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Spin Dynamics of a “Parachute” Shaped Fullerene-Porphyrin Dyad
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The electron spin dynamics associated with the photoinduced intramolecular electron transfer (ET) in a
covalently linked malonate-strapped zinc porphytiuallerene (ZnP-Cso) dyad with “parachute” geometry

was studied by time-resolved electron paramagnetic resonance (TREPR) spectroscopy. Studies were carried
out in widely different media, including solvents of different polarities, such as isotropic toluene and
tetrahydrofuran, and anisotropic nematic liquid crystals, LCs (E-7 and ZLI-4389). Photoexcitation of the
donor, ZnP, results in ET to the acceptog,,Gn all solvents used over a wide range of temperatures. The
generated radical pairs (RPs) either decay to the ground state or produce the triplet state of the acceptor
moiety, ZnP-**C4o. Temperature-dependent studies permit the determination of the RP energy levels relative
to the donor and acceptor singlet and triplet states. Thus, the results enable determination of the genesis of
the ET routes as a function of the solvent polarity. Due to their unique dielectric properties, the LCs behave
as solvents of low polarity at low temperatures and as solvents of high polarity at elevated temperatures.
Finally, the triplet EPR line shape of ZrP*Cg oriented in the LCs verifies the asymmetric three-dimensional
structure calculated recently, while the ZnP moiety in the dyad dictates the orientation of the bupiariC

in the LC matrixes.

Introduction the other hand, paramagnetic transients born upon photoexci-

tation, such as triplets and CS states, are nonsilent entities with

respect to time-resolved electron paramagnetic resonance spec-
troscopy (TREPR). Despite its low time resolution, TREPR

The diversity of electron-transfer (ET) and energy-transfer
(EnT) events is reflected in many fields of research such as

native and model photosynthesis, expanding into applied : ) . ; .

' . : e provides essential and direct data on spin energetics and

fields related to photovoltaic and optoelectronic devitek.is : . . o - .
dynamics, thus delineating the explicit ET routes, information

evident that optimizing the redox properties and electronic not available directly by transient absorption Spectrosco
coupling between donor and acceptor constituents, and under-Furthermore the emy onment of liquid cr pstals (IE)CS) due%'
standing the role of their mutual orientation and the type of ' ploy q Y ’

i . . . their extraordinary dielectric properties, broadens the scope of
linkage, is of prime importance. In recent years, the study of . .

. . . TREPR in these types of studies. These solvents attenuate the
covalently linked porphyrirfullerene assemblies has attracted

excitation of the porphyrin (donor) leads to a chain of ET and/ P P b P

; range of temperatures in the mesoph@3e¥.
or EnT processes ending at the fullerene (acceptor). The small We report here on a TREPR study of a covalently linked
reorganization energy associated with the electron acceptor, P y y

Cso,"'® accelerates the forward ET rate (charge separation) andZinC porphyrin-fullerene _dyadl With. a specific parachute
attenuates the charge recombination (BET) rate, resulting in shaped geometry (see Figure 1). This unique structure allows

efficient generation of the relatively long-lived charge-separated ;tudy of the influence of the topology of the dyad on the

states. Thus, not much energy is required for a charge-separatewteracnon between its donor and acceptor moieties. As will be

(CS) state to adjust to a different solvent environment. Moreover, seen, the present study pr_owdes Important new mfo_rmatlo_n
the electron-accepting ability ofeg (~ —0.4 eV vs SCE) is about the magnetic properties of the intermediate radical pair

similar to that of quinone$while the first excited singlet and and trliple'F excitgd states.gener'ated upon pho'toexcitat.i(.)n O.f this
triplet states of g are much lower than those of the quinones dyad n widely different d|elgc_tr|c media, a!lowmg spgmflcatlo_n
allowing for a strong driving force in ET and EnT reactions, of detailed pathways for their interconversion. Such information
Porphyrin-fullerene systems have been synthesized k:;y provides greater insight into the pho.tophysics.of this model
different groups, and studied extensively, mainly by ultrafast donor-acceptor system than was achievable using steady state

transient optical methods, providing valuable information about and time-resolved optical methods.

i i 2
ET and EnT pathways in solvents of varying polafity? On Experimental Section
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Figure 2. TREPR spectra of 1:1 mixture of ZnTPP angh Griented
in E-7 at 130 K, taken at 0.8s after the laser pulse.

