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a b s t r a c t

The FT-IR and vibrational circular dichroism (VCD) spectra of (S)- and -(R)-methyl lactate have been
recorded for neat samples and at various concentrations in CCl4 and DMSO solutions. These spectra
are used to analyse the FT-IR and VCD spectra of methyl lactates in presence of sodium bis(2-
ethylhexyl)sulfosuccinate (AOT) in CCl4, where the surfactant molecules are known to form reverse
micelles. Some tendency of methyl lactate to interact with AOT micellar aggregates is observed, but
not as well defined as previously observed for dimethyl tartrate in analogous circumstances. Besides,
ethyl lactate
odium bis(2-ethylhexyl)sulfosuccinate
AOT)
everse micelles
CD
IR
nharmonicity

near infrared (NIR) absorption and VCD data have been obtained for most of the above systems, allowing
to monitor the first overtone of the OH-stretching vibration of methyl lactates, especially in the spec-
troscopic region where the OH bond is not involved in hydrogen bond with other molecules. The NIR
absorption and NIR VCD data for dilute solutions are reproduced and interpreted by anharmonic DFT cal-
culations. Further understanding of the behavior of aggregated methyl lactate systems has been gained
on this basis.
. Introduction

(S)- and (R)-methyl lactate (more often referred to as (l) and
d)-methyl lactate, respectively) have long been studied by vibra-
ional circular dichroism (VCD) [1–5] and also recently Losada and
u [6] have monitored by density functional theory (DFT) calcula-

ions the interaction of methyl lactate with few water molecules,
ustifying the VCD spectral changes in water solution with respect
o the VCD spectra in CCl4 solution. Other techniques were also
mployed on these systems, in view of chiral recognition phenom-
na [7]. On the other hand a system supposedly similar to methyl
actate, dimethyl-tartrate, has recently been studied [8,9] by FT-IR,

id-IR VCD and NMR in presence of two types of surfactant com-

ounds, namely sodium bis(2-ethylhexyl)sulfosuccinate (AOT) and
oy-lecithin in apolar solvents. The performed experiments have
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been found very useful to monitor the strong interaction of both
dimethyl tartrate enantiomers with AOT and lecithin polar heads.

The surfactant molecules are known to form reverse micelles
when they are dissolved in apolar solvents [10]. As a consequence of
anisotropic surfactant/surfactant interactions, their peculiar globu-
lar structure consists in a hydrophilic core formed by the surfactant
head groups surrounded by its alkyl chains pointing outwards.
Solutions of reverse micelles in apolar solvents are specialized sol-
ubilization systems because they offer a multiplicity of sites for
hydrophilic, amphiphilic and hydrophobic substances. In the case
of dilute solutions of amphiphilic compounds, like dimethyl tar-
trate or methyl lactate, their behavior is generally described in
terms of a portioning of solute monomers between reverse micelles
and apolar medium. On the other hand, in absence of surfactant,
amphiphilic molecules are able to self-assemble in apolar media
forming a variety of oligomers whose equilibrium populations are
concentration dependent.

Then, one may ask whether it is possible to evaluate the com-
position and structure of the molecular aggregates, when both the
surfactant and the amphiphilic substance coexist at relatively high

concentration. This study, which had been undertaken with some
success for dimethyl tartrate [8,9], could be of some interest to the
biologists, since reverse micelles have been proposed as realistic
models of bio-compartments such as biomembranes. The aim of

dx.doi.org/10.1016/j.vibspec.2012.01.020
http://www.sciencedirect.com/science/journal/09242031
http://www.elsevier.com/locate/vibspec
mailto:abbate@med.unibs.it
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cheme 1. Molecular structure of Sodium bis(2-ethylhexyl)sulfosuccinate (AOT),
R)-(+)-methyl lactate (R-ML) and (S)-(−)-methyl lactate (S-ML).

he present investigation is then to unveil the nature and composi-
ion of the aggregates present in methyl lactate/AOT/CCl4 solutions.
he structural formulae for both enantiomers of methyl lactate and
OT are given in Scheme 1.

