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In this paper, we describe how we derive the mobility of positive charges (“holes”) along isolated conjugated
polymer chains from the results of pulse-radiolysis time-resolved microwave conductivity (PR-TRMC)
experiments on dilute polymer solutions. The method is illustrated with results for oxygen-saturated, benzene
solutions of the well-known poly(phenylene vinylene) derivative, MEPPV with an average chain length

of 800 monomer units. Nanosecond pulsed irradiation results initially in ionization of the solvent with the
formation of excess electrons and benzene radical catioris;TBe former rapidly €1 ns) undergo attachment

to O, to form O, with a rate constant of 1.5 10'* M~* s71. The BZ" ions diffuse through the solvent and
react with the (lower ionization potential) polymer chains via electron abstraction forming holes on the polymer
backbone. This is accompanied by a large increase in the conductivity of the solution after the pulse,
demonstrating that the mobility of holes on the polymer chains is very much larger than the mobility, via
molecular diffusion, of BZ ions in the solvent. To describe the after-pulse growth in conductivity, a large
effective reaction radiuges, of ca. 400 A is required for the diffusion-controlled reaction of Bath MEH—

PPV chains. This requires taking into account the time-dependent term in the rate coefficient. The value of
Reft is compared with theoretical predictions for the reaction of a small entity with a 1-D linear or a 3-D cubic
array of 800 reactive moieties. The conclusion that individual polymer chains in solution must have a very
open structure with a large persistence length is in agreement with the results of previous static and dynamic
light-scattering studies. The conductivity eventually decays because of the recombination of the positively
charged polymer chains with negative counterions J@ith a rate coefficient of 1.2 10** M~ s, which

is somewhat slower than predicted by the Debije equation. No evidence could be found for first-order trapping
of the mobile positive charge on the polymer chains prior to recombination. The pseudo-one-dimensional
mobility of holes along the polymer backbone derived from the absolute magnitude of the conductivity transients

is 0.46 cmd V-1s1

Introduction lecular wires-information which is useful for gaining an insight
into the relation between the molecular structure of conjugated

olymers and their conductive properties. The results are

specially interesting because isolated polymer chains are also
tractable for theoretical treatments that take the inherently
disordered nature of polymers into accoliMoreover, direct
measurements of thatra-molecular mobility for different
polymers can present a useful guideline for the design of
molecular wires with transport properties that meet the require-
ments of nanoscale electronics.

The mechanism of charge transport in conjugated polymers
is a topic of considerable interest since these materials are bein
considered for application in electronic deviée8.Examples
of such devices include field effect transistors (FETS), light-
emitting diodes (LEDs), and photovoltaic cells. The performance
characteristics (e.g., switching times and maximum current) of
these devices are critically dependent on the mobility of the
charge carriers. We have recently shown that it is possible to
measure the mobility of charges along isolated chains of . .
conjugated polymers in solution using the pulse-radiolysis time- ~ Recently, we have reported mobilities of positive charges
resolved microwave conductivity technique (PR-TRM@)he along isolated polymer chains in benzene solution for a variety
mobility of charge along an isolated polymer chain in solution ©f o- andz-conjugated polymer$For both types of polymer,
cannot be compared directly with charge carrier mobilities in the mobility depended strongly on the molecular structure of
the corresponding bulk soliethe state in which these materials  the polymer backbone and on the nature of the side chains.
are used in devices. In the solid, charge transport can occur via It is the purpose of this paper to give a detailed account of
interchain as well as intrachain mechanisms. In addition, the the kinetic fitting procedure that was used to obtain the charge
static and dynamic disorder within the backbone of the polymer carrier mobility from the time-resolved microwave conductivity
is expected to be quite different in the two phases. measurements, using a poly(phenylene vinylene) derivative,

Measurements of charge transport on isolated chains do,MEH—PPV (see Figure 1) as an example. This requires a
however, provide unique data on charge transport along mo- detailed description of the kinetics of formation and decay of
the positively charged polymer chains. Both the formation and
* Corresponding author. E-mail: siebbel@iri.tudelft.nl. decay involve diffusion-limited reactions between a small mobile
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Figure 1. Molecular structure of MEHPPV.
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complex kinetics of such reactions are not only relevant forthe ~ microwave cell with Detector

polymer solution

particular problem that is addressed in this work but are of
general importanc¥. Examples of diffusion-limited reactions \
of the type discussed here include fluorescence quenéhidg,
reaction of small reactive species with polym&sand the
binding of a small substrate to the catalytic site of an enzifme.
There have been many theoretical studies of such processes, ' & F
using both analyticad?22 and numerical method$:22 i < ==z NI OWENE POWES,
We first discuss the experimental procedures used to measure
the radiation-induced conductivity and the radiolytic processes
which occur. We then describe the analysis of the kinetics of
the diffusion-controlled formation and decay reactions of
positively charged polymer chains and the procedure used toFigure 2. Schematic drawing of the PR-TRMC setup.
fit the conductivity transients observed.

polyimide window
copper end-plate

530 JnT2 per nanocoulomb beam charge. The integrated beam
Experimental Details charge per puls& (nC), was routinely measured for each pulse.
The concentration in moles per liter of a radiolytic product X

