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Second harmonic generation (SHG) spectroscopy was used to characterize the pH-dependent electrostatic
charging behavior of (0001) and (@2) crystallographic surfaces of corundum-Al.Os) single-crystal
substrates. The pH value of the point of zero charge,{pfor each surface was determined by monitoring

the SH response during three consecutive pH titrations conducted with 1, 10, and 100 mM déabiihate-

free aqueous solutions. The crossing point of the three titration curves, which corresponds tgdhacptits

at pH 4.1+ 0.4 for the (0001) surface and pH 5£20.4 for the (102) surface. SHG measurements that were
recorded as a function of NaN@oncentration at fixed pH values were found to corroborate thg.pelues

identified in the pH titrations. A comparison of the SHG results with surface protonation constants calculated
using a simple electrostatic model suggests that surface relaxation and bonding changes resulting from surface
hydration do not account for differences between experimental observations and model predictions. The
measured pkic values for theo-Al,O3 single-crystal surfaces are significantly more acidic than published
values for A(hydr)oxide particles which typically range from pH 8 to 10. This discrepancy suggests that
the charging behavior of Al(hydr)oxide particles is determined by surface sites associated with defects
assuming that differences in surface acidity reflect differences in the coordination environment and local
structure of the potential-determining surface groups.

1. Introduction electronic properties of water molecules and oxide surface atoms
in the narrow interfacial region where the inversion center is
broken. In particular, SHG can be used to examine the charge
state of the surface through the influence that the associated
electric field has on the nonlinear response of the aligned water
molecules-’18 Previous studies of both oxide particles and
single-crystal substrates have demonstrated how SHG recorded
as a function of bulk solution pH and ionic composition can be

Proton binding to oxide surfaces plays an important role in
such diverse topics as nanoparticle phase stabilitigrathin
metal-film growth on metal oxide%,colloid aggregation,
sorption processéesand soil chemistry. Efforts to develop
chemical models capable of predicting hydrated oxide surface
properties in a wide range of natural and industrial systems

require a fundamental understanding of the relationship between . C . :
molecular-level surface structure and the protonation behavior US€d to determine surface charge properties, including acid/base

of surface hydroxyl group&:® High quality single-crystal equilibrium constants a}nd the pH value qt which a surface has
substrates and thin films serve as ideal model systems for@ Net neutral charge (i.e., pH of the point of zero charge or
. . H _17*20
fundamental studies of oxide surfaces because they are amenablg! pzc)
to molecular-level probes and provide the means to use Published charge properties of -Alhydr)oxide particles,
crystallographic orientation to control the variation of surface which are commonly measured with potentiometry and elec-
structure and types of surface groupkhis model-system  trophoresis methods, show significant variation. For example,
approach has been successfully used to investigate the crystalpHy,c values reported for compositionally pure-Afhydr)oxide
lographic dependence of adsorbate geoméérigsand hydrated particles that have been properly equilibrated in low-carbonate
surface structure’S:'4 Here we investigate the structural de- solutions range between pH 8 and 2t0?3 Although this
pendence of surface acid/base properties by characterizing theyariation is typically attributed to sample history and environ-
pH-dependent charging behavior of two crystallographic sur- ment, progress toward modeling these observations in terms of
faces of corunduma(-Al;0s) single-crystal substrates. surface structure is hindered by the lack of experimental
Second-harmonic generation (SHG) is uniquely suited for observations of highly constrained model surfaces, such as
measuring generic surface charge properties of well-defined single-crystal substrates. Recent streaming potential and atomic
crystallographic surfaces. SHG, as a second-order nonlinearforce microscopy studies reported significant differences be-
optical process is forbidden in centrosymmetric méa#taSHG tween the charging behavior of A(hydr)oxide particles and
from the interface formed between water and any centrosym- single-crystal substrates with isoelectric points, which are nearly
metric oxide mineral is therefore sensitive to the structure and identical to pl_[LZC values at low concentrations of monovalent
electrolytes, for single-crystal surfaces occurring between pH
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(0001) surface (1102) surface input beam passed through before reaching the sample surface.
The dispersion compensation was optimized by moving the
positions of the glass prisms to maximize the SH signal. To
avoid thermal effects and sample damage, the input power was
attenuated by a factor of 2 using an optical chopper with a duty
cycle of 1:1. The p-polarized incident beam was focused onto
the aqueousl-Al ;05 interface with an estimated beam spot size

