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New Method for Determination of Surface Potential of Microscopic Particles by Second
Harmonic Generation
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A new noninvasive method for determining the surface electrostatic potential and surface charge density of
microscopic particles using second harmonic generation (SHG) is described. The surface electrostatic properties
of 1.05um polystyrene sulfate spheres in aqueous solution and that ofith 2 droplets in agueous emulsions

are obtained. Comparisons of the surface potentials obtained from SHG with the zeta potential obtained
from electrophoresis are in excellent agreement with theoretical predictions.

I. Introduction Second harmonic generation (SHG) is a surface specific
technique for probing equilibrium and dynamic phenomena at
interfaces. It has been used to study liquid/gas, liquid/liquid,
liquid/solid, solid/gas, and solid/solid interfacgs® SHG is

Surface charge density and surface potentia®(0) are
important characteristics of microscopic particles that have a
significant effect on a number of chemical and physical . . . . .
properties. Among these are the populations and Structuraloften described as electric dipole forbidden in centrosymmetric

arrangements of neutral and ionic species in the surface regionmred'ri’ \rll\{[hl(m Ca:trbe %rie;ztogdlf%tré? fc;ll?wi?gr sr{]mlmetrly
of the particle, the chemical reactions near the surface, the 8rgument. -In centrosymmetric bu edia, for every moiecule

electrokinetic properties of the particle, and the stability of the oriented in one direction there is one oriented in the opposite

particle suspension in the solution. This paper presents a neWdlrectlon. The nonlinear polarizations induced in these op-

noninvasive method for determining the surface potential of positely oriented molecules are of opposite phase with respect

microscopic particles utilizing surface second harmonic genera—to each other and cancel. Therefore the net second-order
tion. This method has some advantages over traditional polarization is zero, and there is no SHG generated from the
techniques very large population of molecules in the bulk medium. Unlike

The surface potential can be measured directly for conductingth.e rrloldecul_es "t] t?ﬁ bulk |IC]UIdt, _thfe molecult_es at mttﬁrface_ls_r?re
materials using an electrochemical cellFor nonconducting orented owing to the asymmetric Torces acting on them. us

microparticles the conventional method to measure the surfaceSYMmety is brok(_an at the interface, Wh'c_h therefore makes it
potential is electrophoresis, in which the mobilitpf a charged possible for the oriented molecules at the interfaces to generate
particle is measured and, the zeta potentids evaluated a second-order polarization on exposure to an incident light

However ¢ is not the potential at the interface, but the potential wave. A coherent SHC.':' IS radiated from the !'?terf.ace' but not
at the shear surface, which is the boundary that separates thd€ Pulk region, thus yielding a surface specific signal.

mobile fluid and the immobilized layer of electrolyte solution ~ We now ask how SHG and SFG can be generated from the
that moves together with the particle. It is not precisely known surface of centrosymmetric particles in an isotropic bulk liquid
where the shear surface is located. Assumptions about themedium if these processes are electric dipole forbidden for
distance between the shear layer and the interface have to b&entrosymmetric systems. The answer is that SHG and SFG
made in order to get the surface potential frfoRT> Moreover, are electric dipole forbidden in centrosymmetric systems
during the electrophoresis measurement the double layer of theProvided the particle is centrosymmetric on length scales much
microparticles is perturbed by both the motion of the micro- !€ss than the coherence length of the process. The coherence
particles and the electric field. In considering the motion of ength,Lc, of the process is given by the relatidtk-Lc ~ 7,

the particles, the viscosity in the double-layer region is an Where Ak = ka, —2K,, andka, k, are the light propagation
important parameter and once again assumptions have to be/ectors for the SHG light and the fundamental light and are
made to obtain the value of the viscosity inside the double inversely proportional to their respective wavelengths in the
layer87 Although the determination of surface potential from medium. Although the microsized particle is centrosymmetric

