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Abstract: Photonic control of photoinduced electron transfer has been demonstrated in a dimethyldihy-
dropyrene (DHP) porphyrin (P) fullerene (Cso) molecular triad. In the DHP—P—Cgo form of the triad, excitation
of the porphyrin moiety is followed by photoinduced electron transfer to give a DHP—P**—Cg*~ charge-
separated state, which evolves by a charge shift reaction to DHP**—P—Cg* . This final state has a lifetime
of 2 us and is formed in an overall yield of 94%. Visible (=300 nm) irradiation of the triad leads to
photoisomerization of the DHP moiety to the cyclophanediene (CPD). Excitation of the porphyrin moiety of
CPD—P—Cg produces a short-lived (<10 ns) CPD—P*t—Cgso"~ state, but charge shift to the CPD moiety
does not occur, due to the relatively high oxidation potential of the CPD group. Long-lived charge separation
is not observed. Irradiation of CPD—P—Cg, with UV (254 nm) light converts the triad back to the DHP
form. Thermal interconversion of the DHP and CPD forms is very slow, photochemical cycling is facile,
and in the absence of oxygen, many cycles may be performed without substantial degradation. Thus, light
is used to switch long-lived photoinduced charge separation on or off. The principles demonstrated by the
triad may be useful for the design of molecule-based optoelectronic systems.

Introduction from the study of such molecules is of interest not only for

) ) understanding photosynthesis and devising new approaches to
After 25 years of research, chemists can now design and qo)a¢ energy conversion, but also for the design of molecule-

prepare porphyrin-based molecules containing electron donorsy ey gptoelectronic systems. For such possible applications,

and acceptors that undergo photoinduced electron transfer 0 js of interest not only to use light to generate charge separation,
produce high-energy, long-lived charge-separated states withy, s+ 5150 to use light to switch electron transfer on or off.

i ' 16 : : . ) . .
quantum yields approaching unity:® Information obtained  ppqiochromic molecules, which can be isomerized between two

thermally stable molecular structures using light, are good
candidates for light-activated control units in molecule-based
devices of various type<.-22 Recently, we have reported two
different approaches to controlling photoinduced electron
transfer using photochromic moieties. We have shown that it
is possible to use photochromic units to control singlet energy
transfer quenching of a porphyrin excited st&tthereby turning
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Chart 1

photoinduced electron transfer to an attached acceptor on or

off.24 Additionally, we have used the light-induced changes in
reduction potential of a photochromic dihydroindolizine to
switch photoinduced electron transfer in a porphyidihy-
droindolizine dyad®

In the current work, we have investigated a third approach

by synthesizing and studying]fannelated dimethyldihydro-
pyrene (DHP) porphyrin (P) fullerene ¢ triad 1 (Chart 1)

and related model compounds (Charts 2 and 3). By photonically

switching the photochromic dihydropyrene moiety hf we
reversibly control the oxidation potential of the switching

element, and through this, the lifetime of a charge-separated

state generated following excitation of the porphyrin. In the
closed, DHP form of the triadl@), excitation of the porphyrin

is followed by photoinduced electron transfer to yield DHP
Pt—Css~. The DHP rapidly reduces the porphyrin radical
cation through a charge shift reaction to generate a DHP
P—Cso~ charge-separated state that has a lifetime ofu3.0
Visible irradiation of 1a converts the DHP moiety to the
cyclophanediene (CPD) form, yielding triddb, in which the
oxidation potential of the CPD group is much higher than that
of the DHP isomer. Excitation of the porphyrin of CPB-Bgg
leads to CPB-P"—Cg¢ ™, but charge shift does not occur, and

Chart 2

() _~»
2 R1 = R3 = CH3, R2 O%@

Q\

3:Ry= R,=R;=H
4:R = Rz-
/ R;=H
5:R{=R3;=CH3;, R, =H
6. R1=R2=R3=CH3

Chart 3

7:R= %OH
8:R=H
9:R= —=H

the thermally stable isomer is the closed, DHP form (&g),

the charge-separated state collapses to the ground state in a fewhich absorbs strongly in the visible region of the spectrum.

ns. UV irradiation oflb converts it back tda
Dimethyldihydropyrene photochromic molecules (e.g., model

compound8, Chart 3) have been investigated by several

groups!826-33 and shown to be inverse photochromes, wherein
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The DHP isomer can be converted to the open, CPD form (e.g.,
8b) with visible light. The CPD does not absorb significantly
in the visible, but does absorb in the UV, and ultraviolet
irradiation converts it back to the DHP isomer. Thermal
reversion of CPD to DHP also occurs, albeit very slowly. The
photochemical ring opening of the DHP form occurs from the
first excited singlet staté. Despite reasonably long excited
singlet state lifetimes for DHP molecules<& ns), ring opening
generally occurs with relatively low quantum yields {0%);
the quantum yield is highest witlg]fannelated DHPs such as
8.31 The photochemical ring closing of the CPD form with UV
light is more facile ¢ ~ 30%).

(32) Tashiro, M.; Yamato, TJ. Am. Chem. S0d.982 104, 3701-3707.
(33) Sawada, T.; Wakabayashi, M.; Takeo, H.; Miyazawa, A.; Tashiro, M.;
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Designing a DHP-based molecular switch for photoinduced = DHP—P—Csotriad (1a). To a flask containing 60 mg (0.039 mmol)
electron transfer presented several challenges. The oxidationof dyad3* was added 5 mL of dichloromethane and 710 (0.063
potential of the DHP isomer of the photochromic moiety had mmol) of N-methylmorpholine. The solution was cooled t6@, and
to be low enough so that this species could readily donate an80 mg (0.043 mmol) of 2-chloro-4,6-dimethoxy-1,3,5,-triazine was
electron to the porphyrin radical cation of DHP**—Ceg~, added. Stirring was continued for 10 min a0 and then at room

I . o 0
but the oxidation potential of the CPD form needed to be high temperature for an additional 60 min. At this point TLC (tquene/?_A)

. . ethyl acetate) indicated that all the acid dyad had been converted into
enough so that it could not serve as a viable electron donor.

