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Fluorescence yield and lifetime of isolated polydiacetylene chains: Evidence for a one-dimensional
exciton band in a conjugated polymer
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The fluorescence lifetime and quantum yieldy; of isolated red polydiacetylene chains dispersed in their
monomer single crystal matrix were measured between 10 and 180ni€reases up to 120 ps at 40 K, then
rapidly decreases at highat #; is a continuously decreasing function ©f The radiative lifetimer, is
proportional toyT in the wholeT range studied. This is the expected behavior for a purely one-dimensional
system without localization, a behavior which is not usually observed even in semiconductor quantum wires.
An order of magnitude of the exciton effective mas3~0.3 is inferred. The nonradiative lifetime,, is
constant up to 50 K, then decreases exponentially, indicating the opening of a thermally activated decay
channel.
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I. INTRODUCTION dephasing time of a few picoseconds or Iéss.
In this paper, the temperature dependence of the emission

PolydiacetylengPDA) chains in very low concentrations of a macroscopic ensemble of red chains is presented. Ex-
in their single crystal diacetylene monomer matrix are highlyperimental results on the effective lifetime and fluorescence
ordered one-dimensionallD) noninteracting conjugated Yield are presented and quantitatively interpreted in terms of
Chains’ and thus provide a good experimenta| model foﬁ.n eXCitorl] band moqel. This giVeS ?Xperimental eVide.nce for
studying the electronic properties of conjugated polymers@ 1D exciton band in ordered conjugated polymers, instead
They are a very good approximation of an organic semicon®f the common description involving an exciton level.
ducting quantum wire.

Bulk PDAss are known to exist in either of two elegtronic Il. EXPERIMENTAL METHODS
structures, so-called “red“ and “blue“ phases, showing in-
tense excitonic absorptions near 2.4 and 2.0 eV, respectively. 3BCMU monomer crystals were grown from acetone or
It was found recentfythat in 3BCMU monomer crystals, Mmethyl-isobutylketone at 4 °C in the darkypical dimen-
isolated chains of both types coexist. The majority populaSions 5<5x0.1 mn?). The PDA chain concentrations men-

tion is of the “blue* type, with typical chain concentrations tioned above are typical of such as-grown crystals; the ex-
of 1075-10"% in weight. The “red* chain concentration is perimental results reported here are independent of the exact

concentrations.

about a thousand times smaller. : o
The light source used for the study of the effective life-

Both types of chains show exciton resonance
fluorescencé. Thus emission from defects or self-trapped
states can be ruled out. Blue chain fluorescence is extremel
weak, with a quantum yield of=10 *.2 Conversely, red 1200 |
chains have a high fluorescence quantum yield of 0.30- C ]
+0.05 at 15 K, with more than 90% of the emission concen-E r .
trated in a narrow1.5-2 meV at 15 Kzero-phonon line at 800 F ]
543 nm, and the other 10% in a series of vibronic lifes, C
shown in Fig. 1. The resonance character of the emission i< . X 60
demonstrated in Fig. 2: zero-phonon absorption and emissiolg 400 L
lines peak at the same energy and have similar widths. Thef ’
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sloping background in the absorption spectrum is due to ab: - h jfz A o A w0
sorption by blue chains also present in the crystal. TR N A Y
The very high dilution of red chains in 3BCMU crystals 1.95 5 205 21 215 22 225 923

and their high fluorescence quantum yield in the zero-
phonon line made a microphotoluminescence experiment
possible. The recorded emission is indeed that of a single FiG. 1. Fluorescence emission spectrum of isolated red chains
isolated chain. Its zero-phonon emission line is a singléxcited at 502 nm at 15 K. Full circles: zero phonon line at 2.28 eV.
Lorentzian at all temperatures studié@-60 K). It is a ho-  Open circles: vibronic emission spectrum; the two most intense
mogeneously broadened line with a linewidth increasing apvibronic lines correspond to the=EC stretch D line at 2.09 eV
proximately linearly with T (35QueV at 6 K), indicating a and G=C stretch T line at 2.015 eV.
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FIG. 2. Zero phonon line in emissidiecrossed squargsnd in
absorption(full circles). FIG. 3. Resonance emssion enerBy as function of tem-
perature.

