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ABSTRACT

The electric field induced (EFI) bulk ¥® contribution to the second harmonic generation (SHG)
signal from charged interfaces was discovered and applied to study the interfacial chemistry of
various charged interfaces three decades ago. For both the buried fused silica/water interface and the
exposed charged monolayer covered air/water interface, such bulk x® contribution was all attributed
to the y® term of the polarized water molecules near the charged interfaces. The puzzling
experimental observation of the more than one-order of magnitude difference of the EFISHG
intensity between the fully charged silica/water interface and the charged molecular covered
air/water interface was generally overlooked in the EFISHG literature. Nevertheless, this significant
signal difference suggests additional source for the > contribution at the fully charged silica/water
interface other than the polarized water molecules as in the case of charged monolayer covered
air/water interface. In this report, we re-examine the treatment of the ¥ mechanism at the charged
silica/water interface by including the contributions from the bulk silica using proper boundary
condition and image charge distributions for the change screening effects inside bulk silica phase. We
show that the % contribution from the bulk silica is in similar form as that of the aqueous bulk
phase, and it is with more than one-order of magnitude and with opposite sign. The treatment

reported here can be extended to other charged interfaces.



1. INTRODUCTION

Charged interface commonly exist in nature and biological system, responsible for
heterogeneous processes and interfacial phenomena important in many geological, environmental,
electrochemical, biological, and industrial systems. Using electric field induced second harmonic
generation (EFISHG) or sum-frequency generation vibrational spectroscopy (SFG-VS), one can
directly measure the potential changes across the charged interfaces through the bulk ® mechanism
first demonstrated by Eisenthal et al. in the early 1990s.!”* The two typical charged interface systems
studied were the silica/water interface and the charged Langmuir monolayer covered air/water
interface. It was successfully shown that the second harmonic field responses from those interfaces
are linearly dependent on the interfacial electric potential, making it possible to directly and
quantitatively study the electrolyte concentration effects and acid-base equilibrium at the charged
aqueous interfaces.!”

In these studies, the bulk ® contributions to the interfacial SHG signal were all attributed to
the polarized water molecules near the charged interfaces. This treatment does not cause problem if
the change of the detected SHG field linearly depends on the interfacial potential, and this
relationship was still effective to extract information of the interfacial potential. The fact that the
more than one orders of magnitude difference between the SHG signal from the fully charged
silica/water interface and the fully charged Langmuir monolayer cover air/water interface is
generally overlooked.

For the positively charged (CH3(CH2)21N(CH3);Br) monolayer at air/water interface,> when the
charge density decreased from 0.32 to 0.08 C/m?, i.e., from 50 to 200 A%/per charge, the SHG field

E>, changed from 2.0 to 1.7, assuming the neat air/water value is unity; while for negatively charged



monolayer (CH3(CH2)21SO3K), the SHG field in the same charge density range changed from 0.5 to
0.85. In the case of monolayer CH3(CH2)21NH, amine at air/water interface, the E, increased from
0.9 to 2.4 as the bulk pH change from 12 to 2, corresponding to the change of the fully neutral
CH3(CH2)21NH2 monolayer to the fully positively charged CH3(CH2)2i1NH3" monolayer. These
results suggested that the charge induced ¥ contributions to the total SHG field when the interface
is fully charged is comparable to that of the neat air/water interface.

In comparison, for the fused silica/water interface,' as the interfacial charge density increased
with the bulk pH value from 2.0 (nearly neutral surface) to 12.7 (fully negatively charged with
surface charge density of 0.87 x 10'4/cm? or 115 4%/per charge), the SHG field E,, increased from 5
to 52, a ten-fold increase. As the neutral silica/water interface SHG signal is already significantly
larger than that of the neat air/water interface, the ten-fold increase of the SHG field, as the interface
becomes fully charged at high pH, cannot be reasonably attributed to the charge induced y©
contributions from the polarized water molecules near the silica/water interface, as in the case of the
monolayer covered air/water interface with comparable surface charge density, mentioned above.

The major difference between the silica/water interface and the air/water interface is that in the
former case there are two adjacent bulk phases, i.e., the silica phase and the water phase; while in the
latter case, there is only one bulk phase, i.e., the water phase. Therefore, it is natural to conclude that
the significantly different level of the EFISHG signal of the charged silica/water interface from that
of the charged air/water interface is the result of the contribution of the charge induced yx©®
contributions from the silica phase. Moreover, from the experimental data, it is not difficult to see
that this contribution is the dominant part in the charged silica/water interface EFISHG signal, which

has been overlooked in the treatment of the silica/water interface EFISHG so far.



