
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

Nanoscale

www.rsc.org/nanoscale

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


1 

 

 

Multi-modular, tris(triphenylamine) zinc porphyrin ± zinc 

phthalocyanine ±fullerene conjugate as a broad-band capturing, 

FKDUJH�VWDELOL]LQJ��SKRWRV\QWKHWLF�µDQWHQQD-UHDFWLRQ�FHQWHU¶�PLPLF� 

&KDQGUD�%��.&���*DU\�1��/LP��DQG�)UDQFLV�'¶6RX]D* 

 

Received ***  ; Revised***  ; Accepted***    

DOI: 
 

 

Department of Chemistry, University of North Texas, 1155 Union Circle, #305070, Denton, TX 

76203-5017, USA 

E-mail: Francis.DSouza@unt.edu  

�Electronic supplemental information (ESI) available: Energy level diagram showing multi-step 

energy transfer process in (TPA)3ZnP-ZnPc; -RE¶V� SORW� IRU� VWRLFKLRPHWU\� GHWHUPLQDWLRQ��

voltammograms of control compounds, spectrum of chemically oxidized (TPA)4ZnP, 

femtosecond transient spectra of control conjugates and ZnPc, Nanosecond transient spectra of 

(TPA)4ZnP, and (TPA)4ZnP:ImC60; MALDI-TOF-mass, 1H and 13C NMR spectra of 

(TPA)3ZnP-ZnPc. See DOI:  

Page 1 of 29 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



2 

 

(Abstract) A broad-band capturing, charge stabilizing, photosynthetic antenna-reaction center 

model compound has been newly synthesized and characterized.  The model compound is 

comprised of a zinc porphyrin covalently linked to three units of triphenylamine entities and a 

zinc phthalocyanine entity.  The absorption and fluorescence spectra of zinc porphyrin 

complemented that of zinc phthalocyanine offering broad-band coverage.  Stepwise energy 

transfer from singlet excited triphenylamine to zinc porphyrin, and singlet excited zinc porphyrin 

to zinc phthalocyanine (kENT ~ 1011 s-1) was established from spectroscopic and time-resolved 

transient absorption techniques. Next, an electron acceptor, fullerene was introduced via metal-

ligand axial coordination to both zinc porphyrin and zinc phthalocyanine centers, and were 

characterized by spectroscopic and electrochemical techniques.  An association constant of 4.9 x 

104 M-1 for phenylimidazole functionalized fullerene binding to zinc porphyrin, and 5.1 x 104 

M -1 for it binding to zinc phthalocyanine were obtained. Energy level diagram for the occurrence 

of different photochemical events within the multi-modular donor-acceptor conjugate was 

established from spectral and electrochemical data.  Unlike the previous zinc porphyrin-zinc 

phthalocyanine-fullerene conjugates, the newly assembled donor-acceptor conjugate has been 

shown to undergo the much anticipated initial charge separation from singlet excited zinc 

porphyrin to the coordinated fullerene followed by a hole shift process to zinc phthalocyanine 

resulting into a long-lived charge separated state as revealed by femto- and nanosecond transient 

absorption spectroscopic techniques.  The lifetime of the final charge separated state was about 

100 ns. 
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Introduction 

 Multi-step energy transfer followed by sequential electron transfer leading to the formation 

of charge separated states of appreciable lifetimes in model photosynthetic systems is one of the 

highly sought out functional nanoscale materials1-10 for building low-cost, light-to-electricity and 

light-to-fuel converting devices.11-14  This goal has often been accomplished by a multi-modular 

approach wherein carefully selected antenna entity(ies) are linked to the electron donor entity of 

a donor-acceptor pair.  The antenna entities with their complimentary absorption and emission to 

the primary electron donor and acceptor entities help in capturing light from the useful portion of 

the electromagnetic spectrum, that is, maximum utilization of solar energy.  Both covalent and 

self-assembly approaches have been used in building such multi-modular systems.  Interestingly, 

a combination of these two approaches is found to be highly useful as this approach provides 

better control for a systematic understanding of the different photochemical events originating in 

quite multifaceted, µDQWHQQD-UHDFWLRQ�FHQWHU¶�PRGHO�FRPSRXQds.6 

 Among the different model compounds revealing sequential energy and electron transfer, 

multi-modular systems comprised of BODIPY-porphyrin-fullerene (BODIPY = BF2-chelated 

dipyrromethene)15-16 and porphyrin-phthalocyanine-fullerene17-19 have been some of the 

successful ones.  This is primarily due to the complimentary absorption and emission of the 

different entities covering different portions of the spectrum, synthetic versatility, well-

established redox and photochemical properties, and ability of fullerene to produce long-lived 

charge separated states in donor-acceptor systems.20-21  Wealth of information, otherwise 

difficult to gather, have been secured from these studies involving model compounds developed 

using these molecular building blocks and photosynthetic principles.  However, to-date, a long-

lived charge separated state in porphyrin-phthalocyanine-fullerene conjugates was not possible to 

establish due to competing energy and electron transfer processes.17-19 

 In the present study, this has been accomplished by building a novel multi-modular 

µDQWHQQD-UHDFWLRQ�FHQWHU¶�PRGHO� FRPSRXQG comprised of covalently linked zinc porphyrin-zinc 

phthalocyanine dyad.  Occurrence of singlet-singlet energy transfer in porphyrin-phthalocyanine 

is well-known17-19 and a similar effect is anticipated here also.  However, in the current model 

compound, the porphyrin meso-positions have been substituted with three triphenylamine units.  

These triphenylamine entities fulfill the role of additional antenna that would capture light from 

the 300 nm range and funnel it to the porphyrin center.  In addition, the meso-triphenylamine 
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substituted porphyrin is known to stabilize charge separated states in donor-acceptor dyads.22  

Finally, phenylimidazole functionalized fullerene23 has been utilized as an electron acceptor via 

metal-ligand axial coordination of (TPA)3ZnP-ZnPc to form (TPA)3ZnP:ImC60-ZnPc:ImC60 

conjugate (see Scheme 1 for structures).  Systematic studies have been performed using various 

physico-chemical and phoWRFKHPLFDO�WHFKQLTXHV�WR�HVWDEOLVK�µDQWHQQD-reaction center¶�HYHQWV�and 

charge stabilization in these wide-band capturing multi-modular systems. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1.  Structures of the tris(triphenylamine) zinc porphyrin-zinc phthalocyanine, 
(TPA)3ZnP±ZnPc and its fullerene complex, (TPA)3ZnP:ImC60-ZnPc:ImC60 developed as broad-
band capturing, charge stabilizing, photosynthetic µDQWHQQD-UHDFWLRQ�FHQWHU¶�PLPLF in the present 
study. 7KH�V\PERO�µ�¶�UHSUHVHQWV�FRRUGLQDWH�]LQF-nitrogen bond. 
 

