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Abstract—Quantitative Structure–Property Relationships (QSPR) have been developed for a series of monosaccharides, including

the physical properties of partial molar heat capacity, heat of solution, melting point, heat of fusion, glass-transition temperature,

and solid state density. The models were based on molecular descriptors obtained from molecular mechanics and quantum chemical

calculations, combined with other types of descriptors. Saccharides exhibit a large degree of conformational flexibility, therefore a

methodology for selecting the energetically most favorable conformers has been developed, and was used for the development of the

QSPR models. In most cases good correlations were obtained for monosaccharides. For five of the properties predictions were made

for disaccharides, and the predicted values for the partial molar heat capacities were in excellent agreement with experimental

values.

� 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

QSPR models are empirical equations, used for esti-

mating various physical or thermodynamic properties of

molecules. A QSPR model has the form
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P ¼ aþ b � D1 þ c � D2 þ d � D3 þ � � � ; ð1Þ
where P is the physical property of interest, a; b; c; . . . are
regression coefficients, and D1;D2;D3; . . . are parameters

derived from the molecular structure, so-called descrip-

tors. A variety of different types of descriptors can be

used.1 The simplest types are constitutional or topo-

logical descriptors, such as the number of carbon atoms,

and parameters describing types and order of the

chemical bonds in the molecules. Various geometrical

descriptors, including the principal moment of inertia,
can also be used. The most important and also the most

complicated descriptors, are electrostatic and quantum
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chemical descriptors. The electrostatic descriptors are
parameters, which depend on the charge distribution

within the molecule, including the dipole moment. An

example of a quantum chemically derived descriptor are

the HOMO and LUMO energies.2

QSPR models describing saccharide properties have

not been found in literature up to now. Several papers

concerning the properties of interest to this work, but

for other classes of compounds, have been published.
Liu et al.3 and Ivanciuc et al.4 have developed models

for the heat capacity of alkanes at 300K. QSPR models

for the melting points for a number of classes of organic

compounds can be found in the literature.5–10 Katritzky

et al.11 have developed QSPR models for the glass-

transition temperatures of large industrial polymers,

MW 400–9500. QSPR models for liquid densities of

several classes of organic compounds have been pub-
lished.7;12–14

We have previously described the construction of

a database of novel molecular descriptors for com-

pounds, which may be considered as carbohydrate

substructures, that is, alkanes, alcohols, diols, ethers,
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and oxyalcohols,15 and QSPR models for boiling and

melting points, heat of evaporation and fusion, and li-
quid densities for these classes of compounds.16

In the present work, models for estimation of six

different physical properties of monosaccharides are

given. These properties are partial molar heat capacities,

heats of solution of saccharides in aqueous solution, and

melting points, enthalpies of fusion, glass-transition

temperature, and densities of pure saccharides. They are

based on monosaccharide structures, and both furano-
sides and pyranosides have been included in the study.

In order to develop physically sound models, which

account for the conformational flexibility of the com-

pounds, a methodology for selecting the most energeti-

cally favorable monosaccharide conformers has been

established. Similar methodology has previously been

developed for a series of organic compounds.15
2. Computational methods

2.1. Computational details

The QSPR models were developed with the program

Codessa17 (COmprehensive DEscriptors for Structural

and Statistical Analysis), using a heuristic method.18;19

Use of this method makes it possible to develop re-

gression equations with statistical weighting of each

molecular conformer (equilibrium conformation). Fur-

thermore, the method uses a statistical selection scheme,
which selects the most appropriate descriptors effi-

ciently.

As the first step Codessa calculates a large number of

descriptors from Cartesian coordinates for the molecu-

lar conformers. All descriptors are verified prior to the

model development, that is, descriptors that have miss-

ing values for some conformers, or are equal for a

number of the molecular structures given, are discarded.
After this, one parameter regression equations are de-

veloped with each of the remaining descriptors, and

those descriptors that do not satisfy predefined statisti-

cal criteria are discarded. These criteria concern the

value of the F -test, which is a measure of the variance

caused by the model compared to the variance in ex-

perimental data, and a correlation coefficient, R2 that

tells how good the correlation is. Finally, a t-test was
used to measure the importance of the descriptors used

in the correlation.18 These statistical criteria together

enable a useful judgment of how well the descriptors

perform individually, and if the descriptors are inter-

correlated. For each of the one-parameter equations

passing the statistical tests, another descriptor is added

in turn and a new regression equation is calculated. The

descriptor added in the resulting two-parameter equa-
tion is kept if the applied statistical conditions are ful-

filled. This procedure is continued until a QSPR model
with the desired number of descriptors is obtained.5;18–21

Two other statistical parameters are of importance, the
standard deviation, s, which is a measure of how much

the calculated values differ from the experimental values,

and the cross-correlation coefficient, R2
cv. The latter is

obtained by leaving out one experimental data point,

develop a new QSPR model for the remaining com-

pounds, and then use the QSPR model for prediction of

the property for the compound that has been left out.

