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Electro-oxidation of zinc-5,15-big{tolyl)porphyrin in the presence of dipyridyl ligdrded to the
formation of copolymers containing stable isopomghyadicals or porphyrins depending on the
applied upper potential limit (1.0 Versus 1.6 V). The electrochemical properties as wellthaes
photovoltaic performances have been investigaté@ ghotocurrent generation was significantly

improved in the case of the isoporphyrin radicadatgmer.



Abstract

Two types of porphyrin copolymer thin films weretained by electropolymerization of zinc-5,15-
bis(p-tolyl)porphyrin. Electrogenerated porphyrin radiceation and dication are powerful
electrophiles which can rapidly react with 1,1,3propanediyl)bis-4,4"-bipyridinium
hexafluorophosphate salt (5pYCH,)s—"bpy-2PF) as nucleophiles to form copolymers containing
stable isoporphyrin radicals or porphyrins, depegddf the applied upper potential limit (1.0 V
versus 1.6 V). Electrochemical routes leading to thesetebactive copolymers are discussed and the
unusual redox properties of copolymers containitaple isoporphyrin radicals are studied. The
electropolymerization of the two copolymers was nwed by electrochemical quartz crystal
microbalance (EQCM). The copolymers were charamdriby UV-Vis-NIR spectroscopy, X-ray
photoelectron spectroscopy (XPS), electrochemistegctron spin resonance (ESR) and atomic force
microscopy (AFM). Their electrical properties halween studied by electrochemical impedance
spectroscopy and their photovoltaic performances leen investigated by photocurrent transient
measurements under visible-NIR light irradiatiorheTisoporphyrin radical copolymer exhibited

considerably better photocurrent generation whenpaoed to the porphyrin copolymer.

Keyword: electropolymerization - porphyrinoids - isoporphyripyridinium - viologen - thin
films - EPR - EQCM - Impedance - photocurrent geiosr

1. Introduction

Isoporphyrins are a non-standard tautomeric forqoophyrin, in which one of thid-bound protons

is shifted to a peripheraheso-carbon atom, leading to the loss of aromaticisppbrphyrins have
been reported as the intermediates in heme oxmdatidiosynthesis of chlorophyll [1-2]. In 1960,
Woodward [3] hypothesized the formation of isopgmat from phlorin by dehydrogenation in the
synthesis of chlorophyll[4]. Ten years later, Dotplet al reported the synthesis of the first zinc-
isoporphyrin by electrochemical oxidation of zimeso-tetraphenylporphyrin (ZnTPP) in methanol
[5]. More generally, the formation of isoporphyriresults from a nucleophilic attack on an oxidized

porphyrin [6-15].



On several occasions, solid state structures hanirimed the molecular structures of isoporphyrin
[16-18]. Isoporphyrins show remarkable redox betwajl9-26] and display a characteristic strong
absorption in the near-IR ranging from 750 nm t® 98n suitable for possible applications in
photodynamic therapy [27]. A recent review on isgbgrins details their potential use in medicine,
near-IR dyes or photosensitizers, and as modedsyst biology for natural porphyrin degradation
studies, [28] although isoporphyrins have been Inosbnsidered as reaction intermediates,
including in previous work by our group.

Our group has shown thatradical cation porphyrins as well as dications@re/erful electrophiles
which can rapidly react with nucleophiles to forreoporphyrin intermediates [29]. Most
isoporphyrins reported until now show a high terxyeto decompose either by ring opening or by
rearomatization to regenerate the initial porphyrim the case of-octaethyl porphyrins, the
corresponding isoporphyrins are not stable, duéhéoloss of a proton from the saturateeso-
carbon atom whereas in the case of tetraphenylgarpfTPP), the corresponding isoporphyrin is
reasonably more stable due to the substitutiohexineso-carbon atoms by a phenyl group [30-31].
In some cases, stable isoporphyrins can also laénelot by classical synthetic procedures,

however, they always result from multistep chemgailtheses which hampers the overall yields of
the desired products [32-33]. In this context, etegenerated porphyrime-radical cations and
porphyrin dications, offer a new, alternate andléasynthetic method for obtaining oligo- and poly-
porphyrin systems through two possible reactiomways.

The first pathway consists in the direct couplifigporphyrinicteradical cation which is mostly
effective in the case of 5,15-diarylporphyrins and0,15-triaryl-porphyrins, or wheff positions
bearing protons are not sterically hindered (Sch&m®B). In the absence of nucleophile, direct
meso—meso, meso—L or evenS-4 linked dimers of porphyrins can be obtained by tebeoxidation
of 5,10,15-triaryl-porphyrins and even longer otiggers were obtained by electrolysis at an applied
potential corresponding to the first oxidation bé tporphyrin [34]. Furthermore, it was also shown
that according depending on the nature of the megaiter, meso—3 linked dimers could be
selectively obtained. Magnesium and zinc-5,15-dssituded porphyrins give exclusively the
correspondingmeso—meso directly linked dimers, whereas copper, palladivmeckel and also free
base porphyrins led exclusively naeso—£ linked dimers [35]. The original yields, lower th&0%,
were significantly increased to obtain yields aghhas 95% for electrochemical couplings [36].
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In an extension of their pioneering studies, Osetkal. also showed thaneso—meso coupling of
zinc-5,15-diaryl-porphyrins leading to oligomersuttbbe achieved selectively in the presence of 1.5
eg. of AgPEk in CHCk containing 0.5% oN,N-dimethylacetamide [37].

In this context, Lucas, Vorotyntsev and coworkezported electropolymerization of magnesium
porphin (allmeso or S carbon atoms bearing H), allowing the formationasfg chains of porphin
connected through direoteso—meso links [38-46]

The second reactive pathway is the addition of demphile on the electron deficient porphyrin
radical cations or dications which can occur at‘theee carbons” iheso or S carbon atoms bearing H)
of oxidized porphyrin [47-48]. This electro-syntitetmethod led to the formation of various
substituted porphyrins. In particular, bidentateclaaphiles such as the 4,4-bipyridine [29],
dipyridyl ligand [49-52] or diphosphine [53-55] Yaded porphyrin dimers or oligo-porphyrins with
significant yields.

Lucas and coworkers also investigated electrocremiacleophilic substitutions on magnesium
porphin [56]. In this case, an electro-generatiérth@ porphin radical cation in the presence of
pyridine led to the regioselective momeso-substitution of the porphin in 73% yield.

We took advantage of the reactivity of oxidized ghorins to develop an easy and original
method of porphyrin Electropolymerization. We wilfst describe the possibility to obtain a
copolymer of porphyrins with iterative scans by loywoltammetry from the mono-substituted 5-
ZnOEP (meso-bpy)" porphyrin (ZnOEP = zing-octaethylporphyrin) [57-58]. On the one hand, when
the positive potential limit was sufficiently highe. allowing the formation of the porphyrin dication
5-ZnOEP*(meso-bpy)", the current increased progressively, showingfdhmation of a conducting
copolymer film on the working electrode. On theasthand, if the iterative sweeps were stopped at a
potential only allowing the formation of theradical cation of the porphyrin (5-ZnOE¥Rmeso-
bpy)) no change of the cyclic voltammograms was obseryé&9 ] indicating that the
electropolymerization did not occur. In this cattee oxidation wave of the porphyrin remained
reversible, showing that the electro-generateddical cation porphyrin did not react further.

Despite the fact that the formation of radical @ativas sufficient to perform mono-substitutions
onto macrocycles, the electropolymerization failoea be attributed to the presence of the bulky
ethyl groups influencing the reaction kinetics. Néit a doubt, the nucleophilic attack on the
radical cation is slower than the attack on theattho in the case of zing-octaethylporphyrin
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(ZnOEP). Accordingly, if the characteristic time of theotpntial scan during the
electropolymerization is shorter than that of thgclaeophilic attacks onto theeradical cation
porphyrin, the substitution will not occur and ttaelical cation will be reduced during the cathodic
scan. An E(E.CnmesEsCg)n mechanism has been proposed in the case of 5-Zm®@&Rbpy)"
porphyrin where the double-oxidation step at theim@ng (steps EE,,) allows the electro-
generation of the dication porphyrin and then thygotymer formation [57-58].

We have also developed the easy electropolymesizaif porphyrins with the direct use of
commercial and unsubstitutegthOEP porphyrin, in the presence of 4,4’-bipyridine. Tgr@wth of
the copolymer was obtained only if the porphyrination was generated in the presence of 4,4’-
bipyridine.

In this work, a new strategy led to the formatidnstable isoporphyrins integrated in the
copolymers. It is shown that stable isoporphyriopatymers can be obtained during porphyrin
oxidation when sterically less hindered porphyrinused, such as the zimeso-5,15-ditolyl-
porphyrin €nT ,P) which presents only twmeso positions occupied by one substitutable proton at
positions C10 and C20 (Scheme 1). These new cood/containing stable isoporphyrins will be
described and compared with the “classical” porphywopolymer prepared using the strategy
developed in our group [52,60].

The characteristic strong absorption of isoporpig/in the near-IR region is also promising for the
development of develop near-IR dyes or photoseesdi for photovoltaic devices and the
photocurrent generation.

The formation of such type of stable isoporphyropalymer will be achieved by oxidation of
porphyrin such as zinc-5,15-ditolyl-porphyrirZnT ,P) in the presence of dipyridyl ligand.
Copolymers containing isoporphyrin radicapoly-ZnT,isoFP) or porphyrin poly-ZnT ,P)
depending of the upper potential limit (1.0vefsus 1.6 V) of the iterative potential cycles (Fig. 1)
will be obtained. The 1,1"-(1,3-propanediyl)big4ipyridinium hexafluorophosphate salt (bpy
(CH,)s="bpy-2PFk) was used for this study.

The formation of these copolymers on ITO electrbde been monitored in-situ by Electrochemical
Quartz Microbalance (EQCM). The two copolymers walkso characterized UV-Vis-NIR
spectroscopy, X-ray photoelectron spectroscopytrelehemistry, ESR (Electron Spin Resonance),
AFM and electrochemical impedance spectroscopy )(ET8e photocurrent generation has been
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investigated under visible light illumination anket performances gboly-ZnT ,isoP and poly-

ZnT ;P copolymer thin films are compared.

2. Experimental

2.1. Materials. All solvents were of reagent grade quality and usgldout further purification.
Zinc-p-octaethylporphyrin ZnOEP) was purchased from Sigma-Aldrich and used witHauher
purification. The 1,1"-(1,3-propanediyl)bis-4,4pyridinium hexafluorophosphate salt (Bpy
(CH,)s—"bpy- 2PFk) was synthesized according to procedures desciibédrature [61-62].

2.2. Synthesis of ZnT2P and ZnAT2P.

2.2.1. ZnToP.

The free base 5,15-bis(p-tolyl)porphyriHAT 2P) [63-65] was synthetized according to published
procedures from 2,2’-dipyrromethane aodiolualdehyde [66]. The free base was then metallat
with Zn(OAc), in THF to give zinc-5,15-bis(p-tolyl)porphyriZQT ,P).

2.2.2. ZnAT,P.

Free-base porphyrin 5-(4-methoxyphenyl)-10,2@-tlylporphyrin [67] was prepared by literature
procedures and subsequently metallated (288 m@, ®whol, 1 eq) in THF using zinc acetate
Zn(OAc) (1059 mg, 4.8 mmol, 10 eq). The solution was weftlifor 1h. The crude product was
purified by silica gel column chromatography wititldoromethane/cyclohexane (3/7) to afford 5-
(4-methoxyphenyl)-10,20-di-p-tolylporphyrin zirknAT ,P (294 mg, 0.45 mmol, 93%) as purple
solid.

'H NMR (400 MHz, CHC}-d, 25°C):$ 10.20 (s, 1H, Hneso), 9.37 (d, J = 4.5 Hz, 2H, H pyrr.), 9.10
(d,J=4.5Hz, 2H, H pyrr.), 9.01 (m, 4H, H pyr8)12 (d, J = 7.8 Hz, 6H,Hnis+ Ho-toiy1), 7.58 (d, J

= 7.6 Hz, 4H, Khoy), 7.28 (d, J = 7.8 Hz, 2H, dhnig, 4.09 (s, 3H, OCH), 2.73 (s, 6H, Ck ppm
(Fig. S1).

3C NMR (125 MHz, CHG)-d, 25°C):§ 159.37, 150.47, 150.43, 150.28, 150.01, 139.93,263
135.59 (CH), 134.68 (CH), 132.83 (CH), 132.14 (CH32.02 (CH), 131.77 (CH), 127.55 (CH),
120.82, 112.17 (CH), 105.85 (CH), 55.77 (521.77 (CH) ppm (Fig. S2).



UV-Vis: A= 419, 547, 587 nm.
ESI-TOF:m/z = 658.17. Calcd for £H3oN,0Zn ([M*]): 658.17.
TLC (silica): Rs: 0.33 (cyclohexane/dichloromethane, 50/50).

2.3. Electrochemistry and photoelectrochemistryVoltammetric and electrochemical impedance
measurements have been performed with a standaetd¢tectrode system using a PARSTAT 2273
potentiostat. Glassy carbon single-side coated indium-tin-oxide (ITO, SOLEMS, 25-38/cm?)
plates, with a surface of about 1 7mave been used as working electrodes. A platinum as been
used as auxiliary electrode. The reference eleetwas a saturated calomel electrode (SCE). It was
electrically connected to the solution by a junctidridge filled with the electrolyte.
Photoelectrochemical responses of the films werasored by illumination of the electrode using a
300 W Xe arc lamp (with > 385 nm long pass filter). A Pt wire is used aanter and reference
electrode. The measurements were performed in watgrining 5 mmol..* of I, and 0.5 mol.C*

of Nal. In solution 4 reacts with 1to give k. I3~ and T anions act as reversible redox mediator and

also as conducting electrolyte.

2.4. UV-visible-NIR SpectroscopyUV-vis-NIR absorption spectra of the copolymerpatgted on
ITO or in DMF solution, as well as the starting roorers, have been recorded using an Agilent

8453 spectrophotometer.

2.5. Electron Spin Resonance spectroscop¥SR spectra were recorded with an ESP 300E
spectrometer (Bruker) operating at X-band and gupdpwith a high sensitivity resonator (4119HS-
W1). Spectra were recorded with 2 mW microwave goaenodulation frequency of 100 kHz and a
modulation amplitude of 0.1 mT. Computer simulasiaf the ESR spectra were performed with the

help of easyspin software [68].

2.6. X-ray Photoelectron Spectroscopy (XPSXPS experiments were carried out using a Thermo
VG. Multilab ESCA 3000 spectrometer (Thermo FisBerentific, Waltham, MA, USA) equipped
with an Mg KR radiationi{ =1253.6 eV) or Al KR radiationh(= 1486.6 eV) source. The energy
shift due to electrostatic charging was subtracsidg the spcarbon C 1s band at 284.8 eV coming
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from the isoporphyrin or porphyrin macrocycle. Td&ta analysis was implemented by using the

XPSPEAKA4.1 software.

2.7. Synthesis of the poly-ZnjP. Electropolymerization has been carried out underaayon
atmosphere in a 0.1 molLNBusPRs CHsCN/1,2-GH4Cl, (3/7) solution containing 2.5 x 1b
mol.L™ of ZnT,P or ZnOEP and 2.5 x 10" mol.L™* of bpy—(CH,)s~"bpy- 2Pk . ITO electrodes,
with a surface of 1 cfnwere used as working electrode.

Electropolymerization has been tested by applyiegitive potential scan between -1.00 V and
1.00 V vs. SCE withZnOEP in the presence of bpy(CH,)s—"bpy- 2Pk but no copolymers and
film deposition could be obtained (Fig. 1) as iredéx by the absence of modifications in the cyclic
voltammograms. The oxidation wave of the porphyremains reversible, showing that the
electrogenerater-radical cation porphyrin does not react further.

In contrast, the formation of the copolymer is alsed when zinc-5,15-tolyl-porphyrignT 2P)
is used instead oZnOEP under the same conditions (concentrations, soleewnt supporting
electrolyte). Electropolymerization occurs duritgrative potential scans either between -1.00 V and
1.00 V (just after the first oxidation wave of therphyrin)vs. SCE or between -1.00 V and 1.60 V
(after the second oxidation wave of the porphyns) SCE in the presence of BpYCH,)s—
"bpy- 2Pk (Scheme 1 and Fig. 2). After electropolymerizatithe modified working electrodes
were systematically washed with @EN in order to remove traces of the monomers anthef

NBusPF; eventuallyremaining on the electrodeposited films.

2.8. Electrochemical quartz crystal measurement (EQM).

A QCA-922 (SEIKO EG&G instrument) system combinathw/ersa STAT 3 was used for carrying
out simultaneous electrochemical quartz crystal Q&) and cyclic voltammetric measurements.
The electrochemical cell was assembled in a gloxeusing an ITO AT-cut quartz crystal resonator
(mirror finished; resonant frequency, 9.08 MHz + 89z; A=0.2 cnf; SEIKO EG&G., LTD) as
working electrode, a platinum wire as counter etat#, and an Ag/AgCl wire as a quasi-reference
electrode. The solution used here is the same et used for electropolymerization of the
copolymers on larger ITO electrodes. Iterative po& scans have been performed at a sweep rate
of 100 mV s* at room temperature with simultaneous recordinthefquartz resonance frequency.
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Changes in the quartz resonance frequenfyhlave been converted into mass changes)(on the

ITO-coated quartz during iterative cycling by appty Sauerbrey’s equation (Eq. 1):
Af = =2f2. Am/A(p-p)*? (Equation 1)

where § stand for the resonant frequency of the fundanhentale,p is the density of the crystal
(2.684 g.cm), A is the working electrode surface (0.2%mf the ITO quartz crystal resonatgris
the shear modulus of quartz (2.947¥80.s?). Sauerbrey’s equation (Eq. 1) has been used to

calculateAm considering a rigid and evenly distributed masshe surface of the resonator.

