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Hyper-Rayleigh scattering (HRS) experiments performed on nanometer-scale&&D interfaces (aqueous
colloidal suspensions) display finite, measurable signals. HRS is not constrained by the orientational, size,
and/or charge restrictions inherent to conventional interfacial second harmonic generation (SHG) or electric-
field-induced SHG measurements. Thus, apparently for the first time, the second-order nonlinear optical
(NLO) response of ultrasmall interfaces has been measured. pH- and electrolyte-dependent experiments show
the response to be sensitive to changes in chemical composition at the silicon dioxide/solution interface.
HRS provides detailed information about the surface of these technologically interesting and important particles
in their native solution-phase environment.

Introduction they have proven useful for evaluating chemisorpfiapace

Metal oxid d . | oxide/solution interf charge propertiel,and surface symmetry and orientation
etal oxide and semimetal oxide/solution interfaces are problems!® Because of the finite coherence length of the

utilized in a variety of devices and device components including . I o ; .
batteries, electrochromic devicesphotoelectrochemical celfs, r_eq_ulr_ed |nC|dent_r§d|at|9n, however, a .practlcal sample size
chemical separations materials, condensed-phase catalysts (pla{'-mltaltlon (lower limit) exists for conven_t|onal coherent SHG
forms as well as active site6and hybrid biosensors (enzyme ~aPproaches! We suspected that the size/coherence problem
supports and encapsulation medialNanoscale forms of these ~ Might be overcome by turning instead itwcoherentsecond
interfaces, both films and colloidal dispersions, have attracted harmonic generation or hyper-Rayleigh scattering (HRS) spec-
particular attention in the context of photocatalytic waste troscopy:?> HRS has emerged as a powerful new tool for
remediation and dye-sensitized solar energy convefsidm. resolving a related problem: the assessment of molecular first
many cases the stability, energetics, and/or efficacy of thesehyperpolarizabilitiess, for charged chromophores and nondi-
interfaces depend crucially upon their precise chemical and polar chromophores dissolved in isotropic me@iaBriefly, the
physical structure (e.g., degree of crystallinity, degree of HRS method relies upon random density fluctuations to create
protonation, extent of adsorbate coverage, etc.). A detailed conditions compatible with net frequency doubling (i.e., minute
knowledge of structure, therefore, is often a prerequisite 10 reqyctions in overall solution symmetry). Recently, the tech-
understanding the molecular-level behavior _of such |.nterfaces. nique has been advanced beyond molecular systems and applied
Among the more powerful methodologies for interface 4 nanocrystalline metal colloid particles, where surface termi-
characterization are those based on second harmonic generatiofation of the crystalline lattice apparently creates a condition

7 . : . .
(SHG)_. For otherwise centrosymmetric mat_erlals, |_nterface of noncentrosymmetry observable by HRSHere we report
formation breaks the centrosymmetry and provides for interface- S . .

- . . . on the successful chemical interrogation of nanoscale silicon
localized signal generation. Indeed, SHG techniques have been

