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ABSTRACT: We have studied spin-dependent charge
transfer dynamics in wirelike donor-bridge-acceptor
(D-B-A) molecules comprising a phenothiazine (PTZ)
donor, an oligo(2,7-fluorene) (FLn) bridge, and a perylene-
3,4:9,10-bis(dicarboximide) (PDI) acceptor, PTZ-FL3-
PDI (1) and PTZ-FL4-PDI (2), dissolved in themagnetic
field-aligned nematic phase of 4-cyano-40-n-pentylbiphenyl
(5CB) at 295 K. Time-resolved EPR spectroscopy using both
continuous wave and pulsed microwaves shows that the
photogenerated radical pairs (RPs), PTZþ•-FL3-PDI-•

and PTZþ•-FL4-PDI-•, recombine much faster from the
singlet RP manifold than the triplet RP manifold. When a
strong resonant microwave π pulse is applied following RP
photogeneration in 1 and 2, the RP lifetimes increase about
50-fold as indicated by electron spin-echo detection. This
result shows that the RP lifetime can be greatly extended by
rapidly switching off fast triplet RP recombination.

It is important to elucidate and control the factors that
determine the lifetimes of photogenerated charge separated

states in donor-bridge-acceptor (D-B-A) molecules for solar
energy conversion1 and molecular electronics2 and spintronics.3

Most charge transfer reactions in molecular systems occur by the
exponentially distance-dependent superexchange mechanism,4

while nearly distance-independent thermal charge hopping is
ideal for long-range “wirelike” transport.5 The hopping mechanism
requires the energy level of the reactant state to be nearly resonant
with the oxidized or reduced bridge states.5a Thus, the energy levels
of the charge separated states are an important controlling factor for
bridge-mediated electron transfer, one that is typically tuned by
changing solvent dielectric constant. For example, both the effi-
ciency and the direction of electron transfer can be controlled by the
anisotropic dielectric properties of liquid crystals.6

For charge recombination (CR) reactions, the spin dynamics
of the radical ion pairs (RPs) must also be considered.4b,7

Following rapid charge separation, the initially formed singlet
RP, 1(Dþ•-B-A-•), undergoes radical-pair intersystem cross-
ing (RP-ISC)8 induced by electron-nuclear hyperfine coupling
within the radicals to produce the triplet RP, 3(Dþ•-B-A-•).
The CR reactions take place spin selectively from these RP states,
so that interconversion between the singlet and triplet RP states
can be a kinetic bottleneck for the overall CR process.9 Modifica-
tion of the spin dynamics by an applied magnetic field has been

shown to dramatically change the spin-selective RP reaction
yields.9,10 Thesemagnetic field effects (MFEs) allow control over
the CR lifetime, so that the spin-dependent CR pathways as well
as the RP spin-spin exchange interaction 2J = ES- ET, where ES
and ET are spin state energies for the singlet and triplet RP states,
respectively, can be probed. The value of 2J is exponentially
distance dependent and directly reflects the donor-acceptor
electronic coupling (VDA).

11 It is also possible to control the RP
spin dynamics on a nanosecond time scale by photogenerating the
RP in an appliedmagnetic field, then applying a resonantmicrowave
(MW) pulse that inverts the spins of the RP, thus controlling spin-
selective CR and the yield of singlet and triplet products. This
technique is known as reaction-yield-detected magnetic resonance
(RYDMR).12 For example, MW irradiation has been shown to
increase the photogenerated singlet RP lifetime in bacterial photo-
synthetic reaction center proteins by 1-2 orders of magnitude.13

