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Raman Optical Activity of Glucose and Sorbose in Extended
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Petr Boui*?!

Raman optical activity (ROA) is pursued as a promising method
for structural analyses of sugars in aqueous solutions. In the
present study, experimental Raman and ROA spectra of glucose
and sorbose obtained in an extended range (50-4000 cm™') are
interpreted using molecular dynamics and density functional
theory, with the emphasis on CH stretching modes. A reason-
able theoretical basis for spectral interpretation was obtained
already at the harmonic level. Anharmonic corrections led to

1. Introduction

Saccharides in solutions are challenging to study for many
reasons. They are often very flexible, the OH groups may rotate
and some five and six-membered rings pucker, which results in
a presence of many conformers. Some species do not form
crystals needed for x-ray diffraction. Because of their chemical
structure and polarity, they strongly interact with water-rich
environments.!" They also usually lack a chromophore suitable
for electron spectroscopy.” On the other hand, they are natural
targets of vibrational optical activity (VOA), either in the form of
vibrational circular dichroism (VCD)** or Raman optical activity
(ROA),F”" where most of them provide useful spectral signals.
These vibrational spectroscopic methods may also complement
or verify NMR studies.®” In this work, we focus on the rather
unexplored ROA CH stretching pattern within ~ 2800-
3100 cm™.

The ROA spectroscopy detects differential scattering of left
and right circular polarized light. Its application to aqueous
solutions of sugars is particularly convenient because Raman
scattering of water is relatively weak and except for the OH
stretching signal does not interfere with the measurement.
Unlike in VCD, a wealth of characteristic spectral features is
relatively easily detectable for most saccharide molecules."”
The first ROA spectrometers were capable of measuring a wide
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minor shifts of band positions (up to 25 cm™') below 2000 cm™',

while the CH stretching bands shifted more, by ~180 cm™', and
better reproduced the experiment. However, the anharmonic-
ities could be included on a relatively low approximation level
only, and they did not always improve the harmonic band
shapes. The dependence on the structure and conformation
shows that the CH stretching ROA spectral pattern is a sensitive
marker useful in saccharide structure studies.

range of vibrational frequencies (~100-3600 cm™'), including
the CH stretching."" However, later spectrometers exclusively
focused on lower frequencies (approximately 200-2400 cm™),
due to the limitations of the coupled charge device (CCD)
detectors. This enabled access to most of the “fingerprint”
vibrational bands of organic molecules. Higher frequencies, in
particular the CH stretching signal, thus could not be routinely
measured anymore. Only lately, the interest in a broader (~50-
4000 cm™') wavenumber region was renewed due to the
possibility to access it with multiple gratings'? or dual detection
channels.>'¥ At the same time, theoretical tools needed for
accurate spectral simulations and interpretations became
available. They allow for a consistent treatment of multiple
sugar conformations, molecular polarity, and to some extent
also estimation of the anharmonic corrections important for the
CH stretching vibrations.">™"! According to our knowledge, the
ROA sugar CH stretching signal has never been reported and
analyzed before.

We investigate it for two sugars, glucose and sorbose
(Figure 1), available in both the p- and L-enantiomers. The
enantiomers make it easier to test the reliability of the measure-
ment. Ideally, they should provide ROA spectra of opposite
sign, so called “mirror images”.

For both sugars, the harmonic calculations lead to spectra
reasonably comparable to experiment, once the calculated
frequencies are scaled."® For sorbose, we also compute the
anharmonic corrections to vibrational energies and spectral
intensities. These more costly calculations are facilitated by the
limited conformational freedom of this molecule. Sorbose in
water exists almost exclusively (>98%) in the [-pyranose
form."? Since several monosaccharide studies dealt in detail
with the lower-frequency range (<2000 cm'),”'® we discuss
this spectral part only briefly and focus on the CH stretching
bands (around 3000 cm™'). Reasonable agreement between the
simulated and experimental spectra suggests that this high-
frequency part is also useful and sensitive to molecular
structure including conformation. The results thus may pave
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Figure 1. Studied molecules, a-L-sorbose, a- and 3-D-glucose, and their
three conformer classes (gauche-trans, trans-gauche and gauche-gauche, or
1, 2, 3) generated by the rotation of the exocyclic CH,OH group. The
standard carbon numbering is indicated for sorbose.

the way for including this spectral region routinely in future
saccharide studies, in a similar way as the more frequent
fingerprint lower frequency range.

