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The conformational distribution of glycerol is still an open question both in gas and in liquid phase. Density
functional calculations on different conformers of glycerol are reported and compared to the experimental
infrared spectra of the gas and of the liquid. The experimental infrared spectra of gas and liquid glycerol are
fitted by a linear combination of the single conformer ab initio spectra, obtaining the relative conformer
concentrations. For the gas the results are in agreement with electron diffraction experiments and with molecular
dynamics simulation data. The conformational distribution of glycerol in liquid phase is less accurate but
always indicative. Some results about the role of the intramolecular hydrogen bonding in stabilization and in
structural features of the conformers are discussed.

I. Introduction

Glycerol (1,2,3-propanetriol) has been the object of numerous
investigations for its important role in biochemical reactions.1

Glycerol, although being a molecule without asymmetric
carbons, is metabolized asymmetrically.1 This important prop-
erty must be connected with conformational energetics that
render the molecule prochiral.1,2 The molecule is characterized
by a high degree of flexibility and, due to the presence of three
hydroxyl groups, can give rise to intra- and/or intermolecular
hydrogen bonds (H-bonds). Each CH2OH group can rotate
around a CC covalent bond, giving three possible staggered
conformations labeled by Bastiansen3 as R, â, and γ. As
illustrated in Figure 1, in theR conformation the end oxygen
atom is in trans position with respect to the opposite end carbon;
in the â conformation, the two oxygen atoms of the CH2OH
and CHOH groups are in trans position; finally, in theγ
conformation the oxygen atom of the CH2OH group is in trans
position with respect to the aliphatic hydrogen atom of the
CHOH group. Hence six differentbackbonestructures, namely
RR, Râ, Rγ, ââ, âγ, andγγ, can be identified irrespective of
the hydroxyl hydrogen positions. Conformational distribution
can be different for different aggregation states, due to the
possibility to form intra- and intermolecular H-bonds. In fact,
different conformers or mixtures of them have been identified
or suggested as predominant in gas,3,4 liquid,5,6 and glassy7

phases. The conformational structure of glycerol has been
unambiguously identified only in the crystalline state, where
X-ray diffraction8 revealed the presence of onlyRR backbone
conformers. For all other phases, the available experimental and
theoretical data are contradictory. Several ab initio studies2,9,10

on the isolated molecule agree to indicate theγγ conformation
as the most energetically stable implying, therefore, that in the
gas phase glycerol exhibits mainly this conformation. These
results seem to be confirmed by a recent experimental study
where the gas phase rotational spectrum4 of glycerol has been
found consistent with a conformational distribution consisting

in a mixture ofγγ and, to a lower extent, ofRγ forms. On the
other hand, in a recent molecular dynamics (MD) simulation11

of gaseous glycerol, theRR and Rγ structures were found as
the most abundant in a wide temperature range (300-400 K).
These last results were in agreement with electron diffraction
experiments3 which also indicated these backbone conformations
as prevalent in the gas phase.

For the liquid and glassy states, available experimental studies
have been unable to ascertain the conformational distribution.
In two neutron scattering studies5,6 theRR andRγ conformations
were invoked to explain the observed structure factors. This
hypothesis has been later confirmed by MD simulations.11,12

On the other hand, in a recent neutron scattering investigation,7

the observed structure factors of glassy glycerol were fitted
assuming a preferential conformational structure ofâγ type.

In order to shed further light on the structural properties of
glycerol in gas and condensed phases, we have conducted a
systematic correlated ab initio study of the vibrational properties
of different glycerol structures, comparing the results with
experimental data.13,14 In the past, correlated ab initio calcula-
tions using the Møller-Plesset perturbation method (MP2) were
performed by Teppen et al.10 on 11 conformers, different in
backbone conformation and hydroxyl group orientations. To our
knowledge, however, no systematic and accurate ab initio study
on the vibrational properties of glycerol is available in the
literature. We have determined the vibrational frequencies along
with the infrared (IR) and Raman intensities adopting density
functional theory (DFT) at the B3-LYP/6-31G(d) level.15-17 In
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Figure 1. Newman projections of glycerol backbone conformations.
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many cases18-23 it was shown that this approach is able to
accurately reproduce vibrational properties.

