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Abstract—The pH and ionic strength dependence of light generated at a corundum-solution interface by the
nonlinear optical process of second harmonic generation (SHG) is reported. A point of zero salt effect occurs
in the pH range 5 to 6. TheH and ionic strength dependence of the SHG is qualitatively consistent with a
model describing SHG from a charged mineral/water interface from Ong et al. (1992) and Zhao et al. (1993a,
1993b), but certain aspects of the model appear inadequate to describe the full range of our data. Atomic force
microscopy (AFM) force-distance measurements, though imprecise, were consistent with a point of zero
charge (p.z.c.) for the interface also in thid range 5 to 6. The SHG (and AFM) results are different from
expectation; the observed p.z.s.e. (and presumably also the p.z.c.) is considerably lower than the accepted
point of zero charge of clean alumina powdep (8—9.4; Parks, 1965; Sverjenksy and Sahai, 1996).
Although the reasons for this are unclear, SHG holds promise as a probe of oxide-water interfaces that is
independent of interpretation of acid-base titration stoichiome@gpyright © 2001 Elsevier Science Ltd

1. INTRODUCTION models that relate surface charge density to surface potential
S . . (e.g., Parks, 1990; Hayes et al., 1991). It remains difficult to
Chemical interaction between mineral surfaces and aqueous. S )
; . . . : : independently assess the applicability of particular models to
environments is of interest in understanding the chemistry of P . . : :
: ; . .~ specific situations because, for electrically insulating oxides,
soils, aquifers and other near-surface environments. One im-

. . ; . surface potential cannot be measured directly.
portant aspect of mineral-water interface geochemistry is the . . - .
: Mineral p.z.c. has been systematized using a solvation model
development of surface charge as a functiorpldfand elec-

trolyte composition/concentration. Mineral surface charge af- incorporating the average bulk dielectric_ constant of th_e soliq
fects partitioning of aqueous solutes between mineral surfaces(sverjens.ky‘ 1994; Sve_rjensky and Sahai, 1996). The dl_electrlc
and agueous solution, the transport of aqueous ionic speciescC/'Stant is often an anisotropic property, and may be different
q . S port 9 ¢ Sp at an interface than in either bulk phase. Different crystallo-
through aquifers, interaction of particles in suspensions, and . . .
many other processes. Mineral surfaces develop charge ingraphlc surfaces may therefore have dlffergnt char_acterlsyc
several ways, an important one being the adsorption of aqueousp'z'c' values. As an example of crystallographically anisotropic

; . . adsorption, phosphate adsorption on aluminous hematites oc-
ions from solution (e.g., protons and counter ions of the elec- . .

. . curs preferentially on non-basal faces such that total adsorption
trolyte; Sposito, 1998).

It is widely accepted that Hand OH are potential deter- capacity d_ecrea_ses as the ra,tlo of the diameter to the thickness
L : . . of the particles increases (Bamret al., 1988; Colombo et al.,
mining ions (p.d.i.) for refractory metal oxides in aqueous

solution (Parks, 1965, 1990: Stumm, 1992; Stumm and Mor- 1994). Such structure-reactivity relations could be tested for
gan, 1996) an,d surf:':lce cr;arge ca'n thus' be expressed as Rroton sorption if there were a method for measuring the p.z.c.
func,tion ofp;H The point of zero net proton charge (p.z.n.p.c.) of specific crystal faces. Potentiometric titrations utilize pow-

is defined as theH at which surface sites with positive and ders to maximize mineral surface area, which generally does

negative charge developed by proton adsorption or desorption not allow for discrimination between .dlfferent crystal faces
occur in equal numbers (Sposito, 1984). If there are p.d.i. other (although one example of the use of microelectrode voltamme-

than H™ and OH", a more generally defingaH of the point of try has been presented; Unwin and Bard, 1992). .
zero charge (p.z.c.) can be defined that accounts for surface The work reported here represents a step toward developing
charge resulting from ions other than*Hand OH . The methods that allow for both stoichiometry-independent assess-

p.z.n.p.c. and p.z.c. are important parameters for understandingmem of surface potentials and for crystal-face specific mea-

the surface chemistry of minerals in agueous solutions (Sposito, Eureme_nt of p.z.c.t_valuessl._'\c/_:‘Ve repc)jorttthe_us:? of optlt_:al second
1984, 1998: Stumm, 1992). armonic generation ( ) and atomic force microscopy