time was a frequency-doubled Ti-sapphire laser. The tempo- . .
ral width of the pulse is typically smaller than 2 ps. The bond stretch Im_eD explted, for aII_tem_peratures, at the en-
excitation beam was focused to a spote100-um diam- €9y of the main exciton _absorptlon lire, was measured
eter: in order to uniformly probe the excited sample region®€tween 10 and 80 K. Third, for the same range of tempera-
and to obtain a better scattered light rejection, the collected!res; the ratidp /1o of the D line and the zero phonon line
luminescence was spatially filtered in an intermediate imag#/aS measured, exciting at all temperatureggt 20 meV,
plane (magnificationx 4) with a 500xm-diameter pinhole. qorrgspondmg to qwbromc I!ne just above the zero-phonon
A monochromator equipped with a 300 grooves/mm grating"”e in the red pham ab'sorpt|on spectrﬁrﬁ.or all tempera-
and a streak camera with a nominal temporal resolution belf_ures the experimental line shape'ca.n be fitted by Lorentglans
ter than 4 ps, were used to analyze the luminescence. TakirfPOVe @ weak and constant emission background. This al-
into account all parameters including the residual jitter of thdOWS one to determine analytically the spectrally integrated
camera synchronization, the time and spectral resolution&tensities. In that way, the temperature dependence of the
were better than 15 ps and 1.5 nm, respectively. The excitdlominant zero-phonon link, is evaluated for resonant exci-
tion wavelength was chosen within the vibronic double bond@tion. These measurements allow us to determine the rela-
stretch absorption band at circa 2.47 eV at low temperaturdVe variation of the quantum yield in this range of tempera-
This setup is almost the same as the one used in odkres. All these Igmlnescence mea;urements were QOne using
previous study at 15 R However the lifetime reported here the dye Coumarin 540 pumped with the 488-nm line of an
for the same temperature is larger. We became aware that tR§gon laser.
previously measured decay was slightly distorted by nonlin-
earities which made it faster at short times. In the presentlil. TEMPERATURE DEPENDENCE OF THE EMISSION
work, care was taken to eliminate these effects by working at
low excitation power and small counting rates in the streak
camera, always in the photon counting mode. The linearity Red chain fluorescence is intense enough to be seen at all
of the detection was checked in the whole counting rangetemperatures up to room temperature. Figure 3 shows the
Absolute measurements of the fluorescence quantum yield a¢sonance emission photon energy as a functioh &f dis-
15 and 40 K were performed using the experimental proceeontinuity is seen near 150 K, where a first order transition
dure described in details elsewhére. of the monomer crystal is observedhe present study is
Since absolute yield measurements are time consuminigmited to the low temperature pha3e<150 K. The exciton
and difficult in these crystals, the temperature dependence @bsorption linewidth for an ensemble of isolated red chains is
the yield(relative valueswas obtained following a different constant~3 meV up to about 40 K, then increases linearly
procedure. One must know the temperature dependence of itgth T up to room temperature. Comparison with the single
intensity for a constant number of absorbed photons. Sincehain emission widthshows that the constant width below
the red chains absorption can only be measured for the zerd0 K corresponds to inhomogeneous broadening while the
phonon absorption line, excitation must be performed at itdine is homogeneously broadened above 40 K.
wavelength. But most of the emitted light is also in the reso- The emission spectrum keeps dominated by the zero-
nance zero-phonon line &,, with the same polarization. phonon line at all T, but the relative intensities of all vibronic
Therefore, the determination of relative quantum vyields in-emission lines relative to that of the zero-phonon one in-
volved several steps. First, the mdirero-phonoih absorp-  crease with T. Figure 4 shows, for instance, Thdependence
tion line was measured for several different samples betweeof the ratiol /1o, wherel is the integrated intensity of the
10 and 80 K. This allows one to calculate the number ofvibronic emission corresponding to the double bond stretch-
absorbed photons at all temperatures. Second, the tempeiag vibration, andl, is the integrated intensity of the zero
ture dependence of the intensity of the vibronic double phonon line.

