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Abstract—We studied the temperature dependent vibrational modes of the glycosidic bond in trehalose, sucrose, and maltose at
wavenumbers ranging from 1000 to 1200 cm�1. We found that the slope of temperature dependent Raman shifts of the glycosidic
bond in trehalose and sucrose changed at temperatures around 120 �C, indicating a bond length or a bond angle (dihedral and tor-
sional angles) change. However, we did not observe any slope change in maltose because the melting temperature of maltose is very
close to 120 �C. We also found, at temperatures below 120 �C, that Raman shifts of the vibrational modes of the glycosidic bond in
trehalose showed the strongest temperature dependence among the three disaccharides.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Sugar is a main constituent of the biological system and
the systems of sugar and sugar containing materials are
a matter of common interest in many research areas.
The bio-protection ability of disaccharides has attracted
much interest in recent years.1–4 The stabilizing role
of disaccharides has been recognized for years in
biological systems, such as proteins,5–11 liposomes,12–14

vaccines,15,16 enzymes,17 and membranes.18–21 In Nature,
disaccharides seem to provide biological materials an
ability to survive under extremely dry and freezing con-
ditions. Particularly, the bio-protection ability of treha-
lose is superior to the other disaccharides22–29 and there
are several possible origins of the protection ability,
which include water replacement processes,30–32 vitrifi-
cation,14,25 and dynamic reducers.36

The bio-protection properties of disaccharides were
usually interpreted on the basis of sugar–water interac-
tions because sugars exist together with water in most
the living systems. Nevertheless, we were interested in
0008-6215/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.carres.2007.12.005

* Corresponding author. Tel.: +82 55 350 5274; fax: +82 55 353
5844; e-mail: yhwang@pusan.ac.kr
a property of dried disaccharide because we believe that
sugar by itself has an effect on the protection of biolog-
ical cells through interaction with the head group of the
lipid. It is a well known fact that the glycosidic linkage is
the most flexible part in the structure of the disaccha-
rides33 and the conformation (structural rigidity and
flexibility) of the glycosidic linkage is particularly impor-
tant for understanding its bio-protection abilities.34–36

In this paper, we studied the vibrational modes of the
glycosidic bond in three disaccharides (trehalose,
sucrose, and maltose) by using Raman spectroscopy.
This has proved to be an effective tool for studying
molecular structures and interactions.37 We measured
the vibrational mode of the glycosidic bond in trehalose,
sucrose, and maltose at wavenumbers ranging from
1000 cm�1 to 1200 cm�1. From the Raman measure-
ment results, we found that the slope of the temperature
dependent Raman mode of the glycosidic bond changed
in trehalose and sucrose indicating a structural change
in the glycosidic bond. We also found that at tempera-
tures below 120 �C, the Raman shifts of the vibrational
modes of the glycosidic bond in trehalose showed the
strongest temperature dependence among the three
disaccharides.
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2. Experiments

We used three disaccharides: sucrose, trehalose dihy-
drate, and maltose monohydrate. Trehalose dihydrate
was purchased from Fluka Company and all the other
sugars (sucrose and maltose monohydrate) were pur-
chased from Sigma Chemical Company. All sugars were
used without further purification and the trehalose dihy-
drate and maltose monohydrate were dried by using a
moisture analyzer (Sartorius MA100, Germany) at
100 �C for 5 h. All sugars were ground to a fine powder
and pressed down into a glass vessel. To monitor any
possible phase change in trehalose, we used X-ray pow-
der diffraction technique (PANalytical X’Pert PRO,
Netherlands) with Cu-Ka radiation. The scan range of
2h was from 5� to 50� at temperatures of 100 �C and
150 �C.

In Raman spectroscopy measurement, we used back-
scattering geometry. The incident beam was a vertically
polarized 514.5 nm green light Ar-ion laser (I90-C,
Coherent, USA) at 100 mW. The scattered light was
measured by using a monochromator (Acton Research,
Spectra Pro-750, USA) and a charge-coupled device
(Andor CCD DV420-UV, EU) at wavenumbers ranging
from 1000 to 1200 cm�1 with a 0.5 nm (=0.5 � 10�7 cm)
spectral resolution. The exposure time was 1 s and the
spectrum was accumulated 1000 times. The temperature
range used in this study was from room temperature up
to the melting temperature of each disaccharide. The
melting temperatures of trehalose, sucrose, and maltose
were 213 �C, 185–187 �C, and 120–140 �C, respectively.
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Figure 1. The temperature dependent Raman spectra of (a) trehalose,
(b) sucrose, and (c) maltose in the wavenumber range of 1000–
1200 cm�1. The open circles are experimental results and the solid lines
in fit the data to simple Lorentzian functions.
3. Results and discussion

