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Abstract: Molecules designed to carry out photochemical energy conversion typically employ several
sequential electron transfers, as do photosynthetic proteins. Yet, these molecules typically do not achieve
the extensive charge transport characteristic of semiconductor devices. We have prepared a large molecule
in which four perylene-3,4:9,10-tetracarboxydiimide (PDI) molecules that both collect photons and accept
electrons are attached to a central zinc 5,10,15,20-tetraphenylporphyrin (ZnTPP) electron donor. This
molecule self-assembles into ordered nanoparticles both in solution and in the solid-state, driven by van
der Waals stacking of the PDI molecules. Photoexcitation of the nanoparticles results in quantitative charge
separation in 3.2 ps to form ZnTPP*PDI~ radical ion pairs, in which the radical anion rapidly migrates to
PDI molecules that are, on average, 21 A away, as evidenced by magnetic field effects on the yield of the
PDI triplet state that results from radical ion pair recombination. These nanoparticles exhibit charge transport
properties that combine important features from both photosynthetic and semiconductor photoconversion
systems.

Introduction controlling charge transport in organic nanostructures that take
advantage of the speed and efficiency of ultrafast photoinduced
electron-transfer reactiod%:18 A critical step toward photo-
functional devices is the ability to create increasingly larger
arrays of interactive molecules. Covalent synthesis of large

The successful development of molecular devices for ap-
plications in photochemical energy conversion and storage as
well as molecular electronics requires fundamental research into
the distinctly different physical phenomena that occur on e o .
nanometer length scales. Artificial photosynthetic systéras molecular arrays is highly inefficient and costly, thus making
well as single molecules specifically designed for applications S€lf-assembly the method of choice to achieve ordered archi-
as switches, wires, and rectifiers have been studiEdOver tectures from functional building blocks. Self-assembly can be

the past few years, we have developed several approaches t§ased on a variety of weak interactions, such as hydrogen
bondind® 23 andz—s van der Waals interactiofs?> as well
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Chart 1

ZnTPP-PDI

ZnTPP-PDI,

ZnTPP-PDI,

R = 3,5-di-t-butylphenoxy R' = 2-ethylhexyl

Photosynthesis is an important model for efficient photo-  We now report on a zinc 5,10,15,20-tetrakis(perylenediimide)-
chemical energy conversion. Antenna proteins in photosynthetic porphyrin, ZnTPP-PDI, (Chart 1), that self-assembles into
organisms contain many chlorophylls that increase the crossordered photofunctional organic nanoparticles using van der
section for absorption of lighi€ Light absorption by antenna  Waals interactions between the individual molecules and not
chlorophylls creates singlet excitons that migrate very rapidly only exhibits the characteristics of an antenna-reaction center
among these chlorophylls. Some of the excitons are eventuallycomplex described above but demonstrates more extensive
trapped by the primary electron donor chlorophyll within a charge transport within the nanopatrticles as well.
nearby reaction center protein, leading to charge separation in ) )

a few picoseconds. The protein environment in the vicinity of Results and Discussion
each chlorophyll cofactor as well as its proximity to electron Synthesis Four perylene-3,4:9,10-tetracarboxydiimide (PDI)
donors or acceptors largely determines whether it acts as @Nmolecules, which act as both antenna pigments and electron
antenna chromophore or a redox agent. In contrast to StepWiseacceptors, are covalently bound to a central zmese
charge separation in photosynthetic proteins, photoconversionieiraphenylporphyrin (ZnTPP) electron donor to give ZnFPP
using dye-sensitized semiconductors depends on ultrafast elecpp), The known 1,7-dibromoperylene-3,4:9,10-tetracarboxy-
tron injection from the photoexcited dye into the conduction dianhydridé” is reacted with 3,5-diert-butylphenol in the
band of the semicor_lductor, followed by rapid charge transport presence of GEOs in refluxing DMF to yield the corresponding
throughout the semiconductor structéfe® 1,7-diphenoxylated perylene-3,4:9,10-tetracarboxydianhydride
(27) Wiederrecht, G. P.; Yoon, B. A.; Svec, W. A.; Wasielewski, MJRAM. ,(PDA) ChromOphor.e,' The phenoxy groups serve '[0. grgatly
Chem. Soc1997 119, 3358-3364. increase the solubility of the PDA molecule and derivatives

(28) Ramos, £ M. gij’;”%h“é'mrs?(;’ggo?“l’gg'élilﬁ;ggl';”mme'e”' J.C5 made from it® Reaction of PDA with an equivalent of

(29) Diner, B. A.; Babcock, G. TAdv. Photosynth1996 4, 213-247. 2-ethylhexylamine yields the corresponding imide-anhydride
(30) Desilvestro, J.; Gtael, M.; Kavan, L.; Moser, J.; Augustynski, J. Am. _ : : _

Chem. Soci985 107, 29882990, (PIA)._ An 8 _fold excess of PIA is reacted_wnh 5,10,15,_20
(31) Nazeeruddin, M. K.; Kay, A.; Rodicio, |.; Humphrey-Baker, R.}IMu tetrakisp-aminophenyl)porphyrit? over a period of 4 days in

§§8L2'f'é§§g:’ Viachopoulos, N.; Gizel, M. J. Am. Chem. S04993 115 refluxing pyridine containing 30% (w/v) imidazole (Im) to give
(32) gll%@glli;lHodak, J. H.; Hartland, G. \. Phys. Chem. B999 103 a 44% vyield of the free base TPPDI;. We have found that
(33) Hasselmanh, G. M.; Meyer, G. J. Phys. Chem. B999 103 7671~

7675. (36) Asbury, J. B.; Hao, E.; Wang, Y.; Ghosh, H. N.; Lian,JT.Phys. Chem.
(34) Haque, S. A,; Tachibana, Y.; Willis, R. L.; Moser, J. E.;' Geh M.; Klug, B 2001, 105, 4545-4557.