a less polar material. To the reaction mixture was added 18 mg (0.039
The DHP form of the photochrome could not absorb to the red mmol) of alcohol7a and 5.0 mg (0.039 mmol) of 4-(dimethylamino)-

of the porphyrin moiety, to prevent quenching of the porphyrin pyridine. After 1 h TLC (toluene/1% ethyl acetate) indicated that the
excited singlet state by energy transfer to the photochrome. Thereaction was complete; the solvent was evaporated and the residue was
electronic interaction between the DHP and the porphyrin was chromatographed on a silica gel column (toluene/10% hexanes) to give
required to be strong enough to permit rapid electron transfer 57 mg (74% yield) of triadla: *H NMR (300 MHz, CDC}) 6 —2.63

from DHP to the porphyrin radical cation, before DHP+— (2H,'s),—1.40 (3H, 5),~1.38 (3H, 5), 1.50 (9H, s), 1.57 (9H, s), 1.82
Ces~ decayed by charge recombination. At the same time, (6H, 5), 1.84 (6H, s), 2.61 (6H, s), 3.12 (3H, ), 4.43 (1HJ &5 9
energy transfer quenching of DHP or CPD excited singlet states H2): 512 (14, d.J = 9 Hz), 5.28 (1H, 5), 5.52 (2H, 5), 7.19 (1H, s),

by the porphyrin had to be slow enough to prevent competition 7.26 (4H, m), 7.33 (1H, s), 7.627.65 (2H, m), 8.00 (1H, 5), 8.20 (2H,

4 ; o ; o7 brd s), 8.26-8.30 (4H, m), 8.34 (2H, d) = 8 Hz), 8.55 (2H, d,J =
with photoisomerization. Finally, the DHP and CPD moieties 8 Hz), 8.64.8.76 (10H, m): MALDI-TOF-MS mz calcd for

should not interfere with porphyrin-to-fullerene photoinduced CuuHeNsO, 1949, obsd 1949; UVAvis (dichloromethane) 312, 328, 345,
electron transfer by taking part in competing electron-transfer 420, 516, 550, 592, 648, 702 nm.

processes. On the basis of these Criteria, Synthetic feaSlbl“ty, DHP—-P dyad (Za)_To a flask Containing 60 mg (0076 mm0|) of
and the results for model compounds (see below), the DHP, 5(4-carboxyphenyl)-10,15,20-tris(2,4,6-trimethylphenyl) porphys)?(
porphyrin and fullerene moieties and interchromophore linkages was added 8 mL of dichloromethane and 4B (0.12 mmol) of

for 1 were chosen. N-methylmorpholine. The solution was cooled to°0O, and 15 mg
(0.084 mmol) of 2-chloro-4,6-dimethoxy-1,3,5-triazine was added.
Experimental Section Stirring was continued at @ for 10 min, and then at room temperature
. . . for 2 h. TLC (dichloromethane/1% acetone) indicated that all the
Synthesis The preparation of porphyrin-fullerene dya&#$ and4,* porphyrin acid had been consumed. To the reaction mixture was added

porphyrins 5 and 6,%¢ and dihydropyrenes8 and 9,3 have been 34 mg (0.076 mmol) of alcohofa and 9 mg (0.076 mmol) of

previously reported. The DHP, CPD, and fullerenopyrrolidine moieties 4-(dimethylamino)pyridine. Stirring continuedrfa h after which time

are chiral. No attempt was made to separate the various stereoisomerg ¢ (toluene/30% hexanes) showed that the reaction was complete.

arising from this situation. The solvent was evaporated and the residue was chromatographed on
3{4-(2,7-Di-tert-butyl-trans-12¢,12d-dimethyl-12¢,12d-dihy- a silica gel column (toluene/hexanes, 2:1 to 4:1) to give 71 mg (76%

drobenzole]pyrenyl} prop-2-ynol (7a). n-Butyllithium (1.0 mmol, 0.6 yjeld) of dyad2a: *H NMR (300 MHz, CDC}) ¢ —2.53 (2H, 5)—1.38

mL of a 1.8 M solution in hexane) was added to a solution of (34, s),~1.36 (3H, s), 1.52 (9H, s), 1.59 (9H, s), 1.88 (18H, s), 2.64

ethynyldihydropyren®a® (250 mg, 0.60 mmol) in dry tetrahydrofuran (9, s), 5.55 (2H, s), 7.20 (1H, s), 7.29 (6H, s), 7.35 (1H, s), 7.64

(10 mL) at 0°C under argon. After 5 min, the cooling bath was removed 7,67 (2H, m), 8.02 (1H, s), 8.27 (1H, s), 8.32 (1H, s), 8.34 (2H, d,

and dry gaseous formaldehyde (generated by pyrolysis of paraform- j = g Hz), 8.56 (2H, dJ = 8 Hz), 8.66 (4H, s), 8.728.78 (6H, m);

aldehyde at 200C in a stream of argon) was passed into the flask, MALDI-TOF-MS miz calcd for G7HgN4O» 1216, obsd 1216; Uv/vis

just above the surface of the solution, with vigorous stirring. The (dichloromethane) 329, 346, 418, 516, 550, 592, 648 nm.

mixture was allowed to stir for a further 30 min, and then diethyl ether  gpectroscopic MeasurementsThe solvent for all measurements

and water were added. The organic layer was separated, dried oveRyas freshly distilled 2-methyitetrahydrofuran, unless otherwise stated.

anhydrous MgS@ and evaporated to dryness. The red residue was || samples were deoxygenated by bubbling with argon for 20 min.

chromatographed on silica gel (6@00 mesh, deactivated with 3 wt. Steady state and time based YMis ground-state absorption

% NH,OH) using first diethyl etherhexanes (1:10) as eluant to elute  easurements were performed using a Shimadzu UV-3101P€ UV

unchangeda, and then diethyl etherhexanes (1:1) to elute 132 mg  vjjs—NIR spectrometer. Steady-state fluorescence emission spectra were

(49%) of the red alcohdfa. Recrystallization from cyclohexane yielded  measured using a Photon Technology International MP-1 fluorometer

intense red crystals, mp 884 °C: 'H NMR (500 MHz, CDC}) and corrected. Excitation was produced by a 75 W xenon lamp and
0 —1.46 (3H, s),—1.44 (3H, s), 1.47 (9H, s), 1.51 (9H, ), 4.67 (2H, single grating monochromator. Fluorescence was detected’ain90
s), 7.13 (1H, dJ =1 Hz), 7.27 (1H, tJ = 1 Hz), 7.64-7.58 (2H, m), the excitation beam via a single grating monochromator and an R928
7.85 (1H, d,J = 1 Hz), 8.21 (1H, dJ = 1 Hz), 8.26 (1H, dJ = photomultiplier tube having S-20 spectral response operating in the
1 Hz), 8.73-8.68 (2H, m);*3C NMR (125.8 MHz, CDCJ) 6 17.69, single photon counting mode.

