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The photophysics of two symmetric triads, (ZsgfFB| and (HP)PBI, made of two zinc or free-base porphyrins
covalently attached to a central perylene bisimide unit has been investigated in dichloromethane and in toluene.
The solvent has been shown to affect not only quantitatively but also qualitatively the photophysical behavior.
A variety of intercomponent processes (singlet energy transfer, triplet energy transfer, photoinduced charge
separation, and recombination) have been time-resolved using a combination of emission spectroscopy and
femtosecond and nanosecond time-resolved absorption techniques yielding a very detailed picture of the
photophysics of these systems. The singlet excited state of the lowest energy chromophore (perylene bisimide
in the case of (ZnRBPBI, porphyrin in the case of @P)%PBI) is always quantitatively populated, besides by
direct light absorption, by ultrafast singlet energy transfer (few picosecond time constant) from the higher
energy chromophore. In dichloromethane, the lowest excited singlet state is efficiently quenched by electron
transfer leading to a charge-separated state where the porphyrin is oxidized and the perylene bisimide is
reduced. The systems then go back to the ground state by charge recombination. The four charge separation
and recombination processes observed for (#PB) and (HP):PBI in dichloromethane take place in the
sub-nanosecond time scale. They obey standard free-energy correlations with charge separation lying in the
normal regime and charge recombination in the Marcus inverted region. In less polar solvents, such as toluene,
the energy of the charge-separated states is substantially lifted leading to sharp changes in photophysical
mechanism. With (ZnBIPBI, the electron-transfer quenching is still fast, but charge recombination takes
place now in the nanosecond time scale and to triplet state products rather than to the ground state. Triplet
triplet energy transfer from the porphyrin to the perylene bisimide is also involved in the subsequent deactivation
of the triplet manifold to the ground state. With #M,PBI, on the other hand, the driving force for charge
separation is too small for electron-transfer quenching, and the deactivation of the porphyrin excited singlet
takes place via intersystem crossing to the triplet followed by triplet energy transfer to the perylene bisimide
and final decay to the ground state.

Introduction R R,

Because of their structural analogy to chlorophylls, porphyrins
and metalloporphyrinsl( with M = H, or metal, respectively)
have been extensively used in the design of bioinspired systems
for artificial photosynthesis. Thus, a large number of denor
acceptot and multichromophoric systefisased on porphyrins
have been designed to emulate the charge separation and the
antenna functions of reaction cenfermnd light-harvesting
complexe$of natural photosynthetic membrarfeBhe synthetic
flexibility of this type of chromophore is convenient from this 1
viewpoint. The excited-state and redox properties can be easilyeral ligands and metal centers can be used to connect porphyrin
tuned over wide ranges by metalation and by appropriate puilding blocks leading to supramolecular systems of remarkable
selection of the R-R4 substituents. Moreover, a variety of  structural variety. 1
binding motifs is available for assembling these building blocks  Another class of organic chromophores that has received
into supramolecular structures. In addition to covalent bonding considerable attention in the same area is that of aromatic
through the mesopositions, coordinative bonds between periph-bisimides and particularly perylene bisimides of general formula
2. Though structurally very different, these dyes exhibit several
* To whom correspondence should be addressed. E-mail: snf@unife.it. functional analogies to porphyrins and chlorophyHsTheir
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of functional systems and assemblies based on perylene bisim-corrected for the instrumental response by calibration with a
ides have been develop&d National Bureau of Standards standard quartz-halogen lamp.
Several mixed systems, containing both porphyrins and Cyclic voltammetric measurements were carried out with a
perylene bisimides, have also been studied with particular regardPC-interfaced Eco Chemie Autolab/Pgstat30 Potentiostat. Argon-
to the occurrence of energy and electron-transfer processespurged 104 M sample solutions in CKCl, (Romil, Hi-dry),
between the two types of molecular compon&nts and to containing 0.1 M [TBA]JPF6 (Fluka, electrochemical grade,
charge migration in higher-order supramolecular 99%; dried in an oven), were used. A conventional three-
electrode cell assembly was used: a saturated calomel electrode