At the∼350 mTmagnetic field characteristic of time-resolved
EPR (TREPR) measurements at X-band, the triplet sublevels of
3(Dþ•-B-A-•) undergo Zeeman splitting, and are best de-
scribed by the Tþ1, T0, and T-1 eigenstates that are quantized
along the applied magnetic field, while the 1(Dþ•-B-A-•) (S)
energy is unaffected.14 When intra-RP distances areJ15 Å, 2J is
generally <10 mT, so that the S and T0 spin states are close in
energy andmix, while the Tþ1 and T-1 states are energetically far
removed fromT0 and do notmix with S.14 The twoRP states that
result from S-T0 mixing are preferentially populated due to the
initial population of S, so that the four EPR transitions that occur
between these states and Tþ1 and T-1 are spin polarized.8 The
resulting TREPR spectrum consists of two antiphase doublets,
centered at the g-factors of the individual radicals that comprise
the pair. The splitting in each doublet is determined by 2J and D,
the dipolar interaction between the radicals. The subsequent
charge recombination process is spin selective; i.e. 1(Dþ•-B-A-•)
recombines to the singlet ground state, while 3(Dþ•-B-A-•)
recombines to yield the triplet 3*(D-B-A).15
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Here we report on the spin and charge transfer dynamics of
D-B-A molecules comprising a phenothiazine (PTZ) donor,
an oligo(2,7-fluorene) (FLn) bridge, and a perylene-3,4:9,
10-bis(dicarboximide) (PDI) acceptor, PTZ-FL3-PDI (1)
and PTZ-FL4-PDI (2)5a,9,16 dissolved in the room tempera-
ture nematic liquid crystal 40-cyano-4-n-pentylbiphenyl (5CB).6a

Placing 5CB in the ∼350 mT magnetic field (B) used for the
TREPR experiments at 295 K aligns the director of 5CB (L)
parallel to the field (L )B). In turn, 5CB preferentially aligns
the long axes of 1 and 2 parallel to L as indicated by the EPR
spectra of 3*PDI formed by CR (See Supporting Information).
TREPR using continuous-wave (CW)microwave irradiation and
pulsed EPR-detected RYDMR are used to characterize and
control the CR processes in 1 and 2. The synthesis of 1 and 2
is described elsewhere.5a Each molecule was dissolved in 5CB,
then loaded into a 4 mm OD � 2 mm ID quartz tube and
degassed by 4-5 freeze-pump-thaw cycles. The experimental
setup for TREPR and pulsed EPR at X-band was described pre-
viously.4b,17 The PDI chromophore in the samples was selectively
excited with 7 ns, 532 nm, 2 mJ laser pulses from a frequency-
doubled Nd:YAG laser. The total instrument response time
is ∼50 ns for TREPR.

The TREPR spectra for 1 and 2, (a and b in Figure 1,
respectively) in 5CB at room temperature show narrow spin
polarized signals assigned to the PTZþ•-FLn-PDI-• spin
correlated radical pair (SCRP).14c These spectra also show a
time-dependent inversion of their polarization patterns from E/A
to A/E (E = emission, A = enhanced absorption). This phase
inversion is not observed in toluene. The polarization pattern of

the SCRP is determined by the sign rule: Γ =ΔP 3 sign[2J-D(3
cos2 ξ -1)] = (þ) gives E/A or (-) gives A/E, where ξ is the
angle between themagnetic field and the vector that connects the
two radicals, and the second-order polarization ΔP = PS-T0 -
PT(1, where PS-T0 and PT(1 are the populations of the S-T0

mixed states and T(1 states, respectively.
8a,18The second term is

usually independent of the observation time, so that the phase
inversion indicates a change in the sign of ΔP.

Time-dependent polarization inversion in SCRPs has been
reported previously19 and is mostly likely a consequence of
dominant CR from the RP singlet sublevel at early times followed
by transfer of a small population to the T(1 states at later times by
slow spin relaxation (krlx). Since CR does not occur from the T(1

states, overpopulation of these states is seen at later times. We
have carried out spectral simulations based on the kinetic model
presented earlier,19b assuming that spin selective recombination
occurs from the singlet and triplet manifolds with rate constants
kCRS and kCRT, respectively (see Supporting Information). The
time-resolved spectra are qualitatively well simulated with very
small values of 2J (<0.1 mT), when kCRS . kCRT, krlx. The value
of 2J for a weakly coupled RP depends on its electronic coupling
to energetically accessible CS precursor andCR product states by

2J ¼ ∑
n
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ERP - En - λ
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Figure 1. TREPR spectra at 295 K in 5CB. (a) and (b) are SCRP
spectra for 1 and 2, respectively, at the indicated observation times after a
7 ns, 532 nm laser pulse. Black lines are simulated SCRP spectra using
the kinetic model described in the Supporting Information.

