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Abstract: We report on a series of electron dor@cceptor (D-A) dyads that undergo singlet-initiated charge
separation to produce a strongly spin coupled radical ion pair that subsequently undergoes charge recombination
to produce a triplet state with unusual spin polarization. The molecules consist of eith&-pige(idinyl)-
naphthalene-1,8-imide (6P) or BHpyrrolidinyl)naphthalene-1,8-imide (5P) donor and a 1,8:4,5-naphthalene-
diimide (NI) or pyromellitimide (PI) acceptor. Selective photoexcitation of D withir-B-produces the radical

ion pairl[D*"-A*"] quantitatively. This is followed by the formation &D*"-A*"] via singlet-triplet mixing

within the radical pair. Radical pair intersystem crossing (RP-ISC) leads to charge recombination to yield
[D-3"A] or [3*D-A]. Time-resolved optical absorption and emission spectroscopy is coupled with EPR
spectroscopy to characterize the mechanism of the nearly quantitative initial charge separation reaction and
the subsequent radical ion pair recombination reaction leading to the unusually spin polarized triplet state.
These radical pairs also possess charge transfer emission bands that aid in the data analysis. The small number
of previously reported covalent doneacceptor systems that yield a triplet state from radical ion pair
recombination use multistep charge separation reactions to achie?® & spacing between the oxidized

donor and reduced acceptor. These examples have small exchange codplinidn the radical pair, so that

S-To mixing between the radical pair energy levels occurs. In the strongly coupled systems described here, we
show that the triplet states are formed by means of both & S-T ; mixing, producing novel spin-polarized

EPR spectra characterized by anisotropic spin lattice relaxation.

Introduction sequential charge transfer to create the singlet-initiated radical
pair[D*"-A;-Az7]. In both known systems, the doreacceptor
distances are greater than 20 A, leading to the formation of a
spin-correlated radical pair, i.€-JD*"-A;-A,""]. Radical ion
pair recombination withirf[D*™-A;-A»*"] yields ¥[D-A1-Az],
where the triplet state can be localized on the D gnmieties.
In all of these reactions the radical pair spectra show non-
Boltzmann populations of the spin states, exhibiting spin-

olarized EPR spectra characteristic of the mechanism of their
ormation.
d In contrast to the long distance electron transfer systems
described above, we recently reported a deramceptor
molecule (6P-NI in Figure 1) with a short electron-transfer
distance of 11 A that also forms®{D-A] state following back

T Argonne National Laboratory. electron transfet.n this molecule, a single step electron-transfer

;_’F‘r‘]’”hwesmm University. reaction occurs following photoexcitation of the donor, 6P, to

e Hebrew University of Jerusalem. : . .
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The spin dynamics of the primary photochemistry of photo-
synthetic reaction centers has proven difficult to simulate in
artificial photosynthetic model systerh# particularly interest-
ing aspect of primary photosynthesis is the back electron-transfer
reaction that produces a triplet state of the initial bacteriochlo-
rophyll or chlorophyll donors within isolated prereduced bacte-
rial or green plant photosystem Il reaction centers. This triplet
state has a unique spin polarization that has been detecte
through electron paramagnetic resonance (EPRHowever,
despite many attempts, this process has only been reproduce
in two artificial covalently bound donetspacetacceptor
system$-8 In these systems photoexcitation is followed by
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Table 1. The Oxidation and Reduction Potentials of the Donors
and Acceptors in Butyronitrife

molecule Eox (V vs SCE) Erep (V vs SCE)
6P 1.23 —-1.41
5P 1.04 —1.55
NI N/A —0.50
Pl N/A —0.79

aNo change is observed for the covalently linked chromophores
within the dyads

mechanism is analogous to ordinary sporbit induced inter-
system crossing, except that the donor and acceptwbitals

are on two separate molecules or two widely separated parts of
the same molecule. The fact that the triplet radical pair is clearly
observed by TREPR following photoexcitation of our molecules
in liquid crystal solvents over a wide range of temperatures rules
out the spir-orbit mechanism observed for acridinium triplet

formation.
P Q o We now report an extended study of a series of short distance,
C —N—NMN—%HW covalently boqnd D-A molecules that unqergo back elelctr(.)n
Q transfer to a triplet state, and are thus designed to shed insight
o © °© on the novel mechanism for charge recombination under these

6PPI conditions. The new series of molecules also exhibits charge-
transfer emission bands that permit overlapping optical and EPR

(o}
CN O ; < :N O experiments for analyzing the unique photophysics and photo-
N_O_ N—@— chemistry of these D-A systems. A critical aspect of this study
O O is that liquid crystals (LCs) were utilized as solvents to slow
(o] (o]

the electron-transfer rates in these molecules, permitting the
employment of time-resolved EPR (TREPR) spectroscopy to

