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Configuration-interaction calculations are performed to describe the singlet and triplet excited states of
oligothiophene and oligo(phenylene ethynylene) conjugated chains. Intersystem crossing from the singlet to
the triplet manifold is made possible by spiarbit coupling, which leads to a mixing of the singlet)gnd

triplet (T,) wave functions. The electronic sptorbit S—T; matrix elements, obtained from first-order
perturbation theory, are used to compute the rates of intersystem crossing from the lowest singlet excited
state, , into low-lying triplet states, iT On the basis of these results, a general mechanism is proposed to
describe the intersystem crossing process in conjugated oligomers and polymers. The roles of chain length,
heavy-atom derivatization, and ring twists are evaluated.

I. Introduction population migration from the triplet to the singlet manifold).
Another possibility is that the exchange energy is large (exciton

Since the first report of electroluminescence in poly(para- aqel) but that singlet and triplet excitons are formed with
phenylenevinylene), PPV, by the Cambridge grotipere has itterent cross sections. The latter scenario has been confirmed

been an enormous amount of efforts dedicated to the develop-,,, ¢ rejated quantum-chemical calculations on PPV model
ment of light emitting diodes (LEDs) based on conjugated conjugated chain%
polymer me_lterials. Despi_te the high performance achieV(_ed k_)y Once formed, the singlet excited species can decay either
;zlr;?;fg;g::ds fE%geiéalrLi? frﬂl?; Zi?:brl?sfﬁ é élgylgtg%nneeract):cotnh;n radiatively (light is emitted out of the device) or nonradiatively
major issues in the field deals with the nature of the relaxed (_th_ereby Iowering the resul_tin_g luminescence quantum ef-
e!ect(onic excitations created upon charge injection and rec_om-{:tfrg%)tég p;zsslglr?gnzgrg)jl?:lc\)/ri ﬁga};:;lj: ?gn'[sr:ztstr?glgtn
bination. Two models are usually put forward when describing manifold, which is allowed by spinorbit coupling (SOC)
the electrooptical r n f conjugat lyrdegiy: th = r . . , g
se?rﬁ:srﬁdggﬁarczan?js?r?ojgl Owﬁgréugﬁrﬁgrﬁoeici?a(nﬁon: cor- Mixing the singlet and triplet wave functions. For oligothio-

- henes and polythiophenes in solution, intersystem crossing has
respon(_j to band-t_c_:—band fransitions and are therefore very muc een demonztrzlted ?o be the main nonradia'zve decay roug'][e of
delocalized; and (ii) the excitonic model, where self-localization . . 10 . ; - .

the singlet excitong;10 note that in the solid state, interchain

of the excitations takes place as a result of Coulomb interactions. ! . .
within the electron-hole pairs. interactions can lead to luminescence quenching due to the

This issue bears strong impact on the working mechanismsformati(.)n. of low-lying optically_forb_idden excited stat@_sl.z
of LEDs, namely on the role of triplet excitations as illustrated The efﬂmency of the ISC route in thiophene-based conjugated
below friplets can form within the devices both upon recom- mater!als ha§ long been attributed to the “heavy-atom.effect”
binatién of the positive and negative charge carriers injected aSSOCIa-ted -Wlth the suh_‘uratoms. In poly(paraphenylen_ewnerne)
! S and derivatives, the existence of an intersystem crossing channel
from the opposite electrodes and as a result of sirgtedlet

. - ) . . is supported by the appearance of a tripleiplet transition

intersystem crossing occurring once singlet species are generate and in photoinduced absorption spedfrdn the case of

in the organic Iaye_r. From simple Spin statistics and assuming platinum-including poly-yne derivatives, the singlet-to-triplet

strongly bound excitons, the electroluminescence quantum yleld’crossing is so effective and the phosphorescence lifetime so short
i 0,

n(EL), |s.expected to be Iess' than or equal to 25% of the that only triplet emission is observed at low temperatdre.

photqlummesce_nce quantum yielgPL) (because the recom- What is the exact origin for soirorbit counling in polv-

bination of a pair of electron and hole leads to four microstates . ) 9 ptroroI ping in p X

in total, with three triplets and one singlétRecent experimental  thiophenes and typical hydrocarbon conjugated polymers? What

data have, however, suggest(EL)/;(PL) ratios as large as is the. most likely pathyvay for. intersystem crossipg in thoge
50% in PPV-based devicds® These results can easily be materials? Can we design conjugated polymers with vanishing

accounted for in a semiconductor band model, because in thisSPIn—0rbit coupling in order to boost the quantum yield for
case the exchange energy is negligible and thermalized triplets'”glet emission or, inversely, take advantage of triplet emission

excitons can contribute to luminescence (through activated " conjugatgd structures V_Vith e_nhanced S,OC? In this Work,_we
try to provide some insight into these issues by studying

