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Sticking Probabilitiesin Adsor ption from Liquid Solutions: Alkylthiols on Gold
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The sticking probability, defined as the rate of adsorption per molecular collision with the surface,
directly expresses the difficulty encountered by a molecule in scaling the barrier to adsorption. Its prior
use has been restricted to adsorption of gases. A method extending this concept to adsorption from liquid
solutions is applied to transient measurements of alkylthiol adsorption onto gold from ethanol solutions.
The initial sticking probability increases from ~1078 to ~107° with alkyl chain length, implying a
stabilization of the transition state by ~0.65 kJ/mol per CH,. Since their sticking probabilities in the
gas phase are ~1.0, the solvent increases the activation free energy by ~40 kJ/mol.

PACS numbers: 68.45.Da, 68.10.Jy, 82.65.—i

The most fundamental way to express an adsorption rate
constant is in terms of a sticking probability (S). It is de-
fined as the probability that the molecule adsorbs upon its
collision with the surface, and is just the rate of adsorption
per unit area (R,q5) divided by the collision frequency with
the surface (J5, the number of molecules which collide
with the surface per second per unit area): S = Rags/Js.
Measurements of sticking probabilities versus coverage,
temperature, and internal energy have allowed surface sci-
entists to extract many details about the kinetics, activation
energy, mechanism, and dynamics of adsorption processes
from the gas phase. Yet sticking probability is rarely men-
tioned in studies which address the kinetics of adsorption
from liquid solutions.

To obtain a sticking probability, one must properly cal-
culate the collision frequency J; of a liquid-phase solute
with a surface. In gas-phase adsorption, J; is simply
derived from the kinetic theory of gases [1]: J, =
n*[ksT/(2wm)]/?, where kg is Boltzmann's constant,
T is the temperature, m is the mass of the adsorbate
molecule, and n* is the number of adsorbate molecules
per unit volume in the gas phase above the surface. To
our knowledge, no one has described how to calculate
the collision frequency in liquids, even for simple cases
where no concentration gradient exists. Since there is no
characteristic step length in diffusion through liquids [2],
random-walk models would not easily provide this.

The collision frequency or flux of a solute onto the
surface of a solid from a liquid solution is given by
J, = C,vr, where C; isthe concentration of the solutein
that liquid nearest to the surface and vy isthe mean thermal
velocity of the solute moleculesrelative to the solid surface
(i.e., the component of the molecul€’ s velocity perpendicu-
lar to the surface, instantaneously averaged over that half of
the molecul es which are moving with some velocity comp-
onent toward, rather than away from, the surface). We
assume that the solute exhibits a classicdl Maxwell-
Boltzmann velocity distribution in its motion in the
solvent, asistrue for all but tiny adsorbates. This thermal
velocity then can be calculated as a special case of afor-
muladerived by Schurr [3] for the average relative velocity

5164 0031-9007/ 00/ 84(22) /5164(4)$15.00

of two spherical molecules in a solvent, which he used to
estimate their collision frequencies in analyzing bimolecu-
lar reaction kinetics in solution. If we take one molecule
to have mass m (representing the adsorbing solute) and
the other “molecule” to be infinitely heavy and thus have
infinite radius (representing the flat surface of the solid),
then his formula reduces to vy = [kzT/(Q27m)]"/2. The
collision frequency is then just J; = Cy[kzT/(2mm)]"/2.
Interestingly, this is the same as the expression above
for gas-phase adsorption, since both are derived from the
same classical velocity distributions. One can then deter-
mine the sticking probability even in liquids by simply
dividing the measured adsorption rate by this collision
frequency. A similar expression was used by Marcus
[4] to calculate the maximum rate at which a solute can
experience electron transfer near an electrode surface,
which isjust its forward flux through an imaginary plane
near the surface.

Since diffusion is slow in liquids, the solute concentra-
tion in that solvent nearest to the surface, Cy, is often sig-
nificantly depleted (relative to the bulk) due to adsorption.
If the diffusion constant for the solute, D, is known, one
can determine C, versustime since thereis only one set of
concentrations versus distance from the surface and time
which are consistent with (1) the initial conditions, (2) the
observed adsorption rate versus time, and (3) Fick’slaw of
diffusion.

