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KEYWORDS Abstract In this study, three anhydrous species of trehalose and their dihydrated form were stud-
Trehalose: ied using the Fourier Transform Infrared (FTIR) and Raman spectroscopy combined with theoret-
Molecular structure; ical calculations derived from the theory of the functional of the density (DFT). Here, the structural
Vibrational spectra; and vibrational properties were predicted using the hybrid B3LYP/6-31G" method. The complete
DFT calculations; vibrational assignments were performed using the scaled mechanical force fields (SQMFF) method-
Force field ology and their internal normal coordinates. The natural bond orbital (NBO) and atoms in mole-

cules (AIM) calculations predicted high stabilities for the dihydrated species in gas and aqueous
solution phases. The little variation observed in the dipole moment for the dihydrated species in
solution could be related to a small perturbation of water hydration shell and short hydrogen
bonds, as revealed by NBO and AIM studies. The lower volume expansion, low solvation energy
and the higher nucleophilicity index observed for trehalose species in solution, in relation to maltose
and sucrose could probably explain that different water molecules are around of trehalose/water
mixtures generating higher “rigidity” in trehalose, as was experimentally reported in the literature.
On the other hand, the low f{vO-H);,o force constant value for trehalose, as compared with
maltose and lactose could justify the very fragile character from the trehalose/water system to
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the temperature and concentration changes, as was experimentally observed from viscosity and

Raman scattering studies.

© 2017 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The structural and vibrational properties of some important
disaccharides were recently reported by our investigation
group (Brizuela et al., 2012a,b, 2014; Marquez et al., 2015a,b;
Iramain et al., 2016). In this work, those properties for anhy-
drous and dihydrated species derived from trehalose were also
studied because they are important due to the variety of their
uses and applications (Schebor et al., 2010; Shibata and
Nagashima, 2016; Yano et al., 2015; Kawashima and Goto,
2011; Connolly et al., 2010; Magazu et al., 2010a,b; Calabro
and Magazu, 2012; Siddhanta et al., 2015; Takahashi et al.,
2006; Govindarajan et al., 2006; Belton and Gil, 1994) and,
also, because its sugar is a nonreducing disaccharide of glucose
that modifies the physical properties of membrane phospho-
lipids in the dry state and, as a consequence, the notable stabil-
ity of membranes in anhydrobiotic organisms can be
explained, as was reported by Crowe and Crowe (1984). There
are many studies related to the use of the vibrational spec-
troscopy on trehalose species, for instance, recent studies on
the bioprotective effect of trehalose on human hemoglobin
(Connolly et al., 2010; Calabro and Magazu, 2012), on the
interaction of trehalose with Hen egg white lysozyme (Belton
and Gil, 1994) and, also on the low-frequency vibrations below
200cm~' of crystalline ao-trehalose dihydrate (Takahashi
et al., 2006) using far-infrared spectroscopy but, so far, the
infrared and Raman spectra of trehalose were not completely
assigned. From a structural point of view, there are three
known trehalose species anhydrous, one of them, the oo-
trehalose isomer (o-D-glucopyranosyl a-D-glucopyranoside)
is found in natural form while the other two af-trehalose
and BB-trehalose isomers were synthesized. On the other hand,
the crystal structure of trehalose dihydrate in the solid phase
was already reported in an independent form by Taga et al.
(1972) and Brown et al. (1972). Hence, we have studied the
structural and vibrational properties of those three trehalose
anhydrous species and their ao-dihydrated form which were
compared first among them and, later with the properties
reported for similar sugars (Brizuela et al., 2012a,b, 2014;
Marquez et al., 2015a.b; Iramain et al., 2016). Hence, the
aim of this work is to perform a combined study using theoret-
ical calculations based on the density functional theory (DFT)
and the experimental infrared and Raman spectra for the oo~
trehalose dihydrated in the solid state. With this purpose, the
structures of those four trehalose species were optimized using
the B3LYP/6-31G" level (Becke, 1993; Lee et al., 1988) in gas
and aqueous solution phases and, later the atomic charges,
molecular electrostatic potentials, stabilization energies, bond
orders, frequencies and topological properties were calculated
at the same level of theory. On the other hand, the force fields
for those structures in both media were also calculated using
the scaled quantum mechanical force field (SQMFF) method-
ology (Rauhut and Pulay, 1995a,b) accomplished with the cor-
responding normal internal coordinates in order to perform

the vibrational analyses using the Molvib program (Sundius,
2002). In addition, the reactivities and behaviors of those four
trehalose species in the different media were also predicted
using the corresponding frontier orbitals and some known
descriptors reported in the literature (Parr and Pearson,
1983; Brédas, 2014; Marquez and Brandan, 2014; Cataldo
et al., 2014; Romani and Brandan, 2015a; Romani et al.,
2015b; Marquez et al., 2015a,b). Here, the structural and
vibrational properties for the trehalose species in aqueous solu-
tion were evaluated and analyzed in accordance with those
publications reported for trehalose by different authors
(Pagnotta et al., 2008; Varga et al., 2008; Magazu et al.,
2007; Olsson et al., 2016; Magazu et al., 1998, 1999, 2010a,b,
2011; Ballone et al., 2000; Branca et al., 1999, 2001, 2002;
Bonanno et al., 1998).

2. Experimental methods

A commercial sample of anhydrous aoa-trehalose dihydrate in
pure solid state was used to prepare KBr pellets. The infrared
spectrum was recorded on a Fourier Transform Infrared (FT-
IR) Perkin Elmer spectrophotometer in the wavenumbers
ranging from 4000 to 400 cm ™! provided with a Globar source
and DGTS detector. The Raman spectra of the compound in
solid state was recorded between 4000 and 10 cm ™' with a Bru-
ker RF100/S spectrometer equipped with a Nd:YAG laser
(excitation line of 1064 nm, 800 mW of laser power) and a
Ge detector cooled at liquid nitrogen temperature. The IR
and Raman spectra were recorded with 200 scans and a reso-

lution of 1 cm™".

3. Computational details

The initial structures of those four species of trehalose were
modeled with the GaussView program (Nielsen and Holder,
2008) and, then, they were optimized in the gas phase and in
aqueous solution using the hybrid B3LYP/6-31G™ method
and the Gaussian 09 program (Frisch et al., 2009). In this
study, two different aoa-dihydrated species were considered
and, also, the dimeric species corresponding to the most stable
dihydrated species in accordance to the experimental struc-
tures reported (Taga et al., 1972; Brown et al., 1972). The cal-
culations for all the species in aqueous solution were
performed using the self consistent reaction field (SCRF)
method together with the polarized continuum (PCM) and sol-
vation (SD) models (Tomasi and Persico, 1994; Miertus et al.,
1998; Marenich et al., 2009). Both models were used to com-
pute the solvation energies while the changes in the volume
of these species in solution in relation to the values in gas phase
were estimated with the Moldraw program (Ugliengo, 1998).
The three anhydrous species can be seen in Fig. 1 while the
ao-dihydrated species is shown in Fig. 2. The dimeric structure
for the most stable aa-dihydrated structure is presented in
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Figure 1 Theoretical anhydrous structures of aa-, aff and Bp-
trehalose indicating the atoms labeling for the O atoms corre-
sponding to the glycosidic and glucopyranose rings.

-

Figure 2 Theoretical structure of oa-dihydrated trehalose
species together with the atoms labeling. The water molecules
are indicated by W letters.

Fig. 3. On the other hand, in Fig. S1 the detailed theoretical
structures of ao-, af- and PP-trehalose anhydrous species
showing the identification of the R1 and R2 glucopyranose
rings are presented. Here, two atomic charges types were stud-
ied, the Merz—Kollman (MK) and the natural population
atomic (NPA) which were computed with the natural bond
orbital (NBO) and Gaussian programs (Besler et al., 1990;
Glendening et al., 1996). On the other hand, the molecular
electrostatic potential values for all the species were calculated
using the MK charges while the bond order and the stabiliza-
tion energy values for all those species were obtained from the
NBO calculations at the same level of theory. The inter-
molecular interactions were also analyzed by means the topo-
logical properties which were calculated using the AIM2000

program (Biegler-K6ning et al., 2001). In addition, the reactiv-
ities of the anhydrous and dihydrated species in the different
media were predicted using the corresponding frontier orbitals
(Parr and Pearson, 1983; Brédas, 2014) while the chemical
potential (i), electronegativity (), global hardness (1), global
softness (S) and global electrophilicity index (w) descriptors
were employed in order to predict their behaviors at the same
level of theory (Marquez and Brandan, 2014; Cataldo et al.,
2014; Romani and Brandan, 2015a; Romani et al., 2015b;
Marquez et al., 2015a,b). Here, it is necessary to clarify that
the equations corresponding to these descriptors were pre-
sented in the Supporting material because they are widely
known in the literature. On the other hand, the internal coor-
dinates used in the determination of the force fields for the
anhydrous and dihydrated species were those similar to the
ones reported for other sugars (Brizuela et al., 2012a; 2014)
and, for this reason, they were not presented here. The force
fields obtained for all the species with the SQMFF procedure
(Rauhut and Pulay, 1995a.b) and the Molvib program
(Sundius, 2002) in Cartesian coordinates were later trans-
formed to internal coordinates. Here, we have used the poten-
tial energy distribution components (PED) > 10% in order to
perform the complete vibrational assignments of those anhy-
drous and dihydrated species while the assignments for the
dimeric species were performed with the aid of the GaussView
program (Nielsen and Holder, 2008).

