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Abstract

Neat ®lms and solutions of poly[1,4-phenylene-1,2-di(4-phenoxyphenyl)vinylene], poly[1,4-phenylene-1,2-di(phenthiophenyl)vinylene],

poly[4,4 0-diphenylene-1,2-di(4-phenoxyphenyl)vinylene] and poly[4,4 0-diphenylene-1,2-di(4-¯uorophenyl)vinylene] in 1,4-dioxane are

investigated. The optical constants of the neat ®lms are determined, absorption and ¯uorescence data are analysed, and picosecond laser

saturable absorption studies are carried out. The ¯uorescence lifetimes and ¯uorescence quantum yields are analysed to determine the

emitting chromophore size (electronic delocalization). The saturable absorption measurements are used to determine the average absorption

segment size. q 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Diphenyl substituted phenylenevinylene polymers found

strong interest as nonlinear optical materials in opto-optical

waveguide switching elements [1±5]. They are used as elec-

tro-luminescent layers in organic light-emitting diodes

(OLEDs) [6±8]. Most studies have been carried out on

poly[1,4-phenylene-1,2-diphenoxyphenylvinylene] (DPOP-

PPV). The third-order nonlinear optical properties (nonlinear

refractive index n2 [1,3,9], two-photon absorption coef®cient

b [1,3,9] and third-order nonlinear susceptibility x (3) [5])

have been determined. The absorption [1,10], photolumines-

cence [6,10], electroluminescence [6] and photoconductivity

[7,11,12] have been studied. Picosecond time-resolved pump

and probe laser experiments revealed photoinduced absorp-

tion spectra [13]. The carrier transport in LED structures was

determined by time-of-¯ight measurements [7]. Conforma-

tion studies were performed by X-ray diffraction [14]. Photo-

electron spectroscopic studies and semi-empirical chemical

calculations have been carried out for poly(4,4-diphenylene

diphenylvinylene) [15]. The phenyl substitution at the viny-

lene carbon position of the phenylenevinylene polymers

reduces the tendency of oxidation [8].

Here we investigate the two diphenyl-substituted

phenylenevinylene polymers DPOP-PPV and poly[1,4-

phenylene-1,2-di(phenthiophenyl)vinylene] DPSP-PPV as

well as the two diphenyl-substituted diphenylenevinylene

polymers poly[4,4 0-diphenylene-1,2-di(4-phenoxyphenyl)-

vinylene] DPOP-PDPV and poly[4,4 0-diphenylene-1,2-

di(4-¯uorophenyl)vinylene] DFP-PDPV. Their structural

formulae, full names, molar masses, degrees of polymeriza-

tion and glass transition temperatures are given in Fig. 1.

Neat ®lms and 1,4-dioxane solutions are studied. The opti-

cal constants of the neat ®lms are determined. Absorption

and ¯uorescence spectra are measured and analysed. Pico-

second laser saturable absorption studies are carried out.

The ¯uorescence lifetimes and ¯uorescence quantum yields

are analysed to determine the chromophore size of light

emission (exciton size, excitation delocalization). The satur-

able absorption data are compared with numerical simula-

tions to determine the average segment size that takes part in

conformational relaxation after single-photon excitation.

2. Experimental

The synthesis of the polymers is described in Refs.

[16±20]. They were prepared by reductive coupling
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(dehalogenation polymerization) of appropriately substi-

tuted xylylene tetrachlorides. Neat ®lms were prepared

by dissolving the polymer powder in toluene

(20 mg ml21) and spin-coating them on fused silica

substrates. For liquid solution studies the polymers

were dissolved in 1,4-dioxane.

The optical constants (refractive index spectrum, n(l )

and absorption coef®cient spectrum, a (l )) of the neat

®lms were determined by re¯ectance and transmittance

measurements [21,22]. The repeat-unit-based absorption

cross-section spectra, s a(l), of 1,4-dioxane solutions are

obtained by spectrophotometer transmission measurements.

The neat-®lm absorption cross-section spectra are calibrated

to the solution spectra (same absorption cross-section inte-

grals) [23]. The ¯uorescence quantum distributions, EF(l ),

and the degrees of ¯uorescence polarization, PF(l ), are

measured with a self-assembled ¯uorimeter [24]. The ¯uor-

escence data analysis (¯uorescence quantum yield fF,

radiative lifetime t rad, stimulated emission cross-section

s em(l)) is described in Ref. [23].

