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Abstract 

We present a measurement cell that allows simultaneous measurement of second harmonic 

generation (SHG) and streaming potential (SP) at mineral-water interfaces for flat specimen that are 

suitable for non-linear optical (NLO) studies. The set-up directly yields SHG data for the interface of 

interest and can also be used to obtain information concerning the influence of flow on NLO signals 

from that interface. The streaming potential is at present measured against a reference substrate 

(PTFE). The properties of this inert reference can be independently determined for the same 

conditions. With the new cell, for the first time the SHG signal and the SP for flat surfaces have been 

simultaneously measured on the same surface. This can in turn be used to unambiguously relate the 

two observations  for identical solution composition. The SHG part of the cell with a fluorite sample 

confirmed previously observed differences in NLO signal under flow vs. no flow conditions in sum 

frequency generation (SFG) investigations. . As a second test surface, an inert (“hydrophobic”) OTS 

covered sapphire-c electrolyte interface was studied to verify the zeta-potential measurements with 

the new cell. For this system we also  obtained combined zeta-potential/SHG data in the vicinity of 

the point of zero charge. The zeta-potential was found to be proportional to the NLO signals. 

Furthermore, on the accessible time scales of the SHG measurements no effects of flow, flow velocity 

and stopped flow occurred on the interfacial water structure. This insensitivity to flow for the inert 

surface was corroborated by concomitant molecular dynamics simulations. Finally, the set-up was 

used for simultaneous measurements of the two properties as a function of time in automated 

titrations with an oxidic surface. Surprisingly different polarization combinations obtained in two 

separate titrations, yielded clearly different SHG data, while under identical conditions zeta-

potentials were exactly reproduced. One polarization combination scaled with the zeta-potentials, 

while the other did not. The work provides an advanced approach for investigating liquid/surface 

interactions which play a major role in our environment. The set-up can be upgraded for SFG studies. 

which will allow more detailed studies on the water structure at a given interface, but also the 

combined study of specific adsorption including kinetics in combination with electrokinetics.  

 

Keywords: zeta-potential, second harmonic generation, hydrophobic surface, molecular dynamics, 

solid-liquid interface 
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Introduction 

Solid-liquid interfaces play a major role in many contexts from industry to aquatic and atmospheric 

environmental topics. At most interfaces protons and hydroxide ions are involved in the interfacial 

charging, frequently as potential/charge determining components.  

Surface charge and potential due to these ions are crucial in understanding and modelling 

environmental and industrial processes. The “inner” surface potential is maybe the most important 

but least accessible propertiy of the electrical double layer and the origin of it. As a consequence its 

determination via spectroscopic methods some 25 years ago [1] continues to be of interest. Recent 

examples address for example how surface potential affects the ice nucleation properties of 

atmospheric minerals [2-5], which cannot be addressed by classical solid solution approaches.  

Charging at classical solid solution interfaces has been traditionally studied by electrokinetics and 

potentiometric methods [6-8]. Less frequently applied approaches involve non-linear optical (NLO) 

methods [9-11] that are non-invasive and can cover salt concentrations beyond those accesible to 

the classical methods [12]. The latter are appropriate either at the higher salt levels (potentiometric 

titrations, more salt means increased proton interaction) or lower salt concentrations 

(electrokinetics, less salt means reduced screening). A current discussion exists on the meaning of 

NLO signals from solid-liquid interfaces concerning amongst other issues the extent of various 

electrical double layer contributions [12-15]. The pioneering  work of Ong et al. on fused 

silica/aqueous electrolyte interfaces [1] and related second harmonic generation (SHG) data to 

“surface potential”. The SHG signal depends on the second order nonlinear susceptibility, χ(2), of the 

interfacial molecules that are asymmetrically orientated at the interface, and the third order 

nonlinear susceptibility, χ(3),  of the bulk water molecules oriented due to the static electric field of a 

charged surface [1, 12, 16]. Attempts to quantify are available [12, 14, 15], but in particular the χ(3) 

contribution, which is related to the static electric field at the interface, will strongly depend on what 

kind of surface potential is involved. Concering the salt dependence of the NLO signal, the strong 

effect of salt and the ability of a Gouy-Chapman approach to model it would rather point to the 

electrokinietic/DLVO potential (the diffuse layer potential) than to the “inner” surface potential. A 

more detailed discussion associated with typical experimental data from the literature can be found 

in Supplementary Information.  

In some of the available models (single plane models) only one potential occurs, which then 

automatically is the  surface potential. In multi-layer models, different distinct potentials occur and 

these have to be clearly distinguished. The most advanced ones  attempt to cover the complete 

double layer sometimes from a truly mechanistic point of view [17]. Besides the question which 

interfacial potential should be used to interpret NLO experiments (i.e. surface potential or diffuse 

layer potential?), the comparison of a set of data on single crystal surfaces suggests that this might 

for example depend on how the experiment is carried out. SHG data on sapphire-c (the basal, i.e. 