Results and discussion 
 

Synthesis of tri(triphenylamine) zinc porphyrin ± zinc phthalocyanine, (TPA)3ZnP±ZnPc  

 The synthesis of this molecule carried out according to Scheme 2 and the details are given 

in the experimental section. Briefly, 4-(4-formylphenoxy)phthalonitrile was obtained by the 
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reaction of 4-nitrophthalonitrile and 4-hydroxybenzaldehyde in DMF.  Next, [5-(4-(4-

phenoxy)phthalonitrile)-10,15,20- tris(4-triphenylamino) porphyrin] was synthesized by 4-(4-

formylphenoxy)phthalonitrile (1 eq.), 4-(diphenylamino)benzaldehyde (3 eq.) and pyrrole (4 eq.) 

in propionic acid followed by chromatographic separation on silica gel column.  Next, 

(TPA)3ZnP-ZnPc was synthesized by reaction t-butyl phthalonitrile, porphyrin derivative from 

the previous step, and ZnCl2 in dimethylaminoethanol followed by chromatographic purification.  

Purity of the newly synthesized compounds was ascertained by thin-layer chromatography and 

the structural integrity was established from 1H and 13C NMR, MALDI-TOF-Mass, spectral and 

electrochemical studies.  The compounds were stored in dark prior doing spectral and transient 

spectral measurements. 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2.  Synthetic methodology adopted for (TPA)3ZnP-ZnPc.   
 

Absorption and fluorescence studies 

 Fig. 1a shows the absorption spectrum of (TPA)3ZnP-ZnPc along with the control 

compounds in o-dichlorobenzene (DCB). Absorption bands of (TPA)3ZnP-ZnPc were located at 

315, 348, 435, 556, 613 and 680 nm.  The zinc porphyrin Soret band of (TPA)3ZnP-ZnPc located 

at 435 nm was red-shifted by 15 nm compared to tetraphenylporphyrinatozinc(II) (ZnTPP) and 

was broadened significantly due to the presence of triphenylamine (TPA) entities at the ring 

periphery.22  Similarly, the TPA peak at 305 nm was blue-shifted by 55 nm compared to control, 
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4-(diphenylamino)benzaldehyde, TPA-CHO (360 nm).  The zinc phthalocyanine intense visible 

band in (TPA)3ZnP-ZnPc was located at 682 nm which is not significantly different from that of 

pristine ZnPc (=t-butyl zinc phthalocyanine).  These results revealed weak intramolecular 

interactions, if any, between the entities of the (TPA)3ZnP-ZnPc and a broad spectral coverage 

from 300 to 750 nm.   

 Fig. 1b and c show the fluorescence spectrum of (TPA)3ZnP-ZnPc along with the control 

compounds in DCB at the excitation wavelength corresponding to TPA-CHO and ZnP, 

respectively.  Emission of control compounds, TPA-CHO at 485 nm, ZnTPP at 600 and 648 nm, 

(TPA)4ZnP at 620 and 660(sh) nm, and ZnPc at 695 nm, when excited at their respective 

absorption peak maxima were observed.  As shown in Fig. 1b, the TPA fluorescence was 

quenched over 97% in (TPA)3ZnP-ZnPc.  Scanning the wavelength beyond 550 nm revealed a 

peak at 620 nm corresponding to ZnP in the case of (TPA)4ZnP, and at 695 nm corresponding to 

ZnPc (see Fig. S12 in ESI for ZnPc emission spectrum) in the case of (TPA)3ZnP-ZnPc 

suggesting occurrence of energy transfer from 1TPA* to ZnP in the case of (TPA)4ZnP, and a 

two-step process, viz., 1TPA* to ZnP to yield 1ZnPc* followed by a second energy transfer 

process between 1ZnP* and ZnPc to yield 1ZnP*.  Occurrence of energy transfer from 1ZnP* to 

ZnPc yielding 1ZnPc* is demonstrated in Fig. 1c when (TPA)3ZnP-ZnPc was excited at the ZnP 

peak maxima at 438 nm (similar effect was also observed by Soret band excitation).  Under these 

conditions, (TPA)3ZnP emission expected at 620 nm was fully quenched with the appearance of 

peaks corresponding to ZnPc.  Further, excitation spectrum of (TPA)3ZnP-ZnPc was recorded by 

holding the emission monochromator to 695 nm (corresponding to ZnPc emission) and scanning 

the excitation wavelength, as shown in Fig. 1d.  The spectrum revealed peaks of not only ZnPc 

but also those of ZnP and TPA entities, confirming a two-step energy transfer process.24  An 

estimation of energy transfer efficiency by taking the intensity ratio of ZnP/ZnPc bands (570 

nm/630 nm) in the absorption and excitation spectra, revealed it to be about 94%, implying very 

efficient energy transfer. 

 Fig. S1 in electronic supplementary information (ESI) provides an energy level diagram 

revealing double excitation transfer in (TPA)3ZnP-ZnPc.  Selective excitation of (TPA)3ZnP at 

the TPA absorption maxima (hQ in Fig. S1) populates the 1ZnP* via ENT-1 process. The close 

proximity governed intramolecular interactions between TPA entities and ZnP macrocycle 

facilitates such excitation process.  The 1ZnP* formed either via energy transfer from excited 
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TPA (ENT-1) or by direct excitation (hQ¶��� XQGHUJRHV� VLQJOHW-singlet energy transfer to ZnPc 

(ENT-2) in competition with an intersystem crossing process to populate 3ZnP* (ISC).  

