J. Phys. Chem. R004,108, 74977505 7497

Photoinduced Electron Transfer in Self-Assembled Dimers of 3-Fold Symmetric
Donor—Acceptor Molecules Based on Perylene-3,4:9,10-bis(dicarboximide)

Boris Rybtchinski, Louise E. Sinks, and Michael R. Wasielewski*

Department of Chemistry and Center for Nanofabrication and Molecular Self-Assembly,
Northwestern Uniersity, Ezanston, lllinois 60208-3113

Receied: March 12, 2004; In Final Form: July 12, 2004

The influence ofr-stacking on photoinduced electron transfer in a series of dameptor molecules attached
to a 3-fold symmetric scaffold was studied. The donacceptor unit is a DEAPDI pair (DEA= N,N-
diethylaniline; PDI= perylene-3,4:9,10-bis(dicarboximide)), in which the 4-position of DEA is covalently
attached to the nitrogen atom of one imide of PDI. One, two, or three B units are attached to the
para position of one of the phenyl groups of 1,3,5-triphenylbenzene, using the other PDI imide group to form
mono-, bis-, and tris(DEAPDI). These molecules demonstrate an increasing tendency to self-assemble into
mr-stacked dimers in solution in the order mono(DHRDI) < bis(DEA—PDI) < tris(DEA—PDI). Photoinduced

electron transfer in both the monomers and self-assembled dimers was studied by femtosecond transient
absorption spectroscopy. The charge separation (CS) and charge recombination time (CR) constants are found

to be independenbf s-stacking aptitudes, while the transient spectral features differ significantly upon
dimerization. The electronic interactions imposeddgtacking appear to change the energies of the ground,
excited, and ionic states of DEAPDI to a similar extent, which results in similar energies for CS and CR

within the monomers and dimers.

Introduction (PDI) has been successfully utilized to self-assemble functional

The preparation of extended molecular arrays designed to materigls byr-stackingl.913‘*39PDI_- pased systems d em(_)nstrgte
carry out energy and/or electron transfer for potential applica- €xceptional photochemical stability, structural diversity, high
tions in organic photovoltaics is a topic of much current fluorescence quantum ylglds, and low triplet ylelds..We recently
interesti 3 Significant research has been dedicated to the reported a study of photoinduced electron transfer in aZrﬁ'PP
construction of large, covalently bonded molecular structures PDla donor—acceptor system (TPP- tetraphenylporphyrin),
capable of intramolecular photoinduced charge separ4tidn. whlch_ formsn-_stacked structures in solutidfln this system,
However, as covalent synthesis is costly and time-consuming,phOtO'”duced intramolecular electron transfer frs@nTPP to
one of the most promising approaches toward photofunctional PD! occurs wih a 3 pgime constant followed by intermolecular
materials is noncovalent self-assemBly:” Moreover, the pre- electron transfer between PDI molecules within the stack. In
defined structural relationships between the functional compo- the (ZnTPP-PDls), structure the photoexcitédZnTPP donor
nents of covalent doneracceptor molecules can be used to elicit does not interact strongly with other neutral ZnTPP molecules
particular noncovalently assembled structures with enhancednearby, whereas the PDI acceptor does. We wish to explore in
functionality. The performance of such self-assembled photo- more general terms how photoinduced electron transfer occurs
active structures will depend both on the photophysical proper- in a system in which both the initial photoexcited state and the
ties of individual molecular components and their interactions resultant radical ion pair product may interact with a nearby
in the self-assembled systems. Understanding these interactionseutral donoracceptor molecule. This is a situation that occurs
is highly desirable for designing photofunctional arrays. in organic photovoltaic materials in the solid state.

