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(Abstract) A broad-band capturing, charge stabilizing, photosynthetienaa-reaction center
model compound has been newly synthesized and characterizlee. model compound is
comprised of a zinc porphyrin covalently linked to thregsuaf triphenylamine entities and a
zinc phthalocyanine entity. The absorption and flumease spectra of zinc porphyrin
complemented that of zinc phthalocyanine offering bromubdbcoverage. Stepwise energy
transfer from singlet excited triphenylamine to zinc porphyand singlet excited zinc porphyrin
to zinc phthalocyaninekénr ~ 10 st) was established from spectroscopic and time-resolved
transient absorption techniques. Next, an electron accdplierene was introduced via metal-
ligand axial coordination to both zinc porphyrin and zinc phthalaine centers, and were
characterized by spectroscopic and electrochemical teclsnicue association constant of 49
10* M for phenylimidazole functionalized fullerene binding to zinephyrin, and 5.1x 10*

M for it binding to zinc phthalocyanine were obtained. Epéevel diagram for the occurrence
of different photochemical events within the multi-moduionor-acceptor conjugate was
established from spectral and electrochemical data. Uthi&eprevious zinc porphyrin-zinc
phthalocyanine-fullerene conjugates, the newly assembled -@ouneptor conjugate has been
shown to undergo the much anticipated initial charge separdtom singlet excited zinc
porphyrin to the coordinated fullerene followed by a holet ghribcess to zinc phthalocyanine
resulting into a long-lived charge separated state aalegl/&y femto- and nanosecond transient
absorption spectroscopic techniques. The lifetime of thé dimarge separated state was about
100 ns.
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I ntroduction

Multi-step energy transfer followed by sequential e@actransfer leading to the formation
of charge separated states of appreciable lifetimes in mbdebsynthetic systems is one of the
highly sought out functional nanoscale matetiffisor building low-cost, light-to-electricity and
light-to-fuel converting deviceS:* This goal has often been accomplished by a multi-modula
approach wherein carefully selected antenna entity(reslirked to the electron donor entity of
a donor-acceptor pair. The antenna entities with theiptomantary absorption and emission to
the primary electron donor and acceptor entities het@aturing light from the useful portion of
the electromagnetic spectrum, that is, maximum utibzatf solar energy. Both covalent and
self-assembly approaches have been used in building sudmmodiilar systems. Interestingly,
a combination of these two approaches is found to be highlylusefthis approach provides
better control for a systematic understanding of ther@int photochemical events originating in
quite multifaceted‘antenna-reaction center’ model compounds?®

Among the different model compounds revealing sequentiafygreerd electron transfer,
multi-modular systems comprised of BODIPY-porphyrin-fullese(BODIPY = BEk-chelated
dipyrromethenéf2® and porphyrin-phthalocyanine-fullerdé® have been some of the
successful ones. This is primarily due to the complimgradsorption and emission of the
different entities covering different portions of the spatt synthetic versatility, well-
established redox and photochemical properties, and abilifyllefene to produce long-lived
charge separated states in donor-acceptor sydtés.Wealth of information, otherwise
difficult to gather, have been secured from these stuledving model compounds developed
using these molecular building blocks and photosyntheticipies. However, to-date, a long-
lived charge separated state in porphyrin-phthalocyaninegdolleconjugates was not possible to
establish due to competing energy and electron transfeegses/*°

In the present study, this has been accomplished by rmildi novel multi-modular
‘antenna-reaction center’ model compound comprised of covalently linked zinc porphyrin-zinc
phthalocyanine dyad. Occurrence of singlet-singlet eneaggfer in porphyrin-phthalocyanine
is well-knowrt’® and a similar effect is anticipated here also. Howewethé current model
compound, the porphyrimeso-positions have been substituted with three triphenylanmits.u
These triphenylamine entities fulfill the role of adalital antenna that would capture light from

the 300 nm range and funnel it to the porphyrin center. liti@eldthe meso-triphenylamine
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substituted porphyrin is known to stabilize charge separasdssin donor-acceptor dyatfs.
Finally, phenylimidazole functionalized fullerériénas been utilized as an electron acceptor via
metal-ligand axial coordination of (TP&nP-ZnPc to form (TPAYNP:ImGgeZnPc:imGo
conjugate (see Scheme 1 for structures). Systematic stahe been performed using various
physico-chemical and phechemical techniques to establish ‘antenna-reaction centérevents and

charge stabilization in these wide-band capturing multi-feydiystems.

Scheme 1. Structures of the tris(triphenylamine) zinc porphyrin-zipbthalocyanine,

(TPA)sZnP-ZnPc and its fullerene complex, (TRENP:ImGso-ZnPc:ImGo developed as broad-
band capturing, charge stabilizing, photosynthetitenna-reaction center’ mimic in the present

study.The symbol ‘:* represents coordinate zinc-nitrogen bond.

Results and discussion
Synthesis of tri(triphenylamine) zinc porphyrin — zinc phthalocyanine, (TPA)sZnP-ZnPc

The synthesis of this molecule carried out accordin§dieeme 2 and the details are given

in the experimental section. Briefly, 4-(4-formylphengythalonitrile was obtained by the
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reaction of 4-nitrophthalonitrile and 4-hydroxybenzaldehyde DMF.  Next, [5-(4-(4-
phenoxy)phthalonitrile)-10,15,20- tris(4-triphenylamino) porphynivds synthesized by 4-(4-
formylphenoxy)phthalonitrile (1 eq.), 4-(diphenylamino)bedealyde (3 eq.) and pyrrole (4 eq.)
in propionic acid followed by chromatographic separation siiita gel column. Next,
(TPA)ZnP-ZnPc was synthesized by reactteoutyl phthalonitrile, porphyrin derivative from
the previous step, and ZnGh dimethylaminoethanol followed by chromatographic purifaati
Purity of the newly synthesized compounds was ascertainéairbyayer chromatography and
the structural integrity was established fréfhand*C NMR, MALDI-TOF-Mass, spectral and
electrochemical studies. The compounds were storedknpdir doing spectral and transient

spectral measurements.