Figure 1. Structure of the “parachute” ZrRCq dyad 1.

. average, guest molecules will orient such that their longest axes
parachute dyad were carried out on a Bruker ESP-380 CW 16 parallel to the direction defined ty23 The initial align-

spectrometer with the field modulation disconnected. TREPR ant of the sample i 11 B, and theL [ B orientation was
measurements were performed by employing different isotropic gptained by rotating the sample in the microwave cavity by
matrixes, such as toluene and tetrahydrofuran (THF) (Merck /5 apout an axis perpendicular B In the fluid phases, at
Ltd.), as well as anisotropic nematic liquid crystals (LCs) such pigher temperatures (soft crystalline and nematic phases), only
as E-7 and ZL1-4389 (Merck Ltd.), in which the chromophores he | || B orientation is maintained. At these temperatures,

could be partially oriented. Toluene was dried over molecular o|ecylar motion is allowed and rotation of the sample results
sieves, and THF was distilled from sodium and benzophenone;, 5 fast molecular reorientation, back to the initial parallel
solution. The two solvents of each set were chosen due to the'rconfiguration.

different dielectric constantSoene= 2.38,erHr = 7.58% €e-7 Analysis of the EPR line shape and the dynamics of the
— — 33 i i . . . . . . .
= 19.0, andezii—a3s0 = 56.0°* EPR samples with typical  phot0excited triplets in different environments are described in
concentrations~0.5 mM) were prepared in 4 mm o0.d. Pyrex  getail elsewher& 35 The zero field splitting (ZFS) parameters,
tubes and degassed by several fregremp-thaw cyclesona p| and|E|, and the corresponding relative triplet population
vacuum line. Under these experimental conditions, possible y¢as A A, andA,, were extracted via line shape analysis. In
aggregation is insignificant and does not affect the TREPR gqgition, in the case of LC matrixes, the preferred orientation
results. LC samples were prepgred by first dissolving the 4 the guest molecules, with respect to the directar,are
chromophores in toluene, to which the LC was added after yerived from the orientation dependence of the EPR line shape.
solvent evaporation. For comparison, control experiments were also carried out
Experiments were carried out over a broad range of temper- o, pristine G, and Zn-tetraphenylporphyrin (ZnTPP) as
atures, according to the phase diagrams for each solvent: references for the separate dyad constituents (isgar@ ZnP)
210K 263K and on a 1:1 mixture of ZnTPP and;C
E-7: crystalline— soft crystalline—
Results and Discussion

Photoexcitation of a 1:1 mixture of ZnTPP angy@esulted
ZL1-4389: crystallineﬂ(* soft crystallineﬂ in a mixture of*ZnTPP (dominant) an8Cg, TREPR spectra,
. 335K . . in line with the extinction coefficients of the chromophores at
nematic Isotropic 532 nm (Figure 2). The TREPR spectra®nTPP and®*Cg
were previously characterized with ZFS parameter®of

. 333K . .
nematic—— isotropic

8 . .
toluene: glass—— amorphous—— liquid 0.03, |E| ~ 0.01 andD ~ —0.0114,|E| ~ 0.0007 cm?, re-
spectively3436-39 |n the absence of additional interactions, it is
THE: glass% liquid expected that selective excitation of the parachute dystwbuld

yield similar results. As will be shown below, this is not the

The temperature in the EPR resonator was maintained by case. First, we present the experimental observations.
using a variable-temperature nitrogen flow Dewar flask. Liquid Crystalline Matrixes. Figure 3 shows the TREPR