(AFM) force-distance measurements to measure a point of zero
salt effect (p.z.s.e.) and a p.z.c. for a corundum-water interface.
Corundum (sapphirex-Al ,05) was chosen because alumi-
num (hydr)oxides are ubiquitous in soils and aquifers; although
corundum is itself rare in low-temperature agueous environ-
ments, it has been shown that surface sites readily hydroxylate

* Author to whom correspondence should be addressed (astack@ tO @ gibbsite-like phase at water vapor partial pressuresiof
uwyo.edu). Torr (Liu et al., 1998). Additionally, it is optically transparent
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Mineral p.z.n.p.c. and p.z.c. are generally defined in relation
to acid-base titrations of powder suspensions. From such stoi-
chiometric data, surface potentials and thereby thermodynamic
values such agKs for surface ionization can be extracted from
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and available in relatively large crystals needed for SHG ex-
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ability is independent gbH or ionic strength (Ong et al., 1992,

periments. For these reasons, corundum is a defensible andZhao et al., 1993a, 1993b). Thé® term, considered in cen

frequently used proxy for aluminum (hydr)oxide phases that
are more common in natural settings (e.g., O’Connor et al.,
1956; Bargar et al., 1996; Elam et al., 1998).

2. SHG AT CHARGED INTERFACES

Second harmonic generation (SHG) has been used to gather

information about adsorbate concentration and molecular ori-
entation from a variety of optically accessible interfaces, in-
cluding solid/liquid interfaces (see, e.g., Eisenthal, 1996). SHG
is useful for the study ofppH dependent surface properties
because: 1) it is an in situ technique; 2) it can be inherently
interface sensitive; and 3), its relatively small sampling area
(approx. 1 mm) makes examination of individual crystal faces
possible.

The electric field portion of light varies sinusoidally with
time and can polarize the electron cloud within a molecule
exposed to it. When the magnitude of the electric field is small,

the electron cloud can be described as a perfect harmonic

oscillator, i.e., as the magnitude and sign of the electric field
change, there is a proportional change in the position of the
electrons. If the incident light wave’s electric field is large, the
resultant polarization can be anharmonic and include a signif-
icant component with twice the incident light's frequency,
called the second order polarizatiéi?). P& is responsible for
creating the second harmonic light, and can be described as:

@)

whereE,,, is the second harmonic field strength at frequency
2w, E, is the incident light field, ang‘® is the second order
non-linear susceptibility:

EZLUOCP(ZZL;)) = X(Z) EmEm

X = nda®)

@)

wheren, is the number of molecules giving rise to the SH and
@ is the second-order polarizability (or hyperpolarizability)
of the molecules;a® is a third rank tensor describing the
hyperpolarizability of the molecules involved and reflects the
ability of the molecules to generate second harmonic light as
well as their average orientation (denoted by the brackets).

If only electric dipole terms are considered in the nonlinear
polarization, second harmonic generation is forbidden in a
centrosymmetric phase because the induced polarizations ar
equal in opposite directions and destructively interfere so that
no net SHG occurs. However, at an interface between two

centrosymmetric phases the inversion symmetry is broken and

SHG is allowed. This imparts to SHG its inherent interface
sensitivity in otherwise centrosymmetric systems.

Ong et al. (1992) measured SHG from an amorphous silica/
water interface as a function gfH and ionic strength, and
proposed a model in Whidh(zz“; is the sum of H-independent
“baseline” and gH- and ionic strength-dependent component:

®)

whereW, is the electric potential at the interface (the surface
potential of the mineral), ang® and y® are the second- and
third-order non-linear susceptibilities, respectively. T
term is attributed to an interfacial source whose hyperpolariz-

EZUJO( P<22u)) = X<:2)EwEw + X(ES)EwEw\PO

e

junction with the surface potential, creates an effectyf@

term that depends on the static electric field across the interface
(Lantz and Corn, 1994). Ong et al. (1992) suggest &
reflects the properties of water molecules in the diffuse layer
oriented in the static (d.c.) electric field imposed by the charged
surface.

Using sum frequency generation (SFG, a technique related to
SHG in which photons of different frequency are combined) on
an air/water interface in the presence of a charged surfactant
adsorbate, Gragson et al. (1997) found that the sum frequency
(SF) intensity is not directly proportional to the surface poten-
tial. The dominant portion of the SFG intensity increase is
attributed to an increase in the alignment of potential-oriented
water molecules. The potential-oriented molecules reach a
maximum alignment before the maximum surface potential is
reached, resulting in an asymptotic increase in signal with
increasing surface potential (Gragson and Richmond, 1998a,
1998b; Gragson et al., 1997), rather than a linear increase as
assumed by the Ong et al. (1992) model.

