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SCIENTIFIC REPLIRTS

Unexpected Crossover in the
kinetics of mutarotation in the
supercooled region: the role of
e H-bonds
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ublished ontine are K. Wolnica®?, M. Dulski*3, E. Kaminska“, M. Tarnacka®?, R. Wrzalik¥2, W. E Smiszek-Lindert*,

K. Kaminski2 & M. Paluch®2

Intra- and intermolecular studies on the molten L-sorbose have been carried out at variable temperature
conditions to determine the crosover temperature (T,). In addition, isothermal time-dependent

FTIR and Raman measurements were performed to probe the pace of mutarotation and activation
energy of this reaction in the studied saccharide, which varied from 53-62 kJ/mol up to 177-192 kJ/mol
below and above T, respectively. To explain the change in activation barrier for the mutarotation a
complementary analysis using difference FTIR spectra collected around T,=365K in the hydroxyl region
has been done. It was found that the alteration of kinetic parameters and molecular dynamics around T,
are strictly related to the variation in the strength of H-bonds which above T, are significantly weaken,
increasing the freedom of rotation of functional groups and movement of individual molecules. That
phenomenon most likely affects the proton transfer, underlying molecular mechanism of mutarotation,
which may lead to the significant increase in activation barrier. The new insight into a molecular aspect
of the mutarotation around T_has created an opportunity to better understanding the relationship
between physics of condensed matter and the potential role of H-bonds dynamics on the progress of
the chemical reaction in highly viscous systems.

The phenomenon of crossover temperature (T;) in molecular dynamics, that in common view marks the onset
of the cooperative dynamics, has been studied intensively in the past. The first reports touching this issue began
in the ‘60 s when Goldstein postulated that the change in dynamics from the liquid like to viscous flow driven by
over-barrier relaxation should occur around 7,2~ 10~ s'. Further studies by Novikov et al.? have shown that for
most systems, including those that are covalent, hydrogen bonding, ionic, molecular, polymeric, the crossover
temperature (T,~ 1.2 T,) corresponds roughly to the structural relaxation times 7,/ 10~7-10". Similar conclu-
sions were also derived by Boyer in case of polymers. The authors claimed that at higher temperature there might
be the 3™ order liquid to liquid transition*. It should be stressed that very important progress in this field was
done with the development of the Mode-Coupling Theory (MCT)>® that provides a quantitative description of
the dynamics of simple dense liquids around the triple point as well as the cage dynamics. One can mention that
this theory predicts the existence of critical temperature (T,), where the change from a liquid-like to solid-like
dynamics occurs. Interestingly, further numerous studies with the use of various experimental techniques carried
out on different materials showed unquestionably that T is rather a universal feature of supercooled liquids’'°.
It was also found that in the vicinity of this point, there is a decoupling between various physical quantities, such
as conductivity, diffusion, viscosity or structural relaxation times''~'>. Moreover, in many cases, the splitting of
the global and local relaxation processes identified as structural and secondary relaxation modes is noted. In this
context, one can recall papers by Kremer et al. who investigated the dynamics of simple glass formers by means
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The reaction
a~L-sorbofuranose probed by p-L-sorbofuranose

Raman and infrared

a~L-sorbopyranose B-L-sorbopyranose

Figure 1. The various possible isomers of L-sorbose appearing during the mutarotation. The linear
conformation is a transitional state with negligible lifetime and concentration at any time scale of the
experiments. The color of balls is corresponding to suitable atoms: red: oxygen, light gray: carbon, dark gray:
hydrogen.

of FTIR and BDS spectroscopies'®'®. They demonstrated that in the temperature range (T~ 1.2 T,), where the
structural and local processes merge, a clear change in intramolecular mobility can be detected.

Interestingly, over the years only physical and dynamical properties of the soft matter around T have been
mainly studied. On the other hand, the impact of crossover in dynamics (T,) on the progress of chemical reactions
has not been tested so far. It was related to the fact that generally reactions are carried out in a solvent, in systems
of low viscosity, to make any chemical conversion very fast and effective. The main motivation of this work is to
fill that gap and study the progress of chemical conversion around the crossover temperature. For that purpose,
a model chemical reaction, mutarotation in L-sorbose, has been investigated around T.. Briefly, mutarotation is
due to the equilibration between various forms of the analyzed saccharide, such as o, 3 - pyranose (hexose), o, 3
-furanose (pentose) or open chain conformations (Fig. 1). The reaction begins as soon as the crystal structure of
given saccharide is destroyed.

Although the progress and kinetics of this reaction have been studied since 1846, when Dubrunfaut' dis-
covered it, still, new data and experimental finding are coming out that contribute to revisiting current models
describing mutarotation. In this context one can remind very recent studies on pure supercooled saccharides
demonstrating that the progress of mutarotation in solid state is much different than the kinetics of the reaction
carried out in various solvents?*-%°. It is well-manifested in the two times higher activation barrier and sigmoidal
shape of the kinetic curves?'. Such differences are linked to the various mechanisms of the reaction which are
probably strongly correlated with the structural modification related to the inter- and intramolecular H-bond
scheme, further affecting the proton transfer in the system.

