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ABSTRACT. We have employed amplitude and phase resolved second harmonic generation 

spectroscopy to investigate ion specific effects of monovalent cations at the fused silica:water 

interface maintained at acidic, neutral, and alkaline conditions. We find a negligible dependence 

of the total potential (as negative as -400 mV at pH 14), the second order nonlinear susceptibility 

(as large as 1.5 x 10-21 m2 V-1 at pH 14), the number of Stern layer water molecules (1 x 1015 cm-2 

at pH 5.8), and the energy associated with water alignment upon going from neutral to high pH 

(ca. -24 kJ mol-1 to - 48 kJ mol-1 at pH 13 and 14, close to the cohesive energy of liquid water but 

smaller than that of ice) on chlorides of the alkali series (M+=Li+, Na+, K+, Rb+, and Cs+). Attempts 

are presented to provide estimates for the molecular hyperpolarizability of the cations and anions 

in the Stern layer at high pH, which arrive at ca. 20-fold larger values for 𝛼!"!#$	&"'(
(*) = 𝛼,!

(*) +

𝛼-."
(*) + 𝛼/$"

(*)  when compared to water's molecular hyperpolarizability estimate from theory and 

point to a sizable contribution of deprotonated silanol groups at high pH. In contrast to the alkali 

series, a pronounced dependence of the total potential and the second order nonlinear susceptibility 

on monovalent cationic (cetrimonium bromide, CTAB) and anionic (perfluorooctanoic and 

perfluorooctane sulfonic acid, PFOA and PFOS) surfactants was quantifiable. Our findings are 

consistent with a low surface coverage of the alkali cations and a high surface coverage of the 

surfactants. Moreover, they underscore the important contribution of Stern layer water molecules 

to the total potential and second order nonlinear susceptibility. Finally, they demonstrate the 
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applicability of heterodyne detected second harmonic generation spectroscopy for identifying 

perfluorinated acids at mineral:water interfaces. 

 

*Corresponding author: f-geiger@northwestern.edu 

 

I. Introduction. The transport and interactions of alkali metals at mineral surfaces1 are important 

for various natural processes and industrial applications ranging from biological2-5 and 

environmental6 chemistry to energy storage7-9 and electrochemistry.10 Despite this general 

importance and relevance, the quantification of interfacial structure and electrostatics for the alkali 

halides has been hampered by the fact that there are only a few label-free and surface-selective 

experimental probes that are ion-specific.11-15 Among them are X-ray spectroscopies, which can 

track the exchange of alkali cations on various mineral substrates such as muscovite mica, but 

require a synchrotron source.16 Ion-specific electrodes sample far from the Stern layer and 

therefore lack surface-selectivity, even though they are a powerful means for acquiring spatially 

resolved information.10 Related techniques used to study interfacial interactions range from bulk 

titration techniques,17 scanning probes and microscopies,13-15, 18, 19 neutron diffraction,11 atomistic 

simulations,20-24 to spectroscopic techniques,25 including nonlinear optics, such as second 

harmonic generation (SHG).26-28 Because SHG only occurs in symmetry-breaking environments, 

the phenomenon can provide information about structure and electrostatics at the boundary 

between two media (i.e., water, fused silica), using a relatively straightforward table-top 

spectroscopic setup. The approach provides some advantages over other surface-sensitive 

techniques that require alterations of the sample itself or the surrounding environment of the 

reaction.  
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In this context, we set out to determine whether heterodyne-detected second harmonic 

generation (HD-SHG) spectroscopy is conducive to adding structural and electrostatic information 

to the field of interfacial ion-specific effects for monovalent ions. We are motivated by our recent 

reports of clear ion-specific signatures in the second-order nonlinear susceptibility, c(2), and the 

total potential, F(0)tot, at the fused silica:aqueous interface in the presence of divalent versus 

monovalent ions,29, 30 but expect these signatures to be much fainter, if detectable at all, for 

monovalent ions, given their low propensity to bind to the silica surface when compared to di- or 

even trivalent ions.  

