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Abstract

Angle-resolved vibrational sum frequency generation experiments have been used to study

the silica–water interface as a function of ionic strength. Well below the critical angle, the sum

frequency intensity increases up to 10−4 M NaCl, and then drops. However, near the critical

angle, a plateau may be observed up to 10−4 M. We first demonstrate that this is a result of

the interaction of a long Debye length at low ionic strength with a long coherence length near

the critical angles. In order to account for the behaviour at the lowest concentrations, it is

necessary to consider an electrostatic potential that extends into the bulk aqueous phase beyond

the Debye-Hückel approximation as a result of the large surface potential. Since the extent of

the second- and third-order contributions to the nonlinear polarization can varying with ionic

strength, but not with angle of incidence, we perform a global fit to the experimental data using

our proposed model to extract the relative magnitude of the two susceptibilities. The ionic

strength dependence of this ratio points to the critical nature of the silanol deprotonation and

the development of surface charge, and illustrates how the surface water molecules respond.

These results highlight the importance of varying the coherence length in order to probe water

structure at charged interfaces.
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Introduction

Charged aqueous interfaces are of fundamental importance in the environment, and in a host of

fundamental and technological applications. The silica–water interface in particular has received

much attention due to its natural abundance, and practical use in biotechnology and chemical

separations such as liquid chromatography and capillary electrophoresis.1–5 However, it has also

developed into a model system for understanding interfacial water structure in the presence of

varying surface charge density as electrolyte ions simultaneously screen the surface charge and

promote the development of additional charge.

Of the various methods available for probing charged aqueous interfaces, nonlinear optical

techniques such as electronic second-harmonic (SH) and vibrational sum-frequency (SF) generation

offer the possibility of in situ measurements adjacent to the bulk aqueous phase. These techniques

achieve their surface selectivity on account of the symmetry-breaking requirement to produce signal

from a second-order polarization P(2) in the electric dipole approximation. Only water molecules

in noncentrosymmetric environments can produce a net SH or SF response; signal from bulk water

destructively interferes. In the area of surface nonlinear optics,6 niche application areas have

historically been those in which the nonlinear response originates at the interface formed between

two centrosymmetric bulk phases. Typically, the distance over which the inversion symmetry is

broken and χ(2) , 0 is very small (1–2 nm) compared to the nonlinear coherence length (typically

tens of nanometers, depending on the geometry). However, at charged surfaces, signal should

be generated not only from the proximal interfacial region, but also from water perturbed by

the decaying surface electric field.7–9 In 1992 Eisenthal formulated a model to account for SH

observations with varying salt concentration at the silica surface, where a third-order polarization

P(3) is introduced resulting from the second-order polarizability of water, the two incoming electric

components of the electromagnetic fields, and the surface potential.7 Since that time, there has

been extensive discussion on experimental9–15 and computational16–19 approaches to understand

the relative contribution of the two sources of nonlinear polarization at charged interfaces in general.

A significant development in the field was the reformulation of Eisenthal’s original model to
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account for the wavevector mismatch when signals are generated over a region that is sufficiently

deep in comparison to the nonlinear coherence length.20 An important outcome of this model was

that the relative contribution of the second- and third-order response functions was dictated not

only by the surface potential, but also depends on a screening factor that is a function of both the

wavevector mismatch and the Debye length.8,9 At low ionic strength there is effectively no third-

order contribution to the signal as the deeper interfacial layers produce SH or SF that destructively

interfere with each other, thereby leaving only the topmost layer second-order response. Likewise,

at high ionic strength the Debye length becomes so short that the wavevector mismatch is no

longer important, and the third-order response is scaled by the surface potential alone, as in

Eisenthal’s original proposal. At intermediate ionic strengths, the relative contributions of the

wavevector mismatch ∆k and Debye length modulate the magnitude and phase of the two response

functions.8,9,21–23

Although the proposed theory is general, the initial experimental demonstrations have been of the

charged air-water interface.9,13,24 When probing water at charged solid surfaces, it is often desired

to have at least one of the incident beams above the critical angle. Although such experiments

inherit the burden of careful data treatment to accurately restore the |χ(2) |2 lineshape from the

measured effective susceptibility, the up to three orders of magnitude in signal enhancement25–27

enables measurement of species such as surface silanols that could not be observed otherwise.28

In such cases, additional effects of total internal reflection (TIR) need to be considered, as the