@
?;{ éo KoCOs NCHO OHC@

Propionic acid

Is—N
(TPA)sZnP-ZnPc é

S

Scheme 2. Synthetic methodology adopted for (TR2)P-ZnPc.

Absorption and fluorescence studies

Fig. 1a shows the absorption spectrum of (TEAP-ZnPc along with the control
compounds iro-dichlorobenzene (DCB). Absorption bands of (TEZ&P-ZnPc were located at
315, 348, 435, 556, 613 and 680 nm. The zinc porphyrin Soret bandA&ZAP-ZnPc located
at 435 nm was red-shifted by 15 nm compared to tetraphenylporphyrimét)ZignTPP) and
was broadened significantly due to the presence of triphemgda(iiPA) entities at the ring
periphery?? Similarly, the TPA peak at 305 nm was blue-shifted by 55 nm cauga control,
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4-(diphenylamino)benzaldehyde, TPA-CHO (360 nm). The zinc fddyenine intense visible
band in (TPA}ZnP-ZnPc was located at 682 nm which is not significantferdint from that of
pristine ZnPc (t+butyl zinc phthalocyanine). These results revealedkwiattamolecular
interactions, if any, between the entities of theAJ#nP-ZnPc and a broad spectral coverage
from 300 to 750 nm.

Fig. 1b and c show the fluorescence spectrum of (3&#¥-ZnPc along with the control
compounds in DCB at the excitation wavelength correspontingfPA-CHO and ZnP,
respectively. Emission of control compounds, TPA-CH@8& nm, ZnTPP at 600 and 648 nm,
(TPA)sZnP at 620 and 660(sh) nm, and ZnPc at 695 nm, when excitedirate$mective
absorption peak maxima were observed. As shown in Figtheb TPA fluorescence was
guenched over 97% in (TPANP-ZnPc. Scanning the wavelength beyond 550 nm revealed a
peak at 620 nm corresponding to ZnP in the case of (FRAR) and at 695 nm corresponding to
ZnPc (see Fig. S12 in ESI for ZnPc emission spectrumihéncase of (TPAYnP-ZnPc
suggesting occurrence of energy transfer ff@RA* to ZnP in the case of (TPA&nP, and a
two-step process, ViziTPA* to ZnP to yieldZnPc* followed by a second energy transfer
process betweelZnP* and ZnPc to yieldZnP*. Occurrence of energy transfer frd@nP* to
ZnPc yielding'ZnPc* is demonstrated in Fig. 1¢c when (TEZ&)P-ZnPc was excited at the ZnP
peak maxima at 438 nm (similar effect was also observed by ISore excitation). Under these
conditions, (TPAYZnP emission expected at 620 nm was fully quenched with therappeaof
peaks corresponding to ZnPc. Further, excitation speafyPA)ZnP-ZnPc was recorded by
holding the emission monochromator to 695 nm (correspondiggRa emission) and scanning
the excitation wavelength, as shown in Fig. 1d. The gp@ctevealed peaks of not only ZnPc
but also those of ZnP and TPA entities, confirming a twep-snergy transfer proceds.An
estimation of energy transfer efficiency by taking theensity ratio of ZnP/ZnPc bands (570
nm/630 nm) in the absorption and excitation spectra, revediedd about 94%, implying very
efficient energy transfer.

Fig. S1 in electronic supplementary information (ESHvtes an energy level diagram
revealing double excitation transfer in (TR2)P-ZnPc. Selective excitation of (TRZpP at
the TPA absorption maxima¥hn Fig. S1) populates th&ZnP* via ENT-1 process. The close
proximity governed intramolecular interactions betwedPATentities and ZnP macrocycle

facilitates such excitation process. T¥nP* formed either via energy transfer from excited
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TPA (ENT-1) or by direct excitation (), undergoes singlet-singlet energy transfer to ZnPc
(ENT-2) in competition with an intersystem crossing psscéo populate®ZnP* (ISC).
Femtosecond transient spectral measurements were pedfdonprobe kinetics of the ENT-2

process and these results will be discussed in the $aitdon.
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Fig. 1. (a) Normalized to the Soret band absorption spectryijp @GPA)sZnP-ZnPc, (i) TPA-
CHO, (iii) ZnTPP, and (iv) ZnPc in DCB. (b) Fluorescerspectrum Aex = 315 nm) of (i)
(TPA)ZnP-ZnPc, (i) a mixture of TPA-CHO (3 eq.)+ZnTPP (1 edrfc (1 eq.), and (iii)
(TPA)sZnP in DCB. (c) Fluorescence spectruax(= 432 nm) of (i) (TPA¥ZnP-ZnPc, (ii) a
mixture of TPA-CHO (3 eq.)+ZnTPP (1 eq.)+ZnPc (1 eq.), and({iPA)sZnP in DCB. (d)
Excitation spectrum of (TPAXnP-ZnPc in DCB recorded by holding the emission
monochromator to 696 nm corresponding to ZnPc emission.

