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Intramolecular Electron and Energy Transfer in an Axial ZnP —Pyridylfullerene Complex
As Studied by X- and W-Band Time-Resolved EPR Spectroscopy
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Light-driven electron transfer (ET) and energy transfer (EnT) in a self-assembled via axial coordination Zn
porphyrin—pyridylfullerene (ZnP-PyrF) complex were studied by time-resolved electron paramagnetic
resonance (TREPR) spectroscopy at 9.5 GHz (X-band) and 95 GHz (W-band). The studies over a wide
temperature range were carried out in media of different polarity, including isotropic toluene and tetrahydrofuran
(THF), and anisotropic nematic liquid crystals (LCs), E-7 and ZLI-4389. At low temperatures (frozen matrices),
photoexcitation of the ZnP donor results mainly in singkeihglet EnT to the pyridine-appended fullerene
acceptor. In fluid phases ET is the dominant process. Specifically, in isotropic solvents the generated radical
pairs (RPs) are long-lived, with lifetimes exceeding that observed for covalently linked-cacm@ptor systems.

It is concluded that in liquid phases of both polar and nonpolar solvents the separation of the tightly bound
complex into the more loosely bound structure slows down the back ET (BET) process. Photoexcitation of
the donor in fluid phases of LCs does not result in the creation of the long-lived RPs, since the ordered LC
matrix hinders the separation of the complex constituents. As a result, fast intramolecular BET takes place in
the tightly bound complex. Contrarily to the behavior of covalently linked demarceptor systems in different

LCs, the polarity of the LC matrix affects the ET process. Moreover, in contrast to covalently linked &
systems, utilization of LCs for the coordinatively linked-B-A complexes does not reduce the ET rates
significantly.

Introduction many covalently linked B-A systems, employment of systems
linked via hydrogen bonds, van der Waals forces, electrostatic
interactions,t—ux stacking, or metatligand coordination has
attracted attentiofi-1 In such noncovalent systems, the fast
phyrin—fullerene complexes are most attractive as electron @nd efficient charge separation takes place within their intra-
donor-acceptor (D-A) systems, due to the celebrated electron molecular conf|gurat!0n generated via molgculgr r.ecognmon.
donor properties of porphyrins (D) and the unique electron- In the case of metalligand complexa.tlon, dI.SS(.)CIatIO.n of the
accepting properties of fullerenes (&f An important require- ~ charge-separated state may occur, in the limit turning charge
ment for an effective electron transfer (ET) process is to 'ecombination into an intermolecular process. With respect to
minimize undesirable energy-wasting reactions such as chargePorphyrin—fullerene D-A systems, the utilization of fullerene
recombination and energy transfer (EnT) from the donor to the derivatives with an attached pyridine spacer enables com-
acceptor, processes that may compete with efficient chargeplexation with the kinetically labile metal center of zinc
separation. Increasing the solvent polarity results in stabilization porphyrin/91+17 Association by such an interaction is revers-
of the charge-separated state, thus favoring ET over EnT. Toible, as equilibrium between bound and unbound states is
overcome fast back electron transfer (BET), which characterizesestablished. The complex dissociation rate depends on the
strength of the coordination bond, thus permitting stabilization

Efficient conversion of solar into chemical energy in natural
photosynthetic system has inspired modern photochemistry
research for many years. Among biomimetic systémgor-
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SCHEME 1 on a vacuum line. LC samples were prepared by first dissolving
the both chromophores in toluene, preparation of the 1:1 mixture,
introducing of the mixture in to the EPR tubes and then, after
evaporation of toluene, introduction of LC. The EPR samples
(~0.5 mM) for W-band experiments were prepared in 0.6 mm
i.d. (0.84 o.d.) quartz capillaries, deoxygenated by repeated
freeze-pump—Ar saturatior-thaw cycles on a vacuum line and
sealed under vacuum.

