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Using an atomic forcemicroscope, the adsorption of 4-(dimethylamino)pyridine andpyridine, in aqueous
solution, onto trisodium citrate equilibrated gold has been monitored by the decrease in the electrostatic
potential of the gold surface with time. Pronounced changes in the force-separation curves as a function
of timewere observed,with determinedpotential decreases in the range of 20-30mV. The timedependent
diffuse layer potentials changes have been attributed to the displacement of citrate ions on the gold surface
by the more strongly adsorbing aromatic amines.

Introduction

In previous studies we have demonstrated that the
atomic force microscope (AFM) is capable of making
accurate force measurements between hard, charged
surfaces in which the potentials of the isolated surfaces
do not change while the experiment is underway.1 In
addition, several workers from this group have looked at
the effect adsorbed charged species have on the electro-
static properties of the surfaces.2-4 In this paper, we
extend this work and show that the AFM can collect
accurate time dependent force data; i.e., measurements
can be conducted on a system that has changing values
of potential and charge with time.
The system chosen for this investigation was the

displacement of charged citrate ions from the surface of
gold by uncharged pyridine and a pyridine derivative.
Previous electrophoresis studies, on this system, have
shown that the addition of pyridine or 4-(dimethylamino)-
pyridine (DMAP) can substantially lower the potential of
gold particles stabilized with citrate ions.5 All the sols
studied had a negative electrophoretic mobility, thought
to be due to the presence of specifically adsorbed citrate
anions. Other evidence to support this assumption comes
from the observation of the surface-enhanced Raman
spectrum (SERS) of citrate adsorbed on gold particles.6
The mobility of the gold sol studied decreased from - 4.5
µms-1 perV cm-1 to 0 µms-1 perV cm-1 upon the addition
of 5 × 10-3 M DMAP. This reduction in mobility was
explained by the displacement of negative citrate ions on
the surfacebyunchargedDMAPmolecules. SERSstudies

have revealed that DMAP (and pyridine) adsorbs onto
the surface of gold.7,8

Experimental Section
Materials. The gold flat surfaces were made from glass

microscope slides cut into squares 1 cm2. These samples were
first coated with a 10 nm layer of chromium and then a layer of
goldno less than50nmthick. V-shapedsiliconnitride cantilevers
with tungstenspheres (5-10µmdiameter) attachedwere sputter
coated with 20 nm of gold. All gold-coated surfaces were kept
in clean, covered petri dishes in a laminar flow hood and rinsed
with AR grade ethanol and blown dry with nitrogen before use.
4-(Dimethylamino)pyridine (DMAP) (N-(4-pyridyl)dime-

thylamine), pyridine and trisodium citrate, all AR grade, were
used as received from the commercial suppliers.
ForceMeasurements. The forcemeasurementswere taken

with a Digital Instruments, Inc., Nanoscope III atomic force
microscope. The technique used to make these measurements
is well documented.1-4,9 The spring constant of the cantilevers
used in these experiments was determined by the method of
Cleveland et al.10 The short wide-legged triangular cantilever
had a spring constant of 0.18 ( 0.02 N m-1.
Analysis. All interaction data were fitted with DLVO

theory.1-4,9 When AFM measurements are taken between a
colloidal sphere, radius (R>1µm), anda flat plate, theDerjaguin
approximation can be used to relate the interaction free energy
per unit area between parallel plates to the force (F) between the
sphere and the flat surface11

Here VA is the van der Waals interaction free energy per unit
area andVR is the electrical double layer interaction free energy
per unit area between two parallel flat plates. We have ignored
the effect of retardation12 on the van der Waals force.
The algorithm used13 to calculate the theoretical curves is

only strictly correct for 1:1 electrolytes. As trisodium citrate is
a 1:3 electrolyte, the diffuse layer potential we calculate using
thismethod is onlyapproximate. TheoreticalDebye lengthswere
calculated from the concentration of sodium ions present; i.e.,
for solutions containing 5 × 10-4 M trisodium citrate the 1:1

* Author to whom correspondence should be addressed.
† University of Melbourne.
‡ CSIRO Division of Chemicals and Polymers.
X Abstract published in Advance ACS Abstracts, April 15, 1997.
(1) Larson, I.; Drummond, C. J.; Chan, D. Y. C.; Grieser, F. J. Am.

Chem. Soc. 1993, 115, 11885. Larson, I.; Drummond, C. J.; Chan, D.
Y. C.; Grieser, F. J. Phys. Chem. 1995, 99, 2114. Larson, I.; Drummond,
C. J.; Chan, D. Y. C.; Grieser, F. Accepted Langmuir, in press.