As stated above, FT-IR, VCD, and NIR have proven as suitable
echniques to provide structural information on the environment
f spatially separated moieties of both solubilizate and surfactant
olecules and consequently on the structural arrangements of

heir molecular aggregates in apolar solutions. In particular, AOT
pectra are characterized by the environment sensitive C O, SO3

−

undamental stretchings, and methyl lactate ones by the OH (fun-
amental and overtone) and C O stretchings.

. Materials and methods

(S)-(−)-Methyl lactate (S-ML) and (R)-(+)-methyl lactate (R-ML)
Fluka, optical purity > 99%) were used as received. Sodium bis(2-
thylhexyl) sulfosuccinate (AOT, Sigma, 99%, racemic mixture) was
ried under vacuum for several days before use. To remove resid-
al traces of water, solutions of AOT in CCl4 (Riedel-de Haën, 99.8%)
ere gently stirred for several days in the presence of activated type

A molecular sieves (Fluka, beads of 4 Å pore size). Solutions at var-
ous solubilizate-to-surfactant molar ratios (R) were prepared by
dding the appropriate amounts of AOT/CCl4 solutions to a weighed
uantity of S-ML or R-ML.

FT-IR spectra were recorded in the wavelength range
00–4000 cm−1 by a Perkin-Elmer (Spectrum BX) spectrometer
sing a fixed-path cell equipped with CaF2 windows. All mea-
urements were performed at 25 ◦C with a spectral resolution of
.5 cm−1.

The VCD spectra in the mid-IR range were taken on 0.2 M CCl4
nd DMSO solutions and on R-ML/AOT/CCl4 and S-ML/AOT/CCl4
olutions at R = 1 and R = 2, (AOT concentration 0.082 M) in BaF2
.1 mm pathlength cells using a Jasco FVS 4000 apparatus. The spec-
ra resulted from 2000 scans or from averages over a series of 4 runs,
ach one of 2000 scans, with a resolution of 4 cm−1. In all cases the
R and VCD spectra of the solvent or surfactant was subtracted.

Near infrared (NIR) absorption and VCD spectra were taken on
home-built apparatus with samples contained in 0.5–5 cm path-

ength quartz cells on R-ML/AOT/CCl4 and S-ML/AOT/CCl4 solutions
t R = 2, AOT concentration 0.164 M and 0.1–0.9 M for CCl4 solutions
n the range 1600–1300 nm (first OH-stretching overtone). Aver-

ges over 4 series, with the resolution of 2 nm, 2 scans each were
onsidered. Spectra were run by the procedures described in Refs.
11,12] and for the micellar solution (R = 2) the NIR absorption of
he surfactant was subtracted.
troscopy 60 (2012) 54–62 55

DFT calculations for the prediction of the mid-IR VCD spectra
for the isolated R-ML molecule were conducted with the B3LYP/6-
311++G(d,p) level of theory in vacuo and with the IEF-PCM solvation
model of Gaussian 09 package [13] in the harmonic approxima-
tion. No scaling factor was applied to calculated frequencies and
calculated spectra were constructed by assigning Lorentzian band-
shapes to predicted vibrational transitions with bandwidths of
10 cm−1. The anharmonicity calculations were run with our own
codes and Gaussian 09, as described in Refs. [14,15], and allowed
us to evaluate the mechanical anharmonicity parameter � and var-
ious electrical anharmonic parameters: with these we were able to
predict the first OH-stretching overtone NIR and NIR-VCD spectra.

3. Results and discussion

3.1. IR data

To evidence the concentration dependence of the OH stretching
band in the fundamental OH-stretching region, we have normalized
the spectra in such a way that the absorbance maximum is in all
cases A = 1: we show them in Fig. 1 for neat S-ML and for S-ML
solutions in CCl4 at three concentrations (panel A), and in solution
of DMSO-d6 (0.2 M) and in AOT/CCl4 solutions at fixed surfactant
concentration ([AOT] = 0.164 M) (panel B) (in the latter case we also
repeat the neat liquid data for ease of comparison).

