UC Santa Barbara
UC Santa Barbara Electronic Theses and Dissertations

Title
Dopant Transport and Distribution in Semicrystalline Conductive Polymers

Permalink
btt_ps://escholarship.orq/uc/item/6m31714r‘r’]

Author
Nguyen, Phong Hien

Publication Date
2023

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/6m31714m
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA

Santa Barbara

Dopant Transport and Distribution in Semicrystalline Conductive Polymers

A dissertation submitted in partial satisfaction of the
requirements for the degree Doctor of Philosophy

in Chemical Engineering

by

Phong Hien Nguyen

Committee in charge:
Professor Michael L. Chabinyc, Co-Chair
Professor Rachel A. Segalman, Co-Chair
Professor Christopher M. Bates

Professor Glenn H. Fredrickson

March 2024



The dissertation of Phong Hien Nguyen is approved.

Professor Glenn H. Fredrickson

Professor Christopher M. Bates

Professor Rachel A. Segalman, Committee Co-Chair

Professor Michael L. Chabinyc, Committee Co-Chair

December 2023



Dopant Transport and Distribution in Semicrystalline Conductive Polymers

Copyright © 2024

by

Phong Hien Nguyen



Acknowledgements

Thank you to my loved ones, family members, colleagues, mentors, and friends. Your
unending support during this period of my life has made this accomplishment just as much

yours as it is mine.



Curriculum Vitae
Phong Hien Nguyen
December 2023

EDUCATION

Doctor of Philosophy in Chemical Engineering, University of California, Santa Barbara, May
2024 (expected)

Bachelor of Science in Chemical Engineering, University of Missouri, Columbia, May 2019
PROFESSIONAL EMPLOYMENT

2019-2023: Teaching Assistant, Department of Chemical Engineering, University of
California, Santa Barbara

AWARDS
National Science Foundation Graduate Research Fellowship Sept. 2021- Dec. 2023
PUBLICATIONS

14. Nguyen, P. H.; Callan, D. H.; Plunkett, E. C.; Gruschka, M.; Alizadeh, N.; Landsmann,
M. R.; Su, G.; Gann, E.; Bates, C. M.; Delongchamp, D.; Chabinyc, M. L. Dopant
Distributions in Semicrystalline Conjugated Polymers from Resonant X-Ray Scattering.
In preparation.

13. Choi, Y-J.; Warnock, S.; Alizadeh, N.; Nguyen, P. H.; Kottage, D.; Phillips, O.; Chen,
Z.; Chabinyc, M. L.; Bates, C. M. Acid-Sensitive Molecular Glasses as Removable Thin-
Film Protective Layers. Chem. Mater. 2023, 35 (23), 10078-10085.

12. Oh, S.; Nguyen, P. H.; Tran, T. M.; DeStefano, A. J.; Tagami, K.; Yuan, D.; Nikolaev,
A.; Condarcure, M.; Han, S.; Alaniz, J. R. de; Chabinyc, M. L. Interfacial Doping of
Semiconducting Polymers with Phenothiazine-Based Polymeric lonic Liquids. J. Mater.
Chem. C 2023, 11 (44), 15435-15442.

11. Pace, G.; Zele, A.; Nguyen, P. H.; Clément, R. J.; Segalman, R. A. Mixed lon—Electron-
Conducting Polymer Complexes as High-Rate Battery Binders. Chem. Mater. 2023, 35
(19), 8101-8111.

10. Le, M. L.; Lapkriengkri, I.; Albanese, K. R.; Nguyen, P. H.; Tran, C.; Blankenship, J. R.;
Segalman, R. A.; Bates, C. M.; Chabinyc, M. L. Engineering Soft, Elastic, and Conductive
Polymers for Stretchable Electronics Using lonic Compatibilization. Chem. Mater. 2023,
35 (17), 7301-7310.



. Pace, G.; Nordness, O.; Nguyen, P. H.; Choi, Y.-J.; Tran, C.; Clément, R. J.; Segalman,
R. A. Tuning Transport via Interaction Strength in Cationic Conjugated Polyelectrolytes.
Macromolecules 2023, 56 (15), 6078-6085.

Nguyen, P. H.*; Scheuermann, A. M.*; Nikolaev, A.; Chabinyc, M. L.; Bates, C. M,;
Read de Alaniz, J. Reversible Modulation of Conductivity in Azobenzene Polyelectrolytes
Using Light. ACS Appl. Polym. Mater. 2023, 5 (7), 4698-4703. (*equal contribution)

Nguyen, P. H.; Schmithorst, M. B.; Mates, T. E.; Segalman, R. A.; Chabinyc, M.
Diffusion of Brgnsted Acidic Dopants in Conjugated Polymers. J. Mater. Chem. C 2023,
11 (22), 7462-7470.

. Yuan, D.; Plunkett, E.; Nguyen, P. H.; Rawlings, D.; Le, M. L.; Kroon, R.; Muller, C.;
Segalman, R. A.; Chabinyc, M. L. Double Doping of Semiconducting Polymers Using
lon-Exchange with a Dianion. Advanced Functional Materials 2023, 33 (29), 2300934.

. Zokaei, S.; Kim, D.; Jarsvall, E.; Fenton, A. M.; Weisen, A. R.; Hultmark, S.; Nguyen,
P. H.; Matheson, A. M.; Lund, A.; Kroon, R.; Chabinyc, M. L.; Enrique, G. D.;
Zozoulenko, 1.; Miller, C. Tuning of the Elastic Modulus of a Soft Polythiophene
through Molecular Doping. Materials Horizons 2022, 9 (1), 433-443.

. Thomas, E. M.; Nguyen, P. H.; Jones, S. D.; Chabinyc, M. L.; Segalman, R. A. Electronic,
lonic, and Mixed Conduction in Polymeric Systems. Annual Review of Materials
Research 2021, 51 (1), 1-20.

. Torres Dominguez, E.; Nguyen, P. H.; Hylen, A.; Maschmann, M. R.; Mustapha, A.;
Hunt, H. K. Design and Characterization of Mechanically Stable, Nanoporous TiO2 Thin
Film Antimicrobial Coatings for Food Contact Surfaces. Materials Chemistry and Physics
2020, 251, 123001.

Beaudette, C. A.; Held, J. T.; Greenberg, B. L.; Nguyen, P. H.; Concannon, N. M;
Holmes, R. J.; Mkhoyan, K. A.; Aydil, E. S.; Kortshagen, U. R. Plasmonic
Nanocomposites of Zinc Oxide and Titanium Nitride. Journal of Vacuum Science &
Technology A 2020, 38 (4), 042404.

. Torres Dominguez, E.; Nguyen, P. H.; Hunt, H. K.; Mustapha, A. Antimicrobial Coatings
for Food Contact Surfaces: Legal Framework, Mechanical Properties, and Potential
Applications. Comprehensive Reviews in Food Science and Food Safety 2019, 18 (6),
1825-1858.