17.81, 30.51, 30.56, 35.19, 35.38, 35.79, 36.43, 52.09, 85.60, 91.76, [jgrescence decay measurements were performedlor 10°°
112.16,117.11,117.35, 117.84, 119.26, 122.77, 124.47, 124.58, 126'03M solutions by the time-correlated single photon counting method. The
126.21,129.17,129.43, 134.94, 136.62, 137.73, 141.87, 145.32, 147.324jtation source was a cavity-dumped Coherent 700 dye laser pumped

FAB—MS m/z 448.2; HRMS calcd for &HsO, 448.2766, obsd, 5 frequency-doubled Coherent Antares 76s Nd:YAG laser. Fluo-
448.2766; UV Amax NM (emay), Cyclohexane) 310 (16 140), 325  regcence emission was detected at a magic angle using a single grating
(16 100), 345 (15 800), 380 (17 600), 400 (22 700), 505 (3220); IR monochromator and microchannel plate photomultiplier (Hamamatsu
(KBr) v 3439 (br), 3060, 2960, 2924, 2867, 1463, 1367, 1256, 872, R2809U-11). The instrument response time was ca-5865ps, as

754 et verified by scattering from Ludox AS-40. The spectrometer was

controlled by software based on a LabView program from National
(34) Liddell, P. A,; Kodis, G.; de la Garza, L.; Bahr, J. L.; Moore, A. L.; Moore, Instruments?

T. A.; Gust, D.Helv. Chim. Acta2001, 84, 2765-2783. '
(35) Kodis, G.; Liddell, P. A.; Moore, T. A.; Moore, A. L.; Gust, D. Phys.

Org. Chem2003 in press. (37) Gust, D.; Moore, T. A,; Luttrull, D. K.; Seely, G. R.; Bittersmann, E.;
(36) Lindsey, J. S.; Prathapan, S.; Johnson, T. E.; Wagner, R.efahedron Bensasson, R. V.; RolugeM.; Land, E. J.; de Schryver, F. C.; Van der
1994 50, 8941-8968. Auweraer, M.Photochem. Photobioll99Q 51, 419-426.
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Nanosecond transient absorption measurements were made with
excitation from the second harmonic of a Continuum Surelight Nd:
YAG laser (532 nm). The pulse width wasb ns, and the repetition
rate was 10 Hz. The detection portion of the spectrometer has been
described elsewhefé.

The femtosecond transient absorption apparatus consisted of a
kilohertz pulsed laser source and a purmpobe optical setup. The
laser pulse train was provided by a Ti:sapphire regenerative amplifier
(Clark-MXR, Model CPA-1000) pumped by a diode-pumped CW solid-
state laser (Spectra Physics, Model Millennia V). The typical laser pulse
was 100 fs at 790 nm, with a pulse energy of 0.9 mJ at a repetition
rate of 1 kHz. Most of the laser energy (80%) was used to pump an Wavelength (nm)
optical parametric amplifier (IROPA, Clark-MXR). The excitation Figure 1. Absorption spectra of 2-methyltetrahydrofuran solutions of the
pulse was sent through a computer-controlled optical delay line. The closed, dihydropyrene-bearing DHIP—Cqgo triad 1a (- - -) and the open,
remaining laser output (20%) was focused into a 1.2 ¢m rotating quartz CPD—P—Ceo cyclophanediene-containing isontds (—). The inset shows
plate to generate a white light continuum. The continuum beam was 2PSOrPtion spectra in the same solvent of model DHP compgarid- -)
further split into two identical parts and used as the probe and referenceand CPD isomerb (—). Also shown in the inset is the emission spectrum

. - of 7a obtained with excitation at 510 nn®
beams, respectively. The probe and reference signals were focused onto
two separated optical fiber bundles coupled to a spectrograph (Actonvs SCE, and irreversible reduction waves—t.75 and—1.91
Research, Model SP275). The spectra were acquired on a dual diodey (peak potentials). The CPD fornilf), prepared by VIS
array detector (Princeton Instruments, Model DPDA-1G24). _irradiation of the compound, showed oxidation at 0.96 V and

To dgtermlne the number of significant _C_omponent§ in the tr_a1n5|ent reduction at-1.76 and—1.93 V (all irreversible, peak poten-
sgts?]rspiggnl::;ﬁ)’li'vr;igt’t‘g2:’0"’;15;?:Ezgggiﬂﬂ?]:rﬁﬁz’baz%agr'ggram tials). The first oxidation potential of the porphyrin moiety of

) 1, 3, and4 is taken as 1.02 V vs SCE, its first reduction potential

(MathWorks, Inc.). Decay-associated spectra were then obtained by . . . .
fitting the transient absorption change curves over a selected wavelengtH?‘S_l'ﬂ' and the first reduction potential of the fullerene portion

300 400 500 600 700 800

Absorbance
2ousosaIon|4

0.0E

300 400 500 600 700

region simultaneously as described by eq 1 of the_se three compounds as0.56 V vs SCE, based on
potentials for closely related molecut®dJsing these data, the

n energies of DHP-P*—Cg¢~, DHP*—P—Cg¢"~, DHP " —P~—

AAAD = ) Al2) expt-tr) (1) Ceo, CPD-P*—Cgg, CPD*—P—Co'~, and CPD'—P—Cao

= may be estimated as 1.58, 1.16, 1.77, 1.58, 1.52, and 2.13 eV
whereAA(L 1) is the observed absorption change at a given wavelength @bove the ground states, respectively. Similarly, the energy of
at time delayt andn is the number of kinetic components used in the P"—Cso"™ in dyad4 is estimated to be 1.58 eV. These estimates
fitting. A plot of A(1) versus wavelength is called a decay-associated make no corrections for Coulombic stabilization in the charge-
spectrum, and represents the amplitude spectrum ofitHdnetic separated states.
component, which has a lifetime af Transient absorption experiments Absorption and Emission Spectroscopy.The absorption
on the DHP-containing compounds were done under continuous UV spectrum ofa, the closed, DHP form of a model dihydropyrene,
irradiation at 254 nm with a UVP UV lamp Model UVGL-25 in order 5 shown in the inset in Figure 1. The compound has absorption
to reduce Ias_er-lnduced conversion of t_he sa_\mp_le to the CPD form. maxima at 263, 314, 327, 344, 379, 398, apd13 nm. The

The photoinduced CIQS'ng .and opening kinetics of the CPD/DHP corrected fluorescence emission spectrum (with excitation at
chromophore were studied using, respectively, a UVP UV lamp Model . . . .