R Re (SCE L 6 mm, AMEL) and a platinum wire, both separated
o) o] ; .
O O from test solution by a frit, were used as reference and counter
RN . N—R electrodes, respectively, and a glassy carbon electrode (8 mmz2,
1 2 .
' O AMEL) was used as a working electrode. The scan rate was
o 0 200 mV/s.
Rs Re Nanosecond emission lifetimes were measured using a
2 TCSPC apparatus (PicoQuant Picoharp300) equipped with sub-

nanosecond LED sources (28600 nm range, 5006700 ps
pulsewidth) powered with a PicoQuant PDL 800-B variable
(2.5-40 MHz) pulsed power supply. The decays were analyzed
by means of PicoQuant FluoFit Global Fluorescence Decay
Analysis software.

Nanosecond transient absorption spectra and lifetimes were
measured with an Applied Photophysics laser flash photolysis
apparatus, with frequency doubled (532 nm, 330 mJ) or tripled
(355 nm, 160 mJ), Surelite Continuum Il Nd/YAG laser (half-
width 6—8 ns). Photomultiplier (Hamamatsu R928) signals were
processed by means of a LeCroy 9360 (600 MHz, 5 Gs/sec)
digital oscilloscope.

Femtosecond time-resolved experiments were performed
using a pump-probe setup on the basis of the Spectra-Physics
Hurricane Ti:sapphire laser source and the Ultrafast Systems
Helios spectrometéf. The 560 nm pump pulses were generated
with a Spectra Physics 800 OPA. Probe pulses were obtained
by continuum generation on a sapphire plate (useful spectral

ange, 446-800 nm). Effective time resolution was ca. 300 fs,
emporal chirp over the white light 44800 nm range was ca.

aggregates of such speci€&deThe various types of porphy-
rin—perylene bisimide conjugates differ in the state of metalation
and in the mesosubstituents of the porphyrins=\n or 2H,
Ri1—R4 = alkyl of phenyl derivatives) and in the N;Mr bay
region substituents of the perylene bisimides, (R, = alkyl
of phenyl derivatives, R-Rs = H, phenoxy derivatives). The
connections between the two types of units always involve the
mesopositions of the porphyrin while, on the perylene bisimide
side, it can take place either at the imide nitrogens or at the
carbons of the bay area.

In this article, we report a detailed photophysical character-
ization of the trichromophoric systems (ZaPBI and (HP).-
PBI. These symmetric three-component systems will be indi-
cated throughout the paper as “triads”, although they are
obviously pseudodyads from a functional viewpoint. The
synthesis and spectroscopic characterization of (A#Bl)have
previously been reportéd. These systems are similar in terms
of connecting motif, though different in detailed chromophore
substituent pattern, to some of the systems recently develope
by Wasielewski and co-worket§b—¢

(H;P),PBI M=2H
(ZnP),PBI M =Zn

Experimental Section 200 fs, and temporal window of the optical delay stage was
. . 0—1000 ps. The time-resolved spectral data were analyzed with
Materials. The (H,PLPBI and (ZnP)PBI triads were syn-

thesized, purified, and characterized as previously desctbed. the Ultrafast Systems Surface Explorer Pro software.

The solvents were of spectroscopy grade and were used as Procedures. All the photophysical experiments were per-

received. formed in freshly prepared solutions. The stability of the
Apparatus. UV —vis absorption spectra were recorded with solutions was spectrophotometrically checked before and after

a Perkin-Elmer Lambda 40 spectrophotometer. Emission spectragach experiment. The halocarbon solvents were previously

were taken on a Spex Fluoromax-2 spectrofluorimeter equippedsaturated with potassium carbonate to remove traces of acidity,

with Hamamatsu R3896 tubes. The emission spectra werewhich were found to alter absorption spectra of the free-base
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Figure 1. Absorption spectra of (ZnE}BI (continuous line), DPyPBI
(dashed line), and ZnTPP (dastiot line, molar absorptivity values
2) in dichloromethane.

species and to promote photodecomposition under prolonged 0 . o
laser irradiation. Figure 2. Energy-level diagram for (Zng}BI in dichloromethane.

