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ABSTRACT: We demonstrate a modular “click”™-based
functionalization scheme that allows inexpensive conductive
diamond samples to serve as an ultrastable platform for
surface-tethered electrochemically active molecules stable
out to ~1.3 Vvs Ag/AgCl. We have cycled surface-tethered
Ru(tpy), to this potential more than 1 million times with
little or no degradation in propylene carbonate and only
slightly reduced stability in water and acetonitrile.

he integration of electrochemically active molecular com-
plexes with electrodes has great potential for the develop-
ment of electrocatalytic interfaces for applications such as water
splitting," organic synthesis,” and solar energy conversion.>
Extensive efforts have focused on tethering electrocatalytlcally
active molecules to carbon-based surfaces,zc’ however, sz_
hybridized materials such as graphite, glassy carbon, and carbon
nanotubes are oxidized at modest potentials (>0.6 V vs NHE at
pH 1)° and rapidly corrode at potentials greater than 1 V vs
NHE.**® In contrast, diamond surfaces are stable to 1.7 V vs
NHE,*’ suggesting that diamond may be an ideal candidate for
anchoring molecules with the higher redox potentials necessary for
applications such as water oxidation (typically >1 V). Inexpensive
conductive diamond substrates are available commercially in bulk
and thin-film form. Here we demonstrate a modular “click”-based
approach to covalently link a Ru coordination complex to con-
ductive diamond surfaces and show that the surface-tethered
complex exhibits extraordinarily stable and reversible redox chem-
istry, as it is able to withstand more than 1 million cycles to strongly
oxidizing potentials (~1.5 V vs NHE) in nonaqueous electrolytes
and only slightly reduced stability in aqueous electrolyte solutions.
Figure la shows the scheme for anchorlng a redox-active Ru
complex to diamond via the Cu' catalyzed azide—alkyne cy-
cloaddition (CuAAC or “click”) reaction.® We prepared the
[Ru(tpy),]*" (tpy =2,2':6',2" -terpyridyl) derivative (1) bearing
a pendant alkyne group, as reported previously by Ziessel.”
The unsubstituted parent complex has a Ru"/Ru'" couple at a
potential of 1260 mV vs NHE in acetonitrile (1250 mV in
H,0)," presenting a stringent test of the stability of the interface.
Azide functlonallzatlon of sp>-hybridized carbon surfaces with
IN; has been reported,” but this approach was not effective with
the sp™-hybridized diamond surface. Instead, we adapted a photo-
chemical surface-functionalization method developed previously
in our lab."" 1-Undecen-11-ol (2) was grafted to hydrogen-terminated
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Figure 1. (a) Reaction scheme for anchoring (1) to diamond. (b) Cyclic
voltammograms in propylene carbonate solution. (c) Anodic peak areas for
10° cydlic voltammetry scans in acetonitrile and propylene carbonate.

surfaces of diamond using 254 nm light, producing an alcohol-
terminated surface (3) [for details, see the Supporting Informa-
tion (SI)]. The alcohol was converted to an azide (4) by
mesylation followed by treatment with sodium azide. Ru com-
plex (1) was linked to the surface azide groups via the CuAAC
reaction to produce (5). The results presented here employed
commercially available electrochemical-grade conductive dia-
mond (Element Six); similar results for conductive diamond
thin films on silicon substrates are presented in the SL
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The functionalized surface was characterized by XPS and Fourier-
transform IR spectroscopy. Formation of azide (4) produced an IR
peak at 2090 cm ™', and this peak decreased by ~70% after reaction
with (1) (Figure S2), demonstrating that most of the surface azide
groups become linked to the Ru complex. XPS measurements
showed Ru and aromatic N on the surface, and (}uantitative analysis
of the data yielded a surface coverage of 5 x 10" molecules cm ™.
Control experiments (see the SI) showed that grafting of the alcohol
to the diamond substrate was necessary to obtain the surface-bound
azide and Ru complex (1) (Figures S3 and S6).

The cyclic voltammogram (CV) data in Figure 1b,c demon-
strate the remarkable electrochemical stability of the Ru(tpy),
complex covalently bound to diamond. Figure 1b shows overlaid
cyclic voltammograms measured in 1 M LiCIO, propylene car-
bonate (PC) out to 1 million cycles (scan rate, 10 V/s; voltage
range, 0.85—1.36 V vs Ag/AgCl). After 10° cycles, the surface
complex showed stable, well-defined oxidation and reduction
waves with E; /, = 1.18 V vs Ag/AgCl (~1.36 V vs NHE), which
is close to the value of 1.26 V vs NHE for the unsubstituted parent
compound in CH;CN.'® The peak-to-peak splitting of only 45 mV
after 10° cycles indicates highly reversible electron-transfer
kinetics. The peak area of 2.5 4C with our 0.275 cm” sample area
yielded 6 x 10" redox groups/cm”, in excellent agreement with the
X-ray photoelectron spectroscopy (XPS) results. Similar voltam-
mograms with slightly increasing peak-to-peak splitting were ob-
tained in LiClO,4/acetonitrile (AN) (Figures S7 and S12 in the SI).
Figure 1c summarizes the anodic peak areas in PC and AN. In both
cases, after an initial loss (presumably due to molecules bonded at
less stable surface sites such as steps or defects), the CVs were
remarkably stable for more than 1 million cycles.

Diamond’s unusually large window of electrochemical stability
suggests that surface-tethered complexes might also exhibit
stable behavior in water. To test this hypothesis, CVs were
obtained in aqueous solutions of 1 M LiClOy,. Figure 2a shows
CVs out to 1.3 V vs Ag/AgCl, while Figure 2b shows the area
under the oxidation wave as a function of cycle number. The CVs
showed reversible behavior with E;,, = 1.08 V vs Ag/AgCl
(~1.27 vs NHE), which is close to the previously reported value
of 1.250 V vs NHE for the unsubstituted Ru(tpy), compound.'’
There was a small initial loss of activity, but this was followed by
extraordinarily high stability out to >500 000 cycles. Figure 2c
shows CVs measured at different scan rates, and Figure 2d
summarizes the peak-to-peak splitting (E,,) and peak current
(Ipea) as functions of the scan rate (R, in V/s). For a surface-tethered
redox couple, the peak current should be linear in R, and E,,
should go to zero at R = 0.2 Figure 2d shows that I, was indeed
linear with respect to R with zero intercept, following the fitted
equation e, = (52 £0.1) X 10 °R+ (1.0£1.2) X 10> with
regression coefficient = 0.99. However, at zero scan rate, E,,
was ~100 mV rather than zero. This difference could arise from
space-charge effects in the (semiconducting) diamond or from
imperfections in the molecular layer. The standard electroche-
mical charge-transfer rate constant k% can be estimated as k% =
R/AE,,,. Using the slope of the plot of E,, versus R from the five
points at the highest rate yielded k% = 620 & 30s™ .

Our results demonstrate that molecular complexes can be
robustly linked to inexpensive diamond substrates to yield redox-
active surfaces with unprecedented electrochemical stability and
only minimal perturbation of the complex’s redox properties
relative to the parent complex in solution. We anticipate that
general routes to highly stable, electrochemically active electrodes
such as the one described here will provide a convenient way to
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Figure 2. Electrochemical data in 1 M LiClO,: (a) CVs; (b) anodic
peak area vs time; (c) CVs at different scan rates in 1 M HCIOg; (d)
peak-to-peak separation and peak current vs scan rate.

combine the high selectivity and activity of molecular catalysts
with the stability and convenience of inorganic electrodes.
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