All samples were photoexcited at 532 nm10 mJ/pulse at spectra of dyad. in the crystalline phase of E-7. The spectra
a repetition rate of 10 Hz) by an OPO laser (Continuum Panther obtained in both LCs are similar and consist of two components,
SLII-10) pumped by a third harmonic of a Nd:YAG laser namely a narrow spectrum-(.5 mT) superimposed on a broad
(Continuum Surelite 11-10). The photoexcitation wavelength was one (~20 mT). The broad spectrum is attributed®€ g0, and
chosen according to the absorption spectra of the dyad'sas will be shown below, the narrow one is attributed to the
constituents, so as to mainly excite the ZnP component. radical pair ZnP*—Cg'~ (RP). No EPR spectra attributable to

Two distinct orientations of the samples with respect to the 3*ZnP were observed over the entire temperature range. The
magnetic fieldB were studied in the crystalline phase of the narrow components in the center exhibit temporal phase
LCs, namelyL || B andL OB, whereL is the LC director. On inversion, i.e.,a,e — ea (Figure 3), wherea and e indicate
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Figure 3. (a) TREPR spectray() of the dyad at 130 K oriented in Keor —-D-*A
E-7 at parallel and perpendicular configurations at different times hv
after the laser pulse. (b) TREPR spectra at @s7after the laser 7 koer
pulse. The wider field sweep of 100 mT is to verify the absence of
3*ZnTPP—Cg spectra. kr

D-A —
Figure 6. General presentation of the energy level scheme and the
relevant processes taking place in the dersmceptor dyad,
ZnP—Cg. The energy levels of D—A*~ were chosen arbitrarily for
the case where they lie between #1® —A and D—*A states.

spectra is observed (Figure 4c). Above 300 K, all TREPR signals
b/ escape detection as will be discussed below.

Isotropic Matrixes. The results obtained in toluene are
similar to those observed in the LCs. In particular, the spectra
observed in the temperature range +308 K consist of the
broad component attributed #Cgo and a narrow one charac-
terized by arg,e pattern (Figure 5a). Again, no signals attrib-

C uted to the*ZnP moiety were detected. However, unlike the
a case of the LCs, no temporal phase inversion of the narrow
T component was observed in the spectra and kinetics over the
e entire temperature range. At temperatures above the melting

point, both components disappear. The findings in THF are quite
different, as only narrow signals were observed (see Figure 5b).
o1 2 3 4 5 & Between 130 and 170 K the narrow spectreD(8 mT) first
Time /us exhibit ane,a pattern, which at later times(L us) evolves into
Figure 4. Kinetic traces of the dyad oriented in E-7 at the parallel a signal in abs'olrptllon (Figure 5b), indicative of a spin system
configuration at 130 (a), 260 (b), and 280 K (c). The traces were at thermal equilibrium.
recorded at 334 mT (dotted lines) and 337 mT (solid lines), corre-  The sequence of photoinduced processes in terms of a general
sponding to triplet (ZnP*Ceo) canonical orientation Yand the RP donor-acceptor system is depicted in Figure 6. The discussion
(ZnP7—Cqg), respectively. The traces in (a) were normalized to the pelow is separated into two parts. The first part relates to the
same intensity. Note that the dotted line is absent in (c) since the triplet triplet spectra, and the second part relates to the narrow
(ZnP—3*Cg) is not detected at this temperature. _ . . .
components attributed to the RP. We first exploit the triplet

absorption and emission patterns from low to high magnetic state as a mechanistic tool, which helps to determine the specific
field, respectively. Although, the,a pattern is hardly noticed ~ ET routes taking place in each solvent environment.

at low temperatures, it is more apparent upon increasing the Triplet State. Unlike the control experiment, shown in Figure
temperature (Figure 4). In the E-7 crystalline phase these phase2, dyad 1 in E-7, ZLI-4389, and toluene exhibits spectra
patterns were observed for both sample orientatibrikB and attributable only to*Cgo without any specific indication of

L OB. At higher temperatures, in the nematic phases*i@ey 3ZnP. The absence 6¥ZnP—Cgo signals is in accord with a
spectra and tha,e component of the narrow spectrum disappear. rapid singlet-initiated ET process®*ZnP—Cg — RP,

At these temperatures, only tles component of the narrow  ZnP+t—Cgo™ (see below},2%40%that competes with spinorbit
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Figure 7. TREPR spectra (0.8s after the laser pulse) of the parachute
dyadl (a) and pristine & (b) at 130 (upper trace) and 180 K (lower

trace). The chromophores were oriented in E-7 at the parallel and

perpendicular positions (indicated).

driven intersystem crossing (SO-ISC) to forfhiznP—Cgo.
Furthermore, as was shown by earlier optical stuélelse RP

decays by back ET (BET) either to the ground state or to the

photoexcited triplet state ZrFP*Cgy.