* Corresponding author oligomers of thiophene and of phenylene ethynylene, the latter
T Universpity of ,\%Ons_Ha{inam_ being chosen as representatives for hydrocarbon conjugated
*The University of Arizona. systems. We first compute (i) the electronic excitation energies
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from the ground state to the lowest singlet and triplet excited Non Z
states of the oligomers; and (ii) the singtétiplet spin—orbit <OH P> = o, z Z<—'11/;°|Li| 3> x
coupling energies using first-order perturbation theory for 2 rit
selected molecules. Both pieces of information (excitation oL
energies and SOC expectation values) are then inserted in the 1 N
golden-rule expression for radiationless decay to estimate the <—(@B—-Bn)|S| 1 > (2)
ISC rates. The influence of twists along the conjugated path J2 —(0f + Bo)
and the effects of extension of the conjugated bridge and its 2
substitution with heavy atoms (such as chlorine and bromine)
are investigated. with WO(y% the INDO/SCI total (spatial) wave functions.
To compute the intersystem crossing ratéSsc, between
an initial singlet state | and a final triplet state F, we have used
the golden-rule expression for radiationless transitf@ris:

27
The ground-state geometric structures of all the conjugated KFlsc = W <10 |H y *W>2 [FCWD] 3)

oligomers considered in this work have been optimized at the

Hartree-Fock semiempirical levels, using the AMitechnique where FCWD is the FranekCondon weighted density of states,
in the case of oligo(phenylene ethynylene)s and the MDO i.e., the density of vibrational states in the triplet times the
method for the oligothiophenes (because it is our experience Franck-Condon vibrational overlap. Note that eq 3 has been
that AM1 performs less well in the case of sulfur-containing applied extensively for the treatment of electron-transfer (ET)
conjugated oligomers). Coplanar configurations have been reactiong? 4 In the high-temperature limit, the FCWD term
adopted in all cases except when investigating the influence ofis given by*

Il. Computation of the Spin—Orbit Coupling and
Intersystem Crossing Rates

ring twists. .
. —_ . : i 1 (AE+A)
The semiempirical intermediate neglect of differential overlap FCWD= BT 4)
(INDO)'” Hamiltonian is then combined with a single config- VATART 4ART

uration interaction (SCI) scheme to describe the lowest singlet
and triplet excited states. For the oligothiophenes, d orbitals on
the sulfur atoms are included in the basis set. The Ghno

Klopmgn potenn#? IS “Se‘%' to dep!ct the 'electretelectrorll theory, the reorganization energy includes components from the
interactions. We find that this potential provides a more reliable jpation of the molecules (intramolecular reorganization energy)
estimate of the singlettriplet, $—T;, energy difference than  ang from solvent reorientation around the molecules (solvent
does the more conventional Matagidishimoto potentiat? We reorganization energy¥. 24 For intersystem crossing, solvent
stress that higher order excitations have to be included in theeffects are expected to be small ahdcorresponds to first

Cl expansion for a quantitative description of the transition approximation to the energy variation in the initial singlet
energies? Because here the emphasis is on trends rather thanexcited state when switching from the singlet equilibrium
on numbers, the INDO (OhreKlopman)/SCI formalism, which geometry to the triplet equilibrium geometry.

provides a reasonable compromise between accuracy and

computational demand, appears to be a useful approach. I1l. Singlet and Triplet Excitation Energies

Interaction between the spin and orbital motions of an electron ~ Before going into the computation of the SO matrix elements
(spin—orbit coupling) induces a mixing between singlet and and ISC rates, it is worth discussing the excitation energies

In eq 4,4 denotes the Marcus reorganization energy Agds
the energy difference between the initial and final states, i.e.,
here the singlettriplet energy splittings. In electron-transfer

triplet excitations. The spinorbit Hamiltonian writed! computed for the lowest singlet and triplet excited states of the
compounds considered in this work. As pointed out in the

