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Time-resolved electron paramagnetic resonance studies show that the primary mechanism of triplet formation
following photoexcitation of julolidine-anthracene molecules linked by a single bond and having perpendicular
π systems is a spin-orbit, charge-transfer intersystem crossing mechanism (SOCT-ISC). This mechanism
depends on the degree of charge transfer from julolidine to anthracene, the dihedral angle (θ1) between their
π systems, and the magnitude of the electronic coupling between julolidine and anthracene. We compare
4-(9-anthracenyl)-julolidine with the more sterically encumbered 4-(9-anthracenyl)-3,5-dimethyljulolidine and
find that fixingθ1 = 90° serves to enhance SOCT-ISC by increasing the change in orbital angular momentum
accompanying charge transfer. Given that the requirements for the SOCT-ISC mechanism are quite general,
we expect it to occur in a variety of electron donor-acceptor systems.

Introduction

In the past four decades, the photophysics of electron donor-
acceptor (D-A) molecules covalently linked by a single bond
have been studied extensively.1 A large fraction of this work
has been directed toward understanding the electronic structures
and conformations of these molecules in their ground and lowest
excited singlet charge-transfer (CT) states.1-14 These molecules
usually display CT absorption and emission bands and exhibit
large excited-state dipole moments, which imply that the
electronic coupling matrix element between the donor and the
acceptor,VDA, is reasonably large and that significant electron
density is transferred from the donor to the acceptor in the
excited state. One particular group of molecules that fulfills these
criteria are 4-(9-anthryl)-N,N-dimethylaniline (ADMA) deriva-
tives.2-16 The nature of the ADMA excited CT state has been
studied by Okada et al.17 and Herbich et al.3,18and the relevant
issues have been summarized by Grabowski et al.1,19 Many of
these studies have examined ADMA derivatives with substit-
uents that sterically control rotations about the nitrogen-phenyl
or phenyl-anthracene single bonds to simplify the photophysics
exhibited by ADMA itself. For example, in julolidine-an-
thracene (J-An), Figure 1, the structure of julolidine severely
restricts rotation about the nitrogen-phenyl single bond, which
maximizes the overlap of the nitrogen lone pair with theπ
system of the phenyl ring.2 This leaves the julolidine-anthracene
torsional angle,θ1, in J-An as a key parameter that determines
its excited-state properties.11,12,20-22

Despite the attention ADMA systems have received, there
have been relatively few studies on the mechanism of radia-
tionless decay of their CT states.2,23 As is usually the case, this
decay can occur by internal conversion to the ground state or
intersystem crossing (ISC) to the triplet manifold, Figure 2. In
the present work, we explore the ISC mechanism associated
with the formation of the triplet state localized on anthracene
following photoexcitation into the CT absorption bands of

J-An, DMJ-An, and DMJ-An-tol, Figure 1. DMJ-An is
modeled after J-An, but uses additional methyl groups on
julolidine to enforce a geometry in which theπ system of DMJ
is perpendicular to that of the anthracene, i.e.,θ1 ≈ 90°. DMJ-* Corresponding author. E-mail: m-wasielewski@northwestern.edu.

Figure 1. Principal axis system and molecular structures of anthracene
and its julolidine-substituted derivatives.

Figure 2. Energy level ordering for J-An, DMJ-An, and DMJ-An-tol,
where D) J or DMJ, and A) An.
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An-tol was also studied as a control molecule because 9-phenyl
and 9,10-diphenyl substitution of anthracene have been shown
to dramatically reduce its ISC yield.24-33

A detailed analysis of the ISC mechanism in J-An, DMJ-
An, and DMJ-An-tol requires consideration of the nature of
their CT states, which can be represented as a mixture of the
locally excited (LE) states of the anthracene acceptor and the
radical ion pair (RP) states shown in Figure 2 and expressed in
eq 11,13,34-39 whereΣci

2 ) 1. The energies of the ground state

and the LE states of the julolidine donor are well separated from
those of the RP states,1(D+•-A-•) and 3(D+•-A-•), so that
these LE states should not contribute significantly toΨCT. In
contrast, the contribution of the lowest excited LE singlet state
of the anthracene acceptor,1*A, as well as its two lowest LE
triplet states,3*A(T1) and 3*A(T2), to ΨCT may be more
significant because they are energetically much closer to1(D+•-
A-•) and 3(D+•-A-•). Both of these RP states may also be
important to the overall mechanism leading to the formation of
D-3*A.

