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It is found that that the coating A-acety] cysteine (NAC) on gold surfaces may be used to design the distribution of
either gold particle adsorbed to the TiO: surface or vice versa by adjusting the electrostatic interactions. In this study,
we investigated electrostatic properties of the NAC-coated-gold surface and the TiO); surface. The surtace forces
between the surfaces were measured as a function of the salt concentration and pH value using the AFM. By
applying the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory to the surface tforces, the surface potential and
charge density of the surfaces were quantitatively acquired for each salt concentration and each pH value. The
surtace potential and charge density dependence on the salt concentration was explained with the law of mass action,
and the pH dependence was with the ionizable groups on the surtace.
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Introduction

Materials composed of gold and a semiconducting support
such as TiO: are considered for numerous applications for
example in surface patterning,1 catal}_-'sis.:'4 photocatalysis.”
and photovoltaic cells.® In the latter case, the excitation of the
semiconductor-metal nanocomposite by light induces
electron-transfer processes that may be utilized for solar
energy conversion.” ie. for the production of hvdrogen by
water splitting. Activity and selectivity of such materials and
catalvsts rely on the distribution.®

Different approaches were used in the past to prepare Au-
TiOs catalyst materials such as metal ion impregnation and
deposition-precipitation followed by drving. calcinations. and
reduction’ During such procedures the Au particles or clusters
are formed directly on the support. However. these approaches
have some disadvantages. The uneven precursor-solution
loading due to gravitational forces leads to polvdispersity of
the resulting metal particles. The necessary thermal treatment
furthermore results in severe agglomeration problems and
may even cause chemical modification of the support through
ionic diffusion.” Therefore. alternative routes for catalyst
preparation are considered. A different approach relates to the
preparation of metallic Au" particles in solution and subse-
quent deposition on the TiO->>"" This approach is based on
passivating ligands such as phosphines and thiols.'"'~ These
ligands prevent the particles from agglomeration in solution.
Once the gold particles are deposited on the TiO. the
passivating ligands can be removed by calcinations of the
material and thiolate oxidation.™'*"

The atomic force microscope provides an ideal means to
study directly the total force of interaction between a colloidal
particle and a flat surface as a function of separation.16 By
fitting these force-separation curves with Derjaguin-Landau-
Verwey-Overbeek (DLVO) theory,“ it is possible to obtain
the electrostatic properties of the surface being studied. These
surface properties are an indicator to represent electrostatic

repulsive force between particles, which may strongly affect
on the particle distribution that is critical to the activity and
selectivity of the catalyst. In this paper. we investigated
electrostatic properties of the N-acetyl cysteine(NAC)-coa-
ted-gold surfaces and the TiO. surfaces.

Experimental

Surface preparation. The gold surfaces were prepared by
using a high-vacuum electron beam evaporator to sequen-
tially deposit a 5 nm chrome adhesion laver and a 100 nm gold
laver on the silicon wafers. Immediately prior to use. the gold
surfaces were cleaned in a 4:1 solution of 96% sulfuric acid
and 30% hydrogen peroxide at 60-80 °C for 5 min. The gold
surface was immersed in a solution of 10 mM NAC. 100 mM
potassium mitride. at pH 4 for several hours at room tem-
perature, followed by rinsing with a running buffer. The
immobilization of NAC was confimied from qualitative
surface force measurement in 100 mM potassium nitride at
pH 4. For quantitative surface force measurements. the
solution was replaced with a running buffer (There are six
running buffers used in this research — 100. 10. and 1 mM
potassium nitride at pH 4 and 8. respectively). TiO- laver was
deposited on the surface of the silicon wafer by sputtering
titanium in an argon-oxygen environment for 41 min using an
RF Magnetron source operating at 2 kW. Prior to sputtering.
the wafers were dipped in hydrofluoric acid to remove any
native oxide layer. The total pressure used was 5x10° bar,
with argon and oxvgen flow rates of 6 and 1.2 dm’/min.
respectively. The substrate was rotated continuously during
sputtering. The target to substrate distance was 7 ¢cm and
target diameter was 20 cm. The characteristics of the TiO-
layers were identical with those of the gold surface.