2.9. Atomic force microscopy (AFM).

Atomic force microscopy (AFM) measurements havenbeenducted directly on the ITO surfaces
using a Dimension 3100 (Veeco) in the tapping maniger ambient conditions. Silicon cantilevers
(Veeco probes) with a spring constant of 40 N/m amedsonance frequency in the range of 300 kHz
have been used. The scanning rate was 1.0 Hz.

The thickness measurements have been carried oatagoatching the film with a metallic tip. The

thickness was then estimated by comparing the heiglkach side of the scratch.

3. Results and Discussion

3.1. Electropolymerization of zinc-5,15-ditolylporgyrin (ZnT ,P)

The molecular precursors porphyrins zpoctaethylporphyrin ZnOEP), zinc-5,15-bisg-
tolyl)porphyrin nT,P), as well as dipyridyl ligands, bpy(CH,)s—"bpy-2Pk and close-related
compound zinc-5-(4-methoxyphenyl)-10,20-di-p-totylphyrin (ZnAT ,P) are depicted in Scheme 1.
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i ®

5 f -
=~ 7
20 10 20 [0 = meso
15 5
ZnOEP

bpy*-(CH,)3-bpy” 2PF¢

Scheme 1. Representation of A) zing-octaethylporphyrin, ZnOEP, B) zinc-5,15-big¢-
tolyl)porphyrin, ZnT ,P, C) bpy—(CH,)>—"bpy- 2Pk, D) zinc-5-p-anisyl-10,20-bis(p-tolyl)porphyrin
(ZnAT ,P).

The syntheses of the copolymers were achieved our previously reported
electropolymerization method [57-58-70]. It relms the addition of dipyridyl ligands to an electro-

generatedtrradical cation or dication porphyrin produced tgrative voltammetric scans (Fig. 2).

3.1.1. Reactivity of zinc--octaethylporphyriznOEP

In our previous work, electropolymerization of zif@ctaethylporphyrin{nOEP) was carried
out at a sufficiently high positive potential valtee produce doubly oxidized porphyrins (dication)
which are readily reacting with dipyridyl nucleofghto produce copolymers [57-58]. Furthermore,
mono-substitutedZnOEP porphyrin can also be obtained by electrosynth&sisn the mono-
oxidized teradical cationsZnOEP*™® whereas electropolymerization requires the foromatbf
porphyrin dicationsZnOEP?*, most probably due to kinetic issues (porphyricatbns react more
rapidly with pyridyl groups than the radical cafio®n E(EG mesECs)nE mechanism has been
previously proposed in the case&fOEP to account for the electropolymerization procesens
Cn meso relates to the nucleophilic attack at theso position of the porphyrin to yield an
isoporphyrin intermediate [71]. This latter compdus then oxidized (electrochemical step) and the
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hydrogen atom initially located on theneso-carbon is released (chemical steg).CThe
corresponding global reaction is written in Eq. $swaming that only the disubstitution on the

porphyrin occurs aneso positions (Schemes 1-2):
(n+1) ZnP + (n+1) Py-R-Py> ZnP-(Py-R-Py-ZnP)-Py’-R-Py + (2n+1)H + (4n+2)é(Equation 2)
(where -R- = p{+(CH,)s-py” and ZnP = zinc porphyrin)

In the case oZnOEP, the disubstitution occurs at least at two of film@ meso positions ¢is or
trans di-substitution: substitution on the carbons C5 @@ or C5 and C15 respectively) [71].

In this work, the nucleophile used is BpfCH,)=—"bpy- 2Pk and the copolymer is obtained in the
presence oZnOEP only after generation of the porphyrin dicatiahisOEP?* by iterative scans
(between -1.3 V and 2.0 V) or by potentiostaticetdysis at sufficiently high potential [52].

In the present work, we have found that when tlegl@npotential limit is only above the potential at
which the radical catioAnOEP*® is generated (i.e. 0.8 V), no film is depositediom ITO electrode
proving that the polymerization doesn’t occur irstbase (Fig. 1). Moreover, the oxidation wave of
the macrocycle remains rather-irreversible showirag the electrogenerated radical cation does not

react further. It should be noticed that the reiductvave detected at -0.7 V corresponds to thexredo

couple bpy—(CHy)s—"bpy/ bpy—(CH.)s—*bpy.

I/ pA

-20 A

-30 1 ZnOEP + bpy*-(CH2),-"bpy 2PFg~

-40

10 05 0.0 05
E vs. SCE/V
Fig. 1. Cyclic voltammograms recorded during 25 iteratteans conducted between -1.00 V and

+0.80 V vs. SCE in a 1,2-6H4Cl,/CHsCN (7/3) solution and NByPF; (0.1 mol.LY) of ZnOEP
(0.25 mmol 1) in the presence of bpy(CHy)s—"bpy 2PF (0.25 mmol Y). WE: ITO. S=1crhv
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= 0.1 V s Blue curve: first scan (n=1). Red curve: finaasqdn = 25). (For interpretation of the
references to color in this figure legend, the esaslreferred to the Web version of this article.)

In our former work, we concluded that, while thenfi@ation of radical cation is enough to obtain
monosubstituted porphyrins [59,74a electrosynthesis (but necessitating much longee tihan
cyclic voltammetry), the formation of dication isquested to perform the electropolymerization of
ZnOEP via iterative cyclic voltammetry. A kinetic restraioan explain this difference considering
that the nucleophilic attack is faster on the darathan on the radical cation. As a result, if the
iterative scans are stopped at a potential allowdnty the formation of the radical cation, the
characteristic time of the cyclic voltammetry aD1®V.s* might be too short for the nucleophilic
attack to occur. The presence in this case of timd groups decreases drastically the kinetic ef th
nucleophilic attack at thmeso position C5, C10, C15 or C20 respectively. Al$w heed to apply a
higher potential for electropolymerization is reldtto the degree of substitution of macrocycles and
the presence of two positively charged groups a gerphyrin once included in the copolymers.
Consequently, porphyrins are more and more diffimubxidize resulting in an increase of potential
at which the polymerization occurs. This explamatis also supported by the fact that a higher
applied potential has always been required to parfelectrosynthesis of multi-substituted
porphyrins through electrolysis [49,73].

It can also be noted that higher anodic potentralt Ishould lead to longer copolymers chains.
Otherwise, if the upper potential is too low, btilt &igher than that of the first monomer oxidatjo

only small oligomers should be obtained which mizgalve.

3.1.2. Reactivity of zinc-meso-5,15-ditolyl-porphyrinZnT ,P

In this study, we have decided to use the mess-5,15-ditolyl-porphyrin ZnT,P) which
presents only twaneso positions occupied by one substitutable protopaaitions C10 and C20.
Additionally, all thes positions oZnT ,P are occupied only by protons. Such porphyrin pitvide
better accessibility for the nucleophilic attacktbé pyridyl groups of bpy-(CHy)s—"bpy-2PFE in
comparison toZnOEP (Scheme 1). In the literature, the magnesium porghowed only the
nucleophilic substitution with pyridine or triphdpiiosphine at theneso-positions even when thg
positions are only occupied by protons [ 74 ]. Elesynthesis of Zn and Mgmeso-
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triarylphosphonium porphyrin were also reportedrfrén or Mg 5,10,15-triarylporphyrin showing a
nucleophilic substitution mainly at thmeso and not thef position [75]. Furthermore, the
electrochemical oxidation of pyridin-2-ylthio-mesabstituted Ni(ll) porphyrins afforded oxidative
C-N fusion of pyridinyl-substituted porphyrins agaat the meso position giving cationic and
dicationic pyridinium-based products [76].

Lastly, in order to demonstrate that the copolyoeger be obtained using onBnT ,P which presents
two meso positions bearing Hi.e. position 10 and 20, methine bridges), we havehggired the
zinc-5-(4-methoxyphenyl)-10,20-di-p-tolylporphyriZnAT ,P (Scheme 1) in which oneneso
position (C5) is occupied by a methoxyphenyl grolipe experimental protocol for the synthesis of
ZnAT ,P is described in the ESI. In the presencebpf’—(CHy)s—"bpy-2PE and ZnAT P no
copolymer was obtained even after a large numbéexdtive scans between -1.0 Vand 1.0 V (v =
100 mVs', Fig. S3) showing that twmeso positions bearing H are required to form the comelr.
Additionally, for zinc 5,15-ditolyl porphyrinZnT 2P), the nucleophilic attack appears to be allowed
only at the 10 as well as the 2@so positions of the porphyrin.

It must be noted that in the absence of nucleopttile electrogenerated radiczhT ,P™® may
undergo a radical coupling reaction and the foromatbf one dimer with C-C bond formation
through meso—meso, meso—£ or /4 link between two macrocycles. Indeed, previouskaan the
literature using the 5,15-bis(3,5-di-tert-butylpBnporphyrin showed only the formation of a
mixture of meso—meso and meso—Slinked dimers. These dimers presented a splittinthe Soret
band of the optical spectra [77-79].

However, when potential iterative scans are peréairbetween -1.0 V and +1.0 V or +1.6 V
using ZnT,P alone (in the absence of nucleophile) no film d#an onto the ITO electrode is
observed suggesting that the kinetic of radicalptiog reaction is relatively slow. The formation of
dimer and eventually small oligomer which are stdudannot be completely excluded.

Additionally, in the presence of bpy(CH,)s—"bpy- 2Pk nucleophile, the radical coupling is still
not detected during the iterative scans, copolynbeiag obtained only with viologen or double
viologen. The UV-vis-NIR spectra of the copolymepdsited onto ITO electrode also confirm the
absence of dimefZnT ,P), or oligomer(ZnT ,P), through radical coupling in the solid state. The
control of the solution after the electropolymetiaa has been checked by UV-vis-NIR
spectroscopy. Only the startidapT ,P monomer could be detected in the solution, evear aflarge
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number of iterative scans, showing the absencégafficant quantity of dimer obtained by radical
coupling under these conditions. UV-vis-NIR spestapy also confirms the absence of
demetallation of the startingnT ,P porphyrin in solution even after deposition ofaegke number of
films. It demonstrates that the Zn metal ion rermaim the porphyrin ring during
electropolymerization and that there is (#nT,P), dimer or oligomer (formed through radical
coupling) in detectable amount.

The general electropolymerization procedure usedefmwsit the porphyrin-based polymers onto
ITO electrode surfaces is described below. Thisgsse depends on the polarization of the working
electrode during the potential scan that is eititethe first oxidation potential to produzaT ,P™®
(iteration between -1.0 V and +1.0 V) or at theoset oxidation potential to producgnT ,P**
(iteration between -1.0 V and +1.6 V). It involvasseries of intermolecular cascade reactions
leading to formation of physisorbed oligomers armapatymers (see Scheme 2 for suggested
mechanism). The bridgingis-nucleophile used as a precursor is a the dicatibmspyridinium
bpy' —(CH,)>—"bpy- 2PF offering two terminal pyridine rings (Scheme 1).

All the information summarizing the conditions bktformation of the copolymers, the species
present in the starting solution, their concentragiand the anodic potential limit used in oxidatio

are given in Table 1.

Table 1.Electropolymerization conditions.

Monomer Copolymer Iterative scan Solvent and
(c = 0.25mM) (v=0.1Vsh electrolyte
between:

ZnT,P + poly-ZnT sisoP® -1.00 V and +1.00 V
bpy'—(CHz)s—"bpy- 2Pk

ZnT P + poly-ZnT ,P -1.00Vand+1.60V  1,2-GH.Cl,
bpy'—(CHy)s—"bpy- 2Pk /ICH3CN (7/3)

ZnOEP + No reaction -1.00 V and +1.00 V solution +
bpy'—(CHy)s—"bpy- 2Pk 0.1 M TBAPK

ZnOEP + poly-ZnOEP?® -1.00 V and +1.60 V

bpy'—(CHy)s—"bpy- 2Pk
4copolymer already published, see reference 57.
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Scheme 2.Proposed plausible {EnmessE2Cg)n mechanism of the formation of the intermediate
poly-ZnT ,isoP® (green box) and the fingdoly-ZnT,P (yellow box) copolymer explaining the
reactivity of a bpy—(CH,)s—"bpy- 2Pk during the oxidation oZnT,P. Poly-ZnT,isoP®is obtained
using iterative scan between -1.0 V and 1.0 V poly-ZnT ,P is obtained in the case of iterative
scan between -1.0 V and 1.6 V.

During the electropolymerization @nT,P in the presence of bpy(CH,)s— bpy- 2Pk, when
the anodic potential limit is 1.60 V, we observkdttthe oxidation peaks intensity increases (FHg. 2
which is correlated to the increase of the filnckimess. The first scan toward negative potentials
reveals only one irreversible pyridinium-centereduction. Starting with the second scan, in the
cathodic potential range, the reduction peaks obseat ca. -0.13 V (peak I) and -0.63 V (peakssl)
SCE forpoly-ZnT,P (Fig. 2A) have been attributed to electron trarsfen the electrogenerated
viologen units introduced between two porphyring $5-58,60]. Peak a is attributed to the reduction

of an oxidized isoporphyrin intermediate as preslpwescribed [5,29].
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The continuous increase of these reduction wawdisates a regular growth of the copolymer

film onto the ITO working electrode.

200

100 A

430
-100 -
o ZnT,P + bpy*-(CH,),-'bpy
1.0 -05 0.0 05 1.0 15
Evs. SCE/V
200
100 A
< 0

-100 A

ZnT,P + bpy'-(CH,),-'bpy

-200 A &

-1.0 -05 0.0 0.5 1.0
E vs.SCE/V

Fig. 2. Cyclic voltammograms recorded during 25 iterageans conducted between A) -1.00 V and
+1.00 V/ISCE and B) -1.00 V and +1.60v8. SCE in a 1,2-gH4CIl,/CH3CN (7/3)solution ofZnT ,P
(0.25 mmol [Y) in the presence of bpy(CH,)s—"bpy- 2Pk (0.25 mmol ) and NBuPF; (0.1 mol
LY. WE: ITO. S =1 crhv=0.1V s*. (a) This peak is attributed to the reduction mfoxidized
isoporphyrin intermediate obtained if using 1.63/emd potential during iterative scan. (b) Thiskpea
is attributed to the one electron reduction of plgadium directly connected with the isoporphyrin.
Peaks I': first reduction of the viologen (one éten reduction). Peak II': second reduction of the
viologen (two electron reductions). Peaks | andsliccessive reduction of the double viologen
spacers. Blue curve: first scan (n=1). Red curymal fscan (n = 25). (For interpretation of the
references to color in this figure legend, the ezaslreferred to the Web version of this article.)

During the electropolymerization @nT,P in the presence of bpy(CH,)>—"bpy- 2Pk, when the
anodic potential limit is +1.00 V (Fig. 2B), belaWe first porphyrin-based oxidation potential, the
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reradical catiorznT ,P*® is produced. As a consequence, we observed signifchanges during the
electropolymerization process (Fig. 2B). In the @inogart, the intensity of the oxidation peak near
+0.79 V corresponding to the first oxidation£&T ,P, continuously increases with no shift during
the electropolymerization proving the formation @f new copolymerpoly-ZnT,isoP® in this
potential range.

In the cathodic range, three successive reductiomgbserved at -0.18 V (peak I'), -0.44 V (peak b)
and -0.70 V (peak II') (Fig. 2B). It must be notdéladat peak b is irreversible and peak I' is
approximately half of the intensity than peak [These results point out to the formation of a
copolymerpoly-ZnT ,isoP® with different behavior thapoly-ZnT,P. We present below a detailed
characterization of the two copolymers, igoly-ZnT,P and poly-ZnT.soP®. A comparison

between their different properties is made when@pate.