Vi



Abstract

Dopant Transport and Distribution in Semicrystalline Conductive Polymers

by

Phong Hien Nguyen

lonically and electronically conducting polymers are celebrated for their distinct electronic
characteristics, flexibility, and processability, making them vital in diverse fields such as ion
exchange membranes, energy devices, and biomedical technologies. This dissertation delves
into polymeric charge conduction materials, distinguishing them based on the type of charge
carriers involved: ions, electronic charge carriers (polarons), or a combination of both. The
study differentiates between electronic doping, which introduces polaronic and ionic charges,
and purely ionic doping, achieved by adding small-molecule salts to introduce ionic charges.
The first section of the study explores the structure-property relationships, illustrating how
disordered polymer domains are linked to ionic charge carrier conduction and ordered
domains to electronic conductivity. This section emphasizes the significance of the
coexistence of these different phases within a single material, which facilitates mixed
conduction.

A focal point of the research is the investigation of doping processes in polymers. The
dissertation’'s second chapter examines the nuances of electronic doping, particularly the

mechanisms of Bregnsted acid-induced oxidation in conjugated polymer thin films. This

vii



investigation reveals that such doping leads to self-limiting diffusion, resulting in stable
dopant concentration gradients, optimal for creating heterojunctions. Subsequently, the
dissertation pivots to polyelectrolyte design, examining the interactions between ionic charge
carriers (Li*) and photoresponsive azo moieties attached to a polymer backbone. A notable
discovery here is that semicrystalline polymers can achieve up to sevenfold higher
conductivity than their amorphous counterparts due to Li* complexation, challenging the
conventional wisdom that favors disorder for enhanced ionic conductivity. The final major
contribution of this work is the development of resonant scattering techniques for
simultaneous examination of both amorphous and crystalline domains in polymers. This
method provides deep insights into the dopant ion distribution within different polymer
domains. The research establishes a methodology for predicting polarized resonant soft X-ray
scattering contrast, which resolves aspects of structure, orientation, and chemistry. The
findings indicate that dopant counterions preferentially localize within ordered domains at
equilibrium, with variations in localization dependent on dopant concentrations and chemical
structure. In summary, this dissertation significantly advances our understanding of dopant-
polymer interactions in ionically and electronically conducting polymers, highlighting the
complex interplay between structure and function in these materials and marking a noteworthy

advancement in the field of conductive polymers.
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Chapter 1 — Introduction

This chapter was reproduced in part with permissions from:
Thomas, E. M.; Nguyen, P. H.; Jones, S. D.; Chabinyc, M. L.; Segalman, R. A.
Electronic, lonic, and Mixed Conduction in Polymeric Systems. Annual Review of

Materials Research 2021, 51 (1), 1-20.

1.1 Abstract

Polymers that simultaneously transport electrons and ions are paramount to drive the
technological advances necessary for next-generation electrochemical devices including
energy storage devices and bioelectronics. However, efforts to describe the motion of ions or
electrons separately within polymeric systems become inaccurate when both species are
present. Herein, we highlight the basic transport equations necessary to describe mixed
transport and the multi-scale materials properties that influence their transport coefficients.
Potential figures of merit are discussed that enable a suitable performance benchmark in
mixed conducting systems, independent of end application. Practical design and
implementation of mixed conducting polymers requires understanding the evolving nature of
structure and transport with ionic and electronic carrier density to capture the dynamic

disorder inherent in polymeric materials.

1.2 Introduction

The simultaneous transport of both electrons and ions is fundamental to the

electrochemical processes that drive energy generation and storage devices. Several reviews

1



have highlighted other applications for which mixed conduction is critical,>? including
polymer-based transistors,® supercapacitors,* and electrochromic devices.® Despite the
potential for polymeric mixed conductors in these applications, a holistic understanding of
how two charged components conduct in a materials system remains limited. Part of the
knowledge gap arises from the unshared language between research communities. The design
rules for ion conduction are different than those for electronic conduction, which leads to

difficulty when the conduction of both carriers is necessary.

Polymers, historically considered insulating, are very different from their conducting
ceramic and metallic counterparts. Their mechanical properties and processability make them
especially promising for improving device design. Because of their unique conduction
mechanisms, how these factors affect their ability to conduct both ions and electrons is not
fully understood. The molecular design of these systems has primarily focused on the
optimization of electronic properties in the absence of ionic motion, or the opposite. Current
design rules for polymers with high ionic or electronic mobility stem from studying these
charged species separately. lonic conductivity is highly related to polymer segmental motion
and is therefore dominated by motion through the amorphous fraction of a semicrystalline
polymer.® Conversely, electronic mobility is highest in more ordered domains of the polymer,
generally along a z-stacked direction of crystallinity.”® A critical challenge is to understand
if conduction of two charge carrier types simply requires optimization of their orthogonal
design requirements, a heterogeneous material with optimized charge pathways, or a synergy

between these conduction mechanisms.



Multicomponent mixed conducting polymer systems are often tailored to perform in
hydrated, dry, or other environments. Differences in the intended application make it difficult
to develop robust design principles that encapsulate the features of mixed conduction. The
presence and concentration of added salt, solvent, water, and polymer in a given mixed
conducting system will impact the transport mechanisms for both the electrons and ions. For
example, aqueous systems such as hydrogels, polyelectrolytes, and PEDOT:PSS, typically
exhibit ionic conductivity greater than 10~ S/cm, but the conductivity drops precipitously as
the water content decreases below 50% by weight.'® Designs based on block copolymers,*'-
13 polymer blends,*®> and homopolymers'®!’ with mixed ionic and electronic functionality
have all been proposed. We choose not to focus on a specific mixed conductor architecture
but identify a few examples of materials for which fundamental relationships have been found

and comment on how these claims can be generalized to other classes of polymers.

Herein, we review the efforts made to design and understand mixed conducting polymers.
We highlight concepts and insight from the literature on ion- and electron-conducting
polymers that are relevant to mixed conduction in a single materials system and show that
simultaneous optimization of ion and electronic conduction requires new design rules. The
first section of this article describes the physics of electron- and ion-conducting polymeric
systems. The second section describes the nomenclature and methods used to study these
phenomena and efforts to describe simultaneous conduction in polymeric systems. The last
section discusses interesting potential directions and considerations in future research on these

materials systems.



1.3 The principles of mixed conduction

1.3.1 Transport fundamentals

Unlike transport of neutral species, the mechanisms of ionic and electronic transport
depend on electrostatic interactions of all charged species with the local electric field. The
transport of electronic charge carriers has been shown to range from hopping-like to
delocalized transport at various temperature and doping regimes.'®2° Reported charge carrier
mobilities are longer range averages of these fundamental local processes. In the same vein,
liquid-like mechanisms are responsible for ion transport in ion-conducting polymers. &2
Thus, the transport of both ionic and electronic charge carriers can be described by a species

balance around a control volume within a polymer system:??

dc;/0t ==V -N; + R; Equation 1

where dci/ot is the rate of change of concentration, V - N; is the gradient of the flux through a
control volume, and R; is a term that accounts for the generation and consumption of species

i (e.g., chemical reactions).

Mixed-conducting polymers typically operate below the melting temperature, where both
amorphous and crystalline phases exist. As such, the bulk of the system does not flow and the
contributions of the velocity field to the flux can be neglected, as are usually generation and
consumption terms. Frequently, the Nernst-Plank extension of Fick’s law is used to describe

the flux of ions and electronic charge carriers:?-2°



N; = —zju,Fc,V® + ¢;v - D;Vc, Equation 2

where z; is the integer charge, s is the mobility, F is the Faraday constant, c; is the
concentration, V@ is the gradient of the electric potential, v is the velocity field that the species

moves with, D; is the diffusion coefficient, and Vc; is the concentration gradient.
From Equation 2, the net flux of either ions or electronic charge carriers is a linear sum of
(1) drift (i.e., migration) due to the electric potential, (2) convection due to the velocity field,

and (3) diffusion due to the concentration gradient.

