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Influence of the hydrophobic domain on the
self-assembly and hydrogen bonding of
hydroxy-amphiphiles+

Valery Andrushchenko (2 *® and Walter Pohle (2 *°

The amphiphiles 1-octadecanol (octadecyl (stearyl) alcohol, ODA) and 1,2-dioleoylglycerol (DOG) were
studied by IR spectroscopy and X-ray diffraction combined with multiscale theoretical modeling. The
computations allowed us to rationalize the experimental findings and deduce the supramolecular
structure of the formed assemblies while providing a fairly detailed insight into their hydrogen-bonding
patterns. IR spectra revealed that the amphiphilic assemblies dramatically differ in structural order and
hydrogen-bond strength, both being high in ODA and low in DOG. On the other hand, both
compounds demonstrated common features, namely a splitting of the IR bands arising from O-H
stretching vibrations (vOH) as well as complete hydrophobicity. However, the observed phenomena have
different origins in the two amphiphiles. While the ¥OH split in ODA occurs due to a vibrational coupling
along the string of inter-layer O—H---O hydrogen bonds, in DOG it arises from different types of hydro-
gen bonds (intra- and intermolecular). The hydrophobicity of ODA stems from the very tight O—-H---O
hydrogen bonding network connecting the opposite monolayers in a densely packed tilted crystalline
phase (L), whereas in DOG it occurs because the polar sites are locked inside reverted micellar-like
assemblies. ODA and DOG illustrate that, in the assemblies of amphiphilic hydroxyl compounds, hydrogen
bonds can be formed in a wide structural latitude, which is primarily governed by the chemical nature
of apolar chains. Such a wide structural variability of OH-involving hydrogen bonds can be essential
for the biological functioning of relevant molecules, such as glycolipids, acylglycerols, and, potentially,

rsc.li/pccp glycoproteins and carbohydrates.

1. Introduction

Amphiphilic molecules, composed of hydrophobic and hydro-
philic parts, have been a focus of scientific interest for a long
time. Understanding the functional implications of their struc-
ture is of great importance in the life sciences. Amphiphilic
lipids are necessary components of biomembranes. While
generally providing a membrane scaffold, they also often per-
form specific functions (e.g., act as cell-surface receptors for
glycolipids (GLs))."”> Moreover, amphiphiles have also been
explored in material science owing to their wide-spread appli-
cation as surfactants and additives in many technologies.**
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Due to the hydrophobic effect, amphiphilic molecules
spontaneously assemble into higher-order structures. Polar groups
affect this process. While the role of intra- and intermolecular
binding in aggregation and assembling processes has been exten-
sively studied and understood for phospholipids, the analogous
studies of GLs are much less common. The binding potency of
the latter is mainly governed by a number of hydroxyl groups
forming complex O-H---O hydrogen-bonding networks in the
polar region.® Taking B-p-galactosyl-(2-p-hydroxyoctadecanoyl)-p-
dihydrosphingosine as an example of a GL, altogether 14 different
hydrogen bonds (H-bonds) of very different strength according
to their 7(O- - -O) distances between 2.63 and 3.02 A were deduced
using the crystal structure.® Exploring such H-bonded systems, IR
spectroscopy, as one of the ad hoc best suited physical methods,”*°
is severely hampered by this complexity. Therefore, O-H-:--O
hydrogen bonds are often not considered in GL studies.” Thus,
for characterizing OH- - -OH hydrogen bonds in GLs by IR spectro-
scopy, it could be useful to consider simple model molecules first.
As such, we have chosen 1-octadecyl (or stearyl) alcohol (ODA) and
1,2-dioleoylglycerol (or diolein) (DOG). They both contain one
hydroxyl group and have hydrocarbon chains with the same length
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Fig.1 Chemical structures of (a) 1-octadecanol (ODA) and (b) 1,.2-
dioleoylglycerol (DOG) with the relevant numbering of the oxygen atoms
in DOG.

of 18 carbon atoms (Fig. 1). The potential complexity of
H-bonds is enhanced from ODA to DOG, with the ability to
form intramolecular H-bonds only in the latter case. These two
amphiphiles were also selected since their apolar part covers an
utterly large steric demand, with small and very high cross-
section areas for ODA and DOG, respectively.

ODA and other long-chain aliphatic alcohols (n-alkanols) have
found rather important practical applications. They served, e.g., as
film coatings of metal surfaces,'" wax models,"* anti-evaporants
and additives in cosmetics, and building blocks of other more
complex lipids."® Therefore, the structure of n-alkanols has been
probed at different levels of aggregation and by using various
methods. X-ray diffraction (XRD) and electron-diffraction revealed
a complex polymorphism for crystallized fatty alcohols with
chain lengths of 14 carbons and larger."*"” Two main forms, B
and v, were found at ambient temperatures, beside a pre-melting
o form. While the y-form is preferred in even-numbered fatty
alkanols,"*™"® odd-numbered alkanols favorably adopt the
B-form.'*'>® Tetra-, hexa- and octadecanol can exist in both
B- and y-forms.*®*”

Studies on crystals of n-heptadecanol (B-form), n-octadecanol
(y-form) and n-hexadecanol (y-form) revealed a long chain of
O-H:--O hydrogen bonds connecting the opposing monolayers
along the bilayer interface plane.”*™® These findings were generally
confirmed for powder samples'® and for multi-lamellar films"®
(30-40 monolayers thick, similar to the samples in the present
study).

In addition to the diffraction methods, vibrational, especially
IR, spectroscopy has conveniently and frequently been used to
characterize amphiphiles.”>*?°> IR spectroscopy is a fairly
versatile and inexpensive method that has been proven to be
extremely useful in exploring structural and binding (inter-
action) phenomena, especially in terms of H-bonds. Both
IR"'>'%18 and Raman spectroscopies'® have been used mainly
to monitor C-H vibrations of fatty alcohols. However, the polar
head-group interactions have not been considered often. In an
attempt to correlate IR spectra with crystal-XRD data for solid
long-chain n-alkanols, the IR spectra were classified in two types,
A and B, which correspond, respectively, to the crystallographic
B- and y-form."® The spectral patterns for the A and B types are
distinguished by well-defined features comprising both C-H
(mainly) and O-H vibrational modes. For instance, a p-form
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alcohol typically has a single broad OH stretching (#OH) band at
3300 cm ', whereas a y-form alcohol exhibits a split zOH band
with sub-maxima at 3330 and 3250 cm™"."°

ODA occurs rather rarely in nature (e.g, in an archaeon®?).
By contrast, diacylglycerols, such as DOG, are abundant and
very important in in vivo processes. They act as so-called lipid
second messengers>**® and they are known to stimulate protein
kinase C>*2° as well as to induce or promote membrane
fusion.>”*® Moreover, more recently DOG has been increasingly
used as an essential component of formulations for encapsula-
tion of drugs or effectors.”>* As far as we are aware, there is only
one IR-spectroscopic work devoted to diacylglycerol, but rather
in complexes with phosphatidylethanolamine than as a pure
compound.®*

The present study is aimed to explore how ODA and DOG
assemble in supramolecular phases and what is the role of
H-bonds and the hydrophobic domain in this process. We applied
IR spectroscopy and XRD to ODA for utilizing the particular
synergism between these two methods,** especially in order to
probe whether the B- or y-form is adopted under our experi-
mental conditions. In experiments, DOG was studied only
spectroscopically as its samples (non-oriented films in our case)
did not provide any usable X-ray reflexes. Instead, molecular
dynamics (MD) simulations were used to gain deeper insight
into the supramolecular structure and dynamics of DOG assem-
blies. The MD approach was also extended to the ODA system.
Since a clear and unambiguous interpretation of vibrational
spectra is often difficult, quantum-mechanical (QM) calculations
could be very useful in rationalizing spectroscopic features
on a molecular scale. Thus, we developed simplified models
accessible by QM methods. By using them, we could explain the
spectral features found and verify the structural hypotheses
derived from the IR and XRD experiments. Furthermore, to
account for the conformational and dynamic effects in the
flexible DOG system, we applied a recently developed multiscale
MD/DFT computational approach.>*** The method is based on a
combination of MD simulations and density functional theory
(DFT) calculations of vibrational spectra. To achieve an adequate
level of consideration, we have compiled an extensive data set
arising from comprehensive IR studies of alcohols with different
hydrocarbon chain lengths and aggregation numbers.