The ¯uorescence lifetimes are measured by picosecond

pulse excitation (second harmonic pulses of an active and

passive mode-locked ruby laser [25], pulse duration DtL �
35 ps; wavelength lL � 347:15 nm� and fast signal detec-

tion (Hamamatsu type R1564U-01 micro-channel plate

photomultiplier and LeCroy type 9362 digital oscilloscope).

The saturable absorption behaviour of the polymers in liquid

solution is studied by transmission measurement of intense

second-harmonic picosecond ruby laser pulses through the

samples.

Relating the ¯uorescence lifetimes to the ¯uorescence

quantum yields will be used to determine the emitting chro-

mophore size [26,27]. The saturable absorption analysis will

be used to get information on the absorption dynamics of the

polymer segments [27±29].

3. Results

Transmittance and re¯ectance spectra of the investigated

neat polymer ®lms on fused silica substrates are shown in

Fig. 2. The ®lm thickness derived from the data analysis

[21,22] is given in the ®gure caption. The extracted refrac-

tive index spectra, n(l), and absorption coef®cient spectra,

a(l ), [21,22] are displayed in Fig. 3. The absorption spectra

have their maxima (S0±S1 absorption) around 370 nm. The

refractive indices are largest around 400 nm. In the

displayed wavelength region the neat ®lm refractive indices
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Fig. 1. Structural formula of repeat units of the investigated polymers. DPOP-PPV: C32H22O2. Molar mass of repeat unit. M � 438:53 g mol21
: Number-

average molar mass Mn � 16 400 g mol21
: Weight-average molar mass Mw � 23 800 g mol21

: Mn and Mw are determined by gel permeation chromatography

using polystyrene standards. Degree of polymerization DPw � Mw=M � 54:3: Polydispersivity Mw=Mn � 1:42: Glass transition temperature, Tg � 1618C

(from differential scanning calorimetry). DPSP-PPV: C32H22S2. M � 470:66 g mol21
: Mn � 20 300 g mol21

: Mw � 45 400 g mol21
: DPw � 96:4: Mw=Mn �

2:24: Tg � 1378C: DPOP-PDPV: C38H26O2. M � 514:62 g mol21
: Mn � 13 700 g mol21

: Mw � 20 400 g mol21
: DPw � 39:6: Mw=Mn � 1:49: Tg � 1838C:

DFP-PDPV: C26H16F2. M � 366:41 g mol21
: Mn � 39 400 g mol21

: Mw � 64 800 g mol21
: DPw � 176:8 Mw=Mn � 1:64: Tg � 3108C:



are well above the refractive index values of fused silica

and of crown glasses. Therefore, waveguiding is possi-

ble in the neat polymer ®lms on fused silica and crown

glass substrates, if a minimum ®lm thickness is

surpassed [30].

The repeat-unit-based absorption cross-section spectra,

s a(l), of the polymers in 1,4-dioxane (dotted curves) and

of the neat polymer ®lms (solid curves) are displayed in

Fig. 4. The neat ®lm spectra are quite similar to the solution

spectra. Only some smoothing-out and long-wavelength

extension of the absorption wings due to interchain

interaction (enhancement of inhomogeneous broadening)

is observed. The S0±S1-absorption peaks of the diphe-

nylenevinylene polymers DPOP-PDPV and DFP-PDPV

are roughly a factor of two larger than the S0±S1-

absorption peaks of the phenylenevinylene polymers

DPOP-PPV and DPSP-PPV.

The ¯uorescence quantum distributions, EF(l), and the

degrees of ¯uorescence polarization, PF(l), of DPOP-PPV,

DPSP-PPV, DPOP-PDPV and DFP-PDPV are displayed in

Figs. 5±8, respectively. For each neat ®lm ¯uorescence spec-

tra, EF(l), and polarization spectra, PF(l), were measured for

four different excitation wavelengths, l exc (312 nm, 365 nm,

405 nm, and 429 nm). The magnitudes and spectral shapes of

the ¯uorescence quantum distributions are independent of the

excitation wavelength. Only EF�l� for lexc � 365 nm is

shown in Figs. 5a, 6a, 7a and 8a. Within the ¯uorescence

band the ¯uorescence polarization, PF(l), decreases with

rising wavelength, l . The degree of ¯uorescence polarization

increases with rising excitation wavelength, l exc. For lexc �
312 nm PF(l) is approximately zero over the whole ¯uores-

cence region.

The triple-dashed curves in Figs. 5±8 show the EF(l )

and PF(l ) results for the polymers in 1,4-dioxane. The

excitation wavelength was lexc � 365 nm: The shapes

and wavelength positions of the ¯uorescence spectra,

EF(l ), of the solutions are quite similar to the shapes

and wavelength positions of ¯uorescence spectra of the

neat ®lms. Only the absolute values are reduced by

approximately a factor of 10. The degree of ¯uores-

cence polarization of the solutions is higher than that

of the neat ®lms.