TREPR experiments were carried out over a broad range of
temperatures according to the phase diagrams for each solvent:

. 210K . 263 K
E-7: crystalline— soft crystalline——
. 333K . .
nematic—— isotropic

Z11-4389: crystallineﬂ soft crystallineﬂ
nematic- isotropic

TREPR both at X-band (9.5 GHz) and W-band (95 GHz) to toluene:  glass—— amorphous—— liquid

utilize the corresponding increase of the external magnetic field 1645 K

to discriminate between field-dependent and field-independent THF: glass— liquid

spin polarization mechanisms in photoinduced ET and EnT

processes. This enabled us to unambiguously characterize the Temperature was maintained by using a variable-temperature

RP formation. nitrogen flow Dewar in the X-band EPR resonator and by a
Preliminary optical studies on ZrRPyrF complex made at  stabilized nitrogen gas-flow system in the W-band cryomagnet.

room temperature show that fluorescence quenching of ZnP In X-band experiments the samples were photoexcited at 532

occurs efficiently in both nonpolar and polar solvekts? The nm (~10 mJ/pulse at a repetition rate of 10 Hz) by an OPO

mechanisms responsible for the fluorescence quenching werdaser (Continuum Panther SLII-10) pumped by a third harmonic

not established. The present TREPR study is focused onof a Nd:YAG laser (Continuum Surelite 1I-10). The photo-

understanding the role of ET and EnT in this system following excitation wavelength was chosen according to the absorption

photoexcitation. TREPR spectroscopy, coupled with laser photo- spectra of the complex constituents, mainly exciting the ZnP

excitation, proved to be a useful method in studying paramag- component, since the extinction coefficients at 532 nm are of

netic transients born in photodriven reactions. Such intermediates~5 x 10®* M1 cm™1 for ZnP*! and of~0.9 x 1® M~1 cm™?!

can be accurately identified through their magnetic properties. for PyrF32 In W-band experiments, the samples were excited

Moreover, the use of anisotropic liquid crystals (LCs), with their at 532 nm by the second harmonic of Nd:YAG laser employing

unique ordering properties, allows one to follow by TREPR a quartz fiber of 0.8 mm diameter.

temperature-dependent processes over a wide temperature Two distinct orientations of the samples with respect to the

range20-26 magnetic field, B, were studied in the crystalline phase of the
LCs, namely IB and LB, where L is the LC director. The
Experimental Section initial alignment of the sample islIB, and the ILIB orientation

The schematic structure of Zetraphenylporphyrin is obtained by rqtating the §ample in the microwgve cavity by
/2 about an axis perpendicular to B. In the fluid phases, at

pyridylfullerene complex (ZnPPyrF) is shown in Scheme 1. ! . .
Its synthesis and photophysical properties are described elseNigher temperatures (soft crystalline and nematic phases), only

where819 As described earlie, continuous-wave (CW) X- the LIB orien_tatic_)n is maintained. At these temperatures,
band (9.5 GHz) TREPR studies of the photoexcited triplet and molecular motion Is aIIovyed arjd rotation of the §qmple results
photoinduced charge separated states of the-ByPF complex in a'fast molecular reorientation, back to the initial parallel
were carried out on a Bruker ESP-380 CW spectrometer with configuration. . .
the field modulation disconnected. CW W-band (95 GHz) For comparison, contr(_)l experlments were carried out on the
TREPR studies were carried out on an EPR spectrometer,separ?‘te complex constltger\ts (i.e., PyrF and ZnP) and on a
designed and built in FU Berlin, with a single-mode qTE ~ 1+1 mixture of ZnP and pristine &g (ZnP:Gso)-
cylindrical cavity?®

The TREPR measurements were performed in different
isotropic matrices such as toluene and tetrahydrofuran (THF) PyrF @ in Scheme 1) was designed to provide direct
(Merck Ltd) and anisotropic nematic liquid crystals (LCs) such electronic communication between fullerenegd)lCand the
as E-7 and ZLI-4389 (Merck Ltd), in which the chromophores pyridyl N atom and betweendgand ZnP upon complexation
could be partially oriented. Toluene was dried over molecular (2 in Scheme 1). The association constdff in ortho-
sieves and THF was distilled from sodium and benzophenone dichlorobenzene was found to be &410* M~1.1819This value
solution. The two solvents of each set were chosen due to thecorresponds to a bond energy-e6—7 kcal M~1. Calculations
difference in their dielectric constantgioyene = 2.38; eThr = show that with this association constar®5% of the ZnP and
7.5829 eg_7; = 19.0; andez| 4389 = 56.03° The solutions of PyrF moieties are linked through ligand complexation. The
ZnP—PyrF complex were prepared by 1:1 mixing of equimolar absence of EPR signals of the free species suggests a similar
solutions of ZnP and PyrF in a given solvent (toluene or THF). degree of complexation in all solvents used. Electron density
X-band EPR samples+0.5 mM) were prepared in 4 mm o.d. calculations made on the axially symmetric com@ardicate
Pyrex tubes and degassed by several frepeenp—thaw cycles that effective electronic interaction between ZnP aggldCcurs

Results and Discussion
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Figure 1. General presentation of the energy level scheme and the
relevant processes taking place in a®-A system after photoexci-
tation. The energy levels of*D—s—A*~ are chosen arbitrarily for the
case where they lie between tFi®—s—A and D—s—A states. All
the abbreviations are described in the text.

