
1 
 

Structure of the Silica/Divalent Electrolyte Interface: 

Molecular Insight into Charge Inversion with 

Increasing pH† 

Mokhtar Rashwan,1‡ Benjamin Rehl,1‡ Adrien Sthoer,2 Akemi M. Darlington,1 Md. Shafiul 

Azam,3 Hongbo Zeng, 3 Qingxia Liu,3 Eric Tyrode,2* Julianne M. Gibbs1* 

1Department of Chemistry, University of Alberta, Edmonton, Alberta T6G 2G2, Canada. 

julianne.gibbs@ualberta.ca 

2Department of Chemistry, KTH Royal Institute of Technology, SE-10044 Stockholm, Sweden. 

tyrode@kth.se 

3Department of Chemical and Materials Engineering, University of Alberta, Edmonton, Alberta 

T6G 2G2, Canada 

† Electronic supplementary information (ESI) available. ppp-VSF spectra collected at an extended 

spectral range, fitting procedure, summary of fitted values, zeta potential replicates. 

‡ MR and BR contributed equally to this work. 

 

 

 

 

 

 

 

 

 



2 
 

 TOC GRAPHIC 

 

ABSTRACT 

The molecular origin of overcharging at mineral oxide surfaces remains a cause of contention 

within the geochemistry, physics, and colloidal chemistry communities owing to competing 

“chemical” vs “physical” interpretations. Here, we combine vibrational sum frequency 

spectroscopy and streaming potential measurements to obtain molecular and macroscopic insights 

into the pH-dependent interactions of calcium ions with a fused silica surface. In 100 mM CaCl2 

electrolyte, we observe evidence of charge neutralization at pH~10.5, as deducted from a minimum 

in the interfacial water signal. Concurrently, adsorption of calcium hydroxide cations is inferred 

from the appearance of a spectral feature at ~3610 cm-1. However, the interfacial water signal 

increases at higher pH, while adsorbed calcium hydroxide appears to remain constant, indicating 

that overcharging results from hydrated Ca2+ ions present within the Stern layer. These findings 

suggest that both specific adsorption of hydrolyzed ions and ion-ion correlations of hydrated ions 

govern silica overcharging with increasing pH. 
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INTRODUCTION 

One question that has long puzzled surface scientists is why mineral oxides at pH above 

their point-of-zero charge can exhibit a reversal in the effective charge of their corresponding 

electric double layer from negative to positive in the presence of certain ions.1-12 Electrostatic 

models based on mean field approximations of ion-surface interactions cannot account for such 

overcharging as the driving force for concentrating ions at an interface is zero once the system has 

been neutralized.8, 12 However, since the 1970s, experimental evidence of overcharging has been 

reported.9-10  For example, surface adhesion experiments have shown that divalent ions can lead 

to attractive interactions between mineral surfaces at pH above their respective points-of-zero 

charge.13-14 Similarly, electrokinetic measurements on both mineral colloids and surfaces in the 

presence of divalent or trivalent ions have yielded positive zeta potentials at a pH where the 

surfaces should be negative.2, 4, 11, 15-16 The driving force for overcharging has been attributed to 

either “physical” interactions like ion-ion/ion-site correlations and dispersion forces (favoured by 

physicists) or  “chemical” interactions that involve the formation of specific surface complexes 

(favoured by chemists).8, 12, 17-18 However, separating the effects of such physical or chemical 

interactions has proven particularly difficult for mineral oxides and multivalent ions based on the 

tendency of the latter to form different hydrolyzed species at higher pH.8  Indeed, the quest to 

determine whether it is hydrated divalent ions that lead to overcharging through dispersion forces 

(an outer sphere interaction) or it is the hydrolyzed ionic species adsorbing specifically (an inner 

sphere or ion-pair interaction) drove much effort in surface science, and in particular that of the 

late Johannes Lyklema.11-12  

This phenomenon of overcharging reveals that the properties of charged mineral oxides 

can be drastically altered when aqueous multivalent ions are present by effectively converting a 
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negatively charged surface into a positive one, even at high pH.1-2, 4, 7 Given that interactions of 

ions with mineral oxides have significant real-world consequences, they have also been explored 

in the context of soil remediation,19 mineral beneficiation and agglomeration,20 water treatment,21 

and oil sand tailings treatment.13, 22-24 Yet, while numerous studies have examined the effect of 

divalent ions on the properties of silica as well as other mineral oxides, the molecular interfacial 

structure under conditions of overcharging remains largely7 a mystery.  Very recently, Legg and 

co-workers observed charge reversal of a mica surface with Al3+ ions using AFM and streaming 

potential together with AIMD simulations. They found that the surface potential of mica reverses 

from negative to positive with increasing pH due to specific adsorption of hydrolyzed species 

