m and O2g and
the oxygen atom of the solvent (both water and DMSO) are
shown in Figure 3. All RDFs between the hydroxyl groups
and the oxygen atoms of the solvents exhibit a pronounced
first peak due to hydrogen bonding. There is, however, a clear
competition between water and DMSO as proton acceptors to
the hydroxyl groups. We can see that the O4m oxygen atom
prefers water molecules, while O2g dominantly selects DMSO
as a proton acceptor.

Figure 3. Oxygen ± oxygen RDFs for two different oxygen atoms of 1 (O4m

(a), O2g (b)) and the oxygen atom of the solvent (water (ÐÐ), DMSO
(- - - -)) in the water ± DMSO solution. In addition the RDFs for Osugar-Owater

in the a-d-Manp-(1!3)-b-d-Glcp-OMe ± water system are represented by
circles.[16]

The traditional analysis of solvation structure using the
RDF method can be extended by the use of the three-
dimensional spatial distribution function (SDF).[18] This has
been done for the two-component solvent DMSO ± water
around 1 (Figure 4). Although the resulting first solvation
shell has the same characteristic structure as that formed by
water molecules in a pure aqueous solution,[16] a distinct
preferential solvation pattern can be identified close to the

Figure 2. Schematic representation
of the disaccharide 1. Preferential
solvation by the binary DMSO ±
water mixture, identified from MD
simulations, is shown with a hydro-
gen bonded associate of solvent
molecules together with an intra-
molecular hydrogen bond. In addi-
tion, a water molecule acting as a
hydrogen bond donor and a DMSO
molecule preferentially solvate the
hydroxyl groups of the solute mol-
ecule.
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Figure 4. Time-averaged positions of each atom of 1 in a reference
coordinate system, and contoured surfaces showing high, positive deviation
of the solvent oxygen atom density from the average values. The colour
intensity is a function of the probability of finding a certain atom in a
certain place related to the average number density. In (a) the intensity is
12.0 and in (b) the intensity is 6.0. Atomic coloring is green for carbon, red
for oxygen, and white for hydrogen. Isointensity contours colors are blue
for water oxygen atoms and pink for DMSO oxygen atoms. The figures are
produced with the ªgOpenMolº package.[19]

different hydroxyl groups. For example, DMSO acts as a
hydrogen bond acceptor and solvates predominantly the
regions close to HO2g and HO2m (see also Figure 2). Water,
acting as a hydrogen bond donor, hydrates selectively the
regions around O6m and O2g. The SDFs obviously provide a
very detailed picture of solvation. Various graphical repre-
sentations and techniques to analyze them are given by
Bergman and co-workers.[20]

Another interesting feature is that DMSO, while acting as a
hydrogen bond acceptor to the HO2g hydroxyl group, can
simultaneously act as an acceptor for a specific water
molecule, which is in turn hydrogen bonded to O6m. This
leads to a remarkable hydrogen bonded associate, involving
two hydroxyl groups of the disaccharide and one molecule
each of water and DMSO (see Figure 2). To investigate the
relative stability of these associates, we can compare associ-
ation times[21] for the oxygen atoms of the solvent attached to
the hydroxyl groups. In most cases these were found to be
slightly below 10 ps for both water and DMSO. The associ-
ation time for the O2gÿODMSO pair, however, was found to be
between 20 and 30 ps. For the O6mÿOwater pair it was between
10 and 20 ps. For a comparison, the rotational correlation

times for water and DMSO in the binary solvent mixture are
2 ps and 3 ps, respectively. Thus, these hydrogen-bonded
associates survive several rotational correlation time periods.
Furthermore, similar associates with water molecules are
present in the bulk solvent.

To summarize, we have shown that MD simulations can be
used further to obtain detailed information about important
solution properties. By combining the information obtained
from using the traditional RDFs and the three-dimensional
SDFs with the association times for the individual hydrogen
bonds, we can see the different parts of disaccharide 1
preferentially solvated by either water or DMSO. We can also
see that in some parts there is a clear competition between the
components.

Received: June 24, 1999 [Z 13625]

[1] C. Reichardt, Solvents and Solvent Effects in Organic Chemistry,
VCH, Weinheim, 1988.

[2] H. Strehlow, H.-M. Koepp, Z. Elektrochem. Ber. Bunsen-Ges. Phys.
Chem. 1958, 62, 373 ± 378.

[3] D. Jamroz, J. Stangret, J. Lindgren, J. Am. Chem. Soc. 1993, 115,
6165 ± 6168.

[4] J. E. Bertie, Z. Lan, J. Phys. Chem. B 1997, 101, 4111 ± 4119.
[5] H. Kovacs, A. Laaksonen, J. Am. Chem. Soc. 1991, 113, 5596 ± 5605.
[6] D. L. Bergman, A. Laaksonen, Phys. Rev. E 1998, 58, 4706 ± 4715.
[7] D. I. Mendeleev, PhD thesis, St. Petersburg University (Russia), 1865.
[8] K. V. Pervushin, Yu. V. Orekhov, A. I. Popov, L. Yu. Musina, A. S.

Arseniev, Eur. J. Biochem. 1994, 219, 571 ± 583.
[9] J. A. Glasel, J. Am. Chem. Soc. 1970, 92, 372 ± 375.

[10] I. I. Vaisman, M. L. Berkowitz, J. Am. Chem. Soc. 1992, 114, 7889 ±
7896.

[11] I. A. Borin, M. S. Skaf, J. Chem. Phys. 1999, 110, 6412 ± 6420.
[12] D. H. Rasmussen, A. P. MacKenzie, Nature 1968, 220, 1315 ± 1317.
[13] S. W. Jacobs in Dimethyl Sulfoxide (Eds.: E. E. Rosenbaum, D. C.

Wood), Marcel Dekker, New York, 1971.
[14] Glycosciences (Eds.: H.-J. Gabius, S. Gabius), Chapman and Hall,

London, 1997.
[15] Q. Liu, J. W. Brady, J. Am. Chem. Soc. 1996, 118, 12 276 ± 12 286.
[16] A. Vishnyakov, G. Widmalm, J. Kowalewski, A. Laaksonen, J. Am.

Chem. Soc. 1999, 121, 5403 ± 5412.
[17] L. Mäler, G. Widmalm, J. Kowalewski, J. Phys. Chem. 1996, 100,

17103 ± 17 110.
[18] I. M. Svishchev, P. G. Kusalik, Science 1994, 265, 1219 ± 1221.
[19] L. Laaksonen, ªgOpenMolº, version 1.21. Center of Scientific

Computations, Espoo, Finland. http://laaksonen.csc.fi/gopenmol/go-
penmol.html.

[20] D. L. Bergman, L. Laaksonen, A. Laaksonen, J. Mol. Graphics
Modell. 1997, 15, 301 ± 306.

[21] A. P. Lyubartsev, A. Laaksonen, J. Phys. Chem. 1996, 100, 16410 ±
16418.


