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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
7 systems is a spinorbit, charge-transfer intersystem crossing mechanism (SO8C). This mechanism
depends on the degree of charge transfer from julolidine to anthracene, the dihedrabgnogéween their

7 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 fixing 61 = 90° serves to enhance SOETSC by increasing the change in orbital angular momentum
accompanying charge transfer. Given that the requirements for the SI83CTmechanism are quite general,

we expect it to occur in a variety of electron don@cceptor systems.

Introduction

z N N
In the past four decades, the photophysics of electron gonor I_;
acceptor (D-A) molecules covalently linked by a single bond O .,,
have been studied extensivély large fraction of this work y
has been directed toward understanding the electronic structure OOO OOO
and conformations of these molecules in their ground and lowest
An J-An

excited singlet charge-transfer (CT) state¥. 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\Vpa, 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-anthryIN,N-dimethylaniline (ADMA) deriva- T
tives2716 The nature of the ADMA excited CT state has been
studied by Okada et al.and Herbich et aP-8and the relevant
issues have been summarized by Grabowski ét!aMany of
these studies have examined ADMA derivatives with substit-
uents that sterically control rotations about the nitregehenyl
or phenyt-anthracene single bonds to simplify the photophysics
exhibited by ADMA itself. For example, in julolidinean-
thracene (3An), Figure 1, the structure of julolidine severely
restricts rotation about the nitrogephenyl single bond, which
maximizes the overlap of the nitrogen lone pair with the
system of the phenyl rin§This leaves the julolidineanthracene
torsional angle@s, in J-An as a key parameter that determines
its excited-state propertiés12.26-22 ]
Despite the attention ADMA systems have received, there v
have been relatively few studies on the mechanism of radia-
tionless decay of their CT statég3 As is usually the case, this D-A
decay can occur by internal conversion to the ground state orFigure 2. Energy level ordering for J-An, DMJ-An, and DMJ-An-tol,
intersystem crossing (ISC) to the triplet manifold, Figure 2. In where D= J or DMJ, and A= An.
the present work, we explore the ISC mechanism associated
with the formation of the triplet state localized on anthracene J—An, DMJ—An, and DMJ-An—tol, Figure 1. DM3-An is

following photoexcitation into the CT absorption bands of modeled after 3An, but uses additional methyl groups on
julolidine to enforce a geometry in which tlesystem of DMJ

* Corresponding author. E-mail: m-wasielewski@northwestern.edu.  is perpendicular to that of the anthracene, fig s 90°. DMJ—

DMJ-An

DMJ-An-tol

Figure 1. Principal axis system and molecular structures of anthracene
and its julolidine-substituted derivatives.
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Figure 3. Energy levels of D¥A formed by (A) SG-1SC with selective population of\T(D > 0, E < 0) and (B) S-To mixing within a radical

pair precursor. The arrows indicate the direction of the transition and
relative populations.

are ladeteehhanced absorptioe,= emission. The solid ovals depict

An—tol was also studied as a control molecule because 9-phenylto many donoracceptor systenf$-53 This mechanism is
and 9,10-diphenyl substitution of anthracene have been showngenerally important when the singtetiplet energy splitting,

to dramatically reduce its ISC yief4-33
A detailed analysis of the ISC mechanism inAh, DMJ—
An, and DMJ-An—tol requires consideration of the nature of

2J, between(D**—A~*) and3(D**—A~*) is smaller than the
sum of the hyperfine couplings in™® and A™. RP-ISC is
usually followed by spin-selective charge recombination to

their CT states, which can be represented as a mixture of theproduce a significant yield of the lowest neutral molecular triplet
locally excited (LE) states of the anthracene acceptor and thestate, in this case B¥"A. Alternatively, intersystem crossing
radical ion pair (RP) states shown in Figure 2 and expressed infrom (D™*—A~") may take place via a sp#orbit coupling

eq 11133439 whereXc? = 1. The energies of the ground state

Wer= Cl*A¢1*A + CS*A(T1)¢3*A(T1) + C3*A(T2)¢3*A(T2) +

G Pa0, D)

Cl(D+-A—-) ¢1(D+-A—-) (D+-A—+)
and the LE states of the julolidine donor are well separated from
those of the RP state§(D**—A—) and3(D**—A~*), so that
these LE states should not contribute significantlyder. In
contrast, the contribution of the lowest excited LE singlet state
of the anthracene acceptdfA, as well as its two lowest LE
triplet states,3"A(T1) and ¥"A(T,), to Wcr may be more
significant because they are energetically much clos¥bxt—

A~) and 3(D™—A™). Both of these RP states may also be
important to the overall mechanism leading to the formation of
D—%"A.