(Al(OH)2+ and Al(OH)2
+).16 Another method that is intrinsically surface selective and sensitive to 

molecular speciation is the second-order non-linear optical technique vibrational sum frequency 

spectroscopy (VSFS). VSFS has been extensively used to investigate the amount of ordered water 

at the silica/water interface,25-31 which can be used to report on the interfacial potential within the 

electric double layer.32-34  Moreover, VSFS should be able to disentangle the presence of hydrated 

ions in the electrical double layer from hydrolyzed ions owing to the appearance of new OH 

oscillators in the spectra. Nevertheless, such studies have not been forthcoming until now.  

Previous studies focusing on divalent ion interactions show that the amount of ordered 

water at the silica/water interface is attenuated compared to monovalent ions. However, these 

initial studies were limited to low salt concentrations, resulting in still significant amounts of 

ordered water at the silica mineral interface.35 More recently, the effect of molar concentrations of 

alkali and alkaline earth chlorides on the silica/aqueous interface at pH 6 were studied by Chou, 

Bertram and co-workers.36 The authors found that the SF signal from interfacial water molecules 

dropped drastically upon the addition of 4 M aqueous CaCl2 solution. They attributed the decrease 
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in intensity to the formation of an ion pair between a deprotonated silanol and Ca2+ cation, with a 

water molecule acting as a bridge.36 However, the concentrations that led to the effect were very 

high, providing a barrier to industrial use. Additionally, the proposed mechanism of calcium 

interaction with silica did not address the role of other influential interfacial properties like the 

surface potential, nor did it explain from a symmetry perspective why such a surface complex 

would result in less signal. 

Here we combine VSFS with streaming potential measurements to determine the impact 

of 100 mM calcium ions on the interfacial water structure and other hydroxide species present at 

the mineral oxide interface over a wide range of pH. We observe that the SF signal intensity drops 

when increasing the pH from 6 to 10.5 and increases thereafter, in direct contrast to what has been 

observed for monovalent ions under similar conditions.25, 29, 31, 37 Furthermore, at higher pH, we 

see evidence of calcium hydroxide species, interacting with the negative silica surface, providing 

the first clear evidence of hydrolyzed ions by VSFS at this interface. The results are explained by 

charge neutralization and subsequent charge reversal from negative to positive with increasing pH.  

The evolution of the water intensity with pH as well as the presence of the calcium hydroxide 

cation at the interface are discussed within the context of current theories of overcharging at 

mineral oxide interfaces.1-6, 8-12  

RESULTS AND DISCUSSION 

 In our experiments, the SF signal is generated by temporally and spatially overlapping 

visible and infrared pulsed laser at the silica/water interface in a non-collinear reflection geometry. 

Due to the selection rules of SFG within the electric dipole approximation, SF signal is only 

generated in media lacking inversion symmetry, a property inherent to interfaces.38 For VSFS, this 

signal is enhanced when the incident electric field in the IR range is on resonance with a vibrational 
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mode of the media that is both Raman and IR active. Furthermore, at a charged interface, the 

intensity, ISFG, of the SFG process is given by 

𝐼𝑆𝐹𝐺 ∝ |𝜒(2) + 𝜒(3)Φ0|
2
𝐼𝑉𝑖𝑠𝐼𝐼𝑅,             eq. 1 

Where Ivis and IIR are the incident intensities of the visible and infrared light fields, respectively. 

The second order nonlinear susceptibility of the medium, χ(2), describes ordered interfacial species 

immediately adjacent to the surface like water molecules that make up the Stern layer that hydrate 

the silica surface as well as specifically adsorbed ions.  Surface silanols and other hydroxyl species 

on resonance in the measured IR frequency range also contribute to χ(2). The second term 

containing χ(3), the third-order susceptibility, stems from the net alignment of water in the diffuse 

layer that results from the charged surface and its corresponding interfacial potential 0. Here we 

neglect the z-dependence (surface normal) of (3)0 due to the short Debye screening length 

resulting from the high salt concentrations used in this study.32-33, 39-44 

The starting point of our discussion is the VSF spectra measured with the ppp-polarization 

