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Here, we study the role of water alignment on the sub-picosecond vibrational dynamics of lipid-bound
water. To this end, we compare the dynamics of oppositely oriented water associated with, respectively,
a phosphocholine (PC) headgroup and an inverse-phosphocholine with non-ethylated phosphate

groups (CP). We find that the dynamics are independent of the water orientation, implying that the
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1 Introduction

The main constituents of biological membranes are zwitter-
ionic phosphatidylcholine (PC) lipids, using amphiphilic inter-
actions with the adjacent water molecules to form the naturally
occurring bilayer structure. Interestingly, the naturally occur-
ring zwitterionic phosphatidylcholine lipid only exists in the PC
conformation. The CP, or CPe, conformation, containing a
reversed headgroup structure, has to be synthesized and does
not occur naturally.” This raises the question whether there are
fundamental differences between the PC and CP(e) conforma-
tion making the latter biologically irrelevant. Perttu et al.’
discovered that DPPC and DPCPe liposomes release encapsu-
lated anionic carboxyfluorescein as well as glucose at different
rates, suggesting that the configuration of the headgroup
charge plays a significant role in determining membrane
permeability. Further, it was found that CPe liposomes do not
appreciably interact with Ca®" ions. It was hypothesized that the
permeability for Na” and CI~ might be altered as well. Another
important but often overlooked feature of a lipid is its inter-
action with water itself. Dreier et al.’ have shown that the
charge distribution throughout the zwitterionic headgroup
determines the orientation of the water bound to the
headgroup.®® Given the opposite orientation of water bound
to PC- and CPe-based lipids, one might expect that the mole-
cular structure of lipid-bound water is different for the two
lipids.
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vibrational dynamics report on the local properties of the water molecules.

For oppositely oriented water in contact with, respectively,
the negatively charged lipid DPPG and positively charged
DPTAP, it has indeed previously been shown that both the
structure and vibrational dynamics of water in contact with
these headgroups is different. For negative (positive) lipids,
the water dipole points towards (away from) the lipid layer,
exhibiting an ultrafast relaxation path available only for the
positively charged lipid.®”® In the case of the negatively charged
surfactant sodium dodecyl sulfate (SDS) water interface two
types of water were reported.’ Given the ubiquitous presence of
the lipid/water interface, these kinds of differences in vibra-
tional dynamics - that reflect differences in structure®® - could
be important for the functionality of lipid bilayers.

To investigate the role of interfacial water alignment on the
water properties, we study the lipid water interaction using
sum-frequency-generation (SFG) spectroscopy, an even-order
nonlinear process that is almost exclusively interface-specific
owing to its selection rules.”™*™* We use an infrared beam in
resonance with the OD-stretch vibration to probe the interfacial
(heavy) water (D,O) in contact with the lipids. The OD-stretch
vibrational frequency is a marker of the strength of the local
hydrogen bond network and the intensity of the SFG signal
provides information about the average orientation of
the transition dipole moment."* To study the vibrational
dynamics of the water lipid interface we use pump-probe
SFG (PP-SFG) spectroscopy, the interface-specific counterpart
to infrared (IR) pump-probe spectroscopy.'> With PP-SFG it is
possible to study vibrational dynamics at a sub ps time scale
and thus the spectral diffusion.'®"'” Here, we use this method
to investigate vibrational dynamics and spectral diffusion
of water interacting with PC and CP monolayers. Our results
demonstrate, that despite the opposite orientation, the vibra-
tional dynamics of CP- and PC-bound water molecules are
indistinguishable.
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2 Experimental section