2. Materials and methods
2.1 Experimental

ODA and DOG were purchased from Sigma Co. (Munich) and
used without further purification. Chemical structures involving
the relevant atom numbering are shown in Fig. 1. Film prepara-
tion and IR measurements were carried out according to the
protocols described in detail previously.'® The IR spectra of films
cast from chloroform solutions of the amphiphiles onto ZnSe
windows and treated by unidirectional stroking were recorded
in situ by using an IFS-66 spectrometer (Bruker, Karlsruhe,
Germany). The small-angle X-ray scattering (SAXS) and wide-
angle X-ray scattering (WAXS) measurements were performed at
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the Deutsches Elektronen-Synchrotron (DESY) in Hamburg.
The X33 double-focusing monochromator-mirror camera of the
European Molecular Biology Laboratory (EMBL) on storage ring
DORIS III was utilized. Films were prepared in the same way as
in the spectroscopic investigations, but without stroking, and
placed onto thin mica discs. For further details see our previous
report,®” and the papers by M. Koch et al. cited therein.

2.2 Computations

MD and QM methods were used for calculations of more rigid ODA
model systems. A multi-scale MD/DFT approach®~* accounting
for the conformational and dynamic effects was applied to the
flexible DOG system. Details on the computational procedures
are provided in the ESL¥

3. Results and discussion
3.1 Experimental data

Fig. 2 displays the most instructive ranges of the IR spectra of ODA
and DOG (panel (a), 3600-3100 cm ™", panel (b), 3050-2750 cm ™,
and panel (c), 1800-1400 cm™ '), measured at 0% relative
humidity. Table 1 lists the relevant absorption bands and their
assignments. The main feature in panel (a) of Fig. 2 is that both
amphiphiles show split #OH bands. However, these double
bands differ markedly in peak wavenumbers and band shape.
In Table S1 of the ESI,} the OH wavenumbers of ODA and DOG
are compared with related literature data (Batishcheva et al.,*
Aldrich,*® AIST®” and Pohle et al.*®). Whenever alcohols are in a
liquid state (due to the short length of the hydrocarbon chains
(up to 12 carbon atoms), in unsaturated alcohols, and upon
melting or dilution), they exhibit a single broad »OH band near
3340 cm™". The exact band position can range from 3366 cm™ "
for 2-methyl-2-propanol to 3322 cm ™ for oleyl alcohol (see, e.g.,
the spectrum of dodecanol in Fig. 2a). Even-numbered analogs
have somewhat higher OH wavenumber values than the odd
ones, and this is true also for secondary alcohols when compared
to primary counterparts.

As soon as long-chain alcohols (with 14 carbon atoms and
longer) adopt a solid state (which happens at the ambient
temperature, in neat films, nujol mulls and KBr discs), the
VOH band splits and its wavenumber decreases to 3300 cm ™"
and below. Water-depleted bolalipid 22-hydroxybehenylphospho-
choline, as the exception from that rule, exhibits only a single
narrow band although being in solid state.*® The vOH wave-
numbers of all these alcohols are clearly below that for liquid
water. According to the generally accepted correlation between
H-bond strength and vOH wavenumber,”®*%%° the O-H---O
hydrogen bonds in alcohols are presumably stronger than those
in water.

On the other hand, the vOH wavenumber of DOG is peculiar
in dramatically surpassing all the other values listed in Table S1
(ESIT) including even water. This suggests that the H-bonds in
DOG are exceptionally weak on the “O-H- - -O scale”. Moreover,
DOG is extraordinary because its »OH absorption is split
despite the fact that it is fluid. The half width of the overall
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Fig. 2 Infrared spectra of ODA (red) and DOG (blue) obtained from films at 0%

relative humidity in the OH stretching-vibration region (a) as well as a spectrum
of dodecanol taken from NIST (with permission) for comparison (dashed line),
the CH stretching-vibration region (b), and C—O0 stretching and CH, scissoring-
vibration regions (c); the two vertical dotted lines at 2852 and 2922 cm™* for
vCH, and 1,CH,, respectively, in panel (b) indicate the boundaries between
ordered and disordered phases, for explanation see the text.
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Table 1 Wavenumbers (rounded to the next unity) for the most promi-
nent IR bands of 1-octadecanol (ODA) and 1,2-dioleoylglycerol (DOG)

Wavenumber, cm™*

ODA DOG Assignment

vOH free
vOH H-bonded?
»OH-H-bonded?

~3620 w sh”
3515 s/3465 s
3288 m sh/3227 s

3005 w CH at C—C
2955 w(m) 2955 vw sh v,CH;
2918 vs 2926 vs v,CH,
2872 vwww 2871 ww vsCH;
2850 vs 2855 vs vsCH,
1744 s C=O0 free”
1726 m sh 1C=0 H-bonded”
1653 vw C=C
1473 m(w)/1463 m 1466 m JCH,
730 w(m)/720 m 723 m pCH,

“ Abbreviations: w - weak; vw — very weak; vww - very very weak;
m - medium; s - strong; vs - very strong; sh - shoulder; v, - antisymmetric
stretch; vs - symmetric stretch; 0 - bending (scissoring) vibration;
p - rocking vibration. ® A more detailed assignment and interpretation
for each of the sub-component bands of the composite spectral contour
will be given in the text below (in Sections 3.2-3.4) and in Table 4.

vOH band for DOG (ca. 220 cm™") is significantly larger than
that for ODA (ca. 160 cm™'). This may indicate a considerably
larger heterogeneity and/or flexibility of the H-bonds in DOG
compared to those in ODA.

The vCH (3050-2750 cm ™ ') and the 1800-1400 cm ™" regions
of the ODA and DOG spectra are displayed in panels (b) and (c)
of Fig. 2, respectively. According to previous work, the boundary
between ordered and disordered phases can be roughly drawn
at 2852 cm™ ' for ,CH, and 2922 cm ™" for v,CH, (indicated as
dotted vertical lines in Fig. 2b).’*%?*> In DOG and ODA, the
wavenumbers of both v;CH, and v,CH, are located clearly
above and below these phase-boundary values, respectively
(Fig. 2b and Table 1). The much higher »CH, wavenumbers
of DOG are accompanied by a considerable band broadening
(Fig. 2b), which is characteristic for the transition from a solid
to a liquid-crystalline phase in lipids.** All these features prove
the chain fluidity to be very high in DOG and very low in ODA.

