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Fourier Transform Infrared Spectroscopy and Broadband Dielectric Spectroscopy are combined to
trace kinetics of mutarotation in L-fucose. After quenching molten samples down to temperatures be-
tween 7= 313 K and 328 K, the concentrations of two anomeric species change according to a simple
exponential time dependence, as seen by an increase in absorbance of specific IR-vibrations. In con-
trast, the dielectric spectra reveal a slowing down of the structural («-) relaxation process according
to a stretched exponential time dependence (stretching exponent of 1.5 & 0.2). The rates of change in
the IR absorption for «- and B-fucopyranose are (at 7= 313 K) nearly one decade faster than that of
the intermolecular interactions as measured by the shift of the «-relaxation. This reflects the fact that
the a-relaxation monitors the equilibration at a mesoscopic length scale, resulting from fluctuations
in the anomeric composition. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4880718]

. INTRODUCTION

Saccharides are a huge family of compounds having nu-
merous applications mainly in the pharmaceutical and food
industry. Recent reports show that they can be used as en-
ergy supply in batteries or to stabilize the native structure
of proteins or labile Active Pharmaceutical Ingredients.'™
Carbohydrates also play a key role in many vital biophys-
ical processes.® These materials appear in a dynamic equi-
librium of different isomeric states: i.e., in different cyclic
or an open chain conformations.””!! The interconversion be-
tween these states, termed mutarotation by Dubrunfaut in
1846,'? is accompanied by a change of the specific opti-
cal rotation.® !> Within the crystalline state, saccharides ap-
pear in only one of the forms shown in Fig. 1.'*!5 But af-
ter melting or dissolving the crystallites, new isomers start
to form.”!%16 The kinetics of this reactions in solution and
the populations of the given tautomers in their dependence on
temperature, solvent, and other parameters have been studied
before by polarimetry,®° nuclear magnetic resonance,'®!'" 17
chromatography,'®2° and quantum chemical calculations.?!
For example, it was shown that the dielectric constant of
the used solvent influences significantly the population of the
anomers.>?" In solution mutarotation is fast and it is not pos-
sible to eliminate effects of the solvent on the mechanism
and speed of the reaction. And interestingly, recent studies
revealed that in the molten state mutarotation behaves quite
differently compared to its behavior in solution.'>?>’ In par-
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ticular, in molten fructose the kinetic curves exhibit a sig-
moidal shape and the activation barrier (E, ~ 100 kJ/mol) is
almost twice as high as in solution.?”> Furthermore, the ac-
tivation energies of saccharides of different structure differ
strongly (as in ribose:?> ~100 kJ/mol and sorbose:>* ~60
kJ/mol) proving the strong impact of structure and confor-
mation on the kinetics of mutarotation. By means of Raman
spectroscopy, Dujardin et al. recently investigated mutarota-
tion of anomerically pure glucose obtained from mechanical
milling.'?® They report a kink in the temperature depen-
dence of the rate constant of mutarotation occurring exactly
at the calorimetric glass transition temperature. This further
underlines the role of the overall structure and mobility on
tautomerization.

Another interesting report was published by Tombari
et al. showing that mutarotation can also take place in
crystals.'* They rationalized that the energy of the molecules
located close to lattice vacancies is high enough to trig-
ger isomerization. As a result, the newly formed tautomers
do not fit into the crystal geometry and instead create a
liquid-like region that starts to spread. Consequently, lig-
uefaction of crystals is observed well below the melting
temperature.

In this paper, mutarotation kinetics of L-fucose is on the
one hand monitored by broadband dielectric spectroscopy
(BDS). This technique is sensitive to changes of the mi-
croscopic dipole moments in particular their concentration
and mobility,> and hence can be used to follow the kinetics
of chemical reactions like the polymerization of resins and
others.>*3* On the other hand, Fourier Transform Infrared

© 2014 AIP Publishing LLC
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FIG. 1. Sketch of the various possible anomers of L-fucose. The linear con-
formation is a transitional state with negligible lifetime and concentration at
any time scale of the experiments.”*

spectroscopy (FTIR) is applied which specifically senses vi-
brational absorptions of different molecular moieties.”> By
this combination the kinetics of mutarotation is traced on
macroscopic and microscopic length scales, allowing deeper
insights into the specific pathways of this reaction and its im-
pact on macroscopic properties.

