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The assessment of chemical reactivity of surface-bound
targets is of fundamental importance in many fields of
research, because the reactivity cannot be directly deduced
from similar reactions performed in solution. A key issue in
biological systems where target-search strategies must be
optimized!"! or in the building of molecular functional
interfaces. For example, the bottom-up strategy uses mild
and highly selective coupling reactions at self-assembled
monolayers (SAMs). A large number of such block-building
approaches proceeds through metal-complex-catalyzed redox
reactions such as in “click” chemistry, Sonogashira cou-
plings,””! or atom-transfer radical polymerization (ATRP).
Scanning electrochemical microscopy (SECM) is the most
appropriate tool to investigate the chemical reactivity of
surfaces.’! From its local inspection, SECM allows a simple
combinatorial analysis of surface reaction mechanisms.” The
surface interrogation mode, based on transient feedback
current measured at the tip (SI-SECM),/” is a priori the most
advanced strategy as it allows the insitu detection of sub-
monolayer transformations. Herein, in addition to the SI-
SECM mode, we have followed a lithographic approach,
which is likely more robust since it is not based on electro-
chemical measurements alone. This approach relies on using
a tip as a microsource of a chemical reagent to write patterns
on the surface. Such (electro)chemically induced patterning
strategies offer wide chemical diversity at interfaces.”
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Recently this strategy was proposed as an insightful quanti-
tative access to the local chemical reactivity of surfaces, based
on the ex situ reading of the time evolution of patterns written
on a surface.®” This strategy is developed for SECM and
must apply to other patterning tools such as the scanning ion
conductance microscope (SICM).!

Here, we show the potential of this patterning strategy by
comparing it to the SI-SECM mode in the case of the
reductive transformation of bromo-terminated SAMs (Br-
SAMs shown in Scheme 1) immobilized onto insulating Si/
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Scheme 1. Description of local electrochemical triggering of a Br-SAM
reactivity by transient feedback or patterning experiments.

SiO, or glass surfaces. The interest in the intrinsic redox
reactivity of Br-terminated SAMs originates from their
derivatization potential by “click” chemistry!"'? or by
ATRP growth of polymer brushes.*"® Moreover, both
reactions have been adapted to surface patterning by
SECM."> We focus on the evaluation of the reactivity of
Br-SAMs toward a tip-electrogenerated reducer, Red, the
anion radicals of 22-bipyridine (bpy) or of nitrobenzene
(nbz). Basically, with bpy the reaction at the substrate surface
is given by Equations (1) and (2) where the kinetically

bpy"~ + R—Brfa:,R* + Br~ + bpy (1)
bpy~ + R — bpy + R-3LRH )

limiting step is the bimolecular heterogeneous first electron
transfer (1) with a rate constant, k., corresponding to the
reductive breaking of the C—Br bond.

This combination of reactants leads to a fast surface reaction
in the limit of control by the lateral diffusion of the etchant
bpy~, in accordance with mechanistic studies of parent
solubilized Br moieties."”! As shown in the following, tuning
the chemical instability of bpy~ allows to expand the
accessible range of surface reaction kinetics.
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From the two different types of experiments, presented in
Scheme 1, which are tested to interrogate the surface trans-
formation, that is, by transient electrochemical SECM and
writing readable patterns on Br-SAMs, the Br-SAM coverage
and its reactivity are obtained through modeling of the
irreversible transformation of a monolayer of active material
(detailed in the Supporting Information). Briefly, in addition
to Equation (1) the chemical instability of the etchant bpy"~ is
taken into account in Equation (3) (not shown in Scheme 1
for simplicity):

bpy"~ k—%pdct 3)

Different dimensionless parameters are used to explore the
variety of situations: the dimensionless surface coverage y
(y =I"C’a, where I is the initial Br--SAM surface concen-
tration, a is the tip radius, and C° is the redox probe
concentration), the dimensionless surface transformation
constant (Aye = ke C°a*/D, where D is the redox probe
diffusion coefficient) and the dimensionless solution reaction
constant (A,=k.a*D). Another dimensionless parameter is
also interesting as it compares readily with usual monomo-
lecular heterogeneous electron transfer (ET) in feedback
experiments: A=A,y = kel ’a/D (ko[ in cms™). As
such, the model is used to describe the transformation of
immobilized RBr both in the SI-SECM, through computation
of the tip current, and in the lithographic mode, through
calculation of the pattern growth.