The TREPR spectra attributed #Cgo in the dyad are
characterized by ZFS parametéd$ = 0.01 cnt?, |E| = 0.0007
cm1, typical of3*Ceo.*! Nevertheless, as expected for covalently
linked 3*Cgg, the spectra differ from those of pristif&Cg in

J. Phys. Chem. A, Vol. 108, No. 48, 20040635

Figure 8. Calculated structure of the parachute dyadhe director
(L), the out-of-plane canonical axig)(of *ZnP—Cso, and the dipolar
axis of the RP, ZnP—Cg~ (Z), were deduced from the TREPR
analysis.

and ZLI-4389. Specifically, all dipolar axes are observed in both
the parallel and perpendicular orientations, and the ditiees

several aspects, attributed to a significant interaction with the are exceptionally stronger for the parallel position. Considering

ZnP moiety (Figure 7). These differences are as follows:
(1) The spectra of the ZrP¥*Cg dyad exhibit rigid-limit

the orientation dependence observed in the-ZHE ¢ Spectra,
and assuming that the ZnP moiety dictates the dyad alignment,

behavior, such that dynamic effects were not observed over theit is concluded that the porphyrin frame of reference is tilted
entire experimental temperature range. Rigid-limit behavior was relative to the ZnP-3*C¢o canonical axes. In view of the fact

also observed in toluene. On the other hand, pristit@so

that ¥*ZnP—Cgg is not detected, the mutual orientation of the

exhibits pseudomolecular motion even at temperatures as lowdyad constituents is manifested by the anisotropic distribution

as 8 K, independent of the matrikin addition, whereas pristine
3*Ceo exhibits EPR signals for fast rotating triplets even in the

of ZnP—3%*Cg in the LC, which is enforced by the “hidden
anchor”, namely the ZnP moiety. This tilted relationship between

liquid phase at room temperature and above, the spectra of thehe frames of reference of the ZnP angy @ the dyad is in

dyad were detected only in the crystalline or soft crystalline
phases at much lower temperatures.

(2) The polarization pattern of pristinf&Ce is a,a,a,e,6,€
while that of ZnP-3*Cg is aeaeae, indicating different
mechanisms for populating the triplet excited state, as will be
discussed below.

(3) The magnetization of pristin&Cgo builds up slightly
faster than that of ZnP®*Cgg; e.g., at 130 K in E-7, the
maximum intensity is attained after about 750 vs 900 ns,
respectively.

(4) ZnP—-3*C g exhibits unique alignment in the nematic LC
matrixes which is not observed for pristifC . The spherical
pristine 3*Cgo dissolved in a LC matrix reveals only isotropic
distribution of its triplets, almost independent of the orientation
of the LC’s director,L, with respect to the external magnetic
field, B. On the other hand, ZrP**C¢o does exhibit anisotropic
distribution, characterized by different spectra for the parallel
and perpendicular configurations bf with respect toB (see
Figure 7).

We assume that the planar ZnP, to which the spheriggal C

agreement with the recently calculated lowest energy molecular
conformation of the dyad shown in Figure*®.

Furthermore, the observed polarization pateeeg,e,a,e with
D < 0 andE > 0 implies that theY canonical orientation of
ZnP—3*Cqq is selectively overpopulated, in our case via a
triplet—triplet EnT mechanism. In other words, direct triplet
formation via BET (singlettriplet (ST) mixing) from
ZnPT—Cg~ is not the main populating mechanism of
ZnP—3Cg, and the indirect path via the close-lying
3*ZnP—Cgo state is much more likely. Rapid triptetriplet EnT,
namely3*ZnP—Cgo — ZnP—3*Cygy, is also consistent with the
detection only of*Cgo and its relatively slow generation-900
ns). This point will be discussed below.