D. R.; Durrant, J. RJ. Phys. Chem200Q 104, 53—547. (37) Bohm, A.; Arms, H.; Henning, G.; Blaschka, P. (BASF). German Patent
(35) Nazeeruddin, M. K.; P."hy, T. R.; Zakeeruddin, S. M.; Humphrey-Baker, No. DE 19547209A1, 1997.

R.; Comte, P.; Liska, P.; Cevey, L.; Costa, E.; Shklover, V.; Spiccia, L.; (38) Quante, H.; Geerts, Y.; Mullen, KChem. Mater1997, 9, 495-500.
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1613-1624. 1987 26, 1009-1017.
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25—-40% (w/v) imidazole in chloroform or pyridine produces 60000
reasonable yields of imide formation with minimal decomposi- 50000
tion of the starting materials. Zinc insertion into TPPDI,
occurs readily using zinc acetate in chloroform/methanol to yield :
ZnTPP-PDl,.
Several reference molecules were also prepared to aid in
understanding the properties of ZnTPPDIs. A ZnTPP bound 10000 L
to a single PDI molecule, ZnTPHPDI, was prepared in a 0 =
manner similar to that of ZnTPPPDI, by reacting a slight 2000 4000 5000 8000 10000
excess of PIA with 5yaminophenyl)-10,15,20-trigtolyl)- Mass{miz)
porphyrin49 In addition, two molecules in which a pair of PDI 50007 B
molecules are constrained to a cofacial orientation were also
prepared. A 3-fold molar excess of PIA was reacted with 2,7-
di-tert-butyl-9,9-dimethyl-4,5-xanthenediamitieto yield the 30004
face-to-face dimer PRI Reacting a 2.5 molar excess of the
xanthenediamine with PIA gave the PDI-Xan-pHReaction
of 5-(p-aminophenyl)-10,15,20-trig{tolyl)porphyrin with a
3-fold molar excess of PDA in refluxing CH&Im yielded the
porphyrin—PIA molecule, TPP-PIA, with a terminal anhydride. . R T
Reaction of a 3-fold molar excess of TPPIA with PDI-Xan- 5000 10000 15000 20000 25000 30000 35000 40000
NH, in refluxing CHCKIm gave TPP-PDI,, which was Mass(m/z)
metalated with ZnOAgin CHCl/MeOH to give ZnTPP-PDL. 12007 C
Details regarding the preparation and characterization of these 1000
molecules are given in the Supporting Information.
Self-Assembled Nanoparticles.The mass spectrum of
ZnTPP-PDI, obtained using MALDI/TOF techniques is shown
in Figure 1. This spectrum shows peaks at multiples otz
= 4310 parent ion up to about 80 kD, which are assemblies of
about 20 molecules. This spectrum provides direct evidence for
the strong tendency of ZnTPHPDI, to self-assemble, even in 0
the gas phase. Dynamic light-scattering measurements orfa 10 20000 40000 60000 80000
M solution of ZnTPP-PDI, in toluene using 632.8 nm light Mass(m/z)
shows that this molecule also forms large soluble nanoparticles rigure 1. MALDITOF mass spectra of (ZnTPFPDL), at three different
with a 150+ 30 nm diameter, assuming a spherical particle mass ranges.
model. The nanoparticle size decreases with decreasing con-
centration, reaching 40 nm at 10M, which is the limit of our
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light-scattering measurements. The strong tendency of ZArTPP r oy ZnTPP-PDI
PDIl; to self-assemble in solution to form (ZnTPPDly), ----ZnTPP-PDI,
nanoparticles is also evidenced by its proton NMR spectrum, 42} (ZnTPP-PDL,) -
which displays broadened lines in chloroform, dimethyl sul-
foxide, and pyridine at temperatures up to 100 and at

28 :

concentrations down to 18 M. The proton NMR spectrum of
the (ZnTPP-PDIs), nanoparticles in CDGlat 50°C is shown

in the Supporting Information. In contrast, the NMR and mass
spectra of ZnTPP, ZnTPHPDI, and ZnTPP-PDI, show that
these molecules do not self-associate in solution.

The optical absorption spectrum of ZnTPPDI in toluene
(Figure 2) clearly shows the ZnTPP B band at 424 nm and the
lowest energy Q-band at 592 nm, along with an intense band
at 550 nm due to the PDI molecule with its lower intensity Figure 2. Optical absorption spectra of ZnTPPDI, ZnTPP-PDI,, and

. . . ..~ (ZnTPP-PDly), in toluene.
vibronic band at 509 nm. Comparing the PDI bands within
ZnTPP-PDI to those of the (ZnTPPPDI,), nanoparticles, the  predicts that coupling of the two transition dipoles will cause
ZnTPP B bands are very similar, while the (ZnTHAPDIy)n the lowest energy electronic transition of the dimer to split into
nanoparticles exhibit a new intense 515 nm PDI band. If the two bands, with the higher energy band having all of the
transition dipoles of two identical chromophores are positioned oscillator strengt2 The presence of the intense 515 nm band
in a parallel, stacked geometry, the molecular exciton model in (ZnTPP-PDI,), suggests that the PDI molecules in this
. nanoparticle adopt a parallel, stacked geometry, while the lack
(40) St ’\)"(OgreMTak’l*ngg"?_orgALe'éfgo e'i'éll.'xgqr%’hgﬁqpseﬂgéllano' of a significant bandshift and/or splitting for the ZnTPP

113 3638-3649.