These results are in accord with the features exhibited by the
JCH, bands. While the scissoring (near 1470 cm™ ", Fig. 2c) as
well as the rocking modes (near 720 cm™ ', Table 1) clearly
appear as split bands for ODA, they are largely uniform in DOG.
The doublet character of these 6CH, bands was referred to a
correlation-field splitting indicative of a dense packing of
quasi-crystallized alkyl chains.*>** The ©CC band progression
at 1060 cm ' and below, emerging in our ODA spectra (data not
shown), is also characteristic for frozen alkyl chains."®

X-ray diffraction data of ODA are shown in Fig. S1 (ESIt). The
SAXS studies show equidistant reflexes revealing a lamellar phase
with a spacing of 4.2 nm (resulting from a scattering vector of
the first-order peak at 0.238 nm™'). According to the molecular
geometry of ODA, the total length of two H-bonded molecules in
the bilayer arrangement is about 47 A. Altogether, this provides a
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tilt angle of ~25° (cos(25°) = 42/47), which is coincident with the
results of the MD simulations shown below (see Section 3.2.2). The
main feature in the WAXS pattern is a triplet typically indicating a
crystalline or subgel phase.***® This is in accord with the spectro-
scopic data, especially the pronounced splitting of the methylene
deformation bands (¢f Fig. 2c and Table 1). Therefore, we can
conclude that ODA has adopted a tilted lamellar crystalline phase
(L.') under the conditions of our experiments.

The main peak of the ¥C—=O0 band arising from the carbonyl
groups of DOG at 1744 cm™ ' has a pronounced shoulder at
about 1726 cm ™" (Fig. 2c). Low-frequency components of the
carbonyl absorption in lipid spectra were previously ascribed to
carbonyl groups involved in H-bonding,*>"” usually indicating
an interaction with water. In water-depleted DOG, the presence
of the low-wavenumber shoulder may suggest that some part of
the carbonyl groups is involved in H-bonds with OH groups. At
the same time, the wavenumber of the C=0 peak maximum
indicates a largely nonpolar surrounding of the major part of
the carbonyls. This notion was indeed confirmed by the calcu-
lations (see Section 3.4.2 below).

In a further series of experiments, the amphiphile films were
subjected to increasing relative humidity up to 100%. The
experimental details for such hydration studies were described
in detail previously."”** Neither ODA nor DOG was able to
imbibe any measurable amount of water. Consequently, the IR
as well as the XRD spectra remained unchanged during these
hydration attempts (data not shown). It should be noted that
while most amphiphiles more or less readily hydrate,**>° such
a pronounced hydrophobicity as found here for ODA and DOG
is rather exceptional. The inability of water uptake is particu-
larly surprising for DOG in view of its highly fluid acyl chains.
Usually, unsaturated lipids exhibit a stronger hydrophilicity
than their saturated counterparts (see, e.g., a comparison
between distearyl- and dioleoylphosphatidylcholine*®*"). This
circumstance has provided another motivation to select these
two amphiphiles for the comprehensive theoretical considera-
tion as described below. Furthermore, this allowed for the
restriction onto H-bonds involving exclusively the OH groups
of the amphiphile molecules, leaving aside any potentially
interfering water molecules.

3.2 Octadecanol computations

3.2.1 Model systems. In order to understand and rationalize
the experimentally observed spectral features of ODA supra-
molecular assemblies, we performed a detailed analysis of the
spectroscopic response for a wide range of simplified models
accessible for computational studies. The model systems were
designed (i) with various numbers of molecules involved in the
H-bonded chain (from 1 to 200) and (ii) with various lengths of
the hydrocarbon tail (from 1 to 10 carbon atoms in the tail). This
allowed us to devise general spectroscopic features of the studied
systems and confidently assign them to the experimentally
observed spectra of ODA.

Methanol model (MA). The structures and corresponding IR
spectra in the #OH region obtained from the QM and Cartesian
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Fig. 3 Calculated IR spectra in the OH region, together with the optimized
(B3LYP/6-31++G**) structures of different methanol models, (MA),; the
spectra for (MA)4o and (MA),90 were calculated using the CCT method.
Spectral intensity is expressed as a molar extinction coefficient (¢) normalized
per one OH group.

coordinate transfer (CCT)*>* calculations of MA, (MA),, (MA);,
(MA);0, (MA)4o and (MA),oo models are shown in Fig. 3. The
main geometrical parameters and band assignments are given
in Table S2 (ESIt). Fig. S2 (ESIf) displays some of the vOH
vibrational modes. A single MA molecule produces a vOH band
at 3839 cm™'. However, two H-bonded molecules have two
distinct bands at 3838 and 3675 cm ', arising from non-H-
bonded (free) and H-bonded OH groups of (MA),, respectively
(Fig. S2, ESIY). As expected from H-bond theory, the free OH
group vibrates at higher frequency and has notably lower
intensity compared to the H-bonded group.””® A similar obser-
vation was also reported for other alcohols.”*

If there are at least two H-bonded OH groups, as in (MA)s,
the vOH vibrations of the H-bonded groups couple and split into
two bands at 3604 and 3555 cm ™. Our calculations demonstrate
that these bands arise from out-of-phase and in-phase coupling
of OH vibrations, respectively (Fig. S2, ESIt). Fig. S3 (ESIT) gives a
general scheme of in-phase and out-of-phase vibrational coupling
in the three-molecule system. The resulting transition dipole
moments for the two coupled vibrations in (MA); are largely
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perpendicular to each other (Fig. S2, ESIt). The third band at
3847 cm " emerges from the free OH group, the vibration of
which is not coupled with any other vibrations.

If the number of H-bonded MA molecules increases further,
the spectrum becomes more complex with several sub-types of
out-of-phase and in-phase vibrations (Fig. 3). Such a splitting
into multiple bands arises from the end effects and irregularities
present in the structure. This results in a coupling of vibrations
in one part of the system (e.g., at the more flexible ends) at a
frequency slightly different from that in the other parts (e.g., in
its more rigid middle part). Vibrational displacements for the
most intense bands of (MA),, at 3535 and 3417 cm™ " are plotted
in Fig. S2 (ESIY).

This fine-splitting disappears with increased length of the
MA string, when the contribution of end effects becomes more
and more negligible and overall averaging of the vibrational
modes occurs (Fig. 3 and Fig. S4, ESIt). In that case, the
multiple peaks coalesce into two bands corresponding to over-
all out-of-phase and in-phase vibrations. Fig. S4 (ESIt) shows
that this takes place for the length of 20 units (for (MA),,) and
larger. Thus, (MA),, and (MA),, produce only two major bands
around 3521 and 3400 cm ™, corresponding to the out-of-phase
and in-phase coupled vibrations, respectively (Fig. 3). The
dipole moment orientations for the out-of-phase and in-phase
coupled modes are practically perpendicular to each other in all
the models (Fig. S2, ESIt), in accord with the data obtained by
polarization spectroscopy.”>>°

The integral intensity of the vOH bands arising from the
H-bonded OH groups increases linearly with the number of the
H-bonded monomeric units in the system (Fig. S5, ESIT). On
the other hand, the intensity of the free OH stretch remains
largely unchanged since the number of free OH groups does
not increase with the elongation of the system. The same effect
was also reported for ethanol assemblies of different size.>*

The magnitude of the static dipole moment is linearly
correlated with the number of monomers (Fig. S6, ESIt); this
suggests the absence of cooperative effects in the H-bond
network formation. Hence, only the local H-bond interactions
with the nearest neighbors are relevant. This is contradictory to
the conclusions made by Sum and Sandler,”” pointing at strong
cooperative effects in the H-bonds occurring in the clusters of
methanol and ethanol in vacuum. This discrepancy can be
ascribed to the difference of the theoretical approach. Our
systems have a strictly limited molecular mobility, which is
due to the methodologically dictated pre-arrangement of long
linear O-H- - -O chains mimicking crystal packing (which is, in
turn, predetermined by the experimental finding of the L.
phase in ODA, see above). By contrast, the irregular systems
studied in vacuo® generally have an unrestricted mobility of the
molecules which have the ability to randomly clusterize.

Ethanol (EA), butanol (BA) and decanol (DA) models. The
structures and corresponding IR spectra in the #OH region of EA,
(EA),, (EA)s, (EA);o and (EA),o are shown in Fig. 4. The main
geometrical parameters and IR band assignments are given in
Table 2. Selected ¥OH normal modes are displayed in Fig. S7 (ESIT).

