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INTRODUCTION

The search of new surfactant molecules and the character-
ization of new and old surfactants is an active research goal
and a technology-driven activity.! Within this field particular
attention is paid to chiral biosurfactants,”® and to their ability
of selectively associating with other molecules through a
mechanism that we may generically refer to as chiral recog-
nition.>* (1R,2S)-Dodecyl (2-hydroxy-1-methyl-2-phenylethyl)
dimethylammonium bromide (DMEB) is a commercial
cationic single-tailed surfactant whose molecular structure,
shown in the right part of Scheme 1, is characterized by a chi-
ral and biologically active head group (a positively charged
ephedrine moiety with a quaternary ammonium group)
covalently bound to an hydrophobic dodecyl chain. The
phenylalkyl group carries two stereogenic centers and the
OH group can form intermolecular hydrogen bonds.

These structural features, joined to the ability to form direct
micelles and giant vesicles in water,>® have already been
exploited in the production of surfactant-templated chiral
mesoporous sol-gel materials,”® the recognition and separa-
tion of racemic mixtures,**!! and the synthesis of chiral
compounds.'?'® However, to the best of our knowledge, no
attempt to investigate the self-assembling capability of this
surfactant in apolar media has been carried out up to now
despite the remarkable theoretical and practical importance

of surfactant aggregates—reverse micelles—, in such
environments. In fact, these aggregates have found many
interesting applications, like the confinement of water and
other hydrophilic molecules within their core,'*!° the
influence on reaction rates and mechanisms,'® and the possi-
bility of synthesizing a wide variety of nanoparticles with fine
size-control.*”

In the case of DMEB reverse micelles, further specific
applications, which are of particular interest here, should
exploit its biologically active and chiral head group potentially
capable to drive the assembly process towards chiral
nanostructures. Here we report some spectroscopic and
chiroptical data on the reverse micelles formed by DMEB in
carbon tetrachloride (CCly). A detailed investigation of their
ability to confine water in the core of the reverse micelle
and of structural features of the assembly are proposed.

In the literature, chiroptical spectroscopies are useful to
study chiral surfactants.*'#23 The present study is based on
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Scheme 1. Molecular structure of N,N-bis(methyl)-ephedrin bromide
(DMEphe) and dodecyl(2-hydroxy-1-methyl-2-phenylethyl) dimethylammonium
bromide (DMEB).

the combined use of nuclear magnetic resonance (NMR),
Fourier transform infrared (FT-IR), and vibrational circular
dichroism (VCD) spectroscopy, as previously reported in
the case of reverse micelles of soy lecithin and bis(2-
ethylhexyl) sulfosuccinate (AOT) in interaction with dimethyl
tartrate molecules.???® To gain insight into the observed VCD
features, we added a preliminary Density Functional Theory
(DFT) study**?" in the present work. The large number of
atoms present in DMEB and its high conformational flexibil-
ity prompted us to use smaller model compounds with
reduced number of atoms and conformations, but still
sharing the “ephedra™like characteristics: (I1R,2S)-N-methyl-
ephedrine (with its enantiomer (I1S,2R)-N-methyl-ephedrine)
(MEPhe), and (1R,2S)-N,N-bis (methyl)-ephedrinium bromide
(with its enantiomer (IS,2R)-N,N-bis (methyl)-ephedrinium
bromide) (DMEPhe). DMEPhe was synthesized ad hoc for
this work (see Supporting Fig. SI-1a,b) and its structure is
reported in Scheme 1 (together with that of DMEB), and in
SI-3 of the Supplementary Material. Both enantiomers of
MEPhe are commercially available. These two compounds
have been studied by VCD as well.

MATERIALS AND METHODS
Materials

DMEB, (IR,2S)-MEPhe, and (1S,2R)-MEPhe, CCly, and CDCl; were
purchased from Sigma-Aldrich and used as received. DMSO-dg and D,O
were purchased from Cambridge Isotope Laboratory and used as received.

(IR,25)-N,N-Bis (methyl)-ephedrin bromide and (1S,2R)-N,N-bis (methyl)-
ephedrin bromide ((IR,2S)-DMEPhe and (I1S,2R)-DMEPhe) were prepared
as described in SI-2a and SI-2b of the Supplementary Material.

