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Monitoring Conformation and Protonation States of
Glutathione by Raman Optical Activity and Molecular
Dynamics
Moumita Das,[a, b] Debraj Gangopadhyay,[a] Jana Hudecová,[c] Jiří Kessler,[a] Josef Kapitán,[c]

and Petr Bouř*[a, b]

Glutathione (GSH) is a common antioxidant and its biological
activity depends on the conformation and protonation state.
We used molecular dynamics, Raman and Raman optical activity
(ROA) spectroscopies to investigate GSH structural changes in a
broad pH range. Factor analysis of the spectra provided
protonation constants (2.05, 3.45, 8.62, 9.41) in good agreement
with previously published values. Following the analysis, spectra
of differently protonated forms were obtained by extrapolation.
The complete deprotonation of the thiol group above pH 11
was clearly visible in the spectra; however, many spectral
features did not change much with pH. Experimental spectra at

various pH values were decomposed into the simulated ones,
which allowed us to study the conformer populations and
quality of molecular dynamics (MD). According to this com-
bined ROA/MD analysis conformation of the GSH backbone is
affected by the pH changes only in a limited way. The
combination of ROA with the computations thus has the
potential to improve the MD force field and obtain more
accurate populations of the conformer species. The method-
ology can be used for any molecule, but for a more detailed
insight better computational techniques are needed in the
future.

Introduction

Glutathione (GSH, γ-Glu� Cys� Gly) tripeptide is sometimes
referred to as the ‘mother of all antioxidants’. Its presence in the
human body has been linked to prevention of heart disease,
dementia, autism, cancer, damage of the immune system, and
neurodegeneration.[1] The reducing potential and the ability to
capture free radicals come primarily from the thiol group.[2] The
peptide is produced naturally, but stress factors, such as aging,
toxins, infections, or radiation may result in lower GSH levels.

Oxidation of GSH leads to a dimer with the disulfide
bridge.[3] While the stability in alkaline environment has not

been investigated so far, strongly acidic environment was
suggested to induce formation of a five-membered thiazoline
ring after a few days.[4] Raman signatures indicating a cyclization
were seen previously for N-acetyl-L-cysteine after several hours
both in acidic and alkaline media.[2d] Similar behavior of GSH,
however, was not observed in the present study within the
time of the experiments.

Apart from trying to better understand GSH behavior in a
wide pH range of 1–12, we also use this molecule as a
convenient system to broaden the application span of the
Raman and ROA spectroscopies. These were found useful to
monitor minor structural or conformational changes of smaller
molecules under pH change.[5] However, GSH possesses more
degrees of freedom and faithful simulations explaining exper-
imental Raman and ROA spectra are quite challenging. The ROA
technique had been previously applied to a wide range of
organic molecules including nucleic acids,[6] sugars,[7] peptides,[8]

and proteins.[9]

Although ROA spectra are more sensitive to the conforma-
tion than the Raman ones,[10] for large molecules it is difficult to
decipher the spectral frequencies and intensities in terms of
structural parameters. For example, while for the alanine
dipeptide conformer populations could be obtained by a direct
decomposition of experimental Raman and ROA spectra to the
calculated shapes,[8d] precision of the simulations is usually too
low to achieve this for more complex systems.[11] Flexible polar
species are particularly challenging for the computational
methods. We thus consider the GSH molecule also as a useful
test of the combined experimental and computational Raman/
ROA methodology. Molecular dynamics and the cluster-averag-
ing techniques are used as they currently represent the most
accurate computational tools for spectra simulations.[7a,12] Also
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for GSH they provided a reasonable basis for the spectra
interpretation, structural and conformation predictions.

More specifically, in this work we investigated Raman and
ROA spectra of several differently protonated GSH species
(Figure 1). High quality experimental data were obtained, so
that spectra of the pure forms could be extracted using factor
analysis and extrapolation. Molecular dynamics simulations
provided information on peptide geometry and flexibility, while
the experimental spectra were interpreted on the basis of
density functional theory. Finally, a decomposition of the
experimental spectra into the simulated subspectra provided
complementary information on molecular conformers and
flexibility.