When1(D+•-A-•) dominates the overall electronic descrip-
tion of the Franck-Condon CT state produced upon photoex-
citation, Figure 2, two ISC mechanisms distinct from ordinary
spin-orbit induced ISC (SO-ISC) typical of LE singlet states
in aromatic molecules may yield a triplet state localized on D
or A. One mechanism, radical pair-intersystem crossing (RP-
ISC), involves mixing between the1(D+•-A-•) and3(D+•-A-•)
states induced by electron-nuclear hyperfine coupling within
the two radicals. The theory and mechanistic details of RP-ISC
have been researched extensively40-44 and have been applied

to many donor-acceptor systems.45-53 This mechanism is
generally important when the singlet-triplet energy splitting,
2J, between1(D+•-A-•) and 3(D+•-A-•) is smaller than the
sum of the hyperfine couplings in D+• and A-•. RP-ISC is
usually followed by spin-selective charge recombination to
produce a significant yield of the lowest neutral molecular triplet
state, in this case D-3*A. Alternatively, intersystem crossing
from 1(D+•-A-•) may take place via a spin-orbit coupling
mechanism to produce the neutral triplet state directly, Figure
2, provided that the symmetries of the orbitals involved in the
charge transfer are such that the spin flip is coupled to a
significant change in orbital angular momentum.35,54-57 Whether
either of these ISC mechanisms involves formation of the T2

state of the acceptor, followed by internal conversion to its T1

state, and/or direct formation of the T1 state, depends on the
energetic proximity of T2 to 1(D+•-A-•) and3(D+•-A-•) and
will be discussed below.

Time-resolved electron paramagnetic resonance (TREPR)
techniques, which are particularly well-suited for investigating
the behavior of CT mechanisms involving paramagnetic
states,44,58-69 were used to examine the triplet states of An,
J-An, DMJ-An, and DMJ-An-tol. Application of a magnetic
field results in Zeeman splitting of the triplet sublevels, which
at low fields are best described by the zero-field eigenstates,
TX, TY, and TZ that are quantized in the molecular framework,
and at high fields by the T+1, T0, and T-1 eigenstates that are
quantized along the applied magnetic field, Figure 3. The main
features of the EPR spectrum of D-3*A arise from zero-field
splitting (ZFS), which is a result of the magnetic dipole-dipole
interaction between the two unpaired electrons in the triplet state.
The Hamiltonian that describes this interaction is70-73

Figure 3. Energy levels of D-3*A formed by (A) SO-ISC with selective population of TY (D > 0, E < 0) and (B) S-T0 mixing within a radical
pair precursor. The arrows indicate the direction of the transition and are labeleda ) enhanced absorption,e ) emission. The solid ovals depict
relative populations.
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whereD andE are the zero-field-splitting parameters andSx,y,z

are the components of the total spin angular momentum operator
(S) for the triplet state. The effect of this term is to lift the
degeneracy of the triplet manifold in the absence of an external
magnetic field as a function of the symmetry of the molecule.
The polarization of the EPR transitions exhibited by D-3*A
formed by the SO-ISC mechanism can be differentiated from
the RP-ISC mechanism by the electron spin polarization (ESP)
pattern of the six EPR transitions, i.e., the two transitions at
each canonical (x, y, z) orientation.74 In SO-ISC, the three zero-
field levels TX, TY, and TZ of D-3*A are selectively populated
and this selectivity is carried over to the high-field energy levels.
For example, assuming selective population of the TY zero-
field level and D > 0, Figure 3A shows that the six EPR
transitions from low to high field yield an (e, a, e, a, e, a)
polarization pattern, wherea ) enhanced absorption ande )
emission of microwave radiation. In contrast, RP-ISC acts
directly on the high-field triplet sublevels of the RP via S-T0

mixing, Figure 3B. Spin polarization is preserved upon charge
recombination, and the resulting (a, e, e, a, a, e) polarization
pattern exhibited by D-3*A is the unique signature of the RP-
ISC mechanism.