When!(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 (S©ISC) typical of LE singlet states
in aromatic molecules may vyield a triplet state localized on D
or A. One mechanism, radical pair-intersystem crossing (RP-
ISC), involves mixing between tH¢D—A~*) and3(D+—A~*)
states induced by electremuclear hyperfine coupling within

the two radicals. The theory and mechanistic details of RP-ISC

have been researched extensit&l{# and have been applied

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 moment&m* 5’ Whether
either of these ISC mechanisms involves formation of the T
state of the acceptor, followed by internal conversion to its T
state, and/or direct formation of the $tate, depends on the
energetic proximity of Fto (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}*5869 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 i;, To, and T-; eigenstates that are
guantized along the applied magnetic field, Figure 3. The main
features of the EPR spectrum of-'A arise from zero-field
splitting (ZFS), which is a result of the magnetic dipeldipole
interaction between the two unpaired electrons in the triplet state.
The Hamiltonian that describes this interactioffig®

Hgipoas=D(S; — ST) + E(SZ— §) @)
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whereD andE are the zero-field-splitting parameters &g,

Dance et al.

photomultiplier tube with high voltage applied to only four

are the components of the total spin angular momentum operatordynodes (Hamamatsu R928). The total IRF is 7 ns and is

(S) for the triplet state. The effect of this term is to lift the

determined primarily by the laser pulse duration. Triplet

degeneracy of the triplet manifold in the absence of an external quantum yieldsgsc, were obtained from the amplitude of the

magnetic field as a function of the symmetry of the molecule.
The polarization of the EPR transitions exhibited by-DA
formed by the S&ISC mechanism can be differentiated from

transient absorption change at 430 nm and the extinction
coefficient of3"An.””
Samples for TREPR~1 mM in toluene) were loaded in 4

the RP-ISC mechanism by the electron spin polarization (ESP)mm OD x 2 mm ID quartz tubes and subjected to several

pattern of the six EPR transitions, i.e., the two transitions at
each canonicak(y, ) orientation’* In SO—-1SC, the three zero-
field levels Tx, Tv, and T; 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 thez€ro-
field level andD > 0, Figure 3A shows that the six EPR
transitions from low to high field yield ane( a, €, a, €, a)
polarization pattern, whera = enhanced absorption amrd=
emission of microwave radiation. In contrast, RP-ISC acts
directly on the high-field triplet sublevels of the RP via$
mixing, Figure 3B. Spin polarization is preserved upon charge
recombination, and the resulting, (e, €, a, a, €) polarization
pattern exhibited by B3¥"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-eAd,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 measurement
and the optical density at,.for the fluorescence measurements
was maintained at0.1+ 0.05 to avoid reabsorption artifacts.
Samples for steady state and time-resolved fluorescence me

surements as well as nanosecond transient absorption measur

ments were subjected to several freepemp-thaw degassing
cycles on a vacuum line (& 107 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 sulfag®; = 0.546 in
0.5 M H;SO,. 70

Fluorescence lifetime measurements were made using a
Hamamatsu C4780 picosecond fluorescence lifetime measure

ment system, consisting of a C4334 Streakscope and a €4792
01 synchronous delay generator. The excitation light source wa
supplied by a home-built cavity-dumped Ti:sapphire [&ssith

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

a_

S,

freeze-pump—thaw degassing cycles on a vacuum linex(1
1074 Torr). The tubes were then sealed with a hydrogen torch.
All samples were prepared in freshly distiled 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 variaQle
dielectric resonator (ER-4118X-MD4-W1). High-power micro-
wave pulses were generategddl kW TWTamplifier (Applied
Systems Engineering 117X). The resonator was fully over-
coupled to achiev&® < 200 and a dead time 0f68 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,-Raman shifted
Nd:YAG laser (-2 mJ/pulse, 7 ns, 10 Hz, QuantaRay DCR-
2). The polarization of the laser was set to 344lative to the
direction of the static magnetic field to avoid magnetophoto-
selection effects on the spectra.

