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Perylene-3,4:9,10-bis(dicarboximide) (PDI) and its derivatives are robust organic dyes that strongly absorb
visible light and display a strong tendency to self-assemble into ordered aggregates, having significant interest
as photoactive materials in a wide variety of organic electronics. To better understand the nature of the
electronics states produced by photoexcitation of such aggregates, the photophysics of a series of covalent,
cofacially oriented,z-stacked dimers and trimers of PDI and 1,7-big3di-t-butylphenoxy)perylene-3,4:
9,10-bis(dicarboximide) (PPDI) were characterized using both time-resolved absorption and fluorescence
spectroscopy. The covalent linkage between the chromophores was accomplished using 9,9-dimethylxanthene
spacers. Placing-octyl groups on the imide nitrogen atoms at the end of the PDI chromophores not attached
to the xanthene spacer results in PDI dimers having near optirstdcking, leading to formation of a low-

energy excimer-like state, while substituting the more sterically demanding 12-tricosanyl group on the imides
causes deviations from the optimum that result in slower formation of an excimer-like excited state having
somewhat higher energy. By comparison, PPDI dimers having termioetlyl imide groups have two isomers,

whose photophysical properties depend on the ability of the phenoxy groups at the 1,7-positions to modify
the r stacking of the PPDI molecules. In general, disruption of optimatacking by steric interactions of

the phenoxy side groups results in excimer-like states that are higher in energy. The corresponding lowest
excited singlet states of the PDI and PPDI trimers are dimer-like in nature and suggest that structural distortions
that accompany formation of the trimers are sufficient to confine the electronic interaction on two chromophores
within these systems. This further suggests that it may be useful to build into oligomeric PDI and PPDI
systems some degree of flexibility that allows the structural relaxations necessary to promote electronic

interactions between multiple chromophores.

Introduction modified at its imide nitrogens, and its 1, 6, 7, and 12 positions.
Modifications at these positions tune the electronic properties
of PDI resulting in derivatives that absorb light from the near-
ultraviolet to the near-infrared region of the spectrum. Moreover,
the redox potentials of PDI can be tuned by appropriate
substituents resulting in derivatives that are either good electron
acceptor¥ or donors®” PDI also demonstrates the ability to
self-assemble in solution via hydrophobic/hydrophilic interac-
tions as well as byr—z stacking3®-*3 Self-assembled;-stacked

PDI systems have been studied extensively; these systems

Molecular materials offer many advantages for the develop-
ment of novel electronic and photonic devices including ease
of fabrication, mechanical flexibility, low processing temper-
atures, compatibility with plastic substrates, and/or high area
coverage at low cost* For example, the use of organic
molecules, such as oligoacertes porphyrins®° and phthalo-
cyanines? in field effect transistors (OFETSs), photovoltaics
(OPVs), and light emitting diodes (OLEDS) is increasingly
common. The performance of these materials as charge or ) . o
energy transport materials depends not only on optimizing the |nclut_je_ 1-D assemblies C_’f PDI W'_th, a SOI‘_Jt_"“Z'ng group
electronic properties of the individual molecules, but depends €OnSisting of long alkyl chains at the imide positititethered,
as well on favorable intermolecular interactions, such as €xtended PDI systenf2452 tetra-substituted phenoxy PBJ,
-stacking and hydrogen bonding to assemble larger functional 0iS-1,7-(3,5-di-t-butylphenoxy)-PDI (PPDIj?"%8 and con-
structures. Many novel approaches to self-assembly of individual trolled assemblies of PPDI dimet$% We have recently
building blocks intar-stacked functional structures mimic key ~investigated covalent PDI- and PPDI-based electron denor
strategies found in photosynthetic light harvesting protéind acceptor systems that self-assemble to form larger structures
and DNA14-16 for energy and electron transpéfte®-63 Many of these systems

Perylene-3,4:9,10-bis(dicarboximide) (PDI) and its derivatives take advantage of the tendency of these chromophores to form
have attracted significant interest as active materials for light H-aggregates having roughly cofacial orientations. This pro-
harvestingt’-2! photovoltaicsi®22-28 and studies of basic pho- ~Motes enhanced electronic communication between adjacent
toinduced charge and energy transfer proce¥séPDI is both chromophores, enabling efficient energy and/or charge transport.
photochemically and thermally staBteand can be easily We present here the synthesis and photophysical properties
of a series of PDI and PPDI covalently bound cofacial dimers
* Corresponding author. E-mail: m-wasielewski@northwestern.edu.  and trimers, Figure 1. These molecules employ a xanthene
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Figure 1. Structures of molecules used in this study.

