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Charge transfer across C-H---0 hydrogen bhonds
stabilizes oil droplets in water

Saranya Pullanchery’, Sergey Kulik, Benjamin RehF, Ali Hassanali?*, Sylvie Roke
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The hydrophobic-water interface plays a key role in biological interactions. However, both the
hydrophobic-water interfacial molecular structure and the origin of the negative zeta potential of
hydrophobic droplets in water are heavily contested. We report polarimetric vibrational sum-
frequency scattering of the O-D and C-H stretch modes of 200-nanometer hexadecane oil droplets
dispersed in water. An unusually broad spectral distribution (2550 to 2750 per centimeter) of
interfacial water molecules that were not hydrogen bonded to other water molecules was observed,
as well as a blue shift in the vibrational frequency of the interfacial hexadecane C-H stretch
modes. Oil and water frequency shifts correlated with the negative electrostatic charge. Molecular
dynamics simulations demonstrated that the unexpected strong charge-transfer interactions arose

from interfacial C-H---O hydrogen bonds.

ydrophobicity represents a fundamental

physical property that determines a vari-

ety of processes in aqueous media, such

as protein folding, self-assembly, and ag-

gregation (7, 2). Submicrometer-sized
hydrophobic oil droplets or particles in water
are an important model system for under-
standing how hydrophobicity works. However,
both the charge and the structure of these
interfaces are highly debated. Since the late
19th and early 20th century (3-6), hydrophobic
nanodroplets and air/gas bubbles have been
prepared and investigated. Early experiments
(4, 5) reported the surprising observation that
oil droplets or air bubbles in water exhibit a
negative zeta () potential. The { potential is
interpreted as the electrostatic potential at the
slip plane of the droplet (7), which is the plane
that separates moving molecules from station-
ary ones. There are two main explanations for
the negative charge on oil droplets. The earliest
explanation invokes the adsorption of hydrox-
ide (OH") ions, because these are the only
ionic sources of negative charge in neat wa-
ter. However, the adsorption of OH™ has not
been spectroscopically verified (5, 8, 9), and
most theoretical studies have not found any
thermodynamic stabilization for OH™ at hy-
drophobic interfaces (10, 11). OH" is a small,
nonpolarizable ion that prefers to be hydrated
instead of being adsorbed at an interface. More
recently, the negative charge was explained by
a charge-transfer mechanism involving elec-
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tron density that is present at the interface
because of an asymmetric hydrogen (H)-bond
distribution in the aqueous interfacial region
(6). This picture has recently been refined by
molecular dynamics (MD) simulations (12)
predicting explicit charge transfer between
water and oil molecules. Charge transfer
implies the transfer of charge between two
molecules, and electrostatic polarization is a
measure of the displacement of bound charge.
Although these two concepts are related, po-
larization is often assumed to be confined
within molecules.

Although the model of charge transfer sug-
gests that water is key to the existence of the
charge on oil droplets, the structure of this
water next to oil is equally controversial. Water
in contact with extended planar interfaces of
nonpolar liquids or gases has been investi-
gated by vibrational sum-frequency spectros-
copy (13, 14), an inherently surface-specific
spectroscopic technique. However, the spectra
recorded from the hydrophobic-water inter-
face vary substantially throughout the litera-
ture (see the supplementary materials, section
S1 and fig. S1, for a summary of data and ex-
periments). As a consequence, the structure
of water next to a hydrophobic liquid material
remains unknown. In the case of water in
contact with oil droplets, only the structure of
the oil has been investigated using vibrational
sum-frequency scattering (6, 15). The vibrational
spectrum of water in contact with oil drop-
lets has been recorded only partially (9, 16),
with inconclusive results concerning the
H-bond network of water.