This was done for every compound included in the
study, the resulting differences between predicted and

experimental values are summed and squared, and a

value for R2
cv is calculated. To ensure stability and pre-

dictability of the QSPR models, the R2
cv value should

preferably be as high as possible and have values com-

parable to the value of the correlation coefficient, R2.6;7

A summary of the computational methodology is

shown in Figure 1. For each molecule all possible con-
formers, discussed in a later section, have been mini-

mized with the molecular mechanics program Consistent

Force Field (CFF),22–24 using the parameter set

PEF95SAC,25–27 optimized for carbohydrate structures.

The potential energy functions treat bonded interactions

with Morse functions and non-bonded interactions with

a Lennard–Jones 12-6 potential and a Coulomb term.27

Hence, the potential energy function is as follows:

ETotal ¼ EBonded þ ENon-bonded þ ECorrection;

where

EBonded ¼
X
Bonds

De½e�2aðb�b0Þ � 2e�aðb�b0Þ�;
ENon-bonded ¼
X
i<j

Aij

r12

�
� Bij

r6
þ eiej

Dr

�

and

ECorrection ¼
X

Torsions

1

2
KUð1þ cos kUÞ þ

X
Angles

1

2
Khðh� h0Þ2:

In these equations, the bond lengths, b, the inter-

atomic distances, r, the valence angles, h, and the tor-

sional angles, U, were optimized during energy

minimization, while the remaining parameters were fixed

as a part of the parameter set PEF95SAC. The dielectric
constant, D, was set to a standard value of 2, as de-

scribed in more detail by Engelsen et al.27

Following energy minimization, thermodynamic

properties were calculated using standard statistical

mechanics formalism, assuming ideal gas behavior,

where the vibrational contribution to the energy is cal-

culated with the Einstein relation. The molecules were

treated as rigid rotors and as coupled harmonic oscil-
lators.24 Using the calculated Gibbs free energies, Gi, at

298.16K, the relative probabilities, pi, of all the con-

formers could be calculated with Boltzmann statistics:
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descriptors not available
in Codessa.

Selection of molecules
and properties. Generation

of conformations.

Molecular mechanical
energy minimization using

CFF and parameter set
PEF95SAC.
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Figure 1. Schematic presentation of the methodology for development of the QSPR models.
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pi ¼
e�

DGi
RTP

i e
�DGi

RT

;

where DGi ¼ Gi � G1, T is the temperature and R is the

gas constant. The conformers with a relative probability
above 10% are kept, all other conformers are excluded

from further analysis. This limit was chosen to include

conformational flexibility in the QSPR models, and at

the same time ensure a reasonable computational time.

The 10% limit of selection of conformers and the im-

portance of Boltzmann averaging is discussed in further

detail in Dyekjær et al.15

The Codessa program can use Gaussian output files
as input for calculation of several quantum chemical

descriptors like ionization energies, HOMO–LUMO

gaps, etc. Therefore, each of the selected conformers of

the final Boltzmann-weighted set was geometry opti-

mized, using a hybrid functional on the B3LYP/6-31++g

level28 with the Gaussian98 program.29 The Cartesian

coordinates of the energy minimized molecular con-

formers calculated by CFF and selected using the 10%
limit, were used as input to these calculations and op-

timized further until convergence was reached.
In this work we have both used descriptors available

within the Codessa program and added several new

descriptors. These are the total energy (ETotal), the van

der Waals energy (EvdW), the Coulomb energy (ECoulomb),

dipole moments, as well as the total Gibbs free energy

(GTotal) calculated at 298.16K. An additional descriptor,
the total non-bonded energy (ENon-bonded) can easily be

evaluated by summing up the van der Waals and the

Coulomb contributions. All these descriptors are ex-

tracted from the molecular mechanical calculations

carried out with the CFF program, as described above.

The molecular energies (EB3LYP) and dipole moments

obtained from the B3LYP/6-31++g quantum chemical

calculation are also used. For each of the descriptors,
Boltzmann averaged values according to the selection

scheme discussed above, were used. A number of new

constitutional and geometric descriptors were also

added, as discussed previously.15

2.2. Conformational analysis of carbohydrates

To incorporate the effect of the large conformational
flexibility monosaccharides exhibit in solution, a method

was developed for selection of the most favorable
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Figure 3. Labeling of atoms to illustrate the torsional angles.
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molecular conformers. For each saccharide the hydroxyl

groups can adopt many different conformers due to the
rotation of the H–O–C–C torsional angles to each of the

three positions, 180� (anti, indicated by a) and the two

gauche positions ±60 � (indicated as g for the positive

torsional angle and g0 for the negative one). It is well-

known that of the possible pyranoside conformations,

the chair conformer has the lowest energy, and is the

only conformer with significant probability.30;31 Due to

the ring oxygen and the anomeric carbon atom, an
equilibrium between two different chair conformers ex-

ists, as shown in Figure 2a. Both chair conformers need

thus to be accounted for. For five-membered furano-

sides, the envelope conformer is predominant, but here,

ring-puckering has to be accounted for instead. For each

molecule, ring-puckering has been modeled by placing

the substitutes on the appropriate carbon atoms with

respect to a fixed atom. This fixed atom is moved out of
a plane in order to form the envelope conformer, such

that all five possible envelope conformers are formed.