To investigate the progress of mutarotation in the solid state around T;, FTIR, Raman, and broadband die-
lectric spectroscopies were used?’-%. It is worth to mention that polarimetry, which is well established historical
method to study mutarotation fails and can not be applied to probe the progress of this chemical conversion in
the supercooled highly viscous regime. Application of mentioned above methods enabled us to determine the
crossover temperature, dynamics of L-sorbose, progress of mutarotation, as well as analysis of the H-bond pat-
tern above and below T in this saccharide. Combination of the data obtained from various techniques allowed
to assign unexpected change in the kinetics of mutarotation around T; to the variation in dynamics and strength
of H-bonds.

Results and Discussion
Dielectric loss spectra obtained for neat molten L-sorbose at various temperatures are presented in Fig. 2. Above
Tg, one can observe the structural or a-relaxation process assigned to the cooperative motions of molecules,
which is considered to be responsible for the viscous flow and the liquid-to-glass transition. This process is gener-
ally characterized by the non-Arrhenius temperature dependence of relaxation times above T,

In the glassy state (below T), additional relaxation processes can be detected, termed as secondary relaxa-
tions (usually named as 3, v, 6, ...), referring to different local motions of dipole active parts of molecules. In
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Figure 2. (A) Dielectric loss spectra measured for L-sorbose in the vicinity and above T,. (B) Temperature
dependence of the structural (o) and secondary () relaxation times. Solid and dashed lines represent VFT and
Arrhenius fits, respectively.

L-sorbose one can see two secondary processes (3 and «). The slower one (3) (not analyzed herein) is visible as an
excess wing on the high-frequency tail of the a-relaxation, while at higher frequencies a well resolved -loss peak
appears. Recently, molecular origin of this process has been identified to be associated with librational motions
of exocyclic methylene units®.

In order to evaluate the dynamics of a- and y-relaxation processes in L-sorbose, the dielectric loss spectra
were fitted to the superposition of two Havriliak-Negami (HN) functions® with an additional term describing the
dc conductivity contribution (see Fig. 2A):

!

Gde_ Ae

"_ +
() gw (14 (ierN)a)ﬂ “oa (1)

where « and (3 are the shape parameters representing the symmetric and asymmetric broadening of given relaxa-
tion peaks, Ac is the dielectric relaxation strength, 7y is the HN relaxation time, and w is an angular frequency
(o = 2xf). Then, using well-known protocol®?, 7,, and T, were calculated from 7y and plotted vs reciprocal tem-
perature in Fig. 2B. Next, we used the Vogel-Fulcher-Tammann (VFT) and Arrhenius equations to fit the depend-
ences of the structural relaxation time of alpha, 7,,(T), and gamma, 7.(T), processes, respectively. The applied VFT
function is defined as follows:

T, = Tooexp[—DT% ]

=T )
where 7,,, Dy and T are parameters determined by fitting to the experimental data. Consequently, both the glass
transition temperature (T, =293 K) and activation barrier (E, = 45.6k]J/mol) for the v-relaxation process were
calculated. It should be noted that T, was defined as a temperature at which structural relaxation time is equal to
100ss. Interestingly, similar values of the glass transition temperatures and the activation barriers for the second-
ary relaxation have been reported for other monosaccharides®.

We wish to emphasize again that o and y relaxation processes tend to merge at some temperature, as it can be
observed in Fig. 2. By the extrapolation of the Arrhenius fits to higher temperatures, one can estimate the value
of splitting temperature (T, = 365 K). Interestingly, this temperature corresponds to the structural relaxation time
log (7,,) &~ —9.00. Accordingly to the data reported for various glass formers, indicating T, to occur within the
range between 7, =10""-10"° (log(7,) ~ —7.00 to —9.00), one can suppose that we found a crossover in dynam-
ics of L-sorbose.

Recent reports by the group of Kremer'*'® also demonstrated that the splitting of the structural and second-
ary relaxation processes at T, is very often accompanied by the change in intramolecular dynamics. Therefore, to
address this issue additional temperature-dependent FTIR measurements above and below T, were carried out
to follow intramolecular dynamics in L-sorbose. As can be seen in Fig. 3A-C, the position, and intensity of some
bands in the studied herein carbohydrate are permanently changing with the increase of temperature. To explain
this more precisely, theoretical calculations were performed to assign the vibrations of individual fragments to
the bands observed in the experimental infrared spectrum. Considering band assignments and data reported pre-
viously by Kossack et al.?® or Dulski et al.** for other monosaccharides, i.e., L-fucose or D-fructose, a few experi-
mental bands obtained due to the fitting of the infrared spectrum using the Voigt function, have been found. They
are assigned to the vibrational modes of OH (v (o) =3375cm ") and CCO groups within the carbohydrate rings
(Vccoy = 1036, 885, 815 cm ™), which in view of the paper by Kossack et al.?® provide the most important infor-
mation about intramolecular dynamics in saccharides®. It is worth to note that due to overlapping of the band at
1036 cm ™! with the other ones we carried out analysis of the bands at 885 and 815 cm™! which are well-separated

