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Photoinduced intramolecular electron transfer was studied by time-resolved electron paramagnetic resonance
spectroscopy in two photosynthetic model systems oriented in a nematic liquid crystal. The @oreptor
assemblies consisted of differently substituted zinc porphyrins covalently linked to a quinone with different
spacers, i.e., triptycyl and cyclohexylene. The orientation of the guest molecules with respect to the director
of the liquid crystal was determined by line shape analysis of their triplet spectra and by molecular modeling.

It is demonstrated that the polarized pattern of the radical pair spectrum is sensitive mainly to the spacer
structure, but to some extent also to the peripheral substituents.

Introduction hex-(e)-yl]-10,15,20-tris[3-(4-pentoxybiphenykdxy)phenyl]-

. . . ) porphyrinatdzinc(ll) (structure right) named Zn#) and
Primary photosynthesis is typified by a subsequent series OonPcQ.

electron transfer (ET) events in the reaction center, which
produce long-lived charge-separated states with high quantum

R
yield. These states, in turn, convert light energy to chemical
potential to be utilized in the biochemical reactidns. 0
The complexity of the in vivo apparatus prompts the search R R N} Q
for model systems, which can mimic the major features Q

occurring in photosynthetic reaction centers. Although not yet o

fully understood, it is evident that the structaifeinction R
relationships between the participants of the ET chain and /@ Q
interactions with their environment make the photosynthetic R'z—@- R= O N
apparatus unigugln this context, a large number of supramo-
lecular model systems embedded in isotropic and anisotropic
matrixes have been studied to mimic the biological ET
pathways:~5 In these systems the donor (D) and acceptor (A)
are (1) linked together covalently via a spas®(° (2) linked
by electrostatic force¥;!* and (3) base paired via hydrogen
bonds'?~14 The data obtained allow relating the rate and PpsA —2¢ 5 "psa ——EL 5D s AT e (DAY ) (1)
efficiency of the electron and energy transfer processes with | ET
structural factors, energetics (i.e., driving forces), temperature,
and medium properties. As to the role of the microenvironment, where selective light excitation of the porphyrin moiety results
it was demonstratéd® that liquid crystals (LCs), due to their in IET from the photoexcited porphyrin to the quinone to
unique physical and chemical properties, are ideal solvents togenerate the radical pairs (RP).
attenuate ET rates into the submicrosecond time scale, thus The difference between two systems studied is that while the
allowing us to study electron spin dynamics by time-resolved cyclohexylene spacer in ZnéQ allows some flexibility of the
EPR (TREPR) over a wide temperature rangel@0 deg) guinone with respect to the bridge and porphyrin pfiésuch
including ambient temperatures. a degree of freedom due to pronounced steric restrictions is
In this work we report on the TREPR study of photoinduced absent in ZnRQ. 81 Moreover, the long-chain substitution
intramolecular electron transfer (IET) in two covalently linked on the porphyrin periphery, which is collinear with the cyclo-
DsA model systems oriented in the nematic LC (E-7): {%) hexylene bridge, enhances the spacer’s fluctuations, thus af-
[2-(5,8,9,10-tetrahydro-6,7-dimethyl-5,8-dioxo-9, 18benzeno)- fecting the polarization pattern of the RP formed. Within the
anthracenyl)]-10,15,20-tritolylporphyringtminc(ll) (structure time resolution of our experimental setup, we have not observed
left) and (2){ 5-[4(e)-(1,4-dioxocyclohexa-2,5-dien-2-yl)cyclo- any evidence for singlet-initiated 1ET, as depicted by eq 1.
Therefore, the different polarization patterns in the TREPR
* Present address: Institute of Physics, Humboldt University Berlin, SPectra of the RPs are discussed in terms of the relative mutual
Invalidenstrasse 110, 10115, Germany. orientation of the donor and acceptor moieties.

The light-driven processes occurring in these systems can be
expressed by the set of reactions:

DsA —
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Experimental Section TABLE 1: Magnetic and Kinetic Parameters of the
) ) Photoexcited Triplets and Radical Pairg
ZnP+Q and ZnPeQ were synthesized as described else-
where!®20 Toluene (Baker analyzed, ACS reagent) was dried _¢0mpound [D[(mT) [E| (mT) Ti(s) Ta(s)
over a Na/K mirror and was kept under vacuum throughout gngpg 3311.53 190.05 40£ igz 411.2 >:<LCJ£_7
sample preparation. Ethanol and dichloromethane (Aldrich, -Z"P{ : : : X
bie prep ( 3ZnPTtQ) 2.6 0.2 6.6x 1076 1x10°