combination (p-ISFG, p-Ivis and p-IIR) at the silica/aqueous calcium chloride interface as a function 

of pH from neutral to basic, as shown in Fig. 1a. This polarization combination was selected as it 

is known to be most sensitive to the amount of ordered water along the z-direction (surface normal) 

which is the direction of the static surface field set up by the charged interface.7 The composition 

of the aqueous phase was 100 mM CaCl2 with 10 mM NaCl background electrolyte to account for 

changes in sodium concentration upon pH adjustment with NaOH(aq). At the initial pH of ~6, two 

broad features around 3200 cm-1 and 3400 cm-1 were observed. These bands are attributed to water 

molecules with a preferred orientation at a hydrophilic interface,29, 32-33, 35, 42, 45-47 as well as 

molecules in the diffuse layer aligned by the surface electric field. In stark contrast to previous 
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studies in the presence of monovalent salts such as sodium chloride, 25, 29, 31, 37 the SF signal 

decreased as the pH was raised to 10.5 (Fig. 1a).  Upon further increasing the pH, the overall SF 

intensity started to increase, particularly at the higher frequencies. This unusual behaviour is 

highlighted in Fig. 1b, where the integrated ppp-SF intensity as a function of pH for the 100 mM 

CaCl2 system is compared with our previous work using 100 mM and 500 mM NaCl solutions.25, 

37  For the monovalent salts, the increase in SF intensity with increasing pH was attributed to the 

larger absolute interfacial potentials resulting from the increased deprotonation of the silica 

substrate.45, 48 However, as shown in Fig. 1b, for 100 mM CaCl2 at pH 10.5 the integrated intensity 

decreased to just 18% of its value at pH 6. Furthermore, at this pH, very little intensity was 

observed at 3200 cm-1 and 3400 cm-1, where the interfacial water signal is most dominant (Fig. 

1a). Instead, broad features were detected at lower and higher wavenumbers, mainly at ~3000 cm-

1 and ~3500 cm-1.   



8 
 

 

Fig. 1 a) ppp-VSF spectra at the silica/aqueous calcium chloride (100 mM, with 10 mM NaCl) 

interface over a pH range extending from 6 to 12 collected with the Edmonton SF spectrometer. 

Lines are guides to the eye. b) Integrated SF intensity between 2900 to 3600 cm-1 from silica in 

contact with solutions containing CaCl2 (100 mM, with 10 mM NaCl) and NaCl (100 mM and 500 

mM) in an equivalent pH range, normalized to a common reference, and thus directly comparable. 

As mentioned above, most of the signal at ~3200 cm-1 and ~3400 cm-1 is associated with 

water molecules in the diffuse double layer, which exhibit some net alignment because of 

interactions between the surface electric field and their electric dipoles. Therefore, the decrease in 

intensity can be interpreted by a decline of the absolute surface potential and/or Stern potential, 
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with the minimum in intensity corresponding to the charge neutralization, or isoelectric, point 

(IEP). The subsequent increase in the SF signal at higher pH (i.e. pH>10.5), could then be ascribed 

to a charge reversal where the surface and Stern layer become positively charged, as has been 

previously observed, for example, upon adsorption of a cationic surfactant on silica.49 This 

interpretation can be substantiated by streaming potential measurements, which can be used to 

assess the zeta potential of flat insulating oxide surfaces, such as silica. The zeta potential 

calculated from the change in streaming potential with varying applied pressure is an estimate of 

the potential at the Stern layer, which includes the layers of dehydrated and hydrated counter ions 

nearest to the charged surface.50 

The zeta potential values of a flat silica surface as a function of pH in the presence of 100 

mM CaCl2 (with 10 mM NaCl) and 100 mM NaCl are shown in Fig. 2. The results provide valuable 

insight into pH dependence of the Stern potential. Similar to the VSF results, the pH-dependent 

zeta potential of the silica/aqueous electrolyte interface in the presence of CaCl2 shows large 

discrepancies when compared to NaCl (Fig. 2). 
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Fig. 2 Zeta potential as a function of pH calculated from streaming current measurements at the 

silica/aqueous electrolyte interface in the presence of 100 mM CaCl2 (with 10 mM NaCl 

background electrolyte) and 100 mM NaCl. Both silica and salts were from the same suppliers as 

for the SFG measurements in Fig. 1. Representative traces are shown; duplicates can be found in 

the ESI. 