Figure 2. Enhancement of the FID signal of 1 by irradiation with
a πMW pulse at 44 ns after the laser pulse. The pulse sequence and the
schematic diagram of the spin dynamics are shown. The initial popula-
tion on the reactive S-T0 mixed states (|2> and |3>) is transferred to
nonreactive Tþ1 and T-1 states by the π pulse resulting in the large
population and the strong FID at even the late time. The time for FID is
defined as the time after the detection π/2 pulse (at td = tiþ tid after the
laser). The FID signal without laser irradiation is subtracted from the
traces. The signal before 60 ns cannot be observed due to the dead time
of the spectrometer.
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where the indicatedmatrix elements couple the singlet and triplet
RP states to states n, ERP, and En are energies of these states,
respectively, and λ is the total nuclear reorganization energy of
the CR reaction.11 The 2J values for 1 and 2 in 5CB are at least
10 times smaller than those in toluene, indicating that VDA is
smaller and/or there are larger energy differences between the
coupled states.5a The latter is more likely, given the large
difference in static dielectric constants between toluene (ε = 2.38)
and 5CB (ε ) = 18, ε^ = 6).20

The polarization inversion mechanism mentioned previ-
ously19b can be confirmed by RYDMR experiments.21 In this
technique, applying a resonant MW pulse to the RP transfers
population from the mixed S-T0 levels to the nearly empty T(1

levels, which permits observation of the “lifetime” of the T(1

states. This change in population results in changes in the relative
yields of singlet and triplet CR products, which are usually
detected optically. In our case, however, it is very difficult to
observe transient absorption signals due to scattering from the
nematic phase of 5CB at room temperature. As an alternative to
the optically detected RYDMR experiment, after the initial MW
pulse that creates the overpopulated T(1 RP levels, we have
detected transitions between these levels and the mixed RP S-
T0 levels using either the free induction decay (FID) following a
π/2 pulse or electron spin echo (ESE) detection using the two-
pulse sequence π/2-T-π (Figure 2).22 The transverse spin
relaxation time T2 of the RP resulting from restricted motion of 1
and 2 in the aligned nematic phase of 5CB is sufficiently long
to permit ESE experiments to be performed in this medium at
295 K. We observed nearly a 20-fold enhancement of the FID
signal of 1 following the π inversion pulse (Figure 2) (deter-
mination of the MW flip angle is based on transient nutation
experiments, see Supporting Information). This effect is a result
of population pumping from the reactive S-T0 states (|2æ and
|3æ, Figure 2) to the nonreactive T(1 states. A similar effect is also
observed on the ESE signal from 2. These observations strongly
support the conclusion from the TREPR experiments using CW
MW irradiation that kCRS . kCRT, krlx.

The decay kinetics of the S-T0 mixed states and T(1 states
are observed separately by several pulse-delay experiments. The
kinetics without the π inversion pulse is obtained by the simple
pulse sequence of laser-tD-π/2-FID for 1 as shown in Figure 3a.
The signal tracks the time evolution of the second order
polarization ΔP. The value of ΔP without the initial inversion
π pulse reflects the population of the S-T0 mixed states because

T(1 states have negligible population, i.e. krlx , kCRS, kCRT.
When 2J is small, the observed decay rate for the S-T0

population at high field, can be approximated as

kobsðS- T0Þ ¼ kCRS=2þ kCRT=2 � kCRS=2 ð2Þ

because S-T0 mixing is much faster (g108 s-1) than kCRS and
kCRT and kCRS . kCRT as indicated by the TREPR results using
CW MWs. Thus, the observed 150 ns decay for 1 yields kCRS =
1.3� 107 s-1. On the other hand, the kinetics in the presence of
the π inversion pulse are recorded by using the pulse sequence
laser-ti-π-tid-π/2-FID, where tid is varied (Figure 3b). In
this case, one can observe the time evolution of the T(1 states,
which are populated by the inversion pulse. The decay of the T(1

states is governed by triplet CR and/or relaxation to the S-T0

mixed states followed by the fast CR from themixed states, which
is approximated by

kobsðT(1Þ ¼ kCRT þ krlx ð3Þ
The 8.2 μs decay time for 1 yields kobs(T(1) = 1.2� 105 s-1,19b,23

which means that the RP lifetime is extended by about a factor of
50 by the MW pulse as has been observed for the photosynthetic
reaction center.13 However, the experiment does not separate kCRT
and krlx.