Given a large amount of information available on ion-specific effects from electrokinetic 

measurements,31 X-ray spectroscopy,32-34 as well as atomistic simulations20-24, 35, 36 on fused 

silica:aqueous interfaces, we study the fused silica:water interface at several selected pH values 

and ionic strengths using the alkali chlorides, LiCl, KCl, NaCl, RbCl, and CsCl. We hypothesize 

that even though the cations have different hydration chemistries, hyperpolarizabilities, and sizes, 

the ions' surface coverages are not high enough to result in distinguishable ion-specific outcomes 

in c(2) and F(0)tot. We base our hypothesis on X-ray spectra reported by Duval et al.,37 which show 

that approximately 85% of SiO2's surface sites do not participate in amphoteric chemistry. In other 

words, about 85% of the surface sites remain neutral SiOH groups, irrespective of the bulk solution 

pH. While these neutral sites are poor monocation binders, they contribute to the overall c(2) values 

and can be accounted for by referencing to the c(2) value obtained at pH 2, close to the point of 

zero charge (PZC),38-41 as we will show later.  

We express the second-order nonlinear susceptibility as a sum of its constituents, from 

approximately more to less abundant at the interface, according to 𝜒(*) = 𝜒.#-
(*) + 𝜒0&-.

(*) + 𝜒0&-"
(*) +

𝜒0&-.#!
(*) + 𝜒,!

(*) + 𝜒1"
(*). Here, M+ refers to the cation and X- refers to the counter anion. To leading 
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order, the 𝜒0&-.

(*)  term and the nonlinear susceptibility of the Stern layer water molecules hydrogen-

bonded to the silanol groups remain constant for each solution condition (as mentioned above, the 

surface chemistry is dominated by the ~85% neutral SiOH groups and the silanol groups cannot 

flip their absolute orientation). For conditions of high pH, where the number of protonated silanol 

groups and counter anions is negligible, we find that the changes in the overall 𝜒(*) should be due 

to changes in 𝜒,!
(*) , 𝜒0&-"

(*) , and the 𝜒.#-
(*)  of the water molecules associated with the SiO- and 

adsorbed M+ species. Given the small number of deprotonated silanol groups even at elevated pH 

(~15%), we expect no significant changes in the overall 𝜒(*) for our alkali chlorides. However, we 

expect surfactants such as cetrimonium bromide (CTAB) or perfluorooctanoic acid (PFOA) and 

perfluorooctane sulfonic acid (PFOS)–with the same monovalent charge but significantly higher 

number of polarizable electrons along the carbon tail and larger surface coverage–to elicit large, 

distinguishable differences in  c(2) and F(0)tot relative to the alkali cations. We also chose these 

species due to their environmental42 and technological relevance43-47 and specifically due to 

CTAB's versatility of adopting multiple morphologies at interfaces that range from monomers to 

micelles to bilayers to adlayers.48-52 

II. Experimental. In the experiments, we employ HD-SHG53 spectroscopy. The method yields 

the SHG electric field amplitude, Esig, and phase, jsig, from which the total interfacial potential, 

F(0)tot, and the second order nonlinear optical susceptibility, c(2), are readily obtained according 

to6, 29, 54-63 

    𝛷(0)!"! = −𝐶 × #!"# $%&'(!"#)

*$%&'(
(*) {,"-((,-) $%&((,-)01.3}

  (1) 

   𝜒(5) = 𝐶 × *𝐸-67, cos*𝜑-67, + 𝛷(0)!"! 𝜒89!:;
(<) cos5(𝜑=>) (2) 
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For our fused silica hemispheres, the calibration factor C is 3.6 × 102**𝑚*𝑉23  in our 

spectrometer,64 measured by taking the ratio of the SHG responses from the substrate:ultrapure 

water (18.2 MΩ ∙cm, 2 mM ionic strength, and pH 5.8) interface and an aligned piece of z-cut a-

quartz as an external IEEE phase reference standard65, 66 with known 𝜒45$6,8
(*) = 8 × 10239 m V-1 

in place of the water while properly accounting for Fresnel coefficients.67, 68 The third-order 

susceptibility of water, 𝜒:#!;<
(9) , stems from water molecules in the diffuse layer of the EDL and is 

estimated to be 1 × 102*3	𝑚*	𝑉2* from experiment and theory.69, 70  This quantity is invariant 

with ionic strength, pH, and surface composition, so we employ it here. The DC optical phase 

angle, 𝜑=/ , is given by 𝑎𝑟𝑐𝑡𝑎𝑛(𝛥𝑘>𝜆=),60, 64, 71 where 𝜆= is the Debye length (computed from 

Debye-Hückel theory) and 𝛥𝑘> is the wave vector mismatch (1.1 × 10?	𝑚23in our spectrometer 

for 𝜔 = 1030	𝑛𝑚 and 2𝜔 = 515	𝑛𝑚). 

