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1 Overview

The central goal of the work we completed was been to understand the photochemical and pho-
tovoltaic properties of ionically functionalized conjugated polymers (conjugated ionomers or poly-
electrolytes) 2 and energy conversion systems based on them. We primarily studied two classes of
conjugated polymer interfaces (see Figure 1) that we developed based either upon undoped conju-
gated polymers with an asymmetry in ionic composition (the ionic junction)?® or doped conjugated
polymers with an asymmetry in doping type (the p-n junction).*® The materials used for these
studies have primarily been the polyacetylene ionomers PAy and PA¢ shown in Figure 1. We
completed a detailed study of p-n junctions with systematically varying dopant density,*® photo-
chemical creation of doped junctions,? and experimental and theoretical work on charge transport
and injection in polyacetylene ionomers.%® We have also completed related work on the use of
conjugated ionomers as interlayers that improve the efficiency or organic photovoltaic systems”
and studied several important aspects of the chemistry of ionically functionalized semiconductors,
including mechanisms of so-called ” anion-doping”,® the formation of charge transfer complexes with

910 and the synthesis of new polyfluorene polyelectrolytes.!! We also worked worked with
12-14

oxygen,
the Haley group at the University of Oregon on new indenofluorene-based organic acceptors.
These accomplishments are detailed in the sections that follow and resulted in the following publi-

cations. 219
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3 Doped polymers: pn junctions

Dopant ion diffusion renders interfaces between differentially doped conjugated polymers and re-
lated materials unstable with respect to bulk redox reactions. We have demonstrated that conju-
gated ionomers, which can become internally compensated upon doping, can be used to overcome
this problem. The charge injected into the polymer backbone is balanced by covalently bound, im-
mobile ionic centers in internally compensated states. This has enabled us to fabricate conjugated
polymer p-n junctions where the p- and n- refer to truly doped states rather than acceptor and
donor, respectively. We have developed and studied this new class of junctions to better understand
their properties, in particular as it relates to solar energy conversion. The studies are significant
in part because of the central role inorganic p-n junctions play in photovoltaics. We made the
following advances:

1. Developed polyelectrolyte mediated electrochemistry (PMEC) to independently control the
doping level on the n- and p-type sides of conjugated polymer p-n junctions fabricated from
undoped Au|PA|PAc|Au bilayer precursors (see Figure 2).

2. Used PMEC to systematically control dopant density to tune the current-voltage characteris-
tics of conjugated polymer pn junctions with equilibrium exchange current densities varying
from 1 x 10719 to 1 x 107* A cm ™2, and rectification ratios at 1.8V as high as 1600 (see Figure
3).

3. Measured the dopant density and voltage dependence of the capacitance and current to
demonstrate that conjugated polymer pn junctions are very different from classic inorganic
p-n junctions, for instance, not showing the classic voltage dependence of the capacitance nor
agreement with Shockley diffusion theory governing inorganic p-n junctions.

4. Demonstrated that an asymmetry in dopant type (n- vs p-) can be used to generate a pho-
tovoltaic effect. This supports an initial hypothesis of the work that conjugated ionomer p-n
junctions, without any nominal frontier orbital offset as in other organic energy conversion
systems, can separate excitons and selectively collect the resulting carriers.
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Figure 2: (a) Polyelectrolyte mediated electrochemical fabrication of a conjugated ionomer p-n
junction. Step (1) is a -1.5 V vs. SCE potential step to maximally n-dope the cationic layer
and step (2) is a potential step to +0.6 V vs. SCE to selectively p-doped the anionomer layer.
The cationomer layer is not p-doped during step (2) because the poly(styrenesulfonate) supporting
electrolyte is too large to permeate the solid ionomer film. (b) Plot showing the range of dopant
and ionic functional group densities in the cationic layer of the junctions that were prepared. The
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diagonal dashed lines represent 5 and 25% of the ionic functional group density as labelled.
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Figure 3: (a) Current density (J)-voltage traces for polyacetylene p-n junctions fabricated using
PMEC and reducing (in the order red, green, blue, purple and corresponding to Figure 2b) ionic
and doping density in the cationic layer. (b) Current density-voltage curve for one of the junctions

in the light and in the dark.
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4 Tonic Junctions