AFM measurements. Topology images and surface force
measurenients were made with a 3-D Molecular Force Probe
AFM (Asylum Research. Santa Barbara. CA) with a closed-
loop piezo-electric transducer. Microfabricated silicon oxyni-
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Figure 1. Titanium dioxide sphere-attached-cantilever.

tride cantilevers (Olvmpus. Shinjuku-ku, Tokyo, Japan) with
a nominal radius of 20 nm were used for topographic imaging
and qualitative surface force measurements. Quantitative
surface force measurements were made with titanium oxide
spheres (Microspheres-Nanospheres. Cold Spring. NY) of 3
pm diameter that were attached to the microfabricated
cantilevers. shown inFigure 1. The spheres were immobilized
at the end of the cantilever with UV-sensitive adhesive
(Norland Products. New Brunswick. NJ). Exposure to the UV
light source and surface cleaning were achieved in an ozone
cleaning apparatus (Jelight. Irvine. CA). It was observed that
the exposure did not cause any change in the response of the
cantilever. The spring constant of the cantilever was determined
from the thermal frequency spectrum of the cantilever.®

Theory

Theories describing the forces between interacting electro-
static double layers have been considered by numerous
authors. The interaction between similarly charged double
lavers at low surface potentials lis described by the theory of
DerjaguinLandau-Verwey-Overbeek(DLVO).”” According to
DLVO theory. the total interaction energy between two plates
can be considered as the sum of several contributions. inclu-
ding an attractive van der Waals component(/-’;) and an elec-
trostatic repulsion or attraction(I-z). There is also considerable
evidence for an additional repulsion(7’s) at close separations
resulting from the presence of ordered solvent la_\-'ers.:(":’

Using the Derjaguin approximation.™ the force between
spheres of radius Rr can be related to the energy between
plates by the expression

F/R, =27(F, 175 +F7) (1)

The van der Waals energy (! ) in the non-retarded limit is
described by an equation of the form

1, =—d, /2@’ )

where 1y is the Hamaker constant and J is the separation
distance.™ The Hamaker constant of the NAC layer is
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assumed to be 7.0 x 10_'3(' J. since the most component of the
laver is hydrocarbon ™ The Hamaker constant used for the
TiO: surface is 5.0 x 10 J.= The electrostatic interaction
(I's) can be derived by considering the free energy associated
with the formation of a double laver or by integrating the
electrostatic force. ™™ Using the latter method, the interaction
for a 1:1 Electrolyte is

ze ys eldyY
cosh[‘ 4 J—l - (—V/j az (3)
i KT 2\ dz

where y is the electrostatic potential. The first termineq 3 is
a repulsive osmotic component that results from the
accumulation of charge in the gap between the plates. and the
second is a Maxwellian stress that represents an induced charge
and is always aftractive. For similarly charged surfaces. the
second term disappears. leaving a results equivalent to
DLVQ. To determine ! = explicitly. the electrostatic potential
must be known. This can be found by solving the Poisson-
Boltzmann equation

v, -[{ 21n°kT

dy 1 o, o zew)
dz’ £,, Z’ni h,ee.\p( kT I )

Generally, the complete nonlinear form of eq 4 must be
solved. which can be accomplished only by numerical
techniques.31 Integration of eq 3 was then achieved with a
Simpsons’ 3/8 rule. The additional repulsive force (I's)ineq 1
is thought to arise from the presence of ordered solvent layers
and can be described by a decaving oscillatory force ™ The
nature of this repulsive force is not clearly understood and will
be neglected in the calculations presented here.

Results and Discussion

The AFM was used to charactenize the stmictures of the
NAC laver formed on the gold surfaces. Constant force AFM
images were acquired on the gold surfaces. NAC-coated gold
surfaces. and TiQ» surfaces. The morphologies of the gold
surfaces. the NAC-coated gold surface, and the TiO- surfaces
were dominated by the polvcrystalline structure of the
evaporated metals and had a roughness of 1.5 nm. Again, the
morphologies of these surfaces were essentially indistingui-
shable (results were not shown). Phase separation in lipid and
fatty acid films has been observed with AFM and is easily
visualized as micrometer-sized domains in the contact ima-
ging mode.” The fact that domains were not observed on the
NAC-coated gold surfaces is strong evidence that the NAC
forms homogeneous layer on the gold surfaces.