In the presence of calcium ions, the zeta potential decreased in magnitude with increasing 

pH, reaching an isoelectric point around pH 10, which is an indication of complete neutralization 

of surface siloxide sites by the calcium ions present within the Stern layer. The pH range of the 

IEP is in accordance with the minimum observed in the SF intensity with silica from the same 

supplier and the same salt solutions, supporting our interpretation of charge neutralization (i.e. the 

pH where the Stern potential reaches zero). At higher pH, the sign of the potential flipped, 

consistent with the surface becoming net positively charged as inferred from the VSF spectra. In 

contrast, in the presence of sodium ions the zeta potential increased in magnitude, becoming more 

negative with increasing pH (see Fig. 2). The charge overcompensation observed at high pH arises 

from an enhanced concentration of calcium species in the interfacial layer that outnumber the 

negative siloxide sites, eventually leading to a change in the sign of the Stern potential.51 This 
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charge reversal occurs despite the fact that SiO- groups also increase in numbers at higher pH upon 

deprotonation of surface silanol groups.  

Near the IEP where we observe a minimum in the SFG intensity it is worth noting the 

absence of signal intensity from the water modes at ~3200 cm-1 and 3400 cm-1, which are replaced 

by contributions from interfacial hydroxyl species (or water molecules) with resonant modes at 

much lower or higher wavenumbers. The lack of intensity in this frequency range lies in contrast 

to other interfacial systems that exhibited intensity even at the point of zero charge (PZC) or IEP, 

and may be due to the displacement (or reorientation) of silica hydration waters by calcium ions.52-

55 

Additional information on the molecular structure at the silica/aqueous electrolyte interface 

can be extracted from the SF spectra collected over a broader frequency range, as presented in Fig. 

3a. These spectra were measured using the ssp-polarization combination in a total internal 

reflection (TIR) geometry, which optimizes the sensitivity to modes observed at high 

wavenumbers.56 These experiments were also performed on silica from a different supplier using 

the Stockholm SF spectrometer. The ppp-SFG spectra from the Stockholm SF spectrometer (Fig. 

S1) and sample generally matched well with the spectra shown in Fig. 2 from the Edmonton SF 

spectrometer within the same spectral window suggesting both silica samples resulted in similar 

interfacial structures in the presence of calcium. For the ssp spectra for the lowest pH measured, 

in addition to the two bands attributed to aligned water molecules at ~3200 cm-1 and 3400 cm-1, a 

third peak centred at ~3650 cm-1, previously assigned to the OH stretch of isolated silanols on the 

underlying silica surface, can also be resolved in the spectra (Fig. 3a).29 With increasing pH, the 

water bands show a similar trend to that observed in the ppp-polarization combination (Fig. 1a and 

Fig. S1 in ESI), displaying a minimum in SF intensity at slightly higher pH between pH 10.5 and 
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11. This substantiates the interpretation that the decrease in intensity results indeed from a 

reduction in the number of aligned water molecules in the diffuse double layer, rather than a change 

in their orientation. However, concomitant with the decrease in the signal of the ~3400 cm-1 band, 

an enhanced intensity is observed at high frequencies, with the spectral line shapes consistent with 

two closely overlapping modes having opposite phases, as it is apparent from the congruous fitting 

of spectra collected in both the ssp and ppp polarization combinations (see below and ESI). The 

first is the isolated SiOH stretch centred at ~3650 cm-1,29 which at low pH is observed as a peak, 

but as a dip in the spectrum at more basic conditions. The second overlapping band centred at 

~3610 cm-1 is assigned to the OH stretch of adsorbed Ca(OH)+ species. The peak position of 

Ca(OH)+ cation is close in range to the fundamental OH stretching mode of Ca(OH)2 reported at 

3645 and 3620 cm-1 in IR and Raman spectra, respectively.57-58 Moreover, the band is slightly red-

shifted and broader than the Ca-OH stretch at the CaF2 surface previously observed at ~3657 cm-

1 using VSFS.59 The increased linewidth is indicative of a greater structural heterogeneity when 

compared to the crystalline calcium fluoride interface.59 
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Fig. 3 a)  ssp-VSF spectra from 2725 – 3875 cm-1 at the silica/aqueous calcium chloride (100 mM) 

interface from pH 6 to 11.5 collected with the Stockholm SF spectrometer at an extended frequency 

range in a gas-tight measuring cell at 22 °C. The similar trends observed when compared to the 

results in Fig. 1a, provide evidence of the reproducibility of the measured effects, using fused silica 

substrates from alternative suppliers as well as the potential effects of CO2 dissolved in solution 

(see Experimental methods for details). The smoothed lines are fits to the spectra using a 

convolution of Lorentzian and Gaussian line shapes. b) Fitted amplitudes for selected bands as a 

function of pH. Note that a negative amplitude indicates an OH directed on average away from the 

silica surface (see text and ESI for details). 