¢ has some difficulties, it remains of considerable value because©n & macroscopic scale, it is not centrosymmetric in any local
it establishes a lower limit for the surface potential and serves region of the surface. There is no net cancellation from
as an empirical quantity to be correlated with the environment 0ppositely oriented molecules located on opposite sides of the
of microparticles in solution. There are other methods to Microsized particle surface because the separation is comparable
investigate the surface potential of microscopic particles. Theseto the coherence length of the process. Thus the second
include the use of pH indicator molecufes? fluorescent yield ~ harmonic generated at the opposing parts of the centrosymmetric
measurement, and recently atomic force microscopy.All particle’s surface can add constructively to give a SHG signal.
of these methods are of considerable value but perturb theStrong SHG signals have been observed and reported for various
microscopic particles to be studied. Second harmonic and summicroparticle system’~18

frequency methods are complementary to these traditional To describe how SHG is used to investigate the electrostatics
methods. of charged microscopic particles, we will briefly discuss how
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SCHEME 1 third-order polarization induced at distanzenormal to the
Counterions, e.g. Na*+ interface can be expressed as
\ =\ %Q P,, 2@ = x“E, E, Ey2) )
SAVES | | . o
\\ wherey® is the third-order nonlinear susceptibility aid is
f \ the static field due to the interface charges.
Charged - g; Water molecules When we consider a charged surface in contact with water,
microparticle " NS>  randomly oriented in the bulk the bulk water molecules experiencing the static electric field
\P= can contribute tdP,,((2). The total third-order polarization,
QA P,., is obtained by integrating eq 2 from the interfazes 0
S\ to z = o, where the electric field decays to zero

Water molecules

Negatively orented by the charged surface P2w(3) = ,/(1) dPZw(B)(Z) = L X(3)EwEwEO(Z) dZ (3)
charged surface
) ) Carrying out the integration with the assumption that the density
SHG has been used to study the electrostatic properties of theys \yater molecules does not change significantly from the
planar fused silica/water interfadeand that of charged mono- vicinity of the interface to the bulk solution, we obtain
layers at air/water interfacé®?! In these studies it was
discovered that there were two contributions to the SHG signal

() )] *
from charged interfaces, namely, the second-gytand third- Pow " =2 Ewij;) Ey(2) dz
order ¥® contributions. They@ contribution is from the
molecules at the interface, which are oriented, and can therefore = — 49E_E, [®() — ®(0)]

give an electric dipole allowed SHG signal. T§@ contribu-
tion results from the electric field induced polarization of bulk
water molecules by the charged interfa&e?! The centrosym-
metry of the bulk water is broken owing to the static electric ) ] ) )
field, which extends into the bulk liquid, and is generated by Where®(0) is the surface potential anbi(«) is the potential at

the charges at the surface. Th® contribution contains infinity., .i.e., far into the bulk, Whic_h is set equal to zero. -
information on the surface charge density and the surface Addition of the second- and third-order polarization gives

= »“E,E,®(0) (4)

potential of the charged interfaces. the total polarization from a charged interface
We have combined the ideas of SHG studies on micropatrticle @ @)
surfaces with studies on charged planar interfaces in order to P,, = x“E,E, + x E,E,®(0) )

probe charged microparticle/water interfaée& 2! The ex-

periments were carried out on two different types of microscopic Since the second harmonic fielkyg is proportional toPy,,

particles. One system is a suspension of polystyrene sulfateEsng can be written as

(PSS) microspheres in water, for which the surface charge is

due to sulfate groups. The other system isnatietradecane/ P,, ~ Esyc = A+ B®(0) (6)

water emulsion consisting of-tetradecane (oil) droplets in a

water solution. The surface charge is due to the dodecyl sulfate\yhere A and B contain they® and 4® contributions, respec-

(C12H25SOy ™) emulsifier. From this study, we were able to find tively.

the surface charge density and surface potential of the micro- 2" Effect of Electrolyte on the Second Harmonic Field,

spheres and the oil droplets without any perturbation or reliance g, When a charged interface contacts an electrolyte solution,

on probe molecules. To our knowledge, this study presents thethe jons in the solution will interact with the charged interface

firSt determination Of miCI’Opartide Surface pOtentia|S by SHG. and d|str|bute themselves accordlngly The presence Of coun-

terions screens the static electric field due to the charged

interface and decreases the magnitude of the field as the distance

from the interface increases. The number of water molecules
1. SHG Signal Due to a Charged Interface.Because the polarized by the field then decreases, which leads to a decrease

radius of curvature of the microscopic particles is large, we can of the magnitude of thg® contribution toEsne. Therefore,

describe the electrostatics near the surface (100 A) as if theEsne changes with the bulk electrolyte concentration.