The kinetics for 2 without the initial inversion π pulse is
observed by the laser-td-π/2-T-π-echo pulse sequence,
where td is varied (Figure 3c). The kinetics show a fast 2 μs
decay component, which is followed by a distinct population
inversion and a very slow decay of the inverted signal (>20 μs);
the two components are assigned to kobs(S-T0) and kobs(T(1),
respectively. The trace is fit by simple two-state kinetics
(Supporting Information), which give kCRS = 7�105 s-1 and
krlx = 3�104 s-1. The simulation is not sensitive to kCRT, but an
upper limit of kCRT < 7� 104 s-1 is obtained. The very slow
relaxation is indicative of very slowmolecular motion of the RP in
the nematic liquid crystal. The value of krlx is unlikely to depend
significantly on the number of FL units, given that the relaxation
is mainly induced by fluctuations in the anisotropies of the
magnetic parameters of each radical by local rotational
motions.24 If that is the case, we can use the value of krlx
determined from 2 (3 � 104 s-1) to determine kCRT for 1:
kCRT = kobs(T(1)- krlx = 9� 104 s-1, which is somewhat larger
than that for 2.

Figure 3. RP population kinetics for 1 (a, b) and 2 (c) recorded by pulsed EPR at the center magnetic field. (a) Laser-tD-π/2-FID pulse sequence for
monitoring ΔP ≈ PS-T0. (b) Laser-ti(=44 ns)-π-tid-π/2-FID sequence for monitoring ΔP ≈ PT(1. (c) Laser-tD-π/2-T(=108 ns)-π-echo
sequence for monitoring ΔP. The integration gate for the FID/echo (8 ns width) is placed where the maximum signal is observed and shifted in
synchronization with the detection pulse. Black lines in (a) and (b) are single exponential fits, whereas for (c) the fit is obtained by two-state kinetics
simulation.
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The dramatic change in the lifetimes of RPs by the initial MW
π-pulse for the D-B-A molecules could be used as way to
produce molecular spintronic gates controlled by both visible
and MW pulses. Molecules 1 and 2 in 5CB are formally AND
gates, if the number of charge carriers at late times (1/kCRS, t,
1/kT(1) is regarded as the output signal.

In conclusion, we have succeeded in elucidating and control-
ling the spin-selective CR dynamics in wirelike PTZ-FLn-PDI
molecules oriented in 5CB by TREPR and pulse-EPR-detected
RYDMR. The large increase in the lifetime of the RPs by the
initial MW pulse manifests the importance of spin dynamics in
prolonging charge separation for solar energy conversion, mo-
lecular electronics, and spintronics applications.

’ASSOCIATED CONTENT

bS Supporting Information. Detail regarding the simula-
tion of RP TREPR spectra, pulsed EPR kinetics, TREPR kinetics,
and transient nutation experiments for pulsed EPR. This material
is available free of charge via the Internet at http://pubs.acs.org.

’AUTHOR INFORMATION

Corresponding Author
m-wasielewski@northwestern.edu

’ACKNOWLEDGMENT

We thank Dr. Randall H. Goldsmith for synthesis of 1 and 2.
T.M. thanks Dr. Kiminori Maeda for stimulating discussions.
This work was supported by the National Science Foundation
under Grant No. CHE-1012378.