HPLQ grade) were used .Wi.thout fgrther purification. For the 37nP<Q 345 8.0 2 A 106 2.7 % 10-7

studying of the systems in isotropic solvents, the samples of sznpico-) 6.5/3.8 0502 3.7/5.5 10° 8.3/7.4x 107

ZnP1Q were prepared in toluene and in ethanol, and the samples

gf EIHPCQ \t/1vere pr.epared Ln ;oluene ar:jdbln 11 etpahnol are presented as the respective values for the conformer signals
Ic quomet ane mlxture,'w Ich was used because of the OWcorresponding to outermost/innermost lines, respectively. The param-

solubility of the compound in ethanol. The LC (E-7, Merck Ltd.)  gters of3ZnTPP are taken from ref 23.

used is characterized by the positive diamagnetic susceptibility,

Ay, and exhibits the following phase transitions as a function dielectric relaxation timé82° In the frozen media, where the

aUncertainty: £10%; all parameters of th€ZnP*cQ~) spectrum

of temperature: motion of the solvent molecules is restricted, destabilization of
210K 263K 333K the charge-separated state is increased by the valueldius,
E7: crystalline— soft crystak—— nematic—— as a result, both RP states lie above the precursor triplet state
isotropic and possibly above the singlet state, and uphill ET does not
occur.
Since the orientation of the LC directdr, with respect to the Upon a temperature increase, no indication of IET is noticed
magnetic field,B, is dictated by the sign ofy,? the default  ith isotropic solvents (probably due to the fast ET rates, beyond
orientation in the nematic phase of E-7Li§B. TREPR detection time). However, when LCs are employed,
Optical absorption spectra were taken on a Hewlett-Packardincreasing the temperature into the fluid nematic phase allows
Vectra 5 spectrometer. The EPR samples (concentratmn the triplet observation and subsequent IET. (All the experiments

10~* M) were prepared in 4 mm o.d. Pyrex tubes under vacuum. in the nematic phase of the LC were performed only for the
The samples were excited at 560 nm (Q-band absorption rangecase wherd. [|B because the perpendicular orientation in the

of porphyrin) by dye laser (Continuum TSL-60) flashes (2 mJ/" fjyid phase is not observed since the director aligns itself along
pulse, 20 Hz repetition ratey10 ns pulse duration) pumped  the external magnetic field.)

by the second harmonic of an Nd:YAG laser (Continuum 661- ZnP-tQ. Figure 1A-C depicts the time evolution of the
20). TREPR measurements were carried out on a Bruker ESPTREPR spectra of'ZnP4Q in E-7 at 270 K (nematic phase).
380 Wi_th a variable-temperaj[ure unit Bruker ER411 VT_in _direct Early in time, only a broad signal is observed (Figure 1A), while
detecthn mode (responsg tlm6”9250.ns). The magnetic field |5ty in time, a narrow derivative-like signal with an absorption/
was calibrated using 1,1-diphenyl-2-picrylhydrazyk 2.0036). emission (a,e) phase pattern is superimposed on the broad
A detailed description of experimental setup is given else- gpectrum (Figure 1B). The broad signal is ascribed to the lowest
where?324 The analysis of the TREPR spectra and the time triplet state of ZnP moiety (see above). Tiealue (~2.0033)
profiles of the magnetizatioMy(t) are performed as described ¢ the narrow signal, which is presented in an expanded form
elsewheré.” The molecular modeling was carried out using the Figure 1C is in good agreement with the arithmetic mean of
computer program HyperChem-4, which provides the minimum 4t of znp+ (g ~ 2.0025% and Q~ (g ~ 2.0047)3 The
energy structure of the mplecules. It should be not_iced that theseanalysis of the magnetization profiles of these two signals
calculations do not take into account the LC environment, and gemonstrates that the rise time of the narrow signal coincides
thus some deviations are expected. with the broad signal decay (Figure 2A). On the basis of these
findings, we attribute this narrow signal to a RP formed as result
of the photoinduced IET from porphyrin to the quinone. The
The line shape of a triplet EPR spectrum of a chromophore kinetic and magnetic parameters of this signal (Table 1) allowed
embedded in a LC is dictated by the molecular alignment with us to assign it to the triplet radical p&i(ZnP*-tQ*~) with a
respect to the external magnetic fieRl,and the directorl_.2° triplet genesis.
The amplitude of the resulting signal is proportional to the  We explain the polarization pattern a,e of this signal by the
corresponding magnetization component along a molecular axispolarization transfer from the porphyrin triplet state to the RP.
and the projection of that component Br(or L).”22 The sign In 3*ZnTPP the zero-field level is selectively populated via
of the spin polarization is determined by the population ISC and the corresponding-axis is perpendicular to the
difference between the two triplet levels, where EPR transitions porphyrin plané® As was shown in detail in previous studies
occur. of similar systems$,” and as computer modeling predicts, the
Photoexcitation of frozen solutions of ZrnBR-and ZnPeQ dipolar axisZ of ®RP coincides witliL and lies along the Zn
in isotropic solvents as well as in the crystalline phase of E-7 porphyrin—quinone connecting line, which is in the porphyrin
gives rise to triplet-polarized spectra with the magnetic and spin plane. In our case the angle betweeandZz is ~78 (Figure
dynamic parameters that are typical BZnTPP (Table 1¥° 3A). Thus, the out-of-plang-axis polarization of the porphyrin
Therefore, we assume that in the present porphyrins as inis transferred mainly to th& (or the equivalenty’) axis and
ZnTPP,L lies along the opposite nitrogens in the porphyrin only partially to thez axis of the triplet RP;” giving rise to a
molecularX, Y plane and the out-of-plangaxis is the active two-line spectrum with the a,e polarization pattern (Figure 1C).
state?627 At freezing temperatures, in both the anisotropic (LC) Considering the inter-radical distance (center-to-center) in the
and isotropic (toluene, ethanol, and ethardichloromethane) RP of~10.7 A (calculated using HyperChem), or-10 A as
media practically identical triplet spectra were observed and determined by CoreyPauling-Koltun molecular model& we
attributed to the triplet donor in Zn®&) and ZnPeQ. This have estimated the ZFS paramd@emhich should be negativé
finding can be explained by a strong dependence of the ET rateby the point dipole approximation method. From the relation
constant on the solvent reorganization enetgyiscosity, and ID| = 3/4(gB)¥rd], with a g factor of ~2.0033, the Bohr