interface was strictly planar. We can thus use the approach The Gouy-Chapman model of the electric double layer can

used in the SH studies of the charged planar interfaces, silica/be employed to describe the electric potenti®(0), of the

waterl® and charged surfactants at planar air/water interfcés. charged microparticle interface. In this model, the Poisson
The second-order polarizatiét,,@ arising from the oriented ~ Boltzmann equation is solved for a planar charged surface in

Il. Method for Determination of Surface Potential of
Charged Particles by Second Harmonic Generation

molecules at the interface can be expressed as contact with a symmetric electrolyte solution, e.g., univalent,
1:1, KCl or divalent, 2:2, MgS@ with the assumption that all
pr(Z) = X(Z)E(uEw (1) the ions are point charges. The expression is as follows
whereE,, is the incident optical field at frequeney. A second (0 _ kT inh L T 7
contribution to the second harmonic signal is from the bulk 0= Ze S o 2¢kT @

solvent molecules polarized by the charged interface. The static
electric field due to the surface charges can orient and inducewhere C is the total bulk electrolyte concentratiok,is the
a third-order polarization in the solvent; see Scheme 1. The Boltzmann constanfl is the temperatureZ is the valence of
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Ti: Sapphire o at 842 nm ), at a repetition rate of 82 MHz. The fundamental
Vi Laser Ar¥ion Laser 4] A ) ) N
light is gently focused into a 0.2 cm long quartz cell using a
Tunable lens of focal length 7.5 cm. Second harmonic photons at 421
nm (2w) are collected in the transmitted direction by a
Sample thin polarizer condensing lens with ah number of 1.1 and detected by a
Wiplate  fiter I o e single-photon counting method. Filters and a monochromator
1 -~ B Oy :H_mq | :><{0;’:0:H-D separate the second harmonic photons from the fundamental
mirror / 1 A ] light and any background signal.
polarizer  lens lens Beam lens Monochromator

reduction .The polymer partigles (PSS) were §pherical polystyrene
telescope microspheres (Polysciences) narrowly distributed about a 1.05

Figure 1. Experimental setup for second harmonic measurements. =+ 0.03 um _diameter- The particle surfacgs are negatively

the ions,o is the surface charge density, ant the dielectric charged owing to the presence of sulfat_ésg ) groups. Al .

constant of the bulk solution. PSS §amples were prepared in doubly 'dlst|lled water at a particle
We can now obtain a model to fit the dependencEeic density of 1x 10 particles/crd. The oil/water emulsion was

. . . prepared by mixig a 5 mM1-dodecanol (Aldrich)i-tetradecane
ggtzilre]ctrolyte concentratio@ by putting eq 7 into eq 6. We (Aldrich) solution with a 5 mMsodium dodecyl sulfate, SDS,

(Sigma)/water solution at a volume/volume ratio 1:9. 1-Dode-

2kT) . . 1 7T canol is a coemulsifier in the emulsion. The average size of
Esud(C) = A+ B\ S| sinh "oy /50 7 (8) the emulsion was found to be 0.2200.003um by applying
Mie scattering theory to the turbidity dae#4t2> The emulsion
in which A, B, ando are the fitting parameters. Once they are \as diluted to a droplet density of 6 101° droplets/crd. The
obtained from the fitting®(0) can be found. turbidity of each sample was measured by a-is spectrom-