) S ] _ diameter of~30 um. The Teflon titration cell was designed
Figure 1. Side views of oxygen-terminatedAl.O; (0001) and (102) for SHG measurements in the reflection geometry in order to

surfaces that are consistent with hydrated structures proposed base . . -
on X-ray reflectivity studie$®*4 The (0001) surface is terminated by %ccommodate centro-symmetric oxides that are not available

O atoms coordinated to two Al atoms (i.esAl;0 or doubly as high-quality optically transparent prisms. The water-level in
coordinated oxygen atoms), while the (2) surface is terminated by ~ the cell was maintained above the quartz windows to avoid

equal numbers of singly=(AIO), doubly (=Al,0) and triply &AI3;0) signal instabilities caused by water-level changes and distur-
coordinated oxygen atoms. Hydrogen atoms are not shown. bances. It should be noted that SHG from the water/quartz
interface of the cell window can be ignored both because the
incident beam was perpendicular to the window and the focal
point of the input beam on the-Al,O3 single-crystal was
approximately 5 cm from the window. The second harmonic
photons at a wavelength of 400 nm (corresponding to the SH
angular frequency ofd) were separated from fundamental and
background light with an interference filter prior to collection
by a single-photon counting system. Only the p-polarized
polarizer component of the SH was detected. Each data point in the
stir bar figures below corresponds to the mean of three consecutive 100
S measurements.

2.2. Materials Preparation and Handling. Highly polished
Here we use SHG to compare the charging behavior of the (1102) and (00013—Al20s single-crystal wafers were obtained
(0001) and (1@2) crystallographic surfaces ofAl,Os. These from Bicron Industries. AFM images collected with a Nanoscope

crystallographic surfaces are frequently used as model proxies!!l Multimode scanning probe microscope from Digital Instru-
for the basal and edge-type surfaces that are assumed tdnents show featureless single-crystal surfaces. These results are
dominate Al-(hydr)oxide colloids and the aluminol (AIOH)  consistent with the44 A RMS roughness observed in previous
layers in clay mineral&-12 The relevance of this model system X-ray reflectivity studies of single crystals prepared by the same
is supported by an X-ray reflectivity study of a hydrated\ ;03 methods?” X-ray photoelectron spectroscopy (XPS) survey
(0001) single-crystal surface that revealed a surface structurescans reveal significant carbon contamination on the as-delivered
similar to the (0001) surface of the double-hydroxide layers that Crystals. Prior to each set of measurements the single-crystal
comprise the Al-hydroxide phases of gibbsite and bayétiee. ~ surface was prepared with a 30 min acid etch in*Id HNO;3
companion X-ray reflectivity study of the-Al,Oz (1102) followed by 30 min in a 300C N,-purged tube furnace. The
surfacé? highlighted the structural differences of the hydrated acid etching and baking steps were followed by multiple rinses
(0001) and (102) surfaces. The hydrated surface structures with doubly distilled water, and removal of any remaining
proposed based on results from these published studies arglroplets with a high pressure argon stream. XPS survey scans
compared in Figure 1. The structural distinctness of these two indicate that carbon contamination is greatly reduced following
crystallographic surfaces are consistent with the experimentally this preparation procedure. Although exposure to air during
observed differences in reactivity toward metal id%s2 and sample transfer and laser alignment was unavoidable, great care
water2425 |t has been assumed that the structural differences was taken to ensure that the crystal was only exposed to argon-
responsible for their disparate reactivity will also translate into purged solutions throughout the experiment.
significantly different acid/base characteristics and as a result  Only ultrahigh purity argon and nitrogen (99.999%) were used
different pH-dependent charging behavi#tdn the current as purge gases. Sodium nitrate (Aldrieh99.99%) was used
study we measured the pid values of the (0001) and (02) as the electrolyte, and ACS reagent grade nitric acid (Aldrich)
single-crystal surfaces @f-Al Oz in order to test this assump-  and low-carbonate sodium hydroxide (J. T. Baker Dilut-it) were
tion. The results provide a basis for testing electrostatic model used as titrants. Low-carbonate sodium hydroxide solutions were
predictions and assessing the relative contribution by a clearly prepared in an argon-purged glovebag and sealed with rubber
defined set of regular surface groups to the charging behavior septa prior to each experiment. Sodium hydroxide additions were
of Al—(hydr)oxide particles. made using a syringe. Nitric acid and electrolyte stock solutions
were purged prior to use.

