PHYSICAL REVIEW B 68, 035203 (2003

Conjugated polymer in isolated and aggregated chain environments studied
by amplified spontaneous emission
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Aggregate formation of a conjugated polymer in solutions containing good and poor solvents is studied by
amplified spontaneous emissiORSE). It is proved that ASE originates only from isolated polymer chains. For
sufficient quantity of the poor solvent, aggregates are formed at the expense of the isolated chains, reducing
substantially the optical gain. The critical polymer concentration for aggregation and the size distribution of the
aggregates formed are determined by using a model based on thermodynamic principles. The number of
isolated chains involved in aggregates of a specific size decreases as aggregates become larger incorporating up
to seven chains.
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Conjugated polymers combining enhanced mechanicablue spectral region. Its chemical structure is shown in the
and optoelectronic properties have been applied as activieset of Fig. 1 while its molecular weight is approximately
media in photopumped laser systéffsand organic light 3600. The isolated chain environment was prepared by dis-
emitting devices(OLEDs).>® For developing an efficient solving the polymer in tetrahydrofurafTHF) solvent (0.2
polymer LED or even an electrically pumped polymer laserwt. %) while the aggregated ones were prepared by gradually
a comprehensive understanding of the optical properties addding a poor solveritMeOH) into the initial polymer /THF
conjugated polymers and how these are influenced by polysolution. As pumping source a commercig} pNulsed laser
mer aggregates is imperati{e A favorable method for with 337-nm wavelength, 5-ns pulse duration and 1-Hz rep-
studying this influence is applied by using polymer solutionsetition rate was used. Its beam was focused through a cylin-
with good and poor solvent§-** The addition of a poor drical lens on the sample forming an excitation stripe across
solvent into a polymer solution causes chain aggregatioit’’ with dimensions 0.4%20 mnf. The peak intensity of
which can be systematically controlled by changing the pooeach pumping pulse was 0.92 MW/gmwith a pulse to pulse
solvent quantity. The critical polymer concentration for ag-fluctuation of~3%. The intensity of the emission was mea-
gregation as well as the number of polymer chains involvedsured by a laser photometer averaging over 100 pulses sup-
in aggregates are of major importance in this investigationpressing the measurement fluctuation at 1-1.5%, while the
Research on aggregated polymer solutions has been maingpectrum was measured with a monochromator connected to
based to date on steady state and time-resolved fluorescereeliode array.
spectroscopy for studying the energy states variatithand The emission exhibited a narrow spectrum with a maxi-
the excited state dynami®s*?respectively. Recently, we di- mum at 453 nm, while its intensitywas measured for dif-
rectly studied stimulated emissiai®E) through amplified ferent lengthd. of the excitation stripe as well as for differ-
spontaneous emissiofASE) in aggregated polymer solu- ent MeOH quantities in the solution as shown in Fig. 1. It
tions and concluded spectroscopically that ASE radiation
originates only from the isolated chaittsThis conclusion
justifies the use of ASE for further research on polymer so-
lutions giving a direct insight on the aggregates formation.

In this work, a quantitative affirmation of our previous 105 MeOR/THF n
spectroscopic results is attempted by measuring the SE cross 0.1
sections through ASE in isolated and aggregated liquid chain
environments. A comparison of these cross sections leads to
the conclusion that the isolated chains existing in both envi-
ronments are responsible for the ASE. Additionally, we
present a detailed study of the aggregation procedure based
on thermodynamic principles by analyzing ASE measure-
ments of polymer solutions with different fractions of the
poor/good solvent volume. Specifically, the isolated chains 0.01
concentration, the critical polymer concentration for aggre- R S S N A A A
gation and the distribution of the number of polymer chains L (mm)
involved in aggregates are determined.

The polymer studied is a partially conjugated fplye- FIG. 1. Output intensity vs excitation stripe lendttior MeOH/
nylene vinylengderivative containing alternating conjugated THF solutions of various volume fractions. The solid lines are fits
and nonconjugated segments, and it was recently the data in the unsaturated regime using @y.The inset shows
synthesizetf and characterizéd as a laser medium in the the chemical structure of the polymer.