3.2. Electrochemical Quartz Crystal Microbalance (EQCM) for copolymers deposition
The electrosynthesis @bly-ZnT ,isoP® by electropolymerization with iterative scans begw -1.00
and +1.00 V of (Fig. 3) has been monitoraditu by EQCM. The variation of the quartz resonance
frequency {f) decreases when the number of potential cycleeases, which is related to the
increase of the amount of polymer depositsa), calculated using Sauerbrey’s equation [80].
Besides, the trace of the first scan in Fig. 3Bwsha significant decrease of the resonance
frequency and thus an increase of the deposited mtathe first oxidation of the porphyrin; i.e.
electropolymerization occurs upon the formationtiud radical cation porphyri@nT,P*® in the
presence of bpy(CH,)z—"bpy- 2Pk. The mass of the copolymer film increases withrthmber of
potential cycle n (Fig. 3B). Note that a changeslope can be observed for n > 10 which might be
related to a transition in the 3D architecture lbé tcopolymer film and the incorporation of
supporting electrolyte as well as solvent molecules
After 25 iterative scans, 28.Q1g/cnf of poly-ZnT.isoP® are deposited. The calculated surface
coveragel” in mole of repeat unit (ZnP-bpy'—(CH,)s—>"bpy-4PF) for the polymer is 18.8x1D
mol.cm?. Similar behavior was observed for the electrop@sization of poly-ZnT,P using
iterative scans between -1.00 and +1.60 V (Fig. Séyerages after 25 iterative scans were about
35.38ug/cnt. The calculated surface coverdg@ mole of repeat unit was 23.76 x°Lfhol.cm?, a
similar value to the one obtained fuoly-ZnT ,isoP®.
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Fig. 3. A) Consecutive cyclic voltammograms (first 25 ssjabetween -1.0 V and +1.0 V and
electrochemical quartz crystal microbalance measen¢s Am) for the first 10 scans during the
formation ofpoly-ZnT,isoP® obtained by the electropolymerization of 0.25 mmdIZnT ,P with
0.25 mmol [* bpy'—(CH,)s>"bpy-2PE (0.25 mmol L) in 1,2-GH4Cl—CHCN (7/3) in the
presence of 0.1 moltNBusPRs. Working electrode: ITO (A = 0.2 cthdeposited on a 9.08 MHz
AT-cut quartz crystal. v = 100 mVs B) Mass changeAm) of the first 25 scans calculated from
Sauerbrey’s equatiorersus the number of scan n.

3.3. UV-Vis-NIR spectroscopy

UV-visible-NIR spectra on ITO electrodes coatedhwithe copolymeipoly-ZnT,isoP® and poly-
ZnT,P have been measured at various thickness and cethffag. 4 and Fig. S5 respectively). The
absorption intensity of the chromophores increéisearly with iterative scan number (Fig. 4B).
These results have been confirmed by AFM experisn@figs. 10-11 fopoly-ZnT ,isoP®) where the
thickness was found to increase also lineagtygus the number of iterative scans.

A typical UV-visible-NIR spectrum ofpoly-ZnT.isoP® obtained after electropolymerization
between -1.00 and +1.00 V exhibited a broad spireGabsorption band at= 432 nm and =473
nm. The bands were red-shifted by 17 and 58 nmeotisgely compared to th&nT ,P monomer
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(Table 2 and Fig. 4). The visible bands (Q bandik3erved at 571 and 635 nm, are also red-shifted
by 25 and 51 nm compared ZmT ,P and an additional band at 831 nm in the NIR regsoalso
detected (Fig. 4A).

These electropolymerized films have been found eofldly soluble in DMF. Analysis opoly-
ZnT,isoP® in solution by UV-Vis-NIR absorption spectroscomvealed comparable spectra than
the ones recorded on the solid film (Fig. 5).

0.6

05 - —— 1scan
— 2 scans
3 scans
0.4 1 —— 5scans
—— 10 scans
15 scans

0.3 -1 20 scans
—— 25 scans

Absorbance

0.2 1

0.1 1

0.0 1

400 600 800 1000
Wavelength/ nm
0.6

0.5 1

0.4 1

0.3 1

0.2 1

Absorbance at 433 nm

0.1 1

0.0 1

0 5 10 15 20 25

Number of iterative scan

Fig. 4. A) UV-visible-NIR absorption spectra pbly-ZnT ,isoP® onto ITO with different numbers of
iterative scans between -1.00 and +1.06\VSCE (v = 100 mV9). Only one side is covered by ITO.
B) Plot of the absorbance measured. at 433 nmversus n the numbers of iterative scans. (For
interpretation of the references to color in tiggife legend, the reader is referred to the Webiopr
of this article.)
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poly-ZnT,isoP*(DMF)
poly-ZnT,isoP*(ITO)
0.8 1 AR ZnT,P in DMF

Absorbance

0.0

400 600 800 1000
Wavelength / nm
Fig. 5. Normalized UV-Vis-NIR spectra of the ITO electrodeodified with poly-ZnT ,isoP®,
obtained with 10 iterative scans between -1.004n6f0 Vversus SCE at v = 100 mV5(blue line),
andpoly-ZnT,isoP® (red line) andZnT ;P (dark dotted line) in DMF solution. (For interpagon of
the references to color in this figure legend,réraer is referred to the Web version of this lerdic

The superposition of the UV-visible-NIR absorptigpectra ofZnT,P in solution and of the
copolymerpoly-ZnT ,isoP®* deposited on ITO are compared in Figure 5. It asv/¢hat the Soret
band, attributed to the main porphyrin-baset* electronic transition, is much broader, split and
more red-shifted fopoly-ZnT ,isoP® on ITO electrodes than f@anT,P (Table 2).

The red shift of the Soret (B) and the Q bands mighkult from the presence of the electron-
withdrawing pyridinium groups as well as from thenplanar conformation of the macrocycle.
Optical red shifts induced by the non-planaritypofphyrins are well documented [81-84] and have
been rationalized by a larger destabilization @& tighest occupied molecular orbitals (HOMOS)
relative to the lowest unoccupied molecular orbif@lUMOSs) resulting in smaller HOMO to LUMO
gaps [85-88]. These changes can also be underta&od) into account the presence of intra- and
intermolecular exciton-coupling between the porphymacrocycle within the copolymer [89-90].

The additional bands at 473 and 831 nm may béaté&d to the isoporphyrin structure present in
the copolymer. Similar bands have been already rebdein the case of stable isoporphyrin
monomer [16]. Interestingly, the broadening and sipétting of the Soret band as well as the
presence of one additional band in the NIR betw#g8d nm and 1000 nm are expected to be

advantageous to photovoltaic applications by extenthe domain of solar light absorption.
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Poly-ZnT,isoP® isoporphyrin radical film was found to be highlialsle in the presence of
oxygen (still stable even after one year). The aspbyrin radicalPoly-ZnT,isoP® is also stable in
DMF solution.

We have also investigated various copolypay-ZnT ,P (Fig. S5 and Scheme S1) coated films,
prepared by changing the number of iterative scansed for electropolymerization (between -1.00
V and +1.60 V). They exhibited only one large Saietorption band at = 429 nm with a red shift
of 14 nm compared to th&nT,P monomer (Table 2 and Fig. $5-S6). Again, a plottlod
absorbance recorded at= 429 nm (Soret band of the porphyrin) as a famcof the number of
iterative scans n (Fig. S5) shows a quasi-lineearemse of the intensity of the chromophore.
However, the additional band at 473 nm was neartydetected. It suggested that at higher applied
potential, isoporphyrin copolymer intermediate cbbke consumed giving the final structure of the
copolymer with double viologen as spacers. Butdbesummation is not quantitative as seen in
Figures S5-S6 probably dueijothe important thickness of the film angl to the difficulty to fully
oxidized the film if using scan rate of 100 mVs
Table 2. UV-visible spectral data foZnT,P, and bpy—(CH.)s—'bpy-2PFk in 1,2-EtCh, poly-

ZnT,P® and poly-ZnT,P on optical transparent ITO electrodes. Under bradkelar extinction
coefficient ¢ /10°L.M.cm™).

Compound Soret band/nm Q bands/nm &-x Band/nm
ZnT P 415 (405.4) 546 (18.9),

584 (4.9)
ZnT ,P-bpy*SbCls? 429 (584.8) 561 (42.4),

611 (18.1)
bpy*—(CH>)z—bpy" 2PFs ? 266 (40.8)
poly-ZnT sisoP® " 432, 473 (shoulder) 571, 635, 831
poly-ZnT sisoP® € 415! 423 (shoulder) 573, 631, 825

463 (shoulder)
poly-ZnT ,P¢ 429 573, 614, 811
poly-ZnT ,P® 415' 429 573, 614 ,811
&n CH3C|

® Copolymers obtained by iterative scan between -¥.@8d +1.00 Ws. SCE onto ITO.

“Copolymers obtained by iterative scan between -¥.@@d +1.00 Ws. SCE in DMF.

4Copolymers obtained by iterative scan between -¥.@8d +1.60 Ws. SCE onto ITO.

®Copolymers obtained by iterative scan between -¥.@0d +1.60 Ws. SCE in DMF.

"Soret band of th&nT ,P monomer which was encapsulated in the film dutivggelectropolymerization and
liberated during dissolution gfoly-ZnT ,isoP®.
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3.4. Cyclic voltammetric investigations of the cogdgmeric films.

3.4.1. Cyclic voltammetric investigations of the poly-ZnT,isoP* film.

Electroactive polymers deposited by cyclic voltanmnén iterative scans) on ITO surfaces have
been characterized by electrochemical methods. Q¥ecurves shown in Figure 6 have been
recorded with a copolymer grown on the electrodése for various potential scans (n = 2, 3, 5, 10,
15, 20 cycles) between -1.0 V and +1.0 V. The ebelet was then removed from the electrochemical
cell, washed with CECN and used as working electrode in a clean elgtoasolution containing
only the solvent and the supporting electrolyte.

Three successive waves are observegdty-ZnT ,isoP® during the cathodic scan (Table 3 and Fig.
6AB), the first and the last being reversible. Thet well defined, bell-shaped, reduction wave
observed at —0.18 V vs. SCE (peak I') is attributethe formation of viologen radical cations i th
copolymer (-ZnEisoP*py-py'—(CHy)s—"py-py -ZnT.isoP-). The second wave (peak a) detected at
-0.62 V is irreversible and very close to the lasicess (peak II'). This wave (peak b) corresponds
probably to the reduction of the pyridinium conmectto the isoporphyrin (Zn&oP-*py-py'—
(CH2)s="py-py*-ZnT.isoP-) while the last wave reversible well definkdll-shaped, reduction wave
observed (peak II') is attributed to the secondlogen-centered electron transfer (two-electron
transferper spacer giving ZndisoP-py-py—(CH)s—py-py-ZnTisoP-). The reduction of the monomer
py-py' —(CHo)s—"py-py2 PR is measured at -0.68 V.

Additionally, poly-ZnT,isoP® films electropolymerized between by -1.0 V and ¥,Gcan be
further oxidizedup to 1.6 V (Fig. 7). Oxidation of the isoporphyrin ragianits which give oxidized
isoporphyrin is then possible. At this stage, tgdrbgen atom located on timeeso-carbon can be
released giving copolymer with similar redox prds thanpoly-ZnT,P. Thus, it is feasible to
oxidize the radical isoporphyripoly-ZnT ,isoP® copolymer and then remove the hydrogen atom
located on themeso-carbon giving the formation gboly-ZnT,P with a double viologen spacer

(Scheme 3).
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Scheme 3Electropolymerization scheme explaining the redgtiof bpy —(CH,)>—"bpy- 2Pk in the
presence oZnT ;P in the case of iterative scan between -1.0 V afidVlor between -1.0 V and 1.6

V.
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Fig. 6. Cyclic voltammograms ofpoly-ZnT.isoP® obtained with bpl{(CH,)s—"bpy-2Pk and
ZnT,P after A) n = 2, 3, 5, 10, 15 and 20 scans andft®y 40 scans between -1.0 V and +1.0 V in
CHsCN/1,2-GH4Cl, (3/7) with 0.1 M NBuPRs. WE: ITO. S = 1 crh v = 0.1 V $*. Irreversible
peaks not labelled in anodic part correspond taitigation of theering of the macrocycle.
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Fig. 7. Cyclic voltammograms opoly-ZnT.isoP® obtained with bp{-(CH,)>—"bpy- 2Pk and
ZnT,P after n = 10 scans, using iterative scan betwéehV and +1.0 V in CBCN/1,2-GH4CI,
(3/7) with 0.1 M TBAPE. WE: ITO. S = 1 crh v = 0.1 V §*. Blue curve: the direction of the
potential scan is reversed (in comparison to thekoturve) using new electrode. Global reaction of
the conversion ofpoly-ZnT,isoP® to poly-ZnT,P during oxidation at 1.60 V (blue curve) is
described in Scheme 3. Peaks | and |l correspotigetéormation of the bis-radical cation viologen
(couple \VF'—(CH,)s—V?IV* *—(CH,)s=V*®, peak I) and the second reduction of two bis-midiation
viologen units of the spacers yieldind~{CH,)s—V° (couple V*—(CH,)s—V"*/ V°—(CH,)—V°, peak

I1). V = py-py. (For interpretation of the referescto color in this figure legend, the reader is
referred to the Web version of this article.)
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Table 3. Electrochemical data faZnOEP, ZnT,P, bpy'—(CH)s="bpy 2PFs, poly-ZnT,P, and
poly-ZnT ,isoP".

Ring oxidation Reduction of spacer Ring
reduction
Compounds peak lor I’ bpy/bpy*  peakllor Il
orpeak b
ZnOEP? 1.08 0.71 -1.66
(130) (128)
ZnT ,P? 1.08 0.79 -1.41  -1.84
(150) (90) (160) (170)
bpy' —(CHy)s— -0.68"
“bpy-2PRy
poly-ZnT sisoP® +1.48" +0.89" | -0.18 -0.62" -0.70
(140) (70)
poly-ZnT ,P +1.38"  +1.09 -0.13 -0.63
(130) (170) (120)

& Potentials in Vvs. SCE were obtained from cyclic voltammetry in 17H¢Cl, with 0.1
mol L *TBAPFs Scan rate = 100 mV*s Working electrode: ITO, S=1 én

P Potentials in Ws. SCE were obtained from cyclic voltammetry in £#/1,2-GH.Cl, (3/7) with
0.1 mol L' TBAPFs. Scan rate = 100 mV's

° Potentials in VWs. SCE were obtained from cyclic voltammetry inQHwith 0.5 mol L* Nal.
Working electrode: glassy carbon electr@®mn rate = 100 mV's(see Fig. S15).

The given half-wave potentials are equal {p E (Epat Epd/2. Under bracket\E, = |ByaEpd-

3.4.2. Cyclic voltammetric investigations of the poly-ZnT,P film.

Electropolymerization using iterative scan betwekf0 V and 1.60 Ws. SCE in the presence of
ZnT,P and bpy—(CH,)=—"bpy- 2Pk, was also performed to obtauoly-ZnT P film with double
viologen spacers (Scheme Boly-ZnT,P copolymers were studied in the electrolyte used for
electropolymerization that is GBN/1,2-GH4CI, (3/7) solution with 0.1 M NBsPFs.

In contrast withpoly-ZnT ,isoP®, no irreversible wave was detected in the cathpdit and only two
successive reversible reductions (peaks | anddhiewneasured.

The two reduction peaks centered at ca. -0.13 \kpe and -0.63 V (peak II) correspond to the
formation of the bis-radical cation viologen (caaipl**—(CHy)s—VZ*/V**—(CHy)s=V*®, V = py-py,

27



peak I) and the second reduction of two bis-radiegion viologen units of the spacers yielding V
(CH,)3-V° (couple V*—(CHy)s—V**/ V°—(CH,)s—V°, peak Il) (Table 3, Fig. 8 and Fig. S6).
It must be noted that under the measurement conditthe splitting of the second reduction wave of

the viologen, observed with thenOEP porphyrin [52] was not detected in the caseZof ,P

porphyrin.
400
200 -
< 0
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-200 1 5 scans
—— 10 scans
—— 15scans
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Evs.SCE/V

Fig. 8. A) Cyclic voltammograms gfoly-ZnT ,P obtained with bpl{~(CH,)s—"bpy- 2Pk andZnT ,P
aftern =1, 2, 3, 5, 10, 15 and 20 scans, betwkdnV and +1.6 V in CBCN/1,2-GH4Cl, (3/7)
with 0.1 M NBwPFRs. WE: ITO. S = 1 crh v = 0.1 V $*. (For interpretation of the references to
color in this figure legend, the reader is refet@the Web version of this article.)

3.5. Electron spin resonance (ESR) spectroscopy
Copolymerpoly-ZnT ,PisoP onto ITO glass prepared after 50 iterative scaas wserted directly

to the ESR cavity and the spectrum (Fig. S7 in E&tprded at room temperature shows spectral
contributions from two paramagnetic species. Thaidant feature shows a broad signal of six lines
and comes from an impurity in the ITO glass. A legense line is observed in the middle of the
spectrum and probably arises from an organic radica

To confirm the presence of the organic radipaly-ZnT ,isoP* films onto ITO were prepared with
the same conditions (25 iterative scans betweén\and 1.0 V, v = 100 mV3.

Poly-ZnT,isoP* was then removed from ITO using DMF. The operati@s repeated three times.
The obtained solutions were degassed and trandfesra capillary. The ESR spectrum shown in
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Figure 9 reveals probably the presence of the ahdientered on the isoporphyrin (g=2.0026,
linewidth=6 G) [91].Increasing the concentration of the deposited gapet on the ITO glass leads

to an enhancement of the ESR intensity (Fig. S83f).
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Fig. 9. X-Band EPR spectrum in DMF qfoly-ZnT,isoP® at room temperature. The solution of
poly-ZnT ,isoP* was prepared by washing with 180 of DMF the covered ITO obtained using 25
scans between -1.0 V and 1.0 V, v = 100 VI order to have enough solution, the operatias w
repeated three times.