Zhao et al. (1993a) measured the ionic strength dependence
of the SHG from two similar interfaces that had net positive
and negative charge, and found that the direction of the ionic
strength dependence reverses with the sign of the net charge of
the interface. This is attributed to constructive or destructive
interference between thg? and x*® terms of Eqn. 3. When
the average orientation of water molecules produces second
harmonic light in phase with that produced by t& term,
there is constructive interference; destructive interference oc-
curs when they™ term is out of phase with thg® term.

The idea of interference between the terms of Egn. 3 is
supported by Du et al. (1994), who show that the phase of the
SFG signal in resonance with OH vibrations from an amor-
phous silica/water interface shifts 180° between high and low
pH. Toney et al. (1994, 1995) show that there is a 1A shift in
the most probable positions of oxygens igHmolecules near
a charged platinum electrode-water interface when the sign of
the charge reverses. This indicates thgDHinolecules near the
interface are probably reversing their orientation when the
potential changes sign, creating the constructive or destructive
interference with the® term in Eqn. 3.

Here, we apply these models to a corundum-water interface.
Our results are in qualitative agreement with Ong et al. (1992)
and Zhao et al. (1993a, 1993b), but we find that we cannot
arrive at Nernstian potentials in all cases using the model
analytically. We believe that the reason is probably related to
the nonlineark, -surface potential relationship suggested by
Gragson and others. We show that SHG can be used to locate
a p.z.s.e. that should coincide with the p.z.c. of the interface,
and thus that SHG could be used to measure the local p.z.c. of
a single crystal face. As proposed by Ong et al. (1992) and by
Zhao et al. (1993a, 1993b), this is a step toward measuring
surface potential independently of an interfacial charge-poten-
tial model.

3. EXPERIMENTAL

3.1. SHG

Figure 1 is a diagram of the SHG experimental configuration. We
used a Continuum Nd:YAG 10 Hz pulsed laser, with an optical para-
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Fig. 2. AFM height image of the single-crystal corundum prisnx(3
3 um). Z range is 57.7 nm. Numerous polishing scratches are visible.

3.3. Sample and Solution Preparation

Before placing in the fluid cell, the prism was sonicated in heated
methanol and boiled in sulfuric acid for at least 30 min. All electrolyte
solutions were made using 18.2Mcm distilled, de-ionized water and
reagent grade chemicals. Sodium hydroxide and the acid of the anion
in the electrolyte were used to modify tipel of the solutions.

Figure 2 shows an AFM image of the corundum prism surface. The
surface roughness is dominated by polishing scratches. SHG data
collected from this surface may thus not reflect a single crystallo-
graphic surface plane. Auger spectroscopy of the surface revealed only
aluminum, oxygen and carbon (data not shown). All detectable carbon
was removed by light At sputtering (2 min at-1.5 nm per minute),
indicating minor, if any, diamond contamination from the polishing
process.

After SHG and AFM experiments were carried out on the prism
surface as shown in Figure 2, the prism was annealed. The prism was
placed in a furnace at 500 °C, and the temperature was ramped to 1350
°C. Figure 3 shows the prism surface after annealing; relatively wide
terraces have formed. SHG experiments were conducted immediately
after annealing and again after allowing the prism to age in [ For
periods of 5, 10 and 12 d. The step density was measured and it was
determined that the surface was miscut by approximately 5° from the
desired basal crystal face.

Fig. 1. Diagram of SHG experimental configuration. 1040 nm light
from the idler channel of the OPO is focused on the corundum-water
interface of the prism in TIR. The SH light is collected, counted and
averaged using a photomultiplier tube and box car integrator connected
to data acquisition software.

metric oscillator (OPO) set to output 1040 nm light{0 mJ per pulse).

The OPO output was focused on a single-crystal prism of corundum
(Marketech International) in a total internal reflection (TIR) geometry;
the fundamental light reflected off of the solid-water interface from the
solid side of the interface. The prism was obtained with one side
polished on the basal plane; although we did not confirm this orienta-
tion, AFM of this surface after annealing was consistent with the
annealed morphologies of other basal-plane specimens. A continuous
flow fluid cell was constructed so that the solution composition could
be varied. When changing solutions, tité of the effluent and influent
were monitored to ensure adequate flushing of the fluid cell. SHG
intensity was measured by focusing the SHG light (520 nm) on a
monochromator, detected using a photomultiplier tube and averaged
using a gated integrator and boxcar averager. Each data point shown
here represents the mean of at least 500 samples. The error bars are

minimum and maximum observed average SH field strengths, not 4. RESULTS AND DISCUSSION
standard deviations.