SF results from generation and excitation from evanescent fields. The role of phase-matching in

TIR geometries have been considered extensively in the area of bulk nonlinear optics, as phase

matching is a critical consideration in order to build up significant intensity at the frequency of

interest. As an alternative to enhanced ∆k using techniques such as angle-tuning of birefringent

crystals, periodic poling, or from phase shifts incurred in internal reflection,29–34 TIR has also been

considered. Here, although evanescent wave excitation is used, the data may be interpreted based

on all nonlinear polarization terms originating sufficiently close to the interface to avoid the explicit

consideration of ∆k.35–38
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The importance of the experimental geometry and its implications for controlling ∆k may be

seen when looking at SF studies of the silica–water interface with varying ionic strength below

the critical angle, where an increase in signal with ionic strength initially occurs, followed by a

subsequent decrease.39 This is in sharp contrast to previous results near the critical angle that

display a constant SFG intensity up to ≈ 1 mM NaCl,11 before the signal drops. In this work we

will demonstrate that such different results are due to the subtle interplay between the wavevector

mismatch and the Debye length at angles and concentrations over which both terms compete. We

illustrate that restriction of the probed depth under TIR conditions can have dramatic consequences

on the measured signals. This not only consolidates new and previous experimental findings,

but also provides a new tool for studying charged aqueous interfaces with more facile control of

experimental conditions.

Materials and Methods

Materials and sample preparation. Sodium chloride (Puratronic, 99.999%metal basis) fromAlfa

Aeser was baked before use at 500◦C for 90 min to remove potential organic contaminants. The

silica substrates consisted of custom-made IR grade fused silica hemispheres of 10 mm in diameter

(CVI, Melles-Griot), and windows of 12.7 mm in diameter and 2 mm in thickness (ISP optics). The

substrates were cleaned following a procedure that consisted in first sonication in ethanol, followed

by rinsing inMilli-Qwater, immersion in chromosulphuric acid for 30min (Merck), and then finally

copiously rinsing in Milli-Q water. Substrates were assembled wet in a gas-tight glass measuring

cell, which design is described in detail elsewhere.27 Salt solutions were injected using gas-tight

syringes to minimize contact with atmospheric air. The Milli-Q water used in the experiments was

obtained from an Integral 15 Millipore filtration unit (18.2 MΩ·cm resistivity, total organic carbon

< 3 ppb). All glassware was cleaned with a commercial alkaline agent (Deconex from Borer) and

rinsed thoroughly with water.

Sum Frequency spectrometer. The femtosecond SF spectrometer used has been described in
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detail elsewhere.27 Briefly, it consists of a Ti:Sapphire ≈ 90 fs, 1 kHz, ≈ 6 W amplifier (Integra-C,

Amplitude Technologies, France), and a HE-TOPAS (Light Conversion, Lithuania) that generates

a broadband (≈ 250 cm−1) tunable IR pulse. The main elements of the detection system are an

imaging spectrometer (Shamrock SR-303i-B, Andor, Ireland) and an EM-CCD camera (Newton

DU971N-UVB, Andor, Ireland). The spectrometer features a large degree of automation, which

allows changing in a matter of seconds the angle of incidence (AOI) of the IR and visible beams,

as well as the collection optics of the SF beam with an angular precision better than 0.02◦. The

angular resolution, is however, not limited by the rotational stages, but by the angular spread of the

incoming laser beams, which are delivered in a cone of angles that depends on how tightly they are

focused. Tominimize this effect, the IR and visible beams are loosely focused at the sample position

using a +250 mm, and a +1000 mm lens respectively, which correspond to an angle spread of ±0.8◦

for the IR, and ±0.2◦ for the visible beam. Spectra were collected on the hemispherical substrates

at a fixed IR angle of 55.0◦, but variable visible angles: 62.0◦, 66.0◦, 70.0◦, and 74.0◦. Due to

refraction on the flat window substrates, one additional set of angles was also probed: IR AOI

of 35.3◦ and visible AOI of 40.3◦. The non-resonant background from an equivalent gold-coated

hemisphere and flat window were used for normalization, following a procedure described in detail

elsewhere.27 The energy of the IR and visible beams were set to ≈ 3 µJ/pulse, and ≈ 7 µJ/pulse,

respectively. Measurements were carried out with a spectral resolution of < 2 cm−1 and a constant

temperature of 22 ± 1◦C.