Usually, isoporphyrin or radical cations porphyrare reactive and undergo facile degradation.
In this study poly-ZnT ,isoP® isoporphyrin radical film is remarkably stable fore year at the solid
state (in air). This stability may be due to ifeelectron-withdrawing groups which significantly
facilitate the reduction and stabilize the radition,ii) the delocalization of the radical through the

porphyrin as well as intermoleculart -stacking andtdimerization between macrocycles.

3.6. Film Morphology (Atomic Force Microscopy)
3.6.1. Film Morphology (Atomic Force Microscopy) of poly-ZnT,isoP*® copolymer .

The films obtained by iterative scan between -1.8nd +1.0 V were studied by scanning atomic
force microscopy (AFM) (Figs. 10-11, Figs. S9-S1f)a characteristic picture f@oly-ZnT ,isoP®,
copolymer appears on the surface as tightly packéd with an average diameter of ca. 60-70 nm,
the height being around 8.0 nm for the film obtdiaéter 3 iterative scans between -1.0 V and +1.0
V (Fig. 10). The rms surface roughnesses of thefilws have been estimated at 2.0 nm goty-
ZnT,isoP®, (calculated from an area of 1.0 fim Figure 10). Thepoly-ZnT ,isoP® copolymer
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obtained after higher iterative scan number exétbitomparable morphology but showed in several
positions some aggregation of the coils accompalyed larger value of the rms surface roughness
(8.8 nm for n = 10). The formation of coil aggrezgmtnight be related to the change of slope of the
deposited mass, observed from EQCM measuremehtgune 3.

The poly-ZnT,P films were also studied by AFM (Fig. S11). Tpely-ZnT,P copolymer
appears on the surface yet again as tightly packisl with an average diameter of ca. 120-150 nm,
the height being around 25-30.0 nm for the filmaiied after 20 iterative scans (n = 20). The rms

surface roughness of the films has been estimaté® am.

7J 1 \ 1 \ 1 J 1 L \ L \ 1 1 J 1 \
0 10 20 30 40 50 60 70 80 90

X /nm

Fig. 10. Left: Tapping mode AFM topography pbly-ZnT ,isoP® (deposition between -1.0 V a
+1.0 V vs. SCE on ITO, n = 3). Right: section asalyof the aggregate marked by a blue line.
interpretation of the references to color in thgsife legend, the reader is referred to the Webios
of this article.)

3.6.2. Thickness measurement of copolymeric films
The thicknesses of thmly-ZnT ,isoP® copolymer (Fig. 11) have been estimated uponclurag the

film with a metallic tip and measuring the relatireights on each side of the scratch (Fig. 11AB).
The thickness measured by AFM was found to increasethe deposition time to reach an upper
limit value for all the films studied. This trend in line with the data recorded by UV-Vis-NIR
absorption spectroscopy. The thickness measuredtaft iterative scans (scan rate 100 i\ugas

estimated to 30 nm fgoly-ZnT ,isoP® (Fig. 11CD, dark cyan triangle up).
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Fig. 11.A) Tapping mode AFM topography (AFM, surface pli top view) image of the modifig
ITO electrode wittpoly-ZnT ,isoP® obtained after 10 iterative scans. B) AFM 3D image sectio
analysis. C) Thickness measured from Ak#&lsus different numbers of iterative scans (betwe

1.0 and 1.0 Ws. SCE). The dark cyan triangle up corresponds tarteasurement obtained from
and D). D) Section analysis. (For interpretatiortted references to color in this figure legend,
reader is referred to the Web version of this kErfic

3.7. X-ray photoelectron spectra (XPS) of copolymers

The copolymer films were also investigated by X-Rémptoelectron spectroscopy. The analysis of
the survey spectra g@oly-ZnT,isoP®* (Fig. S12) confirms the presence of the isoporphgind of

the and the —¥/—(CH,)s—V**— spacer (Zn 2p3 at 1021.7 eV, N 1s, and C 1s peakde the signals

for F 1s (686.6 eV), and P 2p (136.7 eV) electrstesn from the incorporated counterionsPte
equilibrate the pyridiniums charges. The Cls peakscomposed of two signals at 284.8 and 286.5
eV attributed to homo and hetero (connected t@gén) carbon atoms respectively. The N1s peaks
reveal the presence of three chemically differetmbgens. The contributions at 398.6 eV and 400.3
eV are attributed to the iminic nitrogen and to teduced bispyridinium respectively. The peaks at
ca. 402.3 eV might result from the viologen groapsl the presence of tetrabutylammonium in the
film. The O 1s signal comes fromp® adsorbed on the copolymer surface [92]. Simiravior is

observed fopoly-ZnT,P film (Fig. S13)
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3.8. Photoelectrochemical properties
Figure 12A shows the typical current-potential @sofpoly-ZnT ,isoP® andpoly-ZnT ,P thin films

on ITO electrodes obtained in 5 mM/10.5 M I aqueous solution.
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Fig. 12. A) Current-potential curves gboly-ZnT ,isoP® (obtained with n = 10 iterative scans
between -1.0 V and +1.0 V) amably-ZnT,P (obtained with n = 10 iterative scans between M..0
and +1.6 V) thin films on ITO electrodes obtainedi5 M [ / 5 mM L, aqueous solution in the dark
or under visible illumination. B) and C) Photoetechemical response pbly-ZnT ,isoP* andpoly-
ZnT,P films obtained with n = 1, 2, 3, 5, 10, 15, 202 iterative scans. Measurements has been
done under on-off light illumination from a 300 We)arc lamp (withh > 385 nm long pass filter) in

I 5 mmol L* and 1 0.5 mol L* aqueous solution. BIAS potential: 0.00 ¥. OCP. (For
interpretation of the references to color in thggsife legend, the reader is referred to the Webiopr

of this article.)
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The equilibrium potential ofVI" redox couple in solution is taken as referencengal at O V in the
cyclic voltammograms. For ten electropolymerizatoyeles, the amount of deposited copolymer on

ITO substrate is approximately the same (ca. 6m3y/or both poly-ZnT,isoP® andpoly-ZnT ,P
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samples, thus enabling the comparison of their t(gbtectrochemical properties. First, we analyze
the curves obtained in the absence of illuminafmotted with dashed lines in Fig. 12A).

For bare ITO electrode (blue curve), almost no &a@acurrent is observed between -0.3 and 0.3 V,
revealing the slow’loxidation and 4 reduction kinetics on ITO. However, theokidation and 4
reduction currents are significantly enhanced @nlTt© modified by the copolymers (black and red
curves in Fig 12A).

For the 1 oxidation, anodic current peaks at ca. 0.1 Vpioly-ZnT ,isoP®* and at ca. 0.2 V fgooly-
ZnT ,P are observed. At this stage, the reasons why thadation current goes through a maximum
are unclear and further studies are required ieraim explain this behavier. Interestingly, the digo
peak potential is negatively shifted by ca. 0.1 ¥ moly-ZnT.isoP®* compared tgpoly-ZnT ,P
suggesting that the bxidation kinetics is significantly faster on tp®ly-ZnT,isoP* modified
electrode. In contrast, the reduction current is slightly lower gooly-ZnT ,isoP®* than onpoly-

ZnT ;P showing that thg@oly-ZnT ,P copolymeris a better catalyst for thg reductionthan poly-
ZnTisoP’.

The current-potential curves measured under vidiglet illumination and potentiodynamic
conditions are also plotted in Figure 12A (full d)nfor the poly-ZnT,isoP* and poly-ZnT,P
copolymers respectively. The photocurrent respamgbe potentiostatic mode at O V under on-off
light illumination cycles is shown in Figure 12BOnder visible light, the open circuit potential
increases of ca. 80 and 30 mV for fhay-ZnT ,isoP* and poly-ZnT,P copolymers respectively.
Above this potential, the bxidation current becomes predominant due to itje hconcentration in
solution, impeding thus further increase of the tpholtage. For potentials below the OCP, a
negative photocurrent is observed for both copotgméhe photocurrent at 0 V of theoly-
ZnT,isoP® copolymer thin film reaching ca. -140 pA énfpotentiostatic experiment) or -200 pA
cm? (in the CV) while it is only-ef -70 ©A cih(potentiostatic experiment) or -30 pA @érfin the
CV) on poly-ZnT ,P for approximately the same amount of electrodeépdscopolymer (see also
Figs. S14-S15 in ESI).

The better performances of isoporphyrin copolynser be tentatively attributed to the broad Soret
absorption band improving the light harvesting aéincy in the visible range and then the
photocurrent. It should be mentioned that the presef an additional absorption band at 850 nm in
the optical spectra of the isoporphyrin copolymeyralso be beneficial for the photocurrent. For all
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the copolymers, the photocurrent level remainslstalfter several hours of on-off illumination
cycles at 0 V (not shown) indicating that the cgpudrs are stable under photocurrent generation.

Figure 13 represents the energy diagram correspgnidi the photoreduction of lon the
copolymemoly-ZnT,isoP®. Energy diagram fopoly-ZnT ,P is given in the ESI in Figure S20.

The HOMO level energies of thpwly-ZnT ,isoP®* andpoly-ZnT ;P species have been estimated
from the first oxidation potential observed in t8&, while the energy level of the dipyridinium
species is given by the potential of the first dhin peak (Table 3). The LUMO levels of the
excited poly-ZnT,isoP®* and poly-ZnT,P species can be roughly estimated by subtracting the
excitation energy of the Soret or Q bands from H@MO level energies. The energy Level
corresponding to the band in the NIR region has bBEen indicated in the energy diagram. Under
illumination at 0 V, the photon absorption by th&ofporphyrin entities generates an electron hole
pair in the copolymer. The electron is transferfredn the excited (iso)porphyrins to the Wwhich is
reduced into’| thedoubleviologen spacer eventually acting as a relay ferdlectron transfer. The
oxidized (iso)porphyrins are regenerated by antelectransfer from the ITO substrate. The |
reduction is in competition with the recombinatiohthe photogenerated electron-hole pair. Thus,
fast electron transfer kinetics between the ITO #@nedoxidized (iso)porphyrins and/or between the
excited (iso)porphyrins and thg &re crucial for the efficient photocurrent genenatiln principle,
the photoelectrons may also be transferred fromettwted (iso)porphyrins to the ITO electrode
which would result in a positivé dxidation photocurrent. Such photoelectrochenmusadation of
on electropolymerized porphyrin thin films was alveel when Tand k are in acetonitrile solution
[52]. However, only negative photocurrents are oles# when the copolymer is in aqueous solution

suggesting that the photooxidation oisInot favoured in such case.
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Fig. 13. Schematic illustration of the energy level diagrion poly-ZnT ,isoP®* showing electron
transfer processes in.8 containing 4 5 mmol L* and 1 0.5 mol L* (Py" = pyridinium, P =
porphyrin).

The magnitude of the photocurrent strongly depemdhe number of potential scans n and then
of the amount of copolymer film deposited as digethin Fig. 12BC, Fig. 15A and Figs. S14-S15.
For both copolymers, the photocurrent goes throaghoptimum as a function of n, the best
performances being obtained for n=10 or 15 eleclswperization cycles. It is confirmed that higher
photocurrents are obtained with the isoporphyripotgmerpoly-ZnT ,isoP® thanpoly-ZnT ,P.

Further insights into the photoelectrochemical beha of the copolymer films as a function of
n could be gained by electrochemical impedance tsmaopy, which is widely used in the
investigation of dye sensitized solar cell [93-9Hje Nyquist and Bode plots of a typical impedance
spectra measured faodly-ZnT.isoP®) at 0 Vin 5 mM 4/ 0.5 M I aqueous solution are plotted in
Figure 14 for n=10. All the impedance spectra @& topolymer films goly-ZnT ,isoP®* and poly-
ZnT,P) obtained for various number of potential scans,,?13, 5, 10, 15 and 20 are given in
supplementary information (Figs. S16-S19). For lowalues (i.e. 1 or 2 scans), the Nyquist
diagrams exhibit only one semi-circle, which camibedelled by the charge transfer resistang@R
the [/l37 species at the ITO/solution interface in paralldth the interfacial capacitance;.C
Interestingly, two semicircles are clearly obserwedhe Nyquist plots when the thickness of the
copolymer film increases, i.e. for n >2 fgooly-ZnT.isoP®) and n>10 for goly-ZnT,P). The
emergence of the second impedance loop is attdiuatehe charge transport processes within the
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copolymer film. In this case, the impedance spectm be modelled with the equivalent circuit

displayed in Figure 14 wheresRm is a charge transfer resistance in the film,tl@ chemical

capacitance of the film and,Zhe Warburg impedance.
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Fig. 14.Electrochemical impedance spectroscopy (EIS) Nstqand Bode plots (phass frequency
(f) and | Z| vs. f) of poly-ZnT,isoP* (n = 10). Measurements have been done,@ Ebntaining §
5 mmol L* and 1 0.5 mol L. BIAS potential: 0.00 \Wws. OCP. Bottom: equivalent circuit used to fit

the experimental data.
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The evolution of B and R fim values as a function of n can be estimated froenfihof the
experimental impedance spectra and is displaydegare 15B for theoly-ZnT ,isoP® and poly-
ZnT,P copolymers thin films. Overall, the charge transfesistance R at the ITO/copolymer
interface decreases when n increases while th@eheansfer resistance;Rim increases with the
amount of copolymer deposited. For thaly-ZnT,isoP® copolymer, R ITO/copolymer decreases
from ca. 20 K for n=1 to ca. R ~ 500Q for n=10, confirming the enhancement of thk’Icharge
transfer kinetics when the copolymer is presenttlos ITO. For n>10, R reaches a plateau

suggesting that the ITO surface is fully coveredh®s/copolymer.
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Fig. 15. A) Photoelectrochemical responsepofy-ZnT ,isoP® (black line) angoly-ZnT,P (red line)
obtained with bp{/—(CH,)s—"bpy 2PFE and ZnT,P obtained with n = 1, 2, 3, 5, 10, 15 and 20
iterative scans. B) Plot of the Log(R) versus mtber of iterative scan,v = 100 mVshetween -1.0
V and +1.0 V fompoly-ZnT .isoP® and between -1.0 V and +1.6 V fooly-ZnT ,P).
Measurements have been performed i@ tdontaining 4 5 mmol L* and 1 0.5 mol L' under-ene
off light illumination from a 300W Xe arc lamp (MiA > 385 nm long pass filter). BIAS potential:
0.00 Vvs. OCP. (For interpretation of the references to rcatothe figure legend, the reader is
referred to the Web version of this article.)
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Thus the enhancement of the photocurrent generafibnthe amount of deposited copolymerthat is
observed for n<10 might be attributed to the improent—kinetics of interfacial charge transfer
kinetics and to the increase of the light harvesefficiency of the film (Fig. 15A). For n>10, the
charge transfer resistance within the film f, starts to increase reaching 1QGand 500 at n=20

for the poly-ZnT,isoP® and poly-ZnT,P copolymers, respectively. The decrease of the

photocurrent for n>10 stems from the slow kinetitthe charge transfer within the polymer films.

4. Conclusions

In summary, two porphyrin copolymer films have bgwepared by the electro-oxidation of
5,15-ditolylporphyrin ZnT,P) in the presence of dipyridyl ligand 1,1"-(1,3panediyl)bis-4,4'-
bipyridinium hexaflurophosphate salt ((BpyCH.)s—"bpy-2PF). Electrogenerated radical cation
porphyrin is a powerful electrophile which can dipireact to form copolymer containing stable
isoporphyrins [foly-ZnT,isoP). The existence of theecation radical of the isoporphyrin was
proved by electron spin resonance spectroscopythé&uoxidation ofpoly-ZnT,isoP at higher
applied potential forms a porphyrin containing dgpeer (poly-ZnT,P) with double viologen
spacers. The electropolymerization process wadisized by EQCM. The achieved copolymers
were characterized by UV-Vis-NIR spectroscopy, X+paotoelectron spectroscopy, electrochemical
impedance spectroscopy and AFM.

Mechanisms of electrochemical routes to these yyed of electroactive copolymers have been
discussed as well as the description of the unusalaix properties of copolymers containing stable
isoporphyrin radicals.

The photocurrent measurements under visible-NIRt ligadiation show thapoly-ZnT sisoP
thin films exhibit significantly enhanced perforntanin comparison tpoly-ZnT ,P. However, the
photovoltaic performances reach an optimum dependm the number of electropolymerization
scans. The best performances are obtained for norl05. From electrochemical impedance
spectroscopy measurements, it is observed thathtrge transfer resistance of the film increases fo
films obtained with more than ten scans, thus emjolg the decrease of photocurrent for films with

n>10. Therefore, the control of the thickness & ttopolymer films is of great importance to
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optimize the generation of photocurrent under \gsiblumination. The overall conversion
efficiency 7 of the sealed cell remains to be studied and medsu

Poly-ZnT,isoF in the solid state could be stored for over sevarahths and even one year
without any degradation under ambient conditionaiin The stability is still good in DMF solution.
Further investigations are underway in order toensthnd more about this remarkable stability.
Other type of stable isoporphyrin radical are iegaration in our laboratory using various type of
dipyridyl spacers “py-R-py”. The reactivity is vedgpendent on steric hindrance of the porphyrin as
well as the dipyridyl spacer and experimental cbods. Dipyridyl spacers with or without possible
conjugation, with or without significant steric kdmance, with long, medium or short distance
between the pyridyl groups will be synthesized tesded. Electrosynthesis of various isoporphyrin

dimers will be also explored.
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Table 3. Electrochemical data faZnOEP, ZnT,P, bpy'—(CH,):—"bpy 2PFs, poly-ZnT,P, and
poly-ZnT ,isoP".