4. Results and discussion

4.1. Structural analysis

Table 1 shows the calculated total and relative energies, dipole
moments and populations for all the studied trehalose species
in gas and aqueous solution phases. Here, we have considered
two different structures for the ao-trehalose anhydrous and
dihydrated species, named C1 and C2 in order to find the most
stable species, as observed in Table 1. The results clearly show
that the aff anhydrous and the Clao- dihydrated species are
the most stables and, hence, the higher populations are found
for the af- anhydrous species in gas phase with a value of 60%
while in solution the value decreases up to 35.33%, then, the
population of the B species increases drastically in this med-
ium from 0.16% in the gas phase up to 46.30%. In relation
to the dipole moment values, in gas phase the three anhydrous
species show similar values while their values notably change
in solution observing a particular decrease in the value for
the BB species. This notable reduction in the dipole moment
value for the anhydrous B species could probably be related
to their major volume expansion in solution and to their higher
solvation energy value, as will see later. The dipole moment
values for the two dihydrated species also increase in solution
presenting the most stable species the higher value in gas phase
but the lower value in solution, in relation to the C2 species.
Here, the few variations observed in the dipole moments for
the dihydrated species in solution could be related to a small
perturbation of water hydration shell and short hydrogen
bonds between trehalose oxygens and water hydrogens, as
reported by Pagnotta et al. (2008). The oo dimeric species pre-
sent an energy value of —2901.5588 Hartrees in gas phase with
a dipole moment value of 6.05 D. This way, this dimeric spe-
cies show a higher stability as compared to two units of oo
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Figure 3  Theoretical dimeric structure of aa-dihydrated trehalose species together with the atoms labeling.

Table 1
aqueous solution phases.

Calculated total (£) and relative energies (AE), dipole moments and populations (%) for the trehalose species in gas and

B3LYP/6-31G”

GAS

PCM

Species E (hartree) n (D) AE kJ/mol Population % E (hartree) p (D) AE kJ/mol Population %

Anhydrous

Clooa —1297.8870 2.80 1.05 39.33 —1297.9415 4.36 0.52 18.37

af —1297.8874 2.84 0.00 60.51 —1297.9417 3.35 0.00 35.33

BB —1297.8818 2.72 14.69 0.16 —1297.9412 0.81 1.31 46.30

C2o0, —1297.8733 3.25 36.98 0.00 —1297.9372 3.70 11.80 0.00

Dihydrated

Cloo —1450.7569 3.70 0.00 100 —1450.8214 4.54 0.00 100

C2o0. —1450.7376 3.44 50.63 0.00 —1450.8096 6.05 30.95 0.00
dihydrated species, it is 2 x —1450.7569 = —2901.5138 distances are approximately similar in all the species such as
Hartrees. those C—C bonds belonging to the ring R1. Probably, this ob-

A comparison of the calculated geometrical parameters for
the anhydrous and dihydrated species of trehalose in gas phase
with those corresponding experimental ones for the dihydrated
species (Taga et al., 1972 and Brown et al., 1972) by means of
the root-mean-square deviation (RMSD) values can be seen in
Table 2. The RMSD values show a very good agreement for
the bond lengths and angles of all the species and, especially,
in the dihedral angles of the dihydrated species with a differ-
ence only of 7.4° while for the anhydrous species the RMSD
values vary between 65.5 and 38.1°, as expected because the
compared experimental species is also dihydrated. Note that
the higher differences among the structures are observed in
the dihedral C18-C20-C22-0O10 angles where only the dihy-
drated species has a value close to the experimental one, as
explained before. In general, the optimized parameters are
underestimated by the B3LYP/6-31G™ calculations, in refer-
ence to the experimental values and, only some calculated

servation can be explained because the a-D-glucopyranosyl R1
ring remains practically constant in the oo, off and B species
including the dihydrated one while the other o-D-
glucopyranoside ring R2 change in the aff and BB species.
For this reason, both oo anhydrous and dihydrated species
have practically similar bond lengths values with exception
of the C13-0O1, C20-C22, C21-C23, C14-04 and C18-0O8
bonds which show slightly variations in the values, as indicated
in Table 2.

4.2. Volume variations and solvation energies

The molecular volume variations (Ugliengo, 1998) observed in
the anhydrous and dihydrated species in solution, in reference
to the values in the gas phase and, the calculated solvation
energies at the B3LYP/6-31G" calculations level using the
polarized continuum (PCM) and solvation (SD) models
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Table 2 Comparison of calculated geometrical parameters for the anhydrous and dihydrated species of trehalose in gas phase with the
corresponding experimental ones.

B3LYP/6-31G™
Parameter Anhydrous Dihydrated

o-a-trehalose o-B-trehalose B-B-trehalose a-o-trehalose Exp® a-o-trehalose

Bond lengths (A)

C12-01 1.431 1.434 1.437 1.431 1.417 (5)
C13-01 1.433 1.431 1.427 1.406 1.421 (5)
C12-02 1.405 1.401 1.400 1.408 1.423 (5)
C20-02 1.446 1.446 1.446 1.442 1.437 (5)
C13-03 1.399 1.401 1.408 1.425 1.407 (5)
C21-03 1.442 1.442 1.449 1.455 1.424 (6)
Cl4-C12 1.534 1.530 1.530 1.542 1.514 (6)
Cl14-Cl16 1.530 1.531 1.531 1.526 1.523 (6)
Cl16-C18 1.525 1.532 1.533 1.518 1.526 (6)
C18-C20 1.529 1.531 1.529 1.529 1.533 (6)
C13-Cl15 1.534 1.534 1.534 1.534 1.531 (6)
C15-C17 1.530 1.529 1.534 1.531 1.513 (6)
C17-C19 1.526 1.525 1.539 1.525 1.514 (6)
C19-C21 1.532 1.533 1.535 1.532 1.526 (6)
C20-C22 1.524 1.526 1.526 1.536 1.528 (6)
C21-C23 1.516 1.516 1.517 1.525 1.519 (6)
Cl14-04 1.422 1.423 1.423 1.410 1.429 (6)
C15-05 1.422 1.422 1.422 1.421 1.425 (5)
C16-06 1.420 1.422 1.422 1.421 1.410 (6)
C17-07 1.420 1.420 1.410 1.422 1.435 (5)
C18-08 1.418 1.418 1.417 1.425 1.412 (5)
C19-09 1.418 1.419 1.420 1.418 1.411 (6)
C22-010 1.416 1.418 1.418 1.417 1.425 (5)
C23-011 1.422 1.421 1.420 1.423 1.429 (6)
RMSD 0.011 0.011 0.013 0.014

Dihedral angles (°)

C12-01-C13 114.4 114.2 114.3 115.5 115.7 (3)
C12-02-C20 116.2 116.5 116.3 115.0 114.1 (3)
C13-03-C21- 115.8 115.9 114.7 114.9 114.3 (3)
C12-C14-C16 110.6 110.9 111.0 110.0 109.5 (4)
Cl14-C16-C18 110.9 110.3 110.4 109.3 108.6 (4)
C16-C18-C20 109.2 109.6 109.5 109.5 113.1 (4)
C18-C20-02 109.5 112.3 112.0 108.8 111.6 (4)
02-C12-01 112.5 112.7 112.5 111.6 111.9 (1)
01-C13-03 112.5 112.6 112.3 112.4 111.3 (4)
C20-C22-010 111.2 111.1 111.0 114.2 112.9 4)
01-Cl12-Cl14 106.1 106.3 106.1 107.5 106.4 (1)
01-C13-C15 106.3 106.2 106.6 106.3 105.9 (4)
C13-C15-C17 110.4 110.4 111.3 110.2 110.3 (4)
C15-C17-C19 111.0 111.0 110.3 111.3 112.2 (4)
C17-C19- C21 108.8 108.9 107.4 109.1 110.7 (4)
C19-C21-03 109.2 109.3 108.0 107.9 112.6 (4)
C21-C23-011 107.6 107.6 107.5 113.9 112.1 (4)
RMSD 2.1 2.0 2.3 1.8

Dihedral angles (°)

C13-01-C12-02 68.0 70.9 65.4 79.2 75.0
C12-01-C13-03 62.8 65.3 64.5 68.8 61.7
02-C12-Cl14-C16 50.8 53.5 52.7 51.4 62.7
C12-C14-C16-C18 —524 —54.5 —53.6 —53.5 —56.8
C16-C18-C20-02 —56.4 —51.9 —52.8 —59.5 —47.9
C18-C20-02-C12 58.7 54.0 55.1 59.0 53.9
C18-C20-C22-010 177.9 —177.7 —178.6 33.2 47.4
03-C13-C15-C17 50.5 50.6 48.9 52.2 55.5
C13-C15-C17-C19 —51.8 —51.9 —51.0 —52.5 —51.6
C17-C19-C21-03 —57.6 —57.1 —61.9 —58.2 —50.2
C19-C21-03-C13 60.1 59.6 63.7 62.4 60.0

(continued on next page)
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Table 2 (continued)

B3LYP/6-31G™

Parameter Anhydrous Dihydrated
a-a-trehalose a-fB-trehalose B-B-trehalose a-a-trehalose Exp® a-o-trehalose

C19-C21-C23-0O11 —169.8 —170.1 —170.7 —170.6 —167.7
01-C13-C15-05 52.0 51.8 51.1 53.8
02-C20-C22-010 57.8 59.0 58.4 -87.5
03-C21-C23-011 69.5 69.1 69.9 69.9
01-C12-C14-04 52.4 55.1 54.6 48.8
C16-C14-C12-0O1 -72.0 —69.5 —70.2 —71.8
01-C12-02-C20 63.4 65.4 65.0 65.4
RMSD 38.1 65.1 65.5 7.4
Bold letter: RMSD values.

4 This work.

° Ref (Brown et al., 1972).