The chemical structure of the poly(phenylene vinylene) formed within a pulse is given by

derivative studied in this work, poly(2-methoxy-54@thyl-

hexyloxy]-phenylenevinylene), MEHPPV, is shown in Figure 530Q
1. According to gel permeation chromatography (GPC) mea- [X] = 5 (1)
surements, the polymer has an estimated number-averaged 6.02x 10° ek

molecular weightM,, of 200+ 100 kDa, which corresponds
to 800+ 400 monomer units. The alkoxy side chains make it with Ex the average energy in eV absorbed per product X
possible to dissolve the polymer in a variety of organic solvents. formed. As an example, for a 10-ns pu3és ca. 40 nC. Taking
Dilute solutions in benzene (Merck UV spectroscopic grade) this together with the value of 1900 eV for the average energy
were freshly prepared before each experiment. The concentrato form one free ion pair in benze¥é*results in an estimated
tions ranged from 0.2 mM to 1.0 mM in monomer units. This concentration of ion pairs formed of 0.1M.
corresponds to polymer chain concentrations from 0.25 to 1.25 Irradiation of benzene leads to the formation of radiochemical
uM for a molecular weight of 200 kDa. No indication of products, such as biphenyl, which can react with the initially
polymer aggregation was observed. The solutions were bubbledformed excess electrons and benzene radical catfombe
with oxygen for at least 10 min before transferring them to a accumulated irradiation dose used in the experiments described
vacuum-tight microwave cell. The JOconcentration in a in the following sections was therefore kept sufficiently low
saturated solution is ca. 12 mM. that such radiolytic products did not affect the conductivity
A schematic drawing of the experimental setup used for the transients measured. No change in the magnitude or shape of a
experiments described in this paper is shown in Figure 2. Excessconductivity transient for a given solution was observed for the
charge carriers were produced in the solution by pulsed total accumulated dose used in a series of measurements on a
irradiation with 3 MeV electrons from a Van de Graaff single solution. From separate, steady-state radiolysis experi-
accelerator using pulse durations from 2 to 50 ns. Electrons ments it has been found that a total dose of more than an order
with an energy of 3 MeV have a penetration depth of 15 mm of magnitude larger than the doses used in the present pulsed
in benzene, which is much larger than the 3.55-mm thickness experiments is required to induce a detectable change in the
of the microwave cell that contains the polymer solution. Energy optical absorption of oxygen saturated MERPV solutions.
deposition by the electron beam as it traverses the sample is The radiation-induced conductivity in the solutions was
therefore close to uniform. In a multicomponent medium, energy measured using the time-resolved microwave conductivity
is initially distributed between the individual components (TRMC) technique’—28 The microwave system is constructed
according to their fractional contribution to the overall electron of rectangular waveguide with internal cross sectionx’ 3.55
density. In the solutions used in the present work, the contribu- mm?. Microwave frequencies in the Ka-band (2640 GHz)
tion of the polymer to the electron density was less than 0.1% were used, corresponding to a reciprocal radian frequency of
even for the highest polymer concentration used. Therefore,ca. 5 ps. The average microwave power level was 100 mW
energy is initially deposited almost exclusively in the benzene which corresponds to an electric field amplitude within the cell
solvent. of ca. 10 V cnTl. The microwave cell containing the polymer
The initial concentration of charge carriers is proportional to solution is closed at one end with a metal plate and at the other
the amount of energy deposited per unit volume, which is the end with a vacuum-tight polyimide window, see Figure 2. The
radiation doseD, (JnT3). The dose was calibrated using thin probing microwaves are reflected at the metal end plate and
film radiochromic dosimeters (Far West Technology) and was form a standing wave pattern in the cell.
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Changes in the conductivity inside the cell upon pulsed e
irradiation were monitored as changes in the microwave power R.= m (4)
reflected by the cell. The output of the microwave detector diode 0
was monitored using either a linear time base with a Tektronix
TDS 680B two-channel digital real-time oscilloscope or a
logarithmic time base using a Sony/Tektronix RTD 710 digitizer.
Using the latter combination, conductivity transients could be
monitored from 10 ns to 1 ms using a single accelerator pulse.

The change in the microwave power reflected by the cell,
APg, is directly proportional to the change in the conductivity
of the sampleAo, for small changes in the conductivity, {Bz+ +e} — Bz (B)

with ¢ the permittivity of vacuume the elementary chargkg

the Boltzmann constant, an@ the temperature. For liquid
benzene = 2.28 andR; = 250 A. Becaus®&, is much smaller
than R. at room temperature, a large fraction of the initial
ionization events are followed by rapid, “geminate” charge
recombination on a subnanosecond time s¢ale.

APy
P

Only a small fractionFy,, of the initially formed pairs is capable
of undergoing diffusional escape resulting in the formation of
relatively long-lived, homogeneously distributed “free” ions.

AAo (2)

The sensitivity factorA, can be calculated from the geometric R
and dielectric properties of the sample and the microwave {Bz' +te}—Bz +e ©)

frequency used as described previo§ly® The radiation- ) .
induced conductivity is related to the mobility of the charge 1N€ Yield of free ions in benzene at room temperature has been
carriers formedys;, according to determined, in DC conductivity experiments, to be 0.053 per

100 eV absorbeéf2* This corresponds to an average energy
for the formation of a free ion paiEs,, of 1900 eV and to a
Ao(t) = ez N, (O ®) value of Fy, of approximately 1%. It is this small escaped
: fraction that is relevant in the present work since these free ions
can diffuse throughout the solvent and react with dissolved
solutes. The geminately recombining ions, on the other hand,
will have decayed well within the shortest time scale of a few
nanoseconds prevailing in the present experiments.
The conductivity resulting on nanosecond pulse-radiolysis of
pure benzene is given by

In eq 3,Ni(t) is the number density of charge carriers of type
existing at timet ande is the elementary charge. The radiation-
induced conductivity is usually given as the dose-normalized
quantity Aa/D, (S J1).