(0001), plane of -Al2O3) obtained through the liquid by Fitts et al. [18] produced a point of zero 

charge, which is close to independently measured isoelectric points [19-21]. Thus the data by Fitts et 

al. would mimic the zeta-potential vs. pH curves obtained by others [20], whereas SHG 

measurements through the crystal [21] instead produced data that are clearly reminiscent of the 

expected “inner” surface potential vs pH curve [20, 22], see SI. Unfortunately, such seemingly 

contradictory results can be conveniently explained by differences in sample origin or preparation 

[21]. Thus ambiguity will remain if one attempts to compare data from different laboratories. The 
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solution to this is to measure the data of interest simultaneously on one sample to avoid this 

ambiguity.  

    While previous modeling work reporting NLO data has been involving purely diffuse layer models 

mainly (sometimes in exchange with a constant capacitance model, i.e. another single plane model, 

at higher salt levels), recent work [23] has used, in the case of a charged water interface, an electrical 

double layer model that  involves separation of the NLO signal contribution originating from the 

“bonded interface layer (BIL)” from contribution due to the diffuse layer. The former was attributed 

to the χ(2) contribution to the total resonant susceptibility and might be associated with the Stern 

layer, while the latter is associated to the diffuse layer and is proportional to the dc electric field. . 

The χ(3) contribution is related to the electric field and  most of the available attempts to 

quantification resort to a Gouy-Chapman type equation. This usually concerns data at constant pH, 

with variation of salt level, and although exceptions exist [24, 25], most modelling studies involve 

erroneous assumptions, namely that proton related surface charge density does not change with the 

concentration of background electrolyte concentration [14] or the concentration of specifically 

adsorbing ions [25].  

The dependence of NLO signals on salt level is surprisingly well described by Gouy-Chapman type 

approaches, while it is known from classical work on oxide interfaces that this approach fails to 

correctly describe the protonation/deprotonation behaviour even at low salt levels. As a 

consequence the purely diffuse layer approach can hardly yield accurate values for the “inner” 

surface potential. From this point of view NLO signal should rather scale with DLVO (diffuse layer) 

potentials as obtained from Stern-Gouy-Chapman models discussed above.  

To come to a more profound understanding of for example  the relation between the NLO and the 

classical (electrokinetic) data simultaneous measurements of electrical double layer properties and 

NLO signals under identical conditions and for the same sample are required. The aim of the present 

work was therefore to design a cell capable of measuring SHG and streaming potential (SP) for flat 

surfaces. Although flat surfaces may have the advantage of surface structural control, it has been 

argued that the interfacial behavior of flat oxide mineral surfaces may be affected by secondary 

phenomena like preferential physical adsorption of hydroxide ions at pH > 4 [20, 26]. We suggest 

that with a combined set-up to measure both a macroscopic interfacial potential and the molecular 

structure based NLO signal a more rigorous and less ambiguous relation between quantities can be 

obtained. At the same time such measurements avoid the sample preparation/origin problem and 

will ultimately help to relate NLO signals to the corresponding potentials in the electrical double 

layer. Alternatively such set-ups will show that the relation is not trivial. 

 As a step into this direction  we designed a cell that allows to measure the zeta-potential and the 

SHG signal on one surface. The set-up was tested in scoping applications on three different systems.  

First we use the newly designed cell to verify the SHG capabilities by testing the fluorite-water 

interface for flow and no-flow conditions, under equilibrium and non-equilibrium conditions. This 

part was intended to verify the NLO signal under flow against existing data [27]. No attempt was 

made to extract zeta-potentials for the non-equilibrium conditions.  

As a second system we chose an inert surface to study the relationship between NLO signal and zeta-

potential close to the IEP and to minimize non-equilibrium effects. Also at present, the streaming 

potential in the combined flow cell is measured against an inert (PTFE) surface. Since inert surfaces 
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exhibit generic behavior with IEP ~ pH 4, an OTS (octadecyltrichlorosilane)-coated sapphire-c is an 

ideal test system because its interface with water is accessible to NLO, and it is expected to show pH-

dependent charging very similar to PTFE. With this system we studied the extent to which flow would 

affect  interfacial water structure, compared to the same system under no-flow conditions. 

The third system tested was an aged sapphire-c surface with an intermediate IEP. It exhibits 

traditional zeta-potential vs. pH behavior of an oxide surface and should for example avoid the 

hydroxide adsorption problem that is still under debate for inert surfaces. In the experiments we  

obtained for the first time a direct comparison between the zeta-potential and NLO signal for 

identical samples and under identical conditions over a wide range of pH-values.  

We stress that the cell can be used for the combined measurement with any flat interface that is 

appropriate for NLO studies under the geometrical constraints of the cell. Ultimately, knowing both 

zeta-potential (as an approximate value for the diffuse layer potential) and “inner” surface potential 

might allow to quantify the NLO signal from well constrained interfacial properties, ideally without 

the need to involve surface complexation models. The present experimental development is a first 

step towards this goal.  

 

Materials and Methods 

Materials 

Ultrapure water (18.2 MΩ cm) with total organic content below 4 ppb was used to prepare all 

solutions. The KCl salt (suprapur, Merck) was dried in an oven at 120 °C prior to use. For pH 

adjustment we used KOH (50 mM, Kraft) and HCl (50 mM, prepared from 1 M standard, VWR).  

Three distinct sample surfaces were used, i.e.  