14 
 

Further insight into the contributions of the different overlapping and interfering bands can 

be obtained by fitting the spectra to a convolution of Lorentzian and Gaussian line shapes (see ESI 

for details). The fitted amplitudes as a function of pH of the main contributing bands are presented 

in Fig. 3b. Several interesting aspects can be discerned. The sign gives an indication of the absolute 

polar orientation of the contributing OH groups, being positive or negative when facing towards 

or away from the silica surface, respectively.26, 60 The amplitude of the ~3400 cm-1 band linked to 

water molecules in the diffuse layer changes from positive at low pH to negative at high pH, 

passing through zero roughly at pH 10.5. The change in sign is consistent with a flip of the effective 

Stern potential (i.e., from negative to positive). On the other hand, the amplitude of the peak at 

~3650 cm-1 linked to the isolated silanols is negative (Si-OH directed away from the interface), 

and largely independent of the solution pH. Previous work has indicated that isolated silanols have 

a high pKa and remain protonated even at pH>11,29 at least at room temperature.34 We note that 

the isolated silanol band has been assigned by others to water molecules interacting with 

hydrophobic patches at the silica interface.61 However, such an interpretation is inconsistent with 

the results presented here. In contrast, the amplitude of the band assigned to Ca(OH)+ at ~3610 cm-

1, which becomes apparent from pH 10, has opposite sign, indicating that the cation’s OH is 

directed towards the solid surface. 

At pH ≥10 we note the appearance of an additional broad band centred at ~3100 cm-1. 

Given its relatively low frequency, we suggest it arises from the OH stretch of the first solvation 

shell water molecules strongly hydrogen bonded to the OH- ion in basic solutions, as previously 

proposed.62-65 It is also consistent with a recent SF study at the silica/aqueous interface with 

varying KOH(aq) concentrations, where a distinct shoulder at 3000 cm-1 was attributed to the strong 
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hydrogen bonding interaction between the surface water molecules and OH-;66 however the 

contributions from intra- and intermolecular coupling of this mode were not determined.26, 67-70 

 As mentioned in the introductory statements, the mechanism of charge reversal on silica 

and other mineral surfaces by divalent ions has been extensively discussed.1-15  Although, charge 

reversal had been invoked as an explanation for the behavior of silica colloids under certain 

conditions,1-11 the main experimental evidence to test theories of overcharging relied on streaming 

current measurements on silica at pH 7.5 with increasing calcium or magnesium concentrations.2 

The authors found that the streaming current reached zero (i.e. the IEP) upon addition of 400 mM 

calcium chloride and 340 mM magnesium chloride. These results have been qualitatively and 

quantitatively reproduced using Monte Carlo simulation models that incorporate ion-ion 

correlations, indicating that such interactions alone could be used to explain overcharging.5 

However, charge reversal has also been explained for a related aluminosilicate, mica, by only 

considering dispersion interactions between the ions in solution and surface sites and neglecting 

ion-ion interactions.4 Both theoretical models disregard any specific interactions between the ion 

and the surface. This includes the formation of hydrolyzed chemical complexes that despite having 

a lower charge valency, can dominate surface interactions.8 For calcium, hydrolysis of the aqueous 

species yields Ca(OH)+, which we have experimentally proven to preferentially adsorb to the 

surface. In contrast, SF signal from water molecules hydrating Ca2+ in the Stern layer can not 

readily be detected owing to the more centrosymmetric structure of the hydrated cation.  