Here, the structure of water in contact with
hydrophobic droplets dispersed in water was
unraveled and the source of the negative charge
was investigated. The interfacial H-bond net-
work of hexadecane droplets in water was
measured using polarimetric vibrational sum-
frequency scattering (SFS). Spectral peak ra-
tios showed that the H-bonding network was
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stronger at the oil-water interface than at the
air-water interface. Furthermore, polariza-
tion analysis revealed a broad spectral region
from ~2550 to ~2750 cm ™, which originated
from interfacial water molecules that inter-
acted with the oil phase. These spectral fea-
tures and interactions between water and oil
suggest charge transfer from water O atoms to
the C-H groups in the oil. This charge transfer
was spectroscopically confirmed by a blue
shift in the C-H modes of the interfacial oil
molecules. MD simulations confirmed this
observation and revealed the presence of im-
proper C-H---O H bonds between water and
oil. We showed two distinct ways to inhibit the
charge transfer from water to oil molecules,
leading to a near-zero or positive { potential.
In both cases, the C-H frequency shifts of the
oil phase were inverted. Thus, the charge trans-
fer from interfacial water to oil molecules is
the origin of the negative charge of bare oil
droplets in water and is responsible for their
stabilization.

Results and Discussion
Investigating the water structure at the
interface of pure oil droplets

Nanodroplets of n-hexadecane (C16) with an
average diameter of 200 nm were prepared
in neat heavy water (D,O) using ultrasonica-
tion (see the supplementary materials, section
S2 and fig. S2). The vibrational SFS (Fig. 1A)
spectra of droplets were measured in the O-D
and C-H stretch regions using both SSP [i.e.,
S-polarized sum frequency (SF), S-polarized
visible, and P-polarized infrared (IR)] and
PPP polarization combinations. Because the
IR beam passed through the liquid phase, it
was absorbed by water when it had a fre-
quency content that matched the O-D stretch
modes. Therefore, when the IR pulse traveled
through the sample cell (Fig. 1B), each droplet
was probed by an IR pulse that had a differ-
ent spectral shape and intensity, resulting in
strongly modified SFS spectra (I7). For this
reason, it was long deemed impossible to mea-
sure the surface vibrational spectrum of water
for particles dispersed in water. However, re-
cently, we determined the appropriate light-
matter interactions that allowed us to devise
a method to retrieve the true surface response
(IT®P?) from the measured SF spectral inten-
sity (Isp) (I7). The procedure is described in
the supplementary materials, section S2. T®
is the effective second-order particle suscep-
tibility that describes the spectral interfacial
response of droplets dispersed in solution and
is proportional to the square root of the mea-
sured intensity (18-20) (see the supplementary
materials, section S2).

The resulting |T®|? spectrum of 2 vol%
hexadecane droplets in D,O (Fig. 1C, blue
trace) showed the vibrational response of the
O-D stretch modes of water and thus revealed
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Fig. 1. Water structure at bare oil droplet
surface. (A) Energy-level diagram of the SFS
experiment involving simultaneous excitation with
an infrared (IR) and visible (VIS) beams.

(B) Sketch of the vibrational SFS experiment on
oil droplets in water. 0 is the scattering angle,

L is the optical path length, and the magnified
sample cross section shows the attenuation

of IR intensity as the beam travels through the
sample. (C) SFS spectra of hexadecane droplets
in D,0 (blue) and reflection sum-frequency
generation spectra of the planar D,0-air
interface [red; (14, 21)]. The solid lines are
guides to the eye. The dashed lines indicate the
frequencies of low- and high-frequency H-
bonded 0-D peaks. The dotted lines refer to
water molecules that are not H bonded to water.
The spectra were recorded using the SSP
polarization combination. The gray shaded
region summarizes the result of this study that
there is a broad distribution of non-water-H-
bonded water molecules. (D) Ratio between the
low-(2395 cm™) and high-(2500 cm™?) fre-
quency bands of the SF spectrum of the planar
D,0-air interface as a function of temperature
(red markers) with a quadratic polynomial fit to
a lower temperature range (red line) (21). The
ratio at the oil droplet surface is shown in blue.