16-18
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Figure 3. (A) FTIR spectra of L-sorbose measured in the temperature range T'=313 <453 K. Clear changes

in a peak position ascribed to the OH group and C-CO bands can be observed. (B,C) Changes of CCO and

OH band positions as well as integral intensities versus temperature. Points of characteristic changes have been
marked with the blue arrow at around T'= 365K and with the green arrow at around T=415K (the temperature
of saccharide’s caramelization).

and may be assigned mainly to only one type of vibration. The integral intensities (I), as well as their position
(V,ax) are changing significantly with the temperature. More precisely, the bands at 885 and 815 cm™! are shifted
towards lower wavenumbers, while the band at 3375 cm™! is shifted towards higher wavenumbers with increasing
temperature (Fig. 3). Integrated intensity values for CCO bands returned similar characteristics, wherein the
opposite trend was found in the case of the OH band. To explain this behavior, Kossack et al.?® have reported
that CCO bonds may tend to shorten probably due to stronger molecular interaction or atom rearrangement
within the saccharide ring. In turn, disrupting of the inter- and intramolecular H-bonding pattern results from
the increase of the distance between oxygen and hydrogen atoms upon temperature growth (Fig. 3). One can
add that integrated intensity (I) values of each analyzed band decrease with increasing temperature, originating
from the system dynamics and molecular rearrangement. What is more, the analysis of v,,,, and I revealed more
or less visible kink in temperature dependences at T~ 365K, indicating a change in the dynamics in L-sorbose
resulted from inter- and intramolecular rearrangement. This temperature corresponds very well to the T evalu-
ated from previously obtained dielectric data. Similar observations, but without special explanation, have been
also reported by Kaminski ef al.* and the group of Kremer!”'8. Such correspondence between intra- and inter-
molecular dynamics was found much above the glass transition temperature (T~ 1.2 T,). Therefore, this is further
evidence that around T=365K there is a crossover in dynamics of L-sorbose.

Having in mind the results of inter- and intramolecular investigations performed with the use of BDS and
FTIR techniques, we decided to examine experimentally the progress of mutarotation in the supercooled state,
both above and below the T.. Recently, many articles on the monitoring of mutarotation in the vicinity of the
glass transition temperature with the use of dielectric spectroscopy have been published?!-2#2¢36, In these papers,
it was reported that the changes in dielectric spectra get much smaller and are barely detectable with increasing
temperature. Furthermore, a reaction becomes so fast that BDS method cannot be used to monitor it. Therefore,
to overcome this problem we applied FTIR and Raman spectroscopies to follow the kinetics of this canonical
chemical conversion. It is worth adding that Kossack et al.?, Dulski et al.** and Dujardin et al.”” demonstrated
separately that these techniques are capable to study mutarotation process in the supercooled state in highly
viscous saccharides.

Therefore, a systematic infrared and Raman measurements have been carried out to study the progress of
mutarotation in L-sorbose around T.. Although both spectroscopic methods yielded complementary information
and returned very similar results on the progress of mutarotation, several clear advantages of Raman technique
over Infrared one appeared. The first one is related to the time of accumulation of a single spectrum and some
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Figure 4. Comparison of experimental Raman spectra of molten L-sorbose in the region of 1300-700 cm™!
(dark pink for the first spectrum in series and pink for the last spectrum in series) measured at ambient
temperature with theoretical data calculated for o, 3 - sorbofuranose and o, (3 - sorbopyranose isomers obtained
at DFT/B3LYP/6-311++ (2d, 2p) levels of theory (blue lines).

delay appearing during the data acquisition in case of the latter technique. On the other hand, Raman spectros-
copy enables much faster data acquisition due to the implementation of the fast scan option in the software.
Hence, infrared spectroscopy provides data collection in the second time-scale while Raman technique ensures
millisecond time of acquisition of a single spectrum. Additionally, it should be mentioned that the bands in the
Raman spectrum are much better separated from each other. Consequently, assignments of molecular vibration
to a given band and the analysis of a variety of integral intensities are much easier to perform. Mainly due to the
discussed reasons, in the further part of this paper, a greater attention will be focused on the results obtained from
Raman measurements.