N on 7 Introduction, t.he photophysical prqpertiqs of oligothiophenes

Ho,= o 2 z Z —'uf-é 1) have _been widely |nyest|gated using d|fferent_ spectroscopic
S0 s e 4 (3 : techniqued; 10 there is thus room for comparison between

i experiment and theory. Phenylene ethynylene oligomers are also

attractive compounds, because numerous experimental data on
whereays is the fine structure constaidt, is the effective nuclear  the nature of the lowest singlet and triplet excitations have been
charge for nucleug, andL and S are the orbital and spin  reported on poly-yne structures including heavy atoms in the
momenta, respectively. This Hamiltonian represents the couplingconjugated patf2°
between the spin and orbital momenta of an eleciydirough Figure 1 shows the evolution with inverse chain length of
interaction with the nuclear field of nucleys. Note that  the INDO/SCI singlettriplet, $—Ti, and singlet-singlet, $—
additional terms arising from electrerelectron interactions St €xcitation energies in oligo(phenylene ethynylene)s and
should be included ibsofor a complete description of the spin  @ligothiophenes (hereafter denoted ag &id Th, with n equal

orbit interactions; these terms, usually assumed to be smaller,© the number of aromatic rings, respectively). Note thatidt
are neglected here. molecular levels have been considered in the CI active space

) o ) (the technique is therefore size-consistent for thstates we

The expectation value of the spiorbit coupling can be  are interested in). The smaller chain-length dependence of the
calculated using first-order perturbation theory, with the spin  singlet-triplet energy difference, as compared to the singlet
orbit interaction as the perturbation and the INDO/SCI unper- singlet transition energy, is related to the more local character
turbed wave functions as the zero-order eigenvectors (with of the lowest triplet exciton with respect to the lowest singlet,
superscript 0): as discussed previousi§26
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45 allowed by the large spinorbit coupling associated to the heavy
@) platinum centet*

In both series of compounds, a rather large energy splitting
between the lowest singlet;,Sand triplet, T, excited states is
thus obtained from the INDO/SCI calculations, in agreement

= with the available experimental data. Note that a similar value
/ (0.9 eV) has recently been reported for a poly(paraphenyl-
enevinylene) derivativé® Direct measurement of the phospho-
rescence emission from a ladder-type poly(paraphenylene) has
25 located the lowest triplet state some 0.65 eV below the lowest

‘ singlet?® We stress that such large exchange energies are
. ‘ ‘ . ‘ ‘ ‘ ‘ | inconsistent with semiconductor band models and can be

00 01 02z 03 04 05 06 07 08 rationalized only within bound exciton theory; this also means

tin that, in such materials, thermalized iplet excitons do not

contribute significantly to photoluminescence or electrolumi-

o) nescence at room temperature, because the thermal energy is
o 8T, much smaller than the activation energy (ild,< A(S;—T»1)).
o 85, From egs 3 and 4, we see that the intersystem crossing rate
204 strongly depends on the overlap between the vibrational wave
functions in the initial and final states. For an exothermic process
25 1 (i.e.,AE < 0, the final triplet state below the initial singlet state),
the activation energy and the radiationless transition decay rate

20 / first raise with increasing energy separation (it < 1), peak
at AE = 1, and finally decrease withE for large excited-state

15/ splitting (AE| > A, inverted region). For energy spacings on
the order of one eV, the overlap factor between the singlet initial

10 \ » ‘ : , \ state and the triplet final state is vanishingly small; therefore,
o0 ooz 03 :/" es 06 0T 08 on the basis of such simple energy arguments, theT$
" intersystem crossing pathway appears as an inefficient route for

Figure 1. Evolution with inverse chain length, i{wheren is the . . . . -
number of aromatic rings), of the INDO/SCI singtédtiplet, S—T; nmo;][;?gi[lve decay of the singlet excitons in most conjugated

(circles), and singletsinglet, $—S; (squares), excitation energies in . .
(a) oligo(phenylene ethynylene)s and (b) oligothiophenes. Coplanar ~ On the basis of the same arguments, channels for efficient
conformations are considered. intersystem crossing would be those involving quasi-degenerate
pairs of singlet Ftriplet T; excited states, provided thg-ST;