510 nm, Figure 1 inset) resembles the mirror image of the

UVGL-25 and a Xe/HgXe-lamp (ORIEL Corp. Model 66028). Before ; - .
sample illumination with the Xe-lamp, the IR portion of the light was longest-wavelength absorption band, with a maximum at 692

reduced by passing the beam through two water-cooled IR filters ( NM, indicating a large Stokes shift. Irradiation té with =

5 and A= 9 at 900 and 1060 nm, respectively). Furthermore, one of 300 nm light converts it to the open, CPD foridb. The

two different cutoff filters was used to remove wavelengths shorter absorption spectrum afb (Figure 1 inset) features maxima at

than 590 or 300 nm, as required. The absorption as a function of time 245 and 380 (sh) nm. CPEb could be converted back to DHP

was monitored at 560 nm through an interference filter to exclude the 7a by 254-nm irradiation.

Xe-lamp light from entering the detection portion of the spectrometer. Figure 1 shows the absorption spectrum of DHP-Cgo triad

Results lain 2-methyltetrahydrofuran. Maxima are observed at 255,

) ) ) ) 314, 327, 344, 379, 398 (sh), 417, 481 (sh), 514, 548, 591, 648,

Electrochemistry and Energetics. Cyclic voltammetric  5n4 704 nm. The first six maxima correspond mainly to the

measurements were made in order to obtain redox pOtentialsabsorption of the DHP moiety, although the porphyrin and

that could be used to estimate the energies of the various Char_g?fullerene contribute to the overall absorption in this region. The

separated states. The measurements were made in benzonltrllsamdS from 417 to 648 nm are ascribed to the porphyrin, with

containing 0.1 M tetraxbutylammonium hexafluorophosphate.  g,me ynderlying broad absorption by the fullerene, and from

The counter electrode was platinum, the reference electrode Ag/iha DHP in the 513-nm area. There is a very weak band at 704

0.1 M AgNG;, and the working electrode glassy carbon. The . que to the fullerene.

measurements employed ferrocene as an internal reference redoX |4 diation oflawith =300 nm light causes spectral changes

system, and are reported vs S(,:E' Mc.>del. compotind the wherein some of the 513-nm region absorption and much of
DHP form (7a) featured a reversible oxidation wave at 0.60 V

(40) Golub, G. H.; Reinsch, umer. Math.197Q 14, 403—-420.
(38) Dauvis, F. S.; Nemeth, G. A.; Anjo, D. M.; Makings, L. R.; Gust, D.; Moore,  (41) Henry, E. R.; Hofrichter, J. IMethods in Enzymology.udwig, B., ed.

T. A. Rev. Sci. Instrum.1987, 58, 1629-1631. Academic Press: San Diego, 1992; p 219.
(39) Freiberg, A.; Timpmann, K.; Lin, S.; Woodbury, N. \&.. Phys. Chem. B (42) Kodis, G.; Liddell, P. A.; de la Garza, L.; Moore, A. L.; Moore, T. A;;
1998 102 10 974-10 982. Gust, D.J. Mater. Chem2002, 12, 2100-2108.
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the fine structure in the 360400 nm region due to the DHP Turning now to dyad2, it was found that when the
have disappeared. Irradiation of the resulting sample at 254 nmphotochromic moiety was in the open, CPB form, normal
returns the spectrum to its original state. This demonstrates thatporphyrin emission was observed as a single-exponential
the photochromic moiety can be photoisomerized between theprocess, with a lifetime of 13.3 ng{= 1.07). Thus, the CPD
DHP and CPD forms even when it is attached to the porphyrin. has no effect on the porphyrin first excited singlet state. The
The spectrum of CPD triadb still shows bands at 245, 417, dyad was converted to the DHPP form with UV light, and
481 (sh), 514, 548, 591, 648, and 704 nm that are characteristicthe fluorescence investigated. Because the 590-nm excitation
of the porphyrin and fullerene components. In general, the light causes opening of the DHP to the CPD form, the sample
spectra ofl resemble linear combinations of the spectra of the was irradiated at 254 nm every 10 s during the experiment in
component chromophores, suggesting that there are no strongrder to limit the effects of this isomerization. Under these
electronic interactions among these chromophores that impactconditions, two exponential emission components were observed
the spectral properties. at 650 nm, where essentially all of the emission is due to the
Thermal Isomerization and Photoisomerization.Figure 1 porphyrin (with 590 nm excitation). The lifetimes are 1.76 ns
shows that photoisomerization of the photochromic moieties is (80%) and 13.0 ns (20%)? = 1.03). The major component is
possible even when they are attached to the porphyrin, indicatingascribed to DHP-!P and the minor to some CPBP formed
that any energy or electron-transfer reactions involving the by the excitation laser.
porphyrin or fullerene do not prevent isomerization. The thermal At ~680 nm, where the DHP moiety has its fluorescence
closing of the CPD to yield the DHP form was investigated for maximum (Figure 1), a third decay component (in addition to
1 and7. At 25 °C in 2-methyltetrahydrofuran, the closing rate the 1.76 ns and 13.0 ns decays) was detected. The lifetime of
constant for7b is 6.2 x 107 s (lifetime = 45 h). The this component is 335 ps, and its amplitude is as much as 60%
corresponding rate constant fbb is 1.0 x 107> s (lifetime of the total fluorescence amplitude at some wavelengt®s0
= 27 h). The reason for this difference in lifetimes is unknown. nm. This component represents decay@fP—P, and shows
However, the activation energy for thermal isomerization in that the DHP excited singlet state is quenched somewhat, relative
other DHP/CPD systems has also been shown to be a sensitivéo model compounda.