We now offer an interpretation for the pH-dependent behavior of the silica/aqueous 

calcium chloride interface based on the discussion above. At pH 6 the SF signal at 3200 cm-1 and 

3400 cm-1 primarily arises from water molecules in the diffuse layer partly aligned by the Stern 

potential (purple gradient and arrow depicted in Fig. 4), with some contributions from water 
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molecules directly interacting with the silica surface (dark purple area in Fig. 4). Isolated silanols 

detected at ~3650 cm-1 remain protonated in the whole pH range considered, making them a useful 

reference. However, as the solution pH is increased other types of silanols (i.e. vicinal, geminal 

and/or hydrogen bonded) further deprotonate causing more calcium ions to concentrate at the 

interface owing to the more negative surface potential. These ions screen the static electric field, 

thereby decreasing the magnitude of the Stern potential. At pH~10.5 near where the isoelectric 

point is reached, minimal contributions from water in the original bonded interfacial layer are 

observed.  This lack of signal near the IEP is much more significant than what has been observed 

in the presence of monovalent cations such as sodium when the water SF intensity passes through 

a minimum upon changing the pH (i.e. pH between 3 and 7, depending on ionic strength).25, 31, 37 

We speculate that the strong hydration energy of calcium71 allows the divalent ions to remain 

centrosymmetrically hydrated (i.e. non VSF active) as they approach the surface and displace the 

hydration layer on silica. This could account for the lack of intensity at 3200 cm-1. Concurrent with 

charge neutralization upon increasing pH, hydrolyzed calcium cations adsorb (or form) at the 

surface, with their OH groups oriented, on average, opposite to those from the underlying isolated 

silanol functionalities.  These observations are consistent with recent MD studies, which show that 

Ca(OH)+ can form at the silica surface upon deprotonation of one of the water molecules in the 

hydration shell of the Ca2+ cation.72 The presence of this hydrolyzed calcium species suggests that 

chemical interactions must also be considered in addition to ion correlation or dispersion 

interactions to accurately model the surface. 
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Fig. 4  Molecular representation of the silica/aqueous calcium chloride interface and corresponding 

ssp-VSF spectra measured at selected pH values. Smooth lines are the fits to the spectra.  

As the pH is increased beyond the IEP (i.e. from pH ~10.5 to pH 11.5), the spectral fits 

reveal a change in sign of the amplitude for both the modes at 3200 and 3400 cm-1. This increase 

in intensity is consistent with charge inversion due to an excess of calcium ions in the Stern layer 

leading to a positive Stern potential. Such a charge reversal should align water molecules in the 

diffuse layer in the opposite orientation to that observed at lower pH where the Stern potential was 

negative. Interestingly, while the water bands change in magnitude above pH 10, the amplitude of 

the Ca(OH)+ mode remains approximately constant, suggesting that ion-ion correlations and ion-

site dispersion interactions contribute more to the overcharging than specific surface interactions. 

To verify that indeed the amount of Ca(OH)+ remained constant and was not simply reorienting as 
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the pH was increased, we also analyzed the corresponding ppp-VSF spectra, which revealed that 

the Ca+-OH mode follows a similar pH-dependent trend (see corresponding spectra and fitting 

parameters in the ESI).  

CONCLUSIONS 

 In summary, in the presence of millimolar concentrations of calcium chloride, the electric 

double layer of the negatively charged silica surface is effectively neutralized upon increasing the 

pH to ~10 and becomes net positive at higher pH. This was demonstrated by both streaming 

potential and VSF measurements. The charge neutralization and overcompensation are attributed 

to the adsorption of calcium cations in hydrated and hydroxide forms, with the latter being directly 

observed in the VSF spectra. However, at high pH, the amount of Ca(OH)+ remains constant, 

indicating that both specific adsorption and ion-ion correlations contribute to silica overcharging. 

The results also reveal that the interfacial structure of the Stern layer is highly interdependent on 

the pH, ion valency, and ion concentration. 

EXPERIMENTAL METHODS 

Materials. For the Edmonton studies CaCl2.6H2O (99.9965%, Puratronic, Alfa Aesar) and NaCl 

(99.99%, trace metals basis, Alfa Aesar) were used for the preparation of salt solutions. NaOH 

pellets (99.99% semiconductor grade, trace metals basis, Sigma-Aldrich) were used to prepare the 

titrant for pH adjustments. KCl (99.999%, trace metals basis, Acros Organics) was used to 

calibrate the SurPASS conductivity meter. Methanol (HPLC grade, Fisher Chemical), sulfuric acid 

(95.0 – 98.0%, Caledon Laboratories) and hydrogen peroxide (30% w/w in H2O, Sigma-Aldrich) 

were mixed in a 3:1 ratio and used for piranha cleaning of silica hemispheres and plates. All 

materials were used without further purification. Ultrapure water (18.2 MΩ·cm) was used from a 
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Milli-Q Direct 8 Water Purification System (Millipore). For the Stockholm measurements, 

CaCl2.2H2O (BioUltra ≥99.5%), NaCl (99.999% trace metal basis), and NaOH (99.99% trace 

metal basis) were obtained from Sigma-Aldrich. NaCl was baked at 550 oC for 2 h before use. 

