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The photophysical properties of a perylermorphyrin dyad have been examined with the aim of using this
construct for molecular photonics applications. The dyad consists of a perylene-bis(imide) dye (PDI) connected
to a zinc porphyrin (Zn) via a diphenylethyne linker (pep). In both polar and nonpolar solvents, the photoexcited
perylene unit (PDI*) decays very rapidly (lifetimes of 2.5 (toluene) and 2.4 ps (acetonitrile)) by energy transfer
to the porphyrin, forming PBtpep—Zn* in high yield (80%, toluene; 70% acetonitrile), and hole transfer to

the porphyrin, forming PDI—pep-Zn* in lesser yield (20%, toluene; 30% acetonitrile). In both toluene and
acetonitrile, the Zn* excited state subsequently decays with a lifetime of 0.4 ns primarily (80%) by electron
transfer to the perylene (forming PD+pep-Zn™). In the nonpolar solvent (toluene), the PBlpep-Zn*
charge-transfer product has a lifetime>f0 ns and decays by charge recombination primarily to the ground
state but also by thermal repopulation of the Zn* excited state. The occurrence of the latter process provides
a direct experimental measure of the energy of the charge-separated state. In the polar solvent (acetonitrile),
the PDI—pep-Zn* charge-separated state decays much more rapidlys(ns) and exclusively to the ground

state. In general, the complementary perylene and porphyrin absorption properties together with very fast
and efficient PDI*~pep-Zn — PDI—pep-Zn* energy transfer suggest that perylenes have significant potential

as accessory pigments in porphyrin-based arrays for light-harvesting and energy-transport applications.
Furthermore, the finding of fast energy transfer initiated in PDI*, charge-transfer reactions that can be elicited
either in PDI* or Zn*, and a charge-separated state (PPep-Zn*) that can be long- or short-lived depending

on solvent polarity, indicates the versatility of the peryleperphyrin motif for a variety of applications in
molecular photonics.

Introduction Thus, our first-generation molecular photonic Wiesd opto-

The development of molecular photonic devices requires the €lectronic gatesemployed a borondipyrrin dye input unit,
creation of molecular arrays that absorb light of specific @nd several light-harvesting arrays were constructed that em-
wavelengths and undergo excited-state energy- and/or chargePloyed from one to eight borerdipyrrin accessory pigments.
transfer reactions. The versatile optical, redox, and photochemi- The boror-dipyrrin dyes were found to exhibit a modest
cal properties of porphyrins makes them ideally suited as fluorescence yield as well as two excited-state conformers. The
components of molecular devices. The ability to introduce pho- existence of the latter caused the analysis of the excited-state
toexcitation at a specific site in a multiporphyrin array requires dynamics of extended arrays to be unduly complicated. We
the use of accessory pigments. The ideal accessory pigment foisubsequently considered the use of perylene dyes as accessory
use with porphyrins would exhibit the following features: (1) pigments in conjunction with porphyrins. TN N-bis(2,5-di-
absorb strongly in the trough between the B and Q bands, (2) tert-butylphenyl)-3,4,9,10-perylenedicarboximide dye, for ex-
exhibit a singlet-excited-state lifetime (preferably monophasic) ample, has strong absorption between the porphyrin Soret (B)
this is sufficiently long to support highly efficient energy and Q bandse(= 58 000 M icm~t at 490 nm in CHGJ),> a
transfer, (3) undergo energy transfer without deleterious excited- high fluorescence quantum yield({~1) 5 a long fluorescence
state quenching reactions, (4) exhibit a high level of stability, lifetime (~4 ns)? and very high photostability Though many
(5) provide compatibility with the synthetic building block  perylene bis(imide) derivatives have poor solubility in common
approach, and (6) exhibit sufficient solubility for chemical organic solvents, their solubility is considerably enhanced by
processing. In considering the advantages and disadvantages ahe introduction of bulky substituents® The absorption and
various pigments for use with porphyrins, including carotenoids, emission characteristics of perylerienide dyes are not affected

coumarins, cyanines, and xanthenes, we originally turned to thegjgnificantly by the presence of bulky substituents at the imide
boron—dipyrrin dyes as the most suitable accessory pigrhent. nitrogen1©
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dyes as intense absorbers and energy-transfer donors, perylene

has rarely been employed as an energy-transfer donor in

covalently linked arrays with porphyrins. There is only one study +Bu Q o}
we are aware of in which a perylene bis(imide) dye and a Q.O 5
W

z

porphyrin are linked: Wasielewski's group prepared a molecular
optical switch comprised of a perylene bis(imide) dye attached B K O
to two free base porphyrins vid-phenyl linkerst> Excitation
of the porphyrin resulted in electron transfer from the porphyrin 1
to the perylene. These results showed that a perylene bis(imide)
would participate as an electron acceptor with a porphyrin joined
via a short linker. Perylene bis(imide) derivatives have also been H?-NQ'
used in arrays with energy dondisother perylene$s—18
phthalocyanine¥’ or carotenoidg® The only examples of ener-
gy transfer in any type of perylergorphyrin array that we tBu Q o]
are aware of involved a perylene monoimide in a molecular O O
switch?! devised by Wasielewski’s group and a molecular #ire QN . N@'
that we developed upon extension of the work reported herein. O O

. . . . . . -Bu (0] 6]
The molecular switch is comprised of a dialkylamino-bis-
(alkoxy)perylene monoimide derivative attached to a zinc 2

porphyrin; the_pery_lene has extensive chgrge-transfer CharaCte'berylene—diimide component with a monoimide, changing the
and serves primarily as an electrochromic sensor but also canjpier to the phenylethyne unit and altering the site of linker
transfer excited-state energy§70 ps) to the zinc porphyrin.  5itachment to the peryledéCollectively, these studies along
We sought to investigate the use of peryleimaide dyes as  with Wasielewski's works21.25]ay a foundation for utilizing
accessory pigments (i.e., energy-transfer donors) with porphy-tunable peryleneporphyrin units in multichromophore arrays

rins, using a longer linker than in Wasielewski’s phenyl-linked for a variety of applications in molecular photonics.
system® in an attempt to suppress electron-transfer quenching

while maintaining energy transfer. The perylermrphyrin Results

dyads are comprised of a perylerdiimide joined at aiN-imide Synthesis A monoethynyl porphyrin (Znl) was selected as
position to the porphyrin (magnesium, zinc, or free base) via a the porphyrin building blocké We have previously employed
diphenylethyne (designated pep) linker (Chart 1). As anticipated, the diarylethyne unit to bridge chromophores in various mo-
a variety of excited-state processes are indeed observed for thgecular deviceg” These linkages are semirigid and maintain a
perylene-porphyrin dyads. However, the diversity in the relatively fixed center-to-center distance between chromopBbres.
behavior exceeded our expectations and includes (1) energyThe perylene dye building block was prepared building on the
transfer from the photoexcited perylene to the porphyrin, (2) foundation established by Langhals and co-worR&f%s10.16.17.29
competing hole transfer from the photoexcited perylene to the The 2,5-ditert-butylphenyl group was selected as dxaryl
porphyrin, (3) electron transfer from the excited porphyrin to substituent to enhance the solubility, chemical stability, and light
the perylene, (4) charge recombination of transient products fastnes$:8 The N,N-bis(2,5-ditert-butylphenyl)-3,4,9,10-
derived from the perylene excited state forming the porphyrin perylenedicarboximide dye (PDI-fyvas partially hydrolyzed
excited state, and (5) charge recombination of products derivedto give 1 (Scheme 1). Subsequent condensation with 4-iodo-
from the porphyrin excited state either reforming the excited aniline gave the desired iodo-substituted peryl2righis route
state or deactivating to the ground state. is superior to the earlier route to this class of compounds which
The results of our studies are divided into four articles. In required successive imidation of perylene-3,4,9,10-tetracarboxy-
this first paper, the photoinduced energy- and charge-transferlic dianhydride3°31 The diphenylethyne-linked peryler@or-
processes that occur in either the excited perylene or porphyrinphyrin dyad PDtpep—2Zn was prepared by the Pd(0)-mediated
are discussed for the dyad containing the zinc porphyrin{PDI  coupling of the iodo- and ethynyl-substituted pigments, using
pep—Zn). The second, companion paper extends the studies tothe conditions developed initially for porphyrin-porphyrin
two dyads that incorporate a magnesium or free base (Fb)coupling reactiong® Thus, reaction of ethynyl porphyrin Znu
porphyrin in place of the zinc porphyriii.The differences in and the iode-perylene2 afforded PD+pep—Zn in 34% yield
excited-state and redox properties of these three porphyrinsfollowing chromatographic purification (Scheme 2). Thé
afford considerable latitude in manipulating the energy- versus NMR, IR, and mass spectral data were consistent with the
charge-transfer processes for specific applications. The third andexpected structure.
fourth articles describe even greater tunability in the rates and Redox Potentials.The electrochemical data for PBpep—
yields of the various excited-state processes upon replacing theZn and its monomeric component parts are summarized in Table
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TABLE 1: Half-Wave Potentials (Ey,) for the -
Perylene-Containing Compound3 A ;’t\ PDI-pep-zn
oxidation potentials reduction potentials ! \
porphyrin perylene porphyrin

peryleneEy2 (1) Ey2(2) Eu2(1) E12(2) Ew2 (1) E12(2)