We measured the Raman spectra of trehalose, sucrose,
and maltose to observe the change in the glycosidic
bond structure of the disaccharides at wavenumbers
ranging from 1000 cm�1 to 1200 cm�1 with increasing
temperature. The results are shown in Figures 1a–c.
The Raman spectra of trehalose, sucrose, and maltose
were fit by four, five, and seven Lorentzian functions,
respectively. The number of Lorentzian functions was
determined based on the results from the previous stud-
ies.38–40,43,45,46

Figure 1a shows the Raman spectra of trehalose at
temperatures ranging from 50 �C to 200 �C and each
spectrum was fitted to four Lorentzian functions (T1–
T4). The origins of the four peaks are the C–O stretch-
ing + C–C stretching (T1), C–O stretching + C–C
stretching + COH bending (T2), C–O stretching + Ring
(T3), and C–O stretching (T4) vibrational modes, respec-
tively.38–40 In the Raman spectra of trehalose, we were
especially interested in peaks T3 and T4 because these
two peaks correspond to the vibrational modes of the
glycosidic bond in the trehalose molecule. Figures 2a–d
show the four temperature dependent Raman modes in
trehalose at the temperatures ranging from 50 �C to
200 �C. In Figures 2a and b, the Raman shifts of peaks
T1 and T2 monotonically decreased with increasing tem-
perature. In Figures 2c and d, however, the Raman shifts
of peaks T3 and T4 decreased with increasing tempera-
ture up to around 120 �C. At temperatures above
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Figure 2. The temperature dependent Raman shifts in trehalose at temperatures ranging from 50 �C to 200 �C. The origins of the four peaks are (a)
C–O stretching + C–C stretching (T1), (b) C–O stretching + C–C stretching + COH bending (T2), (c) C–O stretching + Ring (T3), and (d) C–O
stretching (T4) vibrational modes. The solid lines in (a) and (b) are the fitted results by a linear regression.
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Figure 3. The X-ray diffraction spectra of trehalose at 100 �C and
150 �C.
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120 �C, peaks T3 and T4 were almost temperature
independent.

The temperature dependence of the glycosidic bond
vibrations can be simply related to the thermal expan-
sion of the crystal. Alers et al. found in their study that
the Raman shift decreased with increasing the thermal
expansion.50 If the temperature dependence of the glyco-
sidic bond vibration in disaccharides originated only
from the thermal expansion of the crystal, there is no
reason for the slope of the temperature dependent
Raman shift of the glycosidic bond to change at the tem-
perature of 120 �C. Moreover, we also found that the
slope changed only in the glycosidic bond vibrations,
not in the other vibrations. Therefore, we believe that
the slope change of the Raman shift originates from
the glycosidic bond structure change of trehalose
molecule.

The slope change of vibrational spectra of disaccha-
rides under the effect of temperature may originate from
the polymorphic transformation, a crystal transforma-
tion or a hydration–dehydration phenomenon of treha-
lose. Trehalose undergoes a complex polymorphic
transformation depending on the heating rate.41 How-
ever, as shown in Figures 3a and b, the X-ray diffraction
spectra of trehalose at temperatures of 100 �C and
150 �C show the anhydrous crystalline Tb phase42 and
did not show any differences, indicating that trehalose
does not deteriorate in the temperature ranging from
100 �C to 150 �C. We could also exclude the possibility
of the inter-molecular structure change of trehalose that
could be caused by the steric hindrance and molecular
associations because the XRD spectrum should convey
the inter-molecular structure change. Therefore, there
is no possibility that the slope change of Raman shift
could originate from either a polymorphic transforma-
tion or a crystal transformation. Concerning the hydra-
tion–dehydration phenomena, we carefully checked the
mass of the sample during the heating and found that
the mass of trehalose does not change. Therefore, we
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could conclude that the slope change of the Raman shift
must have been related to the intra-molecular structure
change of the trehalose molecule.