An equivalent representation of flux for electronic charge carriers is given by Ohm’s law

(where v =0 and V¢ = 0):%

j=kV®, k=F*Yz}up; Equation 3

where j is the current density, « is the conductivity, V® is the electric potential gradient, z; is

the integer charge, wi is the mobility, and p; is the charge carrier density (concentration).

To a first approximation, the diffusion and mobility of both ionic and electronic charge

carriers are related by the Nernst-Einstein equation:



D; = RTy; Equation 4

where D; is the diffusion coefficient, i is the mobility, R is the ideal gas constant, and T is the

temperature.

Additionally, conductivity can be generalized to both ionic and electronic charge carrier
transport. The measured ionic conductivity represents contributions from mobile cations and
anions in the polymer, while the electronic conductivity is dominated by contributions from
positively charged polarons (and possibly bipolarons)?® and negatively charged electrons?’ in
p- and n-type conducting polymers, respectively. The conductivity of a particular species, i,

is given as:

o; = pielz|y; Equation 5

where pi is the ion concentration/charge carrier density, e is the charge of an electron, z; is

the integer charge, and i is the mobility.

When the application of an electric potential bias drives the transport of more than one
charged species, it is useful to define the fraction of charge carried by each species. The

fraction of total current carried by a single species, i, is the species transport number:

tp = Equation 6



where t; is the transport number, ai is the conductivity of species i, and ototal is the sum of bulk

conductivity that results from the sum of all ai.

In semicrystalline polymers, the mobility of ions and electronic charge carriers may be
different in the crystalline and amorphous phases. A study of polymeric osmium perchlorate
ion-exchange membranes, where electrons are not delocalized but instead hop in a similar
fashion to ions, has demonstrated the analysis of limiting cases where one diffusion coefficient
is much greater than the other and where both are equal.?® In either case where one species
(either the ion or the electronic charge carrier) is more mobile than the other, the local field
that results from the more mobile species drives the less mobile species to minimize the energy
of the field. An important finding of this work is that in these limiting cases, the overall
diffusion coefficient is proportional to the diffusion coefficient of the less mobile species.
Table 1 summarizes these findings. For the case where the diffusion coefficients of the mobile
species are equal, the overall diffusion coefficient is also the same. As expected, the species
transport number is greater when the relative diffusion coefficient of the species is greater.
When the diffusion coefficients are equal, the transport number scales non-linearly according

to the relative concentrations of both the mobile ion and electronic charge carrier.

Table 1. Scaling dependencies of the overall diffusion coefficient and the transference
number depending on the relative mobility (diffusion coefficient) of the mobile ion and

mobile charge carrier?®



Dx, De, D are the ion diffusion coefficient, charge carrier diffusion coefficient, and overall
diffusion coefficient, respectively. tx is the transference number of the mobile ion and te is the
transference number of the mobile charge carrier. c. is the concentration of the mobile charge

carrier and c; is the combined concentration of the mobile charge carrier and mobile ion.

Relative diffusion Overall diffusion Transference number
coefficient coefficient scaling scaling
Dy > D, D =D, ty=1,t, =0
tx = (ce—ce)/(ce—c2),
DX = De D = De = DX
te = (1_ Ce)ce/(ct_ Cg)
Dy < D, D = Dy ty=0,t, =1

Typically, the diffusion coefficient of the electronic charge carrier may be approximated
as much greater than that of ions in mixed conducting systems. The diffusion coefficient for
polarons in poly(3-hexylthiophene) (P3HT) ranges from 10 to 10 cm?s? (mobility of 107
to 10t cm! V! s1), depending on the carrier concentration.?® The diffusion coefficient for
perchlorate (CIOy4) in a polymer-ion-counterion system is on the order of 1024 cm? s2.2° When
solvent is added, the diffusion coefficient of CIO4 increases to values of 102 to 10° cm? s°
130 These order-of-magnitude differences in the diffusion coefficient ions and electronic
charge carriers indicate same-order differences in the time scales of transport; to a good

approximation these processes can be decoupled in time.

Although Fickian transport is used to describe the motion of charges in several materials

classes, the assumptions inherent to Fickian diffusion are not applicable in mixed conductors.



Fickian diffusion is typically well-defined only in the dilute limit, where interspecies
interactions can be neglected. Recent work utilizing moving front experiments has provided
evidence that ion transport in a conjugated polymer with glycolated side chains is non-Fickian,
and in fact, reminiscent of ion transport in inorganic materials.3* As will be discussed in
subsequent sections, intermolecular interactions are unavoidable at the ion concentrations

necessary for necessary for most applications (conductivity of 103 S/cm).2>%

1.3.2 lonically conducting polymers

lon conduction in polymer electrolytes is a hierarchical process impacted by both the
meso- (~10-100 nm) and molecular-scale (< 10 nm) structure and dynamics of the electrolyte.
At the molecular scale, ionic transport involves an interplay of polymer segmental dynamics
and ion-polymer solvation interactions, which simultaneously dissociate ions. These effects
allow for long-range migration in response to an electric potential bias and act as frictional
sources for ions, limiting their mobility on certain timescales. Transport at mesoscopic length
scales is believed to require percolated regions of ion-solvating sites. Since ion-solvation sites
are not fixed within the material, long-range transport depends both on the equilibrium ionic

structure of the material as well as its fluctuation dynamics.

lon transport in amorphous polymers is traditionally viewed as a liquid-like mechanism,
whereby the local frictional environment dictates long-range ion transport.>3** Consequently,
the temperature dependence of ionic conductivity correlates with measures of segmental
mobility, such as the inverse of the segmental relaxation timescale, 1/z,.5%% As a result, ionic

conductivity follows commonly-known relationships for the temperature dependence of



polymer dynamics such as the Vogel-Tammann-Fulcher (or equivalent Williams-Landau-

Ferry) relationship (Equation 7):¥’
o = 0o(T) exp (— %) forT > T, Equation 7

where the fitting parameters, oo relate to the number of mobile ions, B relates to the activation
energy associated with segmental motion, and To is a reference temperature corresponding to
the temperature of zero configurational entropy and typically takes on universal values (To =
Tq - 50 K, where Ty is the glass transition temperature).®® It is common to either treat oo as a
temperature independent constant or to assign it to scale with T2 dependence. Figure 1a
schematically depicts how polymer segmental motion gives rise to pathways for ion transport.
Strategies to increase ionic conductivity of polymeric electrolytes include adding more salt,®
increasing the dielectric constant,® and lowering Tqthrough synthetic routes, which facilitates

segmental relaxation.®
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Figure 1. Polymer ion conduction mechanisms

Mechanisms of ion conduction. (a) lon transport is fostered by electrostatic interactions
with electron withdrawing moieties on the polymer side chain. As segments of the polymer
chain move, vacancies in the pseudo-matrix become available. (b) When nearby vacancies

in the polymer pseudo-matrix are available, ions can hop from one site to another.