For oligothiophenes, the SCI excitation energies are found spin—orbit matrix element is sizabf. Note that if the final
to be in reasonable agreement with those obtained at the morestate is located at a higher energy than the initial state AE.,
sophisticated multireference determinant MRD-CI 18%¢hl- > 0), the barrier height for the activated intersystem crossing
though SCI tends to underestimate the-$; energy separation)  process increases with the singiétiplet energy separatioAE.
and with the results of recent spectroscopic and photo- In terthiophene (T#), the temperature dependence of the
acoustic measuremerfsFrom those measurements, the ex- fluorescence quantum yield has been described on the basis of
change energy (ST: energy difference) in the polymer a model including contributions from two channels, a temper-
(assuming infinite chain length) has been estimated to be onature-dependent pathway with an activation energy on the order
the order 0.6-0.9 eV, depending on the scheme used to Of 0.05 eV (involving a triplet excited-state lose to $) and
extrapolate the experimental data. The SCI result@8 eV a nearly temperature independent channel (involving other triplet
and the MRD-CI calculatioR8yield AE(S,—T1) ~ 0.6 eV, i.e., statesf Quantum-chemical calculations, performed at the MRD-
both values lie within the experimental error bar. Note that these C! level, have confirmed this experimental observation and
values for the exchange energy in polythiophene should be identified the triplet excited state closest tp & T.°
regarded as lower limits, because the conjugation length in actual Figure 2 shows the energy diagram for the lowest singlet and
polythiophene samples is finite and the singleiplet, S—Ta, triplet excited states of the planar fand PR molecules, as
energy separation is characterized by a strong chain-lengthProvided by the INDO/SCI scheme. In both cases, we find triplet
dependence: the splitting is as large as 1.5 eV in short States close in energy to;Sn the basis of simple energetic
oligomers20:27 arguments, these are expected to contribute the most to the total

In the case of oligo(phenylene ethynylene)s, extrapolation of inte_rsy;;tem crossing rate (small v_ibrgtional overlap and Igrge
the INDO/SCI computed excitation energies to infinite chains agtlvat!on energy reduce the contrlputlons from low- and h!gh-
leads to an exchange energy close to 1 eV, i.e., slightly larger Iymg tnplet_states). To abtain gfull picture, howeve_r, the Spin
than the corresponding value in polythiophene. This is expectedorblt couplings among the singlet and triplet excitations ar_ld

. A ; the Franck-Condon overlap factors have to be quantified. This
since the $—T; energy separation increases with the degree of is done in the next two sections
confinement of the excitations, which is larger in oligo- ’
(phenylene ethynylene)s due mainly to the presence of the P .
strongly alternated triple bonds. To our knowledge, no experi- V. Spin —Orbit Coupling
mental data are available for the triplet states in oligo(phenylene In order for the space part of integral (2) not to vanish, the
ethynylene)s. In a platinum-including poly(phenylenediethy- direct product of the irreducible representationdf and3y°
nylene), an exchange energy ofL eV has been determined must contain the irreducible representation to which one or more
from a direct measurement of the phosphorescence spectrumof the three components af(Ly, Ly, andL;) belongs; these are
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5 states belonging to the same irreducible representation or along
""" the main chain axis for excited states belonging to different
representations (Table 1). Therefore, it is likely that rotation of
the aromatic rings along the conjugated segments will consider-
ably enhance the spirorbit couplings and hence the transition
probabilities for intersystem crossing and triplet light emission.
Note, however, that geometry relaxation in the excited state is
expected to lead to more planar conformations, as a result of
the increased quinoid character within the thiopene

] «‘ phenylene rings. Two scenarios can then be invoked to explain
T =T G efficient ISC: either torsional relaxation to a fully planar
conformation is impeded by steric hindrance or the process takes
place from an unrelaxed nonplanar singlet excited state con-
formation.

In the case of polythiophenes, the conformations adopted by
S the chains depend on the size and nature of the substituent
----- groups in positions. Recent experiments by Theander ét al.

—_— TTs have demonstrated @decreasen fluorescence quantum yield
T in solution when grafting bulky groups on the polythiophene
{ chains, resulting mainly from more efficient nonradiative decay
channels; similar findings have been reported by Lanzani®t al.
From the above considerations, these data can be interpreted
— within the first scenario as resulting from a faster intersystem
i A crossing channel due to the enhanced SOC in those conjugated
- chains that likely keeps a nonplanar conformation in the excited
Figure 2. Energy diagram for the lowest singlet and triplet excited State. (Note that internal conversion is not a likely explanation
states in (a) the phenylene ethynylene trimeg, Bhd (b) the thiophene for this observation, because twisted structures are characterized
trimer, Th. Coplanar conformations are considered. by higher excitation energies and the IC rate decreases with
increasing energy separation.) Molecular disorder thus appears
as a key parameter in the control of the nonradiative decay rates
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TABLE 1: Symmetry Selection Rules for Intersystem

