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The second harmonic generation from charged monolayers at air/water interfaces is shown to be linearly related to the interface 
electric potential. This dependence is due to the polarization of water molecules in the electrostatic field of the charged monolayer. 
The observed linear dependence of the second harmonic field on the interface electric potential serves as the basis of a proposed 
method for obtaining the interface potential, which it should be noted is a nonintrusive optical method. The work presented here 
also indicates that the Gouy-Chapman model is valid at the air/water charged interface up to at least a 1 M total electrolyte 
concentration. 

1. Introduction 

The second harmonic signal from neutral mole- 
cules located between centrosymmetric bulk media 
can usually be expressed in terms of a second-order 
nonlinear polarization, 

p@,+‘E ,Ij w w9 (1) 

where xC2) is the second-order nonlinear suscepti- 
bility of the interface, and E, is the incident optical 
field at frequency o [ 11. When the interface is 
charged however the static electric field due to the 
charge can induce a third-order nonlinear polariza- 
tion PC’). This can be an additional source for sec- 
ond harmonic generation [ l-41. The nonlinear po- 
larization PCs) has both an electronic part and an 
orientational part due to the field-induced alignment 
of bulk molecules [ 5,6]. The second harmonic field 
Ezw, generated by the third-order polarization P12 
can be expressed as [ 2-61, 

Ezw aPi,!,,) =x’~‘EOE~E~ , (2) 

where xt3’ is the third-order nonlinear susceptibility 
of the solution and E. is the static field due to the 

’ To whom correspondence should be addressed. 

surface charges. We have found this third-order pro- 
cess to be important at silica/water interfaces [ 71. 
In fact the polarization of the bulk water molecules 
by the negatively charged -SiO- groups at the silica/ 
water interface was found to be the dominant mech- 
anism for generating the second harmonic signal. 
Support for these inferences was based on the quan- 
titative agreement between the dependence of the SH 
(second harmonic) signal on bulk pH, electrolyte 
concentration and temperature, and the predictions 
of the third-order polarization model. It should be 
noted that in the early years of SH research there were 
pioneering studies on SHG (second harmonic gen- 
eration) from bulk liquids where the SH signal was 
induced by externally applied static electric fields 
[ 61. In addition there has been important work us- 
ing SHG to study electrode surfaces [ 8-121. 

In this Letter, we focus our attention on charged 
monolayers at air/water interfaces. Among the ques- 
tions we will address are the following ones. Is the 
electric field-induced third-order polarization mech- 
anism important? Is the value ofxc3) dependent only 
on the bulk liquid and consequently the same for dif- 
ferent water interfaces such as the silica/water in- 
terface and positively and negatively charged air/ 
water interfaces? Is the measurement of the second 
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harmonic signal of a charged interface a general 
method for obtaining the electric potential @( 0) of 
an interface, independent of any interface electro- 
static model? The two systems we have investigated 
are KC1 aqueous solutions covered with either an in- 
soluble monolayer of n-docosyl trimethylammon- 
ium bromide, CH3-(CH2)2,N(CH3)3Br, (C,,NBr), 
or an insoluble monolayer n-docosyl sulfonate po- 
tassium, CH3- ( CHI )&03K, (C&K). At the air/ 
‘water interface &,NBr and &SK ionize completely 
to form positively and negatively charged monolay- 
ers, respectively. The results obtained from these 
studies on the positively and negatively charged air/ 
water and the silica/water interfaces demonstrate that 
SHG can be used to measure the interface electric 
potential 0(O), and thus provides a new way to study 
electric phenomena at the interfaces of non-con- 
ducting materials #‘. 

2. The origin of the second harmonic signal 

The interaction of an electromagnetic field E, with 
a material can be described by the polarization P in- 
duced in the material. For the charged interface the 
polarization Pzw responsible for the SH light field can 
be expressed in terms of the second-order x”) and 
third-order xc3) susceptibilities, 

Pzw =x”‘E E +x”‘E,E,E,. co co (3) 

The l(‘) contribution is electric field independent 
and arises chiefly from the molecules at the interface 
whereas the xc3) contribution can arise from both the 
interface and bulk species. Since the static electric 
field extends into the bulk solution it is expected that 
the xt3) contribution to the second harmonic signal 
is dominated by the large number of bulk water mol- 
ecules. Although the bulk counter-ions can contrib- 
ute through their third-order electronic polarizabil- 
ity, we found from studies of the silica/water 
interface that the second harmonic signal was the 
same for Li+ and Na+ counter-ions. This indicates 
that at least for these counter-ions their contribution 
to x(3’ can be neglected. The magnitude of the third- 
order nonlinear polarization, which we refer to as the 

xl FOF a discussion of electrical phenomena at interfaces, see ref. 