This journal is © the Owner Societies 2019


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9cp01475f

Open Access Article. Published on 29 April 2019. Downloaded on 2/8/2026 2:59:02 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

)

R q

0o ® t P

85 i/ - /6\‘ £ g u;@
%) c / =

I\ [ @ @

x10 Vi @ ® EA

/,

3515

(EA),(t9)

3900 3800 3700 3600 3500 3400

Wavenumber / cm’

Fig. 4 Calculated IR spectra in the vOH region and optimized (B3LYP/
6-31++G**) structures for ethanol models, (EA),; the spectrum for (EA)40
was calculated using the CCT method. Spectra for single EA are enlarged by
a factor of 10 for better visualization. Dashed and solid lines in the spectrum
for a single EA molecule correspond to trans (left structure) and gauche
(right structure) conformers, respectively. Spectral intensity is expressed as a
molar extinction coefficient (¢) normalized per one OH group.

Depending on the position of the OH proton with respect to
the alkyl chain, there can be two conformers for alcohols larger
than methanol, namely ¢rans and gauche (Fig. 4, two structures
on top).’»**°®" Following the abbreviations introduced by
others, we will designate trans and gauche conformers with ¢
and g, respectively, and trans-gauche (where the first conformer
is an H-bond proton donor, and the second one is an acceptor)
with ¢g. It should be pointed out that ¢rans and gauche alcohol
conformers denoting the position of the hydroxyl proton with
respect to the hydrocarbon chain are completely unrelated
to trans (C-C-C-C torsions are 180°) and gauche (C-C-C-C
torsions are 60°) conformations of the hydrocarbon chain,
not discussed here.

The trans and gauche ethanol conformers produce a single
YOH band each, computed at 3837 cm ' and 3819 cm
respectively (Fig. 4, top). The difference of the computed energies
for the two conformers is below 1 kcal mol . These values as
well as the geometric parameters for both conformers (Table 2)
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agree well with previously reported data.>***"°" Otherwise, the IR
spectra of the ethanol models in the ¥OH region are generally
very similar to those of the related methanol ones and are
further discussed in detail in the ESL{

Since butanol (BA), and decanol (DA),, models are too large
to be optimized at the DFT level, the semi-empirical PM3
method was applied. Fortunately, in these cases the H-bond
network could be adequately described at the semi-empirical
level. In test calculations, the PM3 method provided qualita-
tively similar results with split OH bands. However, semi-
empirical data cannot be quantitatively compared with DFT
results, since in the former case “OH wavenumbers are situated
at systematically higher values. The spectra of (BA)s, (BA)io,
(BA);s, and (DA),, are shown in Fig. 5 together with the
pertinent optimized structures. The studied butanol and
decanol systems were optimized in tg conformation, which
corresponds to monoclinic y-form crystal structures.'*®> The
spectra of all the systems have two major peaks in the vOH
region. The less intense band at higher frequency arises from
the out-of-phase mode and the more intense one at lower
frequency from the in-phase mode, similar as for respective
MA and EA models. The fine-splitting of the bands observed for
(BA)s and (BA),, is less pronounced. Hence, some bands
emerge only as shoulders, and disappear if the length of the
H-bond network increases (c¢f: (BA)o with (BA),g), following the
same trend as for methanol and ethanol.

3.2.2 MD simulations of the y-form of ODA. The y-form of
ODA bilayers can occur either with trans conformers in one
monolayer and gauche conformers in the other or with trans
conformers in both monolayers. In the frame of our simula-
tions, the overall arrangements will hereafter be denominated
as the ¢g and t¢t models, respectively.

The starting structures for ¢g and ¢¢ models are shown at the
top of Fig. 6 and 7, respectively, along with the pertinent
structures resulting after 20 ns of MD simulations at the
bottom. For better visualization of the overall structure of the
systems, 9 periodic boundary condition (PBC) cells are shown
for both the models in Fig. S8 (ESIt).

Several observations can be made from the MD results. The
structures in both the models are highly regular and tightly
packed (with a density of ca. 0.936 g cm>). ODA molecules are
arranged almost parallel to each other within a monolayer. The
RMSD plot shows only minor (less than 0.5 A) deviations of the
structure from the starting geometry and minute variations
(within 0.3 A) in the course of MD simulations (Fig. S9, ESIY),
which underlines the high rigidity and stability of the system.

For the tg model, the initial parallel orientation of the
molecules in the opposing monolayers in the xz plane (180°
with respect to each other, Fig. 6) is preserved in the course of
MD simulations. The two monolayers are equally tilted forming
an angle of ca. 16° between the hydrocarbon-chain axis and the
normal to the bilayer. In the yz plane, the molecules in the two
monolayers form different tilts of ~28° and ~ 7° relative to the
bilayer normal, resulting in an angle of about 145° with respect
to each other (Fig. 6). The overall tilt of the chains in both
planes can then be estimated at about 25° ((16° + 35°)/2), which
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Table 2 Main geometrical parameters for optimized (B3LYP/6-31++G**) ethanol models and their assignments in the vOH region; the individual molecules in (EA), and (EA)s clusters are labeled with

subscript indices as shown in Fig. 4; trans and gauche conformers are indicated using letters t and g, respectively

O-H---0
angle, °

H-bond _
length, A

length, A distance, A

angle, °

length, A

C-O bond C-Cbond O-C-C bond O-H bor}d 0---0
length, A
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“ “(av)” stands for average. ? This structure could not be optimized due to the large system size.
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Fig. 5 Calculated IR spectra in the vOH region and optimized (PM3)
geometries for butanol (top three) and decanol (bottom) models in tg
conformation; spectral intensity is expressed as a molar extinction coeffi-
cient (¢) normalized per one OH group.

fully agrees with the respective XRD finding based on the
spacing of 4.2 nm found for ODA films (see Section 3.1 above).
Statistics on the H-bonds during the MD simulation of the tg
model is shown in Fig. 8 (top row). From all the statistically
relevant H-bonds (existing > 1% of time, weighted according to
the occupied time), 80% are inter-layer and 20% are intra-layer
H-bonds. Most of the inter-layer H-bonds are relatively long-
living (occupied between 30 and 60% of the time) and result in
relatively uniform inter-layer O---O distances of 2.75-2.85 A
and H-bond angles between 160° and 167°. The distance values
are in excellent agreement with the O---O distances for (EA),
calculated by DFT, while the angle values deviate slightly
from linearity more due to dynamics effects not considered in
DFT calculations (Table 2). On the other hand, the intra-layer
H-bonds are less numerous, very heterogeneous in length and
H-bond angle, and they vary significantly in life-time.
According to the r(O---0) calibration curves,**° the inter-
layer O---O distances of 2.75-2.85 A estimated in our MD
simulations would result in »OH bands between 3100-3150
and 3350-3420 cm ™" (Fig. S10, ESIt). This wavenumber range
meets precisely the relatively high bandwidth of the »OH
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16°
Fig. 6 Model of the ODA bilayer in the y-form according to the tg model;
top: front (xz) and side (yz) views of the starting structure for the MD
simulation, bottom: front (xz) and side (yz) views of the structure resulting
after 20 ns of MD simulation.

! measured in

absorption with a maximum around 3250 cm™
ODA films (Fig. 2a).