Results and Discussion

As mentioned in the Introduction, it is the purpose of this Ao =eNg [u(e) +u(Bz+)] (5)
paper to present a detailed description of the method of data
analysis used to derive the mobilities of charge carriers on with u(e”) andu(Bz") the mobility of the excess electron and
conjugated polymer chains from TRMC measurements on pulse-solvent radical cation, respectively, ahg, the concentration
irradiated dilute polymer solutiod$ The emphasis is therefore  of free ions. If no decay of free ions occurs during the pulse,
more on the reaction mechanisms and kinetics which underlie then the end-of-pulse value bk, for a dose in the pulse @,
the growth and decay of the conductivity after the pulse rather in Jm 2 will be
than on the absolute value of the mobility derived, which has
been published previoush? The method of data treatment and N (0) = & 6
the type of information obtained are illustrated by measurements fp( )= = 6)
on dilute, oxygen-saturated solutions of the conjugated polymer
MEH—PPV. As pointed out in the Experimental Section, energy Substitution forNg(0) from eq 6 in eq 5 and rearrangement

from the incident 3 MeV electrons will be transferred initially  gives for the experimentally measurable quantity/D,]o
almost exclusively to molecules of the solvent. Because of this,

we first discuss the radiolytic processes occurring in the efu(e’) + u(Bz")]

solutions after pulsed irradiation. [Ao/D ] = E (7)
Radiolytic ProcessesRadiolysis of benzene results initially P

in ionization and excitation of individual molecules of the DC conductivity experiments have shown the excess electron

medium leading to the formation of benzene radical cations, to be the major charge carrier in benzene with a mobility of

Bz*, excess electrons,"gand excited states, represented by 0.13 cn? V-1 sL at room temperatur®:3° A mobility of 1.2

Bz*. In the present conductivity study, we are principally . 15-3 .2 V-1 51 for Bz+ has been estimated previously

interested in the charged species since these are specificall)ﬁom PR-TRMC measurements using an X-band resonant cavity.

monitored using the TRMC technique. These are initially formed 1y,;q \5jye is close to that which would be expected for diffusive

as coul_omb-_correlated pa|r{sBz+_+ €} with an average molecular motion within a liquid of viscosity 0.65 cP, that is,

separation distanc®. of approximately 50 A which is it corresponds to a diffusion coefficier, of 3 x 1075 cn?

considerably less than the Onsager escape dist&jce, s* according to the Einstein relationshi,p

Bz~ {Bz" + e} (A) ks T
D=—- ®)

R. is the distance at which the coulomb energy is equal to the

characteristic thermal energksT (ca. 0.025 eV at room  Substituting the above mobilities and the valueEgfin eq 7

temperature) and is given in terms of the relative dielectric yields a predicted value oNo/D,]o for pure benzene of 6.2

constantg, by 109 Sn? J L.
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Figure 3. Radiation-induced conductivity in neat benzene (solid line)

and oxygen-saturated benzene (dotted line) using a 2-ns electron pulse;
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resulting time dependence of the free-ion concentration after
the pulse should then be given by

pr(t) _ 1
Np(0) 1+ Ny (O)kt

(10)

The first half-life due to recombination along, is therefore

o1
" N0k

Substituting in eq 11 foNg(0) from eq 6 and fok, from eq 9
leads to the following expression:

7 = EprEO
" eDfu, tu]

Taking the known values d, €, and ¢+ + «-] corresponding
to reaction D together with the dose of 4.2° Jm2 used for

(11)

12)

The dashed line is an exponential fit to the transient for neat benzene.the transient in Figure 3 results in a predicted valuetfoof

A dose-normalized TRMC transient obtained on pulse-

ca. 700 ns.
This half-life estimated for recombination alone is substan-

radiolysis of pure benzene using a 2-ns pulse is shown in Figuretially longer than the actual half-life of 70 ns derived from the

3. The initial rapid decay of the conductivity during the first
2—5 nsis attributed to a tail of the geminately recombining ion

transient in Figure 3. An additional decay channel to D for
electrons must therefore be operative. This is attributed to the

pairs. The conductivity at longer times is due to free ion pairs occurrence of electron attachment to spurious impuritiey |
that have escaped from geminate recombination. The first half- the nominally pure solvent.

life of the decay of this conductivity component, as indicated

by the dashed line in Figure 3, is ca. 70 ns. Since this is

_ ke _
e +l,—I,

(E)

considerably longer than the 2-ns pulse length used, we conclude

that only a small fraction of the free ions will have recombined
within the pulse. The end-of-pulse value @fo/D, should
therefore be close to the value ak¢/D,]o given above. The
value found by extrapolation of the relatively slowly decaying
conductivity component to the end of the pulse is 8.007°
Sn? J-L. This is approximately 15% higher than the value of
6.9 x 109 Sn¥ J! predicted on the basis of previous DC
measurements. In view of the very different experimental
techniques used to derivA§/D,]o, we consider the agreement
to be reasonable. The larger value &ofD,]o found in the

present work could be due to a higher mobility or a larger free-

ion yield (lower value ofEgp) than measured in the DC
experiments. Since the value &jp = 1900 eV has been

independently determined by two different groups, we have
consistently used this value to calculate the concentration of

free ions formed. If the value d&y, is in fact 15% lower, then

the values of the polymer hole mobility calculated on the basis

of Ef, = 1900 eV would be approximately 15% too high.

Since the electron is by far the most mobile charge carrier in
pure benzene, the after-pulse decay of the conductivity reflects
mainly the decay of this species. In the absence of electron-

attaching impurities or additives, decay will occur by homo-

geneous charge recombination according to
_ K

Bz +e —Bz (D)

In molecular liquids, the reaction coefficient for charge recom-
bination, k;, is given in general by the Debye relatfén

efu, +u]

€€g

k= = 47R[D, +D ] ©

with x4 andu- the mobilities of the recombining ions amd.