bridge that strongly restricts the distances and orientations be- Femtosecond transient absorption measurements were made
tween the adjacent chromophofé3.wo different types of PDI using a previously described regeneratively amplified titanium:
and PPDI chromophores are investigated: one in which the sapphire laser system operating & 2 kHz repetition rate
terminal imide is substituted with amoctyl group and one in  outfitted with a CCD array detector (Ocean Optics PC2000)
which the terminal imide is substituted with a more sterically for simultaneous collection of spectral and kinetic P4tz All
demanding 12-tricosanyl group. The electronic absorption spec-samples were filtered through a 0.45n PTFE filter before

tra of the cofacially stacked PDI and PPDI molecules exhibit measuremenhia 2 mmquartz cuvette. The frequency-doubled
an intensity redistribution of the FranelCondon progression  output from the laser provides 414 nm, 120 fs pulses to pump
that effectively blue-shifts the peak maximum relative to that an OPA, which generates tunable excitation pulses at-470
of the corresponding monomer species. The steady-state emis750 nm. Focusing a few microjoules of the 800 nm fundamental
sion spectra of the cofacially stacked molecules are broad andinto a 3 mmsapphire disk generated a white light continuum
red-shifted as compared to those of the corresponding monomefprobe pulse. All-reflective optics were used to focus the 800
molecules. While similar spectral changes have been observethm pulse into the sapphire and recollimate the white light output,
previously in PDI and PPDI systerf$}142454665%he data  thus limiting the chirp on the white light pulse 200 fs from
presented in this Article probe how the photophysical properties 450 to 800 nm. Cuvettes wita 2 mmpath length were used,

of covalent, cofacial dimers and trimers depend on structural and the samples were irradiated with LDpulse focused to a
changes that occur as a result of changing substituents on theygg um spot. The optical density atmax Was typically 0.8
PDI. (~10"* M). The total instrument response function (IRF) for
the pump-probe experiments was 180 fs. Kinetics were
determined at several wavelengths using a nonlinear least-
squares fit to a general sum of exponentials using the Leven-
berg—Marquardt algorithm, while accounting for the presence

Experimental Section

Toluene was purified by passing it through series of CuO
and alumina columns. The synthesislafias reported earlié¥, of the finite instrument response
while those oRa—6 are detailed in the Supporting Information. . :

Proton nuclear magnetic resonance spectra were recorded on Nanosecond transient absorption measurements were made
Mercury 400 or Inova 500 NMR spectrometers using TMS as USing & Continuum Panther OPO pumped by the frequency-
an internal standard. Mass spectrometry measurements werd'iPled output of a Continuum 8000 Nd:YAG laser. The probe
made on a PE Voyager DE-Pro MALDI-TOF mass spectrom- light in the nanosecond exper_lment was generated using axenon
eter. High-resolution electrospray and fast atom bombardmentflashlamp (EG&G Electrooptics FX-200) and detected using a
mass spectra were obtained with the 70-SE-4F and Q-tof Ultima Photomultiplier tube with high voltage applied to only four

mass spectrometers at the University of Illinois at Urbana dynodes (Hamamatsu R928). The total IRF is 7 ns and is
Champaign. determined primarily by the laser pulse duration.