For the # model, the molecules in opposing monolayers,
initially oriented in parallel (at an angle of 180°), rearranged in
the xz plane to form an angle of ca. 143° with respect to each
other (Fig. 7). In contrast to ¢g, the monolayers show different
tilts (~30° and ~7°). In the yz plane, the molecules in one
monolayer remained oriented almost perpendicular to the
bilayer plane, while they are tilted by 15°-20° to the bilayer
normal in the opposing monolayer. The overall tilt of both
planes can be estimated at about 27°. From all the statistically
relevant H-bonds, 20% are inter-layer and 80% are intra-layer
H-bonds (Fig. 8, middle row), which is exactly opposite to the tg
model. The inter-layer H-bonds vary significantly in length,
H-bond angle and life-time. On the other hand, the intra-layer
H-bonds are relatively long-living (occupied 50-70% of the
time, Fig. 8, middle row), have more uniform O---O distances
(2.75-2.85 A) and H-bond angles (around 165°). This should
favor the stability of the individual monolayers rather than the
stability of the bilayer.

Most of the XRD studies of even-numbered fatty alcohols
have indicated the molecular arrangement according to the zg
structure, which is in crystallography usually denoted as the
monoclinic y-form.'*'*%% On the other hand, the ¢t structure
was reported scarcely, e.g., for decanediol.®” Our data reveal a
higher stability of the ¢g structure, confirming these findings.

This journal is © the Owner Societies 2019

View Article Online

PCCP

2o

Fig. 7 Model of the ODA bilayer in the y-form according to the tt model;
top: front (xz) and side (yz) views of the starting structure for the MD
simulation, bottom: front (xz) and side (yz) views of the structure resulting
after 20 ns of MD simulation.

Although XRD data do not provide the definite location for
protons, it was suggested that the position of the hydroxyl
protons in the inter-layer H-bond network is rather disordered
in solid alcohols."*®* This indicates that both OH conformers
can be present in the H-bond network. Hydroxyl tautomeriza-
tion was also proposed for such systems.”>

3.2.3 MD simulations of the p-form of ODA. In addition to
the y-form discussed above, where all the molecules in a
monolayer adopt the same single configuration (either ¢ or g,
but not both), the B-form with alternating ¢ and g molecules
within the same monolayer should be considered.'®'” Since it
has not been extensively reported in the literature, we performed
MD simulations for the sake of comparison with the y-form. The
starting structure of the p-form is shown in Fig. 9 at the top (with
the ¢ and g molecules alternating along the y-direction), and the
structure resulting after 20 ns of MD simulations is presented at
the bottom. Furthermore, the relevant 9 PBC cells are shown in
Fig. S8c (ESIY).

As can be seen from Fig. S8 (ESIT), the B-form is more tightly
packed compared to both y-form configurations since there are
no voids between the layers, such as those present in the y-form
due to the protrusions of some of its individual molecules. This
observation is confirmed by the density of the f-form, which is
higher than that of the y-forms (ca. 0.982 vs. ca. 0.936 g cm™°).
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Fig. 8 Statistics of the distance r(O- - -O) (left column) and the H-bond angle «(O—-H- - -O) (right column) fo

rinter- and intra-layer H-bonds obtained from

the MD simulations of the ODA bilayer for the y-form according to tg (top row) and tt (middle row) models, and for the B-form (bottom row); the
occurrence of different H-bond types (in %, weighted according to the occupied time) is given in brackets.

The initial parallel orientation of the molecules in the
opposing monolayers in the xz plane (180° with respect to each

11250 | Phys. Chem. Chem. Phys., 2019, 21, 1124211258

other, Fig. 9) remains essentially unchanged during the MD
simulations, similarly as in the ¢g model. Both monolayers are
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Fig. 9 Model of the ODA bilayer in the B-form; top: front (xz) and side (yz)
views of the starting structure for the MD simulation, bottom: front (xz) and
side (yz) views of the structure resulting after 20 ns of MD simulation.

equally tilted forming an angle of ca. 15° between the hydrocarbon-
chain axis and the normal to the bilayer. In the yz plane, one
monolayer is tilted only slightly relative to the bilayer normal (~ 6°),
while the other one remains oriented almost perpendicular to the
bilayer plane (Fig. 9). The overall tilt of the chains, estimated to be
about 10°, is the smallest of all three structures. This should
provide a bilayer thickness of ~46 A for the B-form. This value is
significantly larger than the value of 42 A found in our XRD
measurements, testifying that the p-form is a less probable arrange-
ment for the ODA samples used in the present study. This notion is
supported by the H-bond analysis (Fig. 8, bottom row). From all the
statistically relevant hydrogen bonds, 60% are inter-layer and 40%
are intra-layer bonds. Shorter life-time of H-bonds (occupied 0 to
40% of the time), larger variety in the H-bond lengths and
angles, and larger presence of intra-layer bonds (compared to
the tg model) substantiate lower stability of the B-form, which
may explain its rare detection in experiments and seldom
reference in the literature.

3.2.4 MD simulation of ODA hydration. In order to test its
ability for imbibing water, we performed MD simulations for
ODA surrounded by a water shell. Fig. S11 (ESIT) exemplifies the
starting geometries for the (ODA)yg bilayer in the g model with 1
and 10 water molecules per amphiphile (representing partial and
full system hydration). Fig. 10a and b show the MD results for
the partial hydration of the B-form and the ¢t model, respectively.
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Fig. 10 Snapshots after 20 ns of MD simulations of the hydration of the
(ODA)gg bilayer for different structures of the system: B-form (a), trans—
trans conformation of the y-form (b) and trans—gauche conformation of
the y-form (c and d); water molecules are illustrated by yellow balls. Panels
(a—c) show the hydration by 1 water molecule per amphiphile, panel (d)
shows the hydration by 10 water molecules per amphiphile (fully hydrated
system). The starting structures for MD simulations were the same as
shown in Fig. S11 (ESI¥).

The data reveal that, even at this low level of hydration (~10%
relative humidity), a substantial number of water molecules
penetrate between the two monolayers in each case. This is
mostly pronounced for the f-form (Fig. 10a). By contrast, in the
tg model (Fig. 10c) most of the water molecules at this hydration
level are accumulated at the edges of the ODA cell. Due to
dynamical packing defects the two monolayers are shifted, thus
exposing some of the OH groups to water. However, no water
molecules are observed in the interface between the two
monolayers.

Furthermore, even upon increasing the relative humidity to
100% (corresponding to 10 water molecules per amphiphile) in
the tg conformation (Fig. 10d), most of the water molecules
are gathered outside the bilayer system, and only very few
molecules penetrate inside the bilayer interface. Hence,
the MD results demonstrate phase separation to occur in the
ODA-water system. These data provide clear evidence that,
among all the models considered here, only the ¢tg model is
compatible with the extensive hydrophobicity of ODA as
observed in IR spectroscopy and XRD experiments.

3.3 Dioleoylglycerol computations

Due to the unavailability of XRD data for DOG, the structural
arrangement of its molecules in the bulk phase is not known.
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In contrast to ODA, where structural data revealed by XRD can
be used to build input geometries for QM calculations, other
methods must be employed in order to obtain realistic con-
formations of DOG molecules. Therefore, we performed a
combined MD/DFT computation, details of which are given in
the ESL In this approach, the MD step delivered reasonable
geometries and H-bond patterns for the DOG molecules in the
assembly, which could be used as input structures for DFT
optimization and spectra calculations. Since mainly the spec-
troscopic response of the polar DOG groups (OH and C—0) was
the focus of this study, the hydrocarbon tails, less essential at
this stage of computations, were truncated. The reduction of
the molecular size allowed us to use high-level DFT methods,
necessary for the correct spectra calculations. Furthermore, to
simulate the experimental situation as realistically as possible,
we performed a dynamical averaging to account for the differ-
ent H-bond patterns and their dynamics in the system. The
spectra obtained for all the H-bond patterns were statistically
weighted according to the data retrieved from the MD trajec-
tories as outlined in Fig. S12 and described in detail in the ESL.}
An example of a resulting MD structure of (DOG);, at the lowest
energy point is shown in Fig. 11a and b by two different
representations. Analysis of the MD data reveals a largely
spherical assembly with the polar regions of DOG molecules
brought together and surrounded by apolar hydrocarbon tails
(Fig. 11). Such structures strongly resembling inverted (or
reversed) micelles were also obtained in our previous simula-
tions with (DOG)e and (DOG)g, systems with different initial
arrangements of the individual molecules (ranging from ran-
dom to bilayer and micellar arrangements).>" The RMSD plot in
Fig. S9 (ESIt) shows that the structure of (DOG),, becomes
relatively stable after a few nanoseconds of MD simulation.
Examples of the fragments used in the DFT calculations are
shown in Fig. 11c-f. The resulting MD-averaged and H-bond
pattern-weighted spectrum of (DOG),, is compared with the
simulated (EA)4, spectrum as shown in Fig. 12.