function of the substituents. The fluorescence emission of the triads was also investigated.
Photoinduced closing of botth and7b was readily achieved,; DHP—P—Cg triad 1a, with excitation at 590 nm, featured decay
with 254 nm irradiation €700 yW/cn¥), the time constants  curves at 640 nm (mainly porphyrin emission) that could be
were 50 s forlb and 19 s fof7b. The quantum yield for closing  satisfactorily fit 2 = 1.06) with four components: 34 ps (93%
of the closely related CPD molecu® in cyclohexane is 28%,  of the decay), 240 ps (6%), 1.7 ns (0.6%), and 13.4 ns (0.4%).
and the rate constant for the isomerization reaction ffGRD At ~680 nm, where the DHP moiety fluoresces most strongly,
is 2.0 x 107 s713¢ fitting the decay required components of 32 ps (81%), 330 ps
Opening of the DHP forms of mod@&| dyad2 and triad1 (17%), 1.9 ns (1.5%), and 13.4 ns (0.5%]) € 1.17). At both
can be achieved witk: 300 nm radiation. When using a 590- wavelengths, the major;33 ps component is assigned to decay
nm long pass filter{40 mW/cn¥), 7aopens with a lifetime of of the porphyrin first excited singlet state. The 330 ps component
137 s, DHP-P 2 with a lifetime of 62 s, andla with a time at 680 nm is due to the emission of the DHP first excited singlet
constant of 90 s. The corresponding experiment using a 300-state (see results for dyajl The other components are assigned
nm long pass filter £300 mW/cnd) results in time constants  to minor impurities and decomposition products.
about 50 times smaller, but the percentage of the DHP form  Excitation of CPD-P—Cg triad 1b at 590 nm led to a
present in the photostationary state is larger. The quantum yieldfluorescence decay at 640 nm that could be fitted with three
for opening of9ain cyclohexane is 7.5%, and the rate constant exponentially decaying componenig & 1.08): 32 ps (99%
for the isomerization reaction froADHP is~2.5 x 10" s71.3¢ of the total amplitude), 1.05 ns (0.4%), and 13.4 ns (0.6%).
Time-Resolved Fluorescence MeasurementSluorescence  The two minor components are assigned to impurities.
decay data in 2-methyltetrahydrofuran solution at ambient Transient Absorption Measurements.Triad 1 in 2-meth-
temperatures were gathered by the time-correlated single photoryltetrahydrofuran solution was investigated in the closed, DHP
counting technique, with excitation at 590 nm. The solutions form using transient absorption spectroscopy with00 fs
were bubbled with argon to remove dissolved oxygen. Model excitation pulses. The results, with excitation at 650 nm where
DHP 7afluorescence decays at 685 nm as a single exponentialabsorption is mainly by the porphyrin, are shown in Figure 2

with a lifetime of 1.02 ns (goodness-of-fit parametér= 1.08). as decay-associated spectra. That is, the spectral features in each
Comparable lifetimes have been observed for related com-spectrum are all associated with the reported exponential time
pounds®* constant. The best fit to the entire data set was achieved with

Model porphyrin6 has a typical porphyrin emission spectrum three components: 35 ps, 150 ps, and a component that does
with maxima at 650 and 718 nm. The fluorescence, monitored not decay significantly on the time scale of the instrument (i.e.,
at 650 nm, decays as a single exponentidl= 1.03) with a 7 >5ns). The 35 ps component has features corresponding to
lifetime of 13.4 ns. When the porphyrin moiety is linked to a ground-state bleaching of the porphyrin Q-bandsa14, 548,
fullerene, the porphyrin fluorescence is quenched due to 591, and 648 nm. In addition, porphyrin stimulated emission
photoinduced electron transfer to generate-fq"~. In model bands are seen in the 650 and 720 nm regions. There is negative
P—Cso dyad4, the fluorescence decay features one significant amplitude at wavelengths 650 nm, representing the grow-in
decay component with a lifetime of 34 ps, and three migd% of a new transient species with induced absorption in this region.
of the decay) components due to small amounts of impurity Such absorption is characteristic of the porphyrin radical
(x* = 1.16)% cation#3=45 The fullerene radical anion has absorption in the
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Figure 2. Decay-associated transient absorption spectra for BPHCsg
triad 1a obtained by analysis of spectra obtained following excitation of a g
2-methyltetrahydrofuran solution with &100 fs laser pulse at 650 nm. o
The analysis gave decay components with lifetimes of 353 Psa0d 150 S
ps ©), and a component that did not decay on the time scale of the =
instrumentation 4). %
1000 nm region, where grow-in of a new transient is also
observed®4” The 150 ps component also has features charac- 0.00
teristic of porphyrin Q-band bleaching, but the stimulated 0 30'00 6000 9000
emission is absent, as indicated by the change in ratio of the
negative features at 650 and 720 nm. The large negative feature Time (ns)

at~510 nm is due to the decay of ground state bleaching of a Figure 3. (a) Transient absorption spectra of DHP—Cq triad 1a (M)
Q-band of the porphyrin radical cation superimposed on negativeaptd CPDB-P—-Ceo t{hiad éb (A)Ejgzz'me}hy'te"a?ydfc;fﬁfa”bso'utt)ion 20 ][‘Sh

: . . . . after excitation wih a ns, nm laser pulse. e absorbance of the
amplitude dug to the.growmg in pf a new transient, ascrlped to long-lived DHP*—P—Cqg~ State seen iais absent irib, (b) Decay of
the DHP radical cation. There is also a broad absorption at the absorbance observed ftm at 1000 nm. Fitting of averaged data for
wavelengths greater than 650 nm which is assigned to decaymultiple pulses with an exponential function (solid line) yields a time
of the porphyrin radical cation with a time constant of 150 ps. constant of 2.Qs for the decay.
Note that this spectrum does not have features characteristic of . . .
the fullerene radical anion, so this anion does not decay on thisb_g60 tr'f"?‘d ldp’ ;’.Vh'(:h.mas. gte)lnelrlaLer f:rg%rg the sc;ggonvxct/
time scale. The spectrum of the nondecaying component shows %2 SIO ;Lr'a 1ation W'It V;IS' € |fg I € nrg, | m
induced absorption in the 1000 nm region due to the fullerene cnr). In IS case, viriually no Tulierene radical anion was
radical anion, and induced absorption in the blue part of the observed. Figure 3b shows the decay of the transient absorption

spectrum which we ascribe to the dihydropyrene radical cation. fo_rthDHP__PI_CGO triad 36" at 1000 nntLhTh_e de(;_ay was fltttecti ¢
Porphyrin ground state bleaching has nearly disappeared, but\é\”0 as_lrnhg eje?rp:or;.?ntlla co;ngar;eip_ac\:/lnga Ime constant o
some small porphyrin features are still evident. Hus. This 1S the filetime o 60 -