PDl-pep-Zn +1.40 +0.52 +0.90 —0.77 —1.06 —1.71 —2.12
PDI-m +1.36 —0.81 —1.07

@ Obtained in butyronitrile containing 0.1 M TBAHE, > vs Ag/Ag';
E1, of FeCp/FeCp'™ = 0.19 V. TheE;,, values are obtained from
square wave voltammetry (frequeneyl0 Hz). Values aret 0.01 V.

1. TheEy, values were obtained with square wave voltammetry
(frequency 10 Hz). The isolated perylendiimide dyes exhibit
one oxidation wave and two reduction waves in the.5 to
—2.0 Vrange. Thé,, values of the perylene unit in the PBI
pep—Zn dyad are quite similar to those of the benchmark PDI-m
monomer and to those found previously for the isolated dye
and related perylereimide molecules233The zinc porphyrin
unit in the dyad exhibits two oxidation and two reduction waves
inthe+1.5 to—2.0 V range withE;; values that are similar to
those of other tetraarylporphyridéThese data are indicative
of relatively weak ground-state electronic interactions between
the perylene and porphyrin constituents of the dyad.
Absorption Spectra. The electronic ground-state absorption .
spectrum of PDtpep-Zn in toluene at room temperature is 400 500 600 700
shown in Figure 1 (panel A, solid spectrum). This figure also Wavelength (nm)
gives the spectra of the Zrdnd PDI-m reference compounds. igure 1. Electronic absorption spectra (solid) and fluorescence spec-
The spectrum of the dyad closely matches the sum .of the spectra{:r a ( dashed and dotte d) for the dyad PPEp-Zn (A) and the
of the component parts. In particular, the porphyrin Soret (B) monomers zntJ(B) and PDI-m (C) in toluene at room temperature.
band of PD-pep-Zn is essentially unchanged in position or  The porphyrin absorption in the 45850 nm region in panels A and
width (424 nm, fwhm 12 nm) from that of ZriUand the same B have been multiplied by the factors shown. The porphyrin emis-
is true of the weaker porphyrin Q(1,0) and Q(0,0) bands at 550 sion in the dyad in panel A was obtained using perylene excitation at
and 590 nm, respectively. Likewise, the perylene absorption 490 nm (dashed) or porphyrin excitation at 420 nm (dotted). All spec-

f L tra have been normalized to the same amplitude in the respective
bands of PDi-pep-Zn are, except for-1 nm shifts, superim regions. The extinction coefficient of the porphyrin Soret band at

posable on those of PDI-m (consisting of a progression of four 454 1\m'is 468 000 M cm* and that for the perylene at the Q(1,0)
features at 528, 491, 460, and 434 nm of decreasing intensitypand at 490 nm is 43 900 M cm*. Fluorescence yields are given in
that will be denoted the (0,0), (1,0), (2,0), and (3,0) bands, Table 2.

respectively). The essentially identical spectral features of the

dyad and its component chromophores indicates that theconclusion drawn from the redox data. A very attractive feature
perylene-porphyrin ground-state electronic interactions are of the PDFpep-Zn dyad is that the perylene unit absorbs
weak (but not necessarily insignificant), in agreement with the strongly in the region between the porphyrin Soret and Q bands

Absorbance
Alsualu| 8ouadsalon|4
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Figure 2. Room temperature fluorescence spectra. Panel A shows the
spectra in toluene obtained using perylene excitation at 420 nm for the
PDI—pep-Zn dyad (solid), the PDI-m monomer (dashed) normalized
at the (0,0) emission maximum near 530 nm, and the spectrum for the
dyad minus that of the monomer (dotted). The difference spectrum is
virtually identical to the spectrum of ZrilFigure 1B). These data
afford one estimate of the fluorescence yield of the perylene component
of the dyad (see text and Table 2). Panel B compares the fluorescenc
spectra of PDtpep—Zn in toluene (solid) and acetonitrile using
excitation of the porphyrin at 420 nm.

(allowing preferential excitation of the dye) but has minimal
absorption in the Soret region (allowing preferential excitation
of the porphyrin). For example, at 490 nm, the perylene=(
43 900 M~cm™1) absorbs 125 times that of the zinc porphyrin,
whereas at 423 nm, the zinc porphyrirs 468 000 Mlcm™1)
absorbs 140 times that of the perylene dye (based on PDI-m
and ZnU in toluene).

Fluorescence Spectra and Quantum YieldsThe fluores-
cence spectra of PBipep-Zn and the ZnU and PDI-m

e
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by porphyrin fluorescence (Figure 1A, dashed spectrum). Only
a small amount of PDI* fluorescence is observed (e.g., the (0,0)
emission at 530 nm). Comparison of optically matched solutions
of PDI—pep-Zn and PDI-m (at 490 nm) reveals that the
perylene emission is diminished byl000-fold in the dyad to

@ ~ 0.001. Collectively, these results are consistent with sub-
stantial energy transfer from the photoexcited perylene (PDI*)
to the ground-state zinc porphyrin to produce the porphyrin
excited-state Zn*. This process is illustrated in Figure 3.

The PDFpep-Zn dyad was also illuminated at 420 nm
where the zinc porphyrin absorption #s100-fold that of the
perylene. As expected, emission occurs essentially exclusively
from the porphyrin with only a trace of perylene fluorescence
(Figure 1A, dotted spectrum). However, the yield of zZn*
emission in the dyad is reduced considerably from that in the
reference compound. In particular, comparison of optically
matched solutions of PBIpep—Zn and ZnU in toluene (aflexc
at 420, 550, or 585 nm) shows that the Zn* fluorescence yield
in the dyad in toluene is decreased to 0.010 compared with 0.035
in the monomer (Table 2). The most likely process by which
Zn* is quenched in the dyad relative to the monomer is electron
transfer to the perylene unit to form the PBipep-Zn™ state
(Figure 3). The alternative charge-transfer product’Pfiep-

Zn~ (formed by hole transfer from Zn* to the perylene) lies at
significantly higher energy based on the redox data (Table 1).
Direct support for the PDipep-Zn* — PDI~—pep-Zn*
process is provided by the transient absorption data (vide infra).