For an electron mobility of 0.13 c¢hV 1 s71, the rate constant
for reaction (E) could be as high asx3 102 M~1 s71.27 An
impurity concentration of as little as 5 micromolar (correspond-
ing to only ca. 1 ppm) would therefore be sufficient to result in
the half-life of 70 ns found.

Neat benzene may also contain small concentrations of
spurious impurities which can scavenge the initially formed Bz
radical cations.

|3z++|h—kF»Bz+|h+ (F)
Because of the much lower diffusion coefficient of 'Bzhe
rate coefficient for this reaction will, however, be much smaller
than that for reaction E and close to the value of 1019 M1

s 1 expected for a diffusion-controlled reaction between mo-
lecular species.

As pointed out above, only small amounts of electron-
attaching compounds are sufficient to considerably shorten the
electron lifetime. By deliberately adding such an electron
“scavenger”, the conductivity signal due to excess electrons can
be almost completely suppressed. This is shown in Figure 3 by
the TRMC transient for an oxygen-saturated (12 mM) solution
in which electron attachment occurs via G.

_ ke

e +0,—0, (G)
From the decay of the conductivity in solutions containing a
lower concentration of oxygen, we have determined the rate
constant for electron scavenging by © beks = 1.5 x 10
M~1 s1. For an Q-saturated solution, the concentration is
therefore high enough to reduce the electron lifetime to less
than a nanosecond as shown in Figure 3.

In the present work, we have used oxygen as an electron

and D- the corresponding diffusion constants (see eq 8). The scavenger rather than CQOlvhich was used in a previously
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Figure 4. Dose-normalized radiation-induced conductivity in benzene
solutions of MEH-PPYV for different concentrations obtained using a

10-ns pulse. From top to bottom: 1.2, 1.0uM, 0.75uM, 0.5uM,

and 0.254M (polymer concentrations). The dotted lines represent
kinetic fits for which all parameters were held constant apart from the
polymer concentration.

10°

107

reported study.This was motivated by the fact that electron
attachment to @is nondissociative and does not produce a
strongly oxidizing free-radical species such as £@n pulse-
radiolysis which could possibly lead to subsequent oxidation
of the polymer.

When using @-saturated solutions, care has to be taken that
the sample is not exposed for extensive periods of time to light.
This was achieved in the present work by transferring the
solutions to the microwave cell within a few minutes after
saturation with oxygen. We have previously carried out a
guantitative study of the UV photo-oxidative degradation of
MEH—PPV in benzene solutidhand found a 10% reduction
in the microwave photoconductivity for a total absorbed dose
of UV radiation of ca. 20 J/cf1 An exposure of many hours

would be required to reach this level of photodegradation under

normal laboratory lighting conditions. As far as radiolytic

degradation goes, we have observed no significant change in

the temporal form or absolute magnitude of the conductivity

transients during the course of a series of experiments. Deliberat

exposure of @saturated MEHPPV solutions to large doses
of ionizing radiation in a Cobalt-60 source have shown only
small, <10%, changes in the optical absorption for doses 10

times the total accumulated dose used in the present pulse

radiolysis experiments.
Benzene radical cations do not react with oxygen but diffuse

Grozema et al.
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Figure 5. Dose-normalized radiation-induced conductivity in benzene
solutions of MEH-PPV for different pulse durations, from top to
bottom: 5, 10, 20, and 50 ns. The dotted lines represent kinetic fits for
which all parameters were held constant apart from the concentration
of ion pairs formed in the pulse.

MEH—PPV chains is considerably higher than that of Bans

in benzene. The large increase in mobility is due to motion of
charge along the polymer chain rather than diffusional motion
of the polymer chains as a whole.

The conductivity eventually decays on a time scale of tens
to hundreds of microseconds as shown in Figures 4 and 5. In
Figure 5, the time scale of the decay of the conductivity is seen
to become shorter as the pulse duration increases, that is, as
the concentration of ion pairs formed in the pulse is increased.
Accordingly, we attribute this decay to second-order charge
recombination of PPV with O;™.

k

PPV' +0,” —PPV+ 0O,

(0

To obtain the absolute value for the mobility, the concentra-
tion of charged polymer chains in the solution must be known
as a function of time. This can be obtained from a kinetic scheme

ethat includes all the relevant reactions that occur upon pulsed

irradiation of the polymer solutions. The rate coefficients and
mobilities that are unknown are adjusted such that an optimal
correspondence between the calculated conductivity transients

and the experimental data in Figures 4 and 5 is obtained. This

fitting procedure and the resulting rate coefficients and mobility
are discussed in the following sections.

through the solvent and eventually undergo charge transfer to Reaction Kinetics. The kinetics of the reactions-Al can
the conjugated polymer chains (reaction H), which have a lower be described by a set of differential equations for the formation

ionization potential.