Phase matching in absorbing media and near critical angles

Although the general approach described below is applicable to both second-harmonic and sum-

frequency generation, we consider specifically the case of SF generation in what follows: for a

visible Evis field incident at ωvis with an angle θ1,vis, and EIR incident at ωIR and an angle θ1,IR, the
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signal detected at frequency ωvis + ωIR is given by

I(ωvis + ωIR) ∝ |P(2)(ωvis + ωIR) + P(3)(ωvis + ωIR)|
2. (1)

Additional terms (including P(1), other P(2) and P(3) processes, and higher-order contributions)

are excluded since we are assuming that we are able to suitably restrict detection to the frequency

ωvis +ωIR, and a relatively small angular range centered around the phase-matching direction. We

are therefore interested in those relevant third-order contributions that have the same frequency as

the second-order term. The second-order polarization is given by

P(2) = ε0E0
visE

0
IRχ
(2)eikSFz (2)

and the component of the third-order polarization is8,9

P(3) = ε0

∫ ∞

0
χ(3)Evis(z)EIR(z)E0(z)dz

= ε0

∫ ∞

0
χ(3)E0

vise
ikviszE0

IReikIRzE0(z)dz

= ε0E0
visE

0
IR

[∫ ∞

0
χ(3)E0(z)ei∆kzdz

]
eikSFz

(3)

where the wavevector mismatch in the z direction, along the surface normal (using the convention

where the magnitude of the z-component is implied40) is given by

∆k = |kvis,z + kIR,z − kSF,z |, (4)

with

ki,z =

(
2πN2,i

λi

)
cos θ2,i (5)

where N2 is the complex-valued refractive index ofmedium2 (aqueous solution), λ is thewavelength

in vacuum, and θ2 is the complex-valued refracted angle. In the following, we will neglect the

phase factor eikSFz common to the P(2) and P(3) terms, as this will not appear in the intensity
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in Eq. 1. Above the critical angle, the aqueous phase is probed with an evanescent field that

decays exponentially with an attenuation constant that depends on the refractive indices of the

adjacent bulk phases, the angle of incidence, and the wavelength of the probing field. Further, if

the lower index medium is absorbing, there is an additional attenuation due to the field extinction

coefficient. All of these effects can be taken into consideration with a complex-valued wavevector

k = Re{k} + i Im{k} in the expression for ∆k. Fig. 1a illustrates the SF phase mismatch along z,

plotted in the complex plane for the case of transparent phases below the critical angle. Since the

wavevectors are all real, they lie perfectly along the horizontal axis, and the resultant ∆k has its

maximum value. Correspondingly, the nonlinear coherence length `c = 2π/∆k has its minimum

value (Fig. 2a). Below the critical angle, but now considering the IR beam is absorbed in the

aqueous phase, the refracted angle θ2 and therefore the z-component of the IR wavevector becomes

complex, as shown in Fig. 1b. Above the visible beam critical angle, its wavevector shrinks and

rotates by 90◦ (Fig. 1c). When both visible and SF beams are above the critical angle, ∆k has its

smallest value (Fig. 1d) and `c > 1 µm (Fig. 2a).

Figure 1: Wavevector mismatch along the surface normal, plotted in the complex plane for (a)
transparent phases below the critical angle, (b) below the critical angle, but for IR absorption, (c)
above the visible critical angle, (d) above the visible and SF critical angles.
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Figure 2: (a) The complex-valued wavevector mismatch along z, ∆k (real in solid black lines,
imaginary in dashed black lines), along with the coherence length `c = 2π/|∆k | (red), as a function
of the visible beam angle of incidence. The incoming IR beam is fixed at 55◦. (b) The Debye
length plotted in red, and its reciprocal κ in black.

Electrostatic potential

Distance-dependence of the potential

When the surface electrostatic field E0 and ∆k are the only z-dependent terms, the integral in Eq. 3

may be written to obtain

P(3) = ε0χ
(3)E0

visE
0
IR

[
Φ0 + i∆k

∫ ∞

0
Φ(z)ei∆kzdz

]
(6)

where the surface potential Φ0 ≡ Φ(z = 0). To solve the integral, a functional form for the

electrostatic potential as a function of distance from the surface is required. For relatively low

surface potentials (less than ≈ 25 mV) the solution from the linearized Gouy Chapman model can

be assumed Φ(z) = Φ0e−κz (where κ is the reciprocal Debye length) and further simplification is
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possible, resulting in