Femtosecond transient spectral measurements were performed to probe kinetics of the ENT-2 

process and these results will be discussed in the latter section.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.  (a) Normalized to the Soret band absorption spectrum of (i) (TPA)3ZnP-ZnPc, (ii) TPA-

CHO, (iii) ZnTPP, and (iv) ZnPc in DCB.  (b) Fluorescence spectrum (Oex = 315 nm) of (i) 
(TPA)3ZnP-ZnPc, (ii) a mixture of TPA-CHO (3 eq.)+ZnTPP (1 eq.)+ZnPc (1 eq.), and (iii) 

(TPA)4ZnP in DCB. (c) Fluorescence spectrum (Oex = 432 nm) of (i) (TPA)3ZnP-ZnPc, (ii) a 
mixture of TPA-CHO (3 eq.)+ZnTPP (1 eq.)+ZnPc (1 eq.), and (iii) (TPA)4ZnP in DCB. (d) 
Excitation spectrum of (TPA)3ZnP-ZnPc in DCB recorded by holding the emission 
monochromator to 696 nm corresponding to ZnPc emission. 
 

Formation and characterization of (TPA)3ZnP:ImC60-ZnPc:C60Im conjugate 

 The presence of coordinatively unsaturated zinc metal ions in (TPA)3ZnP-ZnPc provided us 

an oppurtunity to build donor-acceptor conjugate by metal-ligand axial coordination 
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approach.22  For this, we have utilized electron acceptor fullerene bearing a phenylimidazole 

ligating group, C60Im.  The presence of two Zn centers in (TPA)3ZnP-ZnPc allows the 

coordination of two equivalents of C60Im to yield (TPA)3ZnP:ImC60-ZnPc:ImC60 conjugate.  

Fig. 2 shows the spectral changes observed during increased addition of C60Im to a solution of 

(TPA)3ZnP-ZnPc in DCB.  The porphyrin Soret band revealed characteristic spectral changes  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.  (a) Absorption spectral changes observed for C60Im (3.8 mM, 2.0 PL each addition) 

binding to (TPA)3ZnP-ZnPc (3.5 PM) in DCB. Fig. b and c show Benesi-Hildebrand plots, at 
the monitoring wavelengths of 432 nm band for ZnP and 682 nm for ZnPc, to calculate the 
binding constants.  

associated with zinc porphyrin binding to a nitrogenous ligand.23a,b  That is, an initial decrease 

of the Soret band intensity followed by an increase with noticeable red-shift (~7 nm) upon 

further addition of C60Im.  The 682 nm band corresponding to ZnPc also revealed a decrease in 

intensity upon C60Im binding.23c  These spectral changes are consistent with C60Im binding to 
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the zinc centers of both macrocycles.23  The absorbance data was analyzed to evaluate the 

binding constants (Soret band for (TPA)3ZnP:ImC60 formation and 682 nm band for 

ZnPc:C60Im formation) by constructing Benesi-Hildebrand plots25 as shown in Fig. 2b and 2c.  

Such plots yielded values of 4.9 x 104 M-1 for (TPA)3ZnP:ImC60 formation, and 5.1 x 104 M-1 

for ZnPc:C60Im formation within the conjugate; not significantly different from one another.  

)XUWKHU��-RE¶V�SORWV�ZHUH�FRQVWUXFWHG�WR�HYDOXDWH�WKH�VWRLFKLRPHWU\ of the coordinated complex 

(see Fig. S2 in ESI).  Analysis of porphyrin Soret and phthalocyanine visible bands with 

respect to added C60Im revealed 1:1 stoichiometry for the two metal centers, suggesting that 

(TPA)3ZnP and ZnPc act as s independent binding sites without any cooperative effects. 

 The fluorescence spectrum of (TPA)3ZnP-ZnPc in the presence of C60Im at both ZnP 

excitation (555 nm) and ZnPc excitation (682 nm) wavelengths were recorded, as shown in Fig. 

3.  Quenching of fluorescence emission was observed at both the excitation wavelengths 

suggesting excited state events in (TPA)3ZnP:ImC60-ZnPc:C60Im either by ZnP or ZnPc 

excitation.   

 

 

 
 
 
 
 
 
 
 
 
 
 
Fig. 3.  Fluorescence spectrum of (TPA)3ZnP-ZnPc upon increasing addition of C60Im (a) at the 
excitation wavelength of 555 nm corresponding to ZnP and (b) at the excitation wavelength of 
682 nm corresponding to ZnPc in DCB. 
 

Electrochemistry and energy level diagram 

Electrochemical studies using differential pulse voltammetry (DPV) were performed to 

evaluate the redox potentials of (TPA)3ZnP:ImC60-ZnPc:ImC60 conjugate, and also to evaluate 
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the energetics of the different photochemical processes.  Both zinc porphyrin and zinc 

phthalocyanine are known to undergo two one-electron reductions leading to the formation of S-

radical anion and dianion species, and two one-electron oxidations leading to the formation of S-

radical cation and dication species, respectively.26  Having additional electroactive groups on the 

macrocyclic periphery, such as the TPA entities in case of (TPA)3ZnP-ZnPc would result in 

additional redox peaks.27  Fig. 4 shows a DPVs of the (TPA)3ZnP-ZnPc in the presence and 

absence of C60Im in DCB, 0.1 M (n-Bu4N)ClO4. For (TPA)3ZnP-ZnPc, three oxidation processes 

located at -0.06, 0.11, and 0.80 V vs. Fc/Fc+ were observed during anodic excursion while three 

reductions at -1.66, -1.84 and -1.99 V vs. Fc/Fc+ were observed during cathodic excursion of the 

potential within the potential window of the solvent.  By comparing the voltammograms of 

pristine (TPA)4ZnP and ZnPc (see Fig. S3 in ESI for voltammograms), the first two oxidation 

process were ascribed to the formation of ZnPc�� and ZnPc2+ species, respectively, while the 

third oxidation was attributed to the formation of ZnP��.  Additional multi-electron oxidation at 

higher anodic potential was also observed due to the presence of TPA entities27 (data not shown).  

The first two reductions were attributed to the formation of ZnP�- and ZnPc�-, respectively.  