Experimental Section

Zone-refined An (Aldrich) was used without further purifica-
tion. The syntheses and characterization of J-An,2 DMJ-An,
and DMJ-An-tol are given in the Supporting Information.
J-An, DMJ-An, and DMJ-An-tol were purified by prepara-
tive TLC prior to use. A 10 mm path length quartz cuvette was
used for both the absorption and fluorescence measurements,
and the optical density atλmaxfor the fluorescence measurements
was maintained at<0.1 ( 0.05 to avoid reabsorption artifacts.
Samples for steady state and time-resolved fluorescence mea-
surements as well as nanosecond transient absorption measure-
ments were subjected to several freeze-pump-thaw degassing
cycles on a vacuum line (1× 10-4 Torr). Steady state absorption
and emission spectra were performed on a Shimadzu 1601 UV/
vis spectrophotometer and PTI single photon counting spec-
trofluorimeter, respectively. Emission quantum yields were
determined relative to that of quinine sulfate,φF ) 0.546 in
0.5 M H2SO4.75

Fluorescence lifetime measurements were made using a
Hamamatsu C4780 picosecond fluorescence lifetime measure-
ment system, consisting of a C4334 Streakscope and a C4792-
01 synchronous delay generator. The excitation light source was
supplied by a home-built cavity-dumped Ti:sapphire laser76 with
a NEOS N13389 3-mm fused-silica acoustooptic modulator
(AOM). The AOM was driven by an NEOS Technologies
N64389-SYN 10 W driver to deliver 30 nJ, sub-50 fs pulses at
an 820 kHz repetition rate. The laser pulses were frequency
doubled to 400 nm by focusing the 800 nm fundamental into a
0.3 mm type I BBO crystal. The energy of the resulting blue
pulses was attenuated to approximately 0.5 nJ/pulse for all
fluorescence lifetime experiments. The total instrument response
function (IRF) of the streak camera system was 20 ps. All
fluorescence data were acquired in single-photon-counting mode
using the Hamamatsu HPD-TA software. The data were fit using
the Hamamatsu fitting module and deconvoluted using the laser
pulse profile.

Nanosecond transient absorption measurements were made
using a Continuum Panther OPO pumped by the frequency-
tripled output of a Continuum 8000 Nd:YAG laser. The probe
light in the nanosecond experiment was generated using a xenon
flashlamp (EG&G Electrooptics FX-200) and detected using a

photomultiplier tube with high voltage applied to only four
dynodes (Hamamatsu R928). The total IRF is 7 ns and is
determined primarily by the laser pulse duration. Triplet
quantum yields,φISC, were obtained from the amplitude of the
transient absorption change at 430 nm and the extinction
coefficient of3*An.77

Samples for TREPR (∼1 mM in toluene) were loaded in 4
mm OD × 2 mm ID quartz tubes and subjected to several
freeze-pump-thaw degassing cycles on a vacuum line (1×
10-4 Torr). The tubes were then sealed with a hydrogen torch.
All samples were prepared in freshly distilled ACS grade
toluene.

TREPR field-swept electron spin echo (ESE) measurements
of the triplet EPR spectra were made using a Bruker Elexsys
E580 X-Band EPR spectrometer outfitted with a variableQ
dielectric resonator (ER-4118X-MD4-W1). High-power micro-
wave pulses were generated by a 1 kW TWTamplifier (Applied
Systems Engineering 117X). The resonator was fully over-
coupled to achieveQ < 200 and a dead time of∼68 ns. The
temperature was controlled by an Oxford Instruments CF935
continuous flow cryostat using liquid nitrogen or helium.
Samples were photoexcited at 416 nm (355 nm for anthracene)
using the output from a frequency tripled, H2-Raman shifted
Nd:YAG laser (1-2 mJ/pulse, 7 ns, 10 Hz, QuantaRay DCR-
2). The polarization of the laser was set to 54.7° relative to the
direction of the static magnetic field to avoid magnetophoto-
selection effects on the spectra.

In the basic Hahn-echo technique,58 the FID signal generated
with the first 8 nsπ/2 pulse is refocused by a second 16-nsπ
pulse. The time between the two microwave pulses was 68 ns,
so that the spin echo appears 68 ns following the second
microwave pulse. The microwave pulse sequence begins after
the triplet state is created by the laser pulse. Following
photoexcitation, the integral of the echo intensity at a given
delay time at each magnetic field value gives the spectrum of
the spin-polarized triplets. Microwave signals in emission (e)
and/or enhanced absorption (a) were detected in both the real
and the imaginary channels (quadrature detection). Four-step
phase cycling was performed in order to suppress artifacts due
to imbalances in the quadrature detection. Sweeping the
magnetic field gave 2D complex spectra versus time and
magnetic field. The spectra were subsequently phased into a
Lorentzian part and a dispersive part, and the former, also known
as the imaginary magnetic susceptibilityø′′, is presented.
Simulation of the powder-pattern spectra of the spin-polarized
triplet states was performed using a home-written MATLAB
program78 following published procedures.72