Steady-state absorption was measured on a Shimadzu 1601 Fluorescence lifetime measurements were made using a
UV —vis spectrophotometer. Steady-state emission was measurediamamatsu C4780 picosecond fluorescence lifetime measure-
on a PTI Quanta-Master 1 single photon counting spectrofluo- ment system, consisting of a C4334 Streakscope and a C4792-
rimeter in a right angle configuration. A 10-mm fused silica 01 synchronous delay generator. The excitation light source was
cuvette was used for both absorption and emission experimentssupplied by a home-built cavity-dumped Ti:sapphire [é5eith
The optical density at the absorption maximubp4) for the a NEOS N13389 3-mm fused-silica acoustooptic modulator
fluorescence measurements was maintained at-0QL05 to (AOM). The AOM was driven by an NEOS Technologies
avoid reabsorption artifacts. Oxazine 170 perchlorate in metha-N64389-SYN 10 W driver to deliver 30 nJ, sub-50 fs pulses at
nol (&5 = 0.63f7 or Rhodamine 6G in absolute ethan®(= an 820 kHz repetition rate. The laser pulses were frequency
0.95f8were used as standards to determine relative fluorescencedoubled to 400 nm by focusing the 800 nm fundamental into a
guantum vyields. For the variable-temperature fluorescence 0.3 mm type | BBO crystal. The energy of the resulting blue
measurements, the sample temperature was maintained to withirpulses was attenuated to approximately 0.5 nJ/pulse for all
+0.1 K by a thermostated cell holder (Quantum Northwest Flash fluorescence lifetime experiments. The total IRF of the streak
100). The sample was allowed to equilibrate for 20 min at each camera system was 20 ps. The samples were prepared in glass
temperature prior to the fluorescence measurement. cuvettes, and the optical density at the excitation wavelength
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was typically 0.026-0.035. AtAmax Of the samples, the optical 1.2x10°
density was typically 0.0860.105. All fluorescence data were
acquired in single-photon-counting mode using the Hamamatsu 1.0x10°1
HPD-TA software. The data were fit using the Hamamatsu .
fitting module and deconvoluted using the laser pulse profile. e oLy
_© 6.0x10
Results =
o 4
Synthesis and Structure Dimers2aand2b were synthesized 4010
by heating an imidazole solution ®-(n-octyl)- and N-(12- 2 0x10°
tricosanyl)perylene-3,4-dicarboxyanhydride-9,10-dicarboxim-
ide, respectively, with 4,5-diamino-2,3-tbutyl-9,9-dimeth- 0.0 r r }
ylxanthene to 160C. Similarly, an isomeric mixture daand 400 430 00 550 600
5b was prepared by heating an imidazole solutiohlgh-octyl)- Wavelength (nm)

1,7-(3,5-di-t-butylphenoxy)perylene-3,4-dicarboxyanhydride-  Figure 2. Ground-state absorption spectralofblack), 2a (red), 2b,
9,10-dicarboximide and the same 4,5-diamino-9,9-dimethylx- (green), and (blue) in chloroform.

anthene derivative to 16TC. Isomeric dimer$a and5b were

separated using flash chromatography on silica gel. The

syntheses of trimerd and6 followed similar schemes. Briefly, 7"104'_
combining theN-alkyl perylene-imide-anhydride with an excess 6x10°
of the xanthenediamine yielded the singly substituted PDI- ;
xantheneamine compound. Reaction of this PDI-xantheneamine 5x10*
with 0.5 equiv of the corresponding perylenedianhydride 'TE 4x10‘-_
produced the trimer. In the case 6f separation of the three o ]
trimer isomers required HPLC (Supporting Information, Figure ‘_E 3x10° -
S1) and resulted in isolation of the dominant {&2%) isomer o .
(see below) shown in Figure 1. 21071
9,9-Dimethylxanthene i€, symmetric with both methyls at 1x10*4
the 9-position being equivalent. Thus, for the PDI series having ;
no 1,7-substituent®a, 2b, and3, theH NMR resonances of 0 — — 7T
the methyl groups on the xanthene appear as singlets at 1.87 PO 40 50 300 a9 oMl &S
(6H), 1.85 (6H), and 1.82 (12H) ppm, respectively, which is Wavelength, nm

consistent with an overall symmetric magnetic environment at Figure 3. Ground-state absorption spectradofblack), 5a (red), 5b

that position in these molecules. On the other hand, in the (green), and (blue) in toluene.

cofacially stacked PPDI series, the two methyl groups on the

xanthene spacer experience different magnetic environmentsthe third PDI chromophore i8 slightly increases the observed
depending on which isomer is present, and thus th¢iKMR splitting between the first two peaks of the absorption spectrum,
resonances serve to identify the isomers5& both methyl Figure 2. The absorption maximum 8fis at 488 nm, while
groups on the xanthene appear as a single resonance at 1.7the lowest energy peak is at 533 nm.