Checking these conclusions by line shape analysis, employing
a model of frozen pristin&Cgo oriented in the nematic matrix,
with selective population of th¥ canonical orientation due to
EnT, proved to be unsatisfactory (simulations are not shown).
This result is not surprising, given the tilted orientation of the
3*Cgo frame of reference (i.e., the triplet canonical orientations)
with respect to the directok,. The line shape model employed

is covalently attached, dictates the anisotropic distribution and takes into account the distribution of guest molecules about the

the rigid-limit characteristics of ZnP*Cg, However, the
anisotropic distribution of ZnP3*Cgg is not typical of planar

director,L. To model the tilted orientation, the three-dimensional
molecular distribution of the dyad in the nematic LC must be

chromophores in uniaxial nematic environments such as E-7 taken into account. Thus, at first approximation the experimental
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T Figure 10. Energy level diagrams (unscaled) of parachute dyad
in (a) frozen toluene and (b) frozen THF. To reduce cluttering, the
RP state13Zn"t—Ce¢™) indicates the mixing(Zn"t—Css'™) <
s 3(Zn'+—Ceo _).
X
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Figure 9. TREPR spectra taken at 130 K of photoexcited parachute W
dyadlin E-7 at the parallel (a) and perpendicular (b) configurations 1
and in toluene (c). The smooth lines superimposed on the experimental ZnP-C T
spectra are line shape simulations as described in the text. The RP e
signals are not simulated. ZnP-C,, (2.12 V) b
spectra at each orientationlof(§F*F andS-F*P) were simulated N S
with contributions of both_ Il B andL O B line shapes. In eZapC, (19oV) " — ZnP-*C,(1.80¢V)
addition, direct BET via ST; mixing was considered as an k\‘ SznpCy _ ZnP-*C, (1.57eV)
additional route for populatingCeo (see Figure 6). The smooth i
lines superimposed on the experimental curves in Figure 9 are hY {
computer simulations according to egs 1 and 2: JpC T
nk-C,, 1
EXP _ SIM SIM SIM
S =028 +0.565,"" + 0.165; | (1) ZnP-C,, (2.12 V) ¢
EXP _ SIM SIM SIM K K
S =0.285,""+0.565"" + 0.16‘5311 (2) ‘ ZnP-+C,, (1.80 &V)
*ZnP-C,, (1.59 eV)

ZnP-*C, (1.57 eV)

whereSS™ and S are triplet line shape simulations with R

Il B andL O B, respectively, andsst_S™ is the line shape W

simulation for the contribution from the ST mechanism. = a™
The spectrum of ZnP3*Cg in isotropic toluene at 130 K ZnP-C,, [

evolves at a sI_ow rqte»(900 ns), and it_s characteristi(_:s are close Figure 11. Energy level diagrams (unscaled) of parachute dyim

to those obtained in the LCs. In this case, the triplet spectra 5y crystalline, (b) nematic, and (c) nematic (above 300 K) phases of

could be satisfactorily fitted using the same parameters as ing-7 and ZLI-4389. The fast BET from the low-lying RP state in (c) is

the LCs (Figure 9c). Upon increasing the temperature, the indicated. To reduce cluttering, the RP sth#Zn"+—Ces¢~) indicates

spectral width of ZnP-3*Cg, decreases, which could be fit by  the mixing (Zn**—Ceg'") < 3(Zn"*—Ceo).

employing very slowr/2 jumps about the dipolar-axis with

arate of~1.5 x 107 s™1 at 170 K. This rate is 10-fold slower  concluded by transient absorption studi#®’ This point will

than that determined for pristiféCgg in toluene withr/2 jumps be elaborated upon in the next section.

at 8 K# Similar to the behavior in the LC environment, the Radical Pair States.The narrow TREPR signals (G-8.5