We present here transient rate measurements of the ad-
sorption of a series of akylthiols onto gold from ethanol
solution by surface plasmon resonance (SPR) spec-
troscopy. The measured rates and values of C; calculated
in this way are used to determine sticking probabilities
versus coverage and alkylthiol chain length. To our
knowledge, this is the first time accurate sticking proba-
bilities have been determined for adsorption from liquid
solutions. The adsorption of akylthiols on gold has been
studied actively. The resulting stable films of chemisorbed
alkylthiolates provide self-assembled monolayers (SAMs)
which form the basis for many recipes for the organo- and
biofunctionalization of gold surfaces [5—10]. Numerous
studies have addressed the kinetics of their adsorption
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from liquid solutions [5,7,11—-23], yet none have reported
sticking probabilities.

The SPR instrument used here to measure the volume
of adsorbed thiolatesis described in [24]. The gold-coated
glass slides were prepared as in [24] and mounted on the
80 ul SPR flow cell. A syringe pump and two valves al-
low rapid switching of the flow cell contents between pure
solvent and solvent plus thiol. After a steady baseline is
established in pure solvent, the thiol was injected from the
sample loop into this flow cell to initiate adsorption in a
stop-flow manner. Control experiments proved the system
time response to be ~0.8 s [25]. The observed changes
in the wavelength of the reflectance minimum (SPR reso-
nance) were converted into coverages (thiols/cm?) using a
formalism for quantitative SPR described elsewhere [24],
the known refractiveindices of solvent and adsorbates[24],
and calibration of the SPR sensitivity to changes in bulk
refractive index (without adsorption).

Figure 1 shows measurements of the SPR wavelength
versus time for the adsorption of a series of akylthiols
onto the gold surface at room temperature from ethanol
solutions. For the very thin layers produced here, the rela-
tive coverage of each thiol isequal toits shift in SPR wave-
length normalized by its saturation shift [24]. Therefore,
the curvesin Fig. 1 directly give the relative coverages of
each thiol versus time. For al the thiols, saturation ap-
peared to be reached by ~600 s, the longest time mea
sured. Only the first 40 s are shown since they reached
~80% of saturation in this most important period. After
converting their saturation SPR responses to absolute cov-
erages, all the akylthiols showed about the same satura-
tion coverage of (4.8 = 0.2) X 10'* molecules/cm?. This

12 e l
: i
=10 L R C &
g [ e C16
= |
) st C12
C“ -
B 6 [ T . 8
SR R ¢
41 ‘ R
R B -
S ) e
R 10 20 30 20

Time (s)

FIG. 1. The SPR response versus time upon adsorption of a
series of akylthiols from ethanol solution onto Au at room tem-
perature. The adsorption transients were initiated by switching
the thiol solution into the ethanol-filled SPR flow cell at time O.
The solution concentrations used here were all 0.5 mM except
with Cis (0.25 mM) and Cig (0.2 mM). “C,” isathiol with n
carbons.

saturation packing density is consistent with prior results
[5], which were explained as due to closest packing of the
alkyl chains [26]. The rate of adsorption was determined
by the instantaneous slope of coverage versus time.