Results and Discussion

Photophysical Properties of Singlet CT States.The ground-
state absorption (A) and fluorescence (F) spectra of J-An,
DMJ-An, and DMJ-An-tol, plotted in their respective transi-
tion dipole moment representations,79 i.e., A(νj)/νj and F(νj)/νj3,
are given in Figure 4. The CT absorption band of J-An appears
as a distinct shoulder on the vibronic progression of the
anthracene LE state,3 whereas those of DMJ-An and DMJ-
An-tol appear as significant broadening on the red edge of their
spectra. Each absorption spectrum can be decomposed into a
sum of Gaussians both to account for the anthracene Franck-
Condon progression and to fit the broad CT absorption of each
molecule. The absorption maxima of the CT bands obtained in
this manner are given in Table 1. The fluorescence spectra for
J-An, DMJ-An, and DMJ-An-tol are all strongly red-shifted
relative to the emission from the An LE state and are
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characteristic of CT emission as observed earlier for J-An.3

The energies of the LE and CT states are obtained by averaging
the energies of their absorption and emission bands, Table 1.
Given that the energy of the LE absorption maximum of J-An
is nearly identical to that of DMJ-An, we assume that the
energies of their LE states are comparable, even though LE
emission from J-An was not observed.

The excited-state dipole moments (µe) of DMJ-An and
DMJ-An-tol were determined by the fluorescence solvato-
chromic shift method,80,81 using eq 3

whereh is Planck’s constant,c is the speed of light,νj0 is the
gas-phase emission maximum, andνjmax is the energy of the
CT emission band measured in several solvents with dielectric
constantε and index of refractionn. The radius of the Onsager
spherical cavity,a0

3, was determined to be 6.5 Å using the
PM382 optimized DMJ-An structure, which is in agreement
with that previously estimated for J-An.2 Using this value and
the slope of the plot ofhcνjmax vs [(ε - 1)/(2ε + 1) - 0.5(n2

- 1)/(2n2 + 1)], Figures S1 and S2 of the Supporting
Information, µe ) 26 ( 1 D for both DMJ-An and DMJ-
An-tol. The same value ofµe was obtained for J-An using
the fluorescence data reported earlier3 and a0 ) 6.5 Å. We
estimate the degree of charge separation in the1CT state as 26
D/4.8 D esu-1 Å-1 ) 5.4 esu Å. Using the centers of the spin
density distributions in DMJ+• and An-•, the distance that a
full charge is transferred to yield DMJ+•-An-• is 5.6 Å. Thus,
the estimated percentage of charge separation in1CT is (5.4
esu Å/5.6 esu Å)× 100) 96%. These data indicate that charge
separation within the1CT states of J-An, DMJ-An, and DMJ-
An-tol is essentially quantitative, so that their1CT states can
be described by1(D+•-A-•).

The data in Table 1 show that the radiative rate constants,
kR, for DMJ-An and DMJ-An-tol are about 7-9 times
smaller than that of J-An, whereas their corresponding
intersystem crossing rate constants,kISC, are about 6-20 times
larger. The most likely source of these rate differences are
molecular properties that depend on the dihedral angleθ1

between theπ systems of the julolidine donors and that of An
about the single bond joining them. Density functional theory
(DFT) calculations83 using the B3LYP84,85 functional and the
6-31G* basis set have been used to determine the ground state

values ofθ1 for J-An, DMJ-An, and DMJ-An-tol, Table 2.
The value ofθ2, the tolyl-anthracene torsional angle in DMJ-
An-tol, and the phenyl-anthracene angle in 9-phenylanthracene
(9-PhAn), were obtained using the same methodology, Table
2. These calculations show that theπ systems of the julolidine
donor and the anthracene acceptor are nearly perpendicular (θ1

= 90°) for DMJ-An and DMJ-An-tol in both their singlet
ground state and their lowest triplet state, whereas the corre-
sponding angles for J-An are significantly smaller. Due to
issues involving the accuracy of excited-state calculations,
comparable calculations of the CT states were not attempted.
However, it is likely that the conformational restrictions
provided by the methyl groups in DMJ-An and DMJ-An-
tol also result in larger dihedral angles between theπ systems
of DMJ and An in their CT states relative to that of J-An.