(Tomasi and Persico, 1994; Miertus et al., 1998; Marenich
et al., 2009) are summarized in Table 3. The results for all
the trehalose species show expansions of volume in aqueous
solution where the value increases according to the following
order: of-trehalose (1.4 A3) < aa-trehalose (2.1 A3) < Bp-
trehalose (2.8 A3). This variation observed could suggest that
the position of the OH group also has influence on the volume
variation, thus when the position is f- the variation is higher.
This way, the reduction in their dipole moment value could
justify that observation. On the other hand, the volume expan-
sions theoretically observed for trehalose, maltose and sucrose
could probably explain that different water molecules are
around disaccharide-water mixtures which generate a particu-
lar higher “rigidity” in trehalose due to their lower volume
variation, as was experimentally observed by Varga et al.
(2008). A similar relation is observed in the calculated solva-
tion energy values, as indicated in Table 3. Thus, the species
with higher volume variation, it is the Bp-trehalose form, pre-
sent the higher solvation energy value, probably because only
for this species in solution the dipole moment values signifi-
cantly decrease their value from 2.72 D in gas phase to 0.81
D in solution while for the remain species the values increase
in this medium. When these values are compared with the val-
ues corresponding to the two maltose anhydrous species we
observed a contrary relation because the species with higher
volume variation present the lower solvation energy value.
On the other hand, when the solvation energies for the tre-
halose species are compared with the other sugars, we observed
that the f anhydrous and monohydrated species have higher
values than the corresponding o ones where, in particular,
the values of the hydrated sugar species decreasing according
to the following order: Sucrose dihydrated > f-maltose >
Anhydrous  sucrose > Anhydrous B-Lactose > Sucrose
pentahydrated > Anhydrous a-Lactose > o-a-trehalose dihy-
drated > a-Lactose Monohydrated > Anhydrous maltose
while the three anhydrous species of trehalose have the lowest
solvation energy values, as observed in Table 3. These low sol-
vation energies values observed for trehalose in relation to
sucrose and maltose probably can explain in part why a tre-
halose/water mixture shows a larger structural resistance to
temperature changes and a higher “rigidity” in comparison
with maltose/H,O and sucrose/H,O mixtures, as mentioned

by Varga et al. (2008). This property of trehalose could also
be related to the most intense disaccharide—water interaction
observed for trehalose by Magazu et al. (2007).

4.3. Charges, molecular electrostatic potentials (MEP) and
bond orders (BO) studies

For the four trehalose forms, two charge’s types, the atomic
MK and NPA charges (Besler et al., 1990; Glendening et al.,
1996), were considered using the B3LYP/6-31G"Method, as
was mentioned in section computational details. These charges
for those species in gas phase are summarized in Table S1
while the values in solution are given in Table S2. The exhaus-
tive inspection of the values show that the NPA charges have
in general higher values than the MK charges in both media
and besides, these charges on the C22 and C23 atoms in the
four species have negative signs, as observed in Tables Sl
and S2. Note that the MK charge on the C19 atom belonging
to the R1 ring of the dihydrated species present negative sign in
gas phase and positive in solution while on the other ones are
observed positive sings. On the other hand, these charges in
solution are observed with negative signs on the C12 and
C13 atoms in the dihydrated species while in gas phase on both
atoms are observed positive signs. Note that for the dihydrated
species in gas phase we observed positive signs in both charges
on all the H atoms corresponding to the water molecules. On
the contrary, in solution the NPA charges on the H atoms of
the dihydrated species are observed with negative signs while
the MK exhibits in this media positive signs. These variations
in the charges observed for the species in solution could clearly
explain the hydration process with water molecules of the sol-
vent. Besides, these changes in the charges possibly will explain
the most intense disaccharide-water interaction observed for
trehalose in solution by Magazu et al. (2007) that moreover
will justify their higher bioprotective effectiveness.

The MEPs were analyzed on all the atoms of the four spe-
cies in both media and the corresponding values are presented
in Table S3. Analyzing the results, we observed that in both
media the most negative values are located on the O10 atoms
of all the species while the less negative values for the anhy-
drous species are observed on the O1 atoms and for the dihy-
drated species on the O3 atom. Thus, these results for the
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Table 3 Molecular volume and calculated solvation energies
(AG) for the studied anhydrous and dihydrated species derived
from trehalose in different media using the B3LYP/6-31G"
method.

Molar Volume (A3)
Trehalose Anhydrous®

Species GAS PCM/SMD  “AV = VA5 Vg (A3)
a-o-trehalose 327.1 329.3 2.1
a-B-trehalose 322.4 323.8 1.4
B-B-trehalose 320.9 323.7 2.8
Trehalose dihydrated®

a-o-trehalose 357.8 359.7 1.9
Solvation energies (kJ/mol)

Trehalose Anhydrous®

Species AG,” AG,e AG,
o-o-trehalose —142.95 25.87 —168.82
o-B-trehalose —142.28  25.66 —167.88
B-B-trehalose —155.81 25.29 —181.10
Trehalose dihydrated®

a-o-trehalose —169.18  29.97 —199.15
Maltose Anhydrous®

o-maltose 322.1 325.6 3.5
B-maltose 322.7 325.1 2.4
Maltose Monohydrated”

o-maltose 343.6 348.7 5.1
B-maltose 342.9 344.7 1.8
Solvation energies (kJ/mol)

Species AG,” AG,. AG,
Maltose Anhydrous®

o-maltose —151.87 25.29 —177.16
B-maltose —158.43  23.99 —182.42
Maltose Monohydrated®

a-maltose —157.64 3143 —189.07
B-maltose —185.97 2479 —210.76
Lactose Anhydrous®

a-Lactose —17495  26.33 —201.28
B-Lactose —179.67  26.17 —205.84
Lactose Monohydrated®

a-Lactose —165.25 30.18 —195.43
Sucrose”

Anhydrous —182.00 28.38 —210.38
Sucrose.(H,0), —198.56  29.30 —227.86
Sucrose.(H,O)s —160.00 41.97 —201.97

AG, = AGuncorrected” — AGTotalnon electrostatic.
# AS, aqueous solution; G, gas phase.
% This work.
® From Ref. Iramain et al. (2016).
¢ From Ref. Marquez et al. (2015a,b).
4 From Ref Brizuela et al. (2014).

anhydrous species could indicate that the inter-ring C13-O1—
C12 angle is independent of the medium employed. Besides,
this result probably is also related to that observed experimen-
tally by Taga et al. (1972) for the dihydrated species because
neither the ring oxygens nor the glycosidic linkage oxygen
accept hydrogen bonds. Later, as it is expected, the lowest neg-
ative MEP values for all the trehalose species are observed on

the H atoms where the anhydrous species show the highest val-
ues on the H34 atoms while the lower values are observed on
the H38 and H39 atoms of these species probably because the
distances between these atoms are close to the corresponding
O1 atoms (2.248-2.241 10\) and, for these reasons, they are
the more labile atoms. Analyzing, the values for the dihydrated
species, the higher values are also observed on the H34 atoms
while the lowest values on the H atoms of the water molecules.
The different reaction sites can be obviously observed by the
different colorations when the MEP mapped surfaces for the
o-o-anhydrous and dihydrated species are compared in
Fig. S2. Thus, the blue colors show the electrophilic sites
observed on the H atoms while the nucleophilic sites are clearly
observed in red color on all the O atoms. Here, it is interesting
to note that in the dihydrated species a strong blue color are
observed on the H atoms of the water molecules in agreement
to the low MEP values, as observed in Table S3.

In relation to the bond order values, Table S4 show these
values expressed as Wiberg indexes, for the four trehalose spe-
cies. The results clearly show that for the four species the
higher BO values are observed in the O atoms that belong to
the R1 and R2 rings and to the inter-ring O atoms, these are
the O1, O2 and O3 atoms, which have values between 2,030
and 1,978 while their values clearly decrease in solution. Here,
newly we evidenced that experimental results found by Taga
et al. (1972) for the dihydrated species. On the contrary, in gen-
eral remaining O atoms of all the species belonging to different
OH groups in the two rings are observed slight increase in the
BO values in solution. These higher values in solution proba-
bly indicate that these H atoms linked to those O atoms are
less labile. On the contrary, regarding the BO values for the
C atoms, the C16 and C17 atoms in oo-trehalose and the
C17 atoms in aff and Bp-trehalose and the C14 and C19 atoms
in the dihydrated species present the higher values in gas phase
but, some of these values change few in solution. Probably,
due to the different positions of the OH groups linked to the
C atoms some values for these atoms are different in the four
species. Other very important result is observed in the H atoms
of the four species because when those atoms are linked to the
C atoms have higher values than the other ones, as expected
due to that the H atoms bonded to the OH groups are most
labile and, as a consequence they have the lowest values. An
expected result is observed in the dihydrated species, because
the O and H atoms belonging to the water molecules present
the lowest BO values but, they increase notably in solution
due to the hydration of these atoms with water molecules.
These results can explain that the water mobility within the
first hydration shell is ca. 25% smaller than that of pure water,
as observed by Bonanno et al. (1998) from molecular dynamics
simulation studies for the water interaction with aa-trehalose.

4.4. Stability study

The stabilities of all the trehalose’s species in gas and aqueous
solution phases were studied using NBO (Glendening et al.,
1996) and AIM (Biegler-Ko6ning et al., 2001) calculations.
Thus, the donor—acceptor interaction energies obtained from
the second order perturbation calculations in those media
are presented in Table S5. Here, the main donor—acceptor
interaction energies for the anhydrous species in both media
are observed from the lone pairs of the O atoms to the anti-
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bonding O-C orbitals (LP(2)O1 — ¢*O—C) while for the dihy-
drated species besides these are also observed those from the
lone pairs of the O atoms to the antibonding O-H orbitals
(LP(2)01 - 6*0O-H), as can be seen in Table S5. Thus, the
contributions to the total energy show clearly that the dihy-
drated species are the most stable in both media than the anhy-
drous species. The presence of a additional H bonds
interaction in solution in the dihydrated species will explain
perhaps the role of trehalose in the stabilization of proteins
because, as recently was mentioned by Olsson et al. (2016),
the protein adsorbs water and thereby reduces the water con-
tent in the trehalose—water system.