4.1. SHG Field Strength vs. pH and lonic Strength

3.2. AFM The pH and ionic strength dependence of the SH field

) ] ) strength E,,,) with NaClQ,, NaNG; and NacCl electrolytes are
The roughness of the surface investigated with SHG was character- shown in Figure 4. At high (lowpH, SH field strength de-

ized by AFM. AFM imaging and force-distance measurements were . ith i Lo h (Fi
performed using a Molecular Imaging PicoSPM run from a Digital Créases (increases) with increasing ionic strength (Fig. 5). A

Instruments Nanoscope llla controller. Force-at-contact (FAC) was point of zero salt effect (p.z.s.e.) occurs in the rangptdb to
determined using methods described by Eggleston and Jordan (1998).6. According to the Ong et al. (1992) model, at the p.z.s.e. the
Silicon-nitride tips were used (Nanosensors) and presumed to be oxi- diffyse layer contains no net charge and & term is zero

dized to mostly SiQat the surface (Tsukruk and Bliznyuk, 1998; Arai . - . 8
and Fujihara, 1996). The mean FAC at eathare reported here, with becausel is zero at thispH; the SH intensity should thus be

2 to 15 individual measurements collected for each data point. Error due entirely to thg(® term of Eqn. 3. When there is a potential
bars are plus/minus two standard deviations of the average FAC. difference across the interface, water molecules near the inter-
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4.2. AFM Force-Distance Measurements

AFM force-distance measurements were made (using the
same corundum-water interface used in the SHG measure-
ments) as a function giH in 0.01 mol/L NaNQ as a means of
independently confirming the SHG result (Fig. 6). According to
Derjaguin-Landau-Verwey-Overbeek (DLVO) theory, there
are two major forces acting between the tip and substrate: the
Van der Waals (VdW) attraction and an electrostatic compo-
nent (Hiemenz, 1977; McCormack et al., 1995). VdW forces
are attractive and independent @l or ionic strength. Their
magnitude depends on such factors as tip shape and interaction
area. When dealing with two substances of differing composi-
tion, i.e., a tip and substrate, the electrostatic component can be
repulsive, attractive or zero. When the tip and substrate have
significant charge of like sign, the electrostatic component will
always be repulsive. Small amounts of surface charge (when
VdW forces will dominate), or surface charge of opposite signs
(providing an electrostatic attraction) will give a net attractive
force at contact (FAC). Thus, the attractive FACs measured in
thepH range 2 to 6 must mean that the p.z.c. of both the tip and
the substrate (the corundum) are somewhere within fhis
aﬂ';irgér?h:;m d?g-leétiinsim%%e;fr;?]e :iggflcéys:ﬁ'dcélrggggy t%rti;m range (i.e., they both must be uncharged somewhere where the
topographic reﬁef is 130 nr}nk, steppinggup from lower left to uppér right. FAC is attractive). The large repulsive FACs measured pear .
Relatively wide terraces slope downward from left to right at 5° to 8 t0 9.5 show that the corundum surface must have substantial
horizontal. surface charge in thigH region. These results are thus incon-

sistent with a p.z.c. located in thp#! range 8 to 9.5, regardless

of the exact composition of the tip (or the presence of any kind

) o ] of contamination on the tip).

face are oriented such that their dipoles point, on average, e can further the interpretation of the results in Figure 6 by
either more towards or more away from the surface, depending making some informed assumptions about the surface charge
on the sign of the surface potential. AH > p.z.s.e, the  pehavior of the tip: The silicon-nitride tips used were over two
average orientation of the potential-oriented water molecules years old and expected to have oxidized to silica and behave as
(x® term) produce SH light that constructively interferes with  such with respect to their surface charge (Tsukruk and
the SH light attributed to thg™ term in Egn. 3. AtpH < Bliznyuk, 1998). Amorphous silica has a p.z.c. at approxi-
p.z.s.e., because the potential-oriented water molecules “flip” mately pH 2 to 3.5 (e.g., Parks, 1965), and the majority of
on average, there is destructive interference between the twoactive surface sites deprotonate fiyl 8.5 to 9.1 (e.g., Sver-
sources. An increase in ionic strength decreases the magnitudgenksy and Sahai, 1996; Ong et al., 1992), so that the surface
of the x® term (because of the shortened diffuse layer and approaches constant negative charge density alpbi/el0.
smaller potential difference), and will lead to an increase or Therefore, we expect that the average repulsive FAC between
decrease of the total SH signal, depending on whether there isthe tip and substrate at higit indicates that both the tip and
constructive or destructive interference between ¥ and the surface have negative charge. pd 8.5 to 9, the silica
¥ terms. would begin to deprotonate and the magnitude of the repulsive