A recent report by Hore and Gibbs et al. systematically examined the significant differences
between the pH dependent behavior of the silica/water interface measured by non-resonant SHG and
sum-frequency generation vibrational spectroscopy (SFG-VS).* They pointed out that silica substrate
contributes significantly to the SHG signal but not to the SFG-VS signal because unlike the water
molecules, silica is not vibrationally in resonance with the SFG-VS. However, as they focused on the
v® changes at the silica/water interface, the possible charge induced y® contributions to SHG from
the silica phase was not discussed. As we shall show in this report, since the bulk silica phase
contributes dominantly to the overall ¥y signal in SHG, many issues discussed in their report on the
SHG response from the silica/water interface can be satisfactorily addressed by considering the
charge induced ® contributions from the silica phase.

There has been a recent revival of the studies on the often overlooked charge induced y®
contributions from the polarized bulk water molecules near the charged interface to the SHG and
SFG signal.>” The main focus of these studies are trying to quantitatively understand the
phase-resolved SFG-VS spectra of the charged aqueous interface® and to address the phase
referenced SHG measurement data of the quartz/water interface.” These efforts not only led to the
corrected description of the charge induced ¥ contributions of the polarized water molecules in
general,”>”’ but also resulted to a series systematic treatment of the spectral lineshapes of the
phase-resolved SFG-VS spectra of the charged aqueous interfaces involving the ¥ contributions
from polarized bulk water molecules near the charged interface.®'* With the explicit definition of the
two phase angles, one of the charge induced ¥ term and another between the ¥ and the ¥,
which are both experimentally measurable,'> Geiger and co-workers recently discovered that for the

SHG from the charged silica/water interface there exists an additionally new imaginary non-resonant



¥® term other than the traditionally considered % contributions from polarized bulk water
molecules near the charged interface.'> We shall show that the ¥ contributions from the bulk phase
is actually complex and likely more complicated than what has been considered. Further
investigation to quantitatively measure and interpret the phase resolved EFISHG data is warrantied

in future studies.

2. PHASE-RESOLVED %® CONTRIBUTIONS FROM BULK AQUEOUS PHASE

The SHG response from a charged aqueous solution interface includes contributions from the
second-order susceptibility of the interfacial layer (y'®) and the third-order susceptibility of the
polarized bulk water molecules near the charged interface (x*Eo(z)) within the coherent length of
the SHG process (1/ Ak, ). In previous literature, only the %® contribution from the polarized bulk
water molecules near the charged interface is considered. After consideration of the charge screening
effects in the aqueous phase and the coherent length of the SHG process,® the overall SHG field from

a charged aqueous interface can be expressed as,”’

Ezw oC Z(Z) E(uEw +z(3) K k q)(o) EwEw
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where ™ is the nth-order nonlinear susceptibility, E_ is the incident optical field of photon with

2]

frequency w; 1/Ak, =1/ ‘Rlz +ki —Koz| =1/ (k, +k, +k,,) is the coherent length,>*?” with

k, =/ C\/ n(w)?—sin(6)? ; 1/« is the Debye screening length of the electrolyte aqueous solution;

and ®(0) is the surface potential of the charged interface, ¢ =arctan(Ak,'/x,) is the phase
7
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contribution is nearly pure imaginary; while when Ak, /x <1, one has 3 —iy{? ~ | indicating

that the y® contribution is nearly real. Therefore, the ¥ contribution is real when the coherent
length 1/ Ak, of the SHG process is larger than the Debye length 1/« ; and vice versa. Physically,
the coherent length of the SHG response (1/ Ak, ) defines the region near the interface that is probed
with SHG. If the SHG probes the whole region across the range of the electric field in the diffuse
layer (DL) quantified by the Debye length, the detected %® contribution is real; otherwise, partial
probe of this region makes the detected y® contribution a complex quantity.

Initially, the treatment of ¥ contribution did not consider the effects of the effective probing
length defined by the coherent length of the SHG process or the phase matching factor e'*:* 1216
Then the whole % contribution was real and it cannot satisfactorily interpret the phase-resolved

iAk,z

SHG data.” If only the phase matching factor e’ of the SHG process is considered without
including the charge screening effects defined with the Debye screening length, the bulk x®

contribution term is going to be pure imaginary.® !” This is can be seen in one case for the bulk silica

¥ contribution to be discussed below.

