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Dispersive dynamics of photoexcitations in conjugated polymers measured by photomodulation
spectroscopy
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We study the dynamics of the long-lived photoexcitationpiphenylene-vinylenbased conjugated poly-
mers containing acid-sensitive bipyridine subunits, angaty(5,5’-vinylene-2,2’-bipyridylene)py following
the dependence of the intensity of the photoinduced absorption bands on the laser modulation frequency. The
photoinduced absorption spectra contain two broad bands, whose relative intensities strongly depend on the
protonation state of the polymers and whose modulation frequency dependence is distinctly different. Whereas
the higher-energy band follows the modulation frequency dependence expected for either mono- or bimolecu-
lar recombination process, the lower-energy band shows a fractional power law frequency dependence at high
modulation frequencies, strongly indicating a “dispersive relaxation” process. The value of the fractional
exponent is sample dependent and is a quantitative measure for the distribution of the relaxing centers.
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I. INTRODUCTION Williams—Watts (KWW) function, the so-called “stretched
exponential” decay? 1213
Photoinduced absorptiofPIA) spectroscopy has served
as a useful tool for investigating the nature of the photoge- d(t)=exd — (t/m¢)”], 1)
nerated species in conjugated polymersTime dependent . .
PIA studies have been instrumental in revealing the excitawhere 0<B<1 and 7 is the KWW time constant. The

tion and recombination processes of the photocarfidise mechanisms leading to the stretched exponential behavior

dynamics of the long-lived photoexcitations can be very conN@ve been broadly discussed in the literatdiré’ For ex-

veniently studied by following their dependence on thear_nple_, it may describe Qiffusiv(@rQispergivécharge relax-
modulation frequency of the exciting laser pump. Eor eX_atlon in amorphous solids containing high density of elec-

ample, in poly(2,5-dimethoxy-p-phenylene vinylefeiwo tronic traps:® The exponeng was showt’ to be determined

types of long time dynamics were observed. Triplet excitonsby the effective dimensionality of the configuration relax-

oo ation space. Furthermore, the stretched exponential relax-
were found to obey a monomolecular recombination proces

Sition is closely related to a broader family of dispersive
where the falloff of the magnitude of the PIA absorbance, q|ayation prozesses such as Cole—é:“ole)r/ HavriIiF;k-

|A7T1/T|, with increasing modulation frequenay, follows & Negamil® in which the response to a modulated excitation
" behavior at high frequencies. On the other hand, bipogepends on a fractional power of the modulation frequency,
larons showed a much slower falloff of the magnitude of the,, 1216 The |lifetime distribution functions for all these
PIA absorbancen ™ **at high frequencies. Another example mechanisms were calculated and are summarized else-
is polyaniline, where the pernigraniline and emeraldinewhere!” One of the common features to all the dispersive
forms show different frequency behavior. Whereas for perniprocesses is the, relatively gentle, high frequency falloff of
graniline the two PIA bands show a similar falloff, in emer- the responses ¢, with a<1.!
aldine base the two bands behave differently<{%5 % and In the present work we follow the dynamics of photoex-
w92 respectively”’ The different modulation frequency citations in bipyridine-PPV derivatives by measuring the PIA
behavior verified the different origin of the two photoexcited dependence on the modulation frequency on a wide fre-
species. Similarly, polarons in sexi-thiophene fifmevealed  quency range. We find an evidence for a “dispersive dynam-
also a slow falloff of the PIA absorbance with The gentle ics” characterized by unusually slow falloff of the PIA at
frequency dependence was interpreted as due to a spreadhigh modulation frequencies. We show that the dispersive
recombination rates in the inhomogeneous sanijlés.oli- nature can be quantified as a monomoleciterrbimolecu-
gomers based on thiophene uritspth mono- and bimolecu- lar) recombination process augmented by an asymmetric life-
lar recombination mechanisms were found for triplet exci-time distribution having an appreciable contribution at short
tons. lifetimes. In addition, we connect this dispersive behavior
Distribution profiles of relaxation times have been widely with a stretched exponential relaxation in the time domain.
used to describe relaxation processes in amorphous and The mr-conjugated polymers studied here are optically
glassy material®*2 The description of the complex relax- tunable derivatives of pyridylene/vinylene polymers. Re-
ation processes in these materials required the use of specintly, we have showf that these derivatives can be tuned
distribution functions. Experimental data in these materialgeversibly via protonation—deprotonatigf—DP processes.
were commonly interpreted in terms of the Kohlrausch—Considerable luminescence red shiftg to 0.2 eV were
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observed upon exposing free-base films to acid vapors. Films
of the free-base form showed, in general, sharper spectra
than the corresponding protonated films, due to increased 03
disorder in the latter. The PIA spectra of the two forms re-
vealed two types of photoexcited species, whose density or
absorption intensity depend on the protonation state of the
polymer.