Ab initio computed spectra referring to monomer glycerol
are here used to evaluate the conformational distribution in the
gas phase by performing a fit of the experimental spectra.
Furthermore, combined DFT data of monomers and dimers and
experimental measurements can yield reliable indications on the
conformational distribution of the liquid as well.

The layout of this paper is as follows: in section II some
insights on the computational details are given. In section III
structural features, related to H-bonding formation, are dis-
cussed. In the same section, the main results on the conforma-
tional distribution of glycerol in gas and liquid phases are given.
Finally, conclusive remarks appear in section IV.

II. Calculations

As previously stated, the most stable backbone structures of
glycerol in all phases involve theR and/orγ conformations.
We have therefore chosen to study 10 different backbone
conformers ofRR, Rγ, andγγ kind. The starting structures were
taken from previous ab initio studies.2,10 For completeness we
have also included three structures involving theâ conformation
(Râ, ââ, and âγ ), for a total of 13 structures. The ab initio
calculations have been performed using B3-LYP exchange-

correlation functional,15,16 as implemented in the Gaussian98
package.24 Basis set selection is a key issue in our study because
of the high computational cost required in the calculation of
the IR and Raman spectra for many different minima. Based
on our past experience,19 we have used the standard split valence
basis set 6-31G(d).17 In fact, the combined use of this basis set
and of the B3-LYP functional in DFT calculations has been
proven20,21 to provide an excellent compromise between ac-
curacy and computational efficiency for large and medium-size
molecules.

The coordinates of the optimized structures, their frequencies,
and corresponding assignment along with IR and Raman
intensities are available upon request to the authors.

III. Results and Discussion

A. Structural Properties. The optimized structures of the
analyzed conformers are displayed in Figure 2 and labeled with
two Greek letters that identify the backbone conformation
followed by a number to discriminate, in order of increasing
energy, among conformers having the same backbone arrange-
ment and different OH orientations. The energies of the
conformers are reported in Table 1 along with those obtained
at the MP2 level by Teppen et al.10 The energy ordering of the
various conformations is not much different in the DFT and

Figure 2. Computed structures of glycerol.
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MP2 calculations. In fact, excluding conformers involvingâ
arrangements, one can distinguish three subsets of conformations
(Rγ1, γγ2, Rγ2), (Rγ3, RR1, Rγ4, RR2, Rγ5), and (RR3) with
very similar energy above the most stableγγ1 conformer. The
discrepancy is probably due to the absence of the dispersive
contribution to the total energy in gradient-corrected DFT
calculations.25 In fact, the DFT energies have been corrected
by adding an empirical Lennard-Jones atom-atom contribution
based on the standard AMBER force field.26 As can be seen
from Table 1, for most of the conformers the energy difference
between the MP2 and the Lennard-Jones corrected DFT values
is within 1 or 2 kJ mol-1, with the only exception of theγγ2
conformer whose corrected energy is much too high. This
conformer, however, is characterized by a very short O3-O2
distance (2.73 Å) and hence by a strongly repulsive Lennard-
Jones (6.305 kJ mol-1) contribution, very likely overcorrecting
the corresponding DFT energy. In agreement with previous ab
initio calculations,9 the ââ conformer is found with an energy
much higher thanRR, γγ, andRγ forms. A similar behavior
was found for theRâ and âγ conformers. This fact is not
surprising, asâγ, ââ, andRâ, unlike all the others, have only
one intramolecular H-bond as can be observed in Table 2 (we
arbitrarily assume that an H-bond is established when the O‚‚‚H
distance is shorter than 2.5 Å).

In agreement with MP2 calculations,10 the most stable
conformer isγγ1. This structure is characterized by the presence
of three H-bonds, two of them being relatively strong with a
H‚‚‚O distance of 2.09 (H6‚‚‚O3) and 2.05 Å (H8‚‚‚O2),
respectively (see Table 2). We note that the formation of the
shortest H-bonds always occurs in conformers with a typical
closed six-membered ring arrangement (-C-C-O‚‚‚H-O-
C-). In theγγ2 andââ conformers, for instance, the H8‚‚‚O2
(γγ2) and H7‚‚‚O3 (ââ) H-bonds, belonging to the six-
membered ring-C2-C3-O2‚‚‚H8-O3-C1- and-C2-C1-
O3‚‚‚H7-O2-C3-, have a length of 1.96 and 1.97 Å,
respectively.

