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Abstract: The energy gap law established for aromatic hydrocarbons and rare earth ions relates the nonradiative
decay rate to the energy gap of a transition through a multiphonon emission process. We show that this energy
gap law can be applied to the phosphoresce of a series of conjugated polymers and monomers for which the
radiative decay rate has been enhanced through incorporation of a heavy metal. We find that the nonradiative
decay rate from the triplet statg hcreases exponentially with decreasing-%, gap for the polymers and
monomers at 300 and 20 K. Comparison of the nonradiative decay of polymers with that of their corresponding
monomers highlights the role of electrelattice coupling.

I. Introduction istry of conjugated polymers. Furthermore, triplet states play
o ) ) ) an important role in optical and electrical processes within
The nonradiative decay of triplet states in aromatic hydro- ¢qonjygated polymers with direct implications for their techno-
carbon molecules has been explained both theoretically andjygical exploitation. For example, photoluminescence is affected
experimentally in terms of the well-established energy gap law py the relative energies of the singlet and triplet sé&t@3and
for unimolecular decay? The mechanism for these nonradiative  {1e yltimate efficiency of light emitting diodes (LEDs) is

transitions is controlled by FranelCondon overlap of wave  onirolled by the fraction of triplet states generatetf or
functions? For a series of materials which have similar ground arested?19

and excited states but with varying triplet energy, an exponential  gmjission from a triplet excited state to a singlet ground state
relationship is seen between the rate constant and the ener9¥phosphorescence) is forbidden by spin selection rules, but it

gap of the transition. This was first suggested as an empirical ., pe rendered partially allowed by spiorbit coupling in-
relationship by Robinson and Frosdh 1963 and then a more  j,ced by heavy atoms or vibrational coupli#§However, most
quantitative theory for nonradiative decay in aromatic hydro- ,ganicconjugated materials do not contain heavy atoms to
carbons was established by Siebraind1967 showing alinear  coninute to spirorbit coupling. Vibrational coupling is
relationship between the log of the FrardBondon factor and  reqyired forr—s* transitions to mixz with o states to produce
the energy gap of a transition. This work was later extended by 5 change in orbital angular momentum. This is necessary to
other authors who concentrated on the modes by which the ;o nnensate the spin flip when crossing from the triplet to the
nonradiative decay occut$.The energy gap law has also been  gingjet manifold. Suitable modes usually involve an out-of-plane
applied to rare earth iofnd to Pt, Os, and Ru complexes. (often G-H) bending or a ring twist® For small conjugated

However, to our knowledge, the nonradiative decay of triplet molecules such as benzene and naphthalene, the out-of-plane

states in conjugated polymers has not yet been considered inbending modes provide the route by which phosphorescence
this context. Yet radiationless transitions are more common than

radiative transition8,so that a knowledge of triplet state decay , (10) Beljonne, D.; Cornil, J.; Friend, R. H.; Janssen, R. A. J.dise J.
. S . L. J. Am. Chem. S0d.996 118 6453.
mechanisms is vital for a full understanding of the photochem- (11) Peeters, E.. Ramos, A. M.; Meskers, S. C. J.; Janssen, RJA. J.

Chem. Phys200Q0 112 9445.
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Figure 1. The general chemical structure of the polymers and
monomers investigated and the spacer units, R, that were used.
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occurs?® However, this vibrational coupling is not a particularly

effective mechanism as a large amount of energy is required to

deform the aromatia-electron cloud.For conjugated polymers,
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Figure 2. The photoluminescence and absorption spectra of films of
monomersM1, M2, M4, M6, and M8. The absorption spectra are
the higher energy dotted lines. PL spectra were taken with UV exci-
tation at both 300 (dotted lines) and 20 K (solid lines). All of the

thesr-electron system is further extended. We therefore consider gpecira, with the exception 81, give the correct relative intensities

that it should be even more difficult to deform and that this
mechanism of vibronic coupling should be even less effective
than for small molecules. Furthermore, there is a higher
probability for triplet-triplet annihilation on a polymer chain.
As a result, phosphorescence should be extremely difficult to

for 20 and 300 K. Spectra have been displaced on the vertical axis for
clarity.