(41) Hamann, B. C.; Branda, N. R.; RebekTtrahedron Lett1993 34, 6837 (42) Kasha, M.; Rawls, H. R.; EI-Bayoumi, M. Rure Appl. Chem1965 11,
6840. 371-392.

1.4

Extinction Coefficient (x 10° Mcm™)

500 550 600 650
Wavelength (nm)

9584 J. AM. CHEM. SOC. = VOL. 124, NO. 32, 2002



Charge Transport in Photofunctional Nanoparticles

ARTICLES

0.25 . . ; T r r T T
1.0 . .
/ (ZnTPP-PDI,),
0.20 Toluene
08}
A - -~ -Pyridine
- - = - Chloroform
8 015 . g
| =
o
2
S 0.10 1
el
<
0.05 ]
[
(5]
G
0.00 L L = 2
400 500 600 5 1
3 ;
Wavelength (nm) < sl B ‘_r \ —— Toluene
. . . °r - - - - Pyridine
Figure 3. Optical absorption spectra of PDI and Bl toluene. :‘ \‘ .- cﬁ,omform
06} ’ PAR J
. . r
molecules suggests that they have a relative distance and/or A '\
geometry in which exciton coupling is weak. 04} V Y 1
- . r »
To test this hypothesis, we prepared Pamd ZnTPP-PDlI,, os N A1 3
in which two PDI chromophores are constrained by a diami- b ‘ A |
noxanthene spacer molectii¢o a parallel, stacked geometry, ool s

which places the transition dipoles for the 550 nm transitions
in the PDI chromophores parallel to one another. Apart from
differences in extinction coefficients due to the ZnTPP/PDI ratio,
the optical spectra of ZnTPAPDI, and the (ZnTPP-PDIy),
nanoparticles in toluene shown in Figure 2 exhibit PDI bands
very similar to each other and to those of RIM Figure 3.
Face-to-face stacking of an infinite number of chromophores
will increase the exciton splitting by no more than a factor of
2 beyond that of the dimer, but this increase will be masked
somewhat by the broad bandwidth of the transitithé\
comparison of the optical absorption spectra of PDI and,PDI
in Figure 3 shows that PRlexhibits a new, intense band at
511 nm, which agrees well with the predictions of the molecular
exciton modef?2 However, the optical transition from the ground
state of PDJ to the lower exciton state, which is symmetry
forbidden in the molecular exciton model for the dimer geometry
enforced by the xanthene spacer in RBill has significant

L s .
500 550 600

Wavelength (nm)

400 450 650

Figure 4. Comparison of optical absorption spectra in toluene, pyridine,
and chloroform: (A) (ZnTPP-PDIs), and (B) PD#.

of 1075 M (ZnTPP-PDI,), nanoparticles results in a red shift

of the ZnTPP Soret band from 422 (toluene) to 429 nm (toluene:
pyridine = 5:3 v/v). In addition, the lowest energy,@and of
ZnTPP moves to about 600 nm and increases in intensity, as is
typical for ZnTPP with a pyridine ligantP. These observations
strongly suggest that pyridine can easily access the ZnTPP
molecules within the (ZnTPPPDIy), nanopatrticles.

In contrast to the behavior of pyridine, addition of CHCI
(free of ethanol) to a toluene solution of the (ZNFADIy),
nanoparticles disassembles the particles to a large extent. The
optical spectra obtained in toluene and Ckl@te compared
directly in Figure 4A. Except for differences in the relative

oscillator strength, as evidenced by the intensity of the band atextinction coefficients due to the ZnTPP/PDI ratio, the spectrum

550 nm. Extension of the simple molecular exciton model to
include vibronic coupling in the exciton states of the dimer
relieves the symmetry restrictions inherent to the simple
model#344 Thus, the 511 nm band is the transition from the
ground state to the = 0 vibronic level of the upper exciton

in CHCI; resembles that of ZnTPHPDI, which does not form

larger structures. However, the proton NMR spectrum of
ZnTPP-PDI4 in CDCls displays broadened lines, especially the
PDI resonances, which are shifted upfield from their positions
in ZnTPP-PDI, indicating that some degree of PDI stacking

state, while the 550 nm band is the corresponding transition to leading to small oligomers of ZnTPHPDI, most likely occurs

the v = 1 vibronic level of the lower exciton state. The greater
oscillator strength of the 511 nm transition in B3 consistent

in chloroform. If the chloroform is removed in vacuo, and the
ZnTPP-PDl, is redissolved in toluene, the optical absorption

with the geometry of the dimer enforced by the xanthene spacer.spectrum and light-scattering measurements show that the self-
The presence of the low-energy transition is also evident in the assembled nanoparticles are restored, indicating that the self-

spectra of ZnTPPPDI, and the (ZnTPPPDI,), nanoparticles.
Remarkably, the optical absorption spectrum of (ZnFPP
PDly), in pyridine is very similar to that observed in toluene
(Figure 4A). The (ZnTPPPDI,), nanoparticles are stable
toward coordination of ligands to the ZnTPP core. Pyridine
coordinates to the Zn within the ZnTPP coséthout signifi-
cantly disrupting the nanoparticle3 his suggests that the self-

assembly process is completely reversible. By comparison, if
PDl, is dissolved in chloroform, its optical absorption spectrum
is only slightly red shifted and is very similar to that of BIn
toluene (Figure 4B). This is consistent with the parallel transition
dipole orientation enforced by the xanthene spacer, which does
not depend on the solvent.

The optical spectra strongly support the proposed structure

assembly process is driven primarily by an interaction between of the (ZnTPP-PDl,),, nanopatrticles depicted schematically in

the PDI molecules. Titration of pyridine into a toluene solution

(43) Fulton, R. L.; Gouterman, Ml. Chem. Physl964 41, 2280-2286.