’REFERENCES

(1) (a) Wasielewski, M. R. Acc. Chem. Res. 2009, 42, 1910–1921. (b)
Gust, D.; Moore, T. A.; Moore, A. L. Acc. Chem. Res. 2009, 42, 1890–
1898.
(2) (a) Straight, S. D.; Andreasson, J.; Kodis, G.; Moore, A. L.;

Moore, T. A.; Gust, D. J. Am. Chem. Soc. 2005, 127, 2717–2724. (b)
Flood, A. H.; Stoddart, J. F.; Steuerman, D.W.; Heath, J. R. Science 2004,
306, 2055–2056.
(3) (a) Rajca, A. Adv. Phys. Org. Chem. 2005, 40, 153–199. (b)

Epstein, A. J.MRS Bull. 2003, 28, 492–499. (c) Wolf, S. A.; Awschalom,
D. D.; Buhrman, R. A.; Daughton, J. M.; von Molnar, S.; Roukes, M. L.;
Chtchelkanova, A. Y.; Treger, D. M. Science 2001, 294, 1488–1495. (d)
Mehring, M.; Mende, J. Phys. Rev. A: At., Mol., Opt. Phys. 2006, 73,
052303/052301–052303/052312. (e) Harneit, W. Phys. Rev. A 2002,
65, 032322.(f)Morton, J. J. L.; Tyryshkin, A.M.; Ardavan, A.; Porfyrakis,
K.; Lyon, S. A.; Briggs, G. A. D. Los Alamos National Laboratory, Preprint
Archive, Quantum Physics 2004, 1-6, arXiv:quant-ph/0403226; (g)
Tamulis, A.; Tamuliene, J.; Tamulis, V.; Ziriakoviene, A. Nonlinear
Opt., Quantum Opt. 2003, 30, 285–300. (h) Wu, L.-A.; Lidar, D. A.
Phys. Rev. A: At., Mol., Opt. Phys. 2002, 66, 062314/062311–062314/
062315. (i) Nagao, H.; Kinugawa, K.; Shigeta, Y.; Ohta, K.; Yamaguchi,
K. J. Mol. Liq. 2001, 90, 63–68. (j) Cory, D. G.; Fahmy, A. F.; Havel, T. F.
Proc. Natl. Acad. Sci. U.S.A. 1997, 94, 1634–1639. (k) Gershenfeld, N. A.;
Chuang, I. L. Science 1997, 275, 350–356. (l) Jones, J. A.; Mosca, M.
J. Chem. Phys. 1998, 109, 1648–1653.
(4) (a) Bixon, M.; Jortner, J. J. Chem. Phys. 1997, 107, 5154–5170.

(b) Scott, A.M.;Miura, T.; Ricks, A. B.; Dance, Z. E. X.; Giacobbe, E.M.;
Colvin, M. T.; Wasielewski, M. R. J. Am. Chem. Soc. 2009, 131, 17655–
17666.
(5) (a) Goldsmith, R. H.; Sinks, L. E.; Kelley, R. F.; Betzen, L. J.; Liu,

W.; Weiss, E. A.; Ratner, M. A.; Wasielewski, M. R. Proc. Natl. Acad. Sci.

U.S.A. 2005, 102, 3540–3545. (b) Davis, W. B.; Svec, W. A.; Ratner,
M. A.; Wasielewski, M. R. Nature 1998, 396, 60–63. (c) Weiss, E. A.;
Ahrens, M. J.; Sinks, L. E.; Gusev, A. V.; Ratner, M. A.; Wasielewski,
M. R. J. Am. Chem. Soc. 2004, 126, 5577–5584.

(6) (a) Wiederrecht, G. P.; Svec, W. A.; Wasielewski, M. R. J. Phys.
Chem. B 1999, 103, 1386–1389. (b) Sinks, L.; Fuller, M. J.; Liu, W.;
Ahrens, M. J.; Wasielewski, M. R. Chem. Phys. 2005, 319, 226–234.

(7) Verhoeven, J. W. J. Photochem. Photobiol., C 2006, 7, 40–60.
(8) (a) Closs, G. L.; Forbes, M. D. E.; Norris, J. R. J. Phys. Chem.

1987, 91, 3592–3599. (b) Hore, P. J.; Hunter, D. A.; McKie, C. D.; Hoff,
A. J. Chem. Phys. Lett. 1987, 137, 495–500.
(9) Miura, T.; Scott, A.M.;Wasielewski, M. R. J. Phys. Chem. C 2010,

114, 20370–20379.
(10) (a) Steiner, U. E.; Ulrich, T. Chem. Rev. 1989, 89, 51–147. (b)

Weiss, E. A.; Ratner, M. A.; Wasielewski, M. R. J. Phys. Chem. A 2003,
107, 3639–3647.

