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A novel zinc phthalocyanine - benzoperylenetriimide conjugate
has been synthesized and its ability to undergo ultrafast energy
and electron transfer as a function of solvent polarity has been
demonstrated using femtosecond transient absorption (fs-TA)
technique operating at femto- to nanosecond time scale.

Photoinduced energy and/or electron transfer processes are the
subject of an increasing number of studies as they are major
events in naturally-occurring and artificial photosynthesis and
also in solar cells.! The most common approach to synthetic
systems displaying such processes relies in the covalent
binding (molecular systems) or in the intermolecular bonding
(supramolecular systems) of electron-rich moieties with
electron-poor units. Among the former group, porphyrins and
the structurally-related phthalocyanines have been widely
used, based on the fact that the primary actor in the
photosynthesis is indeed a porphyrin  derivative.
Phthalocyanines (Pcs), in particular, are extraordinary
building blocks due to several features like their thermal and
chemical resistance, their huge absorption in the red part of
the visible spectrum, the possibility of modulation of their
properties as a function of the central metal and the
substituents in the peripheral and/or axial (metal permitting)
positions, and their ability to act as electron donors or
acceptors, among others.?2 Thus, several examples of Pc-
electron acceptor systems have been studied.?

Perylenediimides (PDIs), on the other hand, are one of the
most employed prototypes of electron-acceptor molecules due
to their chemical persistency, their strong absorption in the
visible region, their relatively high fluorescence quantum
yields and the modulability of their properties depending on
the substituents at the imide-bay-ortho positions.* They have
also been extensively used in the preparation of PDI-electron
donor structures.®

Needless to say that Pcs and PDIs have been combined in a
plethora of arrangements varying the number of subunits
(dyads, triads, pentads...), the class of linkage (covalent,
coordinative, hydrogen bonding) and its position (on the
periphery or the central metal of the Pc, at the imide, bay or
ortho positions of the PDI).% The existence of low-lying triplet
excited states of the Pc and, specially, of the PDI leads to
short-lived charge separated (CS) states, typically in the range
of the pico- or even nanoseconds. The addition of magnesium
ions dramatically elongates the lifetime of the CS state as a

result of their complexation with the radical-anion of the PDI,
thus stabilizing the CS state.” However, the generation of a
long-lived CS state in a Pc-PDI dyad is possible without the
ss intermediacy of any metal ion by an appropriate selection of
the substituents present in both subunits, which leads to a CS
state lower in energy than the triplet excited states and to
lifetimes in the hundreds of us domain.®
In this context, we decided to explore the ability of
s benzo[ghi]perylenetriimides (BPTIs) to substitute PDIs as
electron acceptors taking into account the presence of three
electron deficient imide groups. These compounds were first
described by Langhals,® but have scarcely been conjugated
with other electroactive moieties, such as corrole,
es tetrathiafulvalene, naphthalenediimide, PDI and itself.1? In
this contribution we describe the synthesis, characterization
and photophysical study of BPTI-ZnPc dyad 1. The ZnPc and
BPTI entities have complementary absorption and
fluorescence properties making it a higly useful dyad for light
70 energy harvesting applications. Photoinduced energy and
electron transfer as a function of solvent polarity has been

demonstrated  mimicking early events of natural
photosynthesis.
|
-
NXN
J_N~O ) N-Zn- N, >
VN
o N "0 znPc-BPTI, 1 &
g EN
Nl
‘ > g