The stabilities of all the trehalose’s species were also studied
by means of the topological properties with the AIM2000 pro-
gram (Biegler-Ko6ning et al., 2001). Accordingly, the calculated
charge electron density, (p) and the Laplacian values, Vp(r) in
the bond (BCPs) and ring critical points (RCPs) for the R1 and
R2 rings of the three anhydrous and dihydrated species in both
media are given in Tables S6 and S7, respectively. Analyzing
first the three anhydrous species we observed from Table S6
notable differences between the values in gas phase and those
in solution. For instance, the af- and Bf- species in gas phase
present the two expected RCPs due to the R1 and R2 rings and
the H bonds O6-H42 interactions while this latter interaction
it is not observed in the oo~ species. On the contrary, in solu-
tion the oo~ and a - species have the two RCPs and a new H—
H interaction while in the Bf- species there is not observed the
latter interaction. This observation can be justified by the large
distance between the O6 and H42 atoms of 3.519 A. On the
other hand, the distance between the H33 and H38 atoms of
2615 A justifies that in the oo species in gas phase there is
not observed interaction between both atoms. For the dihy-
drated trehalose species a very different situation is found
when their topological properties are analyzed in gas and in
aqueous solution phases. Thus, Table S7 shows their calcu-
lated properties using the B3LYP/6-31G" Method in both
media. First, in both media are observed the two RCPs but
in gas phase are observed six O-H interactions while in solu-
tion are observed only five because the O8-H44 interaction
in solution present a distance of 3.139 A. These results clearly
show the high stability of the dihydrated species in both media
and, besides, suggest the presence of this species in the solid
state, in complete agreement with the NBO results. Here,
another very important result is the formation of the H bond
03-H49 interactions in both media observed only for the dihy-
drated species because this O3 atom belong to the glucopyra-
nose R1 ring. This result is different from that observed
experimentally by Taga et al. (1972) for the dihydrated species
where neither the ring oxygens nor the glycosidic linkage oxy-
gen accept hydrogen bonds. The AIM study explains the abil-
ity of trehalose to form H bonds and, this way, to stabilize the
membranes, as reported by Crowe and Crowe (1984).

The high stability of the dihydrated trehalose species pre-
dicted using NBO and AIM studies, as compared with the
anhydrous species due to the H bonds formation could sup-
port: (i) the small perturbation of water hydration shell and
short hydrogen bonds between trehalose oxygens and water
hydrogens (Pagnotta et al., 2008), (ii) the water dynamics in
the presence of bioprotectant systems which is affected by all
the disaccharides and particularly by trehalose (Varga et al.,
2008; Magazu et al., 2007), (iv) that trehalose is shown to
affect the swelling properties of the polymer with temperature,

stabilizing its conformation (Magazu et al., 1998), (v) the
presence of the disaccharides inhibits the protein dynamical
transition (Magazu et al., 2011) and, (vi) only the H bonds
intra-molecular, as mentioned by Ballone et al. (2000), because
the DFT results for the isolated molecule is a simplified scheme
and provides a fairly good description of ground-state geome-
tries. On the contrary, the cohesion of the crystal is mainly due
to the formation of several intermolecular hydrogen bonds
which involve every hydroxyl group in the system.

4.5. Frontier orbitals and descriptors study

Trehalose is a sugar that acts on the stability of membranes in
anhydrobiotic organisms and this effect is only observed in this
carbohydrate by Crowe and Crowe (1984), for this reason, it is
very important to predict their reactivities and behaviors in gas
and in aqueous solution in order to understand their mecha-
nism of bio-protecting. Thus, their reactivities in those media
were predicted using the frontier orbitals (Parr and Pearson,
1983; Brédas, 2014; Marquez and Brandan, 2014; Cataldo
et al.,, 2014; Romani and Brandan, 2015a; Romani et al.,
2015b), whose values are presented in Table S8, while the
chemical potential (i), electronegativity (y), global hardness
(n), global softness (), global electrophilicity index (w) and
mucleophilic index (E) descriptors were employed (Marquez
and Brandan, 2014; Cataldo et al., 2014, Romani and
Brandan, 2015a; Romani et al., 2015b; Marquez et al.,
2015a,b) to predict their behaviors in the two media and, they
are summarized in Table S9. These properties calculated for
the trehalose species were then compared with those reported
for maltose and lactose (Iramain et al., 2016). Here, the high
gap values observed for the anhydrous and dihydrated species
of trehalose could probably explain that it is a no reducing dis-
accharide of glucose while the similar lower gap values for mal-
tose and lactose probably justify that these carbohydrates are
reducing sugars. Note that the reactivity in all the sugars
increases in aqueous solution. In particular, if trehalose is less
reactive in water in a protein—trehalose—water system the pro-
tein adsorbs water decreasing their content from the trehalose—
water system, as reported by Olsson et al. (2016). Moreover,
the major intensity in the trehalose-water interaction and its
higher bioprotective effectiveness, as mentioned by Magazu
et al., 2007 could also be justified by the high gap value and
low reactivity. On the other hand, the high gap values observed
for the anhydrous and dihydrated species of trehalose suggest
a reduced reactivity that could support that this species acts as
a nonreducing disaccharide of glucose while the similar lower
gap values for maltose and lactose probably justify that these
carbohydrates are reducing sugars. Here, it is necessary to
remember that in a reducing disaccharide of glucose (maltose)
one of the two monosacharides has one free hemiacetal unit
that generates a reducing aldehyde group while the other one
is occupied with the glycosidic bond which cannot act as
reducing agent. On the contrary, trehalose is a nonreducing
disaccharide of glucose because there is not a free hemiacetal
unit but there is an acetal linkage between their anomeric cen-
ters, giving a structure without one free hemiacetal unit to act
as reducing agent.

In relation to the descriptors, it is necessary to clarify that as
their equations are widely known these were not included in the
main manuscript but in Table S9. Regarding exhaustively the
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descriptors, we observed first that all the values observed in gas
phase decrease in solution and, then, that the less reactive spe-
cies (>gap) are the trehalose’s species which have > global
hardness (17) and < global softness while the anhydrous species
also present > nucleophilic and electrophilic indexes. Analyz-
ing the nucleophilic and electrophilic indexes for the hydrated
disaccharides in solution, we observed that the presence of
two water molecules in trehalose, in relation to one in maltose
and lactose, increase the nucleophilicity thus, the observed ten-
dency is: trehalose > maltose > lactose while the trend change
with the electrophilicity to: maltose > trehalose > lactose.
These results are in agreement with those MEP values predicted
for the nucleophilic sites on all the O atoms including all OH
groups and, with the results suggested by Ballone et al.
(2000), because the cohesion of the crystal is mainly due to
the formation of several intermolecular hydrogen bonds which
involve every hydroxyl group in the system. The nucleophilicity
index observed especially in the hydrated species could proba-
bly be related with that important property to stabilize mem-
branes due to their ability to form H bonds and, hence, to
replace water around the head group of a phospholipid, accord-
ing to the results observed by Crowe and Crowe (1984). In addi-
tion, that nucleophilicity index will explain why trehalose
inhibits the protein dynamical transition during the addition
of disaccharides to hydrated lysozyme and why the of hydrogen
bond connectivity has influence on transport properties for the
trehalose—water system, as revealed by Magazu et al. (2011)
and 1998, respectively.

4.6. Vibrational analysis

All the trehalose species were optimized using B3LYP/6-31G*
calculations with C; symmetry where the three anhydrous spe-
cies have 129 normal vibration modes while the dihydrated
species present 147 normal vibration modes and, where all
these modes show activity in the infrared and Raman spectra.
The experimental infrared and Raman spectra of dihydrated
trehalose in the solid phase can be seen in Fig. 4 while in
Fig. 5 is presented a comparison of the IR spectrum of the
ao-dihydrated species with the corresponding predicted for
this species and their dimer in gas phase at the B3LYP/6-
31G" level of theory. On the other hand, Fig. S3 shows the
comparisons among the experimental IR of dihydrated tre-
halose in the solid phase with the corresponding predicted
for the three anhydrous species in gas phase using that level
of theory. The comparisons among the experimental IR of
dihydrated trehalose in the solid phase in the 4000-
2500 cm ™! region with the predicted for this species and their
corresponding dimer in gas phase at the same level of theory
are given in Fig. S4 while in Fig. S5 are presented these same
comparisons but in the 2000-0 cm ™! region. These two com-
parisons clearly evidence the presence of more than one mole-
cule in the solid state due to the increase in the numbers and
intensities of the bands in both spectra for this species in rela-
tion to the observed in the dihydrated species. A similar situa-
tion is observed when the Raman spectra are compared in
those two regions, as can be seen in Fig. S6 and S7. In the
4000-2500 cm ™' region the presence of a dimer is also
observed in the form of the bands with higher intensities
(Fig. S6, green spectrum) while the quantities and forms of
the bands in the 2000-0 cm™' region could support the

Absorbance

Raman Intensity

4000 3000 2000 1000
Wavenumbers/cm!

Figure 4 Experimental FTIR spectrum of ao-dihydrated in the
solid phase in the 4000400 cm™' region compared with their
corresponding FT-Raman spectrum in the 4000-10 cm ™! region.

Experimental

ao-dihydrated

Absorbance

Dimer dihydrated

4000 3000 2000

Wavenumbers/cm-1

1000 0

Figure 5 Experimental FTIR spectra of aa-dihydrated in the
solid phase compared with the corresponding predicted for this
species and their dimer in gas phase at the B3LYP/6-31G" level of
theory.

presence of the dimer, as those two most intense bands are

observed in the Raman spectra at approximately 1500 cm™'.