We observe in general that in all conformations the CO bond
length markedly depends on the hydrogen donor (H-donor) or
acceptor (H-acceptor) character of the oxygen atom. The C3-
O2 average distance is, e.g., about 1.416 Å when O2 is H-donor
(RR1, RR2, RR3, Rγ1, Rγ2, andRγ5), while it increases to
1.433 Å when O2 behaves as H-acceptor (γγ2, Rγ3, andRγ4).
When the oxygen is H-acceptor as well as H-donor (for instance
O1 in theγγ1, Rγ1, Rγ2, Rγ3, RR1, Rγ4, andRR2 conformers),
the H-acceptor effect is dominating and the CO bond length
increases on average to 1.427 Å. In fact, in theRâ conformer,

where the H8-O3 hydroxyl group is not involved in H-bonding,
the C1-O3 covalent bond is 1.4207 Å.

From Tables 1 and 2, we can observe that the energetically
favoredγγ and Rγ conformations are often characterized by
strong (i.e., short) H-bonds. However, the H-bond length is not
the only driving factor for energy stabilization: theRγ2
conformer is less stable thanRγ1, despite the fact that its
H-bonds (H6‚‚‚O3 and H7‚‚‚O1) are shorter and hence presum-
ably stronger than inRγ1. From the analysis of the optimized
structures it emerges that an important structural feature for
energy stabilization in intramolecular H-bonding is the orienta-
tion of the lone pair of the H-acceptor oxygen. For example, in
the most stableRγ conformer (Rγ1) the H6‚‚‚O3-H8 angle is
105.4° (very close to the ideal sp3 hybridization value), which
means that H6 is pointing toward the O3 lone pair. InRγ2 the
short O3‚‚‚H6 H-bond forms an angle of 131.3° with the O3-
H8 bond, missing by more than 20° the lone pair.

It is indeed remarkable that the most stable backbone
conformer ofRR type, i.e.,RR1, has a relatively high energy.
We recall that crystalline glycerol is made exclusively byRR
conformers and in the liquid and glassy phases theRR
conformation, together with theRγ, is believed5,6,11predominant.
The energy stabilization ofRR conformers (as well asRγ) in
the condensed phases should be attributed to the formation of
intermolecular H-bonds.5,6 This is certainly true in the crystal
phase where each glycerol molecule is involved in six inter-
molecular H-bonds, with three oxygen atoms acting as H-donors
and three as H-acceptors.12 In liquid and glassy glycerol, the
stabilization of theRR form has probably a more subtle origin
with entropic factors, along with intermolecular interactions,
also playing an important role.11

B. Vibrational Spectra. 1. Gas Phase.As stated in the
Introduction, there is no agreement on the conformational
distribution in the gas phase. Comparison of the gas phase
experimental IR spectrum of glycerol14 to the calculated
individual spectra of the various conformers may be of great
help in resolving the matter of the conformational composition

TABLE 1: Energies of the Conformers shown in Figure 2a

conformer EDFT ∆EDFT ∆EDFT+LJ ∆EMP2

Râ -344.762 528 122 26.30 23.097
ââ -344.763 772 744 23.03 24.845
âγ -344.764 776 261 20.40 17.729
RR3 -344.766 017 565 17.14 13.65 14.69
Rγ5 -344.766 864 349 14.92 11.629 10.59
RR2 -344.766 936 608 14.73 11.222 10.96
Rγ4 -344.767 346 228 13.65 10.498 9.54
RR1 -344.767 369 905 13.59 10.107 10.92
Rγ3 -344.767 650 937 12.85 9.266 11.55
Rγ2 -344.768 997 180 9.32 6.35 4.35
γγ2 -344.769 149 872 8.91 12.456 6.40
Rγ1 -344.769 382 058 8.30 5.256 4.81
γγ1 -344.772 544 584 0 0 0

a Entries in column 2 refer to absolute energies (atomic units) using
DFT/B3-LYP method. Entries in columns 3 and 4 are the relative DFT/
B3-LYP energies (kJ mol-1) with respect to the most stable conformer
(γγ1) without (∆EDFT) or with (∆EDFT+LJ) Lennard-Jones corrections
(see text), respectively. MP2 results (column 5) are taken from ref 10.