(6H) ppm, indicating that both methyl groups are equivalent  The absorption spectra @ 5a, 5b, and 6 in toluene are
and that the phenoxy groups of the PPDIs must be arranged inprovided in Figure 3. The absorption spectrun#a$ character-

a staggered conformation. &b, the two methyl groups of the  ized by a maximum at 545 nm with a smaller peak at 510 nm.
xanthene appear as a pair of singlets at 1.76 (3H) and 1.80 (3H)5a and5b display nearly identical UV-vis spectra with maxima
ppm, indicating that the asymmetric placement of the phenoxy occurring at 508 nm and a smaller peak near the maximum of
groups relative to the two xanthene methyl groups leads to two the monomer at 547 nm. The absorption maximuré otcurs
different magnetic environments supporting the eclipsed con- at 508 nm with a smaller peak at 553 nm. The spectrugisf
formation of the phenoxy groups. The xanthene methyl groups slightly broader than those &a and 5b.

in 6 exhibit three singlets at 1.70 (6H) ppm, 1.80 (3H) ppm,  The normalized steady-state fluorescence spectrh @,

and 1.85 (3H) ppm. The three different methyl resonances 2b, and 3 in toluene are provided in Figure 4, and their
suggest that the phenoxy groups of the middle PPBlane in fluorescence quantum yields are compiled in Table 1. Compound
a staggered conformation relative to those of one of the outer 1 has a sharp, well-resolved fluorescence spectrum with an
PPDI molecules and in an eclipsed conformation relative to emission maximum at 534 nm and vibronic bands at 576 and

those in the other outer PPDI, Figures S2 and S3. 624 nm, while emission fror@a is broad and featureless with
Steady-State Absorption and Emission Spectroscopyhe an emission maximum at 735 nm. The emission spectrum of
electronic absorption spectra bf2a, 2b, and3 in chloroform the corresponding isomeb is characterized by a maximum at

are provided in Figure 2. Moleculd has an absorption 647 nm with shoulders at 611 and 561 nm. It is noteworthy
maximum at 527 nm with the lower intensity vibronic peaks at that the fluorescence quantum yield2if (0.19) is much larger
490 and 458 nm. The peak spacing of this vibronic progression than that of2a (0.02). The emission from3 has an emission

is ~1400 cnt?. This vibrational mode frequency is associated maximum at 647 nm and quantum yield that is similar to that
with an out-of-phase €C stretch of the perylene cofé. of 2b. The data in Figure 5 show that the fluorescence spectrum
Cofacial z-stacking of PDI in2a results in a new absorption  of dimer2b at—10°C is dominated by a broad featureless band
maximum at 491 nm. The absorbance2tf exhibits spectral at 677 nm with minor shoulders at 560 and 610 nm, while at
changes as compared ldhat are similar to those observed in 60 °C the 677 nm band blue-shifts, and the 560 and 610 nm
2a. The absorption maximum @b is at 491 nm, which is also  shoulders grow at the expense of the broad red-shifted band
blue-shifted relative to that of the monomer. The addition of resolving into peaks at 555 and 598 nm.
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Figure 4. Fluorescence spectra bf(black),2a (red),2b (green), and
3 (blue) in toluene (excited at 490 nm). The emission intensities are
normalized at their maxima.

TABLE 1: Photophysical Data in Toluene at 295 K

time-resolved
fluorescence data

}-abs max ;Lems max
compound (M) (MM)  Gr Aems(M) TR (NS)

1 527 533 0.98 550 3.80.1

2a 490 735 0.02 700 9.20.1

2b 491 647 0.19 550 0.0% 0.01
700 28.6+£0.1

3 488 647 0.13 550 0.0% 0.01
700 225+ 0.1

4 545 568 0.98 550 4501

5a 509 705 0.08 700 21x0.1

5b 509 675 0.06 700 184 0.1

6 510 679 0.26 700 36%0.1

aFluorescence spectra and lifetimes are determined using 400
excitation. Lifetimes are obtained by fitting of the observed kinetics to
a convolution of the instrument response function and a sum of
exponentials.
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Figure 5. Fluorescence spectra 2b in toluene, excitation at 490 nm.
Spectra at 10C intervals.—10 °C (black), 0°C (red), 10°C (green),
20 °C (blue), 30°C (cyan), 40°C (magenta), 50C (yellow), and
60 °C (dark yellow).

The steady-state emission spectradof5a, 5b, and 6 in
toluene are provided in Figure 6. The emission maximurm of
occurs at 568 nm with vibronic bands at 611 and 675 nm. The
emission spectrum dia is broad, featureless, and highly red-
shifted relative to that of the monomer, with an emission
maximum occurring at 705 nm. The emission spectrurblof
at 675 nm is blue-shifted relative to that 6B, while the
emission band fo6 has a 679 nm maximum.
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Figure 6. Fluorescence spectra 4f(black),5a (red),5b (green), and
6 (blue) in toluene, excitation at 500 nm.
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Figure 7. Femtosecond transient absorption spectra in toluene fol-
lowing excitation at 475 nm foRa and 510 nm for2b. The sharp
negative AA features at 475 nm in the spectra 24 are scattered
excitation light.