One may notice that the band shape is influenced by the type
of solvent (CCl4 vs. DMSO-d6), by increasing the concentration of
S-ML in CCl4, as well as by the presence of AOT. In particular,
the most marked spectral contribution of the lower wavenum-
ber broad components (ca. 3455 cm−1 and 3312 cm−1) occurring
in AOT micellar solutions and in DMSO (ca. 3305 cm−1) and in the
neat liquid state (ca. 3470 cm−1) are tentatively assigned to inter-
molecular hydrogen bonded OH stretchings. In particular the band
at ca. 3470 cm−1, found in the neat liquid state and in the three-
component solutions, is assigned to OH stretchings perturbed by
intermolecular S-ML/S-ML dimer, trimer, etc. formations; the ca.
3305 cm−1 band found in DMSO solutions bears some similar-
ity to the low wavenumber component of the structured band
observed in the three-component solutions and thus is assigned
to OH stretchings perturbed by intermolecular S-ML/SO3

− associ-
ations (or by the only one S O in DMSO-d6). This means that in
presence of AOT, S-ML competes in bonding to either other S-ML
molecules or to the head groups of the surfactant AOT molecules.
Next, one may notice for S-ML/CCl4 solutions, as well as for S-ML in
presence of the surfactant, the existence of a sharp absorption band
at ca. 3550 cm−1 (marked � in Fig. 1), which will be shown later to
be typical of the OH-stretching of the single S-ML molecule forming
OH· · ·O C intramolecular hydrogen bond, as attributed before [16].
Another less intense band at ca. 3600 cm−1 (marked � in Fig. 1),
attributed to S-ML molecule forming OH· · ·OCH3 intramolecular
hydrogen bond, is also noticed here [16]. In conclusion, it may be
assumed with some confidence that, in the presence of AOT reverse
micelles, S-ML molecules dispersed in the bulk CCl4 solvent, either
in isolation or associated with other S-ML molecules, coexist with
those confined in the micellar aggregates. Other forms of spec-
troscopic experiments presented in this work will provide some
more details on the two types of associations. Moreover, since the
O H stretchings frequencies of confined S-ML molecules in reverse
micelles are lower than the O H stretching frequencies of S-ML
in the liquid state, it may be argued that methyl lactate hydrox-
yls experience stronger interactions in the micelle environments

than in the liquid state. The frequencies of the observed bands are
reported in Table 1 together with the first overtone data, which will
be commented later. No significant spectral difference between the
OH band of the two enantiomers has been detected implying that
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Fig. 1. (Top) Normalized OH stretching fundamental IR absorption band of (S)-methyl lactate (S-ML) in the neat liquid state, and in CCl4 (panel A) and in 0.164 M AOT/CCl4
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R = 1 and R = 2) and in DMSO solutions (panel B). (middle) Normalized C O stretc
panel C) and in AOT/CCl4 and in DMSO (panel D) solutions. (bottom) AOT SO3

− sym
).

he OH groups of both compounds experience the same local envi-
onment. (Commercial AOT is a diastereomeric mixture: no chiral
ecognition has been evidenced by our experiments.)

Whether and how the C O group of S-ML probes the immedi-
te surroundings may be monitored by looking at its C O stretching
and occurring at about 1740 cm−1. The S-ML C O stretching band
as been obtained by subtracting the spectrum of AOT/CCl4 solution

rom those of S-ML/AOT/CCl4 samples. These bands, normalized
uch that the maximum absorbance A is 1, are shown in Fig. 1,
anels C and D together with that for the solution in DMSO-d6
nd for neat liquid S-ML. With respect to the CCl4 solution, notice-
ble band broadening is observed, especially for neat S-ML, where
lso a small blue shift is observed to 1745 cm−1 (with an FWHH

−1 −1
f ca. 36 cm ) and an additional blue shift (6 cm ) is observed
or S-ML in DMSO-d6, with also a major shoulder growing in at
729 cm−1 (as observed previously for dimethyl tartrate [9]). Some
and broadening (ca. 15 cm−1 FWHH) is also observed in presence
R absorption band of (S)-methyl lactate (S-ML) in the neat liquid state and in CCl4
ic stretching IR absorption band for AOT/CCl4 and S-ML/AOT/CCl4 solutions (panel

of AOT. These facts suggest that part of the S-ML molecules are in
part inter-molecularly H-bonded to other S-ML molecules and in
part are bonded to the polar heads of the surfactant molecule. This
interpretation is consistent also with the data of the OH-stretching
region.