Highly ordered aromatic materials are important for applica- e report here on photoinduced electron transfer in a series
tions in photonic anql electronic device§, and much intgrest hasof molecules in which the electron doreaicceptor unit i, N-
been devoted to their controlleq organization through intermo- diethylaniline-PDI (DEA—PDI), in which the 4-position of
lecular forces®2* Upon formation of stacked assemblies, the  peais covalently attached to the nitrogen atom of one imide
photochemical properties of individual molecular components of pp). One, two, or three DEAPDI units are attached to the
can change, since the e!ectronlc interactions m'qmsm—%ack- _para position of one of the phenyl groups of 1,3,5-triphenyl-
ing change th8e22propert|es of the ground, excited, and radical ye,ene by using the other PDI imide group to form mono-,
ion palrstateé_.' A_s aromatm—stacklng is pn_m._arlly governed bis-, and tris(DEA-PDI), 4—6 (Figure 1). Molecules4—6
by elec_trostatlc, dispersion, and _solvophob!c interactién, demonstrate an increasing tendency to self-assemble into
aromatic chromophores possessing largeonjugated systems 7-stacked dimers in solution in the order mono(DERDI) <

with polar _functional groups appear to b_e good building blocks bis(DEA—PDI) < tris(DEA—PDI). Photoinduced electron trans-
for preparing stacked assemblies. An important class of SUChfer in these compounds was studied by femtosecond transient

chromophores based on perylene-3,4:9,10-bis(dicarboximide) absorption spectroscopy. Good resolution of the spectral features
* Address correspondence to this author. E-mail: wasielew@chem. Of the excited state and ionic intermediates facilitates identifica-
northwestern.edu. tion of the states relevant to electron transfer in thestacking
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HoN NH,

Figure 1. Structures of the molecules used in this study.

donor—acceptor systems. We find that the photoinduced charge Electrochemical measurements were performed with a CH
separation (CS) and charge recombination (CR) time constantsinstruments model 660A electrochemical workstation. The

are independent of the-stacking aptitudes, while the appear-
ance of the spectral features differs significantly when the
monomers are compared to thestacked dimers, providing
insights into the influence of-stacking on the electron-transfer
process.

solvent was methylene chloride containing 0.1 M tetra-
butylammonium hexafluorophosphate (TBAJPElectrolyte. A

1.0 mm diameter platinum disk electrode, platinum wire counter
electrode, and Ag/A® reference electrode were employed.
Ferrocene/ferrocenium (Fc/Fc0.475 V vs SCE in CELCly)

was used as an internal reference for all measurements. All
electrochemical measurements were performed under dry ni-
Steady-State MeasurementsAll measurements were per- trogen atmosphere. Sy_nthes_is and charactgrization of th_e reported
formed at room temperature. Proton nuclear magnetic resonanc€0mpounds are described in the Supporting Information.
spectra were recorded on a Varian 400 spectrometer with TMS ~ Transient Spectroscopy.A Spectra-Physics Millenium V
as an internal standard, and chemical shifts are given in ppmfrequency-doubled CW Nd:YV@laser was used to pump a
downfield from TMS. UV-vis absorption measurements were home-built Ti:sapphire oscillatdt. The 45-fs, 800-nm pulses
made on a Shimadzu spectrometer (UV1601). Steady-statefrom the oscillator were stretched to about 200 ps by using a
fluorescence measurements were made on a single photorfour-pass, reflective, single-grating pulse stretcher and are used
counting fluorimeter (PTI). Optical densities of solutions were to seed a homemade regenerative amplffievhich includes a
kept below 0.1 in a 1-cm cuvette, and excitation/emission Clark-MXR Pockels cell, and is pumpetla 1 kHz repetition
geometry was at right angles. All solvents were spectrophoto- rate by a Quantronix 527DP frequency-doubled Nd:YLF laser
metric grade. Dynamic light scattering (DLS) experiments were (5.2 mJ/pulse). The amplified Ti:sapphire pulse (0.7 mJ/pulse)
performed with a Coulter N4 Plus instrument (632.8 nm light is recompressed to approximately 80 fs by a four-pass, reflective,
source). Vapor pressure osmometry measurements were persingle grating compressor. The pulse energy after compression
formed with a Knauer K-7000 osmometer and employed is 440uJd/pulse. Two 5% reflective beam splitters are placed in
polystyrene (MW= 3680) as a molecular weight standard. the output path to generate two 800-nm beams for white light