In Table 4 is summarized the observed and calculated
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wavenumbers and assignments for the three anhydrous and
dihydrated species in gas phase using SQM/B3LYP/6-31G”"
calculations while for the assignments of the dimer the Gauss-
View program (Nielsen and Holder, 2008) was used. We
observe from Table 4 that the assignments are clearly different
for the aa-, aff- and PB-trehalose species indicating, this way,
the influence of the position of the OH groups on the bands
observed in both spectra. Here, the SQM force fields were cal-
culated with the Molvib program (Sundius, 2002) using scale
factors valid for B3LYP/6-31G" calculations (Rauhut and
Pulay, 1995a,b). These results can be obtained at the request
of the authors. On the other hand, the vibrational assignments
for the anhydrous and dihydrated species were performed tak-
ing into account those assignments reported for other sugars
(Brizuela et al., 2012a, 2014; Marquez et al.,, 2015a,b;
Iramain et al., 2016), those reported by Takahashi et al.
(2006) for the low-frequency vibrations of the dihydrated spe-
cies and, in accordance with ours DFT calculations obtained
here. It is necessary to clarify that Ballone et al. (2000) have
studied structural properties and harmonic vibrational modes
of trehalose in the gas phase and in the monohydrate crystal
in order to analyze the local conformation and the relative
strength of intra- and intermolecular hydrogen bonds, and
the effects of the crystal environment on the molecular geom-
etry and vibrational frequencies. Their results provide a fairly
good description of ground-state geometries, while vibrational
properties are only in qualitative agreement with those com-
puted by the density functional method.

Later, the assignments for some groups are presented
below.

4.6.1. Band assignments

4.6.1.1. O—-H modes. For the four trehalose species, the
B3LYP/6-31G" calculations predicted these stretching modes
as nearly pure modes, hence, due to the form of the bands
and to their intensities these vibration modes for the anhy-
drous species can be easily assigned to the broad IR and
Raman bands located in the 3500-3160 cm™! region, as
observed in Table 4. Besides, in the dihydrated species in that
region are also expected the four antisymmetric and symmetric
OH stretching modes corresponding to the two water mole-
cules. Thus, the IR bands at 3500, 3444 and 3335cm™! are
associated with those vibration modes for the hydrated species
while, for the dimer, the band at 3374 cm™" and the shoulder at
3269 cm™! in the same spectrum are also related to those
stretching modes. Here, the different positions predicted for
these vibration modes in the hydrated species could probably
reveal forming the H bonds, as supported by the NBO and
AIM calculations (Tables, S5, S6 and S7) and, as also was
observed in the maltose species (Iramain et al., 2016). The
intra-molecular O—H stretching modes are particularly sensi-
tive to environmental modifications, as reported by Branca
et al., 1999 from viscosity and Raman scattering studies and,
as will be seen later, the force constants related to this stretch-
ing mode is lower in the dihydrated trehalose species, in refer-
ence to maltose and lactose.

Here, the OH deformation modes of the water molecules
for the hydrated and the dimer species are clearly assigned to
the IR bands at 1687 and 1639 cm™~'. The OH deformation
modes for all the species are predicted between 1419 and
1194 while in the anhydrous species of maltose those modes
appear in the 1421-1171 cm ™' region (Iramain et al., 2016),

therefore, these modes can be associated with observed bands
in that region. In general, the calculations predict the out-of-
plane deformation modes for the dihydrated species strongly
mixed with other vibration modes, such as deformations,
stretching and rocking modes of the OH, CH,, C-O and C-
H groups, as shown in Table 4. Note that the out-of-plane
deformation modes in the anhydrous forms appear at lower
wavenumbers (476 up to 189 cm™') while in the dihydrated
species these modes are also predicted in the higher wavenum-
bers region (from 1389 up to 163 cm™'). In the anhydrous
forms of maltose these modes are assigned between 537 and
182cm™! while for the monohydrated species the bands
between 884 and 107 cm™' are associated to those modes.
The comparisons between the experimental IR and Raman
spectra with the corresponding theoretical in the different
regions (Figs. S4-S7) support the presence of more than one
molecule in the primitive cell due to the increase in the num-
bers and intensities of the bands in both spectra for this species
in relation to the observed in the dihydrated species.

4.6.1.2. CH modes. In sucrose, lactose and maltose these
stretching modes were assigned to the bands observed in the
3094/2830, 3086/2881 and 2982/2845 cm™" regions (Brizuela
et al., 2012a, 2014; Marquez et al., 2015a,b; Iramain et al.,
2016), respectively while in the trehalose species these modes
are predicted between 2997 and 2821 cm™~'. The Raman band
of medium intensity at 2997 cm™! is associated to the symmet-
ric modes corresponding to the dihydrated and dimeric species.
In the lactose species, the rocking modes are assigned between
1469 and 1212 cm™! while in maltose are assigned to the bands
between 1457 and 1063 cm™". In the trehalose species, these
modes are predicted between 1434 and 1180 cm™".

4.6.1.3. CH, modes. In maltose, the antisymmetric and sym-
metric stretching modes are assigned respectively to the pairs
of bands at 3032/2970 and 2963/2862 cm ™' (Iramain et al.,
2016) while in the four species of trehalose these modes are
predicted at 3153/2881 cm™'. Obviously, the symmetric modes
are observed with higher intensities in the Raman spectrum
and, for this reason, they are assigned to the Raman band at
2997 cm™!. In lactose, the deformation or scissoring modes
are assigned at 1457/1367 cm ™! (Marquez et al., 2015a.b), in
the maltose species these modes are assigned at
1499/1455 cm ™! (Iramain et al., 2016) while in trehalose species
they are assigned at 1469/1451 cm™'. The wagging, rocking
and twisting modes are predicted by calculations between
1451/1405 and in some cases coupled at 1268 cm™',
1265/1211 and 1069/777 cm™", respectively as indicated in
Table 4. This way, they are assigned accordingly.

4.6.1.4. Skeletal modes. The C-O stretching modes belonging
to the two glucopyranose R1 and R2 rings and to the glyco-
sidic C12-0O1-C13 bonds are predicted by calculations in dif-
ferent regions and mixed with other vibration modes, as can
be seen in Table 4. Thus, these modes for the anhydrous and
dihydrated species can be observed from 1132 to 744 cm ™.
Note that the C12-02 and C13-03 stretching modes are pre-
dicted at higher wavenumbers in the four species than the C12—
O1 and C13-0O1 stretching modes, as expected because these
stretching modes are related to the glycosidic C12-O1-C13
bonds which present different values for the anhydrous and
dihydrated species, as shown Table 2. In the maltose species,



Table 4 Observed and calculated wavenumbers (cm ') and assignments for the five trehalose species studied.

Experimental® Ref®  Anhydrous® Dihydrated®
IR Raman IR ao-Trehalose af-Trehalose BB-Trehalose ao-Trehalose Dimer
Solid Solid Solid SQM® Assig SQM®  Assig SQM®  Assig SQM®  Assig Calc. Assig
3500 w 3504 w 3606  v(O11-H45) 3606  v(O11-H45) 3609  v(O11-H45) 3651 v,H,O(W1) 3798  v,H,O
3580  v(O10-H44) 3582 v(O10-H44) 3585  v(O10-H44) 3647  v,H>O(W2) 3604  v;H,O
3574  v(O8-H42) 3570  v(O9-H43) 3565  v(O4-H38) 3569  v(O7-H41) 3608 v(O-H)
3570  v(O9-H43) 3565  v(O7-H41) 3562 v(O5-H39) 3569  v(O8-H42) 3604 vH,O
3565  v(O7-H41) 3561  v(O4-H3B) 3561  v(O9-H43) 3568  v(O9-H43) 3547 v(O-H)
3565  v(O6-H40) 3558  v(O5-H39) 3554  v(O7-H41) 3565  v(O10-H44) 3536  v(O-H)
3562 v(O4-H38) 3548  v(O6-H40) 3550  v(O6-H40) 3557  v(O6-H40) 3511  v,H,O
3474 sh 3559  v(O5-H39) 3540  v(O8-H42) 3542 v(O8-H42) 3552 v(O5-H39) 3479  v(O-H)
3444 w 3445  v;H,O(W1) 3442 v,H,O
3374 s 3388 v,H,O
3357 s 3350 w,br 3347 v(O-H)
3335s 3312 v;H,O(W2)
3321w 3323 sh 3265  v(O11-H45)
3269 sh 3280 sh 3193 v(O4-H38) 3242 v(O-H)
3153 sh 3137 sh 3049 v,CH,(C23)
2995 w 2997 m 2993 3011 vsCH,(C22) 2996  v(C12-H24) 2997  v(C12-H24) 3047  viCH,(C23)
2995 w 2997 m 2993 2988  v,CH,(C22) 2990  v,CH,(C22) 3008  v{CH,(C23) 3032 v,CH,(C23)
2995 w 2997 m 2993 2995  w(Cl12-H24) 2988  v(Cl14-H26) 2988  v(C14-H26) 2989  v,CH»(C22) 3030 v,CH,(C23)
2988 sh 2984  v(C13-H25) 2983  v(C13-H25) 2985  vw(C13-H25) 2980  v(Cl12-H24) 2984 v(C-H)
2973 w 2973 m 2973 2969  v(Cl14-H26) 2970  v(C15-H27) 2972 v(C15-H27) 2982  v(C-H)
2957 2967  v(C15-H27) 2968  v(C15-H27) 2961  v(C19-H31) 2962  v(C21-H33)
2951 w 2953 m 2950 2942  v,CH,(C23) 2940  v(C21-H33) 2942 v,CHy(C23) 2958  v(C13-H295)
2941 sh 2943 2934  v(C20-H32) 2930  v,CH,(C22) 2932 v,CH,(C22)
2934 w 2934 2930  v(C21-H33) 2929  v,CH»(C23) 2928  v(C21-H33) 2920  v(C18-H30)
2908 w 2916 m 2908 2914 v(C20-H32) 2914  v(C20-H32) 2911 vaCH(C22)
2900 m 2897 2903  v,CHy(C23)
2881 w 2886 sh 2880 2885  v,CH,(C23) 2883  v,CH,(C23) 2881  v,CH,(C23) 2898  v(Cl4-H26)
2881 w 2886 sh 2877  v,CH,(C22) 2896  Vv(C20-H32)
2861 sh 2859 sh 2873  v(C19-H31) 2873  v(C16-H28) 2873  v(Cl16-H28) 2889  v(C17-H29)
2861 sh 2859 sh 2869  v(C18-H30) 2872 v(C19-H31) 2880  v(C16-H28)
2852 sh 2859  vw(C17-H29) 2859  v(C17-H29) 2859  v(C18-H30) 2859  v(C19-H31)
2837 sh 2857  v(C16-H28) 2858  v(C18-H30) 2821  v(C17-H29)
1687 w 1684 vw 1689 1660  SH,O(W2) 1697 &H,0
1639 w,br 1613 vw 1623  SH,O(W1) 1675 &H,O
1469 w 1481 dCH, (C23) 1481  8CH, (C23) 1473 8CH, (C23) 1475  104-H38 1516 3CH,»
1047-H38
1460 1462  6CH,(C22) 1461  SCH,y(C22) 1462  SCH,(C22) 1465  104-H38 1494  3(O-H)
1047-H38
1457 m 1452 3CH,y(C22) 1455 pC-H
1451 m 1452 s 1453  wagCH,(C23) 1454 v(C21-C23) 1457  wagCH,(C23) 1451 3CH, (C23) 1453  wagCH,
v(C21-C23) 3(O11-H45)