Changingθ1 may impact the energies of both the LE and
CT states, the symmetry-dependent selection rules for transitions
between these states, and the electronic coupling matrix element
between the donor and the acceptor,VDA. The data in Table 1
show that the energies of the CT states for all three molecules
are comparable, whereas the energy of the LE state of DMJ-
An-tol is 0.11 eV lower than that of DMJ-An due to the
additional conjugative interaction of the tolyl group. Thus, the
energy differences between the LE and CT states for J-An,
DMJ-An, and DMJ-An-tol are all about 0.3 eV, so that the
observed differences inkISC more strongly reflect the effects of
changingθ1 on VDA and orbital symmetry-based ISC selection
rules. These issues will be discussed in the context of the
TREPR data.

Triplet State TREPR Spectrum of Anthracene.Following
direct photoexcitation into its LE absorption band, the observed
TREPR spectrum of An in toluene at 85 K exhibits a broad
triplet spectrum with a width of∼150 mT, having an (e, e, e,
a, a, a) ESP phase pattern, which results from a SO-ISC
mechanism, Figure 5. The photophysical behavior of anthracene
and its derivatives following photoexcitation has been studied
extensively.31,63,86-92 Experimental and theoretical92 studies have
shown the energetic order of anthracene’s triplet sublevels to
be TX > TY > TZ, such that the ZFS parametersD > 0 andE
< 0, where the principal axis system is shown in Figure 1.
Symmetry arguments suggest that TX should be preferentially
populated, however experimental evidence has shown that TY

is also populated to a similar extent giving the (e, e, e, a, a, a)
ESP phase pattern, Table 3.63,64,91,92Computer simulations of
the triplet spectra for3*An confirm that the (e, e, e, a, a, a)
ESP phase pattern is the result of the SO-ISC coupling
mechanism with preferential population of both the TY and TX

sublevels forD > 0, E < 0.93,94

Triplet State TREPR Spectra of DMJ-An and DMJ-
An-tol. In contrast to anthracene, the triplet spectra of DMJ-
3*An and DMJ-3*An-tol both exhibit an (e, a, e, a, e, a) ESP
phase pattern, Figure 5, whereas no triplet spectrum is observed
for J-An following photoexcitation. The|D| and |E| values
for DMJ-3*An and DMJ-3*An-tol are only slightly smaller
than those of An indicating that the triplet excitation is localized
on An. The ZFS parameters and the relative population rates
of the triplet sublevels were determined by computer simulation
of the triplet line shape and are presented in Table 3. It has
been suggested for similar D-A systems that ISC resulting in
the population of D-3*A occurs via the triplet CT state.2,11This
mechanism requires a high degree of charge separation, so that
the initially formed CT state must be well described by1(D+•-
A-•). As noted above, an analysis of the CT emission spectra
of DMJ-An and DMJ-An-tol show that this criterion is

Figure 4. Ground-state absorption (solid lines) and fluorescence spectra
(dashed lines) of the indicated molecules in toluene. The fluorescence
spectra are normalized at their maxima.

νjmax) νj0 -
2µe

2
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3 [ (ε - 1)
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2(2n2 + 1)] (3)
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fulfilled. However, the fact that CT emission from these
molecules is observed at all indicates thatVDA between DMJ+•

and An-• is large, and since2J ∝ VDA
2, 2J is most likely much

too large for the RP-ISC mechanism to occur.49 Our TREPR
results confirm this conclusion because RP-ISC followed by
charge recombination to produce D-3*A is selective with respect
to the high-field eigenfunctions and not the molecular zero-
field eigenfunctions as is the case for SO-ISC. Specifically, if
the high-field T0 triplet sublevel was overpopulated at all
canonical orientations within DMJ-3*An and DMJ-3*An-tol,
their triplet EPR spectra should exhibit an (a, e, e, a, a, e)
polarization pattern, which is not the case, Figures 3B and
5.93,95,96

We similarly conclude that any contribution from direct SO-
ISC operative in1*An f 3*An is also negligible, because the
ESP phase patterns observed for3*An are not observed for
DMJ-3*An and DMJ-3*An-tol. However, an alternative spin-
orbit mechanism that couples1(D+•-A-•) and D-3*A has been
suggestedbyseveralgroupsstudyingmolecularCTcomplexes.23,97-101