5P 6P - . . .
characterize their spin dynamits.
o o o o
b N O Experimental Section
17Cg— N-CgH17  Hipcp—N —
O 7-e N=Catr Figure 1 illustrates the molecules used for this study. A total of four
o o o o dyads were synthesized, consisting of eitheN4s{peridinyl)naphtha-

lene-1,8-imide (6P) or 4N-pyrrolidinyl)naphthalene-1,8-imide (5P) as
donors and 1,8:4,5-naphthalenediimide (NI) or pyromellitimide (PI) as
acceptors. The syntheses of dyads 5P-PI, 6P-PI, and 6P-NI are described

o 4 elsewheré&:** Control experiments were also performed on the separate

':: donor (5P, 6P) and acceptor (PI, NI) molecules. Additionally, a
CN "_N¢© molecule with a pseudoacceptor, designated as 5P-Phl, was studied as
O O a control molecule that cannot undergo electron transfer because of

the high reduction potential of Phl. The syntheses of 5P-NI and 5P-

NI Pl

5P-Phl PPhl are given in the Supporting Information.
Figure 1. The (a) donoracceptor dyads and (b) control molecules The 5P and 6P donor molecules have absorption maxima at 432
are illustrated. and 400 nm, respectively. For the optical and TREPR studies, selective

photoexcitation of the donor is accomplished through photoexcitation

g — at 420 nm. The extinction coefficients for the donazs<(12 000 Mt
A polarization pattern similar to that observed for 6P-NI was cm™) relative to NI are~20:1 at 420 nm, but any photoexcitation of

found fo”f_’"‘_"r_‘g photoe_xcnat_lon of 10-(1- and 2-naphthyl)-9-  \;'is" followed by energy transfer to the donor on a few picosecond
methylacridinium ions in solid solutions at temperatures from ime scalé PI does not absorb at 420 nm. The dyad moieties were
about 106-300 K The proposed mechanism for the unusual ajso chosen in part for their favorable redox characteristics, and Table
ESP pattern observed for these molecules is direct formation1 illustrates the redox characteristics of the donors and acceptors in
of the locally excited acridinium triplet state from the singlet butyronitrile. There is no measurable change in the redox characteristics
radical pair. In these molecules an intermediate triplet radical of the donors and acceptors when they are covalently bound.

pair state is not observed by TREPR. This mechanism is simi- Continuous wave (CW) direct detection TREPR measurements were
lar to one that has been proposed previously for aniline pen‘ormed on the dyads and control molecules emb.edde.d and orignted
anthracer® and porphyrir-quinoné? donor-acceptor mol- in a LC (E-7, Merck L_td.)l.5 The compounds were first dissolved in
ecules. It relies on the fact that electron transfer from a donor toluene (-1 mM), which was then evaporated, and the LC was

L . . . . introduced into 4 mm o.d. Pyrex tubes. The samples were degassed on
7 system, which is held in an orientation perpendicular to that ,\,.,um line by several freezpump-thaw cycles. TREPR measure-

of the acceptor, provides a significant change in orbital angular ments were carried out on a Bruker ESP-380 spectrometer with the
momentum requiring a rapid spin flip to conserve energy. This field modulation disconnected and a time resolution~&00 nst
Temperatures were maintained by using a variable-temperature nitrogen

(20) Willigan, H. v.; I, G. J.; Farahat, M. S. Phys. Cheml996 100,

3312-16.

(11) Okada, T.; Karaki, I.; Matsuzawa, E.; Mataga, N.; Sakata, Y.;

Misumi, S.J. Phys. Chem1981, 85, 3957.

(12) Wasielewski, M. R.; Johnson, D. G.; Svec, W. A.; Kersey, K. M.;

Minsek, D. W.J. Am. Chem. Sod.988 110, 7219-21.

(13) Hasharoni, K.; Levanon, H. Phys. Chem1995 99, 4875-78.

(14) Debreczeny, M. P.; Svec, W. A.; Wasielewski, M.Nrew J. Chem.
1996 20, 815-828.

(15) Levanon, HRev. Chem. Intermedl987, 8, 287.

(16) Gonen, O.; Levanon, H. Phys. Chem1985 89, 1637-43.
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Table 2. The Magnetic, Relative Population Rates, and Table 3. Charge Recombination Timesck) Measured through
Distribution Parameters Are Given fo#*D-A] or [D- 3*A] Transient Absorption (TA) and Emission (Em) Spectroscopy, along
with Their Averaged Values along with Phosphorescence Lifetimes

