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A new method to determine the pK, of chemical species at aqueous insulating interfaces is based on the discovery that the
interface potential is linearly proportional to the measured second harmonic electric field. The proportionality constant is the
effective third-order susceptibility and is the same for all aqueous interfaces studied, which has its origin in the polarization of
bulk water induced by the charged form of the acid or base at the interface. We have determined that CH;(CH,;),,NH7 at the
air/water interface has a pK, of 9.9 £ 0.2 versus 10.6 in bulk water.

1. Introduction

The asymmetry in forces at an interface due to the
different bulk media on either side of it results in its
unique chemical and physical properties. One would
expect equilibrium properties such as chemical equi-
librium constants, pH, and dynamic properties such
as molecular motions, energy relaxation and chem-
ical reactions to differ from that of the bulk media.
Despite its importance and widespread interest it re-
mains difficult to get a handle on the chemistry and
physics of interfaces using traditional spectroscopic
techniques. The reason is that the overwhelmingly
large number of solute and solvent molecules in the
bulk most often dominates the signal originating from
the surface. One way to circumvent this difficulty is
the application of the interface selective nonlinear
optical processes of second harmonic generation
(SHG) and sum frequency generation (SFG) [1].
The key feature of these nonlinear techniques is their
intrinsic sensitivity to the noncentrosymmetric in-
terface between two centrosymmetric media [2-5].

2. Method based on the nonlinear susceptibility y®

In past studies we have used SHG to determine
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the surface pK, of long chain p-hexadecyl aniline
[CH;(CH,),sCsH,NH,] at the air/water interface
[6]. The basic idea of the method used in these sur-
face pK, studies was to measure the relative popu-
lation of the acid to base forms at the interface using
SHG, and to obtain the surface hydronium ion con-
centration by combining the interface charge density
(acid or base forms) with a mode! of the charged in-
terface region [6,7]. These quantities are related to
the interface pK; for the acid-base reaction,

HA*+H,0=A+H,0" )
by

[HA+])
K, = Hs+lo< . 2
pK.=p g (A] (2)

The SH measurements yield the ratio of HA™ to A,
i.e. the ratio of acid to base populations at the in-
terface. From the population of the charged form at
the surface the surface potential is calculated using
the Gouy-Chapman model of the diffuse double
layer. This model has shown to be valid in the range
of these experimental studies [8,9]. From the sur-
face potential value and the known bulk pH,, the
surface pH, is directly obtained using the Boltzmann
relation,

ed(0)

pH, =pH, + 23 KT" 3)
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The pK, was then readily found using eq. (2). We
will refer to the above method as the ¥ ®* method
because the source of the SH signal is the interface
nonlinear susceptibility y‘*’, which is proportional
to the population of the acid and base forms of the
monolayer.

3. New method based on ¥ due to the polarization
of the bulk water molecules by the charged interface

Although the ¥ method has been successfully
used to determine the pX, of long chain molecules at
air/water interfaces, it requires that the acid-base
moieties have y‘? values greater than that of the
background water x (. For many aromatic acids and
bases this is not a problem since thetr large nonlinear
polarizabilities yield large signals, especially when
compared with the weak SH signal from a neat water/
air interface. However for many saturated organic
and inorganic acids and bases the magnitude of their
1@ values are only comparable to or smaller than
that of the interfacial water. For this reason we pro-
pose a different method for measuring the pX, of in-
terfacial species that have small y‘*) nonlinearities.
The idea for this model is based on our discovery
that the electric field of various charged interfaces
polarizes the bulk water molecules and gencrates a
significant SH signal by a third-order process, x
[10,11]. We find that the magnitude of the signal
from the x ) process is comparable to or larger than
the total ¥ ¥ contributions in the nonaromatic water
interfaces studied. This has been found to be the case
for the solid silica (quartz)/water interface which
becomes negatively charged at intermediate and high
pH values, (-SiO~), the negatively charged mono-
layer CH;3(CH,),,SO5 K* and the positively charged
monolayer CH;(CH,), N*(CH;)sBr~ at the air/
water interface [10,11]. We found in these studies
that the SH electric field can be expressed as