Increasing addition of C60Im to form (TPA)3ZnP:ImC60-ZnPc:C60Im conjugate revealed 

significant changes.  That is, the currents of the first oxidation process of ZnPc and ZnP revealed  

 

 

 

 

 

 

 

 

 

 

Fig. 4.  Differential pulse voltammograms of (TPA)3ZnP-ZnPc in the absence (black line) and 
presence (blue line) of stoichiometric amounts of C60Im in DCB containing 0.1 M (n-
Bu4N)ClO4.  Scan rate = 5 mV/s, pulse width = 0.25 s, pulse height = 0.025 V. 
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diminished currents with an anodic shifts in the range of 20-75 mV suggesting participation of 

both ZnP and ZnPc entities in the conjugate formation, as shown in Scheme 1.  On the cathodic 

side, additional peaks corresponding to C60Im reduction, at the expected potentials,23 were also 

observed.   

Free-energy calculations for charge-recombination ('GCR) and charge-separation ('GCS) 

processes were performed according to the following equations based on Rehm-Weller 

approach,28 

 

  -'GCR = (Eox ± Ered) + 'GS    (1) 

   -'GCS = 'E������-'GCR�� � � � ����

�

where 'GCR and 'GCS refer to free-energy change for charge recombination and charge 

separation, respectively, and 'E�� correspond to the singlet state energy of each zinc 

tetrapyrroles (2.04 eV for 1(TPA)3ZnP*, and 1.84 eV for 1ZnPc*). The Eox and Ered represent 

the oxidation potential of the electron donor (zinc tetrapyrrole) and the reduction potential of the 

electron acceptor (C60Im), respectively. 'GS refers to the static energy, calculated by using the 

µ'LHOHFWULF�FRQWLQXXP�PRGHO¶�DFFRUGLQJ�WR�WKH�IROORZLQJ�HTXDWLRQ� 

 

  -'GS = -(e2����H0))[(1/(2R+)+1/(2R-)-(1/RCC)/HS  

      - (1/(2R+) +  1/(2R-))/HR)    (3) 

 

where R+ and R- are the radii of the radical cation and radical anion, respectively, and RCC is the 

center-center distances between donor tetrapyrrole and C60. The symbols HR and HS refer to 

solvent dielectric constants for electrochemistry and photophysical measurements, respectively. 

The free energy change ('GCS) was found to be -0.60 eV for 1ZnPc* originated, and -0.68 eV 

from 1ZnP* originated electron transfer reactions in the conjugate.  

 Fig. 5 shows an energy level diagram depicting different photochemical events in the 

(TPA)3ZnP:ImC60-ZnPc:ImC60 conjugate.  From steady-state fluorescence studies, sequential 

energy transfer from 1TPA* to ZnP, and from 1ZnP* to ZnPc within (TPA)3ZnP-ZnPc was 

evident.  In the case of (TPA)3ZnP:ImC60-ZnPc:ImC60 conjugate, direct excitation of one of the 
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TPA entities would generate (TPA)2
1TPA*ZnP:ImC60-ZnPc:ImC60 that would undergo energy 

transfer (ENT-1) to produce (TPA)3
1ZnP*:ImC60-ZnPc:ImC60 excited state species.  This species 

can also be obtained by direct excitation of ZnP in the conjugate (at 400 nm excitation of the 

femtosecond laser sytem this would be the main event).  The deactivation of 1ZnP* would have 

at least three paths, viz., intersystem crossing (ISC) to populate 3ZnP* (orange path in Fig. 5) 

charge separation (CS-1) to produce [(TPA)3ZnP]��:ImC60
�--ZnPc:ImC60 radical ion pair (blue 

path), and energy transfer (ENT-2) to produce (TPA)3ZnP:ImC60-1ZnPc*:ImC60 (red path).  The  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.  Energy level diagram showing the different photochemical events of (TPA)3ZnP:ImC60-
ZnPc:ImC60 conjugate in dichlorobenzene.  Energies of different states were evaluated from 
spectral and electrochemical studies.  Solid arrow indicates major photo processes, dashed arrow 
indicates minor photo processes.  A similar energy level diagram could be envisioned in toluene 
with the energy of the radical ion pairs about 150-200 mV above that in dichlorobenzene.  
Abbreviations: ISC = intersystem crossing, ENT = energy transfer, CS = charge separation and 
HS = hole shift. 
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newly formed 1ZnPc* in the conjugate would undergo further electron transfer (CS-2) to produce 

(TPA)3ZnP:ImC60-ZnPc��:ImC60
�- radical ion pair.  Subsequently, the (TPA)3ZnP��:ImC60

�--

ZnPc:ImC60 radical ion pair would undergo a hole shift (HS) involving oxidatively facile ZnPc 

within the conjugate to produce (TPA)3ZnP:ImC60
�--ZnPc��:ImC60 radical ion pair.  If hole shift 

process does occur, then the decay of (TPA)3ZnP�� would be faster than that would be observed 

in a radical ion-pair resulted in a structurally similar control complex, such as (TPA)4ZnP:ImC60.  

Importantly, the lowest energy radical ion-pairs, (TPA)3ZnP:ImC60-ZnPc��:ImC60
�- and 

(TPA)3ZnP:ImC60
�--ZnPc��:ImC60 are different in their traits in which the C60Im�- are located on 

different metallomacrocycle units.  That is, on ZnPc in the former case and ZnP in the latter case.  

Since the radical anion and cation are spatially far in the case of (TPA)3ZnP:ImC60
�--

ZnPc��:ImC60 (separated by ZnP), a relatively long-lived charge separated state could be 

anticipated in this case.  In order to verify the occurrence of these events, transient absorption 

studies involving both femtosecond and nanosecond techniques have been performed, as 

summarized in the next section. 

Femtosecond transient absorption studies 

 First, energy transfer in the (TPA)3ZnP-ZnPc was investigated in a photochemically more 

stable solvent toluene.  At the excitation wavelength of 400 nm, operating wavelength of 

femtosecond transient spectrometer, mainly the porphyrin unit is excited.  Fig. 6a shows the 

spectral changes recorded during early time scale of (TPA)3ZnP-ZnPc in toluene.  Immediately 

after excitation, depleted peaks at 440, 550, 610 and 678 nm and positive peaks at 471, 576, 734, 

770 nm were observed.  The negative bands at 440, 550 and 610 nm corresponded to the ground 

state depletion of zinc porphyrin and 678 nm corresponded to the ground state depletion of zinc 

phthalocyanine with any contributions from stimulated emission.  With time, the peak intensities 

of the 440 and 550 nm bands decreased with an increase of ZnPc stimulated band at 680 nm 

suggesting occurrence of energy transfer from the S1 and S2 states of ZnP.  Fig. 6b shows the 

time profiles of the 440 and 680 nm peaks which suggests the energy transfer process to be 

completed by about 6 ps providing an energy transfer rate of kENT ~ 1.6 x 1011 s-1.  This rate of 

energy transfer is nearly an order of magnitude lower than that reported by us and others on 

porphyrin-phthalocyanine dyads in which the porphyrin ring lacked TPA entities.17-19 
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Fig. 6.  Femtosecond transient spectra (100 fs pulse width at 400 nm) of (TPA)3ZnP-ZnPc in 
Ar-saturated toluene at the indicated delay times revealing excited energy transfer.  Fig. b 
shows time profile of the 440 nm 680 nm peaks.  