(i) a fluorite prism (equilateral, i.e. 60°, 25 mm x 25 mm x 25 mm from Crystran, Dorset, UK)  in 

contact with NaF (p.a., Riedel de Haen) or HCl of known concentration (prepared from 1 M VWR 

standard) solutions,  

(ii) a sapphire-c prism (Kyburz, Safnern, Switzerland) and sapphire-c single crystals (Mateck, Aachen, 

Germany) that were coated by OTS, and  

(iii) a sapphire-c prism (Kyburz, Safnern, Switzerland) that had been aged for several monts in MilliQ 

water until it produced an IEP distinctly above the IEP of 4 obtained for unaged sample of the same 

sources.  

The sapphire-c prism that was aged had the geometry of the fluorite prism. The sapphire-prism that 

was coated with OTS was equilateral as well, but had dimensions of 15 mm x 15 mm x 15 mm.  

Surface preparation 

To produce the inert surface, i.e. the OTS-coated sapphire-c water interface, a prism sample was 

used that exposed the c-plane as the hypotenuse. This sample was used for combined SHG/SP 

measurements. Flat window sapphire-c crystals (Mateck, Aachen, Germany) were coated in the same 
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way for contact angle-measurements. All sapphire-c substrates were covered by OTS using previously 

published methods [28]. The resulting contact angle (sessile drop) was around 70 degrees, which is 

somewhat lower than the 90 degrees contact angle obtained elsewhere [28]. The chemicals used 

were octadecyltrichlorosilane (OTS, p.a., Merck), toluene (p.a., Merck), sulfuric acid 95-97 % (p.a., 

Merck), and hydrogen peroxide 30 % (p.a., Merck). 

The measurements with the fluorite sample were done after the experiments with the OTS-covered 

surface, because the data with the OTS system did not reveal any effect of flow. To verify the set-up 

with a system that is known to produce flow effects,  the fluorite prism from the same source as 

previously used for the SFG study by Lis et al. [27]  was tested. The sample was prepared as described 

by Lis et al. [27]. 

The series of measurements with an uncoated sapphire-c prism involved a specimen that  had been 

extensively used in previous measurements with simple KCl and NaCl electrolytes and was 

subsequently kept for several months in MilliQ water. . Prior to use in the present work, this aged 

sapphire-c sample was cleaned according to previously described procedures [20, 29]. 

Measurements with the unaged prism revealed the behavior as a function of pH that is expected for 

an ideal sapphire-c surface with IEP around pH 4 [21]. Preliminary measurements with the aged 

sample showed that the IEP was above pH 5.5. Modifying the surface of fresh sapphire-c by adding 

dissolved Al changes the behavior and increases the IEP up to pH 9 [30]. Although this can be partially 

reversed, the IEP stabilizes  above pH 5 according to previous studies [30] as does the aged sample.  

 

Set-up and cell description 

Second Harmonic Generation component 

SHG is a powerful and simple surfacesensitive spectroscopic tool for studying interfacial molecules 

[9, 31]. The amplitude and polarization of the generated field, as a function of the polarization of the 

incident fields, carry information on the abundance and structure of the interfacial molecules 

between two isotropic media [32-34]. Our SHG set-up has been previously described in some detail 

[35].  In brief, two femtosecond laser pulses at 800 nm are mixed at a solid/water interface in a co-

propagating, total internal reflection (TIR) geometry from the prism side to generate the SHG light at 

the prism hypotenuse/water interface. The TIR geometry provides additional enhancement of the 

SHG signal if the incident beams are close to the critical angle, as in this work. While some 

experiments were carried out with a single fundamental beam, in other experiments, two incident 

beams at two slightly different angles were applied. The two beams were allowed to overlap in space 

and time at the interface, mimicking SFG set-ups. This allows better separation between the 

background accompanying the fundamental beam and the signal from the probed interface. In the 

single incident beam experiments, the PP (P-polarized SHG output, and P-polarized beam 1 input) 

polarization combination was used. In the experiments with two incident beams, PPP (P-polarized 

SHG output, P-polarized beam 1 input, and P-polarized beam 2 input) and SSP (S-polarized SHG 

output, S-polarized beam 1 input, and P-polarized beam 2 input) polarization combinations were 

used. The advantage of the SSP configuration is that only one component of the surface nonlinear 

susceptibility tensor, 
𝑦𝑦𝑧
(2) , is probed independently of the incident angle. The PPP (or PP) 

configuration, instead, probes four components (
𝑥𝑥𝑧
(2) ,

𝑥𝑧𝑥
(2) ,

𝑧𝑥𝑥
(2) 𝑎𝑛𝑑 

𝑧𝑧𝑧
(2) ) with respective weights 
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depending on the angle of incidence [34, 36]. Only for the incident angle equal to the critical angle of 

TIR all components are zeroed except (
𝑧𝑧𝑧
(2) ). In all of the SHG experiments, the signal was collected 

at the liquid/sample interface using TIR geometry under either no-flow or flow conditions 

Streaming Potential component 

In the streaming potential part of the experiments a solution is forced through a flow channel of 

well-defined geometry under a given applied pressure. The commercial SurPass apparatus (Anton 

Paar, Graz, Austria) for streaming potential measurements was adapted for use with the new cell. 