3. Hyper-Rayleigh Correction. In the experiment, the  eter (Perkin-Elmer, Lambda 19). The stabilities of the PSS
physical quantity measured was the total intensity of the light syspensions and the emulsion at different concentrations of
at frequency @. Although the measured SHG is from the glectrolyte solution were checked. The BVisible spectra of
microparticle surface, there can also be a signatafram the all the samples for both PSS and emulsion systems did not
bulk liquid due to hyper-Rayleigh (HR) scattering. The HR  change upon addition of electrolyte and changed less than 3%
scattering is an incoherent second-order process originating frompefore and after the SHG measurement.
the breaking of local symmetry due to the fluctuations in the  potassjum chloride, sodium bromide, and magnesium sulfate
orientation and density of solvent molecufés?® To obtain (Aldrich) were heated to 608C for more tha 8 h before use.
the SHG signal arising from the microparticle surface, we have || sait solutions were prepared in doubly distilled water. The

to correct for the HR scattering. Water, being the bulk medium ¢qution pH was 6.3 0.2. All measurements were performed
in the system, is the major source of the HR scattering. Apart 5¢ oo°c.

from water, there are ions in the systems. The contribution from
the iqns in the solution was negligible_ on the basis of the |\, Results and Discussion
experimental result that the HR intensity of pure water and
electrolyte solution was the same within experimental error. Although the Gouy-Chapman model is derived for charged
Since the hyper-Rayleigh scattering is an incoherent process,planar interfaces, it is applicable to the charged curved surfaces
the total intensitylra, measured at frequencywan be written of the PSS and emulsion systems used in the present studies. It
as is known that a charged curved surface in contact with an
T T electrolyte solutior_l can be approximated by a flat surface_ when
total — 'SHG © 'HR the product of the inverse of the Debye lengthand the radius
where Isug is the SHG intensity from the interface of the Of the particlesr, is largexr > 152° With this approximation
microparticles andiyg is the intensity of hyper-Rayleigh '_[he Pmsso&B_oItz_mann equation can be solved as if the surface
scattering from water. Since the system is turbid owing to the 1S planar, which is the GouyChapman model, i.e., eq 7. In
presence of the PSS particles or the emulsion oil droplets, thethe intermediate regime 1 «r < 15, the approximate solution
contribution of Iyg is actually the measured hyper-Raleigh ©f the PoissorBoltzmann equation for the potential profile
scattering intensity of neat water after correction for the around a spherical colloidal particle is needed. For the PSS
attenuation by the PSS or the emulsion oil droplets. The HR SySteém, the range is 465 «r > 51, and therefore it is valid to
from water without any microparticles was measured using the @PPly the Gouy-Chapman model to describe the potential of
setup in Figure 1. The turbidities of the microparticle samples the PSS particle. Althoughkr ranges from 5 to 60 in the
at  and 2» were measured with a UWis spectrometer. emuI_S|on studies, it was found that the deV|at|on_ of the cha_rge
Considering the attenuation efand 2 light, we can calculate density calculated from the zeroth order approximate solution

the HR contribution from water in the microparticle suspension, Of the PoissorBoltzmann equation relative to the exact
lur, by an integration along the path length. Therefdgc numerical solution of the GouwyChapman model is less than
can be found by 10% forkr = 526 When the charge density differs by 10% at

kr = 5, the corresponding(0)’s calculated by the Gouy

Chapman model differs by 4%, which is within the experimental

) ] ] ) error of the SHG measurements.

Th(_eEs_HG is obtglned as a function of electrolyte concentration,  the second harmonic intensity, which is the square of the

which is then fitted to eq 8. SH field, was measured as functions of [KCI] and [Mg$for

the PSS system and as functions of [NaBr] and [Mg/Sor

the emulsion system. The SHG data for the different electrolyte
The setup for the second harmonic measurements is shownconcentrations were fitted to eq 8. From the fittiAgB, and

in Figure 1. A Ti:sapphire laser provides 1.4 W of 100 fs pulses o were obtained. ®(0) could then be found for a given

Esre = vlste = v/ (liotar — 11R)