TABLE 2: H-Bond Distances (Å) and H-Bond Angles (deg)
of Glycerol Conformersa

RR1 RR2 RR3 γγ1 γγ2

H6‚‚‚O3 2.1911 2.2235 2.0893 2.1215
H6‚‚‚O3-H8 105.76 135.55 94.82 92.69
H8‚‚‚O1 2.2625
H8‚‚‚O1-H6 98.00
H8‚‚‚O2 2.0533 1.9639
H8‚‚‚O2-H7 93.29 141.97
H7‚‚‚O1 2.2590 2.2355 2.2625 2.4007
H7‚‚‚O1-H6 166.29 156.68 98.00 81.17

Rγ1 Rγ2 Rγ3 Rγ4 Rγ5

H6‚‚‚O3 2.1013 2.0975
H6‚‚‚O3-H8 105.42 131.29
H6‚‚‚O2 2.1454 2.1609
H6‚‚‚O2-H7 108.68 134.46
H8‚‚‚O1 2.1521 2.1938 2.2595
H8‚‚‚O1-H6 116.94 112.66 127.48
H7‚‚‚O1 2.2298 2.2226 2.2479
H7‚‚‚O1-H6 124.89 131.09 111.40

Râ ââ âγ

H7‚‚‚O1 2.2381
H7‚‚‚O1-H6 100.53
H7‚‚‚O3 1.9733 2.4693
H7‚‚‚O3-H8 132.88 124.07

a H-bond distances greater than 2.5 Å are not reported. Atomic
symbols refer to Figure 2.
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in the gas phase. To this aim, we have computed the vibrational
frequencies along with IR and Raman intensities for the
conformers ofRR, Rγ, andγγ types (the Raman intensities have
been computed only forRR1, RR2, Rγ1, Rγ2, γγ1, andγγ2
conformers). In our analysis we have not considered conformers
with â conformation because of their very high energy (see
Table 1) and since no experimental evidence of their presence
in gas phase was found in the past.3,4

The theoretical spectra are obtained by representing each band
with a Gaussian profile, centered at the calculated frequency
and with intensity equal to the corresponding calculated
intensity. In Figure 3 we report the ab initio IR spectra for the
analyzed conformers compared to the experiments in the gas
and liquid phases at 498 K and room temperature, respectively.
The gas phase IR spectrum was taken from ref 14, while that
of the liquid was obtained in this work (see caption of Figure
3 for experimental details). Unfortunately, the Raman spectrum
of the gas phase is not available, and therefore, we shall only
discuss the IR spectrum.

From the knowledge of the ab initio spectra of the individual
conformers, one can deduce the conformational distribution in
the gas by fitting the experimental spectra with alinear
combination of the individual spectra, the coefficients of the
linear combination yielding the conformational distribution. The
success of the procedure relies on a reasonable accuracy of the
DFT-calculated IR frequencies and intensities19,23 and on the
availability of a selective spectral region for discerning among
the various conformers.

From a qualitative comparison of the experimental spectrum
with ab initio calculated spectra of the various conformers
(Figure 3), one could argue that the 550-1600 cm-1 region

has indeed the desired selectivity. In fact, it can be seen from
Figure 3 that theγγ conformations exhibit the highest intensity
at ∼1400 cm-1 (COH bending motion) while forRR-type
structures the strongest bands are expected at∼1050 cm-1 (CO
stretching modes). The CCC backbone symmetric stretching
mode at∼850 cm-1 gives a significant intensity only in the
RR and, to a lower extent, theRγ conformers. On the contrary,
the high-frequency region of CH and OH modes is not so useful
for our purposes since anharmonic effects, not included in the
DFT calculation, are expected to be important for these modes.

On the basis of the above consideration and of a first sight
comparison of observed and calculated spectra, one could infer
that theγγ conformers should only be a minor contributor of
the conformational mixture in the gas phase compared to more
abundantRR andRγ conformers. To put these considerations
in a quantitative assessment, the glycerol gas phase spectrum
has been calculated as an overlap of the monomer spectra

where i and j label the normal modes and the conformers,
respectively,ωij and I(ωij) are the calculated frequencies and
intensities,Cj is the fractional concentration of thejth conformer,
andW (common to all the conformers) is related to the band
width Γ by the relationΓ ) 2Wxln2. The fit to experiments of
the calculated spectrum (3.1) has been estimated through the
quantity27

The parameter 3.2 will range from 1, when the two spectra
are identical, to 0, when there is no overlap between the two
spectra. By minimizing the functiong ) 1 - F with respect to
the adjustable parametersCj (Wwas fixed to 30 cm-1) and using
ωmin ) 550 cm-1andωmax ) 1600 cm-1, we obtained the best
fit to the observed IR spectrum (F ) 0.96) shown in Figure 4.
The obtained parameters wereCRR ) 0.83, CRγ ) 0.15, and
Cγγ ) 0.02. The agreement with experiments is satisfactory,
and the fit gives the conformational composition at the tem-
perature of the experiment, i.e., 498 K.

