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Monomer Exchange Dynamics of
Self-Assembled Surfactant
Monolayers at the Solid-Liquid
Interface

Simon Schrodle and Geraldine L. Richmond*®!

Self-assembly of surface-active agents at solid-liquid interfaces
is critical for many processes in nature and technology, includ-
ing the stability of suspension, detergency, wetting and miner-
al separation.™” Historically, a detailed understanding of nano-
meter-scale layers has emerged. However, surprisingly little is
known about their dynamics—the key to non-equilibrium phe-
nomena.” Even in equilibrium, there is constant exchange of
monomers between bulk and monolayer. Determination of the
associated rate constants has been undertaken by evaluating
adsorption and desorption kinetics.®! These methods are not
practical near equilibrium adsorption as they rely upon a
changing surface concentration. Hence, little can be learned
about the true equilibrium state of a monolayer. The impor-
tance of dynamical properties at solution interfaces has long
been realized and relaxation techniques, utilizing the system'’s
response to perturbation from equilibrium, have developed
into powerful tools.” Unfortunately, these methods do not
adapt easily to the rather slow kinetics typically found at the
solid-liquid interface.

The nature of the solid-liquid boundary as a buried inter-
face, together with the vanishingly small fraction of monolayer
to bulk molecules poses a serious experimental challenge. Cer-
tain spectroscopic techniques are applicable, and in fact infra-
red attenuated reflection spectroscopy (IR-ATR) has been
used™® to study exchange reactions of aggregates at interfa-
ces. However, this linear IR technique probes an interfacial
region extending to hundreds of nanometers—including mole-
cules far beyond the monolayer. Higher interfacial specificity is
obtained with nonlinear optical methods.*” Kinetic studies at
the air-water interface by second harmonic generation have
been reported.®” The related but more powerful vibrational
sum-frequency spectroscopy (VSFS) exploits resonant effects of
vibrational transitions,®”’ and has demonstrated its applicability
for the study of monolayers at mineral-water interfaces."*"
However, its current use for such systems has heretofore been
limited to static investigations. Herein, we exploit a wide-band,
rapidly tunable IR source within a VSFS system to investigate
dynamic phenomena."?
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A simplified, three step, monomer exchange process is de-
scribed in Figure 1. The surfactant (sodium dodecanoate, C12)
is first released from the monolayer (rate constant kp). Second-
ly monomer adsorption occurs from the bulk into a randomly
oriented state (k,) on the substrate (fluorite CaF,). Finally an or-
dered monolayer is reformed (ko).
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Figure 1. Idealized monomer exchange mechanism. Isotope labeling of C12
is indicated by H (CH; terminus) or D (CD; terminus). Exchange reaction
starting from a a) fully deuterated or b) hydrogenated monolayer.

During the experiment, exchange kinetics, characterized by
ket or ke Were followed by measuring the resonance re-
sponse of the second-order nonlinear susceptibility ¥ at fre-
quencies characteristic of the carboxylate headgroup (vCO,
1453 cm™') as well as the symmetric stretch of the surfactant’s
terminal CH; group (vCH,, 2873 cm™). Unlike linear spectros-
copies, VSFS utilizes a coherent process within the temporal
and spatial overlap of a visible (VIS, 532 nm) and IR beam (tun-
able).®'? In our experiment, the intensity of the sum-frequency
(SF) signal is directly proportional to the square of the interface
susceptibility, *,,,, which is a measure for the number of ori-
ented molecules at the interface (see Supporting Informa-
tion).” Note that this intrinsic sensitivity for molecular orienta-
tion has important consequences for the effective (observable)
exchange rates (Figure 1): k. encompasses all three steps
with only the final species being SF-active, whereas k., is de-
termined by the desorption process (kp), as this key step re-
duces the number of SF oscillators.