readily dissolved in dichloromethane at room temperature and thin films
of them were produced on quartz substrates by using a conventional

detect in conjugated polymers, and indeed, there are very fewphotoresist spin-coater. Films were typically 350 nm in thickness

reports of their phosphoresceriéd herefore a systematic study
of the relationship between the energy of the triplet states an

the rate of nonradiative decay has not previously been possible.

Here we have circumvented the problem of the triplet state

as measured on a Dektak profilometer. The optical absorption was

gmeasured with a HewlettPackard ultravioletvisible (UV—Vis)

spectrometer. Measurements of photoluminescence (PL) and photolu-
minescence lifetimes were made with the sample in a continuous-flow
Helium cryostat. The temperature was controlled with an Oxford-

being nonemissive by using a model system consisting of Pt-ne|jigent temperature controller-4 (ITC-4) and a calibrated silicon
containing ethynylenic conjugated polymers and monomers of giode adjacent to the sample. For PL measurements, excitation was

the general form+{Pt(PBy"),—C=C—R—C=C—], for which
phosphorescence can be directly obseg#ed. Incorporating
Pt into the polymer backbone introduces strong sirbit
coupling while still preserving conjugatidd.lt is therefore

provided by the UV lines (334365 nm) of a continuous wave (cw)
Argon ion laser. Typical intensities used were a few mWAnihe
emission spectra were recorded by using a spectrograph with an optical
fiber input coupled to a cooled charge coupled device (CCD) array

possible to access the triplet state by using conventional spec{(Oriel Instaspec IV). For the lifetime measurements, the tripled output

troscopic techniques. The triplet energy level has been tune

between 2.5 and 1.3 eV by varying the spacer R as shown in

Figure 1. This has allowed a systematic study of the relation-

dfrom a Q-switched YAG laser was used (355 nii,5 ns pulses). The

emission was recorded by using a photomultiplier tube and a digital
oscilloscope. The temporal resolution of this setup was found to be
around 70 ns. PL efficiencies were measured by using the integrating

ship between triplet energy and the rate of nonradiative decay gpnere techniqdewith excitation from a Helium Cadmium laser at
for a series of conjugated polymers and their corresponding 325 nm.

monomers.

Il. Experimental Section

The synthesis of the polymers and monomers used for this work is
described elsewhef@2829 All of the polymers and monomers were

(21) Hertel, D.; Setayesh, S.; Nothofer, H.-G.; Scherf, U:libhy K.;
Béssler, H.Adv. Mater. 2001, 13, 65.

(22) Wittmann, H. F.; Friend, R. H.; Khan, M. S.; Lewis,J.Chem.
Phys.1994 101, 2693.

(23) Beljonne, D.; Wittmann, H. F.; Kder, A.; Graham, S.; Younus,
M.; Lewis, J.; Raithby, P. R.; Khan, M. S; Friend, R. H.;'Bas, J. LJ.
Chem. Phys1996 105, 3868.

(24) Younus, M.; Kdler, A.; Cron, S.; Chawdhury, N.; Al-Mandhary,
M. R. A;; Khan, M. S.; Lewis, J.; Long, N. J.; Friend, R. H.; Raithby, P.
R. Angew. Chem., Int. EA.998 37, 3036.

(25) Chawdhury, N.; Kbler, A.; Friend, R. H.; Wong, W.-Y.; Younus,
M.; Raithby, P. R.; Lewis, J.; Corcoran, T. C.; Al-Mandhury, M. R. A;;
Khan, M. S.J. Chem. Phys1999 110, 4963.

(26) Chawdhury, N.; Kbler, A.; Friend, R. H.; Younus, M.; Long, N.
J.; Raithby, P. R.; Lewis, Macromolecules998 31, 722.

