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Excitation Dynamics in Disubstituted Polyacetylene
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We studied the excitation dynamics in films of disubstituted polyacetylene, a degenerate ground-
state conjugated polymer, using psec transient and steady-state spectroscopies. The polymer is found
to support charged and neutral topological soliton excitations concurrent with a strong intrinsic
photoluminescence band with quantum efficiengy= 50%. This leads to stimulated emission in
thin films and lasing in cylindrical. cavities. The seeming contradiction of a degenerate ground-state
polymer with highn is explained by the lowest excited-state ordering. [S0031-9007(99)09122-X]

PACS numbers: 71.55.Ht, 71.38.+i, 78.45.+h, 78.66.Qn

Recent advances in understanding the excited electronin z-(CH), it was determined [11,13] that the weak IR PL
states inw-conjugated polymers have led the researctpeak [emitted from the relaxdd3, state, denoted hereafter
community to recognize the importance of the excitedas(1B,),] is at 1.24 eV, compared tB(1B,) = 1.5 eV,
state ordering. The photoluminescence (PL) quantum efhis amounts to a 0.26 eV Stokes shift. Thus, it may
ficiency » and the resonant third-order optical propertiesbe possible to find DGS polymers with strong PL, pro-
of these materials are determined by the relative energyided that eitheE(1B,) < E(24,) or E(1B,), < E(24,).
and symmetry of a subset of the excited states, includHowever, so far none have been found.
ing a series of singlet excitons with ode&B,) and even
(kA,) parity lying below the continuum threshold [1]. If
the lowestA, exciton(24,) is below the lowest B, ex- R, R R R R, R R R
citon, E(24,) < E(1B,), as in polymers with small effec- @ /\/\N\ /\/\/\/\ ®)
tive dimerizationsd, theny is small because of the dipole For o n T
forbidden character of the lowest singlet [2]. Conversely, 2 2 2 R, R R R
for E(2A,) > E(1B,), as in polymers with largé, 7 is A B
large and these polymers might be considered as active
materials for displays and laser-action applications.

Among the polymers with extremely weak PL are trans-

polyacetylendl7-(CH),] [3], its monosubstituted deriva-  © Z N\ MW\ /\/\/\/\ @
tives [4], polyheptadiyne [5], and polygranniline [6], which S

are considered nonluminescent conjugated polymers (non- ®

LCP). These polymers have a degenerate ground-state

(DGS) structure [Figs. 1(a) and 1(b)] and as such sup- LUMO LUMO

port soliton (§) excitations, both neutralSP, Fig. 1(c)] 58 ¢
and charged§*, Fig. 1(d)]. Based on this correlation,  (e) f*s' / ’

it is usually assumed that DGS polymers cannot exhibit Sa_‘___”eff s 2 ®
PL. This was traditionally explained by the soliton model, as‘f P1T—_4_”

in which the primary excitations are soliton-antisoliton HOMO HOMO :
(SS) pairs [7,8]. However, when electron correlations SOLITON (5", %) POLARON ()

are taken into account [9,10], the weak PL in these DGS

polymers can be alternatively explained by simply assumFIG. 1. (a),(b) The two degenerate ground-state structures (
ing E(2A,) < E(1B,). This is certainly true for-(CH),, and B) of PDPA, Wherelé?l andR, are ppenyl derivative side
whereE(24,) = 0.96 eV andE(1B,) = 1.5 eV [11]. In groups. (c),(d) Neutrat® and chargeds = soliton excitations,

i, o L ._respectively. (e),(f) The energy levels and optical transitions
addition, itis also known that energy relaxation is larger in¢ $%, s*, and polaron excitations, respectivelii.; is the

non-LCP compared to that in LCP [12]. This gives rise toeffective electron correlation energy and HOMO (LUMO) is
a larger PL Stokes shift in DGS polymers. For examplethe highest occupied (lowest unoccupied) molecular orbital.
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In this Letter we discover a new, strongly luminescentof the various photoexcitations, we used the PA detected
DGS polymer, a representative of the noyamily of  magnetic resonance (PADMR) technique [15], with
disubstituted polyacetylene€R,CR;), (Fig. 1), where waves at=3 GHz. Magnetic field-sweptH-PADMR
R, andR, are phenyl derivatives (CHC,Hs, and GH;3),  spectra (at fixed wavelength) are presented, as well as
denoted hereafter as PDPA [14]. In particular, we havel-PADMR spectra (at fixed! while sweeping)).
investigated the excitation dynamics of a PDPA derivative, The transient PL and lasing measurements were ob-
where R, is a phenyl group and, is a phenyl group tained using a mode-locked Nd:YAG regenerative laser
attached to butyl [Fig. 2(b), inset] referred to as PDPA-amplifier, tripled at 3.45 eV, with 120 ps pulse duration
nBu. In our studies we have employed steady-state and @nd up to100 wJ energy per pulse. For the PL decay we
transient spectroscopies, such as photoinduced absorptiosed a streak camera with 10 ps time resolution. Neat
(PA), PL, and doping-induced absorption (DA). We showthin films of PDPA»Bu were spun cast on quartz or
that PDPAxBu supports both charged and neutral solitonsingle crystal potassium bromide substrates from polymer
excitations, making it a member of the DGS polymer classsolutions in chloroform. The polymeg-ring lasers were
On the other hand, we discovered that it also shows abtained by dipping commercially available optical fibers
strong, intrinsic PL band withy = 50%, which may be into saturatedchloroform solutions, forming thin polymer
used to produce microlasers (asers) in the green spectral rings around the glass cylindrical core. The emitted light