(44) Oddos-Marcel, L.; Madeore, F.; Bock, A.; Neher, D.; Ferencz, A.; Rengel,
H.; Wegner, G.; Kryschi, C.; Trommsdorff, H. B. Phys. Chem1996
100, 11850-11856.

Figure 5A. The PDI molecules most likely stack directly on
top of one another in register, presumably at a van der Waals
contact distance of about 3.5 A, while the ZnTPP molecules

(45) Nappa, M.; Valentine, J. 9. Am. Chem. Sod.978 100, 5075-5080.
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Figure 6. Atomic force micrograph of a Ct$iCl-treated quartz plate over
which (ZnTPP-PDIs), nanoparticles were deposited by spin-coating.

0.4 v T T T
I ——(ZnTPP-PDI),
4 in toluene
03} - = -(ZnTPP-PD})), 4
solid film

Absorbance
=)
N

Figure 5. (A) Cartoon of the structure of self-assembled (ZnFPDl)12

nanoparticles. (B, C) Top and side views, respectively, of the energy- 0.0 X
minimized structure of (ZNTPPPDI,);2 nanoparticles determined using 300 400 T 560 " Te00 700
MM+ force field calculations.

Wavelength (nm)

occupy sites in every other layer, with an interlayer—zm Figure 7. Optical absorption spectra of (ZnTPPDl), nanoparticles in
distance of about 7 A. At this distance, the exciton interaction toluene and in a solid film.

between two metalloporphyrins is less than 150~&min o

agreement with the experimental observatibAlthough other ~ All of the spectral features characteristic of (ZnNFHRFDLy)n
structures cannot be rigorously excluded, the proposed structure’@noparticles in solution, including the dominant 515 nm band,
allows enough space between the ZnTPP molecules for the@r® present in the spectra of the cone-shaped solid particles.

observed ligation of pyridine to ZnTPP without disrupting the This suggests that the parallel, stacked structural motif for the
PDI stacking. The proposed structure of a (ZNFDL), PDI molecules within (ZnTPPPDIy), is present both in solution

nanoparticle for whiclm = 12 was obtained using an MM and in the solid. Given the proposed interleaved structure in
force field calculation and is shown in Figure 5B'CThus far Figure 5, the ZnTPP molecules form an array in which the lateral
all attempts to obtain single crystals of the (ZnFRFDIy), Zn—Zn spacing is 30 A and the ZrZn distance along the

nanoparticles sufficiently large for X-ray diffraction studies have Stacking direction is 7 A. Thus, the cone-shaped structures in
failed. Figure 6 that are 50 nm tall and have a 150 nm diameter base

Spin-coating a 10* M solution of (ZnTPP-PDl4), nanopar- should contain approximately 10* ZnTPP-PDI, molecules.

ticles in toluene onto a quartz slide that has been pretreated Photoinduced Charge Transport. The PDI molecule acts
with CHsSiCl; to render the surface hydrophobic results in the @S @ good antenna chromophore, with a lowest excited singlet
deposition of cone-shaped structures that average580nm state that h_as an ener_gyl:ﬁ;: 2.25 eV, afluorescence quantum

in height and 108 150 nm in diameter at the base, as determined Yield of unity, and a lifetime of = 4.5 ns. As a consequence
by atomic force microscopy (AFM) (Figure 6). In addition, spin- of PDI stac;kmg, the lower exciton state energy of the PDI
coating the ZnTPPPDI and ZnTPP-PDI, reference molecules ~ Molecules in ZnTPPPDI; and the (ZnTPPPDIy), nanopar-
onto a methylsilylated quartz surface does not result in the {iCIes is 2.15 eV. Thus, singlesinglet energy transfer to ZnTPP,
formation of cone-shaped structures, as indicated by AFM. for which Es = 2.06 eV, should be facile in ZnTPHDI,
Figure 7 shows the spectrum of the 150 nm (ZnFiPBlJ), ZnTPP-PDI,, and (ZnTPP-PDly),. In addition, PDI is an

nanoparticles spin-coated onto the methylsilylated quartz surface £xcellent electron acceptor, with a reversible redox potential
for one-electron reduction of-0.53V vs saturated calomel

(46) Senge, M. O.; Gerzevske, K. R.; Vicente, M. G. H.; Forsyth, T. P.; Smith, €electrode. The free energy of reaction for photoinduced electron

K. M. Angew. Chem., Int. Ed. Endl993 32, 750-753. 1* i — _ _ _
(47) MM+, AM1, and ZINDO/S calculations were performed using HyperChem- transfer from~ZnTPP to PDI isAG = Eox — Erep E_s )
(TM), Hypercube, Inc., 1115 NW 1114th St., Gainesville, FL 32601. e2lres + S whereEox andEgep are the one-electron oxidation
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Figure 8. Transient absorption spectra of M ZnTPP-PDI, ZnTPP-
PDI,, and (ZnTPP-PDly), in toluene at 100 ps following a 420 nm, 130 fs

laser flash. The spectra are normalized for both excitation energy and sample’

concentration.

and reduction potentials for ZnTPP (0.82 V vs SCE) and PDI,
respectivelyg, is the electronic chargejs the distance between
the ions (14.4 A),es is the static dielectric constant of the
medium €s = 2.4 for toluene), an&is the difference between
the energies of the ion pair product in the polar solvent in which
Eox andEgrep are measured and in other less polar solvents in
which the electron-transfer rate constants are measéEe
value of AG for the reactioit’ZnTPP-PDI — ZnTPP"—PDI~
in butyronitrile, a polar solvent whereig,?/res = S = 0, is
—0.71 eV, whileAG is about—0.3 eV in toluene, a lower
polarity solvent®

Photoinduced electron transfer within the 150 nm (ZnF¥PP
PDl,), nanoparticles as well as within the ZnTPPDI and
ZnTPP-PDI;, reference molecules in toluene was examined

0.2 T T T v T T

---- PDI
——PDI,

500 600 700

Wavelength (nm)

T
400 800

Figure 9. Spectroelectrochemical difference spectra, ground state subtracted
from the radical anion state, for PDI and Bt DMF containing 0.1 M
tetran-butylammonium perchlorate.