widely applied to chemical and electrochemical interfaces where dioxide/water interfaces via the HRS technique.
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Figure 1. Signal intensity versus wavelength, based on mode-locked Figure 2. Dependence of HRS signal intensity on sample concentra-
excitation of a colloidal silica suspension at 820 nm. The width of the tion, over the range from 0.011 F (6:610' SiO; units/cnT?) to 0.27
band is due to spectral broadening of the femtosecond laser excitationF (1.6 x 10?° SiO, units/cnt?) at pH= 10.4.
pulses used (dots indicate actual data, line is fit to Gaussian curve).
. i where the dependence on concentration is shown. As predicted
Experimental Section by eq 1, the signals scale linearly with the concentration of
SiO, colloids were purchased from Alfa-Aesar as 15% colloid present; residual SHG, on the other hand, would have
dispersions in KO. TEM experiments revealed the particles Yield a squared dependence on colloid concentration.
to be ca. 10 nm in diameter and completely amorphous. If the HRS signal arises frommolecularscale discontinuities
Samples were prepared by diluting the as-received sols with (surface and internal inhomogeneities comprised of only a few
water (Millipore Milli-Q) 10-fold so that the finalmolar atoms) the most straightforward manner in which to quantitate
concentration of Si@was 0.27 M. Within the pH'’s studied § is in terms of the formula unit Si© Using water as an
no flocculation or changes in the UWis spectrum were internal standardByater = 0.56 x 10730 esu)!’ the value of
observed. Titrations were performed with 0.58 M HG|0.6 per SiQ unit was determined to be between 01030 and
M HCI, 0.6 M NaCIQ,, and 0.6 M NaCl as indicated below. In 250 x 1073C esu. For comparison, this is larger than the
some experiments pH’s were adjusted with NaOH prior to commonly studied organic chromophgraitroaniline by more
titration. than a factor of 28 Realizing that only a portion of the formula
HRS measurements were performed by using a setup similarunits present may actually contribute to the signal (those not
to one previously describéd. The incident radiation was strictly canceled by symmetry), the actual contribution from each
generated by a mode-locked Ti:sapphire laser operating at 820‘molecular” scatterer is probably higher.
nm. Detection was accomplished via a cooled photomultiplier  The foregoing analysis assumes that scattering originates from
tube by utilizing a mechanical chopper and lock-in amplifier. |ocalized, molecule-like sites imbedded within a nanoscale
Wavelength discrimination was accomplished by means of a particle. If scattering instead originates from collective interac-
10 nm bandwidth interference filter centered at 410 nm or a tionS, a more conventional interfacial anajysis may be appropri-
double monochromator. To minimize uncertainties due to ate and a “per partideﬁ value may be more Significant_ In
fluctuations in laser power or mode-locking quality, HRS signals any case, the “per particle” value f@t is estimated to fall
were generally referenced against the simultaneously acquiredpetween 6000« 10-3° and 30 000x 1030 esu.
output of a doubling crystal. The incident light used in the HRS experiment described here
is vertically polarized; detection as a function of linear polariza-
tion can provide insight into the symmetry components of the
Hyper-Rayleigh scattering allows for the direct assessment  tensor. Figure 3 shows the result of such an experiment,
of molecular hyperpolarizabilitieg, in multicomponent systems ~ where the vertical-to-horizontal ratio was found to be23.
if 8 for one of the components has been previously established.This large degree of difference is remarkable when compared
If the intensity of the incident light i$,, then the frequency-  with molecular systems, where the ratio can be interpreted
doubled light observed at the detectiy,) for a two-component quantitatively by considering the symmetry point group under

Results and Discussion

system is described by eq 1: investigation. For example, one finds that for charge-transfer
chromophores ofC,, symmetry, the ratio is 5 when the
l,, = GINBZ + N8, 70,2 (1) component off along the charge-transfer axis domind#sor

the colloids under study here, no such symmetry assumptions
In eq 1,G is a parameter that encompasses collection efficienciescan be made, but it is apparent that if a “molecular” interpreta-
as well as local-field corrections, s and a denote solvent and tion of the hyperpolarizability is appropriate, several of the 18
analyte,N is the number density of each component, and the Possibles components must contribute to the observed signal.
brackets indicate orientational averaging. Surface perturbations can be easily accomplished by changing
Figure 1 shows a wavelength scan centered at 410 nm. Thethe pH of the bulk solution with addition of acid or base. The
nearly monochromatic nature implies that the observed signal acid/base chemistry of macroscopic silicon dioxide/water in-
is indeed HRS, a conclusion also supported by the observedterfaces is characterized by surfack,p of ca. 5 and 9?
guadratic dependence of signal intensities on incident pétver. Titration of diluted stock or base-adjusted colloidal suspensions
Further evidence that the signal is HRS is found in Figure 2, allows the HRS response to be studied over a wide pH range
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6 tion), implying that an alternative signal modulation mechanism
is operative. We suggest that the alternative mechanism may
involve changes i itself with the extent of surface protonation.
One way of describing “nonresonant” hyperpolarizabilities in

2 4 the molecular limit is in terms of extren@reresonance with

= one or more high-energy electronic transitions. To contribute
z to the tensor element, a transition must possess a finite oscillator
2 strength and must involve a net redistribution of electronic
@ 5 | charge leading to a change in dipole momext), Given these

°I‘ preconditions, the contribution of a particular electronic transi-

tion to || will then scale roughly as Eh?, whereE, is the
transition’s absorption energy maximuf.