The Stokes shift, d ~nabs;em; between the S0±S1 absorption

peak and the S1±S0 emission peak are listed in Table 1. The

shifts are rather large (absorption in the near UV, emission

in the green-yellow region).

In Fig. 9 the ¯uorescence quantum yield, fF �R
EF�l� dl; and the degrees of ¯uorescence polarization,

PF�l � 550 nm�; versus excitation wavelength, l exc, are

displayed for the neat ®lms. The ¯uorescence quantum

yield is wavelength independent within the accuracy of

our measurement. The accuracy of ¯uorescence quantum

yield measurement of highly ¯uorescent waveguiding neat

®lms is in¯uenced by the ¯uorescence absorption and

reemission [27]. The inaccurate knowledge of the weak

absorption in the ¯uorescence region limits the accuracy
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Fig. 2. Transmittance and re¯ectance spectra of neat ®lms on fused silica

substrates. Angle of incidence a � 128; s-polarized. (a) DPOP-PPV: ®lm

thickness, df � 45 nm: (b) DPSP-PPV: df � 60 nm: (c) DPOP-PDPV: df �
45 nm: (d) DFP-PDPV: df � 40 nm:

Fig. 3. (a) Refractive index spectra and (b) absorption coef®cient spectra of

neat thin ®lms of DPOP-PPV (solid curves), DPSP-PPV (dashed curves),

DPOP-PDPV (dotted curves) and DFP-PDPV (dash-dotted curves).
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Fig. 4. Absorption cross-section spectra, s a, and stimulated emission cross-

section spectra, s em, of neat ®lms (solid curves) and 1,4-dioxane solutions

(dotted curves) of DPOP-PPV, DPSP-PPV, DPOP-PDPV and DFP-PDPV.

Fig. 5. (a) Fluorescence quantum distributions, EF(l ) and (b) degrees

of ¯uorescence polarization, PF(l ), of DPOP-PPV neat ®lms (thickness

df � 400 nm� and DPOP-PPV in 1,4-dioxane (concentration C �
1:2 £ 1024 mol dm23�: For the neat ®lms the excitation wavelength, l exc,

is varied.

Fig. 6. (a) Fluorescence quantum distributions, EF(l) and (b) degrees of

¯uorescence polarization, PF(l), of DPSP-PPV neat ®lms �df � 510 nm�
and 1,4-dioxane solutions �C � 7:1 £ 1025 mol dm23�: Excitation wave-

length, l exc, is varied for the neat ®lms.

Fig. 7. (a) Fluorescence quantum distributions, EF(l) and (b) degrees of

¯uorescence polarization, PF(l ), of DPOP-PDPV neat ®lms �df � 500 nm�
and 1,4-dioxane solutions �C � 4:3 £ 1025 mol dm23�: Excitation wave-

length is varied for the neat ®lms.



of f F determination to a few percent. The degree of ¯uor-

escence polarization, PF�l � 550 nm�; rises with excitation

wavelength from nearly zero at lexc � 312 nm to about 10%

at lexc � 429 nm:

The ¯uorescence quantum yields of the polymers in

solution are listed in Table 1 (excitation wavelength

365 nm). They are in the 5±7% region. The degrees of

¯uorescence polarization at l � 550 nm are also listed in

Table 1 for the polymer solutions. With the exception of

DPSP-PPV �PF < 0:083� the degrees of ¯uorescence polar-

ization are around 20%.

Temporal ¯uorescence signals of picosecond-pulse

excited samples are shown in Fig. 10 (laser wavelength

lL � 347:15 nm; pulse duration DtL � 35 ps�: The dotted

curves give the detector-oscilloscope response by direct-

ing attenuated picosecond excitation pulses directly to

the detector. The solid curves belong to neat ®lms and

the dashed curves belong to 1,4-dioxane solutions. The

¯uorescence lifetimes, t F, (1/e signal decay times)

extracted from the ¯uorescence signal decay curves

are listed in Table 1. The ¯uorescence decay times of

the neat ®lms are around 1.5 ns, while ¯uorescence

decay times of the solutions are in the 200±400 ps

region.