2.3. pH Titrations. Immediately following the cleaning
2.1. SHG Experimental Setup.The experimental configu-  procedure described above e\l ,O3 crystal was transferred
ration of the second harmonic measurements is shown in Figureto the Teflon titration cell, aligned in the laser beam and fixed
2. The laser source for the measurements was a modelockedo the base of the cell with Teflon clamps and screws. A
Ti:sapphire laser (KMlab) which provided 0.66 W of 35 fs Plexiglas cover was bolted in place to stabilize the titration cell
pulses at wavelength of 800 nm (corresponding to the funda- and seal the cell environment to allow for an overpressure of
mental angular frequenay) at a repetition rate of 80 MHz. A argon. Once thoroughly purged with argon, the cell was filled
pair of extra-cavity prisms was used to compensate for disper- with a 1 mMNaNG; solution. The solution pH was continuously
sion due to the sample measurement optics (including focusingmonitored with a low-flow double junction glass electrode
lens and quartz window of the sample cell) and water that the (Corning). After each pH adjustment (less than half of a pH

l pH-electrode

Figure 2. SHG experimental configuration and titration cell.

2. Experimental Section
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Figure 3. SH electric field from the waten:Al 03 (0001) and (102) interfaces as the bulk solution pH is stepped between 7.5 and 4 at 1, 10, and
100 mM NaNQ concentrations. A base titration at 10 mM NaiN© included in Figure 3a to demonstrate reversibility (open triangles) and a
second 10 mM NaN@acid titration is included in Figure 3b to demonstrate reproducibility (open triangles). Third-order polynomial fits are included
to guide the eye.

unit) made during a titratigra 5 min equilibration period during  screening affects the degree of alignment of the water dipoles
which argon was bubbled through the solution was required in the static electric field of the charged surface, as well as the
for the SHG signal level to stabilize. Scattering by argon bubbles strength of the direct third-order nonlinear optical response to
required that the bubbling be turned off during data collection, the presence of a dc field. The SH field strength, therefore, will
but otherwise a constant flow of argon in the titration cell be independent of the electrolyte concentration only at pH values
headspace was maintained throughout the experiment. Wewhere the surface has a net neutral chaiides will become
determined that the purging procedures successfully preventedapparent in the description of the model relating the SH electric
carbonate contamination by confirming that each pH step field to the surface potential given below. With respect to the
resulting from an acid or base addition was not buffered by connection between the pid and the pzse we note that in the
carbonate. By comparison, in the absence of Ar-purging absence of sorption reactions involving potential determining
carbonate buffering was clearly observed. ions other than H/OH™, the pzse is equivalent to the pi*®
Reversibility of the pH-dependent processes responsible for The electrolyte concentration dependence of the SH field
the observed change in the SHG response was indicated bystrength observed at pH values above and below thgpH
consecutive acid and base titrations that showed no significantindicates that the-Al,0; (0001) and (102) surfaces have a
hysteresis. Process reversibility (i.e., reversibility of protonation net charge. To explain how the observed electrolyte dependence
and deprotonation of surface groups) indicates that a state ofreversal is related to the-Al,Os surface potential it is useful
quasi-equilibrium was reached within 5 min following each acid/ to consider a simple model for the interface nonlinear polariza-
base addition. After completing 1, 10, and 100 mM NaNO tion of a charged surface?:
titrations, the cell solution was replaced with a fresh electrolyte
solution and a titration at one of the electrolyte concentrations p(82> = X(SZ)EwEw + Xi(S)EwEwE " 1)
was repeated in order to check for both reproducibility and SH
signal-level shifts caused by changes in alignment or laser poweryhere E,, is the incident field at frequencw, y@ is the