3. x® CONTRIBUTIONS FROM BOTH SILICA AND WATER PHASES

SHG and SFG-VS has been used extensively in studying the charged silica/water interface.!* '

1827 The interpretations based on non-resonant SHG and SFG-VS data and by considering of the ¥
8



contributions exhibited substantial disagreements and have been puzzling the community.* !> After
reviewing the significantly different SHG signal data from the charged silica/water and the charged
Langmuir monolayer covered air/water interface,!” the necessity to consider the bulk silica x©
contributions at the charges silica/water interface was recognized, and the details are yet to be
hammered out.® The most recent phase-resolved SHG measurement of the silica/water interface also
called for an additional new imaginary @ term ( #{¥) to go beyond the existing ¥* model, as
expressed in eq 3, which considers only the contributions from the polarized bulk water molecules.!”
An attempt to consider the bulk silica phase to account for the »{¥ term was unsuccessful, and was
abandoned.
Yo =Haameee 107 =127 21257 10(0) 3)
These all call for a treatment that may address these issues. Below we present a unified treatment

of the y® contributions from both the bulk silica and water phases to the charged silica/water

interface.

3.1 Charged Interface Between Two Bulk Dielectric Solid Phases

The simplest model for charged interface can be treated as a sheet of charges with a uniform
charge density of . This interface charge induces polarization in the bulk phase on both sides. We
consider the charged interface between two dielectric solid phases, in which no free charge exists and
therefore no charge screening would be created by the charged interface near the interface of the
electrolyte aqueous phase. Figure 1 shows the negatively charged interface, i.e., o is negative,
between the two solid phases with dielectric constant &' and &!'. According to the Gauss Theorem

of electromagnetism, the static electric fields created by the interfacial charge in the two solid phases



o o . .
are El =——— and E| =——, respectively. Here, the superscript 0 denotes the zero frequency

&0t o ’
for the static field. The important thing here is that, in the lossless dielectric phase I and II, E; and
E; are both distance independent. Therefore, the total SHG field response is,

E;(:)al = éf? Ea) E(u = (Z(Z) + )(I(i:‘)ff + /?«/I(Ig,iaff ) Ew Ea) (4)

with the x® contributions from the two phases as,
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in which 1! =1/Ak, and | =1/Ak, are the coherent lengths of the SHG process in Phase 7 and

iAk z Ak, z

Phase 11, respectively. The phase factor e- and €™’ in eqs 5 and 6 take opposite phases
because the interface is in the opposite direction of the two bulk phases. Here the evaluation of the
integration in eqs 5 and 6 followed the standard procedure when considering integration of the phase
factor to the infinity.!” Because any dielectric bulk medium is not completely lossless, therefore,

physically the optical wave would converge to zero when approaches to infinity. Then the total SHG

response from this charged interface is,
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Here eqs 7 and 8 give the total SHG response from the charged interface between two solid
dielectric phases. The y® contributions from the two bulk solid phases are with opposite signs, and
both are proportional to the interface charge density o. The x® contributions are pure imaginary
terms against the interfacial susceptibility y® . The value of the ¥ contribution from each bulk
phase i is proportional to its bulk third order susceptibility y;*’, the SHG coherent length I}, the
interfacial charge density, and inversely proportional to its dielectric constant &' . The simple
relationship in eqs 7 and 8 can allow explicit SHG measurement of interfacial charge density, which
is a linear function of the total SHG response.

Such simple relationship is the results of the fact that the bulk solid dielectric phases are free
from charge screening. This would not be valid for the bulk electrolyte aqueous phase near the
charged interface, e.g., the silica/water interface, or any bulk material that charge distribution can be
affected by the presence of the interfacial charge.

Let’s suppose that there is no charge screening in the aqueous phase. Then, because the aqueous
phase has a static dielectric constant of 78.54 and the static dielectric constant of the silica phase is

about 4, the ¥ contributions from the bulk silica phase can be about 20 times of that from the

¥ and I} values are comparable just because of the huge difference

aqueous phase, if their bulk ;
of their static dielectric constant. Moreover, when there is charge screening in the aqueous phase, the
electric field in the aqueous phase near the charged interface would decay faster with the distance
from the interface increase than that without. Subsequently, the x® contribution from the aqueous
phase is expected to be smaller in comparison to that without the charge screening effects. The 3
contribution from the aqueous phase with the charge screening effects has been satisfactorily

treated.” However, the charge screening in the aqueous phase can also cause reduction of the field

11



strength in the silica phase. These facts can further complicate the treatment of the ¥ contributions
from the bulk silica phase.

