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7 ABSTRACT: Rationally designed material interfaces offer opportunities to
8 control matter and energy across multiple length scales, yet remain challenging to
9 synthetically prepare. Inspired by nature, where specific amino acid residues and
10 soft-material coordination environments regulate the midpoint potentials of
11 metal centers in proteins during enzymatic reactions, thin-film polymeric coatings
12 have been developed to assemble molecular components, including catalysts,
13 onto solid-state (semi)conducting surfaces. In this report, we describe the
14 immobilization of metalloporphyrins onto transparent conductive oxide supports
15 using either direct grafting to the oxide surface or coordination to an initially
16 applied thin-film polypyridyl coating. The composite materials enable direct
17 measurements of electrochemical and optical properties associated with the surface-immobilized components. Despite the
18 similarity of the core cobalt porphyrin units used in assembling these hybrid architectures, the redox potentials assigned to the
19 CoIII/II relays span a 350 mV range across the distinct constructs. This range in redox potential is extended to 960 mV when
20 including comparisons to constructs utilizing polymer-immobilized cobaloxime catalysts in place of cobalt porphyrins, where
21 reduction of the cobaloximes requires significantly more-negative bias potentials. This work illustrates the use of soft-material
22 interfaces for assembling molecular-modified electrodes where the nanoscale connectivity of the surface coatings determines the
23 electrochemical properties of the macroscopic assemblies.
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25 ■ INTRODUCTION

26 Interfaces are central to the electronic properties, and hence
27 performance, of materials in biology and technology.1−6 In the
28 technological realm, the emergence of new materials with
29 applications to organic light-emitting diodes, organic solar
30 cells, and thin-film coatings for catalysis has spurred interest in
31 molecular interfaces composed of organic and/or inorganic
32 components.7−16 Although strategies for designing such
33 interfaces promise the ability to chemically tailor the structural
34 and physical properties of surfaces,17−23 developing methods
35 to effectively assemble soft-to-hard matter interfaces and
36 characterize the resulting hybrid materials remain challeng-
37 ing.24 Related to this, advances in synthetic chemistry have
38 provided researchers exquisite control over structure and
39 functionality at the nanoscale; however, a complete under-
40 standing of extending that knowledge to material constructs
41 with dimensions at the meso- and macroscales is lacking.
42 In biological assemblies, molecular co-factors and catalytic
43 active sites are organized into hierarchical structures made
44 from proteins where amino acid residues form three-dimen-
45 sional coordination environments that control the redox
46 properties of metal centers at catalytically active sites and
47 along electron-transport chains. For example, cytochromes,
48 which are heme-containing proteins that function as electron-
49 transfer agents in myriad metabolic pathways, contain iron
50 centers with midpoint potentials spanning a nearly 800 mV

51range.25−28 This relatively wide range of potentials using a
52common metal center exemplifies the critical role amino acid
53side chains and surrounding structure serve in redox reactions
54involving proteins.29,30 Although significant fundamental
55insights have been gleaned from studies involving proteins
56immobilized on electrodes, such assemblies are limited for
57industrial applications due to their fragility and relatively large
58per geometric area footprints per number of metal-center
59active sites.31 Nonetheless, the ability to incorporate design
60principles realized from such studies into technological
61constructs has inspired researchers and enabled improved
62control over human-engineered catalysts and electron-transfer
63assemblies.32−35

64In this report, we describe thin-film coatings of cobalt
65porphyrins on transparent conductive oxide (TCO) electrode
66surfaces. The electrodes are composed of nanostructured
67indium tin oxide (nanoITO), and the surface coatings are
68prepared using either (1) direct photochemical grafting of a
69synthetically modified porphyrin, 5,10,15,20-tetra-p-tolyl-2-(4-
70vinylphenyl)porphyrin cobalt(II) (1),36 forming CoP|nano-
71ITO electrodes, or (2) application of a photochemically
72grafted poly(vinylpyridine) (PVP) layer that is used to
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73 assemble 5,10,15,20-tetra-p-tolylporphyrin cobalt(II) (2) at
74 nitrogen sites of the polymeric interface during a subsequent
75 wet chemical processing step,37,38 forming CoTTP|PVP|
76 nanoITO electrodes. The transparent and conductive nature
77 of the nanoITO supports enables comparisons of the
78 electrochemical and optical properties of the heterogeneous−
79 homogeneous porphyrin-containing constructs with those of
80 homogeneous solutions of porphyrins as well as comparisons
81 with a previously reported cobaloxime−poly(vinylpyridine)-
82 nanostructured indium tin oxide (cobaloxime|PVP|nanoITO)
83 assembly.39 Thus, the nanoITO supports provide a tool for
84 measuring and comparing redox properties associated with
85 soft-material coatings that can be difficult or currently not
86 possible to measure using semiconducting or insulating
87 supports.
88 The findings presented herein show (1) cobalt porphyrins
89 modified with a 4-vinylphenyl functional group at the β
90 position of the macrocycles can be used as reagents
91 (precursors) for achieving direct photochemical grafting of
92 porphyrins onto the TCO surfaces, (2) initial application of a
93 pyridyl-based polymer onto unmodified TCO surfaces enables
94 immobilization of known molecular hydrogen-producing
95 catalysts, including cobalt porphyrins and cobaloximes, via
96 coordination to nitrogen sites along the surface-grafted
97 polymer, (3) in both types of assemblies, the immobilized
98 cobalt porphyrin units are redox active, (4) for CoP|nanoITO
99 electrodes, the midpoint potentials of the redox features
100 assigned to CoIII/II and CoII/I couples of the surface-grafted
101 cobalt porphyrin units are the same as those measured using