Observed intramolecular photophysical processes (see below) are

. . indicated by dotted arrows.
Results and Discussion

The photophysical behavior of the {P),PBI and (ZnP)PBI
has been fully characterized both in dichloromethane and in 5x10° ~
toluene. Some kinetic measurements have also been performed,

6x10°

S i
for purposes of comparison, in chloroform. The results are ® 4x10° P -==-ZnTPP
discussed by comparison with those obtained in previous work = ;/\ ---- DPyPBI
for 5,10,15,20-tetraphenylporphyrin (TTP), zinc 5,10,15,20- 2 10’ i i — (ZnP),PBI
tetraphenylporphyrin (ZnTPP), ard,N'-di(4-pyridyl)-1,6,7,- % . / k
12-tetra(4-tert-butylphenoxy)perylene-3,4:9,10-tetracarboxylic = 0 i
acid bisimide (DPyPBLIf as convenient models of theP ZnP, 10t d
and PBI subunits of the triads. Each triad will be first discussed ; R
separately. Then, a comparison between the results obtained with 0l . Iy
the two triads will be made. 600 650 700 750 800

Photophysics of (ZnP)PBI. The absorption spectrum in A, nm
dichloromethane of (ZnB®BI is compared in Figure 1 with Figure 3.'Emissi0n spectra of (ZnEBBI ('con'tinuous line), DPyPBI
those of the DPyPBI and ZnTPP fragment models. It can be (dashed line), and ZnTPP (dastiot line) in dichloromethane.
seen that, aside from small differences in the band intensities, dures?® In terms of possible intercomponent processes, Figure
the spectrum of the adduct is a good superposition of those of 2 indicates that in (ZnRPBI singlet energy transfer is energeti-
the molecular components. This indicates that the electronic cally allowed from zinc porphyrin to perylenebisimide, while
interaction between the molecular components in the supramo-electron-transfer quenching is substantially exergonic for both
lecular adduct is weak and permits a reasonable estimation ofexcited chromophores.
the amount of light absorbed by the two types of chromophores  The emission spectra of (ZryPBI, DPyPBI, and ZnTPP in
at the various wavelengths. In practice, 585 nm is a convenientdichloromethane are compared, on an arbitrary intensity scale,
wavelength for efficient (90%) excitation of the perylene in Figure 3. Itis clearly seen that the weak (see below) emission
chromophore while selective excitation of the porphyrin chro- of (zZnP)PBI is fluorescence from the perylene bisimide
mophore is more difficult (at best, 60% at 550 nm). The spectral chromophore. The excitation spectrum of this emission (see
features of Figure 1 remain almost unchanged by changing theFigure S1 of supporting material) is nicely superimposable to
solvent from dichloromethane to toluene with the only difference the absorption spectrum of (ZnlPBI in the whole spectral
being a small blue shift (from 586 to 578 nm) of the perylene region of Figure 1. This indicates that singlet energy transfer
bisimide absorption band. from the porphyrin chromophores to the perylene bisimide unit,