Figure 2. X-band TREPR spectrd’(Bo) of photoexcited ZnP:§ 1:1
mixture (dotted), and ZnPPyrF complex (solid), both taken in toluene

at 130 K, 0.8us after the laser pulse (positive and negative signals
with respect to the baseline indicate absorption (a) and emission (e),
respectively).

The TRP mechanism is governed by dipolar interaction only.
Such a mechanism is operative in systems Witk D as was
observed in covalently linked systems with short®distances
which undergo single-step E2F242640The TRP spectrum is

directly through the two nitrogen atort%!® According to
molecular modeling, the center-to-center distarikg) (for the

axially symmetric compleg is 11.99 A, and the center-to-edge ,
distance, i.e porphyrin to fullereneRee) is 9.34 A8 An X-ray centered about the mean value of tipdactors of the RP’s

structure shows that in the solid state, the Z§rF complex \(/:v(i)gtsr;[iuljteirs]t?:’lgtletr;etrheaiht?\ eZI':r?QIgasrgrggfritesﬁgmzsrfg\?es?r?:tgzlme
is indeed axially symmetric witR, = 12.18 A ancR, = 8.56 width at X- and W-band frequencies, while the SCRP spectrum
has different widths due to its dependence f&gBB,. Com-
parison of X- and W-band results should shed light on the nature
of the observed RPs. In addition, for each mechanism, the
polarization pattern of the RP spectrum explicitly reveals its
precursor, i.e the singlet or triplet excited state of the donor.
Furthermore, a phase inversion of the time-evolved RP spectra
usually indicates the participation of two ET routes, where
p singlet-initiated RPs may be accompanied by triplet-initiated

A.19 However, calculations using molecular dynamics indicate
that a bent conformer in whicR,. = 9.21 A may also play a
role18:33

Photoexcitation of a 1:1 mixture of ZnP and pristings C
resulted in a mixture of ZnP (dominant) ané Ceo EPR spectra,
in line with the extinction coefficients of the chromophores at
532 nm. In the absence of additional interactions, it is expected
that selective excitation of the 1:1 ZafPyrF complex should
yield results similar to those obtained for a 1:1 mixture of Zn
and pristine Go. However, this is not the case. The experimental RPs. ] ) )
results presented below point on efficient communication _ !Sotropic Matrices. Toluene. TREPR experiments on ZrP
between the complex constituents, which indicates the-ZnP PyrF, dissolved in toluene, were performed in the temperature
PyrF complex2 as a functioning B-s—A system. The sequence ~ ange of 136-300 K. In frozen toluene (136178 K), the spectra
and energetics of photoinduced processes in a generst-B anS|st of both ZnP anle PyrF triplets within the_ complex, i.e.,
system are depicted in Figure 1. 8*ZnP—PyrF a}nd ZnP-3"PyrF. However., the ratio of the two

Photoexcitation of the donor part of ZafPyrF complex components is smal[er t'han that obtained for thg control 1:1
brings it to the first excited singlet sta®zZnP—PyrF, triggering ~ Mixture ZnP:G,, indicating a stronger contribution of the
a series of downhill reactions along an energy gradient. fullerene moiety in the ZnPPyrF complex (Figure 2).
Following this initial step, the charge-separated radical pair (RP)  In terms of Figure 1, the enhanced yield of the Zi#PyrF
signals are observed over a broad temperatures range indicatingnay be due to several routes: (1) singlsinglet EnT*ZnP—
an active ET route. Observation of ET at low temperatures PyrF— ZnP—Y"PyrF Gkgqr), followed by intersystem crossing
confirms the existence of the bound complex, since ET between(ISC) within the PyrF moiety Ksc); (2) triplet-triplet EnT
unbound constituents is diffusion-controlled process and cannot®ZnP—PyrF— ZnP—3"PyrF ('kent); and (3) BET from the RP
take place in frozen solutions. state, either directly ZrtP—PyrP~ — ZnP—3"PyrF @kget) or