Ky
Bz" + PPV— Bz + PPV" (H)
Figure 4 shows the time dependence of the microwave
conductivity after pulsed irradiation for polymer concentrations
ranging from 0.25:M to 1.25uM. The conductivity is seen to

and decay of the five relevant species,(8z", PPV", O™,

InT). Freely diffusing Bz and e are formed during the electron
pulse by processes A and C. As discussed above the geminate
recombination process, reaction B takes place on a time scale
of less than a nanosecond, whereas the reactions that we are
mainly interested in occur on time scales of tens of nanoseconds
or longer. Therefore, only the “free” ions that escape from

increase initially after the pulse on a time scale of hundreds to 9éminate recombination by reaction C are considered in the
thousands of nanoseconds. As is evident from Figure 4, this kinetic analysis.

after-pulse growth becomes faster with increasing polymer

Since the time profile of the Van de Graaff electron pulses

concentration, in accordance with expectations based on reactioris close to rectangular with rise and fall times of ca. 100 ps, the
H as the underlying source. These results provide immediateformation of free ions during the pulse can be well described
qualitative evidence that the mobility of positive charges on by
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dN, D,
dt EpAt

(0 <t< A7) (13)

whereAr is the pulse duration. This results in a linear increase
of [Bz*] and [e"] with time during the pulse. The decay of
excess electrons occurs mainly by reaction with the dissolved
oxygen:

de]_

5 = ke lo;] (14)
Reaction of excess electrons via D or E is insignificant compared

to the rate of attachment to,O

J. Phys. Chem. A, Vol. 107, No. 31, 2005081

TABLE 1: Mobility Values Used in the Fitting Procedure

ion mobility (cn?/Vs) comments

e 0.13 from refs 28 and 30
Bz* 0.0012 from ref 33

O, 0.0010 from ref 38

In" 0.0012 assumesu(Bz")

P 0.000004 from ref 39

h*/P 0.46 (1— D)® this work

aFromu(O,~) determined in liquid cyclohexane and iso-octane in
ref 33 adjusted to the viscosity of liquid benzeR@hree times the
isotropic value of 0.153 cmV~! s™! used to fit the experimental
conductivity transients: From D(P) determined by dynamic light
scattering.

For the benzene radical cations, there are four possible decaymobility on MEH—PPV mainly determines the absolute mag-

pathways: homogeneous recombination with(eeaction D),
reaction with MEH-PPV (reaction H), reaction with hole-
scavenging impurities (reaction F), and finally charge recom-
bination with Q~ (reaction J).

+ -5
Bz"+0, —Bz+0, J)

These decay pathways lead to the following differential equation
for the decay of BZ:

d[Bz'] —1rR-+ +
= koleIBz"] - k{BzZ'IN) -

ki[BZ'1[PPV] — kBz"][0, ] (15)

Positive charges can become trapped at hole-scavenging, 10-3 cpp

impurities, denoted byy) by reaction F and can subsequently
recombine by reaction with © via reaction K,

|h++o;i|h+o2 (K)
which gives for the evolution of |ir] with time:
di™) _

G = tklBzT-k{TJO]  (16)

PPV* is formed by charge transfer from Band decays by
charge recombination with £:

d[PPV']

= k,[BzI[PPV] — k[0, ][PPV'] (17)

The charge recombination reaction of PPWith e~ can be
neglected since the fraction of ¢hat has not yet reacted with
O, on the time scale on which PP\Ms formed is negligible.

The formation of @~ occurs via reaction G while its decay
is due to charge recombination with BzZPPV*, and |,*.

B 1 i klel0] - kiEz10,1 -
KO TPPV'] — kl1,10; ] (18)

The concentrations of charged species as a function of time
and the mobility of the species together determine the conduc-
tivity of the solution according to eq 3. Fits to the experimental
data in Figures 4 and 5 were obtained by numerically integrating
the differential eqs 1318 using the RungeKutta method. In
the fitting procedure, the rate coefficients of reactions H and |
are the variables which mainly determine the shape of the
radiation-induced conductivity transients, while the charge

nitude of the transients. In the following section, we discuss
the values of the rate coefficients and mobilities used in this
fitting procedure with particular attention given to the (possible)
time dependence of the former.

Mobilities and Rate Coefficients (Small Molecular Spe-
cies). Numerical integration of the differential rate equations
given in the previous section and calculation of the time
dependence of the conductivity requires, as input, values of the
mobilities of the charged species listed in Table 1 and the rate
coefficients of the reactions listed in Table 2. For the small (as
opposed to polymeric) molecular species, these parameters are
known from previous work or have been determined in separate
experiments as mentioned earlier in this article. Summarizing
the mobility values: u(e”) = 0.13 cn? V-1 s has been
determined by time-of-flight measuremeAts? u(Bz") ~ 1.2
V~1s 1 was obtained from previously unreported
PR-TRMC measurements on electron-scavenged benzene solu-
tions using a more sensitive X-band resonant cavity method;
w(lnt) ~ u(Bz") is a reasonable assumption sing@Bz") is
close to the value expected for molecular diffusion in a liquid
with the viscosity of benzene (0.65 cR)O,) ~ 1.0 x 1073
cn? V-1s 1was estimated by interpolation between the values
of u(O;™) determined by time-of-flight measurements in the
hydrocarbon solvents cyclohexang= 1.0 cP) and isooctane
(n = 0.35 cP)*

The following rate coefficients were taken as fixed param-
eters: ke = 1.0 x 10’ s! derived from the excess electron
decay in nominally pure, deaerated benzédge:= 1.5 x 10!
M~1s™1from the excess electron decay in air-saturated benzene;
ko, k;, and kx were calculated using the Debije relation for
diffusion-controlled recombination (eq 9) with the relevant
mobility values taken from Table 1 arkt = 250 A. Inclusion
of reaction F, with a rate of 1.& 10° s™1, was necessary to
provide a satisfactory description of the concentration depen-
dence. This reaction has, however, little influence on the
temporal form of the calculated transients.