The deuteration of DMEB is described in SI-2. We noticed that full
deuteration of DMEB is difficult to obtain, due to fast hydrogen/deuterium
exchange rates.

Methods

All samples were prepared by weight. DMEB/CCl, solutions were
prepared at various surfactant concentrations ([DMEB]=0.001, 0.01,
0.05, 0.1M). Then each water/surfactant/apolar solvent solution was
prepared by adding the surfactant/apolar solvent solution to a weighted
quantity of water to give the desired water-to-surfactant molar ratio
(R=[water]/[DMEB]). It is worth noting that water solubilization in
DMEB/CCI, solutions is intrinsically a proof of its entrapment in the
hydrophilic core of DMEB reverse micelles because its solubility in pure
CCly is scarce (0.0075M).% Instead, in 0.1 M DMEB/CCI, systems, the
water solubility expressed as water to DMEB molar ratio (R) was found
to be R=2.4 at 25°C.

FT-IR Spectroscopy

FT-IR spectra were acquired at 25 °C with a Spectrum One spectrome-
ter (Perkin Elmer, Boston, MA), using a cell equipped with CaF,
windows. Each spectrum was the average of eight scans in the
900-4000 cm™" wavenumber range at a spectral resolution of 0.5 cm .

VCD Spectroscopy

All VCD experiments were conducted with a Jasco 4000FVS instru-
ment, equipped with two interchangeable detectors, an MCT one used
for the mid-IR region (900-1800 cm'l) and an InSb one for the
2000-3200 cm™ region covering, among others, the OD-stretching vibra-
tional modes. The concentrations ranged from 0.1 to 0.2M. For the
preparation of DMEB in CCly, a suspension of DMEB was initially heated
at 30 °C to make a clear solution. The employed cells had BaF, windows
and had 200 or 500 pm pathlength, as needed, according to the spectro-
scopic region and the IR intensities.

DFT Calculations

DFT calculations were performed with the Gaussian09 suite of
programs®’ on (1R,2S)-MEphe and (1R,2S)-DMEphe with the B3LYP/6-
311+ G** functional/basis set choice. Both molecules were treated in
vacuo and for DMEphe we considered just the cationic form (without
added Br counterion). Geometry optimization was obtained after
considering the various possible conformers due to the rotational mobility
of the OH bond about the CO bond, and caused by relative rotations about
the two CC bond connecting the first stereogenic carbon atom C* to the ar-
omatic moiety and to the second stereogenic carbon atom C*. As a matter of
fact, we obtained very few conformers (vide infra). Next, harmonic frequen-
cies and dipole and rotational strengths were obtained by the method devel-
oped by Stephens® and Buckingham et al.2 Lorentzian bandshapes were
attributed to each vibrational transition, with bandwidths of 10cm™ and
16cm™ in the mid-IR and in the CD/OH stretching regions, respectively.

NMR Spectroscopy

The samples for NMR spectroscopy were prepared in CCl, and trans-
ferred to 5-mm NMR tubes equipped with a capillary filled with CgDg.
All the experiments were carried out on a Bruker Avance spectrometer
operating at 500 MHz proton frequency. Chemical shifts were referenced
to external tetramethylsilane (TMS). Spectral assignments of DMEB
were supported by standard 2D methods (COSY, TOCSY). 2D nuclear
Overhauser enhancement correlation experiments (NOESY) were ac-
quired by using standard library pulse sequences and at small mixing
times to limit spin diffusion effects. The typical settings are detailed in
Ref. 23. The diffusion coefficients were measured by pulsed field
spin-echo (PGSE) experiments using a pulsed field gradient (PFG) unit
capable of producing magnetic field pulse gradients in the z-direction of
53G-cm’. The bipolar pulse longitudinal eddy current delay (BPPLED)
pulse sequence was used in all the experiments. The duration of the mag-
netic field pulse gradients (§) and the diffusion times (A) were optimized
for each sample to obtain complete dephasing of the signals with the
maximum gradient strength. The values of § and A were in the range
2.6-3 and 30-60 ms, respectively. The temperature was set and controlled
at 313 K with an air flow of 535 Lh™ to avoid any temperature fluctuations
due to sample heating during the magnetic field pulse gradients

Samples of water in CCly were prepared by dissolving 10 uL. of HPLC
grade water in 3 mL of CCl,.