output. second-order nonlinear response of the interfaceyhi the
third-order response of the water surrounding the interface. Since
the region over which the dc-field is present because of charge
The variation in second-harmonic (SH) electric field strength screening, the bulk third-order response can be treated as part
(i.e., the square root of the measured intensity) as a function of of the polarization sheet at the interface. The strength of this
bulk solution pH and electrolyte concentration is shown in contribution is then proportional t), Eqc dz= 2. /% Eg.dz =
Figure 3 fora-Al203 (0001) and (102) single-crystal surfaces.  ®(0), i.e., to the surface potential at the interface which depends
The three titration curves cross at pH 4:10.4 for the (0001) on electrolyte concentration and surface charge detsgince
surface and pH 5.2 0.4 for the (1D2) surface. The relative  the radiated SH fieldE,, is proportional to the interfacial
ungertginty of the.obse.rved cross[ng point for an individual set nonlinear poIarizatiorP(zif, we can write for a fixed pump
of titration curves is quite low for single-crystal substrates from glectric field E,,:18
the same batch of crystals that had similar environmental

3. Results

histories. The observed crossing point, however, will likely vary E,, = A+ B®P(0) (2)
depending on the source of the crystals, the surface preparation
and the titration environment. HereA corresponds to the nonlinear response from the system

The results from this study are generally consistent with the that is independent of the dc-electric field at the interface and
crossover observed between pH 4 and 6 by Stack et al. for therepresents SH light generated by chemical species at the
(0001) surface of a corundum pristhThey referred to this o-Al,Os—water interfaceB is a constant that is intrinsic to the
crossover point as the point of zero salt effect (pzse). The SH field induced SH contribution from the charged interfaces. This
electric field strength generated at a charged interface will model separates the SH field generated at the interface into a
depend on the bulk electrolyte concentration through the ionic part independent of electrolyte concentratiof) (and an
screening of charged surface groups. The extent of ionic electrolyte dependent paB®(0)). Applying this model we see
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Figure 4. SH electric field from the watemtAl 03 (0001) and (102) interfaces at pH 4.0 and 6.7 as a function of increasing electrolyte concentration.
Lines are included to guide the eye.

that the reversal in electrolyte dependence of the SH field, i.e., determining surface groups, and therefore, should exhibit
an increase or decrease in the SH field as the electrolyte different acid/base characteristics. Recently published synchro-
concentration increases for a given pH, indicates that the signtron X-ray reflectivity studies indicate that different sets of
of the surface potential has changed. surface groups do in fact terminate hydrated\l,Os (0001)

In Figure 3b for the (1@2) surface, the SH field strength and (1D2) single-crystal surfacéd!*The best-fit model of the
decreases with increasing electrolyte concentration at pH valuesdiffraction results for the hydrated (0001) surface is most
above 5.2. This dependence is reversed below pH 5.2. Additionalconsistent with a terminating oxygen layer in which each oxygen
SHG measurements recorded as a function of electrolyte atom is bonded to two Al atoms (Figure 2&)The coordination
concentration while the pH was fixed at 4 and 6.7 are shown in of oxygen atoms in the (0001) surface plane is consistent with
Figure 4 for the (0001) and (D2) surfaces. These measurements  the bulk structure while A+O bond lengths in the surface layers
confirm the qualitative relationships between the SH field as a do differ from bulk values. In contrast, the hydrated @2)
function of pH and electrolyte concentration observed in the surface is a more complex oxygen terminated surface in which
pH-titration experiments at various fixed electrolyte concentra- oxygen surface atoms are coordinated variably to one, two and
tions (Figure 3). Furthermore, the magnitude of the changes inthree Al atoms (Figure 18Y. Moreover, the position and
the SH field recorded in Figure 4a& are within 5% of the bonding of oxygen atoms at the (@4) surface differ from
equivalent changes observed in the pH titration experiments, oxygen atoms in the bulk structure. The consequences of these
and the fact that the SH field in Figure 4d does not change honding changes in terms of the surface chemistry are discussed
with electrolyte concentration is consistent with a,ptdf 4.1 below.