A factor which must be considered in the calculations is the
possibility that the rate coefficients are time dependent on the
time scale of the measurements. Smoluchofgkas shown
that the rate coefficient for a diffusion-controlled reaction
between two small (spherical) reactants i and j should be time-
dependent according to

R;
Y (‘nDijt)

In eq 19,R; is the distance apart at which reaction is considered
to irreversibly occur (the “reaction radius”) aiy (=D; + D)
is the sum of the diffusion coefficients of the reactants. From
eq 19 it can be seen that for times much longer tRgizDj;,

k;(t) = 47R; Dy |1+ (19)
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TABLE 2: Rate Coefficients Used in the Fitting Procedure

Grozema et al.

reaction reactants rate coefficient comments
D Bz" + e 6.2x 108M1st ko = [u(Bz") + u(e)]€ee®
E e +le 1.0x 10's? this work, electron decay in “pure” benzene
F Bz" + Iy 1.0x 10°s? this work, from fits for PPV solutions
G e +0, 15x 10MM-1st this work, electron decay in benzefteO, soln
H Bz+ + PPV eq 24 D(Bz*) = 3 x 1075, Rey = 360 A
| PPV* + O, 1.2x 101 M-1st this work, from fits for PPV solutions
J Bz + Oy 1.2x 102M-ts?t ki = [u(Bz") + 1(0z")]eleeo®
K I+ Oy 1.2x 102M-1st kq = ky

a2 The Debye relation for diffusion-controlled charge recombination; eq 9 in text.

the time-dependent term becomes negligible and reaction(“holes” or “radical cation sites”) along the polymer backbone,

proceeds with the limiting, time-independent rate conskant

kij = 47R;D; (20)

w(h*/P), which governs the absolute magnitude of the conduc-
tivity. All three parameters will depend to a greater or lesser
extent on the length and the conformation of the polymer chains
in solution. We begin therefore with a discussion of existing

For the contribution of the time-dependent term to be less information relevant to these properties.

than 10%, the following inequality for the time scale on which
reaction occurs must be fulfilled.

t>

4 (21)

7D

The weight-averaged molecular weigM,,, of the MEH-
PPV sample used, as determined by GPC using polystyrene
standards, was ca. 600 kDa with a poly-dispersity index of ca.
3 corresponding to a number-averaged molecular weldht,
of ca. 200 kDa. The average number of monomer units per
chain,n = My/M, with M, the monomer molecular weight (260

For reactions between an ion and a neutral molecule, values9/mol), is therefore approximately 800 with a broad distribution

of R; abou 5 A are found for species with dimensions of a few
Angstroms®®> The rate coefficients for such reactions can
therefore be taken to be constant for times longer than 8
10~1%/D;; seconds, fobj in units of cn? s~1. For excess electron
reactions in benzend); is dominated by the high electron
diffusion coefficient of 3.3x 1073 cn? s~1. The values okg

around this number. If anything, the value Mf,, henceM,
andn, may be overestimates because of the more “rigid-rod”
character of the PPV backbone compared with that of the
polystyrene standards used. The valudvigf= 200 kDa was,
however, consistently used to estimate the concentration of
polymer chains in solution on the basis of the known weight

andks may therefore be considered to be time-independent for Per unit volume of MEH-PPV dissolved.

times in excess of approximately 2 ps, a condition which is

Aggregation of PPV derivatives in solution via-s interac-

amply fulfilled in the present experiments. For reaction F, the tions between different segments of the same chain or between

value of Dj will be approximately 5x 107° cn? s and the
assumption of a constant valuelefwill therefore be valid for

separate polymer chains is a well known phenomenon which
can lead ultimately to the formation of gels and solid precipi-

times longer than ca. 200 ps. Since this reaction is operative ontates. Even prior to phase separation, aggregation is usually
the same time scale as the after-pulse growth of the conductivity,apparent as a redshifted shoulder in the absorption band and a
that is, several hundred nanoseconds, condition 21 will also beredshift in the fluorescenc¥:38 We have found no evidence

fulfilled for reaction F.

for aggregation, in the form of redshifts in the absorption or

The recombination reactions D, J, and K between small emission bands, for benzene solutions of MEPPV up to the

charged species have an effective valueRpfequal to the
Onsager radiuBc (see eq 4) which is 250 A for benzene. This
results in a time of Z 1071YDj; seconds above which the time-

maximum concentration used in the present experiments, ca. 1
millimolar monomer units. Further support for the lack of
aggregation has been provided by dynamic light-scattering

independent value of the rate coefficient given by the Debye measurements gmxylene solutions of MEH-PPV which show
expression (eq 19) can be assumed to apply. Taking the diffusionthe hydrodynamic radius of the polymer to be concentration

coefficients corresponding to the mobilities given in Table 1
results in limiting times of 6 ns for reaction D and ca. 400 ns

independent up to monomer unit concentrations of 0.4 mM, the
maximum investigate#? We conclude that the solutions studied

for reactions J and K. The former limit is considerably shorter in the present work consist of homogeneous suspensions of
than the decay time of electrons in pure benzene and the latterindividual polymer chains free from inter- or intrachatfls

is much shorter than the time scale of many microseconds oninteractions. Evidence that such interactions do ultimately occur
which recombination of molecular ions occurs, as indicated by at higher concentrations of MEHPPV in chlorobenzene and
the decay of the conductivity transients in the polymer solutions. tetrahydrofuran solvents has been presented in the form of a
The assumption of a constant rate coefficient for the recombina- redshift in the photoluminescence excitation spectrum and a
tion reactions D, J, and K, as given by eq 19, is therefore decrease in the effective hydrodynamic raditi$hese effects

justified.
Mobilities and Rate Coefficients (Polymeric Species)As

are, however, only significant for concentrations that are an order
of magnitude or more higher than the maximum used in the

mentioned previously, three parameters have a dominant influ- present work.