(27) Wilson, J. S.; Kbler, A.; Friend, R. H.; Al-Suti, M. K.; Al-
Mandhary, M. R. A.; Khan, M. S.; Raithby, P. R. Chem. Phys200Q
113 7627.

Ill. Results

A. Absorption and Photoluminescence Spectroscopyl.he
thin film absorption and photoluminescence spectra of mono-
mersM1, M2, M4, M6, andM8 are shown in Figure 2, and
those of polymer$?1—8 are shown in Figure 3. (We refer to
the different monomers and polymers shown in Figure 1 by
the letterdM or P, respectively, followed by the number of the
spacer unit used.) All of the PL spectra (with the exception of
monomerM8) show two characteristic emission bands. The
higher energy band is due to the same singlet excited state as
the lowest energy band in the absorption spectra, and denoted
by S;. (ForP1andP2, the § emission can be seen when using

(28) Davies, S. J.; Johnson, B. F. G.; Khan, M. S.; Lewis]. Zhem.
Soc., Chem. Commui991, 187.

(29) Khan, M. S.; Al-Mandhary, M. R. A.; Al-Suti, M. K.; Raithby, P.
R.; Friend, R. H.; Kaler, A.; Wilson, J. S.; Tedesco, E.; Marseglia, E. In
preparation.

(30) Mello, J. C. d.; Wittmann, H. F.; Friend, R. Adv. Mater. 1997,

9, 230.
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T T T T T T Table 1. The Total Photoluminescence Efficiencies Measured for
T PolymersP1—P8 and Monomersv1, M2, M4, M6, andM8, Using
P1 J s, “ the Integrating Sphere Technique at 300 K
total photoluminescence
B b efficiency at 300 K/%
P2
monomer
M1 20+2
M2 10+ 2
-~ L 15 M4 5+2
- g M6 1.1+0.1
;:; 5 M8 12+2
§ § polymer
E ® P1 22+02
g [ 1 & P2 6.3+0.3
P3 0.1+0.1
P4 0.32+ 0.08
P5 0.00
P6 0.24+ 0.08
B ] P7 0.5+ 05
P8 0.62+ 0.09
L
o I I | 7 —_ 10 20K |
12 16 20 24 28 32 2 Uy
Energy (V) 8 ¥ ! M "
7] TR
Figure 3. The photoluminescence and absorption spectra of films of g [ N L “'w‘}.,
polymersP1—P8. The absorption spectra are the higher energy dotted w N M1
lines. PL spectra were taken with UV excitation at both 300 (dotted 2 i J ‘lx “ Ma
lines) and 20 K (solid lines). (For polymeR3, P5, andP7 only the § M6 ‘ |
20 K spectra are given.) Spectra have been displaced on the vertical 2 o1 | N M E
axis for clarity. = ms K T‘!p‘ i
) ) 1“"!;\
a suitable scale as previously reportédThe lower energy 0 50 . (10f)) 150 20
ime (us

emission, denoted by;Tis attributed to that of a triplet excited
state for the following reasons. The triplet state emission of kigyre 4. The decaying intensity of triplet emission signals from films
polymerP1has been well-characterized previodslyy lifetime of monomersM1, M2, M4, M6, and M8 at 20 K. The laser pulse
and photoinduced absorption measurements. The lower energysccurs at Qs on this time scale and lasts fefl5 ns. The fitting curves
emissions from the other polymers and monomers have similarused to determine the triplet lifetimes are also shown as thick, solid
lifetimes, temperature dependencies, and energies relativie to Slines.
to those of polymeP1.2527-29 |n addition, the emissions show
vibronic structure and do not change in dilute solutions, which
excludes an excimer origin.

The energies of the singlet and the triplet peaks decrease along
with the optical gap, and a constant singl&iplet energy gap
of 0.7+ 0.1 eV is seen for the polyme?3?”