The intensity dependent energy transmissions, TE�I0L� of

intense picosecond pulses (lL � 347:15 nm; DtL � 35 ps�

through samples of the polymers in 1,4-dioxane are

displayed as circles in Figs. 11±13. For DPOP-PPV and

DPSP-PPV the transmission practically does not change

with excitation intensity (no absorption bleaching). For

DPOP-PDPV (Fig. 12) and for DFP-PDPV (Fig. 13) a slight

rise of transmission is observed with increasing excitation

intensity.

4. Discussion

The linear absorption, nonlinear absorption and ¯uores-

cence data are analysed to extract parameters and to discuss

the neat ®lm and the solution behaviour of the polymers.

4.1. Linear absorption analysis

The repeat-unit-based S0±S1 absorption cross-section

integrals,
R

S0±S1
sa� ~n� d ~n ; are listed in Table 1. The upper

borders of the S0±S1 absorption bands, lu � ~n21
u ; are indi-

cated in Fig. 4. The absorption cross-section integrals of the

diphenyl-substituted diphenylenevinylene polymers DPOP-

PDPV and DFP-PDPV are approximately a factor of 2

larger than the absorption cross-section integrals of the

diphenyl-substituted phenylenevinylene polymers DPOP-

PPV and DPSP-PPV.

The model compound tetraphenylethylene ((C6H5)2

CyC(C6H5)2) has a similar absorption cross-section spec-

trum as DPOP-PDPV [31,32]. The spectrum is shown in

Fig. 14. The S0±S1 absorption peak is only shifted about

50 nm to shorter wavelengths. The S0±S1 absorption cross-

section integral of tetraphenylethylene is
R

S0±S1
sa� ~n� d ~n <

3:47 £ 10213 cm �lu � 270 nm�: In Ref. [16] it is shown

that for diphenyl-substituted phenylenevinylene oligomers

the conjugation dependent absorption redshift reaches its

limiting value already for a degree of polymerization of

three. This ®nding indicates a limitation of an excitation

interaction (vibronic coupling [33±35]) in these oligomers

to about three repeat units.

4.2. Fluorescence analysis

The repeat-unit-based S1-state radiative lifetimes, t rad,RU,

are calculated from the S0±S1 absorption cross-section spec-

tra, sa�l�; and the ¯uorescence quantum distributions,

EF�l�; �lexc � 365 nm� by use of the Strickler±Berg

formula [36±38]

1

trad;RU

� 8pc0n3
F

nA

Z
em

EF�l� dlZ
em

EF�l�l3 dl

Z
abs

sa�l�
l

dl; �1�

where nF and nA are the average refractive indices in the

¯uorescence and absorption region, respectively, and c0 is

the speed of light in vacuum. The integrals extend over the

S1±S0 emission wavelength region (em) and over the S0±S1

absorption band (abs). The resulting t rad,RU values are listed
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Fig. 8. (a) Fluorescence quantum distributions, EF(l) and (b) degrees of

¯uorescence polarization, PF(l ), of DFP-PDPV neat ®lms �df � 510 nm�
and 1,4-dioxane solutions �C � 6:0 £ 1025 mol dm23�: Excitation wave-

length is varied for the neat ®lms.
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Table 1

Spectroscopic parameters of the investigated polymers at room temperature

DPVP-PPV DPSP-PPV DPOP-PDPV DFP-PDPV

Solution Neat ®lm Solution Neat ®lm Solution Neat ®lm Solution Neat ®lm

C (mol dm23) 1.2 £ 1024 7.1 £ 1025 4.3 £ 1025 6 £ 1025

t rad,RU (ns) 12.17 8.67 13.7 8.83 6.1 4.0 5.8 3.9

tF (ns) 0.46 ^ 0.1 1.44 ^ 0.12 0.44 ^ 0.1 1.73 ^ 0.12 0.31 ^ 0.08 1.64 ^ 0.07 0.25 ^ 0.08 1.48 ^ 0.2

fF
a 0.073 0.72 ^ 0.02 0.072 0.67 ^ 0.02 0.051 0.705 ^ 0.02 0.061 0.69 ^ 0.02

t rad (ns) 6.3 2.1 6.1 2.5 6.1 2.3 4.1 2.1

me 1.93 4.1 2.25 3.5 1 1.8 1.4 1.9

PF 0.23b 0.0214a 0.083a 0.0137a 0.196a 0.0285a 0.260a 0.024a

s a,L (cm2) 4.2 £ 10217 3.95 £ 10217 4.75 £ 10217 4.4 £ 10217 8.1 £ 10217 7.5 £ 10217 8.2 £ 10217 7.75 £ 10217