This approach is shown in Figure 2b and is also dis-

cussed in more detail by Dyekjær et al.15

To generate all these conformations in a systematic

way, a set of Cartesian coordinates for each of the the

atoms forming the ring in each of the structures A and B

for pyranosides, and A, B, C, D, and E for each of the
furanosides, shown in Figure 2, have been obtained

from the molecular mechanical program CFF. These

fundamental ring Cartesian coordinates have been ob-

tained from the generation of the two glucose chair

conformers, in the case of six-membered rings, and the

five ring-puckering ribose conformers for the five-

membered cases. OH groups are initially placed in their

proper positions on the ring atoms, but after energy
minimization all the OH groups and the H atoms have

been removed to obtain the set of basic ring Cartesian

coordinates, as shown in Figure 2. This set of Cartesian

coordinates forms a basis for generation of all desired

monosaccharides and their molecular conformations

considered in the study. To these basic conformer

structures, hydroxyl groups and hydrogen atoms have

been added on each axial/equatorial position, and in
C
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Figure 2. (a) Equilibrium chair conformers for pyranoside rings. The A and

envelope conformer of furanosides, ring-puckering is modeled using each of
such a way that all relevant hydroxyl torsional angles a,

g, g0 are taken into account. The Cartesian coordinates
have been tabulated.32 Atomic labels used in the fol-

lowing description are shown in Figure 3, using the same

numbering system as described by P�eerez et al.33

An initial study was made, using six-membered rings

as an example, generating both of the conformers A and

B, and in each case the a and the b anomer. For all these

four cases, the following procedure was carried out,

where all possible combinations of conformers for the
CH2–OH group attached to the sugar ring were studied.

All the remaining OH groups were placed in the a ori-

entation. The torsional angle O6–C6–C5–O5 was varied

to each of the three positions a, g, and g0 for each of the

mentioned conformers, while at the same time orienting

the H5–O6–C6–C5 torsional angle in the same manner

(36 possible combinations in total). All these confor-

mations were energy minimized, and if one of the re-
sulting conformers stood out as being more energetically

favorable than the other conformers, the remaining

conformations to be generated were based on that

conformer by fixing the O–C–C–O torsional angle and

the ring conformer and varying the other H–O–C–C

torsional angles. This means that only one-third of the

possible conformations need to be generated and energy

minimized. A similar approach has been used by Kirs-
chner and Woods.34 In some cases it was not possible to
C
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B notation distinguishes between these two conformers. (b) For the

these conformers denoted A, B, C, D, and E, respectively.
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decide if one torsional angle O6–C6–C5–O5 was pref-

erable over another, and in those cases, all possible
angles were investigated.

The generated conformations were subjected to en-

ergy minimization followed by Boltzmann averaging as

described in the previous section. In Table 1, the number

of conformations initially generated are shown for all

compounds included in the study. Also, the number of

conformers remaining after Boltzmann weighting and

exclusion of conformers with a probability less than 10%
are shown. Furthermore, the actual contributions for

each conformer, having a relative probability above

10%, are shown as well.

Table 1 shows that three conformers are selected for

galactose. These are the aaaaa-(a)-B, aaaag-(a)-B, and
Table 1. The calculated relative contributions of the most energetically favo