The ionic conductivity polymer electrolytes far exceeds expectations from the liquid-like
mechanism of ionic conduction in glassy and crystalline regions, suggesting an alternative
transport mechanism where ion motion is decoupled from polymer relaxation.®° In glassy or
crystalline regions of the electrolyte, the temperature dependence of ion motion commonly

follows an Arrhenius form (Equation 8):8

E
oo = 0o(T) exp (— kB_aT) Equation 8
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where the activation energy (Ea) is now associated with ion hopping rather than segmental
motion. Figure 1b schematically depicts how ions might hop via an Arrhenius hopping
mechanism. For ordered phases, ions may hop to both free-volume sites and interstitial sites

within the polymer matrix.

Polymeric mixed conductors are often semicrystalline; the bulk ionic conductivity is a
sum of contributions to ionic conductivity in both the amorphous and crystalline phases.
Below T4, segmental chain motion is limited and ions are transported by hopping in both
phases, as described by Equation 8. Because the energy barrier for ion hopping is much lower
in the amorphous phase, the design rule for enhancing ionic conductivity in solely ion-
transporting polymers is to reduce or remove the crystalline fraction. In mixed conducting
polymers, the crystalline regions are helpful for conduction of electronic charge carriers. As
a result, ion conduction in mixed conducting polymers is likely dominated by transport
through amorphous domains. Above Tg4, motion of polymer chain segments creates free-
volume sites for ion motion, providing another contribution to ion conduction, as described
by Equation 7. However, ion hopping can still occur in both phases. Figure 2 shows the various
temperature regimes where significant differences in the mechanism on ionic conduction are
observed and how the bulk ionic conductivity might arise from individual mechanistic
contributions. An important distinction between ion conduction in solely ion-conducting
polymers and in mixed conducting polymers is that in mixed conducting polymers there are
at least two energy barriers to ion motion. Solely ion-conducting systems are often amorphous
and so, the energy barrier is related to ion motion in the amorphous phase. Because mixed

conducting polymers are usually semicrystalline, energy barriers for both ion hopping or
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segmental motion-mediated transport correspond to a crystalline phase and an amorphous

phase.
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Figure 2. Temperature dependence of ion conduction mechanisms

Arrhenius plot of temperature dependence of ionic conductivity in polymers. Approximate
values are estimated from ionic conductivity in representative polymeric ionic liquids.(32)
In semicrystalline polymers, the bulk ionic conductivity is a sum of individual contributions
in both the crystalline and amorphous phases. At temperatures below Tg, ion hopping in
both the amorphous (o7 <7g,1) and crystalline phases (o7 <7g,2) are the dominant mechanisms
of ion transport. At temperatures above Tg, ion transport mediated by segmental chain
motion (o1 > 192, 0T > Tg,4), @along with ion hopping (ot > 79,1, oT > 7¢,3) can take place in both

phases. Log-linear contributions in the Arrhenius plot describe ion hopping via the
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Arrhenius equation, while non-linear contributions describe segmental chain motion-
mediated transport via the Vogel-Tammann-Fulcher equation. Figure adapted with
permission from Bocharova V. and Sokolov AP. 2020. Macromolecules. 53(11):4141-57;

copyright 2020 American Chemical Society.

Molecular-scale interactions between the polymer and mobile ion also contribute to ion
transport. Because cations are typically the mobile ion of interest for many applications,
strategies to increase the dielectric constant and introduce electron-rich moieties facilitate
transport of cations in addition to segmental motion.*! However, stronger interactions can
detrimentally affect the relaxation processes of polymers,*? potentially due to the change in
chain dimensions at high salt concentration.*® This effect likely contributes in the maximum
ionic conductivity with salt concentration observed in many ion-conducting systems.**
Pioneering simulation and experimental work has demonstrated aggregate structures ranging
from isolated, spherical aggregates to percolated, stringy aggregates obtained through
modifications in polymer repeat structure, ion identity, and polymer architecture.*® Materials
with ions tethered directly along the backbone (ionenes) can display highly-ordered ion
structures, resulting in materials segregated into ion-rich domains’ which displaying well-
defined long-range order into unit cells with lattice parameters of ~3-7 nm below an order-

disorder temperature.*647

Analogously, mesoscale segregation of inhomogeneous polymers and polymer blends
have been leveraged to generate materials with percolated ionically conductive domains on

larger length scales (10-100 nm).*34° Though modification of an ion-conducting material such
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as PEO with an insulating domain is generally regarded to be detrimental to ionic conduction,
insulating domains are often incorporated to impart structural rigidity. The effect of these
insulating domains can range from a minimal impact on performance in the case of percolating
morphologies to a dramatic insulating character in non-percolating morphologies.>*>2 These
examples serve to demonstrate the importance of continuous connection of ion-conducting
domains across all device length and time scales, demonstrating the hierarchical nature of ion

conduction.

1.3.3 Electronically conducting polymers

In purely electron-conducting polymers, transport occurs through both delocalized z-
orbitals along one chain and hopping between chains if sufficient z-z overlap exists.>® Since
most conjugated polymers are semicrystalline, heterogenous electronic conduction between
the amorphous and crystalline domains of the polymer results in complex behavior where the
effects of separate mechanisms, such as charge transport along a polymer chain or charge
hopping from one chain to another, are difficult to deconvolute. Additionally, several
properties influence the observed electronic conductivity, including the morphology, the

carrier concentration, and contour length of the polymer.®

To increase the electrical conductivity of polymers, carriers are introduced into the
material through doping. Doping involves oxidation (reduction) of the backbone through an
extrinsic molecule or an electrode, which forms a radical/hole (radical/electron) pair along the
polymer backbone.'®%*% The charge-balancing moiety must exist in close proximity to the

backbone charge, a phenomenon that differentiates doping in polymeric semiconductors from
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their inorganic counterparts. This coupling in space is discussed further in the context of
double-layer capacitance on page 23. One central question in doping polymeric
semiconductors is how the presence of these ions affects other material properties of the

polymer, which impacts the resulting transport behavior.

The mobility of electronic charge carriers is known to be limited by the ordered domains.
The specific transport mechanisms are ascertained through temperature-dependent
measurements. Electronic mobility or electrical conductivity typically follow a power law (T
2) or a stretched exponential (exp[-T™]) with respect to temperature. Common models
observed in temperature dependent measurements of semiconducting polymers include
variable range hopping (b = ¥ — %), nearest neighbor (b = 1), and band transport (a = -1). In-
depth analyses of charge transport models in organic semiconductors has been published in
several recent reviews and journal articles.>*8 In contrast to most primarily ion-conducting
polymers, semiconducting polymers often complicate the determination of a single transport
mechanism at a given temperature due to their heterogenous morphology. Convoluting
effects, such as changes in electronic charge carrier densities, can be monitored via

thermopower measurements, which are related to the electronic density of states.>®

The tendency for crystallization in polymers depends on the specific chemistry, including
the stereo-regularity of the pendent groups along the polymer backbone, the introduction of
other species, such as dopants, and effects of post processing.®2%% The conjugated backbone
and ring-like structures common in semiconducting and conducting polymers tends to stiffen

the polymer backbone, which increases the propensity to form liquid crystalline phases and
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crystallize upon casting. As a result, mixed conducting polymer systems are often
semicrystalline and few studies to-date have reported on electronic conduction at temperatures
above T4. Figure 3 shows how the molecular structure in ordered P3HT gives rise to the
observed microscopic structure and how the alignment of polymer chains may lead to local

anisotropy of electronic conductivity.
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Figure 3. Morphology of conjugated polymer crystallites