2. Results and Discussion
2.1. Experimental Spectra

The experimental ROA and Raman spectra of glucose and
sorbose enantiomers in the whole wavenumber region avail-
able at the spectrometer (50-4000 cm™') are plotted in Figure 2.
Below 3000 cm™' the ROA bands exhibit excellent “mirror”
symmetry, which proves the reliability of the measurement.
Within the OH stretching region (~3020-3720 cm™), however,
the ROA spectrum is hampered by instrumental artifacts.!"**”
These are caused by the high scattering of water (cf. Figures S1
and S2 in the Supporting Information with spectra without
Raman baseline subtraction) and consequently low ROA/Raman
intensity ratio (the so-called “circular intensity difference”, CID <
2.5%107°).2" Although the signal from the p- and L-sugar in this
region differs, it cannot be trusted. In other words, ROA spectra
of the OH stretching region are currently immeasurable. A weak
Raman band at 2734 cm™' may be most probably attributed to
a combination or overtone CH bending vibration,"*' but its
corresponding ROA is comparable to the noise.

On the other hand, the CH stretching ROA signal (~2800-
3000 cm™") occurring below OH stretching band can be
measured with a higher signal to noise ratio. Its CID is about
1.5x 107%, which is still much less than for typical bands below
2000 cm™' with CID ~5x 107 but it suffices for reliable record-
ing.

For the L-sorbose enantiomer, ROA signal of the CH
stretching mode comprises a strong negative band around
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Wavenumber / cm™!

Figure 2. Experimental ROA (/—I,) and Raman (I +/,) spectra of sorbose and
glucose enantiomers. Raman signal of water was subtracted, ROA baseline
was not corrected. The ROA signal above 3000 cm ™ is not reliable because
of instrumental artifacts associated with the strong Raman scattering of
water. Intensity units are cm-J~"'mol'-L, sugar concentration was 2.6 mol/L.

2925 cm™' and a weaker positive one around 2970 cm™'. Within
2500-2780 cm™' at least three smaller bands appear in the
Raman spectrum, attributable to a combination or overtone
transitions. The region below 255 cm™ up to the instrument
limit around 50 cm ™' is also remarkable. While the Raman signal
is monotonic, the ROA is far more structured. The overtone and
the lowest-frequency vibrations, however, are difficult to
interpret,"® and their detailed analysis is planned for a separate
study in the future.

The L-glucose CH stretching ROA intensity has about the
same magnitude as for sorbose, but is more structured, with a
weak positive band at 2820 cm™, and a “— + —" stronger band
triplet at 2888/2929/2972 cm™". Similarly as for sorbose, weaker
combination or overtone bands appear within ~2100-
2780 cm™'. Bellow 2000 cm™', the ROA spectrum has more
balanced band intensities than for the sorbose. A weak ROA
signal can also be seen close to the 50 cm™ limit.

2.2. L-sorbose and p-glucose: High versus Low Frequency
Region

In Figure 3 (top), we plot the simulated and experimental
Raman and ROA spectra. The simulation is based on the
harmonic model and MD cluster averaging, with conformer
populations listed in Table 1. Although the instrument allows to
express the spectra in absolute units (cm-J~'-mol™'-L), this is
currently inaccurate and for the analysis the calculated
intensities are instead scaled to match the experiment."® When
this scaling is done in the whole frequency range (top), the
relative intensities do not match well: compared to the CH
stretching the signal below 2000cm™' is smaller than in
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Figure 3. Experimental and simulated Raman and ROA spectra of L-sorbose (top), enlarged 75-1750 cm™' and 2700-3050 cm™' regions (middle), and
theoretical spectra of individual gt, tg, and gg conformers (bottom). Conformer weights in the calculated spectra are listed in Table 1, see ref. [18] for

harmonic frequency and intensity scaling procedures.

Table 1. gt, tg and gg ratios from MD (this work), anomer populations
form ref. [24].
p [%]
gt tg gg anomer
sorbose 54 3 43 100
a-glucose 13 1 22 36
B-glucose 27 8 29 64

experiment. More reasonable results are obtained when the
high- and low-frequency regions are treated separately (Fig-
ure 3, middle). Detailed discussion of region below 2000 cm™
for monosaccharies, including the mode assignment, can be
found elsewhere.””'® Most relative intensities and ROA band
signs are predicted correctly. Occasional inconsistencies can be
related to the DFT approximation, incomplete solvent model, or
baSiS Set.[7']8'22'23]