Results and Discussion

Dependence of the Spectra on pH

Relative populations of the five protonated GSH forms and their
spectra are plotted in Figure 2; in more detail the spectral
changes under pH variation can be seen in Figures S1 and S2.
The pKa constants of GSH obtained from the factor analysis
(2.05, 3.45, 8.62, 9.41, Figure S3) are close to values published
previously (2.13, 3.51, 8.74, 9.66).[13] For five pH values the
populations are summarized in Table 1. The spectra of GSH+,

Figure 1. Investigated protonated forms of glutathione. The neutral species
forms two isomers, GSH0(1) and GSH0(2). For GSH3� the main torsion angles
are indicated.

Figure 2. Relative ratios of five GSH forms as dependent on pH (top), their
Raman (IR+ IL, middle) and ROA (IR� IL, bottom) experimental spectra. Raman
spectra above 1800 cm� 1 are multiplied by 0.2 for easier comparison.

Table 1. Relative populations of the GSH forms at selected pH values.

pH GSH+ GSH0 GSH� GSH2� GSH3�

0.6 97 % 3 % – – –
2.8 13 % 71 % 16 % – –
6.3 – – 99 % 1 % –
9.1 – – 18 % 55 % 27 %
11.6 – – – 1 % 99 %
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GSH� , and GSH3� could be obtained directly, as populations of
these forms are close to 100 % at pH 0.6, 6.3 and 11.6,
respectively. Spectra of the remaining two forms were obtained
by a combination of spectra measured at different pH:

SðGSH2� Þ ¼ ð100� S9:1� 18� S6:3� 27� S11:6Þ=55,

SðGSH0Þ ¼ ð100� S2:8� 13� S0:6� 16� S6:3Þ=71:

The titration experiments indicate that protonation/depro-
tonation of the thiol groups occurs mostly between pH 10 and
11, and the carboxyl groups are fully protonated below pH 3. As
expected, bands most sensitive to the protonation originate in
the affected groups, such as those of SH (~ 2571 cm� 1) and
carboxyl C=O (~ 1730 cm� 1) stretching. Less sensitive are the
bands within 800–900 cm� 1, formed by CH2 scissoring vibrations
of the cysteine residue, C� C stretching and NH2/NH3 bending.
Raman shoulders around 2900 cm� 1, slightly more pronounced
at high pH, may perhaps be related to anharmonic effects.[14] At
pH 11, NH2 symmetric NH stretching mode generates a distinct
sharp Raman band at 3310 cm� 1, similarly as observed
previously for the Ala� Ala dipeptide.[14a] Above 3000 cm� 1, the
ROA signal is not reliable due to the noise caused by a large
scattering of water. More detailed band assignment can be
found in Table S1.

Apart from the changes, Raman and ROA spectra also contain
many features that are conserved across the entire pH range.
For example, signals stemming from the backbone (e. g., C� C
stretching around 1000 cm� 1, CH bending around 1300 cm� 1,
amide I at 1650 cm� 1) provide similar ROA patterns. In Figure S2,
where the spectra are plotted in a broader range of wave-

numbers (~ 45–4500 cm� 1), for all pHs we see negative ROA
close to the spectrometer limit of ~ 45 cm� 1. It quickly develops
in a positive band around 95 cm� 1. The relative intensities of
the low-frequency ROA signal is quite large, similarly as
observed previously for some polypeptides,[21b] proteins,[9d] or
chiral liquids.[15] These many conservative ROA features suggest
that the GSH conformation is not radically changed under the
pH variation.

GSH Conformations from Molecular Dynamics

The relative independence of the spectra of the protonation
state is consistent with the molecular dynamics (MD) simula-
tions, also indicating only minor differences in the structure.
The probability histograms of the principal torsion angles do
not change dramatically with the protonation (Figure 3, left).
Angle φ1 is relatively freely rotating, sampling the favorite
positions at ~ 60, � 60 and 180°, ψ1 at the terminus reacts on
the carboxyl protonation, φ2 and ψ2 distributions in GSH3� differ
a lot from the other forms because of the deprotonation of the
close SH group. The angles χ1, χ2 and χ3 in the glutamate part
are not so much affected by pH, neither is χp determining
position of the sulfur to the rest of the molecule. We can see
these differences also in the dependencies of MD free energies
on φ2 and ψ2 plotted in Figure 3, right, recalculated from the
conformer populations. Other angle combinations are displayed
in Figure S4. From these analyses it appears that the GSH3�

form differs most from the others in terms of the peptide
backbone conformation, which can also be viewed as a
stabilizing effect of the SH group on the structure. The
otherwise limited effect of the protonation on GSH backbone

Figure 3. MD results: (left) probability distributions of characteristic torsion angles, for the six GSH protonated forms, and (right) dependence of the free
energy on the φ2 and ψ2 torsion angles.
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structure can be in general related to the theory of
electrolytes[16] and water polarity, where the environment
damps interactions among the partial atomic charges of GSH.