The electron-transfer quenching of Zn* to form PBipep—
Zn* will also necessarily occur when Zn* is formed from PDI*
via energy transfer rather than by direct excitation. In particular,
this Zn* quenching process will diminish the observed Zn*
fluorescence yield obtained upon excitation of the perylene or
upon excitation of the porphyrin. Thus, comparison of the Zn*
emission intensity with perylene versus porphyrin excitation will
give a measure of the yield of PD¥pep—Zn — PDI—pep-
Zn* energy transfer. (The intensity of the Zn emission using
perylene excitation is the product of the quantum yield of energy
transfer from the perylene to the porphyrin and the quantum
yield of emission from the porphyrin.) Predominant excitation
of the perylene at 515 nm gives an apparent emission quantum
yield from Zn* of 0.008, which is 20% lower than the value of
0.010 found with porphyrin excitation (Table 1). These results
indicate that energy transfer from PDI* to the porphyrin has a
guantum yield 0f~80% in the PDt+pep-Zn dyad in toluene.

reference compounds in toluene are shown in Figure 1 (dashed! Nis value together with the low<0.1%) PDI* fluorescence

and dotted spectra). Some of these data are reproduced in Figur¥i€ld in the dyad (and the fact that PDI fluorescence dominates
2 along with the emission spectrum of the dyad in acetonitrile. the inherent decay pathways in this dye) indicate that the other
In the following, emphasis is given to the results in toluene. ~20% of the PDI* decay in the dyad must reflect a pathway
For both monomers, the emission features are in approximaten©t present in the monomer. The most likely such process is
mirror symmetry to the corresponding absorption features. The hole transfer from PDI* to the porphyrin to form PDtpep—
fluorescence spectrum of Zhtonsists principally of the Q(0,0)  Zn* (Figure 3; vide infra).

and Q(0,1) bands at 595 and 645 nm, respectively (Figuré®B). Very similar fluorescence behavior is found for Pfep-

The fluorescence spectrum of PDI-m consists of a progressionZn in acetonitrile or dimethyl sulfoxide (Table 2). The major
extending from the (0,0) band near 530 nm through the (0,3) difference compared to toluene is that the positions and intensity
band at 700 nm (Figure 1C). The fluorescence quantum yield ratio of the porphyrin fluorescence bands are changed in the
of PDI-m in toluene is found to b&; = 0.97, in excellent polar solvents (Figure 2B). These effects are attributable to
agreement with the literature value of 09%he fluorescence  coordination of a solvent molecule to the central zinc ion of

yield of ZnU in toluene is 0.035° These values are listed in
Table 2.

The emission of PDtpep—-Zn was monitored using excita-
tion at several wavelengths where either the perylene or the
porphyrin primarily absorbs. Upon illumination of PBpep—

Zn in toluene at 490 nm, where the perylene absorpticrli80-
fold that of the porphyrin, the emission spectrum is dominated

the porphyrin.

Fluorescence LifetimesThe lifetime of the Zn* excited state
of PDI—pep-Zn was measured by fluorescence modulation
(phase shift) spectroscopy. The dyad in toluene exhibits a dual-
exponential fluorescence decals, = 420 or 550 nm). The
lifetime components are 04 0.1 and 10+ 2 ns with a 80/20
amplitude ratio. Only the shorter lifetime component is observed
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TABLE 2: Photophysical Properties of PDI—pep—Zn and Reference Monomer3

perylene porphyrin
excited-state decay excited-state decay CSS detay
compound solvent 7 (ps) D Depr® Dyrd 7 (nsy D Der? 7(ns)
Monomers
ZnU' toluene 2.4 0.035
CHsCN 2.2 0.08
PDI-m toluene 3600 0.97
Dyad
PDI—pep-Zn toluene 25 0.001 0.8 0.2m 0.4 0.008 0.8 >10
CH:CN 24 0.001 0.7 0.3 075 0.007 0.8 <0.5

a All data were taken at room temperature. The errors in the lifetimes2886 as are those for the fluorescence yields except for val0e3l,
which have errorst0.001.° Perylene fluorescence yield. The value for PDI was measured as in fodtaatk those for the dyads relative to
PDI-m, using perylene excitation at 490 nfrYield of energy transfer to the porphyrifiYield of hole transfer to the porphyrif.The lifetime for
ZnU' is £0.2 ns (determined by fluorescence decay), and those in the dyad®dres (average of fluorescence lifetime and transient absorption
measurements) Porphyrin fluorescence yield referenced to a value of 0.033 for zinc tetraphenylporphyrin (ZiTd®®ined using porphyrin
Soret excitation? Yield of electron transfer to the peryleneDecay of the charge-separated species Ppep-Zn*. ' We have obtained a range
of values for the lifetime and fluorescence yield for Zrddd related molecules such as zinc tetraphenylporphyrin in acetonitrile and other coordinating
solvents, affording average valueswf 2.2 + 0.6 ns and®; = 0.05+ 0.01. These values imply that the radiative fates somewhat greater in
these solvents than in toluene, as is inferred also from the stronger Q(0,0) band in the absorption and emission spectra in the coordinating solvents.
I Essentially the same value was measured previously in a variety of soly@umsiposite value from measurements using reduction in perylene
emission in dyad versus the PDI-m monomer, integrated PDI versus porphyrin emission in the dyad, and reduction in the PDI* lifetime in the dyad
versus the monomerThe same value was deduced from the energy-transfer yield obtained from the yield of porphyrin fluorescence with perylene
versus porphyrin excitation and-1 dyr in the following column™ The same value is obtained from the amplitude of the transient absorption
features and from + ®gyr in the previous column Composite value from transient absorption and fluorescence lifetime measurements, with the
latter also containing a slower, delayed compongfihe measured emission yield determined relative to the ZnTPP monomer using porphyrin
excitation is 0.010. However, this value contains a 20% contribution of delayed fluorescence, so the actual yield of prompt fluorescence is 0.008.
Ayield of 0.008 was also determined using perylene excitation, and this value similarly must be corrected down by-2080&o The value with
perylene excitation is lower than that obtained from porphyrin excitation because of hole transfer (20%) competing with energy transfer (80%) to
the porphyrin? Similar values were obtained from the reduction in porphyrin fluorescence yield in the dyad versus monomer, the porphyrin lifetime
in the dyad versus the monomer, and the amplitudes of the features in the transient absorptioniggextsame result is found in dimethyl
sulfoxide.

2321 PDI*-pep-Zn emission decay in the dyad in toluene can be ascribed to delayed
N ko fluorescence resulting from thermal repopulation of Zn* via
k& charge recombination of PDtpep-zZnt (Figure 3). The
210 PDI-pep-Zn* —_ks repopulation process and thus the magnitude of the slow
205 == bp|-pep-Zn* fluorescence component is greatly diminished as the charge-
kg ka pep-£n oo 4 o i
vl |k ) _separated species is e_nergetlcally_stablllzed below that of Zn
0 / PDI-pep-Zn* in the more polar media. (3) The yield of prompt fluorescence
ks in CHsCN from Zn* in PDI—pep—Zn in toluene is 0.008 (with porphyrin
T excitation) because the measured value of 0.010 contains a 20%
Y contribution from the delayed component (Table 2). This low
v fluorescence vyield is essentially the same as that found in
ol PDI-pep-Zn acetonitrile or dimethylsolfoxide, validating this analysis and

Figure 3. State diagram and kinetic scheme for the photoinduced giving consistency to the results.

processes for the PBbep-Zn dyad in toluene and acetonitrile. The Time-Resolved Absorption Spectra.Transient absorption

excited-state energies were obtained from the static absorption andspectra were acquired for PBpep-Zn in toluene and in

emission spectra and the energy of the charge-separated state from thgcetonitrile. The spectral changes were measured at time delays

Qelayed fluorescence data (see texlt). The lifetimes and yields are g'venextending to about 3.5 ns following excitation of either the

't?]eT 225;&2%;2%?6 constants in Table 3. Note the scale break onperylene or th_e por_phyrin with a 130 fs flash. The assignments
of the absorption difference spectRdnsient state — Aground-statd

TABLE 3: Summary of Kinetic Data for the PMI —pep—2Zn are aided by comparison of the features with those in the static
Dyad? absorption and fluorescence spectra given in Figure 1. Consider
(o)™t (k)™ (k)™ (ka)™t (kg™ (k)™ (ko)t first the spectra observed using excitation of Ppép—2Zn in
solvent (ns) (ps) (ps) (ns) (ns) (ns)  (ns) toluene at 550 nm, which primarily excites the porphyrin
toluene 3.6 31 125 05 ~15 24 >10 component (Figure 4B). The spectrum at 0.2 ps after the flash
CH:CN 3.6 34 80 05 NA 22 <05 can be ascribed predominantly to the photoexcited porphyrin