PDI molecules attached to ZnTPP are selectively excited with
515 nm, 130 fs laser pulses in ZnTPP, ZnFHDI,, and
(ZnTPP-PDly),, the time constants for charge separation are
indistinguishable from those obtained using 420 nm excitation.
Thus, in each case energy transfer frféDI to ZnTPP occurs
much faster than the time constant for charge separation.

The transient absorption spectra of the reduced PDI species
in ZnTPP —PDI,~ and ZnTPP—PDI;~(ZNTPP-PDly),-1 are
substantially broadened and reduced in intensity from the
spectrum of ZnTPP—PDI™ in the region from 650 to 750 nm.
This may be due to delocalization of the negative charge from
PDI~ onto the other PDI molecules that are in van der Waals
contact with it. To test this hypothesis, we performed spectro-
electrochemical measurements on both PDI and,PDhe

using femtosecond transient absorption spectroscopy. Thedifferences between the optical spectra of the corresponding
absorbance of ZnTPP is at least 30 times greater than that ofradical anions and their ground-state spectra are shown in Figure
the PDI species within each of these molecules at 420 nm, sog, |t is clear that the near-infrared optical spectra of the model

that selective excitation of ZnTPP within each molecule was radical anions are very similar to those of the photogenerated

carried out with 420 nm, 130 fs laser pulses. Excitation of
ZnTPP-PDI results in formation of ZnTPP-PDI~, with 7 =

15 ps, as monitored by formation of the characteristic PDI
absorption band at 720 nm (Figure*8)The ZnTPP—PDI~
radical ion pair recombines, with = 5.3 ns. Given that the
lowest excited singlet state of ZnTPP has a 2.4 ns lifetime, the
15 ps time constant for charge separation within ZnFPBI
implies that this reaction occurs with99% yield. Excitation

of ZnTPP-PDI, with 420 nm laser pulses forms ZnTPP
PDI,~, with 7 = 9.3 ps, which also recombines, with= 5.3

ns. However, the transient absorption spectrum of ZnFPP
PDI,~ (Figure 8) shows that the spectrum of RDis broadened
and reduced in intensity relative to that of PDThe nature of
this broadening will be discussed below. Excitation of the 150
nm (ZnTPP-PDl,), nanoparticles with 420 nm laser pulses
results in formation of ZNTPP-PDI;~(ZNTPP-PDlyg)n-1, With

7 = 3.2 ps, followed by radical ion pair recombination with

species shown in Figure 8.

To further examine the nature of the spectral broadening
within PDI,~, we performed semiempirical, unrestricted Har-
tree—Fock calculations on the radical anions of both PDI and
PDIl, using the AM1 method to determine their energy-
minimized ground-state structur&sln both molecules, the
phenoxy groups were replaced by methoxy groups, and the octyl
tails were replaced with hydrogen. The electronic spectra of
the radical anions were calculated by applying ZINDO/S to the
energy-minimized, AM1 ground-state structures of the radical
anions?” We have shown previously that this protocol results
in reasonably accurate estimates of the electronic transitions
within the radical anions of PDI derivatives without the phenoxy
groups at the 1 and 7 positiofsThe calculated wavelength
(and oscillator strength) of the transition that corresponds to
that observed at 720 nm for PDIs 674 nm (0.95), while the

= 7.2 ns. Thus, the expected statistical shortening of the overall C@lculation for PD}™ predicts two transitions at 692 (0.24) and
charge separation time constant occurs in these molecules a$10 nm (0.53). The results of these calculations agree reasonably
more PDI molecules are attached to the ZnTPP core. When thewell with the observed absorption spectra of ZnTPPDI;~

(48) Lukas, A. S.; Miller, S. E.; Wasielewski, M. R. Phys. Chem. R00Q
104, 931-940.

(49) Gosztola, D.; Niemczyk, M. P.; Svec, W. A.; Lukas, A. S.; Wasielewski,
M. R. J. Phys. Chem. £00Q 104, 6545-6551.

and PD}~ between 650 and 700 nm. The somewhat broader
spectral features observed for ZNTPAPDI,~(ZNTPP-PDlyg)n-1
most likely arise from delocalization of the electron over two
or more PDI molecules as well.
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Figure 10. Magnetic field effect on the relativ&PDI yield within 10-4 in the triplet yield aB = 2J. As the magnetic field is increased

M (ZnTI_DFL_PDL;)n nano_particles in tpluene. The triplet yield was determine_d further, the energy gaps between the singlet and two of the three

by monitoring the transient absorption change at 480 nm at 100 ns following triplet radical pair energy levels increase. As a consequence

the laser flash. The relative triplet yield does not depend on the time during . . - i o !

the lifetime of3*PDI that the yield is measured. the overall triplet radical ion pair yield diminishes to a constant

value determined by mixing of the singlet state (S) with the

Charge recombination within ZnTPPPDI~, ZnTPP — triplet state (T) that remains magnetic field invariant (Figure

PDI;~, and (ZnTPP—PDI,;~)(ZnTPP-PDly4)n-1 produces not 11). Subsequent spin-selective radical ion pair recombination

only the ground state but the neutral lowest excited triplet state, produces(ZnTPP-PDly),, Wherein the triplet excitation resides

3*PDI, as well. Since the energy &fPDl is 1.2 eV3° while on PDI.