When compared to ODA, the DOG structure is generally
more irregular and much less tightly packed (cf Fig. 6, 7 and 9
in context with Fig. 11). As demonstrated in Table 3, the
headgroups of DOG molecules are involved in hydrogen bond-
ing for about 73% of the time (ensemble-averaged). The con-
figurations of individual molecules are quite different since the
H-bond pattern ranges from intramolecular H-bonds between
OH and closest C—O groups (the most abundant ones,
Fig. 11d) to intermolecular H-bonds. The latter can be formed
either between the OH group of one molecule and the carbonyl
group of another one or between two OH groups of different
molecules (Fig. 11e and f). There is also a small population of
more extended H-bond networks involving three molecules
connected with each other in a similar pattern (not shown).
Relatively large flexibility of the DOG assembly can also be
concluded from the deviations of the coordinates within about
2-3 A in the RMSD plot as shown in Fig. S9 (ESIT) by contrast to
only 0.3 A deviations for ODA. The instability of the H-bonds
due to their relatively large length and deviation from linearity,
their short life-time (only about half of them are long-living and
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exist for more than 10% of the simulation time) and the mainly
intramolecular nature of the long-living H-bonds (96% out of
all) also testify an extraordinary flexibility of DOG (Table 3).

Despite its high flexibility, DOG is not able to imbibe any
measurable amount of water, just like ODA. The hydration
pattern of (DOG)g, obtained from the MD simulations of fully
hydrated systems®" is compared with fully-hydrated (ODA)og as
shown in Fig. S13 (ESIf). In both cases, there is a clear phase
separation between amphiphiles and bulk water. In ODA
the separation results from a tight rigid layered structure
impermeable by water. On the other hand, the phase separation
in DOG occurs because the molecules aggregate into an irregular
assembly of micelles hiding their polar atoms inside and stick-
ing together with their hydrophobic parts. Similar micelle-like
structures with limiting hydration ability had also been suggested
for different diacylglycerols (but not for pure DOG) by others
previously.**™*°

The calculated IR spectra for (DOG);, and (EA)4, in the vOH
region (Fig. 12, left) can be directly compared to the experi-
mental DOG and ODA spectra in the same region (Fig. 2a). The
computed spectra correctly represent the high wavenumber of
the OH bands in DOG related to ODA. This corroborates the
experimental finding that the H-bonding in DOG is much
weaker than in ODA. Indeed, the computed length of the most
abundant intramolecular H-bonds in DOG is 1.964 A with the
H-bond angle of 145° (Table 3), while in (EA),,, for example, the
length is 1.855 A and the angle is 176° (Table 2). Fig. 2a
demonstrates the absence of a free OH band in the measured
IR spectrum of ODA and the presence of a weak shoulder in the
DOG spectrum around 3600 cm™'. These findings suggest
the involvement of by far the majority of the OH groups in
H-bonding in ODA, but the presence of a certain fraction of free
hydroxyls in DOG. This is confirmed by the calculations clearly
unraveling two IR bands at 3845 and 3814 cm™ " that arise from
free OH groups existing in (DOG);, (Fig. 12). More specifically,
according to the MD results, about a quarter of the OH groups
in DOG are free (Table 3). The appearance of two distinct bands
arising from free OH groups can be tentatively explained by
different environments of hydroxyl groups situated either
inside the micelle with ¢ = 0 (apolar neighborhood) or sticking
outside and facing the implicit solvent with ¢ = 2. The larger
half width of the OH band in DOG with respect to ODA found
experimentally is also correctly simulated. According to our
computations, such a broad multi-component band occurs due
to a large variety of H-bond patterns resulting in a wide range of
H-bond lengths and angles in DOG (Table 3). This variety, in
turn, can be ascribed to a large number of conformational sub-
states in DOG due to the high degree of disorder.

The split of the C—O0 band in measured IR spectra (Fig. 2c)
is likewise reproduced correctly by the computations (Fig. 12,
right). The weaker band at lower wavenumber (1773 cm™ ") in the
computed spectrum corresponds to the C—0O groups involved in
H-bonding, while the more intense band at 1802 cm ' arises
from free carbonyls. This strongly corroborates the assignment
of the measured IR bands (see details in Section 3.4.2), namely
the main »C=O peak to the free carbonyl groups and the
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Fig. 11 Top: MD snapshot of (DOG), corresponding to the lowest-energy structure represented by sticks (a) and balls (b); red color indicates oxygen
atoms. Middle and bottom: DOG fragments used for DFT computations with no H-bonds (free OH groups) (c) as well as with intramolecular (d) and

intermolecular C=0.--H-0 (e) and H-O---H-0O (f) H-bonds.

low-wavenumber shoulder to the H-bonded ones (Fig. 2c and
Table 1), in accord with the previous suggestions for phos-
pholipids.*®*

3.4 Origin of the ¥OH band splitting in octadecanol and
dioleoylglycerol

3.4.1 Octadecanol. The doublet character of the rOH
band observed in solid-state alcohols is an interesting feature.
Two relevant explanations can be taken into account. First, two

This journal is © the Owner Societies 2019

different types of O-H---O hydrogen bonds with alternating
O- - -O distances may be formed in the polar region of ODA. This
follows directly from XRD data.
that the H-bond geometry significantly varies in the y-form,
with inter-layer distances being significantly shorter than the
intra-layer ones.’®'*'® On the other hand, in the B-form these

1415 These data demonstrate

distances are essentially the same.">'® The same feature could
be realized by the static picture arising from our QM calculations
of energetically optimized alcohol structures. In the dynamic
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Fig. 12 IR spectra calculated for (EA)40 (red) and (DOG)q (blue) in the vOH region (left) as well as for (DOG);q in the ¥*C—O region (right); intensity of the

calculated band for free OH in (EA)4q is too low to be clearly visible in the scale of the figure.

Table 3 Hydrogen-bond analysis of the 10 ns MD simulation of the (DOG),o ensemble; numbering of oxygen atoms is shown in Fig. 1. The wavenumbers
of ¥OH,, (last column) were calculated using the weights of individual vibrations from column 3

% of time H-bonds % of all possible

% of long-living

exist (ensemble- H-bonds (occupied- H-bonds (occupied- O---O/O-H/ O-H---O vOH, vOH,,
Type of H-bonding averaged) time — weighted) time - weighted)*  H-bond lengths, A angle, ©° cm™" (weighted)
Intra-molecular Total 61 96
C—03---H-05 56.7 2.817/0.972/1.964 145 3720 3724
02---H-05 2.5 2.857/0.968/2.090 135 3806
C—04--H-05 0.5 —
01---H-05 0.8 —
Inter-molecular Total 39 4
C=03---H-05 13.7 2.855/0.976/1.897 166 3637 3672
0O5---H-05 10.9 2.888/0.973/1.925 170 3689
C=04--H-05 12.5 2.873/0.973/1.914 168 3695
01---H-05 1.5 —
02---H-05 0.8 —
H-bonded DOG 73
Free DOG 27

% Long-living H-bonds are those existing for more than 10% of the simulation time.

picture, however, these distances become randomized, and are,
hence, unable to rationalize the #OH split.