Crossing and the singlet emission quantum efficiencies. In that respect,
symmetry initial state  final state o the very high photoluminescence efficiency of ladder-type poly-
group symmetry  Ssymmetry polarization (paraphenylene)s (LPPP) in solution (on the order of $)%
Dan Bau Bay forbidden appears to be related to the particularly low intrachain disorder
EZU Szu LOJEg’f‘_jelgne in this polymer. Using femtosecond time-resolved spectroscopy,
Co Bi” Bi” out-of-glan o Rentsch and qo-workers have der’_nonstrated that the high
Aq Aq out-of-plane generation of triplets in Thand Th arises because of a very
Aq Bu forbidden efficient ISC channel involving the unrelaxed, nonplanar singlet
Ca B1 B1 forbidden S, excited state and a closely lying triplet st&dhis supports
A1 A forbidden the second scenario described above as a possible mechanism
c g‘l El .OUt'IOf'pla”ﬁ : for the intersystem crossing process in unsubstituted oligothio-
2 A A inplan (shortais)  Phenes.
A B in-plane (long axis) In our approach, the SOC expectation values have been

computed for a series of model compounds, where we impose
the symmetry selection rules for spiorbit coupling. In planar a twist of the aromatic rings along the conjugation path
conformations, the oligo(phenylene ethynylene)s hé@g following an helical conformation. This is depicted below for
symmetry, whereas the oligothiophenes have eihg(for an the thiophene trimerd is the interannular twist angle, taken

even number of aromatic rings) @, (for an odd number of  here as a free parameter): Since internal conversion is usually
aromatic rings) symmetry. Inspection of the character tables for

these point groups indicates that, depending on the symmetry
of the initial and final excited states (see Table 1), ISC between
m—m* excited states is forbidden, except in the out-of-plane
direction (and hence negligible for planar compounds). Of
course, as for optical transitions, the selection rules for-spin
orbit mixing can be somewhat relaxed through vibronic
couplings, though this second-order effect is expected to be weaka very fast process (the IC decay rates are on the ordert®f 10
in most cased! As both ISC and phosphorescence involve the 10! s™1), intersystem crossing is likely to take place from the
SOC expectation values, these processes are predicted, fronfowest singlet excited state in its relaxed geometry. Note,
simple symmetry arguments, to occur with a very small however that, upon excitation in the high-energy domain of the
probability in highly symmetrical, planar, conjugated structures optical spectrum of polythiophene (around 6 eV), a new efficient

(even if the conjugated backbone includes heavy atoms). channel for intersystem crossing opens up, which involves high-
If we now impose a twist angle along the conjugated path of lying singlet and triplet excited states most likely localized on
the molecules, the symmetry is lowered @ (or lower the thiophene aromatic ring$.Here, all spir-orbit coupling

symmetry), for which spirorbit coupling is allowed either  elements have been computed with the lowest singlet excited
along theC; rotation axis (short axis of the molecule) for excited state, $, as the initial state. Note that all valence molecular
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Figure 4. Spin—orbit coupling matrix elements (in cr) between

the S singlet excited state and the lower-lying tripletékcited states

of (a) the phenylene ethynylene trimer,sPtith ring twists of 10;

(b) the phenylene ethynylene trimer,sPWith ring twists of 20; and

(c) the phenylene ethynylene hexamerg,Rhith ring twists of 10.

The abscissa is the energy difference (in eV) between the final triplet
excited state (i) and the initial singlet excited state;§S

Figure 3. Spin—orbit coupling matrix elements (in cr) between
the S singlet excited state and the lower-lying tripletekcited states
of (a) the thiophene trimer, Bhwith ring twists of 10; (b) the
thiophene trimer, TH with ring twists of 20; and (c) the thiophene
hexamer, Tk with ring twists of 10. The abscissa is the energy
difference (in eV) between the final triplet excited statg) @d the
initial singlet excited state (¥

orbitals have been included in the CI active space. For the the frontier molecular orbitals with strongcharacter (mainly
compounds investigated here, the spimbit expectation values ~ the HOMO to LUMO and HOMO-1 to LUMOt 1 excitations).
are on the order 440 cnt?, which are typical values for  As discussed previously, spitorbit interactions betweemn—m*
organics?! The results are displayed in Figures®B(where the  €lectronic transitions is expected to be very wéak.

x-axis corresponds to the energy difference between the initial (i) In the oligothiophenes (Figure 3), large SO couplings are