102homogeneous solutions of 2, (5) for CoTTP|PVP|nanoITO
103electrodes, the potentials of the redox features assigned to
104CoIII/II and CoII/I couples of the immobilized porphyrin units
105are cathodically shifted (350 and 150 mV for the CoIII/II and
106CoII/I couples, respectively) as compared to those measured
107using CoP|nanoITO electrodes or homogeneous solutions of
1082, and (6) in comparison to previously reported cobaloxime|
109PVP|nanoITO electrodes, the CoP|nanoITO assemblies allow
110access to CoIII/II and CoII/I redox chemistries at potentials 960
111and 350 mV less negative, respectively.

112■ RESULTS AND DISCUSSION
113Material Preparation. Cobalt porphyrin-modified indium
114tin oxide (ITO) and nanoITO electrodes (CoP|ITO and CoP|
115nanoITO, respectively) were fabricated following a modified
116version of a method used to assemble cobalt porphyrins on
117gallium phosphide surfaces.36 In this approach, a cobalt
118porphyrin modified with a 4-vinylphenyl functional group on
119the β position of the macrocycle is used as a reagent for
120preparing the porphyrin-modified samples via a one-step
121photochemical grafting method.
122Cobalt porphyrin−poly(vinylpyridine)-modified ITO and
123nanoITO electrodes (CoTTP|PVP|ITO and CoTTP|PVP|
124nanoITO, respectively) were fabricated following a modified
125version of a two-step method used to assemble cobaloxime−
126poly(vinylpyridine)-modified ITO and nanoITO electrodes
127(cobaloxime|PVP|ITO and cobaloxime|PVP|nanoITO, re-
128spectively).39 Briefly, freshly cleaned ITO or nanoITO
129electrodes (see Experimental Section for details) are placed

Scheme 1. Depiction of the Strategies Used to Assemble the Molecular-Modified nanoITO Electrodes
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130 in an argon-sparged solution of 4-vinylpyridine and subjected
131 to short-wavelength UV illumination (254 nm) for 2 h. The
132 resulting polymer-functionalized electrodes are then ultrasoni-
133 cally cleaned in methanol for 2 min before exposing them to a

s1 134 solution of 2 in toluene under argon for 24 h (Scheme 1).
135 Following wet chemical processing, all resulting cobalt
136 porphyrin-functionalized samples (CoP|ITO, CoP|nanoITO,
137 CoTTP|PVP|ITO, and CoTTP|PVP|nanoITO) are rinsed
138 with toluene, followed by rinsing with cleanroom isopropanol.
139 Characterization of Vibrational and Electronic Struc-
140 ture. Grazing angle attenuated total reflectance Fourier
141 transform infrared (GATR−FTIR), X-ray photoelectron
142 (XP), and ultraviolet−visible (UV−vis) spectroscopies were
143 used to characterize materials described in this report. These
144 measurements enable comparisons of the vibrational and
145 electronic properties of the cobalt porphyrin components prior
146 to surface immobilization and when immobilized via either
147 direct grafting or coordination to pyridyl nitrogen sites along
148 the initially applied PVP graft.
149 GATR−FTIR absorption spectra of CoP|ITO surfaces are
150 characterized by a porphyrin planar deformation mode

f1 151 centered at 1001 cm−1 (Figure 1), a value identical to the

152 vibrational frequency measured on surfaces of previously
153 reported cobalt porphyrin-modified gallium phosphide electro-
154 des that were prepared using the same porphyrin precursor
155 (1).36,40 In general, metalloporphyrins have distinct IR
156 absorption bands in the 1014−1000 cm−1 range ascribed to
157 in-plane deformations of the ring structure that are sensitive to
158 both the elemental nature of the metal center and its local
159 coordination environment.37,40−42 For comparison, FTIR