As was described in detail elsewh@fé436 there are two  indirectly ZnP*—PyrP~ — 3"ZnP—PyrF (kger), followed by
possible mechanisms of intramolecular ET to produce the RP ¥*ZnP—PyrF — ZnP—3"PyrF (ken1). All these routes are
states, i.e., spin correlated radical pair (SCRP) and triplet radical€nergetically allowed considering the fact th&nP is higher
pair (TRP) mechanisms. SCRP is governed by both the-spin than*'Ceo, i.e., 2.12 and 1.80 eV, respectively, af@nP is
spin exchange interaction, and by the electronelectron higher thar®"Ceo, i.e., 1.59 and 1.57 eV, respectivély!2 The
dipolar interactionD, quantified by the zero-field splitting (ZFS) ~ values for Go are upper limits, since the energy levels of the
parameterdD and E. In covalently linked systems with suf-  first excited singlet and triplet states of pyridyl-substituted
ficiently long D—A distances £18—24 A), where multistep derivatives are slightly lower~0.04-0.10 eV) than those
ET takes place, the observed RPs were generated via SCRPf pristine Go.***¢ The most probable route was derived by
mechanisn?®3¢SCRPs were also observed in hydrogen bonded triplet line shape analysis comparing ZaPPyrF to the
D—A complexes’-3 A characteristic feature in the SCRP monomer"PyrF. This analysis suggests a singisinglet EnT
spectrum are two antiphase doublets, centered ag-faetors process ken7) as the main reason for the enhanced yield of
of the individual radicals, whilé andD determine the spliting ~ ZnP—3"PyrF.
in each doublet. The separation of the two doublets is field In frozen toluene (136178 K), in the time window 3.6
dependent and proportional @SBy, whereAg is the difference 3.5 us, where the spectral features attributec?*@nP—PyrF
in g-factors of the radicalsj is the Bohr magneton, ariy is and ZnP-3"PyrF completely disappear, a residual weak signal
the external magnetic field. is observed af ~ 2. This signal with peak-to-peak widtkH,-,
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Figure 3. X-band TREPR spectrd'(Bo) of photoexcited ZnP-PyrF,
taken in toluene at different times after the laser pulse: (a) at 170 K,
the spectrum at 0.8s was unchanged, while these at @s3and 3.0

us were enlarged by a factor of 8; (b) at 200 K, the superimposed
dotted line (at 0.8s) is the line shape simulation.

40 60 80

Time /us Time /us
Figure 4. Kinetic profile of the RP (ZnP—PyrRF-): (a) in liquid
toluene at 200 K, taken from the EPR line at 338.3 mT; (b) in liquid
THF at 180 K, taken from the EPR line at 337.4 mT. Superimposed
solid lines are the best fits to the corresponding experimental curves.
The detected EPR signgl (Bo) is proportional to magnetization value
M.

12 20

~ 3.3 mT, exhibits are, a (emission, absorption) polarization
pattern, from low to high field, respectively (Figure 3a). It is

reasonable to assume that this signal is present also at earlie

times, but is masked under the stronger ZdRPyrF signal.
Within the dipole-dipole approximationAHp—, ~ |D| = (3/

4) x [(gB)3rq), the distance between the correlated spinsds3

A. This value is smaller thafR., as determined by X-ray
analysis. However, a poor signal-to-nois#N) ratio of this
residual spectrum makes the experimental estimatioR.ef
somewhat ambiguous. We attribute this signal to the radical
ion pair, ZnP*—PyrP~, which arises on excitation of the tightly
bound complex.

In liquid toluene, at 200 K, the spectra $ZnP—PyrF and
ZnP—3"PyrF could not be detected, most likely due to a short
spin—lattice relaxation time, leaving only a narrow spectrum
atg ~ 2. This spectrum displays a e polarization pattern up
to ~1.4 us, evolving in later times into ag, a signal (Figure
3b).

The spectral behavior, shown in Figure 3b, is also reflected
by the temporal changes of the magnetizatiy(t) after laser
excitation at time = O (Figure 4a, Figure 4b will be discussed
later).

The kinetic profile of the magnetizatioMy(t), of the RP,
shown in Figure 4a, was fit with the following fitting function:

M) = Aje "+ Ae P2+ A 1)

wheret; (i = 1-3) are the corresponding rise and/or decay

Galili et al.