A finite-difference numerical method was used to calcu-
late the concentration of these thiols versus distance from
the surface and time, using these observed transient rates
as a boundary condition. Briefly, the flow cell volume is
divided up into a series of thin layers pardlel to the (in-
finite area) surface. At time O, each layer is assigned the
known initial bulk concentration. As the adsorbate then
sticks to the surface in the first incremental time step, the
solution layer nearest the surface is accordingly depleted,
resulting in a concentration gradient between it and the
next layer. Fick’s law is then used to calculate the re-
sulting diffusive flux between these two layers in the next
time step. This is iteratively extended in subsequent time
steps to each successive incremental layer, with the bound-
ary condition that the irreversible flux out of the zeroth
layer (to the surface) equals the measured rate of adsorp-
tion at that time. The diffusion constant D for the thiols
in ethanol weretaken as9.5 X 107°t05.7 X 107° cm?/s
for HSCH,CHj3 to HS(CH,),7CHj5, respectively, based on
the reported value of D for alyl acohol in ethanol [27],
adjusting for each thiol’s volume. This adjustment used
the Stokes-Einstein equation [1] to relate D to the effec-
tive hydrodynamic radius, estimated by assuming spheri-
cal molecules with densities as reported for the pure thiol
[27]. Finite difference methods were often applied to fit
adsorption transients to simulations of the adsorption ki-
netic equation, taking into account diffusion and concen-
tration gradients [28—30]. Our current treatment differs
in that the intrinsic adsorption rate constant versus cover-
ageisdirectly extracted from the adsorption transient data,
whereas in those earlier studies it was necessary to assume
some form of theintrinsic rate law (i.e., to assume how the
intrinsic rate constant varies with coverage).

The bulk concentrations used for these measurements
were large, so that the extent of depletion near the surface
resulting from adsorption in these calculations was usually
a relatively minor correction to the bulk concentrations
(<20% for most; 60% for worst case: Cg). Thus, our
final sticking probabilities are insensitive to the details of
these calculations and the exact values of the diffusion
coefficients used.

Each rate curve from Fig. 1 was converted into stick-
ing probability versus time as follows: (1) the finite-
difference solution to Fick’ s law described above was used
to solve for the concentration nearest the surface versus
time, (2) this concentration and the mass of the thiol mole-
cule (uncorrected for any solvation shell) were used as
above to calculate a collision frequency versus time, and
() the rate at each time was divided by this collision fre-
guency to give the sticking probability.

The resulting sticking probabilities, when plotted versus
coverage instead of time, decayed nearly linearly for every
thiol, as expected for a first-order Langmuir adsorption
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mechanism [1]: S = So(1 — 6/6max). Here S, is the
initial sticking probability and 6/6.,.x is the coverage
relative to one monolayer. “Monolayer” in this case
does not refer to true saturation, but to that coverage
(Omax) @ which this linear decrease in sticking probability
extrapolates to zero. This extrapolation gave a monolayer
coverage of ~(4.0 = 0.4) X 10'* molecules/cm? for
each thiol, which is ~20% below the true saturation
reached at very much longer times. This suggests that
another process controls the adsorption kinetics in this
last 20%, which is possibly rate limited by some reorga-
nization or crystallization in the adlayer as suggested in
other studies [14,22,31,32].

The initial sticking probability Sy was determined for
each alkylthiol by fitting its sticking probability versus
coverage data to So(1 — 0/6max), treating Sy and 6 as
fitting parameters. The resulting values of S, are plotted
(in log format) versus chain length in Fig. 2. We will
present elsewhere [33] a more complete account of these
fits and the observed deviations from Langmuir kinetics at
high coverages. As seen, Sy increases by a factor of ~65
with chain length. The solid line shows the linear best fit
to these data, which correspondsto Sy = Py exp(bNcy2),
where Nc 5 isthe number of methylene groupsin the akyl
chain (not counting the terminal CH5), and Py and b are
constants whose best-fit values are 1.24 X 10~% and 0.26
per methylene group, respectively. This exponential be-
havior is easily understood on the basis of energetic effects
on the stability (i.e., Gibb’s free energy) of the transition
state for adsorption. Within this picture, the slope b =
0.26 corresponds to the transition-state stabilization en-
ergy per methylene group, in unitsof RT (at T = 298 K).
This gives a decrease in the activation free energy
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FIG. 2. The logarithm of the initia sticking probability (So)
versus chain length for akylthiols adsorbing onto gold from
ethanol solution, and the best-fit straight line.
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for adsorption by 0.65 kJ/mol per methylene group. That
is, one can express the straight line of Fig. 2 as Sy =
vexp{—[AGy — (0.65 kJ/mol)Ncu»]/RT}, where AGy
is the activation Gibb's free energy for an alkylthiol with
no methylene groups in the alkyl chain (i.e., HSCH3) and
v is the prefactor. Note that Py = v exp[—(AGy/RT)],
so that AGy is ~45 kJ/mol if v is near unity.