 

 To unravel the complex photochemical events occurring in (TPA)3ZnP:ImC60-ZnPc:ImC60 

conjugate, shown in Fig. 5, few additional experiments were warranted.  Towards this, first, 

photoinduced electron transfer in the (TPA)4ZnP:ImC60 donor-acceptor system was needed to be 

established.  Fig. 7a shows the femtosecond transient spectrum of (TPA)4ZnP at the indicated 

delay times.  Immediately after excitation, depleted signals at 440, 550, and 600 nm, and positive 

peaks at 475 and 1420 nm were observed.  The negative signals represent ground state depletion 

of (TPA)4ZnP.  The 1420 nm band has been assigned to singlet-singlet transition, similar to other 

zinc porphyrin derivatives reported in the literature.29  The decay time constant for this signal 

was 1.74 ns (see Fig. 7c inset for time profile), close to the lifetime of (TPA)4ZnP determined 

from time-correlated single photon counting technique.  The decay of singlet excited peaks was 

accompanied by new peaks at 480, 800 and 950(sh) nm bands corresponding to the triplet 

excited states of (TPA)4ZnP (see time profile of 480 nm peak in Figure inset).   

 Further, (TPA)4ZnP was chemically oxidized in DCB using nitronium hexafluoroantimonate, 

as shown in Fig. S4.  The chemically generated [(TPA)4ZnP]�� revealed peaks at 770 and 1280 

nm.22  Appearance of these peaks in (TPA)4ZnP:ImC60 conjugate upon photoexcitation would 
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imply charge separation in the conjugate with [(TPA)4ZnP]�� being one of the species of electron 

transfer process.   

 Fig. 7b shows the transient spectra of the (TPA)4ZnP:ImC60 conjugate formed in toluene.  

The decay of instanteneously formed 1[(TPA)4ZnP]* was accompanied by transient peaks 

different from that of 3[(TPA)4ZnP]*.  A new peak at 1020 nm corresponding to C60Im�- was 

clearly seen.  However, the near-IR radical cation peak was overlapped with that of the singlet 

peak in this wavelength region.  The spectrum of (TPA)4ZnP and (TPA)4ZnP:ImC60 recorded at 

500 ps is shown in Fig. S5a which clearly shows features of [(TPA)4ZnP]�� at the expected 

wavelength regions.  After reaching a maximum, the radical ion peaks started decaying 

indicating a charge recombination process.  Fig. 7d inset shows the time profile of the C60Im�- 

peak at 1020 nm.  It is clear from the decay profile that the radical ion pair persists beyond 3 ns,  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7.  Femtosecond transient spectra (100 fs pulse width at 400 nm) of (a) (TPA)4ZnP and 
(b) (TPA)4ZnP:ImC60 toluene at the indicated delay times.  Fig. 7c shows the time profiles of 
480 nm (blue) and 1420 nm (wine) peaks corresponding to the triplet and singlet peaks of 
(TPA)4ZnP, respectively.  Fig. 7d shows the time profile of the 1020 nm peak corresponding to 
C60Im�-.  
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monitoring time window of our instrument.  Under these conditions, the determined rate of 

charge recombination is only a lower limit.  The determined rate of charge separation, kCS and 

charge recombination, kCR, were found to be 3.4 x 1010 s-1 and 5.3 x 108 s-1, respectively.  These 

results revealed charge stabilization to some extent in the (TPA)4ZnP:ImC60 conjugate.   

 Fig. 8a shows transient visible-near IR spectra of (TPA)3ZnP-ZnPc in toluene at indicated 

delay times covering the entire 3 ns monitoring time window.  The spectral features were a 

combination of earlier discussed (TPA)4ZnP (Fig. 7a) and (TPA)3ZnP-ZnPc (Fig. 6a).  The 

instanteneously formed 1[(TPA)3ZnP]*-ZnPc revealed peaks corresponding to the ground state 

depletion (440 and 550 nm 610 nm) and singlet-singlet transition (1430 nm) corresponding to 

ZnP along with a band at 680 nm of ZnPc having contributions from ground state depletion and 

stimulated emission.  At earlier time scales, the signal strength of 680 nm increased at the 

expense of ZnP peak intensities implying energy transfer.  At later times, in the near-IR region, 

new weak peaks at 1360 and 1420 nm were also observed. The 1360 nm band appeared as a 

shoulder band to the main 1420 nm band.  In order to interpret these peaks, femtosecond 

transient spectra of pristine ZnPc covering both visible and near-IR region was recorded.  As 

shown in Fig. S6, pristine ZnPc also revealed these peaks implying that the near-IR bands in the 

spectra of (TPA)3ZnP-ZnPc are due to (TPA)3ZnP-1ZnPc*.   

 Next, (TPA)3ZnP:C60Im-ZnPc:ImC60 conjugates were formed to probe photoinduced electron 

transfer events.  In the first set of experiment, (TPA)3ZnP-ZnPc was complexed with only one 

equivalent of C60Im to check the accessability of both zinc centers to axial binding, as predicted 

from the nearly same binding constants and the competitive energy and electron transfer 

processes originating from 1[(TPA)ZnP]*.  Fig. 8b shows transient spectra of (TPA)3ZnP-ZnPc 

under these conditions.  Peaks corresponding to C60Im�- at 1020 nm, at 845 nm of ZnPc��, and in 

the 1360 nm range corresponding to [(TPA)3ZnP]�� were observed.   These results suggest the 

formation of [(TPA)3ZnP]��:C60Im�--ZnPc:ImC60 and (TPA)3ZnP:C60Im-ZnPc��:ImC60
�- radical 

ion pairs, although the complex formation process is incomplete due to insufficient amount of 

added C60Im.  The decay profiles of the [(TPA)3ZnP]�� at 1360 nm, ZnPc�� at 845 nm and C60Im�- 

at 1020 nm are shown in Fig. 8b inset.  It is interesting to note that the [(TPA)3ZnP]�� decays 

faster than that of C60Im�- and ZnPc�� radical ions of the conjugate.   