molecule D |EF Achyihs g9 ¢ %y (tpr) Of the #*[D-A] Molecules at 77 K in 2-MTHF
5P 495 28 0.2:0.8:0.0 30 45 10 Ten NS
NI 743 12 0.2:0.8.0.0 34 45 5 cR
5P-PI 645 70 0.2:0.0:0.8 35 65 10 dyad TA Em avg TpH,MS
6P-PI 645 84 0.2:0.0:0.8 45 65 10 R o
5P-NI 757 4.7 0.8:0.2:0.0 45 70 15 gg_m: gi gg ‘5‘_2 gi (302, 30%)
6P-NI 748 4.7 0.8:0.2:0.0 45 60 15 5P-P| 81 65 73 560
aUnits: x10~4 cm .. Estimated errors-5%. 6P-PI 64 N/A 64 330

flow dewar in the EPR resonator. Samples were excited at 420 nm
(~2 mJ/pulse at a repetition rate of 20 Hz) by a dye laser (Continuum, the charge separation and charge recombination times at low
TDL-60, Stilbene 420) pumped by the third harmonic of a Nd:Yag temperature in 2-MTHF glass, as measured by ns and fs transient

laser (Continuum, 661-20). absorption or emission spectroscopy. There are three factors
The phase transition temperatures for E-7 are that make these molecules particularly amenable to optical
210K 263K a3k . ) studies. The first is that the reduced Pl and NI acceptors in the

crystalline— soft glass—— nematic— isotropic dyads have large and narrow absorption bands at 710 and 480

In the crystalline phase, two sample orientations with respect to the M. respectively, permitting unambiguous observation of the
magnetic field were studiedl|/IB andL OB, whereL is the LC director formation and decay of the ion pairs through transient absorption
andB is the external magnetic field. When the initial alignment of the spectroscopy. The second factor results from the observation
sample id.|IB, spectra foi. 0B were obtained by rotation of the sample  of intense phosphorescence of a triplet state that we show is
in the microwave cavity byr/2 about an axis perpendicular to the  generated by back electron transfer. The third is that the radical
external magnetic field. In the soft glass and fluid nematic phases, pairs possess charge-transfer emission bands that permit the
where molecular motion is permitted, rotation of the sample has no energy levels of the charge-separated states to be determined.

effect, since molecular reorientation brings the sample back to its initial . . .

parallel orientation. Thus, at these relatively elevated temperatures, only Concerning faCt_m one, fs and ns transient absorpt'(_)n spec-

the LIIB orientation of the sample was studied. troscopy has previously been used to follow the photoinduced
Analysis of the EPR line shape and the dynamics of the photoexcited reaction of *6P—NI] — +J6P*-NI*~] — [6P-**NI] in 77K

triplets oriented in different environments, i.e., isotropic and uniaxial 2-MTHF glass? The experiments showed that the 480 nm

LCs, are described elsewhéré® The extracted ZFS parametef3, absorption band of the reduced*Nkpecies was present on a

andE, and the corresponding relative triplet population rafesA,, subpicosecond time scale, so that the charge separated state was

andA,, are given in Table 2. The preferred in-plane orientation of the formed with 100% quantum yield. For the present work, we

guest molecules with respect to the diredtom the LC is given by a5certained the kinetics and spectral data for all of the dyads,

the anglego with the variances,. The variancesy is also given for which are shown in Table 3. All of the dyads show similar

the anisotropic out-of-plane angles. characteristics, i.e., subpicosecond formation times as deter-
Optical spectroscopy measurements were also performed to observe” . o P

the photophysical properties that occur faster than the 200 ns time Min€d by the appearance of the’Por NI absorption bands
resolution of the TREPR spectrometer. The spectroscopies included@nd the decay of the bands over a few tens of nanoseconds.
ns and fs transient absorption, CW fluorescence and phosphorescence, Factor two is evident by a long-lived absorption in the
and time correlated single photon counting (TCSPC). The ns and fs transient absorption kinetics of all four dyads, which we assign
transient absorption spectrometers have been described elséiiere. g g triplet state that is formed upon back electron transfer. This
The TCSPC spectrometer was used to determine the emission timelong-lived feature was also previously observed with the dyad

constants and spectral characteristics of the charge-transfer emiSSio%P-Nl 9 Since the formation time of the ion pairs occurs on a

bands of 5P-NI and 6P-NI. The experimental setup consists of a Ti: b-pi d ti | dth ited-state lifeti fth
sapphire laser that is acoustooptically cavity dumped at 800 kHz. Home- Sub-picosecond ime scale, an € excited-state liretime of the

built RF electronics are used to control the phase of the acoustic wavedonors is 8.5 ns, the yields of triplet states formed through SO-
relative to the optical pulse within the oscillator. This phase matching ISC are negligible and must be derived from back electron
technique permits nearly 70% of the pulse energy to be cavity dumped, transfer. Further evidence supporting this conclusion is that the
resulting in up to 50 nJ/puls@22The output is frequency doubled to  phosphorescence quantum yield of the 6P-NI dyad is about 100
400 nm and used to pump 3 mm thick samples within a liquid nitrogen times greater than that of the donor 6P alérighe emission
dewar. A Hamamatsu R3809U multichannel plate photomultiplier in spectrum for 6P-NI appears nea”y identical to the tr|p|et of NI,
conjunction with an EG&G 9308 time analyzer and 9307 discriminators showing that the final triplet lies on NI, i.e., [EPNI]. We again
permit a time resolution of 50 ps. Three-dimensional spectral data was o rtained similar characteristics for all of the dyads, including
obtained by stepping the detection monochromator and obtaining a . . ’