B. Photoluminescence Efficiency Measurement$hoto-
luminescence quantum yields for the polymers and monomers
are given in Table 1. There is no particular trend in the
efficiencies of the polymers or monomers apart from an in-
crease when going from the polymer to its corresponding
monomer. In general the photoluminescence efficiency reduces
as the size of a molecule is increased as a result of a greater Time (ps)
gg(r:nat;gr of quenching sites and the possibility of bimolecular Figure 5. The decaying intensity of triplet emission signals from films

) of polymersP1—-P8 at 20 K. The laser pulse occurs au8 on this

C. Triplet Exciton Lifetime Measurements. The triplet time scale and lasts for15 ns. The fitting curves used to determine
lifetimes in these Pt-containing polymers and monomers are the triplet lifetimes are also shown as thick, solid lines.
shorter than the few hundred microseconds typically expected
for films of poly(phenylene-vinylene)s (PPV&)32The spin- 2 and 3. The lifetimes measured at 300 K are also given in
orbit coupling introduced by the Pt reduces the triplet state Tables 2 and 3. Lifetimes generally decrease with decreasing
lifetimes since it partially allows transitions between the singlet triplet energy for both polymers and monomers. No particular
and triplet manifolds. The emission signal} ifheasured over  trend in lifetimes is seen on comparing polymers and their
time () following excitation from a pulse of laser light for the  corresponding monomers.
monomers and polymers at 20 K are shown in Figures 4 and 5. D. Calculation of the Nonradiative Decay RateThe above
The decaying emission signals have been fitted to exponentialdata allow us to calculate the radiativie)(and nonradiative
curves of the form = loexp(—t/z7) + C, wherely andC are (ko) decay rates. The decay rates are related to the measured
constants, to determine the triplet lifetimes, given in Tables lifetime of triplet emission4y), the photoluminescence quantum

-
o

[=]
pre

Intensity of Emission (a.u.)




Energy Gap Law for Triplet States

Table 2. The Triplet Energies, Measured PL Lifetimes, Phosphorescence Yields, and Radiative and Nonradiative Decay Rates of Monomers

J. Am. Chem. Soc., Vol. 123, No. 38, Zp0I5

M1, M2, M4, M6, andM8 at (a) 20 and (b) 300 K

monomer E(T:—So)/leV 7r at 20 Klus ¢pat 20 K knr at 20 K/st k-at 20 K/st
M1 2.48 123+ 6 0.2+0.2 (6+ 2) x 10° (24+2) x 10°
M2 2.30 160+ 20 0.2+0.1 (5.04+ 0.9) x 10° (1.0£0.6) x 10°
M4 1.85 41+ 4 0.03+0.02 (2.440.2) x 10* (0.7+£0.4) x 10°
M6 1.70 11+ 3 0.0094 0.007 (94 2) x 10 0.8+ 0.6) x 10°
VE] 1.30 2.7£0.8 0.005+ 0.004 (44 1) x 10° (2+1) x 10°

monomer E(T:—So)/eV 7r at 300 Kks ¢pat 300 K knr at 300 K/st k- at 300 K/st
M1 2.48 97+ 8 0.2+£0.2 (84 2) x 10° (24 2) x 10°
M2 2.30 30+ 30 0.10+ 0.08 (3+ 3) x 10 (3+3) x 10°
M4 1.85 23+ 3 0.02+ 0.01 (4.3+0.6) x 10* (0.9 0.5) x 10°
M6 1.70 10+ 2 0.002+ 0.001 (1.0£ 0.2) x 10P (0.240.1) x 10°
M8 1.30 1.0+ 0.1 0.0010+ 0.0008 (1.0£0.1) x 10° (1.0+£0.8) x 10°

Table 3. The Triplet Energies, Measured PL Lifetimes, Phosphorescence Yields, and Radiative and Nonradiative Decay Rates of Polymers