The foregoing interpretation requires that the p.z.s.e. of the FAC would increase, consistent with observation. In ghe
SHG coincides with the p.z.c. of the interface. The surface range of 2.5to 5, there is a small average attractive FAC. In this

potential of the corundum must change sign at gisbecause pH re_gion, a silica-coated tip' is expected to hfwe a s_mall
this is where the ionic strength dependence reverses direction.nega.tlve charge, S.o the attractlvg forces are c0p5|stent with the
Corundum powders have generally been shown to have a p.z.c.é.‘Iumlna surface with a small positive charge. Flnallly', both the

in the pH 81094 Parks. 1965. 1990- St 1992- tip and surface are likely to have an average positive charge
gver(jegnksngﬁd Soah'ai,(el.géG)?rbjt’ beca’use tr;ereurizmeln ioni’c(and thus repel each other)@t 2. Although the force-distance

T X ) results are imprecise, they are consistent with a fundamental
strength dependence in thgkl region for the particular surface change in surface forces from repulsive to attractive apkhe

used in this study, the Ong et al. (1992) model would predict yecreases through the 5 to 6 region, which is the same region
that the p.z.c. of the interface we used cannot be at such high expibiting a p.z.s.e. in the SHG data.

pH. An adsorbed anion could be modifying the surface potential of  \ve can only speculate about why the p.z.c. indicated by
the corundum (i.e., lowering thgH of the p.z.c.), butitis unlikely  these experiments and the literature p.z.c. values obtained from
that this would change the p.z.c. as much as 2pbl &units. The corundum powders are different. Here, the sampling area was
possibility that organic matter contaminates this surface so as tonominally a basal plane of the corundum, but as shown in
lower the p.z.s.e. is difficult to reconcile with the Auger spectros- Figure 2, the polishing scratches and the 5° miscut roughen the
copy data showing very little carbon on the surface. surface (see above). The average p.z.c. of the crystal faces




SHG of corundum-water interface

(a)Z.OJ_.|...,...,...,...,...,.LO.S
electrolyte is NaClO, i
LoF ik % g06
18+ ° ? 2 —4 04
® 0.001M g
7 17k : a000M Jo2 B
: o
5 F ® 01M =
] o W 0001M| oo
£ L6 A W 001M | Y 8
N o o ¥,01M 53
§15) £ . H-02 2
&\ " 'Oa
14F i ¢ 104 &
o .
13F @ g ¢ 06
s 0"
A —-0.8
1.2 | I RS B BT BT R
2 4 6 8 10 12
pH
(b) 2.04_| rrrrv [ 171 [ 1171 LI B L I B BN 0,6
e 0001M
19 a 001M [}
m 01M s
18l © F000IM !: i’ 104
S A W001M i L
_ 0 ¥01M i L 5
g 17 . Ho02 @
5 g
S 16f g
£ =3
= 400 &
o L5 =
o,
3
14r 4-02 =~
131
—-0.4
120 0 oy v by by e b
2 4 6 8 10 12
pH
(c) L e wo S e e
&y . - 03
191 . a2 1"
L 402
18| = ”
e 00001M 401 &
— | 4 001M oY
g 17 m0IM 3
g o ¥,0001M| 00
g 16 A W001M &
) uf 0 ¥0IM g1 2
3 x?d TR
151 i e =
i -4-02 ¢
14 = 3 o Z
—-0.3
/'y
1.3+
electrolyte is NaCl —-0.4
12b v 0 v v v b b
2 4 6 8 10 12

pH

Fig. 4. E,, vs. pH, SHG from corundum-water interface with a)
NaClQ,, b) NaNG, and c) NaCl as the electrolytes. Points of zero salt
effect are neapH 5 to 6. Surface potentials were calculated using the
Ong et al. 1992 model (see text). Solid line indicates a Nernstian slope,
—59 mV/pH unit.
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present in this nominal basal plane may differ from the average
p.z.c. of a corundum powder. As mentioned previously, the
dielectric constant is an anisotropic property, and different
crystallographic surfaces may therefore have different charac-
teristic p.z.c. values.