Il. EXPERIMENTAL

Anhydrous L-fucose of high purity (99%) was sup-
plied by Sigma Aldrich. Its possible anomeric forms are de-
picted in Fig. 1 together with the generally accepted reac-
tion path.”® For dielectric measurements (Alpha spectrom-
eter Novo-Control GmBH) the sugar powders are placed on a
steel plate, then melted at 7= 418 K, capped by an upper elec-
trode and quenched to ambient temperature. Then the sample
is placed in a cryostat and the target temperature is stabilized
(with 0.1 K accuracy) by the Quattro system (Novo-Control
GmBH) using dry nitrogen gas. Afterwards isothermal mea-
surements were performed every 10 min in a frequency range
of f=1-107 Hz (Fig. 2). For every temperature a new sample
was prepared. The obtained spectra are fitted by Havriliak-
N egami-functions36 to obtain the relaxation times, 7, of the
structural relaxation process.”’

Samples for FTIR measurements are prepared in the
same manner as described above but kept between BaF, win-
dows instead of metal electrodes. Spectra are collected at
variable rates (<12 spectra/min) at constant temperatures in
the range of 700-6000 cm~' and with a spectral resolution
of 2 cm™! using a Bio-Rad FTS-6000 spectrometer (Fig. 5).
Temperature is controlled by a Linkam THMS 600 heating
stage with an accuracy of about 0.1 K. No indications of ther-
mal or chemical degradation (caramelization) are observed in
the FTIR spectra collected upon melting, nor do any color
changes appear.

Additionally, 7-dependent BDS data after equilibration
for 12 h at T = 318 K are collected upon heating with a fast
heating rate of ~5 K/min. Also isothermal FTIR spectra at
333 K were collected 2 min after the kinetic measurement at
318 K had finished.

J. Chem. Phys. 140, 215101 (2014)
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FIG. 2. Temporal evolution of dielectric spectra with time at 7 = 323 K;
(a) and (b), respectively, depict the imaginary and real part of the dielectric
function: €'(f) — i€”(f). (Inset) A time, annealing-time superposition of €”.
Deviations at low frequency, f, are due to conductivity. Whereas at high f,
distortions are caused by the decreased sensitivity of the spectrometer partic-
ularly for small mutarotation times.

lll. RESULTS AND DISCUSSION

In Fig. 1 the interconversion between isomers due
to mutarotation is sketched based upon a ring opening
mechanism.”~%2° These four tautomers differ in their dielec-
tric properties,>’ and hence mutarotation must influence the
BDS data (Fig. 2). Within 12 h we observe a slowing down
by more than one decade and a weak increase in dielectric
strength (A€,) of the structural relaxation process. Effects
on A€, and static permittivity (Fig. 2(b)), both increasing
by about 2%, are assigned to changes of the dipole-dipole
correlation or to changes of the overall dipole moment, both
probably evolving with 7,. Additionally, one observes that
the dc conductivity shifts to lower frequencies. This may be
explained by an increase of viscosity resulting in a reduced
mobility of ionic impurities.?

We will focus here on the shift of t, being most pro-
nounced and well established.*>*2%27 Such shifts could orig-
inate from different glass transition temperatures, 7, of the
different anomeric fucopyranose and fucofuranose species,
when their relative concentrations change.?’ As the dipole
moments of the fucose tautomers differ by up to a factor
of three among each other,>” one would expect a change in
shape and dielectric strength of the «-relaxation in the course
of concentration changes. But, that is not observed (Fig. 2).
As fucose is a network forming liquid, the «-relaxation origi-
nates rather from intermolecularly coupled reorientations of
groups of molecules instead of rotations of the individual
molecules. Therefore, the a-peak cannot be considered as a
simple sum of the relaxations of the four tautomers. More
likely this process records the relaxation of a substructure of
the H-bonding network, that must depend on the tautomeric
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FIG. 3. Temporal evolution of 7, (a) being rescaled according to Eq. (1);
integrated absorbance of vibration vg (b) and v, (c). Cyan solid lines are fits
according to Eq. (2) (see Table I). In (b) and (c) these fits resemble a single
exponential growth. But in (a) a clearly sigmoidal shape (n = 1.5) is observed
(the dashed line depicts an exponential fit with n = 1). Dependencies in
(b) and (c) are consecutively shifted downwards for lower temperatures to
reduce overlap of the charts.

composition. This may very well explain the slowing down
of that relaxation with an essentially unchanged shape and
dielectric strength (Fig. 2). And furthermore it is in line with
Tombari’s interpretation of liquefaction of crystals below their
melting point, which is based on structural and geometrical
arguments.'* Finally, we need to mention that our measure-
ments are performed well above 7, (305 K)*’ and therefore
physical aging can be excluded as well as chemical degrada-
tion or crystallization, of which no indications are found in
the BDS or FTIR data.