Ring oxidation Reduction of spacer Ring
reduction
Compounds peak lor I’ bpy/bpy*  peakllor Il
orpeak b
ZnOEP? 1.08 0.71 -1.66
(130) (128)
ZnT ,P? 1.08 0.79 -1.41  -1.84
(150) (90) (160) (170)
bpy' —(CHy)s— -0.68"
“bpy-2PRy
poly-ZnT sisoP® +1.48" +0.89" | -0.18 -0.62" -0.70
(140) (70)
poly-ZnT ,P +1.38"  +1.09 -0.13 -0.63
(130) (170) (120)

& Potentials in Vvs. SCE were obtained from cyclic voltammetry in 17H¢Cl, with 0.1
mol L *TBAPFs Scan rate = 100 mV*s Working electrode: ITO, S=1 én

P Potentials in Ws. SCE were obtained from cyclic voltammetry in £#/1,2-GH.Cl, (3/7) with
0.1 mol L' TBAPFs. Scan rate = 100 mV's

° Potentials in VWs. SCE were obtained from cyclic voltammetry inQHwith 0.5 mol L* Nal.
Working electrode: glassy carbon electr@®mn rate = 100 mV's(see Fig. S15).

The given half-wave potentials are equal {p E (Epat Epd/2. Under bracket\E, = |ByaEpd-
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Electro-oxidation of zinc-5,15-bis(p-tolyl)porphyrin in the presence of dipyridyl ligand led to the
formation of copolymers containing stable isoporphyrin radicals or porphyrins depending on the
applied upper potential limit (1.0 V versus 1.6 V). The electrochemical properties as well as the
photovoltaic performances have been investigated. The photocurrent generation was significantly

improved in the case of the isoporphyrin radical copolymer.



Abstract

Two types of porphyrin copolymer thin films were obtained by electropolymerization of zinc-5,15-
bis(p-tolyl)porphyrin. Electrogenerated porphyrin radical cation and dication are powerful
electrophiles which can rapidly react with 1,1"-(1,3-propanediyl)bis-4,4"-bipyridinium
hexafluorophosphate salt (bpy*—(CH2)s—"bpy-2PFs") as nucleophiles to form copolymers containing
stable isoporphyrin radicals or porphyrins, depending of the applied upper potential limit (1.0 V versus
1.6 V). Electrochemical routes leading to these electroactive copolymers are discussed and the unusual
redox properties of copolymers containing stable isoporphyrin radicals are studied. The
electropolymerization of the two copolymers was monitored by electrochemical quartz crystal
microbalance (EQCM). The copolymers were characterized by UV-Vis-NIR spectroscopy, X-ray
photoelectron spectroscopy (XPS), electrochemistry, electron spin resonance (ESR) and atomic force
microscopy (AFM). Their electrical properties have been studied by electrochemical impedance
spectroscopy and their photovoltaic performances have been investigated by photocurrent transient
measurements under visible-NIR light irradiation. The isoporphyrin radical copolymer exhibited

considerably better photocurrent generation when compared to the porphyrin copolymer.

KeyWOFdZ electropolymerization - porphyrinoids - isoporphyrin - pyridinium - viologen - thin
films - EPR - EQCM - Impedance - photocurrent generation

1. Introduction

Isoporphyrins are a non-standard tautomeric form of porphyrin, in which one of the N-bound protons
is shifted to a peripheral meso-carbon atom, leading to the loss of aromaticity. Isoporphyrins have been
reported as the intermediates in heme oxidation or biosynthesis of chlorophyll [1-2]. In 1960,
Woodward [3] hypothesized the formation of isoporphyrin from phlorin by dehydrogenation in the
synthesis of chlorophyli[4]. Ten years later, Dolphin et al reported the synthesis of the first zinc-
isoporphyrin by electrochemical oxidation of zinc-meso-tetraphenylporphyrin (ZnTPP) in methanol
[5]. More generally, the formation of isoporphyrins results from a nucleophilic attack on an oxidized

porphyrin [6-15].



On several occasions, solid state structures have confirmed the molecular structures of isoporphyrin
[16-18]. Isoporphyrins show remarkable redox behavior [19-26] and display a characteristic strong
absorption in the near-IR ranging from 750 nm to 950 nm suitable for possible applications in
photodynamic therapy [27]. A recent review on isoporphyrins details their potential use in medicine,
near-IR dyes or photosensitizers, and as model system in biology for natural porphyrin degradation
studies, [28] although isoporphyrins have been mostly considered as reaction intermediates, including
in previous work by our group.

Our group has shown that w-radical cation porphyrins as well as dications are powerful electrophiles
which can rapidly react with nucleophiles to form isoporphyrin intermediates [29]. Most isoporphyrins
reported until now show a high tendency to decompose either by ring opening or by rearomatization
to regenerate the initial porphyrin. In the case of pg-octaethyl porphyrins, the corresponding
isoporphyrins are not stable, due to the loss of a proton from the saturated meso-carbon atom whereas
in the case of tetraphenylporphyrin (TPP), the corresponding isoporphyrin is reasonably more stable
due to the substitution of the meso-carbon atoms by a phenyl group [30-31].

In some cases, stable isoporphyrins can also be obtained by classical synthetic procedures,

however, they always result from multistep chemical syntheses which hampers the overall yields of
the desired products [32-33]. In this context, electro-generated porphyrin m-radical cations and
porphyrin dications, offer a new, alternate and facile synthetic method for obtaining oligo- and poly-
porphyrin systems through two possible reaction pathways.

The first pathway consists in the direct coupling of porphyrinic w-radical cation which is mostly
effective in the case of 5,15-diarylporphyrins and 5,10,15-triaryl-porphyrins, or when £ positions
bearing protons are not sterically hindered (Scheme 1BD). In the absence of nucleophile, direct meso—
meso, meso—/ or even SB-4 linked dimers of porphyrins can be obtained by electro-oxidation of
5,10,15-triaryl-porphyrins and even longer oligomers were obtained by electrolysis at an applied
potential corresponding to the first oxidation of the porphyrin [34]. Furthermore, it was also shown
that according depending on the nature of the metal center, meso—/£ linked dimers could be selectively
obtained. Magnesium and zinc-5,15-disubstituted porphyrins give exclusively the corresponding
meso—meso directly linked dimers, whereas copper, palladium, nickel and also free base porphyrins
led exclusively to meso—f linked dimers [35]. The original yields, lower than 50%, were significantly
increased to obtain yields as high as 95% for electrochemical couplings [36].
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In an extension of their pioneering studies, Osuka et al. also showed that meso—meso coupling of zinc-
5,15-diaryl-porphyrins leading to oligomers could be achieved selectively in the presence of 1.5 eq. of
AgPFs in CHCI3 containing 0.5% of N,N-dimethylacetamide [37].

In this context, Lucas, Vorotyntsev and coworkers reported electropolymerization of magnesium
porphin (all meso or £ carbon atoms bearing H), allowing the formation of long chains of porphin
connected through direct meso—meso links [38-46].

The second reactive pathway is the addition of a nucleophile on the electron deficient porphyrin
radical cations or dications which can occur at the “free carbons” (meso or f carbon atoms bearing H)
of oxidized porphyrin [47-48]. This electro-synthetic method led to the formation of various
substituted porphyrins. In particular, bidentate nucleophiles such as the 4,4’-bipyridine [29], dipyridyl
ligand [49-52] or diphosphine [53-55] yielded porphyrin dimers or oligo-porphyrins with significant
yields.

Lucas and coworkers also investigated electrochemical nucleophilic substitutions on magnesium
porphin [56]. In this case, an electro-generation of the porphin radical cation in the presence of pyridine
led to the regioselective mono meso-substitution of the porphin in 73% yield.

We took advantage of the reactivity of oxidized porphyrins to develop an easy and original method
of porphyrin Electropolymerization. We will first describe the possibility to obtain a copolymer of
porphyrins with iterative scans by cyclic voltammetry from the mono-substituted 5-ZnOEP(meso-
bpy)* porphyrin (ZnOEP = zinc-S-octaethylporphyrin) [57-58]. On the one hand, when the positive
potential limit was sufficiently high (i.e. allowing the formation of the porphyrin dication 5-
ZnOEP?*(meso-bpy)*, the current increased progressively, showing the formation of a conducting
copolymer film on the working electrode. On the other hand, if the iterative sweeps were stopped at a
potential only allowing the formation of the r-radical cation of the porphyrin (5-ZnOEP**(meso-bpy)*)
no change of the cyclic voltammograms was observed [59] indicating that the electropolymerization
did not occur. In this case, the oxidation wave of the porphyrin remained reversible, showing that the
electro-generated n-radical cation porphyrin did not react further.

Despite the fact that the formation of radical cation was sufficient to perform mono-substitutions
onto macrocycles, the electropolymerization failure can be attributed to the presence of the bulky ethyl
groups influencing the reaction kinetics. Without a doubt, the nucleophilic attack on the m-radical
cation is slower than the attack on the dication in the case of zinc-f-octaethylporphyrin (ZnOEP).
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Accordingly, if the characteristic time of the potential scan during the electropolymerization is shorter
than that of the nucleophilic attacks onto the r-radical cation porphyrin, the substitution will not occur
and the radical cation will be reduced during the cathodic scan. An E1(E2CnmesoE3Cg)n mechanism has
been proposed in the case of 5-ZnOEP(meso-bpy)* porphyrin where the double-oxidation step at the
beginning (steps E1E2n) allows the electro-generation of the dication porphyrin and then the copolymer
formation [57-58].

We have also developed the easy electropolymerization of porphyrins with the direct use of
commercial and unsubstituted ZNOEP porphyrin, in the presence of 4,4’-bipyridine. The growth of
the copolymer was obtained only if the porphyrin dication was generated in the presence of 4,4’-
bipyridine.

In this work, a new strategy led to the formation of stable isoporphyrins integrated in the
copolymers. It is shown that stable isoporphyrins copolymers can be obtained during porphyrin
oxidation when sterically less hindered porphyrin is used, such as the zinc-meso-5,15-ditolyl-
porphyrin (ZnT2P) which presents only two meso positions occupied by one substitutable proton at
positions C10 and C20 (Scheme 1). These new copolymers containing stable isoporphyrins will be
described and compared with the “classical” porphyrin copolymer prepared using the strategy
developed in our group [52,60].

The characteristic strong absorption of isoporphyrins in the near-IR region is also promising for the
development of develop near-IR dyes or photosensitizers for photovoltaic devices and the photocurrent
generation.

The formation of such type of stable isoporphyrin copolymer will be achieved by oxidation of
porphyrin such as zinc-5,15-ditolyl-porphyrin (ZnT2P) in the presence of dipyridyl ligand.
Copolymers containing isoporphyrin radical (poly-ZnT2isoP*) or porphyrin (poly-ZnT2P) depending
of the upper potential limit (1.0 V versus 1.6 V) of the iterative potential cycles (Fig. 1) will be obtained.
The 1,1"-(1,3-propanediyl)bis-4,4'-bipyridinium hexafluorophosphate salt (bpy*—(CH2)s—"bpy-2PF¢’)
was used for this study.

The formation of these copolymers on ITO electrode has been monitored in-situ by Electrochemical
Quartz Microbalance (EQCM). The two copolymers were also characterized UV-Vis-NIR
spectroscopy, X-ray photoelectron spectroscopy, electrochemistry, ESR (Electron Spin Resonance),
AFM and electrochemical impedance spectroscopy (EIS). The photocurrent generation has been
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investigated under visible light illumination and the performances of poly-ZnT2isoP* and poly-ZnT2P

copolymer thin films are compared.

2. Experimental

2.1. Materials. All solvents were of reagent grade quality and used without further purification.
Zinc-p-octaethylporphyrin (ZnOEP) was purchased from Sigma-Aldrich and used without further
purification. The 1,1"-(1,3-propanediyl)bis-4,4'-bipyridinium hexafluorophosphate salt (bpy*—(CH2)3—

*bpy-2PFs’) was synthesized according to procedures described in literature [61-62].

2.2. Synthesis of ZnT2P and ZnAT2P.

2.2.1. ZnT2P.

The free base 5,15-bis(p-tolyl)porphyrin (H2T2P) [63-65] was synthetized according to published
procedures from 2,2’-dipyrromethane and p-tolualdehyde [66]. The free base was then metallated with

Zn(OAC)2 in THF to give zinc-5,15-bis(p-tolyl)porphyrin (ZnT2P).

2.2.2. ZnAT2P.

Free-base porphyrin 5-(4-methoxyphenyl)-10,20-di-p-tolylporphyrin [67] was prepared by literature
procedures and subsequently metallated (288 mg, 0.48 mmol, 1 eq) in THF using zinc acetate
Zn(OAC)2 (1059 mg, 4.8 mmol, 10 eq). The solution was refluxed for 1h. The crude product was
purified by silica gel column chromatography with dichloromethane/cyclohexane (3/7) to afford 5-(4-
methoxyphenyl)-10,20-di-p-tolylporphyrin zinc ZnAT2P (294 mg, 0.45 mmol, 93%) as purple solid.
IH NMR (400 MHz, CHCls-d, 25°C): & 10.20 (s, 1H, H meso), 9.37 (d, J = 4.5 Hz, 2H, H pyrr.), 9.10
(d, J=4.5Hz, 2H, H pyrr.), 9.01 (m, 4H, H pyrr.), 8.12 (d, J = 7.8 Hz, 6H, Ho-anis + Ho-toly1), 7.58 (d, J
= 7.6 Hz, 4H, Hm-tay1), 7.28 (d, J = 7.8 Hz, 2H, Hm-anis), 4.09 (s, 3H, OCHjs), 2.73 (s, 6H, CHs) ppm
(Fig. S1).

13C NMR (125 MHz, CHCls-d, 25°C): § 159.37, 150.47, 150.43, 150.28, 150.01, 139.95, 137.29,
135.59 (CH), 134.68 (CH), 132.83 (CH), 132.14 (CH), 132.02 (CH), 131.77 (CH), 127.55 (CH),
120.82, 112.17 (CH), 105.85 (CH), 55.77 (CHs), 21.77 (CH3) ppm (Fig. S2).

UV-Vis: A= 419, 547, 587 nm.



ESI-TOF: m/z = 658.17. Calcd for C41H30N4OZn ([M*]): 658.17.
TLC (silica): R¢: 0.33 (cyclohexane/dichloromethane, 50/50).

2.3. Electrochemistry and photoelectrochemistry. VVoltammetric and electrochemical impedance
measurements have been performed with a standard three-electrode system using a PARSTAT 2273
potentiostat. Glassy carbon or single-side coated indium-tin-oxide (ITO, SOLEMS, 25-35 Q/cm?)
plates, with a surface of about 1 cm?have been used as working electrodes. A platinum wire has been
used as auxiliary electrode. The reference electrode was a saturated calomel electrode (SCE). It was
electrically connected to the solution by a junction bridge filled with the electrolyte.
Photoelectrochemical responses of the films were measured by illumination of the electrode using a
300 W Xe arc lamp (with A > 385 nm long pass filter). A Pt wire is used as counter and reference
electrode. The measurements were performed in water containing 5 mmol.L ™ of I, and 0.5 mol.L ! of
Nal. In solution I reacts with I" to give I3 I3~ and I~ anions act as reversible redox mediator and also

as conducting electrolyte.

2.4. UV-visible-NIR Spectroscopy. UV-vis-NIR absorption spectra of the copolymers deposited on
ITO or in DMF solution, as well as the starting monomers, have been recorded using an Agilent 8453

spectrophotometer.

2.5. Electron Spin Resonance spectroscopy. ESR spectra were recorded with an ESP 300E
spectrometer (Bruker) operating at X-band and equipped with a high sensitivity resonator (4119HS-
W1). Spectra were recorded with 2 mW microwave power, a modulation frequency of 100 kHz and a
modulation amplitude of 0.1 mT. Computer simulations of the ESR spectra were performed with the

help of easyspin software [68].

2.6. X-ray Photoelectron Spectroscopy (XPS). XPS experiments were carried out using a Thermo
VG. Multilab ESCA 3000 spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) equipped
with an Mg KR radiation (h =1253.6 eV) or Al KR radiation (h = 1486.6 eV) source. The energy shift

due to electrostatic charging was subtracted using the sp? carbon C 1s band at 284.8 eV coming from



the isoporphyrin or porphyrin macrocycle. The data analysis was implemented by using the

XPSPEAKA4.1 software.

2.7. Synthesis of the poly-ZnT2P. Electropolymerization has been carried out under an argon
atmosphere ina 0.1 mol.L " NBusPFs CHsCN/1,2-C2H4Cl (3/7) solution containing 2.5 x 10~*mol.L™*
of ZnT2P or ZnOEP and 2.5 x 10~* mol.L? of bpy*—(CH.)s—"bpy-2PFs". ITO electrodes, with a
surface of 1 cm?, were used as working electrode.