TREPR spectra of ZnP¥*Cg closely follow the solvent phase  mT), observed in all samples, and attributed to the*Zaeq"~

transitions, and disappear above 178 K, where the isotropic RP species, are now discussed in terms of the system energetics

liquid phase is approached. and dynamics in the various dielectric environments. Figures
As already mentioned, TREPR experiments using THF 10 and 11 describe the energetics of the RP stateS 2Ry~

solutions of dyad. resulted only in the narrow RP signals. The in different environments. As mentioned above, the narrow RP

absence of ZnP3*Cg spectra is not too surprising since the signals have different polarization patterns in the two isotropic

highly stabilized RP state in polar solvents is below the triplet solvents used, namele in frozen toluene ané,a in frozen

states, and therefore is expected to decay by BET to regenerat& HF. In the LCs, the RP spectra show temporal phase inversion

the ground state of the dyad constituents, as previously evolving from a,e — ea. The phase inversion threshold is

“(ZnP'-C..)




Spin Dynamics of a “Parachute” Shaped Dyad J. Phys. Chem. A, Vol. 108, No. 48, 20040637

temperature dependent and starts earlier upon increasing théfor S—To mixing andD < 0, which is the case fot*Cgg), or
temperature. The polarization pattern of the RP spectrum the a,eea,a,e pattern (for S-T_; mixing).2>45 However, this
explicitly reveals its precursor, thus shedding light on the “special” triplet is not seen; thus these pathways can be ruled
energetics of the system and the particular ET routes, i.e., viaout. The remaining route is the RP state decay to the
singlet vs triplet excited state precursors. Thus, the phase3ZnP— Cgo (kget) followed by triplet EnT to ZnP-3*Cgo (Kent),
inversion indicates that both singlet- and triplet-initiated channels which is ultimately detected by the TREPR experiments. Such
are operative. In other words, changes in the properties of thea route was previously suggested by optical studies for similar
medium tune the RP energy levels with respect to the energyfullerene-porphyrin dyads’4647 The optical studies on the
level of the RP precursors. current system were carried out only at room temperature, while

We compare the results gained with toluene to those of THF our experiments were carried out at lower temperatures. The
assuming that the different results are attributable only to the temporal behavior of the TREPR signals lends support to this
different dielectric constants of the solvents. This is reflected route. The RP signal attains its maximum intensity within the
by the energy level schemes shown in Figure 10. Unfortunate|y, experimental time resolution at about 200 ns, while that of
the results obtained using toluene and THF are quite limited ZNP—*Cego reaches its maximum only after 900 ns. Such a
due to the inherent properties of these isotropic solvents, which buildup of ZnP-3Cgy is comparable to the decay of
strongly affect the narrow temperature range of TREPR detec- ZNP*—Cgo"~ (Figure 4), thus not allowing for a considerable
tion. However, the use of LCs allows extension of the buildup of the**ZnP—Cs to be observed. Above the melting
temperature range within the soft glass and nematic phases. IrPoint of toluene at 178 K, both signals disappear, probably due
other words, because of the nematic poteidlCs can be to the poor experimental time resolution relative to the relaxation
exploited as a low polarity medium at low temperature and high Processes. On the basis of the TREPR data in toluene we
polarity at high temperatures. Moreover, the nematic properties conclude that an indirect route to population of ZFCeo is
of the LCs matrixes overpower the differences in their polarity. operative, which allows for fine-tuning of the energy level of
Specifically, despite quite a large difference in polarity of E-7 the RP state between those of ZRPCeo and**ZnP—Cso (1.80
and ZLI-4389, the TREPR results are similar for both LCs. Such and 1.59 eV, respectively).
behavior previously has been observed for other covalently Similar observations are noticed in the crystalline phases of
linked system&> the LCs (Figure 11). With E-7, one can differentiate between