Finally, the band of the AOT SO3
− symmetric stretching absorp-

tion in S-ML/AOT/CCl4 samples exhibits a shift to lower frequencies
with increasing S-ML concentration together with some intensity
enhancement (see Fig. 1 panel E). The observed frequency behav-
ior, similar to that observed when an increasing amount of water is
solubilized within AOT reverse micelles [17], indicates that on the
average there are more interacting S-ML molecules per AOT.
3.2. VCD data in the mid-IR

In Fig. 2 we report the comparison of IR and VCD spectra of R-
ML and S-ML in CCl4 (panel a) in the 1500–900 cm−1 range to the
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ig. 2. IR (left panel) (S)-methyl lactate (S-ML) and VCD (right panel) spectra of (R)
n (a) 0.2 M/CCl4 solution, (b) in R = 1 micelles, (c) in R = 2 micelles, and (d) in 0.2 M/

pectra of R = 1 and R = 2 ML/AOT/CCl4 systems in the same range
panels b and c respectively), the AOT/CCl4 spectrum has been sub-
racted. For sake of discussion we also report the IR and VCD spectra
f R-ML and S-ML in DMSO-d6 (panel d).

DMSO by itself is not really a model for AOT polar heads:

hemical groups in DMSO and AOT are different and the molar
atios ML/AOT and ML/DMSO are different as well. However in
MSO solutions we can study spectral signals of ML molecules in
yl lactate (R-ML) (black bold trace) and (S)-methyl lactate (S-ML) (grey bold trace)
solution.

presence of a strong hydrogen acceptor; thus the comparison of
spectra presented in Fig. 2 can be instructive (as in an analogous
instance examined in Refs. [8,9]).

Some changes in the behavior of IR and VCD spectra of R-ML and
S-ML in presence of AOT are observed with respect to what happens

in CCl4 solutions, but not as drastic as observed for dimethyl tartrate
in the same conditions [8,9]; a more marked change is found for
VCD spectra in DMSO-d6 solutions (in all cases the VCD spectra of
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Table 1
Wavelength (nm) and frequencies (cm−1) of observed OH-stretching overtone
absorption bands for 0.1 M, 0.9 M solutions, neat ML and ML in presence of sur-
factant: a comparison is also provided with predicted frequencies from observed
fundamentals in the IR spectra shown in Fig. 1 and � = 88.6 cm−1, as explained in the
text.

�obs (cm−1)
�v = 1

�obs (nm)
�v = 2

�obs (cm−1)
�v = 2

�pred (cm−1) �v = 2

CCl4 (0.1 M)
�� 1381 br. 7236 7170 (1394 nm) �� + ��

�� = 3617 1415 7067 7057 (1417 nm) 2��

�� = 3553 1442 6935 6929 (1443 nm) 2��

� = 3473 6769 (1477 nm) 2�

CCl4 (0.9 M)
1379 br. 7252
1418 7052
1444 6925

Neat
1374 br. 7278
1445 6020

With AOT
�� 1377 br. 7262 7162 (1396 nm)

�� + ��

�� = 3618 1416 7062 7059 (1417 nm)
2��
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make the same assignment in the fundamental region and recon-
�� = 3544 1443 6930 6911 (1447 nm)
2��

-ML and R-ML are acceptable mirror images). First of all, the IR
pectra in the four cases of Fig. 2 are quite similar, except for the
egion labelled B, where the two bands observed at ca. 1267 and
230 cm−1 have almost equal intensities in CCl4 solutions, while
hey have rather different intensities in the other three cases: in
MSO-d6 the two bands are also more separated and the 1230 cm−1

omponent moves to 1213 cm−1, while the 1267 cm−1 moves to
278 cm−1. The regions labelled A, C and D do not show significant
hanges in the IR spectra, except for the 1042 cm−1 band in the D
egion changing in intensity, as commented in the previous section,
ue to the perturbation by the SO3

− stretchings of AOT underneath;
n the DMSO solutions, S O stretchings are so strongly absorbing
n region D that we can report neither IR nor VCD data there. The
CD spectra show parallel changes, in other words in region B the
elative VCD intensity of the 1267 to the 1230 cm−1 bands changes,
ven though in the opposite way with respect to the IR spectra. In
MSO-d6 solution the two VCD bands get also more separated in

requency and change to a larger extent than in presence of AOT.
inally, the VCD band in correspondence of the 1042 cm−1 IR band
ecreases in intensity: this change may be very well due to changes
rought in by the SO3

− moiety, that we monitored previously in the
R spectra. As it was concluded in first paragraph of this section, we

ay state that, while a strong interaction between the S O groups
f DMSO and S-ML (or R-ML) molecules occurs, the same happens
o a much lesser extent between AOT and S-ML (or R-ML), and this

eans to us that some S-ML molecules interact with AOT molecules
nd some do not.