 F(0)tot is a function of the surface charge, the solution’s ionic strength, the Stern layer’s 

relative permittivity and capacitance, and other parameters commonly used in the mean field 

models describing surface potential, such as the Gouy-Chapman-Stern model. In addition, F(0)tot 

includes other contributions to the total electrostatic potential drop across the solid:aqueous 

interface, such as dipole and higher-order contributions,72 which we recently reported to be up to 

90% of the total interfacial potential when compared to the estimate from Gouy-Chapman-Stern 

theory. c(2) contains information on the Stern layer at the fused silica:aqueous interface, comprising 

SiOH, SiOH2+, SiO-, any adsorbed counterions, and water molecules.73 As a fundamental structural 

property of noncentrosymmetric matter, c(2) depends on the identity and orientation of all species 

in the Stern layer.74, 75 In contrast, the third-order c(3) term originates from water molecules in the 

diffuse layer,76 which forms in response to the DC-field emanating from the charged surface.63, 77, 

78 HD-SHG spectroscopy specifically leverages the phase shift in the c(3) term with respect to c(2) 
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(“𝑒&@$% ”) to separate the contributions from the Stern and diffuse layers.57 The process of 

separating these two contributions is now well-understood.27, 54, 57  

II.A. Laser System. We described our HD-SHG laser setup in detail in our previous work.26, 54, 57 

Briefly, we use a 200-fs pulse laser system (Pharos, Light Conversion, 200 kHz repetition rate, 

1030 nm) to conduct our HG-SHG experiments. A Glan-Taylor polarizer (Thorlabs, GT-10) sets 

the input beam polarization perpendicular to the plane of incidence (s-polarized) and a half-

waveplate (Thorlabs, AHWP05M-980) attenuates the power to 40 mW. A silver off-axis parabolic 

(OAP) mirror recollimates the reflected fundamental beam and SHG (“output beam”) in space 

using and a calcite time-delay compensator (Newlight Photonics, CAL12200-A) ensures temporal 

overlap of the beams. The setup achieves interference between the reflected fundamental beam 

and SHG from the sample by translating a 50-μm-thick z-cut α-quartz window (Precision Micro-

Optics, PWQB-368252) – acting as the source of a local oscillator (LO) – along a 100-mm path. 

Steering mirrors direct the output beam through a shortpass filter and bandpass filter to remove 

the fundamental beam and finally to a photomultiplier tube (Hamamatsu H8259-01 PMT). We 

detect the signal using a gated photon counter (Stanford Research Systems, SR400) with a gate 

width of 50 ns.  

II.B. Sample, Sample Cell, and Solution Preparation. We prepared our fused silica hemispheres 

by first soaking them in a solution of ALNOCHROMIX (Alconox Labs) and concentrated sulfuric 

acid (Sigma-Aldrich, 339741, 99.999%) for 1 hour. We then rinsed the hemisphere with water, 

sonicated in methanol and water for 15 minutes each, and subsequently stored the clean substrate 

in ultrapure water (18.2 MΩ∙cm, MilliporeSigma) until use. Before each use, we sonicated the 

hemisphere in methanol and water for 15 minutes, each, again. After water sonication, we dried 

the hemisphere using house N2 gas and plasma cleaned it on the "high" RF setting for ~30 sec.  
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Before each use, we cleaned our custom-built PTFE cell sample cell by sonicating in 

methanol and water for 15 minutes each. We rinsed the cell with copious amounts of ultrapure 

water between each sonication. After water sonication, we dried the cell with N2 and plasma 

cleaned it on high RF for ~30 seconds. We rinsed our fluoroelastomer O-rings with methanol using 

a squeeze bottle and rinsed with copious amounts of ultrapure water. We assembled the sample 

cell and filled it with ultrapure water before mounting the hemisphere, to ensure the fused silica 

surface was always in contact with water.  