160transmission spectra of 1 recorded in KBr also display an
161absorption band at 1001 cm−1 (assigned to the planar
162deformation mode) but feature an absorption band at 1626
163cm−1 (assigned to a CC vibration of the vinyl-functional
164group) that is not observed on surfaces of CoP|ITO (Figures
165S1 and S2). This lack of an absorption feature at 1626 cm−1 in
166spectra recorded using CoP|ITO samples is consistent with the
167proposed vinyl group grafting chemistry.36 Further, unlike the
168polymeric immobilization strategy, surface attachment using
169the 4-vinylphenyl moiety does not require coordination or
170binding interactions involving the porphyrin metal center.
171Thus, the in-plane planar deformation mode is essentially
172unperturbed following immobilization, indicating the cobalt
173porphyrin maintains a 4-coordinate square planar geometry on
174the surface. The presence of intact porphyrin units on the
175surfaces of CoP|ITO samples is further confirmed by the
176presence of vibrational features associated with the CC
177(1625−1525 cm−1), Cα−N (1400−1300 cm−1), and Cβ−H
178(1200−1050 cm−1) vibrations of the porphyrin macrocycle
179(Figure S2).
180In contrast to the cobalt porphyrin planar deformation mode
181observed at 1001 cm−1 in spectra of CoP|ITO, spectra of
182CoTTP|PVP|ITO surfaces are characterized by a porphyrin
183planar deformation mode centered at 1009 cm−1 (Figure 1).
184This absorption feature is diagnostic of cobalt porphyrin
185complexes coordinated by an axial pyridyl group,37,40 thus
186providing direct spectroscopic confirmation of successful
187attachment of the porphyrin components and information on
188the molecular nature of the connectivity. For comparison, the
189in-plane porphyrin deformation mode of 2 appears at 1003
190cm−1 when measured in a matrix of KBr (Figure S1). In
191addition to the porphyrin deformation band at 1009 cm−1 on
192surfaces of CoTTP|PVP|ITO, an absorption feature centered
193at 991 cm−1 is also present and is ascribed to a ring-breathing
194mode of pyridyl groups on the surface.37 We note that a similar
195absorption feature, also centered at 991 cm−1, is present on the
196surfaces of PVP|ITO samples (Figure 1). The presence of
197intact polymer and porphyrin in samples of CoTTP|PVP|ITO
198is further confirmed by the presence of vibrational features
199associated with the CN, C−N, and C−H vibrations of the
200surface-grafted PVP polymer (1600−1400 cm−1) as well as
201CC (1625−1525 cm−1), Cα−N (1400−1300 cm−1), and
202Cβ−H (1200−1050 cm−1) vibrations of the porphyrins
203(Figure S2).
204XP spectra of CoP|ITO and CoTTP|PVP|ITO assemblies
205provide additional evidence of successful surface functionaliza-
206tion (Figures S3−S11). Survey spectra of both constructs show
207contributions from In, Sn, and O elements associated with the
208underpinning bulk ITO support as well as contributions from
209Co and N elements associated with immobilized cobalt
210porphyrins (Figures S4−S11). For CoP|ITO samples, analysis
211of the high-resolution Co 2p3/2 and N 1s spectral intensity
212ratios yields Co/N ratios of 1:4 (Figure S6), indicating no
213detectable loss of cobalt from the immobilized porphyrin units
214following UV-induced grafting. In the case of CoTTP|PVP|
215ITO samples, additional contributions from N elements
216associated with the surface-grafted polymer are present in the
217XP spectra, and the fraction of pyridyl sites on the polymer
218grafts that are coordinated to cobalt porphyrins can be
219estimated via evaluation of the Co 2p and N 1s high-resolution
220core-level spectra (vide infra).
221Unlike N 1s core-level XP spectra collected using PVP|ITO
222samples, which are characterized by a single nitrogen feature

Figure 1. GATR−FTIR absorption spectra of CoP|ITO (green),
CoTTP|PVP|ITO (purple), PVP|ITO (blue), and unfunctionalized
ITO (black) from 1030 to 970 cm−1.
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223 centered at 398.7 eV that is ascribed to contributions from
224 pyridinic nitrogens of the surface-grafted polymer (Figure S8),
225 N 1s core-level XP spectra collected using CoTTP|PVP|ITO
226 samples can be fit with an additional component centered at
227 399.4 eV that is ascribed to contributions from pyrrolic
228 nitrogens of the immobilized cobalt porphyrins as well as
229 pyridinic nitrogens coordinated to cobalt centers of the
230 immobilized porphyrins (Figures S10 and S11). Comparison
231 of the relative intensities of Co 2p and N 1s core-level spectra
232 as well as deconvolution of the N 1s core-level spectral
233 contributions indicate that 25 ± 6% of the pyridyl units on the
234 CoTTP|PVP|ITO surfaces are coordinated to a cobalt center.
235 This estimate is limited by the inherent surface-sensitive nature
236 of these measurements and assumes an even distribution of
237 cobalt centers along the polymer grafts. Nonetheless, as
238 described later in this report, the use of UV−vis spectroscopy,
239 electrochemical techniques, and inductively coupled plasma
240 mass spectrometry (ICP-MS) affords measurements of the per
241 geometric area cobalt surface loadings and percentages of
242 electroactive cobalt porphyrins that corroborate the X-ray
243 photoelectron spectroscopy (XPS) results.
244 Information on the electronic structure of the immobilized
245 porphyrin components was also obtained using UV−vis
246 spectroscopy. Similar to absorption spectra of 2 dissolved in
247 propylene carbonate, spectra of CoP|nanoITO electrodes
248 immersed in propylene carbonate display single Soret and Q-
249 band transitions positioned at 414 and 533 nm, respectively