3-O-Methylglucose, NInitial ¼ 115, N10% ¼ 4

agag0a-(a)-B ggg0gg-(g0)-B

0.2292 0.2348

DD-(+)-Galactose, NInitial ¼ 153, N10% ¼ 3

aaaaa-(a)-B aaaag-(a)-B

0.5095 0.3169

DD-Mannose, NInitial ¼ 153, N10% ¼ 4

gaaaa-(a)-B g0aaag0-(a)-B

0.3291 0.1709

a-DD-(+)-Arabinose, NInitial ¼ 110, N10% ¼ 1

aaaa-

1.000

a-DD-(+)-Glucose, NInitial ¼ 153, N10% ¼ 2

ggggg0-(g0)-B

0.3856

a-DD-Lyxose, NInitial ¼ 110, N10% ¼ 2

aaga-B

0.4737

a-DD-Xylose, NInitial ¼ 110, N10% ¼ 4

aaga-B agg0a-B

0.3500 0.2326

a-Methylglucoside, NInitial ¼ 115, N10% ¼ 6

ggggg-(g0)-B ggg0gg-(g0)-B

0.1768 0.2212

g0gg0gg-(g0)-B g0g0gg0g0-(g0)-B

0.1325 0.1400

a-Methylmannopyranoside, NInitial ¼ 115, N10% ¼ 1

ggg0g0g-(

1.000

b-DD-())-Arabinose, NInitial ¼ 110, N10% ¼ 1

aaaa-

1.000

b-DD-Ribose, NInitial ¼ 325, N10% ¼ 2,

aaag-(a)-E

0.7250

b-LL-())-Fucose, NInitial ¼ 220, N10% ¼ 3

aaaa-A aaag-A

0.2043 0.5879

All conformers with a contribution larger than 10% (N10%) are listed, and th

given. The names of the conformers describe the conformational arrangemen

(g) and (g0) is the orientation of the OCCO torsional angle and A, B, etc. de
ag0gaa-(a)-B conformers, respectively. In each case the

first five letter stands for the H–O–C–C torsional angles
in the following order: O5–C1–O1–H1, H2–O2–C2–C1,

H3–O3–C3–C2, H4–O4–C4–C3, and H5–O6–C6–C5.

The (a) denotes that the torsional angle O6–C6–C5–O5

is app. 180�. The last conformer, ag0gaa-(a), has thus an

H2–O2–C2–C1 torsional angle of )60� and H3–O3–C2–

C2 of 60�, with the remaining torsional angles in the a

position. The last letter B stands for the ring conformer

B, see Figure 2a. The numbering of torsional angles
shown in Figure 3 is valid for all the compounds listed in

Table 1. For three compounds one of the OH groups

is replaced by a O–CH3 group, but the same number-

ing system is maintained. Four compounds have no

CH2OH side group, and thus not any torsional angles
rable conformers of each compound

g0aaaa-(a)-B g0g0g0g0g-(g0)-B

0.1901 0.3460

ag0gaa-(a)-B

0.1736

g0gg0gg-(g0)-B g0g0g0g0g0-(g0)-B

0.3088 0.1911

A

0

g0gg0gg0-(g0)-B

0.6144

aag0a-B

0.5263

gag0a-B g0ag0a-B

0.1467 0.2708

ggg0gg0-(g0)-B

0.1641

g0g0g0g0g0-(g0)-B

0.1654

g)-A

0

B

0

ag0ag0-(a)-E

0.2750

agaa-A

0.2079

e number of initially generated number of conformations NInitial is also

t of the molecules. a, g, g0 denotes hydroxyl group torsional angles, (a),

note the ring conformer as shown in Figure 2.
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corresponding to H5–O6–C6–C5 and O6–C6–C5–O5.

For ribose similar numbering system is used, but with
one less H–O–C–C torsion.
3. Results and discussion

The new descriptors proposed in the present work are

listed in Table 2. For each compound, the given value is

obtained by Boltzmann averaging over the calculated

values for the conformers listed in Table 1. All the en-

ergy values given are absolute energies, but they should

only be considered on relative terms, that is, how they

differ from one molecule to another. An individual value

for the total energy or the total Gibbs free energy of a
particular compound is thus only useful in relation to

the corresponding values for the other compounds. As

discussed in the following section, the non-bonded en-

ergy values, van der Waals, and Coulomb, are of par-

ticular importance, as they give an estimate of the

strength of the non-bonded interactions between the

atoms in the molecule. There is a significant difference

between the quantum chemical and molecular mechan-
ical calculated dipole moments, where the quantum

chemical are considered to be more accurate.

Several QSPR models for the partial molar heat ca-

pacities at 298.15K were developed by fitting to exper-

imental data for 10 different monosaccharides in

aqueous solution.35 The best QSPR model allowing use

of up to five descriptors is given in Eq. 2. Several ex-

cellent correlations were obtained, with correlation co-
efficients ranging from 0.996 to 0.992. Furthermore, the

descriptors used in different models were similar, which

is a good indication of the stability of the QSPR models.
Table 2. Energetic and electronic descriptors

Molecule ECoulomb

(kJmol�1)

EvdW

(kJmol�1)

ETotal

(kJmol�1)

3-O-Methylglucose 223.928 24.905 )10,501.469
DD-(+)-Galactose 211.354 21.293 )9301.629
DD-Mannose 208.954 21.434 )9301.636
a-DD-(+)-Arabinose 170.941 25.925 )7747.851
a-DD-(+)-Glucose 217.714 21.325 )9293.657
a-DD-Lyxose 171.727 23.417 )7750.409
a-DD-Xylose 176.759 25.361 )7742.751
a-Methylglucoside 261.639 21.355 )10,472.955
a-Methylmannopyr-

anoside

253.956 18.417 )10,486.238

b-DD-())-Arabinose 170.941 25.925 )7747.851
b-DD-Ribose 154.432 8.291 )7734.950
b-LL-())-Fucose 151.466 23.829 )8988.427