 Next, the transient spectra of of (TPA)3ZnP-ZnPc in the presence of 2.2 equivalents of C60Im 
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to form (TPA)3ZnP:ImC60-ZnPc:ImC60 conjugate was recorded as shown in Fig. 8c.  Better 

developed radical ion-peaks of [(TPA)3ZnP]��, C60Im�- and ZnPc�� were observed, suggesting 

involvement of both (TPA)3ZnP:ImC60 and ZnPc:ImC60 donor-acceptor pairs of the 

(TPA)3ZnP:ImC60-ZnPc:ImC60 conjugate in the charge separation process.  Fig. S5b in ESI 

compares transient spectrum of (TPA)3ZnP:ImC60-ZnPc:ImC60 conjugate with that of pristine 

(TPA)4ZnP at a delay time of 10 ps.  Spectral signature peaks at 1360 nm corresponding to 

[(TPA)3ZnP]�� (overlaped with that of 1[(TPA)3ZnP]* at 1420 nm) and C60Im�- at 1020 nm were 

observed.  Importantly, at this time scale spectral features of [(TPA)3ZnP]�� were better 

developed than that of ZnPc�� at 840 nm.  These results are suggestive of the formation of 

(TPA)3ZnP��:ImC60
�--ZnPc:C60Im radical ion pair as the major initial product.  The time profiles 

(covering the entire 3 ns window) of the radical ions is shown in Fig. 8c inset while at shorter 

time scale (250 ps) is shown in Fig. 8d.  From the time profiles in Fig. 8c inset, it is clear that the 

[(TPA)3ZnP]�� (wine colored plot) decays faster than that of C60Im�- (magenta) and ZnPc�� (blue) 

radical ions of the conjugate. Moreover, the decay of [(TPA)3ZnP]�� is faster than the decay of 

earlier discussed [(TPA)4ZnP]��:C60Im�- (see Fig. 7b) while the decay of ZnPc�� is much slower 

than that reported earlier ZnPc��:ImC60
�-.23c  These observations are suggestive of a hole shift 

from the cation radical of (TPA)3ZnP��:ImC60
�--ZnPc:ImC60 to ZnPc within the conjugate to 

yield (TPA)3ZnP:ImC60
�--ZnPc��:ImC60 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 separation-hole shift process, the time profiles of 

the different radical ions were analyzed at early time scales as shown in Fig. 8d.  By monitoring 

the growth of 1360 nm peak corresponding to [(TPA)3ZnP]�� (wine colored) a time constant of 

37.2 ps was obtained that yielded a value for kCS of 2.7 x 1010 s-1 for [(TPA)3ZnP]��:ImC60
�--

ZnPc:ImC60 formation.  This value compared with the earlier discussed kCS of 3.4 x 1010 s-1 for 

[(TPA)4ZnP]��:C60Im�- formation.  The kCS obtained by monitoring the growth of ImC60
�- in the 

(TPA)3ZnP:ImC60-ZnPc:ImC60 conjugate was found to be 2.9 x 1010 s-1 (magenta), comparable to 

the rate of [(TPA)4ZnP]�� formation.  Interestingly, the growth of ZnPc�� monitored at 840 nm 

(blue line), stretched beyond 100 ps, and this growth was accompanied by initial decay of 

[(TPA)3ZnP]�� to some extent.  The kCS obtained for this process was found to be 9.2 x 109 s-1.  

The difference between the kCS values of [(TPA)4ZnP]�� and ZnPc�� was ~109 s-1 that could be 

considered as rate of hole shift, kHS, ignoring any contributions from (TPA)3ZnP:ImC60-
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ZnPc��:ImC60
�-, a product formed form direct excitation of ZnPc.  The time profile of 

[(TPA)4ZnP]��:C60Im�- formation at 1360 nm is also shown in Fig. 8d (red line) for comparison 

with the time profile of (TPA)3ZnP��:ImC60
�--ZnPc:ImC60 (wine).  Faster decay of the latter due 

to the hole shift process compared to the former is evident from such comparision.  Under the 

present conditions, the rise and decay of C60Im�- with multiple contributions makes it harder to  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8.  Femtosecond transient spectrum of (a) (TPA)3ZnP-ZnPc (inset: time profile of the 473 
nm (blue) and 680 nm (red) peaks), (b) (TPA)3ZnP-ZnPc in the presence of 1 eq. of C60Im 
(inset: time profiles of 842 nm (blue) 1020 nm (magenta), and 1360 nm (wine) peaks), and 
(c) (TPA)3ZnP-ZnPc in the presence of 2.2 eq. of C60Im to form (TPA)3ZnP:ImC60-ZnPc:ImC60 
conjugate (inset: time profiles of 842 nm (blue) 1020 nm (magenta), and 1360 nm (wine) 
peaks).  Fig. 8d shows the time profile shown in Fig. 8c inset at shorter delay times 
representing rise and partial decay of the radical signals.  The red line shows the time profile 
at shorter delay times of (TPA)4ZnP��:ImC60

�- monitored at 1360 nm (the original data is shown 
in Fig. 7b).  The spectra were recorded in toluene at the indicated time delays at the excitation 
wavelength of 400 nm.   

Page 18 of 29Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



19 

 

analyze, however, persistence of both ZnPc�� and C60Im�- beyond the 3 ns window is clear from 

the time profiles.  The reported kCR value for the radical ion pair, ZnPc��:ImC60
�- in the 

ZnPc:ImC60 conjugate from our recent study was 2.1 x 108 s-1 resulting in a lifetime of radical 

ion-pair of 4.8 ns.23c  Persistence of the ZnPc�� and ImC60
�- radical ion signals in the 

(TPA)3ZnP:ImC60-ZnPc:ImC60 conjugate beyond 4.8 ns would ultimately mean the occurrence 

of charge separation/hole shift processes (CS-1/HS in Fig. 5) generating long-lived charge 

separated state.   

