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Carboxylic acid-functionalized surfaces have received much 1.6

o . =10
attention in the past, as they can control the binding of many solutes 1.4 S8 pH =6.5 o OH
important in chemistry, catalysis, environmental science, and ’ -’—‘:; \,\\" é
biology 18 Depending on solution pH, acid functional groups can 1.2 uf’ 51 :5, 710
be charged or neutral and thus control the charge state and S

. . . 1.0+ T o

consequently the potential and the energy density of the aqueous/ 5, 00 05 1.0x10°
solid interface, with direct implications for chemical binding and g 0.8 lon Concentration [M] ,/ /®
reactivity. Hence, it is critical to quantitatively understand interfacial w 0.6 A

acidities, potentials, and energies for such functionalized surfaces
and interfaces. Second harmonic generation (SHG) is well-suited 0.4+
for this task and has been used in the past to determine surface

potentials of metal surfacé€3? mineral oxide/water interfacés; 3 027 =~
and charged molecular species at aqueous surfaées. 00—
In this work, we present the first second-harmonic studies that 2 4 6 8 10 12
yield the thermodynamic state information for silica/water interfaces Solution pH
decorated with carboxylic acid-functionalized organic adlayers. r e 1. Eqyvs pH atisns = 290 nm for an acid-functionalized silica/
Using the %(® method” developed by Eisenthal and co-workérs, water interface at room temperature. The dashed lines correspond to 1

we determined the changes in interfacial potentiaf)(and surface standard deviation of the best fit to th&pvalues. The solid line is the
charge densities Au) for an acid-functionalized silica/water ~ PKafit. The interfacial potential-dependent second-harmonic electric field,

. . e . Esna is given byy3E?p, wherey? is the third-order susceptibility of the
interface. Two acietbase equilibria, whosekfa values agree with interface, E is the applied electric field, ang is the static interfacial

the ones recently reported by Gershevitz and Sukenik using ATR- potential. (InsetEsng vs bulk salt concentration ape = 290 nm for the
FTIR,!® are observed. The higheKpvalue is due to the depro-  acid-functionalized silica/water interface at pH 6.5. These salt concentrations
tonation of laterally hydrogen-bondeelCOOH groups, while the resulted in the data variation necessary for obtaining reasonable fits of the

lower one is due to the deprotonation-6COOH groups that are ~ GOuy~Chapman modeét (solid line).

not hydrogen-bonded to one anoth&By measuring the surface To minimize the variation in total ion concentration over the
charge density for the acid-functionalized surface, we were able to pH range studied, our experiments were carried out at a 0.5 mol/L
track the change in interfacial energy densifyy, with pH (see salt concentration. Ester-terminated siloxanes were prepared from
Scheme 1). These results provide molecular-level information the corresponding trichlorosilanes, and hydrolysis of the surface
necessary for understanding and predicting how aqueous-phasesster groups yielded the acid-functionalized surfid@@ur recent
species can interact with liquid/solid interfaces decorated with SHG and SFG measurements are consistent with a high degree of

functionalized organic adlayers at a given pH. surface functionalization by the siloxar@Similar to our previous
Scheme 1. Changes in Interfacial Potential (A¢) and Interfacial SHG work on chromate binding to silica/water interfag®%,the
Energy Density (Ay) for Plausible Acid—Base Equilibria Present on present study was carried out/gfope = 580 nm.
'(\:Azré)r?i;(l}/cl;g)Amd-Functlonallzed Surfaces (Arrow Size Indicates Figure 1 shows the pH dependence of the second-harmonic
electric field, Esyg, at 290 nm measured at silica/water interfaces
HO.__0 0= 0o/ M0 Mo decorated with an acid-functionalized siloxane. The data represent
\Qé QS; 1 Q}/& 1 averages of multiple measurements carried out, in no particular pH
0 i 10— g 10— 710 710 order, on three different freshly prepared samples, limiting data
o'yo 0b0 040 oo odbo 7 collection times at high pH to a few minutésThere are two
no lateral H bonds lateral H bonds inflection points, which are consistent with the existence of two
H-:'oﬂ HOC H‘TT? ﬂHO@' acid—base equilibria at the acid-functionalized silica/water inter-
facel®
mﬁ - @ - " To obtain the surfacely values, we determined the maximal
“ ) o 02 o’ ’ o0r® 0= surface charge density for each aelmhse equilibrium by measuring
\E 2 ig 1 é the second-harmonic field decay with increasing salt concentration
S o— s °—/sli\ 0—g; °—;.;a\ 7 at pH 6.5 (inset of Figure 1) and 11.2. By applying the Geuy
050 0g0 050 0/0 04/0 Chapman modét to fit the data, one obtains maximal surface
Ap~1mV measureable potential change A¢ ~50 mV charge densitiesyy, of 2.8(5) x 1074 and 4.2(1)x 102 C/n? at