The interpretation of these data is that the initial laser pulse Informanon necessary for |.nterpretat|qn.of the tran3|ent
forms mainly DHP-1P—Cqo, which decays by photoinduced absorption results fot was obtained from similar experiments

electron transfer to give DHPP*—Cqs~ with a time constant with model dyad® and4. Excitation of a 2-methyltetrahydro-

of 35 ps. This intermediate charge-separated state evolves Withguor(a)'n SO“_JUIZn é)fdthe DHPP fprtm d0f2 W'tth Nlt(r)not fs pulses at t
a time constant of 150 ps by charge shift from the DHP, yielding nm yielded decay-assoclated spectra with wo components.

DHP-+—P—Cag—. The final state lives much longer than the One component had a lifetime of 1.7 ns, and the second did

time window available with the spectrometer. The very small not decay on the time scale of the instrument. Both spectra had

porphyrin features observed in the nondecaying component arespectral features characteristic of a porphyrin. The 1.7 ns

ascribed to some CPEP*+—Cgs~, as irradiation in the UV does component represents quenching of the porphyrin first excited
not convert 100% of the CP‘E]D,_Cﬁ() to the DHP form. singl_et state by the DHP moiety. Th? secpnd compOﬁent Is
To observe the decay of the long-lived transient, transient ascribed to unquenched porphyrin .exc[ted singlet state in some
absorption measurements on the nanosecond time scale Wengf th_e CPD form Of the dy_ad which |s__present. It was not
undertaken. Solutions of DHFP—Cp triad Lain 2-methyltet- possible to identify Wlth certainty any a_ddmonal §pectra| features
rahydrofuran were excited witlv5 ns laser pulses at 532 nm, that could be ascribed to other transient species.

. . . Previously, we have reported transient absorption results for
with argon bubbling of the sample to remove dissolved oxygen. . A .
Figure 3a shows the transient spectrum in the-94@60 nm P—Ceo dyad 4 in 2-methyltetrahydrofuraf Excitation with

region. The absorption is due mainly to the fullerene radical :109 fstpulsets was into thedptzjrphi/f:m:;gl(e))ty at 6%0922;’ and
anion of the DHP"—P—Cg'~ charge-separated state. Figure ransient spectra were recorced in the nm an

3a also shows the results of an identical experiment with-€PD 1070 nm regions. Global flttlng_ of the data yielded two
components. The first of these, with a time constant of 32 ps,

(43) Fajer, J.; Borg, D. C.; Forman, A.; Dolphin, D.; Felton, RJHAm. Chem. featured decay of the porphyrin first excited singlet state

(a4) Eﬁﬁﬁg?ﬂfﬁg@?ﬁfﬁgfg. Chem.1992 31, 1110-1112. absorption and rise of absorption of the fullerene radical anion

(45) Gasyna, Z.; Browett, W. R.; Stillman, M.ldorg. Chem1985 24, 2440~ and porphyrin radical cation, verifying th&#®—Cso undergoes
24417. 32 ps photoinduced electron transfer to yietdPCss . The

(46) Greaney, M. A,; Gorun, S. Ml. Phys. Chem1991, 95, 7241-7144. . . .
(47) Kato, T.Laser Chem1994 14, 155-160. second component, with a time constant of 3.3 ns, contains the
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moiety of triad1 readily photoisomerizes from the DHP form

0.04 to the CPD isomer, and vice-versa, even when it is covalently
£ 003} . linked to the porphyrir-fullerene dyad. In the case of the DHP
S isomer in particular, the irradiation conditions necessary for
S 002} - opening to the CPD forms are similar for the model compound
% 7a and triadla despite the facts that the lifetime of the DHP
< 0.01F ] first excited singlet state ifa is relatively long (1.02 ns) and
the quantum yield of opening in closely related compounds is
0.00 only ~7.5%3! opening the door to interference by other
processes. Thus, interchromophore processes do not significantly
Irradiation Periods impede photoisomerization.
Figure 4. Photochemical cycling of triad. The triad in 2-methyltetrahy- On the other hand, such processes do occur. The lifetime of
drofuran solution at 28C was switched between the DHP—Cqg triad the DHP first excited singlet state is quenched from 1.02 ns to
la(generated by illumination for 30 s with 254 nm |Igh§-(00/4W/sz)) ~330 ps in both DHP-P dyad2 and triad1la. Conceivable

and the CPD-P-Cgo triad 1b (generated by illumination f&8 s with> 300 . .
nm light (~300 mW/cn3)). The data shown are the decays of the transient duenching processes are singlet energy transfer from the DHP

absorption of the fullerene radical anion at 1000 nm, following excitation to the porphyrin, photoinduced electron transfer, and enhanced
VS’E'hPa Sing'e iiﬁrzn‘g" :32323'?5 ﬁi‘; F:?Jéffﬁ;'éesfs;’r'; :(:“s)gtg‘if t(?:decay due to an increase in the rate of photoisomerization or
excitation (;j?the por[?hyrin moiety, but%hat virtuallg no Igng—lived state ri]s any of the usual photophysical processes. Energy transfer is
produced when the sample enriched in the EIPB Cgpisomer is irradiated. expected to be slow because the fluorescence emissi@Hst
(Amax = 692 nm) does not overlap well with the longest-

spectral signatures ofP-Cgs~, and represents the decay of wavelength porphyrin absorption banihgx = 650 nm), and
this state to the ground state. because the fluorescence quantum yield of DHP molecules of