RESULTS AND DISCUSSION
1H NMR Spectra

The main purpose of the NMR investigation was to draw a
picture of the molecular state of water inside the core of the
reverse micelles, and to work out the possibility of specific
binding of water molecules with the surfactant.

The 'H-NMR experiments were carried out on samples
with different water content (R=1 and 2 water-surfactant
molar ratio, see Materials and Methods) and different surfactant
concentrations (0.01, 0.1, and 0.2 M). In all cases, water gave a



single peak, thus showing that all the interactions involving
the water molecules occurred in the fast exchange dynamic
regime on the timescale of NMR spectroscopy. Representative
!H-NMR spectra are reported in SI4 of SI for R=1 and
[DMEB] =0.01, 0.1, and 0.2 M. A striking feature is the dramatic
change of the resonance frequency of the bound water signal on
passing from [DMEB]=0.01M to higher concentrations. In-
deed, at [DMEB] =0.01 M the water peak is found at 1.73 ppm,
a value deshielded by 0.5 ppm with respect to that observed for
water in CCl (see Materials and Methods) at the same temper-
ature, 5=1.23ppm (Fig. SI-4). The observed chemical shift of
water can be interpreted as the population average between water
dispersed in the solvent and water confined in the micellar core.
Also, at this low surfactant concentration (at least for NMR spec-
troscopy), the water resonance indicates a small but appreciable
fraction of confined water. In the two cases, [DMEB]=0.1 and
0.2 M, the water signal was found at 3.55 and 3.76 ppm, respec-
tively. Similar values were found for the samples with R=2. For
these high surfactant concentrations the water molecules are
mainly located inside the micellar core.

Experimental proof of the interaction between water and the
surfactant molecules was given by nuclear Overhauser enhance-
ment (NOE) correlation experiments, both in the laboratory and
rotating frame (NOESY and ROESY, respectively). NOE correla-
tions turned out to be a powerful investigating tool for the assess-
ment of the state of encapsulated molecules within the core of
reverse micelles.?® An example of NOESY spectrum is reported
in SI-5. The cross-peaks show the same phase of diagonal peaks,
thus indicating slow molecular tumbling. The crosspeak
between the water proton and the OH of DMEB indicates direct
contact of water molecules with the head of the surfactant, even if
no genuine water/surfactant intermolecular NOE was detect-
able. The chemical exchange nature of the water/OH cross peak
was confirmed by ROESY experiments.

Finally, the self-diffusion coefficient of the components of
the micellar system were measured. The results are reported
in Table 1 and should be interpreted as population-averaged
values of free and confined molecules. Without added
water (R=0) the trend of the observed values indicates, as
expected, decreasing D with increasing concentration due to
the establishment of larger aggregates. For R=1 and R=2
the diffusion coefficient of water shows a common feature:
for [DMEB]=0.01 M the observed value D=3.7 10 m?s™!

TABLE 1. Diffusion coefficients (m®/s) measured by PGSE-
NMR experiments for three different and R=[H>Ol/[DMEB]
molar ratios and DMEB concentrations (PGSE = pulsed field

gradient spin-echo)

R=0/ [DMEB] D (H,0) D (DMEB)
0.01M — 4.4 1071°
0.1M — 351010
0.2M — 2.7 1010
R=1/ [DMEB]

0.01M 3.710% 5.4 101°
0.1M 73101 2.0 1010
0.2M 45101 1.8 1010
R=2/ [DMEB]

0.01M 3.7 10 3.8101°
0.1M 6.7 101" 2.81071°
0.2M 4.4 10" 1.6 101

#Value corresponding to the population average between free and confined water.

is independent of the surfactant concentration and matches
exactly that of pure water measured in CCl, at the same
temperature.?? These results confirm what was discussed
above, i.e, at low DMEB concentration water is mainly
dispersed in the bulk solvent and in fast exchange with
the micellar core on the NMR timescale. By increasing
the surfactant concentration, the diffusion coefficient of
water decreases by a similar amount for R=1 and R=2.
Moreover, D (water) and D (surfactant) are on the same
order of magnitude, supporting the conclusion of a con-
finement of water in the micellar core.