Time-Resolved Absorption and Emission Spectroscopy.
Femtosecond transient absorption spect2a@nd2b in toluene
following 510 nm, 120 fs excitation are shown in Figure 7.
Photoexcitation oRa and2b results in a ground-state bleach
from 450 to 550 nm, which is accompanied by broad transient
absorption features that extend from 550 to 800 nm. Zpr
this absorption exhibits a broad maximum at 681 nm im-
mediately after excitation, which blue-shifts to 676 nm with
= 1.2+ 0.2 ps, while for2b, a similar spectral evolution takes
place with the initial maximum at 691 nm shifting to 686 nm
with 7 = 69 + 10 ps. The resulting transient absorption spectra
for both 2a and 2b are longer-lived than the 6 ns maximum
pump—probe delay time available using the femtosecond
transient absorption apparatus, so that nanosecond transient
absorption measurements were used to show that the 676 nm
band of2a decays within the 7 ns instrument response, while
the 686 nm band d2b decays withr = 29 + 1 ns (not shown).

The femtosecond transient absorption spectrum of tridrieas
a ground-state bleach that extends from 420 to 560 nm, but is
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Figure 8. Transient absorption spectra 8fin toluene following
excitation at 475 nm.

0.104

5a
0.054
” c,oo~'VL
<
1 ——0.0ps
-0.054 —1.5ps
——195ps
——525ps
-0.10 _— —— r )
450 500 550 600 650 700 750 800
Wavelength (nm)
0.03 5bh
0.02-
0.014
0.00 M Y77
e —00ps
0'01_ ——0.91ps
-0.02- ——14ps
b ——42ps
-0.03- —— 1526 ps
-0.04

450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 9. Transient absorption spectra 6& and 5b in toluene
following excitation at 475 nm.
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Figure 10. Transient absorption spectra 6fin toluene following
excitation at 475 nm.

bleach extends to 570 nm and is interrupted by a positive
absorbance feature that appears at 546 nm. The initial positive
absorption changes exhibit a broad 700 nm maximum, which
blue-shifts to 687 nm withh = 2 £+ 0.2 ps, then decays with
=39+ 1ns.

The emission decay lifetimes of the PDI and PPDI monomers,
dimers, and trimers in toluene at room temperature excited with
400 nm laser pulses are presented in Table 1. The fluorescence
lifetimes of monomersl and 4 are 3.8 and 4.5+ 0.1 ns,
respectively, and are typical of monomeric PDI derivati{fes.

A wavelength-independent, monoexponential emission lifetime
of 7 = 9.2 + 0.1 ns was observed for dimeg, while that
from 2b was wavelength-dependent with= 50 + 10 ps at
550 nm andr = 28.6 + 0.1 ns at 700 nm. The wavelength-
dependent emission decay times for tringeare similar to
those of dimei2b, while for 5a, 5b, and6 the emission decay
times are all long and essentially wavelength-independent,
Table 1.

Discussion

PDI and PPDI Dimers. The optical properties of molecules
containing multiple identical chromophores are strongly de-
pendent on the relative orientation and distance between the
adjacent chromophores. The zero-order molecular exciton
model? predicts that coupling of the transition dipole moments
creates two new exciton states. For cofacially stacked chro-
mophores having parallel transition moments (so-caked
aggregates), the transition from the ground state to the higher
energy exciton state is fully allowed, while the transition to the
lower exciton state is forbidden. The transition dipoles of the
PDI and PPDI chromophores in the dimers and trimers studied

interrupted by an absorption feature at 530 nm, Figure 8. The in this work are constrained to conformations close to a cofacial,

initial absorption exhibits a broad maximum at 698 nm
immediately after excitation, which blue-shifts to 694 nm with
T = 50 £ 12 ps, followed by ar = 25 + 2 ns decay.
Femtosecond transient absorption spect&aand5b in toluene

parallel orientation by the rigid structure of the xanthene
scaffold. Because the transition dipoles for PDI and PPDI lie
along their N-N axes!! the exciton model explains the
enhanced blue-shifted bands observed for the dimers and trimers.