The undoped polyacetylene ionomer junction Au|PAa|PAc|Au that was the precursor to forming
the p-n junction above stimulated our interest in ionic asymmetries in generating a photovoltaic
effect. The vast majority of photovoltaics rely on an electronic asymmetry to generate a photovoltaic
effect, such as an offset in relevant electronic energy levels or a discontinuity in electronic carrier
density or type. We hypothesized that an asymmetry in ionic population in a mixed ionic/electronic
conducting system can lead to a photovoltaic effect. In exploring this hypothesis we made the
following advances:

1. Demonstrated a photovoltaic effect at the ionomer junction: Au|PAa|PAc|Au (see Figure 4).
This junction nominally contains no asymmetry in the electronic subsystem with nominally
no band edge offsets and only an asymmetry in the ionic subsystem. Ion motion in the system
results in time dependent photovoltaic properties.

2. Developed a photochemical doping model to describe the photovoltaic effect observed at the
ionic junction and involving the following steps

(a)

In the dark, the exchange of ions at the anionomer / cationomer interface leads to the
generation of a built-in electric field of magnitude necessary to cancel the initial diffusive
driving force due to gradients in free-ion concentration. It is possible that this exchange
involves the precipitation of a salt at the interface given the low dielectric constant of
the polymers.

Illumination results in photoexcitations, some portion of which are separated at the
interface with holes traveling into the anionomer and electrons into the cationomer.

The space charge created by the photogenerated electrons and holes reduces the electric
field at the interface resulting in further diffusion of ions. Equivalently, the motion of
holes into the anionomer is coupled to the motion of an anion from the cationomer, and
the motion of electrons into the cationomer is coupled to the motion of a cation from
the anionomer leading to photochemically induced doping. The photochemical doping
amounts to the formation of a p-n junction that responds adaptively to illumination.

3. Supported the photochemical doping model using transient absorption in the NIR (1300nm)
to directly observed the formation of doped states during strong visible (532 nm) illumination.
The NIR probe beam illustrates that the system becomes doped during illumination under
open-circuit conditions and relaxes to a less doped state under short-circuit conditions (see

Fig.

5).
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Figure 4: Photovoltaic properties of a Au[PA} |[PA¢|Au sample. (a): Time dependent open circuit
potential V. and short circuit current density js. symmetric illumination of 200 mWem™2 at 532
nm. (b) Steady-state J-V curve in the dark and under illumination.
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Figure 5: The change in NIR (A =1305 nm) absorbance as the Au[PA} [PA¢|Au junction undergoes
transition from dark to illuminated, and from open circuit (OC) to short circuit (SC) under constant
illumination.



5 Numerical Simulation of Charge injection and transport in con-
jugated ionomers

In an effort to better understand the properties of the junctions described above, we completed
numerical simulations and theoretical work to mechanistically study charge injection into con-
jugated ionomers. The numerical simulation were based on an ionic model characterized by a
drift-diffusion transport equation that explicitly accounts for volume constraints of the ions, a
standard drift/diffusion model for electronic transport through the bulk, and a model for the elec-
trode interfaces that includes a spatially dependent tunneling process, accounts for both forward
and backward fluxes, as well as the state of quasi-equilibrium that occurs in low-mobility materi-
als. Our studies helped resolve substantial controversy over the precise mechanisms by which ionic
redistribution in ion-containing conjugated polymers impact charge carrier injection and transport.
More specifically, we contributed in the following ways:

1. Delineated the major regimes of behavior for transport through conjugated ionomer layers,
and demonstrated how previously proposed models can be viewed as limiting cases. This
included developing analytical expressions for the current-voltage behavior in each regime
(see Fig. 6b).