+ 0.4 for the (0001) surface. Although the position of protons on single-crystal surfaces
cannot be measured directly, synchrotron XPS studies show that
both surfaces readily hydrolyze under moderate pressures of
water vapor, and therefore, indicate that protonation reactions
occur at regular surface sites on these two single-crystal
the (0001) and (102) surfaces ofa-Al,Os; single-crystal surface$? By considering the ideal case of surfaces free from
substrates exhibit different gkt values. This result is in  defects and contamination Trainer ef&proposed that only
agreement with the commonly accepted assumption that each=Al,0 surface groups terminate the (0001) surface and equal
crystallographic surface possesses a unique set of potentialnumbers o=AIO, =Al,0 and=Al;0 surface groups terminate

4. Discussion

4.1. Acid/Base Characteristics ofa-Al,Os (0001) and
(1102) Single-Crystal Surfaces.The SHG results show that
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the (1102) surface. The acid/base equilibria and resulting charge (hydr)oxide particles can be modeled assuming that the reactive

at these surface groups can be written as follows,

=AIOH*® + H" < =AIOH,”*" log(K)=9.9 (3)
=ALO” + H" < =ALOH® log(K)=11.9 (4)
=AlLOH’ + H" < =ALLOH," logK)=0 (5)

=A1,0°% + H" < =ALLOH**" log(K)=5.9 (6)

where= denotes a structural Al atom that completes its 6-fold
coordination with at least one oxygen atom located in the

terminating surface layer. A simple bond valence analysis was

used to assign formal charges to the surface groups. Each 6-fol
coordinated A" contributes+0.5 v.u. (valence unit) and each
direct H™ bond contributest-1.0 v.u. to the saturation of the
—2.0 v.u. net oxygen charge. The l&g(values are calculated
with the multisite complexation (MUSIC) model which is based
on a simple empirical model using Pauling’s bond valence
principles to estimate proton affinities of surface groéfoswo
additional protonation states (i.esAlO15~ and=Al3;0H,!5")
are omitted from consideration since they are insignificant
between pH 2 and 10. The calculated Kp{alues do not
consider structural relaxations resulting from changes in coor-
dination of the surface oxygen atoms relative to the bulk
structure.

On the basis of the model-derived &g (values for=AIl,O

surface area is a combination of (0001) and O@)itype
surfaceg® This model, which assumes that the regular surface
sites on (0001) and (DR) single-crystal surfaces also control
the charging of At-(hydr)oxide particles, requires that the pH

of one or both of the crystallographic surfaces occur between
pH 8 and 10. Our results show that this is not the case, i.e., the
pHp.c of the (0001) and (102) faces are at pH 4.1 and 5.2, not
between pH 8 and 10.

One possible explanation for the observed differences between
the charging behavior af-Al ;O3 single-crystal substrates and
Al—(hydr)oxide particles is that structurally unique regular
surface sites, not present on the single-crystal surfaces, control

he charging behavior of Al(hydr)oxide particles. If we assume
eactions (3-6) represent the complete set of potential-
determining surface groups on bathAl O3 single crystals and
Al—(hydr)oxide particles, then the observed differences in
charging behavior (i.e., changes in acid/base equilibrium
constants) must result from changes in local structures of the
surface groupsSignificant bond length variation of regular
surface groups however is not consistent with the experimentally
determined structures of hydratedAl,O3 single-crystal sur-
faced314 nor with the surface structures of A(hydr)oxide
particles inferred from known structures of layered-ghydr)-
oxides, such as gibbsite and bayetté®