In the basic Hahn-echo technigtfethe FID signal generated
with the first 8 ns/2 pulse is refocused by a second 16sns

Spulse. The time between the two microwave pulses was 68 ns,
50 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
é)_hotoexcitation, 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 emissien (
and/or enhanced absorptioa) (vere 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 susceptibiligy, is presented.
Simulation of the powder-pattern spectra of the spin-polarized
triplet states was performed using a home-written MATLAB
progrand® following published procedurées.

Results and Discussion

an 820 kHz repetition rate. The laser pulses were frequency Photophysical Properties of Singlet CT StatesThe ground-

doubled to 400 nm by focusing the 800 nm fundamental into a
0.3 mm type | BBO crystal. The energy of the resulting blue
pulses was attenuated to approximately 0.5 nJ/pulse for al

state absorption (A) and fluorescence (F) spectra-oAn
DMJ—An, and DMJ-An—tol, plotted in their respective transi-
I'tion dipole moment representatioffs,e., A@)/y and F§)/v?,

fluorescence lifetime experiments. The total instrument responseare given in Figure 4. The CT absorption band-efAh appears

function (IRF) of the streak camera system was 20 ps. All

as a distinct shoulder on the vibronic progression of the

fluorescence data were acquired in single-photon-counting modeanthracene LE stafewhereas those of DMJAn and DMJ-
using the Hamamatsu HPD-TA software. The data were fit using An—tol appear as significant broadening on the red edge of their

the Hamamatsu fitting module and deconvoluted using the lase
pulse profile.

I'spectra. Each absorption spectrum can be decomposed into a
sum of Gaussians both to account for the anthracene Franck

Nanosecond transient absorption measurements were mad€ondon progression and to fit the broad CT absorption of each

using a Continuum Panther OPO pumped by the frequency-

tripled output of a Continuum 8000 Nd:YAG laser. The probe

molecule. The absorption maxima of the CT bands obtained in
this manner are given in Table 1. The fluorescence spectra for

light in the nanosecond experiment was generated using a xenord—An, DMJ—An, and DMJ-An—tol are all strongly red-shifted

flashlamp (EG&G Electrooptics FX-200) and detected using a

relative to the emission from the An LE state and are
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A (nm) values of); for J-An, DMJ—An, and DMJ-An—tol, Table 2.
300 400 500 600 700800 The value off),, the tolyl-anthracene torsional angle in DMJ
' ' ' i An—tol, and the phenytanthracene angle in 9-phenylanthracene
1.2- —J-An L1.2 (9-PhAn), were obtained using the same methodology, Table
e —— DMJ-An . - b
@ 10] — DMJ-An-tol |1 9 2 2. These calculations show that thesystems of the julolidine
e (""a‘ T donor and the anthracene acceptor are nearly perpendiylar (
= 08 ! 0.8 = 90°) for DMJ—An and DMJ-An—tol in both their singlet
g b6l [5s & ground state and their lowest triplet state, whereas the corre-
P =3 sponding angles for-JAn are significantly smaller. Due to
2 04 04 § issues involving the accuracy of excited-state calculations,
o @ comparable calculations of the CT states were not attempted.
< 0.2 -0.2 — L. . . L.
However, it is likely that the conformational restrictions
0.0 £0.0 provided by the methyl groups in DMJAN and DMJ-An—

AL I W1 LB e O tol also result in larger dihedral angles betweensttgystems
BEGG N0 211000 _210000 190 e of DMJ and An in their CT states relative to that ofAn.