As a preliminary step, in every case, the rate k. is
estimated from the digital simulation of the cyclic voltam-
metric (CV) response at the SECM tip at infinite distance
from the SAM surface. The observation of the oxidation peak
of bpy'~ on the reverse scan at a potential scan rate of 1 Vs™!
(Figure 1a) ensures that bpy"~ is engaged in an irreversible
chemical transformation, with a 4, value equal to 14 0.1, that
corresponds to an apparent first-order rate constant, k., equal
to (640.5)s™! (considering D =107 cm?s™!). According to
a first-order mechanism, the same rate constant is found, k.=
(542) s, with mediator (bpy) concentrations ranging from
0.2 to 5.3 mm. However, in the case of a highly concentrated
solution, 50 mM, a lower apparent first-order rate constant of
(0.25+0.05) s™! is found. This shows that the mechanism for
Equation (3) is not of pure first order, probably because of the
complex processes responsible for the unstability of the
electrogenerated radical anion species. The radical anion may
react with many compounds present as traces such as water,
O,, or its reduction products, such as HO". Even if the latter
are easily generated at Pt electrodes,™ from CV inspection
O, was always at trace level compared to Red under our
controlled inert atmosphere (see the Supporting Informa-
tion). Moreover, nbz'~ is stable which disfavors the action of
HO" and suggests the prominent role of water traces in k..

In a next step, the SI-SECM mode has been used to
estimate both the transformation rate, k.,, and the surface
concentration of the Br-SAM, I'°, from indirect inspection by
CV. These quantities are obtained from comparison of the
experimental voltammograms (Figure SI.2 in the Supporting
Information) recorded for the reduction of bpy at a tip held
above a Br-SAM or above the same layer once it had been
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Figure 1. Cyclic voltammetry of 5.3 mm bpy and 0.1 M NBu,BF, in
dimethylformamide (DMF) solution at a Pt tip of a radius a=12.5 um.
a) v=1Vs", tip held at d=150 um from the Br-SAM (infinite d),
experimental points () with theoretical responses for different A..

b) Surface interrogation of the reducibility of the Br-SAM at
v=0.1Vs™", tip held at d/a=0.47. Feedback current difference (o)
compared to calculated responses with k.=6 s™' and

I°=0.3 nmolcm™ for different ke,

etched by bpy~ at the tip for 100s. The experimental
conditions (tip-substrate distance, scan rate, and etching
time) must be optimized to get the response of the SAM. This
was already discussed”! and a more general optimization of
the conditions and sensitivity of the method is behind the
scope of the present article. Here for example, the time used
for the potential cycle is long enough for bpy~, given its
instability, to travel back and forth from the tip to the SAM. It
then yields an electrochemical response at the Br-SAM which
is higher than at the etched SAM. The difference between
both curves reflects the feedback current difference because
of the regeneration of bpy from the etching of the Br-SAM
[Egs. (1+2)]. Figure 1b shows the experimental feedback
current difference recorded for this process at 0.1 Vs'. As
already pointed out,’! the appropriate modeling of such
experiments is delicate as it depends on different experimen-
tal parameters. Here, a good fit can be obtained for different
(Keens I'°) couples (Figure S1.3 in the Supporting Information).
The appropriate choice relies, as for desorption processes,”’
on the independent estimate of the surface concentration I'°.
It is based on the integration of the feedback current used to
etch the Br-SAM during cyclic voltammetry (CV; 2.8 nC),
which is compared to the dimension of the transformed
domain during CV. The latter is obtained, as described later,
from ex situ observation on the surface of a pattern three
times larger than the tip. This corresponds to an exchange of
0.6 nmolcm  of electron or, for a 2e” process, to a Br-SAM
surface concentration of I°=0.3 nmolcm™? in agreement
with the maximum surface coverage by a silane monolayer
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(0.5 nmolecm™).'""  Considering the etchant instability
obtained from CV far from the substrate (k,=6s"") and
I’=0.3 nmolcm 2, a reasonable fit (Figure 1b) of the feed-
back CV transient response is obtained for a surface reaction
rate ke =(2.5+0.5)x10°m 's™. This shows that the SI-
SECM mode is not limited to surface concentration quantifi-
cation, and can also be useful to determine kinetic constants
through appropriate numerical simulation of the curves. It is
particularly appealing for the access to fast reaction rates
provided by the use of fast potential scan rates combined with
small tip—substrate distances.