[131. 
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x(3’ contribution, is thus determined by the elec- 
tronic nonlinear polarizability (Y(~) of water, the de- 
gree of alignment of water molecules by the static 
field E,,, and the magnitude of the field E,. In the 
absence of a static field the water molecules beyond 
the first few layers would be randomly oriented [ 141. 
They would consequently not contribute to the SH 
signal via the electric dipole part of the x(‘) term. 
However, in the presence of charged molecules at the 
interface the centro-symmetry experienced by the 
bulk water molecules is broken. The alignment of the 
water molecules by the static field enables them to 
contribute to the nonlinear polarization Pi2 and the 
generation of second harmonic light. 

Because the static field extends into the bulk so- 
lution all bulk water molecules that are subject to this 
field can contribute to P$z. Their contribution is 
obtained by integrating Pg from the interface at 
z= 0 to z=co, i.e. well into the bulk liquid, where the 
electric field has decayed to zero. Thus, 

m 

P13’ =x’~‘E~E~ w s 
E. dz . 

0 

(4) 

Assuming that x c3) does not vary with z, which es- 
sentially means that any variation in the density of 
water from the vicinity of the liquid interface into 
the bulk solution can be neglected, and using the re- 
lation between the electric field E,(z) and the elec- 
tric potential Q(t), we obtain 

P13) = -x’~‘E~EJ @(co) - @( 0) ] w 

=x’3’EwE,@(o), (5) 

where Q(O) is the potential at the interface and 
@(co), the potential well into the bulk solution is set 
equal to zero. The total second harmonic signal due 
to the second- and third-order polarizations is given 

by 

Ez,aPz,=x(2)E,E,+x(3)~(0)E,E,. (6) 

The linear relationship between the measured SH 
field E,, and the interface potential D(O), 

&o= M+WO) I&%,, (7) 

provides a new and direct method for measuring in- 
terface electric potentials. The quantity A contains 
the x(‘) and B the xc3) contributions to Ezo. In sec- 
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tions 3 and 4 of this Letter we will test the validity 
of eq. (7) by determining whether the variation of 
E% with electrolyte concentration and surface charge 
density obeys this equation. In addition we will de- 
termine the relative importance of the A and B@( 0) 
terms for negatively and positively charged mono- 
layers. 

3. Experimental 

n-&NBr was synthesized from n-&Br and tri- 
methylamine. n-C&% was synthesized from the 
KMn04 oxidation of C2*SH. All samples were pur- 
ified by recrystallization at least five times before use. 
The spreading solvent, chloroform is HPLC grade. 
All water used was double distilled from KMn04. KC1 
was heated up to 600°C for purification. Monolay- 
ers were prepared with a 0.1 mM spreading solution 
at the aqueous solution surface. 

The SHG experiment, which has been described 
before consists of an Ar+ sync-pumped and cavity- 
dumped dye laser at 600 nm [ 15 1. The signal pass- 
ing through a monochromator is detected by a PMT 
and recorded by a single-photon counting system. The 
SH signal from monolayer was normalized to that 
from the neat air/water. 