Structural orientation of P3HT in a crystallite. (a) 3D reconstruction of ordered domain
nanostructure from an electron micrograph.®* (b) Grazing incidence wide-angle X-ray
scattering (GIWAXS) pattern for ordered P3HT. The signal near the g, direction
corresponds to periodic stacking between adjacent polymer segments separated by alkyl
side chains, while signal along the gxy direction corresponds to the -z stacking distance

between adjacent polymer backbones. (c) The inset shows the projected ordering as a stack

17



of high-aspect ratio rectangular prisms. Further magnification shows the molecular
structure of P3HT oriented to match the nanostructure of ordered P3HT observed in a.
Vectors showing the h00 and 0I0 direction are labeled to aid comparison to the GIWAXS
pattern shown in b. (d) Molecular structure of P3HT, shown for comparison to the
tomography image-aligned molecular structure in shown in c. In the electron tomography
image, the polymer chain is viewed edge-on, and alkyl side chains extend between backbone
stacks and are oriented orthogonally to the principal axis of the polymer. (a,c,d) Figure
adapted with permission from Wirix MJM., et al. 2014. Nano Lett. 14(4):2033-38;
copyright 2014 American Chemical Society. (b) Figure adapted with permission from Lim
E., et al. 2019. Advanced Electronic Materials. 5(11):1800915, copyright 2019 WILEY-

VCH Verlag GmbH & Co. KGaA, Weinheim.

A holistic description of molecular-scale interactions between charged species and
electronically-conducting polymers is complicated due to the fact that the electron (or hole)
resides on the polymer itself while the counter-ion resides in proximity to the backbone.*
Theoretical calculations can explore these effects separately. Recent simulations of P3HT
oligomers using density functional theory (DFT) compared the z-stacking distance of the
oligomers with and without polaronic charge on the backbone.®® Calculations determined that
even in the absence of dopant counter-ions, the presence of positive charge decreases the 7z-
stacking distance by 0.02 — 0.08 A, depending on the number of repeat units analyzed. The
authors posited that the relaxation of the polaron between multiple chains leads to attractive
forces between units, resulting in a decrease of the z-stacking distance. Although transport

measurements were not completed in this work, experimental studies in conjugated donor-
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acceptor copolymers show that a smaller z-stacking distance leads to a concomitant increase
in electronic mobility.®® As a result, methods to reduce the z-stacking distance such as side
chain engineering®” and film processing® are expected to enhance these favorable interactions

and improve electronic transport.

An understanding of how interactions between the charge carrier on the polymer and its
counter-ion affect electronic mobility is still evolving. The counter-ions typically reside in the
amorphous regions of the polymer due to the increased free volume of these domains or within
the side chain region of polymeric crystallites. The low dielectric constant of most conjugated
polymers (typically synthesized with alkyl side chains) can lead to localization the polaron on
the polymeric backbone because of the Coulombic interaction with the counter ion, reducing
its mobility. Efforts to mitigate these interactions such as increasing the polarity of the side
chains®® " or using sterically bulky dopants’* have shown promise to improve electrical
conductivity in doped semiconducting polymers. These design principles may serve to
improve other aspects of transport specific for mixed conduction, such as improving ion

uptake in aqueous environments.’?

The degree of crystallinity and connectivity between neighboring crystallites within
semicrystalline polymers, both at molecular length scales and length scales on the order of 50
—500 nm, largely governs the resulting electronic conductivity. Electronic mobility generally
scales with the degree of crystallinity since trap states are induced by conformational disorder
within the amorphous domains of the polymer. Processing strategies such as altering the

casting solvent or the backbone regioregularity was found to influence the fraction of
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aggregated regions in the film and their free exciton bandwidth, which scaled with the
electrical conductivity.”®’* The distance over which polymeric backbones retain alignment
with one another, defined as the orientation correlation length (OCL),” also influences the
electrical properties of polymers. In contrast to the crystallites themselves, which are typically
around 10 nm in size, the length scale over which they are connected is a strong determinant
of the electronic conductivity even at similar carrier concentrations. The OCLs of pristine
P3HT is typically below 50 nm™, but can reach up to 350 nm in liquid crystalline
semiconductors such as PBTTT.”® Recent studies found that the doping method can degrade
this long range order, influencing the maximum achievable electrical conductivity.”*’” These
results suggest that retaining the alignment between ordered domains when ions are present is

critical for electronic as well as mixed conduction.

Tie chains, molecules which connect ordered regions, are also necessary to create a
percolated pathway for electronic charge carriers. Tie chains must possess a sufficient contour
length to connect two neighboring crystallites together, which requires a minimum degree of
polymerization. In homopolymers, a discontinuous increase in electronic mobility typically
occurs at around 12,000 — 15,000 g/mol, or about 70 — 90 repeats units for P3HT.8 The same
effect can be achieved through mixing small amounts of a high contour length polymer with
the same polymer of lower contour length; analysis of P3HT blends found that only 10~ of
all chains need to act as tie chains for a percolated network to form, even when the degree of

polymerization of the majority phase is as small as 30 repeat units.’®"°
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1.4 lonic, electronic, and mixed conduction figures of merit

1.4.1 lonic transport

While the total ionic conductivity is the most commonly reported metric of ionic transport
in polymer electrolytes, actual electrolyte performance in energy storage and conversion
devices heavily depends on a more comprehensive view of ion conduction. For example, in
lithium-ion batteries, the motion of Li* ions are of primary interest and counterion motion can
be detrimental to cell performance. Consequently, the transport number is an important
parameter to define the fraction of the total current carried by the ion of interest (see Equation
6). This transport number is distinct from the transference number, though the quantities are

often used synonymously in the literature.®

A quantity called the Haven ratio (Equation 9) is used to characterize the ratio of the
measured ionic conductivity and the ionic conductivity reproduced from the Nernst-Einstein

relation (Equation 4).

2
ONE Xinizi D;

H = Equation 9

Oe¢lectrochem kTUelectrochem

In Equation 9, H is the Haven ratio, one is the Nernst-Einstein conductivity, celectrochem 1S
the electrochemically-determined conductivity, nj is the number of charge carriers i, zj is the
integer charge of the charge carrier, D;j is the diffusion coefficient, k is the Boltzmann constant,

and T is the temperature.
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A discussion of methods to determine the Nernst-Einstein and electrochemically
determined conductivity is provided on page 27. The Haven ratio often takes on a value of
greater than unity for ionic liquids or molten salts,3! but can take on values greater than unity
for superionic conductors.® In some concentrated polymer electrolytes, Haven ratios of nearly
unity are observed, but authors should take care to note that deviations from the Nernst-
Einstein relation are likely to arise, particularly at high ionic strengths or in the presence of
crystalline regimes. As such, Haven ratio values far from unity are indicative of intermolecular
interactions that lead to differences between ionic diffusivity and charge diffusivity — such as

ion aggregation.