In terms of Figure 10a, the RP and triplet spectra detected the three energy levels in the crystalline, nematic, and nematic
by TREPR in toluene are in line with the energy and dy- atambienttemperatures and isotropic phases. A phase inversion
namics scheme concluded recently from optical datd.  of the RP spectra, from,e to ea, occurs~2 us after laser
Specifically, in nonpolar toluene, the RP state is located above €xcitation. Such behavior indicates that two routes are operative
the triplet levels of both ZnP3*Cgy and3*ZnP—Cgo, making in the ET process, involving both singlet and triplet precursors,
HZnP—Cgy — ZNP*—Ce¢~ the dominant decay pathway. as reflected by the phase inversion pater— e,a. This places
Placing the RP energy level beloWtZnP—Cg; but above the RP energy level in the crystalline phase in the vicinity of
ZnP—1*Cgo, would favor BET to yield ZnP-%*Cg followed the energy level o#*ZnP—Cgy, i.€., lower than the RP level in
by rapid and efficient Spiﬂorbit intersystem Crossing (SO-|SC) frozen toluend® The phase inversion tea is deteCted, even
to give ZnP-3*Cgo. Under such conditions, a triplet pattern deep in the crystalline phase (Figure 4), but is more noticeable
similar to that of pristiné*Cgo, namelya,a,aeee should be  at higher temperatures, where the RP energy level is lowered
observed. However, the observed polarization pattern of (Figure 11b). Similar to previous studi€si°the triplet-initiated
ZnP—3Cg in the parachute dyadi,eaeae, rules out this ET is nearly activationless, and therefore enhanced, reflecting
route. Thus, we conclude that the RP energy level in frozen the solvent reorganization changes in the soft crystalline and
toluene lies between ZRP*C g and3*ZnP—Cg (1.80 and 1.59 nematic phases. This change is expressed by the results in the
eV, respectively’? and that the RP signal with thee pattern ~ hematic phase (above 263 K), where the RP signal exhibits only
is singlet-initiated; i.e., the RP is generated frétAnP—Cep,. an ea pattern, and no ZnP3*Cg spectrum is detected. This
This assignment is consistent with optical d#& where the finding indicates that at these temperatures the RP energy level
ET rate ker) from *ZnP—Cgo is much faster than both singtet ~ drops below 1.57 eV, which is the energy level of ZiFCeo,
singlet EnT $kgn1) and singlet-triplet SO-ISC kisc) rates within confirming that the BET route followed by EnT is the main, if
the porphyrin moiety. The singlet-derived RP can then decay Not exclusive, source of the triplet state ZrPCeo.
to the ground state, and/or #ZnP—Cgg, and to ZnP-3*Cg. Such positioning of the energy level can account for the
The driving force for BET to the ground state 1.59 eV) is changes in the TREPR results from crystalline through soft glass
much larger than that for the charge recombination to to the nematic phase. The highly destabilized RP state, evident
3*ZnP—Cgp (or ZNnP—3*Cg0), and normally would be expected in the crystalline phase, is lowered at higher temperatures,
to prevail over the alternative RP decay routes. However, as allowing its population via the triplet pathway with ama
shown by optical studies, this is not the case in the presentpattern. At even higher temperatures, where the RP level further
system even at room temperature, indicating that the driving decreases, its direct population frdfZnP—Cg is too fast to
force for BET to3*ZnP—Cgp or ZNP—3*Cg is located in the be detected. The RP triplet pathway now becomes dominant,
normal region of the Marcus parabola, whereas that for BET to leading only to are,a pattern (Figure 4c). At ambient temper-

the ground state is in the Marcus inverted redi#.Thus, BET atures in the nematic phase the RP escapes detection due to the
to the ground state is much slower than the other competitive fast BET to the ground state (Figure 11c).
charge recombination routes. The results in frozen THF are reminiscent of those obtained