The simple model discussed here without charge screening is probably unphysical. Nevertheless, it
provides important physical insight to understand the interfacial potential and fields, as well as the
bulk ¥® contributions induced by these fields. We have been used to the expression of the ¥
contributions in terms of the interfacial potential ®(0). However, in eqs 7 and 8, there is no
potential term. Instead, the field times the coherent length with the same dimension unit replaces it.
For a lossless dielectric media extended to infinite, it is impossible to define the interfacial potential
®(0). Even though this indicates that the model itself is unphysical or at most a simplified model, it
can still be treated quantitatively using the field term and the coherent length. More importantly, the
discontinuity of the fields across the interface can be unambiguously defined using the Gauss
Theorem. These facts suggest to us that in describing the bulk %® contributions, the fields in the

interface region are primary and explicit than the interfacial potential.

Solid phase I c,{ < a,I.I Phase
Im
o :
—= 1)
e . £ e VAk, A Re
Pure Imaginary
e T BT g ame | : G
7=0 { ) -
: Im
of:
- 1/4k, < ;
E =2 i
z £of; : Re
s A
Solid phase II Pure Imaginary

Figure 1. The electric fields on both sides of the interface for negative charged interface with interfacial charge density o,

without free charge in the bulks. The red and black arrows represent the direction of z and electric field E. The electric
fields are constant and inversed proportion to dielectric constant &> 1/ Ak, is the coherent length of the interfacial SHG

process. The resulted bulk ¥ contributions are both pure imaginary with opposite signs.

3.2 x® Treatment of the Silica/water interface
12



Following eq 4, by including the ¥ contributions from the bulk silica and water phases, the

total SHG response at the silica/water interface is,

Ep = 79E,E, =(2® + 22 + 20 )ELE, ©)
with,
&) _(]' (S)EO(Z)e_iAkSde _(]' @ _dq)s(z) -itkz (10)
Zs,eff _OOZS S _w}(s dZ
and,
K i z K d(DW Z i z
i = [ e = [ 00 ey (an
0* o+ dz

Here, the subscripts s and w represent silica and water phase properties, respectively. Eq 11
follows the treatment for charge screening and coherent length effects in the bulk aqueous phase.
Therefore, the static electric field E2(z) in the aqueous phase is distance dependent, and the
potential in the bulk water phase can be treated as @, (z) = @, (0)e ™" 7

Here we need to discuss the following two different scenarios.

The first scenario (Figure 3) assumes that the silica phase is independent from the charge
screening in the aqueous phase. This is a simplified picture, to be shown below. Nevertheless, it can

provide certain physical insight to start with. Accordingly, eqs 10 and 11 give,

0 3 =0
&) (3) = 0,-iAkSz X E
= Eje ™ dz =-2—+ 12
Zs,ef‘f _J;OZS S IAst ( )
P - )
wet Y AR Tk, "
(13)

2 H w
_ O K, N 1Ak «,, @ (0
Hu LW2+(A|<;V)2 K2+ (AK")? «(0)

and the Gauss Theorem gives the boundary condition ¢ E; =¢"E;(0) at the interface, i.e.,

£ES = ngEg“(o>:g,W(—W] —&" . (0) (14)
z z=0

13



Therefore,

@_ .o |i.eorE 1) e K, Ak, &,
AR LY O + D, (0 15
Zeff X { Zs Akzs ZW K_WZ + (Ak;\I)Z KWZ + (Ak;N)Z w( ) ( )

- o L K, (&N E
Here, the bulk silica y® contribution is expressed withi y'* LA CRLH)

S S
z

®,(0). This is a pure

imaginary term, and its amplitude is many times of that for the bulk water x® contribution. To see
this, one can plug in the values of Debye screening length 1/ x,,(1nm for 0.1M NaCl), SHG coherent
length in bulk silica (1/ Ak; =20 nm), and in bulk water (1/Ak,'=26.5 nm), & (4), and &, (78.54) to
eq 15, one has i392.7 7Y@ (0). Since bulk . (=3.11 esu) and y.>’ (=2.80 esu) values are close,®