that of #*ZnTPP is 1.7 e\k! the triplet state resulting from The observed resonance in the magnetic field effect on the

charge recombination resides on PDI, which was confirmed by *PDI yield within the (ZnTPP-PDl,), nanoparticles (Figure

nanosecond transient absorption spectrosédiythe photo- 10) arises from production of a radical ion pair in which the

generated charge separation and the subsequent thermal reconaverage singlettriplet splitting (spir-spin exchange interac-

bination reactions are carried out in an applied magnetic field tion) 2J = 17 mT. The value of 2depends exponentially on

up to 1.2 T, the yield of*PDI does not change for ZnTPP the distance between the two radical ions, so tlaisZmall

PDI and ZnTPP-PDI,, whereas the yield o¥*PDI within the when the distance is large, and can be described®by

(ZnTPP-PDly),, nanoparticles increases to a maximum at 17

mT and then decreases by about 8% overall (Figure 10). The

half-width at half-height of the magnetic field effect on the

Figure 11. Radical ion pair energy levels as a function of magnetic field.

2)=2J,e " (1)

relative triplet yield isBy, = 68 mT.

The formation off*PDI is a consequence of radical ion pair
intersystem crossing within the initially formed singlet radical
ion pair'(ZnTPP"—PDI;")(ZNTPP-PDlg)n-1.527%* The energies

where g is the spir-spin exchange interaction at van der
Waals contactp is a constant, andg is the van der Waals
distance of about 3.5 A. The spispin exchange interaction
2J is directly proportional to the electronic coupling matrix

elementV? for the charge recombination reactiefi®’ In turn,
electron transfer theory shows that the rate constantfor
electron transfer is directly proportional 1,585 so that the
exponential damping factg? for the distance dependence of
the electron-transfer rate in eq 2 should be equal to eq 1.

It is well established thagf = 1.0 A~ for electron transfer

Ker = Ker® e M ()

of the singlet and triplet radical ion pait&ZnTPP"—PDI;")-
(ZnTPP-PDlg)n—1 and 3ZnTPP —PDl;)(ZNTPP-PDlg)n-1,
respectively, differ by the spinspin exchange interaction,)J2
(Figure 11). At zero magnetic field, #BJ < Y&, wherea are
the electror-nuclear hyperfine interactions within ZnTPBENd
PDI-, all three triplet sublevels G{ZnTPP —PDIs~)(ZnTPP-
PDlgn-1 mix with the singlet (ZnTPP —PDI;~)(ZnTPP-
PDly)n-1. On the other hand, if2> Y g at zero magnetic field,
no mixing occurs. Upon application of an external magnetic
field, the Zeeman interaction splits the triplet sublevels$-of  through many organic molecules, so the same value can be used
(ZnTPP —PDI4~)(ZNTPP-PDIy)n_1, which raises and lowers ~ for o.8%61Using 20 = 17 mT,a = 1.0 A%, 2Jp = 9.5 x 1¢°

the energies of two of the three triplet sublevels (Figure 11). T.%°andro= 3.5 A, eq 1 predicts that= 21 A. However, the
Crossing of the lowest triplet radical pair energy level with the 3 values for electron transfer between molecules with interacting
lowest radical pair energy level of the singlet results in an 7 systems may be somewhat lower. For example, we have

enhanced rate of intersystem crossing, producing a resonance -
(55) De Kanter, F. J. J.; Kaptein, R.; Van Santen, RCAem. Phys. LetL977,

45, 575-579.
(50) Ford, W. E.; Kamat, P. VJ. Phys. Chem1987, 91, 6373-6380. (56) Okamura, M. Y.; Isaacson, R. A.; Feher,Bochim. Biophys. Acta979
(51) Leenstra, W. R.; Gouterman, M.; Kwiram, A. Chem. Phys. Lettl979 546, 394.
65, 278—-280. (57) Nelsen, S. F.; Ismagilov, R. F.; Teki, ¥. Am. Chem. Sod 998 120,
(52) Hasharoni, K.; Levanon, H.; Greenfield, S. R.; Gosztola, D. J.; Svec, W. 2200-2201.

A.; Wasielewski, M. RJ. Am. Chem. Sod.995 117, 8055-8056.

(53) Hasharoni, K.; Levanon, H.; Greenfield, S. R.; Gosztola, D. J.; Svec, W.
A.; Wasielewski, M. RJ. Am. Chem. Sod.996 118 10228-10235.

(54) Carbonera, D.; DiValentin, M.; Corvaja, C.; Agostini, G.; Giacometti, G.;
Liddell, P. A.; Kuciauskas, D.; Moore, A. L.; Moore, T. A.; Gust, D.
Am. Chem. Socl998 120, 4398-4405.

)

(58) Marcus, R. AJ. Chem. Physl965 43, 679-701.

(59) Jortner, JJ. Chem. Physl976 64, 4860-4867.

(60) Closs, G. L.; Miller, J. RScience (Washington, D.C1p88 240, 440-
447.