Experimental Section
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generation. The remaining 800-nm light is frequency doubled
by using a 1-mm-type | LBO crystal to give 400-nm, 80-fs, 1.0
80+J pulses? The 800-nm light from the first 5% beam splitter
is passed though a waveplatgolarizer pair to control its
. . L . 0.8 Toluene
intensity, and a few microjoules are focused into a 1-mm - - MTHF
sapphire disk to generate white light continuum probe pulses.
All-reflective optics were used both to focus the 800-nm pulse
into the sapphire and recollimate the white light output, thus
limiting the chirp on the white light pulse t&:200 fs. The
800-nm light from the second 5% beam splitter was used to € 04
create a second white light continuum by focusing the 800-nm
pulse into a 2-mm sapphire disk, using a 100 mm focal length
(f.1.) lens. This white light was used to seed the first stage of a
two-stage OPA, which was previously descridéd* The first
stage contains a Type Il BBO crystal, which is pumped with 0.0 . . . . ; + )
about 26-25 uJ of 400-nm light focused into the crystal with 400 500 600 700
a 300 mm f.l. lens. After removal of the IR idler beam and Wavelength (nm)
residual 400-nm pump, the first stage produced transform-
limited pulses having-~0.5 uJ/pulse from 460 to 750 nm. This
light is then focused into the Type | BBO of the second stage
of the OPA with a 75 mm f.I. lens. The second stage amplifies
the first stage light upon overlap with the remaining-%® uJ
of 400 nm pump light. The final amplified pulse 810 uJ/
pulse after filtering out the residual 400-nm and IR idler light.
For experiments with 400-nm excitation, the white light input
to the OPA was turned off by blocking the sapphire with a beam
block. The blue light through the first stage OPA was similarly
turned off, so that the 400-nm pump traveled only through the
second stage of the OPA. Energy levels were sufficiently low
that no continuum generation was observed in the BBO | crystal.
The optical path for the probe beams, 400 nm or OPA, and the
chopping scheme used to perform pungwobe experiments ) ; . ; . : . ,
are described by Lukas et &l. 400 500 600 700
The instrument was outfitted with a CCD array detector Wavelength (nm)
(Ocean Optics PC2000) for simultaneous collection of spectral
and kinetic datd® The total instrument response function for 124 c 15
the pump-probe experiments was 130 fs. Typigab s of |
averaging were needed to obtain the transient spectrum at a 197 5 410%m
given delay time. Cuvettes vhita 2 mmpath length were used - == 4X10°M
and the samples were irradiated with €850 uJ per pulse 084 ——--4x10°M
focused to a 20@um spot. The optical density atmax was
typically 0.4-0.8. Kinetic analyses were performed at several
wavelengths by using a Levenberlylarquardt nonlinear least-
squares fit to a general sum-of-exponentials function with an 0.4
added Gaussian to account for the finite instrument response.
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Results and Discussion
Synthesis and Self-Assemblylt has been shown that 0.0 T
photoinduced electron transfer occurs readily from aromatic
amines attached to PDI molecut4n light of this observation, Wavelength (nm)

compoundd—6 (Figure 1) were synthesized and characterized Figure 2. Normalized U\~vis spectra of (AYt and1 (inset) in toluene,

by mass spectrometri NMR, and UV—vis spectroscopy (see  MTHF, and chloroform, (BB in MTHF and CHC4 (inset), and (Cp

the Supporting Information). Model compoutidvas synthe- N MTHF and chloroform (inset).