free base

............ protonated

Il. EXPERIMENTAL

As was discussed in our earlier stutfythe tunability of
the photo- and electrophysical properties of the polymers
originates probably from structurdintra- and interstrand
changes associated with the protonation—deprotonation pro- &
cesses and aggregation of the strands. In the present report g
we deal with the free-bagépristine” ) form of the polymers ~
and its fully protonatedi.e., acid-saturatodform, obtained o
after exposing it to HCI vapors. Thin films for optical mea- O
surements were prepared by drop casting on glass or quartz
substrates from formic acid solutions. The free-base
films were obtained by heating the films in vacuum
(10~°> mmHg) to above 70 C for over 12 h.

The photoinduced absorptigRIA) spectra were obtained
by recording the negative relative differential transmission,
—AT/T, due to the application of modulated optical be¥m. 5 B
The modulated signal is measured using a lock-in technique _ —

units)

in which both the in-phasdP) and out-of-phas€OP) com- 2.0 25 3.0 35 4.0
ponents are obtained. Since the lock-in measures only the Ph V
first harmonics at frequency, we write for simplicity the oton energy (eV)

fully modulated excitation beam as FIG. 1. The optical absorption spectra of Tp-PBY, p-PBV

(b), and p-BV(c) films in their free-basésolid line) and protonated
g(t)=(g/2) X (1+ coswt) ) (dotted ling forms. The chemical structures shown (@—(c) are
' for the free-basétop) and protonatedbottom forms of each of the

films.
wherew=2mv andg is proportional to the pump intensity.

If S(t) is the time dependent system response following the Ill. EXPERIMENTAL RESULTS

application ofg(t), then the measured IP and OP compo- i _ i
nents are given by Figure 1 shows the absorption spectra of films of all three

polymers both in their free-badeolid lineg and fully pro-
tonated(dotted line$ forms. The respective molecular struc-
ture of the free-baséop) and protonatedbottom polymers

Sip= periodS(t)cos{ wt)dt, are given as inserts to Fig. 1. Consider first the absorption
3) spectra of p-PBV[Fig. 1(b)]. It is seen that the free-base

spectrum is sharper than that of the protonated films. In the

. free-base form, the vibronic structure is apparent, whereas in

Sop= fperiods(t)sm(wt)dt- the protonated form the spectrum is much broader and it is

red shifted by about 0.2 eV. The broader spectrum indicates
different morphology, which is more inhomogeneous than
The IP and OP components thus yield complementary inforthe morphology of the free-base form. This issue was dis-
mation regarding the recombination mechanisms and characussed in detail in previous publicatiofs Similar behav-
teristic lifetime, 7, of the photoexcitations. ior is observed for the other two polymers Tp-PBV and
For simple mono- or bimolecular recombination pro-p-BV [Figs. 1a) and Xc), respectively. the protonated
cesses, the IP component is a monotonic decreasing functidorms appear to be less ordered than the free-base films.
of the modulation frequency and it reduces to half its zero Figure 2 shows the PIA spectra of films of all three poly-
frequency value at approximatelyna,=(7) 1. At this fre-  mers both in their free-bagsolid lineg and fully protonated
guency the OP component, being zero at zero modulatiofdotted lines forms. Both the free-base and protonated poly-
frequency, reaches its maximum vafi&he behavior of the mer spectra contain two bands: a low-enefgl) band and
IP and OP components in more realistic recombination proa high-energyHE) band. However, the two PIA spectra are
cesses is discussed in Sec. IVA 1 in more details. very distinct from each other. Consider first the PIA spectra
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FIG. 2. The PIA spectra for Tp-PBY&), p-PBV (b), and p-BV
(c) films in their free-basgsolid line) and protonateddotted ling FIG. 3. The modulation frequency dependence of the HE band
forms. The HE and LE bands are marked. shown in Fig. 2. Solid squaréircle) symbols represent the in-

phase(out of phasgdata. The lines are fits to monomolecular re-
combination processes E¢p). Similar fits were obtained for a bi-

of p-PBV [Fig. 2b)]. In the free-base film, the LE band Melecular mechanism. Note the log—log scale.