f2t1 250 (Figures 2, S12−S14 and Table 1). These results indicate that

251 the electronic transitions associated with cobalt porphyrins
252 immobilized on nanoITO surfaces using the 4-vinylphenyl
253 attachment chemistry are similar to those measured using
254 homogeneous solutions of cobalt porphyrins, and, in both
255 cases, the cobalt centers are predominately in a +2 oxidation
256 state.
257 In contrast to the two absorption features observed in
258 spectra of CoP|nanoITO, spectra of CoTTP|PVP|nanoITO
259 samples collected in propylene carbonate display three distinct

260absorption bands that are assigned to Soret transitions at 439
261nm and Q-band transitions at 555 and 592 nm (Figures 2, S13,
262S14 and Table 1). These transitions occur at longer
263wavelengths than those observed in spectra of CoP|nanoITO
264electrodes immersed in propylene carbonate and in spectra of
2652 dissolved in propylene carbonate but are consistent with
266those observed in spectra of cobalt porphyrins dissolved in
267propylene carbonate solutions containing excess pyridine
268(Figure S14). Changes in the electronic spectra of cobalt
269porphyrins when in the presence of pyridine and oxygen have
270been previously reported43−47 and ascribed to axial coordina-
271tion of a pyridine unit and a superoxide ion, generating a 6-
272coordinate Co metal center in a +3 oxidation state. In
273combination with the characterization obtained via GATR−
274FTIR and XP spectroscopies, our measurements confirm that
275the immobilized cobalt porphyrins are coordinated to pyridyl
276groups of the surface-grafted polymers in the CoTTP|PVP|
277nanoITO constructs.
278Electrochemical Analysis. Cyclic voltammograms re-
279corded using customized working electrodes composed from
280either CoP|nanoITO or CoTTP|PVP|nanoITO were col-
281lected in propylene carbonate containing 0.1 M tetrabuty-
282lammonium perchlorate (TBAP) as the supporting electrolyte
283(see the Experimental Section for details). In this report, the
284cobalt porphyrin redox processes are for simplicity indicated as
285being metal centered; however, electron-transfer reactions
286involving metalloporphyrins have been ascribed to both
287innocent and noninnocent ligand chemistry.48−51

288Cyclic voltammograms recorded using CoP|nanoITO
289electrodes display two 1-electron redox processes with
290midpoint potentials (E1/2) of +0.15 and −1.19 V vs Fc+/Fc
291that are assigned to CoIII/II and CoII/I redox couples,
292respectively (Figure 3 and Table 2). Further, the anodic and
293cathodic peak currents of the CoII/I couple increase linearly
294with the scan rate, indicating the redox active species are
295surface-immobilized (Figure S15). For comparison, cyclic
296voltammograms recorded using a glassy carbon working
297electrode and homogeneous solutions of 2 (0.05 mM
298porphyrin in propylene carbonate with 0.1 M TBAP as the
299supporting electrolyte) display CoIII/II and CoII/I redox features
300with midpoint potentials identical to those measured in
301experiments using CoP|nanoITO working electrodes (Figure
302S16 and Table 2).
303Cyclic voltammograms collected using CoTTP|PVP|nano-
304ITO electrodes also display redox features associated with
305CoIII/II and CoII/I redox processes when measured under

Figure 2. Absorption spectra of CoP|nanoITO (green), CoTTP|
PVP|nanoITO (purple), and solution-dissolved 2 (black) in
propylene carbonate.