{10
> TN NS ) (RN
N-N=N
&y 5%
ZnPc, 3 2/2

75 Chart 1 Chemical structures of dyad 1 and the control compounds 2
and 3.

BPTI, 2

ZnPc-BPTI dyad 1 and reference BPTI 2 were synthesized
by a condensation reaction between a benzoperylene
g0 diimidemonoanhydride and an amino-substituted
phthalocyanine or dodecylamine, respectively. For details on
the procedures and characterization, see ESI. Reference ZnPc
3 was prepared according to the literature.!  Newly
synthesized compounds were fully characterized using *H and
& 13C NMR and Maldi-mass techniques.
Fig. 1a shows the absorption spectrum of dyad 1 along with
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the control compounds.  Subtle spectral changes were
observed for the dyad compared to the spectrum of equimolar
mixture of 2 and 3. That is, 5-10 nm red-shift accompanied
by broadening of BPTI and ZnPc peaks were observed. These
s results indicate intramolecular interactions between the two
entities in the ground state. The fluorescence peaks of BPTI
were located at 484, 514, and 553 nm that was not quenched
(<5%) when the solution was mixed with equimolecular ZnPc
indicating absence of intermolecular interactions. However,
w0 in the dyad, the BPTI emission peak was quenched over 94%
(Fig. 1b). Similar results were also observed when ZnPc
entity in the dyad was excited (Fig. 1c). The ZnPc peak
located at 690 nm was quenched over 98% in the dyad. These
results indicate occurrence of intramolecular photochemical
5 events originating from both !BPTI* and !ZnPc* excited
states in the dyad. As shown in Fig. S9 in ESI, the
fluorescence lifetimes measured using time correlated single
photon counting (TCSPC) technique gave lifetimes for
IBPTI* or !ZnPc*, respectively, as 8.84 and 2.83 ns.
20 However, in the case of the dyad, these lifetimes were within
the lower detection limit of our TCSPC setup, meaning
efficiently quenched 'BTDI* and 1ZnPc* excited states.
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Fig. 1. (a) Absorption, (b) fluorescence spectrum exciting BPTI (hex
= 440 nm) and (c) exciting ZnPc (Ae = 615 nm) of the indicated
compounds in benzonitrile.
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45 Electrochemical and computational studies were
subsequently performed to identify the donor and acceptor
entities of the dyads (Fig. 2a). The first reversible oxidation
and first two reversible reductions of ZnPc were located at
0.57, -0.95 and -1.10 V while the first two reversible
reductions of BPTI were located at -0.53 and -0.85 V vs.
Ag/AgCl (Fig. 2a). In the dyad, the ZnPc oxidation was
located at 0.63 V while the reductions were located at -0.57, -
0.83 (corresponding to BPTI) and -1.06 (ZnPc). The slightly
anodic shift of ZnPc oxidation and cathodic shift of BPTI
reductions suggest intramolecular interactions, as evidenced
from absorption studies. Computational studies were
performed at the B3LYP/6-311G(d,p) level using Gaussian
162 to help visualize the geometry and location of the frontier
orbitals (Fig. 2b). In the optimized structure, the ZnPc and
BPTI planes were perpendicular to one another with the zinc
to the closest BPTI N distance of 11.46 A. The HOMO was
fully located on the ZnPc and LUMO was on the BPTI entity.
The electron rich (blue) and poor (red) locations within the
dyad could be visualized from the molecular electrostatic map
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e (MEP, Fig. 2b(iii)). From these studies, ZnPc as electron
donor and BPTI as electron acceptor are borne out. The BPTI-
from spectroelectrochemical studies is characterized by bands
at 531, 644, 720 and 864 nm®® while ZnPc* is known for a
near-IR peak at 840 nm.*
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Fig. 2. (a) Differential pulse voltammograms of the indicated
compounds in PhCN containing 0.1 M (TBA)CIO,. (b) The HOMO,
LUMO and MEP of the optimized dyad was visualized from
GaussView program.

85 An energy level diagram visualizing the different
photochemical events was established as shown in Fig. 3. For
this scheme, energy of the singlet excited states, 'ZnPc* and
!BPTI*, was calculated from the 0,0 transitions of absorption
and fluorescence peak maxima of ZnPc and BPTI, energy of

o charge separated states was calculated from the optical,
electrochemical and computational data using Rehm and
Weller approach,'® and the energy of triplet excited state was
taken from literature.*6
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Fig. 3. Energy level diagram depicting different photochemical
events in the ZnPc-BPTI dyad upon selective excitation of either
ZnPc or BPTI entities. CS=charge separation, CR=charge

110 recombination, T=triplet emission, 1ISC=intersystem crossing, k=rate
constant, ENT=energy transfer. Thick and thin arrows represent
major and minor processes, respectively.