range. was collected in the plane of the-ring with a spectral
Doping was performed either by exposing the film toresolution of=1 A.
iodine vapor forming (polyme®)l;~ or, electrochemi- One way to identify DGS polymers is by studying their

cally, by forming (polymeryBF,~. PA and PL were elementary excitations. Degenerate ground-state polymers
excited by either an Ar laser at 458 nm or a monochro- support topological soliton excitatiori§®, S*) which are
matized xenon lamp, and probed in the spectral ranga the form of a domain wall separating the two DGS struc-
from 0.1 to 3.4 eV. In order to determine the spin stateures [16]. These quasiparticles may be identified by their
reversed spin-charge relationship and optical transitions
[3]. S° carries spin%, whereasS* are spinless. Also,
both S° andS* show a single absorption bandl§, below

the optical gap. The energy differen86® — 65~ is the
soliton effective correlation energy.¢r [Fig. 1(e)] [17].
Excitations in non-DGS polymers, on the contrary, may
be accommodated as charged polaréhs) [3], which
carry spin% and havawo absorption bands below the gap
[Fig. 1(f)] [18].

We show that PDPA«Bu supports soliton excitations
and therefore has DGS structure. Figure 2 shows the evo-
lution of the absorption spectrum(w) upon BR~ (a) and
: : I~ (b) doping. Upon Bk doping, only asingledoping-

08 1.6 24 32 induced absorption band ail1.2 eV appears and the in-

Photon Energy (eV) terband absorption bleaches. From the difference in DA

spectra in Fig. 2(a) (inset), it is seen that the total oscilla-

(b) tor strength is conserved upon doping [3], so that an ad-

ditional DA band below 0.8 eV is improbable. This is

+C=C+ verified upon {1~ doping, using a Fourier-transform in-
X frared spectrometer down t®0 cm~'. As can be seen

14 ss* in Fig. 2(b) there is only a single DA band atl.2 eV,

] accompanied by an infrared active vibration (IRAV) band

IRAV n-CsHg at=0.15 eV, which is a clear signature for doping-induced
057 charged excitations [19]. Using amsitu ESR spectrome-

T i ter, we found that only seven spins (@t= 2) per 1000
0 —————— electron charges were created upon doping, showing that
0 0.4 0.8 12 1.6 the doping-induced charged species are practically spin-
Photon Energy (¢V) less. Then, based on the reversed spin-charge relationship
and the single DA band found below the gap, even at low

FIG. 2. Evolution of DA spectra of PDPABU upon electro- — yqhing |evels, we conjecture th§it excitations are formed
chemically doping with B~ (a) and by vapor doping with . PDPA#B dopi

I~ (b). The inset of (a) shows the difference in DA spectra!l! " PP A7BU Uponp-adoping. _

and the inset to (b) shows the PDR#Bu repeat units. S+ Soliton excitations can also be created in PDFRuY

and the IRAV transitions are assigned. upon photoexcitation, as shown in Fig. 3. Pristine
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ent atmosphere, photo-oxidation-related impurities caused