Mifam ) Changingf; may impact the energies of both the LE and
Figure 4. Ground-state absorption (solid lines) and fluorescence spectra CT states, the symmetry-dependent selection rules for transitions
(Sdast:ed lines) of ”:.e 'fc‘jd'iattﬁd molecules in toluene. The fluorescenceperyeen these states, and the electronic coupling matrix element

pecira are normalized at their maxima. between the donor and the accepis,. The data in Table 1

characteristic of CT emission as observed earlier foAd.3 show that the energies of the CT states for all three molecules
The energies of the LE and CT states are obtained by averagingdre comparable, whereas the energy of the LE state of-DMJ
the energies of their absorption and emission bands, Table 1.An—tol is 0.11 eV lower than that of DMJ-An due to the
Given that the energy of the LE absorption maximum-eAh additional conjugative interaction of the tolyl group. Thus, the
is nearly identical to that of DMJ-An, we assume that the energy differences between the LE and CT states fohn]
energies of their LE states are comparable, even though LEDMJ—An, and DMJ-An—tol are all about 0.3 eV, so that the

emission from 3An was not observed. observed differences ksc more strongly reflect the effects of

The excited-state dipole momentsg)( of DMJ—An and changingfi on Vpa and orbital symmetry-based ISC selection
DMJ—An—tol were determined by the fluorescence solvato- rules. These issues will be discussed in the context of the
chromic shift method?8! using eq 3 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€ €, ¢,
whereh is Planck’s constant; is the speed of lighty, is the a, a, a) ESP phase pattern, which results from a-86C
gas-phase emission maximum, afghy is the energy of the mechanlsrr_l, Fl_gure 5. Tht_e photophysm_al t_)ehawor of anthrac_ene
CT emission band measured in several solvents with dielectric 21d its derivatives following photoexcitation has been studied
constant and index of refractiom. The radius of the Onsager ~€Xtensively:t6386%2 Experimental and theoreticéktudies have
spherical cavity,a.?, was determined to be 6.5 A using the shown the energetic order of anthracene’s triplet sublevels to
PM382 optimized DMJ-An structure, which is in agreement P& Tx > Ty > Tz, such that the ZFS parametdds> 0 andE
with that previously estimated forAn.2 Using this value and = 0, where the principal axis system is shown in Figure 1.
the slope of the plot ORtrmax VS [(€ — 1)/(2¢ + 1) — 0.5(? Symmetry arguments suggest thatShould be preferentially
— 1)/ + 1)], Figures S1 and S2 of the Supporting Populated, however experimental evidence has shown that T

2“2

B €—1) (n*-1)
hca,®

(2 +1) 2(2*+1)

max— Y0

Information, ue = 26 + 1 D for both DMJ-An and DMJ- is also populated to a similar extent giving tfee €, e, a, a, a)
An—tol. The same value ofe was obtained for JAn using ESP phase pattern, Tablef3$4.°1.92Computer simulations of
the fluorescence data reported eaflienda; = 6.5 A. We the triplet spectra fof’An confirm that the ¢ e, e, a, a, a)

estimate the degree of charge separation in@Estate as 26 ~ ESP phase pattern is the result of the -38C coupling
D/4.8 D esu! A1 = 5.4 esu A. Using the centers of the spin mechanism with preferential population of both theahd Tx
density distributions in DM and Ar, the distance that a  sublevels foD > 0, E < 0939

full charge is transferred to yield DM3-An—"is 5.6 A. Thus, Triplet State TREPR Spectra of DMJ—An and DMJ—
the estimated percentage of charge separatiofCihis (5.4 An—tol. In contrast to anthracene, the triplet spectra of BMJ
esu A/5.6 esu Ax 100= 96%. These data indicate that charge 3"An and DMJ-3"An-tol both exhibit an €, a e, a, e, a) ESP

separation within théCT states of 3An, DMJ—An, and DMJ- phase pattern, Figure 5, whereas no triplet spectrum is observed
An—tol is essentially quantitative, so that thé@T states can  for J-An following photoexcitation. TheD| and |E| values
be described by(D*™*—A"). for DMJ—%"An and DMJ-3"An—tol are only slightly smaller