Furthermore, the exact composition of the surface sites may
play a role in determining p.z.c. Robinson et al. (1965) found
an isoelectric point (i.e.p.) for a freshly ignited (1400 °C)
corundum powder negH 6.7. The measured i.e.p. changed to
pH 9.2 upon soaking in water for several days. As mentioned
previously, the near surface corundum will readily hydroxylate
to a gibbsite-like phase (Liu et al., 1998) which has a reported
p.z.c. neampH 5.0 (Parks, 1965; Stumm and Morgan, 1981).
Thus, the degree of surface hydroxylation of the corundum may
also play a role in determining its p.z.c. At present, it is
unknown how the kinetics of hydroxylation vary with crystal
face and how fast a basal surface may hydroxylate to a gibbsite-
like phase. During the course of our experiments the corundum
prism was exposed to water for periods of much more than a
week, sometimes months; therefore, the corundum surface is
likely to have been hydroxylated (Liu et al., 1998) and perhaps
behaved similarly to gibbsite.

4.3. SHG Models

Eqgn. 3 (Ong et al., 1992) is approximated by using the
following functionally equivalent expression (Zhao et al.,
1993b):

E,, = A+ BV, 4)

where the magnitude of the fit parametérandB are propor-
tional to the second and third order non-linear susceptibilities
(x® and x®) and the square of the electric field strength
vectors E_) shown in Egn. 3. IfA andB are known, Eqn. 4 can

be solved for surface potential. For each data set shown in
Figure 4, the Guoy-Chapman model relating surface chatge,
and surface potentia¥,, (e.g., Sposito, 1984; Davis and Kent,
1990) was substituted fob, in Eqn. 4:

2RT | oy
E,, = A+ B[? sinh (WRTVT)] 5)
wherel is the ionic strength and,, is the permittivity of bulk
water.R,TandF have their usual meanings. According to the
Guoy-Chapman model, when surface charge is a maximum
(regardless of sign) it will not vary with ionic strength, due to
saturation of available surface sites. Thus, if one measures the
ionic strength dependence apld where surface charge is at a
maximum, the only independent variable in Egn. 5 is ionic
strength. Estimates &, B ando, can be made by fitting such
ionic strength dependence verss, (Fig. 5). UnfortunatelyA
ando, are not always well constrained:is determined by the
SH field strength at the p.z.s.e. (i.Bp, p,se= A), Which is
not always easily discerned from the data. This introduces
significant uncertainty into the surface potential determination.
Surface charge density was allowed to vary as long as it
corresponded to a site density in the range 2 to 8 sit€s/nm
values that have been reported and usedvfoand y-alumina
in the literature (corundum, 2 sites/AnSahai and Sverjensky,
1997; Yates et al., 1975-alumina: ~8 sites/nm: Peri 1966,



3060 A. G. Stack, S. R. Higgins, and C. M. Eggleston
(a) (b)
3 | | | | I [ | [ I L
1.88 — 152 —
NaClpH 9.3
186 P 1.50 NaClpH 3.5
1.84 148 = 7
= NaClO, pH 8.5 .
2 18 £ 146 -
§ - g
; 5 NaClO, pH 3.5
g 180 § 144
E 5 142
W 1.78 )
1.40
176 NaNO, pH 10.2 N
1.38 NaNO, pH 3.5
1.74 |-
1.36 .
1.72 & | | | ] ] | | |
20 40 60 80  100x10° 20 40 60 80  100x10°
IS (mols/L) IS (mols/L)

Fig. 5. lonic strength dependence for NagI®aNG; and NaCl. At highpH, there is constructive interference between
the x® and x® terms of Eqn. 3. At lowpH, this dependence is reversed. Solid lines indicate fit to Eqn. 5. In the cases of
NaClQ, and Nacl, the lowpH data was used to calculate tBeando, parameters. For NaNQthe highpH data was used.

1965). Using the value d@ determined for each electrolyte and

in our data), the maximum slope of the surface potentials are

a value ofA, the surface potential can be calculated for the 185, 92, and 107 m\dH unit (0.001 mol/L, Fig. 4a, b, and c,
entire data set (Fig. 4). The next step is to examine the validity resp.) which clearly ranges from a little to a great deal too large

of the calculated surface potentials.