Formation and characterization of (TPA)3ZnP:ImCgso-ZnPc:Ceol m conjugate
The presence of coordinatively unsaturated zinc metalimofid A):ZnP-ZnPc provided us

an oppurtunity to build donor-acceptor conjugate by metal-ligar@l acoordination

7
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approactt? For this, we have utilized electron acceptor fulleregaring a phenylimidazole
ligating group, Glm. The presence of two Zn centers in (TEAP-ZnPc allows the
coordination of two equivalents ofsfDm to yield (TPAYZnP:ImGo-ZnPc:ImGo conjugate.
Fig. 2 shows the spectral changes observed during indredsé@ion of Golm to a solution of
(TPA):ZnP-ZnPc in DCB. The porphyrin Soret band revealed ctearsiic spectral changes

A ’

600 700
Wavelength,nm

30+

(b) 254 (c)

1x10° 2x10° 3x10° 4x10° 2.0x10° 4.0x10° 6.0x10° 8.0x10° 1.0x10°
1/C,Im] T[Cqqlm]

Fig. 2. (a) Absorption spectral changes observed feinC (3.8 mM, 2.0uL each addition)

binding to (TPA}ZnP-ZnPc (3.5uM) in DCB. Fig. b and c show Benesi-Hildebrand plots, at
the monitoring wavelengths of 432 nm band for ZnP and 682 mrArfBc, to calculate the

binding constants.

associated with zinc porphyrin binding to a nitrogenous lig&Ht That is, an initial decrease
of the Soret band intensity followed by an increase wihceable red-shift (~7 nm) upon
further addition of Glm. The 682 nm band corresponding to ZnPc also revealecteade in
intensity upon GIm binding?*¢ These spectral changes are consistent wgshmtoinding to
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the zinc centers of both macrocyctés.The absorbance data was analyzed to evaluate the
binding constants (Soret band for (TRB2)P:ImGyo formation and 682 nm band for
ZnPc:Golm formation) by constructing Benesi-Hildebrand pléts shown in Fig. 2b and 2c.
Such plots yielded values of 4x910* M for (TPA)ZnP:ImGso formation, and 5.k 10* M?

for ZnPc:Golm formation within the conjugate; not significantly diéat from one another.
Further, Job’s plots were constructed to evaluate the stoichiometry of the coordinated complex
(see Fig. S2 in ESI). Analysis of porphyrin Soret and pbtlyanine visible bands with
respect to addeds@m revealed 1:1 stoichiometry for the two metal centsuggesting that
(TPA)3ZnP and ZnPc act as s independent binding sites withowoamperative effects.

The fluorescence spectrum of (TB2)P-ZnPc in the presence okdn at both ZnP
excitation (555 nm) and ZnPc excitation (682 nm) wavelengths meeorded, as shown in Fig.
3. Quenching of fluorescence emission was observed at betlextitation wavelengths
suggesting excited state events in (TEZAP:IMGoZnPc:Gom either by ZnP or ZnPc

excitation.
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| () 0
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Fig. 3. Fluorescence spectrum of (TRA)P-ZnPc upon increasing addition afltn (a) at the
excitation wavelength of 555 nm corresponding to ZnP andt(th)e excitation wavelength of
682 nm corresponding to ZnPc in DCB.

Electrochemistry and energy level diagram
Electrochemical studies using differential pulse voltatmn (DPV) were performed to

evaluate the redox potentials of (TB2)P:ImGso-ZnPc:ImGo conjugate, and also to evaluate

9
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the energetics of the different photochemical process&oth zinc porphyrin and zinc
phthalocyanine are known to undergo two one-electron redgdeading to the formation af
radical anion and dianion species, and two one-elecxmations leading to the formation of
radical cation and dication species, respecti¥®Having additional electroactive groups on the
macrocyclic periphery, such as the TPA entities isecaf (TPA}2ZnP-ZnPc would result in
additional redox peak<. Fig. 4 shows a DPVs of the (TREnP-ZnPc in the presence and
absence of lm in DCB, 0.1 M -BusN)CIOa4. For (TPARZnP-ZnPc, three oxidation processes
located at -0.06, 0.11, and 0.80 V vs. F¢/were observed during anodic excursion while three
reductions at -1.66, -1.84 and -1.99 V vs. FtAkvere observed during cathodic excursion of the
potential within the potential window of the solvent. Byngparing the voltammograms of
pristine (TPA)YZnP and ZnPc (see Fig. S3 in ESI for voltammograms) fitet two oxidation
process were ascribed to the formation of ZhRed ZnP¢" species, respectively, while the
third oxidation was attributed to the formation of ZnPAdditional multi-electron oxidation at
higher anodic potential was also observed due to the preseMB& entitied’ (data not shown).
The first two reductions were attributed to the formatidnZoP~ and ZnPt, respectively.
Increasing addition of &lm to form (TPARZNP:ImGo-ZnPc:Golm conjugate revealed

significant changes. That is, the currents of the dr&glation process of ZnPc and ZnP revealed

2.0 1.5  -1.0 0.5 0.0 0.5
Potential VV vs. Fc/Fc"

Fig. 4. Differential pulse voltammograms of (TR&ZpP-ZnPc in the absence (black line) and
presence (blue line) of stoichiometric amounts @bli@ in DCB containing 0.1 M r
BwN)CIO4. Scan rate =5 mV/s, pulse width = 0.25 s, pulse hei@®25 V.

10
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diminished currents with an anodic shifts in the rang2®¥5 mV suggesting participation of
both ZnP and ZnPc entities in the conjugate formatisrgh@wn in Scheme 1. On the cathodic
side, additional peaks corresponding t@l@ reduction, at the expected potent&lsyere also
observed.

Free-energy calculations for charge-recombinatia®cg) and charge-separatiom\Gcs)

processes were performed according to the following eqatimased on Rehm-Weller

approactt®
-AGcr = (on - Ered) +AGs (1)
-AGcs = AEg — (-AGcR) (2)

where AGcr and AGcs refer to free-energy change for charge recombinatiath @rarge
separation, respectively, antlE) correspond to the singlet state energy of each zinc
tetrapyrroles (2.04 eV fot(TPA)sZnP', and 1.84 eV forZnPc¢). The Eox andEeq represent
the oxidation potential of the electron donor (zincajgjrrole) and the reduction potential of the
electron acceptor @m), respectivelyAGs refers to the static energy, calculated by using the