P1-P8at (a) 20 and (b) 300 K

polymer E(Ti—S0)/eV 71 at 20 Klus ¢pat 20 K kor at 20 K/st k-at 20 K/st
P1 2.40 514 4 0.3+0.2 (1.4+ 0.4) x 10* 6+ 4) x 103
P2 2.25 112+ 5 0.2+0.1 (7.14 0.9) x 108 (1.8+£0.9) x 10°
P3 2.05 17+5 0.02+ 0.02 (6+ 2) x 10 (1+1)x 10°
P4 1.86 33+ 5 0.010+ 0.008 (3.0£0.5) x 10 (0.3£0.2)x 16°
P5 1.67 3.5+ 0.2 0.0000 (2.9:0.2) x 10° 0
P6 1.66 2.8+ 0.8 0.003+ 0.002 (4% 1) x 10° (1.0+£0.8) x 10
P7 1.53 1.8+ 0.4 0.00074 0.0007 (6+1) x 10° 0.4+ 0.4)x 1C°
P8 1.49 0.18+ 0.02 0.0002+ 0.0002 (5.6 0.6) x 10° 1+£1)x 1
polymer E(T:—So)/eV 71 at 300 Kks ¢pat 300 K knr at 300 K/st k- at 300 K/s?t
P1 2.40 - 0.019+ 0.002 - -
P2 2.25 244 20 0.06-+ 0.05 (4+ 3) x 10* (3+3) x 10°
P3 2.05 - 0.002+ 0.002 - -
P4 1.86 11+ 3 0.0006+ 0.0006 (9% 2) x 10 (0.05+ 0.05) x 10°
P5 1.67 1.7+ 0.2 0.0000 (5.9 0.7) x 10° 0
P6 1.66 0.4+ 0.2 0.0005+ 0.0002 (2+ 1) x 10° (141)x 10°
P7 1.53 0.24+ 0.03 0.0007+ 0.0007 (4.2£ 0.5) x 10° (3+3) x 103
P8 1.49 0.2+ 0.2 0.0001G+ 0.00008 (5t 5) x 1¢° (0.5+£0.5) x 10°

yield of phosphorescencabf), and the intersystem crossing metal chromophores based on early work by Demas and Crosby
efficiency @sc) by the following expressions: on Ru and O$§:33 This assumption has been confirmed for
polymer P1 by Wittmann et af? The fraction of singlets

7r = Uk + k) (1) undergoing intersystem crossing in a compouddsc, is
determined by the amount of spiorbit coupling and the energy
Op= Pis Ky (2) gap between Sand To. The spin-orbit coupling scales a&*

) o for atoms so it should be entirely controlled by the platinum
The measured triplet lifetimes therefore result from a ai0m in these materials, and in addition the-$; energy gap
combination of radiative and nonradiative decay rates. The triplet s constant at around 0.7 eV for the polyn#é# and 0.9-0.7

lifetimes 7r have been measured directly at 20 and 300 K and gy for the monomers. It should therefore be reasonable to

are given in Tables 2 and 3. assumed,sc is constant and close to unity for the rest of the
The PL quantum yields for phosphorescende, can be series too. This gives

calculated from the overall quantum yields measured at room

temperature by considering the fraction of the total photon flux k= (1— ®p)/t; 4)
represented by the triplet emission. To determine the low-
temperature quantum efficiencies we measured the room tem- k= ®/t; (5)

perature efficiencies in an integrating sphere. We then measured
the PL in a fixed geometry at 300 and 20 K and scaled the Values calculated fork, and k, for the polymers and
qguantum efficiency accordingly. The changes in absorption with monomers are given in Tables 2 and 3. These values represent
temperature at the excitation energy have been measured anthe averages obtained from a number of measurements and the
accounted for. Values fobp are given in Tables 2 and 3 and  corresponding statistical errors are also given. Sthgés small,
are quoted as absolute values rather than percentages. from eq 4, it can be seen that trendkjipare mostly determined
An expression for the nonradiative decay rate in terms of the by those observed farr.
triplet lifetime 71 and phosphorescence efficien®y can be We note that if one wished to explain the trends seekyin
obtained by combining eqs 1 and 2: by a varying®,sc, this would require®sc to decrease by 3
orders of magnitude, which seems unlikely.
K= (1 = (PP is))/7r ()

The efficiency of intersystem crossing to the triplet st@&iec
is often assumed to be unity for second and third row transition

(31) Ginger, D. S.; Greenham, N. €hys. Re. B 1999 59, 10622.