(61) Moser, C. C.; Keske, J. M.; Warncke, K.; Farid, R. S.; Dutton, Ndture
(London)1992 355 796-802.
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ZnTPP PD! An estimate of the contribution 181/, due to the electron
l nuclear hyperfine interactions of ZnTPRay = 0.14 mT,ay
> 144A = 0.024 mT) and PDI1 (ay = 0.04 mT,a = 0.51, 0.59, 0.78
—————p 14.8A mT) can be made using eqgs 3 an&4:
16.0 A

—~ B =[S a2l + DI 3
T~ 17.8A i [Zaik Wl +1)] (3

TSA 20.1A , ,
A 227A B — 2B, +B,) @)

Y2 B, +B,

Figure 12. Schematic diagram showing the distances between a single
ZnTPP and nearby PDI molecules within the (ZnHHDI,), nanoparticles, . o i
assuming the structure given in Figure 5. whereB; is calculated for each radicgl aix are the hyperfine

splittings, andl is the nuclear spin, and the summation runs

directly measured the distance dependence for electron transfepver all nuclei withl, = 0. This calculation give81, = 1.1
from guanine to photoexcitedransstilbene within DNA mT, which is about 60 times smaller than the experimental value
hairpins for which3 = 0.652 Thus,r = 21 A is most likely a of By, = 68 mT. Thus, the contribution of the hyperfine
lower limit for the average radical ion pair distance within the interaction to the overall line width of theJ2esonance is very
(ZnTPP-PDIy),, nanoparticles. For example, i = 0.6 A1, small.
the same parameters predict that 33 A. A minimum average Electron hopping between the stacked PDI molecules can
radical ion pair distance of 21 A implies that charge transport contribute to the line width of theJresonance in two ways.
within the (ZnTPP —PDI~4)(ZnTPP-PDly),-1 nanoparticles First, hopping results in a distribution of radical ion pair
occurs over distances that are substantially larger than the 14.4distances, so that the steep exponential distance dependence of
A zZnTPP-PDI distance within a single ZnTPAPDI, molecule. 2J produces large line width changes. Second, rapid hopping

The question remains as to whether the holes or the electronswill lead to uncertainty broadening of the resonance due to the
are more mobile within the nanoparticles. The transient absorp- short residency time of the electron on each PDI. While the
tion spectrum of (ZnTPP-PDI~4)(ZnTPP-PDl4)n-1 shown in overall line width of the resonance is undoubtedly a convolution
Figure 8 suggests that PDinteracts strongly with the other  of these two sources of broadening, a simple analysis can
PDI molecules. Hole-hopping between guanines separated byevaluate in an approximate manner the relative contributions
7 A in DNA, the same distance as the assumed-Zn of both line-broadening mechanisms to the observed resonance
interplanar spacing in (ZnTPAPDI,),, occurs at a relatively  line width. Equation 1 can be used to calculafef@ radical
slow (~10" s71) rate®3 while high electron mobilities have been ion pairs having the electron on sites immediately adjacent to
reported for stacked PDI moleculésTaken together, these facts  the average site, i.er,= 21 4+ 3.5 A. Usingo. = 1.0 A%, 23,
suggest that electron transport through the stacked PDI mol-= 9.5 x 10° T, andro = 3.5 A, if r = 17.5 A, then 2= 0.79
ecules most likely dominates in the (ZnTPPPDI~4)(ZnTPP- T, whereas ifr = 24.5 A, then 2 =7 x 104 T. These very
PDly)n-1 nanoparticles. Assuming the structure illustrated in large changes inRvalues suggest that the observed resonance
Figure 5, the schematic diagram in Figure 12 shows the distancedine width most likely represents the population of radical ion
by which the charges are separated if the radical anion visits pairs with the 21 A average distance, while the remaining
PDI sites in layers other than that in which it was generated. population contributes to the broad wings of the resonance. Thus,
Using the ZnTPP radical cation as the origin, the average 21 A if the observed resonance line widthB = 2B, for the
distance (obtained from the magnetic field dependence of the population of radical ion pairs with the 21 A average distance
triplet yield) places the electron on a PDI molecule that is five is attributed entirely to uncertainty broadenfifgyhereABr =
layers removed from the layer having the ZnTPP radical cation. A andA = 5.7 x 10712 T-s, then the predicted site-to-site

The current data does not address the issue as to wRRT; hopping rate I/ = 2.4 x 1019s~1. This rate is about 200 times

which is formed following charge recombination, also migrates faster than the overall 7.2 ns charge recombination rate of the

through the structure. (ZNTPP —PDI;)(ZNnTPP-PDly),-1 radical ion pairs. This
The line width of the 2 resonanceAB = 2B, typically result is consistent with a kinetic simulation of the equilibria

depends on the magnitude of the hyperfine interactions within for site-to-site hopping between the six PDI molecules in the
each radical of the pair, the distribution af 2alues that results ~ array shown in Figure 12 (see Supporting Information).
from different radical ion pair distances, and uncertainty .
. o . . . Conclusions
broadening due to the lifetime of the radical ion pair at a
particular site. Anisotropic interactions, such as the dipolar ~The self-assembly of ZnTPHPDI, into (ZNTPP-PDly),
interaction between the electron spins, as well as hyperfine hanoparticles is driven primarily by a strong van der Waals
anisotropy, are assumed to be negligible for the radical ion pairsinteraction between the PDI molecules. The PDI chromophores
studied here in solution. provide dual antenna and charge carrier functions that are
analogous to the roles of chlorophyll within photosynthetic
(62) Lewis, F. D.; Wu, T.; Zhang, Y.; Letsinger, R. L.; Greenfield, S. R;; i itati i initi
Wasielewski, M. R.Science (Washington,%.ﬂ?% 277, 673-676. proteins. Photoexmtatpn of these nan(.)pamdes !nltlgtgs an
(63) Lewis, F. D.; Liu, X.; Liu, J.; Miller, S. E.; Hayes, R. T.; Wasielewski, M.  Ultrafast charge separation that occurs with near unit efficiency
R. Nature200Q 406, 51—53. i Moot
(64) Struik, C. W.: Sieval A. B.. Dakhorst, J. E. J.: van Dijk, M.: Kimkes, P.: yet results in migration of the electron between several closely
Koehorst, R. B. M.; Donker, H.; Schaafsma, T. J.; Picken, S. J.; van de