(CHoo

0.3
0.6
0.65
0.75
0.85
0.88
0.92
0.95

4 pe

pOdooedre

0.14

Intensity (arb.units)
pPOd O O ¢

0163-1829/2003/68)/0352035)/$20.00 68 035203-1 ©2003 The American Physical Society



M. FAKIS et al. PHYSICAL REVIEW B 68, 035203 (2003

] 12 T T T T T T
1.0 4 3 R 130
7 a )
é 10
2 0.8 2 5 125
2 = 2
2 o6 A & ] 120 ¢
. B 2 — ~
= MeOH/THF=0.85 g a‘:" . s O
B .4 —Absorption i ® o 1 &
N |- ASE 8 —s— Gain Coefficient \ 3
© Neat THF £ 44 ——N_ 110 Ta
£ 0.2q....... ASE © \
= O 105
(=] 1 24
z 0‘0_ T T T T T T
T T r r r 00 02 04 06 08 10
300 350 400 450 500

MeOH/THF
Wavelength (nm)

FIG. 3. The gain coefficieng and the excited isolated chains
FIG. 2. Absorption and ASE spectra of a polymer solution with concentrationN,, as a function of MeOH/THF. Both exhibit a
a MeOH/THF ratio equal to 0.85 and the ASE spectrum of a neagradual decrease becoming more intense for MeOH/¥BIB5.
THF polymer solution.

through the sample. Therefore, by counting the total number
can be seen that the emission intensity increases exponepf the emitted ASE pulse photons from both sides of the
tially as far asL is shorter than a critical valuesy. These  sample and dividing by the polymer’s quantum yield and the
results are indicative of a typical ASE proceé8s’ Ly, is  active volume of the excitation stripH,, can be determined.
determined as the length where a saturation of the amplifiThe calculations are valid as far as losses due to spontaneous
cation begins and the ASE intensity no longer exhibits aremission and scattering on the sample’s sides are neglected.
exponential increase. The gain coefficiegtare deduced by |n our case, the ASE pulse energy, emitted from a stripe
fitting the data in the unsaturated regirteelid lines in Fig.  length equal to thé ., was used. In this critical excitation

1) using the following equatiof’ stripe length, the majority of the excited molecules, respon-
sible for the ASE, contributes to the amplification procedure
I=A{exd (g—y)L]-1}, (1) and the losses due to the spontaneously emitted photons are

minimized. The cross sectional area of the excitation stripe is
equal to the output beam’s cross section exactly at its exit
érom the sample, and is 0.16 mMniThe results forN,, are

where A is a geometry-dependent constant apdhe loss
coefficient. Measurements of taken by moving the excita-
tion stripe away from the edge of the sample close to th e B - .
detector and monitoring the output enet§ghowed that this aIsp shown in Fig. 3 exhibiting a similar behay|0r EO the
parameter is negligible. This is valid even for polymer soly-9an-: The_total e_xperlmental error of thiy, value_s, IS~2%,
tions with high MeOH quantity namely for solutions with which mamly originates from the pulse flgctuat|on of the N
aggregates indicating that aggregates do not absorb at tlj]%ser. The S|m!lar|ty between.these tvyo mdependent sets of
ASE wavelength. This is additionally shown in Fig. 2 Wheremeasuremente.e.,_ Nex anc_j ga_n) es_peCIaII_y for hlgh values
the absorption spectrum of a polymer solution with a MeOH/Of MeOH/THF ratio, bearlng in mind their experlmenta_l er
THF ratio equal to 0.85 is depicted together with its ASE'O'S, clearly de_notes_the existence of a physical effect in this
spectrum without any overlap between them. In the samé’leOH/THF ratio regime. .
figure, the ASE spectrum obtained from a neat THF polymer 1 n€ calculation ofose thr(ﬂ%h Eq.(2) has provided the
solution is also shown, indicating that ASE exhibits no redS@me value, equal to-3x10 e, in all solutions with
shift by increasing MeOH quantity. The deduced gain Coef_dlfferent values qf the MeOH/THF 'rapo. Th|§ reaffirms our
ficients versus the MeOH/THF volume fractions are showrPT€vious conclusions that ASE radiation originates from the
in Fig. 3, indicating a gradual decrease of the gain and thi§2M€ SPecies i.e the isolated chains existing in both environ-
becomes abrupt for high values of the MeOH/THF ratio. ments. The e||m!nat|on of .SE In aggregates should pe atrib-
In order to further investigate the mechanism responsiblé’,ted to the forbidden radiative transition from.the .f|rst ex-
for the gain behavior and especially for high MeOH quanti-Citéd energy state to the ground one. Thig, in Fig. 3