‘Dielectric continuum model’ according to the following equation,

-AGs = -(€/(410))[(L/(2R)+1L/(2R)-(1Rcd) s
SR + UR))er) 3)

whereR: andR. are the radii of the radical cation and radical aniespectively, an&cc is the
center-center distances between donor tetrapyrrole andT@e symbolsesr and es refer to
solvent dielectric constants for electrochemistry phdtophysical measurements, respectively.
The free energy changaGcs) was found to be -0.60 eV féZnPc* originated, and -0.68 eV

from 'ZnP* originated electron transfer reactions in the congigat

Fig. 5 shows an energy level diagram depicting differdmdtgchemical events in the
(TPA)ZNnP:ImGo-ZnPc:ImGo conjugate. From steady-state fluorescence studigsiesgal
energy transfer fromdTPA* to ZnP, and from'ZnP* to ZnPc within (TPAZnP-ZnPc was

evident. In the case of (TPANP:ImGe-ZnPc:ImGo conjugate, direct excitation of one of the

11
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TPA entities would generate (TPAYPA*ZnP:ImGso-ZnPc:ImGo that would undergo energy
transfer (ENT-1) to produce (TPAYZNnP*:ImCso-ZnPc:ImGyo excited state species. This species
can also be obtained by direct excitation of ZnP indiwgjugate (at 400 nm excitation of the
femtosecond laser sytem this would be the main evert® d€activation ofZnP* would have

at least three paths, viz., intersystem crossing (l8QJopulate’ZnP* (orange path in Fig. 5)
charge separation (CS-1) to produce [(TZAP] :ImCso-ZnPc:ImGyo radical ion pair (blue
path), and energy transfer (ENT-2) to produce (BRAP:ImGso-'ZnPc*:ImGCso (red path). The

ev A
3.0—

(TPA),('"TPA*)ZnP:ImCgy-ZnPc:ImCgg
A

ENT-1

(TPA);'ZnP*ImCgq-ZnPc:ImCqgq

2
A (TPA)3ZnP:ImCgo-'ZnPc*:ImCq

g cs-1 4
z CS,'/ |
hv [(TPA)3ZnP]*:ImCgy~-ZnPc:ImCgq

HS A (TPA)3ZnP:ImCgp-ZnPc*:ImCgp~

(TPA)3ZnP:ImCgy™-ZnPc*:ImCgqq

1.0—
hv'

hy" é

Y Y

(TPA)3ZnP:ImCgy-ZnPc:ImCgq

0.0—

Fig. 5. Energy level diagram showing the different photochahgeents of (TPAZNP:ImGso-
ZnPc:ImGo conjugate in dichlorobenzene. Energies of differeatest were evaluated from
spectral and electrochemical studies. Solid arrow ingicatajor photo processes, dashed arrow
indicates minor photo processes. A similar energy lewagirdm could be envisioned in toluene
with the energy of the radical ion pairs about 150-200 rbgva that in dichlorobenzene.
Abbreviations: ISC = intersystem crossing, ENT = energgysfier, CS = charge separation and
HS = hole shift.

12
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newly formed!ZnPc* in the conjugate would undergo further electron trar€6r2) to produce
(TPA)ZNP:ImGso-ZnPc¢":ImCso~ radical ion pair. Subsequently, the (TEZ)P":ImCeo -
ZnPc:ImGpo radical ion pair would undergo a hole shift (HS) involvingdaxively facile ZnPc
within the conjugate to produce (TREnP:ImGo-ZnPc¢ :ImCso radical ion pair. If hole shift
process does occur, then the decay of (EB#y" would be faster than that would be observed
in a radical ion-pair resulted in a structurally similanttol complex, such as (TP&AINP:ImGso.
Importantly, the lowest energy radical ion-pairs, (J&#AP:ImGo-ZnPc¢:ImCso~ and
(TPA)ZnP:ImGso™-ZnP¢":ImCsp are different in their traits in which thesdn™ are located on
different metallomacrocycle units. That is, on Zm®Pthe former case and ZnP in the latter case.
Since the radical anion and cation are spatially farthe case of (TPAYXNP:ImGs -
ZnPc¢": ImCeso (separated by ZnP), a relatively long-lived charge separstie could be
anticipated in this case. In order to verify the ocaweeof these events, transient absorption
studies involving both femtosecond and nanosecond techniques bdeen performed, as

summarized in the next section.

Femtosecond transient absorption studies

First, energy transfer in the (TP&EnP-ZnPc was investigated in a photochemically more
stable solvent toluene. At the excitation wavelengthrd@® nm, operating wavelength of
femtosecond transient spectrometer, mainly the porphyrinisi excited. Fig. 6a shows the
spectral changes recorded during early time scale of GEAR}ZnPc in toluene. Immediately
after excitation, depleted peaks at 440, 550, 610 and 678 nm arideppsiks at 471, 576, 734,
770 nm were observed. The negative bands at 440, 550 and 610 nipauteesto the ground
state depletion of zinc porphyrin and 678 nm correspondecdetgrund state depletion of zinc
phthalocyanine with any contributions from stimulated elmiss With time, the peak intensities
of the 440 and 550 nm bands decreased with an increase ofsdmitated band at 680 nm
suggesting occurrence of energy transfer from thandl S states of ZnP. Fig. 6b shows the
time profiles of the 440 and 680 nm peaks which suggests the amnangfer process to be
completed by about 6 ps providing an energy transfer ratenef~ 1.6x 10!t s, This rate of
energy transfer is nearly an order of magnitude lowen that reported by us and others on

porphyrin-phthalocyanine dyads in which the porphyrin ringddcTPA entities/ 19

13
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Fig. 6. Femtosecond transient spectra (100 fs pulse widd#®@tnm) of (TPAYZnP-ZnPc in
Ar-saturated toluene at the indicated delay times revealingeexenergy transfer. Fig. b
shows time profile of the 440 nm 680 nm peaks.