TABLE 1: Kinetic Data of the Magnetization, M(t), of the
RPs in Fluid Phases of Different Solvents Derived from Eq 1

medium T (K) 772 (7o T
toluene 200 0.3 0.4 5.6
THF 180 2.4 17.8

E-7 280 0.3 0.5 0.9

aFor the triexponential kinetics; is the rise time of the singlet-
initiated RP,7; is the rise time of the competing triplet-initiated RP,
andrs is the decay time of the RP. For the biexponential kineti¢s,
is the rise time of the singlet-initiated RP, andis the decay time of
the RP. All times are ins.

B, /mT (X-band)
3\:38

333 343

3405
By /mT (W-band)

Figure 5. X-band (dotted) and W-band (solid) TREPR spegttéBo)
of RP (ZnP"—PyrF") in toluene at 200 K.

times, andA (i = 1—3) are the relevant amplitudes of the
magnetizationMy(t). The best fit results are summarized in
Table 1. It should be noted that the response time of our TREPR
system is~0.2us limits the detection to triplet RPs characterized
with rise times on the order of 0-0.3 us. However, the rise
time of 0.3us obtained for ZnP —PyrP~ in toluene, associated
with the buildup of the triplet RP, is in line with the ET rate of

2 x 10° s! observed by TREPR of a similar complex at low
temperaturé?

Inspection of Figures 3b and 4a shows that the spectrum
feaches its maximum intensity 0.8 us after the laser pulse,
with polarization patterr, a, e, a. This spectrum is attributed
to the TRP, formed by an-STy mixing mechanism (i.e., a
singlet precursor), withD = —0.7 mT, andE = 0.1 mT
(uncertainty is+5% and+20%, respectively). At later times,
the spectrum changes its phase pattere,ta. The opposite
phase pattern is rationalized in terms of TRP, formed via triplet
precursor, where the f and T-; levels are populated. High-
field EPR experiments at W-band were carried out to confirm
that, indeed, the TRP mechanism is responsible for RP genera-
tion. As indicated above, the operating mechanism may be
revealed by comparing the EPR results at two microwave
frequencies. In Figure 5, the RP spectra taken at X- and W-band
frequencies are displayed. The isotrogifactors of ZnPt and
Ceso~ are 2.002% and 1.99998 respectively. Correspondingly,
at X-band suchAg would result in a SCRP spectrum with a
line separation of 0.455 mT, while at W-band it would
correspond to a line separation of 4.55 mT. Comparison of the
X- and the W-band spectra, taken in toluene at 200 K, shows
that the width of the RP spectrum is the same at both
frequencies. This confirms our conclusion that the observed RP
is a TRP, i.e.3(ZnPT—PyrP-).

With this D value 0.7 mT) the distance between the
interacting spins may be evaluated in dipetépole approxima-
tion to be ~15.7 A. This distanceR.o) is larger than that
determined by X-ray diffraction for a tightly bound ZaPyrF
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Figure 6. Energy level diagram (unscaled) of ZaPyrF in (a) frozen L
and (b) liquid toluene. The suggested partial dissociation is indicated ZnP-PyrF kpir

as¥znP*--- PyrF-).

Figure 8. Energy level diagram (unscaled) of ZaPyrF in (a) frozen
and (b) liguid THF. The energy level positions are the same as in Figure
6.

a
(Figure 4b). The spectrum shown in Figure 7b was simulated
M ‘M as a TRP formed by-ST, mixing mechanism (singlet precursor)
with ZFS parameterd = —0.7 mT andE = 0.1 mT
(uncertainty ist+5% and+20%, respectively), i.e., the same as
those obtained in liquid toluene at 200 K (Figure 3b). A singlet
y . Lo . : precursor of the RP is in line with the fact that the triplet
290 340 390 333 338 343 . " .
constituents*ZnP—PyrF and ZnP-3"PyrF were not detected.
B, /mT B, /mT . S
_ , As in the case of liquid toluene, thi3 value corresponds to a
.F'Qr“}:fj-( ?'bafgsTKR%PaF; spf«tactr%'(l?o) of ph?toe(xtf)ltedlégip)%z distance R.) of 15.7 A, calculated using the dipetelipole
n : (a) at , 0.8cs after the laser pulse; at , : : : :
after the laser pulse. The superimposed dotted line is the line Shapeapproxmatlon. Holwe.ver., the conspicuous Q|fferenqe _betwegn
simulation as described in the text. the TRP spectra, in I|qU|o! toluene gnd liquid THF, is in the!r
kinetics (Figure 4). TRP in THF arises much slower than in