sized to characterize the photoinduced electron-transfer reactiortoluene, suggesting that a fast and efficient electron-transfer
within a single DEA-PDI molecule. The 1,3,5-tris(4-aminophe-  reaction takes place. This was confirmed by transient absorption
nyl)benzene scaffold, was synthesized by using a literature studies (see below).

proceduré and allows the introduction of a variable number Elucidation of ther-stacked aggregate structures in solution

of DEA—PDI units. Compoun@ was condensed with'-(N,N- presents a significant challenge. Yet, PDI-based systems have
diethylaminophenyl)perylene-3,4-dicarboximide-9,10-dicarboxy- the advantage that-stacking results in distinctive UVvis
anhydride,3, to yield mono-, bis-, and tris(DEAPDI), 4, 5, spectral changes due principally to exciton coupling between

and 6, respectively. In the absence of an electron donor, the the transition dipoles of adjacent chromophdf&sor example,
fluorescence quantum yield &fPDI is nearly unity; however, exciton interactions between the PDI chromophores in a
the fluorescence vyields df and 4—6 are strongly quenched  J-aggregate (slipped stack geometry) show red-shifted absorption
(pr < 0.001) even in relatively nonpolar solvents such as spectra, while the corresponding H-aggregates (cofacial geom-
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Figure 3. Normalized UV~vis spectra of (A)5 in toluene and (BY in toluene.
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etry) demonstrate blue-shifted specftén general, the blue shift
in H-aggregates results in an enhancedlLQvibronic band in
cofacially stacked PDI compared to that of nonstacked PDI
molecules due to strong vibronic coupliffft®>°These spectral
changes provide a useful tool for roughly determining the PDI
stacking geometry in solutiof?:36.37.51

UV —vis spectra show thdtand4 do not aggregate in CHg|
toluene, and MTHF (Figure 2A). On the other hand, bis(DEA

(VPO) is~6 kD. Since the molecule weight of the monomer is
3136.5, the VPO data indicate that the aggregate is a dimer. In
addition, we performed dynamic light scattering (DLS) experi-
ments on solutions 06 as high as 1 M in toluene. No
significant scattering signal was observed, indicating that the
aggregate size (mean particle size, assuming a spherical particle
model) is below the 3 nm detection limit of the instrument. Thus
based on UV-vis, VPO and DLS dat& self-assembles into a
n-stacked dimer, in which the orientation of the PDI chromo-
phores should be approximately cofacial. The formation of
significant concentrations of larger aggregates6ofs not
supported by our measurements. Compohitisl most likely a
dynamic mixture of monomer and dimer, as indicated by-UV
vis spectra (Figures 2 and 3).

IH NMR spectra of the aromatic protons withinstacked
PDI molecules show characteristic upfield ring current sBife8,
and are therefore potentially useful for determining the structures
of these stacked systemdd NMR spectra ofl, 4, and5 in
CDCl; are characteristic of monomers. In contradst, NMR
resonances o in CDCl; are severely broadened in the 10
to 1072 M concentration range, which is most probably due to
a dynamic equilibrium between monomers and dimers. Notably,
the aromatic PDI resonancesin toluenees are significantly
less broadened than those observed in GP&id are shifted

PDI), 5, demonstrates a moderate degree of H-aggregateUpﬁeld relative to those of monomericby approximatelyAd

formation, i.e., some enhancement of thelOvibronic band,
in toluene and MTHF, while in CHGlits UV—vis absorption

= 0.1-0.2 ppm indicatingz-stacking of6 (Figure 5)37-°0Thus,
the dimerization equilibrium in toluene, which appears to be

is characteristic of a disaggregated species (Figures 2B andSIoW on the NMR time scale, is shifted strongly toward the