Alternatively, the differences in experimentally determined
charging properties may be attributed to a greater density of

surface groups, the p.z.c for the (0001) surface should occur atSUrface groups associated with defect sites on(Aydr)oxide

pH ~ 6. The 12 log unit separation of the two I&g(values

for reactions 4 and 5 indicates that the neutral surface specie
(=Al,0H) should predominate between pH 2 and 10. Therefore,
this model predicts that a (0001) surface should not develop
significant charge throughout the pH range of our titration. The

particle surfaces. The featureless AFM images of the single-

Lrystal surfaces used in the current study suggest a low step

density and support the commonly accepted assumption that
Al—(hydr)oxide particles have a greater density of steps and
defects relative to single-crystal surfaces. The,pHialues

SHG results clearly show pH-dependent charge deve|opmentrecorded for At-(hydr)oxide particles can, therefore, result from

at the (0001) surface. Assuming that this model is correct, the Protonation reactions occurring at surface groups associated with
experimentally observed surface charge must result from defects including steps, kinks, vacancies and domain boundaries.
potential-determining surface groups not represented in reactiong \[though the atomic structures of surface groups associated with
3—6. Possible candidates including surface sites associated withd€fects are not known, their presence will likely increase the
defects or a surface contaminant are discussed below. density of surface oxygen atoms coordinated to a single
If the (1102) surface is terminated by an equal number of all structural Al atom (s_ee reactions in eq 3). Given that reactions
three types of surface functional groups shown in reactiersy 3 4 @nd 5 do not contribute significant charge between pH 3 and
as suggested by the X-ray reflectivity results for a hydrated 10, an increase in the sgrface density of reaction 3-t_ype surfgce
(1102) surface, then the i should occur at pH-~ 8. The groups relative to reaction 6-type surface groups will result in
charging behavior of this surface should be dominated by & More basic pkc value. Therefore, more basic pidvalues
reactions 3 and 6 which predict significant charge development for Al—(hydr)oxide particles relative to single-crystal surfaces
throughout the pH range of our titration. The model-predicted 1S consistent with higher defect densities for-Ahydr)oxide

pzc value for the (102) surface, however, is-2.8 pH units
higher than the experimentally determined value of pH 5.2.
Surface relaxations that result in contractee-@® bonds within

particles.

While this qualitative model does predict that single-crystal
surfaces with a low defect density will possess more acidijgoH

surface layers relative to bulk crystal bond lengths may account values relative to particles, the protonation reactions occurring
the discrepancy between model and experimental values. Fedkirat regular surface groups on the terrace surface shown in
et al.3* demonstrated how sensitive the MUSIC model is to reactions 3-6 cannot explain the SHG results. Surface con-
bond length changes and how contracted bond lengths producdamination by carbonate and/or silicate species could be
more acidic pk,cvalues. The A+O bond lengths at a hydrated responsible for the measured pklvalues of the single-crystal
surface that were determined by X-ray reflectivity for the surface surfaces given that the specific adsorption of anions on metal-
groups shown in reaction 3 and 6, however, do not imply a (hydr)oxide particles does produce more acidigpkalues?*3>
significantly more acidic pkic valuel# For example, Su and Suarez recorded zeta potentials of
4.2. Comparison with AF—(Hydr)oxide Particles. The pHyc carbonate-spiked colloid suspensions and observed that adsorbed

values observed in this study farAl 05 single-crystal surfaces
occur 3-6 pH units lower than the range of pidvalues (pH
8—10) observed for compositionally pure -Afhydr)oxide

carbonate species contribute negative charge teq(Atdr)oxide
particles at pH values as low as#Every effort was made to
exclude carbonate (Ar-purging) and silicate (solutions were

particles that have been equilibrated in low-carbonate aqueousnever in contact with glass-ware) contamination from our

solutions?1:32.33 This difference in charging behavior is not
consistent with the proposal that the charging behavior ef Al

experimental system. The absence of solution buffering and the

fact that silicon was always below XPS detection limits suggest
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