Specifically the electrodes and pressure sensors were used outside of the apparatus and connected 

to the new cell mounted to an optical table in such a way that the SHG could be measured on a given 

sample prism / water interface. The newly designed flow cell (Fig. 1) was rebuilt in PTFE from the 

inset of the standard clamping cell of the SurPass . As a consequence, on of the two relevant surfaces 

in the flow channel is a PTFE surface. The standard SurPass seal films serve as spacers to generate a 

defined channel geometry, see Fig. 2. In cases where the prism was sufficiently large (fluorite and 

aged sapphire prisms) the standard channel can be used. For prims with too small dimensions a 

separate PTFE block can be designed to adjust the flow channel accordingly. The cylindrical 

electrodes and the pressure sensors of the standard SurPass equipment can also be used. The 

SurPass software collects all the data and stores them.   The zeta-potential of the SHG probed surface 

is measured with respect to a reference surface (i.e. the PTFE side of the channel). The PTFE 

properties are determined independently with the same cell geometry, which allows the zeta-

potential of the sample surface that is probed by SHG to be calculated from the equation  

sample = 2exp – ref       (1) 

In this equation sample is the zeta-potential of the sample surface of interest, i.e. here the one that is 

examined via NLO, exp is the experimentally observed zeta-potential, caused by flow of the solution 

through the channel bounded by  the two surfaces, and  ref is the known zeta-potential of the 

reference surface (here PTFE).  

To ensure that a change in channel dimension does not affect the measurements, the reference 

measurements were performed with identical flow channels. For the OTS system the measurements 

showed that sample of interest and reference sample were behaving identically. Furthermore, the 

reference surface with the reduced channel gave the same results previously reported for PTFE [37].  

 

Combined measurement set-up 

The PTFE block is fixed to the optical table by a screw (Figure 1) in such a way that it will not move 

during the measurements involving flow of solutions. The prisms used for measurement can be 

pressed against the spacer that generates the flow channel. The internal SurPass pumps can be used 

(for example in rinse mode to give constant pressure or in a typical streaming potential experiment 

to generate pressure ramps). Alternatively, an external pump can be used to generate constant 

pressure for extended periods and increase the applied pressure above the SurPass limits. No 

leakage was observed during our experiments. Only when the pressure was increased above 1000 

mbar using the external pump, we observed leakage. As a consequence attempts to generate 

turbulent flow were discontinued for the time being. The SurPass pH and conductivity electrodes are 
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used in the solution reservoir. The solution can be pumped in a closed circle or involve fresh solution 

that is pumped through the cell towards a waste.  

 

 

Figure 1. Sample cell used for simultaneous SHG and streaming potential measurements. The cell is 

made of PTFE. The flow channel is about 150 µm thick, 25 mm long and 10 mm wide in the case of 

the sample prism used here (Sapphire prism). Pressure sensors and measurement electrodes are 

those supplied with the Anton Paar apparatus. Solution can be supplied from reservoir either via the 

SurPass pumps, or via an external pump. Solutions can be pumped in a closed circle, or from a 

reservoir to a waste container. The electrode and pressure measurements, as well as data recordings 

are controlled by the Anton Paar software.  

 

 

Solution/outlet
To reservoir or waste

Pressure sensors

Flow cell

Solution tubes towards 
measurement channel

Sapphire prism
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Figure 2. Schematic drawing illustrating the design of the flow cell used to measure SHG and 

streaming potential simultaneously. The left panel shows the cell turned by 90 degrees. The 

streaming potential was measured under pressurized flow while the SHG signal was collected at the 

liquid/sample interface using TIR geometry. 

 

The experiments were carried out in a thermostated room at 20.5 °C  0.1 °C. All solutions and 

samples were stored in the room for a sufficiently long period to assure constant temperature 

conditions. 

 

Results and discussion 

SHG on the fluorite system 

Figure 3 shows the SHG results obtained  on the fluorite prism with non-equilibrium (Figure 3a) and 

equilibrium solutions (Figure 3b). Our experiments replicate conditions by Lis et al. [27]. The NLO 

signal was recorded in PPP configuration and flow was generated with an external pump. The results 

show that flow of non-equilibrium solutions strongly affects the NLO signal from the fluorite aqueous 

solution interface, in agreement with what has been previously observed by Lis et al. [27] by SFG. 

Flow enhances the signal, and stopping the flow caused a gradual relaxation of the SHG signal 

towards the no-flow value as previously observed by Lis et al. [27]. Increasing the pressure resulted 

in a stronger SHG signal. . The black squares at the no-flow points indicate conditions prior to  

switching the flow on. The higher the applied pressure, the longer it takes for the signals to relax 

once the flow is stopped. For the two highest applied pressures no attempt was made to retrieve the 

no-flow signal. Furthermore, higher flow velocities appear to cause much stronger fluctuations in the 
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signal. The SHG results support the hypothesis that the fluorite surface is strongly perturbed by 

continuous flow of a non-equilibrium solution. Such NLO data can conveniently be used to assess 

whether a system is at equilibrium or at steady state under given conditions. Our results clearly show 

that with non-equilibrium solutions a fluorite surface is not even at steady state for extended 

durations of applied constant pressure.   For a reasonable streaming potential experiment however 

the variation of the equilibrium state of the surface with applied pressure needs to be excluded. To 

verify if a steady state can be obtained, longer measurement times were applied at 200 mbar applied 

pressure. The variation of the SHG signal  indicates changes  in surface chemistry even after 1000 

seconds. Non-equilibrium states such as those shown in Figure 3a would also occur during a pressure 

ramp (where in typical experiments the applied pressure goes from 100 mbar to 300 mbar within 30 

seconds). However, the SurPass software would not allow to identify such a non-equilibrium state. 