Figure 3A). On the other hand, tris(DEA°DI), 6, shows a

dimer. This is in agreement with the W\Wis data showing that

strong tendency to self-assemble into H-aggregates in both® iS aggregated and that and 1 are disaggregated at Ehis
toluene and MTHF as denoted by the strong enhancement ofconcentration. Moreover, in the concentration range 20-

the 0-1 vibronic band (Figures 2C and Figure 3B), while in
CHCI; 6 shows only a small enhancement of thelOvibronic

to 2 x 1073 M (tolueneds), the chemical shifts and the shape
of the PDI aromatic resonances 6f are independent of

band suggesting that it is largely disaggregated (Figure 2C, concentrationwhich lends further support to dimer formation

inset). Remarkably, the UVWvis spectra of6 in toluene and

MTHF show that it remains largely aggregated at low concen-

trations 6107% M). Compound6 also exhibits significant

(Figure S1, Supporting Informatiof3:53

Our NMR, VPO, and UV+vis data suggest that all PDI units
of 6 are involved in cofacialz-stacking interactions, which

aggregation in dichloromethane solutions at concentrationsimplies a dimer geometry where two molecules ®&fare

above 10° M as indicated by UV-vis spectroscopy. For
comparison, Figure 4 shows the UVis absorption and
fluorescence emission spectra from the cofacial,R&ference
dimer that we reported earlié?.In this dimer the orientation

positioned on top of one another. In light of these observations
we performed a force field optimization of the dimer structure,

using a roughly cofacial dimer geometry as the starting point
for the calculation. Figure 6 shows the energy-minimized dimer

of the transition moments of the two PDI chromophores is forced structure calculated by using the MMforce field>* All three
by the xanthene spacer to adopt a parallel orientation leadingpairs of stacked PDI molecules adopt similar conformations,

to essentially solvent-independent blue-shifted spectra.
The molecular weight of the aggregate®fn toluene at 5
x 1073t0 1 x 1072 M measured by vapor pressure osmometry

and the calculated PDI interplanar distances average3®
A. Although molecular mechanics calculations employ a high
degree of approximation, they have been shown to give a
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Figure 5. *H NMR spectrum of the PDI aromatic ring resonanceg @ind6 at 2 x 1072 M in tolueneds.

Figure 6. MM+ energy-minimized structure of the dimer fwith views along thex, y, andz axes.

TABLE 1: One-Electron Redox Potentials €F5°, EJs), Excitation
and Charge Recombination AGcg) for 1 and 62

Energy (Esy), and Free Energies of Charge SeparationXGcs)

RED ox AGcs(eV) AGcr(eV)
= Eyp Es:
V) V) (eV) MTHF toluene MTHF toluene
1 —0.70 0.97 2.21 —0.67 —0.14 —1.58 —2.11
6 —-0.68 0.84 ca.1.9 ca-0.5 ca. 0.0 ca—1.4 ca.—1.9

aCompoundb was aggregated at the conditions of measurement, as verified byld\spectroscopy. See the Supporting Information for cyclic

voltammograms.

satisfactory estimate of the stacking interactions in many tag| E 2: Time Constants for Photoinduced Charge

system$>-58 Our calculated structure of the-stacked dimer
of 6 is consistent with our experimental results.

Electron Transfer. To estimate the energetics of charge
separation in the monomer vs the dimer cyclic voltammetry
(CV) in dichloromethane was performed on compouha@sd
6. Compound6 is dimeric under the conditions of the CV
measurement, as indicated by YVis spectroscopy. The CVs
of both1 and6 show reversible one- and two-electron reductions
of PDI*° and reversible oxidation of DER (Table 1, see also
Figure S2 in the Supporting Information). The energy of the
lowest excited singlet state of monomeric PB§; = 2.21 eV,

Separation and Thermal Radical lon Pair Decay for the
Indicated Compounds

CS time constant (ps)

