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A sum-frequency spectroscopy scheme is developed that allows the measurement of vibrational spectra
of the interfacial molecular structure of charged water interfaces. The application of this scheme to a
prototype lipid-aqueous interface as a demonstration reveals an interfacial hydrogen-bonding water layer
structure that responds sensitively to the charge state of the lipid headgroup and its interaction with specific
ions. This novel technique provides unique opportunities to search for better understanding of
electrochemistry and biological aqueous interfaces at a deeper molecular level.
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Knowing the molecular structure of water next to a
charged substrate is a prerequisite to the fundamental
understanding of many natural phenomena and is of great
importance in the development of advanced energy-
conversion and storage devices. Protein folding [1,2], photo-
catalysis for water splitting [3-5], and proton-exchange
membrane fuel cells [6] are just a few familiar examples.
At these interfaces, water molecules, solvated ions, and the
charged substrate interact strongly with one another through
hydrogen (H) bonding, electrostatic force, and van der Waals
force within a distance of a few monolayers away from the
surface, forming an interface-specific bonding network [7,8].
It has been long recognized that this interfacial region,
labeled here as “the bonded interface layer (BIL),” is mainly
responsible for electrochemistry at interfaces and directly
controls many elementary processes, such as ion desolvation
and charge transfer in chemical reactions [2—4,9]. Next to the
BIL, the deeper water subphase has essentially the bulk
H-bonding structure that could be influenced by a long-range
dc field set up by surface charges and the screening ions in a
region known as the diffuse layer [10—13].

Despite the importance of the BIL, current knowledge on
its microscopic structure and the interplay between ionic
and molecular species therein is very limited [7,8,11-21].
The difficulty lies in the paucity of experimental techniques
that allow the extraction of structural information about
such a layer in the presence of a diffuse layer [8,11-21].
Infrared spectroscopy cannot distinguish spectral contri-
butions from the two layers [21]. Scanning tunneling
microscopy and atomic force microscopy probe the local
structure of an interface, but the measurement is strongly
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perturbed by the dynamic movements of aqueous mole-
cules [7]. X-ray adsorption spectroscopy was recently
employed to study populations of donor-H-bond water
species at an electrode-water interface [8], but the result
does not yield information on the geometry of the inter-
facial structure. Optical second-harmonic generation [20]
and sum-frequency generation (SFG) [11-19] are forbid-
den in media with inversion symmetry but necessarily
allowed at interfaces. They have been widely used to
investigate aqueous interfaces. At a charged water inter-
face, a sum-frequency (SF) spectrum has contributions
from both the noncentrosymmetric BIL and the diffuse
layer with inversion symmetry broken by the surface field,
but the experimental separation of the two contributions is
difficult. In many reports, the attention was on the diffuse
layer; the contribution from the BIL was simply ignored
[11-13]. In others, the interpretation of the results is vague
and questionable [14—16]. In a recent paper, Jena et al. [17]
attempted to interpret a set of SF intensity spectra of water-
silica interfaces with different NaCl concentrations in water
in terms of the contributions from water in the BIL and the
diffuse layer. No separate spectral information on the BIL
and the diffuse layer could be retrieved.

In this Letter, we report the development of a phase-
sensitive sum-frequency vibrational spectroscopy (PS-
SFVS) scheme that allows the deduction of vibrational
spectra and, hence, microscopic structural information of
the BIL of charged water interfaces. The scheme is based
on the idea that the SF vibrational spectrum of water in the

diffuse layer (DL), ¥y (), can be found if the dc field
distribution E, in the DL and the dc-field-induced SF
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response of the bulk water are known. With Xé%l))L(w)

available, the spectrum of the BIL, )(gz)(a)), can be readily

extracted from the measured effective surface nonlinear
susceptibility xgz_gff(a)), as we shall explain later. The
application of this method to a prototype lipid-water
interface reveals significant variation of its BIL structure
upon deprotonation of the lipid headgroups and the
interaction of specific ions with the headgroups. This
spectroscopic technique offers a viable means for in situ
probing of electrochemical and aqueous biological inter-
faces at the molecular level.