(continued on next page)
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Table 4 (continued)

Experimental® Ref® Anhydrous® Dihydrated®
IR Raman IR ao-Trehalose af-Trehalose BB-Trehalose ao-Trehalose Dimer
Solid Solid Solid SQM® Assig SQM®  Assig SQM®  Assig SQM®  Assig Calc. Assig
1429 w 1431  wagCH,(C22) 1428  wagCH,(C22) 1433 pC15-H27 1434 pC18-H30 1434 pC-H
v(C20-C22) pCl16-H28
3(06-H40)
1429 w 1425  pCl4-H26 1423 pCl5-H27 1429  wagCH,(C22) 1427  p’C21-H33 1428 pC-H
pC15-H27 wagCH,(C22)
1429 w 1423 §(09-H43) 1422 3(09-H43) 1422 pCl14-H26 1426  p’C18-H30 1426 pC-H
pC19-H31 p’C19-H31
1429 w 1420  pC17-H29 1419  pC17-H29 1424 pC17-H29 1422 wagCH,
pC15-H27
1417 sh 1417  wagCH,(C22) 1417  3(0O8-H42) 1419  3(O8-H42) 1418  3(O5-H39) 1419  wagCH,
pC16-H28
1417 sh 1415  pCl4-H26 1414  pCl15-H27 1415 pCl19-H31 1417 pC-H
pC16-H28 pC17-H29
1410 sh 1410 m 1411 pC15-H27 1408  pCI19-H31 1410  wagCH,(C23) 1413 pC-H
p’C16-H28
1405 sh 1406  5(04-H38) 1404  3(O7-H41) 1405  wagCH,(C22) 1409 pC-H
pCl14-H26 3(010-H44)
1400 w 1397  pCl17-H29 1398  p’Cl12-H24 1398 pC-H
pC13-H25
1392 sh 1394  p’Cl12-H24 1392 p’Cl2-H24 1392 p’Cl2-H24 1389  1CO4-H38 1388 pC-H
pC13-H25 pC13-H25 t047-H38
1385w 1384 s 1386 p’Cl12-H24 1384  p’Cl12-H24 1384  1CO4-H38 1387 pC-H
pC16-H28 1047-H38
1385w 1384 s 1383  p’Cl12-H24 1378  pC20-H32 1383  pC20-H32 1381  tCO4-H38 1380 pC-H
pCI13-H25 1047-H38
1373 sh 1374 sh 1375  3(010-H44) 1376  pCl6-H28 1379  3(010-H44) 1374  1CO4-H38 1375 pC-H
3(010-H44) 1047-H38
1371 w 1370 s 1371 p’C13-H25 1372 §(010-H44) 1376 pCl6-H28 1371 pC-H
pC18-H30
1363 sh 1365 1367  p’C13-H25 1368  p’Cl13-H25 1362  p’C13-H25 1366 pC-H
pC21-H33
1356 m 1357 vs 1360  pCl2-H24 1361 p’C21-H33 1357  pCl2-H24 1359 pC-H
1349 sh 1350 sh 1355 pCl3-H25 1356  pC21-H33 1355 pC-H
p’C21-H33
1348 sh 1354  pC21-H33 1353  pC21-H33 1347  pC18-H30 1348  pC21-H33 1349 pC-H
pC13-H25
1342 vw 1343 pCI18-H30 1345  pC20-H32 1344  pC21-H33 1345  pCl14-H26 1348 pC-H
pC18-H30 p’C14-H26
1336 sh 1333 1335  pC19-H31 1337  pCl19-H31 1338 pCl19-H31 1333 pC-H
1333 w 1330 sh 1331 pC13-H25 1332 pCl2-H24 1338 pC20-H32 1324 pC-H
1328 s 1323 pC20-H32 1337  pCl2-H24 1330  tCO4-H38 1319 pC-H
1047-H38
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1311w

1294 sh

1268 sh

1258 w,br
1241 w

1241 w

1222 sh
1212 w

1175 sh

1150 m
1131 m

1100 m
1100 m

1328's

1314 w

1275 sh

1272 w

1258 m
1241 m

1241 m

1234 sh

1230 sh

1219 sh

1209 m
1209 m

1188 vw

1149 m
1134 sh

1128 sh

1118 vs
1118 vs

1101 s
1101 s

1098 sh

1312

1318

1308

1297

1280

1265

1255
1249

1237

1235

1225

1210

1187

1182

1132

1128

1123
1118

1112
1110

p’C21-H33
3(07-H41)
p’C20-H32
3(08-H42)
p’C15-H27

p’C14-H26

3(011-H45)
pCH,(C23)
3(09-H43)
5(06-H40)
3(04-H38)
pCH,(C23)
3(011-H45)
p’CI8-H30

3(05-H39)

pCH,(C22)

p’C16-H28

p’C17-H29
p’C19-H31

v(C13-03)
V(C13-C15)
v(C14-C16)

V(C16-06)
V(C15-C17)

v(C17-07)
v(C12-02)

1316

1303

1291

1279

1263

1254
1251

1239

1237

1224
1211

1194

1180

1131

1128

1120
1115

1110
1107

1100

p’C21-H33
p’C14-H26

p’C15-H27
p’C20-H32
p’C14-H26
p’C20-H32
3(0O11-H45)
wagCH,(C23)
5(08-H42)
8(07-H41)

pCH,(C23)

p’C18-H30
5(06-H40)

3(05-H39)
pCH,(C22)
3(010-H44)

p’Cl6-H28

p’C17-H29

v(C13-C15)

v(C15-C17)
v(C12-C14)
v(C18-08)
v(C17-07)

v(C14-C16)
v(C13-03)

v(C18-08)
v(C16-06)

1305

1297

1293

1278

1273

1255
1248

1239

1238

1219

1212

1199
1194

1132

1126

1122
1115

1109
1102

1101

p’C14-H26

p’C15-H27
p’C19-H31
p’C20-H32

3(011-H45)

8(011-H45)
5(07-H41)
5(04-H38)
pCH,(C23)

p’C18-H30
3(06-H40)
5(09-H43)

8(011-H45)
pCH,(C22)

p’C16-H28
p’C17-H29
5(05-H39)

V(C17-07)
v(C17-07)

V(C13-C15)
v(C18-08)
v(C20-C22)
V(C16-06)
v(C15-05)

v(C16-06)

1317

1314

1287

1271

1259

1255

1237

1231
1223

1192

1186

1135

1129

1124
1117

1106
1101

1096

p'C21-H33

p’C20-H32
5(08-H42)
p’C15-H27

1CO4-H38
1047-H38
pCH,(C23)

3(07-H41)

p’C16-H28

p’C19-H31
pCH,(C22)

p’C17-H29

1CO4-H38
t047-H38

v(C14-04)
BR1(A6,)
BR(A6,)

V(C15-C17)
1CO4-H38
1047-H38
v(C12-02)
104-H38
3(01C1303)
R, (A6)

1317

1307

1286

1275

1266

1258
1237

1230
1225
1221

1171

1167
1135

1132

1127
1119

1110
1103

1098

pC-H
3(0O-H)
3(0-H)

PR1(A6y)

PR1(A6y)
PR1(A6,)

BR(A6)

PR1(A6,)
PR1(A62)

v(C-C)
v(C-0)

TR] (A61)

(continued on next page)
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Table 4 (continued)