S w

then 392.7 7Y =436.24.”. These values are listed in Table 1 and shown in Figure 2. Therefore,

w

iz %@W(O):MSG.Z 7.2® (0). In comparison, the bulk water term in eq 13 gives

1 (©)

7265 ®, (0), and its amplitude is 0.999 7’ ®_(0). This indeed gives a more than 400 times
-1 .

w
larger ¥® contribution for the bulk silica over that of the bulk water phase, providing a qualitatively
explanation of the EFISHG intensity data for the charged silica/water interface and the air/water
interface.!> However, a more than 400 time larger bulk silica x® contribution over that of the bulk
water is probably a significant over-estimation of the bulk silica ¥® contribution. The cause of the
over-estimation is most likely the overlook of the effects of the charge screening in the bulk water
phase on the electric field in the bulk silica phase. Nevertheless, this scenario does show that the bulk

silica ¥® contribution may dominate the EFISHG from the charged silica/water interface, a

reasonable explanation for the EFISHG data discussed above. '™

Table 1. Dielectric and nonlinear parameters for fused silica and water.

14



Material &r Nutk (mol/em?) y¢ (103 esu) u (D) B (10738 esu) 1 (10 esu)
Fused silica ~4 0.0367 4.02%8 0.5% — 3.1128,3.53031
Water 78.54% 0.0556 0.83%8,0.91% 2.95-2.983433 1.62% 2.80%8

30Measured by THG at 1064 nm. 23-31-33 Measured by EFISHG at 1064 nm.

Coherent Length (um)

Figure 2. Incident angle dependent SHG coherent length (1/ AK, ) in water and silica with £,=600 nm. Blue and

Black: for water of air/water and silica/water interfaces, respectively; Red: for silica of silica/water interfaces. For

Incident Angle (Degree)

silica/water interface, 62.45° is the total internal reflection (TIR) angle.

0.030 —
—£— Water at air/water interface
—— Silica at silica/water interface
0025 —— Water at silica/water interface
£
0.020 —|
=
0.015
T T I I I I I I T T
0 10 20 30 40 50 60 70 80 90
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T
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Solid phase I & <& :
2

Y T Y Y T .

l=ﬂ » 4 ,:'
Diffused Layer I
»E(Z) — A'H(D(O) et @ @ I/Ak: ~ é
Z 4
= NN S \i
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Figure 3. The electric fields on both sides of the interface for negative charged interface with interfacial charge density o.

In solids phase I, electric field is constant and inversely proportional to the dielectric constant Srl ; for aqueous phase II,

electric field is E, (z)=-«,®(0)e™* as the result of charge screening (orange circle). 1/Ak; is the coherent length.
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The resulted bulk water phase contribution is a complex quantity.

In the second scenario, the effects of the charge screening in the water phase need to be included,
and this is expected to reduce the value of the x® contributions from the bulk silica phase.

The effects of the charge screening in the water phase on the bulk silica %® contributions can be
treated with the image charge distribution of the charge distribution in the bulk water phase. This
shall make the electric field EJ(z) in the bulk silica phase in eq 10 distance-dependent, i.e., z
dependent. Therefore, with ® (z) = CDS(O)e_KS‘Z‘ , following the same calculation with the eq 13, eq

10 and eq 11 gives,

KS
o =—Zs(3)m :(0)
. (16)
K2 iAkSx
:_Zs(g) 2 - 2 T2 : Ssz ,(0)
k- +(AK) xS+ (AK))

Now one needs to evaluate the «,, and the @ (0) terms in this equation.
Following the Gauss Theorem, one has &'E;(0) =¢,'E;'(0), i.e., &x,®,(0)=¢x,P,(0). Then,

@ _ .2 @ K 'K, @ Ku
= +| - + —w __1®d (0
Hew =X [z X KW_iAkZWj w(0) (17)

H S S
K, -1AK] &K,

Here eq 17 gives the description of the ¥ contributions from both the bulk water and silica phases.

It is important to note that according to eq 17, the bulk silica phase % contribution term

w
_Zs(3) Ks & Ky

- is no longer pure imaginary. It has become with the same form as that form the
K, -1AK; &k,

bulk water y® contributions, but much larger amplitude.
The expression for the Debye screening length 1/x,, (in CGS unit) in water with electrolyte

ion (with ion charge of z; ) and concentration of p,; 1is, 36

16



1/2
K, = (Z pre’z’, /gog:“ij (18)

Fused Silica
— 2¢&f
( lq" = : y - q
eyl & &
d {
z=0
Water d {é
9q z
g’ ~78.54

Figure 4. The image charge ¢" in bulk silica phase resulted from the charge ¢ in bulk water phase. d is the distance
from the charge to interface (z=0). q"=0.097q.