For the CH stretching signal, the agreement between the
computed and experimental Raman and ROA intensities is
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about the same as for the vibrations below 2000 cm™'. The
intensity ratio between the lower (~2920 cm™') and higher (~
2989 cm™') frequency Raman peaks is somewhat bigger in the
simulation than in experiment, which can be explained by a
fine vibrational mode splitting and coupling, not reproduced by
the computation. In experiment, two bands (2900 and
2945 cm™') appear instead of the ~2920 cm™' predicted one.
The basic “—/+" (~2925/2970 cm™') ROA sign pattern is also
reproduced by the simulation. Visual inspection of the normal
mode movement allows one to estimate ranges where the CH
stretching modes occur (Table 2); for individual conformers
these are mostly spread over a wide frequency interval due to
the OH group rotation and interaction with water. Individual
MD snapshot (not shown) provided spectra very different from
the average, similarly as for the fingerprint region of mono-
saccharides studied previously."® The CH, units seem to be
least affected by the conformational changes, symmetric and
asymmetric modes of which lie at the low- and high-frequency
edges of the main CH stretching Raman and ROA signal.

© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2. Calculated (Harmonic, Scaled) CH Stretching Frequencies.”’

Frequency [cm™] Assignment

2830-2910 ®CH, (locally) symmetric
2850-2945 CH

2900-2920 'CH, symmetric
2910-2950 ®CH, asymmetric
2980-3030 'CH, asymmetric

[a] Carbon numbering in Figure 1.

As seen from the conformer spectra (Figure 3, bottom) the
Raman CH stretching signal does not depend much on the
CH,OH group rotation; in particular gg and tg are practically
indistinguishable. This contrasts with the low-frequency region,
where the conformational changes cause visible shifts/intensity
changes in many bands. A similar observation was reported for
the Ala-Ala dipeptide, where the CH stretching Raman signal
did not depend much on the peptide conformation."* Unlike
Raman, the CH stretching ROA spectrum is sensitive to
conformational changes. For sorbose, it is clear that the gg
conformer must be present in the sample as it is largely
responsible for the positive 2970 cm™" experimental signal.

The observations and conclusions made for sorbose are
consistent with the results for glucose. The experimental
spectra are compared with the theory in Figure 4. Also here the
simulation well-reproduces CH stretching Raman intensities. As
in experiment, the calculated glucose spectrum in the CH
stretching region is less structured than for sorbose because of
the anomeric equilibrium and consequent averaging of more
variable conformers. The simulation provides somewhat less
structured Raman CH stretching signal (one broad band) than
observed (two close bands).

The CH stretching ROA of glucose is more structured than
for sorbose, with a four band "2820(—)/2888(+)/2929(—)/2972
(+) cm™™ experimental pattern. The computed spectrum
reproduces this almost perfectly, only the lowest-frequency
~2820 cm™' band is stronger and shifted to 2840 cm™.

Raman spectra of the a and [ glucose anomers are
predicted to be rather different below 2000 cm™'. The Raman
CH stretching is not much sensitive to the conformation
including anomerization, only the gg rotamers seem to provide
somewhat distinct spectra (Figure 4, bottom). The ROA, again, is
very variable and clearly sensitive both to the CH,OH rotation
and the anomeric state.

2.3. Anharmonic Corrections

So far, the relatively good agreement of the calculations with
the experiment was partially given by the harmonic frequency
scaling (ref. [18] Experimental Section). This is consistent with a
previous study,"” where the anharmonic potential terms were
found to be much more dependent on the conformation than
the harmonic ones, and partially canceled during the averag-
ing/molecular motion.
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However, the raw (unscaled) harmonic CH stretching
frequencies are too high, and the anharmonic computation
provides values much closer to the experiment (Figure 5).
Alternative comparison of the harmonic and anharmonic
performance with scaled harmonic frequencies is shown in
Figure S5. Unfortunately, the Raman and ROA band shapes,
most indicative of the structure, are not always improved. One
reason is that due to the convergence problems and other
issues the anharmonic approach could not be pursued at the
same level as the harmonic one (model | - “hybrid”). The
anharmonic effects for Figure 5 were thus evaluated for the gt/
gg (0.56/0.44) conformer mixture of L-sorbose (the tg conformer
was neglected), using the “charges” solvent model (number llI,
see Methods).

A more detailed look at Figure 5 reveals that there are only
minor differences in relative band intensities and ROA signs in
the low-frequency region due to the anharmonic corrections.
They cause only small frequency shifts (from 0 to 25cm™),
without changing the order of the vibrations. Within 1000-
1300 cm™', the anharmonic frequencies are too low if compared
to the experiment, and the harmonic ones are better. This can
be attributed to the approximate character of the anharmonic
method."”