To unravel the complex photochemical events occulnnfrPA)ZnP:ImGo-ZnPc:ImGo
conjugate, shown in Fig. 5, few additional experiments waganted. Towards this, first,
photoinduced electron transfer in the (TEZ)P:ImGso donor-acceptor system was needed to be
established. Fig. 7a shows the femtosecond transient speatr(FRA).ZnP at the indicated
delay times. Immediately after excitation, depletgdas at 440, 550, and 600 nm, and positive
peaks at 475 and 1420 nm were observed. The negative signalemegresind state depletion
of (TPA)ZnP. The 1420 nm band has been assigned to singlet-snagigtion, similar to other
zinc porphyrin derivatives reported in the literattheThe decay time constant for this signal
was 1.74 ns (see Fig. 7c inset for time profile), closth¢olifetime of (TPA)ZnP determined
from time-correlated single photon counting technique. ddway of singlet excited peaks was
accompanied by new peaks at 480, 800 and 950(sh) nm bands corireggonthe triplet

excited states of (TPAJINP (see time profile of 480 nm peak in Figure inset).

Further, (TPA)ZnP was chemically oxidized in DCB using nitronium hexafluatim@onate,
as shown in Fig. S4. The chemically generated [(EBA)]" revealed peaks at 770 and 1280

nm?22 Appearance of these peaks in (TEZP:ImGs conjugate upon photoexcitation would

14
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imply charge separation in the conjugate with [(TZAP]" being one of the species of electron

transfer process.

Fig. 7b shows the transient spectra of the (LRAP:ImGo conjugate formed in toluene.
The decay of instanteneously formédTPA)4ZnP]* was accompanied by transient peaks
different from that of[(TPA)sZnP]*. A new peak at 1020 nm corresponding ®I@~ was
clearly seen. However, the near-IR radical cation peakovarlapped with that of the singlet
peak in this wavelength region. The spectrum of (LBA§ and (TPAZnP:ImGso recorded at
500 ps is shown in Fig. S5a which clearly shows featurd$T&¥A)sZnP]" at the expected
wavelength regions. After reaching a maximum, the radmal peaks started decaying
indicating a charge recombination process. Fig. 7d insetsstize time profile of the &Im™
peak at 1020 nm. Itis clear from the decay profile thatatieal ion pair persists beyond 3 ns,

(a) 0.03q _ (b)
' 10.0
0.04 4 )
0.024 il
0024 '\
P - g 0014 ! \
0.004¢ " ' i
: 0.004 -
s
i :
i H
002 T |.r'.r‘ T T b T L '001 —r T I’n’ T v L 1
400 600 800 1000 1200 1400 1600 400 600 800 1000 1200 1400 1600
wavelength, nm wavelength, nm
0.05+ (c)
0.006 4
0.004 4
B o
0.0024 H“‘\-ux
0.00 0.000

0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
time, ps time, ps

Fig. 7. Femtosecond transient spectra (100 fs pulse wid#®@tnm) of (a) (TPAZnP and
(b) (TPARZNP:ImGso toluene at the indicated delay times. Fig. 7c showsithe profiles of
480 nm (blue) and 1420 nm (wine) peaks corresponding tdrigflet and singlet peaks of
(TPA)aZnP, respectively. Fig. 7d shows the time profile ef 1620 nm peak corresponding to
Ceolm™.
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monitoring time window of our instrument. Under these @k, the determined rate of
charge recombination is only a lower limit. The determinéd o& charge separatiokgs and
charge recombinatiotkcr, were found to be 3.4 10 s and 5.3x 10° s?, respectively. These

results revealed charge stabilization to some exteheifTPA)ZnP:ImGso conjugate.

Fig. 8a shows transient visible-near IR spectra ofAjtPnP-ZnPc in toluene at indicated
delay times covering the entire 3 ns monitoring timedeiv. The spectral features were a
combination of earlier discussed (TR2pP (Fig. 7a) and (TPAZnP-ZnPc (Fig. 6a). The
instanteneously formef(TPA)sZnP]*-ZnPc revealed peaks corresponding to the ground state
depletion (440 and 550 nm 610 nm) and singlet-singlet trangit®0 nm) corresponding to
ZnP along with a band at 680 nm of ZnPc having contributicom §round state depletion and
stimulated emission. At earlier time scales, tlgnal strength of 680 nm increased at the
expense of ZnP peak intensities implying energy transkerdater times, in the near-IR region,
new weak peaks at 1360 and 1420 nm were also observed. The 1360 nnppiearédchas a
shoulder band to the main 1420 nm band. In order to interpese tpeaks, femtosecond
transient spectra of pristine ZnPc covering both vis#drd near-IR region was recorded. As
shown in Fig. S6, pristine ZnPc also revealed theskspeaplying that the near-IR bands in the
spectra of (TPAZnP-ZnPc are due to (TPANP-ZnPc.

Next, (TPARZNP:Golm-ZnPc:ImGo conjugates were formed to probe photoinduced electron
transfer events. In the first set of experiment,A()egnP-ZnPc was complexed with only one
equivalent of Glm to check the accessability of both zinc centers tal dnding, as predicted
from the nearly same binding constants and the competmnargy and electron transfer
processes originating frodfj(TPA)ZnP]*. Fig. 8b shows transient spectra of (TEAP-ZnPc
under these conditions. Peaks correspondinggonCat 1020 nm, at 845 nm of ZnPcand in
the 1360 nm range corresponding to [(TEZAP]" were observed. These results suggest the
formation of [(TPAYZnP]":Cedm™-ZnPc:ImGo and (TPAYZNnP:Gsolm-ZnPc™:ImCeo™ radical
ion pairs, although the complex formation process iermplete due to insufficient amount of
added Golm. The decay profiles of the [(TPANP]" at 1360 nm, ZnPtat 845 nm and &lm™
at 1020 nm are shown in Fig. 8b inset. It is interestingdte that the [(TPAYnP]" decays
faster than that of gm™ and ZnPt¢ radical ions of the conjugate.