to be Nernstian. This result does not imply that the surface is

As a test of the surface potentials in Figure 4, the Nernst not behaving according to Nernst, but rather that the method

equation predicts that the slope of the measu¥gd/ersuspH

used to determine surface potential is not universally applica-

while surface sites are unsaturated (with respect to sorption ble. Another test of the validity of the calculated potentials is to

reactions) must not be greater than 59 pi¥/unit. In the
unsaturated regions of Figure 4 (approximafetyrange 3 to 8

examine the difference between the minimum and maximum
surface potentials at saturation. According to the DLM, the
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Fig. 6. Force at contact (see text) y#i for silicon-nitride tips on
corundum. Circles and squares indicate measurements made with two
different tips. Error bars indicate 2 standard deviations of the average
measurement.

maximum magnitude of the surface potential should be deter-
mined by the surface site density and the ionic strength. Using
a maximum surface site density of 8 sitesfniand the lowest
ionic strength (0.001 mol/L), the surface potential should not
exceed+ 336 mV. Since the point of zero surface potential is
not well defined here (see discussion on Aherm of the Ong
et al., 1992 model), we must use this as a maximum allowable
range; the range of surface potentials should not exceed 671
mV. The surface potentials calculated for the sodium chloride
and sodium nitrate fall within this range, but the sodium per-
chlorate potential range exceeds this number by more than 300
mV. From these two tests, it appears that, in these cases, the
proposed SHG mechanism (Ong et al., 1992) may result in an
overestimation of surface potentials; we will discuss some
possible reasons for this below.

When determining thB fit parameter ¢®) for each data set,
a pH must be chosen at which the surface charge is invariant
with ionic strength. According to the Guoy-Chapman theory
and the Ong et al. (1992) modél,,, should form a plateau in
the pH region where surface sites have been saturated with
respect to potential-determining-ion sorption reactions. In Fig-
ure 4, thepH regions with plateaus ik,,, display minor ionic
strength dependence. The size of the ionic strength dependence
directly affects the magnitude of tieparameter that is used to
calculate the surface potentials. If the estimatiorBois too
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Fig. 7. E,, vs.pH, SHG from corundum-water interface with NaGl@s the electrolyte. &),,, is calculated from surface
potentials derived from a DLM and the Ong et al. (1992) model (Eqn. 3 and 4). The average chi-squared goodness-of-fit
test statistic for the three ionic strengths is 0.005%})is calculated from the same surface potentials as in a), but using
a non-linear dependence Bf,, on ¥,. The average chi-squared goodness-of-fit test statistic for the three ionic strengths
is 0.0016.

small, the surface potentials will be overestimated. This is require, therefore, a physical model of SHG from the oxide
clearly demonstrated in the NaCJ@ata. In the cases of the  water interface that better incorporates the alignment of water
sodium nitrate and sodium chloride data, Biparameter was molecules (and their ability to generate SH) within the diffuse
estimated at @H for which there was no plateau, but which layer as a function of surface potential.
showed the strongest ionic strength dependence (i.e., the largest We can attempt to explain why the Ong et al. (1992) model
B parameter). Since there is no plateau, surface charge is not ahas worked well for estimating surface potential in some cases
maximum and will vary with ionic strength. Therefore, the but not in others. From the Gragson (1997, 1998a, 1998b)
fitted B parameter will contain a systematic error due to vari- results,E, , measurements at small surface potentials (i.e., less
ation of surface charge with ionic strength in addition to dou- than approx. 230 mV) appear linear as a function of surface
ble-layer thickness; thg™ estimation is thus inaccurate for  potential. In the case of amorphous silica, Ong et al. (1992)
these data by an unknown, but probably small, amount. measure a maximum surface potential ©140 mV at pH

A more important consideration lies within form of the Ong ~12.5. Because this potential is much smaller than that at
et al. (1992) model itself; the approach is based on the assump-which Gragson and Richmond®,,, vs. ¥, results deviate
tion that the only surface potential dependent term in the total from linearity, potentials calculated from the Ong et al. (1992)
SH field strength is & term. Gragson and Richmond (1998a, model may be accurate for experiments where surface poten-
1998b) show that the TIR-SFG intensity of OH-bond stretches tials are relatively small. In our system, however, we may have
varies non-linearly with surface potential at a charged air/water larger surface potentials (i.e., whegg, vs. ¥, deviates from
interface, reaching a maximum at approx. 260 mV. It has been a linear relationship). The Ong et al. (1992) model would then
asserted that the interfacial water plays a dominant role in be expected to overestimate the “true” surface potentials, by (in
creating SHG from this interface (Zhao et al., 1994). If this is this case) an unknown amount.
true, the intensities of the TIR-SFG, OH-bond stretches and the  Unfortunately, due to the limited number of ionic strengths
total TIR-SHG should behave similarly with changing surface tested at any givepH (i.e., three), the method used above to
potential (i.e., the Gragson and Richmond results should be determine surface potentials will not support any expansion in
applicable to our experiments). Therefore, a nonlinear depen- the number of variables used to describe the function which
dence ofE,, on surface potential is inconsistent with the relates surface potential aid . An alternate method is shown
assumption that 5 term is the only potential dependent term  in Figure 7, where the surface potential was calculated before-
in the total SFG intensity. hand from a homogenous, amphoteric surface site, diffuse layer