The supramolecular nature of (ZnPBI allows us to *ZnP(S) — *PBI(S,) in Figure 2, is very efficient. The process,
construct the energy-level diagram of Figure 2 from known expected to take place in ca. 5 ps on the basis o$tEotype
properties of the molecular components. In particular, singlet calculations;’-28 is indeed ultrafast (time constant of 3 ps as
energies are taken from the fluorescence of DPyPBI and ZnTPPmeasured by femtosecond spectroscopy with 550 nm excita-
(see below), and triplet energies are taken from literaturé'ddta  tion).2° It must be stressed that the perylene bisimide fluores-
on the same model systems. Besides the energy levels of theeence in (ZnRPPBI is much weaker than that of free perylene
molecular components, Figure 2 includes also a charge-separatetiisimide with a quenching ratio of ca. 300 estimated from
state where a zinc porphyrin is oxidized and the perylene optically matched solutions of DPyPBI and (ZalPBI (excita-
bisimide unit is reduced. The energy of such a state (1.46 eV) tion wavelength, 586 nm). Since the lifetime of the DPyPBI
is obtained® from the known redox potentials of the models fluorescence is 7.2 ri$,the perylene bisimide emission in
DPyPBI (—0.69 vs SCE in ChCl,)8?425and ZnTPP (0.88 V. (ZnP)PBI is expected to be very short-lived (ca—280 ps).
vs SCE in CHCI,)® with appropriate correction for the As a matter of fact, no transient emission can be observed for
electrostatic work term estimated according to standard proce-(ZnP)PBI with a single-photon lifetime apparatus that has 300
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Figure 4. Ultrafast spectroscopy of (Znf®BI in dichloromethane (excitation at 590 nm): (a¥ 50 ps, (b)t = 50 ps.
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Figure 5. Solvent dependence of the picosecond kinetics of (Z*8) (excitation at 590 nm).

ps as the lower detection limit. From the energy-level diagram dichloromethane«(= 8.93) with those of analogous femtosec-
of Figure 2, the process responsible for the effective quenching ond experiments (excitation at 590 nm) carried out in chloroform
of the perylene bisimide excited singlet state is very likely (e = 4.81) and toluenes(= 2.38). While the spectral changes
electron transfer leading to the charge-separated product *PBI-are qualitatively the same in the three solvents, the kinetics is
(S1) — PBI"—ZnP". strongly solvent dependent (Figure 5). This is particularly true
Experimental proof and kinetic characterization of the for the charge recombination process, which slows down
electron-transfer quenching can be obtained by femtosecondmonotonically with decreasing solvent polarity. As a conse-
spectroscopy with 590 nm excitation (corresponding to selective quence, the lifetime of the charge-separated state extends into
excitation of the perylene bisimide unit). The transient spectral the nanosecond time scale in toluene. The charge separation
changes obtained in dichloromethane upon excitation at 590 nmprocess, on the other hand, remains in the time scale of few
of (ZznPxPBI are shown in Figure 4. The behavior is clearly tens of picoseconds in all solvents with minor lifetime changes
biphasic with different spectral changes taking place inttke that do not correlate monotonously with solvent polarity
50 ps (Figure 4a) antd> 50 ps (Figure 4b) time ranges. The (experimental order: chloroform dichloromethanes toluene).
initial spectrum of Figure 4a, taken immediately after the The solvent effects can be qualitatively explained in terms of
excitation pulse (without correction for spectral chirp), is the standard electron transfer theory (vide infra).

typical spectrum of the perylene bisimide singlet stéte, The fate of long-lived charge-separated state observed by
showing, besides positive absorption in the long and short femtosecond spectroscopy in toluene was further investigated
wavelength region, ground-state bleaching in the-5800 nm using nanosecond laser flash photolysis. The spectral changes

range and stimulated emission in the 60@0 nm range. In in the nanosecond time domain consist of three temporally
the spectral changes of Figure 4a, clear features are (1) thedistinct sets (Figure 6). The initial spectrum, recorded right at
disappearance of the perylene bisimide excited state as showrthe maximum of the excitation pulse (Figure 6a), superimposable
by the decrease in stimulated emission in the-6D00 range to the final spectrum of the ultrafast experiment, corresponds
and (2) formation of the reduced form of the perylene bismide to the PBI—ZnP" charge-separated state. This transient decays
chromophore as shown by the rise of the typical absorption at in the same time scale as excitation pulse, with apparent lifetime
800 nm?® This provides direct evidence for the charge separation 8 ns, to a new spectrum lacking completely the red absorption
process *PBI(§ — PBI"—ZnP*. In the longer time scale, of PBI~ while still retaining some bleaching of the ground-
Figure 4b, the charge-separated state converts cleanly to thestate PBI absorption (Figure 6a). We assign this spectrum to a
ground state as shown by the return to the initial baseline with mixture of ZnP and PBI triplet states, given the similarity with
good isosbestic points at zero differential absorbance. Kinetic the known spectrum of *PBI(1),'° with the presence of an
analysis of the spectral changes of Figure 4 at 790 nm (Figure additional absorption at 470 nm typical of *ZnR):f2 The extra
5a) yields the time constants for charge separation, 21 ps, andabsorption at 470 nm disappears in the time scale6®ns
charge recombination, 97 ps. (lifetime, 30 ns) leaving the pure *PBI(Y spectrum (Figure
The effect of solvent polarity on these electron-transfer 6b, d). The PBI triplet then decays back to the ground state
processes has been checked by comparing the results in(isosbestic points ahOD = 0) with a lifetime of 360 ns in
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Figure 6. Nanosecond flash photolysis of (ZaPBI in toluene (excitation at 532 nm): (& 0—20 ns, (b)t = 22—65 ns, (c)t = 88—426 ns,
(d) kinetic trace at 590 nm.