The CH stretching is obviously affected more by the
anharmonic corrections, with the harmonic frequencies shifted
down by ~180cm™, thus almost perfectly matching the
experiment. However, the ratio of the main Raman bands
(harmonic  3060/3047 cm™',  Figure5, or  experiment
2900/2989 cm™', Figure 2), which is experimentally about 2:1, is
more realistically obtained with the harmonic approach. Neither
for ROA the anharmonicities clearly improve the harmonic CH
stretching band shapes, at least at the level of the visual
comparison.

Therefore, we can conclude with a mix message that the
anharmonic corrections are certainly desirable, but at the
present stage it is much more efficient and reasonably accurate
to interpret the spectra using the harmonic approach, option-
ally combined with frequency scaling. Difficulties associated
with the anharmonic treatment include not only the higher
computational cost per snapshot (about 250-times longer time),
but also a larger number of snapshots needed for converged
spectra (~250 harmonic snapshots vs. at least 500 anharmonic
ones per conformer).

2.4. Solvent Models

Finally, we compare the “hybrid” and “QM” solvent models for
L-sorbose. The “hybrid” one is computationally significantly
cheaper and has been already promoted for interpretation of
the ROA sugar spectra in the lower-frequency range (200-
1800 cm")."¥ In Figure 6 we can see that the two models give
very similar results indeed. Some details are better reproduced
by the QM model, such as relative intensity ratio of the Raman
and ROA bands around 500 cm™" and broader Raman signal
around 2910 cm™'. On the other hand, the hybrid model better

© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. p-glucose, experimental and simulated Raman and ROA spectra (top panel), zoomed 75-1750 cm™" and 2700-3050 cm™' regions (below), and

calculated spectra of individual conformers for the a and B anomers (lower half of the figure). As for Figure 3, conformer weights from Table 1 were used and

harmonic frequencies and intensities scaled."®

reproduces fine features of ROA signal around 1300 cm™, or
the shape of ROA signal around 2910 cm™.
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3. Conclusions

The dual detection channel enabled us to measure high-quality
Raman and ROA spectra of the p- and L-enantiomers of sorbose
and glucose in a wide 50-4000 cm™' frequency region. In the
spectral analysis based on the combined MD and DFT
computations, we focused on the CH stretching region. lIts
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Figure 6. Raman and ROA spectra of L-sorbose calculated with two solvent
models, using “MM water molecules” (model | — hybrid) and “QM water
molecules” (model Il - QM), as compared to the experiment.

sensitivity to the molecular conformation promises an addi-
tional spectroscopic marker to be used in future structural
studies of saccharides. The simulations based on the harmonic
approximation reproduced all the main spectral features
including the CH stretching Raman and ROA intensity patterns.
The anharmonic corrections via the generalized perturbation
approach!®'” applied for sorbose provided much more realistic
vibrational frequencies; however, they somewhat destroyed the
intensity patterns. Clearly, future improvements in the theoret-
ical models are required for a more quantitative recovering and
analysis of the experimental spectra. Nevertheless, even at
present, the theory is already able to estimate the role of the
solvent and the sugar conformational dependence, thus
enabling to deduce the CH,OH conformer and o/f3 anomer
ratios. The measurement and analysis of the spectra in the
extended wavenumber range will significantly increase the ROA
potential for saccharide structural analyses.

Experimental Section

Raman and ROA Spectra Measurement

L- and D-enantiomers of sorbose and glucose (Figure 1) were
obtained from Carbosynth and Sigma-Aldrich, respectively. The
spectra were acquired on an ROA instrument constructed at the
Palacky University, Olomouc, based on the design of W. Hug.?**! In
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from 50 to 4000 cm~'."** The sugars were dissolved in deionized
water to two concentrations, 1.2 and 2.6 mol/L. Both of them
provided very similar spectra (Figures S3 and S4); the higher
concentration results with better signal to noise ratio are used in
the main text. The samples were measured in a rectangular fused
silica cell of 70 ul volume at 293 K, using back-scattering geometry,
scattered circular polarization (SCP) modulation scheme,"” Nd:YAG
laser with 532 nm excitation wavelength, 0.7 W laser power at
sample, and 10-30 h accumulation times. Water signal was
subtracted from Raman spectra (cf. FiguresS1 and S2). The
intensities were calibrated with a tungsten-halogen lamp, normal-
ized to unit molar concentration, and a minor (third-order five point
Savitzky-Golay) smoothing was applied. They are plotted in
counted photo-electrons per wavenumber per excitation energy
per molar concentration (cm-J~""mol™"-L).