Table 1. Absorption Maxima of Porphyrin Soret and Q-
Type Transitions in Homogeneous Solutions of 1 and 2 as
well as the Heterogeneous−Homogeneous Constructs:
CoP|nanoITO and CoTTP|PVP|nanoITOa

absorption maxima

construct/compound
Soret band(s)

(nm)
Q-band(s)

(nm)

1 homogeneous 418 534
2 homogeneous 414 530
2 with excess pyridine (100 000 equiv)
homogeneous

416 and 439 553 and 589

CoP|nanoITO
heterogeneous−homogeneous

414 533

CoTTP|PVP|nanoITO
heterogeneous−homogeneous

439 555 and 592

aAll spectra were collected in propylene carbonate.
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306 experimental conditions identical to those used in experiments
307 involving CoP|nanoITO electrodes, albeit with midpoint
308 potentials measured at −0.20 and −1.34 V vs Fc+/Fc,

f3t2 309 respectively (Figure 3 and Table 2). Likewise, the peak

310 currents associated with the CoII/I couple vary linearly with the
311 scan rate, providing evidence that the redox features are also
312 associated with surface-immobilized species (Figure S17). The
313 offset of the cobalt porphyrin redox couples to more-negative
314 values (ΔE1/2 of 350 and 150 mV for the CoIII/II and CoII/I

315 couples, respectively, as compared to those measured using
316 CoP|nanoITO working electrodes or homogeneous solutions
317 of 2) is consistent with porphyrin immobilization via
318 coordination to pyridyl groups of the surface-grafted polymers
319 and electrochemical measurements performed in our labo-
320 ratories (Figure S18) showing that the midpoint potentials
321 measured using homogeneous solutions containing 2 appear at
322 significantly more-negative values when excess pyridine is
323 present (Figure S18 and Table S1). For example, at a cobalt
324 porphyrin/pyridine ratio of 1:500, the midpoint potentials of
325 the CoIII/II and CoII/I redox couples are −0.60 and −1.29 V vs
326 Fc+/Fc, respectively, which are 750 and 100 mV more negative
327 than the cobalt porphyrin midpoint potentials measured in the
328 absence of pyridine (+0.15 and −1.19 V vs Fc+/Fc,
329 respectively).

330In comparison with the porphyrin-based assemblies
331described in this work, previously reported cobaloxime|PVP|
332nanoITO electrodes studied under otherwise identical
333conditions require significantly more-negative bias potentials
334to access the CoIII/II and CoII/I redox couples (E1/2 of −0.81
335and −1.54 V vs Fc+/Fc, respectively) (Figure 3 and Table 2).
336These results demonstrate that cobalt centers immobilized
337onto an electrode can span nearly a volt in potential depending
338on their coordination environment and the chemical nature of
339how they are immobilized onto the surface.
340Analysis of Cobalt Porphyrin Surface Loadings.
341Integration of the CoII/I redox waves in cyclic voltammograms
342recorded using either CoP|nanoITO or CoTTP|PVP|nano-
343ITO electrodes suspended in propylene carbonate indicates
344that these samples contain 1.9 (±0.2) and 3.8 (±0.8) nmol of
345electroactive cobalt porphyrin species cm−2, respectively.
346However, the total amount of cobalt present on surfaces of
347CoP|nanoITO and CoTTP|PVP|nanoITO as determined via
348ICP-MS is 4.1 (±0.2) and 15 (±3) nmol Co cm−2,
349respectively.52 In these examples, use of the polymeric
350architecture results in both a higher number of total and
351electroactive surface-immobilized cobalt porphyrins; however,
352there is a larger ratio of electroactive to total cobalt in the CoP|
353nanoITO samples (50% (±12%) vs 27% (±6%)). Thus, while
354the polymer grafting method affords increased porphyrin
355loadings, electrochemical measurements performed in propy-
356lene carbonate show that a smaller fraction of the porphyrins is
357electroactive. These results may be due to (1) a fraction of the
358metalloporphyrins is redox inactivated following immobiliza-
359tion on the heterogeneous nanoITO support and/or (2) a
360fraction of the metalloporphyrins is immobilized on areas of
361nanoITO that are electronically isolated from the working
362electrode. Also, in the case of using this heterogeneous−
363homogeneous design concept for electrocatalytic applications,
364the percentage of electroactive sites may not necessary equal
365the percentage of catalytically active sites, because reactions
366occurring at porous film coatings (including polymeric
367materials) require diffusion of the substrate and product
368through the film as well as management of charge-transfer
369processes.53−55 We note the peak-to-peak separation for the

Figure 3. Cyclic voltammograms of CoP|nanoITO (green), CoTTP|
PVP|nanoITO (purple), and cobaloxime|PVP|nanoITO (red)
recorded in propylene carbonate containing 0.1 M TBAP as the
supporting electrolyte under argon at a scan rate of 100 mV s−1. The
dashed vertical lines indicate the midpoint potentials of either the
CoIII/II or CoII/I redox couples associated with each construct.

