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Surfaces and interfaces control chemical binding and transforma-
tion reactions in many areas of chemistry, ranging from environ-
mental science and catalysis to materials science and biology. In
the context of environmental molecular science, significant emphasis
has been placed on surfaces of mineral oxides that are ubiquitous
in soils1,2 and the lower atmosphere3,4 such as silicates. Silicate
surfaces often contain organic adlayers that stem from microbial
and plant excretions or biodegradation3,5-8 and that contain
functional groups such as carboxylic acids, esters,R-hydroxy
carboxylic acids, and polyphenols.1,2,5,6,9-12 Understanding how such
functionalized organic adlayers regulate the interactions of mineral
oxides with solvated species in the aqueous phase allows for the
improved modeling and manipulation of environmentally relevant
species in geochemical, biological, and atmospheric environments.

Herein, we report a laboratory study of how organic adlayers
on silica can control the mobility of chromium(VI), a priority toxic
metal ion in the soils.13 Resonantly enhanced surface second
harmonic generation (SHG) measurements carried out in situ and
in real time at pH 7 show, for the first time, that Cr(VI) ions bind
to ester- and acid-functionalized surfaces but not to alkane-
functionalized surfaces (Scheme 1). The implications with respect
to organic adlayers at mineral oxide/water interfaces are that
Cr(VI) mobility in soils can be lowered by ester and acid groups
common in biopolymers but not by alkyl groups common in
biosurfactants.

Ester- and alkyl-terminated silica surfaces were prepared by
exposing a silica substrate to the corresponding trichlorosilanes (see
Supporting Information). Hydrolysis of the ester-terminated surfaces
in hot HCl (aq) yielded the acid-functionalized surface. The
functionalized surfaces were characterized using isotopic labeling
experiments and broadband sum frequency generation (BBSFG),
following Richter and co-workers.14 The progress of the hydrolysis
reaction can also be monitored via BBSFG (see Supporting
Information).

Figure 1 shows the SHG vs time traces of three differently
functionalized surfaces that were exposed, in succession, to water,
aqueous Cr(VI), and again water. The ester- and the acid-
functionalized surfaces bind Cr(VI) strongly, while the alkane-
functionalized surface shows no discernible interaction. This latter
observation suggests that there are relatively few Si-OH groups
available for Cr(VI) binding, i.e., most of the surface siloxy groups
are associated with the alkylsiloxane. Together with our earlier SHG
studies, which demonstrate Cr(VI) surface coverage sensitivities
down to 10% of a monolayer for silica/water interfaces,15,16 we
conclude that the degree of surface functionalization by the
siloxanes is high.

Unlike the acid-functionalized surface, the ester-functionalized
surface has no hydrogen-bond donors. The interaction of Cr(VI)
ions with the ester groups could be governed by ion-dipole
interactions17 or mediated by water molecules in the presumably
strongly bound Cr(VI) hydration sphere,18 which can form hydrogen

bonds to the carboxylate groups of the ester. The latter is consistent
with increasing evidence that carboxylates interact with metal
hydroxides primarily through hydrogen bonding.19 Interestingly,
Cr(VI) desorption from the nonfunctionalized15 and acid-function-

Scheme 1. Schematic Representation of Cr(VI) Affinity to Alkane-,
Ester-, and Acid-Functionalized Surfaces

Figure 1. SHG vs time traces atλSHG ) 290 nm and pH 7 for Cr(VI)
binding to an acid-functionalized surface (top trace), an ester-functionalized
surface (center trace), and an alkane-functionalized surface (bottom trace)
that were exposed, in succession, to water, aqueous Cr(VI), and again water.
The experiments were carried out as described previously.15,16

Published on Web 08/20/2004

11126 9 J. AM. CHEM. SOC. 2004 , 126, 11126-11127 10.1021/ja048063v CCC: $27.50 © 2004 American Chemical Society



alized silica surfaces is slower than that from the ester-functionalized
surfaces based on the shape of the desorption SHG time traces
(Figure 1). This observation indicates that silica surfaces and those
containing acid-functionalized organic adlayers can decrease
Cr(VI) mobility to a larger extent than ester-functionalized organic
adlayers.

The thermodynamics of Cr(VI) binding to the acid- and the ester-
functionalized surfaces was investigated by recording the Cr(VI)
adsorption isotherms at pH 7 on both surfaces (see Figure 2). At
pH 7, the acid-functionalized surface contains both protonated and
deprotonated carboxyl groups.20 Cr(VI) binding is expected to occur
predominantly at protonated carboxyl groups, while deprotonated
carboxyl groups and CrO42- should not interact due to Coulomb
repulsion.21 By applying the Langmuir model17 to the isotherm data
shown in Figure 2, we obtained free adsorption energies of 37.4(
0.5 and 37.1( 0.6 kJ/mol for the acid- and the ester-functionalized
surface, respectively. The finding that the two different surface
functionalities afford the same free adsorption energies is consistent
with hydrogen bonding or ion-dipole interactions between Cr(VI)
and the carboxyl groups on the surface.

The results presented in this work suggest that a high surface
concentration of carboxyl groups on silicate surfaces can favor
Cr(VI) adsorption and decrease the mobility of these metal ions in
soil. This is consistent with the “surface chelate effect” recently
reported by Major and Zhu,22 who used ex situ XPS to demonstrate
that copper ions bind to acid-terminated thiols on gold but not to
alkanethiols on gold. In addition, our results shed light on the initial
phase of interaction between Cr(VI), a cytotoxin, and living cells:
the high mobility of Cr(VI) across cell membranes23 requires
Cr(VI)-membrane interaction, which is expected to be facilitated
by polar groups located at the membrane surface.

In conclusion, our work demonstrates, for the first time, how
the interaction of metal ions with organic adlayers at solid/liquid
interfaces can be studied in real time using nonlinear optical
spectroscopy. Our direct, surface-specific measurements show that
Cr(VI) can bind to ester- and acid-functionalized surfaces and
indicate that organic adlayers rich in carboxyl groups can decrease
Cr(VI) mobility in soils, whereas alkyl groups, commonly present

in biosurfactants, will not. Future work will focus on exploring the
pH and the temperature dependence of Cr(VI) binding to the
functionalized surfaces. Furthermore, we plan to use functionalized
siloxanes as scaffolds for ligating a wide range of bio- and
geochemically relevant species such as metalloregulatory proteins,24

as well as polyphenols andR-hydroxy carboxylic acids,5 and to
study their chemical binding and transport properties in the presence
of metal ions.
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Figure 2. Cr(VI) adsorption isotherm measured at pH 7 on the acid-
(bottom) and the ester-functionalized (top, offset for clarity) surfaces shown
in Figure 1, indicating monolayer coverage in each case. For each interface,
the data represent the composite of two runs on two freshly prepared
samples. The experiments were carried out as described previously.15,16
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