Molecular Dynamics

MD simulations were performed using the Gromacs 2016 program
package patched with Plumed.”” One sugar molecule in *C, chair
conformation was placed in a 3°nm® cube, filled with water
molecules. Previous studies showed that for these sugars the chair
conformation remains relatively rigid and populations of other ring
conformers are negligible®™® The simulations were preformed
using the NpT ensemble at 300 K and 1 bar, using the Nose-Hoover
thermostat (1 ps™' coupling constant)® and Parrinelo-Rahman
barostat (1 ps~ time  constant and  4.5x107° bar™’
compressibility),”” an NpT ensemble, and 2 fs integration time step.
The Glycam-6 h* by means of the do-glycam software® and
OPC3* force fields were used for the sugars and water, respectively.
Hydrogen-containing bonds were frozen using the linear constraint
solver.®? For the search of neighboring atoms we used the Verlet
list algorithm providing a pair list with buffering. One nm cutoffs
were used both for the real part in the particle mesh Ewald
method®® and for van der Waals interactions, with a long range
dispersion corrections for energy and pressure; van der Waals
potentials were shifted to zero at the cutoff.

1

Equilibrium geometries of the three CH,OH conformers (tg/gt/tt,
Figure 1, Table 1) were determined MD simulations. For each
conformer, a 5ns constrained MD (restraining CH,OH dihedral in
found minima) was run, extracting either 250 or 500 snapshots (20
or 10ps sampling rate) for the subsequent harmonic and
anhamonic Raman/ROA calculations respectively. For sorbose, the
o-anomer was neglected, as its structural contribution is negligible
(<2%) which did not alter the calculated spectra.”*¥ For glucose,
however, both anomers are significantly populated, and the
experimental a/f3 anomer ratio was used in spectral averaging.

Solvent Models and Density Functional Theory

Using the MD snapshots, three solvent models (I-Ill) were tested.

I. The first “hybrid” (default) model, developed and tested in
ref. [18], included clusters where water molecules closer than
3 A to the sugar were kept, and the conductor-like continuum
solvent model®® was used for longer range solvation effects.
The snapshots were partially optimized by performing 10
unrestrained optimization steps, and Raman and ROA spectral
intensities calculated using the Gaussian program.®” In the
ONIOM electrostatic embedding®® the sugar was described by
the B3LYP*/6-311+ +G** level of theory, while Glycam® and
TIP3P*® molecular mechanics force fields were used for sugar/
water, respectively.

© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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IIl. In the “quantum mechanical” or QM” model, a lower B3LYP/6-
31G** level of theory was used for the solvent; otherwise the
same procedure and parameters were used as in the hybrid
one, i.e. the sugar was described at the B3LYP/6-311+ +G**
level. Before generation of the spectra, polarizability derivatives
of water atoms were set to zero.

lll. In the third “charges” model, no continuum was used for long
range solvation effects but larger clusters with a 12 A cutoff
were made. They were optimized in a 10 steps optimization
and for the final Raman/ROA calculations the water molecules
were replaced by partial atomic charges only (TIP3P).

For the optimized clusters, harmonic Raman and ROA intensities
were calculated®*" with Gaussian at the same level as for the
optimization. For the third solvent model, anharmonic vibrational
frequencies and intensities were calculated using the generalized
second-order vibrational perturbation theory (GVPT2)"*'” as imple-
mented in Gaussian. Although the Fermi and Darling-Dennison
resonances are partially included in GVPT2,""” for about 20% of the
clusters unreasonably big intensities were obtained (e.g., 1000-
times larger than normal); these were ignored for the anharmonic
computations.

Comparison of Theoretical and Experimental Spectra

From calculated Raman and ROA intensities of each band i (/),
smooth spectra were constructed using Lorentzian shapes and a
temperature factor? as [Eq. (1)]:

oo ][5

where w; is the transition frequency, k is the Boltzmann constant, T
is temperature, and A=7.5cm". In the fingerprint region (75-
1700 cm™') the vibrational frequencies computed at the harmonic
limit were multiplied by [Egs. (2) and (3)]:

¢(m)=a|:1+cxp(w°_wﬂ b 1—|:l+cxp[w°l;w]:|l )

for w <2000 cm ™" and by

Ho)=0 3)

(1)

for w >2000 cm™".

For the hybrid solvent model |, w,=1210cm™, a =1, b=0.978,
and Q=0.9575. For model Il, w,=1220cm™", a=0.988, b=0.974,
and Q=0.9540. Previously, such a scaling allowed for an objective
comparison of the simulated and experimental spectra in the
fingerprint region."® In addition, factor Q was introduced for the
CH stretching. The simulated and experimental curves were
compared using relative overlap integrals"® [Eq. (4)]:

5o [SosSado

JI.S da f[bcu,dm (#)

where Seae sz, i, and the CH,OH conformer ratios ¢; were
determlned from MD simulations (Table 1).
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