4. Results and discussion 

4.1. Efsects of electrolyte and charge density on SH 
signal 

We have measured the dependence of the second 
harmonic field &, on the KC1 bulk electrolyte con- 
centration for positively and negatively charged 
monolayers at an interface coverage of 50 A2/charge. 
In complementary experiments the dependence of 
ELo on the area/charge at a fixed electrolyte con- 
centration of 1 mM were performed. In figs. la and 
lb the s-polarized component of the second har- 
monic field, i.e. perpendicular to the plane of inci- 
dence ( YZ) and thus parallel to the interface (X), 
is shown in a semilog plot as a function of bulk elec- 
trolyte concentration. The only susceptibility com- 
ponents that can generate X polarized second har- 
monic light are ~4;; and &, where the last subscript 

(4 CH,(CH,),,N’W,),B~ 
r: 1.8- 
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Fig. 1. Second harmonic electric field versus log C, C= total bulk 
electrolyte concentration (mol/P) for (a) the positively charged 
monolayer ofCH3-(CH2)21N(CHj)3Br, (&NBr), and (b) the 
negatively charged monolayer of CH1-(CH2)21-S031(, (&SK) 
at the air/water interfaces. 

on xc3) gives the direction of the static field Eo. The 
strong dependence of E2,fl,X on the bulk electrolyte 
concentration indicates the importance of the fiz 
term since the x!$ term has no significant depen- 
dence on electrolyte concentration. To fit eq. ( 7 ) to 
the measured second field E,, it is necessary at this 
point to have an explicit expression for the interface 
potential Q(O) in terms of electrolyte concentration 
and interface charge density 0, where u= l/A and 
A = area per charged molecule. Fortunately there is 
a model of the interface potential, namely the Guoy- 
Chapman model, which has been shown to be ap- 
plicable at the air/water interface under the same 
conditions as that of our experiment [ 16 I. For a 1: 1 
electrolyte the interface potential is given by 

a(O)= zsinh-’ (8) 

where C is the total bulk electrolyte concentration 
and z is the sign of the charged monolayer. The fits 
of eq. (7) to the second harmonic measurements as 
a function of the bulk electrolyte concentration at a 
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fixed surface charge density are shown in figs. 1 a and 
lb. The dependence of E,, on electrolyte concen- 
tration is contained in the interface potential, eq. (7), 
and not in the constants A and B. The good fit of the 
experimental data to eq. (7) supports the model used 
to describe the origin of the second harmonic signal. 
It may be noted that the linear dependence of E,, on 
log C, as seen in figs. 1 a and 1 b, reflects precisely the 
logarithmic dependence of a sinh- 1 function under 
our experimental conditions. In figs. 2a and 2b we 
see that the complementary experiments of EZo ver- 
sus the surface charge density a, at a fixed electrolyte 
concentration of 1 mM, are also in agreement with 
the model expressed in eq. (7). 

The response of the second harmonic signal to 
electrolyte concentration and surface charge density 
can be understood in terms of the third-order po- 
larization. As the electrolyte concentration decreases 
the Debye-Htickel screening length becomes larger 
resulting in more bulk molecules interacting with the 
static field E. and thus contributing to the third-or- 
der polarization. Similarly as the surface charge den- 

I- 
I 1 I I I I ’ 

1.7 1.8 1.9 2.0 2.1 2.2 2.3 

Log (A) 

Fig. 2. Second harmonic electric field versus log A, A= inverse 
charge density (area AZ/charge) at a fixed electrolyte concentra- 
tion of 1 mM for (a) the positively charged monolayer of CH3- 
(CH,),,N(CH3),Br, (&,NBr), and (b) the negatively charged 
monolayer of CH3-(CH2)2,-S03K, (&SK) at the air/water 
interfaces. 