4y~ 0.001 m¥m*  energy density change dy ~ 1 m¥/m’ pH 6.5 and 11.2, respectivel§.It is important to note that, even
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Figure 2. Absolute change in interfacial potentiglAg|, squares) and
change in interfacial energy{, triangles) of the acid-functionalized silica/
water interface as a function of bulk pH. The data at low pH represent the
inevitable degradation of signal-to-noise at such low signal intensity levels.

with a high degree of surface functionalizatinesidual unsi-
lanized SiOH groups can still contribute to the surface charge
density. Referenced to a surface with€ingly charged sites per

square centimeter, which has a maximal surface charge density of

0.16 C/n?, the acid-functionalized surface would have 25% of its
surface groups in the deprotonated state at pH 11.2. However, sinc

on average, the acid-functionalized surface would have 75% of its
surface groups in the deprotonated state at pH 11.2.

Applying Eisenthal's proceduré;” the data in Figure 1 can be
used to determine thekp values for the two acigbase equilibria
present at the interface. The first aciolase equilibrium corresponds
to a K, value of 5.6+ 0.2, and the second one corresponds to a
pKa value of 9+ 1. Our values are within 10% of those reported
by Gershevitz and Sukenik, who examined the structural aspects
of carboxylic acid-terminated self-assembled siloxane monolayers
on silicon wafers®

For each acigtbase equilibrium, the change in interfacial energy
density with changing interfacial potential is given by =
—oufA¢,2>whereoy is again the maximum surface charge density,
fis the fraction of ionized surface species at each pH referenced to
the lowest charged state, ang is the change in interfacial potential

from the lowest charged state. Figure 2 shows the absolute value

of the interfacial potential chang\¢|, and the resulting interfacial
energy density changdyy. Both values are referenced to the data
obtained at the lowest pH examined, which correspond to the
highest protonation state at the interface. The effect of solution pH

on these two surface parameters is striking: between pH 2 and 12,

the interfacial potential changes by 3 orders of magnitude from
1072 mV to several tens of millivolts, and the interfacial energy
changes by 7 orders of magnitude. This dramatic increase in
interfacial energy with pH is consistent with an increase in
electrostatic repulsion among adjacet@OO groups? which is
also reflected by the increase in interfacial charge density as the
solution pH increases from 2 to 12. In contrast, the isolat€D O~
groups result in a much smallédry and A¢.

The results shown in Figure 2 are in qualitative agreement with

AFM-based surface potential measurements reported by Hu and

Bard on carboxylic acid-terminated thiols on gél@n the basis
of our data, it is possible to suggest pathways that can control the
interaction of aqueous-phase species with polar carboxylic acid-

s

each acid-terminated siloxane takes up three surface silanol groups

functionalized liquid/solid interfaces at a given pH. These consid-
erations apply to ionic and polar neutral surfaces. Above pH 5.6,
Coulomb interactions between charged surface groups and charged
solutes as well as iondipole interactions of molecular solutes with
ionized surface groups will be important. Below pH 9,+adipole
interactions between ionic solutes and molecular surface groups as
well as chelating and hydrogen-bond interactions involving surface
OH groups will be important. Hydrogen bonding involving OH
groups in the solute or the solvent can occur in the full pH range
covered in this study. An additional driving force for binding to
the interface is the lowering of the interfacial energy, which
increases with increasing pH.

Our study provided a method for obtaining quantitative interface-
specific thermodynamic information, which can be used to rational-
ize and predict how aqueous-phase species can interact with
functionalized organic adlayers on solid surfaces over a wide pH
range. This methodology lays the foundation for quantifying the
detailed chemical binding parameters of a wide variety of envi-
ronmental pollutants or biological agents at the molecular level and
with high sensitivity.
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