In order to clarify the origin of the observed changes in the
id-IR we have performed some ab-initio calculations. Some time

go, HF/and DFT/harmonic approximations have been already
eported for ML in vacuo [1–6] and for ML + H2O complexes [6].

e have repeated the calculations for the isolated molecule and
ave obtained, as agreed in the literature [1–6], that the major con-

ormer (ca. 90% population) shows a kind of internal hydrogen bond
etween the OH and C O moieties, i.e. a short OH· · ·O C distance.
wo other conformers appear, with the OH bond approaching the

xygen atom of the OCH3 moiety (see Table 2), being slightly tilted
n each of the two sides of the OCC plane. We verified by the
CM-IEF approach both in CCl4 and in DMSO that essentially the
troscopy 60 (2012) 54–62

same conformers are obtained, but with significantly different pop-
ulation factors. The calculations for the DMSO case indicate the
presence of two new conformers (4 and 5) without intramolecu-
lar H bond but their contribution to the total population remains
very low (4%).

The experimental and calculated IR and VCD spectra in CCl4 and
DMSO-d6 are presented in Fig. 3 (left and right panel, respectively)
(see also Fig. S1 of Supporting Information). The predicted IR and
VCD spectra for the CCl4 solvent is in good agreement with the
experiment except the too high intensity for the IR signals at 1249
and 1274 cm−1. For the DMSO-d6 solvent, the predicted IR and
VCD spectra fail to reproduce the experimental spectra between
1100 and 1300 cm−1.We know that modelling of the DMSO solvent
should be made by explicitly placing DMSO molecules close to S-
ML, as indicated by Polavarapu for this kind of systems [3,18]. We
report our calculations here just for completeness. Finally and inter-
estingly, the normal mode analysis of the results of DFT calculations
allows to understand that the regions B and D (where changes in
the IR and VCD spectra occur) always involve the OH bending.

3.3. NIR absorption and NIR-VCD data

In Fig. 4 (left panel) we superimpose the experimental NIR
absorption (top) and NIR-VCD spectra (bottom) of S-ML and R-ML
as neat liquids or as 0.1 M and 0.9 M CCl4 solutions in the region
1300–1600 nm, corresponding to the first OH-stretching overtone.
For ease of comparison the data have been reported in ε and �ε
ordinate scales.

In Fig. 4 (right panel) we superimpose the NIR (top) and NIR-VCD
(bottom) spectra of R = 2 ML/AOT/CCl4 systems. To the correspond-
ing spectra of 0.9 M/CL4 solutions of S-ML and R-ML (the latter
spectra being the most similar to those for the three-component
system): from the absorption spectra of ML/AOT/CCl4 the absorp-
tion spectrum due to CH stretching–bending combinations has
been subtracted. This region contains the OH-stretching first over-
tone transition of the monomeric molecule and we assign the two
main peaks at ca. 1410 and 1440 nm to the three OH-stretchings
in the most populated conformational states (the OH stretching
overtones for inter-molecularly bonded molecules are expected to
appear in twice a broader region than in the IR fundamental region,
and it is known [19] that they show a much lower intensity): the
characteristic frequencies and absorption and VCD intensities are
read comfortably from the spectra of the most diluted solutions
(left panels) and will be quantitatively investigated below. More
specifically we assign the most intense peak (that we call �) both
in the NIR and in the NIR-VCD spectra at 1440 nm to the OH stretch-
ing overtone for the OH intra-molecularly bonded to the C O (see
Table 2). The other much less intense band (that we call �) observed
at ca. 1410 nm is assigned to the OH-stretching for the OH bond in
the other two conformational states (see Table 2). The band at ca.
1377 nm (that we call �) appearing in all solution cases as well as
in the ternary systems may be due to a combination state. Indeed,
as reported in Table 1, the two former features � and � occur at fre-
quencies close to two times those for the corresponding bands in
the fundamental region in the IR spectrum minus twice the anhar-
monicity � = 88.6 cm−1 (the latter value was calculated for borneol
recently [14,15]). Also in the neat liquid state there is some NIR-VCD
signature of the isolated molecule; here and in the rest of the cases
the sign of the VCD band does not change. Let us discuss the data
of Table 1 more closely. Since we observe in Fig. 1A and B, for the
monomeric molecule, the same pattern in the OH-stretching fun-
damental region as in the first overtone OH-stretching region, we
struct from Birge-Sponer law [20] the OH-stretching overtone band
centers as functions of the OH-stretching fundamental band cen-
ters; namely if we call �1 the frequency for the fundamental and �2
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Table 2
DFT calculated geometrical and electrical characteristics of (S)-methyl lactate (S-ML), as obtained from the use of Gaussian 0913. The calculations are for the isolated molecule (top), and for the molecule in implicit CCl4 solvent
(middle) or DMSO solvent (bottom). For the definition of symbols see text.