sity g increases the electric field increases in mag- 
nitude. The increase in E0 increases both the third- 
order electronic contribution and the orientational 
contribution to I(~). Both the decrease in bulk elec- 
trolyte and the increase in charge density results in 
a larger third-order polarization. The net effect of this 
on the generated second harmonic field E,,, accord- 
ing to the model contained in eq. (7), depends on 
the sign of the monolayer. As seen in eq. (8)) the sign 
of the interface potential 0( 0) is opposite for pos- 
itively and negatively charged monolayers. This in 
turn means that the effect of the third-order polar- 
ization term B@(O) on the second harmonic field 
E2,,,, is predicted to be opposite for positively and 
negatively charged monolayers. Considering the pos- 
itively charged monolayer, for which the sign of 0( 0) 
is positive, we conclude from fig. la, which shows a 
decrease of E,, with increasing electrolyte concen- 
tration and from fig. 2a, which shows an increase of 
Ezw with increasing charge density Q, that the sign 
(or phase) of the constants A and B are the same. 
For the negatively charged monolayer the depen- 
dence of electrolyte and charge density on the second 
harmonic signal as shown in figs. lb and 2b are op- 
posite to the positive monolayer. A physical model 
consistent with these observations is the following 
one. For the positive monolayer, the effect of.4 and 
B@(O) having the same sign is to enhance Ezo as the 
magnitude and interaction length of the static field 
E. increases. The electric field & of the positive 
monolayer preferentially aligns the water molecule 
with its dipole moment directed toward the bulk, i.e. 
protons down and oxygen up. If the preferred align- 
ment of the water molecules due to forces at the in- 
terface other than that of E,, favor the same water 
dipole orientation, then the predicted result would 
be an increase in the second harmonic signal as the 
length of interaction increases (lower electrolyte 
concentration) and as the field & increases (in- 
crease in positive charge density). From earlier ex- 
periments on the alignment (absolute orientation) 
of water molecules at the air/neat water interface it 
was concluded that the preferred orientation of water 
is the dipole moment pointing toward the bulk water 
[ 17 1, This earlier finding is in accord therefore with 
the observations on the positively charged mono- 
layer interface. For the negatively charged mono- 
layer the field & would preferentially align the water 
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dipoles with the protons pointing up toward the in- 

We therefore conclude on the basis of the electro- 

terface. This field-induced alignment opposes the 
alignment in the absence of interface charges. The 

lyte concentration and charge density studies of the 

partial cancellation due to these opposing forces re- 
sults in a reduction of the second harmonic signal as 

negatively and positively charged interface that the 

the electrolyte concentration decreases and the neg- 

contribution of the nonlinear polarization PJz is es- 

ative charge density increases. 

sential to any description of the SH signal originat- 
ing from these interfaces. 

4.2. Symmetry test of the polarization model 

A further quantitative test of the third-order po- 
larization model derives from the relationship be- 
tween the various elements of the B (effective xr3)) 
tensor. It has been shown for weak to intermediate 
electric field strengths, 

where p is the permanent molecular dipole moment, 
that 

The last index is the E0 field direction [ 51. Thus the 
determination of the different elements of B is a fur- 
ther test of whether the third-order field-induced po- 

The values of A, and B,, can be obtained from 
the measured dependence of Ezo on electrolyte con- 

larization of the water molecules contributes to the 

centration as well as from the dependence of EZw on 
surface charge density. The values obtained in these 

SH signal. We see from table 1 that the relation of B 

two ways are summarized in table 2. The values of 
B,,,, obtained from the electrolyte and charge den- 

elements given by eq. ( 10) is satisfied. 

sity experiments are in good agreement. It should be 
noted that the second harmonic signal and hence the 
signal to noise for the negatively charged monolayer 

Table 1 
Values of different elements of E(,$‘)): comparison of experimental results with theoretical prediction. Upper part: For positively charged 
monolayer of CH,-(CH2)21N(CH3)3Br, (Cz2NBr) at air/water interface. Lower part: For silica/water interface 

&zXz(x10-3) B, (x IO-‘) &z,z(x)O-3) 2B,Xz+B, (X IO-‘) 

1.2kO.2 1.250.2 4+1 3.6kO.6 

1.3kO.4 1.3kO.4 4.1 kO.4 3.9+0.4 

Table 2 
Values ofA (I@)) and B (xc3)) (eq. (7)) for charged monolayers at air/water interfaces, the silica/water interface, and the air/neat 
water interface 

&NBr ‘) o.s9+0.14 0.40+d.15 1.220.2 1.2iIo.2 
CzzNBr b, 0.96+0.17 1.2kO.2 
ave. (C,,NBr) 0.93kO.17 1.2f0.2 
C&SK =’ 1.36+0.14 1.0+0.2 
C,,SK b’ 1.72+0.17 1.4kO.2 
ave. (&SK) 1.54+0.17 1.2kO.2 
silica/water 0.3kO.05 0.30f0.05 1.3f0.4 1.3LO.4 
air/neat water I .o f 0.04 0.38f0.04 0.96 " 0.96 ') 