Nanosecond transient absorption studies 

 In order to characterize the long-living (TPA)3ZnP:ImC60
�--ZnPc��:ImC60 radical ion-pair, 

nanosecond transient studies were performed.  Fig. S7a shows nanosecond transient spectrum of 

(TPA)4ZnP at the indicated delay times in toluene. Peaks corresponding to 3[(TPA)4ZnP]* were 

present at 474, 810 and 970 nm.  In fact the latter two peaks were broad enough to cover the 

spectral range of 650-1200 nm.  From the decay of the 810 nm peak, a lifetime of 11.7 Ps for 

3(TPA)4ZnP* was calcualted (see Fig. S7b for kinetic trace).  As shown in Fig. S8, the conjugate 

(TPA)4ZnP:ImC60 formed by complexing C60Im revealed no detectable transient peaks 

supporting the formation of [(TPA)4ZnP]��:ImC60
�-, implicit lack of electron transfer from the 

3[(TPA)4ZnP]*.   

 The nanosecond spectrum of (TPA)3ZnP:ImC60-ZnPc:ImC60 conjugate, recorded at 32 and 

68 ns delay times as shown in Fig. 9, revealed peaks at 840 and 1020 nm providing evidence for 

the existence of ZnPc�� and C60Im�- species at these delay times.  Since the 

[(TPA)3ZnP]��:ImC60
�--ZnPc:ImC60 and (TPA)3ZnP:ImC60-ZnPc��:C60Im�- radical ion pair are 

short lived (0.65 ns from decay profile of [(TPA)3ZnP]�� in Fig. 8c, and 4.8 ns for ZnPc��), this 

could only be attributed to the presence of (TPA)3ZnP:ImC60
�--ZnPc��:ImC60 radical ion pair, that 

is, the product of CS-1/HS in Fig. 5.  At higher time scale, peaks corresponding to 
3[(TPA)3ZnP]* started to develop (from unbound (TPA)3ZnP in solution), however, the radical 

ion-pair signatures were obvious event in the spectrum collected at 104 ns.  Notably, no ZnP�� 

signal at 770 nm or 1360 nm was observed, suggesting lack of long-living [(TPA)3ZnP]��:ImC60
�-

-ZnPc:ImC60 radical ion-pair at this time scale, as predicted from femtosecond transient studies.  

The ~100 ns lifetime of (TPA)3ZnP:ImC60
�--ZnPc��:ImC60 radical ion pair is over 20 times 

greater than that reported for ZnPc��:ImC60
�- radical ion-pair ZnPc:ImC60, being 4.8 ns. These 
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results support charge separation/hole migration via CS-1/HS route in Fig. 5 to produce long 

living (TPA)3ZnP:ImC60
�--ZnPc��:C60Im radical ion-pair, with the radical cation and radical 

anion separated by a ZnP entity in the supramolecular conjugate.   

 

 

 

 

 

 

 

 

 

Fig. 9.  Nanosecond transient spectra at the indicated delay times of (TPA)3ZnP:ImC60-
ZnPc:ImC60 conjugate in Ar-saturated toluene at the excitation wavelength of 430 nm. 

 It is worth pointing out here that in the previous studies involving zinc porphyrin-zinc 

phthalocyanine-fullerene derived supramolecular conjugates, it was not possible to establish such 

a CS/HS process leading to a long-lived radical ion-pair, wherein a relatively short-lived ZnPc��-

C60
�- radical ion-pair with no detectable spectral signature supporting ZnP��-C60

�- radical ion-pair 

formation was observed.17-19  Although both structural and electronic factors of the 

supramolecular assembly could contribute to this, the relatively slow energy transfer from 

excited zinc porphyrin to zinc phthalocyanine which would competitively promote electron 

transfer from singlet excited zinc porphyrin to the coordinated fullerene yielding ZnP��:C60Im�- 

radical ion-pair could be considered to be the main contributing factor.  As discussed earlier, the 

product of this charge separation-1 process, ZnP��:ImC60
�- would subsequently undergo a hole 

transfer process involving ZnPc to yield the long-lived (TPA)3ZnP:ImC60
�--ZnPc��:C60Im radical 

ion pair within the conjugate.  The present study delineates the importance of multi-modular 

supramolecular systems to derive new mechanistic and kinetic routes to accomplish the desired 

end product of artificial photosynthesis. 
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Summary 

 The newly synthesized and characterized photosynthetic antenna-reaction center model 

compound has been shown to undergo multi-step energy transfer processes, viz., 1TPA* to ZnP 

and 1ZnP* to ZnPc, funneling most of the near UV-visible radiation.  The donor-acceptor 

conjugate formed upon assembling fullerene revealed charge separated states originating from 

both 1ZnP* and 1ZnPc* within the (TPA)3ZnP:ImC60-ZnPc:ImC60 conjugate.  Interestingly, the 

charge separated state, [(TPA)3ZnP]��:ImC60
�--ZnPc:ImC60 originated from 1ZnP* yielded 

(TPA)3ZnP:ImC60
�--ZnPc��:ImC60 radical ion-pair via a hole transfer mechanism in which the 

radical cation and radical anion were separated by the ZnP entity.  Due to the distant location of 

the radical cation and radical anion (ZnP acting as a spacer), the charge recombination process 

was slowed down.  The lifetime of the final charge separated state was about 100 ns which was 

over 20 times greater compared to the lifetime of ZnPc��:ImC60
�- radical ion-pair.  The present 

multi-modular, donor-acceptor building strategy found to be an elegant approach to capture 

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

Experimental Section 

Chemicals.  Buckminsterfullerene, C60 (+99.95%) was from SES Research, (Houston, TX). All 

the reagents were from Aldrich Chemicals (Milwaukee, WI) while the bulk solvents utilized in 

the syntheses were from Fischer Chemicals.  Tetra-n-butylammonium perchlorate, (n-

Bu4N)ClO4, used in electrochemical studies was from Fluka Chemicals.  The synthesis of C60Im 

is given elsewhere.23 

Syntheses of (TPA)3ZnP-ZnPc.  Scheme 2 outlines the methodology developed for the 

syntheses of target compounds.  Details are given below. 