(32) Partee, J.; Frankevich, E. L.; Uhlhorn, B.; Shinar, J.; Ding, Y.;
Barton, J. T.Phys. Re. Lett. 1999 82, 3673.

(33) Demas, N. J.; Croshy, G. A. Am. Chem. S0d.97Q 92, 7262.
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IV. Discussion a 18 r T T T T T

A. The Energy Gap Law. The energy gap law relates the 16 Monomers ]
nonradiative decay rate of a transition to the energy gap between
the states involveélIn its simplest form, it may be written as:

Ink
nr

Ky 0 expCyAEhwy) (6)

where AE is the energy gap separation between the potential
minima of the states involvegl,is a term that can be expressed
in terms of molecular parameters, amgl is the maximum and 6 L L L L L L
dominant vibrational frequency available in the system. For a 12 14 16 18 20 22 24 26
system with several high-frequency modes a corresponding Triplet Energy (eV)
weighted term is usetl. b 18 T T T . , .
This relationship arises from the vibrational overlap of the

o 4 16 _ Polymers
two states so that the nonradiative decay rate becomes a function {
of the Franck-Condon factor and of the vibrationally induced 14
electronic coupling terrfy, ~F
£ 12

Ky = (27/0)B7Fp ©) 10
wheref is the energy of interaction between the initial and final 8
states (for the 7—S; transition in the Pt-containing materials 6 ! ! ! L ! L
this corresponds to the spiorbit coupling),p is the number 2 14 16 18 20 22 24 26
of states per unit energy, ardis the Franck-Condon factor Triplet Energy (eV)

at the appropriate energy. The mechanism of nonradiative decayrigure 6. (a) The natural log of the nonradiative decay rate plotted
upon which the energy gap law is based is therefore intrinsically against triplet energy ¢FSo) for monomersM1, M2, M4, M6, and
linked to the electrorlattice coupling of the material. M8. The dotted line is the best fit straight line for data at 300 K and

For aromatic hydrocarbons, eq 7 has been applied to triplet the solid line the best fit for 20 K. The 20 K data points are closed
to ground state transitions. An approximate|y exponentia| circles and the 300 K data points are Open.Circle.S. (b) The natural log
decrease irF with increasingAE has been calculatédthus ?f thel”°“ra‘g)"'i‘t"l’aesd_?ﬁaydrittedp'lptteq "’t‘ﬁa"t‘)s" ';”]Pt'e‘ter_‘er:??l'_‘@f

: . e or polymersP1—-P8. The dotted line is the best fit straight line for
:ﬁgﬁggglsgf(gﬁg%;;%: dst% et():glfhtéagrflgt/lzr;rlgmaggftshg{ U:';ﬁgesd da_ta at 300 K and t_he solid line the best fit for 2_0 K. The 20 K (_1ata
. points are closed circles and the 300 K data points are open circles.
appreciably.

The energy gap law has also been applied to some Pt, Ru
and Os complexesFurthermore, it is seen that the emission
of tervalent ions of Pr Sm, Eu, Gd, Th, Dy, and Tm inCH
and DO is dependent on the gap between the highest fluorescen
and lowest nonfluorescent levéls.