CR time constant (ps)

compd toluene MTHF toluene MTHF
1 0.7+0.1 0.8+ 0.3 16+ 3 3.4+ 0.5

4 0.8+0.1 1.5+ 0.5 16+ 3 43+1.0
0.7+0.1 0.5+ 0.1 20+ 2 51+1.2

6 0.6+0.1 0.7£0.2 164+ 2 4.5+ 0.2

a2The error bars are 1 standard deviation. These time constants were
determined at 740 nm.

is obtained from the average of the energies of its absorption cence emission from the PPreference dimer, which has
maximum at 2.27 eV (548 nm) and emission maximum at 2.16 absorption spectra nearly identical with those of dimérito

eV (575 nm) (Table 13960 Since the U\*vis absorption of
the upper exciton band of dimer& occurs at 2.44 eV (511
nm), the lower disallowed absorption should be 1.98 €830
nm). As the fluorescence emission from all the DEADI
derivatives is strongly quenched, we will rely on the fluores-

estimate the excited-state energies of the PDI excited states in
dimeric 6. The fluorescence maximum of PDbccurs at 700

nm with gg = 0.15 (Figure 4), and is strongly red-shifted relative
to the 575-nm emission maximum of the PDI monomer. The
presence of this relatively strong emission implies that it does
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Figure 7. Femtosecond transient absorption spectra in MTHF following a 400 nm laser flastt, (B) 4, (C) 5, and (D)®6.

not originate from the strongly disallowed transittéfrom the the ground-state bleaches at 511 and 550 nm, indicating that
lower exciton state to the ground state. It is due to an excimer- charge recombination produces the ground state. Additionally,
like state that is below the energy of the nearby lower exciton compoundsl, 4, and6 in toluene were excited at 550 nm to
state of the dimer. The energies of the lower exciton states of verify that electron transfer did not occur from thg(800 nm)
both PDp and dimeric6 are 1.98 eV, while the emission from  or upper exciton state (511 nm). Both the spectral and kinetic
the excimer-like state of PRloccurs at 1.77 eV. Since the data were the same within experimental error for samples excited
emission occurs exclusively from the excimer-like state, these at 400 or 550 nm. The data obtained with 400-nm excitation
two energies bracket the energy of the excimer-like state, andare shown in Figures 7 and 8. &we do not observe spectral
thus we estimate that the energy of the excimer-like state is changes using either 400- or 550-nm excitation at times greater
~1.9 eV. The free energies for the photoinduced charge than the 130 fs instrument response that can be attributed to
separation AGcs) and charge recombinatiohGcg) reactions formation of the excimer-like state from either the upper or
are calculated by using the Weller equafioisee the Supporting  lower exciton states (Figure 8D as well as Figure S3 in the
Information for details). It should be noted that the oxidation Supporting Information). It appears that the first discernible
potential of the DEA donor is lower in dimer(ﬁ:(E% =0.84 process in the dimers is CS from the excimer-like state. We do
V) than in monomericl (EJ = 0.97 V), indicating that the ~ not observe a spectral feature due to DEBecause this radical
DEA radical cation is more stable in the dimer than in the cation has a weak extinction coefficient compared to those of
monomer. Using this approach the data shown in Table 1 the transient PDI intermediatés®3However, it is important to
indicate that botit\Gcs and AGcr change by no more than 0.2 note that good resolution of th&PDI and PDI* spectral
eV between monomerit and dimerics. These calculations of ~ features was achieved, and very similar spectra were observed
free energies are at best an estimate because having the chargés both MTHF and toluene. Remarkably, we observe very
delocalized between dimeric donors and/or acceptors will also similar time constants for CS and CR in all our compounds
change the solvation, ionic radii, and perhaps the radical ion regardless of their aggregation state: in toluefe= 0.6-0.8
pair distances as well. ps andrcg = 16—20 ps, while in MTHFrcs = 0.5-1.5 ps and
Femtosecond transient absorption studies with 400-nm pulsestcr = 3.4-5.1 ps for compound& and4—6 (Table 2). This
were used to investigate the photochemistry of stacked arraysoccurs despite the fact that dimeficand 6 exhibit severely

