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A b s t r a c t  

Hydration of a-maltose and amylose were investigated using molecular modelling and 
thermodynamics methods. The structure and energy of hydration of three low-energy conformers 
of a-maltose were determined by the MM3 molecular mechanics method. The hydration structure 
was found to be sensitive to the conformation of a-maltose and hydration numbers 10 or 11 were 
estimated for the different conformers. Differential scanning calorimetry and thermogravimetric 
analysis were used to determine the number of water molecules specifically bonded (non-freezing 
water) to amylose and different samples of a-maltose. Due to high crystallinity of a-maltose 
samples, the observed non-freezing water content was lower than predicted by molecular 
modelling. In contrast, the experimental number of non-freezing molecules of water per r)-gluco- 
pyranose residue for amorphous amylose (n h = 3.8) is in good accordance with the value of 3.8 
extracted from our calculations. 

Keywords: Maltose; Amylose; Molecular modelling; Differential scanning calorimetry: 11ydration: Non-frccz- 
ing water; Hydrogen bonding 

1. I n t r o d u c t i o n  

Water  adsorpt ion has a great  inf luence on physical  propert ies  of  materials  and 

part icularly on swel l ing  and softening.  As a consequence ,  solubil i ty,  hydrat ing power  (in 

cosmet ics)  and mechanica l  propert ies  wil l  be directly affected. Hydrat ion  pattern 

depends  on the number  and the nature of  sites able to adsorb water  molecu les  such as 
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hydroxyl or ionic groups but also on the crystallinity of materials. Results on cellulose- 
based materials showed [1-3] that water fixation does not occur within crystalline zones 
where intermolecular hydrogen bonds are very strong. Only the surfaces of such zones 
are accessible [4,5]. The introduction of water molecules within amorphous zones 
increases the mobility of macromolecular chains and hence modifies thermodynamic 
properties such as glass transition and swelling. This water sorption is particularly 
important when studying polysaccharide-based materials. For many years, a lot of 
research has been devoted to the use of an easily renewable polymer in new materials: 
starch. A main problem encountered until now is water sensitivity of such materials [6]. 
Therefore, we have undertaken a research program dealing with chemical modification 
of starch in order to reinforce its hydrophobicity [7]. In this respect, the understanding of 
molecular interactions between water and amorphous polysaccharide is of crucial 
importance. Recently, the hydration pattern of amylose in crystal structures has been 
investigated [8]. However, such studies cannot explain the water sensitivity of starch- 
based materials as starch is destructured and only very partly crystalline in these 
materials. In order to offer a new insight into water sorption, we have examined in this 
study the structure and energy of hydration sites of a-maltose by molecular modelling 
and the hydration of a-maltose and amorphous amylose using differential scanning 
calorimetry and thermogravimetric analysis. 

Recently, molecular dynamics simulation of fl-maltose in two different conforma- 
tions in vacuum and in aqueous solution has been used to examine the types of hydrogen 
bonds made by maltose [9]. However, little is known about the specific interaction of 
water molecules and the amorphous maltose at the molecular level. The crystal structure 
of /3-maltose has been determined to high resolution by neutron diffraction [10]. The 
crystal conformation has been found to be stabilised by an intramolecular hydrogen 
bond between the 0-2 '  hydroxyl group of the non-reducing residue and the 0-3 
hydroxyl group of the reducing residue. The 0-2 '  . . .  0-3 hydrogen bond was also 
observed in the crystal structures of a-maltose [11] and methyl fl-maltoside [12]. 
Maltose has long been the subject of molecular mechanics studies and recently, relaxed 
conformational energy maps have been calculated using several different force fields 
[13-15]. The relaxed conformational energy studies have generally demonstrated that 
maltose has several low energy conformations in vacuum, some of which possess the 
intramolecular 0-2 '  • - • 0-3 hydrogen bond, but with at least one important low-energy 
structure, which for geometric reasons, cannot form this hydrogen bond. Both the 
experimental studies [16,17] and the calculations using the continuum model of solvation 
[18] imply that, in the solution, there is a shift away from the crystal structure 
conformation. 