t or (ps) 325 54 73 41 150 83 200 62R
S0±S1

sa� ~n� d ~v (cm) 2.96 £ 10213 2.96 £ 10213 2.67 £ 10213 2.67 £ 10213 5.47 £ 10213 5.47 £ 10213 5.58 £ 10213 5.58 £ 10213

d ~nabs;em (cm21) 8700 8300 8800 8700 8800 8500 8900 9500

Isat;s;RU (W cm22) 3.9 £ 108 4.1 £ 108 3.4 £ 108 3.7 £ 108 2.0 £ 108 2.2 £ 108 2.0 £ 108 2.1 £ 108

t con
c (ps) 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5

t ex,L
d (fs) 60 60 60 60 60 60 60 60

s ex,L (cm2) < 3.9 £ 10217 < 4.5 £ 10217 < 7.2 £ 10217 <6 £ 10217

mseg 6 ^ 4 3 ^ 1

a lexc � 365 nm:
b lexc � 405 nm:
c Assumed [52]
d Assumed [53].



in Table 1. The radiative lifetimes of the polymers in solu-

tion are longer than in neat ®lms because of the smaller

refractive index of 1,4-dioxane �n � 1:4224 at l �
589 nm [39]) compared to the neat ®lms (see Fig. 3a).

The repeat-unit-based S1±S0 stimulated emission

cross-section spectra, s em(l ), are derived from the repeat-

unit-based radiative lifetimes, t rad,RU, and the ¯uorescence

quantum distributions by use of the Einstein relation

between absorption and emission [40,41]:

sem�l� � l4EF�l�
8pc0n2

FfFtrad;RU

: �2�

The calculated s em(l) spectra are displayed in Fig. 4. The

spectra are similar for the 1,4-dioxane solutions and the neat

®lms. Knowledge of the stimulated emission cross-section

is important in laser material characterization.

The reorientation time, t or, of the S0±S1 transition dipole

moments responsible for S0±S1 absorption and emission

may be calculated from the degree of ¯uorescence polariza-

tion, PF, (PF at l � 550 nm is used here) and the ¯uores-

cence lifetime, tF, by use of the Perrin formula [42±44]:

tor � 1=P0 2 1=3

1 2 PF=P0

PFtF �3�

with P0 � 0:5: The obtained data are listed in Table 1. The

reorientation times of the polymers diluted in 1,4-dioxane

are in the 100±300 ps range. The fast reorientation of the

transition dipole moments seems to be due to intramolecular

energy transfer in the coiled polymer chains. The reorienta-

tion times in the neat ®lms are in the 40±80 ps range. The

shortening of the reorientation time in neat ®lms seems to be

caused by additional inter-chain energy transfer.

The degree of ¯uorescence polarization, PF(l ), increases

with rising excitation wavelength, l exc (Figs. 5b±8b and

9b). Within the ¯uorescence band PF(l ) reduces slightly

with increasing emission wavelength, l . An inhomoge-

neous distribution of the absorption band and the emission

band seem to be responsible for this behaviour. The excess

energy present in the case of short wavelength excitation

allows an overcome of barriers and a relaxation to differ-

ently oriented segments of lower absorption and emission

frequency. In the case of excitation at 312 nm the degree of

¯uorescence polarization is around zero. At this excitation

wavelength S0±S2 excitation contributes to the absorption

already. The S0±S2 transition dipole moments seem not to be

oriented parallel to the S0±S1 transition dipole moments and

therefore they reduce the degree of ¯uorescence polarization.

The ¯uorescence quantum yields of the polymers in 1,4-

dioxane are approximately a factor of 10 lower than the

¯uorescence quantum in the stiff neat ®lms. Both the vibra-

tional, librational and rotational freedoms of motion of the

side-chain substituents and the distortions of the main chain

units seem to be responsible for fast nonradiative relaxation

and reduced ¯uorescence quantum yield.
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Fig. 9. (a) Fluorescence quantum yields, fF and (b) degrees of ¯uorescence

polarization, PF(550 nm), of neat ®lms versus excitation wavelength.

Measurements were carried out at marker positions.

Fig. 10. Normalized temporal ¯uorescence signal heights, SMCP(t)/SMCP,max.

Dotted curves, temporal response functions of micro-channelplate detector

and fast digital oscilloscope (response to picosecond laser exposure). Solid

curves, ¯uorescence signals of neat ®lms. Dashed curves, ¯uorescence

signal of 1,4-dioxane solutions.



For tetraphenylethylene in 1,4-dioxane at room tempera-

ture we measured a low ¯uorescence quantum yield of fF <
1:2 £ 1023

: The ¯uorescence quantum distribution is shown

in Fig. 14. The excitation wavelength was lexc � 365 nm:

The ¯uorescence spectrum has its maximum at 498 nm.