S singlet excited state and the fina ffiplet state). calculated for triplet excited states located-1255 eV above
Our main findings are: the lowest singlet. From the analysis of the wave functions, these
(i) For all compounds investigated, the spiorbit coupling triplet excitations can be classified as quasi-pures* excita-

between the Sand T; excited states is vanishingly small. This tions, which are well-known to lead to efficient intersystem
has to be related to the fact that the tliplet excited state is crossing in heterocyclic compoun#is®® Most importantly,
described in terms of a few electronic configurations involving triplet excited states located in the vicinity of &e found to
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Figure 5. Spin—orbit coupling matrix elements (in crd) between
the S singlet excited state and the lower-lying tripletekcited states
of (a) the chloro-substituted phenylene ethynylene trimey;-H with
ring twists of 10 and (b) the bromo-substituted phenylene ethynylene
trimer, Ph—Br, with ring twists of 10. The halogen atoms are grafted
on the phenylene rings in (2,5) positions. The abscissa is the energy
difference (in eV) between the final triplet excited statg) @d the
initial singlet excited state (%

display sizable spinorbit interaction with g, although those
electronic excitations are mainly of—x* nature, they also
involve molecular orbitals with some-character (due to-z
mixing) and large contributions on the sulfur atoms.

(iii) It is quite remarkable that observations (i) and (ii) also
apply in the case of oligo(phenylene ethynylene)s, Figure 4.

Beljonne et al.

from S to close-lying triplet excited states, because these triplet
states have significant contributions on the halogen atoms.

At this stage, we can already propose possible pathways for
the intersystem crossing processes in conjugated chains. The
direct S—T; crossing route can be discarded because it is
characterized by both a large energy splitting (hence a small
Franck-Condon overlap) and a weak spiarbit coupling.
High-lying triplet states that present the largest sprbit
couplings to $could be invoked, but activation energies larger
than 0.5 eV lead to negligible FCWD in eq 4. Intersystem
crossings from §to some closely lying Ttriplet states,
characterized by sizable SOC, have therefore the greatest
probability of occurring.

V. Intersystem Crossing Rates

To quantify the last statement, we have inserted the expecta-
tion values for the spirorbit operator into eq 3 to compute
the intersystem crossing rates at room temperaflire 298
K). AM1/CI geometry optimizations on the lowest singlet and
triplet excited states of Bhprovide us with estimates of the
reorganization energies, We find that the typical reorganiza-
tion energy changes associated with geometrical relaxations
when switching from the equilibrium geometry of the initial
singlet state, § to that of the final triplet state, ;T (or vice-
versa) are on the order 6-0.3 eV depending on the singtet
triplet pathway. These results are consistent with the upper limit
for 4 (0.3 eV) used by Burin and Ratner in their investigation
of the spin effects on the luminescence yield of organic LEDs.

The contributions to ISC in the terthiophene molecule (with
a twist angle of 2€) are shown for values of ranging from
0.15 to 0.4 eV in Figure 6. The most striking feature is that
only two channels contribute significantly to the intersystem
crossing: an exothermic pathway involving a triplet excited state
(T3) located~0.5 eV below the lowest singlet state;Yand an
endothermic channel corresponding to a radiationless transition
from S to a triplet state lying slightly above £J. Contributions
of all other channels (including the; ST, pathway) vanish
mainly because of the FCWD factor in eq 3. The existence of
a two-channel process is consistent with recent femtosecond
time-resolved experimental investigatidhand earlier temper-
ature-dependent fluorescence quantum yield measurehuents
terthiophene.

From Figure 6, we see that the relative contributions arising
from the two different channels get reversed when increasing

Here, however, the large peaks in the SOC values are due tothe reorganization energy: while thets T, channel dominates

triplet wave functions with large contributions arising from the
perpendicularr system of the ethynylene triple bonds.

(iv) When focusing on the triplet excited states located in
the vicinity or below $, we note that the spirorbit expectation

for low 4, it becomes negligible for largévalues. In fact, for
those excited states, we are in the intermediate coupling regime
of radiationless theoryAE ~ 1). Because the exponential in

eq 4 passes through a maximum (equal to 1) wiids = 4,

values increase when raising the twist angle between adjacenthe Franck-Condon overlap and subsequently the intersystem

rings (which is expected) butecreasewith increasing chain
length. We rationalize the latter feature by the larger energetic
separation between theando electronic structures in the more
extended compounds, which reducesdher mixing and hence
the spin-orbit interactions. This has important consequences
on the chain-length evolution of the ISC rates, as discussed in
the next section.

(v) Finally, because the spirorbit Hamiltonian is highly
sensitive to the atomic number (eq 1), substitution of the
conjugated chains with heavy-atom-containing groups should

crossing rate is highly sensitive to the relative location of the
excited states and the actual choice for the reorganization energy.
Experimentally, it seems that the two channels contribute more
or less equivalently to the total intersystem crossing tate.