Zn*. The spectrum contains bleaching of the zinc porphyrin
Q(1,0) ground-state absorption band at 550 nm and of the
for PDI—pep-Zn in acetonitrile or dimethyl sulfoxide. Three  weaker Q(0,0) band at 590 nm. The feature at 590 nm in the
points regarding these observations are noteworthy. (1) Thetransient spectrum is’50% Q(0,0) stimulated emission from
shortening of the Zn* lifetime to 0.4 ns for the PBpep-2Zn Zn* (emission stimulated by the white-light probe pulse that
dyad from 2.4 ns for the ZnUnonomer, like the corresponding occurs at approximately the position of the corresponding
diminution in the fluorescence yield, is indicative of a process static-fluorescence band). The trough at 650 nm is the corre-
(such as electron transfer from Zn* to the perylene) that is not sponding Q(0,1) stimulated emission band. The ratios of all of
present in the monomer. (2) The 10 ns component to the Zn* these features are those expected based on the static optical

@ The rate constants refer to the processes shown in Figure 3.
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A PDI-0op-Z ponent (Figure 4A). In this case, we expect to see the behavior
02k pep-£n toluene just described for Zn* but preceded by behavior associated with
PDI*. The spectrum at 0.2 ps (solid) is due predominantly to
the photoexcited perylene PDI*. This assignment is made on
the following basis. The spectrum contains bleaching of the
perylene (0,0) and (1,0) ground-state absorption bands near 530

| Fox _(:33 nm and 490 nm (see Figure 1C). About one-half of the negative-
02 going feature near 530 nm also derives from PDI* (0,0)
stimulated emission, and the troughs at 580 and 635 nm

04l —0.2ps correspond to (0,1) and (0,2) stimulated emission (compare with

----20ps

eeeins monomer fluorescence spectra in Figure 1C). The positive

absorption at~690 nm derives from PDI*.

L . As time proceeds, the PDI* spectrum decays into the transient
difference spectrum shown at 20 ps in Figure 4A. This spectrum
is due predominantly to Zn* formed via energy transfer from
PDI*. This assignment is based on the spectral characteristics
expected for Zn* and also found, as discussed above, upon direct
excitation of the porphyrin component of the dyad (see the 0.2

X, =550 nm ps spectrum in Figure 4B). However, the 20 ps spectrum

(Zn) produced by decay of PDI* also contains features associated

with the perylene component. The latter features include the

D —02ps same characteristics (bleaching in the regions of the ground-

0.2 ----1ns state bands at 530 and 490 nm, no PDI* stimulated emission,

and a broad absorption band at 710 nm) that were assigned
above to the PDI—pep-Zn* species formed (withr ~ 400

ps) from Zn* upon direct porphyrin excitation (see the 1 ns
spectrum in Figure 4B). Thus, the perylene-associated spectral
;igu_re ‘t‘- lTime-retsoIved a:)sorptior: differ;:;?c_e sgectr_a forPD(?p—_ t features in the 20 ps spectrum in Figure 4A must represent a

n In toluene at room temperature obtained usin redominan H

excitation_ of the perylene unitpat 490 nm (A) or the po?pr?yrin at 550 ;r:f! ampunt of PD_1—pep—Zn+. In this case, the PDFEep_
nm (B) with a 130 fs flash. pecies forms ir<20 ps by hole transfer from PDI* to the

porphyrin, in parallel with energy transfer from PDI* to the

spectra in Figure 1B. The 0.2 ps transient spectrum also containg®©rPhyrin to form Zn* (Figure 3). On the basis of characteristics
small features at 530 and 490 nm that can be assigned toSUch @s the magnitude of the 530 nm perylene bleaching
bleaching in the perylene (0,0) and (1,0) ground-state absorption(referenced to the broad background transient absorption) at 20
bands, respectively (see Figure 1C). The latter features arePS Versus 0.2 ps, the PDipep-Zn — PDI”—pep-Zn™ hole-
present because of minor direct excitation of the perylene transfer process in toluene has a yield of 20%. Thus, the
component. predominant (80%) decay pathway of the photoexcited perylene

As time progresses, the Zn* spectral features give way to IS the PDI*-pep-Zn — PDI—pep-Zn* energy-transfer pro-
the absorbance changes shown at 1 ns in Figure 4B. ThisC€SS- Subsgquently, the spectral featu_res at 20 ps a_ssouate_d with
spectrum retains bleaching of the porphyrin ground-state bandsZ"* €volve into those shown at 1 ns (Figure 4A). This evolution
at 550 and 590 nm, but the stimulated emission features are noncludes a dramatic increase in the perylene-associated char-
longer present (evident by the ratio of the features). These acteristics that can be assigned to the PEjep-Zn* species,
findings indicate that the zinc porphyrin has not returned to the &S described above for the spectrum taken 1 ns after direct
ground state but is no longer in the emissive Zn* excited state. POrPhyrin excitation (Figure 4B). Subsequently, the PBpep-
The nature of the species present at 1 ns is revealed by theZn" spectrum does not change appreciably over the 3.5 ns time
presence of substantial bleaching in the perylene (0,0) and (1,0)Scale of the transient absorption measurements.
ground-state absorption bands at 530 and 490 nm, respectively. Representative kinetic data for PBpep-Zn in toluene
Because the corresponding perylene stimulated emission featuregssociated with the spectra in Figure 4a are shown in Figure 5.
are absent (see the 0.2 ps spectrum in Figure 4A where theséA PDI* lifetime of 2.5 ps is found from the average time
features contribute at 530 and 580 nm), the perylene componentonstant determined from the evolution of the spectral features
of the dyad is not in the PDI* excited state at 1 ns. Instead, the associated with either the perylene or the porphyrin. These
broad transient absorption with a distinct maximum near 710 features include the formation of the Zn* absorption at 465 nm,
nm indicates that the perylene unit is in the anionic form PBI substantial decay of bleaching in the perylene (1,0) ground-
Thus, the 1 ns spectrum in Figure 4B can be assigned as thestate absorption band at 490 nm (together with formation of
PDI-—pep-Zn* species formed by electron transfer from Zn* Zn* absorption), and decay of the perylene (0,1) stimulated
to the ground-state perylene unit (Figure 3). A yield of 80% emission at 570 nm. The subsequent evolution of the absorbance
for the latter process is estimated from the amplitude of the changes are associated with the decay of Zn*, which has an
PDI bleachings at 490 and 530 nm in the 1 ns spectrum relative average time constant of 34070 ps (insets to Figure 5). These
to the amplitude of the bleachings in the 0.2 ps Zn* spectrum. features include decay of the Zn* excited-state absorption at
The time evolution of the spectral features gives a Zn* lifetime 465 nm and formation of perylene bleachings (because of
of 400 + 50 ps for PDt-pep-Zn in toluene (Table 2; vide  PDI"—pep-Zn*) at 490 and 530 nm. The reason the associated
infra). time constants appear somewhat wavelength dependent may

Consider next the transient absorption data for Pdp— derive from the equilibrium involving the Zn* and PDtpep—

Zn in toluene obtained upon excitation of the perylene com- Zn™ species depicted in Figure 3 (which is also reflected in the
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) o . Time (ps) Figure 6. (A) Time-resolved absorption difference for PBpep—2Zn
Figure 5. Kinetic profiles at selected wavelengths for Piplep-Zn in acetonitrile at room temperature obtained using predominant excita-
in toluene using predominant excitation of the perylene component at tjon of the perylene unit at 490 nm. The inset gives an expanded view
490 nm. For the insets, which emphasize the longer-time behavior, datagf the data at 20 ps and 2.8 ns on the same wavelength scale as the
before and during the excitation flash are not shown for clarity; main panel. (B) Kinetic data for the growth of the Zn* transient
the AA = 0 line is the horizontal axis in panel A and the horizontal  apsorption at 460 nm and its subsequent decay. The dual exponential
line in panels B _and C. The so_hd Ilnes_ through the data are fits using fjt (solid line) gives time constants of 2:6 0.2 and 39+ 30 ps for
adual-exponentlal function giving the time constants shown. (Avera_ge the two components. The inset shows data at 530 nm and a single-
values for the time constants at these and other wavelengths are giverbyponential fit with a time constant of 2-80.2 ps. (These values and
in Table 2.) those obtained at other wavelengths afford the average values given in

Table 2.)
slow component to the Zn* fluorescence decay noted above).