Hence, similar to FTIR investigations, the experimental Raman spectra were compared to the ones obtained
from theoretical calculations - Fig. 4 (the same procedure was performed by Wolnica et al. for D-fructose®).
This simple approach enabled to identify the bands originating from the vibrations occurring within various
isomers of L-sorbose. One can find that bands at 726/790, 903/876, 994/981, 1080/1036 cm ! (Raman/FTIR) and
822/815,910/900, 1010/1006, 1020/1011 cm™' (Raman/FTIR) may originate from the vibration of either a- or 8-
L-sorbofuranose or L-sorbopyranose, respectively (Table 1). However, according to greater or smaller contribu-
tion of various molecular configurations, it is difficult to find only one experimental single marker band that can
be assigned to solely one 5- or 6-membered ring isomer of this saccharide?. On the other hand, the correlation
between theoretical and experimental assignments allowed tracking the conversion between o and (3 isomers,
while the transformation between pyranose and furanose was subjected to a too high degree of uncertainty and
required further confirmation by other techniques (Fig. 4). For greater certainty, additional calculations on four
different systems composed of various populations of a and (3 isomers of sorbofuranose and sorbopyranose have
been carried out (data not shown). The great advantage of this method was a determination of the concentration
of given isomer of L-sorbose and reconstruction of the evolution of experimental spectrum measured during the
reaction. At first glance, no significant change in the population of furanose and pyranose forms of L-sorbose dur-
ing the reaction in the studied temperature range has been observed. However, theoretical integral intensities (I)
associated to vibrational modes of CC bond of 8 isomer (bands at 822, 1020 cm™!) are slightly higher than those
of o isomer (bands at 903, 994 cm™!) at the beginning of the process and tend to change with reaction. A similar
observation has been found for the infrared analysis and bands centered at 815, 1011 cm™! (3 isomer) and at 876,
981 cm ! («visomer). Comparison between experimental Raman or infrared spectra obtained at different times of
mutarotation with the ones calculated theoretically for various models enabled to detect the decrease and increase
of integral intensities of bands of 3- and - isomers suggesting 3-isomer consumption upon mutarotation.

Taking into account above considerations, the isothermal kinetics curves obtained from the time-dependent
analysis of integrated intensity of well-separated band at 822 cm™! (Raman) or at 815cm ™! (FTIR) (Fig. 5A,B)
for the measurements carried out in the following temperature range: 330-380 K have been constructed.
Interestingly, they follow exponential character characteristic for the first-order reactions (data not shown). The
data were further fitted using the first-order kinetic equation:
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790 726 V(CCO)*, §(CH,) §(OH), 8(CH,) V(CCO)*, §(CH),
815 822 v(CCO)*, §CH), | §(CH), §(OH) v(CCO)*, §(CH),
876 903 §(CH,), §(OH) g((gg()’)* 8(CH),
2
¥(CC), §(CH), V(CCO)*, §(CH,),
900 910 8(CH,) 6(OH) '

V(CCO)*, §(CH,),

930 949 5(0H)

§(CH), §(CH,)

v(CCO)*, §(CH),

981 994 5(OH)

§(CH,), 5(OH)

1006|1010 | 8(CH,), §(OH) V(CCO)™, S(CHy),

§(OH)
1011|1020 V(CCO)*, §(OH) g((gg)))*’ 8(CH),
1036|1080 | v(CCO)*, 5(0H) §(CH,), 5(OH) §(CHL), 5(OH) §(CHy), 5(OH)
3322 3380 v(OH) v(OH) v(OH) v(OH)

Table 1. Theoretical assignments to the bands observed on the FTIR and Raman spectra presented in Fig. 5,
where individual nature of vibrational mode was depicted as v - stretching, 6 - deformation; (CCO)* refers to
the saccharide ring?’.
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Figure 5. Representation of time-depended evolution of pure L-sorbose infrared (A) and Raman (B) spectra
with markers (red solid lines) of band originating from a-ring vibration (Vppr =815 cm ™, Upaman = 822cm™")
of L-sorbose. Determination of constant rates at different temperatures by plotting the time dependence of
In(I,, — I)/A, where L, is the final (equilibrium) value of integral intensity from plateau region of kinetics curves,
Iis the integral intensity at a given time and A is the amplitude of the I signal for single band in the case of
infrared (C) and Raman (D) studies. All data were re-scaled according to the procedure adopted from Wolnica
et al.®. (E) Time dependence of log(k) obtained from FTIR (green triangles) and Raman (blue squares). Solid
lines represent Arrhenius fits. Obtained activation barriers for mutarotation of pure L-sorbose with standard
deviations were also included.

I=Aexp(—kt) + C (3)

where I'is a given integral intensity, k is a constant rate and Cis a constant. Additionally, so-obtained results were
recalculated using the formula given as In[(I,, — I)/A] and plotted vs. time, where I, I, and A denote the integral
intensity at given time of reaction, the equilibrium value of I from plateau region and the amplitude of I variation,
respectively. Presented dependencies that can be well described by a linear function with the slope identified as
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Figure 6. (A) General changes within a shift of the OH band position and FWHM (full width at half
maximum) during the temperature-dependent experiment. (B) The difference spectra analysis of the process
performed at selected temperatures: 360 K (below T.), 365K (T,), 370K (above T,) over time (for representative
spectra only).

a constant rate (k) of consumption of 3 isomer of L-sorbose (see Fig. 5C,D) confirmed the first-order kinetic
character of the process.