Results and Discussion
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Figure 1. TREPR spectra (time evolution) of ZnB- (A, B, and C) and ZnRQ (D, E, and F), in E-7 at 270 K. C and F: expanded TREPR
spectra of(ZnP*-tQ") and3(ZnP*-cQ"") taken at 3800 and 2700 ns after the laser pulse, when the corresponding broad signals were completely
decayed. Microwave power: 57 mW.

magnetor, r (in A), andD (in Gauss), a value gD| ~ 2.2 case of thed(ZnP"-tQ*~) the spectrum consists of two lines
mT (2.7 mT forr ~ 10 A) is obtained, which is in a good with a,e polarization pattern (Figure 1C), whereas for the
agreement with the value ¢b| = 2.6 mT obtained from the  3(ZnP~-cQ'") a four-line spectrum with an e,e,a,a polarization
line shape analysis of the triplet RP spectra. The above analysispattern is observed (Figure 1F). We interpret these differences,
assumes that the spin polarization of the RP is acquired by observed in an identical environment under the same conditions,
polarization transfer only. It is a reasonable assumption since by structural peculiarities of the spacers in Zi@and ZnP-

the aromatic nature of the spacer and center-to-center separatioeQ, and to a lesser extent by the peripheral substituents. It is
of ~10 A results in a large value (comparable with the Zeeman confirmed by the fact that a four-line spectrum with the same
interaction) of exchange integral, 436 which practically polarization pattern but less resolved components and different

excludes the possibilities of singletriplet mixings in the RP? time evolution behavior was observed in plain ZnTPP linked
Thus, transitions within the three triplet sublevels’BP will to the quinone via cyclohexylene spaéérhe changes in the
dominate the EPR spectrum (Figure 4B). spacer structure result in different mutual donacceptor

ZnP-cQ. Figure 1D-F shows the time evolution of the orientations and different possibilities of the quinone rotation
TREPR spectrum of ZnPQ in the nematic phase of E-7 (270 with respect to the porphyrin plane, which, in turn, strongly
K). In the early time window, the broad spin-polarized spectrum affect the population of the RP triplet sublevels and>ST
is observed (Figure 1D), which is practically the same as that mixing probability.”16
of 3'ZnP+Q (Table 1), and is assigned to the lowest triplet state  As was stated above, the polarization patterns in the RP
of ZnP. At later times, an additional narrow four-line polarized spectra originate from the polarization transfer between the two
spectrum appears (e,e,a,a, @ 2.0035) (Figure 1E,F). The  coordinate system, Y, Z andx, y', Z, corresponding to the
analysis of the corresponding kinetic traces shows that the riseporphyrin and RP, respectively. Molecular modeling combined
time of the narrow signal coincides with the decay time of the with computer simulations shows that tieaxis, which lies
broad one (Figure 2B). On the basis of these findings and with along the ZnReQ connecting line, deviates from théy-plane
similar arguments in calculating theefactor as for3(ZnP+- by an angle of~10° and from the director., by an angle of
tQ ), we attribute the narrow signal to the triplet spectrum of ~40° (Figure 3B). As a consequence, the porphyZiaxis
the radical pair¥(ZnP*-cQ*"), which is generated via light-  should have components on bathandx' (or y) axes of the
driven IET from the porphyrin triplet to the quinone. RPS7 More specifically, it was demonstrated that for the