By flushing the tubing for the peristaltic pump system with water for 30 minutes before 

and after each day’s experiments and using fresh tubing for each salt, we minimized cross-

contamination. After optical alignment, we left the system to equilibrate for 2 hours, during which 

ultrapure water flowed continuously through the system at 2 mL min-1.  

All salt solutions were prepared by dissolving the appropriate amount of salt in ultrapure 

water (18.2 MΩ∙cm, MilliporeSigma) and left to equilibrate with atmospheric CO2 overnight. The 

salts and surfactants used for this work are as follows: NaCl (Sigma-Aldrich, 746398, ≥ 99%), KCl 

(Thermo Fisher Scientific, BP366, > 99.0 %), LiCl (Sigma-Aldrich, 793620, > 99%), CsCl 

(Sigma-Aldrich, C3011, ≥ 99.0%), RbCl (Sigma-Aldrich, R2252, ≥ 99.0%), CTAB (Sigma-

Aldrich, H6269, ≥ 99%), PFOA (Sigma-Aldrich, 171468, 95%) and PFOS (Sigma-Aldrich, 77282, 

≤98.0%). We used individual solutions for up to three days. We prepared pH 2 and 10 solutions 

immediately before use and used solutions for pH 5.8 experiments without any pH adjustments. 

In cases were solutions required pH adjustment, we used concentrated 1 M HCl or hydroxides of 

the corresponding salt. We prepared 1 M solutions at pH 14 by dissolving pure hydroxides of each 

salt directly in the water and measuring out the mass of salts needed to achieve a total ionic strength 

of 1 M. After preparing these solutions, we did not adjust the pH further and typically, the pH 
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reading was 14.5 ± 2. For simplicity we will refer to these solutions as “pH 14 solutions” hereafter. 

The salts used to make pH 14 solutions are as follows: NaOH (Millipore Sigma, SX0590, < 99%), 

KOH (Sigma-Aldrich), LiOH (Sigma-Aldrich, 442410, 98%), RbOH (Sigma-Aldrich, 243892, 

99.9%), and CsOH (Sigma-Aldrich, 232041, 99.9%). Table I lists the solution conditions 

employed here.  

II.C. Data Collection. After the 2-hour stabilization period, we recorded four replicate HD-SHG 

scans of the fused silica:water interface to obtain the reference amplitude and phase. Each scan 

was completed within 20 seconds and each scan occurred every minute, accounting for the time 

for the translational stage to move back to the starting position. We then changed the solution to 

the target pH and ionic strength for a given experiment and flowed the solution at 2 mL min-1 for 

30 minutes before recording four replicate HD-SHG scans. We obtained the phase shift and 

intensity by fitting the interference patterns to a trigonometric function of the form 𝑦 = 𝑎 +

𝐸(&A cos(𝑘𝑥 + 𝜑(&A) where 𝑎 is an intensity offset, 𝐸(&A is the SHG amplitude, 𝑘 is the period for 

our translational stage, 𝑥 is the stage position, and 𝜑(&A is the SHG phase.53  

III. Results and Discussion.  

III.A. No Pronounced Ion Specificity (Li to Cs) in Interfacial Structure, Electrostatics, or 

Energy Densities. Fig. 1 shows the c(2) values obtained from our HD-SHG measurements. Positive 

c(2) values are understood to report on an “up” orientation where most of the Stern layer water 

molecules point their oxygen atoms into the bulk electrolyte while negative values correspond to 

water molecules’ oxygen atoms pointing towards the surface. This result recapitulates our earlier 

finding of purely positively signed c(2) values for pH 1 to 12 at 0.5 M ionic strength [NaCl)64 to 

the other alkali cations.  
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 Fig. 1 also shows the total surface potentials, which are generally consistent with our earlier 

reported results using just NaCl: The total potential changes from slightly positive at pH 2 (below 

the PZC) to around – 400 mV at high pH. At pH 5.8, the total potentials are more negative at low 

ionic strength when compared to high ionic strength at the same pH. As we reported earlier,64 the 

total interfacial potential drop across the EDL that we quantify here contains the Gouy-Chapman-

Stern plus the dipolar and multipolar (non-GCS) potentials and their cross-interactions (ion-dipole 

etc.). Independent measurements using electrical impedance spectroscopy41, 79, 80 and X-ray-based 

techniques 81 that also provide the total potential drop across the solid:electrolyte interface fully 

validate these findings.   