Next, log(k) were plotted as a function of inverse temperature in Fig. 5E and fitted to the Arrhenius equation
to calculate the activation barrier of the mutarotation reaction:

_ B
k= kOeXP[RT ] @

where k, is a pre-exponential factor, E, is an activation energy and R is the universal gas constant. The rates deter-
mined from the analysis of integral intensities of FTIR and Raman bands are depicted in Fig. 5E. As can be seen,
there is a clearly visible kink in the temperature dependence of log(k). Interestingly, such change in constant rates
is observed at temperature T~ 365 K that corresponds to the T, which was earlier determined from the inter- and
intramolecular investigations with the use of BDS and FTIR spectroscopies. Moreover, the activation barrier
varies from E, = 53-62kJ/mol to 177-192k]J/mol for measurements carried out below and above T, respectively
(Fig. 5E). This is a quite unexpected result that cannot be explained on the chemical ground. In this context, it
should be stressed that generally chemical conversions are described with the use of a single activation energy. It
is surely related to the fact that in most cases chemical reactions are carried out in various solvents in low viscosity
systems at the relatively narrow range of temperatures.

To understand more precisely the origin of the crossover in the kinetics of mutarotation in L-sorbose, an
additional FTIR analysis with the special attention put on the 3000-3600 cm ™ region has been performed. The
procedure was carried out from two perspectives: the first one is strictly related to the temperature effect on the
population of the hydrogen bonds, while the second one is connected to the variation in these specific interac-
tions upon mutarotation carried out above and below the crossover temperature.

As described previously, an increase in temperature is accompanied by the shift of the OH band position
towards higher wavenumbers (around 100 cm™!) as well as lowering the FWHM (full width at half maximum)
(Fig. 6A). These observations suggest a change in dynamics and strength of H-bonds which become more sig-
nificant above T=365K. It is surely related to faster rearrangement in the distribution of hydrogen bonds in
relation to more viscous and dense system in the vicinity of the glass transition temperature or below T.. On
the other hand, the difference spectra analysis obtained for the data collected during mutarotation above and
below T, (T=360, 365, 370K; Fig. 6B) revealed quite important information about the variation in population
and strength of H-bonds. It is worth to mention that this type of data treatment relies on the subtraction of the
initial spectra from all of the following in series (difference spectra=FTIR/FTIR,, where i=2, 3, 4,...)*. It was
found that for the reaction carried out below T,, the maximum of OH band at ~3334cm™! and two minimums
centered about 3600 and 3250 cm ™! are practically not affected by the progress of the reaction. It is especially well
visible looking more closely at the intensity and FWHM value of such bands which change only slightly over
time. This can be an evidence that in the analyzed systems the weak H-bonds are built as a result of (i) transfor-
mation of a medium hydrogen bonding, (ii) dynamics of the system and (iii) molecular movements of primarily
observed non-hydrogen bonding groups (Fig. 6B). In the case of the reaction carried out above T, (T > 365K),
the time-dependent measurements revealed that the center of vy, band is shifted towards higher wavenumbers
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about ~144 cm™! with respect to the band observed below T, (Fig. 6B). Additionally, the intensity of this band
becomes relatively low resulting in the formation of weaker H-bonds scheme or even formation of non-hydrogen
bonding moieties. A weakening of H-bonding pattern visible above T, might be correlated with the fast move-
ment of molecules due to high thermal energy delivered to the system. Consequently, the proton transfer might
be most likely affected leading to significant increase in the activation barrier at T..

Conclusion

Inter- and intramolecular dynamics of L-sorbose has been investigated in a wide temperature range. We found
that at around T'= 365K there is a splitting of structural («) and ~-relaxations which are also accompanied by
the change in intramolecular dynamics. In this way, the crossover temperature (T,), separating the liquid-like
from the solid-like dynamics was determined. Furthermore, studies on mutarotation of L-sorbose with the use
of FTIR and Raman spectroscopies were carried out. As support, we performed additional theoretical calcula-
tions to assign observed bands to the molecular vibrations in various isomers of carbohydrate and determine the
direction of mutarotation. From our data, it is clear that upon reaction a-isomers are formed at the expense of the
B ones. It is worth to mention that in this paper we were just focused on the 3 — « interconversion in L-sorbose.
Unexpectedly, it was found that exactly at T, there is a clear change in the pace of reaction as well as activation
barrier for the mutarotation. Such a dramatic change cannot be explained from the chemical point of view. In
this context, it is worthwhile to add that usually the progress of this canonical reaction is described with the use
of a single activation barrier. Results presented herein indicated unquestionably that the change in dynamics,
marking the beginning of the cooperative motions, accompanied by the change in the strength as well dynamics
of H-bonds, has a serious influence on the progress of mutarotation. Our investigations can be used to better
understand the physics of condensed matter as well as the role of H-bonds in controlling mutarotation in the
supercooled state in pure saccharide.