FT-IR Spectra: the OH Stretching Region

Representative spectra of H;O/DMEB/CCl, ((IDMEB] =0.1M
and 0.2M, R=0,1,2) solutions in the frequency range 3100-
3800 cm™ are shown in Figure 1. The position and width of
the OH stretching band (attributable to contributions due to
water and/or DMEB) are clear indications of extensive associ-
ation due to H-bonding. In fact, monomeric alcohols in
pure CCly are characterized by a sharp OH stretching band
occurring at about 3640cm™ *°, whereas water monomers
dissolved in the same solvent gives two sharp bands due to
symmetric and antisymmetric OH stretchings occurring at
3615 and 3708 cm’), respectively.®!

OH band of DMEB/CCl,. In order to gain information on the
self-assembling of DMEB in anhydrous conditions, we
recorded the spectra of DMEB/CCl, solutions at various
surfactant concentrations (inset of Fig. 1). Perusal of the
DMEB OH stretching bands normalized to the same height
of the CH peak at about 2927 cm™ indicates that even at the
lowest concentration investigated here (10°M), the surfactant
behaves quite similarly as when the concentrations are
higher and surfactant is largely in associated form. Indeed,
we found that these bands can be well described by a single
Lorentzian peak. It should be noted that by decreasing the
surfactant concentration, no significant shift in the band
position is observed, but only a small increase in the bandwidth;
while a very weak feature at about 3670 cm’, attributable to
monomeric DMEB, appears at the lowest concentrations. The
broadening of the band width as well as the appearance of the
weak feature can be taken as indications of the clustering of
DMEB molecules in smaller aggregates, with just very few
DMEB molecules floating around isolated.

OH band of H,O/DMEB/CCl,. The evolution of the OH band
with increasing R value is shown in Figure 1. It can be noted
that water addition involves an increase of the intensity of the
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Fig. 1. IR spectra of DMEB in CCl; (R=0) and H,O/DMEB/CCl, (R=1
and R=2). Inset: Normalized IR spectra of DMEB in CCl; (concentration
range from 10~ to 0.1 M). ¢ was calculated using the DMEB concentration.



band at about 3271 cm™ as well as the appearance of a new
contribution at about 3440 cm™. By comparing with the data
in the absence of water, the 3271 cm™ component is attributed
to OH-stretching of DMEB molecules, whereas the 3440 cm™
contribution can be attributed to OH stretching of clustered
water molecules, which are confined within the core of
DMEB reverse micelles. This assumption is still tentative
and will be compared with the conclusions based on VCD in
the OD stretching region. We also considered deconvolution
of all bands in the OH stretching region, finding that they can
be well described by two Gaussian components (fitting
parameters are reported in SI-6). For the sake of comparison,
the fitting parameters of the three Gaussian components of
the bulk water OH stretching band are also reported.>?

In SI-6 we observe that the component at about 3440 cm™, at-
tributable to confined water, and the component at about
3270 cy’!, attributable to DMEB OH stretchings plus some
contributions from water, exhibit a redshift and some broaden-
ing with R. This behavior suggests that water addition involves
the buildup of more hydrogen bonded structures accompanied
by an increase of their structural variety. This is also consistent
with the hypothesis that while at the lowest R values water
molecules are hydrogen bonded with the DMEB OH group,
water—water interactions may occur at higher R. All this will
have an interesting counterpart in the deuterated molecules
IR and VCD spectra (vide infra), as well as in the NMR spectra.
Comparing the fitting parameters of bulk water OH stretching,
it can be also concluded that while the component at 3595 cm*
is absent, the components at 3314 and 3460 cm™ are redshifted
by 41-44 and 6-26cm™, respectively. The existence of such
redshifts and the absence of the 3595 cm™ component may be
taken as an indication that the structural arrangement of water
molecules confined in the DMEB reverse micelles is signifi-
cantly different from that of bulk water.

FT-IR and VCD Spectra: The Mid-IR Region

The IR and VCD spectra in the mid-IR region are reported
in Figure 2 for CCly 0.1 M solutions of DMEB and DMEB-d;

per se and with H,O or D,0, respectively (cases R=0, 1, and 2).
VCD, which has been established through the years as a pow-
erful and reliable tool for configurational assignment together
with DFT calculations,?* 253338 was also applied to study re-
verse micelles.?>?>% 1t is also worth mentioning that VCD
spectra for ephedra molecules had already been presented
in the CH-stretching region.’ In the SI file one may find
our mid-IR VCD spectra of one of the ephedra molecules
studied in previously*® (MEPhe), whose mid-IR spectra was
also presented*!: in the SI we compare the VCD spectra of
MEPhe and DMEB. For both DMEB and DMEB-d;, there is
no evidence of variation in the IR and VCD bands with increas-
ing R. This region is less informative or, at least, does not
provide direct evidence, as above, for the study of DMEB
molecules ability to host D,O or H,O in the interior of the
reverse micelles.