Ill. Experimental Section
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(a) polystyrene sulfate (a) Emulsion
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. L . Figure 3. Second harmonic fieldzsng, and surface potentiafp(0),
Fllgur% 2. S?con(_j harfmonlc f(':?ld:_'SgG'band surface rﬁ)otenltlaQ(O), plotted as a function of (a) [NaBr] and (b) [MgS$dor the emulsion
plotted as a function of () [KCI] and (b) [MgS{Xor the polystyrene gy qtom The triangles and circles are the experimental data. The solid

sulfate microsphere (PSS) system. The triangles and circles are the |, es are obtained by using the Gewghapman model to fit the
experimental data. The solid curves are obtained by using the-Gouy experimentally determineBsyc eq 8

Chapman model to fit the experimentally determirigglc, eq 8.
TABLE 1: Results of the Fitting for Espc vs C by Eq 8 and

electrolyte solution using eq 6. It was found that the best fits Esug vs In C by Eq 9 for KCl and MgSO, for the

of A, B, ando were obtained by using data from both univalent Polystyrene Sulfate Microspheres (PSS) in Water

(1:1) electrolyte and divalent (2:2) electrolyte experiments. polystyrene sulfate microspheres
The second harmonic fieldEsyg, is plotted as a function of KCl MgSOs

][KCIE. andf [I\N/IgE?O4] f(;)r'vtlheS P?S ?]ystem,I Flgure 2, arllzq as a EoovsC A 8L 07 292 0.7

unction of [NaBr] and [MgS@ for the emulsion system, Figure o(chargesicd)  (3.7+0.3)x 108 (3.6+ 0.5) x 103

3. The three fitting parametefs B, ando found from the fitting B(2kT/Ze) 5.6+0.2 2.5+ 0.1

are shown in Table 1 for the PSS system and Table 2 for the EskevsInC slope= —B(kT/Ze) 2.5+ 0.2 12+01

emulsion system. They show that both independent sets of dat ] -
for KCl and MgSQ are in agreement for the PSS, and the data aé’:il‘\llzs 2In Cl?ebilulEtz %f ftgre NF;tgp%ring%sggﬁo? tl?]% Eq 8 and

for NaBr and MgSQare in agreement for the emulsion system. Tetradecane Oil in Water Emulsion
With A and B known from the fitting andEsyc measured

experimentally, the surface potentiah(0), can be found by emulsion

solving eq 6. With the surface charge densityobtained from NaBr MgsSQ

the fitting, @(0) can be obtained by the GouZhapman model; EshgvsC A 9.9+03 10.0+0.3

see eq 7. Figures 2 and 3 show the experimentally determined g((zckhTf’l“de‘)*S/C’ﬁ (ggi 8-2) x 103 (i-iéciob%g 103
@(0) and the theoretical fit of GouyChapman model. Eencvs INC slope— —B(KT/Ze) 1.2+ 0.1 0.59% 0.08

A further demonstration that the Goufhapman model

contained in the ex_pressio_n fqr the SHG, eq 8, is applicable_ to Furthermore, the slope of the line would be inversely propor-
the PSS and emulsion studies is the dependence of the SH,S'gnadonal to the electrolyte valenc Thus the slope for the
on the valencez, of the electrolyte. TheZ dependence i niyaient electrolytes KCI and NaBr should be twice the slope
explicitly shown in eq 8_. A convenient way to examine this for MgSQ,. Figure 4 shows the plots s vs In[KCI] and
dependence dEsic 0n Z s to use the approximation, sinhx Esne Vs IN[MgSQy] for the PSS system. Two straight lines are

~ In 2x for.x > 3. This approximatiqn is valid. at elegtrolyte obtained. The slope for KCl is equal t62.5 + 0.2 and the
concentrations below I8 M. Using it makes it possible to slope for MgSQ is equal to—1.2 + 0.1, yielding a ratio of

separate the elect_rolyte concentrationand the (_:ha_rge density, 2.1:1, which shows very good agreement with the theoretical

0, in the expression for the second harmonic figigdyc, as prediction of 2:1. Good agreement was also found for the
follows emulsion system; see Figure 5 and Table 2. The slope for NaBr

. . is equal to—1.2 + 0.1 and the slope for MgSQs equal to
— 2KT o s L —0.59+ 0.08, yielding a ratio of 2.0:1, versus the theoretical
Ese = A+ B( Ze) In(ZUV 2kTe) B(ZJ InC ©) prediction of 2:1.