Figure 1b shows the Raman spectra of sucrose at tem-
peratures ranging from 60 �C to 150 �C. Each spectrum
was fitted to five Lorentzian functions (S1–S5) and the
origins of the five peaks were the C–O stretching + C–C
stretching (S1), C–O stretching + C–C stretch-
ing + Ring (S2), C–O stretching + Ring (S3), C–O
stretching (S4), and CCH bending + Ring (S5) vibra-
tional modes, respectively.40,43 In the case of sucrose,
peaks S1 and S4 corresponded to the vibrational modes
of the glycosidic bond. Figures 4a–e show the five tem-
perature dependent Raman modes in sucrose. In Figures
4a and d, the slope of the Raman shift in peaks S1 and
S4 changed at temperatures around 120 �C. This was
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Figure 4. The temperature dependent Raman shifts in sucrose at temperature
C–O stretching + C–C stretching (S1), (b) C–O stretching + C–C stretching
and (e) CCH bending + Ring (S5) vibrational modes. The solid lines in (b),
very similar to the temperature dependent Raman shift
of the glycosidic bond of trehalose (peaks T3 and T4).

The Raman shifts of peaks S2, S3, and S5 changed
monotonically with increasing temperature as shown
in Figures 4b, c and e. However, as we can see in Figure
4c, the slope of Raman shifts of peak S3 is positive. The
Raman shift usually decreased with increasing tempera-
ture due to a thermal expansion of material,50 and,
therefore, the increase of Raman shift in Figure 4c is
an unusual process. It could be attributed to a reduction
in the volume of the sucrose crystal, which, however, has
never been observed. Alternatively, we may speculate
that this increase of Raman shift of sucrose must be
related to some molecular structure change that deserves
further attention by other structural methods (diffrac-
tion and solid state NMR). The temperature dependent
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Raman shift of Figures 4a–e could be fitted by a linear
regression within the error bars. However, the quality
of fitting of Figures 4a and d by the linear regression
is not as good as that by the fitting method used in other
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Figure 5. The temperature dependent Raman shifts in maltose at temperatur
(a) C–O stretching (M1), (b) C–O stretching + C–C stretching (M2), (c
stretching + COH bending + Ring (M4), (e) C–O stretching + CCH bending
stretching + CCH bending + Ring (M7) vibrational modes. The solid lines a
data analysis. Therefore, we concluded that the slope of
the temperature-dependent Raman shift of the gly-
cosidic bond of sucrose in Figures 4a and d changed
at temperatures around 120 �C.
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Table 1. The slope of temperature dependent Raman shifts in
trehalose, sucrose, and maltose (GB: glycosidic bond)

Trehalose
(non-reducing)

T1: �0.046 ± 0.009
T2: �0.044 ± 0.004
T3: �0.026 ± 0.001?�0.003 ± 0.002 (GB)
T4: �0.022 ± 0.0008?+0.001 ± 0.001 (GB)

Sucrose
(non-reducing)

S1: �0.008 ± 0.0004?�0.024 ± 0.002 (GB)
S2: �0.002 ± 0.001
S3: +0.036 ± 0.005
S4: �0.002 ± 0.0001?�0.004 ± 0.0004 (GB)
S5: �0.016 ± 0.001

Maltose
(reducing)

M1: �0.024 ± 0.013
M2: �0.009 ± 0.014
M3: +0.076 ± 0.032
M4: +0.006 ± 0.011
M5: �0.015 ± 0.001
M6: �0.019 ± 0.004 (GB)
M7: �0.002 ± 0.001

The arrows indicate the change of slope of the temperature dependent
Raman mode of GB.
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The slope of the temperature dependent Raman shift
of the glycosidic bonds in trehalose (peaks T3 and T4)
and sucrose (peaks S1 and S4) changed at the same tem-
perature of 120 �C. There are several possible causes for
the change in the glycosidic bond structure, such as a
broken linkage structure, a bond length change, or a
bond angle change. We can disregard the broken linkage
structure in this study because the temperature of 120 �C
is much lower than the melting temperatures of treha-
lose (213 �C) and sucrose (185–187 �C). Therefore, we
believe that the glycosidic bonds are fairly stable at tem-
peratures around 120 �C.44 We only considered bond
length and angle changes as possible causes of the struc-
tural change. In the case of the bond angle change, both
the dihedral angle and torsional angle changes seem to
be possible.