(peak position ‘f,’lt,zo's eV) is much {stro_nger than the HE Our main interest is the characterization of the recombi-
band (peak position at=2.2 eV), while in the protonated a4i0n dynamics corresponding to the long lived photoexci-
film, the relative intensities are revers_e(_j. It is then implied;,tions responsible for the HE and LE bands. To that end, we
that the two bands have a different origin. Note that no abaye measured the modulation frequency dependence of the
sorption due to photoinduced infrared active vibrationsyyo pands, which can yield direct indication for the recom-
(IRAV), characteristic of charged polarons, were observegination processes and characteristic lifetiftfem Fig. 3,
both for free-base and protonated samples. The missinge show the modulation frequency dependence of the HE
IRAV lines indicate that the LE and HE bands originate fromband for the two forms of all three polymers. It shows the
optical transitions due to neutral photoexcited species, suctharacteristic behavior expected for both the IP and OP com-
as (triplet) excitons. It is seen that in the less ordered mor-ponents. The OP compone(ifiig. 3, solid circlesreaches its
phology, the HE band is dominant, while in the more or-maximum at frequencya (in the range of 130—260 Hz for
dered, free-base morphology, the LE band is more dominanall sampleg where the IP componertFig. 3, solid squargs

It is thus plausible to assume that the LE band originates aieduces to half of its zero frequency value. This value of
intrachain triplet transitions, while the HE band is due tov,,, indicates a characteristic lifetime @f= (27vm,) ~* in
interchain excitons which are affected by aggregation. Simithe range 0.6—1.2 m@s marked in Fig. 3 for the defects
lar, but not identical, behavior is apparent also in Tp-PBV.responsible for the HE transition. At higher modulation fre-
Starting from the protonated form, the HE band weakens aquencies,w=2m7v>27v,, both the IP and OP compo-
the film becomes less protonated, but stays quite strong everents decrease as a power law:?, with =2 and 1, re-

in the free-base films. The broader absorption spectra and tigpectively. This is the expected behavior for either mono- or
larger HE intensity in the PIA spectra are indicative of abimolecular recombination mechanisitsee below Sec.
less-order morphology in Tp-PBV. In p-BV, the differencesIVA1).

between the free-base and protonated forms are less distin- The LE band behaves quite differently with respect to the
guished. modulation frequency, as shown in Fig. 4 for p-PBV and
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., in-phase IV. DISCUSSION

o out-of-phase A. Recombination kinetics

1. Frequency response

The photomodulation method applied in this work is a
very convenient tool by which one can follow the frequency
response of the photoexcited system over a wide dynamic
range(0.1 Hz—1 MH2. The PIA signal, at either the HE or
LE absorption band, is a direct measure of the dengityf
photoexcited species responsible for the respective electronic
transitions. Therefore, the lock-in respor8g) [Eq. (3)] is
proportional top. Denoting byU the carrier recombination
rate, we can write the rate equation for the photoexcited spe-
cies as

0.1}

©
o
=

dp
Gr-90-U, @

-AT/T (arb. units)

whereg is defined in Eq(2). For example, in a monomo-
lecular recombination process characterized by lifetime
7, U=p/7, and the system frequency response is then