 Overall, we find that the presence of the alkali cations studied here does not lead to 

distinguishable changes in F(0)tot, likely for the same reason that ion-specific outcomes are only 

minor, if undetectable, in c(2). As we reported recently,72 the total potentials we obtain using NaCl 

are significantly larger (50% at low ionic strength, 90% at high ionic strength) in magnitude when 

compared to the result from Gouy-Chapman-Stern theory. The same holds here as well for the 

various alkali cations surveyed, given the similarity in total surface potentials seen in Fig. 1. 

Considering the full dataset in Fig. 1, we conclude that neither c(2) nor the total potential exhibit a 

marked dependence on the choice of alkali cation. This result is in contrast to the marked difference 

in both of these surface properties when comparing monovalent NaCl with divalent MgSO4 at the 

fused silica:water interface.26  

 In an attempt to isolate any ion-specific signature in c(2), we show in Fig. 2 the Dc(2) values 

we obtained by subtracting from each c(2) value shown in Fig. 1 the  c(2) value obtained from the 

fused silica:water interface at pH 2 and 100 mM ionic strength (this value is ~1 × 102**	𝑚*	𝑉23, 

depending on the cation). We employ this reference condition as it is close to the PZC. The method 
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effectively subtracts the net-neutral background contribution from the fused silica:water interface 

to c(2). We apply it only to the high salt concentrations (100 mM and 1 M) in the dataset shown in 

Fig. 1. Again, we do not find a marked ion-specific outcome in the Dc(2) values. These findings 

are generally consistent with Hofmeister-type nonlinear optical measurements at the fused 

silica:water interface, such as those of the Gibbs82-84 or Cremer groups.85 

 In a further attempt to discern ion-specific effects on the energetics associated with net-

aligned Stern layer water molecules at high pH – where we would expect the highest cation surface 

coverage and thus an ion-specific outcome – we estimated the number of net-aligned Stern layer 

water molecules at that high pH. To this end, we divided the high-pH Dc(2) values by the average 

of molecular hyperpolarizability point estimates for liquid water from experiment86  and electronic 

structure theory by Gubskaya and Kusalik87 that other groups have used successfully to compute 

non-resonant third-order nonlinear properties of the electrical double layer under non-resonant 

conditions70 that match the experimentally determined value for aqueous interfaces to within 

10%.69  The mean second-order molecular hyperpolarizability appears to be dominated by the zzz-

tensor element87 to which we are most sensitive. Gubskaya and Kusalik provides detailed tables 

containing estimates from electronic structure calculations of the three relevant tensor elements 

(zxx, zyy, and zzz) of water's molecular hyperpolarizability, along with a mean value, computed 

according to Maroulis.88 The mean accounts for averaging over many orientations in an isotropic 

liquid, which is necessary for computing the third-order nonlinear susceptibility as reported by 

Lütgebaucks, Gonella, and Roke in the Supporting Information of their Phys. Rev. B paper.70 That 

paper uses a molecular hyperpolarizability value of 3.09 x 10-52 C m3 V-2, citing the Gubskaya and 

Kusalik paper (even though the mean molecular hyperpolarizabilities listed in the Tables of 

Gubskaya and Kusalik are computed to be about three times larger). Unlike the water molecules 
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in the diffuse layer, the Stern layer water molecules are of course located in an asymmetric 

environment, as pointed out by Lütgebaucks, Gonella, and Roke,70 with our polarization 

combination probing largely the zzz tensor element of the hyperpolarizability. Gubskaya and 

Kusalik's calculations show that the mean hyperpolarizability is close in value to the zzz tensor 

element at various levels of theory (up to MP4) and types of models they used for liquid water.87 

Gubskaya and Kusalik actually cite an experimental study of the second-order molecular 

hyperpolarizability of pure liquid water published by Levine and Bethea,{Levine, 1976 #15032} 

who presumably used the same psec YAG laser they used in their 1974 study of pure organic 

liquids (close to the same wavelength as our LightConversion Flint oscillator, even though the 

Levine and Bethea paper contains no experimental details to that effect, sadly - yet, their preceding 

papers mention a YAG laser). Assuming a YAG laser was used, Levine and Bethea's experiment 

yields a second-order molecular hyperpolarizability of pure liquid water of 0.46 x 10-31 e.s.u., or 

1.71 x 10-52 C m3 V-2 (±15%), which should be applicable to our 1030 nm laser wavelength as well. 