- the phosphorescence decay times shown in Table 3. Another
kinetic scan at each wavelength. . . .

experiment that precludes mechanisms for the intense phos-

Results and Discussion phorescence of the dyads, other than back electron transfer, can

. . be realized by using a closely related dyad that cannot undergo
Optical Spectroscopy of the Dyads in Low-Temperature — gjactron transfer, e.g., 5P-Phl. Figure 2 illustrates the CW

Organic GlassesOptical studies were performed to characterize g ission spectra for 5P-Phl and 5P-Pl at 77 K in 2-MTHF. It

(17) Gonen, O.; Levanon, H.. Chem. Phys1986 84, 4132-41. illustrates that 5P-Phl does not phosphoresce, but that the dyad
18%8%?38%7 A.; Galili, T.; Levanon, HJ. Phys. Chem1996 100, 5P-PI phosphoresces significantly due to the back electron

(19) Greenfield, S. R.; Wasielewski, M. Rapt. Lett. 1995 20, 1394 transfer reaction to form a triplet. Here, the triplet state of the
(20) Greenfield, S. R.: Svec, W. A.; Gosztola, D.; Wasielewski, M. R. 5P donor is ultimately populated, since il state is higher

J. Am. Chem. Sod.996 118 6767-6777. ) in energy. The 5P control molecule alone does not show
192(,%1)15"’11[3;2!"2”“" M.; Ulman, M.; Paye, J.; Fujimoto, J.Gipt. Lett. phosphorescence. This experiment, in conjunction with the
(22) Pshenichnikov, M. S.; Boeij, W. P. d.; Wiersma, D.®pt. Lett. 100% quantum yield of the radical pairs in the dyads, eliminates

1994 19, 572-74. the possibility of an increase in the phosphorescence quantum
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Wavelength nm Figure 4. An energy level diagram for the doneacceptor (D-A)
dyads at low temperatures illustrates the different photoinduced
Figure 2. The CW phosphorescence spectra for 5P-Phl and 5P-PI at processes that occur in these molecules. The triplet state that is reached
77 Kin MTHF are shown, along with the fluorescence spectrum from  through RP-ISC can be localized on either the donor or the acceptor,
5P-PI. The 5P-PI dyad that is capable of undergoing electron transferj e, [D=3'A] or [3'D-A]. The triplet radical pair is formed through both

shows phosphorescence, while 5P-Phl does not show phosphorescenc&.T, or S-T_; mixing, designated in the figure as §T. EM refers to
This is further evidence that the triplet excited state is populated only emjssion.

through back electron transfer.
phosphorescence measurements that the energy lev&Plof
lies at 2.45 eV, well above the triplet states of 5P or 6P. Since
these molecules have a much shorter charge separation distance
than previously studied systems exhibiting back electron transfer
to a triplet state, we turn to TREPR studies to elucidate this
proces$ 8
TREPR in Liquid Crystals at Low Temperatures. The
kinetics of the radical pair recombination reaction deduced from
the optical spectroscopic measurements show that the time for
charge recombination in the dyads is too short to observe the
- Sl radical pair in TREPR experiments at low temperature. How-
450 500 550 600 650 700 ever, we can observe the ESP patterns of the triplet states created
Wavelength nm by back electron transfer to learn more about the mechanism
Figure 3. The TCSPC spectra for 5P (0 ns delay), 6P (0 ns delay), for RP-ISC. We will refer frequently to the energy level
6P-NI (30 ns delay), and 5P-NI (30 ns delay) in MTHF at 77 K clearly diagrams shown in Figure 5& for the temperatures 170, 240,
illustrate the different energies of the radical pairs, with the{6P ~ and 300 K. These temperatures correspond to crystalline, soft
NI-~] emission band at 610 nm and the {5MI*~] emission band at glass, and nematic phases of E-7, respectively. The energy levels

Counts au
1

650 nm. are drawn to take into account all of the optical and TREPR
data.

yield in the dyads due to changes in SO-ISC relative to the  The TREPR data for the dyads and the individual moieties

donors and acceptors alone. reveal a novel mechanism for mixing of the singlet and triplet