A. Spectrum
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FIG. 4. Ratio(lp/lg) as a function ofT. I is the integrated FIG. 6. Temperature dependence of the effective lifetimEull

intensity of the vibronic emission corresponding to the double bondircles are experimental values and crossed squares are calculated
stretching vibrationl , is the integrated intensity of the zero phonon (see Sec. IV

line. Two different samples where uséfiill circles and crossed

squares increases up tor~40 K, then decreases rapidly. Such a

variation is not commonly observed in conjugated polymers.
B. Effective lifetime Understanding this unusual behavior is the basis of the

A typical temporal variation of the fluorescence excitedPresent work.
by a picosecond pulse at 500 nm is shown in Fig. 5,Tfor
=13 K. The experimental rise of the emission signal is de- C. Fluorescence yield

termined by the instrument response. So the actual emission Absolute values of the fluorescence quantum yield
risetime is much shorter than 1 ps. Moreover, there is n ere measured at two temperatures, 15 and 40 7K:
spectral shift of the emission during its rise and decay, an 15 K)=0.30+0.05 and7; (40 K)=0 26t0 05. Relative
only resonance emission and its associated vibronic lines age,, of7'7 were derivedfby spectral'integr'ati(.)n of the Vi-
observed. Therefore, the relaxation from the state ini'[iallybronic doutf)le bond stretch IinB, as described in Sec. |11 B

preP?‘fed by abs_orptlon of the 500-nm photon occurs in .theolbove. The emission intensities at different temperatures are
su_bpu_:osecond time scale. In the case of blue PDA Cha'.n?hen scaled to an equal number of absorbed photons, includ-
this time ha§ . meas“gfed using the_ up—c_onversmmg correction for the absorption of incident and emitted light
methoq, an(_j IS less than 4(.) sSuch a time Is typical of by the blue chains. This scaling is only possible below
relaxation within the dense singlet manifold of large molecu-_ 70 K, because at higher temperatures the red chain absorp-
lar systems. . . ) tion becomes too broad, hence its intensity becomes too low
AL all temperatures studied, the decay is well fitted _by acompared to the blue chain absorption background. The total
single exponential over more than 2 orders of magn'tUdeihtensity emitted in all lines, and in particular the dominant

The corresponding decay time is determined with an aCcuiero-phonon line, is then calculated using the data of Fig. 4
racy of +3%.

N for I /ly. Only relative variations ofp; can be determined
The temperature dependenceofs shown in Fig. 6.7 in thlijs v?/ay sizce for instance the g?efometrical factor is not
measured; care was taken, however, to keep all experimental
10° = — — — —— conditions independent of temperature.
E 3 The relative variation withT is then scaled to the two
1 measured absolute values, as shown in Fig. 7. It shows that
( \ 7 IS a continuously decreasing function Bf The absolute

10* E

¥ 3 values ofz; are uncertain tat 20%, but the relative varia-
1000 ‘ “\ML tions are more accuratéo =5%).

counts

- W ] IV. INTERPRETATION AND DISCUSSION
100 L

E " A. Implications for a two-level system
1om MM S L e | ] In the usual model of a single exciton level decaying to

-200 0 200 400 600 800 the ground state, the data feT) in Fig. 6 and fory; (T) in
Fig. 7 allow one to derive the radiative and nonradiative
lifetimes 7, and 7, at all T. The results are shown in Fig. 8

FIG. 5. Temporal variation of the fluorescence at 14 K. Thefor 7, and Fig. 9 forr,.. Here again, the relative variations
whole decay is well fitted by a single exponential with= 94 ps,  of 7, and 7, with T are accurate, but the uncertainty gp
after subtraction of a small background. introduces a possible systematic error:020%.

time (ps)
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FIG. 7. Temperature dependence of the fluorescence yjeld FIG. 9. Nonradiative lifetimer,, as a function ofT for two

Two samples were used to determine its relative variation with Tdifferent samples. Same notations as in Fig. 8.

(full circles and crossed squaje$he open circles are the absolute

values measured at 15 and 40 K with the evaluated uncertaintiesaccounting for the very small fluorescence yield of blue
chaing and their very short lifetimé& The high value ofy;

7, is found to increase between 10 and 40 K. Howeverjn red chains indicates that this state is pushed abov8he
the oscillator strength of the exciton transition can be meastate; its actual energy is unknown, but might be close to the
sured by integrating the pure exciton absorption line—whichB, energy. Another possibility would be that the unit cell in
is dominant in absorption as well. Figure 10 shows this in-+ed chains contains two nontranslationally equivalent repeat
tegrated absorption in the range 10—70 K: it is constant or atnits, hence a splitting of the exciton level, the lower level
most very weakly decreasing with The same behavior was being radiatively coupled to the ground state.
found in all experiments. This is not consistent with the (2) In a one-dimensional exciton band, the radiant states
threefold increase of, shown in Fig. 6. We then conclude are those which momentuknis equal to or smaller than the

that a two level model cannot account for our data. emitted photon momentum. All states with lardgeare non-
radiant to the ground state due to the rule of conservation of
B. Thermally accessible excited states the projection of momentum on the chain axis.