As stated above, the observed triplet EPR signal is attributedin the LCs at high temperatures, where only the RP is observed
solely to ZnP-3*Cgo. Decay of the RP via BET directly to  with ane,a pattern, due to the energetically stabilized RP level
ZnP—3*Cgo should yield a transient spectrum typical of the (Figure 10b). As discussed above, the absence of a-Z1
RP-ISC mechanism, which could be clearly detected by TREPR, spectrum can be explained by the energetics of the system. The
generating the “special” triplet with either tle@,a,e,e,a pattern relatively long lifetime of the RP, evident by its EPR detection
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up to the phase transition of THF into liquid, points out that with this conclusion, as shown in Figure 10. The precise route
the driving force for BET to the ground state is in the Marcus for formation of ZnP-3*C4o from the RP state could not be
inverted region (below 1.57 e\#:49.50 deduced from the optical experiments, but it is clear from
In terms of Figure 6, there are two possible ET mechanisms TREPR data. Thus, we can conclude that that BET occurs first
to produce the RP states in covalently linked systems with fixed to give 3*ZnP—Cso, which then undergoes tripletriplet EnT
donor-acceptor distances, i.e., the triplet RP and correlated to give ZnP-**Cg, representing a new mechanistic insight into
radical pair (CRP) mechanisms. The triplet RP route was the overall photodynamics of this model dor@cceptor system.
observed previously in covalently linked systems with short Furthermore, the polarization pattern of the RP spectrum
donor-acceptor distances of11 A or less, where single-step ~ explicitly reveals the spin multiplicity of the RP precursors, and
ET occurs62751CRP spectra have been observed in many provides information about the energetics of the various

covalently linked molecular systems where the deramceptor  intermediates in the system, as depicted in Figure 10, and the
distances,r.-., are ~20 A, in which case a two-step ET precise pathway followed after photoexcitation.
mechanism takes plaé&26-28n the parachute system in which The mutual orientation of the dyad constituents is evident

the donoracceptor distance.—, is 7.8 A2242the observed by the anisotropic distribution of ZrF*Cg in the LC. This
RPs are expected to be triplet, i.&ZnP*T—Cgss ™). For the tilted relationship between the frames of reference of the ZnP
singlet-initiated ET process, where the triplet RP spectrum is and Gy in the dyad is in agreement with the recently calculated
generated via RP-ISC through &mmixing (Figure 6), the molecular conformation of the dydd.To our knowledge, the
selected population is via they Tevel. ForD < 0, which is photophysics of porphyrinfullerene dyads and related arrays
common for ET processes, one would expect a triplet pattern has not been previously studied in LC media. The ability to
of e,a,a,e,e,a. ForE = 0 (axial configuration), usually found in  alter the local dielectric constant by changing the LC phase as
RPs, the polarization pattern &a,e,a. Thus, thea,e narrow a function of temperature presents a new technigue in this area
signal in the center of the spectra is proposed to be due to theof research for changing the overall photophysical behavior,
central lines of the triplet RP spectrum. In this case, the narrow by raising or lowering the energy of the RP state relative to the
signals are characterized by the samepattern, for botH. || energies of the electronic excited states of the system.

B and L O B configurations, according to the triplet RP This study clearly demonstrates the advantage of LCs over
mechanism. In the case of CRP spectra, a change in thetraditional isotropic solvents in determining the ET and/or EnT

polarization pattern often occurs with sample rotafio?f. For routes following photoexcitation of a typical doresicceptor
re—c = 7.8 A, the ZFSD values may be estimated through the system. The ability to generate charge-separated states with
dipole—dipole approximation|D| ~ (3/4)(@B)%r.-2 ) to be different energies, as a function of temperature, is unique to

~5.7 mT. Thus, the triplet RP spectral width should be of the LCs because of their special dielectric properties. For example,
same order of magnitude as that of ZAPCg when the intense by changing the temperature of the LC environment, it is
ZnP—3*C¢o spectrum veils the weak triplet RP spectrum. possible to tune the RP energy levels to fit with a variety of
In the case of triplet-initiated ET in frozen THF and in LCs solvents of different polarities. This is manifested by the
at high temperatures, the triplet RP spectrum develops by resemblance of the low-temperature behavior of the LC system
polarization transfer frorf*ZnP—Cgo to 3(ZNTPP+—Cgg™).52755 to toluene, while increasing the temperature causes the LC
Inspection of the molecular structure of the parachute systemsystem to behave as a typical polar solvent, in our case THF.
(Figure 8) suggests that thgaxis of 3*ZnP—Cgp is almost
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