Figure 3. Calculated IR spectra of monomers (see text for details)
compared to the experimental gas phase IR spectrum14 at 498 K, and
to the measured liquid phase spectrum at room temperature. The IR
spectrum of the liquid was measured by means of a FTIR Bruker
interferometer IFS-120 with a spectral resolution of 2 cm-1. Liquid
glycerol (purity greater than 99.5%) was furnished by Fluka Chemie
(Switzerland). The bandwidth of the calculated spectra is 50 cm-1.

Figure 4. Best fit to the experimental gas phase IR spectrum of glycerol
(see text for details). Full line, experimental; dashed line, calculated.

Scalc(ω) ) ∑
i

∑
j

CjI(ωij) e-(ω-ωij )2
/w2 (3.1)

F )
∫ωmin

ωmax Sexp(ω) Scalc(ω) dω

[∫ωmin

ωmax Sexp
2(ω) dω ∫ωmin

ωmax Scalc
2(ω) dω]1/2

(3.2)
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Our results are consistent with indications from MD simula-
tion of gas glycerol11 and agree with previous electron diffraction
studies.3 Since the IR spectrum of the liquid, recorded at 300
K, has many similarities with the experimental gas spectrum in
the 750-1600 cm-1 region, the conformational composition
should not vary dramatically with temperature in the range 300-
500 K in going from the gas to the liquid phase.

2. Liquid Phase.Both the IR and Raman spectra of liquid
glycerol are available. The Raman spectrum has been obtained
in this work and is shown in Figure 5 (see caption to figure for
experimental details) compared with the ab initio calculated
spectra of some conformers.

Derivation of the conformational distribution in the liquid
phase using the same procedure as in the gas phase poses some

problems. In fact, in the gas phase it could safely be assumed
that the experimental spectrum was the superposition of
contributions from spectra of the various conformers since
formation of associated species (dimers, trimers, etc.) is unlikely
in the gas. On the contrary, in the liquid one should expect strong
intermolecular H-bonds are formed which are associated with
novel intermolecular bands and with significant shift or increased
intensities of the fundamentals. These effects are more likely
to occur in the low-frequency region of the spectrum (ω < 700
cm-1) and in the OH stretching region.

For these reasons, before proceeding to a fit of the liquid
spectra, we decided to verify the actual effect of intermolecular
association to the vibrational spectra. For this purpose the ab
initio IR and Raman spectra ofRR‚‚‚RR, RR‚‚‚Rγ, andRγ‚‚‚
Rγ dimers were calculated optimizing the structures of the
dimers to allow for a distortion ofRR1, RR2, Rγ1, andRγ2
monomers. In the dimers multiple and strong intermolecular
H-bonds are formed (three H-bonds for each dimer) with O‚‚‚H
bond distance ranging from 1.76 to 1.94 Å. In Figures 6 and 7
the dimer spectra are compared with the sum spectra of the
monomer partners. From the figures it can be seen that both in
the low-frequency region and in the OH stretching region the
dimer spectrum drastically differs from the monomer sum
spectrum. This is most clearly evident from the low values of
theF factor calculated according to eq 3.2. It is therefore evident
that these spectral regions are not suitable for a fit of the liquid
spectrum in terms of monomers’ contributions. However, it can
also be seen from Figures 6 and 7 that in the 750-1500 cm-1

frequency region the association effect in the dimers is not much
pronounced and, in fact, theF factor is higher than 0.89.
Therefore, this spectral region can be confidently used also in
the liquid phase to sort out a conformational distribution from
a fit of the observed spectra to a superposition of monomer
spectra. We consider this to be reliable at a semiquantitative
level in view of the fact that the association effects on the

Figure 5. Calculated Raman spectra of monomers (see text for details)
compared to the experimental Raman spectrum of liquid glycerol,
measured using the 514.5 nm line of an Ar+ laser with resolution 2
cm-1.