Similar results are found when the porphyrin is excited directly in acetonitrile is similar to the Zn* lifetime of 0.5 0.1 ns
(Zn* lifetime of 400+ 50 ps). Note that a Zn* lifetime o£400 determined from fluorescence decay in this solvent (and to the
ps derived from the transient absorption data is in good Zn* lifetime of 0.4 ns found in tO'Uene). Again, these values
agreement with the value of 480100 ps for the fast, primary ~ are much shorter than the excited-state lifetime of monomeric
component to the Zn* fluorescence decay. Following the decay Zinc porphyrins (Table 2). Collectively, these results suggest
of Zn*, the absorbance Changes associated W|th*P-|Dbp— the fO“OWing: (1) The Zn* lifetime in the dyad is dominated
Zn* do not decay on the time scale of these measurements by €lectron transfer to form PDt-pep-Zn™ in both solvents
indicating a lifetime for the charge-transfer productaf0 ns (80% yield as described above in toluene). (2) PBpep-
(Figure 5, insets). Zn™ decays by charge recombination to the ground statedi’s
Transient absorption measurements were also performed ons in acetonitrile, compared to thelO ns lifetime of this species
PDI—pep-Zn in acetonitrile. The spectra at 0.2 and 20 ps after in toluene.
excitation of the perylene at 490 nm (Figure 6A) are very similar
to those obtained under similar conditions in toluene (Figure
4A) and can be similarly assigned. The 0.2 ps spectrum in  The state diagram and kinetic model in Figure 3 summarizes
acetonitrile can be ascribed to PDI*, which is found to decay the primary photophysical processes observed for-R2p—
with a lifetime of 2.4+ 0.2 ps (similar to the 2.5 ps value in  Zn in toluene and acetonitrile. The microscopic rate constants
toluene) from the average of measurements at several wave<for the various processes can be obtained in terms of this model
lengths (see Figure 6B). Following PDI* decay, the spectrum using the corresponding yields and the lifetimes of the transient
at 20 ps has features that can be assigned to a combination oftates derived from the time-resolved and static optical measure-
Zn* (decreased slightly to 70% from 80% in toluene) and ments (Tables 2 and 3). In the following, we draw together the
PDI"—pep-Zn* (increased to 30% from 20% in toluene). various results to (1) verify their consistency, (2) derive the
However, the subsequent behavior has both similarities andkinetic parameters, and (3) allow insights into the mechanisms
differences from that found in toluene. The main difference is of photoinduced processes in this dyad. These considerations
that the 20 ps spectrum in acetonitrile decays uniformly to zero and the resulting conclusions not only give a comprehensive
with a time constant of 406 100 ps (Figure 6), whereas in  description of the excited-state pathways operable in the-PDI
toluene the spectrum assigned to PBpep-Zn™ increased in pep—Zn array but also form a benchmark for the varied behavior
magnitude over this time frame and then remained unchangedobserved for the other perylenporphyrin dyads described in
to the 3.5 ns limit of the measurements. The 0.4 ns decay timesubsequent articles, including the following paper.

Discussion
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The lowest excited singlet state of an isolated chromophore with direct porphyrin excitation, 0.008. These considerations

such as the peryleraliimide (PDI*) or the zinc porphyrin (Zn*)

demonstrate the consistency of the various measurements and

decays by fluorescence and internal conversion to give the combine to show that the fate of the photoexcited perylene unit
ground electronic state, as well as intersystem crossing to formin the PDpep-Zn dyad is overwhelmingly dictated-@9%)
the excited triplet state. The rate constants for these threeby processes involving the porphyrin that are not operable in

processes arks, kic, and kisc, respectively. Thus, the isolated
perylene and porphyrin chromophores have a lifetime of their
respective lowest excited singlet stat®, and a fluorescence
yield, ®f", given by eqgs 1 and 2:

= (k+ ke ko)
DF" = ki (ks + ke + ko)

1)
)

the isolated perylene dye.

The fluorescence and transient absorption data further indicate
that the primary processes of the perylene excited state in the
dyad are energy transfer (PDfpep—Zn — PDI—pep—Zn*)
and hole transfer (PDF¥pep-Zn — PDI"—pep-Zn*). These
processes have rate constakisand kp, respectively (Figure
3). Thusk; + k, > ko. Furthermore, energy-transfer from PDI*
to the porphyrin dominates over hole transfe&r & k). In
particular, a yield of 80% for the PD¥pep—Zn— PDI—pep—

It is reasonable to assume that the rate constants for the inherenzn* energy-transfer process is estimated from the Zn* fluores-

decay pathways of PDI* and Zn* in the PBpep—Zn dyad

cence yield in the dyad obtained using predominantly perylene

are well approximated by those for the isolated monomers. This excitation versus that with porphyrin excitation (Table 2). This
view is supported by the findings that the redox potentials and finding implies a corresponding yield of 20% for the PBI*
static optical spectra of the dyad are essentially given by (the pep-zZn — PDI"—pep-Zn* hole-transfer process. The same
sum of) those of the isolated reference compounds, indicating 20% yield of hole transfer is estimated from the amplitudes of
essentially no perturbation of the perylene because of thethe features in the transient absorption spectra, again indicating

presence of the porphyrin (and linker) and vice versa. However,

an 80% energy-transfer yield. Using the model in Figure 3, these

in the dyad, there are additional decay channels for the excitedyields and the measured PDI* lifetime of 2.5 ps for PPep—
states not possible in the monomer. The fluorescence andzn in toluene giveki/(k; + ko) = 0.8, ko/(k; + kz) = 0.2, and

transient absorption data indicate that these channels for thek;, + k, =

PDI—pep-Zn dyad are energy transfer, hole transfer, and
electron transfer (rate constakisr, kyt, andker, respectively).
The rate constant by which either the PDI* or Zn* excited state

(2.5 psyL. Thus, the rate constants of the parallel
energy- and hole-transfer pathways of PDI* kye= (3.1 ps)?!
andk, = (12.5 ps)?! (Table 3). Generally similar values are
obtained from the analysis of the measurements on-pBp—

in the dyad decays by one or a combination of these quenchingzn in acetonitrile, except for a slightly faster hole-transfer rate

processes can be denotied Thus, in analogy with eqgs 1 and
2 for the isolated pigments, the lifetime of the lowest excited
singlet statez, and the fluorescence yiel@®, of either PDI*

or Zn* in the dyad are given by egs 3 and 4:

7= (ke TheoTh) ™ (3)

= ke /(s + ki + Kise T kg) 4)

The yield of the energy-transfer pathway, for example, is
DPenr = Kent /(k + ke + K T kg) ©)

where againky is the rate constant for the energy-transfer

for PDI* than in toluene. These rate constants again reflect the
fact that energy transfer to the porphyrin is the primary fate of
the photoexcited perylene dye in the Piplep—Zn dyad.
Photodynamics of the Excited Porphyrin.The Zn* excited
state of PD+pep—2Zn can be formed via energy transfer from
the excited perylene (in 80% yield) or via direct excitation. As
expected, the course of decay of Zn* is identical in the two
cases. The zZn* lifetime in the isolated zinc porphyrin ZngJ
™= 2.4 ns. Following the logic given above (negligible change
in the inherent decay rates of the porphyrik),= (2.4 nsy?!
for the PDpep-Zn dyad (Figure 3 and Table 3). The primary
fate of the Zn* in the isolated chromophore is intersystem
crossing @, ~ 0.9) with only a small fluorescence contribu-

channel plus that for any other process (hole or electron transfer)tion (®{" = 0.035). The yield of prompt fluorescence yield is
not operable in the monomer that contributes to the dynamics reduced in the dyaddf; = 0.008). This reduction occurs not

of the associated excited state in the dyad.
Photodynamics of the Excited Perylene in PD+pep—Zn.

because of energy transfer to the perylene (which is energetically
uphill) but rather because of PBpep—Zn* — PDI-—pep—

The excited state of the isolated perylene dye (PDI*) has a Zn" electron transfer. A yield of 77% for this latter process is

lifetime T™ = 3.6 ns. Thusk, = (3.6 ns) ! in the kinetic model
in Figure 3 for PDt-pep-Zn, following the considerations given

calculated using the expressi@er = 1 — @/®{" (derived
from manipulation of egs 2, 4, and 5). The yield of this electron-

above concerning minimal perturbation of the inherent properties transfer process is also measured to be 80% from the amplitudes
of the perylene in the array. The isolated perylene dye decaysof the features in the transient absorption spectra (Figure 3B).

almost exclusively by fluorescenc&{ = 0.97). Although
fluorescence remains the major contributorkgan the dyad,
the yield is reduced dramatically tb;y = 0.001, as determined
by direct measurement of this quantity. The same vade<
0.001) is calculated from the corresponding reduction in the
PDI* lifetime in the dyad ¢ = 2.5 ps in toluene) versus the
monomer via the expressio®s ®"t/t™ (obtained by
manipulation of eqs +4). A similar value (¢ = 0.0015) is
obtained from the product of the following three factors: (a)

A yield of 83% also can be calculated using the Zn* lifetime

= 0.4 ns in the dyad (composite value from fluorescence and
transient absorption) and the lifetimg" = 2.4 ns in the
monomer using the expressidrer = 1 — 7/t™ (derived from
manipulation of eqgs 1, 3, and 5). Thus, there is consistency in
the various results regarding the yield of the electron-transfer
pathway of Zn* in the dyad (80%), which dominates the excited-
state dynamics.