The absorption±emission Stokes shift is d ~nabs;em <
12 000 cm21

: It is somewhat larger than for the polymers.

Excitation of tetraphenylethylene at lexc � 312 nm leads to

photochemical reactions (probably formation of diphenyl-

phenanthren) showing up in a ¯uorescence band peaking at

400 nm (not shown in Fig. 14).

The true radiative lifetime, t rad, of the emitting chro-

mophore is given by trad � tF=fF: A comparison of the

repeat-unit-based radiative lifetime, trad;RU; with the real

radiative lifetime, t rad, gives access to the number of

repeat units, me, forming an emitting chromophore.

The relation is

me � trad;RU

trad

: �4�

The data presented in Table 1 lead to me < 2 for the

diphenyl-substituted phenylenevinylene polymers DPOP-

PPV and DPSP-PPV in 1,4-dioxane, and they lead to

me < 1 for the diphenyl-substituted diphenylene poly-

mers DPOP-PDPV and DFP-PDPV in 1,4-dioxane.

The additional main-chain phenyl group seems to

make the chain so ¯exible to disorder adjacent repeat

units and to localize the emitting chromophore (electro-

nic excitation extension) to one repeat unit. The emit-

ting chromophore sizes are found to be a factor of two

larger for the polymers in neat ®lms than in in 1,4-

dioxane solution. The rigid matrix seems to be respon-

sible for the extension of the electron delocalization.

4.3. Saturable absorption analysis

The intensity-dependent energy transmission results are

analysed to gain information on the segment conformational

relaxation behaviour. Transmission changes are expected

due to ground-state depopulation. The saturation intensity,

Isat,s, of ground-state depopulation of slow saturable absor-

bers (pump pulse duration, DtL, shorter than ¯uorescence

lifetime, tF) is given by [45]

Isat;s � hnL

sa;L;segDtL
� hnL

sa;LmsegDtL

� Isat;s;RU

mseg

; �5�

where h is the Planck constant, nL is the pump laser
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Fig. 11. Intensity-dependent energy transmission through DPOP-PPV and

DPSP-PPV in 1,4-dioxane. Sample length, l � 1 mm: Circles are experi-

mental points. The curves are calculated using parameters of Table 1 and

mseg � 1: (a) DPOP-PPV in 1,4-dioxane. Small-signal transmission T0 �
0:0946: The curves are calculated for sex;L � 0 (1), 3:7 £ 10217 cm2 (2),

4:2 £ 10217 cm2 (3), 4:7 £ 10217 cm2 (4). (b) DPSP-PPV in 1,4-dioxane.

T0 � 0:1045: sex;L � 0 (1), 4 £ 10217 cm2 (2), 4:75 £ 10217 cm2 (3), 5:5 £
10217 cm2 (4).

Fig. 12. Energy transmission through DPOP-PDPV in 1,4-dioxane. T0 �
0:0112: l � 1 mm: Circles, experimental data (repeated in (a)±(c)). Curves

are calculated. (a) mseg � 1: sex;L � 0 (1), 6 £ 10217 cm2 (2), 6:75 £
10217 cm2 (3), 7:5 £ 10217 cm2 (4). (b) mseg � 6: sex;L � 0 (1), 6:5 £
10217 cm2 (2), 7 £ 10217 cm2 (3), 7:5 £ 10217 cm2 (4). (c) mseg � 10:

sex;L � 0 (1), 6:5 £ 10217 cm2 (2), 7 £ 10217 cm2 (3), 7:5 £ 10217 cm2 (4).



frequency, sa;L;seg � msegsa;L is the absorption cross-

section of the polymer segment which changes its absorbing

position by single photon absorption, mseg is the number of

repeat units forming an absorption segment, s a,L is the

repeat-unit-based absorption cross-section at the laser

wavelength and DtL is the pump pulse duration. Isat;s;RU �
hnL=�sa;LDtL� is the repeat-unit-based slow-absorber satura-

tion intensity. The Isat;s;RU values are listed in Table 1 and

are indicated in Figs. 11±13.

For the diphenyl-substituted phenylenevinylene poly-

mers DPOP-PPV and DPSP-PPV the energy transmis-

sion practically does not change with intensity up to the

highest applied values. This transmission behaviour

indicates that the excited-state absorption is approxi-

mately equal to the ground-state absorption and it

hinders a determination of absorption segment size,

mseg. The diphenyl-substituted diphenylenevinylene

polymers DPOP-PDPV and DFP-PDPV show a slight

rise in transmission at high intensities. This transmission

dependence allows the determination of the average

repeat-unit-based excited-state absorption cross-section,

s ex,L, and of the absorption segment size, mseg.