A pulsed laser beam is produced by an oscillator (Mai Tai,
Spectra Physics) with a central wavelength of 800 nm and
roughly 50 nm bandwidth. Two Empowers (22 mJ pulse energy
at central wavelength of 527 nm) pump a Spitfire Ace optical
amplifier, providing a power output of about 10 W at a pulse
length of 40 fs with a repetition rate of 1 kHz. The sum
frequency signal is generated by overlapping a narrow-band
800 nm visible laser pulse (s-polarized, pulse energy of 20 pJ,
central wavelength of 810 nm, incidence angle to surface
normal of 70°) with a focused broadband IR beam generated
by a Topas-c with DFG stage (p-polarized, pulse power of 7 pJ,
FWHM of 350 cm ™, central frequency of 2500 cm™ ", incidence
angle of 40° to surface normal). The SFG signal has a central
frequency of 674 nm and is sent into a spectrometer and
detected using an Andor Newton electron-multiplied charged
coupled device (EMCCD) camera. The accumulation time of a
single spectrum is 100 s. To correct for the intrinsic spectrum
of the IR beam, all SFG spectra are normalized to the non-
resonant SFG spectrum of z-cut quartz.

The narrowband pump beam (p-polarized, ~90 cm™
FWHM, 55° incidence angle to surface normal) is generated
by doubling the frequency of the 1000 nm idler output of a
second Topas-c within a BBO crystal, generating IR pulses at
~2000 nm. These pulses are overlapped with 800 nm pulses
within a LiNbO; crystal generating the narrowband pump
pulses. The infrared pump beam can be tuned between
2350 cm ™' and 2750 cm™ ', by tuning the frequency of the
doubled idler and adjusting the phase-matching condition at
the LiNbO; crystal. The resulting IR power varies from 5 pJ to
10 pJ depending on the central pump frequency.

To record pump-probe spectra, a chopper blocks every
second laser pulse in the pump laser path, and a vibrating
mirror separates the pumped and unpumped signal spatially
on the CCD camera. With a motorized delay stage the time
delay between the pump- and the probe pulse is changed using
various step sizes between 50 fs and 6 ps. The total time range
is —10 ps to 20 ps where the pump arrives after (before)
the probe for negative (positive) times. In total 27 different
pump-probe time delay spectra were recorded.

To minimize heating effects from the laser, the sample is
rotated at 13.6 rpm with the laser spots on a 55 mm diameter
cycle.'® A chiller is used to keep a constant temperature of 20 °C
throughout the experiment and the water level is kept constant
using a reservoir.

The lipids are obtained from Avanti Polar Lipids and dis-
solved in a 9:1 mixture of chloroform (>99%, stabilized with
amylene, Fischer Scientific) and methanol (99.99%, Fischer
Scientific) at a concentration of 0.43 mmol 17" To avoid
oxidation of the unsaturated lipid molecules, 1,2-dioleoyl-
sn-glycero-3-phosphocholine (DOPC) and 2-((2,3-bis(oleoyloxy)-
propyl)-dimethyl-ammonio)ethyl-ethyl-phosphate, the zwitterionic
lipid with the inverted headgroup (DOCPe) are dissolved under a
nitrogen atmosphere. D,O (99.9%) is obtained from Euriso-Top
and used as received.
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Lipid monolayers are prepared by dropping DOPC and
DOCPe on D,O and have a coverage of 64(6) A% per molecule
and 77(2) A% per molecule at a surface pressure of 112 mN m™*
and 131 mN m ™" for DOPC and DOCPe respectively.® Details of
the monolayer preparation can be found in Table S1 (ESIY).
To prevent the lipids from degradation, all sample preparation
steps and measurements are performed under N, atmosphere.
The stability of the monolayer was monitored throughout the
course of the 12 h data acquisition and an example of a surface
pressure measurement is shown in Fig. S1 (ESIt)

3 Results and discussion

3.1 Static spectra

Fig. 1 shows SFG intensity spectra of the DOPC-D,O and the
DOCPe-D,0O interface and the molecular structure of DOPC
and DOCPe in the inset. The broad peak from 2200 cm™' to
2600 cm™ " originates from the OD-stretch vibration of the
interfacial water.">?° This peak is broadened by a wide dis-
tribution of different OD-bond strengths, intermolecular
coupling as well as a Fermi resonance with the overtone of
the water stretch vibration.>'"** No significant difference can be
observed between DOPC and DOCPe in the OD-stretch region of
the SFG spectrum. CH-Stretch vibrations of the lipid give rise to
the SFG signal between 2800 cm ™" and 2950 cm ™ '.*