Factor three is characterized by charge transfer emission bandsublevels to produce a polarized triplet spectf#hwe will
that enable the determination of the absolute values of the radicalshow that this is a function of the short radical pair distance
pair energies in different phases. These bands are especiallyand the highJ values associated with these systems. The

evident for the two lowest energy radical pairs, {6f1*~] and acquired data are a result of using LCs, because the information
[5P"-NI*7], as shown in Figure 3 in 2-MTHF at 77 K. These content of employing isotropic glasses is not as high as with
bands clearly show that the energy of the [5RI*~] radical LC oriented samples where spin dynamics can also be moni-

pair emission centered at 660 nm (1.88 eV) is lower than the tored?* Figure 6 shows the triplet spectra of 5P and NI, along
corresponding [6P-NI*"] emission centered at 610 nm (2.03 with their simulations. 6P exhibits an extremely weak triplet
eV). Another important aspect of the emission bands is their signal so that the polarization pattern is difficult to discern. PI
broad energy range with fwhm values on the order of 0.3 eV does not absorb any light at 420 nm, precluding the observation
and total widths of about 0.6 eV. We will show that this breadth of a triplet signal. The triplet spectrum of 5P exhibits a clear
in energy levels has important ramifications for the mechanism ESP pattern ok a for the parallel orientationlL(IB), and an

of charge transfer and charge recombination reactions. Charge<€ e a apattern for the perpendicular onel(B), wheree anda

transfer emission from [3P-PI'"] and [6P*-PI'7] is also stand for enhanced emission and absorption, respectively. For
discernible at shorter wavelengths (570 and 540 nm, respec-5P it was found thatD| = 495 x 1074 cm! and |E| = 28 x
tively), but the emission intensities are much weaker. 104 cm L. In theLIIB configuration, the out-of-plane canonical

The photoinduced processes within the dyads described aboveaxis does not contribute to the spectral intensity due to the
in frozen glasses are illustrated in a general energy level schemeegligible probability to find the molecular plane perpendicular
shown in Figure 4. In the g|ass phase' the Optica| data indicateto the director. The two in-plane axes should contribute to the
that all four radical pairs lie above the triplet energy levels of SPectrum with line intensity ratio depending on the argglé’ 8
their components, i.e., donors and acceptors, and that chargeSincego is 45°, both thex- andy-axes should contribute equally
recombination occurs to the lowest triplet state within the to the EPR spectrum fot|IB. The simulation of the EPR
molecule, i.e.*NI for NI containing molecules, an&5P or (23) Levanon, H.; Norris, J. RChem. Re. 1078 78, 185.
3*6P for molecules containing Pl. We find through CW (24) Levanon, H.; Hasharoni, Rrog. React. Kinet1995 20, 309-46.
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= Figure 7. The TREPR spectra~(1 ms after photoexcitation) at 170
K in E-7 for (a) *[5P-PI] and (b)**[6P-PI] are shown.
2.0 1
0 dyads (D| = 645 x 1074 cm™1) larger than those for 5RLJ|
= 495 x 104 cm™1). It should be reiterated that the triplet
signal from 6P is very weak, and assignment of the polarization

pattern is difficult, although it seems to be similar to that of
Figure 5. The energy level diagrams for the radical pair energies are SP. We reiterate that the triplet energy of Pl is higher than that
shown for the (a) glass phase at 170 K, (b) soft glass phase at 240 K,0f 5P or 6P, so that the triplets of the dyad molecules are

and (c) liquid crystal phase at 300 K. localized on the donor moieties, i.e3'§P-PI] or F'6P-PI].
However, the significant change [ values indicates that the
spectrum shows that the triplet population rate along/thgis, triplet energy of the dyads is confined to a smaller portion of

A, is far greater thaiy (Table 2). Thus, only one set of lines  the molecules. We believe this is due to the fact that the control
is observed in th&|B spectrum. The- andz axes populations ~ molecules (5P and 6P) do not function as “perfect” controls
are evident in the.[OB spectrum. The combinedeeaaa for the dyads. 5P and 6P possess tolyl groups that replace the
pattern is consistent with the SO-ISC mechanism for triplet electron acceptors NI and PI. The dihedral angle between the
formation223 The triplet state of NI exhibits the identical ESP  plane of the tolyl group and that of the naphthaleneimide ring
pattern and the strong triplet signal is consistent with the higher in 5P and 6P is smaller relative to the corresponding dihedral
phosphorescence quantum yield #NI relative to the donor angle between the donor and acceptor moieties in the dyads
species. because of steric hindrance between the carbonyl groups. Thus,
Realizing that the triplet signals of the monomeric species an additional degree of electron delocalization to the tolyl groups
are due to SO-ISC, we can now more fully appreciate the very occurs in¥*5P and3'6P that is not present in the dyad triplet
unusual polarization patterns present in the dyads. 5P-Pl andstates.
6P-PI exhibit polarized triplet spectra with are pattern for When the acceptor NI replaces Pl in the dyads, the parallel
the LIIB orientation and ara a e epattern for theL OB one. and perpendicular spectra exhitate and e e a a patterns,
Thus, an overall polarization patternds: a e e eas illustrated respectively, with an overad e a e a gattern (Figure 8). Itis
in Figure 7, along with the simulations. These polarization important to note that unlike the triplets of 5P-PI and 6P-PI,
patterns are opposite to that of 5P, with thevalues for the the triplet spectra of 5P-NI and 6P-NI are similar to that of NI,
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Figure 8. The TREPR spectra~1 ms after photoexcitation) at 170 (2) the S-b and (b) S-T mixing.