1.4.2 Electronic transport

The electrical conductivity, o, combines the concentration, mobility, and charge of the
mobile species (Equation 5). For doped polymeric semiconductors, the electrical conductivity
is the most commonly reported transport parameter and represents an average of all electronic
conduction mechanisms that occur within the material. The highest reported values for doped
polymers are between 10* — 10° S/cm at ambient temperatures.®38 The electrical conductivity
at a single temperature does not reveal the complex relationship between the factors leading

to it.1960

Electronic mobility, p, provides a metric to understand how transport changes with carrier
and counterion concentration. In lightly-doped polymeric semiconductors (charge carrier
density of less than 10%° cm=),2® many of the carriers are energetically trapped, leading to

carrier mobility around 102 cm? V! sec™®. For comparison, the ionic mobility of ClO4 in
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P3HT is on the order of 104 cm? s1.2° Adding more charge carriers leads to a superlinear
increase in the electronic mobility, reaching up to ~0. 1 — 1 cm? V! sec® for some of the
highest-performing semiconducting polymers. This superlinear trend is unique to polymeric
semiconductors and has been rationalized by several mechanisms in recent literature 88

Thus, the charge density is the true independent variable of transport phenomena in electron

conduction and is necessary to quantify for electronic as well as ionic and mixed conduction.

1.4.3 Mixed conducting systems

When mixed conductors are applied to biological sensors and actuators, a fast response
time may be important. In electrochromic devices, the contrast ratio of color and brightness
may be a better metric for performance. Their application in ion pumps means that precise
control over ion flux is crucial, while sensing applications depend on changes in electron or
ion flux in response to external stimuli. Because of the range of potential applications, a single
figure of merit to describe the performance of mixed conductors has not been established. In
this section, we describe the typical device configurations used to characterize mixed

conductors and describe the figures of merit that have arisen from these configurations.

The increasing utility of studying polymeric charge transport through organic
electrochemical transistors (OECTSs, Figure 5a), along with uncertainties in individual
measurements of mobility, has bolstered the use of the transconductance as a figure of merit
for mixed conduction. Since transistors are used as electrical amplifiers, the transconductance
quantifies how much current is gained in the active layer for a given change in the gate voltage.

Because dlI/dVg depends on channel width and length, the transconductance is also a means to

23



normalize across device dimensions. Several factors contribute to the device transconductance

according to Equation 10:

Im = Wd/L)pC* (Ven-Vy) Equation 10

where | is the electronic mobility, C” is the volumetric capacitance of the active layer, Vi

is the threshold voltage, and Vg is the gate voltage.

While transconductance yields utility in describing performance of transistors,
capacitance is a more generalized figure of merit that can be used to benchmark performance
for all mixed conducting devices. The chemical capacitance, defined by the change in
chemical potential of the material for a change in carrier concentration®’, ultimately mediates
other application-specific figures of merit such as the contrast ratio in electrochromics® and
the flux in ion pumps and membranes.®® Chemical capacitance is an extensive quantity and
thus proportional to the volume of the sample and involves a redox reaction as well as
diffusion of the external species into the surface and bulk.®® Because all mixed conductors
require this two-step mechanism, chemical capacitance may be one potential route for a

generalized performance metric in mixed conductors.

Another form of capacitance, the electrical double layer (EDL) capacitance, arises from
the accumulation of charges at the interface between an electrode and electrolyte material. In
an electrolytic cell, a metal electrode is primarily responsible for electronic conduction

whereas the electrolyte is primarily responsible for ionic conduction and the EDL is developed
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at their interface. Locally, the coupling between ions and charge carriers can be described by
analogy between metal electrodes and crystalline regions and between electrolytes and
amorphous regions. Figure 4 schematically shows how a positively charged hole might be
balanced not only by a single anion molecule, but also complex electrostatic complexes, such
as a hole-anion-cation-anion complex at the ordered-disorder interface. Because electrical
fields and associated potential gradients couple ions and electronic charge carriers, these their

distinct transport processes may be approximated as decoupled in time, but not in space.

e crystalline
e (4 region

7 //_ ‘\\— — .‘\ S
| ( ( ) amorphous
p region

Figure 4. Interfacial capacitance between crystalline and amorphous domains

Schematic depiction of a capacitance arising from a crystalline-amorphous interface in a
mixed conducting polymer. In p-type mixed conductors, electrostatic interactions between
anions (green) and polymer backbones with delocalized electrons (blue) lead to generation

of charge conducting pathways (polarons, outlined in orange).

It is apparent that EDL charging depends on both electronic and ionic species distributions
and that this mutual dependence manifests through the condition for charge neutrality over
the system bulk. Specifically, the applied potential in organic electronic devices drives ions
towards ordered-disordered interfaces where charge carriers are induced and coupled with
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nearby dopant ions. Local electric fields arise from this separation of charge and can be

accounted for in the boundary conditions necessary to solve Equation 1 and Equation 2.

Lastly, an important feature that is not often considered in OECTSs is the kinetics of ion
transport. lon transport occurs on observable time scales (107 s); limitations in their transport
may significantly affect device performance and are observable through the
transconductance.®*3 The rate at which output and transfer characteristics (Figure 5b) are
obtained is not often reported as the field of OECTs continues to expand, but understanding
the kinetic component will be critical for rational design of high performance polymeric mixed

conductors.?*°°
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Figure 5. Platforms to characterize electronic and ionic transport

Two common platforms to characterize ionic and electronic transport of polymeric
semiconductors are the organic electrochemical transistor and symmetric cell. lons and

electrons travel in orthogonal directions within organic electrochemical transistors (a),
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which decouples ionic and electronic conduction. Output and transfer curves from OECT
operation (b) yield information about the performance of the mixed conducting device.*
Using AC impedance (c), both charge carriers travel in the same direction. A Nyquist plot
(d) of the frequency-dependent response is one straightforward visualization of the
contributions of electronic and ionic motion.®” Presence of multiple semicircles in the
Nyquist plot indicates motion of more than one chemical species in the sample. (b) Figure
adapted with permission from Khodagholy D., et al. 2013. Nature Communications.
4(1):2133; copyright 2013 Springer Nature. (d) Figure adapted with permission from Patel

SN., et al. 2012. ACS Nano. 6(2):1589-1600; copyright 2012 American Chemical Society.

1.4.4 Measurement methods

The Bruce-Vincent method is a cell-based method frequently employed in the literature to
determine the species-dependent transport.l” This method employs a symmetric
electrochemical cell (Figure 5c¢) and can relate the steady-state dc voltage of the cell to the
transport of a specific species under dilute conditions. Consequently, this method does not
give a true transport number at realistic conditions for most applications. The dilute condition
approximation generally only applies at low ionic strengths (below 0.01), which is much less
than the ionic strength typical for an electrolyte.%® Despite the inability to extract faithful
transport numbers under most usual conditions, this method has propagated widely and
become standard in the field of ionically conducting polymers and the results of this
experiment are important for benchmarking purposes and relevant for applications. Recent

developments in cell-based methods may allow better estimation in concentrated solutions
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than the Bruce-Vincent method, including direct measurement of the concentration gradient

along the transport direction and analysis based on concentrated solution theory.*®

An alternative family of techniques to examine ion-specific transport utilizes
measurements of ion self-diffusion constants and their contribution to conductivity is again
calculated based upon the assumptions of the Nernst-Einstein equation. Techniques such as
pulsed-field gradient NMR can measure the self-diffusion constants of ions.'%%%! Neglecting
intermolecular interactions, the ionic conductivity contributions from individual species is
directly related to this constant, their concentration, and valency allowing for facile
computation of their contribution to the total conductivity. However, experimental
reconstructions of the net ionic conductivity based on these results often fail to reconstruct the

measured ionic conductivity, as discussed in the previous section.