Next, the transient spectra of of (TRA)P-ZnPc in the presence of 2.2 equivalentsegliin®
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to form (TPARZNP:ImGo-ZnPc:ImGo conjugate was recorded as shown in Fig. 8c. Better
developed radical ion-peaks of [(TREWPT", Csolm™ and ZnPt were observed, suggesting
involvement of both (TPAYnP:ImGo and ZnPc:Im& donor-acceptor pairs of the
(TPA)ZnP:ImGso-ZnPc:ImGo conjugate in the charge separation process. Fig. SHSIn
compares transient spectrum of (TEA)P:ImGo-ZnPc:ImGo conjugate with that of pristine
(TPA)sZNnP at a delay time of 10 ps. Spectral signature peak86fi nm corresponding to
[(TPA)sZnPT* (overlaped with that off(TPA)sZnP]* at 1420 nm) and m™ at 1020 nm were
observed. Importantly, at this time scale spectratufea of [(TPA}ZnP]"™ were better
developed than that of ZnPcat 840 nm. These results are suggestive of the formafion
(TPA)sZnP":ImCso-ZnPc:Golm radical ion pair as the major initial product. Thee profiles
(covering the entire 3 ns window) of the radical ionshewn in Fig. 8c inset while at shorter
time scale (250 ps) is shown in Fig. 8d. From the time poirl Fig. 8c inset, it is clear that the
[(TPA)sZnPT" (wine colored plot) decays faster than that e (magenta) and ZnPd(blue)
radical ions of the conjugate. Moreover, the decay™®p)sZnP]" is faster than the decay of
earlier discussed [(TPAJNPT":Csolm™ (see Fig. 7b) while the decay of ZnPis much slower
than that reported earlier ZriPtmCso™.2*¢ These observations are suggestive of a hole shift
from the cation radical of (TPAZNP":ImCso™-ZnPc:ImGo to ZnPc within the conjugate to
yield (TPARZNnP:ImGo-ZnPc¢":ImCso radical ion-pair (process HS in Fig. 5) wherein the cation
and anion radical species are separated by ZnP entity.

To secure additional evidence of this charge separatitenshift process, the time profiles of
the different radical ions were analyzed at early thteles as shown in Fig. 8d. By monitoring
the growth of 1360 nm peak corresponding to [(TEZAP]" (wine colored) a time constant of
37.2 ps was obtained that yielded a valuekigy of 2.7 x 10'° s for [(TPA)sZnPT*:ImCeo -
ZnPc:ImGo formation. This value compared with the earlier dised$ss of 3.4x 10 s for
[(TPA)4ZnPT":Csolm™ formation. Thekcs obtained by monitoring the growth of ImC in the
(TPA)ZnP:ImGso-ZnPc:ImGo conjugate was found to be X940 s! (magenta), comparable to
the rate of [(TPA)ZnP]" formation. Interestingly, the growth of ZriPenonitored at 840 nm
(blue line), stretched beyond 100 ps, and this growth was a@ecoed by initial decay of
[(TPA)sZnP]* to some extent. Thies obtained for this process was found to bexX12’ s?.

The difference between thes values of [(TPA)ZnP]" and ZnPt was ~168 s? that could be

considered as rate of hole shiftys, ignoring any contributions from (TP&INP:IMGso-
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ZnPc¢":ImCso™, a product formed form direct excitation of ZnPc. Ttmme profile of
[(TPA)4ZnPT*:Csolm™ formation at 1360 nm is also shown in Fig. 8d (red line) fonmarison
with the time profile of (TPAZnP":ImCso™-ZnPc:ImGyo (wine). Faster decay of the latter due
to the hole shift process compared to the former is ewidem such comparision. Under the
present conditions, the rise and decay &fr€" with multiple contributions makes it harder to
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Fig. 8. Femtosecond transient spectrum of (a) (BBAP-ZnPc (inset: time profile of the 473
nm (blue) and 680 nm (red) peaks), (b) (TEAP-ZnPc in the presence of 1 eq. abl@
(inset: time profiles of 842 nm (blue) 1020 nm (mageraayl 1360 nm (wine) peaks), and
(c) (TPARZNP-ZnPc in the presence of 2.2 eq. e§l@ to form (TPAZNP:ImGso-ZnPc:ImGo
conjugate (inset: time profiles of 842 nm (blue) 1020 mmadenta), and 1360 nm (wine)
peaks). Fig. 8d shows the time profile shown in Fig. 8etire shorter delay times
representing rise and partial decay of the radical &gn@he red line shows the time profile
at shorter delay times of (TP&nP*:ImCso” monitored at 1360 nm (the original data is shown
in Fig. 7b). The spectra were recorded in toluene ainthieated time delays at the excitation
wavelength of 400 nm.
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analyze, however, persistence of both ZhRad Golm™ beyond the 3 ns window is clear from
the time profiles. The reportekbr value for the radical ion pair, ZnPd¢mCso~ in the
ZnPc:ImGyo conjugate from our recent study was 2.1C° s? resulting in a lifetime of radical
ion-pair of 4.8 ng¥* Persistence of the ZnPcand ImGo~ radical ion signals in the
(TPA)ZnP:ImGse-ZnPc:ImGo conjugate beyond 4.8 ns would ultimately mean the occurrence
of charge separation/hole shift processes (CS-1/HS in Figyenerating long-lived charge

separated state.

Nanosecond transient absorption studies

In order to characterize the long-living (TR2ZP:ImGso™-ZnPc¢":ImCso radical ion-pair,
nanosecond transient studies were performed. Fig. S¥a stamosecond transient spectrum of
(TPA)ZNnP at the indicated delay times in toluene. Peak®sponding t&[(TPA)4ZnP]* were
present at 474, 810 and 970 nm. In fact the latter two peaks veer@ &nough to cover the
spectral range of 650-1200 nm. From the decay of the 810 nm gdid¢jme of 11.7us for
3(TPA)sZnP* was calcualted (see Fig. S7b for kinetic trace).shsvn in Fig. S8, the conjugate
(TPA)ZnP:ImGo formed by complexing &lm revealed no detectable transient peaks
supporting the formation of [(TPAZNP]":ImCso™, implicit lack of electron transfer from the
3(TPA)sZNnP]*.