We have applied the same methodology to calculate the ISC
rates of a series of model compounds. As is the case fgrarh
few number of ISC routes (two in most cases) have been
identified in those molecules. The results, obtained by summing
over all final triplet states in eq 3, are presented in Table 2 for
three representative values &f We stress that the various

lead to a large enhancement of the SOC expectation values. Asapproximations considered in the formalism used here (for

shown in Figure 5, we find that derivatization of thesPh
molecule with chlorine and especially bromine induces a
substantial increase in the spiarbit interactions for transitions

excitation energies, SOC expectation values and Franck
Condon overlap) do not allow quantitative predictions of ISC
rates. For instance, the radiationless transition rates obtained
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Figure 6. Calculated intersystem crossing rates (il $0) between the Ssinglet excited state and the lower-lying tripletekcited states of the
thiophene trimer, Th(with ring twists of 20) at T= 298 K for different values of the reorganization energjy,(a) A = 1200 cnt?; (b) 1 = 1600
cmt; (c) A = 2000 cny; (d) A = 2400 cmt; (e) A = 2800 cml; and ()4 = 3200 cmt. The abscissa is the energy difference between the final
triplet excited state (J and the initial singlet excited state,jSNote the major differences in vertical scales.

for the oligothiophenes are about 1 order of magnitude smaller ethynylene)s. In both cases, the decreasfrwith the number
than the experimental valué83” We believe, however, that  of aromatic rings is mainly related to an overall lowering of
the general description of the ISC mechanisms provided by ourthe spir-orbit expectation values (as discussed in the previous
theoretical approach and the trends in the ISC rates observedsection) but also, to a smaller extent, to an increase in energy
upon substitution or elongation of the conjugated segment arebarrier for the endothermic channel. For the oligothiophenes
valid. series, the §to T, energy separation raises fror0.05 eV in

The quantum-chemical calculations indicate a decrease withthe thiophene trimer t6-0.2 eV in the thiophene hexamer (there
chain length of the intersystem crossing rates in oligothiophenes,is no significant endothermic contribution to ISC for the dimer).
which is consistent with a number of experimental dataA Note that similar results were obtained at the MRD-CI &Vel
similar evolution is obtained in the case of oligo(phenylene and agree well with the corresponding experimental vaiies.
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TABLE 2: Calculated Intersystem Crossing Rates (in 18 Isc* T,

s™1) at Room Temperature (T = 298 K) for the Different Sy, ———— e il

Compounds Considered in This Work: sc ™ T
compound A=1200cm?! A=2000cnt* 1=2400cn?t

Thy (6 = 15°) 7.2 4.4 1.9

Thy (6 = 30°) 8.8 18. 13 T

Ths (6 = 10°) 0.03 0.96 2.3 !

Ths (6 =20°) 0.09 0.71 4.6

The (6 = 10°) 0.20 0.18 0.26

Phs (6 = 10°) 0.68 0.21 0.07

Phs (0 = 20°) 28 8.6 2.8

Ph—Cl (0 = 10°) 4.2 1.3 0.45 N —

Ph—Br (0 = 107) 503 151 49 Figure 7. Schematic representation of the dominant channels for

— 5
Phe (6 = 10°) 10° 0.01 0.09 intersystem crossing in conjugated oligomers and polymers. ISC*
3} is the reorganization energy;is the interannular twist angle. denotes an exothermic process, ISC an endothermic process.