the structure of the H-bond network around
the hydrophobic oil droplet. The spectral
SF intensity between 2200 and 2800 cm™*
reported on water molecules that had an
anisotropic structure induced by the hex-
adecane droplet interface. For comparison,
Fig. 1C also shows the interfacial SF water
spectrum of the extended planar air-water
interface (red trace) (2I). The SF spectra of
Fig. 1C had two broad features around 2395
and 2500 cm ! in common (dashed lines),
and a narrow peak at 2745 cm™' was only
visible in the air-water SF spectrum. The O-D
stretch frequency decreased with increasing
H-bond strength. Therefore, the feature at
2500 cm " reported on water molecules that
were more weakly H bonded to other water
molecules than the ones that were attrib-
uted to the feature at 2395 cm . The peak at
2745 cm™! in the air-water spectrum origi-
nated from interfacial O-D groups that were
not H bonded (22, 23). Both SF spectra con-
tained similar 2395 and 2500 cm™ features
(Fig. 1C, dashed lines), but they differed at
higher wave numbers.

To gain insight into the relative H-bonding
strength between the two interfaces, we exam-
ined the peak ratio of the 2395 and 2500 cm™
features. This ratio is temperature dependent
when measured at the air-water interface
(14, 21) and provides insight into the relative
amount of stronger versus weaker H-bonded
water (Fig. 1D). Lowering the temperature at
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the air-water interface increased the peak ra-
tio of the 2395 and 2500 em™ modes (14, 21),
indicating that the population of stronger H
bonds increased over that of weaker H bonds
(Fig. 1D, red data). The blue marker in Fig. 1D
indicates the ratio found for water at the oil
droplet interface, which was higher than that
of the air-water interface of the same tem-
perature. Extrapolating this temperature de-
pendence, we determined that the H-bonding
network at the oil droplet surface at room
temperature (293 K) was equivalent to that of
an air-water interface near the freezing point
(277 K, the temperature at which bulk water
has its highest density). This implied a more
enhanced H-bonded network near the oil-
water interface.

In addition to stronger H bonding, there was
also a clear difference in the high-frequency
side of the spectrum. The non-H-bonded O-D
mode at 2745 cm ™ was not detected at the oil
droplet-water interface. Inspecting the wa-
ter spectrum adjacent to the oil droplets, a
broadening of the high-frequency side was
seen (Fig. 1C, dotted line), which could rep-
resent a red shift and broadening of the sharp
feature at 2745 cm™ in the air-water spectrum.
Water molecules that were not H bonded to
other water molecules (having so-called “free
0-D” modes) should exhibit specific polar-
ization dependences depending on the spa-
tial symmetry of the mode. Their presence
could therefore be detected even if they were
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not spectrally separated from other water
molecules.

Polarimetry to assess molecular structure
and interactions

Vibrational modes of molecular groups with
different symmetry properties have different
polarization dependences on the interacting
optical fields. A free water molecule exhibits
Coy symmetry, yet if the two O-D groups of a
water molecule are asymmetric because of H
bonding or other interactions, then each O-D
group has C., symmetry. The relative signal
strength measured by different polarization
combinations depends on molecular orienta-
tion and symmetry. As it turns out, the sym-
metry species of the water molecules can be
approximated as symmetric C,, O-D stretch
modes (Coyy.gs), Coy O-D stretch modes, and
asymmetric C,, stretch O-D stretch modes
(Coy-as), despite the water structure being more
complex than that (for a description of this
analysis, see the supplementary materials,
section S3 and fig. S5). Therefore, the polar-
ization intensity ratios for interfacial vibra-
tional modes with these different symmetries
were calculated taking all possible molecular
tilt angles into account.