Chromosulphuric acid, employed for cleaning the silica hemispheres, was purchased from Merck. 

In both labs, ultrapure water (18.2 MΩ•cm) was used after deionization from a Milli-Q-Plus 

purification system (Millipore). All experiments were performed with freshly prepared solutions.  

Sample Preparation. At the Edmonton lab, the IR-grade fused quartz hemispheres (Almaz Optics, 

KI, 1-inch diameter) and IR-grade fused quartz windows (Almaz Optics, KI, 2.5 inch diameter, 8 

mm thickness) were copiously rinsed and sonicated in Milli-Q water, methanol, and Milli-Q water 

again. The silica substrates were then immersed in piranha solution (3:1 mixture of H2SO4 and 

H2O2, 1 hour) and then rinsed thoroughly with Milli-Q water. The silica substrates were then rinsed 

and sonicated in Milli-Q water, methanol, and Milli-Q water again and finally dried in an oven at 

110°C (30 min). 

Caution: Piranha solution is corrosive and explosive. Extreme heat is generated upon addition of 

hydrogen peroxide to sulfuric acid. Never add sulfuric acid to hydrogen peroxide, as hydrogen 

peroxide concentrations greater than 50% can be explosive. Piranha solution reacts violently with 

organics, and therefore organic solvents should not be stored nearby. 

At the Stockholm lab, the custom-made IR-grade fused silica (Infrasil 302) hemispheres (CVI, 

Melles Griot, 10 mm diameter, and Ra roughness <0.5 nm), were first sonicated in ethanol, rinsed 

in Milli-Q water, immersed in chromo-sulfuric acid for 30 minutes, and then copiously rinsed and 

sonicated in Milli-Q water. The hemispheres are always kept underwater and assembled wet on 

the sample cell to minimize the adsorption of contaminants. The freshly prepared salt solutions 

were promptly drawn into gas-tight syringes and transferred into a gas-tight measuring cell, which 
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design is described in detail elsewhere.73 The procedure limits contact of solutions with CO2 in the 

air, which helps discard any potential effects of bicarbonate or carbonate ions in our result. 

The Edmonton VSF spectrometer. A detailed description of the setup can be found elsewhere25, 

31, 37, 74. Briefly, 800 nm laser pulses were generated from a Spitfire (Spitfire Pro, Spectra-Physics, 

1 kHz, 94 fs, 3.3 W), which was seeded by a MaiTai (Spectra-Physics, 80 MHz) and pumped by 

an Empower (Nd:YLF laser, Spectra-Physics), respectively. The regeneratively amplified laser 

light was passed through a 35/65 beam splitter, with 1 W passing through a Fabry-Perot Etalon 

(TecOptics) to produce narrow, picosecond pulses (FWHM ~7 cm-1). The 800 nm picosecond light 

was then passed through a polarizer (Thorlabs) and a half-wave plate (Thorlabs), before being 

focused with a BK7 focusing lens (focal length = 500 mm, Thorlabs) onto the sample interface at 

an incidence angle of 61° from the surface normal at ~10-20 μJ /pulse. The remaining two-thirds 

of the amplified femtosecond output (~2.3 W) was used to pump a noncollinear TOPAS-C/NDFG 

(Light Conversion) to produce broadband IR light (FWHM ~ 90 cm-1). This tunable light was then 

passed through a polarizer (Thorlabs) and a tunable zero-order half-wave plate (Alphalas) before 

being focused using a CaF2 lens (focal length = 500 mm, Thorlabs) onto the sample interface at an 

incidence angle of 67° and ~18 μJ/pulse The visible and IR laser beams were spatially and 

temporally overlapped at the interface, generating sum frequency (SF) signal. SF light generated 

from the sample collected in a reflection geometry was recollimated with a BK7 lens (Thorlabs, 

focal length = 400 mm), and then passed through a half-wave plate (Thorlabs) and a Glan-

Thompson calcite polarizer (Thorlabs) to select S or P polarized light. The polarized light was 

focused through a BK7 lens (Thorlabs, focal length = 100 mm) and passed through a shortpass 

filter (Thorlabs) before entering a benchtop Imaging Spectrograph (SP-2500, Princeton 

Instruments, grating 1200 grooves/mm, 500 nm blaze wavelength). The spectrograph was fitted 
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onto a thermoelectrically cooled (-75℃), back-illuminated, charge-coupled device (CCD) camera 

(Acton PIXIS 100B CCD digital camera system, 1340 X 100 pixels, 20 X 20 µm pixel size, 

Princeton Instruments). Measurements were carried out at 22±1 °C. 