The Raman spectra of maltose, at temperatures rang-
ing from 30 �C to 120 �C, are shown in Figure 1c. Each
Raman spectrum of maltose was fitted to seven Lorent-
zian functions (M1–M7) and the origins of those peaks
were the C–O stretching (M1), C–O stretching + C–C
stretching (M2), C–O stretching + C–C stretching
+ COH bending (M3), C–O stretching + COH bending
+ Ring (M4), C–O stretching + CCH bending + Ring
(M5), C–O stretching (M6), and C–O stretching + C–
C stretching + CCH bending + Ring (M7) vibrational
modes, respectively.45,46 The Raman shifts of all seven
peaks changed monotonically with increasing tempera-
ture as shown in Figures 5a–g. The peak M6 corre-
sponds to the vibrational mode of the glycosidic bond
in the maltose. As mentioned earlier, the slope of tem-
perature dependent Raman shifts of the glycosidic bond
in trehalose and sucrose changed at the same tempera-
ture of 120 �C. On the other hand, in the case of malt-
ose, we could not observe any structural changes in
the glycosidic bond in the temperature range used in this
study. There is a possibility that the structure of the gly-
cosidic bond in maltose can also be changed at temper-
atures around 120 �C. However, we could not measure
the Raman spectra of maltose over the melting temper-
ature because the maltose rapidly changed into a cara-
mel at temperatures around the melting temperature
(the melting temperature of maltose is known to be
120–140 �C).

We estimated the slope of the temperature dependent
Raman shift, and the results are shown in Table 1. As
mentioned before, the slope of the temperature depen-
dent Raman shifts of the glycosidic bond in trehalose
(peaks T3 and T4) and sucrose (peaks S1 and S4) chan-
ged at the temperature of 120 �C, but the trends of the
slope changes were different. As we can see in Figures
2c and d, the Raman shifts of the glycosidic bond in tre-
halose were temperature independent at temperatures
above 120 �C. On the other hand, as we can observe in
Figures 4a and d, the temperature dependence of the
Raman shifts of the glycosidic bond in sucrose became
stronger at temperatures above 120 �C. Therefore, the
absolute value of the slope of the temperature dependent
Raman shifts in trehalose decreased, but that of sucrose
increased above 120 �C. At temperatures below 120 �C,
the absolute value of the slope of peaks T3 and T4 in
trehalose showed the highest value. This indicates that
the glycosidic bond in the trehalose had the strongest
temperature dependence. There are several studies con-
necting the flexibilities of the a,a-(1?1)-glycosidic linkage
in trehalose that could be important clues in explaining
its biological functions.34–36 In this study, we found the
largest temperature dependence of the vibrational
modes of the glycosidic bond in trehalose. There are sev-
eral publications that already indicated a higher flexibil-
ity of glycosidic bond in trehalose with respect to
maltose and sucrose.47–49 Our finding also indicates that
the glycosidic bond of trehalose molecule was more flex-
ible than that of sucrose and maltose. The flexibility of
disaccharide could be related to the bio-protection
mechanism because the higher flexibility provides better
interaction between the disaccharide and the head group
of the phospholipid in the biological cells.

The deviations from the expected linear negative
dependence of Raman shifts with the temperature will
surely deserve more work. Not only other simple reduc-
ing but also non reducing O-methylated disaccharides
and cyclodextrins will have to be investigated. Further-
more, some more structural studies in the temperature
range investigated here will possibly provide evidence
for the hypotheses suggested by the present work.
4. Conclusion

We studied the Raman modes of trehalose, maltose, and
sucrose at wavenumbers ranging from 1000 cm�1 to
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1200 cm�1. We found that the slope of the temperature
dependent Raman shift of the glycosidic bond in treha-
lose (peaks T3 and T4) and sucrose (peaks S1 and S4)
changed at temperatures around 120 �C. This indicated
that the change of the glycosidic bond was possibly
due to a change in bond length or bond angle (dihedral
and torsional angles). However, we could not find any
slope change of temperature dependent Raman shift in
maltose because the melting temperature of maltose is
around 120 �C. At temperatures below 120 �C, the
Raman shift of vibrational modes of the glycosidic bond
in trehalose showed the largest temperature dependence
among the three disaccharides.
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