The rate constank{) for the PDpep-Zn* — PDI~—pep-

the ratio of integrated perylene versus porphyrin fluorescence Zn* electron-transfer reaction can be obtained by several means.

spectra measured with perylene excitation, 0.26, (b) the
measured yield of perylene-to-porphyrin energy transfer, 0.8,
and (c) the yield of porphyripromptfluorescence measured

The most rigorous is to utilize the expressions for the time-
evolving populations of Zn* and PDFpep-Zn* derived for
the kinetic model in Figure 3, which includes thermal repopu-



Synthesis and Photodynamics of Dyads J. Phys. Chem. B, Vol. 105, No. 34, 2008245

CHART 2 minimal contribution of the Feter through-space (TS) process.
The empirical evidence for this assessment includes the
dependence of the rate on factors such as porphyrin orbital
characteristics and porphyrin-linker torsional constraints that
primarily modulate the linker-mediated inter-porphyrin elec-
tronic coupling. Additionally, the calculated Fter rates are
far slower than the measured values. For example, the measured
rate of energy transfer from Zn* to Fb in the Zpep—Fb dyad

is (24 ps)?, which is~30-fold faster than the calculatedseer

rate of~(750 ps)* (Table 4)3” The measured rate is even faster
for energy transfer from Zn* to Mg in the analogous dyad-Zn
pep—Mg (9 ps) ! even though the calculated fster rate is
slower than for Zn-pep—Fb because of poorer spectral overlap
BOPY-pep-Zn (Table 4). Indeed, faster energy transfer infrep—Mg versus
Zn—pep—Fb can be traced largely to enhanced TB coupling
derived from the differences in the electron density in the
molecular orbitals at the site of linker attachment in the Mg
versus Fb porphyrin accept$tA Forster calculation for PD+
pep—Zn using the same formalism (Appendix B) gives a TS
rate of (17 ps)?, which is 5.5-fold slower than the experimental

) ) . value of (3.1 ps)! (Tables 3 and 4). This comparison suggests
lation of the former species from the latter (see Appendix A). that the TS mechanism makes a modest contribution to the
This close equilibrium is indicated by the finding of.a 10 ns energy transfer from the photoexcited perylene to the porphyrin
_(delay_e_d) component to the Zn* fluorescence decay in toluene, j, PDI—pep-Zn but that the TB mechanism again plays the
in addition to the dominant 0.4 ns faster (prompt) component. rincinal role. This behavior is consistent with that in a related
In order for the kinetic model to reproduce the data, a rate dyad BDPY—pep-Zn, in which energy transfer occurs from a
corlstanko,~ (0.5 ns)* for the PDi-pep-Zn* — PDI"—pep- boron—dipyrrin pigment to a zinc porphyrin via a diphenyl-
Zn™ electron-transfer process is required. (Similar valuesof oy ne Jinker (Chart 29in the latter dyad, energy transfer occurs
are obtained in a more stralghtforvyard manner from the I_|fet|m_e with rate constants of(20 ps)! and~(2 ps)t (70:30 amp-

or fluorescence data and expressions obtained by manlpulafuoqitude ratio) that are associated with two excited states produced

of eqs -5 that ignore the thermal repopulation process in . 5 hhotoinduced conformational change in the BDPY chro-
Figure 336 This modeling also returns a rate constant of the mophore, a process that also exists in the isolated" dye.

~ P >
reverse process & 3 ~ (1.5 nsyL. This value implies that Implications for Use of the PDI—pep—zn Dyad in Mo-

PDI-—pep-Zn* lies only ~kT below Zn*, which must be the . i . .
case to observe the delayed component to the Zn* decay. Thelecular Photonic DevicesComparison of the results described

modeling also indicates that charge recombination of PDI above for thelPDderep—Zn ar}d EDPY—peQ—ZQ d)(;ads .
pep-Zn* to directly give the ground state (and perhaps the eates several advantages of the perylalimnide dye versus

triplet excited state of the perylene) may have a rate Constamboron—dipyrrin pigment as a light-input unit in porphyrin-based
ks ~ (50 ns)L. However, given the observed lack of decay of 2TayS- These favorable characteristics include faster rates of
the charge-transfer product over the 3.5 ns span of the transienfN€rgy transfer, sir_lgle-_exponential exciteo_l-state behavior, and
absorption measurements, a more conservatively estimage of €nanced absorption in the spectral window between the
< (10 ns)! is more appropriate. For PBpep-Zn in aceto- porphyrl_n Soret and_Q bands. A drawback of the Ppép—
nitrile, the same primary decay processes of Zn* are operable,zn unit is _that the_yleld o_f energy transfer from PDI* to the
although the rates and yields differ. The most notable of these POrPhyrin is not quite as high (80%) as that which occurs from
is that the decay of PDFpep-zn* is measured to be much ~BDPY* to the porphyrin in BDPY-pep-Zn (>99%):" The

faster than in toluene (Table 3). Additionally, thermal repopu- Ultrafast rate of~(3 psy™ for PDI*—pep-Zn — PDI—pep-

Zn-pep-Fb (ZnFbU)

la SR VSO
o o]

PDl-pep-Zn

lation of Zn* from PDIF—pep-2Zn* is negligible k 3 < k), Zn* energy t_ransfer W(_)uld clearly support.the same near-
andks is estimated simply from the lifetime and fluorescence guantitative yield were it not for the competing PBipep-
data (Table 3). Zn— PDI"—pep-Zn* hole transfer process, which has a rate

Collectively, these results and considerations lead to a self- of ~(13 ps)*. Thus, one means of improving the energy-transfer
consistent description of the primary excited-state processes inefficiency in this dyad is to decrease the rate of hole-transfer
the PDIpep-2Zn dyad, as summarized in Figure 3 and Tables by_maklng the energetics of th_e latter process Iess_ favorable.
2 and 3. The dynamics are dominated by energy transfer from This can be achleyed py altering the'redox potentials of the
the photoexcited perylene diimide to the zinc porphyrin (80% Porphyrin as described in the companion paper.
yield) on the time scale of a few picoseconds and subsequent The substantial electron-transfer quenching of Zn* that occurs
electron-transfer back from the excited porphyrin to the perylene once the energy has arrived from PDI* presents a limitation of
(80% vyield) on the time scale of several hundred picoseconds. PDI—pep—Zn as a light-input element in light-harvesting arrays.