This value is three times smaller than the one we used in our eqn. 3, for which we employed the 

average of the experimental (Levine and Bethea) and electronic structure theory (Gubskaya and 

Kusalik) estimate. Now, we take this average value,𝛼(*) = 5.3 × 102B*	𝐶	𝑚9	𝑉2*), and assume it 

to be applicable to the net-aligned Stern layer water molecules, i.e. their zzz-tensor elements, at 

least to leading order. We then obtained the number of net-aligned water molecules per cm2 by 

accounting for the Stern layer water permittivity (e=1.77 to 2)89, according to  

    𝑁↑ = ∆c(*)𝜀𝜀"J10D𝑐𝑚*𝑚2*𝛼(*)K23   (3), 

where 𝜀" is the vacuum permittivity (the upwards arrow indicates water's oxygen pointing towards 

the aqueous phase and its protons pointing towards the surface; we assume the alkali cation 

contribution to be small, given the small surface coverages of SiO- groups).  
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 Fig. 2 shows no discernable ion-specific outcomes in the number of net-aligned Stern layer 

water molecules, at least within the uncertainties of our point estimates (errors were appropriately 

propagated).90 At pH 5.8 and 100 mM ionic strength, we find that eqn. 3's estimate for the number 

of net-aligned water molecules in the interfacial region (~1 x 1015 cm-2) matches the calculated 

estimate for a 1 cm2 area of liquid water at standard temperature and pressure (1.04 x 1015 cm-2). 

Given that ~85% of the surface consists of (neutral) SiOH groups at this pH, a net protons-down 

water alignment of would seem to indicate that the majority of Stern layer water molecules are 

hydrogen bond donors (to the silanol oxygen atoms) at pH 5.8.  

 At high pH, eqn. 3 predicts a ca. three- to five-fold increase in the number of water 

molecules in the interfacial region, suggesting perhaps a widening of the Stern layer as the pH is 

raised. However, we caution that eqn. 3 should be expanded to include the hyperpolarizabilities of 

the adsorbed cations and anions at elevated pH (unlike in our initial assumption at circumneutral 

pH), in addition to that of the Stern layer water molecules. Complicating the situation is that this 

premise assumes that the Stern layer relative permittivity is pH invariant, which is probably not 

the case. Li is the only alkali cation with fewer electrons (2) than water or hydroxide (10), and the 

chloride counter ion has 7 more electrons than the water molecules and hydroxide ions. These 

species save Li+ should therefore have a larger nonlinear molecular hyperpolarizability and 

second-order nonlinear susceptibility than the interfacial water molecules that should be accounted 

for. Subtracting the pH 5.8/100 mM ∆c(*)  value (due to the net-aligned Stern layer water 

molecules) from the high pH values results in ∆∆c(*) point estimates that would be associated with 

the ions in the interfacial region (mainly the cations in the outer Helmholtz plane and the hydroxide, 

and chloride ions in the diffuse layer). Fig. 3 shows that the magnitude of the propagated 

uncertainties associated with the point estimates does not allow us to discern ion specific outcome 
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in this analysis either, as perhaps expected given the arguments presented above. Yet, our 

estimations seem to indicate that at high pH, the cations and anions in the double layer have a 

collective second-order nonlinear susceptibility (~1 x 10-21 m2V-1) that is 3 to 5 times larger than 

that of the Stern layer water molecules identified at pH 5.8/100 mM ionic strength (2 x 10-21 to 5 

x 10-21 m2V-1).  Dividing this point estimate of (~1 x 10-21 m2V-1 by the 15% of negatively charged 

sites (0.15 x 1015 cm-2) from the XPS measurements by Ehrhardt et al. yields a "collective 

molecular hyperpolarizability" of the cations and anions in the double layer, a(2)ions in the range of 

