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ABSTRACT: The force dependence of the copper-free
Huisgen cycloaddition between an alkyne and a surface-
bound azide was examined in elastomeric nanoreactors.
These studies revealed that pressure and chain length are
critical factors that determine the reaction rate. These
experiments demonstrate the central role of pressure and
surface structure on interfacial processes that are
increasingly important in biology, materials science, and
nanotechnology.

he velocities of reactions in solution k are accelerated at a

rate proportional to their activation volume V¥ and the
applied pressure P according to a relation first described by Van’t
Hoff (eq 1).!

(dlnk) =V
dP ), RT (1)

The effect of isotropic pressure on reactions in solution is now
well established,” * and the ability of anisotropic shearing forces
to induce predictable bond cleavage in molecules with
mechanically responsive functional groups has become the
focus of considerable interest because of their utility in stimuli
responsive materials.*”'® Only recently have studies on the role
of isotropic force been extended to include mechanically induced
bond formation,"*~"” which could be used to covalently pattern
molecules onto surfaces, leading to breakthroughs in biosensing,
molecular electronics, and the understanding of reactivity at
interfaces. To this end, we have lately demonstrated the first
method to covalently pattern graphene by employing a force-
accelerated Diels—Alder reaction that does not proceed in the
absence of applied pressure.'® However, the mechanisms by
which force accelerates surface reactions remains poorly
understood, because there are few experimental methods capable
of controlling precisely critical reaction parameters such as
reaction time t and applied P. Forces can be controlled accurately
using a single AFM tip," "> but the low throughput of this
method necessitates complex single-molecule analyses. Alter-
natively soft lithography has been used to investigate force-
accelerated reactions over large areas,® >* which simplifies
analysis, but the applied P is difficult to control. As a result, these
AFM and soft lithography experiments can lead to inconsistent
and contradictory results. For example, attempts to use force to
induce the Huisgen cycloaddition reaction between alkyne-
terminated surfaces and azide substrates, or vice versa, in the

-4 ACS Publications  ©2014 American Chemical Society

absence of Cu' have alternately concluded that the reaction
does®>*® and does not** proceed under applied pressure. Before
the potential of force-induced reactions on surfaces can be
realized, there is a need for new experimental methods that can
deliver soft organic and biologically active materials onto a
surface, apply a controlled localized force, and print over large
areas with micrometer scale resolution.

We report how arrays composed of approximately 10,000
elastomeric tips®*~>® mounted on the piezoactuators of an
atomic force microscope (AFM) can be used to apply a localized
force that accelerates the Huisgen 1,3-dipolar cycloaddition
reaction between azide-terminated monolayers and alkyne inks
in the absence of the Cu' catalyst. Upon bringing the tips into
contact with the surfaces, a nanoreactor is formed between the
tips and the surfaces that confines the reactants under an applied
force (Figure 1). Several aspects of this approach are ideal for
patterning applications and for understanding how force and
interface structure contribute to the rate constant of reactions,
namely (1) these tip arrays uniformly deposit delicate organic
and biologically active materials onto surfaces,”® (2) the
piezoelectric tip actuation provides precise control over reaction
time and the applied force between the tips and the substrates,
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Figure 1. (a) Elastomeric tip array coated with an ink mixture consisting
of alkyne and PEG (red) printing onto an azide-terminated Au surface.
(b) Magnified view of the inked tip array approaching the surface. (c)
Tip forms a nanoreactor with the surface by applying a force that
accelerates the Huisgen cycloaddition reaction. (d) After washing, only
covalently bound molecules remain on the surface.
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and (3) the large patterns (cm®) created by the massively parallel
tip arrays facilitate fluorescence microscopy and electrochemical
analysis of the surface reactions. In these studies we show that the
rate constant k of the Huisgen reaction on surfaces is sensitively
dependent on applied force and, surprisingly, the alkyl chain
length of the azide-terminated monolayer.

The ability of compressive force to induce the Huisgen
reaction was investigated by printing fluorescent 1 and redox-
active 2 alkyne inks®" onto azide-terminated SiO, and Au
surfaces, respectively. Previously, we have used these same inks
to study the ability of polymer pen lithographym’27 to induce the
Cu' catalyzed azide—alkyne click reaction in the absence of
applied force and short (<20 s) print times, and we found that
under those conditions the reaction does not proceed without
the Cu' catalyst.>> To carry out the printing, molded elastomeric
tips composed of polydimethylsiloxane and azide-terminated
monolayers on SiO, and Au were prepared following reported
literature protocols.*”** In a typical experiment, a mixture
composed of alkyne (3 mM) and polyethylene glycol (PEG)
(2000 g/mol, S mg) was dissolved in 1 mL 4:1 EtOH:H,0, and
this mixture was sonicated for 3 min to guarantee solution
homogeneity. The pen array was exposed to O, plasma to render
the surface of the arrays hydrophilic, and the ink mixture was spin
coated onto the tip arrays (2000 rpm, 2 min). The PEG is added
to the ink mixture to encapsulate the reactive species and ensure
uniform transport through the aqueous meniscus that forms
between the tips and the surface.*® The tip arrays were mounted
onto an AFM specially equipped with a tilting stage to level the
pen array, an environmental chamber to control humidity, and a
customized lithography software to control the force and contact
time between the tips and the surfaces. The forces were varied by
changin the extension of the z-piezoactuators holding the
tips.””** Following printing, the surfaces were washed with
copious amounts EtOH and H, O to remove molecules that were
not covalently immobilized from the surface.