Therefore, it is attempted in the usual experimental procedure to avoid the occurrence of non-

equilibrium situations during the pressure ramps via equilibration of the surface with the respective 

solution in a rinse cycle (closed system). The duration of this equilibration step prior to the pressure 

ramps is user-defined.  

The strong flow effect initially reported by Lis et al. [27] was interpreted in the sense that the fresh 

solution that is constantly supplied leads to continuous changes at the surface. The NLO signal 

suggests that water molecules are strongly affected during these changes. With the common 

interpretation of the NLO signal in terms of surface potential, the data would suggest that much 

stronger electric fields occur under the non-equilibrium conditions i.e. during dissolution, compared 

to equilibrium or no-flow conditions. For no-flow conditions local equilibrium is probably quickly 

established and then remains unperturbed. More detailed discussions on this can be found in the 

original paper, but we believe that more experimental work, for example with defined 

undersaturation in the solutions, could yield valuable new insight in dissolution of mineral surfaces.  

Based on the results with the fluorite crystal, one obvious advantage of our cell is that we can easily 

verify if a given surface is in equilibrium (or exhibits a steady state) in contact with a given solution. 

Equilibration may be a problem for rather soluble solids such as calcite or fluorite. In principle the 

solution compositions for such systems at equilibrium are controlled by the solubility. Equilibration 

during the SurPass measurements would take a long time for the inherent high solution volumes  

(500 ml) and small surfaces (4 cm2 in the gap cell). One simple way to avoid  this problem is to use 

solutions that inhibit dissolution. As shown in Figure 3b the presence of 4 mM NaF (which suppresses 

dissolution) eliminates the flow effect. The zeta-potential measured for the conditions of Figure 3b 

was (11.8 ± 1.6) mV.  
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a) 

 

 

b) 

 

 

Figure 3. Effect of flow (as given by the applied pressure in mbar) on the SHG signal from a fluorite 

surface at (a) pH 2.6 (HCl) and (b) in the presence of 4 mM NaF at pH 3 (HCl). The scales of the y-axes 

are the same to facilitate direct comparison.  
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Separate SHG and SP measurements on OTS coated sapphire-c 

As a second sample an OTS coated sapphire-c prism, exposing an inert surface to the NLO 

measurements, was considered because (i) flow effects in the SHG signal due to substrate dissolution 

were not expected, and (ii) the PTFE reference  used in the zeta-potential measurement is another 

inert surface. Flow or aging effects would have occurred if the coating had been deteriorating during 

the period of the measurements, but this was not observed.  

Figure 4a shows SHG results for the OTS-sapphire-c/aqueous solution interface. The experiments 

were conducted in a similar way as for the fluorite surface. Only one beam was used in this 

measurement series, which facilitates alignment. On Figure 4a, we plot the SHG field for PP 

configuration as a function of the applied pressure for three different pH values. No effect of flow is 

observed based on the absence of a change in the SHG signal for flow and no-flow conditions while 

changing the pH clearly affects the signal. The absence of a flow effect with time suggests that the 

interfacial water structure is not changing due to the flow. This is perhaps expected since on the inert 

surface we expect a slip-boundary condition.  

Unlike for the fluorite system, the constant value of the SHG signal for a given pH and variable 

pressures indicates equilibrium. With this knowledge the Anton Paar device can be used to extract 

the potential difference (U) between the two electrodes (Figure 1) at a given applied pressure. In 

Figure 4b we compare data for constant pressure conditions with a standard pressure ramp (open 

symbols) obtained for the same conditions. The agreement obtained with different procedures 

proves that the use of the cell outside the SurPass apparatus and beyond the typical pressure ramps 

yields reliable data even when an external pump is used. This is important because with an improved 

cell, and with the use of an external pump we expect to be able to cover pressures beyond the range 

allowed by the Anton Paar device, which would eventually allow us to study turbulent systems. For 

turbulent systems we would expect changes in the water structure, when switching from no-flow to 

flow conditions. Ultimately, the set-up could then be used to study the onset of turbulence.   

The IEP of the OTS surface sample was found at pH ≈4, which is typical for many inert materials [38-

40]. The IEP of the reference system (two PTFE surfaces) and the zeta-potential coincided with those 

of the system exposing the PTFE and the OTS-covered sapphire-c surfaces  (i.e. when the OTS coated 

sapphire replaced one PTFE surface) so that corrections via equation (1) were not required. Figure 5 

shows the relation between the determined zeta-potentials and the SHG signals for the three pH 

values studied. In Figure 5a we use the constant pH SHG data (symbols) from Figure 4a, while in 

Figure 5b the SHG are those obtained for flow conditions (lines in Figure 4a). Both sets of data 

suggest a linear relationship, but this is not surprising, since in the vicinity of the IEP, zeta-potentials 

are usually linear (see SI). Previous studies using SHG also report linear relationships between the 

second harmonic field and the pH [18], see SI. It is also remarkable that at the IEP, despite the 

reversal in the sign of net charge in the zeta-potential, no inversion of some kind occurs in the SHG 

signal, while it does in SFG data. The absence of such an inversion in SHG studies has been previously 

reported for numerous cases [18, 41] and requires the assignment of the point of zero charge via a 

point of zero salt effect.  
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a) 

 

 

 

 

b) 
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Figure 4. SHG and SP data for OTS-coated sapphire-c. a) SHG Field as a function of applied pressure 

for different pH values, no extra background electrolyte was added. The data points show results 

collected for constant pressure conditions at a given pH. Error bars are standard deviation. For each 

pH value the full line corresponds to the SHG signal collected during the zeta-potential measurement. 