The black line in Fig. 2A shows the frequency-
dependent SSP/PPP intensity polarization
ratio. The red, green, and blue bands in Fig.
2A represent the computed intensity ratios
for the C,,.ss modes, the C., O-D modes, and
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Fig. 2. Interfacial C-H---0 H bonds. (A) SFS polarimetry. Shown is the
SSP/PPP intensity ratio of the O-D spectrum as a function of IR frequency
(black line). The shaded regions correspond to the calculated SSP-PPP intensity
ratio of the Cyy.ss (red), Coy-as (blue), and C., (green) modes. The frequency
regions spanned by the calculated ratios were determined by comparison

with the experimentally measured ratio. The vertical spread of the ratios was
computed assuming any molecular orientation and takes into account a 10%
uncertainty in the hyperpolarizability values, a scattering angle spread of 20°, and
a droplet size distribution as described in the supplementary materials,

section S3. (B) C-H peak shifts caused by charge transfer. The bottom panel
contains the C-H spectra of bare hydrogenated oil droplets (C16, red) and
hydrogenated oil droplets covered with d-DMPC (C16-dDMPC, green). The top

the C,,..s modes, respectively. Although the
equations for computing the intensity ra-
tios are different for scattering and reflec-
tion (24), the general selection rule that the
SSP polarization combination generates a
higher intensity than the PPP polarization
combination for the C,,s modes was re-
tained (25). The computed intensity ratios
were compared with the measured ones to
determine which frequency ranges reported
primarily on which type of molecular sym-
metry. From Fig. 2A, we observed that the
red band that reports on the C,,.  mode
spanned the largest frequency range of the
measured data, from 2200 to 2550 cm ™. Ad-
ditionally, the measured and computed in-
tensity ratios from 2550 to 2745 cm ™ agreed
with the presence of C., O-D stretch modes.
In the region where the red and the green
bands overlapped, both modes were present.
At frequencies higher than 2745 cm™, the
intensity ratios pointed to a small number
of Cyy.4s modes. The high frequency of these
water molecules suggested that there were
no H-bonded water molecules to which H bonds
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could be donated. Because the SSP/PPP inten-
sity ratio for this mode depended on the mo-
lecular orientation, we were able to determine
that these water molecules were oriented with
their O atom facing the oil (see the supple-
mentary materials, section S4 and fig. S5).
Furthermore, for the oil droplet interface, the
frequency range of water molecules with C.,
symmetry (i.e., lacking water-H bonds) was
much broader (up to ~2550 to 2750 cm™). The
center frequency of this range was at ~2650 cm ™,
which was ~100 cm ™ lower compared with the
air-water interface. This red shift and broad-
ening indicated an unexpected strong interac-
tion between oil and water.

C-H---0 H bonds

Generally, non-H-bonded O-D stretches ap-
pear as a sharp peak at ~2745 cm ™ at the air-
water interface (Fig. 1C). Raman hydration shell
spectroscopy has reported significant broad-
ening and red shifts of non-H-bonded water
up to ~100 ecm™ (26, 27). The sizable frequency
shift of ~100 cm ™ shown in Fig. 1C, highlighted
by the gray peak shape, suggested that charge
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panel contains the C-H spectra of hydrogenated oil droplets covered with
deuterated SDS (C16-dDS™, orange) and d-DTAB (C16-dDTA*, blue). The
corresponding {-potential values are given next to each spectrum. All spectra
were recorded using the SSP polarization combination. The solid black lines are
smoothed data as guides to the eye. The dashed vertical lines represent the
center frequency of the CH,-ss mode, implying the presence or absence of
water-to-hexadecane charge transfer. (C) MD simulations showing C-H:--O

H bonds. A typical snapshot illustrates a C-H:--O H-bonding-like configuration.
(D) Two-dimensional probability density distribution associating the distance
between the C atoms of oil (dodecane) and the O atoms of the water molecules
nearby (x axis) with the corresponding angle between the C-H bond and the
C-0 bond vectors (y axis).

must be transferred from the water O-D groups
to the hexadecane C-H groups in the oil phase,
because these were the only candidates for
accepting electron density. If there were such
a strong interaction, then we would expect
that the vibrational modes of the oil molecules
would experience a (blue) shift in the opposite
direction as that of the high-frequency O-D
modes (28, 29). These shifts should be ac-
companied by structural changes, such as
the presence of C-H---O H bonds. To inves-
tigate this, the SFS spectra of interfacial C-H
modes were recorded and MD simulations
were performed.