At this point it is unclear how great a role potential depen- model (DLM, e.g., Parks, 1990; Hayes et al. 1991) and fit to the
dent alignment of near-surface water molecules plays in our SHG data from Figure 4a. TwpKs for surface site proton
experiments, but the difference between our SHG-based esti-sorption reactions were used, onepkt 3.5 and another giH
mates of surface potential as a functionpbf and Nernstian 6.5. The site density was fixed at 2.0 sites’n(Bahai and
behavior suggests that it may play a significant role. More Sverjensky, 1997; Yates et al., 1975). The p.z.c. was fixed at
accurate determination of surface potentials using SHG will pH 5 and thepKs were determined by varying thepK and
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determining the goodness of fit using a chi-squared statistic.
Figure 7a shows the Ong et al. (1992) model fits, which predict

a greater ionic strength dependence than observed. This is in

agreement with the considerations in the prior data treatment.
Previously, we had calculatedf, as a function of the ionic
strength dependence &, (E,(I)); here we are calculating
E, (I) from ¥, If ¥, is overestimated when calculated from
E,.(I) in the first case, it follows thaE,,(I) will be overesti-
mated when calculated fronir,.

Figure 7b shows a purely empirical, polynomial fit:

E,, = A+ B¥, + sgr(¥,)C¥2 (6)
where sgnf,) is determined by the sign of the surface poten-
tial. This an empirical fit and is presented simply to show a
nonlinear dependence &, on surface potential. While Eqgn.

6 implies a higher order contribution to the surface non-linear
susceptibility ), we are not intending to offer this as the sole
explanation for the behavior of our data with respect to the Ong
et al. (1992) model. The most likely explanation is that fhe
term is not independent of solution conditions and the variation
in the A term contributes significantly to thg,_ . The total
SHG intensity from the interface varies as some function of the
surface charging properties of the interface, but at this point the
exact functionality is unknown.

4.4. SHG Experiments after Annealing

After annealing, the magnitude of the SH signal as well as of
the pH and ionic strength dependences were greatly dimin-
ished; with aging in water for a period of weeks, these signals
were partly restored. These results are intriguingly systematic,
but we cannot completely rule out the possible influences of
drift in laser power or slight differences in experimental geom-
etry from experiment to experiment (the prism was removed
from the fluid cell for annealing and aging in water; because
exact alignment is important in the TIR experimental geometry

using anisotropic solids, comparing data across experiments is

problematic).

However, if these results are due to the interface changing
with annealing, they may indicate that the corundum surface
itself contributes a non-negligible portion to the total SHG
intensity. According to SHG theory, SHG is possible from any
non-centrosymmetric medium, and an interface would contain
non-centrosymmetric phases on either side of the water/alu-
mina boundary. For this idea to be plausible, the nonlinear
susceptibility of the surface sites would have to comparable to
the nonlinear susceptibility of the interfacial water.

Another possibility is that the hydroxylation kinetics of the
basal surface are very slow. The SHG signal was partially
restored with aging in water. Due to the 5° miscut, there is a
density of step-edges which may hydroxylate quickly (e.g., a
period of days), yet the bulk of the sites present on the basal
face may hydroxylate very slowly; this may explain why the
signal was not restored fully. Further work is being conducted
to confirm the apparent influence of surface microtopography,
crystallographic structure/composition and the contribution of
the corundum to the total SHG signal intensity.

A. G. Stack, S. R. Higgins, and C. M. Eggleston

5. CONCLUSIONS

SHG and AFM force-distance measurements at the corun-
dum-water interface indicate a p.z.c. for the interface studied in
thepH range 5to 6. The Ong et al. (1992) model for SHG from
a silica-water interface was unable to predict reasonable surface
potentials from the SHG from our corundum-water interface in
all cases, probably because of the assumption of a linear rela-
tionship betweed’, and the SH intensity attributed to potential
oriented water molecules near the charged oxide-water inter-
face. Although more work is necessary, these results point
intriguingly to the effects of crystallographic structure/compo-
sition on surface charge density and the structure of interfacial
water.
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