AFM force measurements were made on the gold surfaces
and the NAC-coated gold surfaces with 20-nm-radius probes
in order to confirm the formation of NAC layer on the gold
surfaces. Figure 2 presents approaching force-distance mea-
surements between a silicon nitride probe and the NAC layer
formed in 100 mM potassium nitride at pH 4. The observed
forces were purely short-range-repulsion below around 2.0
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Figure 2. IForce-distance curve between a silicon nitnde probe and

the N-acetyl-cvsteine (NAC) laver {ormed in 100 mM potlassium
nitnde at pt 4.
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Figure 3. Approaching loree curve as a {unction of the separation
between the sphere and the surlace of the ttanium dioxide m 1, 10,
100 mM polassium nitride at ptH 8.

nm at loads of approximatcly 0.2 nN, while the force curve of
the gold surface showed an attractive region. The repulsion.
not found on the gold surfaces, appcars 10 be duc to the lower
Hamaker constant and more hyvdration of the NAC layer.™
The clear difference of the force curve indicates that the NAC
lavers were well-formed on ihe gold surfaces.

For the quantitative characierization of the NAC-coated-
gold surface propertics. the surface charge density and poten-
tial of the 3-um-diamcter titamum dioxide sphere were found
as a first with the [orce measurements between the sphere and
the titanium dioxide surface. Figure 3 shows the approaching
surfacc force measurcments as a function of the separation
between the titanium dioxide sphere and the titanium dioxide
surface in three running buffers at pH 8. The long-range
surface forces were purcly repulsive. and their range was
highly dependent on the ionic strength of the solution. The
exponential dependence of the repulsive [orce on distance
was consistent with double-layer forces between surfaces of
like charge m aqucous solutions. At scparations of Iess than 2
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Figure 4. Approaching foree curve us u tunction of the separation
between the sphere and the surlace of the titamum dioxide m 1, 10,
100 mM potassium mutrade at pl 1 4.

nm. significant short-range repulsive forces were observed
that mav be attribuied 1o the steric [orces and the inherent
roughnoss of the surfaces.™ However, the behavior of
surlacce forees al pH 4 was different [rom that at pH 8. Figurc
4 shows the force curves imadce at pH 4. The repulsive forces,
observed in 1 mM petassium nitraie solution at pH 4. were
smaller than thosc at pH 8 due to the iso-cleciric point of TiO:,
The forees were not found m 10 mM and 100 mM potassium
nitraic solution at pH 4. That is, in 10 mM and 100 mM
potassium nifraic solution at pH 4, the clectrostatic lorces in
the long range appeared nol Lo be the dominant component of
the surfacc lorces on the TiO: surface. Therefore, in 10 mM
and 100 mM potassium nitraic solution at pH 4, it was not
appropriate to apply the DLVO theory to the force curves so
that the surface potential and charge density could be acquired.

The DLVQ theory was applicd to analvze the long-range
surface forces using either constant surface potential or charge
densily boundary conditions. The resunlis of these calenlations
arc summarized in Table 1. The surface potential of the
titanium dioxide surface 1s on the order of -10 o -100 mV at
pH 8.0. Qur results appear to be consistent with those of Feiler
et al..” where AFM was used to characterize the chargc statc
of the titanium dioxide surface in a 1 mM potassium nitratc
solution and the surface potential was found 10 be -43 mV at
pH 8. The change from ncgative potential to positive potential
is due to change from ncgative 1o positive valucs at an
isocloctric point of pH 4.3~ For the 10 mM and 100 mM
potassium nitrate solution at pH 4. the surface potential and
charge density of the TiO: were not acquired.

From Table 1. it can be seen that the surface potential of the
titanium dioxide surface incrcased monotonically with decrea-
sing, 1onic strength and that the surface charge density de-
ccased monotonically with decrcasing ionic sirength at pH 8.
Pashley has developed a model to explain the salt concentration
dependence of the surface potential and charge density of a
surface with 1onizable groups bascd on the law of mass
action.™ The interrelation between surlace charge density (o).
surface potential (), and salt concentration may be deter-
mincd by the simultancous solution of the law of mass action
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Table 1. Electrostatic properties of the titaniun dioxide surfaces

pHS8
I mM 10 mM 100 mM
Potassium nitrate Potassium nitrate Potassium nitrate
Surface potential 42 x4 57 & 3 13 £ 2
(mV) ) - i
Surtace charce o o . - .
density (10 Um) 30 £ 0.3 68 206 -125 + 13
pH 4
| mM 10 mM 100 mM
Potassium mitrate Potassium nitrate  Potassium mitrate
Surface potential * *
(mV) U=l - N
Surface charge 07 £ 02 . R

density (107 C/m)y

‘Electrostatic property was not acquired.
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Figure 5. Approaching torce curve as a function of the separation
between the titanium dioxide sphere and the NAC laverin 1, 10, 100
mM potassium nitride at pH 8.