ence on the temporal form and absolute magnitude of the

Because of the relatively large barrier of ca. 0.2 eV toward

conductivity transients in the present experiments. These arerotation out of an all-planar configuration of the phenylene

(1) the rate coefficient for charge transfer from B the
polymer, ky, which governs the after-pulse growth of the
conductivity, (2) the rate coefficient for neutralization of the
charged polymer chains by.Q k;, which governs the eventual
decay of the conductivity, and (3) the mobility of positive charge

vinylene backbon&, PPV derivatives are expected to have

properties characteristic of rigid-rod type polymers. This is
confirmed by the long persistence lengths, from 10 up to more
than 60 monomer units, determined by static light-scattering
measurements on dilute solutions of dialkoxy-PPVspin
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xylene3® As a result, individual polymer chains of MEHPPV,
with a (weight-averaged) molecular weight of ca. 600 kDa, have
open structures with relatively large hydrodynamic ragii,
of 359, 215, and 125 A inp-xylene, chlorobenzene, and
tetrahydrofuran, respectively:*° These values are to be com-
pared with a radius of only ca. 40 A expected for a compact
spheroid ofM, &~ 200 kDa and density ca. 1 g/ém

Since the molecular weight of the polymer used in the present
work is similar to that in the dynamic light-scattering studies,
we make the reasonable assumption Byawill also be similar
and close to the value of 359 A determinedpixylene, an

aromatic solvent very similar to benze¥feThis value ofR, Figure 6. A short section of a phenyleneinylene polymer modeled

corresponds t(_) a diffusion coefficient of the pOIVmer chains (via as a chain of reactive spherical sinks of reaction raBimsnd distance
Brownian motion) D(P), of 1.0x 1077 cn¥/s, as given by the  parween the unita.

Stokes-Einstein equation,

Ry as separate entities, see Figufé8? In the Traytak solution,

ke T Rett is Qi b
D(P)= 22 it 1S given by
(P)= g (22)
NRy
with kg the Boltzmann constant amcthe viscosity of the solvent Rett = TR, (25)
(0.65 cP for benzene). Assuming the chain conformation and 1+ —Inn
hence the diffusion coefficient remain unchanged on abstraction a
of an electron, the mobility of the charged polymer chain as a ) o
whole, u(P*), can be estimated using eq 8 to be cax 4076 Ref is cl_early no longer a radius in the true sense of the word
cn?/Vs. This is more than 2 orders of magnitude lower than Putis simply a length parameter. _ o
u(Bz"). Therefore, as mentioned previously, timereasein In _Flgure 7A, we show attempted fits to the conductivity
conductivity observed on transfer of charge from*Bo a transient for a 1.25M PPV (1 x 10°° mM PV monomer)

polymer chain can only be explained by the occurrence of rapid SOlUtion usingRert values in eq 24 of 40 A (close to the radius
hole migration within the polymer agglomerate. of a compact sphere of molecular weight 200 kDa), 400 A (close

Because of the very open structure of the polymer chains, ast© the hydrodynamic radiusy.), and+1000 A (considerably
evidenced by the large hydrodynamic radius and the lack of larger ti15an R). In all three case)(Bz") was held constant at
intrachain aggregation, the migration of holes will occur pseudo- 3 * 10°° cm?/Vs andk andu(h*/P) were varied to obtain the
one-dimensionally along the phenylenénylene backbone with ~ Pest fit to the long time decay and the maximum value of the
a diffusion coefficienD(h*/P). The corresponding pseudo-one- conductivity. For the three values By used, the best-fit values
dimensional, intrachain hole mobility is related®g¢h*/P) via of k andu(h'/P) were 1.63 ctiVs and 3.6x 101 Mt s,

the Einstein relation, 0.42 cnt/Vs and 1.2x 10" M~1s™1, and 0.46 crfVs and 1.2
x 10" M~1 s71, respectively.
eD(h+/P) The fit to the experimental transient in Figure 7A, in the
u(h/P)= T (23) region of the after-pulse growth, is considerably betterRgr
ke = 400 A than for either the smaller or larger valuesRgf. For

Rett = 400 A andD = 3 x 1075 cn?s, inequality (eq 21)
indicates that the time-dependent term kp can only be
neglected for times longer than cau8. Since the growth of
the conductivity occurs on a time scale much shorter than this,
the time dependence &f; plays an important role in the early
time kinetics. The influence of the time-dependent term is
illustrated in Figure 7B by the transient calculated udfag=

. . . 400 A but neglecting the time-dependent term.
The rate coefficient for the reaction of Bavith the polymer, From fits to all of the transients shown in Figures 5 and 6,

ky, should be proportional to the sum of the diffusion coef- . u fin 4

ficients of the reactants, that iD(Bz") + D(P)]. However, \;Vr? dﬁ\é? Odzgegn%?\/es(j f \;erallol?:/lsff';_lvzlgg;fp(hel{l Pg’ ké’
inceD(P) is 2 orders of magnitude smaller thexiBz"), ky : : P e ' giver by eq

since ' 24 with D(Bz+) = 3 x 105 cn¥s andRe = 360 A. The

will be given to a good approximation by calculated curves shown in Figures 5 and 6 were obtained using
Roy these fixed values. The agreement with the experimental

[ — (24) transients is reasonably good except for the highest dose pulse.
\aD(BZt