Experimental® Ref®  Anhydrous® Dihydrated®
IR Raman IR ao-Trehalose ap-Trehalose BB-Trehalose ao-Trehalose Dimer
Solid Solid Solid SQM" Assig SQM®  Assig SQM®  Assig SQM®  Assig Calc. Assig
1094 sh 1093  v(C19-09) 1092  v(C19-09) 1090  w(C19-09) 1093  vw(C-O)
v(C17-07)
1084 m 1086 sh 1088  v(C18-08) 1089  v(C19-09) 1087  1CO4-H38 1080 v(C-O)
t047-H38
1079 s 1080  v(C19-C21) 1081  vw(C17-07) 1081  v(C18-C20) 1073  vw(C-O)
v(C19-C21)
1079 s 1071  vw(C14-04) 1069  v(C21-C23) 1074  v(C19-C21) 1071  w(C-O)
TwCH,(C23) v(C21-C23)
5(C23C2103)
1062 m 1059 vs 1067  v(C15-05) 1067  v(C15-05) 1064  v(C14-04) 1068  v(C-0O)
v(C16-06)
v(C12-02)
1062 m 1059 vs 1063  v(C18-C20) 1062  v(C14-04) 1057  v(C18-C20) 1063  1R; (A6y) 1063  v(C-O)
v(C20-C22) v(C12-02)
1055 sh 1056  v(C22-010) 1052 v(C15-05) 1057 1R, (A6y)
v(C18-C20)
1052 sh 1049  v(C22-010) 1047  v(C22-010) 1046  v(C22-010) 1052 twwCH,
1048 sh 1041 v(C22-010) 1040  v(C22-010) 1042 v(C23-011) 1041  v(C12-02) 1047 wwCH,
v(C23-011)
10325 1036 v(C23-0O11)
v(C22-010)
1032's 1032 v(C23-0Ol1) 1032 pCl15-H27 1031 v(C13-03) 1031  w(C-O)
1026 w 1025  v(C19-C21) 1029  v(C23-0Ol1) 1021  w(C15-05) 1028 v(C-O)
v(C19-C21)
1016 m 1016 w 1009  v(C12-0O1) 1014  w(C12-01) 1015 w(C-O)
998 vs 999 w 998 1004  twCHy(C23) 1005  v(C21-03) 1000  v(C13-03) 999 v(C13-03) 1009 twCH,
998 vs 998 993 v(C20-02) 998  v(C-O)
TwCH,(C23)
998 vs 998 988 v(C20-02) 987 pC15-H27 987 v(C21-C23) 991 v(C20-02) 987 10-H
v(C18-08) v(C16—
C18)
980 sh 975 v(C16-C18) 978  10-H
965 sh 973 v(C17-C19) 974 v(C17-C19) 973 v(C16-C18) 974 v(C17-C19) 960  v(C-C)
957 w 955 w 956 966 v(C16-C18) 967 v(C13-01) 955  w(C-C)
948 sh 949 v(C13-01) 943 v(C17-C19) 941  v(C-0O)
926 m 933 v(C12-01) 930 v(C13-01) 923 v(C13-C15) 939 10-H
v(C12-01) v(C12-01)
v(C12-C14)
917 sh 913 tCO4-H38 918  v(C-O)
1047-H38
91l w 910s 908 v(C12-01) 905 v(C13-01) 901 v(C19-C21) 911 tCO4-H38 909  v(C-0O)
v(C12-C14) 1047-H38
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881 sh
864 m,br
852 m

842 m

804

732 w,br
711 sh

698 w

669 w,br

669 w,br

645 w,br
614 w,br

583w

560 sh

850 sh

839 vs

804 w

796 sh

731 w

709 sh

697 m

669 w

669 w

629 sh
617 w

601 m

601 m
576 w

550 sh

816

804

798

711

673

631

600

594

569

552

8(C1201C13)

v(C21-03)

3(01C1303)
3(C14C1201) &
(01C13C15)
v(C20-02)
TwCH,(C22)

BR(A6,)
BR(A62)

8(02C1201)

pC15-H27

3(06C16C18) &
(C20C22010)
3(C21C23011)

3(05C15C17)
3(01C1303)
S(08C18C16)

884

859

820

812

771

744

690

678
667

624

593

563

V(C18-C20)

v(C18-08)
V(C16-CI18)

TwCH,(C23)
PR (A6))
v(C21-03)
TwCH,(C23)

V(C20-02)

TwCH,(C22)

v(C20-02)

V(C14-C16)

TR, (A6))

§(02C1201)

pC15-H27

8(C21C23011)

3(01C1303)

890

870

851

818

798

780

757
724

689
686

672
668

616

v(C19-C21)

v(C18-08)

pC15-H27

BR(A6)
BR(A61)

v(C21-03)

v(C20-02)
twCH,(C22)
v(C20-02)
3(01C1303)

V(C15-C17)

v(C14-C16)
v(C15-C17)
3(01C1303)
3(02C1201)
3(C17C1909)

3(C14C1201)

892

863

807

791

785

728

716

699

674

656

608

588
574

547

1CO4-H38
d(04H38047)
tO11-H45
104-H38

§(01C1303)
3(01C13C15)

TwCH,(C22)

v(C21-03)
TwCH,(C23)

1CO4-H38
1047-H38
1CO4-H38
1047-H38
1CO4-H38
1047-H38

8(011H45046)

1CO4-H38
1047-H38

1CO4-H38
1047-H38

8(C21C23011)
3(01C1303)
8(05C15C17)

1CO4-H38
1047-H38

879

856

855

847
833

810

806

779

747
728

719

706

682

679

663

661

643
617

601

598
5717

571

552

(continued on next page)

t0O-H
t0-H
t0-H

10-H
TwCH,

3(0CO)
3(0CC)

twCH,
pH>O

wagH,0
t0O-H

t0-H
BR1(A6,)
pH,O
szO
pH20
pHQO

pH>O
t0-H

BR(A6))

3(CCO)
t0O-H

t0O-H

t0O-H
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Table 4 (continued)

Experimental® Ref° Anhydrous® Dihydrated®
IR Raman IR ao-Trehalose ap-Trehalose BB-Trehalose ao-Trehalose Dimer
Solid Solid Solid SQM" Assig SQM®  Assig SQM®  Assig SQM®  Assig Calc. Assig
540 vs 542 3(01C1303) 548 tR3(A6))
538w 532 3(C17C1909) 537 S(C17C1909) 534 tCO4-H38 538 wH,0
S5(C21C1909) 1047-H38
518 w 520's 524 TR (A6) 522 tCO4-H38 522 twH,O
3(01C1303)
501 sh 506 sh 504 pC15-H27 494 pC15-H27 496 TR3(A6;) 504 3(0CC)
3(06C16C18) &
(08C18C20)
476 106-H40 475 3(C20C22010) 498 10-H
t04-H38
473 3(C20C22010) 473 106-H40 469 1010-H44 465 10-H
5(C20C22010)
459 3(C21C23011) 456 t05-H39 459  10-H
BR(A6,)
TR} (A62)
445 w 448 s 450 tO4-H38 445 tO5-H39 448 tO5-H39 451 pH,O(W1) 443 tO-H
107-H41 3(04H38047)
442 sh 440 sh 441 tO5-H39 440 tO8-H42 437 tO8-H42 442 BR,(A6,)
430 w 429 sh 433 t010-H44 433  3(CCO)
428 BR,(A6,) 425 tO5-H39 428 5(C23C2103) 430 BR,(A6,)
425 TO5-H39 424 tO8-H42 428 3(CCO)
3(C23C21C19)
423 sh 419 BRy(AG) 423 BRy(A65) 424 BRy(A6y)
415 BR,(A6,) 414 5(04C14C16) 415 5(04C14C16) 413 106-H40 415 BR, (A6))
v(C12-C14) BR, (A6;)
410 w 407 vs 409 1O7-H41 407 1CO4-H38 406 BR, (A6;)
1047-H38
400 sh 399 BR3(A6;) 405 1CO4-H38 404 BR, (A6;)
1047-H38
396  PR3(A6) 397  BRy(A6) 392 1010-H44 398 BR3(A65) 400  BR, (A6y)
393 sh 394 1010-H44 388 1010-H44 389 109-H43
381 t09-H43 380 t010-H44 382 tO4-H38
t04-H38
375 sh 380 tO8-H42 377 109-H43 378 109-H43 381 BR3(A6;)
t06-H40 t07-H41
370's 366  5(06C16C14) 369 BR3(A65) 370 §(C15C1707) 370  §(CCC)
365 sh 364 3(C15C1707) 362 3(C15C1707) 366 BR3(A6) 363 BR3(A6))
360 sh 361 BR3(A6)) 358  1CO-H
354 sh 356 t07-H41 352 t07-H41 350 tO5-H39 354 tCO4-H38 352 wwH,O
342 w 340 3(0O5C15C17) 340 twH,0
334 1010-H44 333 3(04C14C16) 334 1CO4-H38 336 1CO-H
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317 m

300 m
293 sh
281 sh

269 sh

256 sh

249 w

235 sh
223 sh

216 m
209 sh
202 w
189 sh
160 vw

160 vw

110 vw,br

307

304

258
254

247

240

231

216

194
184

178

157

126

118

111

S(08C18C20)

8(C21C1909)

8(05C15C13)
8(05C15C17)

8(05C15C17) &
(04C14C16)
3(C19C1707)

™R (A6y)

8(04C14C12)

5(02C20C22)
BR, (A6)

tO11-H45

3(C18C20C22)

TR, (A6y)

twC20-C22
TR}(A61)
™R3 (A6)

329

306

298

276

253

250

238

232

211

193
180

170

151

132

122

110

t010-H44

S(06C16C14)

S(08C18C20) 5(02C20C22)

3(O8C18C16)

d3(0O5C15C17)
3(06C16C18)
d(C19C1707)
3(05C15C13)
tO11-H45

3(04C14C12)
3(05C15C13)
tO11-H45

8(C23C2103)
8(C23C21C19)

3(C18C20C22)
TR3(A6))

TR, (A6,)

R (A6))

TR3 (A6y)

306

293

282

271

250

241

229

215

195

187

161

151
135

126

113

100

t010-H44

3(08C18C20)
3(C21C1909) §
(C23C2103)
3(C21C1909)

3(06C16C14)

3(06C16C18)

3(05C15C13)
3(C19C1707)

pC15-H27

3(04C14C12)

3(02C20C22)
tO011-H45

5(C18C20C22)
BR, (A6:)
5(C23C21C19)
TR3(A6;)

R, (A6))

R, (A6y)