However, a few facts are worth observing in the 900-1180 cm™
region, which are of some importance in subsequent analysis.
Both in the IR and VCD spectra one may notice the decrease
of the intensity of the feature at 1053 cm™, which is blueshifted
by 10 cm™ when one moves from DMEB to DMEB-d;. This is
accounted for also by the DFT calculations of DMEPhe
allowing attributing this feature to OH (OD) bending coupled
to CH3-C*H stretching. This behavior is also accompanied by
new positive features at 1074 and 1103cm™ (on the basis of
DFT calculations, assigned to deformation modes of methyl
groups of CH bendings of the phenyl groups, with minor
contributions from OD bending) in the VCD spectra of
the deuterated molecules. Other changes in the VCD spectra
can be noted: at ca. 1250cm™ a positive VCD feature
decreases significantly from DMEB to DMEB-d;; some other
minor changes appear at 1400 cm™ and at 1470/1500 cm’™.

The above changes are accounted for by the DFT calcula-
tions for DMEPhe and DMEPhe-d; (see Fig. 2). In Supple-
mentary Information (SI-7 and SI-8) we provide calculated
structures and calculated IR and VCD spectra for (1R,2S)-
DMEPhe, as well as for the more common methyl ephedrine
(1R,2S)-MEPhe (see Refs. 40,41). Due comparison with the
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corresponding experimental spectra of both enantiomers in
solution is provided there. The reader may appreciate the
similarities with the spectra of DMEB. However, the
DMEPhe spectra could be taken just in DMSO-dg and no
other solvent assured enough solubility to conduct VCD
spectroscopy. DFT calculations in vacuo permit almost full
understanding of VCD and IR spectra of MEPhe (Fig. SI-8)
(cf. Refs. 40,41]). This molecule presents two conformers:
the most populated one (87%) with an OH...N intramolecular
hydrogen bond and the other one (13%) with a free OH group.
DMEphe has just one populated conformer with the OH
group free from intramolecular hydrogen bonding (see SI-7).
For (1R,2S)-DMEPhe, which is more relevant for our inve-
stigation of the surfactant properties of DMEB, a characteristic
(+-+) VCD triplet is observed between 1500 and 1450 cm™ and
is explained by the calculated features at 1525, 1510, and
1485cm™: associated normal modes are mainly due to the
trimethyl-ammonium group with contributions also from
phenyl in-plane CH bendings. Below 1400 cm™ the DMEPhe
spectra are strongly perturbed by the solvent. The in vacuo
calculations show instead an acceptable correspondence with
the experiments of DMEB in CCly, as presented in Figure 2:
some contributions from OH or OD bending is noticed for the
lower frequency features and have been used to explain the
variability in the VCD data from DMEB to DMEB-d;.

The presence or absence of either H,O or D,O does not
significantly affect spectra, within the error limits of our ex-
periments. This fact, together with the good prediction of data
through the calculations for the isolated molecule (either in
the hydrogenated or deuterated form) brings us to conclude,
that, in this case, VCD in the mid-IR is almost insensitive to
the presence of a few water molecules. Anyway, as expected,
the data show high sensitivity to deuteration of the hydroxyl
group in DMEB.

FT-IR and VCD Spectra; The OD-Stretching Region

To exploit the good sensitivity of our apparatus in the OD
stretching region, we studied DMEB-d;. In Figure 3 we
report the IR and VCD spectra in the 2150-2800 cm™ region
for DMEB and DMEB-d; in CCly neat solution (R=0) and in
CCly solution with addition of D,O (R=1 and 2); this region
contains contributions from OD stretching normal modes.
Indeed, one may notice one fairly strong absorption band
centered at ca. 2440 cm™, which moves to 2480 cm™ with addi-
tion of DO and with an increasingly more evident shoulder at
ca. 2600 cm™. The latter shoulder appears to be proportional
to the D»,O content, while spectra, reported in ¢, are inde-
pendent of the DMEB-d; concentration, within the range
0.1-0.2M (data not shown).