Our model of a charged water interface is based on the
double-layer theory [10] with particular concern about the
molecular structure. As sketched in Fig. 1(a), we consider
an interface between water and a semi-infinite isotropic
medium at z = 0 (with z along the surface normal). The
BIL (0 < z < 0™) is expected to be very thin because it is
known that the surface-induced H-bonding structural
change should relax away in a few monolayers [22]. It
is followed by bulklike water in the diffuse layer (z > 0™)
that has an effective thickness defined by the Debye length
Ap [10] and is under the influence of the dc field ZE(z).
The exact position of 0" is not important for the analysis.
The reflected SFG from the interfacial system has its field
proportional to the effective surface nonlinear polarization
sz) at the sum frequency wsp(= wyis + @), given by

P(Sz)(wsp) = xg%iff: E (wyis)E(w) [23]. It has been repeat-

edly shown that xgz_gff contains both surface and bulk
contributions [23,24]. A simple derivation yields
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FIG. 1. (a) Illustration of a charged interfacial structure probed
by SFVS. (b) Fractional surface densities of unionized COOH
and negative charges ¢/N of the lignoceric acid monolayer on
water versus pH (dots), where N is the surface density of the
monolayer. Lines are guides for the eyes. The inset shows the
calculated /Ny in the low-pH range. (c),(d) OH stretching
spectra of IX(si):ffP and Im;(g?iff for the lignoceric acid monolayer-
water interface at various pH, respectively.
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with )(9 and ;{g) denoting the second-order electric-
quadrupole bulk nonlinear susceptibility and the third-order
bulk nonlinear susceptibility of water, respectively, inde-
pendent of interfaces, and Ak, = kgp, + kyis, +k,
describing the phase mismatch of the reflected SFG. We
have used linear approximation to describe the dc-field-
induced SF nonlinearity, ;(g>(z) -2Ey(z), at z. Generally,
;(g) is dominated by field-induced reorientation of water
molecules, although it can also have contribution from
field-induced changes of the H-bonding structure and
electron polarizabilities of the molecules [12,20,24]. For
the SFVS of water with S-, S-, and P-polarized SF, visible,

and IR fields, it has been found that the ;(22) term in Eq. (1)
is negligible [25]. We then have

2 2 2
Zg.iff :X(s) +Z(s.1)3Lv

We note that both ;((Sz) and Z.(SZ,I)DL act as surface nonlinear

susceptibilities, but it is ;((Sz) of the BIL that is of interest to
us [26].
In order to extract xgz) (@) from the measured )(ggff(w),

we need to know xg)(w) and Ey(z). If the surface charge
density o is less than a few percent of a monolayer, the
spectral change of the BIL due to the structural perturbation

is hardly detectable [14], so that X<s2) (@) is essentially the

same as that of the neutral interface, denoted by ;(g%) (w), but

the dc-field-induced ;((S%L(a)) of the diffuse layer could be

significant [14]. Therefore, for low o, we can obtain
2

s (@)
2 2 2 .

b{g‘,iff(a))}a and bfg,gff((")]a:o =X (so) (w). With the help of

the Gouy-Chapman (GC) theory, we can find Ey(z) for a

given ¢ and then deduce the spectrum of ;(g)(a)) from

;(g]))L(a)) following Eq. (2). With ;(533) (@) known and E(z)

calculated from the GC or a more refined theory [10], we

can then obtain ;(g%l))L(w) for any charged water interface

with given ¢ from Eq. (2), and, subsequently, xgz)(a)) can

simply from the difference of measured

be deduced from the difference of the measured ;(gz’gff(a))

and the calculated Z(SZ,]))L(a)).

In our experiment, the sample was a monolayer of
lignoceric acid (C,3H47COOH) on water probed by a
broadband PS-SFVS setup (see the Supplemental
Material [27]). The pH of water was varied by adjusting
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the concentration of HCl or NaOH in water. How the
charge state of the monolayer varies with pH was studied
earlier [18,19]; it was determined from the CO stretch
modes of the fatty acid headgroups, including COOH,
COO~, and COO™ ---Na" complex, in the SF spectrum.
(See the Supplemental Material [27] Sec. S2 for details.)
Shown in Fig. 1(b) are the surface densities of COOH and
(negative) o resulting from COO~ and COO™ ---Na't vs
pH deduced from our SFVS measurement [27]. It is seen
that the interface is neutral at low pH and increasingly
charged with pH upon deprotonation of the monolayer. At
pH 9, the fractional ionization of the headgroups is still
only ~5% but rapidly increases to full deprotonation at
pH ~ 12. The surface charge density o does not change
proportionally due to the appearance of COO™ - --Na™ at
pH > 10.5. For pH < 9, the spectral feature of COO~ was
too weak to allow deduction of o, and we relied on the
deprotonation reaction equation for fatty acid and the GC
theory to find o (see the Supplemental Material [27] Sec. S2
for details), which is displayed in the inset of Fig. 1(b).
The measured I;(gz’gffﬁ and Im;(ggff spectra in the OH
stretching range for the fatty acid monolayer on water at
different pH are presented in Figs. 1(c) and 1(d). At pH