Figure 6. Calculated IR spectra of the dimers (full line) and sum spectra of the corresponding partners (dashed line). TheF factors are defined in
eq 3.2.
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spectra, certainly important in the liquid state, can only be
crudely evaluated by our calculation on tightly H-bonded dimers.

By using the same procedure as in the gas phase, a single
and well-defined global minimum was obtained for theCj

parameters (see eq 3.1) from the IR spectrum. By contrast, the
fit of the Raman spectrum yielded multiple and high valued
minima for theg function with disparate and unreliable values
of theCj coefficient. The failure of the fitting procedure in the
case of the Raman spectrum can be due mainly to a poor
reliability of the calculated Raman intensities. In fact, it is now
well established28 that electronic polarizability is very sensitive
to the basis set size and therefore the 6-31G* basis set may not
be entirely reliable for predicting Raman activity.

The best fit of the IR spectrum yieldsF ) 0.938 (eq 3.2), a
value slightly lower than in the gas phase. The resulting
fractional concentrations areCRR ) 0.74,CRγ ) 0.07, andCγγ

) 0.19 (with W ) 30.0 cm-1). We remark that theγγ
contribution is entirely given by theγγ2 form. This form in
the calculated monomer IR spectrum shows a well-defined
absorption band at about 650 cm-1 that does not seem to have
a counterpart in the experimental spectrum. Furthermore, the
presence of a significant quantity ofγγ in the liquid is unlikely
from both theoretical11 and experimental indications.5,6 If we
perform the fit by arbitrarily excluding theγγ2 conformer from
eq 3.1, we find a result similar to that found in the gas phase,
i.e., F ) 0.93,CRR ) 0.70,CRγ ) 0.27, andCγγ ) 0.03. Such
a result is in agreement with MD simulations11 on liquid
glycerol.

It can therefore be concluded that on the basis of DFT
calculations, even if quantitative conclusions on the conforma-
tional composition of the liquid glycerol cannot be drawn, the
liquid composition should be similar to that in the gas phase
and in particular thatRR conformer is the more abundant.

IV. Conclusions

We have performed ab initio calculations of the structural
and vibrational properties of glycerol in order to obtain
information on the conformational equilibria in the gas and
liquid phases. By comparing calculated intensities to available
experimental data, we have gathered convincing evidence that
gaseous glycerol basically exists in two forms, theRR and the
Rγ structures, and all other forms, including the very stableγγ
form, have a negligible concentration. The strong similarity of
the experimental spectra of the gas and of the liquid in the 750-
1600 cm-1 spectral region implies that the conformational
composition of the liquid is similar to that of the gas phase. As
there is widespread agreement in the literature on the fact that
in condensed phase theRR form is prevalent, the similarity of
the gas and liquid IR spectra can be used as further evidence of
the existence of theRR form in the gas phase. Our combined
ab initio and experimental approach confirms the prediction of
a recent MD investigation on glycerol,11,12where conformational
distribution of the gas and liquid phases were found to be very
similar and weakly dependent on temperature in the range 300-
400 K and consisting mainly ofRR and Rγ conformers. Our
results are also in agreement with earlier electron diffraction
studies on the gas phase3 of glycerol and on more recent neutron
scattering measurements in liquid phase.5,6

It seems that these conclusions are not in agreement with
the rotational spectrum obtained by Maccaferri et al.4 on free
jet expanded glycerol, which could be interpreted considering
that only theγγ andRγ conformers are present in the gaseous
sample. In the assumption that the conformational distribution
at the temperature of the preexpanded gas (423 K) is fully
quenched during the expansion, theRR conformer should be
revealed in the rotational spectrum, since its dipole moment is
similar in magnitude to those ofγγ andRγ, and the rotational
constants of the various conformers differ appreciably (as is
reported in the additional material available from the authors).

Figure 7. Calculated Raman spectra of the dimers (full line) and sum spectra of the corresponding partners (dashed line). TheF factors are defined
in eq 3.2.
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However, it is well-known29,30 that when the interconversion
energy barriers are low, as it is the case for glycerol,11 a
structural relaxation occurs during the expansion. This relaxation
can be particularly effective if argon is the carrier gas as in the
experiment by Maccaferri et al.4 If this is the case, the difference
from Maccaferri’s results can be explained.
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