0.1}

0.01} pip(@) =97/ (1+ w?7?),

®

~0)'°'77 - por @)= wg 7 (1+ w?7?).
100 10000 100 10000

_ We see that atv=wm,=(7) "1, pop has a maximum and
Modulation frequency (Hz) pip=pop. At higher frequencieso™> wya pp<pop. The
symptotic behavior, for each of the components, is a power
aw decreasew #, whereg=2 and 1, for the IP and OP
components, respectively. This dependence on the frequency
is characteristic not only to monomolecular recombination
process, but also to bimolecular processes and their combi-
nation. Furthermore, assuming a finite-width Gausgian
p-BV (the LE band in Tp-PBV is too weak for such detailed | grentzian distribution of recombination rates does not sig-
measurements Comparing Figs. 3 and 4, we observe threenificantly change this frequency dependence.
main differences in the modulation frequency dependence Since films of conjugated polymers, in general, and ours
between the LE and HE bandg) The maximum of the OP in particular, are very inhomogeneous at the molecular level,
component in LE is much less apparent than in Kf.The  they resemble amorphous materials. The dynamics of photo-
IP component in LE does not level off at lowas in HE.(c) excitations in amorphous materials is governed in many
At high frequencies, both IP and OP components of LE de<cases by a “dispersive(or diffusive) process®**In a dis-
crease very gently, as~ ¥ with y<1 (as marked in Fig.4  persive process, the respond®(w), of the system to a
compared with the much stronger dependence for(s#2 modulated excitation depends nontrivially on a fractional
Fig. 3. These differences strongly indicate a wide distribu-power of the(modulation frequency,w.****For the sake of
tion of recombination lifetimes. We will show below that the simplicity, we consider the simplest nontrivial mechanism
peculiar high frequency dependence of the PIA LE band cafound in amorphous materiat$,
naturally be explained by “dispersive(br diffusive) recom-

bination processes. Ro

We have also measured the laser intensity dependence of Rlw)= m

both the HE and LE bands. In all films, the PIA bands are 0
sublinear with the laser intensity reaching near saturation avherea<1, 7y is a “mean” lifetime, andRy is the steady-
high intensities. This tendency towards saturation resultstate response at zero frequency. In &), the PIA re-
most probably due to traps that limit the recombination asponse,R, is written as a complex function whose real
they become saturated. The PIA temperature dependencenaginary part is the IP(OP) component. The response
also indicates trap limited recombination processes with fiR(w) in Eq. (6) is originally assigned to the dielectric re-
nite activation energy. In the presence of saturable trapsponse of the system!* Here, we use it to evaluate the
both mono- and bimolecular processes would result in a suldensity of the photogenerated species undergoing relaxation/
linear dependence on the pump intensity. We therefore didecombination processes following a modulated photoexcita-
not attempt to determine the recombination mechanism usingion at frequencyw. We therefore identifyR, in Eq. (6) as

the laser intensity dependence of the PIA. the steady-state photoexcitation density at zero frequency.

FIG. 4. The modulation frequency dependence of the LE ban
shown in Fig. 2. Solid squarécircle) symbols represent the in-
phase(out of phasg experimental data. The lines are fits to the
dispersive relaxation procef&q. (6)]. Note the log—log scale.

(6)
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FIG. 5. The expected frequency dependence of the PIA for the FIG. 6. The distribution functiof'( ) for the dispersive process
dispersive process E) for a«=0.6. Note the log—log scale. Eq. (7) for «=0.6 and 0.8. Note the log-log scale.

and OP components of the LE band. The results of the fit are
the photogeneration rate, which is proportional to the excita-ShOWn in Fig. 4 as solid and dashed lines, respectively, along

tion intensity and the quantum efficiency and should includeVth the values ofa obtained by these fits. The different
some averaging over lifetime distributiofsee below: In values ofa are possibly associated with the amorphous na-

Fig. 5 we show the expected frequency response for a didure of the different films. The smaller value affound for
persive recombination process, with=0.6. It is seen that the protonated form indicates more disorder in accordance

(@ the OP component still maintains a maximum at  With earlier measurement&?° The very good fits support
:7_61; and (b) at higher frequencies, both the OP and IPthe assumption of a dispersive mechanism for the photocar-

- 21
i o : rier dynamics’
components decrease as ”, where Sop is slightly higher As mentioned in Sec. IVA2 above, the frequency re-

thana and f;p is slightly lower thana. sponse of the PIAR(w), can be described in terms of mono-
(or bi-) molecular relaxation combined with a distribution,
I'(In7), of primitive relaxation times,r. The distribution