Table 2. CoIII/II and CoII/I Midpoint Potentials (E1/2) of
Homogeneous Solutions of 1, 2, and a Model Cobaloxime
Complex (Co(dmgH)2PyCl) as well as the Heterogeneous−
Homogeneous Constructs: CoP|nanoITO, CoTTP|PVP|
nanoITO, and cobaloxime|PVP|nanoITOa

construct/compound
E1/2 of Co

III/II

V vs Fc+/Fc
E1/2 of Co

II/I

V vs Fc+/Fc

1 homogeneous +0.07 −1.16
2 homogeneous +0.15 −1.19
2 with excess pyridine (500 equiv)
homogeneous

−0.60 −1.29

Co(dmgH)2PyCl homogeneous N/Ab −1.46
CoP|nanoITO
heterogeneous−homogeneous

+0.15 −1.19

CoTTP|PVP|nanoITO
heterogeneous−homogeneous

−0.20 −1.34

cobaloxime|PVP|nanoITO
heterogeneous−homogeneous

−0.81 −1.54

aAll voltammograms were recorded at a scan rate of 100 mV s−1 in
propylene carbonate containing 0.1 M TBAP as the supporting
electrolyte under argon at room temperature. bA chemically
irreversible couple (ia/ic = 0.2) is observed with anodic and cathodic
peaks at −0.60 and −0.90 V vs Fc+/Fc, respectively.
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370 immobilized porphyrin redox features increases at faster scan
371 rates, because internal resistance of the nanoITO film limits
372 the rate of electron transfer.39,56 Nonetheless, the ability to
373 modulate the midpoint potential of a molecular catalyst using
374 soft-material environments provides a strategy for better
375 matching the redox thermodynamics of a targeted substrate/
376 catalyst pair.
377 Spectroelectrochemistry. Polarization of CoTTP|PVP|
378 nanoITO electrodes at potentials negative of the CoIII/II redox
379 couple generates CoII species with spectral features similar to
380 those observed in experiments using CoP|nanoITO electrodes

f4 381 under no polarization (Figure 4a,c). Similarly, polarization of
382 CoP|nanoITO electrodes at potentials positive of the CoII/I

383 redox couple generates CoIII species with spectral features
384 similar to those observed in experiments using CoTTP|PVP|
385 nanoITO electrodes under no polarization (Figure 4b,c).
386 Further analysis of these spectroelectrochemistry results
387 reveals that a fraction of the spectral features recorded using
388 CoP|nanoITO or CoTTP|PVP|nanoITO assemblies prior to
389 any polarization contributes to the optical density following
390 applied constant potential polarization. For experiments
391 performed at sufficiently large bias potentials, the percentage
392 of this contribution reaches a limiting value that is independent
393 of applying any further bias. These “remnant” absorption
394 features are assigned to cobalt porphyrin species on the surface
395 that are electrochemically inactive and/or are immobilized on
396 areas of nanoITO that are electronically isolated from the
397 working electrode and do not convert between reduced and
398 oxidized porphyrin species during polarization experiments.
399 Comparisons of the Δ absorbance values at 414 nm between
400 spectra recorded using CoP|nanoITO working electrodes prior
401 to polarization (Figure 4b, green solid) and after applying
402 sufficient positive polarization to oxidize all electroactive cobalt
403 porphyrin species (Figure 4b, black dashed) (Figure S19)
404 indicate 51% (±5%) of the cobalt porphyrin species on the
405 surface are electroactive.57 In contrast, comparison of the Δ
406 absorbance values at 439 nm between spectra recorded using
407 CoTTP|PVP|nanoITO working electrodes prior to polar-
408 ization (Figure 4a, purple solid) and after applying sufficient
409 negative polarization to reduce all electroactive cobalt
410 porphyrin species (Figure 4a, black dashed) (Figure S19)

411indicate 31% (±7%) of the cobalt porphyrin species on the
412surface are electroactive.57 These values are in good agreement
413with the ratio of total to electroactive cobalt loadings
414determined via ICP-MS measurements and integration of the
415CoII/I redox waves measured via cyclic voltammetry (vide
416supra).

417■ CONCLUSIONS
418Using either covalent attachment of a 4-vinylphenyl surface-
419grafting functional group or coordination to a polymeric
420interface, cobalt porphyrins have been immobilized onto a
421transparent and conductive oxide surface, enabling direct
422optical and electrochemical measurement of the porphyrin
423components used in these distinct constructs. The molecular
424interfaces provide a bioinspired strategy for preparing
425heterogeneous−homogeneous materials that enable modula-
426tion of the physical properties associated with the embedded
427metal centers. As compared to surface functionalization
428strategies based on drop-casting techniques, rationally designed
429molecular interfaces offer opportunities to organize and control
430the properties of surface coatings at the nanoscale. The
431constructs described in this report set the stage for analysis
432aimed at better understanding structure-function relationships
433governing hybrid heterogeneous−homogeneous materials.