ties, SE cross sections-{g) were determined in all samples corresponds to the concentration of the excited isolated
O'SE,iS given by chains which decreases following an analogous decrease to

the total isolated chains.
ose=g/AN, (2) Based on the preyious conclusion that ASE origiqate_s

only from isolated chains, the procedure of the aggregation is
where AN is the concentration of the population inversion studied using the measured valuesNy, shown in Fig. 3.
between the excited and the lower laser levels, nanadly, However, the excited isolated chains constitute a fraction of
=NgN;. In the case of four-level laser media, such asthe total isolated ones. This fraction was estimated for the
conjugated polymerd\; can be neglected\., in our case solution without MeOH where all polymer chains are iso-
was determined through ASE considering that a certain extated and was found to be 1/230. Considering that this value
cited molecule responsible for this kind of radiation emitsremains constant for all MeOH/THF ratios, the total concen-
only one photon because of the single pass of the lightrations of the isolated chaird;s can be obtained by multi-
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—— —— —— 112 sional. The aggregates formation is therefore the reason for
7001 the abrupt decrease of the gain in solutions with
600 MeOH/THF>0.65 (Fig. 3.
500 - For a further investigation of the aggregation procedure, a
@ Y model based on thermodynamic principles is applied. As it
mé 400 g was concluded, for MeOH/TH¥0.65 both isolated and ag-
2 300 g. gregated chains exist in the solutions in dynamic equilib-
a rium. In this case, the total solute concentrat®according
200+ to molecules conservation is
100+ .
00 02 04 06 08 10 C=X;+Xo+Xg+-= > Xy, (3)
MeOH/THF N=1

FIG. 4. The isolated chains concentratidp and the total poly-  whereXy is the concentration of isolated chains involved in
mer concentrationN,,, as a function of MeOH/THF. For aggregates o chains (X; corresponds to the concentration
MeOH/THF>0.65, the two curves are separated indicating the for-of chains in the isolated formIn Eq. (3), C and Xy are
mation of aggregates. For these solutions the parametsralso  expressed in mole fraction relative to the total solvent moles.
plotted. Using the law of mass actiotXy is given by the equatidt

— 0o_ .0 N
plying the N, concentration by 230, and the results are Xn=NiXy extl (u1—un) /KT, )

shown in Fig. 4 with an uncertainty similar to that Nf,, Where,ug and,uﬁ are the standard partse the mean inter-
(2%). In the same figure the total concentration of the poly-,ction free energy per molecilef the chemical potentials in
mer chaindN,y (isolated and aggregatedersus MeOH/THF  isoated chains and in aggregates wiitichains, respectively.
is also shown indicating a gradual dilution of the polymerThe necessary condition for the formation of aggregates is
because Of the NleOH add|t|0n The eXpeI’imental error forthat#%<lug In the case Where 0n|y one dimensiona' aggre_

Niot is almost infinitesimal as the quantity of the polymer is gates are formeqy$ according to the thermodynamic model
measured using an electronic scales. As can be seen in Fig. qjef. 21), is given by the equation

the curve of the isolated chailg coincide with the total
polymer oneN, for values of the MeOH/THF ratio up to o o akT

0.65. This verifies that for lower MeOH/THF ratios than 0.65 MNT Bt )
there is no aggregate formation, and consequently all the

polymer molecules are in the isolated form. Moreover, theThe parametew is a dimensionless positive constant depen-
coincidence of the two curves up to MeOH/THF of 0.65, in dent on the strength of the interchain interactions afidhe
Fig. 4, constitutes a strong indication that the fraction of themean free energy in an infinite aggregate. Equaf@mnsing
excited to total isolated chains is const&ht230 according  Eg. (5) becomes

to our previous assumption. For higher values of the MeOH/

THF ratio than 0.65 the two curves are clearly separated Xn=N[X,e¥]Ne . (6)
(bearing in mind their experimental errpridicating an ) ) ]

abrupt reduction of the isolated chains in comparison to thé\fter inserting Eq(6) into Eq.(3), a can be expressed by the
total ones. This means that aggregates are formed and tifgrm
concentration of the polymer chains contributing to aggre-

1/2
gates formation is calculated by subtractidg from Ny. It 1_(&)
is obvious that the critical polymer concentration for aggre- C
gation is obtained for the solution with MeOH/TH®.65 a=In X1 : @

and is (4.16-0.07)x 10" cm™ 3. A further affirmation of ag-

gregates formation is that the solutions became turbid foFinally, the density distribution of molecules in aggregates of
MeOH/THF>0.65 with no phase separation. The latter is aN chains is calculated by inserting Eg) into Eq.(6) yield-
strong indication that the aggregates formed are one dimernRg the equation

TABLE |. The calculated values d&, X; and«. The uncertainty oK, is 2% (similar to Ng,), while the
uncertainty ofa is estimated by error propagation.