The time scales and amplitudes of the observed shiftin t,,
differ strongly between 328 K and 313 K. And hence, the di-
electric o relaxation times are presented in a normalized fash-
ion in their dependence on reaction time, f,

ue Ta(t)_TO’ 1
Too — 70

where 7( and T, are the initial and equilibrium relaxation
times as deduced from fitting Eq. (2) to 7,(#). a can be treated
as a degree of conversion (Fig. 3(a)). At the lower tempera-
tures a sigmoidal shape is recorded, which persists, although
less pronounced, for higher temperatures (7 > 318 K) and
has not been observed in solution.®?° Similar stretched expo-
nential kinetics of mutarotation indeed were reported in the
vicinity of 7, for several pure mono-saccharides.”*?” To ex-

J. Chem. Phys. 140, 215101 (2014)

TABLE I. Parameters from modelling of the time dependencies by Eq. (2).
For FTIR only the relative change of the integrated absorbance is displayed
(Aso/Ap), as the thickness of the samples is not exactly known. Absolute val-
ues for T, can also be estimated from Fig. 6. The Avrami exponent # is 1.5
=+ 0.2 for BDS measurements and 1.0 £ 0.1 for FTIR.

AsolAg (%) Too (1074 5) 70 (1074 5) k(104571
313K
Vo 3.0+02 1.1+05
vg 82405 0.65 £ 0.06
BDS 9400 =+ 400 70 + 30 0.18 £ 0.02
318K
Vo 8.6 £ 0.1 1.9+0.1
vg 154 +0.1 14401
BDS 470 + 70 9+4 0.51 £ 0.04
323K
Vo 8.6+ 0.1 35+0.1
vg 149 +0.1 27401
BDS 3343 1543 1.06 & 0.03
328K
Vo 75+0.1 6.5+02
vg 14.1+0.1 5.0+0.1
BDS 4+1 05+1 22401
333K
Vo —34+06 10.69 + 0.8
vg —22+04 8+3

tract rate constants, kgps, considering the sigmoidal shape, a
renormalized Avrami model is used to describe 74(f),3®

To(t) = 7o + (Too — To) exp[—(k1)"], @)

where n is the Avrami exponent. As can be seen in Fig. 3(a),
this approach describes the experimental data very well, and
furthermore, it yields the same constant rates as it would with-
out renormalization. Small systematic differences of the re-
sulting fit parameters are found when compared to the results
of Wlodarczyk et al. and are assigned to the usage of a differ-
ent fitting function (Table I).”” Using n as a shared parame-
ter for all four t,(¢) charts we obtain n = 1.5 £ 0.2. When
Eq. (2) is used to describe concentration changes directly,
n can be correlated with the mechanism of reaction.* But
here a dynamic quantity is modeled, which is strongly de-
pendent on intermolecular interactions and all attempts to as-
sign a physical meaning to such an #n are still controversially
discussed.*0+?

To gain deeper insight into the mechanism of mutarota-
tion in L-fucose, FTIR was applied. We calculated theoreti-
cal FTIR spectra for each cyclic isomer (Fig. 1) using density
functional theory (DFT),>”*3 and compared them to spectra
of the crystalline, partially crystalline and amorphous state of
L-fucose as well as literature data of glucose (Fig. 4).'° By
that, we assigned absorption bands at ~813 cm™! (v,) and
~860 cm™! (vg) to ring vibrations of the « and B form of
fucopyranose, respectively. From the presence of the vibra-
tional bands indicated in Fig. 4, it can be concluded that only
a-fucopyranose anomers are present in the initial crystalline
state, whereas the amorphous state at least exhibits the §-
fucopyranose forms as well. We have chosen v, and vg to
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FIG. 4. Comparison of FTIR spectra in the low v region of L-fucose at am-
bient temperatures from top downwards: crystalline state (as received, red),
recrystallized after melting with some amorphous content (blue), and in the
amorphous state (black, solid). For the last spectrum the deconvolution into
Gaussian peaks (black dashed) is shown together with the cumulative fit
(thick green line). The lowest 3 charts (A, thinner black lines) are magni-
fied difference spectra (4x), illustrating the temporal evolution of A(v) at
323 K. Vertical dashed lines depict vibrational frequencies as revealed from
DFT calculations for the different tautomers: fucopyranose (denoted as 6) and
-furanose (5) in the o or B state. All charts are shifted vertically for clarity.

follow the rate of formation of the corresponding isomers,
as they can be clearly identified and do not have significant
overlap with bands of uncertain assignment. Furthermore, it
is unfortunately impossible in the accessible frequency range
to assign IR active vibrations specifically to each one of the
four fucose forms (Figs. 1 and 4). Hence, the extraction of
rates for «- and B-L-fucofuranose was not possible. Here we
assume implicitly that the oscillator strength of the two dis-
cussed bands is independent of concentration, local structure
and measurement time, which of course is an approximation.