The two respective dotted lines for each pH are the error bars for these SHG data (standard 

deviations). b) Pressure ramp constructed from the measured potential (U) at constant pressure(p, 

full symbols, noted “constant p”, the error bars correspond to standard deviations) as obtained 

during the series of SHG measurements at pH 4.6 in a) and pressure ramp from a distinct streaming 

potential measurement with software control (open symbols, noted “increasing p”, here individual 

points are shown).  

 

The observed linear relation between zeta potential and SHG signal does not imply that the SHG 

signal is caused by the interfacial potential obtained by the streaming potential technique, since the 

“inner” surface potential typically has a linear dependence on pH as well for most oxide minerals, as 

for example measured by Bousse and Bergveld for alumina between pH 2 and 5 in NaCl solution [42] 

(see SI) or at inert surface as measured for the gas water interface between pH 2 and 3 in HCl 

solution by Kallay et al. [43]. Additional examples for the “inner” surface potential from the literature 

are discussed in SI. A clear difference between diffuse layer and “inner” potentials occurs under 

conditions sufficiently far from the point of zero charge, where the zeta-potential levels off, while the 

“inner” surface potential continues to have a linear relationship with pH. Experiments have been 

reported in which combined streaming potential and surface potential measurements were carried 

out [44, 45]. These are shown in SI, and clearly show that zeta- and “inner” surface potential will 

cease to be proportional. In SI we also discuss salt dependence. From the available information, it 

might be concluded that the “inner” surface potentials of many minerals does not strongly depend 
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on “inert” electrolyte concentration, while zeta-potentials or DLVO-potentials show the typical 

double layer screening behavior, which is found in SHG experiments as well (see SI).  

a) 

 

b) 

 

Figure 5. Relation between measured zeta-potential using conventional ramps and non-linear optical 

signal for OTS covered sapphire-c for no flow conditions (a) and flow conditions (b). The IEP is found 

close to pH 4, as for most inert materials. Error bars are standard deviations. 
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Since the data from Figures 4 and 5 contain so far unpublished information,  we will discuss in detail 

the absence of a flow effect on the interfacial water dipole orientation observed on a hydrophobic 

surface based on molecular dynamics (MD) simulations. While such absence can be taken as an 

indirect piece of evidence that the flow effects observed in systems with significant solubility (like 

fluorite [27], c.f. Figure 3a) are indeed related to dissolution, the expected absence of such 

dissolution reactions in the case of the OTS-covered sapphire crystal suggests that interfacial water 

structure is insensitive to  flow or no-flow conditions. In other words, when switching on flow the 

interfacial water molecules are just pushed through the channel without re-orienting. To assess the 

validity of this hypothesis, we relate the experimental measurements to all atom molecular dynamics 

(MD) simulations for water on a hydrophobic substrate. Although the experimental and the 

simulated substrates are different, as clearly manifested, e.g., by the contact angle, which is lower in 

the experimental case than in the simulated system,  the MD simulation results support the 

experimentally observed absence of a flow effect. 

The simulations are conducted implementing protocols described elsewhere [46, 47]. More details 

are given in SI. In short, a model surface is prepared using a cubic crystal lattice and maintained rigid. 

To estimate the contact angle a small droplet of water is placed on the surface, and  analyzed once 

equilibrium has been achieved. The procedure mimics the experimental sessile drop approach. To 

mimize computional cost, the drop was kept so small that the line tension is expected to affect the 

calculated contact angle. Although an alternative approach to simulate contact angles in simulations 

[48], for the current purpose our prior approaches were deemed sufficient since  a the contact angle 

is not necessarily the most important descriptor for the observation of hydrodynamic slip at the 

liquid-solid interface [49]. The strength of interactions between the atoms in the solid and the water 

molecules, the distribution of the solid atoms on the surface, and the physical matching between the 

size of the water molecules and the lattice of the atoms in the solid are all important parameters. 

Our primary goal was to generate hydrodynamic slip. For the estimation nof the contact angle with 

our previous approaches a drop with 1,000 SPC/E water molecules was simulated [50]. Interactions 

between solid atoms and water molecules are described via dispersive interactions alone (i.e. via 

Lennard-Jones potentials) with parameters obtained from those of the pure compounds via Lorentz-

Berthelot mixing rules. The Lennard-Jones parameters for the solid are tuned until the contact angle 

is above 90 degrees. To quantify the effect of flow on the properties of water molecules within the 

hydration layer, we set-up a 2 nm wide slit-shaped channel, filled it with water, and imposed flow 

while maintaining the solid substrate rigid. The algorithm is similar to that previously implemented 

[51]. In the flow simulations, the surfaces are kept rigid and water flow is in the direction parallel to 

the surface due to an imposed acceleration of 1 nm/ps2 forced on each water molecule. Figure 6 

shows the simulation snapshot for the system used to quantify the contact angle (top panel) and that 

for the system used to quantify the effect of flow (middle panel). The bottom panel of Figure 6 shows 

the velocity of water molecules as a function of their position within the slit-shaped pore once the 

flow has been imposedIt can be seen that the velocity profile is flat across the pore, indicating plug 

flow, so that hydrodynamic slip is achieved. 