It is to be noted that we obtain the absolute value of the

In this form if the experimentally determined value ¢ is surface potential of a micropatrticle by the SHG method. There
plotted against the IrIC, a straight line should be obtained. is no need for a calibration because the actual surface charge
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Figure 4. Dependence of the second harmonic fidid,s on the
electrolyte valences, 1:1 and 2:2. Theyc is plotted as a function of
In [KCI] and In [MgSQ,] for the polystyrene sulfate system (PSS)
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as the potential at the inner surface of this shear zone. For a
concentration of 1:1 electrolyte at 0.1 M andig0) of —62

mV obtained from SHG, the theoretical model predicts a zeta
potential of —35 mV. The electrophoresis measurement yields
a of =37 mV. For a concentration of 1:1 electrolyte at 0.01
M and a®(0) of —120 mV obtained from SHG, the theoretical
model predicts & of —75 mV. The electrophoresis measure-
ment gives & of —73 mV. We thus observe that the theoretical
model relating the surface potentidi(0), and the zeta potential,

g, is in remarkably good agreement with the valuesigD)
obtained from SHG an@ obtained from electrophoresis.

V. Conclusion

We have used a second harmonic method to investigate the
electrostatic properties of microscopic particle surfaces. This
noninvasive method was used to study the aqueous/polystyrene
sulfate microsphere interface and the aqueous/oil (tetradecane)

system. The triangles and circles are the experimental values. The soligdroplet emulsion interface. The dependences of the second

lines are obtained by fitting the data to the Gewhapman model, eq
9.

. slope (KCl) _ZMg?) _
Theory : slope (MgS0O4)  Z(K*) =2
slope (K€Y _ (1220.1) _ 040
slope (MgSOs) ~ (0.59 £0.08)

Emulsion

20

A

Experiment :

18 —
A NaBr

® MgSO,

Eg(arb. unit)

T T T T T T T
-9.0 -8.5 -8.0 -7.5
InC

Figure 5. Dependence of the second harmonic fididns, on the
electrolyte valences, 1:1 and 2:2. Thec is plotted as a function of
In [NaBr] and In [MgSQ] for the emulsion system. The triangles and

harmonic signal on electrolyte concentration in the bulk solution,
and on the valences of the electrolyte, i.e., univaleht Ka"

and divalent Mg", are in excellent agreement with the Geuy
Chapman model. From the fitting of the second harmonic
measurements to the GotuZhapman model, we have obtained
the surface charge density and the surface potential of the
microscopic particles. The comparison of the surface potential,
®(0), obtained from SHG and the zeta potentiglobtained

by electrophoresis is found to be in excellent agreement with
theoretical predictions based on a model in which the surface
potential is considered as the inner surface of the shear zone
while the zeta potential is considered as the outer surface of
the shear zone.
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circles are the experimental values. The solid line are obtained by fiting References and Notes

the data to the GouyChapman model, eq 9.

density is obtained from fitting the experimental data to eq 8.
The surface potential can then be found from the Goeuy

Chapman model, eq 7, at a given electrolyte concentration and

the experimentally obtained surface charge density,

It is useful to compare theP(0) obtained from SHG
measurementsp(0) = (Esyc — A)/B, with the zeta potential,
¢, obtained from electrophoresis experiments. Tseneasured
for the PSS system at [KCH 0.01 and 0.1 M are-73+ 5
and—37 + 3 mV respectively, whileb(0) obtained from SHG
are—120 + 11 and—62 4+ 10 mV, respectively. It is to be
noted that®(0) measured by SHG is larger thgnwhich is
consistent with the fact thétis the potential at the shear surface,
which is located further away from the surface charges.

The surface potentia®(0), which is obtained by the SHG
method, is the potential drop across a Ge@hapman diffuse
double layer with the potential of the bulk liquid far from the
microparticle surface being set equal to zero. A theoretical
relation betweenP(0) and{ has been established based on a

model in which the shear surface is replaced by a shear zone.
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