2. Experimental 

Materials.--The sample of crystalline a-maltose [ a-o-glucopyranosyl-(1 ~ 4)-O~-D- 

glucopyranose] monohydrate was obtained from Sigma Chemical Co., and was used in 
this study as received without further purification. Some special preparations of maltose 
samples were made in order to decrease the crystallinity. They consisted of dissolving 
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commercial maltose in pure water at different concentrations and freeze drying of the 
solution. Another preparation was to evaporate a concentrated solution to dryness and to 
dry the resulting glassy product under vacuum at 50°C for several days. All these 
preparations did not allow us to obtain completely amorphous maltose as revealed by 
X-ray diffraction measurements. Amylose [(1 ~ 4)-a-D-glucopyranan] sample was ob- 
tained from Avebe Co. (Veendam, Holland), and was used as received. The crystallinity 
was approximately 15%. 

Nomencla ture . - -The  recommendations and symbols proposed by the IUPAC-IUB 
Commission [19] were used. A schematic representation of the disaccharides and the 
numbering of atoms is shown in Scheme 1. The relative orientation of the monosaccha- 
ride residues about the glycosidic linkage is based on the values of two torsion angles 
@(O-5 ' -C-1 ' -O-1 ' -C-4)  and qI(C-1 '-O-1 '--C-4-C-3) .  The orientation of the hydroxy- 
methyl groups is defined by the torsion angles w ( C - 4 - C - 5 - C - 6 - O - 6 )  and w ' (C-4 ' -C-  
5 ' - ( ; - 6 ' - 0 - 6 ' ) .  The orientation of hydroxyl hydrogen atoms is defined as Xi = C-i 1-  
C- i -O- i -H(O- i )  where i = 2', 3', 4', 6', 1, 2, 3 and 6. Depending on the type of 
hydrogen bonding considered [O w . - .  H(O-i ) -O-i  or Ow-H,  ~. - . .  O-i], the r and (~) 
parameters were defined as it follows. For the Ow-H,~ . . . .  O-i interaction, r is defined 
as the distance between the atoms O-i and H w atoms and (~) is the C - i - O - i - H w - O w  

dihedral angle. In the case of the O w • ..  H(O-i ) -O- i  interaction, the oxygen atom O,, 
has been placed in the direction of  the O- i -H(O-i )  bond of the interacting hydroxyl 
group. Here, r represents the distance between the H(O-i) and O w atoms, and dihedral 
angle ~ represents the orientation of hydroxyl hydrogen atoms defined by torsion angle 

Xi. 
Molecular model l ing . - -The  starting geometry of the disaccharide was derived from 

the monomer library of the QUANTA software (Molecular Simulation, Burlington, 
MAt. (@,qs) Relaxed maps were computed by rotating the residues around the 
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glycosidic linkage on a 10 ° grid. At each point of the grid, geometry optimisation was 
performed using the MM3 molecular mechanics program [20,21] with a dielectric 
constant • = 1.5. To minimise the energy, the Cartesian coordinates of each atom except 
those defining the @ and qs torsion angles were allowed to vary. The final location of 
minima were found for each local low-energy region of the (@,q t )  map by non-re- 
stricted minimisation. 

The first hydration shell of three lowest-energy conformers of a-maltose was 
calculated in two steps. In the first one, the minima on energy surfaces describing the 
interaction between water molecule and one of the maltose hydroxyl groups or oxygen 
atoms were found and their structure was determined. In the next step, the a-maltose- 
n water complex was investigated. For this purpose, one water molecule was placed at 
each of the previously determined hydration sites. The structure of the complex was then 
optimised allowing only the atoms of the water molecules to move. As our interest is 
mainly focused on the first hydration shell, the water molecules that were not linked 
directly to a-maltose were discarded for the next step of the calculation. In the final step 
of calculation, the structure of hydrated maltose was optimised without constraints with 
the exceptions of atoms defining the q) and qt dihedral angles. 