Photochemical Cycling of the Photochromic Moiety.The this type is low &5 x 1074).31In fact, significant energy transfer
experiments described above show that the photochromic moietydoes not occur, as the 330 ps decayDfiP in the DHP form
of triad 1 can be cycled between the DHP and CPD forms, and of dyad 2 was not accompanied by a corresponding rise in
that light absorption by the porphyrin moiety of the DHP— porphyrin emission.
Ceo triad 1a leads to the formation of a long-lived charge-  The energy of the DHP first excited singlet state~i8.10
separated state, whereas similar excitation of the €PPCso eV (from the average of the energies of the absorption and
triad 1b does not. To investigate the stability of this system, emission maxima). Photoinduced electron transfer ftDiP—
photochemical cycling experiments were undertaken, and the p—Cgy to yield DHP+t—P~—Cg (1.77 eV) is one possible
results are shown in Figure 4. A solution of the triad in explanation for the small amount of quenching of the DHP
2-methyltetrahydrofuran was irradiated for 30 s with UV light  excited singlet state in these molecules. An enhanced quantum
(254 nm) in order to convert the sample to a photostationary yield of photoisomerization is also a viable explanation, as the
state containing mainly the DHP chromophore. Next, the sample photochemical ring opening is faster for dyaend triadl than
was excited with a single 532-nm laser pulse, and the transientfor model DHP7a under similar irradiation conditions.
decay at 1000 nm (fullerene radical anion absorption) was Tpe singlet lifetime of the CPD isomer ofjfannelated
measured. This decay represents ch_arge_ recombingtion Ofdimethyldihydropyren@b is 14 ns, and the quantum yield of
DHP*—P—Ce". The sample was then irradiated ®s with photoisomerization{28%) is much higher than that for opening
visible light (=300 nm) to convert it to CPBP—Ceso, and of the DHP form?3! Despite this long lifetime, which could allow
excitation with a single pulse of laser light was again performed. |q|axation of ICPD—-P—Cgo by competing processes, photo-
It is apparent from Figure 4 that when the molecule is in the 5omerization of CPBP—Cq 1b is slower than that of CPD
DHP—P—Cso form, excitation produces the long-lived (2:6) 7b by a factor of only~2.5, indicating that any competing
DHP+t—P—Cqs~ charge-separated state. After conversion to the processes are relatively slow. Thus, for both DHP-Ceo 1a
CPD—P—Cso form with visible light, no significant long-lived  anq CPB-P—Cq, 1b, the yield of photoisomerization is high
charge separation is observed. As is evident from the Figure, anough that interconversion using light is facile, while thermal
where photochemical cycling was repeated several times, reversion of CPD-PCgo to the DHP form takes days.
photoinduced electron transfer to form a long-lived charge- Photoinduced Electron Transfer. The electron-transfer
s_epa_lr_ated state may be switched on or off many times without behavior of 1 and associated model compounds may be
significant _degradatlon of the sample. _A_ft_er _15 H_vis . discussed in terms of Figure 5, which shows the relevant high-
photochemical cycles, less than 15% of the initial signal intensity energy states of the triads and some interconversion pathways.
was lost. This fatigue resistance is very sensitive to the presencer, . energy of the porphyrin first excited singlet state is
of oxygen. Introduction of air info the solutions leads to estimated as 1.91 eV, based on the wavenumber average of the
significant degradation during each photochemical cycle. It is longest-wavelength z;lbsorption and the shortest-wavelength
likely that at I_east part of this photodamage results from reaction emission maxima. The energies of the various charge-separated
of oxygen with the DHP radical catift. states are estimated from cyclic voltammetric results, as
Discussion discussed above.

Photoisomerization. A key finding of this research, upon P—Ceo dyad 4. The first excited singlet state of model

which the other phenomena are based, is that the photochromid?°"Phyrin6 has a lifetime of 13.4 ns, whereas the lifetime of
1P—Cgoin dyad4, determined from time-resolved fluorescence

(48) Fioressi, S.; Arce, Rl. Phys. Chem. 2003 107, 5968-5975. studies, is only 34 ps. This quenching is due to photoinduced
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20 DHP-'P-Cy, absorption of the long-lived porphyrin first excited singlet state
m of CPD-P which is also present. In any event, the quenching
L process is too slow to contribute significantly to the decay of
CPD*+-P-Cep™ DHP-P*+-Cqo*™ the porphyrin singlet state in the DHIP—Cg triad 1, and it
L does not impede photoisomerization. Therefore, it has no
significant impact on the function of the triad molecular
L DHP'+-P—C6°'_ switch.

DHP—P—Cgotriad 1a. The transient absorption experiments
with 1a yielded lifetimes for three processes, the shortest of
which was 35 ps. The 35 ps event represents the decay of DHP
1P—Cgp and formation of a DHPP*—Cgss~ charge-separated

5 state, as shown by the transient absorption spectra. A similar
time constant for the decay of DHPP—Cg, was determined
from the time-resolved fluorescence measurements. This pho-
toinduced electron transfer is process 2 in Figure 5. The rate
constantk,, may be estimated using eq 3

Energy (eV)

A

DHP-P-Cg
0.0 — lrg= kst k, tk; 3)
Figure 5. High-energy states and interconversion pathways for ttiad
Each numbered transformation (e.g., step 1) has an associated rate constagith 75 = 35 ps, and equals 2.8 10'°s~1, which is very close
€9 k). to the rate constant for charge separation-g, dyad4. The
. . i +—Crt™

electron transfer from the porphyrin to the fullerene to yield a duantum yield of DHP-P"—Ces'~ equals ks, or 0.98.
P+—Ces~ charge-separated state. This charge-separated statd Nerefore, all other processes depopulating the porphyrin first
was characterized spectroscopically by the transient absorption€*Cited singlet state, including quenching by the DHP, are

measurements, which showed a formation time of 32 ps and alnSignificant. , _
decay time of 3.3 n& On the basis of these values, the rate The 150 ps component of the decay-associated spectra of triad

constant for photoinduced electron transfer fria-Cgo, ker, la if associated V‘ﬁth the ch_arge_shift reaction of DHP"—
may be calculated from eq 2, Ceo~ to form D_HP —P—Cgsg~. This process, step 4 in Figure
5, competes with decay of DHAP"*—Cgo'~ to the ground state
1rg=Ker + K (2 by charge recombination step 3. The reciprocal of the 150-ps

lifetime is the sum okz andks. The value otz is assumed to
where s is the lifetime of the porphyrin first excited singlet  be identical tdcg in P—Cgo dyad4; 3.0 x 10° s™L. Thus, charge
state in the dyad (average 33 ps) andks is the rate constant  shift rate constank, equals 6.4x 1(° s L. The yield of the
for decay of the first excited singlet state by all processes other charge shift reaction isy/(ks + ki), and equals 96%. The overall
than electron transfer. A value of 7.% 10’ s may be quantum yield of the long-lived DHP—P—Cgs~ state is the
calculated forks from the 13.4 ns lifetime of the first excited product of the yields of steps 2 and 4, and equals 94%.