™R3 (A6y)

twC20-C22

322

308

307

288

284

276

271

255

248

237

235
230

214

212

182

178

163

144

127

118

110

tCO4-H38
t047-H38
tO11-H45
pH,O(W1)
tO11-H45
tCO4-H38
wagH,O(W1)
v(046-H45)
3(04C14C12)
wagH,O(W1)
t047-H38
tCO4-H38

8(05C15C17)
3(05C15C13)
1046-H45

1047-H38
1CO4-H38
tO11-H45
TR] (A6|) o
(C19C1707)
1046-H45
tO11-H45
TRZ (A6|) o
(C1201C13)

V(047-H38)

104-H38
tO11-H45

twC12-01
twC13-01
tCO4-H38
1t047-H38
TR, (A6,)

wwC21-C23

320
313
307
297
284
278
273

258
250

247

237

230
229

221

206

197
185

183
164

157
138

122

114

112

(continued on next page)

tCO-H
3(OCC)
pH,O
3(OCC)
3(CCO)
wagH,0

3(0CC)

$(0CC)
3(0CC)

3(0CC)
3(0CC)

R (A6))
TR, (A6))

$(CCC)
R, (A6))

v(O-H)
v(O-H)

v(O-H)
v(O-H)

V(O-H)
TR;3(A6;)

™R3(A62)
™R3(A6,)

TR;3(A6,)
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Table 4 (continued)

Experimental® Ref®  Anhydrous® Dihydrated®
IR Raman IR aa-Trehalose ap-Trehalose BB-Trehalose ao-Trehalose Dimer
Solid Solid Solid SQMP Assig SQM"  Assig SQM"  Assig SQM"  Assig Calc. Assig
TR (A6)
97 wwC21-C23 96 twC20-C22 97 wC-C
80.1 86 twC21-C23 86 wC21-C23 88 twC21-C23 90 1047-H38 90 wC-C
1CO4-H38
72.4 68 TR3(A6;) 74 tCO4-H381047— 74 twC-C
R, (A6) H38
61 ™R, (A6) 64 TR3(A6:) 67 TR, (A6) 61 tOC4-H38 65 10OC-H
TR; (A6y) 1047-H38
54 vw,br  56.6 57 3(C23C21C19) 58 TR, (A6y) 59 10OC-H
49.3 52 1047-H38 55 1OC-H
1CO4-H38
47.4 44 t04-H38 47 10-H
43.1 43 t047-H38 44 tOC-H
381 39 R, (A6)) 40 3(C1201C13) §(C14C1201) 6 41 3(C1201C13) 38 wC-O
TR, (A6y) (O1C13C15) 3(01C13Cl15)
29 wwCl12-01 30 1CO4-H38 32 3(0CC)
t047-H38
23 wwCl12-01 28 tCO4-H38 27 3(0CC)
1047-H38
18 sh 19 wwCl13-01 22 wwCl13-01 23 wwCl13-01 21 1CO47-H38 23 wC-O
104-H38
13 sh 16 wC12-01 15 wC-O

Abbreviations: v, stretching; B, deformation in the plane; y, deformation out of plane; wag, wagging; t, torsion; Bgr, deformation ring tg, torsion ring; p, rocking; tTw, twisting; 9, deformation; a,
antisymmetric; s, symmetric; (;), glucopyranose Ringl; (3), glucopyranose Ring2. *This work, ®From scaled quantum mechanics force field Bold letter, values taken from Ref® (Takahashi et al.,
2006).
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Characterization of anhydrous and dihydrated species of trehalose 247

Table 5 Comparison of scaled internal force constants for the trehalose species in the gas phase with those corresponding to maltose

and lactose in the same phase.

B3LYP/6-31G"

Force constant Trehalose® Maltose” Lactose®

Anhydrous Dihydrated Anhydrous Monohydrated Anhydrous Monohydrated

oo af- BB- oloL- ol- B- o- B- - B- o-
JSOO-H) g0 6.88 7.25 7.05 6.96
f(vO-H) 7.14 7.16 7.11 6.94 7.09 7.04 7.00 6.96 7.12 7.10 7.00
fvCH,) 4.73 4.75 4.75 4.81 4.81 4.79 4.82 4.75 4.73 4.73 4.82
fvC-H) 4.71 4.71 4.73 4.71 4.70 4.73 4.74 4.78 4.64 4.59 4.65
fvC-0)¢ 4.42 4.41 4.38 4.54 4.73 4.78 4.45 4.75 4.67 4.68 4.65
SfvC-0)y 5.04 5.03 5.05 5.07 5.02 4.94 5.10 4.96 5.02 5.11 3.82
fvC-0) 4.00 4.01 3.97 4.14 3.88 3.86 3.90 3.96 391 3.91 3.91
floC-0-C) 1.18 1.14 1.19 2.31 2.50 2.64 2.27 2.78 1.88 1.89 1.92
floC-0-H) 0.80 0.80 0.80 1.01 0.76 0.78 0.82 0.95 0.74 0.74 0.83
floH-C-H) 0.81 0.81 0.81 0.82 0.85 0.80 0.80 0.90 0.82 0.82 0.81

Units are mdyn A~ for stretching and mdyn A rad =2 for angle deformations.

% This work,
® From Ref. Iramain et al. (2016),
¢ From Ref. Marquez et al. (2015a,b).

the C-C stretching modes are assigned to the bands between
1171 and 668 cm™!, as predicted by calculations, in this spe-
cies, these modes are predicted and assigned in the 1131-
672 cm™! region, as can be seen in Table 4. The remaining
vibration modes for the anhydrous, dihydrated and dimeric
species are indicated in Table 4 and they correspond to the
deformation and torsions of both glucopyranose rings and to
the OCO, CCC, CCO and OCC deformation modes which
are predicted in the lower wavenumbers region.

4.7. Force field

For the three anhydrous species of trehalose and their dihy-
drated form the force constants were computed using the
SQMFF methodology (Rauhut and Pulay, 1995a) with the
Molvib program (Sundius, 2002). The results in the gas phase
at the B3LYP/6-31G" level of theory are presented in Table 5
together with those values reported for the maltose and lactose
species (Marquez et al., 2015a,b; Iramain et al., 2016) at the
same level of theory. Comparing first the values for the anhy-
drous species, we observed that the three species show practi-
cally the same values and there are no significant changes
among them, however, when these values are compared with
those corresponding to the dihydrated species all the values
slightly increase for this species in relation to the anhydrous
species with exception of the f(vO—H) force constant whose
value decrease for the dihydrated species. This observation is
probably related with the higher quantity of intra-molecular
interactions observed for this species using NBO and AIM
studies (Tables S5-S7). On the other hand, the anhydrous spe-
cies of maltose and lactose show higher values in the f(6C—O—-
C) force constants related to the glycosidic bonds, between
2.78 and 1.88 mdyn A as compared with those correspond-
ing to trehalose (1.19-1.14 mdyn A‘l) while the hydrated spe-
cies of trehalose present a force constant value
(2.31 mdyn A") between those corresponding to maltose
(2.78-2.27 mdyn Afl) and lactose (1.92 mdyn 10871). Here,

the f{0C-0O-C) force constants related to the glycosidic bonds
evidence clearly the different characteristics in the three sugars:
maltose > trehalose > lactose but these values are not justi-
fied because maltose and lactose are reducing sugars while tre-
halose is a non-reducing sugar. Hence, the behavior
electrophilic of trehalose could also be related to their f{vO—
H) >0 force constant because the value for the dihydrated tre-
halose is 6.88 mdyn A~" while for monohydrated lactose is
6.96 mdyn A~" and for monohydrated maltose 7.25—
7.05 mdyn A~!. Here, the low f(vO—H) 0 force constant
value for trehalose are strongly related to the lowest BO values
observed in particular for the O—H bonds corresponding to the
water molecules. This way, the following relation is observed
in the f(vO—H) >0 force constants: trehalose < lactose < mal-
tose showing a low f{vO—H) o force constant value for tre-
halose which could justify: (i) the very fragile character from
the trehalose—water system to the temperature and concentra-
tion changes, as experimentally was reported by Branca et al.
(1999) from viscosity and Raman scattering studies, (ii) why
the presence of the disaccharides inhibits the protein dynami-
cal transition (Magazu et al., 1998) from studies of the influ-
ence of hydrogen bond connectivity on transport properties
for the same trehalose-water system, (iii) the non-reducing
property of this sugar and, (iv) the ability of trehalose to form
H bonds and, this way, to stabilize the membranes, as reported
by Crowe and Crowe (1984).

5. Conclusions

In this work, the dihydrated trehalose form was completely
characterized using the FTIR and Raman spectroscopy com-
bined with DFT calculations. The structures of three anhy-
drous species of trehalose, the dihydrated form and their
dimer were theoretically determined in gas phase and aqueous
solution using the hybrid B3LYP/6-31G" method. In aqueous
solution, the calculations were computed with the PCM and
SD models in order to predict the solvation energies. Both
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NBO and AIM studies reveal high stability for the dihydrated
species in solution that could probably explain the formation
of several intermolecular hydrogen bonds where are involved
every hydroxyl group in the system generating, this way,
higher “rigidity”’ in trehalose and a lower volume expansion
and solvation energy for trehalose in solution, in relation to
maltose and sucrose. Besides, the low f(vO—H)0 force con-
stant value for trehalose could justify the very fragile character
from the trehalose—water system to the temperature and con-
centration changes among other properties. In addition, the
studies using the frontier orbitals show the high gap values
observed for the anhydrous and dihydrated species of tre-
halose which probably justify why it is a nonreducing disac-
charide of glucose while the similar lower gap values
predicted for maltose and lactose probably justify that these
carbohydrates are reducing sugars. Finally, the complete
vibrational assignments for the anhydrous and dihydrated
form of trehalose were performed using the scaled mechanical
force fields.
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