Kin E-7 fi 3[5P-NI d (b) **[6P-NI h . . L. . .
n or (@1 Jand (0)* Jare shown also consider the S-f mixing as shown in Figure 9b. By

employing the same assumption of fast depletion ofzhed

articularly in the perpendicular orientation. The major differ- . |
p Yy perp ! y states, one will end up with the spectrupoga,,g;,0..&. Thus,

ence between the triplet spectra of 5P-NI and 6P-NI compared . ; .
" 'p b b the overall spectrum will be,&;,a,,6,,a,a, which agrees with

to Nl is the different polarization pattern of the parallel spectrum . . )
(LIIB) and, to some extent, the ZFS parameters. The ZFSthe experimental observations (Figure 8). It should be empha-

parameters and the optical data indicate the triplet in these case§'ZEOI that the above analysis holds for {DH], where D is 5P
lies on NI, i.e., [D#*NI], where D is 5P or 6P (Table 2). or GP_' i ) ) . )

As we discussed above, optical studies indicate unambigu- 11iS anisotropy is readily apparent by comparing Figures 6b
ously that in all dyads under study, singlet-initiated electron @nd 8 for [D¥'NI] by noting that the intensity of the low-field
transfer occurs rapidly and with high yield, precluding the I[ne |qtheLIIE§ spectrum Of3.N|.IS greater than that of.the high-
possibility of SO-ISC. In such a case the observed TREPR triplet field line, while the opposite is true for [NI]. In Figure 7
spectra of the dyad molecules cannot be regarded as originatingh® triplet spectra of 5P-Pl and 6P-PI are shown. In this case it
from SO-ISC. The only other possibility to produce the observed IS €vident that the general line shape exhibits an a/e pattern,
triplet spectra is RP-ISC, as a result of the charge recombinationWhich is typical for out-of-plane selective population, i.e., active
process, i.e., back electron transfer. Nevertheless, the ESPZaXis. Similar to the treatment of the D-NI dyads, we assume
patterns of*[D-A] in any of the dyads are not consistent with thgt the fast dep]etlon is fromandx Ie\{ells in the D-PI dyads.
RP-ISC resulting from S-J mixing, i.e., aeeaae(or This leaves us with a spectrum for Sfiixing of 8,0x,0y,0,,0x€;

e aae e 32 The latter is observed only in the photosynthetic 21d @.3.8,6,,6,0; for the S-T., mixing, with an overall
reaction center and in some large biomimetic model sysfefns,  SPECtrum 8a.,a,,8,,6x,6;, which again is in full agreement with
RP-ISC in the case of SgTmixing results in anaeeaae  (N€ experimental observations.

polarization pattern, due to overpopulation of thesTate at all A quantitative line shape analysis was carried out on each
canonical orientations. In a similar manner, RP-ISC with $-T  dyad. Each system was assigned by a frame-of-reference located
mixing results in are a a e e apolarization pattern (opposite 0N the triplet chromophore. Inspection of Table 2 indicates that
to that of S- mixing) due to overpopulation of the Tstate. ~ the ZFS in®NI and [D"NI] are very close. However, the
The ESP patterns, exhibited B§[D-A], i.e., aa a e e dn the population rates of the dyads are different from those of the
case of 5P-Pl and 6P-PI, amde a e a an the case of 5P-NI monomer, which is reflected by the phase pattern of the different
and 6P-NI, are not consistent with either of these cases. Thesignals. Also of interest is the breadth of the triplet line shape
possible explanation for this discrepancy may be found in the of 5P-PI relative to 6P-PI at 170 K. This may indicate that the
assumption that the close proximity of the electron spins within rotational freedom for the pyrrolidinyl ring of 5P-Pl is greater
[D*+-A*"] creates the situation in whichis large enough to  than that for the piperidinyl ring of 6P-PI at 170 K.

permit both S-T; and S- RP-ISC to occur. This mixing is It should be noted that the large valuesdaffor the dyads
accompanied by anisotropic spitattice relaxation at the three  of 60° to 70° used for the simulations indicate that these
canonical orientations of the triplet state. molecules do not align parallel to the LC directorThe same