The MD results are in a rough agreement with previous
NMR and computational studies.[17] For example, with the
Gromacs force field and molecular dynamics coupled with NMR
data, similar angular distributions were found to those in
Figure 3:[17d] the molecule was found quite flexible, and rather
minor differences were observed between differently charged
GSH forms. However, the free dynamics with the Amber force
field used in the present study predicts slightly different
conformer ratios.

Crystal data on glutathione structure are mostly available
for the deprotonated (GSH� ) or neutral (GSH0) forms, also in
complexes with functional proteins. The crystals are not much
relevant for the solution studies, but they confirm that the
molecule is quite flexible as predicted by MD. Indeed, all torsion
angles can adopt a range of values in the crystals and
complexes, depending on the environment.[18]

Spectra Modeling. The calculated Raman and ROA spectra
reasonably well agree with the experimental ones (Figure 4).
Almost band-to-band agreement is achieved for Raman;
however, discrepancies occur below 800 cm� 1 where vibrations
involving the sulfur atom significantly participate. It is also
almost impossible to subtract accurately the fluorescent back-
ground from experimental spectra in this region. Another
source of error may be the MD force field, as it was not

particularly optimized for heavier atoms such as sulfur.[19] Sulfur
also has a relatively complicated electronic structure, sometimes
problematic for DFT.[20] The wavenumber-scaling factor of 0.98
shifted most of the calculated bands closer to the experimental
positions, but visible deviations remain for the C=O stretching
bands within 1600–1800 cm� 1. These would have required an
extra scaling factor of 0.96, which we find superfluous just for
the sake of visual comparison. Most of the ROA bands are also
reproduced correctly in terms of the signs and relative
intensities, albeit with much larger error than for Raman. At the
lowest wavenumber region (~ <400 cm� 1) the experimental
ROA spectra may be distorted due to the fluorescent back-
ground.

To illustrate the effect of the force field, in Figure 5, left, the
ROA and Raman spectra of GSH3� as generated with the GAFF
and Amber force fields are compared to each other and the
experiment. Both force fields reproduce the experimental data
reasonably well, with some inaccuracies. For the Raman
spectrum, Amber reproduces better the fine splitting around
763 cm� 1, and the 917/1020 and 1405/1436 cm� 1 bands. The
region around 1271 cm� 1 and the relative strength of the
1560/1643 cm� 1 bands are better reproduced by GAFF. For
ROA, Amber seems to be more apt to reproduce peak
intensities at 1310, 1409, 1525 and 1659 cm� 1, while the
1038 cm� 1 positive band is better reproduced by GAFF, etc.
Interestingly, the huge positive low-frequency (50-300 cm� 1)
ROA signal is at least qualitatively reproduced by both
simulations. The low-frequency ROA may reflect both motions
of the peptide as well as its interactions with the solvent.[14b,15,21]

Also the choice of the solvent model has a significant effect
on the spectra. The explicit involvement of the water molecules
in the clusters appeared very beneficial for the resultant spectral
shape, while when the spectra were simulated for GSH with the
polarizable continuum model (CPCM) only, resultant ROA and
Raman curves were less realistic (Figure 5, right). This can be

Figure 4. Calculated (red) and experimental (black) Raman and ROA spectra
of five GSH forms. The calculated spectra were normalized (one y-factor for
all) to reproduce average Raman integral intensity within 400–1800 cm� 1

and x-scaled by 0.98. Experimental Raman baseline was arbitrarily corrected
by a 5th order polynomial, idealized experimental spectra are shown for GSH0

and GSH2� .