The nanosecond spectrum of (TEZ)P:ImGo-ZnPc:ImGo conjugate, recorded at 32 and
68 ns delay times as shown in Fig. 9, revealed peaks at 841020 nm providing evidence for
the existence of ZnPc and Golm™ species at these delay times. Since the
[(TPA)sZnPT":ImCso™-ZnPc:ImGo and (TPA}ZnP:ImGo-ZnPc¢ :Csolm™ radical ion pair are
short lived (0.65 ns from decay profile of [(TREWP]" in Fig. 8c, and 4.8 ns for ZnP}; this
could only be attributed to the presence of (TZAP:ImGso™-ZnPc¢":ImCqg radical ion pair, that
is, the product of CS-1/HS in Fig. 5. At higher time scgleaks corresponding to
3[(TPA)sZnP]* started to develop (from unbound (TR2Z)P in solution), however, the radical
ion-pair signatures were obvious event in the spectrulacted at 104 ns. Notably, no ZhP
signal at 770 nm or 1360 nm was observed, suggesting lack ofivamgyf(TPA)sZnP]":ImCso™
-ZnPc:ImGo radical ion-pair at this time scale, as predicted ffemtosecond transient studies.
The ~100 ns lifetime of (TPAXNP:ImGso™-ZnP¢ : ImCso radical ion pair is over 20 times
greater than that reported for ZAPlenCso~ radical ion-pair ZnPc:Imégg, being 4.8 ns. These
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results support charge separation/hole migration via CS-ididt® in Fig. 5 to produce long
living (TPA)sZnP:ImGso™-ZnPc¢*:Csolm radical ion-pair, with the radical cation and radic

anion separated by a ZnP entity in the supramoleculangate.
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0.004
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Fig. 9. Nanosecond transient spectra at the indicated delags tifi (TPAYZnP:ImGso-
ZnPc:ImGpo conjugate in Ar-saturated toluene at the excitation wagéteof 430 nm.

It is worth pointing out here that in the previous studelving zinc porphyrin-zinc
phthalocyanine-fullerene derived supramolecular conjugatessiinot possible to establish such
a CS/HS process leading to a long-lived radical ion-paigreih a relatively short-lived ZnPe
Cso~ radical ion-pair with no detectable spectral signatuppsrting ZnP-Ceso™ radical ion-pair
formation was observed®  Although both structural and electronic factors of the
supramolecular assembly could contribute to this, thatively slow energy transfer from
excited zinc porphyrin to zinc phthalocyanine which would coitipelty promote electron
transfer from singlet excited zinc porphyrin to the coordiddtllerene yielding ZnP.Ceolm™
radical ion-pair could be considered to be the mainritarting factor. As discussed earlier, the
product of this charge separation-1 process, ZImfCso~ would subsequently undergo a hole
transfer process involving ZnPc to yield the long-lived (J&ZAP:ImGo-ZnP¢ " :Csolm radical
ion pair within the conjugate. The present study deline@i@smportance of multi-modular
supramolecular systems to derive new mechanistic andiknoettes to accomplish the desired

end product of artificial photosynthesis.
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Summary

The newly synthesized and characterized photosyntheten@arreaction center model
compound has been shown to undergo multi-step energyeramstcesses, Vviz'TPA* to ZnP
and 1ZnP* to ZnPc, funneling most of the near UV-visible radiat The donor-acceptor
conjugate formed upon assembling fullerene revealed chargeatszpatates originating from
both 'ZnP* and?ZnPc* within the (TPAYZNP:ImGo-ZnPc:ImGo conjugate. Interestingly, the
charge separated state, [(TBZ)P]":ImCso™-ZnPc:ImGo originated from zZnP* yielded
(TPA)ZnP:ImGso™-ZnP¢":ImCso radical ion-pair via a hole transfer mechanism in whioh
radical cation and radical anion were separated by theeAtiy. Due to the distant location of
the radical cation and radical anion (ZnP acting apager), the charge recombination process
was slowed down. The lifetime of the final charge sepdratate was about 100 ns which was
over 20 times greater compared to the lifetime of ZnPaCeso~ radical ion-pair. The present
multi-modular, donor-acceptor building strategy found toabeelegant approach to capture

wide-band light and produce long-lived charge separated state.

Experimental Section

Chemicals. Buckminsterfullerene, & (+99.95%) was from SES Research, (Houston, TX). All
the reagents were from Aldrich Chemicals (Milwaukee, WI) wthike bulk solvents utilized in
the syntheses were from Fischer Chemicals. Tretsatylammonium perchlorate, n{
BusN)CIOs, used in electrochemical studies was from Fluka Chemidaie synthesis of &gim

is given elsewher&

Syntheses of (TPA)sZnP-ZnPc. Scheme 2 outlines the methodology developed for the

syntheses of target compounds. Details are given below.

4-(4-Formylphenoxy)phthalonitrile.  4-Nitrophthalonitrilie (1 g, 5.77 mmol) and 4-
hydroxybenzaldehyde (705 mg, 5.77 mmol) was stirred in DMF (30 ml) fdnot2s under

nitrogen at room temperature. During this process, potassabomate (4 g, 29 mmol) was
added to the mixture within the first 2 hours in four equalipast After that the whole solution
was poured into 100 ml ice water and filtered. After filtratidve residue was collected and

washed first with cold methanol and then with cold hegat® get the desired compound as a
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white powder. Yield- 1.2 gm (65%3)H NMR (CDCk; 400 MHz). §, ppm = 6.90 (d, 2H, Ar-H),
7.42 (s, 1H, Ar-H), 7.74 (d, 2H, Ar-H), 7.90 (s, 1H, Ar-H), 8.20 (s,ArHH), 9.95 (s, 1H, -
CHO).