The data in Table 1 show that the radiative rate constants, than those of An indicating that the triplet excitation is localized
kr, for DMJ—An and DMJ-An—tol are about #9 times on An. The ZFS parameters and the relative population rates
smaller than that of JAn, whereas their corresponding of the triplet sublevels were determined by computer simulation
intersystem crossing rate constarkise, are about 6-20 times of the triplet line shape and are presented in Table 3. It has
larger. The most likely source of these rate differences are been suggested for similar-BA systems that ISC resulting in
molecular properties that depend on the dihedral amgle the population of B-3"A occurs via the triplet CT state!! This
between ther systems of the julolidine donors and that of An  mechanism requires a high degree of charge separation, so that
about the single bond joining them. Density functional theory the initially formed CT state must be well described%iy—

(DFT) calculation& using the B3LYP*85 functional and the A~). As noted above, an analysis of the CT emission spectra
6-31G* basis set have been used to determine the ground stat®f DMJ—An and DMJ-An—tol show that this criterion is
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TABLE 1: Photophysical Data in Toluene
j~albs—LE lems—LE /‘Labs—CT lems—CT ECT Tems-CT kRa I(ISC}:l
molecule (nm) (nm) Eie (V) (nm) (nm) (V)  Pemsct (ns) (x 10°s™) Pisc (x 10's™
J-An 388 3.18 386 498 2.85 0.62 10£0.1 6.2 <0.02 <0.05
DMJ—An 389 392 3.18 375 528 2.83 0.31 4520.1 0.69 0.45 1.0
DMJ—An—tol 399 410 3.07 391 533 2.75 0.40 42:00.1 0.95 0.13 0.29

2kg = dems-cT/Tems—cT. ° Kisc = Pisd/Tems-ct. ¢ Estimated from absorption data alone.

TABLE 2: Calculated Dihedral Angles?

molecule singlety  singletd, triplet6, triplet 6,
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

a6, is the angle between julolidine and anthracefieis the angle

between anthracene and the phenyl group (when present).

Anthracene

DMJ-An

DMJ-An-tol

. Z' X Y Y X Z .
260 280 300 320 340 360 380 400 420
Magnetic Field (mT)

TABLE 3: Zero-Field Splitting Parameters (D and E) and
Relative Population Rates &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

as the donor ability increases. They concluded that CT complex
formation created additional singtetriplet mixing processes
which resulted in faster decay of the CT complex. Similarly,
Gould et aPf® determined that rapid SGSC 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 DA 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 of{D**—A~*) may be accompanied
by a spin flip to directly yield D-3"A.355456 Okada et aP*
discovered that the ISC rate in a covalently linked pyrbie-

Figure 5. TREPR spectra of the indicated molecules in toluene at 85 methylanll_lne d_erlvatlve was strongly dependent upon the
K and 900 ns following a 416 nm (355 nm for An), 7 ns, 1.5 mJ laser €lative orientation of the donor and acceptor groups. RP-ISC,
pulse. The canonical orientations of each transition are indicated. which usually occurs on a time scale of a few nanoseconds,
Smooth curves below the experimental spectra are computer simulationscould not explain formation of a pyrene triplet state within 30
of spectra of the triplet spectra with parameters given in Table 3. ps following photoexcitation of pyrene to its lowest excited

Positive features are in enhanced absorpt@ra(d negative features

are in emissiond).

fulfiled. However, the fact that CT emission from these

molecules is observed at all indicates thigs between DMJ*

and Arr* is large, and sinc2J O Vpa?, 2Jis most likely much
too large for the RP-ISC mechanism to octuOur TREPR
results confirm this conclusion because RP-ISC followed by
charge recombination to produce-PA is selective with respect

to the high-field eigenfunctions and not the molecular zero-
field eigenfunctions as is the case for SI3C. Specifically, if
the high-field T triplet sublevel was overpopulated at all

canonical orientations within DMJ®*An and DMJ-3"An—tol,
their triplet EPR spectra should exhibit aa, €, €, a, a, €)

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 in"An — 3"An is also negligible, because the
ESP phase patterns observed $oAn are not observed for
DMJ—%"An and DMJ-3"An—tol. However, an alternative spin
orbit mechanism that couplé™—A~) and D-3"A has been
suggested by several groups studying molecular CT compgieie¥!

singlet state. They concluded that when the electron donating
and accepting molecular orbitals are approximately perpendicu-
lar to each other, the rate §D**—A~) — D—%"A is increased.