Figure 5. GSH3� , ROA and Raman spectra calculated (left) with the GAFF and
AMBER force fields, and (right) with the CPCM continuum and explicit
solvent models, and the experiment.
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related to directional hydrogen bonds, not adequately de-
scribed by CPCM.[22]

To further explore stability of the results with respect to the
simulation parameters, for GSH3� we investigated the effect of
the number of averaged MD clusters on the calculated spectra.
As an example, 100 and 1000 cluster averages are compared to
the experiment in Figure S5. For the Raman spectra the more
extensive averaging led to almost no change. Bigger differences
appear for ROA, where the 1000 cluster average gives a
smoother spectrum, however, without a significant change of
the principal trends. The greater ROA sensitivity to computa-
tional parameters is consistent with previous reports, where
more clusters were recommended for ROA simulations than for
Raman.[23]

Special attention had to be paid to the GSH0, where the
deprotonation can occur either on the side chain [GSH0(1)] or
peptide main chain [GSH0(2)]. We simulated the experiment by
1 : 1 mixing of these sub-forms. Indeed, the mixture provides
Raman spectrum in a few aspects closer to the experiment than
any of the components (Figure S6). Unfortunately, it is not
possible to determine the ratio more accurately, due to the
limited precision of the simulations. The bigger differences in
the Raman spectra compared to ROA are rather unusual; in
most cases the opposite is true.[8a,c,10] For GSH, however, the
protonation occurs at the locally achiral carboxyl groups, not
much contributing to ROA signal.

Experimental vs. MD conformer populations

We chose the main conformers according to ψ2 and χ3. These
torsion angles are close to the molecular center, and signifi-
cantly affect molecular shape. The assignment of the six
conformers to the potential energy minima for GSH3� is shown
in Figure 6. For all forms except GSH0 arbitrary energy surfaces
and conformer probabilities as functions of ψ2 and χ3 were
calculated, using the decomposition of the experimental
spectra into the calculated spectra of 1000 MD snapshots.
Relative populations of conformers 1–6 were calculated from
MD probabilities (Figure S4) by integration, using the limits in
Table 2. The populations are compared to those obtained by
the spectra analysis in Table 3.

For Raman, we suppose that the populations obtained from
the spectra bear a larger error than for ROA, due to the
similarity of the spectra of different form. Nevertheless, both
spectral values in general follow the MD results, with the
exception of GSH+ where the ROA spectral decomposition
predicts 2 % of conformer 6, while it is 45 % from MD. Smaller,
but still relatively important inconsistencies occur also for the
other forms. For example, for the 3rd conformer of GSH2� 27 %
and 3 % are respectively predicted by ROA and MD.

The dependencies of the free energy on the ψ2 and χ3

torsion angles obtained by the spectral fit and MD are plotted
in Figure 7, top, the resultant fitted spectra are plotted at the
bottom. Note that the fitted energy surfaces, although they
should converge to the true dependencies,[24] are for a limited
coverage of the (ψ2,χ3) plane by the MD snapshots just arbitrary

Figure 6. GSH3� , dependence of the free energy of on the ψ2 and χ3 torsion
angles, and example snapshot geometries representing the six conformer
classes.

Table 2. Ranges of ψ2 and χ3 in the six conformers.

Conformer ψ2/deg. χ3/deg.

1 (� 120, 0) (� 120, 0)
2 (� 120, 0) (0, 125)
3 (� 120, 0) outside (� 120, 125)
4 outside (� 120, 0) (� 120, 0)
5 outside (� 120, 0) (0, 125)
6 outside (� 120, 0) outside (� 120, 125)

Table 3. Relative conformer populations (%) from MD and from the
Raman/ROA spectra decomposition.

Conformer: 1 2 3 4 5 6

GSH+ :
Raman 37 0 0 4 1 58
ROA 10 11 2 34 41 2
MD 2 1 4 26 22 45
GSH0:
MD 6 3 7 23 19 42
GSH� :
Raman 12 8 25 30 1 24
ROA 4 4 31 20 13 28
MD 3 3 12 22 18 42
GSH2� :
Raman 12 8 36 22 1 21
ROA 3 9 27 14 14 33
MD 3 5 3 33 29 27
GSH3� :
Raman 8 6 17 26 8 35
ROA 2 11 14 18 12 43
MD 8 7 14 26 13 32
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functions mediating the fit.[25] Yet some relations to the MD
results are apparent, e. g., for GSH+ the fit suggests that the
most favorite position is close to conformer 5 (ψ2,χ3) ~ (140°,75°)
while conformers 3 and 6 with χ3 ~ 180° are not present in the
sample, etc.