E,,=A+B®(0), (4)

where A is the total effective y» contribution from
water and the acid and base species, B is the effective
1 due to the polarized water, and @(0) is the elec-
tric potential at the interface. It is to be noted that
the relative sign of 4 and BD(0), i.c. whether the
phase is 0° or 180°, affects the magnitude of E,,,.
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We shall discuss the molecular basis of their phases
at a later point. The SH field E,,, is a normalized
quantity having been divided by the SH field ob-
tained from an air/neat water interface. The key dis-
covery was that the SH field was not only linearly
proportional to the interface potential @(0) as shown
in eq. (4) but that the proportionality constant B has
the same value for all of the water interfaces that we
have studied. This constant is therefore proposed to
be characteristic of liquid water interfaces. From eq.
(4) we see that the interface potential can be ob-
tained from a determination of the value of A4, use
of the universal water constant B and measurement
of E,,,. This provides an alternative way to measure
interface pK, values as illustrated in the following
discussion. The equilibrium constant K, for the acid-
base reaction given in eq. (1) can be written as

S .
Ky= 1 [H;0*],
_L
-Z

where f'is the molar fraction of the neutral form A,
[H;0% ]y is the bulk hydronium ion concentration
and @(0) is the electric potential at the charge plane.
From eq. (5) we see that to obtain the surface pK,
it is necessary to measure fand &(0). According to
eq. (4), we can use SHG to measure &(0) if A and
B can be evaluated. Since the B value is universal for
aqueous interfaces [10,11] and is obtained from any
aqueous interface, we have to determine only 4 and
&@(0). The value of 4 is given by

A= ( 1 "'f)Aacid +fAbase + Awater » (6)

where Awerer, Aacia and Apgee are the effective x 2 val-
ues of water, acid and base species, respectively. The
summed quantities Agciq+ Avater A0 Apase T Awater AI€
obtained from SH measurements on the completely
charged monolayer (f=0) and the neutral mono-
layer (f=1), respectively. From eq. (6) we see that
A can then be expressed in terms of the single un-
known quantity f. It is then possible to fit the whole
E,,, versus bulk pH curve with the surface pX,, as the
fitting parameter. It is interesting to note that for the
nonresonant monolayers we have found that the to-
tal x‘® is comparable to that of neat water, thus in-
dicating the dominant contribution of water mole-

—e(D(O)), (5)

[H;0*], exp( T
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cules to x®. We have seen that this is the case for
the positively charged monolayer CH;(CH,)z -
N*(CH,;),Br~ and the negatively charged mono-
layer CH;(CH,),;SO5 K* at air/water interfaces.
At the air/water interface it has been demon-
strated that the Gouy-Chapman electric double layer
model is valid up to a 2M total 1:1 electrolyte con-
centration [9]. For this model, the electric potential
at the charge plane ®(0) is related to the interfacial
charge density and total electrolyte concentration,

2kT . ., T
(0) = ” sinh (a ,_ZCekT)’ (7)

where ¢ is the charge density at the interface, e is the
electronic charge, ¢ is the bulk dielectric constant, C
is the total bulk electrolyte concentration in units of
number/cm?, and z is the sign of the charged mono-
layer. In the case of an ionizable HA* insoluble
monolayer, the surface charge density o is directly
related to the ionization degree f by 0= (1—f)Omax,
where g, is the surface charge when the monolayer
is completely ionized. This later quantity is known
for a given spread monolayer density. The deter-
mination of @(0) from SH measurements is used to
obtain the ionization degree ffrom eq. (7). The pK,
is then readily found using eq. (5). We will refer to
the above method for surface pK, determination as
the x® method.

4. Interface pK, of CH,(CH,),,NH,

In this Letter, we report on the use of the y
method to determine the surface pX, of the insoluble
monolayer docosyl amine CH,(CH),NH,, which
we refer to as C,,NH,.

4.1. Experimental

The C,NH, was synthesized from CH;-
(CH,)»CN by reduction with LiAIH, in anhvdrous
ether, The product was then passed through a silica
column and the main component was identified us-
ing mass spectra and NMR. It was then re-crystal-
lized from ethanol at least four times before being
used. The C,,NH, was spread at a fixed area per
molecule of 30 A2 on an aqueous solution containing
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KCl, KOH and HCI. The pH of the aqueous solution
was measured with a Corning pH meter. The SH sig-
nal from the sample was normalized to the SH signal
from an air/neat water interface. A fixed total elec-
trolyte concentration of 10 mM was used in all of the
systems studied.