434■ EXPERIMENTAL SECTION
435Materials. All reagents were purchased from Sigma-Aldrich.
436Dichloromethane, hexanes, methanol, and toluene were freshly
437distilled before use. Milli-Q water (18.2 MΩ cm) was used to
438prepare all aqueous solutions. ITO-coated glass slides and ITO
439nanopowder were purchased from Sigma-Aldrich. The ITO coatings
440are between 120 and 160 nm thick and have a resistivity of 8−12 Ω
441sq−1. The nanopowder ITO has a particle size <50 nm and a surface
442area of 27 m2 g−1.
443Synthesis. The compounds 5,10,15,20-tetra-p-tolyl-2-(4-
444vinylphenyl)porphyrin cobalt(II) (1) and 5,10,15,20-tetra-p-tolylpor-
445phyrin cobalt(II) (2) were synthesized using previously reported
446procedures. Further details are available as the Supporting
447Information.
448Planar ITO Preparation. Unless otherwise noted, planar ITO-
449coated glass slides were cut into approximately 1 cm × 2 cm slides. All
450slides were initially degreased with an acetone-soaked cotton swab.
451ITO-coated glass slides were further cleaned using consecutive

Figure 4. Absorption spectra of (a) CoTTP|PVP|nanoITO at open circuit potential (purple solid) and polarized at potentials required to generate
the CoII species (black dashed) as well as (b) CoP|nanoITO at open circuit potential (green solid) and polarized at potentials required to generate
the CoIII species (black dashed). (c) Delta absorption spectra of CoTTP|PVP|nanoITO (purple solid) and CoP|nanoITO (green solid) after
subtracting the colored spectra (initial) from the black dashed spectra (final) from panel (a) and panel (b). All spectra were collected in propylene
carbonate containing 0.1 M TBAP as the supporting electrolyte under argon.
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452 ultrasonic treatments in two solvents (cleanroom isopropanol, 20 min,
453 followed by acetone, 20 min). The slides were then dried under a
454 stream of nitrogen and used immediately after cleaning.
455 NanoITO Preparation. Freshly cleaned ITO-coated glass slides
456 were partially covered with Scotch tape, allowing the masked area to
457 later serve as an uncoated surface for making electrical contacts. A
458 previously reported coating procedure was used to coat the ITO slides
459 with ITO nanoparticles via spin coating. Coated slides were placed on
460 a hot plate (100 °C) for 2 min to drive off the excess solvent and then
461 annealed under atmospheric pressure in a tube furnace at 350 °C.
462 Surface Functionalization via Polymer Grafting. ITO or
463 nanoITO slides were placed into an argon-sparged solution of
464 inhibitor-free 4-vinylpyridine and exposed to 254 nm UV light for 2 h.
465 After thoroughly rinsing with methanol, the slides were dried under
466 nitrogen and stored under vacuum. Cobalt porphyrin functionaliza-
467 tion was achieved by covering the polymer-grafted slides with an
468 argon-sparged solution of 2 (1 mM in each) in toluene and allowing
469 to react for 18 h. The slides were then rinsed with toluene, followed
470 by rinsing with cleanroom isopropanol, and drying under nitrogen and
471 then vacuum.
472 Surface Functionalization via Structurally Modified Por-
473 phyrins. ITO or nanoITO slides were placed into a sealed quartz
474 flask containing an argon-sparged solution of 1 in toluene (1 mM)
475 and illuminated with shortwave UV light (254 nm) for 2 h. The
476 porphyrin-functionalized slides are then removed from the flask,
477 ultrasonically cleaned in toluene, rinsed with cleanroom isopropanol,
478 and dried under nitrogen and then under vacuum.
479 Electrode Fabrication. ITO or nanoITO working electrodes
480 were fabricated by connecting a copper clip with a copper wire using
481 silver epoxy (Circuit Works). The copper clip/wire construct was
482 passed through a glass tube, and the outside of the clip was insulated
483 and attached to the glass tube with Loctite 615 Hysol Epoxi-patch
484 adhesive. The epoxy was allowed to fully cure, and the clip was
485 attached to the end of an electrode for testing.
486 Instrumentation. UV−Vis. Ultraviolet−visible (UV−vis) optical
487 spectra were recorded on a Shimadzu SolidSpec-3700 spectrometer
488 with a D2 (deuterium) lamp for the ultraviolet range and a WI
489 (halogen) lamp for the visible and near-infrared ranges.
490 FTIR. Grazing angle attenuated total reflection−Fourier transform
491 infrared (GATR−FTIR) spectroscopy was performed using a
492 VariGATR accessory (Harrick Scientific) with a Ge crystal plate
493 installed in a Bruker Vertex 70 instrument. A minimum of three
494 individual slides was tested for each sample. Samples were pressed
495 against the Ge crystal to ensure effective optical coupling. Spectra
496 were recorded under a dry nitrogen purge with a 4 cm−1 resolution, a
497 GloBar MIR source, a broadband KBr beamsplitter, and a liquid
498 nitrogen-cooled MCT detector. Background measurements were
499 taken from the bare Ge crystal, and the data were processed using the
500 OPUS software. Spectra from model compounds in pressed KBr
501 pellets were recorded with the same settings but using transmission
502 mode.
503 XPS. X-ray photoelectron spectroscopy (XPS) was performed using
504 a monochromatized Al Kα source (hν = 1486.6 eV), operated at 63
505 W, on a Kratos system at a takeoff angle of 0° relative to the surface
506 normal and a pass energy for narrow scan spectra of 20 eV at an
507 instrument resolution of approximately 700 meV. Survey spectra (40
508 scans) were recorded with a pass energy of 150 eV. A minimum of
509 two individual slides was analyzed for each sample. Spectral fitting was
510 performed using the Casa XPS analysis software, and all spectra were
511 calibrated by adjusting the C 1s core-level position to 284.8 eV.
512 Curves were fit with quasi-Voigt lines following Shirley background
513 subtraction.
514 ICP-MS. Inductively coupled plasma mass spectroscopy (ICP-MS)
515 measurements were conducted on a Thermo-Finnigan Neptune ICP-
516 MS instrument. The samples were run in kinetic energy
517 discrimination mode. The ICP-MS samples were prepared by
518 immersing CoP|nanoITO, CoTTP|PVP|nanoITO, PVP|nanoITO,
519 or unfunctionalized nanoITO electrodes in 1000 μL of a concentrated
520 Omni trace H2SO4 solution and heating the solution at 60 °C for 20
521 min, followed by sonicating the solution for 1 h to ensure dissolution