Figure 2 shows that the adsorption rate increases with
alkylthiol chain length. Just the opposite trend was seen
in the desorption rates of these same thiolate species by
Bain et al. [7], who concluded that their activation en-
ergy for desorption into hexadecane solvent increases by
~0.8 kJ/mol per methylene group. They attributed this
to attractive interactions of the adsorbed thiolate to coad-
sorbed thiolates and the gold, which get stronger with each
CH,. If we assume that this variation in the activation en-
ergy for desorption in hexadecane also applies in our sol-
vent (ethanol), then by summing the effects of chain length
on the desorption and adsorption activation free energies
(0.8 and 0.65 kJ/mol per methylene, respectively), the sta-
bilization of the adsorbed state results: 1.45 kJ/mol per
methylene group. Thus, the energy of the transition state
changes by ~50% of the relative energy changes of the
product, suggesting a structure for the transition state mid-
way between reactants and product. The activation barrier
is thus associated to some extent with the displacement of
adsorbed solvent molecule(s) from the gold, but also with
the loss of solvent molecules from the solvation shell of
the dissolved thial.

This involvement of solvent molecules in determining
the relative free energy of the transition state is high-
lighted by realizing that these same akylthiols have an
initial sticking probability near unity when adsorbing from
the gas phase onto clean gold in ultrahigh vacuum at
room temperature [32]. The ethanol solvent decreases the
sticking probability of decanethiol by a factor of ~107.
This corresponds to a destabilization of the transition state
by ~40 kJ/mol (relative to the free solution-phase thial).
Conversely, this can be viewed as the solvent stahilizing
the free solution-phase thiol relative to its transition state
for adsorption from solvent. Since the solvent does stabi-
lize a dissolved alkylthiol relative to its energy in vacuum
(i.e., through van der Waals attractions), some of that sta-
bilization may be lost in the transition state simply because
its proximity to the gold will not allow as many nearest-
neighbor solvent molecules. The transition state energy
may be high partially because those solvent molecules
must be shed from the adsorbing thiol before it can estab-
lish much bond strength to the gold, as it proceeds along
the reaction coordinate.

The increase in the rate with alkylthiol chain length
agrees qualitatively with previous results [6,7,12,18,31].
In contrast, Dannenberger et al. [23] reported the opposite
trend, probably because their rates are at much lower con-
centrations and are therefore diffusion limited.

Some adsorption kinetics from liquids have been ana-
lyzed within a diffusion-limited Langmuir model [22,34,
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35], but it is applicable only if the sticking probability is
aways unity and the desorption rate is so fast that the satu-
ration (equilibrium) coverage 6, is tiny. Others have as-
sumed purely diffusion-controlled, irreversible adsorption
with unit sticking probability [28,36,37], which gives a
never-ending growth of coverage (@) versus time (r) as
6 = Cpux(Dt/2)'/2, where Cpuix is the adsorbate con-
centration in the bulk of the solvent. Still others [38—40]
have assumed that a nonunit sticking probability would
simply factor into thisexpressionas = SCpui(D1/2)"/2,
and they used this to estimate initial sticking probabilities.
When our initial adsorption rate data were fitted to this
equation, Sy values resulted that were ~10°-fold greater
than the true values of Fig. 2.

In conclusion, the initia sticking probabilities (S,) for
akylthiols adsorbing onto gold from ethanol solution in-
crease with alkyl chain length from ~1078 to ~107°, im-
plying that the transition state for adsorption is strongly
destabilized in solvent, but stabilized by 0.65 kJ/mol with
each added CH,. First-order Langmuir adsorption kinetics
arefollowed up to acoverageof 4 X 10'* molecules/cm?,
after which another 20% adsorbs at a much slower rate.
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