Typical experimental data is presented in Figure 2. The total
adsorption density measured by the vCO susceptibility
(o® 145300 Figure 2a), remains constant as expected from the
similarity of C12—H and C12-D. This demonstrates equilibrium
adsorption. From the vCH; response, the mole fraction of hy-
drogenated surfactant in the monolayer, f,q,;, was derived (see
Supporting Information). Two types of experiments were per-
formed: one starting from a fully deuterated monolayer (Fig-
ure 2b), the other starting from a hydrogenated monolayer
(Figure 2¢). In both cases, the rapid onset of the exchange re-
action after exposing the monolayer to a bulk solution with
opposite surfactant isotopic labeling suggests a fast exchange
of surfactant monomers in the region adjacent to the mono-
layer. Surfactant molecules close to the interface but not incor-
porated into the monolayer are replaced on a timescale much
faster than the observed kinetics, in agreement with other
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Figure 2. Monomer exchange kinetics of sodium dodecanoate at the fluo-
rite-water interface (o: fully deuterated, @: fully hydrogenated monolayer
for t < t,). a) Normalized nonlinear optical response of the carboxylate head-
group, 7?1453 nom- b) Exchange kinetics (k) of a deuterated monolayer,
and c) of a hydrogenated monolayer (k. ). At t,, the bulk liquid phase was
replaced by a surfactant solution of equal concentration (10 um) but oppo-
site isotope labeling. In the pictorial representations, blue areas correspond
to hydrogenated, red areas to deuterated surfactant molecules.

studies of bulk micelles or loosely bound surfactant aggre-
gates, which are characterized by typical exchange rates of
~10*s7" and ~ 157", respectively.” The bulk concentrations (10
and 30 um) used for this study are both above the hemi-micel-
lar critical limit (~1 um, see Supporting Information), but well
below the critical micellar concentration (~24 mm)."¥ There-
fore, surfactant molecules are all monomeric in the bulk. If the
observed exchange reactions were induced by collisions be-
tween bulk molecules and monolayer, exchange rates would
be strongly correlated with bulk concentration. Kinetic analysis
however revealed no significant effect of bulk concentration
on the exchange rate constants k. and k. p, Which relate to
the exchange reaction between a monolayer, initially com-
posed of neat C12-D (Figure 2b) or C12—H (Figure 2¢), and a
liquid phase containing C12—H or C12-D, respectively. Both
constants were found to be equal at an average value of k.=
(8.1+£2.00x107*s™". The desorption reaction (kp, Figure 1) is
then rate-determining and the ordering step (ko) is very fast.
The fraction of disordered (i.e. non SF-active) molecules in the
equilibrium monolayer must therefore be small.

For comparison, non-equilibrium desorption experiments
(similar to those reported by others and used to characterize
exchange dynamics®) were performed (Figure 3). These experi-
ments comprise flushing of a fully established, equilibrium
monolayer (Figure 3a) with neat water (for t>t,), while the SF-
responses at 1453 and 3150 cm™' are continuously monitored.
From the temporal profile of the surface density of SF-active
carboxylate (vCO, 1453 cm™'), monomer desorption into neat
water is obviously much slower initially than expected from
the equilibrium exchange rate and characterized by a substan-
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Figure 3. Desorption kinetics of an equilibrated C12—H monolayer. At time
t,, the surfactant solution was replaced by neat water. Surface coverage is
followed by the vCO response at 1453 cm™' (A) and remains virtually con-
stant until t,". At t,, the phase of the ¥OH resonance (e) shifts by =, indicat-
ing a flip of the interfacial water molecules due to surface charge reversal.
Also given is a schematic view of the monolayer a) in equilibrium with a
bulk surfactant solution, b) during the induction period (grey area; arrows
indicate a non-equilibrium state of the monolayer), and c) during desorption.
The predominant orientation of water molecules above the monolayer and
at the CaF, surface is also shown.