Coulomb, van der Waals, the total potential, and Gibbs free energies calcul

The B3LYP/6-31G++ energies using Gaussian98 are also listed. The energy u

Gaussian98, respectively. An additional descriptor, the total non-bonded ene

van der Waals energy. It is important to mention that these energy values a
Cp ðJK�1mol�1Þ ¼ �2020:6� 2076:6 � DRNCG

þ 9778:0 � DRel:C � 38:186

� DHOMO�1 � 129:91 � DXZ=XZ

� 11:410 � DHOMO; ð2Þ

NMolec ¼ 10; NConf ¼ 30; R2 ¼ 0:9961;

F ¼ 1235; s ¼ 4:401JK�1mol�1; R2
cv ¼ 0:9936:

The model uses a descriptor accounting for the dis-

tribution of negative charge in the molecule, the relative

number of carbon atoms, which can be seen as a mea-

sure of the size of the molecule, a so-called shadow

index, accounting for the shape of the molecule, and the
quantum chemically obtained HOMO and HOMO) 1

energies. See Table 3 for detailed information about the

descriptors.

The results obtained with Eq. 2 are shown in Table 4

and Figure 4, including predicted values of the same

property for three disaccharides. This model gives re-

sults in excellent agreement with experimental values,

not only for monosaccharides, but also for disaccha-
rides. It is therefore possible to extrapolate a model

developed for monosaccharides to predict this property

for disaccharides. An attempt to develop QSPR models

containing constitutional and topological descriptors

only, gave good correlation for the monosaccharides,

but poor predictions for the disaccharides. It is thus

clearly beneficial to use more physically sound descrip-

tors for predictive purposes. All the experimental data
used are from Galema et al.35

QSPR models for heat of solution at 298.15K for

monosaccharides dissolved in water to a dilute solution

of 10�5 M were developed, using experimental data from

Jasra and Ahluwalia.36 The best model developed in this
GTotal

(kJmol�1)

EB3LYP

(a.u.)

lCFF

(Debye)

lG98

(Debye)

)10,014.237 )726.27738 3.08 2.09

)8881.334 )686.98308 1.48 1.29

)8880.989 )686.98998 3.54 2.31

)7406.316 )572.48471 2.26 1.93

)8876.102 )686.98686 1.05 1.14

)7409.266 )572.48659 1.52 1.40

)7403.927 )572.48283 2.72 2.29

)9987.287 )726.27889 2.83 2.49

)10,486.239 )276.27649 3.25 2.50

)7406.316 )572.48471 2.26 1.93

)7397.615 )572.48318 2.66 2.70

)8576.908 )611.79582 3.17 2.01

ated with CFF using the PEF95SAC parameter set.

nit for this is Hartree. Dipole moments (l) are calculated with CFF and

rgy, can easily be evaluated by summing together the Coulomb and the

re absolute, and should only be considered relative to one another.



Table 3. Abbreviations and overview of the descriptors used

Abbreviation Descriptors Unit Ref.

Constitutional

DRel:C Relative number of carbon atoms 1

Topological

DKierFlex Kier flexibility index 40

Geometric

DXZ=XZ XZ shadow/XZ rectangle 37

DYZ YZ shadow 37

DYZ=YZ YZ shadow/YZ rectangle 37

DMol:vol:=XYZ Molecular volume/XYZ box 37

DPrincipal IC=Atoms Principal moment of InertiaC/number of atoms 1

DPrincipal IA=Atoms Principal moment of InertiaA/number of atoms 1

Electrostatic

DPolarity Polarity parameter (qmax � qmin) 41

DPPSA1 Partial positive surface area Area in �AA2 42,43

Dmax qO Maximum partial charge for an O atom 1,44

DPolarity=r2 Polarity parameter divided by the square distance 1

DRNCG Relative negative charge 42,43

DRPCS Relative positive charges SA (SAMPOS�RPCG) Area in �AA2 42,43

Quantum chemical

DDPSA1ðQCÞ Difference in positively and negatively charged partial

surface areas (quantum chemical)

Area in �AA2 42,43

DPPSA3ðQCÞ Atomic charges weighted PPSA (quantum chemical) Area in �AA2 42,43

DHASA1=TMSAðQCÞ Surface charge of hydrogen bond acceptor divided by

total molecular surface area (quantum chemical)

Area in �AA2 42,43

DRPCSðQCÞ Relative positive charges SA (SAMPOS�RPCG)

(quantum chemical)

Area in �AA2 42,43

DMaxsigma�sigma Max sigma–sigma bond order 2

DHOMO�LUMO HOMO–LUMO energy gap Hartree 2

DFHBCA Fractional HBSA (HBSA/TMSA) Area in �AA2 42,43

DTot: hyb: l Total hybridization component of the molecular dipole

DHOMO HOMO (highest occupied molecular orbital) energy Hartree 2

DHOMO�1 HOMO) 1 energy Hartree 2

DLUMO LUMO (lowest unoccupied molecular orbital) energy Hartree 2

Others

DEvdW
Van der Waals energy obtained from CFF kJmol�1 15
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work is a five descriptor model with a correlation coef-

ficient of 0.894 and is shown in Eq. 3.