In this case the spinorbit interaction does not result{fd™—

A7) —3(D*—A") becausel(D™—A )| Hs0 |3(DT*—A) =

0, due to the fact that there is no change in the spatial orbital
for this procesd% This mechanism is formally similar to rapid
SO-ISC that occurs in an—xz* electronic transition within a
single chromophore. However, because it requirégDe*—

A~*) precursor, we will refer to it as spirorbit, charge-transfer
intersystem crossing (SOCTSC) for the remainder of this
paper, so that the matrix element which describes this interaction
is B(DJ"_A_') | Asoct |D_3*A|_—.]

Using TREPR, van Willigen et &F studied 10-methylacri-
dinium systems having arene electron donors attached to their
9-position. Although the ZFS parameters remained essentially
constant, the relative population rateg, Ay, and A, and thus
the ESP phase pattern, were found to be a sensitive function of
the orientation of the donor and acceptosystems. They found
that the SOCFISC rate was enhanced with an approximately
perpendicular orientation between the donor and acce@tor,

Iwata et aP” analyzed complexes between a 1,2,4,5-tetracy- ~ 90°. In another example, Wasielewski ebatompared triplet
anobenzene acceptor and mesitylene, durene, and hexamethyformation between zinc porphyrins both isolated and serving
benzene donors at 77 K and found that the CT lifetime decreasesas electron donors to which tetracyano-naphthoquinodimethane
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Figure 6. Charge transfer from DMJ to An in DMJ-An between 2 0.0
e

orbitals oriented in thex—z plane results in an angular momentum r T
component along. This angular momentum component coincides with 25000 20000
SO-ISC to the corresponding spin sublevels@n. v(cm)

Figure 7. Fluorescence spectra of the indicated molecules in toluene
acceptors were rigidly attached, so that theystems of the at 293 and 77 K. The spectra are normalized at their maxima.
donor and acceptor were oriented approximately @&dative
to one another. Following photoexcitation at 10 K, TREPR of rates most likely depend on differences\isa and donor
the isolated zinc porphyrin revealed a porphyrin triplet state acceptor orbital orientation. Our results show that even when
where SG-ISC exclusively populates the out-of-plane sublevel, 6; ~ 90°, as is the case for DMJAn and DMJ-An—tol, Vpa
Tz whereas in the BA system, the porphyrin triplet state is large enough to enable SOETSC to occur at a rate sufficient
displayed an ESP pattern indicative of SOG$C to the in- to produce a high yield of DM33"An and DMJ-3"An—tol.
plane sublevels, fand T.. More recently, Dance et & .showed Thus it is likely that the negligible yield of"An results from
that in addition to the dependence on orientation between thethe diminished change in orbital angular momentum that occurs
orbitals relevant to charge transfer, the magnitude of the between ther systems of J and An, whefy deviates from
electronic coupling between D and A strongly influences the 90°.
contribution from the SOCFISC process. While studying a Participation of the Anthracene Triplet LE states in ISC.

15000

series of donor-bridge-acceptor {IB-A) molecules wheré® To account for the solvent and temperature dependence of the
= phenothiazineB = a series op-phenylene (P}) oligomers, CT emission of ADMA and its derivatives, it has been shown
with n = 1—5, andA = perylene-3,4:9,10-bis(dicarboximid€y, that it is necessary to include mixing with an energetically