In the alternative explanation, the »OH band split is
ascribed to coupling phenomena. This gives rise to two sub-
bands originating from in-phase and out-of-phase coupled
vibrations of adjacent O-H bonds along the O-H-:--O H-bond
networks formed in alcohols®® or phenols.®” The present QM
calculations support this notion, showing that indeed two
bands arise from coupled in-phase and out-of-phase vibrational
movements. The ¥OH band splitting occurs in all the model
systems forming H-bond networks. Its nature is fairly conser-
vative and does not change qualitatively with hydrocarbon
chain length, or with the number of molecules involved in
the H-bonding string after it reaches 20 monomers. At this
length of the H-bond network the end effects become negligible
and local fluctuations become averaged. As can be seen from
the example of (EA);, the coupling concept is a fairly realistic

11254 | Phys. Chem. Chem. Phys., 2019, 21, 11242-11258

interpretation for the observed »OH band split even when
alternating O---O distances exist in static energy-minimized
structures. Thus, (EA); has two hydrogen bonds with slightly
different O- - -O lengths of 2.804 and 2.821 A (Table 2), but both
its H-bonded O-H groups vibrate simultaneously with the in-
phase and out-of-phase modes at 3550 and 3592 cm™ ", respec-
tively (see Fig. 4, the third spectrum from above, and Fig. S7,
ESL T second row).

The spectral band shape computed for vibrational coupling
is also in accord with the experiment: the low-frequency in-phase
vOH band is generally more intense than the high-frequency out-
of-phase band, as was also reported previously.>® For the tested
MA and EA systems, both bands undergo a wavenumber upshift
with the increase of the hydrocarbon chain length (i.e., with
increasing bulkiness of the apolar region of alcohols) for the
systems with more than 10 monomeric units. Comparing (MA),,
and (EA),, systems, the average shift is as high as about 80 cm ™"

This journal is © the Owner Societies 2019
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(¢f Fig. 3 and 4). This can be tentatively explained by the
presence of a steric clash between CH, and CH; groups in the
EA system, which may induce a certain weakening of the
pertinent H-bonds. The split between the out-of-phase and
in-phase bands increases with the number of arrayed molecules
(compare (MA); with (MA);, in Fig. 3 and (EA); with (EA);, in
Fig. 4). This tendency is very sharp for fewer H-bonded mole-
cules, but for networks with more than ten molecules the extent
of splitting stabilizes. On the other hand, there is an opposite
trend between split magnitude and alcohol-chain length. Thus,
the largest split is computed for methanol (118 ecm ™" for (MA)y,),
and it decreases to 77 cm™ ' for (EA),, (c¢f. Fig. 3 and 4). The same
tendency is noted from the results of the PM3 computations
(Fig. 5). Hence, the computed ©OH-split values provide a correct
trend towards the measured value of 61 cm™ ' representing the
boundary value (quasi-infinite H-bond network in ODA) given by
the experimental conditions. Therefore, our QM computations
provide strong evidence that the #OH split can convincingly be
explained by coupled out-of-phase and in-phase O-H vibrations
proceeding along the H-bond strings formed in solid alcohols,
which is outlined in Table 4.

It should be mentioned that the coupling of O-H vibrations
seems to be a general feature of alcohol assemblies occurring
as soon as a continuous network of equivalent consecutive
H-bonds is formed. Consequently, this phenomenon is not
bound to the solid state, but it can, in principle, emerge also
in fluid systems, as it was experimentally revealed by Raman
measurements of liquid alcohols.>® Usually, the existence of
such coupling effects in fluid or dissolved solid alcohols would
be rather obscured by a strong heterogeneity, which is typical
for such fluctuating systems with unfrozen structures, leading
to a considerable variety of the H-bonds feasible therein.

A very instructive example demonstrating that a network
of repetitive O-H---O hydrogen bonds is an essential factor
for arising of vibrational coupling is provided by bipolar
22-hydroxybehenylphosphocholine. Instead of an expected
doublet (since this bolaamphiphile is in a solid state), there
is only a single OH band near 3290 cm ™' (see Table S1, ESI¥).*®
This apparent contradiction can be resolved by considering
the particular structure formed in the assemblies of 22-hydroxy-
behenylphosphocholine. They are composed of alternating and
vice versa interdigitated molecules in monolayers with the OH
group from one end of a molecule H-bonded to the phosphate
group from the other end of the next molecule, and so on.>®

Table 4 Specific assignments for the main sub-components of the split
vOH bands observed in ODA and DOG as derived from the theoretical
calculations; abbreviations are the same as in Table 1

Wavenumber, cm ™!

ODA DOG Assignment
3515 s vOH H-bonded intramolecular
3465 s vOH H-bonded intermolecular
3288 m sh vOH coupled out-of-phase
3227 s YOH coupled in-phase

This journal is © the Owner Societies 2019
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Such an alternation of OH and phosphate groups prevents the
formation of a regular string of O-H- - -O hydrogen bonds and
results in the impossibility of coupling and, consequently, in a
single #OH band. Hence, this finding provides a further strong
argument in favor of the coupling concept explaining the vOH
band splitting observed in solid alcohols.

3.4.2 Dioleoylglycerol. As pointed out above, the experi-
mental wavenumber of the OH band of DOG is exceptionally
high when compared with any of the alcohols or even with the
vOH wavenumber of water occurring near 3400 cm™ " (Table S1,
ESIt). This proves an exorbitant weakness of the O-H---O
hydrogen bonds in DOG. Correspondingly, the computed
vOH wavenumbers as well as the O- - -H distances are relatively
large. The H-bond weakness found in DOG stems mainly from
the geometrical restraints of intramolecular H-bonds (e.g., a
significant deviation of these H-bonds from linearity, see
Fig. 11d and Table 3). Besides, intermolecular H-bonds are
not abundant due to steric hindrance, as the bulky oleoyl
chains may prevent a close approach of the H-bond donors
and acceptors. Since the space available inside the DOG
micelles might be scarce, even the formation of a per se
energetically unfavorable 4-member ring geometry according
to Holly and Sohar®® can be taken into account. Altogether, our
theoretical data reveal that DOG assemblies represent a very
flexible system composed of multiple populations of molecules
with different patterns of hydrogen bonding (see Section 3.3).
Consequently, the bandwidth of the overall OH absorption in
DOG is considerably larger than in ODA, for both the experi-
mental and the predicted spectra (Fig. 2 and 12, respectively). It
is worth noting that, with respect to ODA and DOG, the vOH
band of dodecanol has the highest half width (295 ecm™%),
although its overall wavenumber is lower compared to DOG
(Fig. 2a and Table S1, ESIt). These features appear to imply that
the H-bonds in dodecanol are stronger but more heterogeneous
than in DOG. Such a finding may emphasize once more the
structurally determined restriction of the spatial diversity of
H-bond formation facilities in DOG as discussed above.

In principle, the OH split of DOG could again be evoked
either by vibrational coupling or by a distinct heterogeneity of
the O-H---O hydrogen bonds formed within two or more
preferred structures. This question can be fairly unambiguously
answered on the basis of the theoretical results obtained for
(DOG);. The overall DOG structure comprising several species
of H-bonds (OH- - -OH, OH-: - -O=C; intra- and intermolecular)
essentially rules out the presence of a continuous repetitive
H-bond network, not to speak of a linear string as in fatty
alcohols. Thus, the occurrence of vibrational coupling similar
to that existing in ODA can also be ruled out. On the contrary,
such an arrangement of DOG molecules is in favor of assuming
the structural heterogeneity of the H-bonds as the cause for the
vOH split.