The spectral decompositions indicate inaccuracies in the
force field, but they are themselves affected by the DFT error
and other approximations, and about 10–20 % uncertainty in
the conformer populations thus obtained can be
expected.[8d,23,25] An error about 10 % can also be estimated for
GSH3� from the conformer populations obtained from various
numbers of averaged clusters (Figure S7, other forms provided
similar dependencies). Also, the division into the 2D conformer
classes is rather arbitrary; in principle, multi-dimensional con-
former and spectra analysis is possible, but this would require
unreasonable amount of MD snapshots and computer effort. In
spite of these constraints, we believe that the combined
computational and spectral analysis of GSH behavior under pH
variations well documents limitations, current possibilities and
also future potential of the method for biomolecular studies.

Conclusions

We measured glutathione Raman and ROA spectra in a broad
pH interval, to investigate the behavior of this molecule, and to
explore potential of the combined spectroscopic and computa-
tional methodology for biomolecular structural studies. Various
protonation states of the molecule provided readily recogniz-
able changes in the spectra. Using the factor analysis of Raman
intensities, we could extract experimental protonation con-
stants that were consistent with the previous works. We then
could use the data about fractions of the protonated species to
obtain Raman and ROA spectra of five pure peptide forms
(GSH+, GSH0, GSH� , GSH2� , GSH3� ), either directly or by
extrapolation.

Except for the changes caused by the protonation, spectral
intensities in many aspects remained unchanged and indicated
that pH has a limited effect on conformational behavior of the
molecule. This was consistent with the molecular dynamics
simulations. The MD and spectroscopic data could be mutually
verified by comparison of the simulated and experimental
spectra. GSH geometries were also divided into six conformer
classes, based on the central ψ2 and χ3 angles, and the
experimental spectra were decomposed into calculated sub-
spectra, which revealed experimental conformer ratios, roughly
in agreement with the MD results. The combined Raman/ROA/
computational methodology appears useful for monitoring and
controlling of properties of biologically-active molecules in
solutions.

Experimental Section

Spectroscopy

Commercial glutathione peptide (Sigma-Aldrich G6529, purity
>98 %), deionized water (Purelab flex, 18.2 MΩ.cm), NaOH (Sigma-
Aldrich S2770) and HCl (Sigma-Aldrich H9892) were used. pH was
regulated by 1 M HCl and 1 M NaOH maintaining the same 0.5 M
concentration of GSH. Within pH 1 and pH 12 Raman spectra were
accumulated for 180 min on an OceanOptics QEPro spectrometer
using the 785 nm excitation, pH was measured by an indicator
paper. For control, HCl was added stepwise to the pH 12 solution to
achieve lower pH values, which led to the same relative Raman
intensities as when given pH was constant from the beginning
(Figure S1).

No protective measures were taken against sample oxidation, but
the sample stability was also monitored by the electron spray
ionization mass spectroscopy and 1H and 13C NMR spectra, which
did not reveal any undesired changes within the timescale of our
experiments. Neither Raman spectra indicate a significantly decay
of the sample during the ROA accumulation (Figure S8).

Further measurements were done on a custom-made
spectrometer[14b] working with the 532 nm excitation and simulta-
neously recording Raman and ROA spectra. In this case pH was
measured with a Thermo Orion™ microglass electrode. The samples
were held in a rectangular fused silica cell (3 × 4 mm, 80 μl volume)
at temperature 20 °C, laser power at the sample was about
340 mW.

Figure 7. (Top) potential energies as functions of (ψ2,χ3, in degrees) obtained
by the fit of experimental ROA spectra with 1000 MD snapshot spectra, and
from free MD (100000 snapshots, 1μs run). (Bottom) the experimental ROA
spectra and the fit.
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For fine titration series 21 samples with pH from 0.6 to 12.7 were
prepared by mixing of two solutions: 0.4 M GSH dissolved in 1 M
NaOH (pH 12.7) and 0.4 M GSH dissolved in 0.5 M HCl (pH 0.6). Final
solutions were passed through a PVDF filter with 0.2 μm pore size
and Raman spectra were measured for 10 minutes. Spectrum of
pure water was subtracted (within pH 1–11 it is practically
indistinguishable from HCl/NaOH solutions[26]) and residual back-
ground further eliminated by an asymmetric-least-squares
smoothing.[27]

ROA spectra were measured at pH 0.6, 2.8, 6.3, 9.1, and 11.6, using
0.3 M GSH concentration and 34 h accumulation. The five pH values
were chosen to maximize fraction of each protonated form. Signal
of aqueous HCl and NaOH solutions of corresponding pH was
subtracted from the corresponding Raman spectra. Raman and ROA
experimental intensities are presented in cm · J� 1 (electron count
per wavenumber interval per irradiation energy).