and with 100% efficiency. In toluene, on the other hand, such
ZnP(S1) a process is expected to be much slower on the basis of electron-
transfer theory (vide infra). Thus, the charge-separated state can
undergo spin inversidf® and yields triplet states upon charge
recombination.
"""APB"'Z”PJ' Photophysics of (HP).PBI. The absorption spectrum in
- .. *ZNP(T4) dichloromethane of (bP),PBI is compared in Figure 8 with
;i ca8dns ’,.‘— those of the DPyPBI and HIPP fragment models. Again, aside
H from small differences in the band intensities, the spectrum of
i i ‘ 30 ns the adduct is a good superposition of those of the molecular
*PBI(T4) components indicating weak intercomponent interaction and
I permitting reasonable estimates of the amount of light absorbed
by the two types of chromophores at the various wavelengths.
H For instance, efficient (ca. 80%) excitation of the perylene
i { 360ns chromophore is achieved at 585 nm, while efficient (ca. 75%)
absorption by the porphyrin chromophore can be obtained at
517 nm. Again, the spectral features remain almost unchanged
by changing the solvent from dichloromethane to toluene except

or for the small blue shift (from 586 to 578 nm) of the perylene
Figure 7. Approximate energy-level diagram and photophysical hjisimide absorption band.
processes of (ZnERBI in toluene.
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The energy-level diagram for gR),PBI is shown in Figure
aerated solution (Figure 6¢, d). The photophysical mechanism9 with singlet energies from the fluorescence of DPyPBI and
in toluene is schematized in the energy-level diagram of Figure H,TPP and triplet energies from literature ddf& on the same

7 (where a very approximate value for the energy of the charge- model systems. The energy of the charge-separated state where
separated state is obtained with electrostatic correéfiomshe the free-base porphyrin is oxidized and the perylene bisimide
experimental redox potentials measured in dichloromethane).unit is reduced (1.57 eV) is calculated from the known redox
The comparison with the analogous scheme for dichloromethanepotentials of DPyPBI £0.69 vs SCE in CkCl, vide supra)
(Figure 2) shows the drastic change in mechanism caused byand HTPP (0.99 V vs SCE in CyCl,)® with appropriate