P(3) = ε0χ
(3)E0

visE
0
IRΦ0

[ κ

κ − i∆k

]
= ε0χ

(3)E0
visE

0
IRΦ0 f3,

(7)

keeping with the f3 notation from Ref. 8. However, for larger potentials the full solution for Φ(z)

from the Poisson-Boltzmann equation in the Gouy Chapman theory is more appropriate,

Φ(z) =
2kT

e
ln

[
1 + ξe−κz

1 − ξe−κz

]
=

4kT
e

∞∑
n=1

(ξe−κz)2n−1

2n − 1

=
4kT

e

[
ξe−κz +

ξ3e−3κz

3
+
ξ5e−5κz

5
+
ξ7e−7κz

7
+ · · ·

] (8)

where

ξ = tanh
[

eΦ0
4kT

]
,

e is the electron charge, k is Boltzmann’s constant, and T is the absolute temperature. In such

case, the integral in Eq. 6 either needs to be solved numerically, or using the series expansion with

sufficiently large n to assure convergence. The series lends itself well to integration such that∫ ∞

0
Φ(z)ei∆kzdz

=
4kT

e

∫ ∞

0

[
ei∆kz

∞∑
n=1

(ξe−κz)2n−1

2n − 1

]
dz

= −
4kT

e

∞∑
n=1

ξ2n−1

(2n − 1)[i∆k − κ(2n − 1)]
.

(9)

This ultimately results in the expression for the third-order polarizability

P(3) = ε0χ
(3)E0

visE
0
IR

[
Φ0 −

4ikT∆k
e

∞∑
n=1

ξ2n−1

(2n − 1)[i∆k − κ(2n − 1)]

]
= ε0χ

(3)E0
visE

0
IRg3.

(10)
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Comparing this expression with Eq. 7, we note that we can no longer factor out the surface potential

from g3. However, if we consider that g3 = Φ0 − g
′
3, it is consistent with the previous result in that

g′3 → 0 at high ionic strength, providing the same result as f3 → 1 in that the full surface potential

participates in the interference of the χ(2) and χ(3) terms.

Surface potential

The key expressions we have introduced involve the surface potential. Before we can describe the

experimental data, we therefore need a formalism for evaluatingΦ0. We employ the same approach

that has been successfully used to model the deprotonation of surface carboxylic acid groups as

a function of salt concentration.24 The charge on the silica surface results from the dissociation

of silanol groups, which can be represented by the reaction SiOH 
 H+ + SiO− and dissociation

constant (Ka). Although silica surfaces have been proposed to have different types of silanols with

corresponding pKas,7,28,41–43 given that measurements were carried out at pH 6, we assume a single

equilibrium constant

Ka =
[H+]0[SiO−]0
[SiOH]0

(11)

where the surface proton concentration [H+]0 can be expressed in terms of that in the bulk [H+]∞

by

[H+]0 = [H+]∞ exp
[
−

eΦ0
kT

]
. (12)

This enables us to write the equilibrium constant in terms of the fraction of the surface that is

deprotonated, α

Ka =
α

1 − α
[H+]∞ exp

[
−

eΦ0
kT

]
. (13)

The surface potential also depends on the area per silanol AM through the surface charge density

σ = αe/AM as described by the Grahame equation

Φ0 =
2kT

e
sinh−1

[
αe

AM
√

8Iεε0kT

]
(14)
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Introducing Eq. 14 into Eq. 13, results in an expression that relates the degree of deprotonation to

the ion concentration in solution, which can then be used to calculate the surface potential.

√
I =

αe

AM
√

8εε0kT

[
sinh

(
1
2

(
ln[H+]∞ − ln Ka − ln

(
1 − α
α

)))]−1
(15)

We have considered an area per silanol group of AM = 200Å2 and pKa = 4 in order to determine the

deprotated fraction α and the corresponding surface charge density σ = αe/AM (see justification

in the Supporting Information). The variation of the surface charge with ionic strength is plotted

in Fig. 3a, and the resulting surface potentials and surface hydronium concentrations are plotted in

Fig. 3b and 3c, respectively.