522of the immobilized cobalt porphyrins into the solution. The mixture
523was then diluted to 6000 μL and sonicated for 1 h. The solution was
524then diluted with 0.1 M H2SO4 by taking 300 μL of the 6000 μL
525solution and diluting to 9180 μL. Three different samples were
526analyzed for CoP|nanoITO, CoTTP|PVP|nanoITO, PVP|nanoITO
527and unfunctionalized nanoITO substrates.
528Electrochemistry. All cyclic voltammetry tests were performed with
529a Biologic potentiostat. All cyclic voltammograms recorded in organic
530solvents were obtained using a glassy carbon (3 mm diameter) disk or
531customized nanoITO working electrodes, a platinum counter
532electrode, and a silver wire pseudoreference electrode in a
533conventional three-electrode cell. Anhydrous propylene carbonate
534(Aldrich) was used as the solvent for electrochemical measurements.
535The supporting electrolyte was 0.1 M tetrabutylammonium
536perchlorate. The solution was sparged with argon. The working
537electrode was cleaned between experiments by polishing with an
538alumina (50 nm diameter) slurry, followed by solvent rinses. The
539potential of the pseudoreference electrode was determined using the
540ferrocenium/ferrocene redox couple as an internal standard and
541adjusted to the normal hydrogen electrode (NHE) scale (with E1/2
542taken to be 0.58 V vs the NHE in propylene carbonate).58 In the case
543of quasi-reversible redox features, the midpoint potentials were
544estimated by taking the average of the anodic and cathodic peak
545potentials.
546Spectroelectrochemistry. Measurements of CoP|nanoITO and
547CoTTP|PVP|nanoITO electrodes were recorded in anhydrous
548propylene carbonate using a CoP|nanoITO or CoTTP|PVP|nano-
549ITO working electrode, a Pt wire counter electrode, and a silver wire
550pseudoreference electrode. The supporting electrolyte was 0.1 M
551tetrabutylammonium perchlorate. The solution was sparged with
552argon. The potential of the pseudoreference electrode was determined
553by measuring the ferrocenium/ferrocene redox couple under identical
554solvent conditions before and after completion of the measurements.
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589 ■ ABBREVIATIONS

590 1, 5,10,15,20-tetra-p-tolyl-2-(4-vinylphenyl)porphyrin
591 cobalt(II)
592 2, 5,10,15,20-tetra-p-tolylporphyrin cobalt(II)
593 ITO, indium tin oxide
594 nanoITO, nanostructured indium tin oxide
595 PVP, poly(vinylpyridine)
596 TCO, transparent conductive oxide
597 TBAP, tetrabutylammonium perchlorate
598 GATR−FTIR, grazing angle attenuated total reflectance
599 Fourier transform infrared spectroscopy
600 XPS, X-ray photoelectron spectroscopy
601 UV−vis, ultraviolet−visible
602 ICP-MS, inductively coupled plasma mass spectrometry
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