Phase-resolved SFG measurements were previously per-
formed on the DOPC- and DOCPe-H,O interface, showing that
the orientation of the interfacial water depends on the head-
group of the lipid.> The CPe headgroup showed a net down-
wards orientation of the interfacial water dipole moment,
indicative of the hydrogen atoms pointing down towards the
bulk. For the PC headgroup the situation is reversed, meaning
that the interfacial water hydrogen atoms point on average
upwards, away from the bulk phase. The phase-resolved experi-
ments showed as well a small blue shift of the Im(3?) spectrum
of DOPC compared to the Im(3®®)) spectrum of DOCPe, indicating
slightly weaker hydrogen bonding of water for DOPC.

6 - —— DOPC DOCPe
H>:O H>:o
R O R O
5 - o=( % o=(
:; O H O H
o 9 o >N
=47 !
2 S
c g Osg
23 AN o °
< )
1 - / " /,\
v
1 T T 1 T
2200 2400 2600 2800 3000

Frequency/cm™1

Fig. 1 Static SFG intensity spectra of DOPC and DOCPe. The inset shows
the molecular structure of DOPC and DOCPe.
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MD simulations support the hypothesis of the opposing
water orientation at the DOPC- and DOCPe-water interface,
showing that the orientation of the field in between the choline
(+) and the phosphate group (—) determines the orientation of
the interfacial water.?®>® Further, there exist an alternative
interpretation based on phase-resolved SFG data and MD
simulations of the 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) water interface.>* There, three differently bound types of
water were proposed to be responsible for the Im(x(z)) spectrum
of the POPC-water interface. However, the exact molecular
mechanism causing the water orientation on zwitterionic head-
groups is out of the scope of this work. Instead we study the
effect of water orientation on the vibrational dynamics. To do
so we use 2D-SFG spectroscopy of the DOPC and DOCPe-water
interface.

3.2 2D-SFG Spectra

Fig. 2 shows 2D-SFG spectra of upwards (DOPC) and down-
wards (DOCPe) oriented interfacial water at four different
pump-probe time delays. See Fig. S2 (ESIT) for details on the
pump frequency spectrum. The ¢ = 0 ps time axis is calibrated
by measuring the bleach on a gold sample and setting ¢ = 0 ps to
the maximum bleach. The color (Al) denotes the difference of
SFG intensity between the pump beam being on (pumped) and
the pump beam being off (unpumped). The pumped and
the unpumped spectra are corrected for heating effects and
normalized to the specific pump power. Details of the heat
correction are described in Fig. S3 (ESIt). The signal A7 is domi-
nated by a combination of bleach and stimulated emission."”