As previously mentioned, OECTSs are a unique platform to study the principles of mixed
conduction relevant to many applications of ion/electron conductors. OECTS contain the same
components as field-effect transistors and typically adopt similar geometries (Figure 5a). They
are distinguished by the use of gate insulators that contain cations and anions that infiltrate
the semiconducting layer upon application of a gate bias. Synthetically tethering the cation or
anion species of the gate dielectric facilities control over ion diffusion into the semiconductor,
preventing unwanted ion pair infiltration into the material.?31%21% Ags a result, the
semiconductor can sustain charge throughout the bulk of the layer via ionic motion. OECTs

also provide experimental control over the carrier density of ions and electrons critical in
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rationalizing the impact of ions on the mobility, morphology, and electronic structure of the

semiconductor.20:85102

1.5 Emerging areas in mixed conduction

There are several concepts of mixed conductors that are still not understood. This
confusion arises from the fact that in polymers, electronic and ionic transport are not separate
processes, and the impact of one transport mechanism necessarily impacts that of the other.
This effect is less prevalent in other mixed conducting systems such as ceramics. Studies
purely on one-component charge transport conclude that the material properties beneficial for
one type of transport are detrimental to the other. Studies in polymeric mixed conductors have
shown that this idea may not be the case, which is counter-intuitive to our current
understanding.1%41% This section details the sub-fields of mixed conductors that require more

investigation.

1.5.1 Dynamic structural and morphological disorder

Previous sections have highlighted the importance of morphology for all forms of
transport in polymeric semiconductors, consequently, the structural changes of
semiconducting polymers upon ion incorporation are key to understanding transport in these
materials. 1% It is of utmost importance then to understand how morphology evolves as more
ionic species are added to the material. For example, interactions between electrically and
ionically conducting domains can lead to structural rearrangement, contributing to an increase

in mixed conduction. This effect was seen in P3HT:PEO block copolymers doped with LITFSI
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salt.®” Upon adding salt to the copolymer, both the electrical and ionic conductivity increased.
While the increase in ionic conductivity is expected, the increase in electrical conductivity
implies a structural rearrangement leading to improved electronic charge transport. Structural
rearrangements due to solvent treatments also improve the mixed conductivity of PEDOT:PSS

and PTHS.®

While many studies show an increasing degree of disorder upon adding salts or dopants
in semicrystalline materials, few studies have probed the morphological effects of doping
polymers that are already amorphous. Regiorandom P3HT is primarily amorphous on its own,
but reversibly crystallizes and decrystallizes upon the addition and removal of the dopant
2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4ATCNQ) (Figure 6).”* These results
suggest that the amorphous regions of conjugated polymers may be more structured than
previously suggested and that a rigid amorphous phase may play a role in electronic
conduction. Exploring these ideas may offer insight into the impact of semicrystallinity on the

morphology of these polymers,107:108
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Figure 6. Dopant-induced ordering of regiorandom P3HT from GIWAXS

Grazing incidence wide angle X-ray scattering measurements of P3HT indicate doping-
induced reversible formation of crystallites.”* Broad peaks are observed for regiorandom
P3HT (a), while clear feaures near the g; axis appear upon doping with F4sTCNQ (b). Figure
adapted with permission from Lim E., et al. 2019. Advanced Electronic Materials.

5(11):1800915; copyright 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

1.5.2 Dielectric environment

The dielectric environment of charge carriers controls salt solvation and is known to
impact ionic conductivity, but the impact of dielectric constant on electronic transport of
mixed conductors is less clear. Enhancements in dielectric constant are linked to higher ionic
conductivity since this leads to higher effective charge separations. Though recent work
suggests that increases in dopant/polaron distance does not translate to higher electronic
conductivity,'® the recently demonstrated formation of dianions within highly polar
thienothiophene-based polymers with ethylene-oxide side chains may lead to higher electrical

performance.'!° This behavior may be a result of the increased dielectric constant of the polar
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side chains stabilizing the dianion, leading to fewer ionic charges per electronic charge.
Similar results were observed in an EDOT-based polymer with oligoether side chains which
shows solubility in several solvents, even in its charged state.''! Understanding the impact of
charge screening on electronic mobility will lead to insight into polymeric mixed conductor

design.

1.5.3 Mechanical properties

The enhancement of transport performance of mixed conductors is often accompanied by
tradeoffs in mechanical performance, which presents a challenge due to the demanding
mechanical requirements for many applications of mixed conductors. Studies exploring the
effect of strain on the electronic mobility of polymeric semiconductors have shown little
change in electronic mobility at up to 100% strain.}*213 In addition, ionic conductivity has
been observed to increase as a result of increased strain through in situ studies, where through-
plane and in-plane conductivity increases linearly with deformation of 200 um PEO/LICIO4
electrolyte films.1** Studies of polymeric actuators give some insight into the mechanical
behavior of mixed conducting polymers.!® Models to rationalize the effects of strain on the
output characteristics of OECTSs are also in development, which can elucidate fundamental
relationships between conduction and mechanics of mixed conductors and establish practical
boundaries for long-term operation. As with all performance metrics of mixed conducting
polymers, the temperature dependence on the mechanical behavior of mixed conductors is
crucial to elucidate the elastic and viscous response to an applied strain, which can evolve as

a function of salt concentration.
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1.6 Conclusions

The field of polymeric mixed conductors requires an interdisciplinary perspective that
combines knowledge of electronic and ionic transport with principles distinct to mixed
conduction. Polymers with a semicrystalline structure containing percolated pathways for
both ions and electrons to conduct represents a clear design constraint for the morphology of
mixed conductors; however, clear relationships between the morphology and various figures
of merit for mixed conduction have yet to be elucidated. Expanding the structure-property
relationships between these figures of merit and the percent crystallinity of polymers, which
affects the capacitive component between ions and electrons in the material, has significant
potential to create a unifying model for practical implementation of mixed conducting
systems. This integrated picture is the ultimate path forward in designing polymeric materials
to meet the demand of applications where mixed conduction is required. Knowledge from
synthetic chemistry, electrochemistry, and solid-state physics informs the rational design and
processing required for the multitude of applications for mixed conducting materials. The
principles developed in the organic electronics and polymer electrolyte communities will be
helpful in guiding this field, but some relationships distinct to mixed conduction have yet to

be fully realized.
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2.1 Abstract

Many semiconductor devices (e.g., light emitters and photovoltaics) utilize
heterojunctions of doped and undoped layers or depend on gradients of electronic doping to
control charge transport. Understanding of the formation and stability of gradients in doping
requires an understanding of diffusion of dopants and the complex changes in polymer
properties that arise during doping. Conjugated polymers can be electrically doped by strong
acids, but the details of the reaction mechanism and subsequent stability are not understood.
Here, we show a clear kinetic isotope effect in the doping of thin films of poly(3-
hexylthiophene) (P3HT) by bis(trifluoromethane)sulfonimide (HTFSI) from solution
indicating that this doping process is limited by proton transfer to the polymer. Dynamic

secondary ion mass spectrometry (DSIMS) of doped films suggests that H/D can be retained
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in doped films after the doping process. Complementary X-ray photoelectron spectroscopy
and DSIMS depth profiling of dopant concentrations show definitive evidence of dopant
enrichment at the P3HT surface. These surface-limited concentration profiles suggest that
diffusivity of dopants vary inversely with dopant concentration due to doping-induced

changes to the structure of the conjugated polymer.