they found that with shorter bridge lengths the increased proximate, symmetry-allowet E state of Ank3:10.18.37,.38,11{n
electronic coupling leads to a larger SOEIBC contribution considering the mechanism of ISC within the analogous systems
producing D-B—3%"A. discussed here, we must also consider contributions from
In anthracene, the triplet axis system coincides with the lowest energetically relevant triplétE states of An. The smaller value
electronic transitions and is clearly dictated by the molecular of ksc for DMJ—An—tol relative to that of DMJAn is
structure, Figure 694106 Computer simulations of the triplet  consistent with similar observations on the effects of conjugated
spectra for DM33"An and DMJ-3"An—tol indicate that the substituents at the 9,10-positions of An on these rate con-
(e a, € a, e a) ESP phase pattern is the result of preferential stants?*~33 Anthracene itself undergoes efficient SGSC
population of the ¥ sublevel, Figure 3A, fob > 0, E < 0.%394 because the energy of its $tate at 3.22 eV is about 0.06 eV
Charge transfer from DMJ to An involves moving an electron below that of $.24273233This SO-ISC process (§— T, —
between two orbitals having a geometry change inxtheplane T1) occurs in fluid solution at 295 K as well as in a frozen
as defined in Figure 6. Using the right-hand rule, this implies solvent matrix at 77 K. Placing conjugated substituents at the
that the angular momentum change is alongytld&ection, so 9- and/or 10-positions may reverse this energy ordering, so that

that the SOCT interaction which coupléD™—A~) and S, is below T,.2427:32.33or example, this reversal is responsible
D—%"A preferentially populatesyI(i.e., Ay > Ay 7) of D—3"A, for the dramatic decrease in the ISC rate of 9,10-diphenylan-
as is observed in the TREPR spectra of the triplet states of thracene relative to that of anthraceéié®

DMJ—3"An and DMJ-3"An—tol, Table 3107.108 Although Ty Our results show that the energies®MJT™*—An~) and

is preferentially populated in both cases, there is an increase of (DMJ™*—An——tol) are 2.83 and 2.75 eV at 293 K, well below
the Ax and Ay population rates in DMJ3"An—tol relative to that of the pure LE T (3.22 eV) state of anthracene and
DMJ—3%"An. This suggests that conjugation between the an- significantly above its T state (1.83 eV¥386.112Under these
thracene and the phenyl group relaxes the symmetry restrictionsconditions, SOCFISC via T, (similar to anthracene) becomes
in a way that alters the sublevel population rates. a strongly activated process, so that significant population of
Absence of a Triplet State TREPR Spectrum in 3-An. It T, is unlikely. However, our TREPR results were obtained at
is particularly interesting thatJAn has a very low triplet yield 85 K in a frozen toluene matrix, where solvent reorganization
and consequently its triplet EPR spectrum is not observedis inhibited, so that the energies 3{DMJ"™—An~*) and
following photoexcitation despite its obvious similarity to DMJ (DMJ**—An——tol) are higher because they are no longer
An. As discussed above, SOETSC requires a(D™*—A™) stabilized by solvent dipole reorientatié¥:114The fluorescence
precursor and depends strongly on the orientation of the spectra of 3An, DMJ—An, and DMJ-An—tol indicate that
molecular orbitals involved in the charge transfer as well as their CT state energy levels all increase 9.2 eV upon
the magnitude 0¥/p,.355557.106.109.11F he solvatochromism data  cooling from 293 to 77 K in toluene, Figure 7. This change
for J-An, DMJ—An, and DMJ-An—tol show that the forma- places the energies ¥DMJ™*—An~*) and(DMJ™*—An——tol)
tion of {(D™—A"") is essentially quantitative for all three much closer to that of the,ILE state of An. Thus, the SOCT
molecules. Thus, the differences in triplet intersystem crossing ISC process at 85K most likely has a contribution from the
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matrix element involving the I state of An,(D™—A™")

| socT ID—3"A(T2)L) in addition to a contribution from the
corresponding matrix element involving, T{(D*—A~*) | %Zsoct
ID—3"A(T 1)1

Conclusions

TREPR studies show that the primary mechanism of triplet
formation in DMJ-An and DMJ-An—tol following photoex-
citation is the SOCFISC mechanism, which is similar to that
which occurs in am—x* electronic transition within a single
chromophore. The SOCAISC mechanism is characterized by
the @€, a, € a, e, a) ESP phase pattern in the DMJAn and

DMJ—3"An—tol TREPR spectra and depends on the degree of
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