The polymer absorption dynamics, relevant for our

analysis, is illustrated in Fig. 15a. The polymer chain

is subdivided in segments (absorption segments which

change their energetic position due to single-photon

absorption), chromophores (regions of electronic deloca-

lization, Frenkel-type excitons [33±35], emitting entities

consisting of me repeat units), and repeat units. Single-

photon absorption excites a chromophore from the

ground-state to an excited-state (a). Excited-state

conformational relaxation (b) brings the segment and

the excited chromophore into new energetic positions

(c) (lattice relaxation [46], relaxation time, t con). During

the lifetime of the relaxed excited segment state (c)

there occurs excited-state absorption (from lower occu-

pied orbitals to segment HOMO position, from excited

chromophore LUMO position to higher excited states,

from higher excited states to still higher excited levels,

and from relaxed segment ground-state (HOMO) to an

excited state). After radiative or nonradiative relaxation

of the excited chromophore back to the ground-state,

there occurs ground-state conformational relaxation (d)

towards the initial energetic segment position (e).

For numerical simulations the absorption model of Fig.

15a is translated to the level scheme depicted in Fig. 15b.

The absorption starts from the S0 ground-state level 1.

Since a segment is removed from its initial absorption

position, the ground-state absorption cross-section is

sa;L;seg � msegsa;L and the number density of interacting

particles is Nseg � N0=mseg; where N0 is the number

density of repeat units. The various excitation processes

which invoke the energetically repositioned segment are

described by an average segment excited-state
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Fig. 13. Energy transmission through DFP-PDPV in 1,4-dioxane. T0 �
0:00956: l � 1 mm: Circles, experimental data (repeated in (a)±(c)).

Curves are calculated. (a) mseg � 1: sex;L � 0 (1), 4:2 £ 10217 cm2 (2),

5:2 £ 10217 cm2 (3), 6:2 £ 10217 cm2 (4). (b) mseg � 3: sex;L � 0 (1),

4:67 £ 10217 cm2 (2), 5:67 £ 10217 cm2 (3), 6:67 £ 10217 cm2 (4). (c)

mseg � 6: sex;L � 0 (1), 4:67 £ 10217 cm2 (2), 5:67 £ 10217 cm2 (3), 6:67 £
10217 cm2 (4).

Fig. 14. Absorption cross-section spectrum, sa�l�; and ¯uorescence quan-

tum distribution, EF�l�; of tetraphenylethylene in 1,4-dioxane at room

temperature. Excitation wavelength is lexc � 365 nm:



absorption cross-section, sex;L;seg � msegsex;L: An open-

ended system is considered, i.e. higher excited states are

considered to absorb as strong as ®rst excited states

(same sex;L;seg and immediate back relaxation to the

higher excited state).

The absorption dynamics of the level system of Fig. 15b

is described by the following differential equation system

[47] where Ni�r; z 0; t 0; u� with i � 1; 4 denotes the level

population number densities and IL�r; z 0; t 0� is the pump

pulse intensity.

2N1

2t 0
� 2

3sa;L;seg cos2�u�
hnL

�N1 2 N2�IL 1
N3

tF

2
N1 2 �N1

tor

;

�6�

2N2

2t 0
� 3sa;L;seg cos2�u�

hnL

�N1 2 N2�IL

2
3sex;L;seg cos2�u�

hnL

N2 2
N2

N2 1 N3

N4

� �
IL 2

N2

tcon

2
N2 2 �N2

tor

(7)

2N3

2t 0
� N2

tcon

2
3sa;L;seg cos2�u�

hnL

N3 2
N3

N2 1 N3

N4

� �
IL

1
N4

tex;L

2
N3

tF

2
N3 2 �N3

tor

(8)

2N4

2t 0
� 3sa;L;seg cos2�u�

hnL

�N2 1 N3 2 N4�IL 2
N4

tex;L

�9�

2IL

2z 0
� 23sa;L;segIL

Zp=2

0
�N1 2 N2� cos2�u� sin�u� du

2 3sex;L;segIL

Zp=2

0
�N2 1 N3� cos2�u� sin�u� du

2 a�2�I2
L �10�

�Ni �
Zp=2

0
Ni�u� sin�u� du i � 1; 2; 3; 4 �11�

The moving-frame transformation t 0 � t 2 nz=c0 and z 0 � z

is used, where t is the time, z is the propagation coordinate, n

is the refractive index and c0 is the vacuum light velocity. u
is the angle between the molecular transition dipole moment

and the polarization direction of the pump laser [48]. �Ni is

the orientation-averaged population number density of level

i. a (2) is the two-photon absorption coef®cient of the solvent

�a�2� � 2:6 £ 10210 cm W21 for 1,4-dioxane, the two-

photon absorption cross-sections reported in Refs. [49,50]

are approximately a factor of 2 too large as found by new

energy density calibration).