Differential scanning calorimetry (DSC).--A Perkin-Elmer differential scanning 
calorimeter (DSC7), equipped with a cooling device, was used to determine the amount 
of freezing water. DSC curves were obtained in the temperature range of -60°C  to 
25°C. Indium (T m = 156.64°C) and n-dodecane (T m = -9.65°C) were used for calibra- 
tion. DSC curves were obtained upon heating with a scanning rate of 2°C/min. The 
cooling speed was 200°C/min and 10 min were allowed for equilibration at the starting 
temperature. Sample enthalpies were calculated using pure water as reference. Sample 
weights varied between 5 and 15 mg. The samples were weighted in aluminium 
capsules, which were then sealed. During preparation, samples were exposed to ambient 
atmosphere for approximately 1 min. 

Thermogravimetric analysis (TGA).--A Setaram thermogravimetric analyzer 92-12 
was used to determine the total water content of the samples. Hydrated sample weight 
varied around 30 mg. Scanning rate and temperature interval were respectively 5°C/min 
and 20-130°C. Tests were maintained until the derivative of the weight loss curve 
equalled zero. During loading, samples were exposed to ambient atmosphere for an 
average period of 1 min. 

Relative humidity (RH).--The different moisture levels used were obtained by 
exposing the powders to the vapour of different saturated solutions in closed desiccators: 
LiC1-H20 for 15%, CaC12.6H20 for 32%, K2CO3.2H20 for 44%, Ca(NO3)z.4H20 
for 56%, NaC1 for 76%, K z C r O  4 for 88% and CuSO4.5HzO for 98%. Samples were 
conditioned in desiccators for a period of 3 weeks to ensure equilibrium. 

3. Results and discussion 

The relaxed conformational energy map for a-maltose.--The MM3 potential energy 
map for a-maltose is shown in Fig. 1. The energy is plotted as a function of the 
glycosidic torsion angles t/, and qr. The map is similar to the MM3 map already 
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Fig. I. MM3-gcnerated relaxed-residue potential energy map for ~t-maltosc. Contours arc drawn in I kcal/mol 
above the lowest energy conformer. Abbreviations designate the minima referred to m the texl and in lablcs. 

reported [15]. Minor differences between both maps can be attributed to the use of 
different values of dielectric constant. Two low-energy regions appear on the map. The 
dominant region contains the lowest two of the three minima found on the maps. One 

minimum M2 appears at (qb, ~ / / )= (64  °, 189°), the second minimum M3 at (4~, 
~ )  = (105 °, 211 °) and the third minimum MI is found in the second low energy region 
at (q~, ~ ) =  (78 °, 87°). All three minima are within 1.50 kcal /mol .  All three final 
minima were used to investigate the hydration sites of c~-maltose. 

Geometry and energetics of  maltose-water complexes.--Each of the 11 oxygens of 
oe-maltose can act as a donor and each of the eight hydroxyl groups as an acceptor of 
hydrogen bond with water molecules. Prerequisite for building and understanding the 

hydration structure of maltose is a detailed description of the structure of the complexes 
between water and individual hydroxyl groups. A thorough search of energy surfaces 
gave 18 different minima for interaction between c~-maltose and the water molecule. 
The calculated structures agree reasonably well with ab initio calculations on alcohol- 
water complexes [22,23]. As an exhaustive presentation of the results obtained is outside 
the scope of this paper, we present here only a survey of the water stereochemistry in 

these minima which is schematically illustrated in Fig. 2. 
The analysis of the final structures revealed that possible hydrogen bond arrange- 

ments between water and o~-maltose can be divided into six groups. As can be seen from 



32 C. Fringant et al. / Carbohydrate Research 278 (1995) 27-41 

C - i - - O - i  ........ H w - - O w  D1 (5) 