Methods
L-sorbose (>99% purity) was supplied by Sigma Aldrich and used as received. Dielectric measurements were
performed using Novocontrol Alpha analyzer in the frequency range from 102 to 10°Hz.

Moreover, FTIR and Raman spectroscopies were used to follow molecular rearrangement during mutaro-
tation in a wide temperature range. The FTIR investigations were carried out using an Agilent Cary 640 FTIR
spectrometer and GladiATR accessory (Pike Technologies) in the 4000-400 cm ™' range and 2 cm ™! spectral res-
olution. Raman measurements were performed using WITec confocal Raman microscope CRM alpha 300 M
equipped with a solid-state laser (A =532 nm). Time-series spectra were accumulated in the 4000-120 cm™!
region, with a spectral resolution of 3cm ™.

Quantum mechanical calculations were applied to resolve the problem of band assignments of individual
isomers. Density functional theory (DFT) level calculations were done in the gas phase®” - using B3LYP func-
tional**~** and standard split-valence basis sets 6-3114++G(2d,2p)**. Gaussian09 software package*® were used to
optimization of the geometry of molecular structures. The optimized structures were taken as input files for vibra-
tional harmonic calculations. All conformers had positive harmonic vibrations proving a true energy minimum®.
The theoretical methods overestimate vibrational frequencies due to neglecting the anharmonicity, incomplete
incorporation of the electron correlation and the use of finite basis sets in the theoretical treatment. Therefore,
the spectra were adjusted by a scale factor of 0.976*. Theoretical Raman intensities (I;) were obtained from the
calculated Raman scattering activities (S;) based on the expression:

I— 107 2@y, — 1)*s;
l v;B; (5)

where B, is a temperature factor, which accounts for the intensity contribution of excited vibrational states and is
represented by the Boltzmann distribution:

Bi =1 — expﬂ
(kT)

>

(6)

where h, k, ¢, and T are Planck and Boltzmann constants, a speed of light and temperature in Kelvin, respectively;
v, is the frequency of the laser excitation line (v, = 1/, where )\ is the laser wavelength), v; is the frequency of
normal mode*>.

References

. Goldstein, M. Viscous Liquids and the Glass Transition: A Potential Energy Barrier Picture. J. Chem. Phys. 51, 3728-3739 (1969).

2. Novikov, V. N. & Sokolov, A. P. Universality of the dynamic crossover in glass-forming liquids: a ‘magic’ relaxation time. Phys. Rev.
E Stat. Nonlin. Soft Matter Phys. 67, 031507 (2003).

3. Boyer, R. E. & Miller, R. L. Correlation of liquid-state compressibility and bulk modulus with cross-sectional area per polymer chain.
Macromolecules 17, 365-369 (1984).

4. Boyer, R. F. Contributions of torsional braid analysis to Tu. Polym. Eng. Sci. 19, 732-748 (1979).

5. Gotze, W. & Sjogren, L. Relaxation processes in supercooled liquids. Rep. Prog. Phys. 55, 241 (1992).

6

7

—_

. Gotze, W. Recent tests of the mode-coupling theory for glassy dynamics. J. Phys. Condens. Matter 11, A1 (1999).
. Sibik, J., Elliott, S. R. & Zeitler, J. A. Thermal Decoupling of Molecular-Relaxation Processes from the Vibrational Density of States
at Terahertz Frequencies in Supercooled Hydrogen-Bonded Liquids. J. Phys. Chem. Lett. 5, 1968-1972 (2014).
8. Hinze, G., Brace, D. D., Gottke, S. D. & Fayer, null. Orientational dynamics in supercooled liquids near T(c) and comparison with
ideal mode-coupling theory. Phys. Rev. Lett. 84, 2437-2440 (2000).
9. Kob, W. & Andersen, H. C. Testing mode-coupling theory for a supercooled binary Lennard-Jones mixture. II. Intermediate
scattering function and dynamic susceptibility. Phys. Rev. E 52, 4134-4153 (1995).

SCIENTIFICREPORTS| (2018) 8:5312 | DOI:10.1038/s41598-018-23117-8 8



www.nature.com/scientificreports/

13.

14.
15.

16.
17.
18.

19.
20.

21.
22.
23.
24.
25.
26.

27.
28.

29.
30.
31.

32.
33.

34.
35.
36.
37.
. Parr, R. G. & Weitao, Y. Density-Functional Theory of Atoms and Molecules. (Oxford University Press, 1994).
39.
40.

41.
42.

43.
44,
45.
46.

47.