Factor Analysis

A factor analysis[28] of these experiments was used to obtain Raman
spectra of the five GSH forms from Figure 1. Briefly, each spectrum
Yi(ν) was considered as a sum [Eq. (1)]:

YiðnÞ ¼
XM

j¼1

wjvijSjðnÞ (1)

where wj are weights, Sj(ν) are normalized subspectra, and vij are
scores forming a unitary matrix. The number of original spectra
(N=21) was reduced to a basis of M=5 subspectra. The
protonation constants pKa were found by a fitting procedure,[26]

using the Henderson-Hasselbalch equation [Eq. (2)]

pH ¼ pKa þ logð½A� �=½HA�Þ (2)

to relate equilibrium concentrations of variously deprotonated [A� ]
and protonated [HA] forms. The analysis included spectral region
within 200–3150 cm� 1 where the measurement is most reliable. In
particular, it is difficult to subtract the background outside this
interval.

Similar analysis could not be done for ROA, where the spectra are
noisier and the accumulation times much longer. ROA spectra of
pure protonated forms could be obtained using the knowledge
about the protonation constants and an extrapolation as specified
above.

Computations

Initial GSH geometries were optimized by energy minimization in
the Gaussian 16 software[29] using the B3LYP[30] functional, 6-311 +

+G(d,p) basis set, and CPCM water model. The atomic charges thus
obtained were used in a fitting procedure[31] providing force field
for Amber MD programs.[32] Within Amber, the peptide was placed
into a cubic water box (40 Å a side, 2141 water molecules), and
according to the protonation state, Na+ and Cl� counterions were
added to keep system neutrality. The dynamics were performed at
300 K using NVT ensemble, GAFF[19] or Amber[33] force fields, and
1 fs integration time step. As the Amber force field provided slightly
more realistic spectra, the Amber results are reported if not
indicated otherwise. After an equilibration, 1000 snapshots for
spectra calculations were extracted in 1 ns intervals. A larger
number of snapshots (100000) was used for MD trajectory analysis.

From the snapshots, peptide-water clusters were made, leaving
only water molecules hydrogen-bonded and closer than 2.6 Å to
the peptide. Also the Na+ and Cl� counterions were deleted as their
effect on the resultant spectra was quite minor. The cluster
geometries were partially optimized in the normal mode vibrational
coordinates,[34] using the Gaussian and Qgrad[35] programs, and the
B3LYP/6-31 + +G(d,p)/CPCM level of approximation. On water
atoms, smaller 6-31G basis set was used. For the clusters, vibrational
frequencies and backscattering Raman and SCP[10] ROA intensities
were calculated at the same level as the optimized geometry and
averaged. For smooth spectra, the frequencies were scaled by 0.98
and the intensities convoluted with Lorentzian bands 10 cm� 1.

Spectral Decomposition and Fitting

To relate the spectra to the conformation of GSH backbone
decomposition algorithm based on arbitrary potential energy
surfaces was used.[24,25] Briefly, the experimental spectra Se were
thought of as weighted sums of the calculated ones Sc, shown in
Equation (3):

Se �
XN

i¼1

piSc;i: (3)

The error d ¼
R
ðSe �

P
ciSc;iÞ

2dn was considered as a function of
associated energies ei, since pi ¼ expð� ei=kTÞ, where kT is the
Boltzmann temperature quantum. The energies were expanded to
plane wave (cos/sin) basis functions gk,

ei ¼
XM

k¼1

dkgkðxiÞ,

where xi stands for selected coordinate/coordinates. Note that even
for a large number of snapshots/calculated spectra (N~ 1000), the
number of the parameters dk to be optimized remains restricted
(we chose M=25). For the decomposition the calculated frequen-
cies were scaled to match the strongest Raman bands exactly and
other frequencies between were interpolated. Although the
algorithm can be applied more generally, we restricted ourselves to
conformers differing by two of the torsion angles, used as the
reference coordinates xi.
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