Contribution of χ(3) andΦ0 at low ionic strengths near the critical

angle

As shown in Eq. 10, the g3 factor is entirely responsible for the nature of the interference between

χ(2) and χ(3) contributions to the SF signal, and depends on the angle of incidence, the ionic

strength, and the surface potential (itself a function of ionic strength). With our model for Φ0 in

place, we are now in a position to explore the concentration and angle dependence of g3. As g3 is

a complex quantity, we plot the magnitude |g3 | in Fig. 4a, and phase φg in Fig. 4b.

A general trend may be observed where |g3 | first increases and then decreases with increasing

ionic strength. However, the extent to which |g3 | rises from 10−7–10−4 M is more pronounced at

lower angles of incidence. The features are somewhat suppressed near the visible and SF critical

angles. Note that these features are present in g3 itself, independent of any local field effects that

may contribute to signal enhancement near the critical angle. Now studying the phase of g3, we

notice that, in the vicinity of the critical angles, φg → 180◦. In other words, g3 is nearly real and

negative above approximately 70◦. The interesting behaviour at low ionic strengths and near the

critical angles is due to the comparable magnitudes of κ and ∆k in this region, as shown in Fig. 2.
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Figure 3: (a) The fraction of silica surfaces sites deprotonated as a function of ionic strength, and
the corresponding net surface charge density. (b) The resulting surface potential and (c) the surface
hydronium ion concentration as a function of ionic strength.
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Figure 4: Values of the (a) magnitude, (b) phase, (c) real and (d) imaginary components of g3 as a
function of the ionic strength and angle of incidence of the visible beam. In all cases the incoming
IR beam was fixed at 50◦. A slice through the 40◦ incident visible angle is shown in green, 66◦
in red, and 74◦ in black. Numerical values corresponding to the minimum (darkest orange) and
maximum (darkest purple) colors are the same as the extent of the axes in the corresponding plots
with the slices in the right column.
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Further comparison between g3 and the f3 factor previously described from the linearized Gouy

Chapman model may be found in Fig. S3 and S4.

Experimental results

To evaluate the influence of the experimental geometry on the dependence of the SF intensity with

ionic strength, spectra were collected at various angles of incidence. SF spectra at the fused silica–

electrolyte interface for two selected angular combinations, corresponding to conditions above and

below the visible and SF critical angles, are shown in Figs. 5a and 5b (equivalent spectra for the

three additional experimental geometries can be found in the ¨Figs. S5, S6 and S7). The spectra

in the OH stretching region show contributions from surface silanol groups and water molecules

in direct proximity to the interface (contributing to χ(2)), as well as those further into the bulk in

the diffuse double layer perturbed by the surface electric field (contributing to χ(3)). Three distinct

relative broad bands centred at ≈ 3200 cm−1, ≈ 3400 cm−1 and ≈ 3660 cm−1 can be resolved in the

ssp polarization spectra shown in Fig. 5. Although the precise assignments of the first two bands

remains controversial,44–48 at the low ionic strengths considered here, they are primarily linked

to water molecules in the diffuse double layer. In contrast, the third band at higher frequencies,

assigned to the Si-OH stretch of hydrated isolated silanols,28 or possibly H2Omolecules interacting

with siloxane groups,49 originates from the immediate surface.

When changing the ionic strength of the solution the overall SF intensity varies substantially

(Fig. 5a and 5b). However, the trends differ depending on the visible AOI. At 62◦, silica in

contact with pure water shows medium intensity, reaches a maximum at ≈ 100 µM NaCl, and

decreases thereafter. At 70◦ AOI, when the nonlinear coherence length is the longest (Fig. 2a),

the intensity is already maximum for pure water and remains largely constant, decreasing only at

NaCl concentrations higher than ≈ 100 µM. The spectral shape also shows variations between the

two experimental geometries. This is partly due to local field factors that, in addition to drastically

enhancing the overall SF intensity (notice the higher signal to noise of the 70◦ compared to the 62◦
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Figure 5: Top row: SF intensity spectra collected in the ssp polarization combination as a function
of NaCl concentration for a constant IR angle of incidence of 55◦ and a 800 nm beam incident at
(a) 62◦ and (b) 70◦. Bottom row: the same spectra after correcting for the frequency-dependent
local field factors at (c) 62◦ and (d) 70◦.
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spectra), show a pronounced frequency dependence close to the critical angles.27 The influence of

these local field factors (Lii) can be removed from the spectra. Combining Eqs. 1 and 10, we can