below 2.5, ;((S?gff remains unchanged, showing that the

interface is essentially neutral with )(gziff(w) = )((S%)(co). For

2.5 < pH <9, the observed ){(S%gff(w) varies, but we still

expect ;((52) (w) = ;((S%) (w) for low o. From the difference

between )(gz‘gﬁ. (@) and )(g)) (), we can then obtain )(g%l))L(w)

depicted in Fig. 2(a), which depends on pH through E(z)
according to Eq. (2). At a given pH in this range, we can
use the GC theory with the known pK,(~5.6) [27,43] for
deprotonation of fatty acid to find ¢ and ¥ shown in the
Supplemental Material [27] Fig. S3. Following Eq. (2), we
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FIG. 2. (a) Spectra of complex )(E%L of the diffuse layer and (b)

spectra of complex ;55_3) of bulk water in the OH stretching region at
various pH deduced from the spectra of lignoceric acid monolayer-
water interfaces in Figs. 1(c) and 1(d). The red curve in (b) for
;(23) () is a weighted average of the spectra for different pH. The
green curve is an average of ;(533) (@) obtained from a set of ;(giff(w)
spectra presented in Fig. S9 of the Supplemental Material [27],
taken at pH 6 with different NaCl concentrations in water.

can then deduce ;(1(33)((0) from )(gzl))L(a)) and W. We expect

that if the analysis is correct, the deduced )(g)(a)) being

characteristic of the bulk water should be independent of
pH. This is indeed what we found, as shown in Fig. 2(b).
The result also indicates that the GC theory is valid in this
pH range. To further confirm our scheme, we measured
)((Sz’)ff(a)) of the same interfacial system at pH 6 for a
number of NaCl concentrations in the solution. The spectra
of )((S%iff(w) displayed in the Supplemental Material [27]
Fig. S9 are obviously different for different NaCl concen-
trations. Again, with )((Sz)(a)) = ;((S%)(a)), we can obtain

)((sz]))L(w) from ;((Sz_gff(a)), and following the GC theory

and Eq. (2), we find 4% (), which is plotted in

Fig. 2(b) in comparison with those deduced earlier. The
agreement is well within the experimental accuracy.
Athigh pH (> 9), the fraction of deprotonation becomes
increasingly significant, and the structure of the BIL
changes accordingly so that the ;((Sz)(a)) spectrum is
expected to also vary with the pH. In this case, the simple
GC theory may break down because at high ionic concen-
trations, the size of ions can no longer be neglected.
Instead, a modified GC theory (described in the
Supplemental Material [27] Sec. S4) that takes into account
the steric effect of ions must be employed [44,45]. Shown
in the Supplemental Material [27] Fig. S4 is a comparison
of o deduced from the measured spectra in the CO
stretching range with those calculated from the simple
and modified GC models. While the simple GC theory
appears to appreciably overestimate ¢ for pH > 9, the

modified GC theory with an effective ion size of ~7 A,
which is close to the values adopted by others [44,45], fits
the measured o versus pH well.

We can now use the modified GC theory and Eq. (2) to

obtain Z.(SZ,I)DL () from the previously deduced )(1(93) (w) for any

given pH or o, and extract )(<s2) (w) from the difference

between )((Szl))L(a)) and the measured ;((Szgff(a)) The

Im)(gz)(a)) spectra so obtained for pH 10.6 and 12 are

presented in Fig. 3(a) in comparison with that of the neutral
interface (see the Supplemental Material [27] Fig. S10 for a

detailed analysis). The Im)((sz) (w) spectra are obviously
different, reflecting significantly different structures of the
BIL. A brief discussion of the spectra is in order here, but the
details will appear elsewhere. The Imng))(a)) spectrum for
the neutral interface (pH 2.5) has a negative OH stretching
band below 3350 cm™! extending beyond 3000 cm™!. It
comes mainly from down-pointing OH of COOH of the fatty
acid headgroups and partly from down-pointing OH of water
molecules with O acceptor bonded to H of COOH. The
positive band from 3350 to 3650 cm™' is dominated by
up-pointing OH of water molecules weakly donor bonded to

O of COOH. With increasing pH, Im;((Sz) (w) exhibits
significant variation, revealing a structural change of the
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FIG. 3. (a) OH stretching spectra of the BIL of the lignoceric

acid monolayer-water interface at three pH values with different
interface charging conditions: pH 2.5, 10.6, and 12 correspond-
ing to the fractional density of COO~ (COO~---Na") = 0%
(0%), 27% (9%), and 39% (52%) of the monolayer, respectively.
The shadowed regions denote uncertainty, and the spectra are
vertically shifted for clarity. (b),(c) Side-view snapshots of the
MD trajectories for the neutral and fully deprotonated fatty acid—
water interfaces, respectively. Major bonding configurations at
the interfaces are emphasized in opaque. Detailed MD results are
given in Ref. [27].