(11) (a) Weiss, E. A.; Wasielewski, M. R.; Ratner, M. A. J. Chem.
Phys. 2005, 123, 064504/064501–064504/064508. (b) Kobori, Y.;
Sekiguchi, S.; Akiyama, K.; Tero-Kubota, S. J. Phys. Chem. A 1999,
103, 5416–5424.

(12) (a) Wasielewski, M. R.; Bock, C. H.; Bowman, M. K.; Norris,
J. R. Nature 1983, 303, 520–522. (b) Murai, H. J. Photochem. Photobiol.,
C 2003, 3, 183–201.

(13) van Dijk, B.; Gast, P.; Hoff, A. J.; Dzuba, S. A. J. Phys. Chem. A
1997, 101, 719–724.

(14) (a) Hasharoni, K.; Levanon, H.; Greenfield, S. R.; Gosztola,
D. J.; Svec, W. A.; Wasielewski, M. R. J. Am. Chem. Soc. 1996, 118,
10228–10235. (b) Carbonera, D.; DiValentin, M.; Corvaja, C.; Agostini,
G.; Giacometti, G.; Liddell, P. A.; Kuciauskas, D.; Moore, A. L.; Moore,
T. A.; Gust, D. J. Am. Chem. Soc. 1998, 120, 4398–4405. (c) Dance,
Z. E. X.; Mi, Q.; McCamant, D. W.; Ahrens, M. J.; Ratner, M. A.;
Wasielewski, M. R. J. Phys. Chem. B 2006, 110, 25163–25173. (d)
Kobori, Y.; Yamauchi, S.; Akiyama, K.; Tero-Kubota, S.; Imahori, H.;
Fukuzumi, S.; Norris, J. R., Jr. Proc. Natl. Acad. Sci. U.S.A. 2005, 102,
10017–10022.

(15) Levanon, H.; Hasharoni, K. Prog. React. Kinet. 1995, 20, 309–
346.

(16) (a) Goldsmith, R. H.; DeLeon, O.; Wilson, T. M.; Finkelstein-
Shapiro, D.; Ratner, M. A.; Wasielewski, M. R. J. Phys. Chem. A 2008,
112, 4410–4414. (b) Miura, T.; Carmieli, R.; Wasielewski, M. R. J. Phys.
Chem. A 2010, 114, 5769–5778.

(17) Chernick, E. T.; Mi, Q.; Kelley, R. F.; Weiss, E. A.; Jones, B. A.;
Marks, T. J.; Ratner, M. A.; Wasielewski, M. R. J. Am. Chem. Soc. 2006,
128, 4356–4364.

(18) Buckley, C. D.; Hunter, D. A.; Hore, P. J.; McLauchlan, K. A.
Chem. Phys. Lett. 1987, 135, 307–312.

(19) (a) Shaakov, S.; Galili, T.; Stavitski, E.; Levanon, H.; Lukas, A.;
Wasielewski, M. R. J. Am. Chem. Soc. 2003, 125, 6563–6572. (b) Fukuju,
T.; Yashiro, H.; Maeda, K.; Murai, H.; Azumi, T. J. Phys. Chem. A 1997,
101, 7783–7786.

(20) Stankus, J. J.; Torre, R.; Fayer, M. D. J. Phys. Chem. 1993, 97,
9478–9487.

(21) Kageyama, A.; Yashiro, H.; Murai, H. Mol. Phys. 2002, 100,
1341–1348.

(22) Kulik, L. V.; Borovykh, I. V.; Gast, P.; Dzuba, S. A. J. Magn.
Reson. 2003, 162, 423–428.

(23) Sakaguchi, Y. Mol. Phys. 2002, 100, 1129–1135.
(24) (a) Turro, N. J.; Zimmt, M. B.; Gould, I. R. J. Phys. Chem. 1988,

92, 433–437. (b) Hayashi, H.; Nagakura, S. Bull. Chem. Soc. Jpn. 1984,
57, 322–328.