Figure 2B (bottom panel) presents the SFS
spectra of the interfacial C-H modes, show-
ing both the symmetric CH, (CHy-ss) and CH;
(CHgs-ss) stretch modes around ~2850 and
~2878 cm™’, respectively. SFS spectra were
recorded from the oil phase of bare oil drop-
lets of hexadecane in water (Fig. 2B, red spec-
trum) and compared with oil droplets that
were covered with a monolayer of deuterated
1,2-dimyristoyl-sn-glycero-3-phosphocholine
(d-DMPC), a zwitterionic lipid (Fig. 2B, green

3of5

TZ0Z ‘0T Jequieoad Uo auuesre 4d3 Te 610°90us 195 MMM//SANY WO | PaPE0 [UMOC



RESEARCH | RESEARCH ARTICLE

spectrum). The projected area of a single
d-DMPC lipid within this monolayer was in the
range of 0.65 to 0.75 nm? (see the supplemen-
tary materials, section S5). The CH,-ss mode
occurred at 2851 cm ™ for the d-DMPC-covered
hexadecane droplets, whereas it occurred at
2856 cm ! for the bare oil droplets in water.
A discussion of other spectral changes is given
in the supplementary materials, section S5.
The vibrational modes of the lipids were not
at resonance in this spectral window. The spec-
tral shift in the CH,-ss mode is highlighted
by the vertical dashed lines in Fig. 2B. The
CH, modes of the oil directly in contact with
D,0 were clearly blue shifted, consistent with
a transfer of negative charge from the water
to the oil. This shift was not observed when
d-DMPC was present because the full mono-
layer prevented the water from interacting
with the oil.

To investigate the possible interactions that
may emerge at the oil-water interface, MD
simulations were performed for dodecane-
water interfaces (see the supplementary ma-
terials, materials and methods). Figure 2C
shows a typical snapshot of a dodecane-water
interface in which the water and oil molecules
interacted with one another, with the con-
formation reminiscent of an H bond between
water and oil. In acting as an acceptor of a
weak H bond from the C-H bond, the O lone
pairs on water molecules donated some elec-
tron density, leaving the dodecane molecules
with a negative charge. Figure 2D shows a two-
dimensional probability density distribution
correlating the distances (x axis) and angular
distributions (¥ axis) associated with possible
H bonds that form between the water and the
C-H groups of dodecane. The graph shows that
a broad spectrum of interactions developed.
Specifically, there was a significant population
of water molecules in which the C-H bond
vector pointed to the O lone-pair electrons in
slightly distorted geometries (angle <20°) with
larger distances (>~3.5 A) than for water-
water H bonds. The water molecules that were
within 5 A from the oil phase oriented with
their O atoms toward the CH, groups of the
oil (see the supplementary materials, sec-
tion S6 and fig. S6), in agreement with the
polarimetric tilt angle analysis of the high-
frequency water molecules (see the supple-
mentary materials, section S4 and fig. S5).
We thus concluded that C-H--O H bonds were
responsible for the transfer of charge between
water and oil and led to spectral shifts in both
the interfacial water and interfacial oil mole-
cules. C-H---O H bonds were discovered sev-
eral decades ago (28) and were identified as
being important structural factors in nucleic
acid and protein structures, as well as in
enzymatic reactions involving C-H groups
and water molecules (30). To our knowledge,
however, C-H---O H bonds have never been
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associated with hydrophobicity or the inter-
action between water and oil, even though
C-H modes of small molecules dissolved in
water are known to display blue shifts in their
C-H stretch frequencies (31). The blue shift in
C-H modes arises from C-H bond contraction
(28, 29). In H bonds in water, charge transfer
is the primary contributor to all interactions,
leading to bond lengthening and a red shift.
C-H---O bonds have relatively weak charge
transfer, and thus the Pauli repulsion between
the filled C-H and O orbitals dominates the
interactions (29), resulting in a blue shift (for
details, see the supplementary materials, sec-
tion S7). The charge transferred from water to
oil was in the range of 0.025 to 0.05 electrons/
dodecane molecule (12). Although the ener-
getic stabilization of single C-H---O H bonds
is rather weak (a fraction of the thermal
energy), the collective contribution of such
small interactions can lead to a sufficient
buildup of charge on the oil droplet, as pre-
dicted by Poli et al. (12).