1+ & [ Jes p[ "’*’"]+A [y ]C\p( "’o] (3)
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AT

and Graham’s equation

= ,8ece kT smhl i L
kT

where o, is the maximum surface charge density. . is the
surface potential. £ is the dielectric constant of water, &, is the
permittivity of free space. e is the electronic charge constant.
& is the Boltzmann's constant, 7 is temperature. The surface
potential and charge density dependence on the salt concen-
tration measured at pH 8.0 were consistent with the trends
predicted by Pashley’s model. For the purpose of this study.
the experimentally measured titanium dioxide surface poten-
tial and charge density were used to characterize the NAC
laver formed on the gold surfaces.

The surface potential and charge density of the NAC laver
formed on the gold surfaces were characterized by making
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Figure 6. Approaching force curve as a tunction of the separation
between the titanium dioxide sphere and the NAC laverin 1, 10, 100
mM potassiun nitride at pH 4.

surface force measurements on them with the titanium dioxide
sphere. Figure 5 shows the results of force measurements
made on the NAC lavers in the three running buffers at pH 8.
The long-range surface forces were purely repulsive and
varied in range with ionic strength in a mamner that was
consistent with double-layer forces. Quantitative analysis of
the surface forces with the DLVO theory was performed using
asymmetric boundary conditions. Table 2 summarizes the
surface potentials and charge densities measured on the NAC
layers as a function of iomic strength and pH value. The
surface potential and charge density dependence of the NAC
layer on the salt concentration were also consistent with
Pashley’s model. It was observed that the surface charge
densities and potentials of the NAC layer were much larger
than those for the titanium dioxide surfaces at pH 8, which can
be attributed to the ionized-functional-groups of the NAC
layer. The long range forces were purely attractive in 1 mM
potassium nitrate solution at pH 4. as shown in Figure 6. This
phenomenon was predictable. considening pK, of the NAC
and the iso-electric point of TiO-. The long range forces were
not observed in 10 mM and 100 mM potassium nitrate salt
concentrations at pH 4, which was consistent with the fact that
there were no long range forces on the TiO- surfaces.

The observations described above suggest that the elec-
trostatic forces between the NAC-coated gold surfaces and
TiO: surfaces were found to be adjustable quantitatively with
a salt concentration and pH value. This fact led us to believe
that the kinetics of the adsormption for either TiO: particles to
NAC-coated-gold surface or NAC-coated-gold particles to
TiO- surface might be also adjustable. because the adsorption
is detenmined by the surface forces between the surfaces.
Furthermore. the kinetics is related to the distribution of the
particles adsorbed to the surface. Therefore. the surface forces
as a function of the salt concentration and the pH value seem
to be important for the design of the distribution of the
particles adsorbed to the surfaces. which can affect on the
efficiency of catalysts.

In conclusion. the surface forces between the NAC-coated-
gold surface and the TiO: surface were measured as a function
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Table 2. Electrostatic properties of the N-acetyl-cvsteine (NAC)
laver

pH 8

| mM 10 mM 100 mM
Potassium mitrate Potassium nitrate  Potassium mitrate

Surtace potential

(mV) 83 £ 7 33 23 340+ 3
Surface charge
p NP - - 3 :
density (107 C/m’) 52 27 & 49 %35
pH4
1 mM 10 mM 100 mM
Potassium mitrate Potassium nitrate  Potassium mitrate
Surtace potential - o
(mV) 22 %2 " ;
Surface charge o | 15 e o

density (107 C/m’)

“Electrostatic property was not acquired.

of the salt concentration and pH value using the AFM. By
applving the DLVO theory to the surface forces, the surface
potential and charge density of the surfaces were quantita-
tively acquired for each salt concentration and each pH value.
The surface potential and charge density dependence on the
salt concentration was explained with the law of mass action.
and the pH dependence was with the ionizable groups on the
surface. This study demonstrated that the coating A-acetyl
cvsteine on gold surfaces may be used to design the distri-
bution of either gold particle adsorbed to the TiO: surface or
vice versa by adjusting the electrostatic interactions.
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