Electropolymerization has been tested by applying iterative potential scan between -1.00 V and
1.00 V vs. SCE with ZnOEP in the presence of bpy*—(CH2)s—"bpy-2PFs " but no copolymers and film
deposition could be obtained (Fig. 1) as indicated by the absence of modifications in the cyclic
voltammograms. The oxidation wave of the porphyrin remains reversible, showing that the
electrogenerated n-radical cation porphyrin does not react further.

In contrast, the formation of the copolymer is observed when zinc-5,15-tolyl-porphyrin (ZnT2P)
is used instead of ZnOEP under the same conditions (concentrations, solvent and supporting
electrolyte). Electropolymerization occurs during iterative potential scans either between -1.00 V and
1.00 V (just after the first oxidation wave of the porphyrin) vs. SCE or between -1.00 V and 1.60 V
(after the second oxidation wave of the porphyrin) vs. SCE in the presence of bpy"—(CH2)s—"bpy-2PFs~
(Scheme 1 and Fig. 2). After electropolymerization, the modified working electrodes were
systematically washed with CH3CN in order to remove traces of the monomers and of the NBusPFs

eventually remaining on the electrodeposited films.

2.8. Electrochemical quartz crystal measurement (EQCM).

A QCA-922 (SEIKO EG&G instrument) system combined with Versa STAT 3 was used for carrying
out simultaneous electrochemical quartz crystal (EQCM) and cyclic voltammetric measurements. The
electrochemical cell was assembled in a glove box using an ITO AT-cut quartz crystal resonator
(mirror finished; resonant frequency, 9.08 MHz + 50 kHz; A=0.2 cm? SEIKO EG&G., LTD) as
working electrode, a platinum wire as counter electrode, and an Ag/AgCl wire as a quasi-reference
electrode. The solution used here is the same as the one used for electropolymerization of the
copolymers on larger ITO electrodes. Iterative potential scans have been performed at a sweep rate of
100 mV s! at room temperature with simultaneous recording of the quartz resonance frequency.
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Changes in the quartz resonance frequency (Af) have been converted into mass changes (Am) on the

ITO-coated quartz during iterative cycling by applying Sauerbrey’s equation (Eq. 1):
Af = =2fo?. Am/A(p-p)*? (Equation 1)

where fo stand for the resonant frequency of the fundamental mode, p is the density of the crystal (2.684
g.cm~3), A is the working electrode surface (0.2 cm?) of the ITO quartz crystal resonator, u is the shear
modulus of quartz (2.947x10*m™.s7?). Sauerbrey’s equation (Eq. 1) has been used to calculate Am

considering a rigid and evenly distributed mass on the surface of the resonator.

2.9. Atomic force microscopy (AFM).

Atomic force microscopy (AFM) measurements have been conducted directly on the ITO surfaces
using a Dimension 3100 (Veeco) in the tapping mode under ambient conditions. Silicon cantilevers
(Veeco probes) with a spring constant of 40 N/m and a resonance frequency in the range of 300 kHz
have been used. The scanning rate was 1.0 Hz.

The thickness measurements have been carried out upon scratching the film with a metallic tip. The

thickness was then estimated by comparing the height on each side of the scratch.

3. Results and Discussion

3.1. Electropolymerization of zinc-5,15-ditolylporphyrin (ZnT2P)

The molecular precursors porphyrins zinc-g-octaethylporphyrin  (ZnOEP), zinc-5,15-bis(p-
tolyl)porphyrin (ZnT2P), as well as dipyridyl ligands, bpy"™—(CH2)s—"bpy-2PFs and close-related
compound zinc-5-(4-methoxyphenyl)-10,20-di-p-tolylporphyrin (ZnAT2P) are depicted in Scheme 1.
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Scheme 1. Representation of A) zinc-f-octaethylporphyrin, ZnOEP, B) zinc-5,15-bis(p-
tolyl)porphyrin, ZnT2P, C) bpy*—(CH2)s—"bpy-2PFs", D) zinc-5-p-anisyl-10,20-bis(p-tolyl)porphyrin
(ZnAT2P).

The syntheses of the copolymers were achieved via our previously reported electropolymerization
method [57-58-70]. It relies on the addition of dipyridyl ligands to an electro-generated =-radical cation

or dication porphyrin produced by iterative voltammetric scans (Fig. 2).

3.1.1. Reactivity of zinc-f-octaethylporphyrin ZnOEP

In our previous work, electropolymerization of zinc--octaethylporphyrin (ZnOEP) was carried
out at a sufficiently high positive potential value to produce doubly oxidized porphyrins (dication)
which are readily reacting with dipyridyl nucleophile to produce copolymers [57-58]. Furthermore,
mono-substituted ZnOEP porphyrin can also be obtained by electrosynthesis from the mono-oxidized
n-radical cations ZNnOEP*® whereas electropolymerization requires the formation of porphyrin
dications ZNOEP?*, most probably due to kinetic issues (porphyrin dications react more rapidly with
pyridyl groups than the radical cation). An E(ECn mesoECg)nE mechanism has been previously
proposed in the case of ZNOEP to account for the electropolymerization process where Cn meso relates
to the nucleophilic attack at the meso position of the porphyrin to yield an isoporphyrin intermediate
[71]. This latter compound is then oxidized (electrochemical step) and the hydrogen atom initially
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located on the meso-carbon is released (chemical step Cg). The corresponding global reaction is written
in Eqg. 2 assuming that only the disubstitution on the porphyrin occurs at meso positions (Schemes 1-

2):
(n+1) ZnP + (n+1) Py-R-Py — ZnP-(Py*'-R-Py*-ZnP),-Py*-R-Py + (2n+1)H" + (4n+2)e" (Equation 2)
(where -R- = py*-(CH2)3-py* and ZnP = zinc porphyrin)

In the case of ZNOEP, the disubstitution occurs at least at two of the four meso positions (cis or trans
di-substitution: substitution on the carbons C5 and C10 or C5 and C15 respectively) [71].

In this work, the nucleophile used is bpy*—(CH:)s—"bpy-2PFs~ and the copolymer is obtained in the
presence of ZnOEP only after generation of the porphyrin dications ZnOEP?* by iterative scans
(between -1.3 V and 2.0 V) or by potentiostatic electrolysis at sufficiently high potential [52].

In the present work, we have found that when the anodic potential limit is only above the potential at
which the radical cation ZNOEP*® is generated (i.e. 0.8 V), no film is deposited on the ITO electrode
proving that the polymerization doesn’t occur in this case (Fig. 1). Moreover, the oxidation wave of
the macrocycle remains rather-irreversible showing that the electrogenerated radical cation does not
react further. It should be noticed that the reduction wave detected at -0.7 V corresponds to the redox

couple bpy*—(CHz)s—"bpy/ bpy®*—(CH2)3:—*bpy.

20 A
10 A
O &l
<
=
= -10 1
-20
-30 - ZnOEP + bpy*-(CH2),-"bpy 2PFg
-40 T : T d
1.0 -05 0.0 0.5
E vs. SCE/V

Fig. 1. Cyclic voltammograms recorded during 25 iterative scans conducted between —1.00 V and
+0.80 V vs. SCE in a 1,2-C2H4Cl2/CH3CN (7/3) solution and NBusPFs (0.1 mol.L 1) of ZnOEP (0.25
mmol L) in the presence of bpy*—(CH2)s—"bpy 2PFs (0.25 mmol L). WE: ITO.S=1cm? v=0.1
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V sL. Blue curve: first scan (n=1). Red curve: final scan (n = 25). (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this article.)

In our former work, we concluded that, while the formation of radical cation is enough to obtain
monosubstituted porphyrins [59,72] via electrosynthesis (but necessitating much longer time than
cyclic voltammetry), the formation of dication is requested to perform the electropolymerization of
ZnOEP via iterative cyclic voltammetry. A kinetic restraint can explain this difference considering
that the nucleophilic attack is faster on the dication than on the radical cation. As a result, if the iterative
scans are stopped at a potential allowing only the formation of the radical cation, the characteristic
time of the cyclic voltammetry at 100 mV.s* might be too short for the nucleophilic attack to occur.
The presence in this case of the ethyl groups decreases drastically the kinetic of the nucleophilic attack
at the meso position C5, C10, C15 or C20 respectively. Also, the need to apply a higher potential for
electropolymerization is related to the degree of substitution of macrocycles and the presence of two
positively charged groups on each porphyrin once included in the copolymers. Consequently,
porphyrins are more and more difficult to oxidize resulting in an increase of potential at which the
polymerization occurs. This explanation is also supported by the fact that a higher applied potential
has always been required to perform electrosynthesis of multi-substituted porphyrins through
electrolysis [49,73].

It can also be noted that higher anodic potential limit should lead to longer copolymers chains.
Otherwise, if the upper potential is too low, but still higher than that of the first monomer oxidation,

only small oligomers should be obtained which may dissolve.

3.1.2. Reactivity of zinc-meso-5,15-ditolyl-porphyrin ZnT2P

In this study, we have decided to use the zinc-meso-5,15-ditolyl-porphyrin (ZnT2P) which
presents only two meso positions occupied by one substitutable proton at positions C10 and C20.
Additionally, all the g positions of ZnT2P are occupied only by protons. Such porphyrin will provide
better accessibility for the nucleophilic attack of the pyridyl groups of bpy™—(CH.)s—*bpy-2PFs™ in
comparison to ZnOEP (Scheme 1). In the literature, the magnesium porphin showed only the
nucleophilic substitution with pyridine or triphenylphosphine at the meso-positions even when the -
positions are only occupied by protons [74]. Electrosynthesis of Zn and Mg meso-triarylphosphonium
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porphyrin were also reported from Zn or Mg 5,10,15-triarylporphyrin showing a nucleophilic
substitution mainly at the meso and not the g position [75]. Furthermore, the electrochemical oxidation
of pyridin-2-ylthio-meso substituted Ni(ll) porphyrins afforded oxidative C-N fusion of pyridinyl-
substituted porphyrins again at the meso position giving cationic and dicationic pyridinium-based
products [76].

Lastly, in order to demonstrate that the copolymer can be obtained using only ZnT2P which presents
two meso positions bearing H (i.e. position 10 and 20, methine bridges), we have synthesized the zinc-
5-(4-methoxyphenyl)-10,20-di-p-tolylporphyrin, ZnAT2P (Scheme 1) in which one meso position (C5)
is occupied by a methoxyphenyl group. The experimental protocol for the synthesis of ZNnAT2P is
described in the ESI. In the presence of bpy"™—(CH2)s—"bpy-2PFs~ and ZnAT:2P no copolymer was
obtained even after a large number of iterative scans between -1.0 V and 1.0 V (v = 100 mVs?, Fig.
S3) showing that two meso positions bearing H are required to form the copolymer. Additionally, for
zinc 5,15-ditolyl porphyrin (ZnT2P), the nucleophilic attack appears to be allowed only at the 10 as
well as the 20 meso positions of the porphyrin.

It must be noted that in the absence of nucleophile, the electrogenerated radical ZnT2P*® may
undergo a radical coupling reaction and the formation of one dimer with C-C bond formation through
meso—meso, meso—/3 or 543 link between two macrocycles. Indeed, previous works in the literature
using the 5,15-bis(3,5-di-tert-butylphenyl) porphyrin showed only the formation of a mixture of meso—
meso and meso—/£ linked dimers. These dimers presented a splitting of the Soret band of the optical
spectra [77-79].

However, when potential iterative scans are performed between -1.0 V and +1.0 V or +1.6 V using
ZnT2P alone (in the absence of nucleophile) no film deposition onto the ITO electrode is observed
suggesting that the kinetic of radical coupling reaction is relatively slow. The formation of dimer and
eventually small oligomer which are soluble cannot be completely excluded.

Additionally, in the presence of bpy*—(CH2)s—"bpy-2PFs nucleophile, the radical coupling is still
not detected during the iterative scans, copolymers being obtained only with viologen or double
viologen. The UV-vis-NIR spectra of the copolymer deposited onto ITO electrode also confirm the
absence of dimer (ZnT2P)2 or oligomer (ZnT2P)n through radical coupling in the solid state. The
control of the solution after the electropolymerization has been checked by UV-vis-NIR spectroscopy.
Only the starting ZnT2P monomer could be detected in the solution, even after a large number of
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iterative scans, showing the absence of significant quantity of dimer obtained by radical coupling under
these conditions. UV-vis-NIR spectroscopy also confirms the absence of demetallation of the starting
ZnT2P porphyrin in solution even after deposition of a large number of films. It demonstrates that the
Zn metal ion remains in the porphyrin ring during electropolymerization and that there is no (ZnT2P)2
dimer or oligomer (formed through radical coupling) in detectable amount.

The general electropolymerization procedure used to deposit the porphyrin-based polymers onto
ITO electrode surfaces is described below. This process depends on the polarization of the working
electrode during the potential scan that is either at the first oxidation potential to produce ZnT2P**®
(iteration between -1.0 V and +1.0 V) or at the second oxidation potential to produce ZnT.P?
(iteration between -1.0 V and +1.6 V). It involves a series of intermolecular cascade reactions leading
to formation of physisorbed oligomers and copolymers (see Scheme 2 for suggested mechanism). The
bridging bis-nucleophile used as a precursor is a the dicationic bispyridinium bpy*—(CH2)s—"bpy-2PF¢’
offering two terminal pyridine rings (Scheme 1).

All the information summarizing the conditions of the formation of the copolymers, the species
present in the starting solution, their concentrations and the anodic potential limit used in oxidation are

given in Table 1.

Table 1. Electropolymerization conditions.

Monomer Copolymer Iterative scan Solvent and
(c = 0.25mM) (v=0.1Vs? electrolyte
between:

ZnT2P + poly-ZnT2isoP* -1.00 V and +1.00 V
bpy™—(CH2)s—"bpy-2PF¢’

ZnToP + poly-ZnT2P -1.00 V and +1.60 V 1,2-C2H4Cl:
bpy*~(CHz)s—"bpy-2PF¢’ ICHACN (7/3)

ZnOEP + No reaction -1.00 V and +1.00 V solution +
bpy*—(CH2)s—"bpy-2PFs’ 0.1 M TBAPFs

ZnOEP + poly-ZnOEP?2 -1.00 V and +1.60 V

bpy"™—(CH.)s—"bpy:2PF¢
2copolymer already published, see reference 57.
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Scheme 2. Proposed plausible (E1CnmesoE2Cg)n mechanism of the formation of the intermediate poly-
ZnT2isoP*® (green box) and the final poly-ZnT2P (yellow box) copolymer explaining the reactivity of
abpy*—(CH.)s—"bpy-2PFs during the oxidation of ZnT2P. Poly-ZnTzisoP*®is obtained using iterative
scan between -1.0 VV and 1.0 V and poly-ZnT2P is obtained in the case of iterative scan between -1.0
Vand 1.6 V.

During the electropolymerization of ZnT2P in the presence of bpy™—(CH2)s—"bpy-2PFs’, when the
anodic potential limit is 1.60 V, we observed that the oxidation peaks intensity increases (Fig. 2A)
which is correlated to the increase of the film thickness. The first scan toward negative potentials
reveals only one irreversible pyridinium-centered reduction. Starting with the second scan, in the
cathodic potential range, the reduction peaks observed at ca. -0.13 V (peak 1) and -0.63 V (peak II) vs.
SCE for poly-ZnT2P (Fig. 2A) have been attributed to electron transfers on the electrogenerated
viologen units introduced between two porphyrins [52,57-58,60]. Peak a is attributed to the reduction

of an oxidized isoporphyrin intermediate as previously described [5,29].
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The continuous increase of these reduction waves indicates a regular growth of the copolymer

film onto the ITO working electrode.
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Fig. 2. Cyclic voltammograms recorded during 25 iterative scans conducted between A) -1.00 V and
+1.00 V/SCE and B) -1.00 V and +1.60 V vs. SCE in a 1,2-C2H4CIl2/CH3CN (7/3) solution of ZnT2P
(0.25 mmol L) in the presence of bpy*—(CH2)s—*bpy-2PFs (0.25 mmol L) and NBusPFs (0.1 mol L
. WE: ITO. S =1cm? v=0.1V s (a) This peak is attributed to the reduction of an oxidized
isoporphyrin intermediate obtained if using 1.6 V as end potential during iterative scan. (b) This peak
is attributed to the one electron reduction of the pyridium directly connected with the isoporphyrin.
Peaks I’: first reduction of the viologen (one electron reduction). Peak II’: second reduction of the
viologen (two electron reductions). Peaks I and 11: successive reduction of the double viologen spacers.
Blue curve: first scan (n=1). Red curve: final scan (n = 25). (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)

During the electropolymerization of ZnT2P in the presence of bpy*—(CH2)s—"bpy-2PFs", when the
anodic potential limit is +1.00 V (Fig. 2B), below the first porphyrin-based oxidation potential, the -
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radical cation ZnT2P*® is produced. As a consequence, we observed significant changes during the
electropolymerization process (Fig. 2B). In the anodic part, the intensity of the oxidation peak near
+0.79 V corresponding to the first oxidation of ZnT2P, continuously increases with no shift during the
electropolymerization proving the formation of a new copolymer poly-ZnT2isoP® in this potential
range.