‘still small compared to the fully allowed singlet transitions which
have radiative decay rates of taL0® s1.2 Comparing thek,

and k,r values for the individual Pt-containing polymers and
tr‘nonomers it can be seen that the values for the nonradiative
decay ratek,,, are only small enough to be comparable to the

pIoFt?er d?ﬁ;(ﬂ';t:gcgﬁ;'&rég p\(zllr):ggrAsEanids §§r;g:ntﬁf,_rwzohave radiative decay rate,, for materials with T—S, gaps of 2.4
r, STy ST 1 H
transition, and fitted the data to straight lines for both room dfeﬂ\g/;hoerr above. This corresponds tq-S5 gaps of 3.0 eV or

temperature and 20 K measurements (Figure 6). We obtain goo
fits for the monomers and reasonable fits for the polymers.
According to eq 6, the gradients of the plots are giveryiiyon

and are therefore controlled by the molecular parameters and
vibrational modes. For our polymers and monomers, we find
gradients of-6 & 1 and—3.84 0.5 eV 1, respectively. These
are similar to the slopes found for Pt, Os, and Ru compléxes.
We would expect to find similar gradients since the vibrational
modes in the organic chromophores involved are of similar
energies. According to eq 6, the absolute valuek,poflepend

on a preexponential factor. The values we obtain for our Pt-
containing materials (Tables 2 and 3) lie between those found
for Pt(ll) complexes and those found for hydrocarbon mol-
ecules>® On the basis of our results we therefore consider that
the nonradiative decay of Pt-containing polymers and monomers
can be described by the energy gap law.

The values we obtained fd¢ are given in Tables 2 and 3
and are around £&s~? for both polymers and monomers. For
phosphorescence in aromatic hydrocarbon moleciess (34) Siebrand, W.; Williams, D. FJ. Chem. Physl967, 46, 403.
typically found to be between 0.1 and 1'$ So, the spin (35) Caspar, J. V.; Kober, E. M.; Sullivan, B. P.; Meyer, TJJAm.
orbit coupling introduced by the Pt in our polymer and monomer Ch(egme)- ﬁggg’?é }\ﬁ)f‘;ﬁg:gbar‘ 2. V.: Lumpkin, R. S.: Meyer, TJJPhys,
structures increases the radiative decay rate for phosphorescencgnem 1986 90, 3722.
by up to 4 orders of magnitude. We note, however, that thisis  (37) Caspar, J. V.; Meyer, T. J. Am. Chem. S0d.983 105, 5583.

B. Mechanisms of Nonradiative DecayThe energy gap law
for nonradiative decay (eq 6) includes the teim, which is
the maximum vibrational frequency available in the system. The
largerww is, the greater the nonradiative decay rate becomes.
This has been explained by considering the primary mechanism
for nonradiative decay to be a release of energy from the excited
state to the surroundings through the vibration of bonds within
the molecule allowing the molecule to return to the ground
state?® This mechanism of multiphonon emission will be most
efficient for the vibrations in the molecule that have the largest
wn and which therefore require the fewest quanta to carry off
a given amount of energy. For aromatic hydrocarbons this is
often the C-H stretching mode with a vibrational frequency of
0.37 eV234 Meanwhile, for many transition metal diimine
complexes the dominant acceptor vibration has been attributed
to a ring-stretching mode of 0.16 eV that is observed from the
progression in the structure of the 77 K emission profite?
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It is not yet possible to comment upon which modes of the nonradiative decay of the triplet on the monomer and on
nonradiative decay are most active in all the Pt-containing the polymer are believed to be the same, then it must be a
polymers and monomers investigated here. Yet the Ramandifferent factory that results in the two gradients. In fagt,
spectra of polymeP1 identify four normal modes at 0.103, varies with the displacement of the potential energy surface
0.145, 0.198, and 0.261 €¥.These have previously been minima, Ay, for the two states involved in the transitién.
assigned to a €H bending mode, and stretching modes of the According to Englman et dlincreasingAy results in a decrease
C—C, benzene, and =C groups, respectively. The Raman in y. The smaller gradient for the monomer is therefore
active modes of conjugated polymers couple directly tosthe  consistent with the greater distortion of the triplet in the
bond order along the chain, and are therefore strongly coupledmonomer than in the polymer.
to excited electronic states. We consider that the high-energy
benzene and£€C stretching modes will be particularly efficient V. Conclusions
at promoting nonradiative decay in this material.