singlet state of porphyriB. These data yield a value of 30 The DHPT—P—Cgo'~ state has a lifetime that is too long to
10 for ket. The quantum yield of P—Cg'~ equalskerts, or measure using the transient absorption instrument built around
99%. From the 3.3 ns lifetime of*P-Cg¢'™, the rate constant  the 100-fs laser, and was measured instead using nanosecond
for charge recombinatiorkcg, is 3.0 x 10° s7%, transient spectroscopy. Because no new transient states were

DHP—P dyad 2. The first excited singlet state of the observed to form concurrently with the decay of DHPP—
porphyrin moiety of2 in the DHP form has a lifetime of 1.76 = Cgg', it is assumed that decay is by recombination to the ground
ns based on fluorescence data, and transient absorption experistate (step 5 in Figure 5). The rate constant for this prod¢gss,
ments gave a similar lifetime. Thus, the porphyrin excited state (the reciprocal of the 2.@s lifetime of the charge-separated
is quenched by some interchromophore process involving the state), is 5.0x 10° s,

DHP moiety. The rate constant for this procegsis calculated CPD—P—Cg triad 1b. The time-resolved fluorescence
to be 4.9x 10° s, using an equation similar to eq 2. The studies of CPD-P dya?lshowed that the porphyrin first excited
transient absorption experiments did not allow determination singlet state is not quenched at all by the attached CPD group,
of the product of this quenching. Singlet energy transfer to DHP as its lifetime (13.3 ns) is identical to that of the model porphyrin
is unlikely; the overlap of the porphyrin emission and DHP 6, within experimental error. It is assumed that a similar situation
absorption spectra is poor for this endergonic process. Electronobtains in triadlb. The time-resolved fluorescence results for
transfer to form DHP"—P*~ is thermodynamically possible, triad 1b showed quenching of the porphyrin first excited singlet
with a driving force of 140 meV, although no convincing state with a time constant of 32 ps. By analogy with dyiad
evidence for the charge-separated state was seen in the transiemind triadla, this quenching is ascribed to photoinduced electron
absorption results for the DHP form of dyadThis explanation transfer from CPB-1P—Cgg to yield the CPDB-P+—Cgo™

is consistent with the quenching #DHP in 1a and the DHP charge-separated state. The rate constant for this process is 3.1
form of 2, which could also be the result of photoinduced x 10 s71, and the quantum vyield of charge separation is
electron transfer. It may be that the rate constant for recombina-essentially unity. However, the nanosecond transient absorption
tion of the charge-separated state is higher than that for its studies show that no long-lived charge-separated state is
formation (leading to a very low concentration at all times), or produced inlb. The CPD-P*t—Cgo~ state recombines to the
that any characteristic absorption features are obscured by theground state, rather than undergoing a charge shift reaction
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analogous to that iria to form a CPB"—P—Cg'~ charge- Conclusions
separated state. Transient absorption decays measured on the 54 1 comprises a photochemically activated molecular

ns time scale show that recombination is essentially complete o, .th for photoinduced electron transfer. In the DHP fdran
within 5—10 ns. It is assumed that recombination occurs with porphyrin excitation leads to formation of a DHP™—Ceg
approximately the same time constant as in d¢48.3 ns). state with a quantum yield of 98%. Charge shift from the DHP
Evolution of CPD-P*—Cgg'~ to form CPD™—P—Ces~ does moiety gives DHP"—P—Cgg'~ in an overall yield of 94%. The
not occur primarily for thermodynamic reasons. On the basis |ifetime of this species, 2s, is long enough to make the state
of the electrochemical data discussed above, €PD—Ceq' readily detectable spectroscopically, through diffusional reac-
lies 1.58 eV above the ground state, and CPIP—Csg'~ is at tions in solution, or via coupling to electronically active surfaces.
1.52 eV. The very small driving force for charge shift of 0.06 visible irradiation oflaconverts it to CPB-P—Cggisomerlb.
eV would result in slow electron transfer that could not compete Excitation of the porphyrin moiety oflb again yields a
well with Charge recombination. In addition, we noted earlier porphyrin_fu"erene Charge_separated state, but Charge shift to
that the energy estimates based solely on cyclic voltammetricthe CPD moiety is not observed, and no long-lived charge-
data do not take into account differences in Coulombic effects, separated state is produced. Isorbemay be converted back
including differences in stabilization of the two Charge-separated to 1la using uv ||ght Photochemical Cyc]ing of the switch is
states in solvent. Coulombic attraction between charges wouldfacile, thermal isomerization is slow, even at ambient temper-
stabilize both CPB-P*—Csr~ and CPD"—P—Cgo™, but atures, and excitation of the active form of the molecule gives
stabilization would be greatest for CPP**—Ceo', in which long-lived charge separation in high yield. Furthermore, pho-
the charges are closer togetfi¢in a relatively nonpolar solvent  tochemical stability is reasonably high. The principles demon-
like 2-methyltetrahydrofurane(= 7.6), this would tend to  strated byl may be useful for the design of molecule-based
equalize or reverse the energies of the two states. optoelectronic systems for data processing, transmission and
Photochemical Stability. The results in Figure 4 show that  storage, chemical sensing, and similar applications.
unlike some photochromic systems, triadan be photochemi-
cally cycled between the DHP and CPD forms many times. In
argon-purged solutions, minimal decomposition was noted after
15 UV—vis cycles. In the presence of oxygen, significant
decomposition does occur, and it is possible that the small
amount of decomposition observed in the argon-purged solutions
was due to residual oxygen. Results with rigorous degassing
using freeze-pump—thaw cycles are not yet available.

Acknowledgment. This work was supported by grants from
the National Science Foundation (CHE-0078835, CHE-0352599).
We thank Joel Henzie for preliminary research on this project.
J.A. is grateful to the Carl Trygger Foundation for Scientific
Research for a grant in support of postdoctoral research. R.H.M.
thanks NSERC of Canada for financial support. This is
publication #586 from the ASU Center for the Study of Early
Events in Photosynthesis.

(49) Weller, A.Z. Physik. Chem. NE982 133 93-98. JA039800A

J. AM. CHEM. SOC. = VOL. 126, NO. 15, 2004 4811