Iwata et al.97 analyzed complexes between a 1,2,4,5-tetracy-
anobenzene acceptor and mesitylene, durene, and hexamethyl-
benzene donors at 77 K and found that the CT lifetime decreases

as the donor ability increases. They concluded that CT complex
formation created additional singlet-triplet mixing processes
which resulted in faster decay of the CT complex. Similarly,
Gould et al.35 determined that rapid SO-ISC from the singlet
exciplex results in direct population of the excited cyanoan-
thracene triplet in a series of exciplexes between cyanoan-
thracene acceptors and alkylbenzene donors. In these intermo-
lecular CT complexes, the orientation and distances between D
and A are not well defined, so that a detailed mechanistic
understanding is difficult to determine.

In comparison, intramolecular D-A molecules provide
relatively well-defined conformations and fixed distances. In
these systems, if the orientation between the relevant orbitals
of D and A is such that charge transfer between them is
accompanied by a significant change in orbital angular mo-
mentum, recombination of1(D+•-A-•) may be accompanied
by a spin flip to directly yield D-3*A.35,54,56 Okada et al.54

discovered that the ISC rate in a covalently linked pyrene-N-
methylaniline derivative was strongly dependent upon the
relative orientation of the donor and acceptor groups. RP-ISC,
which usually occurs on a time scale of a few nanoseconds,
could not explain formation of a pyrene triplet state within 30
ps following photoexcitation of pyrene to its lowest excited
singlet state. They concluded that when the electron donating
and accepting molecular orbitals are approximately perpendicu-
lar to each other, the rate of1(D+•-A-•) f D-3*A is increased.
In this case the spin-orbit interaction does not result in1(D+•-
A-•) f3(D+•-A-•) because〈1(D+•-A-•)|HSO |3(D+•-A-•)〉 )
0, due to the fact that there is no change in the spatial orbital
for this process.102 This mechanism is formally similar to rapid
SO-ISC that occurs in ann-π* electronic transition within a
single chromophore. However, because it requires a1(D+•-
A-•) precursor, we will refer to it as spin-orbit, charge-transfer
intersystem crossing (SOCT-ISC) for the remainder of this
paper, so that the matrix element which describes this interaction
is 〈1(D+•-A-•) |HSOCT |D-3*A〉.

Using TREPR, van Willigen et al.56 studied 10-methylacri-
dinium systems having arene electron donors attached to their
9-position. Although the ZFS parameters remained essentially
constant, the relative population rates, AX, AY, and AZ, and thus
the ESP phase pattern, were found to be a sensitive function of
the orientation of the donor and acceptorπ systems. They found
that the SOCT-ISC rate was enhanced with an approximately
perpendicular orientation between the donor and acceptor,θ1

≈ 90°. In another example, Wasielewski et al.55 compared triplet
formation between zinc porphyrins both isolated and serving
as electron donors to which tetracyano-naphthoquinodimethane

TABLE 1: Photophysical Data in Toluene

molecule
λabs-LE

(nm)
λems-LE

(nm) ELE (eV)
λabs-CT

(nm)
λems-CT

(nm)
ECT

(eV) φems-CT

τems-CT

(ns)
kR

a

(× 107 s-1) φISC

kISC
b

(× 107 s-1)

J-An 388 3.18c 386 498 2.85 0.62 10.0( 0.1 6.2 <0.02 <0.05
DMJ-An 389 392 3.18 375 528 2.83 0.31 45.2( 0.1 0.69 0.45 1.0
DMJ-An-tol 399 410 3.07 391 533 2.75 0.40 42.0( 0.1 0.95 0.13 0.29

a kR ) φems-CT/τems-CT.
b kISC ) φISC/τems-CT.

c Estimated from absorption data alone.

TABLE 2: Calculated Dihedral Anglesa

molecule singletθ1 singletθ2 triplet θ1 triplet θ2

J-An 75.1 56.9
DMJ-An 89.6 89.6
DMJ-An-tol 90.0 81.5 89.2 65.8
9-PhAn 86.9 67.5

a θ1 is the angle between julolidine and anthracene;θ2 is the angle
between anthracene and the phenyl group (when present).