The initial conditions are N1�r; t 0 � 21; z 0; u� � Nseg �
N0=mseg; N2�r; t 0 � 21; z 0; u� � N3�r; t 0 � 21; z 0; u� �
N4�r; t 0 � 21; z 0; u� � 0 and IL�r; t 0; z 0 � 0� � I0L exp

�2r2
=r2

L� exp�2t 02=t2
L�: N0 � CNA is the total repeat unit
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Fig. 15. (a) Energetic model for absorption dynamics. Repeat unit, chro-

mophore, segment and polymer chain are illustrated. (a) Ground-state

absorption (excitation of a chromophore in a segment, absorption cross-

section sL;chr�: (b) Excited-state conformational relaxation (time-constant

tcon�: (c) Absorption processes acting on relaxed segment (average absorp-

tion cross-section sex;chr� and radiative and nonradiative S1±S0 relaxation

(time constant tF�: (d) Ground-state conformational relaxation (time

constant tcon� to initial ground-state situation (e). (b) Energy level scheme

used for numerical simulations.



number density, C is the repeat unit concentration, NA is the

Avogadro constant, r is the radial coordinate and rL and tL

are the 1/e-intensity pump beam radius and the pump pulse

duration, respectively.

The pump pulse energy transmission is

TE �

Z1

0
r dr

Z1

2 1
IL�r;`; t 0� dt 0Z1

0
r dr

Z1

2 1
IL�r; 0; t 0� dt 0

; �12�

where ` is the sample thickness.

The curves in Figs. 11±13 are calculated TE�I0L� depen-

dencies using the Eqs. (6)±(12). The parameters used in the

calculations are listed in Table 1 and in the ®gure captions.

The segment size, mseg, and the segment-based excited-state

absorption cross-section, sex;L;seg � msegsex;L; are varied.

The best-®tting values are listed in Table 1.

The diphenyl-substituted phenylenevinylene polymers

DPOP-PPV and DPSP-PPV are characterized by sex;L <
sa;L: The segment size is not accessible since practically

no transmission change occurs. The diphenyl-substituted

diphenylenevinylene polymers give a small rise in transmis-

sion. For DPOP-PDOPV the rise in transmission from TE �
0:012 ^ 0:001 at I0L � 107 W cm22 to TE � 0:0178 ^

0:001 at I0L � 10 £ Isat;s;RU � 2 £ 109 W cm22 is too small

to estimate a reasonably correct absorption segment size

mseg. Fig. 12a indicates mseg . 1: The real value of mseg

may be in the range between 2 and 10. For DFP-PDPV

the experimental energy transmissions and the calculated

curves ®t reasonably well for mseg � 3 ^ 1 and sex;L �
�6 ^ 0:3� £ 10217 cm2

: DPOP-PDPV has the smallest

degree of polymerization �DPw � Mw=M < 40; see Fig.

1). DFP-PDPV has the largest degree of polymerization

�DPw < 177�:

5. Conclusions

Two diphenyl-substituted phenylenevinylene polymers

and two diphenyl-substituted diphenylenevinylene poly-

mers in solution and as neat ®lms have been characterized

by absorption spectroscopy, ¯uorescence spectroscopy and

saturable absorption spectroscopy. The chromophore size

(electronic delocalization, emitting entity) has been derived

from ¯uorescence quantum yield and ¯uorescence lifetime

measurements to be two (four) for the phenylenevinylene

polymers in 1,4-dioxane (neat ®lm) and one (two) for the

diphenylenevinylene polymers in 1,4-dioxane (neat ®lm).

The size of segments reacting to single-photon absorption

(absorption segments) has been determined by saturable

absorption studies and is found to be larger than the chro-

mophore size.

The methods described for emitting chromophore size

determination and absorption segment determination are

general and may be used for chromophore size and segment

size determination of other luminescent polymers.

The polymers analysed here are charge transporting and

are highly luminescent in the solid state. They are therefore

important layer materials for organic LEDs. In own travel-

ling-wave lasing studies [51] the polymers studied here gave

us no indication of ampli®ed spontaneous emission.
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