The image charge distribution in the bulk silica phase determines the value of x, when the
electrolyte ion distribution in water is known. As in Figure 4, considering a point charge ¢ in water

located at distance d apart from a plane separating the water and silica phases with,

£(2)= g ~4 for ze(—»,0) (19)
g' ~7854 for ze(0",+x)
Then, the image charge method gives the electric potentials inside the water and silica bulk
phases generated by this point charge g, respectively as below,>’
o, ()=t |9, 9 750 (20)
s | J(z-d)?  |J(z+d)?
o, ()=t 2<0 @1)

Are; \J(z-d)*

"=(0——— . Herethe Q" is the effective charge inside the silica phase at
g +&,

—&

with q'=—q g;

& +E&

w 5
r r

the same distance from the interface. With the known silica and water static dielectric values, one has
q"=0.097q . Therefore, the Debye screening length 1/, (in CGS unit) in silica can be calculated

17



using eq 18 with the same charge distribution as in the bulk water phase with the equivalent point

charge of q" with the electrolyte ion (with ion charge number of z; ) and concentration of p_;,

1e.,

1/2
K, = [Z P "zl / £,6 KT j (22)

n2 _w 12
Therefore, from eqs 21 and 22, one has K [q > g; J ,i.e., &, =0.430x,. This suggests that the
K, \ €&

charge screening effects in the bulk silica phase is at the same order of that in the bulk phase, even

though the image charge is only about 10% of the charge of the ions in the water phase. To be exact,

they screening lengths are different by a factor of 1/0.430=2.33. Now, the Gauss boundary condition

£k.®, (0)=6"c.®, (0) suggests that ®,(0)= % (0) =224 ¢ (0)=45.70_(0), ic., the
EK, 4x%0.430

surface potential on the silica side is 45.7 times of that for the water side. With these relationships, eq

17 becomes,

@ @ 4| 507 ——w w10 (0
et =X e -iz.aankt e -inke B PulO) @)

Silica e <eg Fhass
3 Im
e
E@=x2.0 L o\ lo | 14! Re
olo\o !
il N |  Complex
[ravaravavas] c
b 1— | L——J,, —— B ——
(i
Diffused Layer ~ © © Im
w '
E“ (Z) = K“¢“ (O)e—x,,: OO O l/AkZ = E Re
z :
Water Complex

Figure 5. The electric fields on both sides of the interface for negative charged interface with interfacial charge density o.
The field in bulk silica is E, = —x,® (0)e ™" when the image charge screening is considered (dashed orange circle); The

field in the water phase is E, = x,®,,(0)e™* with charge screening (orange circle). 1/Ak! is the coherent length. The
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resulted bulk contributions are both complex quantities.

Plug in the values of Debye screening length 1/ &, (Inm for 0.1M NaCl), SHG coherent length in bulk silica

(1/ AK? =20 nm), and in bulk water (1/ AK" =26.5 nm), &’ (4), £"(78.54), y.¥(=3.11 esu)and y.” (=2.80 esu)

values to eq 23, one has.

50.7— v fw__ |09 (0)
K, -12.33Ak;  x, -i1Ak}
(23)

1 1
=| -50.7 - O (0
( “1-i/86 1-i/26.5)"w (0

Therefore, the ratio of the amplitudes from bulk silica and bulk water contributions are 50.4:1.
From eq 23, one can also see that when Ak’ and Ak! > x,, both the bulk silica and water
contributions are to be pure imaginary, then their amplitude ratio is going to be 21.8:1. This indicates
that the overall amplitude of the bulk silica contribution is about 50 to 20 times of that from the bulk
water contribution, with both terms to be complex, and close to real when the charge screening is
strong, and close to pure imaginary when the charge screening is negligible. Such amplitude
difference of about 50 to 20 times difference between the bulk silica and water x® contributions is
much smaller than the over 400 times difference as predicted from eq 15, which did not consider the
charge screening effects of the image charge in the bulk silica phase. Therefore, eq 17 is more
quantitatively consistent with the EFISHG data from the silica/water interface as discussed above.'”