1 x 10-50 C m3  V-2 (computed by rearranging eqn. 3), ca. 20 times larger than the molecular 

hyperpolarizability we used above (𝛼(*) = 5.3 × 102B*	𝐶	𝑚9	𝑉2*).87 Using a larger deprotonated 

fraction (30% from Gmür et al.,91 or Dove and Craven)92 still results in a ten-fold larger 

hyperpolarizability for the ions than the Stern layer water molecules. More likely is a pH-

dependent change in the second-order nonlinear susceptibility of the silica surface, which recent 

experimental and theory work by the Gibbs group has shown to increase considerably in magnitude 

with deprotonation state of the surface.93  

 Given our estimate of ~ 1 x 1015 net-oriented Stern layer water molecules cm-2 at pH 5.8, 

and assuming that this number does not change appreciably at high pH, we can estimate the energy 

density (in J cm-2) associated with increasing the pH to 13 or 14 by multiplying this point estimate 

by the elementary charge, e, and the total interfacial potential (from eq. 1 and Fig. 1) according to 

      𝐸 = 𝑁↑𝑒	𝛷(0)𝑡𝑜𝑡  (4).   

Fig. 3 shows the results, which correspond, at pH 13 and 14, to a molar energy density of ~-0.5 x 

10-4 J cm-2 x Avogadro's number / (1 x 1015 water molecules cm-2) = -24 kJ mol-1 to -48 kJ mol-1. 

This estimate range includes the cohesive energy of liquid water (44.5 kJ mol-1)94 but not that of 

ice (59 kJ mol-1).95 Overall, the general lack of ion-specific outcomes on the various surface 
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properties we investigated is consistent with a small surface site density (~15%) of deprotonated 

SiO- groups to which the alkali cations can bind. The surface properties we surveyed, then, are 

dominated by the Stern layer water molecules and neutral silanol sites that constitute most surface 

species to which SHG is sensitive.  

III. B. Surfactant Cations and Anions Considerably Change c(2) and F(0)tot. To test our 

hypothesis that the ions' surface coverages are too small to observe ion-specific outcomes in the 

interfacial structure and electrostatics, we added the cationic surfactant CTAB and the anionic 

surfactants PFOA and PFAS to the aqueous solution. These molecular ions are still monovalent 

but their well-known surface activity results in a higher surface coverage when compared to the 

alkali cations. One driving force for adsorption is the ~2.5 kJ mol-1 favorable interaction energy 

for each of the methylene groups that form the hydrocarbon tail of these species. We expect a 

positive total surface potential for CTAB and a negative total surface potential for the 

perfluoroalkyl species.   

 Fig. 3 shows that upon introducing 1 mM CTAB (near the critical micelle concentration at 

this pH and ionic strength)96 to a pH 5.8 aqueous solution (no extra ions added), the second-order 

nonlinear susceptibility and the total potential are oppositely signed when compared to the alkali 

cations at the same ionic strength and pH. We observed this charge reversal for a polycation 

before,97 but only in the SHG phase. The flip in the signs is also evident in the HD-SHG 

interference patterns shown in Figure 3B. The flip of the total potential and the second-order 

nonlinear susceptibility is consistent with Stern layer water flipping, as high CTAB concentrations 

cause fused silica to become overcharged.52, 54, 98-100  Addition of 24 µM PFOA or 20 µM PFOS 

(both 10 ppm), which are monovalent anions, results in total potential and the second-order 

nonlinear susceptibility values that are comparable to those observed for the alkali chlorides (n.b., 
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the low concentration was chosen so as to have little influence on the bulk solution pH; yet, PFOA 

addition brough the initial pH of ultrapure water from 5.8 to 4.6, see Table I). The differences in 

the nonlinear susceptibility and the total potential between PFOA and PFOS are likely due to 

differences in their respective surface coverages, given the similarity in their structure. A 

conclusion would then be that PFOS is more surface active than PFOA under the conditions of the 

experiment (pH 5.8, de-ionized water with 1.2 µS cm-1, 10 ppm perfluorinated compound). We 

note that a full exploration of how the total potential and the second order nonlinear susceptibility 

change with varying conditions of surfactant concentration, total ionic strength, and pH is beyond 

the scope of this present work but certainly within the realm of future investigations.  

 While the observation that the perfluorinated anions adsorb to the fused silica surface at 

pH 5.8 (well above the PZC) may be counterintuitive given Coulomb's law, recall that the ~85% 

neutral SiOH groups dominate fused silica's surface chemistry (vide supra). It is likely that PFOA 

and PFOS adsorb to these neutral SiOH groups through a combination of hydrogen bonding and 

the favorable hydrophobic interactions (dispersion) among the perfluorinated alkyl tails. 