(2) Johnson, S. B.; Drummond, C. J.; Scales, P. J.; Nishimura, S.
Langmuir, 1995, 11, 2367. Johnson, S. B.; Drummond, C. J.; Scales, P.
J.; Nishimura, S. Colloids Surf., A, 1995, 103, 195.

(3) Biggs, S. R.; Healy, T. W. J. Chem. Soc., Faraday Trans. 1994,
90, 3415.

(4) Biggs, S. R.; Mulvaney, P.; Zukoski, C. F.; Grieser, F. J. Am.
Chem. Soc. 1994, 116, 9153.

(5) Heard, S. M.; Grieser, F.; Barraclough, C. G.; Sanders, J. V. J.
Colloid Interface Sci. 1983, 93, 545.

(6) Kerker, M.; Siiman, O.; Bumm, L. A.; Wang, D.-S. Appl. Opt.
1980, 19, 3253.

(7) Heard, S. M. PhD Thesis, University of Melbourne, 1983.
(8) Chang, R. K., Furtak, T. E., Eds. Surface Enhanced Raman

Scattering; Plenum: New York, 1981.
(9) Ducker, W. A.; Senden, T. J.; Pashley, R. M. Langmuir 1992, 8,

1831.
(10) Cleveland, J. P.; Manne, S.; Bocek, D.; Hansma, P. K. Rev. Sci.

Instrum. 1993, 64 (2), 403.
(11) Derjaguin, B. V. Kolloid-Z. 1934, 69, 155.
(12) Hunter, R. J.Foundations of Colloid Science; OxfordUniversity

Press: Oxford, 1989; Vol. I, p 188.
(13) McCormack,D.; Carnie, S. L.; Chan,D. Y.C.J.Colloid Interface

Sci. 1995, 169, 177.

F/R ) 2π(VA + VR)

2429Langmuir 1997, 13, 2429-2431

S0743-7463(97)00029-2 CCC: $14.00 © 1997 American Chemical Society



electrolyte concentration was assumed to be 1.5 × 10-3 M. The
surfaces studied in this series of experiments were negatively
charged so the counterion was the sodium ion. Although the
trends predicted by this procedure should be valid, it should be
remembered when reading this paper that we have made this
approximation.
Thechange insurface concentrationof citratemolecules should

be closely related to the change in surface charge and, therefore,
diffuse layer charge. Forasymmetric electrolyte, of concentration
c, inwater at 25 °C, the diffuse layer charge, σd, can be calculated
from the diffuse layer potential, ψd

14

where ψd is in volts and σd is in µC cm-2.
Method. Solutions containing the same background con-

centration of citrate dosed with the required amount of pyridine
or DMAP were introduced into the cell through a syringe. The
timer was started when the pyridine/DMAP solution was first
introduced into the cell.

Results
Citrate Solutions. In 1 × 10-4 M trisodium citrate

solutions, at ambient pH∼ 7.8, the diffuse layer potential
measuredwas |42(5|mV. In5×10-4Mcitrate solutions,
at pH∼ 8, the fitted potential was |33 ( 2|mV. The sign
of thepotentialswereassumedtobenegative inaccordance
with microelectrophoresis results.5
In agreement with work by Biggs et al.,4 DLVO theory

is not sufficient to completely describe the interaction
between citrate-covered gold surfaces. As can be clearly
seen in Figure 1 there is a non-DLVO short range
repulsionpresent in the interaction curve. In the absence
of citrate these short range forces are not observed for the
gold-gold system.15
At a separation of ∼6 nm (Figure 1) there is a slight

turnover in the experimental data as if the surfaces were
about to enter the primaryminimum but were prevented
by a short-range repulsive force. To fit this turnover in
the force-separation curve. a Hamaker constant of 7 ×
10-20 J is needed, much less than the 2.5 × 10-19 J fitted
byBiggs andMulvaney for bare gold surfaces.15 InFigure
1 we also show theoretical fits with different Hamaker
constants.
A Hamaker constant of 7 × 10-20 J results in the best

agreement with both turnover distance and Debye length.16

We attribute this to two reasons: (i) a loose network of
citratemolecules (possiblyheld togetherby intermolecular
hydrogen bonding) exists at each gold surface creating a
steric/electrosteric barrier which prevents the surfaces
fromenteringaprimaryminimum,and (ii) theseadsorbed
layers of citrate molecules lower the effective Hamaker
constant theapproachingsurface “sees”. As theseparation
between the citrate-covered surfaces approaches the
thickness of the citrate layers, the effective Hamaker
constant acting on the two surfaces will tend toward that
due to the adsorbed layers themselves.17
The choice of Hamaker constant has little effect on the

diffuse layer potential derived for the system. There is
only a 12% difference (-34 to -38 mV) in the fitted
potentials using the different Hamaker constants. In
effect this short-range behavior is ignored and only the
long-range electrostatic repulsion data are taken into
account.
PyridineandDMAPSolutions. InFigure 2we show