DHsol ðkJmol�1Þ ¼ �5:4911� 0:85479 � DYZ

þ 0:020964 � DPPSA3ðQCÞ

þ 107:89 � DYZ=YZ � 0:011286

� DMol:Vol:=XYZ þ 1:9541

� DRPCSðQCÞ; ð3Þ

NMolec ¼ 10; NConf ¼ 30; R2 ¼ 0:8940;

F ¼ 40:49; s ¼ 1:276kJmol�1; R2
cv ¼ 0:8497:

The descriptors used are geometric shadow indices of

the molecule oriented in different directions,37 and de-

scriptors concerning the molecular charge distribution.

The QSPR models for the heat of solution have turned
out to be very dependent on the number of descriptors,

and the models are thus in general not very stable.

However, all models contain geometrical shadow indi-
ces, which are very dependent on the molecular con-

formation. Even so, the QSPR models presented in Eq.

3 correlate heats of solution within a reasonable accu-
racy as seen in Table 4. Comparable data for disaccha-

rides are not available, and thus predictions for these

compounds have not been made.

QSPR models for melting points of saccharides were

developed based on experimental data from Dean38 for

11 compounds and in total 33 conformers. The best

QSPR model obtained using five descriptors is

MP ð�CÞ ¼ 12:416þ 0:54037 � DPPSA1 þ 3:9642

� DEvdW
� 6541:2 � DPolarity=r2 � 362:98

� DXZ=XZ þ 331:14 � DYZ=YZ ; ð4Þ

NMolec ¼ 11; NConf ¼ 33; R2 ¼ 0:9242;

F ¼ 65:88; s ¼ 8:586 �C; R2
cv ¼ 0:8289:

As seen in Eq. 4, this QSPR model depends on the

distribution of positive atomic charges in the molecule,
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Figure 4. QSPR model for the partial molar heat capacity.

Table 4. Partial molar heat capacity, heat of solution, melting point, and heat of fusion

Cp (JK�1 mol�1) DHsol (kJmol�1) MP (�C) DHm (J g�1)

Exp

(Ref. 35)

Calcd

(Eq. 2)

Exp

(Ref. 36)

Calcd

(Eq. 3)

Exp

(Ref. 38)

Calcd

(Eq. 4)

Exp

(Ref. 39)

Calcd

(Eq. 5)

3-O-Methylglucose 425.4 425.40 8.27 7.90 168 163.0

DD-(+)-Galactose 346.7 349.20 17.20 16.13 167 165.1 243 241.8

DD-(+)-Mannose 345.9 350.60 6.86 7.00 129 138.6 137 140.9

Arabinose 279.5 279.99 13.24 13.42 161.5 156.6 238 237.3

a-DD-(+)-Glucose 363.3 356.74 10.70 11.58 146 151.0 179 176.8

a-DD–Lyxose 281.7 280.23 10.10 10.79 106.5 118.1

a-DD-(+)-Xylose 294.4 290.33 11.98 10.80 144.5 138.5 211 212.3

a-Methylglucoside 435.1 437.54 3.67 4.98 168 171.5

a-Methyl-DD-mannopyr-

anoside

438.0 435.56 9.09 7.90 194.5 191.8

b-DD-(+)-Arabinose 163 157.2

b-DD-Ribofuranose 271.5 275.27 13.04 13.74 87 82.3 146 145.6

b-LL-())-Fucose 151.5 153.3

Cellobiose� 225 310.8

Lactose� 679.9 671.36 253 321.4

Sucrose� 662.0 667.52 160–165 224.9 135 194.3

Maltose� 674.2 674.33 185–186 310.0

RMS deviation 3.413 0.872 5.91 1.97

The QSPR models are based on experimental data from the cited references, respectively. The disaccharides marked with an asterisk have not been

included in the development of the models.
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the van der Waals energy, and shadow indices. The

obtained cross-correlation coefficient in Eq. 4 is too low
to expect good predictability.

Using this QSPR model, melting points for three di-

saccharides have been predicted and compared to values

from Dean.38 In all cases melting points for anhydrous

sugars are used. From Table 4, it is seen that the pre-

dicted values are considerably larger than the experi-

mental values. This difference can be caused by the more

complicated structure and hydrogen bond pattern of the
disaccharides. Furthermore, it should be kept in mind

that melting points for carbohydrates themselves vary
within experimental data in the literature. Also melting

points for simpler compounds have shown to be difficult

to model.16 Better models for the melting points could

probably be developed if descriptors like lattice energies,

or interaction energies between pairs of molecules could

be used. It is, however, very computationally demanding
to calculate such descriptors and is beyond the scope of

this paper.

The QSPR models presented here for the heat of fu-

sion have been developed for seven different monosac-

charides based on 17 conformers. Experimental data

have been obtained from Roos.39 The best model using

five descriptors is shown in Eq. 5.