complex (12 A) 1 suggesting the formation of a loosely bound toluene and lives much longer, without change in the polariza-
RP, which is allowed to occur in the ||qu|d phase’ but not in tion pattern. The kinetic trace of the RP was fit using eq 1 with
frozen matrices. With further temperature increase the RP signalAs = 0. The obtained parameters are presented in Table 1. To
escapes detection. To summarize, the long-lived RP is consistenUmmarize, the experimental observations show that the singlet
with the relatively long separation Hgc. singlet EnT in the frozen THF matrixkgn7 in Figure 8a) is
The energetics associated with the photoexcited—ZﬁFF less effective than in frozen toluene. However, the relatively
in frozen and liquid toluene solutions is summarized in Figure Weak ¥*ZnP—PyrF spectrum points to the possibility of an
6. In the case of frozen toluene (Figure 6a), the dominant route additional transfer route which effectively competes wktiac
to generate ZnP3*PyrF is via the Sing|e{sing|et EnT,SkEnT- in the ZnP mOiety. Despite the fact that no RP Signals were
The RP energy level, in terms of results discussed earlier, shoulddetected, the only reasonable option for such a competitive
be lower or isoenergetic with that 8ZnP—PyrF. Nevertheless, ~ Process is ET from"ZnP—PyrF (ker) and/or ¥ZnP—PyrF
the yield of RP formation is very small. In the liquid phase ('ker), which would result in short-lived RPs with lifetimes
(Figure 6b) the ET process is more efficient due to the larger below TREPR detection capability. In liquid THF (Figure 8b)
driving forces, thus placing the energy level of the RP below singlet-initiated ET becomes dominant over all other possible
those of**ZnP—PyrF and ZnP-3'PyrF. The temporal behavior ~ routes. The subtle, but significant differences in the rate
of the RP polarization pattern (cf. Figure 3b and Figure 4) constants of the various processes in the two solvents, toluene
confirms that both ET routeSker and Tker, are active. and THF, become perceptible when comparing Figures 6 and
THF. Except for the line intensities, which are weaker in 8.
THF, the spectra recorded in frozen THF (Figure 7a) exhibit  Asin liquid toluene, the experimentally estimafed = 15.7
the same features as those found in frozen toluene (Figure 3a)A, corresponding to the loosely bound RE(ZnP*+--PyrP-).
Similar to toluene, we observe both componef&nP—PyrF Liquid Crystalline Matrices. E-7.In the crystalline phase
and ZnP-3'PyrF, but with a poor S/N ratio. In addition, the of E-7 both triplets,*ZnP—PyrF and ZnP-3'PyrF, were
ratio (ZnP-3"PyrF)/€ZnP—PyrF) in THF is smaller than that  observed in our TREPR experiments. Also here, the contribution
observed in toluene. No RP spectra were detected in the entireof the triplet spectrum of the fullerene part is stronger, as

temperature range of frozen THF. compared to the control experiment (Figure 9).

At 180 K, in the liquid phase of THF, no spectra®ZnP— No RP signals were detected in the crystalline phase of E-7.
PyrF or ZnP-3"PyrF were detected. Under these conditions, a In the soft crystalline and nematic phases only tHB kpectra
long-lived spectrum ag ~ 2 evolved, exhibiting ar, a, e, a could be observed. At 240 K (Figure 10a) the spectrum of

polarization pattern (Figure 7b). Also, the spectral behavior *ZnP—PyrF could be detected only at early times0(4 us
under these conditions is similar to that in liquid toluene with after the laser pulse). The spectrum of Z#PyrF, however,
the exception that no signal phase inversion could be detectedis easily observed, and from2.0us onward it is accompanied
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Figure 9. X-band TREPR spectrg’'(Bo) of ZnP—PyrF (dotted) and

ZnP:Gs mixture (solid), taken in E-7 at 130 K, 0/8 after the laser
pulse.
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Figure 10. X-band TREPR spectrd'(Bo) of photoexcited ZnPPyrF
in E-7 in LIIB configuration: (a) at 240 K and (b) at 280 K, at different
times after the laser pulse.