‘) From E,, versus log Cplot, C=total bulk electrolyte concentration. 
b, From E,, versus log A plot, A =inverse charge density (area/charge). 
‘) B value for water in the bulk calculated using literature values [ 6,181, presented as the ratio of x (3) of water to x(*) of air/water 

interface. 
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is not as good as for the positively charged mono- 
layer because the A and B@(O) partially cancel each 
other for the negative monolayer. Nonetheless it is 
clear that the B values for the negatively charged and 
positively charged monolayers are equal with an av- 
erage value of 1200? 200. The A values for the neg- 
atively and positively charged monolayers are close 
to A= I, which is the value for the neat air/water in- 
terface. This indicates that most of the effective xc’), 
i.e. the A value, is due to water. The deviation from 
1.0 is due to the contribution of the negative 
(SO, ) and positive ( Nt ( CH3) 3) head groups to the 
effective xc2) value. Because the A values for the 
monolayers are of the same order of magnitude as 
the neat air/water interface we can use the A FZ 1 value 
and the Bz 1200 value to estimate the ratio of the 
second- to the third-order polarizabilities of water. 
We can then check if this ratio is consistent with 
published data. We note that A or the effective xc’) 
is related to cy(‘) by 2 cz)=NI(~(2)) and B, or the 
effective x”‘, is related to oc3) by x(~)=N,, 
x ( (cI(~)> +~(a(~))/bkT), where b is a constant 
depending on the element measured, N, and N, are 
the density of water at interface and in the bulk, re- 
spectively [ 5 1. Using N, N lo*’ water molecule/cm2 
and N0=3.35x 10” molecule/cm3 the ratio of CP 
to (Y(~) is 1 04- 105. This is in agreement with liter- 
ature values [ 61. 

4.3. Measurement of sur_hace electrostatic potential 
by SHG 

An important part of any description of a charged 
interface is the interface potential. It is a major fac- 
tor in determining the interface population of ions 
and thereby controlling equilibria involving charged 
species such as acid-base reactions, electron transfer 
reactions, and interface pH. In the following discus- 
sion, we will show how the electric potential can be 
obtained using SHG, independent of an electrostatic 
model of the charged interface. The relation between 
the second harmonic field and the interface potential 
is expressed in eq. (7). If the values of the constants 
A and B, which respectively contain theX(*) and xc3) 
susceptibilities, are known then a measurement of 
the SH signal will yield the electric potential of the 
interface. We have found that the values of B for the 
ammonium monolayer (C22NBr), which is a posi- 
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tively charged surfactant, and for the sulfonate 
monolayer (C&X), which is a negatively charged 
surfactant, are the same. In other words, it is the water 
that determines the xc3) and thus the value of B. In 
fact our finding that the value ofB at the silica/water 
interface is the same as at air/water interfaces, in- 
dicates that B depends only on the bulk liquid. The 
values for B,, and B,,,, at the silica/water interface 
are 1300& 400 #2, which is in agreement with the 
1200 k 200 value for both the positively and nega- 
tively charged air/water interfaces. The remaining 
issue in order to obtain the interface potential from 
eq. (7) is the value of the A constant, i.e. the effec- 
tive x(‘) of the interface. If we could determine the 
value of A for the interface at a given surfactant den- 
sity and electrolyte concentration, then we could di- 
rectly obtain the interface potential from a mea- 
surement of the SH signal. Although we are not able 
to evaluate A independent of an electrical double 
layer model at this time we can show that having once 
obtained A, for example from an electrical double 
layer model we can use it under conditions where the 
model is no longer applicable. This was done for the 
silica/water interface where A was obtained at an 
electrolyte concentration for which the Gouy- 
Chapman model is applicable. Eq. (7) was then used 
for the interface at higher concentrations where the 
Gouy-Chapman model fails. We found that the in- 
terface potential versus pH using eq. (7) agreed with 
the results fitted to the appropriate model of the 
electrical double layer at a high electrolyte concen- 
tration, namely the constant capacitance model [ 19- 
2 1] as shown in fig. 3. For the air/water interface we 
can also evaluate the electric potential from mea- 
surements of the SH signal since it turns out that the 
value of A for the charged interfaces is close to that 
of neat water. This means that the xc*) for water is 
greater than the x t2) values for the surfactants. This 
result follows from the much greater surface density 
of water than that of the surfactants and the small 
value of the surfactant second-order nonlinear po- 
larizabilities. We find that the ratio of the A, ele- 
ment to the A, element for the positively charged 
C,,NBr air/water interface is 2.5, which is in agree- 