are characterized by ground-state bleaching from 450 to 575 Extension of this model to include vibronic coupling modifies

nm, Figure 9. Photoexcitation dba results in immediate
formation of a spectrum with a broad maximum at 689 nm,
which blue-shifts withr = 5.0+ 0.5 ps to 675 nm, then decays
with 7 = 22 + 1 ns. In contrast, photoexcitation bb results

in immediate formation of a spectrum with a broad maximum
at 678 nm, which red-shifts with = 5 + 0.5 ps to 715 nm,
then decays withr = 18 & 1 ns for5b. The transient absorption
spectra o in toluene following 475 nm excitation, Figure 10,

the selection rules for the zero-order exciton stéte®. For
example, the 491 nm band @b is assigned as the transition
from thev = 0 ground-state vibronic level to the= 0 vibronic
level of the upper exciton state, while the 530 nm band is
assigned to the transition from thre= 0 ground-state vibronic
level to thev = 1 vibronic band of the lower exciton state.
While a similar assignment can be made for the other dimer
and trimer molecules, there are differences in the energies,

are characterized by ground-state bleaching at 510 nm ac-bandwidths, and relative intensities of their absorption spectra

companied by a broad absorption feature at-5800 nm. The

that can be attributed to structural differences among the



Cofacial Dimers and Trimers of PDls J. Phys. Chem. A, Vol. 112, No. 11, 2003327

molecules. For example, the = 1 lower exciton state  for the 686 nm band ir2b agrees within experimental error
absorbance peaks are at 531 and 527 nm for PDI did@rs  with the measured emission lifetime of its lower exciton state.
and 2b, respectively. The peak fo2b is more intense and  Moreover, the 686 nm band is significantly broadened relative
narrower than that a2a, while the energy separation between to those of the corresponding excited-state absorption bands for

the two lowest absorption peaks is slightly greateRamas PDI monomers, which is characteristic afstackedH-ag-
compared to that ir2b. These observations suggest that the gregates of PDI chromophorésThe lifetime of the excimer-
exciton coupling between adjacent chromophores*ia is like state in2ais shorter than that &b due largely to increased

slightly stronger than that itf 2b. It is likely that the transition nonradiative decay ifa because the sterically less-demanding
moments for the PDI chromophores withii2a are more n-octyl groups permit stronger electronic interaction between
closely parallel to each other than are thosé*igb, wherein the two PDI molecules.

steric interactions between the 12-tricosanyl groups may inter-  To better understand the emissive pathways2by the

fere somewnhat with the optimal geometry for exciton coupling. temperature dependence of its steady-state emission spectrum
The UV-vis spectra of PPDI dimerSa and5b have similar  \as determined, Figure 5. The spectra reveal that the excimer-
vibronic peak spacings and intensity ratios, indicating that |ike emission, which is assigned to the longer wavelength
structural differences between them that affect their exciton Component of the emission band’ dominates at low temperaturesy

interaction are also modest. while fluorescence from the lower exciton state is the major
Broad, featureless, red-shifted emission spectra have beeremissive pathway at higher temperatures. In addition, the
observed previously in tethered PDI oligomé&y4é cyclo- excimer-like emission red-shifts as the temperature is lowered.