Oil-water charge-transfer interactions explain
droplet stability

The oil droplets in this study had negative
potential values of -56 + 10 mV. Adding an
insulating layer of d-DMPC lipids removed
the frequency shift and the negative charge,
reducing the ¢ potential to -8 + 6 mV (32)
(Fig. 2B, green). To further test whether the
frequency shifts in the C-H modes were in-
deed correlated with the interfacial charge,
hexadecane droplets with positively and neg-
atively charged deuterated surfactants were
prepared using d-dodecyltrimethylammonium
bromide (d-DTA") and d-sodium dodecyl sul-
fate (d-DS"), respectively. d-DS™ and d-DTA*
molecules formed dilute monolayers with a
projected area per molecule of >4.25 nm?
for d-DS™ (33) and >5.00 nm? for d-DTA" (34)
at their respective critical micelle concentra-
tions. Adding d-DS™ up to the critical micelle
concentration increased the magnitude of the
{ potential further to -120 + 10 mV. The CHy-ss
mode remained at 2856 cm ™ (Fig. 2B, orange),
because d-SD~ adsorbed to the oil droplet sur-
face in a dilute concentration without per-
turbing the oil molecules (15). Therefore, the
absence of a blue shift in the CHy-ss frequency
of d-DS™-covered droplets compared with bare
oil droplets indicated that adsorbed d-DS~
molecules left enough oil-water contact points
free to retain charge transfer. Adding positively
charged d-DTA" up to the critical micelle con-
centration increased and inverted the sign of
the { potential to +84 + 10 mV. d-DTA" ad-
sorbed to the oil droplet surface in an equally
diluted fashion as d-DS™ by inserting its alkyl
tails and part of the head group into the oil
phase (35), reverting the charge of the oil drop-
lets to positive and thereby negating the charge
transfer. Concomitantly, the CH,-ss mode fre-
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quency shifted to 2847 cm™ (Fig. 2B, blue).
Thus, reversal of charge also removed the blue
shift observed for the bare oil droplet C-H
modes. A possible molecular mechanism that
relates charge transfer to negative { potential
is described in the supplementary materials,
section S8 and fig. S7. The negation or reten-
tion of water-to-oil charge transfer in these
droplet systems was correlated with their
stability. Oil droplets covered with positively
charged or neutral surfactants were signif-
icantly less stable than negatively charged
droplets that retained the charge transfer
on bare oil droplets (34).

Conclusions

In summary, interfacial water structure in
contact with hydrophobic oil droplets was
characterized by charge-transfer interactions
between water and oil molecules that stem
from improper C-H---O H bonds. Water at the
oil droplet surface had a stronger H-bonding
network compared with the planar air-water
interface. The spectral shifts of interfacial O-D
and C-H modes provided evidence for charge
transfer from water to oil that explained the
negative charge and stability of bare oil drop-
lets in water.
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Charge transfer across C-H###O hydrogen bonds stabilizes oil droplets in water
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Why oil and water do not mix

It is well known that oil forms stable droplets that carry a negative electrophoretic mobility (and negative charge) upon
dispersing in water. However, the underlying mechanism is a long-debated topic. Using vibrational sum-frequency
scattering spectroscopy, Pullanchery et al. recorded the interfacial vibrational spectrum in the oxygen—deuterium

and carbon-hydrogen stretching regions of a hexadecane—water interface. Their spectral analysis accompanied by
molecular dynamics simulations showed that water molecules form “improper” interfacial hydrogen bonds with alkyl
hydrogens, resulting in the water-to-oil charge transfer that stabilizes oil droplets. This work demonstrates that sum-
frequency scattering spectroscopy is a powerful technique that can improve our understanding of hydrophobicity in
water-mediated chemical and biological systems. —YS
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