Comparing the RP signals in both systems (Figure 1C,F) porphyrin—quinone ensemble bound via a rigid spacer (like
shows that their line shapes are completely different: in the ZnP1Q), the most probable polarization transfer will occur
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Figure 2. Magnetization,My(t), traces of photoexcited Zn (A) ¢
and ZnPeQ (B) at 270 K in E-7. A: The upper trace is that of the a
SZnP+Q (taken at the low field of the absorption line), and the lower z .
trace is that of thé(ZnP*-tQ*") (taken at the low field absorption line Xy o Z C
and inverted). B: The upper trace is that of #&nP-Q (taken at the Xy
low field of the absorption line), and the lower trace is that of the
3(ZnP*-cQ ) (taken at the low field emission outermost line). The
solid lines superimposed on the experimental curves are best-fit ®

computer simulations, for which results are given in Table 1. The kinetic
trace of the innermost emission line exhibits the same shape, but with Figure 4. Energy level diagram of the triplet sublevels and EPR
a noticeably longer decay. transitions: (A)3ZnP; (B) 3(ZnP*-tQ"); (C) 3(ZnP*-cQ™).

depicted in Figure 4C, accounting for the observed e,e,a,a
polarization pattern. The large value of the exchange coupling
found in a similar system|J] = 137.0 mT¥’ significantly
reduces the S> T mixing probability in the RP. Therefore, the
TREPR spectrum ofRP is the result of transitions occurring
only within the triplet manifold (Figure 4C).

As to the origin of the four-line spectrum, computer simula-
tion of the spectrum shown in Figure 1F could be accomplished
only by assuming the existence of two species with different
center-to-center distances from which the first is associated with
the outermost lines and the second one with the inner ones.
The analysis of the kinetic traces of these signals shows that
while they have practically the same rise times, the decay time
of the former signal is noticeably slower than that of the latter
one (see Table 1). We assign these species to triplet RPs formed
in different conformers of ZnRQ, which differ from each other
probably by conformation of the cyclohexylene bridge as a result
of twist type geometry, which adopts this spacer in similar
systems in isotropic solvents and L&$840 The center-to-
g_i:élufe C3r-1 S;de_ (left)- and fron: (fitght)- Vfiezvtg(% thed ;al;u(léated center distances, i.ex7.5 and~8.9 A, were calculated via

erCnem) minimum energy structures o an nreQ, H i H § ;

(B)V_pX’ Y. 7. andx. y. 2 areggorphyrin and the RP molecular axes, point dipole approximation, resulting B parameters presented
respectivelyL is the LC director. in Table_ 1. These values are in fairly good agreement w8

A obtained from HyperChem computer modeling for the
mainly from the spin-activeZ-axis tox' (or y').6 Indeed, the minimum energy structure of the ensemble. It should be noticed
rigid configuration of ZnPQ does not allow fluctuations af here that a similar polarization pattern of the RP signal with
with respect toZ to change this situation'® However, the the same kinetic behavior was found in the triad of the Zn
flexibility of the cyclohexylene bridge and the quinone attached porphyrin covalently linked to two quinones, i.e., ZAQ;—
to it in the case of ZnRQ may account for the experimental Q,.)” The signal was assigned to a superposition of the spectra
spectral line shape and the polarization pattern. At relatively of two RPs, which were formed by photoinduced IET from
high temperature (270 K), the fluctuations of the dipolar ais  porphyrin to the adjacent and far quinones, respectively. The
significantly increase the angle betwe2iand the out-of-plane  formation of two, “folded” and “stretched” ET active conformers
Z axis of porphyrin. Thus, in this case, this will result in the were also observed in the butylene-linked zinc porphyrin
increase of the polarization transfer #h This situation is guinone ensembles embedded in a3C.
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Conclusion
To summarize, we have demonstrated that in twsAD
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effects accompanied by photoinduced IET are strongly affected

by the changes in donemacceptor mutual orientation and, to
some extent, by peripheral substituents of the donor.
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