C-j O-j ........ Hw > 
C-k O-k ...... Hw 

D2 (6) 

O-j --H(O-j) 
% 

% 
.Ow 

O-k H(O-k) 

A2 (10) 

j H w  

O-j H(O-j)',,, O~ 

C-k O-k .......... Hw 

A1D1 (29) 

o-j H(O-j) 
z,, 

" D w - - H w  ....... O-i 

O-k H(O-k) 

C-i A2D1 (l) 

C-j O-j ........ Hw 
\ 

Ow ....... H(O-i)--O-i A1D2 (3) 

C-k O-k ...... Hw 

Fig. 2. Schematic depiction of six possible hydrogen bond arrangements in complexes between o~-maltose and 
water molecule. Abbreviations designate the type and numbers represent occurrence in 54 complexes. 

Fig. 2, the majority of water molecules in 54 complexes display one acceptor-one donor 
(A1DI)  or two acceptors (A2) patterns. These two arrangements account for more than 
70% of all the possible hydrogen-bond structures. It is noteworthy that, in MD 
simulation of maltose in aqueous solution [9], a large fraction of the first hydration shell 
water molecules was found in arrangement corresponding to the A2, D2 and AID1 
arrangements. The calculated equilibrium O . . - H  distances are in the interval from 
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1.740 to 1.899 A and the mean value of O . . .  H is 1.793 A. It appears that, in three 
complexes,  the O . . .  H distance is larger than 1.95 ,~. A comparison of the O . . -  14 
values clearly indicates that the O w . . . H  distances are shorter than the O . . . H , ,  
distances, as expected from the greateroaCCeptor tendency of water molecules. The mean 
value for O w - • • H distances is 1.781 A whereas the mean value for O - . • H w distances 
is 1.805 A. The O - H  . . .  O bond angle have a distribution ranging from 12(1 to 178': 
with a mean value of 154 ° . 

The crystal structures of carbohydrate hydrates provide useful data for a comparison. 
However, for stereochemical and packing reasons, this comparison is only qualitative. II 
has been shown [24-26] that the mean O--H . . .  O,, distance in 188 hydrates is 1.83 ,~ 
and the mean O - H , ,  . . . O  distance in 82 hydrates is 1.90 A. These values are in 
reasonable agreement with our calculated values. The calculated O . . .  O distances arc 
in the interval from 2.390 to 2.971 ,~ and the mean O . - -  O distance is 2.641 /k. This 
value can be compared to the mean O . . . .  O distance of 2.77 ,~ found for alcohol and 
carbohydrates. There has been considerable discussion concerning the direct relationship 
between hydrogen-bond strength and length. A simple relationship has been obtained for 
the complexes between water and alcohols [27]. However, our results do not allow to 
establish such a dependence. The hydrogen bond energy is in the interval from 4 
k c a l / m o l  for the Dl  arrangement to 13 k c a l / m o l  for the AID1 arrangement. The mean 
value of the interaction energy calculated from all minima is 9.35 kca l /mo l .  

The above positions of water molecules were used to build the first hydration shell 
for each of three o~-maltose conformers. Due to spatial proximity of hydration sites, 
some water molecules were expelled from their original position during optimisation. 
Therefore, those water molecules that interacted only with any of the other water 
molecules were eliminated, leaving only water molecules interacting directly with the 
c~-maltose molecule. Using the geometrical criteria, for the M I and M3 conformers 11 
waler molecules are contributing to the first hydration shell, whereas only 1(I water 
molecules were found for the M2 conformer. In this conformer, one of two ring oxygens 
is not an acceptor of hydrogen bond, The structure of these complexes is shown in Fig. 3 
and the main geometrical features are listed in Tables 1-3.  