C. Comparison of Polymers and Monomers.Previous
investigations of nonradiative decay have tended to be for
organic molecule3rare earth iong,and metal complexésere

In contrast to the fully allowed optical transitions for the
singlet states, triplet state emission in conjugated polymers is
at best only partially allowed and therefore has a long lifetime
we have been able to derive valueskgfnot only for a series in the range of microsecon%;ls“to secondd:-*! For th!s reason

the decay of triplet states is controlled by nonradiative mech-

monomers, but also for the corresponding series of polymers. _ - e X
P 9 poly anisms. These same nonradiative decay mechanisms also apply

The nonradiative decay Of. large conjugated systems, such o the singlet states but are often insignificant in comparison to
our polymers, has not previously been addressed in the contextthe fast radiative decay or intersystem crossing

of the energy gap law. We now compare the nonradiative decay This work shows that the nonradiative decay of the triplet

of Pt-containing polymers with that of their monomers. : h - )

Despite the fact that the same organic groups are availables'[ates in a series of Pt—gor!talnlng comugated polymers and
for nonradiative decay in the polymers and corresponding monomers may 'be. quantitatively .descrlbed b.V. the energy gap
monomers, it is possible to identify several factors which may law. The_ nonra(_;hatwe decay_ rate is very sensitive to the triplet
give rise to different nonradiative behavior. First, comparing energy, increasing expo_nentlally as the triplet energy decreases.
the PL spectra of monomers and their corresponding polymers.our rgsults therefore imply _that high-energy triplet states
(Figures 2 and 3), it can be seen that there is consistently more'nmns'c{leIy haye the most ef_ﬂc!ent phosphorescence.
weight in the vibronic side peaks of the monomers’ triplet The m_echan_lsm for nonr_adl_atlve decaylnhel_rent to the energy
emission than in the polymers’ triplet emission. This indicates gap law is multlphonon emission through the_ V|brat|.on of bonqs
that there is less overlap between the vibrational levels of the on the cqnjugatgd organic spacer groups. S|npe this mechanism
ground and excited states, and therefore that the triplet excited!S associated with the conjugated organic unit, rather than the
state in the monomer is more distorted than the triplet state in Pt, we COY‘S'def that the energy gap law may also be applied to
the polymee Calculations performed for polymeP1 and ot.her con]ugated polymers. It hgs already beep shown tha}t the
monomemM1 have also shown this to be the case for these two tr|pIet_ state in L EDs may be _utlllzed Fhrough light-harvesting
materials®® Second, since it may be possible for triplets to Fechmqueé.”g To optimize this technique our reSL.“ts clearly
diffuse along a polymer chain, there may be bimolecular '".‘p'y that work should fo_cus on polymers W'th.h'gh energy
nonradiative decay mechanisms such as trigtigplet annihila- trl.plets (and popcurrently high opppal gaps) to a\{0|d competition

with nonradiative decay. In addition, suppression of the high-

tion32 operational for the polymer which cannot occur in the ibrational modes by chemical desi f ricid ool
monomer. From Figure 6a,b it can be seen that, within the limits energy vibrational modes by chemical design of rigid polymers
should decrease nonradiative decay rates.

of experimental error shown, the polymers and corresponding
monomers appear to have similgr values. This is consistent
with the fact that the site of emission and thus the vibrations
involved are the same. It also suggests that any bimolecular
quenching processes in the polymers play a lesser role than th
vibrationally induced nonradiative decay.

When considering the gradients of Figure 6a,b, it was noted
that the gradient of Ing,) againstAEst for the polymers was
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