R2 In a previous paper [ 71, Bx,z and B, were mistakenly in- 
dicated to be different. The correct data arc presented in table 1 
of this Letter. 
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Fig. 3. Surface potential measurements at the sihca(quartz)/H20 
interface by SHG versus pH in the bulk solution at 0.5 M electro- 
lyte concentration. ( t ) Calculated using constant capacitance 
model; (0 ) model independent calculation from SH data with 
single reference point. 

ment with the value of 2.3 found at the air/neat water 
interface. This result supports the idea that the water 
component is the most important contributor to the 
value of A. Further support for this result is seen in 
a comparison of the A, values for the silica/water 
interface, the C,,NBr air/water interface and the air/ 
neat water interface. In arbitrary units, the value is 
0.30 + 0.05 for silica/water, 0.40 IL 0.15 for C&NBr 
air/water, and 0.38 + 0.04 for the air/neat water in- 
terface. We therefore see that no large error is made 
in using the A, value of the air/neat water interface 
for these other water interfaces. 

A further illustration that SHG can be used to ob- 
tain the surface electric potential @( 0) is seen in the 
dependence of the SH signal on the surface charge 
density of &,NBr at the air/water interface. Using 
the value of A for the neat water interface and the B 
value we have obtained for bulk water, we can di- 
rectly use eq. (7) to plot @( 0) versus surface charge 
density. This is then compared with the calculation 
of @( 0) as a function of surface charge density using 
the Gouy-Chapman model at an electrolyte concen- 
tration where the Gouy-Chapman has been shown 
to be valid. The results presented in fig. 4 show that 

2 4 6 
pH in & bull’ 

12 14 

Fig. 4. Surface potential as a function of surface charge density 
(number of charges/cm2) for the positively charged monolayer 
of CH3-(CH2)2,N(CHs),Br, (Ca,NBr) by (0 ) SHG measure- 
ments and (-) SH/SHG calculation with the Gouy-Chap- 
man model of the charged interface. 

the agreement is excellent. We thus conclude that 
SHG is a new method for obtaining the electric po- 
tential @( 0) at a nonconducting material interface, 
independent of any electrostatic model of the inter- 
face. The proviso, which we have emphasized in our 
discussion of eq. (7), is that the A value must be de- 
termined in some way. For monolayers with head 
groups such as in the positively charged trimethyl 
ammonium (NC(CHX)3), the negatively charged 
sulfonate (SO, ), and the silica/water interface we 
found that the A value of the air/neat water interface 
can be used. 

5. Conclusions 

The polarization of bulk and interface water mol- 
ecules by charged monolayers at air/water interfaces 
and the charged silica/water interface, is shown to 
be a major contributor to the second harmonic signal 
generated when a laser beam is incident on these in- 
terfaces. This third-order (xc3)) contribution to the 
second harmonic field is found to be proportional to 
the electric potential at the charged interface and 
serves as the basis for a proposed method to measure 
the electric potential of an interface. The conditions 
under which this optical method can be used to ob- 
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tain the interface potential independent of any elec- 
trostatic model of the interface are discussed. Using 
SHG the interface electric potential were determined 
to be in the range of -50 to -265 mV for the neg- 
atively charged monolayer CH3-( CHz)21-S03K, and 
from + 50 mV to + 265 mV for the positively charged 
monolayer CH3-(CH2)21N(CH3)Br, depending on 
the monolayer charge density at the air/water inter- 
face and the bulk electrolyte concentration. At the 
silica/water interface, the interface electric potential 
varied from zero to - 160 mV, depending on pH, 
bulk electrolyte concentration and temperature. A 
comparison of the observed dependence of the sec- 
ond harmonic signal on electrolyte concentration and 
surface charge density with the predictions of the 
Gouy-Chapman model of a charged interface dem- 
onstrate the validity of the Gouy-Chapman model 
for these monolayer charged air/water interfaces up 
to at least a 1 M bulk electrolyte concentration. 
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