ST oo @) dramatic changes in the PA spectrum [Fig. 3(b)]. In ad-
B2y . dition to the §S° PA band, the spectrum also contains a
te 88 PA band at=1.1 eV together with a correlated IRAV at
[ ok — 5<° =(.13 eV. The similarity with the DA spectra in Fig. 2
£ 2 Photon Energy (V) leads us to identify the PA band at 1.1 eV witts™
F<1,‘ and conclude thas* are also photogenerated in photo-
g T ; oxidized films, with QE= 0.1%. The excitation depen-
= 6'§°-15 (b) dence of 6S* QE is shown in the inset of Fig. 3(b).
45 ot ﬁ‘\ Similar to §5° QE spectrum in Fig. 3(a), théS* QE
o spectrum here also abruptly increases at the optical band
N Photzdlls'\E:';ergzy;eV; as edge, indicating that™ photogeneration in photo-oxidized
{IRAV films is a competing process & photogeneration, and is
. L also correlated with thermalized excitons. Moreover, us-
0 ' 1 ' 2 ing the relationU.;; = 8S° — 85~ [17] [Fig. 1(e)] and
Photon Energy (V) 65°=1.7eVandésS* = 1.1 eV, we findU.; = 0.6 eV.
o N PDPA+Bu films also show a strong PL band in the
E | ss0 AN green/yellow spectral range, with full width at half maxi-
. ‘g J \ mum (FWHM) of =100 nm [=0.4 eV, see Fig. 4(a)] that
" oS has already been used for the fabrication of light-emitting
E 2 “oi0 o 060 diodes with remarkable electron/photon efficiency [20].
e o i\‘ .
o
2 "MA ]
o (©
__ 40}
; ; 0818 |
1 15 20 25 = 20l
Photon Energy (eV) = p
SJosq®
FIG.t:rgé OF hrq ;?ﬁécgggonhsoténoxﬁcﬁféjg %hs(?()e,ébt)ect-:—\?g |?/vpflere g RN .
spec isti - : , a 0 1
tr?e transiticlc))nsﬁsi and gSO are assigned. Insetspof @ gnd (b) g 047 Photon Energy (V) Hoe)
show, respectively, the excitation dependence spectraS8f —
and8S*. (c) A-PADMR spectrum aff = 990 G. Inset: H- % 021
PADMR spectrum probed at 1.7 eV. (@) PL
0 T T T
PDPA«BuU films show a single long-lived PA band at 0.84 1.68 252 3.36
=1.7 eV [Fig. 3(a)] with no correlated photoinduced Photon Energy (eV)
IRAV, indicating neutral photoexcitations. Comparing it 1200
with the DA band shown above, we estimate a low quan-
tum efficiency (QE) of=0.2%. Furthermore, PADMR i PDPA-nBu
studies of this sample reveal that this long-lived PAbandis = )
associated with spig-excitations. TheZ-PADMR spec- g 800 Lasing
trum [Fig. 3(c), inset] measured at 1.7 eV shows a 2 Optical Fiber
correlated spin doublet aHy, = 990 G (g = 2); the £ 7
A-PADMR [Fig. 3(c)], measured af, tracks this PA &
band. Similar tor-(CH), [18], there is also a negative g 4007
PADMR tracking$S™ in this film. Therefore, the long- i i
lived PA in pristine PDPA&BuU films is due to neutral b
species with spirk, and may be identified as thes® 0 ( ), —
transition [Fig. 1(e)]. The5S° QE per absorbed photon 232 234 236 238 24 242
[Fig. 3(a), inset] basically shows a step-function response Photon Energy (eV)
with very low QE at the optical band edge, indicating that ] i )
IG. 4. (a) PL spectrum in PDPABuU film; the insets show

S° photogeneration in pristine films is small and correlate(fh

with thermalized excitons.

e excitation dependence of the PL QE and the PL transient
decay, respectively. (b) Laser modes in a PDEB u-ring

However, when the pristine film was exposed to eithelshown in the inset) wrapped aroundi28 um diameter opti-
moderate laser light or sun light for a few hours at ambi-cal fiber core. The spectral resolution=id A.
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The 0-0 PL transition [of1B,),] is at 2.5 eV, indicating lying excitonic states. |£(24,) < E(1B,), the covalent

a moderately large Stokes shif=(.25 eV), comparable channel dominates. This may be the case(@H), [11],

to that found inz-(CH), [13]. The absolute PL QE, ex- whereS° are photogenerated with high QE [15] and PL
cited at/iw = 2.7 eV and measured with an integrating is extremely weak [13]. On the other hand Fif24,) >
sphere, was found to be = 50%. Then excitation spec- E(1B,) or E(2A,) > E(1B,),, the ionic channel domi-
trum [Fig. 4(a), inset] is similar to théS° QE spectrum nates and the polymer may show PL with high QE, as
[Fig. 3(a)] and shows a step-function increase at 2.5 e\'s the case here. However, whethBQA,) > E(1B,)
which, however, has high QE, indicating that the PL is aror E(24,) > E(1B,), in PDPA#BuU remains to be deter-
intrinsic process. mined in future work.

We also measured the PL decay at low excitation inten- This work was supported by the DOE (FG-03-
sity [Fig. 4(a), inset], and found an exponential decay with96ER45490), the NSF (DMR 97-32820), and the
lifetime 7 = 600 ps. In order to find the radiative life- U.S.-Israel Binational Science Foundation (BSF 94-256).
time 7,, we use the following relation [21]m = b7/7,,
whereb is the(1B,), photogeneration quantum yield. As-
suming » = 1 [21], and using the experimental values

n = 50% and7t = 0.6 ns, we findr, = 1.2 ns. Thisis *On leave from the Technion, Haifa, Israel.
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