the decrease with time of the strength of the repulsive
force upon the addition of DMAP. The original solution
was an ambient pH, 1 × 10-4 M sodium citrate solution.
This solution was replaced with a pH 10.5, 1 × 10-4 M
sodium citrate solution containing 1 × 10-3 M DMAP.
Thedouble layer repulsion between the surfaceswas seen
to decrease until the interaction became attractive after
about 15 min.
Pyridinewas seen to have the same effect of decreasing

the electrostatic repulsion between the gold surfaces; see
Figure 3. However, the interaction did not become
attractive after the addition of pyridine but retained a
repulsive component.
The rate of the decrease in diffuse layer charge was

seen to be dependent on the concentration of DMAP.
Keeping thebackground concentration of citrate constant,
therate increasedas theconcentrationofDMAPincreased.
Ifweassume thedisplacement of the citrate ionsbyDMAP
molecules follows a first-order rate law, we can plot the
natural log of the diffuse layer charge versus time; see
Figure 3. The diffuse layer charge, and therefore the
surface charge, calculated is relatively low suggesting a
low density of charged citrate on the gold surface.
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Figure 1. Normalized force-separation curve taken between
gold surfaces in the presence of 5 × 10-4 M trisodium citrate.
Constant charge curves only are shown.The fitting parameters
are diffuse layer potential ) -34 mV, Debye length ) 8.2 nm
(theory value 7.88 nm), and AH ) 7 × 10-20 J (full line); -38
mV, 10.9 nm, 2.5 × 10-19 J (dashed line); and -37 mV, 9.1 nm
and 1.5 × 10-19 J (dotted line).

σd ) 11.74c1/2 sinh(19.46zψd)

Figure 2. Normalized force-separation curves for the inter-
actionbetweengold surfaces in thepresence of trisodiumcitrate
(1× 10-4 M) and DMAP (1× 10-3 M at pH 10.5. After∼15min
the repulsion decreased until there was an attraction between
the surfaces. Times after injection of DMAP for curves are 0,
2, 5, 9, and 14 min.
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Although pyridine is a neutral molecule at pH 10.5,
DMAP (pKa ) 9.718) exists as both neutral (86%) and as
a positively charged species (14%). There is a possibility
that some of the decrease in charge of the gold surface is
not simply due to DMAP replacement of citrate ions but
also due to charge neutralization by cationic DMAP
absorption. Raman studies on DMAP adsorption clearly
show adsorption occurs but cannot distinguish which

species (neutral or cationic) is adsorbing. However,
because the rate of charge decrease due to pyridine and
DMAPadsorption is similar, see Figure 3, it ismost likely
that citrate ions are replaced by the aromatic amine not
simply charge neutralization.
From the fits to the data presented in Figure 3, the rate

of thedecrease indiffuse layer chargewas seen to increase
bya factorof7as theconcentrationofDMAPwas increased
10-fold. The noncorresponding increase in the rate with
the increase in concentration of the amine may be due to
effects arising from the multilayer structure of the
adsorbed citrate.

Conclusions
The force measurements provide, for the first time, a

directmeasurement of the electrostatic changes occurring
on a surface during the displacement of one surface
adsorbed species (citrate) by another (pyridine+DMAP).
Not only is the establishment of the equilibrium

able to bemonitored but also the electrostatic changes on
the interacting surfaces canbequantitatively determined
during approach to equilibrium.
Theuseof theAFMin themannerdescribedhere should

prove to be of value in studying the role of various solution
additives in a variety of colloidal systems. Indeed, recent
AFMwork conducted on the reduction ofAuCl4-by citrate
shows that marked changes occur with reaction time on
gold surfaces in contact with the solution.19 (These
observations have a direct bearing on the behavior of
colloid formation by the AuCl4-/citrate method.20
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Figure 3. Change in diffuse layer charge with time and with
differing concentrationsofDMAP.Bothpyridine,], andDMAP,
O, are shown at 1 × 10-3 M concentrations. All solutions were
at pH 10.5 and contained a background concentration of 1 ×
10-4 M trisodium citrate. Each concentration data set, except
pyridine, is a combination of two experiments. Lines drawnare
bets fits to the data. The gradients of the lines of best fit are,
from lowest DMAP concentration to highest, -1.32× 10-4 s-1,
-9.15× 10-4 s-1, and-6.06× 10-3 s-1. Dashed line represents
charge due to a potential of-25mV. The end potential reached
by the two higher concentrations is-15mV, and with 1× 10-4

M DMAP the end potentials is -22 mV.

citrateadsorbed + amineaqueous h amineadsorbed +
citrateaqueous
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