write an expression for the SF intensity

Issp ∝ |χ
(2)
eff,ssp + g3χ

(3)
eff,ssp |

2

= |LyyLyyLzz χ
(2)
yyz + LyyLyyLzz Lz=0

zz g3χ
(3)
yyzz |

2

= |LyyLyyLzz |
2 |χ
(2)
yyz + g3χ

(3)
yyzz |

2

(16)

since Lz=0
zz = 1. The experimental data can then be corrected for any surface field enhancements

using the wavelength dependent refractive indices for fused silica and water to obtain Lii for the SF,

visible, and infrared beams (see Supporting Information for details). The corrected spectra after

consideration of the local field corrections are shown in Fig. 5c and 5d. This is an important step

in the data treatment, as we remove any angle-dependent contributions from Lii, thereby revealing

the angle-dependence of the underlying g3 as shown in Fig. 4.

Although the spectral shape for the two experimental geometries becomes much more similar

after correction for the local field factors, subtle differences remain apparent, particularly at low

ionic strengths (Fig. 5c and 5d). At 70◦ and concentrations below 100 µM, we preferentially

probe water in the diffuse double layer, as both the Debye screening and nonlinear coherent lengths

are long. This situation is to some extent also encountered in the 62◦ spectra at intermediate

concentrations (i.e. 100 µM). In such cases, and similar to other negatively charged interfaces,9,24

the homodyne SF spectra is characterized by a strong ≈ 3200 cm−1 band and a slightly weaker

intensity at ≈ 3400 cm−1. In contrast, contributions from the immediate surface become apparent

when the signal from water molecules in the diffuse double layer is reduced. This comes about by

shortening the Debye screening length at higher ionic strengths (i.e. 10 mM NaCl), or equivalently,

by probing low ionic strengths with short coherence lengths (i.e. 40◦ or 62◦), as the signal from the

diffuse double layer partially cancels due to destructive interference. The feature at ≈ 3660 cm−1

from isolated hydrated silanols then becomes better resolved, and the relative intensity of the

≈ 3400 cm−1 band is also seen to increase, suggesting that eitherwatermolecules directly interacting
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with surface and/or other types of hydrated silanol groups (i.e. vicinal, geminal, or hydrogen

bonded1,28,50) contribute to the band envelope. These differences are more effectively visualized

in the normalized spectra presented in Fig. 6.

Figure 6: Normalized local field corrected SF intensity at different experimental geometries and
ionic strengths, highlighting the spectral differences when contributions from water molecules in
the diffuse double layer are reduced upon increasing the ionic strength (see text for details).

To facilitate the comparison between the measured experimental response with the proposed

g3 model, we integrate the local field corrected spectra to obtain what we refer to as corrected SF

intensity

Ic =

∫ 3800

2800

Issp

|LyyLyyLzz |
2 dω. (17)

which after applying a normalization procedure (Fig. S9, and described in the Supporting Infor-

mation), leads to the data depicted in Fig. 7, which summarizes all experimental results. Fig. 7

highlights the importance of the experimental geometry and resolves the apparent discrepancies

observed in previous SF studies at the silica-electrolyte interface at angles below39 and in close

proximity to the critical angle.11,28 It also provides the opportunity to test our g3 model and

determine the relative magnitude of χ(2) and χ(3), as the ratio for a given ionic strength should be

equivalent for all angles of incidence.

We first re-write Eq. 17 in a manner that explicitly reveals the magnitude and phase of the
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Figure 7: The local field-corrected integrated spectral intensity as a function of ionic strength
and angle of incidence, normalized to the projected intensity at 3 mM. Errors bars represent one
standard deviation of the mean obtained from replicate measurements

complex quantities

Ic ∝

���|χ(2) |eiφ2 + |g3 |eiφg |χ(3) |eiφ3
���2

= |χ(2) |2 + |g3χ
(3) |2 + 2|g3χ

(2)χ(3) | cos(φ2 − φ3 − φg)

(18)

where χ(2) = |χ(2) |eiφ2 and χ(3) = |χ(2) |eiφ3 . We then introduce I′ = Ic/|χ
(3) |2 to obtain

I′ ∝
���� χ(2)χ(3)

����2 + |g3 |
2 + 2|g3 |

���� χ(2)χ(3)

���� cos(φ2 − φ3 − φg) (19)

and let R ≡ |χ(2) |/|χ(3) | and ∆φ ≡ φ2 − φ3 to arrive at

I′ ∝ R2 + |g3 |
2 + 2R|g3 | cos(∆φ − φg). (20)

Eq. 20 has only two unknown parameters, R and ∆φ. Results from a recent theoretical study have

shown that below 100mM, χ(3) is essentially independent of ionic strength.17We therefore interpret

any salt concentration dependence of R as a variation in χ(2) due to reorientation of surface water

molecules and/or silanol groups as a result of a salt induced deprotonation of the surface.