4-(4-Formylphenoxy)phthalonitrile. 4-Nitrophthalonitrile (1 g, 5.77 mmol) and 4-

hydroxybenzaldehyde (705 mg, 5.77 mmol) was stirred in DMF (30 ml) for 72 hours under 

nitrogen at room temperature. During this process, potassium carbonate (4 g, 29 mmol) was 

added to the mixture within the first 2 hours in four equal portions. After that the whole solution 

was poured into 100 ml ice water and filtered. After filtration, the residue was collected and 

washed first with cold methanol and then with cold hexanes, to get the desired compound as a 
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white powder. Yield- 1.2 gm (65%). 1H NMR (CDCl3������0+]���/��SSP� �������G���+��$U-H), 

7.42 (s, 1H, Ar-H), 7.74 (d, 2H, Ar-H), 7.90 (s, 1H, Ar-H), 8.20 (s,1H, Ar-H), 9.95 (s, 1H, -

CHO). 

Synthesis of [5-(4-(4-phenoxy)phthalonitrile)-10,15,20-tris(4-diphenylaminobenzene) 

porphyrin].  4-(4-Formylphenoxy) phthalonitrile (500 mg, 2 mmol), 4-

�GLSKHQ\ODPLQR�EHQ]DOGHK\GH�������J����PPRO��DQG�S\UUROH�������O����PPRO��ZHUH�NHSW� LQ�����

ml RB flask and refluxed with propionic acid (120 ml) for 4 hours. After cooling the mixture to 

room temperature, the solvent was removed under reduced pressure and the crude product was 

purified over silica column. The desired compound was eluted by 100% chloroform. Yield - 

10%. 1H NMR (CDCl3������0+=���/��SSP� �-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-H), 8.18 (m, 1H, Ar-H), 

8.25 (m, 1H, Ar-H), 8.32 (m, 1H, Ar-+�������� �P���+���-S\UUROH�+¶V�������� �P���+���-pyrrole 

+¶V��� 

Synthesis of (TPA)3ZnP-ZnPc. A mixture of [5-(4-(4-phenoxy) phthalonitrile)-10,15,20-tris(4-

diphenylaminobenzene) porphyrin] (120 mg, 0.095 mmol), 4-tert-butyl phthalonitrile (175 mg, 

0.95 mmol) and ZnCl2 (272 mg, 2 mmol) were kept in 100 ml RB flask under nitrogen for 20 

minutes. Then, 2-dimethylaminoethanol (5 ml) was added and whole mixture was refluxed for 

16 hours under nitrogen. After cooling the mixture to room temperature, the solvent was 

removed and the crude product was purified over silica column. The desired dyad was eluted by 

with CHCl3:MeOH (95:5, v/v). % Yield = 12%. 1H NMR (CDCl3������0+]���/��SSP� ������-

1.55 (m, 27H, tert-EXW\O�+¶V���������P����+��$U-H), 7.45 (m, 24H, Ar-H), 7.58-7.68 (m, 4H, Ar-

H), 8.18 (m, 6H, Ar-+���������P���+���-S\UUROH�+¶V���������P���+���-S\UUROH�+¶V������-9.4 (br, 

12H, Pc-.-+¶V���0$/',-TOF, calculated = 1939.99, found ± 1939.45. 

Spectral Measurements. The UV-visible spectral measurements were carried out with a 

Shimadzu Model 2550 double monochromator UV-visible spectrophotometer. The fluorescence 

emission was monitored by using a Varian Eclipse spectrometer. A right angle detection method 

was used. The 1H NMR studies were carried out on a Varian 400 MHz spectrometer. 

Tetramethylsilane (TMS) was used as an internal standard.  Differential pulse voltammograms 

were recorded on an EG&G PARSTAT electrochemical analyzer using a three electrode system. 

A platinum button electrode was used as the working electrode. A platinum wire served as the 
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counter electrode and an Ag/AgCl electrode was used as the reference electrode.  

Ferrocene/ferrocenium redox couple was used as an internal standard. All the solutions were 

purged prior to electrochemical and spectral measurements using argon gas.  

Femtosecond pump-probe transient spectroscopy. Femtosecond transient absorption 

spectroscopy experiments were performed using an Ultrafast Femtosecond Laser Source (Libra) 

by Coherent incorporating diode-pumped, mode locked Ti:Sapphire laser (Vitesse) and diode-

pumped intra cavity doubled Nd:YLF laser (Evolution) to generate a compressed laser output of 

1.45 W. For optical detection, a Helios transient absorption spectrometer coupled with 

femtosecond harmonics generator both provided by Ultrafast Systems LLC was used. The source 

for the pump and probe pulses were derived from the fundamental output of Libra (Compressed 

output 1.45 W, pulse width 100 fs) at a repetition rate of 1 kHz. 95% of the fundamental output 

of the laser was introduced into harmonic generator which produces second and third harmonics 

of 400 and 267 nm besides the fundamental 800 nm for excitation, while the rest of the output 

was used for generation of white light continuum. In the present study, the second harmonic 400 

nm excitation pump was used in all the experiments. Kinetic traces at appropriate wavelengths 

were assembled from the time-resolved spectral data. Data analysis was performed using Surface 

Xplorer software supplied by Ultrafast Systems.  All measurements were 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 third harmonics OPO (tuning range 

410-2200 nm, pulse repetition rate 20 Hz, pulse length 7 ns) with the powers of 1.0 to 3 mJ per 

pulse. The transient absorption measurements were performed using a Proteus UV-Vis-NIR flash 

photolysis spectrometer (Ultrafast Systems, Sarasota, FL) with a fibre optic delivered white 

probe light and either a fast rise Si photodiode detector covering the 200-1000 nm range or a 

InGaAs photodiode detector covering 900-1600 nm range. The output from the photodiodes and 

a photomultiplier tube was recorded with a digitizing Tektronix oscilloscope.  
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Multi-modular, tris(triphenylamine) zinc porphyrin ± zinc phthalocyanine ±fullerene 
conjugate as a broad-EDQG�FDSWXULQJ��FKDUJH�VWDELOL]LQJ��SKRWRV\QWKHWLF�µDQWHQQD-reaction 
FHQWHU¶�PLPLF 

C. B. KC,  G. N. Lim,  DQG�)��'¶6RX]D* 

 

 

 

 

 

 

 

 

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

demonstrated in a supramolecular multi-modular donor-acceptor assembly. 
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