Vibrational sum frequency spectroscopy would be an appropriate tool to discern if the surfactants 

entirely displace all the Stern layer water molecules. A study recently published101 for CTAB on 

c-cut sapphire at high pH indicates that interfacial water is displaced at ~4 times lower CTAB 

concentrations compared to the 1 mM CTAB concentration used here. We therefore cannot use 

eqn. 3 and our ∆c(*) trick to estimate the number of water molecules in the interfacial region, as 

we do not yet have an a(2) estimate for the adsorbed surfactants, nor can we provide energy density 

estimates for the Stern layer for the surfactants yet.  

IV. Conclusions. In conclusion, we have employed amplitude and phase resolved second 

harmonic generation spectroscopy to investigate ion specific effects of monovalent cations at the 
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fused silica:water interface. We found a negligible dependence of the estimated total potential (as 

negative as -400 mV at pH 14), the second order nonlinear susceptibility (as large as 1.5 x 10-21 

m2 V-1 at pH 14), the number of Stern layer water molecules (1 x 1015 cm-2 at pH 5.8), and the 

energy associated with water alignment upon going from neutral to high pH (-24 kJ mol-1 to -48 

kJ mol-1). Attempts were presented to provide estimates for the molecular hyperpolarizability of 

the cations and anions in the Stern layer at high pH, which arrive at ca. 20-fold larger values for 

𝛼!"!#$	&"'(
(*) = 𝛼,!

(*) + 𝛼-."
(*) + 𝛼/$"

(*)  when compared to water's molecular hyperpolarizability 

estimate from theory. The energy density estimate at high pH points to a picture of the Stern layer 

whose energetics are more comparable to liquid water than that of ice, based on their respective 

cohesive energies. A pronounced dependence of the first two properties on monovalent cationic 

and anionic surfactants (CTAB and PFAs) was quantifiable. Our findings are consistent with a low 

surface coverage of the alkali cations and a high surface coverage of the surfactants. Moreover, 

they underscore the important contribution of Stern layer water molecules to the total potential and 

second order nonlinear susceptibility. Finally, they demonstrate the applicability of heterodyne 

detected second harmonic generation spectroscopy for identifying perfluorinated acids at 

mineral:water interfaces with a straight-forward non-resonant nonlinear optical method. 
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Table I. Table of solution conditions surveyed. M = alkali cation.  

pH [MCl] mM Species 

2 100 MCl + HCl 

5.8 1 MCl 

5.8 100 MCl 

10 100 MCl + MOH 

13 1000 MCl + MOH 

14 1000 MOH 

5.8 1 CTAB 

4.6 0.02 PFOA 

5.9 0.02 PFOS 
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Figure Captions 

Figure 1. Summary of c(2)  and F(0) obtained at indicated pH and alkali chloride concentrations. 

Error bars were obtained by propagating the standard deviation of the mean of the fit parameters 

(see Section II. C) from four replicate fringe measurements at the aqueous phase conditions 

indicated. 

Figure 2. (top) Point estimates of Dc(2) obtained by subtracting from the c(2) values shown in Fig. 

1 the c(2) values of the silica:water interface held at  pH 2 for all five salts studied. (2nd from top) 

Point estimates of the number of net-aligned water molecules in the Stern layer at conditions 

indicated. (3rd from top) Point estimate of the second-order nonlinear susceptibility associated with 

the ions in the interfacial region at elevated pH. (bottom) Free energy density point estimates 

associated with net water alignment in the Stern layer at conditions indicated. Error bars were 

obtained by propagating the standard deviation of the mean of the fit parameters (see Section II. 

C) from four replicate fringe measurements at the aqueous phase conditions indicated. 

Figure 3. (A) F(0) and c(2) of 1 mM alkali metals, 1 mM CTAB, and 20 µM PFOA and PFOS at 

the conditions indicated in Table I. (B) SHG interference fringes of 1 mM RbCl (red) and 1 mM 

CTAB (grey) relative to pure water (blue). For each fringe pair, a difference of 1 mm on the 

abscissa corresponds to a phase change of 3.16°. 
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Figure 1.  
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Figure 2.  
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Figure 3. 
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