The major purpose of the simulations was to find out whether the imposed flow affects the structure 

of water molecules within the hydration layer that would be probed by SHG. The density profiles of 

oxygen and hydrogen atoms of water molecules within the slit shaped pore and the orientation of 

water molecules within the first hydration layer,  identified by the density profiles,  are shown in 
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Figure 7 for no-flow and  for fully established flow. No discernible difference is observed in the 

density profiles (top panels) or concerning the orientation of water molecules (bottom panels) 

whether flow occurs (right panels) or not (left panels). Regarding the orientation of the water 

molecules within the first hydration layer the results show three preferential orientations for the OH 

bond of water molecules: (i) OH bond points towards the surface (cos(Θ) = -1), (ii) OH bond remains 

parallel to the surface (cos(Θ) = 0), and (iii) OH bond points to the center of the flow channel (cos(Θ) 

= 1). As a conclusion, the results of the MD simulations indicate that flow has no effect on the 

orientation of water molecules within the first hydration layer on an inert surface, which  agrees with 

the concomitant SHG data.  
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Figure 6. Simulation snapshots representing the systems used for the simulations presented here. 

Top: A drop of 1000 water molecules is simulated on a hydrophobic surface. Surface area is 8.4x8.4 

nm2. The algorithm replicates the sessile drop experimental procedure. Middle: Simulation set-up to 

study the effect of flow on the properties of interfacial water. A slit-shaped 2 nm wide pore  is filled 

with 1632 water molecules. The surface area  is 5.25 x 5.25 nm2.. Bottom: Velocity of water 

molecules as a function of their distance from the bottom surface within the slit-shaped pore of the 

middle panel once the flow has been established at steady states.  
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Figure 7. Top: Oxygen (solid) and hydrogen (dash) atomic density profiles for water molecules as a 

function of position in between the two surfaces within the slit-shaped pore used for the flow 

simulations (middle panel of Figure 6). Bottom: probability distribution Pcos(Θ) of the cos of the angle 

Θ formed between the vector normal to surface and the OH vector of water molecules. Only water 

molecules found in the first hydration layer (from the surface to first minima in the oxygen density 

profile) are used for this calculation. For both top and bottom panels the results are shown at 

equilibrium, when no flow is imposed (left panels) and when the imposed flow is established at 

steady state (right panels).  
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Simultaneous SHG and SP measurements on aged sapphire-c 

The measurements on the aged sapphire-c sample involved fully automated titrations from high to 

low pH. Streaming potential measurements were conducted simultaneously with the SHG data 

collection using the cell shown in Figures 1 and 2. One run was carried out under PPP and another 

under SSP polarization combination. The NLO data sets in the figures discussed in the following 

sections were scaled to allow better comparison between the PPP and SSP signals.  

Figure 8 shows the results of the two titrations. The corrected zeta-potentials show excellent 

reproducibility (Figure 8a). The IEP of the aged sapphire-c is at pH ~ 5.7, higher than for unaged 

samples. At pH values sufficiently far from the IEP, the typical plateauing of the zeta-potential is 

observed. At very low pH the increase in ionic strength may explain the slight decrease in zeta-

potential observed with decreasing pH. The simultaneously obtained SHG data are shown in Figure 

8b for the two optical configurations. A clear pH-dependence is observed, but interestingly the 

trends for PPP and SSP differ from each other in the plateau region of the zeta-potential at low pH. 

The two polarization combinations refer to different structural features. The SSP signal arises from 

dipole oscillations along the surface normal, i.e. perpendicular to the surface plane. This is the 

direction in which the electrical double layer evolves. The PPP signal instead, unless measured 

exactly at the critical angle, is rather a mixture of different contributions. Assuming that 

deprotonation of so-called in plane hydroxyl groups takes place, the net dipole moment in plane 

would be predominantly affected, while the deprotonation of out-of-plane hydroxyl groups would 

primarily affect the dipole moment perpendicular to the surface. The two groups exist on the ideal 

oxygen terminated sapphire-c surface, but with the aged surface a more detailed discussion in this 

sense would be hypothetical.  
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a) 

 

b) 

 

Figure 8: Panel (a): Results from streaming potential measurements using the cell set-up shown in 

Figure 1 for a continuous pH titration started at high pH > 7 (initial addition of a drop of KOH) in 1 

mM KCl. Open and full symbols show individual titrations. The data are corrected for the contribution 

of the reference surface. Panel (b): Scaled SHG data collected during the two runs of streaming-

potential measurements shown in panel a. In one experiment the PPP configuration was 

implemented, while in the other SSP was used. 
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To illustrate directly whether for plateau-situations (Figure 8a), a linear relationship between NLO 

signals and the zeta-potential as in Figure 5 is still retrieved in Figure 9 the SHG signals and zeta-

potentials measured simultaneously were plotted versus each other for both polarisations. The 

results suggest that the SSP signal yields a fairly linear relationship with zeta-potential. For the PPP 

configuration we observe a deviation from the linear dependence. In fact the NLO signal continues to 

decrease with decreasing pH, while the zeta-potential levels off. From the shape of the curves, the 