In Fig. 5 representative FTIR spectra obtained during an-
nealing of L-fucose at 323 K for 13 h are presented together
with the corresponding FTIR difference spectra with respect
to the initial state, A. The two aforementioned bands v, and
vy are analyzed further by fitting Gaussian functions reveal-

absorbance [a.u.]
['n"e g] v es0ads aouaiayip

/ T T T T
3000 3500

T T T T T
800 1000 1200

wavenumber [cm™']

FIG. 5. Evolution of IR spectra with time at 7 = 323 K, The lower region
(thinner lines) depicts difference spectra, A, with respect to the first spectrum.
These refer to the right y scale being expanded by a factor of 8.
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ing integrated absorbance (A), width and spectral position
(Fig. 4). Interestingly, the latter two quantities do not change
within measurement time, proving that these bands originate
from an unchanged vibrational energy landscape. On the other
hand, for 318 K < T < 328 K, A increases as the reaction pro-
ceeds by (8 = 2)% for v, and by (15 + 3)% for vg when
compared to Ay = A(r = 0) (Figs. 3(b) and 3(c)). That in-
crease becomes much slower and a little weaker as temper-
ature is lowered and, consequently, at 7 = 313 K the data
are quite scattered. According to a first, rough approximation,
we can identify the ratio A/Ap with the change in concentra-
tion of the corresponding tautomer. And hence, we conclude
that the rate of formation of - and B-fucopyranose is greater
at higher temperatures and that the significant slowing down
of the structural relaxation process as revealed by dielectric
measurements is connected to the growing number of pyra-
nose isomers (Fig. 2). The simultaneous increase in Ae,, al-
though the dipole moment of pyranose- is smaller than the
one of furanose-forms,3’ corroborates the assignment of the
a-process as a relaxation of a substructure of the hydrogen
bonding network. Unfortunately, the deduction of absolute or
even relative concentrations from A is complicated by the fol-
lowing: (i) The ratio of the oscillator strength of the discussed
bands depending on temperature is not known; and further-
more can not assumed to be constant, as we do not find a
linear correlation of them. (ii) To the best of our knowledge
there is no temperature at which the individual concentrations
of the tautomers are known. (iii) The oscillator strength must
depend on the microscopic structure, that changes drastically
upon mutarotation, as can be seen from the shift of 7.

Modelling A(f) with Eq. (2) (Figs. 3(b) and 3(c) and
Table I) reveals constant rates of production, kir /g, for o-
(ve) and B-fucopyranose (vg). Therate kg  isat T=313K a
factor of ~1.7 faster than kig g, but their difference decreases
for higher temperatures (Fig. 7). Nevertheless, both are signif-
icantly faster than kgpg. Interestingly, A(f) of each band fol-
lows a simple single exponential trend (n = 1 &+ 0.1) indicat-
ing that FTIR measurements indeed reveal a change in con-
centration of the various anomers, whereas the «-relaxation
records more macroscopic and cooperative effects (Fig. 3).
Furthermore, the data do not indicate a preceding fast conver-
sion step as seen for fructose in viscosity measurements and
assigned to a fast conformational equilibration by Wang et al.,
although FTIR is sensitive to such changes.?

Raising the temperature again to 333 K after mutarotation
has equilibrated at 318 K inverts the effects on the FTIR spec-
tra, as one would expect. But as the temperature step (+15 K)
and therefore the change in the equilibrium concentrations
are small: A/Ag decreases only by (2.5 = 1)% upon time for
Ve and vg. Due to that, the corresponding rates have a large
uncertainty, and hence further rates are presented in Fig. 7
corresponding to vibrations at ~900 cm~! and ~946 cm™!
(Fig. 4). These bands show a change in A/A( above the signal
to noise ratio and corroborate the time scales extracted from
v and vg. Interestingly, the kir’s extracted from such a mea-
surement with AT > 0 perfectly match up with the rates from
experiments upon lowering 7. This indicates that the same
mechanism governs both directions of the reaction (data at
1000/T ~ 3 K~! in Fig. 7 refer to AT = +15 K).
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FIG. 6. Structural relaxation time vs. 1000/7, t, obtained from the equilib-
rium state of the mutarotation experiments are depicted as blue squares. Blue
stars represent the characteristic times extracted from fast (5 K/min) subse-
quent heating after mutarotational equilibrium at 7 = 318 K was reached
(slow equil. T 2 103 s). Black circles refer to the standard (slow 1 K/min) 7
scan measurement after equilibration at 418 K and the black line shows the
corresponding Vogel-Fulcher-Tamman fit (data taken from Ref. 37).