the change in energy of the charge-separated state. The chargezorrection for the electrostatic work term estimated according
separated state is initially formed by photoinduced electron to standard proceduré%.With respect to the energy-level
transfer in a singlet spin state. In dichloromethane, the allowed diagram for (ZnP)PBI, the main difference lies in reversal of
charge recombination to the ground state takes place rapidlythe energy gap between porphyrin and perylene bisimide singlet
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' superimposable to the absorption spectrum gP(EPBI in the
whole spectral region of Figure 8. This indicates that singlet
energy transfer from the perylene bisimide unit to the porphyrin
chromophores, *PBI(§ — *H,P(S) in Figure 9, is efficient.
Indeed, the process is expecte¥and is experimentally found
(see below) to be ultrafast (ca. 1 ps). It must be stressed that
the porphyrin fluorescence in (R),PBI is much weaker than
that of free HTPP with a quenching ratio greatethan 20 being
estimated from optically matched solutions. From the energy-
: level diagram of Figure 9, the process responsible for the
g . effective quenching of the porphyrin excited singlet state is very
450 500 550 600 650 700 likely electron transfer leading to the charge-separated product
A/ nm *H,P (S) — PBIm—ZnP".
Figure 8. Absorption spectra of (#P),PBI (continuous line), DPyPBI The transient spectral changes obtained upon excitation at
(dashed line), and HPP (dash-dot line, molar absorptivity values 585 nm of (HP)PBI in dichloromethane solution are shown
2) in dichloromethane. in Figure 11. The spectral changes are clearly triphasic with
different spectral changes taking place in thel0 (Figure 11a),
10—-400 (Figure 11b), and 4601000 (Figure 11c) time ranges.
E oV The initial spectrum of Figure 11a, taken immediately after the
T “PBI(S:) excitation pulse, is the typical spectrum of the perylene bisimide
Lo 11ps inglet staté? showing, besides positive absorption in the lon
............................... HP(S) o ' O oo b e 0
v — and short wavelength region, ground-state bleaching in the 500
600 nm range and stimulated emission in the 6800 nm
range. In the spectral changes of Figure 11a, the disappearance
- PBI~- H,P* of the perylene bisimide excited state is accompanied by the
15 HP(TH) formation of the typical spectrum of the singlet excited state of
- = the free-base porphyriit,characterized by bleaching of the four
- “PBI(T;) ground-state Q-bands at 520, 550, 590 (hidden within laser
r _— pump), and 650 nm (see absorption spectrum P in Figure
- 8) and by an apparent bleaching at 720 nm corresponding to
101 550 ps stimulated emission (see emission spectrum AP in Figure
B 10), superimposed on a relatively positive absorption. This
2 provides direct evidence for the singlet energy transfer process
N *PBI(S;) — *H,P(S). Kinetic analysis of the spectral changes
B of Figure 11a at 760 nm (Figure 11d) yields a time constant
0= for singlet energy transfer of 1.1 ps. The spectral changes in
Figure 9. Energy-level diagram for (W#P)PBI in dichloromethane.  the 10-200 ps time scale (Figure 11b) are indicative of a charge
_Ob_served intramolecular photophysical processes (see below) areseparation process leading to PBH,P". The bleaching of
indicated by dotted arrows. the ground-state Q-bands persists (these features are common
to the excited state and to the radical cation of the porphyrin)
. o while stimulated emission at 720 nm disappears and the typical
i H,TPP . o . :
it absorption of the perylene bisimide radical affogrows in at
CoNEY T DpyPBI 700—-800 nm. The kinetic analysis of this process (Figure 11e)
T — (HZP)ZPBU gives a time constant of 130 ps for the charge separation process.
A On a longer time scale (Figure 11c), the transient spectrum
"‘.:\ it decays uniformly at all wavelengths indicating disappearance
SRR of the charge-separated state by charge recombination to the
! VN ground state. Kinetic analysis (Figure 11e) gives a time constant
i ! i ~ for charge recombination of 550 ps. The lack of observation of
! B osan PBI triplet products indicates that charge recombination, though
i i : : : i slower than in the (ZnBPBI case, is still too fast for spin
550 600 650 700 750 800 inversion to take place in the charge-separated state. The
wavelength, nm mechanism and time constants are summarized in Figure 9.
Figure 10. Emission spectra of (#P),PBI (continuous line), DPyPBI i ;
(dashed ). and FPP (dashdot Ine) n dchloomethane. | o (1opshect"al changes obtained in the ulrafast spectroscopy

levels. Thus, singlet energy transfer is energetically allowed from to those reported in Figure 11a for dichloromethane indicating
perylene bisimide to the free-base porphyrin, while electron- again the occurrence of a fast singlet energy transfer process
transfer quenching is substantially exergonic for both excited *PBI(S;) — *H2P(S) with time constant of ca. 1 ps. In the
chromophores. 10—1000 ps time range, however, no further spectral changes
The emission spectra of ¢(R,PBI, DPyPBI, and HTPP in are observed indicating that, contrary to what happens in
dichloromethane are compared in Figure 10. It is clearly seen dichloromethane, the singlet state of the porphyrin unit is not
that the weak (see below) emission obEHbPBI is fluorescence  appreciably quenched in toluene. This is confirmed by fluores-
from the porphyrin chromophore. The excitation spectrum of cence that has practically the same lifetime (9.4 ns) as in the
this emission (see Figure S3 of Supporting Material) is H,TPP model under comparable conditions. The lack of