tial induction period (Figure 3b, t,<t<t,). As part of the de-
sorption experiments, the number of oriented water molecules
in the interfacial region was concurrently measured via their SF
intensity at 3150 cm™' (vOH). The phase of the vOH response
obtained from spectral fits"? demonstrates that water mole-
cules above an intact monolayer are oriented with their
oxygen atoms pointing toward the bulk liquid phase. Accord-
ingly, the monolayer is negatively charged at full coverage, a
phenomenon commonly referred to as overcharging."” When
flushing of the monolayer with neat water starts at t,, the in-
tensity associated with interfacial water molecules immediately
drops by 50% (Figure 3). This indicates a considerably dimin-
ished number of highly ordered (symmetrically coordinated)
water molecules in the layer immediately above the monolay-
er. These changes occur despite virtually constant monolayer
coverage during the induction period (Figure3b, t,<t<t,)
and are, as can be shown by similar experiments in the pres-
ence of background electrolyte, not caused by the change in
bulk ionic strength at t,. Other factors besides simple electro-
static effects seem to be responsible for the significant differ-
ence of the hydrogen-bond structure near an equilibrium or
non-equilibrium monolayer, respectively. After the induction
period, monomer desorption slowly ensues. The phase of the
VSFS resonance and thus the predominant orientation of inter-
facial water molecules remain unchanged until, very gradually,
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the point of charge neutrality is reached at t, (minimum of the
vOH response!?). At this time a degree of structure returns to
interfacial water, which is, with the breakdown of the monolay-
er, at least partly exposed to the uncovered fluorite surface
bearing positive charge. At t,, the phase of the VSFS response
at 3150 cm™' shifts by m, because interfacial water molecules
have now flipped to an orientation with their hydrogen atoms
pointing toward the liquid phase. With continued release of
monomers, the defect concentration of the monolayer reaches
a critical level and desorption then proceeds at a rapidly in-
creasing rate, for example, along boundaries of water-rich sur-
face regions and remaining monolayer domains. While a de-
tailed kinetic analysis of the desorption process will be pre-
sented elsewhere, we derived desorption rates from a numeri-
cal analysis of the vCO data of Figure 3. It was found that the
desorption rate increases by several orders of magnitude after
the start of flushing with neat water, from nearly zero at t, to
~1x1073s" at low coverage (Figure 3, t>4000s), which is
similar to k., the rate of equilibrium monomer exchange.

In conclusion, the nonlinear spectroscopic approach present-
ed here reveals the dynamism of self-assembled monolayer in-
terfaces. The results also demonstrate the importance of un-
derstanding the structure of liquid adjacent to the monolayer
as this structure governs energetic barriers and thus system
dynamics. From this realization we may also infer a reason for
the wide variation in reported rates of equilibrium and non-
equilibrium kinetic parameters:®**'¥ Only very few molecules
can be withdrawn from the monolayer at a given time and if
they are not replenished instantly, further desorption incurs
high energetic cost because it disturbs the highly coordinated
hydrogen-bond structure of water molecules within the inter-
facial region. Finally, at low monolayer coverage, desorption
rates approach values similar to the monomer exchange rate
under equilibrium conditions, because the energetic advantage
inherent to an intact monolayer vanishes.

Experimental Section

All experiments were performed using an EKSPLA PL2143 A/SH
Nd:YAG laser producing 1064 and 532 nm radiation (30 ps pulse
duration, 10 Hz repetition rate). A tunable IR beam was generated
by an EKSPLA PG501/DFG2-10P optical parametrical oscillator/am-

plifier with an AgGas, difference frequency stage (2.3 to 10 um).
For the current VSFS experiments, the IR and visible (532 nm) laser
beams were incident on a CaF, prism (68°/68°), aligned to near
critical angle at the interface, 17° and 20.5°, respectively. High-effi-
ciency filters and dispersive optics were used to select the sum-fre-
quency photons which were metered by a photomultiplier. Beam
generation, spatial overlap and data acquisition were controlled by
a computer and LabView Software. A peristaltic pump was used to
constantly flush the prism surface with fresh sample liquid. Materi-
als in contact with the sample were PTFE and PCTFE (Kel-F). Fur-
ther details of the experimental procedures and data analysis are
provided in the supporting information.
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