A glance at the energy level diagram suggests the
possibility of singlet excitation transfer from 'BPTI* to ZnPc,
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electron transfer from both !BPTI* and !ZnPc* leading to
ZnPc*-BPTI- charge separated state, and location of the
energy of the charge-separated state below that of 3BPTI* and
8ZnPc*. Under such conditions, ZnPc*-BPTI- could relax to
the ground state directly. In order to verify the photochemical
reaction mechanism and to evaluate the kinetic parameters, fs-
TA studies in polar benzonitrile and nonpolar toluene were
carried out by selectively exciting the BPTI and ZnPc entities
of the dyad.
10 First, transient spectral features of the control ZnPc and
BPTI were recorded as shown in Figure S10 in ESI. For ZnPc
in toluene, the instantaneously formed !ZnPc* revealed
positive peaks at 594, 634, 819, and a broad signal at 1330 nm
due to excited state absorption (ESA). Negative signals at
611, 682, and 752 nm having contributions from ground state
bleach (GSB) and stimulated emission (SE) were also
observed. The decay and recovery of the positive and
negative peaks revealed a new peak at 510 nm corresponding
to 3ZnPc* formed via intersystem crossing (ISC) process. For
IBPTI* in toluene, the ESA peaks were located at 682 and 718
nm while the GSB and SE peaks were in the 438 and 480 nm
range. Decay and recovery of the transient signals resulted in
new set of peaks at 500 and 532 nm due to the formation of
SBPTI*.16 The transient signals corresponding to both 1ZnPc*
s and !BPTI* lasted over 3 ns consistent with their long-lived
fluorescence lifetimes.  Similar spectral trends were also
observed in benzonitrile.
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Fig. 4. Fs-TA at the indicated delay times of ZnPc-BPTI dyad in

benzonitrile at the L of (a) 686 nm and (c) 466 nm. Time profile of

860 nm peak for the data shown in Fig. 4a is shown in b while that at

680 and 857 nm for the data shown in Fig. 4c are shown in d and e,
45 respectively.

Fs-TA spectra at the indicated delay times of dyad in
benzonitrile at donor and acceptor excitation wavelengths is
shown in Fig. 4. At the excitation wavelength of 686 nm,
ultrafast charge separation from the !ZnPc* state was

so witnessed. Characteristic transient peaks in the 800-900 nm
region comprised of both ZnPc* and BPTI- were observed
(Fig. 4a). From the rise and decay of the radical peaks, time
constants for charge separation (CS) and charge
recombination (CR) were found to be 4.34 and 47 ps (Fig.
55 4b). Interestingly, when the sample was excited at 466 nm,
corresponding to BPTI, two photochemical events were

obvious. That is, growth of 1ZnPc* SE peak at 680 nm due to
excitation transfer, and peaks corresponding to the charge
separated state in the 800-900 nm region (Fig. 4c). The time
e0 profile for the former process shown in Fig. 4d revealed time
constants of 16.7 (growth) and 50 ps (recovery) while that of
the charge separated state were 5.8 (CS) and 55 ps (CR) (Fig.
4e). The closeness of these time constants suggest
simulteneous occurrence of energy and electron transfer
es processes in this dyad.
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Fig. 5. Fs-TA spectra at the indicated delay times of ZnPc-BPTI at
the Lex of (a) 686 nm, (b and c¢) at 466 nm in toluene. Time profile of
(d) 860 nm peak for data shown in Fig. 5a, and (e and f) 683 and 860
nm peaks for data shown in Figs. 5b and c.

85 Changing the solvent to nonpolar toluene had major
effects on the photochemical events. When ZnPc in the dyad
was directly excited at 686 nm, peaks corresponding to the
charge separated state were obvious (Fig. 5a). Two time
constants, 916 and 1561 ps, likely due to two solution

o conformers, for CR were observed (Fig. 5d). Interestingly,
when the dyad was excited at 466 nm corresponding to BPTI,
SE signal corresponding to ZnPc* at 683 nm started
emerging with signal saturation in less than 1 ps suggesting
ultrafast energy transfer (Fig. 5b and e). At higher delay

s times, weak signal for the ZnPc*-BPTI - state was observed in

the 800-900 nm region (Fig. 5¢). Time constant for CS was

80 ps while for CR two values of 100 and 455 ps were

observed (Fig. 5f). These results indicate efficient excitation

transfer, and although weak, formation of relatively long-lived
charge separated state in toluene, especially from the directly
excited 1ZnPc* state.

10

15}

Conclusions

In summary, for the first time, BPTI has been covalently
linked to ZnPc to create a new type of donor-acceptor dyad.
10s Due to close distance and complementary absorption and
emission spectral features, both ground- and excited state
interactions were observed leading to excitation wavelength
dependent, competitive excitation- and charge transfer events.
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In polar solvent, electron transfer seems to prevail while in
nonpolar solvent, excitation transfer was dominant. Due to
close proximity, both charge separation and recobmination
processes were relatively rapid. Further efforts to synthesize
donor-acceptor conjugates bearing BPTI to produce high-
potential charge separated states with longer lifetimes, and
external stimuli regulated charge separation, are underway in
our laboratories.
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