£X 10'4, M cm’

20

intensity, a.u.
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Figure 11. Ultrafast spectroscopy of @®)%PBI in dichloromethane (excitation at 590 nm). Time-resolved spectra: {d)0 ps, (b) 10< t < 400
ps, (c)t = 400 ps. Kinetics: (d} < 10 ps, (e}t > 10 ps.

guenching is in line with the expected increase in energy of the  Electron-Transfer Kinetics. Several electron-transfer pro-
charge-separated state in the less polar solvent. The fate of theeesses have been observed in the photophysical study of
*H,P(S) can be monitored by nanosecond flash photolysis (ZnPyPBI and (HP)PBI (Figures 2, 7, 9, 13). In principle,
(Figure 12). The initial spectrum of Figure 12a, with bleaching the kinetics of these processes can be rationalized in terms of
of the porphyrin Q-bands (in particular of the intense band at standard electron transfer the&tpy where the electron-transfer
520 nm, see Figure 8) and prominent fluorescence at 650 andprobability is given by a “golden rule” expression of the type
770 nm (see Figure 10), is typical of the 3P{(S) state. In the

decay of this transient, taking place largely with the laser pulse k= Z—ﬂHDAZFCWD (1)

(i.e., time constant of ca. 10 ns), the porphyrin fluorescence h

bands disappear while the porphyrin ground-state bleach persist
(Figure 12a). This is indicative of the conversion by intersystem
crossing of *BP(S) to *H,P(Ty). Then, in a longer time scale

where Hpa is the electronic coupling between donor and
acceptor and FCWD is a thermally averaged nuclear Franck
Condon factor. In a simple approximation in which the solvent

(Figure 12b), a new transient develops, lacking the porphyrin 1, 4eq are thermally excited and treated classically, and a single
ground-state bIeachm_g at 520 nm but wn_h_a_new bleaching atquantum internal mode of frequency, is considered, the
580 nm, corresponding to perylene bisimide ground-state Fcwp term is given bgzad

absorption (see Figure 8). This identifies the process as a triplet
triplet energy transfer from the porphyrin to the perylene FCWD =
bisimide unit. Thgn,. in an even longer time scale (Figure 11c), 1 12 oS (AGO +A,+ mhvi)z
the perylene bisimide triplet decays to the ground state as - z " exd — 2)
indicated by the isosbestic points 40D = 0. Al ksT| & ml 42 ks T

The time constants for the last two processes can be obtained
from kinetic fits (Figure 12d). The mechanism for A#},PBI g= " 3)
in toluene is sketched on the energy-level diagram of Figure hv,
13 (where an approximate value for the energy of the charge-
separated state is estimated with electrostatic correéfibnms In eq 2, the summation extends oveythe number of quanta
the experimental redox potentials measured in dichloromethane).of the inner vibrational mode in the product stat30 is the
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Figure 12. Nanosecond flash photolysis of fP),PBI in toluene (excitation at 532 nm): (& 0—24 ns, (b)t = 34—210 ns, (ct = 210-800
ns, (d) kinetic trace at 590 nm.
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Figure 13. Approximate energy-level diagram and photophysical

processes of (HP)PBI in toluene.

thermodynamic driving force of the proceSss a dimensionless

inner-spere reorganizational parameter (eq 3) /ai&lthe outer-
sphere (solvent) reorganizational energy given in its simplest is reasonable, however, indicating that the relevant parameters,

Ly 1)1 1
AO_e(erJrer rAB)(D DJ @

form by

wheree is the electron chargd),, and Ds are the optical and

op

static dielectric constants of the solvent,andrg are the radii

of the two molecular components, ang is the intercomponent

distance. For a homogeneous series of processes (\Wagre

vi, S andA, can be considered appreciably constant), eg3 1
provide a correlation between the rate constants and the driving
force of electron transfer.