We have explored the effect of ∆φ in accounting for the shape of the experimental data, and
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observed that it is largely insensitive to the values of ∆φ, as long as they are set to 180◦ ± 20◦ (see

Figs. S10–S12 for support). The data for all experimental geometries in Fig. 7 are then globally

fit to Eq. 20, having R as the only unknown parameter. The best fits for R as a function of ionic

strength, and corresponding angular-dependent SF intensities are shown as open circles in Fig. 8a

and c, respectively. By employing an empirical function that fits the general trend observed for R

(continuous solid line in Fig. 8a), the intensity predicted for any angle of incidence and ionic strength

in the range 10−7–0.1 M can be visualized in Fig. 8b (black squares indicate points corresponding

to the experimental measurements). Slices of this 2D profile taken at the experimental angles of

incidence are plotted as lines in Fig. 8c, which are seen to follow the general experimental trends.

Several interesting points can be extracted from Fig. 8. At low ionic strengths, molecules in the

diffuse double layers are preferentially probed near the critical angles. This is a consequence of the

longer nonlinear coherence lengths, which limit the the signal cancellation due to interference (see

Fig. 8b). Second, χ(2) contributions from molecules in the proximal interfacial region decrease

non-monotonically with ionic strength, and this is largely irrespective of the values chosen for the

pKa and silanol AM used in estimating the surface potential.

Discussion

Relative contribution of χ(2) and χ(3) as a function of ionic strength. In order to reproduce

the trends in the different experimental geometries, our model indicates that the ratio of χ(2)

over χ(3) decreases non-monotonically with ionic strength (Fig. 8a). The potential origin of this

behavior is discussed in what follows. Given that the absolute value of χ(3) has been experimental

shown9 and theoretically calculated17 to be constant for the low ionic strength considered here,

the direct implication is that the SF response from molecules in the immediate interface (i.e.

χ(2)) decreases upon addition of salt. A lower response can come about by a decreasing number

of contributing OH oscillators, orientational broadening, and/or an increase of oscillators with

opposite or unfavorable orientations. Since the OH stretching region is specifically targeted through
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Figure 8: (a) Results from a global fit to the experimental data across all angles and concentrations
in order to obtain the |χ(2)/χ(3) | ratio R (points), along with an empirical trend line (solid line). (b)
The predicted SF intensity as a function of the visible beam angle of incidence and ionic strength,
based on the trend line in the previous panel. Points at which experimental measurements were
performed are indicated with black squares. (c) Angle slices through the 2D map illustrating the
ionic strength dependence (lines), superimposed on the experimental data (solid points) and the
value of fit to obtain R without interpolation (open circles).
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the vibrational resonance, both H2O and Si-OH groups are expected to contribute. Starting from

pure water, the surface charge density increases almost two orders of magnitude upon the addition

of salt in the concentration range of interest (see Fig. 3a). As the surface charge stems from the

deprotonation of silanols groups, the immediate consequence is that their number must decrease

accordingly. In contrast, the total number of water molecules at the interface is not expected to

change significantly. However, their average polar orientation will change gradually as the surface

becomes more negatively charged. There will be a transition from having the hydrogen atoms

pointing away from the surface (accepting hydrogen bonds from silanol groups), to having them

facing the surface and the SiO− silanolate groups.46

The reduced number of silanols and the partial flip of water molecules at the surface would

explain the observed decrease in R with ionic strength. Nonetheless, two features grant further

consideration. First, the apparent plateau in R values at intermediate salt concentrations, and

second, the fact that R decreases to almost zero at 10 mM NaCl. The former can be addressed by

recalling that the hydronium ion concentration at the surface is several orders of magnitude higher

than in the bulk (Fig. 3c). This is a consequence of the negative surface potential, which is highest

for pure water. The surface hydronium ion concentration is then ≈ 6 mM in water, and decreases

to sub-mM concentrations when the ionic strength is higher than 10−5 M. The implication is that in

pure water almost all surface silanols (pKa ≈ 4) are found in their protonated form, and are roughly

50% deprotonated when the surface proton concentration is ≈ 0.1 mM, which happens close to the

middle of the plateau region. Thereby, the apparent plateau of the R value could be linked to the

titration of the SiOH groups.