DHm ðJ g�1Þ ¼ �736:75þ 7:0843 � DEvdW
þ 1200:7

� DYZ=YZ � 80:492 � DRPCS þ 67:018

� DKier Flex � 1725:0

� DHASA1=TMSAðQCÞ; ð5Þ
NMolec ¼ 7; NConf ¼ 17; R2 ¼ 0:9781;

F ¼ 98:31; s ¼ 7:671J g�1; R2
cv ¼ 0:8958:

The most important descriptor used is the van der

Waals energy. The other descriptors are the shadow

index, the Kier flexibility index, and two charge depen-

dent descriptors. As seen in Table 4 a very good agree-

ment between experimental and calculated values is

obtained. This is also illustrated in Figure 5. Heat of

fusion has been predicted for sucrose, but in this case the
predictability of the model is not satisfactory. Unfor-

tunately, data was only available for seven monosac-

charides, and the cross-correlated correlation coefficient
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Figure 5. QSPR model for the heat of fusion.
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is too low compared to the correlation coefficient. Thus

good predictions are difficult to obtain with this model.

QSPR models for the glass-transition temperature for

a range of monosaccharides were developed based on
the experimental data from Roos.39 Very good correla-

tions were obtained both by using five descriptors, as

well as three descriptors. All the models developed have

correlation coefficients around 0.99, and standard devi-

ations around 0.5 �C. The best model using five de-

scriptors is seen shown Eq. 6.

Tg ð�CÞ ¼ �10; 828� 65; 234 � DPrincipal Ic=Atoms

� 52; 919 � Dmax qO þ 4:7112 � DLUMO

þ 0:094079 � DDPSA1ðQCÞ þ 2438:5

� DMaxsigma�sigma; ð6Þ
Table 5. Glass-transition temperature and solid state density

Tg (�C)

Exp (Ref. 39) Calcd (Eq. 6) Calcd

DD-(+)-Galactose 30 29.7 29.4

DD-(+)-Mannose 25 25.1 25.6

Arabinose )2 )2.2 )2.5
a-DD-(+)-Glucose 31 31.1 30.9

a-DD–Lyxose
a-DD-(+)-Xylose 6 6.3 6.9

a-Methylglucoside

b-DD-Ribofuranose )20 )19.9 )19.8
Cellobiose� 108.1 5.2 4.4

Lactose� 112.3 4.6 4.0

Sucrose�

Maltose� 100.6 1.1 1.7

RMS deviation 0.20 0.5

The QSPR models are based on experimental data from the cited references,

included in the development of the models.
NMolec ¼ 6; NConf ¼ 17; R2 ¼ 0:9994;

F ¼ 3513:42; s ¼ 0:560 �C; R2
cv ¼ 0:9975:

It is seen that the glass-transition temperature de-

pends highly on the principal moment of inertia divided

by the number of atoms. This descriptor can be con-
sidered as a measure of how extended the molecule is,

and is thus a reasonable descriptor for the glass-tran-

sition temperature. The model also includes a charge

related descriptors, and the quantum chemically deter-

mined LUMO energy and maximum sigma–sigma bond

order, see Table 3 for details.

Since this model is based on few data points, a QSPR

model having three descriptors has also been developed,
to ensure that no over-fitting is done.

Tg ð�CÞ ¼ �8484:4� 70; 359 � DPrincipal Ic=Atoms

� 53; 603 � Dmax qO þ 10:3048 � DLUMO; ð7Þ

NMolec ¼ 6; NConf ¼ 17; R2 ¼ 0:9978;

F ¼ 1990:12; s ¼ 0:960 �C; R2
cv ¼ 0:9947:

The three descriptor model, Eq. 7, is seen to be very

similar to the five descriptor QSPR model, verifying the

stability of the model. In Table 5 and Figure 6 the good

agreement between experimental and calculated glass-

transition temperatures for monosaccharides using these

two QSPR models is shown. Both of these models have

been used for prediction of the glass-transition temper-

ature for disaccharides, but as seen in Table 5, the pre-
dicted values are about 100 �C smaller than the

experimental values. This is the case for both QSPR

models, and is therefore not caused by over-fitting. This

large deviation can be caused by the large regression

coefficients, seen in both equations, which may make a

small deviation in a descriptor value to a large deviation

in the overall value of the predicted property. Also, only
q (g cm�3)

(Eq. 7) Exp (Ref. 38) Calcd (Eq. 8) Calcd (Eq. 9)

1.562 1.5618 1.5596

1.540 1.5402 1.5425

1.545 1.5445 1.5417

1.535 1.5366 1.5385

1.460 1.4600 1.4597

1.59 1.437 1.468

1.5805 1.386 1.422

4 0.0008 0.0026

respectively. The disaccharides marked with an asterisk have not been
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one conformer of each of the disaccharides is used.