Inspired by that, we recorded 7, after equilibration at
318 K upon fast heating (=5 K/min) and compare the re-
sults to the «-relaxation rates obtained upon slow cooling
(1 K/min) from T = 418 K (Fig. 6).>” The two t,’s merge
around Teq = (355 £ 5) K~ T,/0.86, meaning the concen-
trational equilibration is reached within the experimental
time scale Tex, ~ 1 min. At this temperature the rates of
mutarotation, extrapolated to high 7 by Eq. (3), roughly agree
with each other: kjry/g ~ kpps ~ 1 min~!. That agreement
of k, also matching tgxll), corroborates the assumption of an
Arrhenius-like T-dependence from 313 up to Teq A~ 355 K.
Interestingly, above T4 we find the merging of the structural-
(«-) and a secondary relaxation in the BDS spectra, which
has been interpreted as a weakening of dynamic barriers be-
tween inter-molecular, structural substates in contrast to only

10_5 T T T T —
3 3.05 3.1 3.15 3.2
1000/T [K]

FIG. 7. Rates, k (as extracted from fitting Eq. (2)), vs. inverse temperature,
Open symbols depict rates extracted from FTIR measurements—red circles:
a-fucopyranose (vy), green upwards triangles: B-fucopyranose (vg), open
square (900 cm™!), and downwards triangle (946 cm™ ) may originate from
multiple species (see Fig. 4). The latter two symbols only appearing at 1000/T
=3 K~! (333 K) correspond to a jump in temperature from 318 K to 333 K,
whereas all others are obtained after a quench from 418 K. Filled symbols
refer to 7, from BDS. The solid lines represent fits of Eq. (3) to k. Error bars
are drawn, if not smaller than the symbol-size.
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weakly influenced intra-molecular dynamics.** Hence, the
time-dependencies of mutrotation and particularly the differ-
ences between FTIR and BDS are expected to change qualita-
tively here (especially for the Avrami exponent: ngps — 1).
Therefore, studies of the dynamics of mutarotation around
and above T4 on the second to minute time scale would be
very welcome, but cannot be performed with our equipment.

Finally, the activation barrier, E,, of mutarotation in L-
fucose is extracted by fitting the Arrhenius equation (Eq. (3))
to the different constant rates obtained (see Fig. 7), again as-
suming a constant relation of oscillator strength and concen-
tration,

E
log, k(T) = log, ko — kB—T 3)
where kg is a pre-exponential factor and kg the Boltzmann
constant. We obtain E, ~ 139 & 7 kJ/mol from kgps.*> The
respective E,(IR) for v, and vg is determined to be 102
and 111 kJ/mol, with a similar uncertainty as E,(BDS). The
fact that E,(IR) is roughly 18%-28% smaller than the one
obtained from BDS agrees with the assignment of the -
relaxation to a super-molecular aggregate.

IV. CONCLUSION

FTIR and BDS are employed to study mutarotation in
molten L-fucose between 313 and 333 K. Both techniques
provide complementary information and give insights into
the interconversion of the different anomers. Upon reaction
time FTIR spectra show an increasing absorbance for specific
IR vibrations of - and S-fucopyranose-anomers following
first order kinetics (single exponential). From that, the rela-
tive concentration of the corresponding anomers is deduced to
be about 8% (for a-fucopyranose) and 15% (B-fucopyranose)
higher than at Toq =355 K, assuming temperature inde-
pendent oscillator strength. This change of the composition
causes a slowing down of the dielectric «-relaxation having a
stretched exponential time dependence (exponent: 1.5 £ 0.2).
The characteristic rates, k, as deduced from BDS are, espe-
cially for the lower temperatures, significantly smaller than
the ones obtained from FTIR. All kjr’s and kgps follow Ar-
rhenius like temperature dependencies. The activation ener-
gies differ between BDS (E, = 139 kJ/mol) and FTIR, where
values specific for a-fucopyranose (E, = 102 kJ/mol) and 8-
fucopyranose (E, = 111 kJ/mol) are found. However, it is not
possible to monitor the formation of fucofuranose moieties or
determine absolute concentrations depending on temperature,
as no FTIR bands specific for all isomeric species could be
identified.
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