Initially, bond formation was confirmed by printing
fluorescent ink 1 and analyzing the resulting patterns by
fluorescence microscopy. In these experiments six different
spots were printed by each tip, where ¢ was held constant, the
force was varied from 0.29 to 0.42 mN, and printings were
repeated at ¢ of 0, 60, 180, 300, 420, and 600 s (Figure 2a). The
force was determined by measuring the tip edge length during
printing, which can be converted to the applied force following a
previously described relation.”® The fluorescence images (1..=
532—587 nm, A= 608—687 nm) demonstrate that uniform
fluorescent patterns are formed over large areas,” delivering
evidence of covalent immobilization. Although the fluorescence
data provide only qualitative information on the extent of the
reaction, fluorescence signal-to-background increases with both
force and t (Figure 2b). As a control experiment, fluorescent ink
1 was printed onto an amine-terminated glass surface at 0.42 mN
for 600 s, and no fluorescent pattern was visible after rinsing with
EtOH and H, 0O, which confirms that both azide and alkyne are
required for ink immobilization.

Redox-active ink 2 was subsequently deposited onto Au
surfaces coated with a SAM composed of 11-azido-undecane-1-
thiol, where each tip created a pattern composed of 16 spots that
were printed with identical force and t. The patterning was
repeated at t ranging from 0 to 600 s and P ranging from 0.1—7.95
MPa. The force was measured as described previously®® and then
converted to P by the method of Mullen and Basche.””*" Cyclic
voltammetry (CV) was used to characterize reactions between 2
and the azide SAMs because the characteristic fc peaks make the
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Figure 2. (a) Fluorescent images of 2 X 3 dot arrays of 1 printed at
different t (0, 60, 180, 300, 420, 600 s) and P (0.29, 0.32, 0.34, 0.37, 0.39,
0.42 MPa). (b) Signal-to-background of the printed features of 2
increases with P and t. Error values were determined from three
independent measurements.

presence of 2 easy to identify, and CV provides quantitative data
on the surface density within the printed features and can also be
used to confirm covalent immobilization on conductive
surfaces.> For all printing t and P above 0 s and 0.1 MPa, a
redox wave indicative of the fc/fc* redox couple was observed.
The linear plots of In(scan rate) vs In(current) further confirmed
that the molecules were surface confined as a result of triazole
formation.>® A quantitative analysis of the surface density of fc as
a function of ¢t and P (Figure 3a) revealed that conversion
increases with both increasing P and increasing t. As long as some
force is applied, the reaction proceeds to near completion given
long enough time to react. However, in the absence of force or
very short t (<150 s), no triazole formation was observed. The
linear fits of In([azide]) for a given P provide the different k,
which represents the rate of loss of azide on the surface, because
we assume that the reaction follows pseudo-first order kinetics,
where 2 is present in large excess. The initial concentration of
azide, N3, is based on the number of possible fc units that can be
immobilized in a well-organized monolayer, which is 2.7 X 10'*
molecules per cm?.>® It should be noted that when printing under
high force, fc surface densities as high as 4.3 X 10'* molecules per
cm?® have been observed,> " and this discrepancy has been
explained by su3g7gesting that subsurface fc is embedded within
the monolayer,”” but in our experiments no surface densities
above 2.7 X 10'* molecules per cm* were detected. The value of k
ranges from 2.89 + 0.39 X 107s™" fora P of 2.72 + 0.21 MPa to
4.52 +0.19 X 107 s7" for a P of 7.95 + 0.75 MPa (Figure 3b).
This sensitive dependence of k on applied P can explain
inconsistencies in previous studies on the force dependence of
the Huisgen reaction.”>>® The applied P must be controlled
precisely to achieve full conversion; although seemingly
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Figure 3. (a) The variation of fc surface density on Au surfaces as a
function of P and t. (b) Plots of In([azide]) to t at different P, whose
slope provides k. Error values were determined from three independent

measurements.

contradictory, all previous studies on the ability of force to
catalyze the Huisgen reaction are likely correct once the role of P
on k is accounted for.