Mechanisms of Energy and Electron Transfer.We have This PDFpep-Zn* — PDI~—pep-Zn* quenching process has
carried out extensive studies of excited-state energy transfera yield of 80% and a rate of(0.5 nsy®. Thus, for use as a
between porphyrins joined by the same diphenylethyne linker light-input element, the energy-transfer rate from Zn* to the
used in the perylereporphyrin dyad PD+pep-2Zn37-40 One next constituent in an array would have to be rapid compared
example is Zr-pep—Fb (previously denoted ZnFbU), which  with ~(0.5 ns)X. However, as noted above, we have previously
contains zinc and free base porphyrins (Chart 2). We found thatfound that energy transfer from Zn* to the Fb porphyrin in-Zn
porphyrin—porphyrin energy transfer in this architecture is pep—Fb has a rate of (24 ps).3” Thus, in a hypothetical PBA
dominated by a through-bond (TB) mechanism, with only a pep-Zn-pep-Fb triad, energy transfer would be the preferable
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TABLE 4: Calculated Forster Energy-Transfer Rate for Several Porphyrin-Containing Dyadst

dyad R (A)b K2 (ory T (ns)“ J (Cl'n6 ran'lOrl)d (kENTcalc)fl (psf (kENT)fl (psf Denp?
PDI—pep-Zn 211 2 0.96 3.7 5.& 107 17 3.1 0.80
BDPY—pep-Zn 18 0.25 0.058 0.52 181018 53 20/2* 0.98
BDPY—pep-Fb 18 0.25 0.058 0.52 701014 99 20/2* 0.95
Zn—pep-Fb 20.1 1.125 0.033 2.4 2910 745 24 0.99
Zn—pep—MgXk 20.1 1.125 0.033 2.4 16104 9 0.99

a All data were obtained in toluene at room temperatPi@enter-to-center distance. The distance in PB#p-Zn was estimated at 21.1 A
using Discover 3 in INSIGHT Il from Molecular Simulations, Irfd=luorescence yield and excited-state lifetime for the energy-transfer donor in
the absence of the acceptor (e.g., Figure! The Faster spectral overlap ternd)(was computed using selected monomers which best approximate
those units in the dyad. The extinction coefficients used for-Rigl-Zn are as follows: ZnU 490 nm (350 M* cm™?), 423 nm (468 000 M*
cm1); PDI-m, 490 nm (43 900 Mt cm™Y), 423 nm (3300 M* cm™?). € Calculated Frster ratef Measured rate? Measured yield" The energy-
transfer yield for PDt-pep-Zn is reduced fron>0.99 to 0.80 because of competition with ultrafast hole transfer to the porphyrin (see Figure 3
and text).! These complexes exhibit dual-exponential behavior with time constant@@fand~2 ps with 70:30 relative amplitudes (see text).

I Complex was previously denoted ZnFBU X Complex was previously denoted MgzZriJ.

pathway (99.5% vyield) if it were in competition with electron
transfer (rate~ (0.5 ns)1). The yield of energy transfer would
be even higher (than in PBpep-Zn—pep-Fb) if the Fb

The observation of delayed fluorescence from Zn* in PDI
pep—2n (in toluene), which occurs via thermal repopulation of
the excited state from the PDtpep-Zn* charge-transfer

porphyrin output element were replaced with a magnesium product, indicates that the energy of this latter species-icb
porphyrin or a phthalocyanine, which exhibit energy-transfer (0.026 eV at 298 K) below Zn* (Figure 3, vide supra). This
rates from the neighboring Zn* of(9 ps)* and ~(3 ps)?, information along with the absolute energies of the PDI* and
respectively*>4! Thus, the electron-transfer quenching that Zn* excited states (as indicated by the static absorption and
occurs following formation of Zn* from PDI* could be  emission properties of these constituents) provides a starting
circumvented by appropriate molecular design. We have recentlypoint for a detailed analysis of the charge-transfer behavior of
utilized these ideas, together with the insights gained from the the perylene-porphyrin dyads. In the accompanying p#iteg
results given in the two other papers in this series on perylene data for the benchmark PBpep—2Zn dyad are used along with
porphyrin dyadg324 to prepare a perylene-bis(porphyrin) those for analogous arrays containing Mg and Fb porphyrins to
phthalocyanine wire that exhibits enhanced energy-transferconstruct a complete and fully self-consistent picture of the
properties relative to our first-generation wirgs. excited-state properties of this class of dyads.

For applications such as molecular switching, the high yield
of electron transfer that occurs from Zn* to the perylene Experimental Section
component of PDtpep—Zn can be exploited. The use of
perylene-based dyes as electron acceptors when attached to General. 'H NMR spectra were collected at 300 MHz.
porphyrins has been explored previously but with different Products were analyzed by fast-atom bombardment (FAB) or
linkers connected to thi-imide position of the perylene unit by laser desorption mass spectrometry (LD-MS) in the absence
than the diphenylethyne linker used in PRiep-Zn1521250ne of a matrix#3 All reagents were obtalned from.AIdrlch (;hemlcal
example is the phenyl-linked dyad PBp—Fb in which electron Co., and all solvents were obtained from Fisher Scientific.
transfer from Fb* to the perylene occurs with a rate constant of ~ N-(2,5-Di-tert-butylphenyl)-3,4,9,10-perylenetetracar-
~(10 psy!in pyridine, followed by charge recombination to boxylic-3,4-anhydride-9,10-imide (1) Following a slight modi-
the ground state with a time constant©{120 psyL1® It is fication of method Il described by Kaiser et #.N,N-bis(2,5-
noteworthy that the forward electron-transfer and charge- di-tert-butylphenyl)-3,4,9,10-perylenebis(dicarboximitig).0 g,
recombination rates initiated in Fb* in PBp—Fb are both 5.2 mmol) was suspended in 100 mL t&frt-butyl alcohol.
faster than the values of(500 psy® and <(10 ns) ! observed =~ Powdered KOH (80%, 1 g) was added, and the mixture was
for PDI—pep—-Zn in toluene. This difference can be ascribed refluxed with vigorous stirring for 2 h. After cooling to room
predominantly to greater peryleaporphyrin electronic cou-  temperature, the reaction mixture was treated with a mixture of
pling via the phenyl (p) versus diphenylethyne (pep) linker. HCI (50 mL, 2 M) and glacial acetic acid (100 mL) with
(Along the same lines, we have found that excited-state energyvigorous stirring. The resulting mixture was refluxed for 1 h,
transfer from Zn to Fb porphyrins is also faster across a phenyl cooled, and filtered. The residue obtained was suspended in 100
versus diphenylethyne linker: (3.5 p$)versus (24 ps), mL of 10% K,CO; and refluxed for 0.5 h and then filtered using
respectively’? We have also found that the charge recombina- a frittered-glass funnel under vacuum to separate the soluble
tion in PDI"—pep-Zn* is enhanced in polar solvents such as monopotassium salt of 3,4,9,10-perylenetetracarboxylic acid.
acetonitrile; this effect no doubt reflects a more favorable (Note: The residue should not be washed with water). The
balance between the free-energy change for the process (smalleresidue obtained was washed twice with 104K solution.
and the reorganization energy (larger) than in toluene, as is The funnel was then filled with 2% HCI, kept for 0.5 h and
discussed in more detail in the companion paper that follows. filtered. This process was repeated twice. The residue was then
The availability of peryleneporphyrin dyads with tunable rates ~ washed with distilled water until the washings were neutral and
of formation and decay of the electron-transfer product is then suspended in 10% triethylamine in water (50 mL) and
potentially useful for applications involving molecular switching. refluxed for 0.5 h. The mixture was filtered to separate the

Finally, we note that in order to design molecular devices insoluble residue of unreacted starting material. The filtrate was
for applications in which it is desirable to either optimize or acidified with a minimum amount of 10% HCI, and the product
minimize charge-transfer processes, it is essential to have a firmwas separated by filtration (0.45 g, 15%).
understanding of the rate versus free-energy relationship for the N-(4-lodophenyl)-N'-(2,5-di-tert-butylphenyl)-3,4,9,10-
charge-transfer processes. It is also highly desirable to haveperylenebis(dicarboximide) (2).A mixture of 1 (0.45 g, 0.78
direct experimental information on the absolute energies of all mmol), p-iodoaniline (0.42 g, 2.0 mmol), imidazole (2.5 g), and
of the species involved, including the charge-separated productsanhydrous zinc acetate (0.15 g) was stirred in an oil bath at
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130 °C for 1 h. The mixture was allowed to cool to room were measured relative to the appropriate reference monomer
temperature, and 25 mL of 60% ethanol was added, stirred at(ZnTPP and HTPP)*

room temperature for 2 h, and filtered. The residue was treated Time-Resolved Fluorescencerluorescence lifetimes were
with 25 mL of 10% aqueous triethylamine, and the resulting obtained on samples that had concentrations of 00uM and
mixture was refluxed. After cooling, the suspension was filtered were deaerated by bubbling withyN.ifetimes were determined

and the residue was washed several times with 60% ethanolby fluorescence modulation (phase shift) techniques using a
then with ethanol, and finally with hexanes. The solid product Spexr2 spectrometer. Samples were excited at various wave-
obtained was dried in an oven and chromatographed over silicalengths and detected through using the appropriate colored glass
gel (CHCly) to yield 0.45 g (84%) of the pure product: mp filters. Modulation frequencies from 20 to 300 MHz were
>270°C; IR (KBr) 1708, 1670 cm®; IH NMR (CDCls) 6 1.30 utilized, and both the fluorescence phase shift and modulation