phanes? and self-assembled systefig he observed emission  This trend is physically reasonable given that at higher tem-
for 2ais assigned to an excimer-like state. In a classical excimer, peratures, an increase in the conformational mobility of the PDI
the molecules are only associated after one of the chromophoreshromophores on the xanthene bridge would result in a decrease
is excited and subsequently forms a complex with a chro- in population of molecules that achieve the optimal geometry
mophore in the ground state. The emission maximureois for excimer formation under the constraints imposed by the
red-shifted~5300 cnt? relative to the monomer fluorescence xanthene spacer, thus leading to competitive emission from the
maximum, comparable to the largest shifts observed for exci- lower exciton state.
mers of aromatic compounds that are tethered together by Another way to modify the degree to which two PDI
flexible alkyl chains®®#2 For those compounds, the optimal molecules canr-stack is to add groups to their bay region
geometry is achieved by-stacking with only partial overlap  positions. In5a and 5b, 3,5-dit-butylphenoxy groups are
of the z-systems of the aromatic compounds. positioned at the 1,7-positions of PDI, while sterically less-
The emission spectrum @b is unusual in that it contains  demandingn-octyl groups (based on the behavior 2d) are
both a red-shifted featureless component as well as two resolvedattached to the imide nitrogen atoms. The staggered conforma-
shoulders on the blue edge of the band. The shoulders at 561tion of the phenoxy groups ifa permits ther systems of the
and 611 nm in th&b emission spectrum do not correspond to two chromophores to interact more strongly, resulting in an
the emission peaks observed in the emission spectrum ofexcimer-like state with a lower energy emission relative to that
monomerl and are narrow as compared to those of typical of 5b. In addition, the fluorescence spectrum 5# shows a
excimers. Moreover, these bands mirror the vibronic structure weak band at 585 nm that may be due to emission from its
of the absorption band @b, so that these emission bands most lower exciton state. On the other hand, the spectruBsbdias
likely originate from the lower exciton state. As noted above, significant shoulders on its blue edge, which indicate that the
the exciton coupling model predicts that emission from the lower quantum yield of emission from its lower exciton state relative
energy state is symmetry forbidden when the transition dipoles to that of its excimer-like state is somewhat higher than that of
are parallel. The bulky 12-tricosanyl groups 2inlikely force 5a This is consistent with the idea that the steric interactions
the PDI chromophores into an excited-state geometry in which of the eclipsing phenoxy groups Bb distort its excited-state
the chromophores are both farther apart thaeiand in which structure further away from the parallel cofacial geometry than
their transition dipoles are no longer parallel. These structural do the staggered phenoxy group$a resulting in a somewhat
changes result in an orientation of the two chromophores in increased transition probability for emission from the lower
which the transition from the lower exciton state to the ground exciton state in5b relative to that in5a. The fluorescence
state becomes partially allowé#l7°83 lifetime measurements did not clearly resolve the short emission
The fluorescence spectra & and2b show that the energy ~ components that are expected to result from decay of the lower
of the excimer-like state is lower than that of the lower exciton €xciton states dbaand5b to their respective excimer-like states
state. This suggests that it may be possible to observe theat the bluer wavelengths of the emission band.
kinetics of formation of the excimer-like state from the lower The transient absorption spectradafand5b, Figure 9, show
exciton state. The excimer-like emission fr&a decays with broad features in the 6600 nm wavelength range similar to
7= 9.2+ 0.1 ns, which is constant across the emission band, those of2a and 2b. The transient absorption spectrum
while the lower exciton state fluorescence fr@mdecays with appears initially at 684 nm and blue-shifts to 675 nm with
7 = 50 £+ 10 ps at 550 nm and the excimer-like state emits 5.0 £ 0.5 ps, while the initial spectrum &b appears at 715
with a decay time of = 28.6+ 0.1 ns at 700 nm. The transient nm and broadens mostly by filling in the spectral region from
absorption spectra given in Figure 7 show that the initial 620 to 670 nm withr = 5.0 + 0.5 ps. These short transients

absorption peak o?a shifts from 681 to 676 nm withh = 1.2 are most likely due to structural relaxations witlia and 5b
+ 0.2 ps, while that of2b shifts from 691 nm to 686 and required to form their excimer-like states, but could contain
broadens withr = 69 & 10 ps. The 1.2 ps process 2a may contributions from vibrational relaxation as well. Fluorescence

be due to formation of the excimer-like state from the lower emission from the excimer-like states 6& and 5b exhibits
exciton state. However, we did not observe the correspondingmonoexponential decays with lifetimes of= 21 + 1 ns and
rapid emission decay due to the 20 ps time resolution of our = 19 + 1 ns, respectively. The lifetimes of these states are
apparatus. On the other hand, the 69 ps formation time constantcorroborated by nanosecond transient absorption data, which
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yield decay times within experimental error of those observed
by emission decay (see Results). These lifetimes are more than 1x10°

—1

twice as long as the lifetime dfa and are somewhat shorter —3
than that of2b. The lifetimes of5a and 5b suggest that the 510 3‘_‘;:"“‘”“

strengths of the electronic interactions between the two PPDI

molecules in their excimer-like states are intermediate to those g

of 2a and 2b. This is most likely due to the increased steric s 0
hindrance provided by the phenoxy groups, which prevent the o

tight association present #a, while allowing a more favorable 5x10°A

interaction than do the 12-tricosanyl substituents on the imide
nitrogen atoms ir2b.
-1x10°

We have calculated the energy-minimized ground-state 400 500 600 700
structures oRa, 2b, 5a, and5b using the semiempirical PM3
molecular orbital methdd to determine whether the observed
differences in their excited-state behavior originate from ground-
state structural differences between them or must be attributed
to excited-state geometries that differ from those of the ground

Wavelength (nm)