MeOH/THF 0.75 0.8 0.85 0.88 0.92 0.95
C(107%) 3.6 3.5 3.4 3.3 3.2 3.2
X;(107%) 3.54 3.2 3.0 2.6 2.1 1.4

Y 55+1.2 7.260.2 7.6:0.2 8.4:0.1 9.1+0.1 10.1G:0.04
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100, gates become larger incorporating up to seven chains for
\ = MeOH/THF=0.75 MeOH/THF=0.95. The aggregates mainly consist of a small
S g0l —e— MeOH/THF=0.85 number of polymer chains indicating that they are one-
< —¥— MeOH/THF=0.88 dimensional in accordance to our previous statement.
“é; 60 Ingmnizgg The distributions in Fig. 5 are obtained in our case using
< ASE. Neither fluorescence nor laser radiation can be used for
L 40 studying the aggregation procedure. In particular, fluores-
o cence cannot be utilized since the emitted photons originate
D:' 20 from both isolated and aggregated chains. Moreover, the
= light lacks directionality and the emitted photons cannot be
X 04 gathered. On the other hand, laser radiation has directionality

o1 2 3 4 & & 7 8 @ as well as emission originating from the isolated chains but
because of many passes of the light through the sample, a
certain isolated chain emits an unknown number of photons.

FIG. 5. The distribution of polymer chain§, in percentage as Additionally, the monitoring ofNey in the ag_gregate_d solu-
a function of the aggregation numbkirfor values of MeOH/THF  tions, as done through ASE, cannot be realized using absorp-
>0.65, where aggregates are formed. tion techniques since both isolated and aggregated chains
simultaneously absorb the pumping photons and the contri-
bution of these two species on the absorption cannot be dis-
X, N-1 tinguished. All the above lead to the conclusion that ASE is
Xn= le( 1- \/: )

Number of chains in a single aggregate N

(8) the only mechanism that can reveal the procedure of aggre-
gation because it originates only from the isolated chains and

The application of this thermodynamic model in our case? certain chain emits only one ASE photon. Besides, the

requires the conversion o, and Ny, concentrationgex- djrectionality of the light permits easily its measuring by a
pressed in units of ci?) depicted in Fig. 4 in dimensionless simple detect_or. . . S
mole fraction units relative to the total solvent moles. In conclusion, the optical gan a_md SE cross section in
(molesy+moles,eo) becomingX, and C respectively. isolated and aggregated chain environments were measured

The calculated values of, andC are given in Table | for by systematically changing the fraction of poor/good solvent

MeOH/THF=0.75. In the same table the values of paramete}n polymer solutions. It was proved that ASE originates from

o calculated from Eq(7) are given and are also shown in Isolated chains existing in both environments confirming our

Fig. 4 with their experimental error calculated by error previous spectroscopic rgsults. Agdgregates are formed for a

propagation. It is observed thatincreases with the MeOH/ poor/good solvent ratio higher than a critical value and they
o . . substantially suppress the gain. Based on ASE results and a

THF ratio indicating a worsening of the solvent quality and . " .

an increment of polymer-polymer interactions. thermodynamic model, the critical polymer concentration for

The X, distributions calculated through Eq8), for aggregation, the strength of the intermolecular interactions

MeOH/THFE=0.75, are shown in Fig. 5 offering a quantita- (@), as well as thz distrilputié)ns of polymer chains in aggre-
tive description of the gradual transition of the polymer mol_gates K), were determined.

ecules from the isolated to the aggregated state. As MeOH/ M. F. acknowledges financial support from the Hellenic
THF increases, less polymer chains remain isolated whil&tate Scholarships Foundati@d8.S.H. The authors would
more of them form aggregates. The number of chains inlike to thank Professor J. Mikroyannidis and Dr. |. Spiliopou-
volved in aggregates of a specific size decreases as aggtes for providing the powder of the polymer.
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