A further series of control experiments was performed to
confirm the covalent immobilization. Ferrocenecarboxylic acid,
which does not react with N3, was dissolved in a PEG matrix and
printed onto an azido-functionalized Au surface. After printing at
7.95 MPa for 600 s and washing with EtOH and H,O, the
absence of any remaining fc on the surface was confirmed by CV.
To show that the rate acceleration under applied force is not
simply a reflection of increased reactant concentration, the
reaction configuration was inverted: rather than coat the tips with
ink and bring them into contact with the surface, the surfaces
were coated with ink, and the tips were used to locally apply
pressure. The concentrations of 2 spin coated onto the surfaces
were varied over two decades (0.3, 0.6, 3, 15, 30 mM), and in
each case the tips were used to apply a P of 4.78 MPa for 300 s to
print a 4 X 4 array. The surfaces were characterized by CV, and
no significant differences in the value of k were observed.”' We
concluded that the reaction was zero order in alkyne when
present in great excess.

The CV studies were used to determine the V¥, (observed
dependence of In k on pressure) by plotting In k versus P (Figure
4a).38 An activation volume of —189 + 41 cm?® mol™ was
determined for the Huisgen cycloaddition on the C11 11-azido-
undecane-1-thiol SAM. Calculations at the M06-2X/6-31G(d)
level in the gas phase show that the (3 + 2) cycloaddition of alkyl
azide and terminal alkyne has a V¥ of about —13 cm® mol™.>!
This value is significantly smaller than that observed in the
experiment.

We attribute the difference between these two values to the
monolayer compression that occurs during printing. We propose
that the observed activation volume V¥, in the nanoreactor is
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Figure 4. (a) Plot of In k vs P at different alkyl chain lengths, whose slope
provides V* ;. Error values were determined from three independent
measurements. (b) Rotation of the C11 azide molecule sweeps out a
large cylinder. (c) Monolayer is compressed when tips are brought into
contact with surface, decreasing the cylinder volume in the reaction.

the sum of the activation volume of the cycloaddition reaction
V*_ and the change in the volume of the monolayer AV,, (eq2).

V:tobs = Vic + A‘/vm (2)

To test this hypothesis, we reasoned that the height of the
monolayer would alter V¥, because of the differences in the
change of AV, during compression. Therefore, 2 was printed on
SAMs containing alkane chains of different length between the
thiol and the azide with a printing time of S min and at pressures
of 2.72—7.95 MPa (Figure 4a). Based on a maximum packing
density of 2.7 X 10" molecules per cm? the measured V¥
decreases gradually from —189 cm® mol ™" for an undecyl chain to
—39 cm® mol™ for a propyl chain (Table 1).>" This indicates
that, assuming that V*_ remains constant (—13 cm?/mol), the
volume change of the monolayer AV, becomes smaller and
smaller with the decrease of the height of the monolayer. A
simple model can semiquantitatively account for the change in
AV, (Figure 4b). The free rotation of the C11 azide molecule on
Au in a standing up conﬁguration36 sweeps out a cylinder. From

Table 1. Observed Activation Volumes from Experiments and
Calculations for the Huisgen Reaction on Monolayers with
Different Alkane Chain Lengths

alkane chain length of ~ experimental activation computed activation
N;(CH,),SH volume (cm®/mol)® volume (cm®/mol)®
Cl1 —189 + 41 —191
C8 —179 + 45 —169
C6 —144 + 45 —147
Cs —137 + 21 —124
C3 -39+9 -91

“Error values were determined from three independent measurements.
bCalculated values are a combination of the activation volume of the
cycloaddition reaction V¥, (=13 ecm®/mol) and the change in the
volume of the monolayer AV, . Maximum possible surface density was

calculated as 2.7 X 10" molecules per cm*>*
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the density of 2.7 X 10'* molecules/cm? of the C11 chain on the
surface,® the occupied area of the single molecule is calculated to
be 0.37 nm? The height of the C11 monolayer is about 2.0 nm,>"
so the volume of the cylinder is 0.74 nm’ or 445 cm’ mol ™.
Calculations indicate that, when two anti conformers in the
middle of the alkane chain are changed to gauche in the reaction,
the height of the C11 monolayer decreases to 1.2 nm.*" This will
result in a Ah (Figure 4c) of —0.8 nm, leading to an AV, of
—0.30 nm?® or —178 cm?® mol .. According to this model, the
computed AV, values for the C8, C6, CS, and C3 monolayers
are —156, —134, —111, and —78 cm® mol ™}, respectively,31 and
these data reproduce the trend observed in the experiments
(Table 1). The largest discrepancy between experimental and
computational values occurs with the C3 monolayers, which are
more likely to lie flat on the substrate and are therefore less
compressible along the force vector than the closely packed
monolayers used for computations.

In conclusion, we have used massively parallel tip arrays to
form nanoreactors that can apply force to accelerate bond-
forming reactions with negative V¥ on surfaces. This approach
was used to show that the velocity of the Huisgen reaction on
surfaces is sensitively dependent on force and monolayer chain
length, and a semiquantitative model was developed that explains
the previous contradictory results in the literature. Force may
have an important role in many interfacial processes, and the
approach described in this work can be used to address
challenges in materials science, biology, and nanotechnology.
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