, . , In both cases, these states may be radiatively coupled to
The existence of states lying above g exciton level, inrationally excited levels of the ground electronic state, but
thermally accessible from it and nonradiant to the groundjiterent behaviors are expected: In case 1, Byeand A
state would explain that the effective lifetime increases withgi4tas will be coupled to different ground state vibrat?onal
T while the fluorescence yield decreases. Two possibilitie%vdsyag andb,, respectively. So vibronic emission lines

were considered. are expected to appear upon increaslngn case 2 on the

(1) An A4 electronic excited state, nonradiant 10 the oyher hand, alk states of the exciton band can radiatively
ground A, state for symmetry reasons. The relaxation

scheme of the exciton in blue PDA chains indicates the ex-

; . : 04 ——/———— 7T .
istence of at least one excitéq state below th@, exciton’ _ E . 1
[2) E N .|
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T (K FIG. 10. Oscillator strength of the exciton transition measured

by spectral integration of the zero phonon exciton absorption line as
FIG. 8. Radiative lifetimer, as a function ofT. Two different  a function of T. A series of measurements on one sample is pre-
samples were usefull circles and crossed squaje§wo more  sented(full circles). Two points at 15 K and 41 K correspond to the
points (full triangles are calculated using the relation=_80yT values determined on a sample used for absolute measurements of
and the measured(T) dependence. the quantum yield at these temperatufe@®ssed squargs
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[ /K ] can be used to estimate the exciton effective nmagsvhich
~ 600 | e 1 is the only unknown quantity in the above expression. This
@1 i o ® ] expression corresponds to an infinite coherence length, so it
© 400 only yields an upper limit of the exciton effective mass.
L S ] E2X= 2.28 eV is the exciton energy &=0, and its depen-
200 [ 1 dence orl is neglected in th& range consideredE,, given
i ] by
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 E,= (hk)? , ©
T2 (K'?) 2mg,mg
FIG. 11. Radiative lifetimer, vs T¥2 The data from two is the energy of the exciton band level which momentyn
samples(full circles and crossed squajefit a linear variationt, is equal to the emitted photon momentufp.is the exciton
=90 T2 (thin line). absorption oscillator strength per unit length of chain. It can

be evaluated for blue chains by integrating the exciton ab-

decay to the state of appropriateof the same vibrational SOrPtion spectrum, yielding~0.3 per repeaflgnlt of the
band: hence an asymmetric broadening on the high enerdg§@in, and using the repeat unit length 0£ 50"~ m. This
side of all vibronic emission lines. yields f, ~6x 10 m~1. Assuming that blue and red chains

Experimentally, no new emission band appears, and thBave similar exciton oscillator strengths, a valug,~0.3
existing lines only show a temperature-dependent broaderi= 0.1 results from the relatiom, = (80+20) \T. This is of
ing on the high-energy side. However, it remains possible t@¢ourse only an order of magnitude estimate, which could be
fit the experimental line shape using two closely spacedefined once a good measurement of the isolated red chains
Gaussians. So, although the exciton band model is clearlgbsorption spectrum becomes available. However, this esti-
favored, the other model could not be unambiguously exmate rests on the assumption of direct applicability of Cit-
cluded. Any ambiguity is now removed by our recent micro-fin's calculation to a 1D conjugated polymer chain which is
photoluminescence experiments on a single red chawe:  not proved at present.
vibronic lines remain single and show asymmetric broaden- This value ofmg, can be compared to what is known of
ing on their high energy side, which is quantitatively fitted the electron and hole effective masses, again in blue chains
using an exciton band model, with the prediced? exci-  only. Angle-resolved ultraviolet photoemission spectroscopy
ton density of states. measurement of the valence-band dispersion yietgs
~0.1.1° Electroabsorption of isolated blue chains shows a
strong Franz-Keldysh effect from which a reduced mass
(mf~t+mf 1) "1~0.05 is deduced; hencenf~0.1 as

Our isolated PDA chains are geometrically one-well.!* Thus my, is approximately equal to the sum of the
dimensional objects. The theory for semiconducting quantungarrier effective masses, as expected in semiconductor
wires’ is a natural frame for interpreting the present data. theory.