The SI-SECM strategy was then compared to the litho-
graphic mode of the SECM for kinetic determination. The
theoretical results for this mode are presented in Figure 2a—c.
Figure 2a shows a typical evolution of the pattern radius, R =
rla, with the dimensionless reaction time, t=tD/a’. As
expected, the patterns grow faster when the surface coverage
y decreases. To better apprehend the writing kinetics, it is
easier to follow the evolution of 7x_s), the characteristic time
required to draw a pattern of radius R=5 (dashed line in
Figure 2a). Figure 2b shows this characteristic time 7(_s, as
a function of the surface coverage y, for different surface
transformation constants. Limiting situations are observed for
A values. At high A, the etching is diffusion controlled and
only y and A, influence the pattern evolution (see the
Supporting Information). Then, y and 4. may be determined
but not A.y. The condition for this limiting case (the vertical
asymptotes in Figure 2 ¢) does not depend on y, but on 4.: the
higher A, the higher the maximal /., that can be determined
(see the Supporting Information). This is useful to improve
the range of accessible 4., by changing 4.: the decrease of the
etchant lifetime allows the time characteristic for surface
transformation to be governed by the interfacial reaction
kinetics, not by the characteristic diffusion time. Another

limit case is encountered as revealed by the horizontal
asymptotes in Figure 2c. At low A (low A.,), the process is
governed by the surface transformation kinetics: only A, and
A influence the pattern evolution, and y cannot be deter-
mined.

This shows that there is a limited range of experimental
conditions where the determination of both A, and y is
possible. For a given material, it is possible to reach the
appropriate experimental conditions by changing the tip
radius or I'’: for example, from the high /A regime, higher rates
keen are accessible with smaller tips and smaller I°. Alter-
natively, the value of k. can be tuned to determine high k.,
values. As discussed elsewhere! the tip—substrate distance, d,
and the dimension of the insulating sheath of the tip (RG)
have less contrasted incidence on the pattern evolution and
are not discussed in this work. Particular care should be taken
at high k. values which yield small patterns less dependent on
RG but require sufficient small d values for allowing the
etchant to reach and react with the SAM.

In the following we discuss the application of this litho-
graphic strategy for Br-SAM reactivity assessment. Patterns
were written on the Br-SAM-modified glass for different
etching times with a static SECM tip of 12.5 or 25 um radius in
different bpy solutions (C°=0.2, 0.4, 2, and 50 mm). As
already proposed, the patterns are chemically amplified by
the growth of polymer brushes and then read from con-
densation figures (Figure 2d)."¥) The patterning results are
presented in Figure 2e. At the highest C°, A, is 0.04 according
to preliminary CV experiments, and the pattern evolution fits
the expectations for the case of diffusion controlled etching
(dashed lines in Figure 2¢). The determination of A, is thus
not possible in this case, and only y can be determined. The fit
with a RBr surface coverage I’ of 0.3 nmolcm 2 is good for
both a=25 and 12.5 um. A decrease in the redox probe
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Figure 2. Surface reactivity from SECM lithography. a—c) Theoretical pattern growth, 4. =0.1. Influence of the surface coverage on the pattern
radius R growth with the dimensionless time =t D/a* (a) and influence of the etching time needed to write a R=5 pattern with the reactant

concentrations I'° and C° and the reaction rate A =21,q7 (b) and Aq, (c).