As mentioned above, the intramolecular H-bonds in DOG
deviate significantly from linearity (Fig. 11d and Table 3), which
makes them weaker than the intermolecular H-bonds (and,
apparently, even weaker than the H-bonds in bulk water). This
results in a higher »OH wavenumber of the OH groups involved
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in intramolecular H-bonds. On the other hand, intermolecular
H-bonds could be stronger due to their potential for a more
linear geometry (Table 3) and, consequently, should appear at
lower frequency. This is demonstrated in Fig. 12, where, indeed,
all the »OH bands involved in intramolecular H-bonds arise at
higher wavenumber, while all the bands evoked by inter-
molecular H-bonds appear at lower wavenumbers. These results
are in agreement with earlier data for intramolecular H-bonds.*®
Thus, the experimental »OH doublet can be explained as a
combination of OH bands arising from OH groups involved
in intramolecular and intermolecular H-bonds at higher and
lower wavenumbers, respectively (Table 4). The large variations
in strength of the intermolecular H-bonds arising from different
H-bond patterns could also evoke the broad shoulder at the low-
frequency side of the OH band between ~ 3450 and ~3250 cm™*
in the experimental spectrum (Fig. 2a). In contrast, the intra-
molecular H-bonds are limited in variety and produce a much
narrower sub-band between 3600 and 3500 cm™ " (Fig. 2a).

It should be noted that the intermolecular H-bonds in DOG
are very short-living due to its high flexibility and fluidity. For
example, the more stable long-living intermolecular bonds
(existing for more than 10% of the simulation time) represent
only 4% from all the bonds (Table 3). The high instability of
these bonds elongates and weakens them. Thus, average values
for the intermolecular H-bond length and angle in DOG are
1.91 A and 168°, respectively, while in ODA the corresponding
values are 1.855 A and 176° (Tables 2 and 3). Such H-bond
elongation and larger deviation from linearity shift the corres-
ponding »OH bands in DOG to relatively high wavenumbers.
This is depicted in Fig. 12, where they appear at much higher
wavenumbers than the OH absorption of ODA.

Hence, our results demonstrate that H-bond strength is
generally governed by an interplay of the steric constraints
and the flexibility of a system. Furthermore, both these factors
(i.e., chain properties) determine the position of the OH bands.

Another important point refers to the fact that only a minor
part of the carbonyl groups is involved in the H-bond network
formed in the DOG micelles. This is indicated by both the
experimental (Fig. 2c) and the computed spectra (Fig. 12, right).
A major portion of C=O groups freely vibrates in an apolar
environment giving rise to an experimental IR peak near
1744 cm ™ (calculated at 1802 ecm™ ). Statistical analysis based
on the MD results shows that only about 30% of all carbonyls
participate in H-bonds (both intra- and intermolecular). This
can be estimated as follows. As the number of carbonyls is twice
as large as the number of hydroxyls, only 50% of C—0 groups
can be involved in H-bonds in the absence of any other
H donors (e.g., water). From this half, about 84% are engaged
in H-bonds according to the above mentioned statistics
(Table 3 and Fig. S12, ESLi only the H-bonds involving O3
and O4 carbonyl oxygens must be considered), which corre-
sponds then to ~42% of all C=0 groups. Since 27% of all DOG
molecules remain free of any H-bond (Table 3), altogether
about 30% of C—O would be H-bonded after all (42% x
73%). This is in accord with the contour of both the experi-
mental and the computed »C—O band. Correlations between

11256 | Phys. Chem. Chem. Phys., 2019, 21, 11242-11258
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vC=0 wavenumbers and binding or environmental influences
underlying these considerations have been widely discussed
previously.*®*

4. Conclusions

A combination of experimental methods (IR spectroscopy, X-ray
diffraction and film hydration studies) with multiscale MD/DFT
modeling was used to elucidate the structure and the IR-
spectroscopic response for two amphiphiles, octadecanol and
dioleoylglycerol. Despite a certain basic structural similarity
(one OH group and hydrocarbon chains with 18 carbon atoms),
they also offer some diversity in terms of their conformational
disorder varying from very low (in ODA films) to extremely high
(in fluid DOG). In spite of this difference, the two amphiphiles
showed similar features, in particular a doublet structure of the
vOH vibrational band and complete hydrophobicity. Theoreti-
cal calculations allowed us to rationalize these experimental
findings. Furthermore, they provided a consistent picture of
both the overall structure of the systems and fairly sophisti-
cated details of the internal hydrogen-bonding patterns formed
upon their supramolecular self-association.

For ODA, the experimental data from IR spectroscopy and
XRD unravel the presence of a rigid lamellar phase (L.'). This is
characterized by a quasi-crystalline lattice of hydrocarbon
chains forming a tilt of 25° with respect to the bilayer normal.
The overall results for ODA match the ¢rans-gauche conforma-
tion in the frame of the monoclinic y-form very well. Other
possible conformations suggested in the literature (trans-trans
conformation of the y-form, and the B-form) are not supported
by our data. The individual chains in the bilayers adopting the
trans-gauche conformation are densely packed, thus preventing
the access of water molecules to the OH groups of ODA and
explaining its hydrophobicity. Relatively low »OH wavenumbers
indicate a considerable strength of the intermolecular O-H- - -O
hydrogen bonds formed in the ODA assemblies. The »OH split
observed in the IR spectra occurs due to in-phase and out-of-
phase coupling of ¥OH vibrational modes, which takes place in
the arrays of continuous repetitive hydrogen bonding networks.

By contrast, the hydrogen bonds formed in DOG films are
exorbitantly weak, as indicated by high OH wavenumbers. Never-
theless, and rather surprisingly, the DOG self-assemblies are also
unable to take up any water. However, here this is the result of an
inverse-micellar arrangement of the DOG molecules with the polar
heads hidden inside the hydrophobic sphere and, hence, inacces-
sible for water. The heterogeneity of the hydrogen bonds, forming a
rather loose network, is considerably larger than in ODA, and is
responsible for an increased ¥OH bandwidth. Our computational
results allow for a quantification of the different hydrogen bonding
patterns occurring in DOG, which adequately reflects the experi-
mental findings. In contrast to ODA, the split of the OH band of
DOG comes from the different strength of the intra- and inter-
molecular hydrogen bonds, leading to two separate peaks.

Ultimately, the combined experimental/theoretical approach
enabled us to predict a fairly detailed higher-order structure of
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the amphiphile assemblies, which is not available by other
techniques.

Regarding the practical point of view, ODA (and other long-
chain saturated primary alkanols) may be one of the first
choices whenever a stable, water-repelling layered coating is
needed. On the other hand, the micellar-prone aggregation
behavior of DOG emphasizes its potential application for
encapsulating certain drugs or effectors. The reverted-micelle
pattern could be advantageous for this, since the high concen-
tration of polar binding sites (including free carbonyl groups)
in the interior of the aggregates may favor the fixation of the
molecules to be administered. At the same time, the apolar
exterior of the micelles should promote their passage across
largely apolar media (e.g., biological membranes). Besides,
the low stability of DOG micelles, which is due to weak
intermolecular H-bonding, should facilitate a desired easy
resolvability of the complex after reaching its target. The
fragility of the DOG assemblies could also be important in
terms of the in vivo availability of single DOG molecules,
making this particular amphiphile predetermined for its func-
tioning as a second messenger.
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