A qualitative comparison of the 2D-SFG spectra of upwards
(DOPC) and downwards (DOCPe) oriented water shows no
significant differences between the two orientations. As such,
we discuss in the following the common spectral features
of both water orientations. We note that 2D-SFG and 2D
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phase-resolved SFG have been shown to contain virtually identical
information in terms of vibrational dynamics and coupling.’”
The amplitude of AI on the diagonal is comparable for
a pump beam frequency of 2350 cm ' and 2500 cm !, but
significantly smaller for a pump beam frequency of 2400 cm ™.
At a pump beam frequency of 2350 cm™ ", both systems show
an instantaneous response at the same probe frequency. At a
pump beam frequency of 2400 cm ' the bleach appears at a
lower probe frequency of about 2380 cm™'. Pumping at a
central frequency of 2500 cm ™' results in an instantaneous
signal at a probe frequency of 2500 cm ™', but after less then
0.2 ps additional signal is observable at a 2350 cm™ ' probe
frequency, hinting towards spectral diffusion or a cross-peak.
This cross-peak-like structure, visible at a probe frequency of
2350 cm ' if pumped at 2500 cm ' and small-time delays
(0.05 ps), at the lipid water interface has previously been
observed for the cetyltrimethylammonium bromide (CTAB)
water and SDS-water interfaces.”*® However, the interpreta-
tions are very different in both cases. Inoue et al.*® showed in
the case of CTAB that the cross-peak vanishes upon isotopic
dilution, and assigned it to the coupling of the water stretch
mode with the overtone of the bending mode, i.e. the Fermi
resonance. Livingstone et al.’ proposed for the SDS case two
types of water, coupling differently with the lipid headgroup
and showed that the Fermi resonance cannot account for all
observed effects. Work on DPTAP showed only a single broad
peak when studied with D,O and HOD.*® Overall, the discus-
sion of the origin of the cross-peak is out of the scope of this
paper. Instead, the goal of this work is to investigate and
highlight the possible effects of interfacial water orientation
on interfacial vibrational water dynamics. Because isotopic
dilution significantly reduces the signal intensity and thus
the signal-to-noise ratio, and does not completely resolve the
complication induced by the Fermi resonance, we perform the
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Fig. 2 2D-SFG spectra of D,O in the hydrogen bond OD-stretch region for (a)-(d) the upwards oriented water (DOPC), and for (e)—(h) the downwards
oriented water (DOCPe), at four different pump—probe time delays. The white dots correspond to a spectral weight frequency. (Details in Fig. S4, ESI+)
The white line denotes a linear regression through the spectral weight. The black dotted line indicates the pump = probe frequency diagonal.
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experiments with D,O and not HOD to ensure best possible
sensitivity regarding differences induced by the interfacial
water orientation.

On the downside of this, we must deal with complex
coupling dynamics, which we account for by analyzing the data
in two ways. At first, we investigate the time evolution for the
spectral weight frequency. Afterward, we treat the system as a
set of coupled oscillators, with central vibrational frequencies
at 2350 cm™ " and 2500 cm ™', giving rise to two cross-peaks at
their respective frequencies.

3.2.1 Time dependency of the spectral weight frequency.
The white points in Fig. 2 correspond to the spectral weight
frequency. The probe frequency position of the spectral weight
frequency is determined by fitting the sum of two Gaussians to
vertical slices of Fig. 2 and taking the amplitude weighted
mean. The white line in Fig. 2 denotes a line fit through the
three spectral weight frequencies at a central pump beam
frequency of 2350 cm ™", 2400 cm ™' and 2500 cm™ . In the
following this line is called spectral weight line (SWL). The time
dependency of the SWL is important, as it contains information
on spectral diffusion.*" Further details on the SWL analysis can
be found in the ESIT at eqn (S3) and Fig. S4.

Fig. 3 shows the time dependency of the SWL modeled with
the convolution of Gaussian function and an exponential decay
(eqn (S4), ESIT). Here the Gaussian function accounts for the
instrument response function and has a width of ¢ = 0.16 ps.*?
The exponential decay describes the time scale of the spectral
diffusion and shows comparable decay times of 0.47 ps £ 0.07
ps for DOPC and 0.5 ps + 0.1 ps for DOCPe.

Previous studies of DPTAP®® showed spectral diffusion
of the timescale of 0.35 ps for D,0, 1.1 ps for HOD within the
OD-stretch region and 0.75 ps £ 0.35 ps for HOD within the
OH-stretch region. Interestingly it seems that a timescale of
about 0.5 ps is characteristic for the interfacial spectral diffu-
sion of vibrational energy and is almost independent of the
chemical structure of the lipid as well as the isotopic content of
the water.
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Fig. 3 Spectral weight line slope of the interfacial OD-stretch vibration of
D,O covered with a monolayer of DOPC and DOCPe as a function of
pump—probe delay time. Solid lines show fits of eqn (S4) (ESI).
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In a study using DPPG as negative and DPTAP as positive
lipid, the centerline slope of DPPG and DPTAP were found to be
significantly different.*” This difference was attributed to an
ultrafast, but invisible process occurring on a sub-0.1 ps time-
scale and was attributed to water orientation in the direct
vicinity of water in contact with the lipids. The DPPG/DPTAP
study used phase-resolved 2D-SFG, but as explained in ref. 17
the two methods probe fundamentally the same dynamic
properties. Instead, our results suggest that the orientation of
water in the direct vicinity of DOPC and DOCPe seems to be
unimportant for spectral diffusion of the OD-Stretch vibration,
because both amplitude and temporal evolution of the SWL are
comparable within the uncertainty of the experiment. Hence, a
comparison between the results of Tahara and co-workers®’
and the present work, highlights the importance of the detailed
chemical environments that different lipids constitute for the
water. The orientational arrangement of water for the DPPG
and DPTAP headgroups are caused by the net charge on the
head groups. In contrast, the reorientation of water for DOPC and
DOCPe is the result of the change of the electric field direction in
the headgroup region, and not of a sign change of the net charge
of the lipid headgroups. In the following, we switch to the inter-
pretation of Fig. 2 and analyze the 2D-SFG spectra by assuming