The four processes observed in dichloromethane (ed®,5
for which driving force values are known with reasonable
accuracy, can be used for checking such a correlation.

ZnP—*PBl — ZnP"—PBI" AG= —0.54 eV
k=4.76x 10°s* (5)

ZnP"—PBI" — ZnP-PBI AG= —1.46¢eV
k=1.03x 10°s™ (6)

*H,P—PBl—H,P"—PBI” AG=—0.33eV

k=7.69x 10°s™ (7)
H,P'—PBI" —H,P-PBI AG=-1.57eV

k=1.82x 10°s™* (8)

A fit of these data according to eqs-B is shown in Figure 14.

The set of parameters used is by no means unique particularly
as far as the partitioning of the overall reorganization between
inner- and outer-sphere contributions is concerned. The fitting

including the electronic coupling, are appreciably constant in
this series of processes regardless of whether charge separation
or recombination is considered or whether the porphyrin or
perylene bisimide chromophore is excited.

The observed solvent effects on electron-transfer rates,
particularly the slowing down of the charge recombination to
ground state with decreasing solvent polarity (Figure 5), can
be qualitatively explained by the combined effects of (1) changes
in driving force and (2) changes in reorganizational energy. As
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Figure 14. Fit of the rate constants for charge separation (black) and
charge recombination (gray) obtained with (Zs#B| (squares) and
(H2P)%PBI (dots) in dichloromethane according to egs3l

the solvent polarity decreases, the energy of the charge-separate

state is lifted (Figure 7 vs 2 and Figure 13 vs 9), and the driving

force for charge recombination to ground state increases. On
the other hand, the reorganizational energy decreases a

predicted by eq 4 (e.g., from dichloromethane to tolueie,

Ghirotti et al.

electron-transfer quenching is still fast, but charge recombination
leads now to triplet state products rather than to the ground
state. Spin inversion in the charge-separated state is allowed
by the intrinsic slowness (strong Marcus inverted behavior) of
the direct process leading to the ground state. Trigtigplet
energy transfer, from the porphyrin to the perylene bisimide, is
also involved in the subsequent deactivation of the triplet
manifold to the ground state. With §A)%PBI, on the other hand,
the driving force for charge separation is apparently too small
for electron-transfer quenching. Therefore, the deactivation of
the porphyrin excited singlet takes place via intersystem crossing
followed by triplet energy transfer to the perylene bisimide and
final intersystem crossing to the ground state.

Covalently linked porphyrirrperylene bisimide systems have
been previously described. A distinctive aspect of this work lies
in the systematic use of energy tuning to affect the photophysical
behavior of the systems. To this aim, metalation/demetalation
8f the porphyrin has been used to change the localization and
energy of the lowest excited singlet and to change solvent
polarity to shift the energy of the charge-separated state. The

@hotophysical study is quite detailed with a remarkable number

of intercomponent processes being spectroscopically detected
and kinetically characterized.

decreases by a factor of 14). In the Marcus inverted region,

both factors act n (he same diecton predicting a dramaic ., ACKnowledgment, Financial support rom MIUR (Grants
: . . P ng FIRB RBNE019H9K and PRIN 2006030320) and Alexander
decrease in rates with decreasing solvent polarity. On the other

hand, for the charge separation reactions lying in the normal von Humboldt foundation (postdoctoral fellowship for C.-C.

Marcus region, the two effects tend to compensate, leading toYou) is gratefully acknowledged.
much weaker predicted solvent effects.

Overall, the observed electron-transfer kinetics is satisfactorily
accounted for in terms of standard electron transfer theory.

Supporting Information Available: Fluorescence excitation
spectra and additional kinetics (550-nm excitation). This material
is available free of charge via the Internet at http://pubs.acs.org.
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