Isolated molecule

� (cm−1) 89.0 86.2 85.6
ωGaussian (cm−1) 3738.2 3821.6 3814.5
ω0 (cm−1) 3742.7 3827.4 3822.6
APT(H) (e) 0.2747 0.2092 0.1931
dAPT(H)/dzHO (e/Å) 0.0907 −0.1872 −0.1801
Populations (% based on �E) 92.4 4.2 3.4
Populations (% based on �G) 91.6 4.7 3.7
�OC1C2O3 (◦) 4.75 −22.92 29.91
�CO· · ·HO(◦) 1.24 16.42 −16.33
�C1C2O3H4 (◦) −2.93 36.93 −44.56
ıO· · ·H–O(◦) 117.71 109.14 106.17
dH· · ·O(Å) 2.085 2.154 2.227

IEF-PCM-CCl4

Populations (% based on �E) 89 6 5
Populations (% based on �G) 88 7 5
�OC1C2O3 (◦) 4.70 −21.04 30.1
�CO· · ·HO(◦) 0.89 19.45 −19.25
�C1C2O3H4 (◦) −3.18 37.96 −48.12
ıO· · ·H–O(◦) 117.96 108.06 103.91
dH· · ·O(Å) 2.08 2.16 2.26

IEF-PCM-DMSO

Populations (% based on �E) 78 9 9 3 1
Populations (% based on �G) 77 11 8 3 1
�OC1C2O3 (◦) 4.64 −16.76 29.31 16.86 20.36
�CO· · ·HO(◦) 0.91 28.31 −25.96
�C1C2O3H4 (◦) −3.12 43.03 −55.76 178.84 179.10
ıO· · ·H–O(◦) 118.30 103.58 98.43
dH· · ·O(Å) 2.07 2.22 2.35
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he frequency for the corresponding first overtone, we have from
ef. [20]:

1 = ω0 − 2�
2 = 2ω0 − 6� for either ˛ or ˇ conformer

We therefore conclude: �2 = 2�1 − 2�.
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d spectra, only the weighted sum has been presented.

Indeed, assuming � = 88.6 cm−1, we obtain from the observed
values of �1 the results for �2 reported in the fourth column, which
compare well with the experimental values of �2. Besides, since
�1� + �1� = ω0� − 2� + ω0�–2�, by just adding the observed values
�1� and �1�, one obtains a frequency not too far from that of the

band observed at ca. 1382 nm (1394 nm), thus making the assign-
ment to a combination state plausible. In order to make a less
empirical analysis of the NIR data, we decided to undertake the
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troscopy, VCD in the mid IR and VCD in the NIR. For the solution
ethyl lactate (R-ML) in its three conformations for �v = 1 (top) and �v = 2 (bottom
re proportional to calculated dipole and rotational strengths in the best anharmo
xperimental data are for the 0.1 M/CCl4 solutions.