Although the number of protonated silanol groups reduces at 10 mM, the fraction of dissociated

silanol never exceeds 20%.51 The near-zero value of R at 10 mMmust therefore be associated with

signal cancellation due to destructive interference, with OH groups adopting opposite orientations.

Consequently, OH groups from silanols should continue to contribute to the χ(2) response. In

fact the SF spectra supports this conclusion as the band at ≈ 3660 cm−1 linked to surface silanols

remains clearly visible at the highest salt concentrations measured. The cancellation of the signal
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will then originate from populations of water molecules displaying opposite orientation, hydrating

the remaining silanol groups, or interacting with the charged silanolates. The implication is that R

value is expected to increase at concentrations higher than those measured here.

Comparison with heterodyne measurements in the literature. One of the advantages of

heterodyne-detected SF experiments is that measurement of the phase enables the spectrum of

Im{χ(2)} to be obtained, rather than |χ(2) | or |χ(2) |2. This is especially important as Im{χ(2)}

reveals more subtle features that could otherwise be obscured in the intensity spectrum. Heterodyne

measurements at buried interfaces46,48 remain a technical challenge, especially for water, where

the choice of phase reference is critical. A recent heterodyne measurement of the silica-water

interface at pH 12 with varying NaCl concentration revealed that the shape of the spectra was

unchanged up to ≈ 1 M.48 Most important, Im{χ(2)} > 0 over the entire O–H stretching region

in this concentration range. We can gain some insight into our result by assuming that the χ(3)

spectrum of any dilute aqueous interface should be the same. In other words, water near the surface

may exhibit a different χ(2) spectrum according to the nature of the surface, but diffuse layer water

aligned by the electric field is independent of the nature of the surface. Following this assumption,

we can use the Im{χ(3)} component extracted for the charged air–water interface by Wen et al.9

That study showed that, for a net negatively-charged surface, Im{χ(3)} < 0 over the entire O–H

region. First, this provides further evidence for our conclusion that ∆φ ≈ 180◦. Close inspection

of the Im{χ(2)} spectra from Ref. 48 and the Im{χ(3)} spectra from Ref. 9 shows that, with the

exception of the opposite signs, the shape of the two spectra are very similar. This further supports

our conclusion that ∆φ should be close to 180◦.

We can also use the above literature results to comment on the spectral shape of the response

at ionic strength below 10 mM. If we define the measured signal as Im{S}, we can write the

heterodyne version of Eq. 19 as

Im{S} = Im{χ(2) + g3χ
(3)}

= Im{χ(2)} + Re{g3} Im{χ(3)} + Re{χ(3)} Im{g3}.

(21)
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At high ionic strength, Re{g3} → Φ0 and Im{g3} → 0 as shown in Fig. 4c and d. This reduces

Eq. 21 to Im{S} = Im{χ(2)} +Φ0 Im{χ(3)}. We also consider the limiting case of infinite dilution,

where Fig. 4c and 4d show that Re{g3} = Im{g3} → 0 and so Im{S} → Im{χ(2)} as we expect.

Note that, in the g3 model, this is realized at unphysically low concentrations (below 10−10 M, see

Fig. S2). We can then predict how complex-valued g3 might contribute to the spectra at intermediate

ionic strengths by incorporating some of the dispersive Re{χ(3)} into the lineshape.

Conclusions

We have illustrated that, when using nonlinear optical probes to study charged aqueous interfaces,

the information that can be obtained is greatly enhanced by working in an internal reflection

geometry near the critical angles. This is a result of the boost in coherence length, combined

with the commensurate Debye length, that makes the experimental system especially sensitive to

relative contributions of surface- and field-induced susceptibilities. Exploiting the sensitivity of

such regimes, we have observed that χ(2) accounts for nearly 10% of the SFG signal at 10−7 M,

but rapidly drops as the ionic strength increases, to the point where there is no significant χ(2)

contribution above 10 mM salt. As we still observe silanol signals at these high contributions,

we proposed that signal cancellation from ordered species must be responsible, rather than a

disordered interfacial environment. Working in such geometries and considering the varying

coherence length opens up possibilities for studying charged aqueous interfaces with enhanced

structural interpretation.
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