. Schonhals, A. Evidence for a universal crossover behaviour of the dynamic glass transition. EPL Europhys. Lett. 56, 815 (2001).
. Rossler, E. Indications for a change of diffusion mechanism in supercooled liquids. Phys. Rev. Lett. 65, 1595-1598 (1990).
. Swallen, S. E, Bonvallet, P. A., McMahon, R. J. & Ediger, M. D. Self-Diffusion of tris-Naphthylbenzene near the Glass Transition

Temperature. Phys. Rev. Lett. 90, 015901 (2003).

Masuhr, A., Waniuk, T. A., Busch, R. & Johnson, W. L. Time Scales for Viscous Flow, Atomic Transport, and Crystallization in the
Liquid and Supercooled Liquid States of Zr,; ,Ti 3 gCu,, sNijgoBe,, 5. Phys. Rev. Lett. 82,2290-2293 (1999).

Ngai, K. L. Relaxation and Diffusion in Complex Systems. (Springer Science & Business Media, 2011).

Sangoro, J. R. et al. Decoupling of ionic conductivity from structural dynamics in polymerized ionic liquids. Soft Matter 10,
3536-3540 (2014).

Papadopoulos, P., Kossack, W. & Kremer, F. Intra- and inter-molecular dynamics in glass-forming liquids. Soft Matter 9, 1600-1603
(2013).

Kipnusu, W. K. et al. The interplay between inter-and intra-molecular dynamics in a series of alkylcitrates. Soft Matter 9, 4681-4686
(2013).

Kipnusu, W. K. et al. Molecular Order and Dynamics of Tris(2-ethylhexyl)phosphate Confined in Uni-Directional Nanopores. Z.
Fiir Phys. Chem. 226, 797-805 (2012).

Dubrunfaut, A. P. Note sur quelques phénomeénes rotatoires et sur quelques propriétés des sucres. C. R. Acad. Sci. 23, 38 (1846).
Dujardin, N., Willart, N. J., Dudognon, E., Danéde, F. & Descamps, M. Mechanism of solid state amorphization of glucose upon
milling. J. Phys. Chem. B 117, 1437 (2012).

Wlodarczyk, P. et al. Identification of the slower secondary relaxation’s nature in maltose by means of theoretical and dielectric
studies. J. Chem. Phys. 131, 125103 (2009).

Wlodarczyk, P. et al. Kinetic processes in supercooled monosaccharides upon melting: Application of dielectric spectroscopy in the
mutarotation studies of D-ribose. J. Chem. Phys. 132, 195104 (2010).

Wlodarczyk, P. et al. Mechanism of mutarotation in supercooled liquid phase: Studies on L-sorbose. J. Chem. Phys. 137,
124504-124504 (2012).

Wlodarczyk, P., Paluch, M., Hawelek, L., Kaminski, K. & Pionteck, J. Studies on mechanism of reaction and density behavior during
anhydrous D-fructose mutarotation in the supercooled liquid state. J. Chem. Phys. 134, 175102 (2011).

Wang, Y., Wlodarczyk, P., Sokolov, A. P. & Paluch, M. Rheological Study of Mutarotation of Fructose in Anhydrous State. J. Phys.
Chem. B117, 1475 (2013).

Wlodarczyk, P., Cecotka, A., Adrjanowicz, K., Kaminski, K. & Paluch, M. Mutarotation in biologically important pure L-fucose and
its enantiomer. J. Phys. Condens. Matter Inst. Phys. J. 25, 375101 (2013).

Dujardin, N. ef al. Solid State Mutarotation of Glucose. J. Phys. Chem. B 115, 1698-1705 (2011).

Kossack, W. et al. The kinetics of mutarotation in L-fucose as monitored by dielectric and infrared spectroscopy. J. Chem. Phys. 140,
215101 (2014).

Wolnica, K. et al. A study on the progress of mutarotation above and below the Tg and the relationship between constant rates and
structural relaxation times. Phys. Chem. Chem. Phys. 19, 20949-20958 (2017).

Kaminski, K. et al. Origin of the Commonly Observed Secondary Relaxation Process in Saccharides. J. Phys. Chem. B 114,
11272-11281 (2010).

Havriliak, S. & Negami, S. A complex plane analysis of a-dispersions in some polymer systems. J. Polym. Sci. Part C Polym. Symp.
14, 99-117 (1966).

Kremer, E & Schonhals, A. Dielectric Relaxation Spectroscopy: Fundamentals and Applications; Springer: Berlin (2003).
Kaminski, K., Kaminska, E., Paluch, M., Ziolo, J. & Ngai, K. L. The True Johari—Goldstein 3-Relaxation of Monosaccharides. J. Phys.
Chem. B 110, 25045-25049 (2006).

Dulski, M. et al. Experimental (FTIR, BDS) and theoretical analysis of mutarotation Kinetics of D-fructose mixed with different
alcohols in the supercooled region. RSC Adv. 6, 57634-57646 (2016).