A comparison of the structure of o~-maltose conformers in vacuum and in hydrated 
complexes revealed that hydration imposed several geometrical changes, An increase of 
internal energy of c~-maltose is compensated by an increase in the interaction energy. As 
can be seen from Tables 1-3  and Fig. 3, most of the hydroxyl groups are inw~lved in 
two hydrogen bonds, one as an acceptor and one as a donor. As well, most of the water 
molecules are simultaneously hydrogen bonded to more than one hydroxyl group. A 
comparison of the stabilisation energy per water molecule revealed that. in all three 
complexes,  a large stabilisation per water molecule is found relative to individual 
minima. It reaches 10.69 k c a l / m o l  for the M2, 10.95 k c a l / m o l  for the M3, and 11.05 
k c a l / m o l  for the MI conformer. These stabilisation energies are larger than the mean 
value of wate r -mal tose  interaction energy 9.35 kcal. The enhancement from 1.3 to 1.7 
k c a l / m o l  per water molecule may be interpreted as a cooperative effect. 

Non-freez ing water  in ee-maltose and amylose . - -Di f f e ren t ia l  scanning calorimetry 
and thermogravimetric techniques allow the determination of different types of water 
molecules [28]. Water molecules demonstrating a first order transition will be called 
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Fig. 3. Molecular representation of the hydration shells of three lowest energy conformers of o~-maltose. 

"freezing water"; molecules in strong interaction with polymeric sites without such 
transition are called "non-freezing water". Water molecules whose melting point is at 
O°C will be called "free water". For both products, o~-maltose monohydrate and 
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Fig. 4. The number of non-freezing water molecules (n h) as a function of relative humidity (RH) for amylose 
and a-maltose. 

amylose, only non-freezing water was observed from 14% to 88% relative humidity. 
The DSC curves of crystalline a-maltose and of amylose equilibrated at 98% RH 

exhibit a melting peak at a temperature situated below 0°C. This peak can be attributed 
to the presence of a small amount of freezing water. Such freezing water was recently 
put into evidence [1-3,6] when studying hydration of cellulose derivatives and hyaluronic 
acid. The amount of freezing water decreases when measurements are made using 
"defatted" amylose (solubilization of Avebe product in dimethyl suifoxide and precipi- 
tation with ethanol). This leads us to attribute the presence of this freezing water to 
inorganic impurities, as it usually appears in the presence of ionic species. 

The quantities of differently adsorbed water were examined by combining the TGA 
and DSC methods. In Fig. 4, the number of non-freezing water molecules n h adsorbed 
per glucose unit is plotted against relative humidity for amylose and differently prepared 
samples of a-maltose. The influence of relative humidity on number of bound water 
molecules is very different for both compounds. In the case of a-maltose, the amount of 
non-freezing water is almost independent of the relative humidity. It does not seem to 
depend on the sample preparation method as long as relative humidity does not reach 
high values (RH < 80%). The quantity of this strongly bound water corresponds 
approximately to one water molecule per a-maltose unit. This number can be linked 
with the unique water molecule associated with crystal structure of commercial a-maltose 
monohydrate. This comparison clearly indicates that the crystalline areas are unable to 
fix some other water molecules in the first hydration shell. This statement has been 
widely used in studies on the hydration of polysaccharides [4,5]. 

When the relative humidity is high, the non-freezing water content increases and 
depends on the sample preparation method. This is illustrated by the results given in 
Table 4 for measurements realised after equilibrium at 98% RH. For freeze-dried 
samples, the water content increases with dilution of the initial solution. We attribute 
this to the fact that, in concentrated solution, the interactions between sugar molecules 
make it easier to crystallise during freeze drying. Consequently, the amorphous part of a 
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Table 4 
Number of non-freezing water molecules (n h) per I>glucopyranose unit m amylose and (~-maltosc as 
determined by thermogravimctric analysis and differential scanning calorimetry after equilibrium at 98~  RH 

Amylosc Maltose 

Commercial Commercial Evaporated 
syrup (50 g / [ . )  