In the cathodic range, three successive reductions are observed at -0.18 V (peak I’), -0.44 V (peak b)
and -0.70 V (peak II") (Fig. 2B). It must be noted that peak b is irreversible and peak I’ is approximately
half of the intensity than peak II’. These results point out to the formation of a copolymer poly-
ZnT2isoP*® with different behavior than poly-ZnT2P. We present below a detailed characterization of
the two copolymers, i.e. poly-ZnT2P and poly-ZnT2isoP®. A comparison between their different

properties is made when appropriate.

3.2. Electrochemical Quartz Crystal Microbalance (EQCM) for copolymers deposition

The electrosynthesis of poly-ZnTzisoP® by electropolymerization with iterative scans between -1.00
and +1.00 V of (Fig. 3) has been monitored in-situ by EQCM. The variation of the quartz resonance
frequency (Af) decreases when the number of potential cycle increases, which is related to the increase
of the amount of polymer deposited (Am), calculated using Sauerbrey’s equation [80].

Besides, the trace of the first scan in Fig. 3B shows a significant decrease of the resonance

frequency and thus an increase of the deposited mass at the first oxidation of the porphyrin; i.e.
electropolymerization occurs upon the formation of the radical cation porphyrin ZnT2P*® in the
presence of bpy™—(CH.)s—"bpy-2PFs". The mass of the copolymer film increases with the number of
potential cycle n (Fig. 3B). Note that a change of slope can be observed for n > 10 which might be
related to a transition in the 3D architecture of the copolymer film and the incorporation of supporting
electrolyte as well as solvent molecules.
After 25 iterative scans, 28.01 pg/cm? of poly-ZnT2isoP® are deposited. The calculated surface
coverage I" in mole of repeat unit (ZnT.P-bpy?*—(CH2)s—2*bpy-4PFs’) for the polymer is 18.8x10°
mol.cm™. Similar behavior was observed for the electropolymerization of poly-ZnT2P using iterative
scans between -1.00 and +1.60 V (Fig. S4). Coverages after 25 iterative scans were about 35.38 ug/cm?.
The calculated surface coverage I" in mole of repeat unit was 23.76 x 10° mol.cm™, a similar value to
the one obtained for poly-ZnTisoP®.
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Fig. 3. A) Consecutive cyclic voltammograms (first 25 scans) between -1.0 V and +1.0 V and
electrochemical quartz crystal microbalance measurements (Am) for the first 10 scans during the
formation of poly-ZnT2isoP® obtained by the electropolymerization of 0.25 mmol L™ ZnT2P with
0.25 mmol L bpy*™—(CH2)s—"bpy-2PFs (0.25 mmol L) in 1,2-C,H4Cl,—CH3CN (7/3) in the presence
of 0.1 mol L™t NBusPFs. Working electrode: ITO (A =0.2 cm?) deposited on a 9.08 MHz AT-cut quartz
crystal. v = 100 mVs™. B) Mass change (Am) of the first 25 scans calculated from Sauerbrey’s
equation versus the number of scan n.

3.3. UV-Vis-NIR spectroscopy

UV-visible-NIR spectra on ITO electrodes coated with the copolymer poly-ZnT2isoP® and poly-
ZnT2P have been measured at various thickness and compared (Fig. 4 and Fig. S5 respectively). The
absorption intensity of the chromophores increases linearly with iterative scan number (Fig. 4B).
These results have been confirmed by AFM experiments (Figs. 10-11 for poly-ZnT2isoP®) where the
thickness was found to increase also linearly versus the number of iterative scans.

A typical UV-visible-NIR spectrum of poly-ZnT2isoP*® obtained after electropolymerization between
-1.00 and +1.00 V exhibited a broad split Soret absorption band at A = 432 nm and A = 473 nm. The
bands were red-shifted by 17 and 58 nm respectively compared to the ZnT2P monomer (Table 2 and
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Fig. 4). The visible bands (Q bands), observed at 571 and 635 nm, are also red-shifted by 25 and 51

nm compared to ZnT2P and an additional band at 831 nm in the NIR region is also detected (Fig. 4A).

These electropolymerized films have been found to be fully soluble in DMF. Analysis of poly-

ZnT2isoP* in solution by UV-Vis-NIR absorption spectroscopy revealed comparable spectra than the

ones recorded on the solid film (Fig. 5).
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Fig. 4. A) UV-visible-NIR absorption spectra of poly-ZnTzisoP*® onto ITO with different numbers of
iterative scans between -1.00 and +1.00 V vs. SCE (v = 100 mVst). Only one side is covered by ITO.
B) Plot of the absorbance measured at A = 433 nm versus n the numbers of iterative scans. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version

of this article.)
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Fig. 5. Normalized UV-Vis-NIR spectra of the ITO electrode modified with poly-ZnT2isoP®, obtained
with 10 iterative scans between -1.00 and +1.00 V versus SCE at v = 100 mVs™* (blue line), and poly-
ZnT2isoP® (red line) and ZnT2P (dark dotted line) in DMF solution. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

The superposition of the UV-visible-NIR absorption spectra of ZnT2P in solution and of the
copolymer poly-ZnT2isoP® deposited on ITO are compared in Figure 5. It reveals that the Soret band,
attributed to the main porphyrin-based w-n* electronic transition, is much broader, split and more red-
shifted for poly-ZnT2isoP® on ITO electrodes than for ZnT2P (Table 2).

The red shift of the Soret (B) and the Q bands might result from the presence of the electron-
withdrawing pyridinium groups as well as from the nonplanar conformation of the macrocycle. Optical
red shifts induced by the non-planarity of porphyrins are well documented [81-84] and have been
rationalized by a larger destabilization of the highest occupied molecular orbitals (HOMOs) relative
to the lowest unoccupied molecular orbitals (LUMOSs) resulting in smaller HOMO to LUMO gaps [85-
88]. These changes can also be understood taking into account the presence of intra- and intermolecular
exciton-coupling between the porphyrin macrocycle within the copolymer [89-90].

The additional bands at 473 and 831 nm may be attributed to the isoporphyrin structure present in
the copolymer. Similar bands have been already observed in the case of stable isoporphyrin monomer
[16]. Interestingly, the broadening and the splitting of the Soret band as well as the presence of one
additional band in the NIR between 750 nm and 1000 nm are expected to be advantageous to

photovoltaic applications by extending the domain of solar light absorption.
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Poly-ZnT-isoP*® isoporphyrin radical film was found to be highly stable in the presence of oxygen
(still stable even after one year). The isoporphyrin radical Poly-ZnT2isoP® is also stable in DMF
solution.

We have also investigated various copolymer poly-ZnT2P (Fig. S5 and Scheme S1) coated films,
prepared by changing the number of iterative scans n used for electropolymerization (between -1.00
V and +1.60 V). They exhibited only one large Soret absorption band at A = 429 nm with a red shift
of 14 nm compared to the ZnT2P monomer (Table 2 and Fig. S5-S6). Again, a plot of the absorbance
recorded at A = 429 nm (Soret band of the porphyrin) as a function of the number of iterative scans n
(Fig. S5) shows a quasi-linear increase of the intensity of the chromophore.

However, the additional band at 473 nm was nearly not detected. It suggested that at higher applied
potential, isoporphyrin copolymer intermediate could be consumed giving the final structure of the
copolymer with double viologen as spacers. But the consummation is not quantitative as seen in
Figures S5-S6 probably due to i) the important thickness of the film and ii) to the difficulty to fully
oxidized the film if using scan rate of 100 mVs™.

Table 2. UV-visible spectral data for ZnT2P, and bpy*—(CH2)s—"bpy-2PFs in 1,2-EtCl», poly-ZnT2P*®

and poly-ZnT2P on optical transparent ITO electrodes. Under bracket: molar extinction coefficient (e
/103 L.M.cm™).

Compound Soret band/nm Q bands/nm  zm-r"Band/nm
ZnT2P 415 (405.4) 546 (18.9),

584 (4.9)
ZnT,P-bpy*SbCls* 429 (584.8) 561 (42.4),

611 (18.1)
bpy*—(CH2)s-bpy* 2PFs 2 266 (40.8)
poly-ZnT2isoP® P 432, 473 (shoulder) 571, 635, 831
poly-ZnTzisoP*® ¢ 415" 423 (shoulder), 573, 631, 825

463 (shoulder)
poly-ZnT2Pd 429 573,614, 811
poly-ZnT2Pe 415,429 573, 614 ,811
2In CHsCI.

b Copolymers obtained by iterative scan between -1.00 V and +1.00 V vs. SCE onto ITO.

¢ Copolymers obtained by iterative scan between -1.00 V and +1.00 V vs. SCE in DMF.

dCopolymers obtained by iterative scan between -1.00 V and +1.60 V vs. SCE onto ITO.

¢ Copolymers obtained by iterative scan between -1.00 V and +1.60 V vs. SCE in DMF.

fSoret band of the ZnT,P monomer which was encapsulated in the film during the electropolymerization and
liberated during dissolution of poly-ZnT.isoP®.
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3.4. Cyclic voltammetric investigations of the copolymeric films.

3.4.1. Cyclic voltammetric investigations of the poly-ZnT.isoP* film.

Electroactive polymers deposited by cyclic voltammetry (n iterative scans) on ITO surfaces have been
characterized by electrochemical methods. The CV curves shown in Figure 6 have been recorded with
a copolymer grown on the electrode surface for various potential scans (n = 2, 3, 5, 10, 15, 20 cycles)
between -1.0 V and +1.0 V. The electrode was then removed from the electrochemical cell, washed
with CH3CN and used as working electrode in a clean electrolytic solution containing only the solvent
and the supporting electrolyte.

Three successive waves are observed for poly-ZnT-isoP® during the cathodic scan (Table 3 and Fig.
6AB), the first and the last being reversible. The first well defined, bell-shaped, reduction wave
observed at —0.18 V vs. SCE (peak I) is attributed to the formation of viologen radical cations in the
copolymer (-ZnT.isoP-*py-py*—(CH.)s—*py-py*-ZnT2isoP-). The second wave (peak a) detected at
-0.62 V is irreversible and very close to the last process (peak II’). This wave (peak b) corresponds
probably to the reduction of the pyridinium connected to the isoporphyrin (ZnT.isoP-*py-py*™—(CH2)3—
*py-py*-ZnT2isoP-) while the last wave reversible well defined, bell-shaped, reduction wave observed
(peak II’) is attributed to the second viologen-centered electron transfer (two-electron transfer per
spacer giving ZnT2isoP-py-py—(CH2)3—py-py-ZnT2isoP-). The reduction of the monomer py-py*—
(CH2)s—"py-py 2 PFe is measured at -0.68 V.

Additionally, poly-ZnT2isoP*® films electropolymerized between by -1.0 V and 1.0 V, can be
further oxidized up to 1.6 V (Fig. 7). Oxidation of the isoporphyrin radical units which give oxidized
isoporphyrin is then possible. At this stage, the hydrogen atom located on the meso-carbon can be
released giving copolymer with similar redox properties than poly-ZnT2P. Thus, it is feasible to
oxidize the radical isoporphyrin poly-ZnT2isoP® copolymer and then remove the hydrogen atom
located on the meso-carbon giving the formation of poly-ZnT2P with a double viologen spacer

(Scheme 3).
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Fig. 6. Cyclic voltammograms of poly-ZnT2isoP® obtained with bpy*—(CH2)s—"bpy-2PFs” and ZnT2P
after A)n=2, 3,5, 10, 15 and 20 scans and B) after 10 scans between -1.0 VV and +1.0 V in CH3CN/1,2-
C2H4Cl2 (3/7) with 0.1 M NBusPFs. WE: ITO. S=1cm? v=0.1V s*. Irreversible peaks not labelled
in anodic part correspond to the oxidation of the r-ring of the macrocycle.
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Fig. 7. Cyclic voltammograms of poly-ZnT-isoP*® obtained with bpy*—(CH2)s—"bpy-2PFs and ZnT2P
after n = 10 scans, using iterative scan between -1.0 V and +1.0 V in CH3CN/1,2-C2H4Cl> (3/7) with
0.1 M TBAPFs. WE: ITO. S=1cm? v=0.1V s L. Blue curve: the direction of the potential scan is
reversed (in comparison to the black curve) using new electrode. Global reaction of the conversion of
poly-ZnT2isoP® to poly-ZnT2P during oxidation at 1.60 V (blue curve) is described in Scheme 3.
Peaks | and 1l correspond to the formation of the bis-radical cation viologen (couple V2*—(CHz)s—
VZV**—(CH,)s-V*®, peak ) and the second reduction of two bis-radical cation viologen units of the
spacers yielding V°—(CH2)s—V?° (couple V**—(CH2)s-V**/ V°—(CH2)3-V°, peak II). V = py-py. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version
of this article.)
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Table 3. Electrochemical data for ZnOEP, ZnT2P, bpy*—(CH2)s—"bpy 2PFs¢", poly-ZnT2P, and poly-

ZnTzisoP®.
Ring oxidation Reduction of spacer Ring
reduction
Compounds peak Lor I’  bpy*/bpy®  peak Il or II’
or peak b
ZnOEP? 1.08 0.71 -1.66
(130) (128)
ZnT,P? 1.08 0.79 141 -1.84
(150) (90) (160)  (170)
bpy*—(CHz)s— -0.68'"
“bpy-2PF¢
poly-ZnTzisoP* +1.45"  +0.89" | -0.18 -0.62'"" -0.70
(140) (70)
poly-ZnT2P +1.35" +1.09 -0.13 -0.63
(130) (170) (120)

& Potentials in V vs. SCE were obtained from cyclic voltammetry in 1,2-CoHsCl, with 0.1
mol L"TBAPFs Scan rate = 100 mV s*. Working electrode: ITO, S=1 cm?.

b potentials in V vs. SCE were obtained from cyclic voltammetry in CH3CN/1,2-C2H4Cl2 (3/7) with
0.1 mol L TBAPF! Scan rate = 100 mV s,

¢ Potentials in V vs. SCE were obtained from cyclic voltammetry in H20 with 0.5 mol L Nal. Working
electrode: glassy carbon electrode, Scan rate = 100 mV s (see Fig. S15).

The given half-wave potentials are equal to E1/2 = (Epat+ Epc)/2. Under bracket: AEp = |Epa-Epc|-

3.4.2. Cyclic voltammetric investigations of the poly-ZnT2P film.

Electropolymerization using iterative scan between -1.00 V and 1.60 V vs. SCE in the presence of
ZnT2P and bpy*—(CH2)s—"bpy-2PFs", was also performed to obtain poly-ZnT2P film with double
viologen spacers (Scheme 2). Poly-ZnT2P copolymers were studied in the electrolyte used for
electropolymerization that is CH3CN/1,2-C2H4Cl; (3/7) solution with 0.1 M NBusPFe.

In contrast with poly-ZnT2isoP®, no irreversible wave was detected in the cathodic part and only two
successive reversible reductions (peaks I and I1) were measured.

The two reduction peaks centered at ca. -0.13 V (peak 1) and -0.63 V (peak Il) correspond to the
formation of the bis-radical cation viologen (couple VZ*—(CH.)s-V?*/V**—~(CH,)s-V*®, V = py-py,
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peak 1) and the second reduction of two bis-radical cation viologen units of the spacers yielding V°-
(CH2)s-V° (couple V**—(CH2)s-V**/ V'—(CH.)s-\?, peak II) (Table 3, Fig. 8 and Fig. S6).
It must be noted that under the measurement conditions, the splitting of the second reduction wave of

the viologen, observed with the ZnOEP porphyrin [52] was not detected in the case of ZnT2P

porphyrin.
400
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Fig. 8. A) Cyclic voltammograms of poly-ZnT2P obtained with bpy"™—(CH>)s—"bpy-2PFs and ZnT2P
aftern=1, 2, 3,5, 10, 15 and 20 scans, between -1.0 V and +1.6 V in CH3CN/1,2-C2H4Cl; (3/7) with
0.1 M NBusPFs. WE: ITO. S =1 cm? v =0.1V s%. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)

3.5. Electron spin resonance (ESR) spectroscopy
Copolymer poly-ZnT2PisoP* onto ITO glass prepared after 50 iterative scans was inserted directly to

the ESR cavity and the spectrum (Fig. S7 in ESI) recorded at room temperature shows spectral
contributions from two paramagnetic species. The dominant feature shows a broad signal of six lines
and comes from an impurity in the ITO glass. A less intense line is observed in the middle of the
spectrum and probably arises from an organic radical.

To confirm the presence of the organic radical, poly-ZnTzisoP* films onto ITO were prepared with
the same conditions (25 iterative scans between -1.0 V and 1.0 V, v = 100 mV.s™?).

Poly-ZnT2isoP* was then removed from ITO using DMF. The operation was repeated three times.
The obtained solutions were degassed and transferred to a capillary. The ESR spectrum shown in

28



Figure 9 reveals probably the presence of the radical centered on the isoporphyrin (g=2.0026,
linewidth=6 G) [91]. Increasing the concentration of the deposited copolymer on the ITO glass leads

to an enhancement of the ESR intensity (Fig. S8 in ESI).
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Fig. 9. X-Band EPR spectrum in DMF of poly-ZnTzisoP*® at room temperature. The solution of poly-
ZnT2isoP*® was prepared by washing with 160 uL of DMF the covered ITO obtained using 25 scans
between -1.0 V and 1.0 V, v =100 mV.s™%. In order to have enough solution, the operation was repeated
three times.