To account for these unique observations, fast anisotropicwas shown for similar, albeit larger, molecules and was
spin lattice relaxation must occur on EPR time scales. We startinterpreted in terms of p-stackirfigOn the other hand, the out-
first by analyzing the spectrum shown in Figure 8 by inspection of-plane z-axes do not manifest themselves in the parallel
of the energy level diagram of Figure 9. Two cases must be spectra. Thus, an overall cylindrical distribution of stacked
considered: the Sgland S-T; mixing. In the first case (Figure ~ molecules arountl may be surmised, despite thé0° dihedral
9a), by assuming that the population decay rates of tiredy angle between the two moieties.
canonical orientations are faster than the EPR detection time, TREPR in the Soft Glass and Fluid PhasesThe soft glass
thex canonical orientation (identified withg) is overpopulated, region of E-7 demonstrates large changes in the ability to solvate
and in the RP-ISC mechanism thandz canonical orientations  an ion pair as a function of temperature. Thus, this environment
(each identified with §) are not populated. This results in a permits an unusual opportunity to carefully monitor solvation
spectrum where only the-transitions are detected, namely, changes as the solid takes on liquid character over a temperature
0,,6,,0y,0y,8,0, Where ¢ (i = X, y, 2) indicates zero line intensity ~ range of 53 deg. We start the analysis of the TREPR spectra in
in the particular canonical orientation. As stated above, we mustthis region with the 5P-NI dyad, which possesses the ion pair,
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a) 320K “nematic potential” that is introduced. The nematic potential
= 300K actually slows the forward electron-transfer rate enough to

- 260K permit some ordinary SO-ISC, to produce [BRi]. Subsequent
W— 250K electron transfer from [5PNI] to produce [S5P*-NI*~] occurs
v as well. The decrease in the electron-transfer rate has already
;_‘x/\___-ﬂ/_fwm been shown through transient absorption spectroscopy to be on

e e ) the order of a factor of 400, permitting time for SO-13CThe
.
b)

r 300K second mechanism for triplet formation is to populate the higher
W energy levels of thé-J5P-NI*"] band from the singlet state

. = 270K of *[5P-—NI], which can then back react to form [SPNI].

= W%g% Because of the broad nature of the radical pair bands, the [5P-
V 3"NI] state can initiate electron transfer to the lower lying radical
T pair states of the band to create triplet-initiated radical pairs.

C)W%OK The second mechanism requires the formation of singlet

E T ST T T T T 270K initiated radical pairs that produce the absorption so that back
e 280K electron transfer to the triplet state can occur, and is thus the
L likely source of thee, emission. This leaves SO-ISC as the
L 245K source of thee; emission. Note that the triplet itself is not

- observed for either mechanism due to population depletion from
0 B -1'0- — '1'5- — triplet-initiated electron transfer to form the radical pairs. Upon

Time (us) a temperature increase to 250 K, the radical pair kinetics is
_ o K _ _ dominated by one emission. SO-ISC is now the dominant
Figure 10. (a) The kinetics of[5P"*-NI*] (in the low field part of mechanism for the radical pair emission signals because the
the spectrum) at differing temperatures are illustrated. (b) The kinetics (gdical pair band begins to drop below the triplet state,
?f 3[6P+t' NI] (m'ltlhet log"' df'eld ﬁ‘?rtk?f ttheé ;gﬂcg‘f@ .attr?'ﬁ;e””g eliminating the possibility of back electron transfer to the triplet
emperatures are illustrated. (¢) The kineticS[6P."-P1.7] (in the low state. The mechanisms responsible for the absorptioneand
field part of the spectrum) at differing temperatures are illustrated. S . . .

emission at 240 K are still weakly active, but begin to cancel

each other. This leads to the long delay between the photo-
excitation time at-2 ms and the appearance of #emission

[5P*-NI*7], with the lowest energy. At 223 K, which is the

low temperature region of the soft glass phase, only the triplet "~ . o . i
of 5P-NI is observed, which decreases in intensity as the at.74.ms. '_I'he hl_gher energy of [t_SPNI ]. relative to_[SPf
NI*7] is evident in the radical pair kinetics shown in Figure

:ﬁr?gte{sgjt:gemrgiséeizgg ?(r tnhoectﬁ;ptzri?ﬁee re(%';?zézz‘tn thelOb. Here, the singlet-initiated radical pair absorption signal is
P o ! 9 P evident up to 270 K as compared to 250 K for {5MI*7].

pattern occurs, indicating that the triplet formation is still du_e Furthermore, no [6®-NI*] signal is evident until 250 K, as
to back electron transfer and thus at least some of the radical .
compared to 240 K for [5P-NI*"].

air energy levels lie above the triplet (Figure 5b).
P dy plet (Fig ) We now discuss the radical pair kinetics of 5P-Pl and 6P-PlI.