SSP signal seems to relate to zeta-potentials, while the PPP might perhaps rather represent “inner” 

surface potentials that are supposed to further increase with decreasing pH. In light of the recent 

results by Wen et al. [23] the mixing of χ(2) and χ(3) contribution depends on the polarization 

combination, and the relative contribution from the χ(2) (Stern layer) and from the χ(3) (diffuse layer) 

is different in the two cases. Quantification of these aspects cannot be attempted at present, since 

one of the two incident beams is slightly off the critical angle,  and different components of the 

nonlinear susceptibility tensor will under these conditions contribute to the PPP signal. It is not the 

aim of the present paper to develop a quantitative description of the NLO signal based on a surface 

complexation model. This is planned for the near future with more extensive data sets, where the 

salt level will be varied as well. 

 

 

Figure 9. Scaled SHG signal (from Figure 8b) vs. zeta-potential (from Figure 8a) obtained for the aged 

sapphire-c surface in 1 mM KCl as a function of pH.   
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Conclusions 

Summary of key findings 

Unlike previous experimental observations with a non-equilibrium system no effect of flow on non-

linear optical signals was observed for a hydrophobic and a hydrophilic surface. The results for the 

hydrophobic surface in this sense agree with the concomitant molecular dynamics simulations, which 

indicate no change in water structure for no-flow and flow conditions.  

The zeta-potentials of two surfaces (hydrophobic and hydrophilic) are proportional to the respective 

second harmonic generation signal in the vicinity of the isoelectric point. For the hydrophilic surface, 

depending on the polarization combination in the non-linear optical measurements, such 

proportionality occurred either over the full pH range tested (SSP) or showed divergence from the 

linear behaviour when the zeta-potential achieved the typical plateau (PPP).  

Highlight of hypothesis, new concepts and innovations 

Hypothesis: Non-linear optical signals from mineral surfaces have been interpreted in terms of 

surface potentials. However, the salt dependence of the NLO signals appear to be much more 

indicative of diffuse layer potentials (which are expected to be close to zeta-potentials). Previous 

models have used purely diffuse layer approaches to model the NLO signals. However, purely diffuse 

layer models are known to be inadequate in precisely simulating surface charge (and thus surface 

potential) of mineral surfaces.  

New concept/innovation: A set-up has been tested that allows without ambiguity to measure zeta-

potential AND second harmonic generation on the same flat surface. The second harmonic results 

also show the presence or absence of a surface chemical steady state.  

 

Summary of key improvements compared to findings in literature 

Previous measurements of NLO under flow have resulted in surprising observations [27]. The change 

of the signal under flow compared to no-flow situations in those cases were probably caused by 

dissolution processes occuring with non-equilibrium solutions, since the effect could be surpressed in 

equilibrium solutions and with more stable surfaces.  

Set-ups for combined measurements of surface and zeta-potential [44, 45] or reflectivity and zeta-

potential [53] on a given surface have been previously used and show the interest in combined 

experimental data. We are convinced about the usefulness of such data, because they will avoid the 

ambiguities in the comparisons of separate measurement. In the present work, a set-up is designed 

that for the first time unambiguously relates macroscopic zeta-potentials to molecular level 

information concerning interfacial water structure on a flat surface.  

 

Limitations of the new cell 

For the purpose of combined SP/SHG measurements, the cell can in principle accommodate any 

sample that is suitable for NLO measurements. Ideally the sample is present as a prism or 
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hemisphere, large enough to cover the flow channel. Using an optical coupler, it is possible to use 

any flat surface with appropriate optical properties. The SP method is limited to salt levels below 50 

to 100 mM, with 100 mM being the upper limit. However, this does not apply to the NLO 

measurement which can be extended to saturated salt solutions.  

 

Vision for future work 

As alluded to before it might be possible to combine the set-up with a device for “inner” surface 

potential measurements. Combined streaming and “inner” surface potential measurements (ISFET) 

have already been performed more than 25 years ago [44, 45]. Alternatively, inclusion of a single 

crystal electrode [22] in the existing set-up could be attempted.  

From the optical point of view an upgrade to sum frequency generation is possible, which would also 

allow to measure second harmonic and sum frequency generation on a given sample, controlling the 

identity of the surface through a zeta-potential measurement for example. Finally measuring the 

reflectivity could allow to obtain direct information about ion-adsorption [52]. This latter technique 

has also been previously combined with streaming potential measurements [53]. Combination of all 

these methods has the potential to yield unprecedented experimental data on one solid/solution 

interface, which will be ultimately required to resolve for example the ambiguities in surface 

complexation models.  

This will help not only in experimentally establishing fundamental relationships between interfacial 

potentials and non-linear optical properties on IDENTICAL surfaces, but also to overcome the 

problems related to the overparameterisation of surface complexation modes.  

In principle with the use of an external pump, temperature variations can be studied. Although this 

has not yet been tested, we expect that as along as the cell is not leaking zeta-potentials can be 

measured as well over a wide range of temperature. The SurPass software has built in temperature 

corrections 
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