Here, the bulk silica contribution term in eq 17 is completely different from those in eqs 8 and
15. In egs 8 and 15, the bulk x® contributions from the bulk silica are completely imaginary; while
in eq 17, this contribution is not only complex, but also can be almost real when the charge screening
is significant. Also, since &, =0.430x,,, which means that the Debye screening length in bulk silica
is always 2.33 times of that for the bulk water phase, the imaginary component of the bulk silica term

is always bigger than that of the bulk water term.
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According to eqs 17 and 23, the bulk silica ¥® contributions is complex and cannot be treated as
purely imaginary in most cases. An attempt of doing so to account for the phase-resolved EFISHG
measurements quantitatively did not work out,'® leaving the origin of the new imaginary term as an
open question. To compare eq 17 with eq 3, where a new pure imaginary term is proposed for
description of the EFISHG of the silica/water interface, the two equations cannot be consistent with
each other. Even though eq 15 does give the pure imaginary term from the bulk silica contribution,
the treatment does not include the charge screening effects and the predicted amplitude of the bulk
silica contribution is unreasonably high. Therefore, one would conclude that more detailed
comparison between the eq 17 and the phase resolved EFISHG experimental data on the charged

silica/water interface is expected in the future studies.

4. CONCLUSIONS

In this report, the y® contributions from the bulk silica phase to the EFISHG of the silica/water
interface is added into the existing treatment that only included the bulk water phase y©
contributions. The significantly different EFISHG signal intensity for the charged silica/water
interface and air/water interface can be successfully interpreted using the proposed treatment.

Three models are considered from the simplest to more realistic. Namely, a) to treat both bulk
phase as lossless dielectric bulk phase without considering charge screening effects induced by the
interface charge; b) to treat the bulk silica phase as lossless dielectric bulk phase without considering
charge screening, while treat the bulk water phase as electrolyte solution with charge screening
effects; and c) to treat both the bulk silica and water phases with charge screening effects.

In all three cases, the electric field discontinuity across the interface dictated by the Gauss
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Theorem of electromagnetics is responsible for the dominant contribution to the EFISHG signal from
the bulk silica phase ¥® contributions over that from the bulk water phase, a result of the
significantly different dielectric constants of the two bulk phases. However, only by including the
image charge screening of the charge distribution in the water phase to the electric field inside the
bulk silica phase can successfully provide a quantitatively reasonable interpretation for the different
EFISHG signal for the charged silica/water and air/water interfaces. One possible way to test the
effectiveness of the treatment, particularly the image charge screening effects on the electric fields
inside the bulk silica phase, is to mix in water with water soluble solvents to tune the dielectric
constant of the electrolyte solution phase, then to see how this would affect the phase resolved
EFISHG response. The fact that the EFISHG of the silica/water interface is dominated by the bulk
silica %® contributions, which are complete absent in the EFISFG-VS of the silica/water interface
make it easy to understand why the EFISHG and EFISFG-VS data are not always consistent with
each other as Hore, and Gibbs et al. pointed out fairly recently.*

According to these treatments discussed in this report, the electric field discontinuity across the
interface at high interfacial charge density can create a huge potential difference across the interface.
The fully charged silica/water interface at high pH can have @ (0)~140mV ,'2 then
® (0) =45.7d,,(0) ~ 6400mV . If the thickness of the silica/water interface is 1nm, this corresponds
to a field across the interface as high as 6.3x10° V/m. To sustain such a high electric field across the
interface, the structure of molecules at the interface would be significantly affected. How the
structures at the interface would be different from neutral to highly charged condition need to be
studied. So far, the interface is only treated as a sheet of charge with a density of ¢ in our model.

More realistic model needs to consider the structural changes of the interface itself. The thickness of
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the interface might be increased under high charge density. Such information is certainly important
for designing electrode materials. Nevertheless, the EFISHG properly studied may help reveal these
differences.

The models treated in this report do confirm the ability to use EFISHG to determine interfacial
potentials of a giving interface. No matter the EFISHG signal dominated by the %® contributions
from bulk silica or bulk water phases, they do follow similar forms and they are both proportional to
the amplitude of the interfacial potential @, (0), with different %® values. This is also why it
worked well in making measurement of the interfacial potential and the pKa of the acid-base
equilibrium at the air/water interfaces.!™

The models and concepts discussed in this report may also be used to treat other type of charged
interfaces. The dielectric properties of the bulk phases, the charge distribution and screening effects
can be measured with EFISHG from those interfaces, and different models to describe each

contribution to the SHG susceptibility can be tested.
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