alculations of mechanical and electrical anharmonic parameters,
s presented for the OH-stretching of borneol [15] in three confor-
ational states, allowing us to arrive at a prediction of the IR, NIR

nd VCD spectra.
In Table 2 we report, for all three conformers, the calcu-

ated mechanical anharmonicity �, the harmonic frequency ω0
either directly taken from the Gaussian 09 output or from our
e-elaboration [14,15]) and two electrical harmonic and anhar-
onic parameters, namely (∂
/∂q) (i.e. APTz(H)) and (∂2
/∂q2)

i.e. ∂APTz(H)/∂q) (q = zOH). It is interesting to notice that for the
rst conformer, exhibiting internal hydrogen bonding OH· · ·O C
Table 2), ω0 has the smallest value and the second derivative of 

s positive (the latter parameter is calculated to be negative for the
ther conformers and was calculated to be negative for all conform-
rs of borneol, where no H bonding occurs [15]). From the behavior
f APT and AAT components as function of the OH bond length (z
long OH, y in the COH plane, and x perpendicular to the latter
lane), we obtain: (1) that the OH-bond electric dipole moment
unction for the conformer exhibiting OH· · ·O C hydrogen bond-
ng is different from the OH-bond dipole moment function of the
ther two conformers (Table 2 and Fig. S2 of Supporting Informa-
ion); the functions for the latter two conformers are more similar
o the OH-dipole moment functions of borneol; (2) the behavior
f the x-component of AAT is interesting: we notice that for con-
ormer 1 such component is larger in absolute value, implying a
arge circulation of charge in the (y, z) plane, which is close to the
lane approximately defined by the set of COH· · ·O C atoms. The
se of these parameters allows us to produce the calculated spectra
f Fig. 5, where we assign Lorentzian bands to the vibrational tran-
itions in the fundamental (�v = 1) and in the overtone (�v = 2)
egions for the three conformers, carrying a dipole or rotational
trength equal to the area of the band, the latter being centered at
he calculated frequencies and with bandwidths, empirically deter-

ined, of 20 cm−1 (�v = 1) and 40 cm−1 (�v = 2).

In that figure we report the weighted average (using the statis-

ical weights in vacuo of Table 2) for the three conformers. Therein
e compare them to the corresponding experimental IR and VCD
ndwidths: 20 cm−1 HWHM for �v = 1 and 40 cm−1 HWHM for �v = 2. Vertical bars
proximation and are weighted on populations. The IR-VCD data are missing. The

spectra. As one may see, we obtain satisfactory results for the fully
anharmonic calculations for the IR (�v = 1) in absorption and for
the NIR (�v = 2), both in absorption and VCD. From these results,
we obtain further and definite confidence in assigning the two IR,
NIR and VCD peaks that we had called � and � to the OH-stretching
normal modes of the three conformers of the isolated molecule,
one with strong internal H-bonding. Having fully characterized the
behavior of the OH stretching for the monomeric molecule, we con-
clude that this behavior is progressively decreasing in going to less
and less dilute solutions and in presence of the surfactant, but is not
completely lost. We observe that, as far as the NIR spectra are con-
cerned, the data for the ternary systems ML/AOT/CCl4 are closest to
the data for the 0.9 M solutions both for the NIR and the NIR-VCD
spectra apart from the band at about 1380 nm which is closer to
the band observed in the pure liquid.

On the basis of the above results, we draw similar conclu-
sions as obtained in first and second paragraphs of this section:
some ML molecules interact with AOT molecules, some do not and,
among the latter ones, some ML molecules interact with other ML
molecules and some do not. We do not dare to be more quantitative,
for example by using the intensity of the absorption or VCD band at
1442 nm in the different conditions, assuming that the 0.1 M/CCl4
solution represents of the isolated ML molecules. At this stage we
can be content to conclude that isolated molecules are present both
in solutions and in the ternary system.

4. Conclusions

In this work we have characterized (S)-methyl lactate and (R)-
methyl lactate molecules in solution and have examined their
interactions with AOT reverse micelles dispersed in CCl4. We
have used three spectroscopic techniques, FT-IR absorption spec-
state we wish to point out that NIR-VCD spectroscopy and ab-initio
calculations have allowed to observe different methyl lactate con-
formers, more clearly than done before in the case of borneol [15].
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