It was shown previously®*"that the empirical disper- function I' can be easily realized onee in Eq. (6) is ob-
sive dielectric response functions in the frequency domaifained experimentally. In Fig. 6 we show the lifetime distri-
[e.g., Eq.(6), as a representative examptmn be described pytion functionI'(In 7) obtained using Eq(7), for two rep-
in terms of Debye relaxation augmented by lifetime distribu-resentative valuesy=0.6 and 0.8. It is seen thdt thus
tion. Following Ref. 17 we define the lifetime distribution gptained is asymmetric with respect tg, having an appre-

Quite generally R, can be written afko=gr,, whereg is

2. Lifetime distributions for dispersive processes

functionT'(In 7) by the equation ciable long tail at short relaxation times. We conjecture that
Re(7) it is this short relaxation times tail that is responsible for the
R(w)=j 0 I'(n7din(7), 7 gentle high frequency. falloff char_actenzed hy<1. It
—oltioT means also that there is an appreciable amount of photoex-

o ) cited species that diffuse very fast between traps.
whereR(w) is given by Eq(6). In Eq.(7), Ry(7) is the zero Finally, it is of interest to connect the dispersive exponent
frequency steady-state photoexcitation density for a giveny, [Eq. (6)] with the KWW exponentg [Eq. (1)]. Each of
lifetime 7: Ro(7)=g7. The dispersive process is thus de-these two exponents gives rise to a certain distribution of
scribed as a single lifetime recombination combined with ayrimitive lifetimes!**” By comparing the resulting distribu-
lifetime distribution functionI(In 7). The single lifetime  tion functions, one can arrive at interrelation between the
process may, for instance, be a monomolecular process ort@go exponent$® Using the relation given in Fig. 3 of Ref.
bimolecular process, for which depends on the excitation 16, we find for each value af the corresponding value ¢.
intensity. This distribution functiol” can be extracted from These are listed in Table I. The exponghts related to the

tEhe m7ea}§u1r_(re]d responB§w), uimgF;[lr,]Ae mversfe transforr?c;:‘ effective dimensionalityd, of the configuration space in
g. (7). us, measuring the as a function of t € which the relaxation takes p'aééi

modulation frequency, can yield the inhomogeneous distri-
bution of recombination lifetimes. ﬂzal(a+2). ®)

B. Analysis of PIA frequency response Simple, unconstrained, diffusion in three dimensions corre-

The PIA modulation frequency dependence of the LESpondS tad=3 and,8=0.6. Diffusion under constraints due
band, Fig. 4, indicates a dispersive recombination mechd® short and/or long range forces gives rise to “fractal” di-
nism, since the high-frequency falloff is very slow: mensionality, resulting il<3 andB<0.6. The results sum-
o~ * (a=0.5-0.7). We have thus used H@) to fit the IP  marized in Table | indicate that the dispersive relaxation pro-
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TABLE I. The dispersive parameters for the LE band in the “dispersive” relaxation is the dominant mechanism in cases
various films:1. p-PBV free-base2. p-PBV protonated3. p-BV  where the high frequency falloff is slow. We have invoked
free-base; and. p-BV protonateda and 7y are extracted from the gn empirical expression for the frequency dependent photo-
fits of Fig. 4, B is the KWW exponent, andi is the effective induced response function, analogous to the “dispersive

dimensionality, calculated using E@). transport” expressions, used commonly in amorphous sub-
— stances. We have successfully accounted for the fractional
a To(MS) B d power frequency dependence and have found the appropriate

distribution of relaxation times that equivalently describes
the fractional power behavior. In addition, we have shown
0.58+0.06 1.2-0.2 0.46-0.06 1704 that our analysis can be connected to a relaxation process
0.66-0.06 1.4:0.2 0.54-0.06 2.3£0.5 described by a stretched exponential behavior.

0.78£0.07  1.5-02  0.670.01 41 We add in passing that it is highly conceivable that the
fractional power-law dependence reported previously for

) , ) , , other polymers and oligomefs.g., Refs. 5 and)&an simi-
cess in our films takes placia in a fractal configuration SPaCEyry be accounted for by the “dispersive” relaxation mecha-
with effective dimensionalityd<3. nism.

0.64*+0.06 1.5-0.2 0.510.06 2104

A WN P
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