(s, 9 H), 1.334 (s, 9 H), 7.084 (d,= 2 Hz, 1H), 7.137 (dJ = amplitude were analyzed.
8 Hz, 2 H), 7.488 (ddJax = 2 Hz, Jav = 8 Hz, 1 H, AMX), Time-Resolved Absorption.Transient absorption data were
7.615 (d,d = 8 Hz, 1 H, AMX), 7.915 (d,J = 8 Hz, 2 H), acquired as follows!*>Samples {-10uM in toluene) in 2 mm
8.644-8.790 (m, 8 H); FAB-MS obsd 781.1587, calcd exact Path length cuvettes at room temperature were excited at 10
mass 781.1563 (GH3aN>041); Labs(toluene) 432, 460, 491, 528 Hz with ~130 fs_, 47 y_J pL_JIses at the appropriate wavelength
nm. Alternatively, a mixture of perylene-3,4,9,10-tetracarboxylic @nd probed with white-light probe pulses of comparable
dianhydride (1 equiv), 2,5-dert-butylaniline (3 equiv),p- duration.
iodoaniline (2 equiv), zinc acetate, and imidazole was heated
under nitrogen at 180190 °C for 2 h. The reaction mixture
was cooled to room temperature, diluted with 60% ethanol and
allowed to stand for 2 h. The resulting precipitate was collected
by filtration and washed with ethanol and then suspended in
10% KOH solution, refluxed, and filtered. The residue was taken
up in CHCIl,, and the insoluble diimide was separated by
filtration. The filtrate was concentrated and chromatographed
over silica gel_. The product was collected as the second fraCtiO”Appendix A. Kinetic Model for Equilibrium Involving the
(2% overall yield). Zn* Excited State
Perylenediimide—Diphenylethyne—Zinc Porphyrin Dyad
(PDI—pep—2n). Following a method for porphyriaporphyrin
coupling reactions® samples o2 (0.021 g, 0.031 mmol, 2.5
mM), ZnU' (0.028 g, 0.03 mmol, 2.5 mM¥, Pcdbas (0.004 g,
4.4 umol, 15 mol %), and tre-tolylphosphine (0.011 g, 0.036
mmol, 4:1 per mol Pd) were weighed into a 50 mL Schlenk
flask. The reaction vessel was purged with Ar and then 13 mL
of distilled and degassed toluene/triethylamine (5:1) was added _1 _ _
under inert conditions. The reaction mixture was heated to 35 A= 2b( kg T adg— Ky ks Ty D) (23)
°C and stirred for 1 h. The crude reaction mixture was filtered
through Celite, rotary evaporated to dryness, chromatographed B= i(Zbok,3 —ak,+ks+k —k,+b) (2b)
on silica (CHClyhexanes, 3:1), chromatographed by SEC 2b
(THF), and recrystallized (ethanol) to afford a purple solid
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The following expression describes the time evolution of the
concentration of the photoexcited zinc porphyrin (Zn*) in the
equilibrium kinetic model of Figure 3:

[Zn9(1) = A exp{—%(a + b)t] +B ex;{—%(a - b)t] 1)

(0.025 g, 57%)H NMR (CDCl) 6 1.32 (s, 9 H), 1.36 (s, 9 a=ktkgtktk (3a)
H), 1.56 (s, 18 H), 2.65 (s, 9 H), 7.05 (d, 1 H), 7-2B29 (6
H), 7.46 (d,J = 8 Hz, 2 H), 7.50 (dd, 1 H), 7.63 (d,= 8 Hz, b= J(kg + K 5+ k, + ke)? — 4[ksks + (k5 + ko)k,] (3b)
1 H), 7.90 (d,J = 8 Hz, 2 H), 7.97 (dJ = 8 Hz, 2 H), 8.26 (d,
J =8 Hz, 2 H), 8.77-8.91 (m, 8 H); FAB-MS obsd 1480.8, a, = [Zn*](0) (4a)
calcd exact mass 1478.5 dgEl;sNgO4ZN); Laps (toluene) 424,
460, 492, 528, 548 (s), 589 nm. b, = [PDI”—pep-Zn*](0) (4b)

Electrochemistry. The electrochemical studies were per- _ ]
formed in butyronitrile (Burdick and Jackson) using previously The observed dual exponential fluorescence Zn* decay with
described instrumentatid The supporting electrolyte was 0.1 ~components having time constants of 0.4 and 10 ns comprising
M tetrabutylammonium hexafluorophosphate (Aldrich; recrys- 80 and 20% of the decay, respectively, gives

tallized three times from methanol and dried at ¥€0n vacuo). _
The electrochemical cell was housed in a Vacuum Atmospheres [Zn*](1) = 0.8 expE-(0.4 ns) 1] + 0.2 expf-(10 ns) ]

glovebox (Model HE-93) equipped with a Dri-Train (Model (%)
493). Equating eqs Al and A2 afforda (- b) = (0.2 ns)%, (a — b)
Static Absorption and Emission.Static absorption (HP8451A, = (5 ns)'!, A = 0.8, andB = 0.2. The relative yields of Zn*

Cary 3 and 219) and fluorescence (Spex Fluoromax or Fluorolog and PDI—pep-zn* from PDI* determined from the transient

Il) measurements were performed as described previéti$ly.  absorption data gives, = 0.8 andb, = 0.2. The Zn* lifetime
Nondeaerated samples with an absorban@el5 atdexc (0.3— in the ZnU monomer affordsk, = (2.4 nsy™.

0.8uM) were used for the key emission measurements, although A consistent set of results is given ky~ (0.5 ns)?, k-3 ~

more concentrated samples were investigated; the detection ban@l.6 ns)?, andks ~ (50 ns) ™. The value ok is slightly longer
pass was 45 nm, and the spectra were corrected for the than the measured 0.4 ns Zn* fluorescence-decay component,
detection-system spectral response. Emission quantum yieldsas expected from the equilibrium involved. The valuekof
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andks together suggest that PD+pep-Zn* lies ~1.2T below
Zn*, which is consistent with the finding of a measurable
delayed fluorescence component. The valuksa$ consistent
with the finding of essentially no decay of PBtpep-Zn™ over

Prathapan et al.

(19) Liu, S.-G; Liu, Y.-Q.; Xu, Y.; Jiang, X.-Z.; Zhu, D.-Bletrahedron
Lett 1998 39, 4271-4274.

(20) Wasielewski, M. R.; Gosztola, D.; Svec, W. Kol. Cryst. Lig.
Cryst. 1994 253 289-296.

(21) Just, E. M.; Wasielewski, M. RSuperlattices Microstr200Q 28,

the 3.5 ns time scale of the experiments. However, given the 317-328.

time span of the measurements, it is more appropriate to use;

an upper limitks < (10 ns) ™.

Appendix B. Forster Calculations

The Faster rate is calculated using the standard formulation
based on the point dipotedipole approximation (eq B1), using
the program PhotochemCA®D.

Kegsier= (8.8 x 10°)*®MIn*R°(z™ ™t (B1)

Here,«? is the orientation factor (obtained by dynamic averaging
about the pigment-linker bondspf" is the fluorescence yield
of the donor in the absence of the acceptbis the spectral
overlap term (in cthmmol) obtained from the optical spectra
of the monomersn is the refractive index (1.496 for toluene),
R6 is the donoracceptor center-to-center distance (in A)
obtained from molecular modeling, an® is the lifetime of
the donor in the absence of the acceptor. For othestEp
calculations of perylene-bis(imide) dyes, see ref 46.
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