Kaminski, K. et al. Observation of the dynamics of clusters in D-glucose with the use of dielectric spectroscopy. Phys. Chem. Chem.
Phys. PCCP 12, 723-730 (2010).

Wlodarczyk, P., Paluch, M., Wlodarczyk, A. & Hyra, M. A mutarotation mechanism based on dual proton exchange in the
amorphous d -glucose. Phys. Chem. Chem. Phys. 16, 4694-4698 (2014).

Warren, J. H. et al. AB INITIO Molecular Orbital Theory (1989).

Dobson, J. E, Vignale, G. & Das, M. P. Electronic Density Functional Theory: Recent Progress and New Directions. (Springer Science
& Business Media, 2013).

Becke, A. D. Density-functional exchange-energy approximation with correct asymptotic behavior. Phys. Rev. A 38, 3098-3100
(1988).

Becke, A. D. Density-functional thermochemistry. III. The role of exact exchange. J. Chem. Phys. 98, 5648-5652 (1993).

Lee, C., Yang, W. & Parr, R. G. Development of the Colle-Salvetti correlation-energy formula into a functional of the electron density.
Phys. Rev. B Condens. Matter 37, 785-789 (1988).

Frisch, M. J. et al. Gaussian 09, Revision E.01 (Gaussian, Inc., Wallingford CT, 2009), (2009).

Michalska, D., Zierkiewicz, W., Bieriko, D. C., Wojciechowski, W. & Zeegers-Huyskens, T. “Troublesome’ Vibrations of Aromatic
Molecules in Second-Order Méller—Plesset and Density Functional Theory Calculations: Infrared Spectra of Phenol and Phenol-
OD Revisited. J. Phys. Chem. A 105, 8734-8739 (2001).

Michalska, D. & Wysokinski, R. The prediction of Raman spectra of platinum(II) anticancer drugs by density functional theory.
Chem. Phys. Lett. 403, 211-217 (2005).

Le Ru, E. & Etchegoin, P. Principles of Surface-enhanced Raman Spectroscopy and Related Plasmonic Effects, Elsevier Science,
Amsterdam (2009).

Infrared and Raman Characteristic Group Frequencies: Tables and Charts. 3rd ed By George Socrates (The University of West
London, Middlesex, U.K.). J. Wiley and Sons: Chichester. 2001. J. Am. Chem. Soc. 124, 1830-1830 (2002).

Acknowledgements
K.K. and M.T. are thankful for the financial support within Sonata 5 Bis project founded by Polish National
Science Centre (decision no DEC-2015/18/E/ST4/00320). E.K. and W.E.S.L. acknowledge support from Polish
National Science Centre based on the decision DEC-2016/22/E/NZ7/00266. This research was supported in part
by PL-Grid Infrastructure.

Author Contributions

K.W. had a contribution to the main text, performed FTIR and Raman analysis and prepared Figs 3, 4, 5, 6. M.D.
performed FTIR, Raman analysis and DFT calculations, prepared Figure 1, Table 1 and had a contribution to
the main text concerning FTIR, Raman, and theoretical analysis. M.T. performed BDS analysis and prepared

SCIENTIFICREPORTS| (2018) 8:5312 | DOI:10.1038/s41598-018-23117-8 9



www.nature.com/scientificreports/

Figure 2. W.E.S.-L. had contribution to the discussion about the role of H-bond. E.K. and K.K. wrote the main
manuscript text. R.-W. and M.P. helped during data interpretation and performed a substantive examination of
work.

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:5312 | DOI:10.1038/s41598-018-23117-8 10


http://creativecommons.org/licenses/by/4.0/

	Wolnica
	Wolnica
	Unexpected Crossover in the kinetics of mutarotation in the supercooled region: the role of H-bonds

	Results and Discussion

	Conclusion

	Methods

	Acknowledgements

	Figure 1 The various possible isomers of L-sorbose appearing during the mutarotation.
	Figure 2 (A) Dielectric loss spectra measured for L-sorbose in the vicinity and above Tg.
	﻿Figure 3 (A) FTIR spectra of L-sorbose measured in the temperature range T = 313 ÷ 453 K.
	Figure 4 Comparison of experimental Raman spectra of molten L-sorbose in the region of 1300–700 cm−1 (dark pink for the first spectrum in series and pink for the last spectrum in series) measured at ambient temperature with theoretical data calculated for
	﻿Figure 5 Representation of time-depended evolution of pure L-sorbose infrared (A) and Raman (B) spectra with markers (red solid lines) of band originating from α-ring vibration (υFTIR = 815 cm−1, υRaman = 822 cm−1) of L-sorbose.
	﻿Figure 6 (A) General changes within a shift of the OH band position and FWHM (full width at half maximum) during the temperature-dependent experiment.
	﻿Table 1 Theoretical assignments to the bands observed on the FTIR and Raman spectra presented in Fig.