BIL in response to deprotonation and specific cation
interaction with the fatty acid headgroups. The nearly fully
deprotonated monolayer (pH ~ 12) is composed of COO~
and COO™ - - - Na'. The spectrum displays a broad positive
band from 3000 to 3450 cm~!, which must be dominated by
up-pointing OH of water molecules donor bonded to O of
COO™. The negative band at higher frequency may arise
from water molecules associated with Na™. Hydrated Na™
ions in bulk water are expected to have their associated water
molecules symmetrically distributed around them with O
facing the ions. The association of Na* with surface COO~
breaks the up-down symmetry and results in more surround-
ing water molecules with OH pointing downward. There
could also be contribution from down-pointing OH of water
molecules that have the other OH donor bonded to the fatty
acid headgroups.

We have carried out molecular dynamics (MD) simula-
tions on the neutral and fully deprotonated fatty acid—water
interfaces at 300 K (see the Supplemental Material [27]
Sec. S5 for details). The analysis of the MD trajectories
provides information about populations of different bonding
configurations between water molecules and the headgroups
of the fatty acid monolayer and the orientation distributions
of the donor-bonded OH. The results show that the
H-bonding structure of the water molecules responds
sensitively to the charge state of the fatty acid headgroups
(see the Supplemental Material [27] Figs. S7 and S8).
They are in qualitative agreement with the aforementioned
interfacial structures constructed from the experiment.

To further confirm the general applicability of our
scheme, we carried out another experiment using a different

interfacial system. One would expect that ;(? (@) should be

independent of the interfacial system chosen. The system
we chose here was an octadecanol (R’OH) monolayer
doped by f% of lignoceric acid covering a 0.1 mM NaCl

solution. With small amount of doping (f < 5), the BIL
structure is dictated by the charge-neutral alcohol mole-
cules, and Im)((sz) (w) for f <5 is essentially the same as

that of a pure octadecanol monolayer on water. Figure 4

shows a set of Im)((s%gff spectra taken with different f and the

Im;(g) (w) spectrum deduced from them using Eq. (2) and

the GC theory. The Im)((sz) (@) spectrum measured at f = 0
is quite different from that of the neutral fatty acid
monolayer in Fig. 3(a), indicating distinctly different
structures of the two neutral interfaces. On the other hand,

the deduced Im;(g) (w) is, as expected, consistent with that
obtained from the fatty acid case within experimental error

[Fig. 4(b)]. As a bulk spectrum, Im)(I(g3> (w) shows a
characteristic broad OH stretching band with two humps
at ~3220 and ~3450 cm™! that are also present in IR and
Raman spectra of bulk water [46]. However, the relative
spectral weight of the two humps does not resemble that of
the IR or Raman spectrum. This is likely due to strong
dynamic coupling between neighboring water molecules
that strengthens the lower-frequency OH stretch band, as
pointed out by Morita, Skinner, and co-workers [22,46,47].

We have demonstrated a scheme using PS-SFVS to
separately deduce the vibrational spectra of the BIL and the
diffuse layer of a charged water interface. For any water
interface with a given surface charge density o, it is now
possible to find the spectrum of the diffuse layer and, in
turn, the spectrum of the BIL from measurement. Even if o
is not known, one can still carry out a measurement with
several different phase mismatches Ak,, and deduce both ¢
and the spectrum of the BIL, which are intimately related to
the microscopic structure of BIL. Such work offers new
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FIG. 4. (a) Measured OH stretching spectra of Im)(éi):ff of an
octadecanol monolayer mixed with small fractions of lignoceric
acid on 0.1 mM NaCl solution (dots). Lines are guides to the

eyes. (b) Weighted average of Im;(g)(a)) deduced from

Im;(g%iff(w) in (a) in comparison with the average Im;(g) spectrum

(red curve) given in Fig. 2(b).
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opportunities to explore various charged water interfaces at
a deeper molecular level, providing a base for the under-
standing and theoretical modeling of such interfaces.
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