Time /us

Figure 11. Kinetic profiles of ZnP-PyrF complex in E-7 at 280 K:
ZnP—PyrF (solid); ZnP-*"PyrF (dotted); RP, ZnP—PyrP~ (dashed).

by the sharp spectrum attributed to the RP, featuring,aan

Galili et al.
*ZnP-PyrF a
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3*ZnP-PyrF Tksr _‘ 13(ZnP-*-PyrF-) Ksc ZnP-3*PyrF
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1*ZnP-PyrF b
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EnT
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Figure 12. Energy level diagram (unscaled) of ZAPyrF in E-7: (a)
soft glass; (b) nematic phase. The energy level positions are the same
as in Figure 6.

290

340 390

B, /mT

Figure 13. X-band TREPR spectrd'(Bo) of photoexcited ZnPPyrF
in ZL1-4389 at 170 K, taken at 0,8s after the laser pulse: solid|IB;
dotted, LOB.

pearance of'ZnP—PyrF, thus confirming that the origin of the
RP (,apattern) is¥*ZnP—PyrF. The kinetic trace of the RP at
280 K was fit with eq 1 (see Table 1). At temperatures above
280 K, all signals are vanishingly small. To summarize, in the
crystalline phase of E-7, efficient singtesinglet EnT kgn1),
YZnP—PyrF— ZnP-1"PyrF, is the main transfer route. In the
soft crystalline phase, singtesinglet EnT is accompanied by
singlet- and triplet-initiated ET'kgr and3ket). At low temper-
atures of the nematic phase, the slow rise time of Z#PyrF
reflects the slower rate of singtesinglet EnT. As to the RP

pattern (Figure 10a). As in the case of frozen toluene, the RP spectrum, the temporal change in the polarization pattern

signal is present also at early times, showingaae pattern,
but is almost masked by the strong ZAPPyrF spectrum. These

indicates that both ET routes, i.e., singlet- and triplet-initiated,
are active. At high temperatures of the nematic phase and in

observations indicate photochemical routes that are similar to the isotropic phase, all signals escape detection, probably due

those in frozen toluene.
The spectra taken in the nematic phase of E-7 {2880 K)

to the fast ET and BET processes. The energetics of the system
in the different phases of E-7 is presented in Figure 12. Again,

exhibit a low S/N ratio and are a superposition of the spectra it is interesting to compare Figure 12 with Figures 6 and 8 to
attributed to all species, i.e., triplets and the RP (Figure 10b). visualize the subtle differences of the transfer processes in the

The RP signal ag ~ 2 exhibits a change in the polarization
pattern froma, e at 0.8us after the laser pulse & a at ~1.4
us.

The kinetic traces correspondingX@nP—PyrF, ZnP-3"PyrF
and ZnP*—PyrP~, taken at 280 K, are shown in Figure 11.
The rise time of ZnP-¥'PyrF signal is slower than that of
3*ZnP—PyrF. It suggests a slow buildup of ZrP'PyrF via
singlet-singlet EnT &kg,r in Figure 12). This EnT generates
ZnP-"PyrF followed by a slow generation of the ZaPPyrF
signal. A slow buildup of the triplet manifold was also found
in pristine 3°Cg0.2026 Furthermore, the RP kinetic profile

different solvent matrices.

No long-lived RP was detected in E-7 at any temperature. It
is noteworthy that the lifetime of the RP (Table 1), as observed
in the fluid phase of E-7, is much shorter than the lifetime in
isotropic liquids. We attribute this behavior to the allowed
LY ZnP+—PyrP~) — L3ZnP*---PyrP~) partial dissociation
process in toluene and THF, while in E-7 this process is unlikely.

ZL1-4389. In the crystalline phase of the more polar LC, ZLI-
4389, only the ZnP-3"PyrF spectrum could be observed over
the temperature range 13@50 K (Figure 13).

The fact that the¥*ZnP—PyrF spectrum was not detected

demonstrates that its phase inversion coincides with the disap-suggests that botH*ZnP—PyrF and/or ¥*ZnP—-PyrF were
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completely depleted by fast relaxation or transfer processes. Nothus leaving the electronic coupling in different solvents
RP spectra were detected over this temperature range. The lineinchanged. In our case, the much higher reorganization energy