Usually, isoporphyrin or radical cations porphyrins are reactive and undergo facile degradation.
In this study, poly-ZnT-isoP*® isoporphyrin radical film is remarkably stable for one year at the solid
state (in air). This stability may be due to the i) electron-withdrawing groups which significantly
facilitate the reduction and stabilize the radical cation, ii) the delocalization of the radical through the

porphyrin as well as intermolecular n—n -stacking and n-dimerization between macrocycles.

3.6. Film Morphology (Atomic Force Microscopy)
3.6.1. Film Morphology (Atomic Force Microscopy) of poly-ZnT2isoP® copolymer.

The films obtained by iterative scan between -1.0 V and +1.0 V were studied by scanning atomic
force microscopy (AFM) (Figs. 10-11, Figs. S9-S10). In a characteristic picture for poly-ZnT2isoP®,
copolymer appears on the surface as tightly packed coils with an average diameter of ca. 60-70 nm,
the height being around 8.0 nm for the film obtained after 3 iterative scans between -1.0 V and +1.0 V
(Fig. 10). The rms surface roughnesses of the two films have been estimated at 2.0 nm for poly-
ZnT2isoP®, (calculated from an area of 1.0 pm? in Figure 10). The poly-ZnT2isoP® copolymer
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obtained after higher iterative scan number exhibited comparable morphology but showed in several
positions some aggregation of the coils accompanied by a larger value of the rms surface roughness
(8.8 nm for n = 10). The formation of coil aggregates might be related to the change of slope of the
deposited mass, observed from EQCM measurements in Figure 3.

The poly-ZnT2P films were also studied by AFM (Fig. S11). The poly-ZnT2P copolymer appears
on the surface yet again as tightly packed coils with an average diameter of ca. 120-150 nm, the height
being around 25-30.0 nm for the film obtained after 20 iterative scans (n = 20). The rms surface

roughness of the films has been estimated at 3.0 nm.

15 nm

0+
Lt by b b b b
0 10 20 30 40 50 60 70 80 90
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Fig. 10. Left: Tapping mode AFM topography of poly-ZnTzisoP® (deposition between -1.0 V and
+1.0 V vs. SCE on ITO, n = 3). Right: section analysis of the aggregate marked by a blue line. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version
of this article.)

3.6.2. Thickness measurement of copolymeric films
The thicknesses of the poly-ZnT2isoP*® copolymer (Fig. 11) have been estimated upon scratching the

film with a metallic tip and measuring the relative heights on each side of the scratch (Fig. 11AB). The
thickness measured by AFM was found to increase with the deposition time to reach an upper limit
value for all the films studied. This trend is in line with the data recorded by UV-Vis-NIR absorption
spectroscopy. The thickness measured after ten iterative scans (scan rate 100 mVs?) was estimated to

30 nm for poly-ZnTzisoP*® (Fig. 11CD, dark cyan triangle up).
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Fig. 11. A) Tapping mode AFM topography (AFM, surface plot, 2D top view) image of the modified
ITO electrode with poly-ZnT2isoP® obtained after 10 iterative scans. B) AFM 3D image and section
analysis. C) Thickness measured from AFM versus different numbers of iterative scans (between -1.0
and 1.0 V vs. SCE). The dark cyan triangle up corresponds to the measurement obtained from B) and
D). D) Section analysis. (For interpretation of the references to color in this figure legend, the reader
is referred to the Web version of this article.)

3.7. X-ray photoelectron spectra (XPS) of copolymers

The copolymer films were also investigated by X-Ray photoelectron spectroscopy. The analysis of the
survey spectra of poly-ZnT2isoP® (Fig. S12) confirms the presence of the isoporphyrin and of the and
the —VV#*—(CH2)s—VV?*— spacer (Zn 2p3 at 1021.7 eV, N 1s, and C 1s peaks), while the signals for F 1s
(686.6 eV), and P 2p (136.7 eV) electrons stem from the incorporated counterion PFe~ to equilibrate
the pyridiniums charges. The C1s peaks are composed of two signals at 284.8 and 286.5 eV attributed
to homo and hetero (connected to nitrogen) carbon atoms respectively. The N1s peaks reveal the
presence of three chemically different nitrogens. The contributions at 398.6 eV and 400.3 eV are
attributed to the iminic nitrogen and to the reduced bispyridinium respectively. The peaks at ca. 402.3
eV might result from the viologen groups and the presence of tetrabutylammonium in the film. The O
1s signal comes from H»O adsorbed on the copolymer surface [92]. Similar behavior is observed for

poly-ZnT2P film (Fig. S13)
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3.8. Photoelectrochemical properties
Figure 12A shows the typical current-potential curves of poly-ZnT2isoP® and poly-ZnT2P thin films

on ITO electrodes obtained in 5 mM I2/ 0.5 M I aqueous solution.
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Fig. 12. A) Current-potential curves of poly-ZnT-isoP*® (obtained with n = 10 iterative scans between
-1.0 V and +1.0 V) and poly-ZnT2P (obtained with n = 10 iterative scans between -1.0 V and +1.6 V)
thin films on ITO electrodes obtained in 0.5 M I / 5 mM > aqueous solution in the dark or under
visible illumination. B) and C) Photoelectrochemical response of poly-ZnTzisoP® and poly-ZnT2P
films obtained withn =1, 2, 3, 5, 10, 15, 20 or 25 iterative scans. Measurements has been done under
on-off light illumination from a 300 W Xe arc lamp (with A > 385 nm long pass filter) in I3~ 5 mmol
Lt and I 0.5 mol L aqueous solution. BIAS potential: 0.00 V vs. OCP. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

The equilibrium potential of 137/1" redox couple in solution is taken as reference potential at 0 V in the
cyclic voltammograms. For ten electropolymerization cycles, the amount of deposited copolymer on

ITO substrate is approximately the same (ca. 6 pg/cm?) for both poly-ZnT2isoP® and poly-ZnT2P
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samples, thus enabling the comparison of their (photo)electrochemical properties. First, we analyze
the curves obtained in the absence of illumination (plotted with dashed lines in Fig. 12A).

For bare ITO electrode (blue curve), almost no Faradaic current is observed between -0.3 and 0.3 V,
revealing the slow I oxidation and Iz™ reduction kinetics on ITO. However, the I" oxidation and Is°
reduction currents are significantly enhanced on the ITO modified by the copolymers (black and red
curves in Fig 12A).

For the I oxidation, anodic current peaks at ca. 0.1 V for poly-ZnT2isoP® and at ca. 0.2 V for poly-
ZnT2P are observed. At this stage, the reasons why the I~ oxidation current goes through a maximum
are unclear and further studies are required in order to explain this behavior. Interestingly, the anodic
peak potential is negatively shifted by ca. 0.1 V on poly-ZnTzisoP® compared to poly-ZnT2P
suggesting that the I" oxidation kinetics is significantly faster on the poly-ZnT2isoP® modified
electrode. In contrast, the I3” reduction current is slightly lower on poly-ZnT2isoP® than on poly-
ZnT2P showing that the poly-ZnT2P copolymer is a better catalyst for the I3” reduction than poly-
ZnT2isoP®.

The current-potential curves measured under visible light illumination and potentiodynamic
conditions are also plotted in Figure 12A (full line) for the poly-ZnTzisoP® and poly-ZnT2P
copolymers respectively. The photocurrent response in the potentiostatic mode at 0 V under on-off
light illumination cycles is shown in Figure 12BC. Under visible light, the open circuit potential
increases of ca. 80 and 30 mV for the poly-ZnT2isoP® and poly-ZnT2P copolymers respectively.
Above this potential, the I oxidation current becomes predominant due to the high I" concentration in
solution, impeding thus further increase of the photovoltage. For potentials below the OCP, a negative
photocurrent is observed for both copolymers, the photocurrent at 0 V of the poly-
ZnT2isoP® copolymer thin film reaching ca. -140 A cm (potentiostatic experiment) or -200 pA
cm (in the CV) while it is only ef -70 pA cm (potentiostatic experiment) or -30 pA cm (in the CV)
on poly-ZnT2P for approximately the same amount of electrodeposited copolymer (see also Figs. S14-
S15in ESI).

The better performances of isoporphyrin copolymer can be tentatively attributed to the broad Soret
absorption band improving the light harvesting efficiency in the visible range and then the photocurrent.
It should be mentioned that the presence of an additional absorption band at 850 nm in the optical
spectra of the isoporphyrin copolymer may also be beneficial for the photocurrent. For all the
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copolymers, the photocurrent level remains stable after several hours of on-off illumination cycles at
0 V (not shown) indicating that the copolymers are stable under photocurrent generation.

Figure 13 represents the energy diagram corresponding to the photoreduction of Is” on the
copolymer poly-ZnT2isoP®. Energy diagram for poly-ZnT2P is given in the ESI in Figure S20.

The HOMO level energies of the poly-ZnTzisoP® and poly-ZnT2P species have been estimated
from the first oxidation potential observed in the CV, while the energy level of the dipyridinium species
is given by the potential of the first reduction peak (Table 3). The LUMO levels of the excited poly-
ZnT2isoP® and poly-ZnT2P species can be roughly estimated by subtracting the excitation energy of
the Soret or Q bands from the HOMO level energies. The energy Level corresponding to the band in
the NIR region has also been indicated in the energy diagram. Under illumination at 0 V, the photon
absorption by the (iso)porphyrin entities generates an electron hole pair in the copolymer. The electron
is transferred from the excited (iso)porphyrins to the I3~ which is reduced into I, the double viologen
spacer eventually acting as a relay for the electron transfer. The oxidized (iso)porphyrins are
regenerated by an electron transfer from the ITO substrate. The I3 reduction is in competition with the
recombination of the photogenerated electron-hole pair. Thus, fast electron transfer kinetics between
the ITO and the oxidized (iso)porphyrins and/or between the excited (iso)porphyrins and the 3™ are
crucial for the efficient photocurrent generation. In principle, the photoelectrons may also be
transferred from the excited (iso)porphyrins to the ITO electrode which would result in a positive I
oxidation photocurrent. Such photoelectrochemical oxidation of I on electropolymerized porphyrin
thin films was observed when I~ and I3~ are in acetonitrile solution [52]. However, only negative
photocurrents are observed when the copolymer is in aqueous solution suggesting that the

photooxidation of I" is not favoured in such case.
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Fig. 13. Schematic illustration of the energy level diagram for poly-ZnTzisoP® showing electron
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transfer processes in H20 containing I35 mmol L™t and I- 0.5 mol L™ (Py* = pyridinium, P = porphyrin).

The magnitude of the photocurrent strongly depends on the number of potential scans n and then
of the amount of copolymer film deposited as displayed in Fig. 12BC, Fig. 15A and Figs. S14-S15.
For both copolymers, the photocurrent goes through an optimum as a function of n, the best
performances being obtained for n=10 or 15 electropolymerization cycles. It is confirmed that higher
photocurrents are obtained with the isoporphyrin copolymer poly-ZnT2isoP® than poly-ZnT:P.

Further insights into the photoelectrochemical behaviour of the copolymer films as a function of
n could be gained by electrochemical impedance spectroscopy, which is widely used in the
investigation of dye sensitized solar cell [93-95]. The Nyquist and Bode plots of a typical impedance
spectra measured for (poly-ZnT2isoP®) at 0 V in 5 mM I3/ 0.5 M I aqueous solution are plotted in
Figure 14 for n=10. All the impedance spectra of the copolymer films (poly-ZnT2isoP® and poly-
ZnT2P) obtained for various number of potential scans, n=1, 2, 3, 5, 10, 15 and 20 are given in
supplementary information (Figs. S16-S19). For low n values (i.e. 1 or 2 scans), the Nyquist diagrams
exhibit only one semi-circle, which can be modelled by the charge transfer resistance Rt of the /13
species at the ITO/solution interface in parallel with the interfacial capacitance Ci. Interestingly, two
semicircles are clearly observed in the Nyquist plots when the thickness of the copolymer film
increases, i.e. for n >2 for (poly-ZnT2isoP*®) and n>10 for (poly-ZnT2P). The emergence of the second

impedance loop is attributed to the charge transport processes within the copolymer film. In this case,
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the impedance spectra can be modelled with the equivalent circuit displayed in Figure 14 where Ret fiim

is a charge transfer resistance in the film, Cr the chemical capacitance of the film and Z the Warburg

impedance.
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Fig. 14. Electrochemical impedance spectroscopy (EIS) Nyquist and Bode plots (phase vs. frequency
(f) and | Z| vs. ) of poly-ZnT2isoP*® (n = 10). Measurements have been done in H20 containing Iz" 5
mmol L and I- 0.5 mol L. BIAS potential: 0.00 V vs. OCP. Bottom: equivalent circuit used to fit the

experimental data.
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The evolution of Ret and Rt fim Values as a function of n can be estimated from the fit of the
experimental impedance spectra and is displayed in Figure 15B for the poly-ZnT2isoP® and poly-
ZnT2P copolymers thin films. Overall, the charge transfer resistance R at the ITO/copolymer
interface decreases when n increases while the charge transfer resistance Rt fim increases with the
amount of copolymer deposited. For the poly-ZnT2isoP® copolymer, Rct ITO/copolymer decreases
from ca. 20 kQ for n=1 to ca. Rt ~ 500 Q for n=10, confirming the enhancement of the 1/I3” charge
transfer kinetics when the copolymer is present on the ITO. For n>10, Rt reaches a plateau suggesting

that the ITO surface is fully covered by the copolymer.
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Fig. 15. A) Photoelectrochemical response of poly-ZnT2isoP*® (black line) and poly-ZnT2P (red line)
obtained with bpy™—(CH)s—"bpy 2PFs and ZnT2P obtained withn =1, 2, 3, 5, 10, 15 and 20 iterative
scans. B) Plot of the Log(R) versus n (number of iterative scan,v = 100 mVs™, between -1.0 V and
+1.0 V for poly-ZnT2isoP® and between -1.0 V and +1.6 V for poly-ZnT2P).
Measurements have been performed in H.O containing I35 mmol L™ and I 0.5 mol L under ene-off
light illumination from a 300W Xe arc lamp (with A > 385 nm long pass filter). BIAS potential: 0.00
V vs. OCP. (For interpretation of the references to color in the figure legend, the reader is referred to
the Web version of this article.)
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Thus the enhancement of the photocurrent generation with the amount of deposited copolymer thatis
observed for n<10 might be attributed to the improvement kineties of interfacial charge transfer
kinetics and to the increase of the light harvesting efficiency of the film (Fig. 15A). For n>10, the
charge transfer resistance within the film Rt fim Starts to increase reaching 100 Q and 500 Q at n=20
for the poly-ZnT2isoP® and poly-ZnT2P copolymers, respectively. The decrease of the photocurrent

for n>10 stems from the slow kinetics of the charge transfer within the polymer films.

4. Conclusions

In summary, two porphyrin copolymer films have been prepared by the electro-oxidation of 5,15-
ditolylporphyrin  (ZnT2P) in the presence of dipyridyl ligand 1,1"-(1,3-propanediyl)bis-4,4'-
bipyridinium hexaflurophosphate salt ((bpy*—(CH2)s—"bpy-2PF¢’). Electrogenerated radical cation
porphyrin is a powerful electrophile which can rapidly react to form copolymer containing stable
isoporphyrins (poly-ZnT2isoP*). The existence of the r-cation radical of the isoporphyrin was proved
by electron spin resonance spectroscopy. Further oxidation of poly-ZnT2isoP* at higher applied
potential forms a porphyrin containing copolymer (poly-ZnT2P) with double viologen spacers. The
electropolymerization process was scrutinized by EQCM. The achieved copolymers were
characterized by UV-Vis-NIR spectroscopy, X-ray photoelectron spectroscopy, electrochemical
impedance spectroscopy and AFM.

Mechanisms of electrochemical routes to these two types of electroactive copolymers have been
discussed as well as the description of the unusual redox properties of copolymers containing stable
isoporphyrin radicals.

The photocurrent measurements under visible-NIR light irradiation show that poly-ZnT-isoP*
thin films exhibit significantly enhanced performance in comparison to poly-ZnT2P. However, the
photovoltaic performances reach an optimum depending on the number of electropolymerization scans.
The best performances are obtained for n =10 or 15. From electrochemical impedance spectroscopy
measurements, it is observed that the charge transfer resistance of the film increases for films obtained
with more than ten scans, thus explaining the decrease of photocurrent for films with n>10. Therefore,

the control of the thickness of the copolymer films is of great importance to optimize the generation
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of photocurrent under visible illumination. The overall conversion efficiency 7 of the sealed cell
remains to be studied and measured.

Poly-ZnT2isoP* in the solid state could be stored for over several months and even one year
without any degradation under ambient conditions in air. The stability is still good in DMF solution.
Further investigations are underway in order to understand more about this remarkable stability. Other
type of stable isoporphyrin radical are in preparation in our laboratory using various type of dipyridyl
spacers “py-R-py”. The reactivity is very dependent on steric hindrance of the porphyrin as well as the
dipyridyl spacer and experimental conditions. Dipyridyl spacers with or without possible conjugation,
with or without significant steric hindrance, with long, medium or short distance between the pyridyl
groups will be synthesized and tested. Electrosynthesis of various isoporphyrin dimers will be also

explored.
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