Nonetheless, both QSPR models have high cross-
correlation coefficients, indicating that predictions made

for other monosaccharides not included in the fit, will

probably be reasonable.

The QSPR models developed for the density of car-

bohydrates are based on experimental solid state data

from Dean.38 These models developed give results that

are in very good agreement with experimental data, but

unfortunately only five experimental data points for
anhydrous monosaccharides were available. Similar

descriptors appear in all models when using between five

and two descriptors. The correlation coefficients for all

the models developed for the density are about 0.99 and

the standard deviation is 0.000. The cross-correlation

coefficient is high, indicating good predictability for

monosaccharides. In Eq. 8, the best model obtained

using five parameters is given.

q ðg cm�3Þ ¼ �3:6593þ 68:921 � DPrincipal IA=Atoms

þ 19:031 � DPolarity þ 0:020709

� DHOMO�LUMO � 0:27324 � DFHBCA

þ 0:00090161 � DTot: hybr: l; ð8Þ

NMolec ¼ 5; NConf ¼ 19; R2 ¼ 0:9987;

F ¼ 2030:20; s ¼ 0:0000g cm�3; R2
cv ¼ 0:9964:

The descriptor used are the principal moments of in-

ertia, in direction A, divided by the number of atoms,

and the polarity parameter, which is the difference be-

tween the maximum and minimum atomic charge in the

molecule under consideration. The HOMO–LUMO
energy gap and a descriptor depending on the charge

distribution in the molecule also appear. To avoid over-
fitting due to the few data points, a QSPR model using

only two descriptors was developed, and is given in
Eq. 9.

q ðg cm�3Þ ¼ �2:6355þ 56:705 � DPrincipal IA=Atoms

þ 15:292 � DPolarity; ð9Þ

NMolec ¼ 5; NConf ¼ 19; R2 ¼ 0:9896;

F ¼ 764:77; s ¼ 0:0000g cm�3; R2
cv ¼ 0:9890:

Calculations made for monosaccharides using these

two QSPR models, Eqs. 8 and 9, are shown in Table 5.

Good agreement between experimental and correlated
values is obtained. Both QSPR models have been used

for prediction of the density for two disaccharides, see

Table 5. The predicted values for the two disaccharides

are in reasonable agreement with experiment, especially

considering that those values are calculated with a

model developed for monosaccharides.

In general, the models presented in this paper give

good correlations for monosaccharides. In many of the
models the shadow indices, which are very dependent on

the molecular conformation, appear. This type of de-

scriptor can account for and differentiate between the

small conformational differences among monosaccha-

rides. Monosaccharides are constitutionally similar, and

in most case one compound only differs from the others

by the orientation of the hydroxyl groups.

Predictions made for disaccharides are not satisfac-
tory in some cases, except for the partial molar heat

capacity for which the predicted values for disaccharides

are in very good accord with experimental values. There

are several reasons for the discrepancies. Firstly, the

models are developed for monosaccharides, and there-

fore extrapolation to the much more complex com-

pound disaccharides may be likely to break down.

Secondly, due to lack of experimental data, the data sets
used are in some cases are rather small. We have used

each conformer as a data point, and therefore it has

been assumed reasonable to use up to five descriptors. In

cases that may be questionable, models developed using

fewer descriptors are presented also, to ensure that over-

fitting of data has been avoided.

Finally, it should be noted that most of the models

depend on the shadow indices or the moment of inertia,
which show a strong dependence on molecular confor-

mation. The predictions made for disaccharides are

based on one conformer only. This may therefore lead

to small deviations that may be particularly apparent in

the cases where the regression coefficients connected to

the shadow index descriptors are large. This is for in-

stance the case for the predictions made for the glass-

transition temperature, where the regression coefficient
for the moment of inertia descriptor is large. A small

deviation in this descriptor may therefore lead to a large

deviation in the predicted values.



J. D. Dyekjær, S. �OO. J�oonsd�oottir / Carbohydrate Research 339 (2004) 269–280 279
In particular, it is very interesting that the van der

Waals energy appears in the QSPR models for the
melting points and heats of fusion. This descriptor has

previously also been used for modeling of melting

points, but for the classes of compounds alkanes, alco-

hols, polyalcohols, ethers, and oxyalcohols. Its presence

in the QSPR models for melting points and heats of

fusion thus confirms the physical importance of this

descriptor.

As discussed in a previous paper,16 better descriptors
for accurate predictions of properties relating to solid–

liquid transitions like melting points and heats of fusion

need to be involved. It is most likely that the used de-

scriptors fail to reproduce lattice energies and molecular

properties in general relating to the solid phase. This is

understandable as all the descriptors used are calculated

in the gas phase. Improvements were obtained by using

the van der Waals energy as descriptor, but better de-
scriptors need to be invented for obtaining good pre-

dictions. However, this work is the first attempt to

develop QSPR models for carbohydrates, and in most

cases good correlations were obtained.
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