of 5 and6 as well as their nonstacked counterpéirtand 4. broadened and blue-shifted transient absorption features that are
The transient absorption spectra bfind4—6 in MTHF and dramatically different from the appearance of these features in
toluene reveal that ultrafast electron transfer from DEARDI 1 and4 (Figures 7 and 8). For example, the time evolution of

results in formation of PDI* (Table 2, Figures 7 and 8962 the transient features afin MTHF (Figure 7A) shows that the
The kinetics show that the time constants for the decay of PDI  absorption due t&*PDI at 693 nm observed at 0.7 ps is replaced
in all compounds measured 700 nm match the recovery of  at 3 ps with a sharper feature at 734 nm characteristic of #BI



Influence ofz-Stacking on Photoinduced Electron Transfer

J. Phys. Chem. A, Vol. 108, No. 37, 2004503

0.02 4 A B
—0.76 ps 0.044
---1.36ps —0.67 ps
0.014 ----- 1.66 ps ---1.01ps evr -
-=--284ps s NV L 3.52 ps .’.'»’ “\ s
—m13.21 ps 0024 _ . 2465 ps RAR
0.00-} TN
5 < 0.00-
-0.014
0.02- -0.02 1
by
-0.03 — 777 -0.04 — T 7T 7
450 500 550 600 650 700 750 800 450 500 550 600 650 700 750 800
Wavelength (nm) Wavelength (nm)
c 0.04 -
——0.59 ps o A .
0.024_ __ 272 ps ’,-—’ ',...‘\,’ \‘ ;j.ﬂ‘.‘
..... 12.67 ps PRI IR 0.02 SRR R
" ) e\
. P e O Y S Fany
0.00- 0004, pp—— e "V"f
5 -0.02 4
-0.02 1
-0.04
M
-0.04 T T T T T T d T T T T T v 1 -0.06 T T T T T T T T T T T T T 1
450 500 550 600 650 700 750 800 450 500 550 600 650 700 750 800

Wavelength (nm)

Wavelength (nm)

Figure 8. Femtosecond transient absorption spectra in toluene following a 400 nm laser flash; (B})4, (C) 5, and (D)®6.

The *PDI and PDI* spectral features oft are slightly

spectrum, compared to the spectrum of monomeric PDI in the

broadened, but peak at nearly the same wavelengths as thosease ofl and4. Ground stater-stacking interactions have been

of 1, 700 nm for*PDI and 740 nm for PDI* (Figure 7B).
Significantly, both the*PDI and PDI* peaks in5 and 6 in

both MTHF and toluene (Figures 7C,D and 8C,D, respectively)

are blue shifted in comparison to thoselaind4 (Figures 7A,B
and 8A,B). For example, in MTHF, th&PDI feature shifts to
675 nm in5 and about 645 nm i6, whereas the PDt feature

extensively studied in organic crystals, where they are known
to lower the energy of the HOMO (Figure 9.

A comparison of thé*PDI and PDI* spectral features in
the dimers vs the monomers clearly demonstrates the influence
of z-stacking on the states associated with electron transfer.
Stacking changes the energy of the initial excited state from