This theory predicts that the temperature dependence of It was shown in Fig. 4 that the integrated intensity ratio
the radiative lifetime follows a/? law. This is indeed the /1, increases withl. This is indeed expected since aky
case in the whol@ range studied, from 10 to 80 K, as shown 0 state is radiatively coupled to the state of séria the
in Fig. 11, where data from Fig. 8 replotted verdi§¢ fit a  vibrationalD band of the ground state: exciton states okall
linear variation. Taking into account the uncertainty on thethus contribute to the totdD line emission, but only those
absolute value ofy;, 7, =(80=20)\T picosecondswith T  close tok=0 contribute to the zero phonon emission. As-
in K). Using the mean absolute values fgf as shown in  suming that the emission probabilities to states of bhei-

Fig. 7 yields a prefactor of 90, while a direct fit af(T) brational band are independent of the excitowalue, the
assuming a constant value ef, up to 50 K leads to a |p/l, ratio is also predicted to follow &2 law. As shown in
smaller value of about 70, suggesting that the actual fluored~ig. 12, our data fit such a law.

cence quantum yield is rather at the top of the error bar. Itis The observation of an exciton density of states propor-
important to note that, since the relative variationsyofiith ~ tional to E"*? in an isolated PDA red chafhwith its con-
temperature are known to a much better accuracy than theequences on both thE dependences of, and the ratio
absolute values, the exponent Dfis also determined to a 1/l reported here, indicate that the emitting state is not a
good accuracy: calculation of the uncertainties leads to aiocalized state. This is not commonly observed in semicon-
exponent 0.5t 0.06. ducting quantum wire¥’ Lateral size variation is claimed to

Assuming the applicability of Citrin’s calculation to the be a major cause of localization in semiconductor quantum
type of polymeric quantum wire studied here, his expressiomnwires. No such variation exists in the polymer chains studied
for the radiative lifetime, here, which consist of a single linear chain of Carbon atoms.

C. Implications of the exciton band model
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25 T T T ] to 7,;, can both be extrapolated to temperatures higher than
i j 50 K. The prefactor to th&2 variation and the parameters
_ 2 ¢ ] of the exponential contribution te,, were then fitted.
*é r / ] The nature of these non radiative processes is not known.
215 ) 1 One usually considers internal conversion to the ground state
& / ] and intersystem crossing to the triplet manifold. However,
- 1 ) ] another process may exist in the PDA: in blue PDA chains,
s singlet exciton fission into a triplet pair is a very efficient
= 05 I process, starting=0.12 eV above the singleB, exciton
T F energy'® A similar situation in red chains might account for
C the thermally activated nonradiative channel. Further experi-
0 o 2 4 e s T mental study of this problem is planned.

T]/Z Kl/z
K V. CONCLUSION

FIG. 12. Ratio (p /1) vs T¥2. The data from two sample8ull

circles and crossed squardis a T2 law (thin line). In conclusion, we have presented experimental results

showing that the red PDA chains’ fluorescence quantum
yield continuously decreases @sncreases, while the effec-
tive luminescence lifetime increases up to 40 K, then de-

From Fig. 9, the nonradiative lifetime is independenffof creases. These results are quantitatively explained using an
up to about 60 K;,,=150+ 15 ps. This is &-independent exciton band model. In particular, the radiative lifetime fol-
nonradiative channel, since ab & a significant fraction of lows the TY? law expected for a perfect 1D system. This
the exciton population is already kw0 states. Above 60 K behavior is not observed in other so-called 1D systems such
the nonradiative lifetimer,, starts decreasing rapidi§Fig. ~ as semiconductor quantum witéor J aggregates of some
9), suggesting that another, thermally activated, channebrganic dyes? From the absolute values af, an exciton
takes over. This decrease can be fitted by an exponentiaffective massn* ~0.3 was estimated, close to the sum of
temperature dependence with an activation ener@3 meV  electron and hole effective masses.

D. Nonradiative processes

and a preexponential factor of a few G 1. This is shown Two nonradiative processes compete with radiative decay.
in Fig. 6 where the fit is compared to the experimental dataAt low temperature a constark;independent process, is ob-
The fit was computed assuming that ¥ variation of 7, , served. A thermally activated process takes over above

with T determined above, and tiendependent contribution ~50 K.
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