2. Revealed several important differences between mixed ionic/electronic systems where only one
sign of ion is mobile (“one-ion systems” as in a conjugated ionomer) relative to where both
signs are mobile (“two-ion systems” as in a conjugated polymer / solid electrolyte blend).
For example, the relative values of the double-layer potential drops in the one- and two-ion
systems are different because of the different amounts of charge that can build up in the ionic
double layers. This leads to differing dependencies of the electronic current on bias, especially
at small voltages where there is a relatively low level of electronic charge injection.

3. Precisely demonstrate the mechanism by which ion polarization leads to an increase in elec-
tronic current. It is often stated that this is due to increased tunneling injection through
the narrowing of the potential profiles near the electrodes. Instead, it is due to the fact that
these narrowed profiles can allow the electrodes to reach quasi-equilibrium with the electronic
carriers at the inner edges of the double layers. The high rate of tunneling transfer, while
responsible for the large exchange current that leads to quasi-equilibrium, does not determine
the overall current. This may seem like somewhat of a subtle distinction in mechanism, but
it does lead to a very different functional form for the current; indeed, it shows that in a
low-mobility system, applying the Nernst equation across the double layers is much more
appropriate than applying a model such as Fowler-Nordheim near the electrode.

4. Delineated the conditions of mobility, ion concentration, and applied bias that lead to quasi
equilibrium (see Figure 6a), and concluded that conjugated ionomers generally satisfy the
conditions of low mobility and high ion concentration that establish quasi-equilibrium at the
electrodes.
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Figure 6: (a) Phase diagram showing the conditions of mobility p, ion concentration nj,, and
applied bias leading to quasi-equilibrium for two-ion (dashed lines) and one-ion systems (solid
lines). The numbers label the applied bias in units of k7"/q. (b) Current-density-voltage behavior
simulated (solid circles) for a conjugated ionomer between metal electrodes. The solid lines are
analytical approximations to each region of behavior.

6 Experimental measurement of charge injection and mobility

To test the predictions of our numerical simulations and advance understanding of charge injection
in conjugated ionomers, we conducted studies of charge injection into polyacetylene ionomers. A
distinguishing feature of this work is the use of NIR absorbance to directly probe the density of
injected carriers. We made the following advances in this area:

1. Used NIR absorbance as a method to measure the concentration-dependent carrier mobility
in undoped conjugated ionomers as a function of the carrier injection level (see Fig. 7a). The
presence of mobile ions in these materials renders most standard approaches to determining
mobility invalid. The NIR absorbance provides an independent measure of charge injection.

2. Demonstrated the validity of the electrochemical charge injection model in the quasi-equilibrium
limit by comparing the density of injected charge with cyclic voltammetry studies (see Fig.
7b). This work also showed that the density of injected charge is far too great to be treated
by the space-charge-limited model normally used to describe organic semiconductors.

3. Showed the limitations of short-circuit discharge measurements in determining the density of
injected charge in conjugated ionomers. At low bias, it overestimates because of contributions
from the charge stored in the ionic double layers. At high bias, it underestimates because of
internal recombination.
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Figure 7: (a) Mobility (dashed line) and diffusion coefficient (solid line) calculated for holes in a
cationic polyacetylene ionomer as a function of concentration, and (b) comparison of the injected
charge density (circles) to the space-charge-limited model (bottom blue area) and that determined
from cyclic voltammetry. The red dashed lines are the electrochemical data and reflect a range due
to uncertainty in the initial Fermi level of the polymer.