two coupled oscillators at 2350 ecm™* and 2500 cm .

3.3 Dynamics

The traces shown in Fig. 4 are obtained by averaging vertical
areas of probe frequencies at 2350 cm™ " 4 30 cm ™, 2400 cm™ ' +
30 cm™ " and 2500 cm™ " 4 30 cm™ ' at a given pump frequency
and plotted vs. the pump-probe time delay. 30 cm ™" corresponds
roughly to the 1o spectral width of the pump pulse (see Fig. S2,
ESIt). If the central pump frequency equals the probe frequency,
the trace is labeled diagonal. At a central pump frequency of
2350 cm™ " the cross up labeled trace is centered around a probe
frequency of 2500 cm ™" and describes an uphill energy transport
process. At the 2500 cm™ ' pump frequency, the cross down
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Fig. 4 Traces of three different central pump frequencies. The “Diagonal”
labeled traces are obtained by averaging areas of Fig. 2, where the central
pump frequency equals the central probe frequency. The “Cross” labeled
traces have a central probe frequency of 2500 cm™ if pumped at 2350 cm™*
and vice versa if pumped at 2500 cm~%. The direction of energy transfer is
labeled with “Up” for uphill and “Down” for downhill energy transfer.
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Fig. 5 Lifetimes of the excited vibrational state 7, as function of the pump
frequency. The colors denote the lipid, while the shape corresponds to the
selected peak. The inset shows the energy levels of the four-level-model
used to extract 1, by fitting the data of Fig. 4.

labeled trace is centered around a probe frequency of 2350 cm™*

and describes a downhill energy transport process. Note that the
traces in Fig. 4 contain no heat correction, unlike the 2D-SFG
spectra in Fig. 2. Heating effects are accounted for within
the fitting model and thus do not need to be subtracted
beforehand.®***~*

A trace consists of three sections. For negative times, e.g. the
probe pulse arrives at the sample before the pump pulse and
consequently, the trace is a flat line at 0. As the pump and the
probe start to overlap, the transient signal appears. The point in
time, where the signal has reached about 50% of its amplitude
is called the lag time and the duration of the signal rise is
determined by the instrument response function of the setup.
Following, one observes the relaxation of the system. This
is due to the relaxation of the pump-induced vibrational
excitation and reflects the lifetime of the excited vibrational
state. Due to heating effects, the final state after >4 ps is not
necessarily the initial state but can be different.

Heat weakens the hydrogen bonds and shifts the spectrum
towards higher frequencies. Consequently, the spectral inten-
sity increases at around a probe frequency of 2500 cm™ " and
decreases at a probe frequency of 2350 cm ™. This is the cause
for a positive Al in Fig. 4 at a probe frequency of 2500 cm ™' and
negative Al at a probe frequency of 2350 cm ™.