The value ofRet = 360 A for charge transfer from Bzto

MEH—PPYV chains is very much larger than the ® A usually
The form of eq 24, including the time-dependent term, has beenfound for electron-transfer reactions involving relatively small
taken to be the same as that derived for small reactants, eq 19molecular species. This is not particularly surprising since each
with however the “reaction radiusRj, replaced by an “effective  of the ca. 800 phenylerevinylene units comprising a polymer
reaction radius”Re. The validity of taking an equation of the  chain may be considered to be a potential reactive site. As
form of eq 24 to be generally applicable even for large, mentioned above, an analytical solution for the rate coefficient
nonspherical molecular entities is supported by the analytical for the reaction of a small reactant with a linear chainnof
expression derived by Traytak for a linear chainnafeactive reactive moieties of individual reaction radiRs, and center-
moieties separated by a distareceach with a reaction radius  to-center separation distanaéas been derived by Traytak:1®

Since the polymer backbone within an agglomerate as well as
the agglomerates themselves will have a random orientation with
respect to the electric field vector of the microwaves, the motion
of the charge will be vectorially randomized. Therefore, the
measured mobility will be an effective, isotropic value. The
value of the mobility used in the fitting procedure was therefore
taken to beu(h*/P)/3.

k= 4nD(Bz+)Re,,{l +
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Figure 7. Full line: experimental conductivity transient on 10-ns
pulsed irradiation of a 1.2aM solution of MEH—PPV in benzene.
Dashed lines: calculated kinetic fits in which the main variable is the
effective reaction radiuRes, in eq 24 for the rate coefficient for charge
transfer from Bz to the polymer wittD(Bz") = 3 x 107° cné/s. Figure
7B. Full line: experimental conductivity transient on 10-ns pulsed
irradiation of a 1.25M solution of MEH-PPV in benzene. Dotted
and dashed lines: calculated kinetic fits fg = 40 nm andD(Bz*)

= 3 x 1075 cn®/s with and without the time-dependent term in the
rate coefficient for charge transfer from Bzo the polymer, eq 24,
respectively.

The corresponding effective reaction radius for such a linear
array is given by eq 25. Sindgy is expected to be similar in
magnitude to half of the length of a PV un#&'®), eq 25 can be
approximated for large by

na

2Inn (26)

Res ~

Substituting in eq 26a = 6.7 A (the actual length of a
phenylene-vinylene unit) andh = 800, (determined by GPC
and used in the fitting procedurefes is estimated to be 401
A, that is, close to the value of 360 A found. As eq 26 shows,
for largen the value ofRe is (relatively) insensitive to the value
taken forRy. Using the full expression fdRe, €q 25, withRy
values ofa (6.7 A) anda/2 (3.35 A) results inRer values of
373 A and 349 A, respectively, which are even closer to the
experimentally determined value. While a straight, linear array

Grozema et al.

of the much more complex three-dimensional structure of an
MEH—PPV chain in solution, it does appear to provide a good
description of the reaction kinetics using known quantities.
For comparison, we consider the effective reaction radius for
a three-dimensional, cubic array of the reactive sinks with, as
before, an individual reaction radil&%, and a center-to-center
distancea between sinks. The solution derived by TraytaK is

Ry

2CR,n* 19
1+ RMT

Rert = (27)

with C a constant and (=3) the dimensionality. The large
approximation of eq 27 is

na

T (28)

Rer

Tseng et af! have considered the “touching spheres” case, that
is, 2Rn = a, and have derived a value 6f= 0.80 for diffusion-
limited reaction with a cubic lattice. Taking= 800 anda =

6.7 A, which corresponds to a highly compact, globular
structure, yields a value & = 39 A. Using the full expression

(eq 27) with Ry values of 3.35 A and 6.7 A results in no
significant change in the value & calculated. Clearly, a
highly compact structure is not capable of describing the reaction
kinetics observed, as shown by the attempted fit uggg=

40 A in Figure 7A. This is not unexpected in view of the large
value found for the hydrodynamic radius which indicates the
polymer agglomerates have very open structures encompassing
a volume several hundred times that expected for a compact
sphere.

An open, three-dimensional structure can be simulated by
allowing the cubic lattice parameterin eq 27 and eq 28 to
increase to values significantly larger than the individual reaction
radius, that isa > 2Ry. The value ofa required to explain a
given value of the effective reaction radius can then be
determined from

N 2t YIR
n

a (29)
Forn = 800, a value ofa = 62 A is required to explain the
value of 360 A forRe. Therefore, the average distance between
reactive sinks needs to be approximately 10 times the distance
between PV units along a polymer backbone to explain the
kinetics observed.

For a> 2Ry and largen, the length of a side of the cubic
array, L, will be

L~ a[n'®— 1] (30)

For the above value ai = 62 A, L is therefore 512 A. The
radius of a sphere with the same volume would be 318 A which
is quite close to the value of 359 A for the hydrodynamic radius
determined by light scattering. That there should be a close,
quantitative relationship between the kinetic and hydrodynamic
parameters of molecular clusters has previously been suggested
by Tseng et at14!

Clearly, neither the simple linear chain nor the expanded cubic
lattice are realistic representations of the actual MEHPV
polymer chain conformation in dilute solution. The present
kinetic results do, however, serve to confirm the conclusions
from the light-scattering results of a very open structure with

of reactive centers is without doubt an unrealistic representationextensive, close-to-linear backbone segments. In this regard,
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even the “best” PPV polymers invariably contain a few percent 0.46 cn? V~1 s~ for the pseudo-one-dimensional mobility of

of chemical defects in the form of saturatedsjsand dehy- positive charge along isolated MEHPPV chains in dilute

drogenated (sp vinylene moieties. Even a small percentage of solution.

such defects could have a controlling influence on the overall

structure of a polymer agglomerate since they allow much more  Acknowledgment. The Priority Program for Materials
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