7

Unusual chemistry and photochemistry of ionically functional-
ized semiconductors

During the course of our study of conjugated ionomers and related materials, we provided new
insight into how ions affect the chemical and photochemical oxidation/reduction of organic semi-
conductors. Our contributions in this area include:

1. Demonstrated that ionically functionalized polyacetlyenes and polythiophenes react very

quickly with oxygen, but to initially form a charge-transfer complex that is much more sta-
ble than in non-ionically functionalized conjugated polymers. This charge-transfer complex
is greatly stabilized by, in particular, anionic functional groups associated with alkali metal
cations. Fig. 8 illustrates the central observation. The two images stacked on the right of
Fig. 8 show the results of long-term exposure of a sulfonate functionalized polyacetylene
ionomer to air and constant illumination. The top panel shows an image immediately after
ion exchanging a portion of the film. The polymer is a Na™ salt except in the O-shaped
region, and it is a tetramethylammonium (NMe ) salt in the remainder of the film. The
change in color of the Na™ region is due to the rapid formation of the polymer-oxygen charge
transfer complex, as is clearly evident in the NIR spectrum of the polymer shown on the left
side of Figure 8. Despite this initial reaction with oxygen, the overall photobleaching of the
Na™ salt is much slower than the NMeZr salt. The image on the bottom panel shows the
same film after 15 days under photooxidative conditions. As can be seen, the NMeI region
is completely bleached, whereas the Na™ region remains highly colored. The sulfonate func-
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Figure 8: Photochemical oxidation of a sulfonate functionalized monomer schematically shown
center. Left: absorbance spectrum of a the polymer with NMeZ counterion and immediately after
ion exchange in air for Na®™. Right: image of a solid film of the ionomer with NMe, (O-shaped
region) and Na™ counter ion immediately after ion exchange (top) and after 15 days under photo-
oxidative conditions (bottom).
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Figure 9: Schematic showing nucleophilic attack by anions and subsequent electron transfer to yield
an n-doped Cgp as an alternate mechanism to single electron transfer (SET).

tional groups and Na™ counter-ions are believed to participate in the formation of an oxygen
charge-transfer complex that results in substantial stabilization.

2. Developed mechanistic insight into the n-doping of Cgy by anions. There has been contro-
versy in the literature regarding the mechanism by which certain anions can enhance the
conductivity of fullerenes. It has been proposed that anions, such as fluoride, act as direct
single-electron reductants of Cgp resulting in a highly conductive, so-called "n-doped” state.
This is surprising because available thermodynamic data would suggest such a reaction highly
unlikely. We demonstrated in Cgg and related derivatives that fluoride ion (or the unavoidable
accompanying hydroxide ion) leads to n-doping through a very different mechanism: initial
nucleophilic attack followed by subsequent electron transfer (see Fig 9).

3. Used the anion-induced doping of a cationic fullerene derivative to improve the efficiency of
an organic bulk heterojunction by improving contact properties.

11
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Figure 10: Family of polyfluorene ionomers synthesized.

8 Controlling ionic density in polyfluorene ionomers

Tonic functional group density is a key parameter in determining the properties of conjugated
ionomers. It is a valuable handle in understanding the origin of various phenomena in these mate-
rials, as our work on p-n junctions illustrates. We developed a synthetic approach to anionic and
cationic polyfluorenes with controlled densities of ionic functional groups (see Fig. 10 ). Polyflu-
orenes are typically synthesized using Suzuki polycondensation. The two-phase nature of this
polymerization, however, created problems in that the ionic and nonionic monomers segregated
into different phases. This resulted in the preferential polymerization of the nonionic monomers,
and hence, to a mixture of polymers rather than a single polymer with a controlled density of ionic
functional groups. The two-phase problem was overcome by redesigning the ancillary functional-
ity on the monomers to introduce oligoether chains (TEG). This functionality made it possible to
identify a one phase solvent system. Using this method, we were able to successfully synthesize
anionic and cationic polyfluorenes with varying ionic functional group density.

9 New organic acceptors

Fullerenes are by far the dominate acceptor material in organic semiconductors, and the variety of
relatively easily reduced (n-type) materials that are available for our studies is limited. To address
this, we have been collaborated with the group of M. Haley at the University of Oregon to explore
the electrochemistry of some indenofluorene-based molecules that may be good candidates for n-
type conduction. Our specific role in this collaboration was to characterize the thermodynamics
of n-type doping. We have found that many of the indenofluorenes have similar first reduction
potentials to that of the standard n-type organic semiconductor PCBM.
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