shape of the ZnP®PyrF spectrum is similar to that of the
monomer,3*PyrF. Therefore, it is reasonable to assume that
ZnP—3"PyrF was formed by ISC from ZrP-"PyrF, indicating
an efficient singlet singlet EnT process. At higher temperatures,
in the nematic and isotropic phases, all signals are vanishingly
small, probably due to fast ET. Similar to toluene vs THF, the
different results obtained using E-7 and ZLI-4389 can be
attributed to the different polarity of these two LCs. It is
noteworthy, that in the covalently linked parachute-shaped-ZnP
Ceo dyad studied recentf§and in other covalently linked BA
system® the experimental results were found to be independent
of the LC polarity. This discrepancy can be resolved by
considering the additional degree of freedom of the complex
studied in the present work, which affects the reorganization
energy,is. The parameters required for calculatihgat the
corresponding temperatures in the relevant LCs, are not avail-
able. However, the importance of the polarity effect in complex
2 enables us to analyze the results for the isotropic solvents
and to apply this analysis also to the anisotropic LC matrices.
As shown in Table 1, the temporal behavior of the RPs
strongly depends on the solvents. In terms of Marcus theory,
the rate constant for electron transflgr, is given by®

2
ker = Z7VI*(FC) 2)
whereV is the electronic coupling matrix element and FC is
the averaged nuclear Frane€ondon factor. In the classical

limit for a nonadiabatic process, the ET rate is expressed by eq

3,
o
@)

whereAGcs’ is the free-energy of charge separation ap
the solvent reorganization energy. For toluene and TH#as
calculated according to ecf%

;-
A

whererp andra are the effective radii of the donor and the
acceptor,R. is the center-to-center DA distance,e is the
electron charge, andl andnp are the static dielectric constant
and the refractive index of the solvent. The following parameters
were used in the calculationsp = 7.5 A (for ZnP, as was
extracted from the molecular modeling), = 4 A (for PyrF),
andR.. = 12 A. As tonp andeg, they were calculated to be
1.548 and 2.63 for toluene at 200 K and 1.405 and 10.89 for
THF at 180 K, respectivel§t The significant difference obtained
for the values of the solvent reorganization energy at similar
temperatures, namely, 0.06 eV for toluene at 200 K and 0.62
eV for THF at 180 K, might account for the difference between
the ET and BET rates in these solvents. Furthermore, the
dependence oV on the molecular structure and medium
properties is most noticeable when the coupling between the
donor and acceptor is weak, as it is in our coordinative linkage
case. It is noteworthy that, unlike for the ZaPyrF complex

2, no significant difference ifker or kger was noticed for the
covalently linked D-s—A systems studied previously by
TREPR in various solven:31t is reasonable to assume that
due to their covalent linkage, the latter systems are less flexible,

(AGes’ + 49’
C aAkT

27|V|?

ker = AlV|2e 5T =
! R\ JAmA KT

2
€
ls:i

(4)

of THF as compared to toluene, results in a decrease of the
forward and backward ET rat€$We rule out the effects of
solvent viscosity since the calculated viscosities at the corre-
sponding temperatures are similar, namely 4.7 cP for toluene
at 200 K and 5.0 cP for THF at 180 ¥.To summarize, the
changes in the activation energy of the process together with
changes irvV and/s (eq 3), can easily account for the differences
in the ET and BET rate constants in toluene and THF (see Table
1).

Conclusions

The experimental results presented in this work confirm the
hypothesi&1° concerning the existence of an equilibrium
between association and dissociation of the coordinatively linked
“metal-pyridine” ZnP-Cgo complex. This complexation facili-
tates, after photoexcitation, rapid intramolecular EnT and/or ET
to produce a triplet radical pair, which occurs in polar as well
as in nonpolar solvents. When partial dissociation of the complex
constituents is allowed (in liquid phases of isotropic solvents),
the partial or complete separation of the components slows down
the BET process, thus generating a long-lived radical ion pair.
In a frozen matrix, where this splitting is inhibited, EnT is the
dominant process. The ordered LC matrix prevents the separa-
tion of the complex constituents, thus hindering the creation of
long-lived radical pairs even in fluid phases.

It is noteworthy that in covalently linked Bs—A systems
the utilization of LCs generally results in ET rates that are
reduced by several orders of magnitude, as compared to those
in isotropic solventd! This reduction of ET rates is due to the
nematic potential associated with the alignment of the LC
molecules, which restricts the isotropic molecular reorientation
found in conventional solvents. Such an effect was not found
for the reported coordinatively linked-B5—A system. More-
over, in contrast to the present case, the results obtained in
different LCs for covalently linked Bs—A systems were found
to be independent of LC’s polariff:3¢ Thus, the noncovalent
ZnP—PyrF systen® enables direct exploitation of the matrix
polarity to control ET and BET processes in both isotropic and
anisotropic matrices.
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