4.2. Results and discussion

Fig. 1 shows the SH electric field for the ionizable
monolayer C22 amine as a function of the bulk pH
at 30 A2 at a total electrolyte concentration of 10 mM.
I1 is seen that the SH electric field increases as the
bulk pH decreases. The ionizable monolayer C22
amine becomes progressively charged as the bulk pH
is decreased, which therefore increases the surface
potential. If the signs of the 4 and B® terms ap-
pearing in eq. (4) are the same then the SH signal
should increase as the potential increases, i.e. as the
bulk pH decreases. This is the observed dependence
as seen in fig. 1. The molecular basis for 4 and BG(0)
having the same sign follows from the interference

2.4

2.2

2.0

Second Harmonic Field{art. unit)

Buik pH

Fig. 1. SH electric field which is a function of the neutral and
charged interface population of CH;(CH, ),,NH, versus bulk pH
at a 30 A2 monolayer coverage and a constant 10 mM electrolyte
concentration. The dots are the experimental points and the solid
line is the theoretical fit to the >’ mechanism. The surface pK,
is found to be 9.9+ 0.2 compared with the bulk amine pX, value
of 10.6.
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that the preferred alignment of the water molecules
at the interface, due to forces other than that of the
electrostatic field, is one where the permanent water
dipole moments point toward the bulk, i.e. oxygen
is up [12]. Thus the field-independent term A4 (the
effective ¥®) can be viewed as resulting from this
preferred orientation of water at the interface. For
the positively charged monolayer C,,NHF the
BP(0) term favors an alignment of the bulk water
molecules with the oxygen directed towards the pos-
itively charged interface. Thus the ¥’ contribution
from the interface water molecules and the y©’ con-
tribution which is electric field dependent and con-
structively. Support for this interpretation is found
in our results on a negatively charged monolayer at
the air/water interface [10], where the prediction
one would make based on this model of the z*) con-
tribution is that the water molecules would prefer to
be oriented with the protons pointing up toward the
negatively charged monolayer. Hence the water mol-
ecules would have their oxygens pointing down (per-
manent dipole moments up) for the negatively
charged monolayer, which is opposite to their pre-
ferred orientation for the positively charged mono-
layer. Since x‘*’ comes from water having their ox-
ygens preferentially up and x¢* from the oxygens
preferentially down for the negative monolayer we
predict and find that the SH signal decreases as the
negative charge density increases [11]. This molec-
ular interpretation is consistent with eq. (4), where
it is seen that the 4 and B®(0) terms have the same
sign when @(0) is positive, i.e. for the positively
charged monolayer, and have the opposite sign when
&(0) is negative, i.e. for the negatively charged
monolayer.

The surface pK, of the ionizable monolayer C22
amine was determined by the above y ) method to
be 9.9+0.2. It is satisfying that this value is the same
as the pK, value of C19 amine obtained from surface
potential measurements [13]. This assures us of the
effectiveness of this new spectroscopic method to
measure the surface pK, not only at air/water inter-
faces but also at buried interfaces such as insulating
solid /aqueous interfaces [10]. In the bulk solution
hexyl, octyl and other small chain alkyl amines have
a bulk pK, of 10.6 [14]. Assuming that the bulk pX,
of shorter chain amines and docosyl amine are the
same we conclude that the pK, of C22 amine at the
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interface is lower than in the bulk by 0.7 units, in-
dicating that C;;NH3 is more acidic by a factor of
five at the interface. The increased acidity is due to
the higher interface free energy of the charged
C,,NH{ acid relative to the neutral C;,NH, base.
The increased acidity is consistent with the studies
of the long chain aniline [15], hexadecyl aniline [71],
where it was found that the pkK, at the air/water in-
terface is 3.6, compared to a pK, of 5.3 in the bulk.

5. Conclusions

In conclusion we have demonstrated the feasibil-
ity of determining the pK, at aqueous insulating in-
terfaces by a new and versatile method that is based
on the determination of the interface electric poten-
tial by SH measurements. The origin of the electric
potential is the charged form of the monolayer (acid
or base) which polarizes the bulk water molecules
and thereby generates a second harmonic signal. The
second harmonic field is proportional to the surface
potential, which in turn depends on the charge pop-
ulation, i.e. the degree of acid-base ionization. This
method can be used to measure the interface pK, for
any insulating aqueous interface since the propor-
tionality constant (the effective y®’) between the
measured second harmonic field and the surface po-
tential is universal for aqueous interfaces. Using the
x® method to determine the surface pK,, we have
found that CH;(CH,)» NH7{ at the air/water inter-
face has a pX, of 9.910.2, while the pK, of alkyl
amine in bulk water is 10.6. This result shows that
the acidity of C,,NH7 is five times greater at the in-
terface than in the bulk. The increased acidity arises
from the higher free energy of a charged species at
the air/water interface, which indicates that the acid-
base equilibrium in eq. (1) is shifted towards the en-
ergetically more favorable neutral form at the inter-
face. This result is consistent with our previous stud-
ies on hexadecyl aniline, An examination of the pK,
dependence of the ionic strength and surface density
is in progress and will appear in a separate
publication.
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