Freeze-dried Freeze-dried Freeze-dried 
solution (50 g / L )  solution (llt g//l.) solution (1 g / l , )  

n h .3.8 11.75 1.7 I..2 1.35 2 

sample available for water adsorption and the water quantity is lower than when 
studying samples based on diluted solution. In the case of samples prepared from 
evaporated syrup, the water content is higher than the one observed with more diluted 
solution freeze-dried samples. A rationalisation of this can be based on the different 
kinetics of drying processes. Whatever the previous considerations are, due to high 
crystallinity of c~-maltose samples, the non-freezing water content is in any case lower 
than the number of water molecules predicted from the results of molecular modelling. 
This is understandable, since the packing interactions due to crystal arrangements are not 
taken into account in molecular modelling and models represent interaction between 
water molecules and isolated c~-maltose molecule. 

In the case of c~-amylose, the quantity of adsorbed water increases with relative 
humidity. The curve presented in Fig. 4 is similar to the one obtained when studying 
some other polysaccharides [2]. In order to rationalise the experimental results, we have 
analysed the hydration shells obtained from calculations with the different conformers of 
a'-maltose. For this purpose, we have assumed that the hydration pattern of each 
repeating unit of amylose is similar to that of ol-maltose. In this simplified picture, there 
is one water linked to each of the three hydroxyl groups at 2, 3, and 6 positions of the 
reductive and non-reductive residue. For M1 and M3 conformers, one water molecule is 
linked to each of the ring oxygen atoms, whereas for M2 conformer only 0-5  is the 
acceptor of one water molecule. There is no water molecule found to be linked to the 
glycosidic oxygen atom. Therefore, for a comparison with amylose, we have to discard 
all water molecules linked to terminal hydroxyl groups at C-4' and C-I positions. Each 
of these hydroxyl groups binds one or two water molecules. One water molecule is 
bound exclusively by each of these hydroxyl groups, whereas remaining molecules arc 
shared also by other hydroxyl group. Thus, seven or eight water molecules are bound to 
two repeating units of amylose. Assuming all three o~-maltose conformers (six glucopy- 
ranose units), 23 water molecules are linked to six glucopyranose residues which gives 
n h = 3.8 water molecules per D-glucopyranose in amylose. This value is in very good 
agreement with experimentally observed 3.8 non-freezing water molecules. It is worth 
comparing these results with a recent investigation on the hydration shell of crystal 
amylose using Monte Carlo simulations [8]. For a left-handed antiparallel-stranded 
structure of the amylose double helix, three hydration sites per glucopyranose unit were 
found. In the case of parallel-stranded double helices, only one hydration site was 
identified. On the other side, for a solution of glucose and maltose, the hydration 
numbers of 3.7 and 5.0 were estimated from dielectric and nuclear magnetic relaxation 
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measurements [29]. Bearing in mind completely different approaches, the agreement 
between obtained results is striking and strongly suggests the significant role of 
condensed phase in the hydration of  o~-maltose and amylose. 

4. Conclusions 

In this work, we have investigated the hydration of o~-maltose and amylose using 
molecular modelling and thermodynamic methods. In agreement with the general trend 
observed in hydrogen bonding of carbohydrate crystal data, water in complexes with 
o~-maltose displays different hydrogen-bond arrangements. The O . - .  H distances in- 
volving an acceptor type interaction [i.e. H(O-i) . . -  Owl are shorter than those involv- 
ing donor type interactions [i.e. H w . . - O - i ] ,  in agreement with greater acceptor 
tendency of the water molecule. 

The calculated hydration structure of ce-maltose appears to be sensitive to the 
conformation about glycosidic linkage and most of the water molecules are shared by 
more than one hydroxyl group. Results of differential scanning calorimetry and thermo- 
gravimetric measurements suggest that only amorphous phase is available for non-freez- 
ing water. The difference in the calculated and observed content of non-freezing water 
molecules for c~-maltose is accounted for by the high crystallinity of c~-maltose. This is 
also supported by good agreement between the observed and estimated number of 
non-freezing water molecules for amorphous amylose. 
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