At 240 K the narrow signal superimposed on the weak triplet The back electron-transfer reaction producé®-PI] b
spectrum starts to build up. This signal is attributed, similarly 3*PT Ii:scabGO(\e/Cé*% Tr?eskiietiiasco?SFP F?I (ljjiffer from (takfgsuesif

to previously studied dyad systems with short dereecceptor . .
distances, to the triplet radical pair (TRB5P*-NI*-].° The SP-NI and 6P-NI (Figure 5b) because #8P energy level is

emergence of this signal means that at least part of the radical®-24 €V higher than théNI triplet level. Thus, the back
pair energy level band drops below the [5RH] energy, so electron-transfer reaction returns to a higher energy level than
that back electron transfer to the triplet is not thermally for the dyads that contain NI. This results in the onset of signal
accessible and back electron transfer to the ground state begin§t lower temperatFlire tﬂan for [6RNI*"], even th;ugh._the
to occur. The nearly 2 eV free energy change places this back€N€rgy level of [6P-NI*] is lower than that of [5P-PI"].
electron-transfer reaction in the Marcus inverted regime and the The radical pair klnet!cs fqr SP'PI are illustrated in F'Qure 10c.
reaction slows down dramaticafl§2¢ The ZFS parameter D At 245 K, an absorption signal is observed at early times, and
of 3[5P+-NI*-] is ~10 mT, and applying the dipole approxima- indicates singlet-initiated electron transfer. This is followed by
tion permits the estimati(;n of the doneacceptor distance= an emission signal that is due to triplet-initiated radical pairs.
6.55 A, which is in good agreement with the molecular Thus, in the soft glass phase, the radical pair energy level
geometry2? overlaps with thé*5P energy level. At the higher nematic phase
The radical pair kinetic curves f8[5P"-NI*7] illustrated in temperatures, qn!y an emission signal is. observe_d, indicating
Figure 10a exhibit strong temperature dependence. At 240 K that only triplet-initiated electron transfer is operative and that
the initial emission &) is followed by an absorption and the 3radical pair energy level band has dropped entirely below
*
ultimately by a second emissiorey]. The phase inversion the **5P level. ) o
corresponds to the existence of different routes for producing For the case of 6P-PI, no radical pair signal could be observed
the radical pair states, i.e., singlet and triplet initiated rotftés. ~ at any temperature. However, the broad triplet spectrum of 6P-
Therefore, the two emissive radical pair signals must be due to Pl was observed up to 255 K, becoming weaker upon increasing
two different triplet-initiated radical pair routes. Two possible the temperature. The optical data show that any triplet present
routes for the triplet-initiated radical pair formation can be in the frozen glass is a result of back electron transfer because
understood by observing the inset Figure 5b. One manner bythe Pt~ moiety is formed in less than 1 ps in the glass phase
which a triplet-initiated radical pair can be created is a result With @& recombination time of 64 ns. At 260 K, the high-
of the slower electron-transfer rate in the soft glass due to the témperature region of the soft glass phase, the triplet signal

(25) Marcus, R. AJ. Chem. Physl956 24, 966. (27) Wiederrecht, G. P.; Svec, W. A.; Wasielewski, M.JRAm. Chem.
(26) Marcus, RJ. Chem. Physl1965 43, 679-701. S0c.1997 119 6199-6200.
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Table 4. The Center Energy Level of the Radical Pair States in
the Frozen and Soft Glass Phases

[5P*t-PI],  [6P*-PIT],  [BPT-NIT],  [6P-NI*T],
temp, K eV eV eV eV
170 2.55 2.71 2.25 241
240 2.35 2.51 2.05 2.21
245 2.29 2.45 2.19 2.15
250 2.15 2.31 1.85 2.01
300 191 2.07 161 1.77

Wiederrecht et al.

dyads possess the shortest deracceptor distances for which
radical ion pair phenomena have been probed by EPR. We have
shown that they (1) undergo ultrafast charge separatidh (

ps) from the photoexcited singlet excited state of the donor at
low temperature; (2) possess charge transfer bands in the visible
region, a rarity among dyads in which the donor and acceptor
are not significantly electronically coupled in the ground state;
(3) possess the rare characteristic that they back electron transfer
to a triplet state at low temperature; (4) possess a novel
mechanism for RP-ISC as judged by the unique polarization

disappears completely due to fast quenching by electron transfematterns of the resulting triplet states; and (5) that aligned liquid

as described above.

crystals are advantageous for these studies. The final point is a

~ Table 4 cites the center energy level of the four radical pairs consequence of the ability of LCs to undergo a gradual transition
in the glass, soft glass, and liquid crystal phases. The valuesfrom a glassy state to a liquid crystal phase. This permits precise
use the arguments cited above for the appearance of the signalmeasurements of radical pair energy levels and solvation

indicating energy overlap with optically determined triplet

energies, and slows the radical pair reaction rates sufficiently

excited-state energy levels. The disappearance of the tripletsp that observation of a TREPR signal from the radical pair is
signal due to fast depopulation and the triplet-initiated polarized possiple.

emission signals also assist with the energy level assignments
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Conclusions

We have presented optical and TREPR data on a series of
short distance, covalently bound dor@cceptor dyads. These
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