d-f) Writing with a tip-generating Red on a Br-SAM. d) Patterns read

from condensation figures, Ox=bpy (0.4 mwm). e) Pattern growth for Ox=bpy: (¢) a=25 pm, otherwise a=12.5 um, RG=5, L=0.47; fitted with

k.=0.25s7" for C®=50 mm (#,0) and 5 s~ otherwise; I°=0.3 nmolcm™?, for C’=e 2,

0.4, A 0.2 mm. Dashed lines: diffusion control. Solid

lines: ke, =1.3x10*M~'s7". f) Ox=nbz (50 mm), a=25 um. Experimental Br-SAM surface coverage, 0.z, Within a pattern (2) fitted with

kycn=1M""s"" and k. =0.
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concentration, C°, results in a higher value of A, (1.=0.7, as
observed in CV experiments), so that the patterns become
smaller relative to the diffusion-limited patterns. The experi-
ments are thus not conducted in the large A, regime any
more, and .., can be evaluated. Using the y value deter-
mined at high C°, the pattern evolution is compared to theory
and a k.q value of (1.3+£0.2)x10*m !s™! is obtained, in
agreement with that obtained from SI-SECM.

The agreement between both analyses is convincing to
propose lithographic experiments to assess the kinetics of
irreversible surface transformation. The C—Br bond activa-
tion in B--SAMs proceeds with an ET rate which is lower than
that of ferrocene-bound (Fc-bound) moieties.'* 2 It reflects
an inner-sphere (dissociative) ET, which likely takes place at
the Br-SAM, as observed for the solubilized parent Br mo-
lecule (see the Supporting Information). Moreover, as for
other immobilized systems, the solubilized parent reacts more
rapidly than in the SAM (400 times here, see the Supporting
Information).

In principle by increasing the etchant instability, trans-
formation rates of around 10’M~'s™' are accessible by the
lithographic mode. Slower transformation rates are also easily
amenable while they cannot be detected by the SI-SECM
mode. Slower transformations of Br-SAMs were obtained by
lowering the driving force of Equation (1) and generating at
the tip the nitrobenzene anion radical, nbz"~ (E° = —1.08 V vs.
saturated calomel electrode, SCE). At short etching times,
sub-monolayer transformation is detected. The amount of
unreacted C—Br within a pattern, 6.5, (Figure 2f), was
attested from their engagement in growth of polymer brushes
by ATRP and shown by local ellipsometric measurement (see
the Supporting Information).'! The comparison of the
pattern to theory (Figure2f) yields kgq=(124+2)m 's7"
For a linear activation-driving force variation, the C—Br
reductive transformation is associated to a transfer coefficient
a=RTdIn(k,,)/FAE’=0.18, in favor to a large reorganiza-
tion, as in bond-dissociative ET.I"”)

In summary, we have shown that the chemical reactivity of
a bromo-terminated SAM immobilized on an insulating
substrate can be quantified from the time evolution of
patterns formed during the local reduction of the SAM. The
transformed material can be quantified with sub-monolayer
resolution and at transformation rates ranging from 10 to
10*mM~'s™! (equivalent heterogeneous rates are 3x 107° to 3 x
10° cms™"). The potential of this lithographic strategy for
SAM reactivity is described from theoretical and experimen-
tal points of view and compared to surface interrogation by
electrochemical microscopy. Both show concordant results,
while the range of applications is higher with the lithographic
mode. The approach is obviously not restricted to the specific
C—Br bond cleavage activation and can be adapted to block-
building reactions from surfaces. For example, the present
model allows interpreting the electrochemically assisted
surface patterning by click chemistry!'” with an apparent
click reaction rate, k. =0.02s7!. This illustrates that the
lithographic mode of the SECM is a versatile tool to
understand the reactivity and selectivity of any surface-
bound chemical target. It is even not restricted to redox
reagents owing to the chemical diversity that can be
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generated by SECM electrochemical activation or by
a SICM micropipette delivering system. It should be possible
to scrutinize a wide range of organic,'®??? organometallic,”!
or inorganic® chemical reactions, which is a fundamental
issue to assist in the rational selection of conditions for surface
or material synthesis.
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