Synthess  of  [5-(4-(4-phenoxy)phthalonitrile)-10,15,20-tris(4-diphenylaminobenzene)
porphyrin]. 4-(4-Formylphenoxy)  phthalonitrile (500 mg, 2 mmol), 4-
(diphenylamino)benzaldehyde (1.64 g, 6 mmol) and pyrrole (560 pl, 8 mmol) were kept in 500

ml RB flask and refluxed with propionic acid (120 ml) for 4 I®ukiter cooling the mixture to
room temperature, the solvent was removed under reducedrneres&l the crude product was
purified over silica column. The desired compound was elutedOB$o chloroform. Yield -
10%.'H NMR (CDCk; 400 MHZ). 8, ppm = -2.85 (s, 2H, -NH), 7.05 (m, 12H, Ar-H), 7.35 (m,
24H, Ar-H), 7.58 (m, 2H, Ar-H), 7.92 (m, 2H, Ar-H), 8.03 (m, 6H, Ar-H1&8(m, 1H, Ar-H),
8.25 (m, 1H, Ar-H), 8.32 (m, 1H, Ak, 8.80 (m, 2H, B-pyrrole H’s), 8.88 (m, 6H, B-pyrrole
H’s).

Synthesis of (TPA)sZnP-ZnPc. A mixture of [5-(4-(4-phenoxy) phthalonitrile)-10,15,20-¢4is
diphenylaminobenzene) porphyri20 mg, 0.095 mmol), 4-tert-butyl phthalonitrile (175 mg,
0.95 mmol) and ZnGI(272 mg, 2 mmol) were kept in 100 ml RB flask under nitroger2@r
minutes. Then, 2-dimethylaminoethanol (5 ml) was added andewhixture was refluxed for
16 hours under nitrogen. After cooling the mixture to room temperathe solvent was
removed and the crude product was purified over silica collima desired dyad was eluted by
with CHCk:MeOH (95:5, v/v). % Yield = 12%'H NMR (CDCk: 400 MHz). §, ppm = 1.25-
1.55 (m, 27H, terbutyl H’s), 7.10 (m, 12H, Ar-H), 7.45 (m, 24H, Ar-H), 7.58-7.68 (m, 4H, Ar-
H), 8.18 (m, 6H, ArH), 8.85 (m, 2H, B-pyrrole H’s), 8.95 (m, 6H, B-pyrrole H’s), 9.2-9.4 (br,
12H, Pce-H’s). MALDI-TOF, calculated = 1939.99, foundl939.45.

Spectral Measurements. The UV-visible spectral measurements were carried out with
Shimadzu Model 2550 double monochromator UV-visible spectrophotonidte fluorescence
emission was monitored by using a Varian Eclipse spectesm right angle detection method
was used. ThetH NMR studies were carried out on a Varian 400 MHz spectromete
Tetramethylsilane (TMS) was used as an internal standarfferdditial pulse voltammograms
were recorded on an EG&G PARSTAT electrochemical analyzieg a three electrode system.

A platinum button electrode was used as the working eletrA platinum wire served as the
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counter electrode and an Ag/AgCl electrode was used as reference electrode.
Ferrocene/ferrocenium redox couple was used as an in@amalard. All the solutions were

purged prior to electrochemical and spectral measurementsargjon gas.

Femtosecond pump-probe transient spectroscopy. Femtosecond transient absorption
spectroscopy experiments were performed using an UltrafagbBecond Laser Source (Libra)
by Coherent incorporating diode-pumped, mode locked Ti:Saplatses (Vitesse) and diode-
pumped intra cavity doubled Nd:YLF laser (Evolution) to generatenapressed laser output of
1.45 W. For optical detection, a Helios transient algmrpspectrometer coupled with
femtosecond harmonics generator both provided by Ultrafase®g LLC was used. The source
for the pump and probe pulses were derived from the fundahwarput of Libra (Compressed
output 1.45 W, pulse width 100 fs) at a repetition rate kilZ. 95% of the fundamental output
of the laser was introduced into harmonic generator whictiyses second and third harmonics
of 400 and 267 nm besides the fundamental 800 nm for excitatiole, the rest of the output
was used for generation of white light continuum. In tlesent study, the second harmonic 400
nm excitation pump was used in all the experiments. Kined@es at appropriate wavelengths
were assembled from the time-resolved spectral data.adbatgsis was performed using Surface
Xplorer software supplied by Ultrafast Systems. All measergswere conducted in degassed
solutions at 298 K.

Nanosecond laser flash photolysis. The studied compounds were excited by a Opolette HE 355
LD pumped by a high energy Nd:YAG laser with second and thintdraics OPO (tuning range
410-2200 nm, pulse repetition rate 20 Hz, pulse length 7 ns) hatpdwers of 1.0 to 3 npkr
pulse. The transient absorption measurements weraipedaising a Proteus UV-Vis-NIR flash
photolysis spectrometer (Ultrafast Systems, Sarasdfpwih a fibre optic delivered white
probe light and either a fast rise Si photodiode detectegrtcg the 200-1000 nm range or a
InGaAs photodiode detector covering 900-1600 nm range. The outputHeophotodiodes and

a photomultiplier tube was recorded with a digitizing Tektxarscilloscope.
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M ulti-modular, tris(triphenylamine) zinc porphyrin — zinc phthalocyanine —fullerene
conjugate as a broad-band capturing, charge stabilizing, photosynthetic ‘antenna-reaction

center’ mimic

C. B. KC, G. N. Lim,and F. D’Souza”

Charge stabilization as a result of electron transtdiovied by hole-shift mechanism is

demonstrated in a supramolecular multi-modular donor-aacagsembly.
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