At a central pump frequency of 2350 cm ™, a relatively large
bleach of the diagonal peak for both water orientations (DOPC
and DOCPe) is observed. With a delay of about 0.2 ps we see a
much weaker, but still significant bleach in the cross-peak
region. After about 1 ps the dynamic processes have largely
ended. At a central pump frequency of 2400 cm ' it is not
possible to define a cross-peak, and thus only the diagonal trace
is shown. Tuning the pump frequency to 2500 cm ™" reveals an
interesting structure in the dynamics. There is significant bleach
visible for the diagonal peak, but also for the cross-peak. This
hints towards spectral diffusion from the diagonal peak down-
hill towards the cross-peak. Note that no significant qualitative
differences between the observed dynamics for the two oppo-
site water orientations are found. The reproducible bump,
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visible in e.g. the purple trace in Fig. 4f, makes it clear that at
least a two-lifetime model is needed to describe the data.

The traces are fitted with the four-level-model commonly
used.®*>%¢ The inset of Fig. 5 shows the energy levels postulated
by the model. For further details see a previous publication, where
the analytical solution to this model was presented.’” The lifetime
of the vibrationally excited state amounts to 7, with the system
decaying into an intermediate state. The decay from the inter-
mediate state into a heated ground state is characterized by a
lifetime of 7, for which 0.7 ps has been used.***” Using this
model, we obtain the lifetime of the excited vibrational states for
different interfacial water orientation.

Fig. 5 shows T, lifetimes extracted from the four-level-model.
The vibrational dynamics are fastest at a pump frequency of
2350 cm™ ' with lifetimes around 0.2 ps. Upon increasing pump
frequencies, the lifetimes increase to 7, greater than 0.4 ps at a
central pump frequency of 2500 cm™". A similar trend has
already been reported for the neat water-air, as well as the
water-DPTAP interface.’?>?® At the lowest pump frequency,
there is neither a significant difference between the cross and
diagonal peaks, nor between the opposing water orientations.
At 2400 cm ™' pump frequency, there is a 1¢ difference between
the two water orientations, and at the 2500 ¢cm™' pump
frequency, there is no significant difference between the lipids
for the diagonal peak, but a 1¢ difference in 7, at the cross-peak
lifetime for the two water orientations. The overall impression
of Fig. 5 could be that DOPC shows a slightly larger t; then
DOCPe. However one has to keep in mind, that the error bars of
Fig. 5 do not account for correlation effects of the fit para-
meters. A significant improvement in the signal to noise ratio
would be needed to consolidate this observation.

Depending on the nature of the coupling, the ingrowth of
the cross-peak can be delayed relative to that of the diagonal
peak. Indeed such a delay can be found in Fig. 4, if the lag times
of the diagonal and cross-peak are compared. Here the lag time
is obtained from the fits of Fig. 4, and corresponds to the point
in time when the trace has reached 50% of its maximum
height. The result is, that if pumped at 2350 cm™", the uphill
cross peak appears about 0.2 ps after the diagonal peak. The
situation is similar if pumped at 2500 cm ™", where the diagonal
peak appears about 0.1 ps prior to the downhill cross-peak.
To exclude instrumental artifacts as the source of the lag time
difference, the same analysis has been performed on gold,
showing lag times of at most 40 fs + 10 fs. See Fig. S5 (ESIf).
This observation is consistent with near-resonant vibrational
energy transfer. However for the upwards (DOPC) and the
downwards (DOCPe) oriented water, there is no significant
difference in the lag times, again showing that the vibrational
dynamics are independent of water orientation for this system.

4 Conclusion

We have investigated the influence of the water orientation
on the dynamics of the interfacial OD-Stretch vibration of D,O.
2D-SFG spectroscopy of oppositely oriented water interfaces
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reveal no significant differences of neither the time dependency
of the SWL, nor the vibrational lifetimes of a potential cross
or diagonal peak. These results contrast previous findings,*’
where the water orientation, resulting from charged head-
groups, was identified as the cause of dynamical changes. For
the present results, the orientation is induced by the lipid
headgroup dipolar field. Because the interfacial water vibra-
tional response and dynamics are independent of water orien-
tation at the DOPC- and DOCPe-water interfaces, we conclude
that the properties of water cannot explain the biological
differences between DOPC and DOCPe on a molecular level.
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