displays peaks at 693 and 767 nmSrand at 651, 735, and  which CS occurs primarily due to contributions from both
776 nm in6. Considerable spectral broadening of these features, exciton splitting and the formation of an excimer-like state
especially those of PDt, also occurs in botlb and 6. The (Figure 9)18 Ground state cofacial stacking is known to promote
degree of broadening corresponds well to the tendency to self-excimer formation by greatly enhanced interaction of the initially
assemble:6 > 5> 4, 1. The spectral features of compoubd localized excited state with the ground state of a nearby
are intermediate between those4dfnd6, in agreement with  molecule!®4 Thus, the fact that PDI is a dimer in the ground
its aggregation behavior (monomedimer mixture). The broad  state facilitates subpicosecond formation of the excimer-like
appearance of PDi peaks in the spectra of the dimers are state, which results in the appearance of the blue-shifted, broad
consistent with those observed in covalently linked cofacial PDI *PDI absorption in6 (Figures 7D and 8D). Such a blue-shifted
dimers and in (ZnTPPPDI,), aggregate$? broad transient feature is characteristic of an excimer &téfe.
Monomer vs Dimer Energetics.To analyze electron transfer While it may seem that since CS occurs from the excimer-
in z-stacked arrays, all photochemically relevant interactions like state, AGcs (and, thereforecs) should be different for the
imposed by aggregation must be considered: (a) ground-statedimer vs the monomer, we observe that the energetics of the
interactions; (b) excited-state interactions (exciton coupling and ion pair are also changed, due to the interactions of DEA
excimer formation); and (c) the interaction of the radical ions PDI~* with an adjacent neutral DEAPDI in the stacked dimer.
with their neutral neighbors. Our system allows observation of In turn, it is possible that variations in the CR rates will occur
all these interactions, since they result in distinct photophysical as a result of stabilization of the radical ion pair in the stacked
signatures. As a consequence, both steady state and transiemtimer. It has been shown that radical catfdnand radical
absorption spectra of the dimers are very different from those anion$® interact in solution with their neutral counterparts
of the monomers. forming neutral molecuteradical ion dimersz-mers). In fact,
Ground stater-stacking interactions in dimer&are indicated our redox potential measurements demonstrate that DA
by enhancement of the—L vibronic band in the UV-vis stabilized to a greater extent in the aggregated compounds
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Figure 9. Energy level diagram for a DEAPDI monomer and cofacial
(compareE?fz( for 1 and6, Table 1), due to the interaction of
this cation with its neutral neighbor (DEA/DEAinteraction)
in the -stacked dimer. Interestingly, no significant difference
in ER5° of PDI was observed, while the transient spectral
feature of PDI* changed significantly as a function of dimer-
ization, indicating PDI/PDt interaction. It should be noted,
however, that the properties of a covalently linked radical ion
pair formed in a photoinduced electron transfer can differ from
those of singly reduced or oxidized species in electrochemical
experiments.

On the whole, it appears that all the DERDI, DEA—*PDI,
and DEA™—PDI™ energy levels within the dimers & are
stabilized relative to their monomeric counterpattand 4
(Figure 9), resulting in the energy gaps ®being similar to
those forl. Consequently, the overall CS and CR rates should

DEAPDI dimer.

photophysical changes in comparison to the monomers. How-
ever, the overall outcome of these changes is somewhat
surprising, namely that electron-transfer rates in the dyad units
of the stacked dimer are very similar to those of the monomeric

dyad. This phenomenon, if it proves to be general, may simplify

the design of photofunctional materials for organic photovoltaics

based onr-stacking between donelacceptor moieties.
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2).
It should be noted that solvent interactions with the dimer of
6 may differ significantly from those in monometsor 4, and

can also contribute to the observed phenomena. Specific

solvent-solute interactions almost certainly influence the BEA
PDI, DEA-PDI, and DEA™—PDI™ energy levels in a
manner different for the monomers vs dimers. Overall, the
interactions between the individual molecules in the dimers and
specific interactions with the solvent should be considered in

order to develop an adequate quantitative picture of the electron

transfer in stacked doneacceptor molecules. Research aimed
at developing a satisfactory quantitative model for electron
transfer in solubler-stacked aggregates is currently underway
in our laboratory.

Conclusions

The self-assembling DEAPDI systems described here allow

the data on PDlon the xanthene scaffold.

Supporting Information Available: Details regarding the
synthesis and characterization of the molecules used in this
study, electrochemical data, additional transient absorption data,
and calculations 0AGcs and AGer. This material is available
free of charge via the Internet at http://pubs.acs.org.
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