Given the pH dependence gf (HRS), obvious candidate
transitions would include one or more surface or defect localized
oxo-to-silicon charge-transfer transitions, such as that arising
Polarizer Angle (degrees) from a surface SiO functionality. Conversion of the oxo

. ) ot
FigL_Jre_ 3. HRS sig_nal for coIIoide_ll silicon dioxide/water sample g;]ouﬁlg (fok;rrlall)i_}”) tp hydroxo fun(;:tlonalItlesb(lfordrr_]al_ly.—]:g th
excitation as a function of the polarizer angle Here O corresponds S Ou. Sl,J stantially increasg, and presumably Im]nls N
to vertical and 90 to horizontal polarization at the detector. (The ~Contributions of the surface charge-transfer transition(s}.to
excitation source is vertically polarized.) Fitting the data (6 — The presence of two types of -SDH groups on the surface,
c) + b yields the depolarization ratioa - b)/b, which was found to isolated (Si-0);—Si—OH (@®) and geminal (S+O),—Si—
be 22+ 3. (OH), (diol, @?), has been demonstrated by IR and CPMAS
NMR studies on various silica solids, gels and $8IsThe
1.5 number of @ to @? groups on the surface correlate with our
observed signal attenuation observed with passage through each
pKa This analysis is also supported by changeiper acid
site calculationd® In contrast to the/® enhancement mech-
anism, however, the preresonant surface charge-transfer mech-
anism would yield little or no ionic strength sensitivitgagain
v consistent with available experimental observations. Finally,
091 we note that if the preresonance interpretation is correct, then
ocht significantly larger HRS signals and an enhanced sensitivity of
. o o® %00 HRS intensities to surface and interface chemical composition
ggﬂ“'n might be expected if HRS were attempted closer to resonance.

0.5 4 v We are currently exploring this possibility by utilizing nanoscale
T T T T T T semiconductor/solution and metal/solution interfaces in place
0 2 4 6 8 10 12 14 of the insulator/solution interface examined here.
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Figure 4. Dependence of colloidal silica HRS signal intensity on HRS measurements of nanometer-sized,®v@ter interfaces
solution pH @, O, and v indicate three different dilution-corrected  represent a new method for interrogating the surface chemistry
experiments that have been normalized in the mid-pH region). and photophysical properties of these materials. The applicabil-
(ca. 10 pH units). Figure 4 shows the results of pH-dependentity of the HRS technique to ultrasmall interfaces, i.e., interfaces
HRS measurements. Accompanying passage through &ch p difficult to examine by conventional coherent SHG techniques,
(and concomitant with eaclKg on the resulting titration curve)  stems from the intentional detection ioicoherentlyscattered

is an attenuation of the HRS signal. Simultaneous evaluation light. Also, in contrast to the conventional “molecular” second-
of Rayleigh scattering, which should be strongly particle-size- order experiment, EFISHG, HRS sample preparation is quite
dependent, shows that the effective particle size is not changingfacile. No electric field or sample orientation is required,
significantly during the HRS/pH titrations. Thus, alternative allowing for the study of charged particles or materials and pH-
explanations for the HRS signal variations based on either dependent experiments where charged species are necessarily
particle aggregation or particle dissolution can be excluded. present.

Interestingly, qualitatively similar pH behavior has been These results provide telling information concerning the
reported by Ong et al. based on coherent SHG studies of anature of the silicon oxide/solution interface. Concentration-
planar, macroscopic silica/water interfd@e.There the pH and wavelength-dependent measurements show that the effect
dependence was interpreted in terms of an interface chargingseen is indeed hyper-Rayleigh scattering and that the observed
effect associated with surface tbss. Charging yields a surface S per SiQ formula unit is 60x 10730 to 250 x 10~ esu.
potential and field which, when combined with two optical Experiments to elucidate the nature of fhieesponse in Si©
fields, evidently generates)®) response from a preferentially ~ show that the signal is strongly dependent on pH and weakly
oriented interfacial water layer. Support for 4@ interpreta- dependent on ionic strength. pH-dependent experiments show
tion was provided by electrolyte concentration studies which that the HRS signal tracks the titration curve, with a marked
showed that SHG signals substantially decrease with increasingdecrease in signal as each of the surfa€gsis passed. The
concentration, as expected from a simple GuGhapman results of variable ionic strength experiments support the
description of the interfacial potential drop. speculation that the signals arise from a “molecular” (imbedded

In contrast, the HRS signals observed hamzeasedslightly surface site) first hyperpolarizability effect rather than an
with increasing solution ionic strength (see Supporting Informa- interfacial double-layer-based® effect.
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