Figure 5. TREPR spectra of the indicated molecules in toluene at 85
K and 900 ns following a 416 nm (355 nm for An), 7 ns, 1.5 mJ laser
pulse. The canonical orientations of each transition are indicated.
Smooth curves below the experimental spectra are computer simulations
of spectra of the triplet spectra with parameters given in Table 3.
Positive features are in enhanced absorption (a) and negative features
are in emission (e).

TABLE 3: Zero-Field Splitting Parameters (D and E) and
Relative Population Rates aX,Y,Z of the Zero-Field Spin States
Obtained from Simulations of the Triplet-State TREPR
Spectra of the Indicated Molecules in a Toluene Matrix at
85 K

molecule D (mT) E (mT) AX AY AZ

An 77.81 -8.81 0.78 1.00 0.07
DMJ-An 74.96 -8.01 0.26 1.00 0.21
DMJ-An-tol 73.00 -7.56 0.45 1.00 0.32
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acceptors were rigidly attached, so that theπ systems of the
donor and acceptor were oriented approximately 60° relative
to one another. Following photoexcitation at 10 K, TREPR of
the isolated zinc porphyrin revealed a porphyrin triplet state
where SO-ISC exclusively populates the out-of-plane sublevel,
TZ, whereas in the D-A system, the porphyrin triplet state
displayed an ESP pattern indicative of SOCT-ISC to the in-
plane sublevels, TX and TY. More recently, Dance et al.44 showed
that in addition to the dependence on orientation between the
orbitals relevant to charge transfer, the magnitude of the
electronic coupling between D and A strongly influences the
contribution from the SOCT-ISC process. While studying a
series of donor-bridge-acceptor (D-B-A) molecules whereD
) phenothiazine,B ) a series ofp-phenylene (Phn) oligomers,
with n ) 1-5, andA ) perylene-3,4:9,10-bis(dicarboximide),103

they found that with shorter bridge lengths the increased
electronic coupling leads to a larger SOCT-ISC contribution
producing D-B-3*A.

In anthracene, the triplet axis system coincides with the lowest
electronic transitions and is clearly dictated by the molecular
structure, Figure 6.104-106 Computer simulations of the triplet
spectra for DMJ-3*An and DMJ-3*An-tol indicate that the
(e, a, e, a, e, a) ESP phase pattern is the result of preferential
population of the TY sublevel, Figure 3A, forD > 0, E < 0.93,94

Charge transfer from DMJ to An involves moving an electron
between two orbitals having a geometry change in thex-zplane
as defined in Figure 6. Using the right-hand rule, this implies
that the angular momentum change is along they direction, so
that the SOCT interaction which couples1(D+•-A-•) and
D-3*A preferentially populates TY (i.e., AY > AX,Z) of D-3*A,
as is observed in the TREPR spectra of the triplet states of
DMJ-3*An and DMJ-3*An-tol, Table 3.107,108 Although TY

is preferentially populated in both cases, there is an increase of
the AX and AZ population rates in DMJ-3*An-tol relative to
DMJ-3*An. This suggests that conjugation between the an-
thracene and the phenyl group relaxes the symmetry restrictions
in a way that alters the sublevel population rates.

Absence of a Triplet State TREPR Spectrum in J-An. It
is particularly interesting that J-An has a very low triplet yield
and consequently its triplet EPR spectrum is not observed
following photoexcitation despite its obvious similarity to DMJ-
An. As discussed above, SOCT-ISC requires a1(D+•-A-•)
precursor and depends strongly on the orientation of the
molecular orbitals involved in the charge transfer as well as
the magnitude ofVDA.35,55,57,106,109,110The solvatochromism data
for J-An, DMJ-An, and DMJ-An-tol show that the forma-
tion of 1(D+•-A-•) is essentially quantitative for all three
molecules. Thus, the differences in triplet intersystem crossing

rates most likely depend on differences inVDA and donor-
acceptor orbital orientation. Our results show that even when
θ1 ≈ 90°, as is the case for DMJ-An and DMJ-An-tol, VDA

is large enough to enable SOCT-ISC to occur at a rate sufficient
to produce a high yield of DMJ-3*An and DMJ-3*An-tol.
Thus it is likely that the negligible yield of J-3*An results from
the diminished change in orbital angular momentum that occurs
between theπ systems of J and An, whenθ1 deviates from
90°.