Craats, A. M.; Warman, J. M.; Zuilhof, H.; Sudholter, E. JJRAM. Chem. (65) Weller, A.; Nolting, F.; Staerk, HChem. Phys. Lettl983 96, 24—27.
Soc.200Q 122 11057-11066. (66) Staerk, H.; Treichel, R.; Weller, AChem. Phys. Lett1983 96, 28—30.
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coupled electron acceptors, a process that is more closelyplaced ina 10 mm quartz cuvette equipped with a vacuum adapter and
analogous to dye-sensitized charge injection into semiconductorssubjected to five freezepump-thaw degassing cycles prior to the
than to stepwise photosynthetic electron transport. The hybrid transient absorption mea}surg_ments. The cuvette was placed between
nature of charge generation and transport within these nano-the poles of a Walker Scientific HV-4W electromagnet powered by a

particles should prove useful for developing insights into solid- Walker Magnion HS-735 power supply. Thg field strength was
state device structures for photoconversion. measured by a Lakeshore 450 gaussmeter with a Hall effect probe.

Both the electromagnet and the gaussmeter were interfaced with the
Experimental Section data collection computer, allowing measurement and control of the
magnetic field to+1 x 105 T during data acquisition. The optical
Solid Film Preparation and Characterization. Quartz plates  gensity of all samples was maintained between 0.7 and 1.0 at 416 nm.
(Chemglass) were cleaned by immersion in a freshly prepared piranhaThjrty shots were averaged at each magnetic field strength with a
solution (concentrated 430,:30% HO, = 7:3 v/v) at 80°C for at LeCroy 9384 digital oscilloscope and sent to the computer, which
least 45 minCaution! This solution is an extremely strong oxidizing  ¢gjculated theAA. The relative triplet yield reported iTo = AA(B)/
agent After cooling to room temperature, the slides were rinsed AAB = 0). The results presented are an average of three experiments
repeatedly with deionized (DI) water, subjected to an RCA-type conducted on separate days with freshly prepared samples. Kinetic
cleaning procedure (#:30% HOxNH,OH = 5:1:1 vivlv), and analyses were performed at several wavelengths using a nonlinear least-

sonicated at room temperature for 45 min. The substrates were thengqyares fit either to a general sum-of-exponentials function or to a series
rinsed with DI water and dried in an oven overnight at 205 The A — B — C kinetic mechanism using the Levenbeigarquardt

freshly cleaned substrates were placed in an oven-dried Schlenk-typea|gorithm_

reactor. A 50 mM solution of (EkBiCI3 in dry toluene solution was Steady-state absorption spectra were obtained in 1 cm path length
added and reactedrf® h at 25°C. The solution was then removed  ¢yettes using a Shimadzu 1601 UVis spectrophotometer. Nano-
with a canulla. The functionalized substrates were washed twice with particle size measurements in solution were performed using a Coulter

toluene, acetone, and methanol and dried under vacuum."ANO N4-Plus dynamic laser light-scattering apparatus with a 632.8 nm He
toluene solution of (ZnTPPPDLy), was spin-coated (Laurell WS-400) N |aser source.

onto the quartz substra_te at 2000 rpm for 30 s, dried at room temperature Electrochemistry. Electrochemical measurements were performed
under N, and stored in the dark under,Nintil use. The (ZnTPP using a CH Instruments model 660A electrochemical workstation. The
PDI“)_” film on th_e quartz sub_strate was examined by tapp'”g'm"de solvents were butyronitrile (PrCN) and methylene chloride containing
atomic force microscopy using a Digital Instruments Multimode 51 tetran-butylammonium perchlorate electrolyte. A 1.0 mm
Nanoscope llla. Optical absorption spectra of the film were recorded gigmeter platinum disk electrode, platinum wire counter electrode, and

on the instrument described belowz . Ag/AgyO reference electrode were employed. Ferrocene/ferrocinium
SpectroscopyFemtosecond transient absorption measurements were (Fc/F¢, 0.52 vs SCE) was used as an internal reference for all

made using a regeneratively amplified titanium:sapphire laser system a5 rements. Spectroelectrochemical measurements were performed
operating &a 2 kHz repetition raté’ The frequency-doubled output i 3 1 mmpath length quartz cell with a threaded top. A Teflon reservoir
from the laser was used to provide 420 nm, 130 fs pulses for excitation, \ o« outfitted to thread onto the quartz cell. The platinum counter
while 515 nm, 130 fs excitation pulses were produced using an optical giectrode and silver wire reference electrode were placed in the
parametric amplifie_[i.7 A white light continuum .probe pulse Was  reservoir, which held a solution of 0.1 M tetrabutylammonium
generated by focusing the 840 nm fundamental &t mmsapphire perchlorate in DMF. The working electrode was an optically transparent
disk. Cuvettes wit a 2 mmpath length were used, and the samples  ,|atinym wire mesh inserted into the 1 mm cuvette. The electrochemical
were bubbled with Nand irradiated with 0.3J per pulse focused to o rkstation controlled the potential of the working electrode, and a

a 200um spot. The optical density at the excitation wavelength was  gpimadzy 1610A Uv-vis spectrometer obtained the absorption spectra
typically 0.3-0.5. The samples were stirred during the experiment using ¢ the redox species. All electrochemical measurements were carried
a wire stirrer to prevent thermal lensing and sample degradation. The g+ under a blanket of argon.

total instrument response for the pummgrobe experiments was 180
fs. Acknowledgment. This work was supported by the Division
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xenon flashlamp (EG&G Electro-optics FX-200, 66) and detected Supporting Information Available: Details regarding the
using a photomultiplier tube with voltage applied to only four dynodes synthesis and characterization of the molecules used in this study
(Hamamatsu R928). The total instrument response was 7 ns and isas well as kinetic simulations (PDF). This material is available
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