6x10"

state, Figure S4. The average calculated interplanar distances _;

between the PDI molecules 2a and 2b are 4.4 and 4.5 A, . 04' —— Simulated AA
respectively, while those &aand5b are both 4.8 A. The EC TE 4x10'4 (1-86)
distances between all pairs of2sparbon atoms in which one o 0,,‘

atom is on each PDI of the dimer are alt.3 A. The torsional s 210°1

angles between the-N\N axes of the PDI chromophores 2a e 0'

and2b are 5.% and 6.9, respectively, while those of the PPDI
chromophores irba and 5b are 2.3 and 8.9, respectively.
These calculations suggest that the ground-state structures of
2a and 2b are very similar despite the presence of the more ]
sterically demanding branched alkyl group on the PDI nitrogen '4"104400 500 600 700
atoms of2b. The average calculated interplanar spacings of the
PPDI chromophores iba and 5b are the same and are only Wavelength (nm)

slightly larger than those calculated f@a and 2b. The only Figure 11. Simulated transient absorption spectra in toluene of (A)
significant calculated structural difference betwésnand5b trimer 3 and (B) trimeré.

Is the SO(T?WQEI Iar?er té)rsmr;al antgle Etfntqueqilr;adhto like state does not contradict the observed larger exciton
accommodate the eclipsed conformation of e 1,7-penoxy; oraction in trimer3 versus dimerb because the exciton

substituents Of the PPDI chromophores. Once again, thes'e'nteraction is a dipoledipole interaction, whereas the formation
ground-state differences are rather small, so that the observe f the excimer-like state depends on orbital overlap between
excited-state properties presumably reflect more significant the PDI molecules

changes in the excited-state structures. In trimer 6, the inner and one of the outer PPDI molecules
PDI and PPDI Trimers. Trimer 3 is structurally similar to have their phenoxy groups in an eclipsed conformation, while
2bin that the imides of the outer PDI molecules are terminated the inner PPDI and the other outer PPDI have their phenoxy
in 12-tricosanyl groups. Unlikéb, however, the-butyl groups  groups in the staggered conformation. Steric repulsion between
on the xanthene provide enhanced steric interactions with thethe imide alkyl groups and the xanthene is minimized by using
bulky 12-tricosanyl groups. Nevertheless, the-ts spectrum  n-octyl groups on the imides and removing thieutyl groups
of 3 exhibits a slightly larger energy splitting between the first  from the xanthenes, which potentially allows for better cofacial
and second vibronic bands. This observation suggests that the;—5 stacking of the PPDI chromophores. The excimer-like
exciton coupling between the three PDI chromophores in the emission froms has a fluorescence quantum yield that is about
trimer is only modestly increased over that in dim2esand 3—4 times greater than those d&a and 5b, while the
2b. The fluorescence quantum yield of trim@is about 70%  fluorescence lifetime o6 is only about 2 times longer than
that of 2b; it exhibits a 50 ps decay at 550 nm similar to that those of5a and5b, Table 1. The transient absorption spectra
of 2b, and its excimer-like state has a 22.5 ns decay at 700 nm,of 6 are characterized by immediate formation of a broad
which is about 77% as long as that 2b. The fluorescence  absorption feature with a maximum at 700 nm, which blue-
data for3 are once again corroborated by the transient absorption shifts to 687 nm wittv = 2 4 0.2 ps, then decays with= 37
measurements, where an initial slight blue-shift of the transient + 1 ns. Once again, the transient absorption data corroborate
spectrum takes place with= 50 & 12 ps followed by a long  fluorescence lifetime of the excimer-like state@fThe small
7 = 25+ 2 ns decay of the excimer-like state. Thus, the small blue-shift in the transient absorption spectra on the picosecond
decrease in quantum vyield f@& relative to that of2b is due time scale may again be due to structural relaxations, which
mostly to the lower fluorescence quantum yield of its excimer- permit rapid access to the excimer-like state following photo-
like state. While Li and co-workers have also observed a excitation, as well as contributions from vibrational relaxation.
decrease in the fluorescence quantum yields of larggacked The disproportionate increases in the fluorescence quantum yield
PDI oligomers® the similar photophysical behavior of dimer and lifetime of the excimer-like state & suggest that its
2b and trimer3 suggests that the formation and decay of the geometry differs from that dba and5b in a way that changes
excimer-like state within3 most likely involves a strong  both its radiative and its nonradiative (and/or intersystem
interaction between only two of its PDI molecules. The crossing) decay rates. This may be a consequence of increased
involvement of principally two PDI molecules in the excimer- chromophore rigidity enforced by the trimer structure.

-2x10* B
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