Participation of the Anthracene Triplet LE states in ISC.
To account for the solvent and temperature dependence of the
CT emission of ADMA and its derivatives, it has been shown
that it is necessary to include mixing with an energetically
proximate, symmetry-allowed1LE state of An.1,3,10,18,37,38,111In
considering the mechanism of ISC within the analogous systems
discussed here, we must also consider contributions from
energetically relevant triplet3LE states of An. The smaller value
of kISC for DMJ-An-tol relative to that of DMJ-An is
consistent with similar observations on the effects of conjugated
substituents at the 9,10-positions of An on these rate con-
stants.24-33 Anthracene itself undergoes efficient SO-ISC
because the energy of its T2 state at 3.22 eV is about 0.06 eV
below that of S1.24,27,32,33This SO-ISC process (S1 f T2 f
T1) occurs in fluid solution at 295 K as well as in a frozen
solvent matrix at 77 K. Placing conjugated substituents at the
9- and/or 10-positions may reverse this energy ordering, so that
S1 is below T2.24,27,32,33For example, this reversal is responsible
for the dramatic decrease in the ISC rate of 9,10-diphenylan-
thracene relative to that of anthracene.24,28

Our results show that the energies of1(DMJ+•-An-•) and
1(DMJ+•-An-•-tol) are 2.83 and 2.75 eV at 293 K, well below
that of the pure LE T2 (3.22 eV) state of anthracene and
significantly above its T1 state (1.83 eV).33,86,112Under these
conditions, SOCT-ISC via T2 (similar to anthracene) becomes
a strongly activated process, so that significant population of
T2 is unlikely. However, our TREPR results were obtained at
85 K in a frozen toluene matrix, where solvent reorganization
is inhibited, so that the energies of1(DMJ+•-An-•) and
1(DMJ+•-An-•-tol) are higher because they are no longer
stabilized by solvent dipole reorientation.113,114The fluorescence
spectra of J-An, DMJ-An, and DMJ-An-tol indicate that
their CT state energy levels all increase by∼0.2 eV upon
cooling from 293 to 77 K in toluene, Figure 7. This change
places the energies of1(DMJ+•-An-•) and1(DMJ+•-An-•-tol)
much closer to that of the T2 LE state of An. Thus, the SOCT-
ISC process at 85K most likely has a contribution from the

Figure 6. Charge transfer from DMJ to An in DMJ-An between
orbitals oriented in thex-z plane results in an angular momentum
component alongy. This angular momentum component coincides with
SO-ISC to the corresponding spin sublevels of3*An.

Figure 7. Fluorescence spectra of the indicated molecules in toluene
at 293 and 77 K. The spectra are normalized at their maxima.
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matrix element involving the T2 state of An, 〈1(D+•-A-•)
|HSOCT |D-3*A(T2)〉, in addition to a contribution from the
corresponding matrix element involving T1, 〈1(D+•-A-•) |HSOCT

|D-3*A(T1)〉.

Conclusions

TREPR studies show that the primary mechanism of triplet
formation in DMJ-An and DMJ-An-tol following photoex-
citation is the SOCT-ISC mechanism, which is similar to that
which occurs in ann-π* electronic transition within a single
chromophore. The SOCT-ISC mechanism is characterized by
the (e, a, e, a, e, a) ESP phase pattern in the DMJ-3*An and
DMJ-3*An-tol TREPR spectra and depends on the degree of
charge separation, the relative orientation of the orbitals involved
in the charge transfer, and the magnitude of the electronic
coupling between the donor and acceptor. In J-An, DMJ-An,
and DMJ-An-tol, where the donor and acceptor are formally
linked by a single bond, all of these parameters depend on the
torsional angle (θ1) between theπ system of the anthracene
and the phenyl of the julolidine. Despite its similar structure,
photoexcitation of J-An produces a very low triplet yield. This
results from the decrease inθ1 in the1(J+•-An-•) state due to
the absence of the 3,5-dimethyl substituents on julolidine.
Although this decrease is most likely only about 15-30° relative
to that of 1(DMJ+•-An-•) and1(DMJ+•-An-•-tol), it is suf-
ficient to significantly decrease SOCT-ISC for J-An by
decreasing the change in orbital angular momentum ac-
companying charge transfer. Given that the requirements for
the SOCT-ISC mechanism are quite general, we expect it to
occur in a variety of electron donor-acceptor systems in which
the donor π system is structurally restricted to a nearly
perpendicular orientation relative to that of the acceptor.
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