The sample spectra were collected in ssp and ppp polarization configurations and normalized to 

the nonresonant spectrum of a gold-coated (200 nm) fused quartz hemisphere (Almaz Optics, KI, 

1-inch diameter) collected under the ppp polarization configuration. The IR wavelength was 

scanned between 2900 cm-1 and 3400 cm-1 in steps of 100 cm-1. The gold-coated hemisphere was 

then replaced with a freshly cleaned, dry, fused silica hemisphere, and VSF spectra were collected 

for air, Milli-Q water, 10 mM NaCl, and then 100 mM CaCl2 + 10 mM NaCl solutions over the 

pH range extending between 6 and 12. Solution pH was adjusted with NaOH(aq). We included 10 

mM NaCl background electrolyte to account for changes in sodium concentration upon pH 

adjustments. High concentration NaOH solutions were used such that microliter volumes of titrant 

were required in order to prevent significant changes to solution volume (aqueous phase in SFG 

sample cell was 10 mL). Intensities were again normalized to that of the 3200 cm-1 mode measured 

from the silica/10 mM NaCl(aq) interface. 

The Stockholm VSF spectrometer. Described in detail elsewhere,73 it briefly consists of a 

Ti:Sapphire 90fs, 1kHz, 6W amplifier (Integra C, Amplitude Technologies, France), that is used 

to pump a HE-TOPAS (Light Conversion, Lithuania) and generate tunable mid-IR femtosecond 

pulses. A fraction of the amplifier output is also used to generate tunable bandwidth picosecond 

visible (~805 nm) pulses in a home-built beam shaper. Measurements are carried out with a 

spectral resolution < 2 cm-1 and a constant temperature of 22°C. The main elements of the detection 

system are a Shamrock SR-303i-B spectrometer (Andor, Ireland) and an EM-CCD camera 

(Newton DU971N-UVB, Andor, Ireland). The Stockholm spectrometer features a large degree of 
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automation, which allows collecting spectra at various angles of incidence (AOI) and in an 

extended spectral range. In these studies, the AOI for the IR beam was set to 55.0° with an average 

pulse energy of 3 μJ, while the visible pulse was set to 70.0° and ~7 μJ, respectively. All spectra 

were normalized by the nonresonant SF response of an equivalent gold-coated hemisphere, using 

a procedure described in detail previously.73 None of the spectra presented in this work has been 

Fresnel-factor corrected.  

Zeta potential measurements. The zeta potential studies were carried out on a SurPASS 

Electrokinetic Analyzer (Anton Paar). The samples were setup using a clamping cell following the 

standard procedure. However, in place of the polystyrene reference film, we modified an IR-grade 

fused quartz window with two holes to accommodate the electrodes. This modification of the setup 

removes the requirement to measure the reference film. On the other side of the channel was an 

unmodified fused quartz window. Prior to each experiment, the instrument was cleaned at least 

twice with ultrapure water for 300 s on each cycle using the connection tube between electrodes. 

With the clamping cell attached, the instrument was filled with water and a flow check to 500 mbar 

was performed to confirm linear flow rate with pressure. For each solution or solution pH, the 

instrument was filled (200 s) and rinsed (500 mbar, 500 s) before each measurement (400 mbar, 

20 s) which involved a prior rinse (500 mbar, 180 s). Measurements were performed in streaming 

current configuration. The conductivity meter was calibrated to 0.1 M KCl solution. The zeta 

potentials were calculated from the streaming current using the following equation50 

ζ =
dUsp

dΔp
×

η

ε×ε0
× κ,               eq. 2 

where ζ is the zeta potential, 𝑈sp is the streaming potential, Δp is the change in pressure, η is the 

viscosity of the solution, ε is the relative permittivity of water, ε0 is the vacuum permittivity, and 
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κ is the conductivity of the bulk solution. Error bars are the standard deviation from four separate 

pressure ramps. 
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