Correspondingly, the VCD spectra show a negative band
centered at 2435 cm™ which is slightly blueshifted with increas-
ing R. The VCD band is slightly but evidently asymmetric and
presents a negative shoulder at ca. 2600 cn’, which grows with
R. (The instrumental setting for the VCD data in this region
has been optimized by running the VCD spectra in the CD-
stretching region for (3R)-methyl cyclopentanone-d,.*?) In
parallel with the findings of the IR spectra in the first part of this
article, we assign the lower frequency feature (ca. 2440cm™) to
the OD stretching of DMEB-d; involved in hydrogen (deute-
rium) bonding in the core of DMEB-d; micelles.

The fact that the VCD signal in Ae units does not increase in
parallel with absorption in € units with increasing D,O content
and is centered at 2440 cm™ further supports that this feature
is due to the OD-stretching of DMEB-d;. Its vibrational optical
activity is due to the OD being close to the chiral center of
DMEB-d;. Instead, the strong IR shoulder at 2600 cm™ is due
to D,O and corresponds to a much less prominent shoulder
in VCD; this leads us to conclude that the OD stretchings of
D»,0 show some vibrational optical activity. Some backup to this
assignment comes from quite preliminary DFT calculations of
the OH and OD stretching region of DMEPhe and DMEPhe-
d;, respectively. The results are for the isolated molecules or
for complexes with two DMEPhe (DMEPhe-d;) with one
H,0 (D,0) molecule between the two. The structures for the
optimized geometries of the complex are reported in Figure
SI9, while the calculated absorption spectra in the OH-
and OD-stretching region are given in Figures SI-10 and
SI-11, respectively (bands have been shifted assuming an
anharmonicity constant y=80cm™ for OH and, as a conse-
quence, x =40cm™ for OD*3*). Two facts emerge from these
preliminary results: first, the OH (OD) stretching is predicted
to have an unusually high frequency for the surfactant molecule
in isolation, namely, 3811 cm™ (2694 cm™). Second, the interac-
tion of two DMEPhe-d; molecules through a water bridge with
D,0 brings the OD stretching frequency of DMEPhe-d; close
to the experimentally recorded values, with higher IR and
VCD intensity with respect to the deuterated hydroxyl in the
isolated molecule and with correct VCD sign. Both facts have
a nice correspondence with the observed data of DMEB-d;. A
complete explanation of the observed VCD signal associated
with OD-stretchings of D,O would require a more complete ap-
proach encompassing a detailed statistical analysis of more
complex systems with many possible geometries.

CONCLUSION

In this work we investigated some spectroscopic properties
of the chiral surfactant molecule DMEB in apolar solvents.
NMR permitted establishing that DMEB forms aggregates



bearing the properties of reverse micelles, with trapped water
molecules quite close to the polar heads of DMEB. FT-IR spec-
troscopy confirms this view, but further allows to establish, in
highly diluted solutions, the presence of a few isolated DMEB
molecules through the observation of high wavenumber OH
stretching signal.

Finally, VCD has also confirmed these findings with the
addition that self-assembled DMEB molecules are organized
such that the OH (OD) bonds show a nice negative vibrational
optical activity feature. Trapped water (deuterium oxide)
possesses just a modest negative vibrational optical activity.
Then, together with NMR, VCD indicates the presence of
system-specific water-head groups interactions. As already
found in the literature* and based on the present study, we
conclude that DMEB is an ideal surfactant molecule to evi-
dence chiral-specific interactions, and this is due to one of the
stereogenic carbon atoms being quite close to the polar head
of DMEB. In fact, from the OD-stretching region of the IR
and VCD spectra we have gathered some evidence of a specific
interaction between DMEB-d; and D,O: on the higher
frequency side of the strong negative VCD band recorded also
in absence of D,0, assigned to the OD stretching of DMEB-d;,
we observe a shoulder associated with the OD-stretching of
D,0. This fact hints at a chiral arrangement of D,O molecule
(s). The calculations presented in SI are encouraging but
very preliminary; future work will be devoted to a systematic
statistical analysis on larger DMEB-d;/D,0 complexes.
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