At the same time, the singlesinglet, S—S,, radiative decay singlet-triplet, S —T,, intersystem crossing. In all compounds
rate, ks, calculated on the basis of the INDO/SCI excitation We investigated, we find low-lying triplet excited states close
energies and oscillator strengths, increases slightly fres 10 the lowest singlet excited state, that appear as better
to ~5 x 10° st when passing from Thto The; these values ~ candidates for efficient ISC channels. .
are consistent with the results of time-resolved fluorescence _The spin-orbit couplings between the lowest singlet and the
studies on oligothiophenes in solution, indicating an increase triplet excited states were computed by means of first-order
in ks from Ths (~3 x 108 s°1) to The (~5 x 108 5137 As a perturbation theory. From simple symmetry arguments, we have
consequence, while intersystem crossing competes in a veryPointed out the role of molecular disorder, in terms of twists of
efficient way with singlet light emission in short oligomers, the ~the aromatic rings along the conjugated path. While a vanish-
radiative route for the singlet exciton decay dominates in long ingly small SOC is obtained in all cases for the-3; channel,
chains, leading to the overall increase in fluorescence quantuminteraction between ;Sand higher-lying triplet states is more
yields with the number of repeating un®&’It is worth stressing ~ €ffective and leads to sizable expectation values for the-spin
that intermolecular interactions, which usually lead to a strong Orbit Hamiltonian. We rationalize these results in terms-efr
quenching of the luminescence in the solid state (for H-aggre- Mixing in the twisted structures. In oligothiophenes, the triplet
gates)t~12 have also been shown to be minimized in highly Wave functions giving rise to efficient spirorbit coupling
extended conjugated structufsthese therefore appear as involve large contributions on the sulfur atoms, while the triple
attractive materials for use as emissive component in LEDs. Ponds of the ethynylene bridges are mostly responsible for the
Substitution of the phenylene units with chlorine and bromine Significant SOC values in oligo(phenylene ethynylene)s.
induces a marked enhancement of the intersystem crossing rate Using the golden-rule of radiationless transitions, we have
in Phs, as expected from the *heavy-atom” argument. We stress €stimated the intersystem crossing rates in a series of repre-
that this exaltation occurs because the halogen atoms contributé€ntative compounds. Although our approach does not allow
significantly to the wave functions of the low-lying electronic S 0 provide quantitative results, it gives good insight into the
excited states and, therefore, the conditions of large-spibit likely mechanisms for intersystem crossing in conjugated

coupling and significant vibrational overlap are simultaneously Polymers. As sketched in Figure 7, a few (mainly two) channels
fulfilled. have been identified as the dominant contributions to the total

ISC rate. These pathways involve triplet excited states that

observation of phosphorescence (i.e., triplet emission) in organicsat's.fy t.V\.’O criteria: (i) they are 'OC"?“?‘?‘ close In energy .IO S
for significant overlap between the initial and final vibrational

conjugated polymers. For the different compounds studied here, t ions: and (i thev display sizabl oTbi I
we have estimated phosphorescence radiative lifetimes in theVaVe functions; and (ii) they display sizable sporbit coupling

range 0.2-2 s. Taking into account the very long natural lifetime With. the IQWESI singlet gxcited state. In most of the_molecules
of the triplet excitons in organics, their decay is expected to be we investigated, two F”.plet. stat'es fulfill the;e conditions, one
in most cases entirely dominated by faster radiationless transi-lohcatGdI belgw 5 pr?rtlcllpatmg In tBe d°”.‘"_‘a”t _exotherm|c
tions such as quenching by a defect or impurity (such as ¢Nannet an another lying just above @V'T‘g rise to an
molecular oxygen) in disordered conjugated polymers. Observa—endOtherm'C ISC route. Importantly, the magth!de Of. both typgs
tion of phosphorescence in a conjugated polymer thus requires®! channellhasf been”calculz_ate%_to decrle_ase W't:‘ oligomer lee,
a high degree of order and a very low concentration of impurities &5 2 result of smaller spiorbit couplings and increase

or defects, conditions which are usually very hard to achieve. activation energies. Itis remarkable that 'ghe same evolution has
The first demonstration of phosphorescence in an hydrocarbonbeen, obtained fF’T the two types of conjugated structures we
conjugated polymer was reported in a ladder-type poly- considered. Additional work is, however, needed to generalize

araphenylene) conjugated polyniér. further these observations. . .
(paraphenylene) g poly As a reply to the questions raised in the Introduction section,

we can propose two strategies for the engineering of efficient
luminescent materials: One is to design highly delocalized
Correlated quantum-chemical calculations have been per-conjugated structures with planar skeletons to reduce spin-orbit
formed to describe the singlet and triplet electronic excitations coupling and intersystem crossing. We note that luminescence
in oligothiophenes and oligo(phenylene ethynylene)s. By ex- quenching due to solid-state effects is also expected to be
trapolation of the transition energies obtained for oligomers of reduced in extended systedis8
increasing size, we predict exchange energies on the order of The other is to take advantage of triplet emission in
one eV for the lowest excited state in the polymer chains. Such architectures including, either in the conjugated backbone or
a large energy separation is expected to prevent any significantas substituents, heavy atoms to boost the-spibit couplings

Finally, we would like to comment on the possibility for

VI. Synopsis
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and shorten the triplet radiative lifetime. Achievements of such
work appear to be highly promisiri§;4! here, one can take
benefit from the large yield of triplet excitons generated in LEDs
upon charge injection and recombination.
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