2.2 Introduction

Electrical doping of organic semiconductors requires the incorporation of small molecules
that chemically oxidize (p-type) or reduce (n-type) the organic semiconductor to form charge
carriers. In many cases, dopants are added to solid thin films of semiconductors after film-
casting (termed sequential doping) and consequently, controlled doping requires
understanding of mass transport of the dopant into the film.!® Doping induces complex
changes to electronic, thermal, and mechanical properties alongside changes to crystalline and
mesoscopic morphology.''’1!® Moreover, diffusion of dopants is a heterogeneous process
owing to their semicrystalline nature which results in domains with varying electronic and
ionic conductivity.2%411° Improved control of doping requires an understanding of the reactive
and diffusive driving forces for dopant transport, suitable approximations for continuum
models, and consideration for the complex changes to polymer properties that arise from

doping.

A common doping method involves either immersion of semiconducting polymer films in
solutions of the dopant (immersion doping) or thermal evaporation/sublimation of the dopant

into the polymer film (vapor doping). Both methods have been used as platforms to control
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and investigate the mass transport of various dopants, including 2,3,5,6-tetrafluoro-7,7,8,8-
tetracyanoquinodimethane (FsTCNQ),!8120-12 molybdenum tris(1-(methoxycarbonyl)-2-
(trifluoromethyl)ethane-1,2-dithiolene) (Mo(tfd-CO2Me)s),*?41% and phosphomolybdic acid
(PMA).1%8 Within these studies, diffusion has been quantified in the context of: (1) diffusion
of the dopant as it is introduced into the film and (2) diffusion of the dopant in the solid state
following the doping process. Temperature, equilibrium between the neutral and ionized
dopant, the size and shape of the dopant, the degree of solvent swelling, and doping reaction

mechanism are all likely to affect the degree by which the dopant diffuses into the

f|Im 121,123,125-128

The most extensive models of dopant diffusion have examined the diffusion coefficients
of both the neutral and ionized form of two common dopants (FsTCNQ and Mo(tfd-CO2Me)s),
both of which oxidize the conjugated polymer by a charge transfer mechanism.?012512% A
study of diffusion of Mo(tfd-CO2Me)s into poly(3-hexylthiophene) (P3HT) thin films and
found that the surface concentration of Mo(tfd-CO.Me)z™ saturates quickly and is essentially
immobilized by coupling with the charged P3HT™*.1% A study of the in-plane diffusion of
F4sTCNQ and a larger derivative (FAMCTCNQ) in semiconducting polymers, found that the
FsTCNQ diffuses approximately 1-2 orders more quickly than its radical anion.?® Both
considered dopant adsorption capacity and found that ionized dopants are the majority species,

transported predominantly through the amorphous domains.

Here, we focus on the transport of a Brensted acidic dopant,

bis(trifluoromethane)sulfonimide (HTFSI), introduced into P3HT from the solution phase. To
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understand the individual contributions of doping reaction and diffusion to the overall process,
we first investigated the proposed Brgnsted acid doping mechanism and find that proton
transfer limits the overall rate of the doping reaction. By measuring the depth-dependent
dopant concentrations we find that deuterium (from a labeled acid dopant) is retained in
significant quantities and that doping is diffusion-limited in films >100 nm in thickness.
Complementary surface-sensitive grazing incidence X-ray scattering confirms that charge
carrier-induced structural changes are most concentrated at the surface, likely due to doping

induced rigidity that impedes further diffusion of dopants.

2.3 Results and Discussion

2.3.1 Diffusion-limited thickness dependence of electrical conductivity

HTFSI acid dopant
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Figure 7. Schematic of immersion doping process

First, dopants must diffuse into the polymer that is a mixture of reacted and unreacted units.
Upon reaction, the polymer segment and neutral dopant are converted to the charge

carrier-counterion product.
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The thickness dependence of the electrical conductivity of P3HT films doped by
immersion in a solution of HTFSI suggests that diffusion can limit doping. Immersion doping
is a diffusive-reactive process which requires diffusion of dopants past regions of reacted
polymer (Figure 7). Upon diffusion to unreacted segments, the polymer segment and neutral
dopant undergo a reaction to produce the charge carrier-counterion product. When 10 nm- and
265 nm-thick films of P3HT are immersed in a solution of the strong acid HTFSI, their
conductivity varies inversely with film thickness. Undoped 265 nm thick films of P3HT
exhibit electrical conductivities around 10 S/cm (10 nm films were 2 orders more conductive
due to background doping, see Figure 8). For any given set of immersion times, the thinner
films exhibit conductivities approximately an order greater than those of the thicker films. The
limited conductivity of the thicker film is consistent with an estimate that only the surface
layer is doped. A possible interpretation is that limited diffusion of dopants can result in

conductivities which vary inversely with film thickness.
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Figure 8. Thickness dependent conductivity of immersion doped P3HT
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Conductivity of 10 nm and 265 nm thick P3HT films immersed in acidic solutions [148 mM
HTFSI (CH3sOH)] for varying times while exposed to air. The fact that a much thicker film

exhibits limited conductivity suggests a surface-limited doping mechanism.

2.3.2 Model of the Bregnsted acidic doping process

The proposed mechanism of doping by strong Bragnsted acids differs significantly from
that of charge transfer dopants.*>*3* While charge transfer dopants can directly oxidize p-
type conjugated polymers due to their high electron affinity, molecular doping via Brgnsted
acids have been suggested to follow a three-step mechanism, with the initial proton transfer
and interchain oxidation mechanism expected to be endergonic and the final dehydrogenation
step driving the reaction forward (see Figure 9).131132134-136 A recent study reported direct
observations of H» evolution during Bransted acidic p-doping, though the rate limiting steps
have yet to be confirmed experimentally.®” Here we investigate the overall doping reaction

to first determine the rate limiting step before considering diffusion limitations.
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Figure 9. Proposed mechanism of Brgnsted acid doping

In the first step, the acid protonates a polymer segment, generating a charged intermediate.
In the second step, the protonated intermediate oxidizes a nearby neutral segment,

generating a polaron and a second hydrogenated radical intermediate. In proposed the

third step, two radical intermediates react and Hz gas is evolved.

In the first step, the polythiophene backbone (B) is protonated by the acid (H"), generating

a positive charge delocalized along the polymer backbone (HB*), compensated by the

counterion (A") (Equation 11).

Ht+ A~ +B S HB*:A™
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In the second step, the HB* intermediate oxidizes a nearby neutral chain (B), resulting in a
hydrogenated radical intermediate (HB °) and polaron (B*"). Because of charge neutrality the

counterion is associated with the polaron (Equation 12).

HB*:A~+ B<HB"+ B*": A~ Equation 12

The proposed third dehydrogenation step, where two HB® intermediates react and Hy is
evolved to regenerate the neutral polythiophene (B), is an exergonic step that drives the overall

reaction forward (Equation 13).

HB* - B+ 1/2H, (v) Equation 13

To model the role of reaction rate on the immersion doping process, we consider the
doping reaction by a Brgnsted acid as follows. We model Equation 11 and Equation 12 with
the assumption that the forward electron transfer is rapid and irreversible with the overall
process limited by the forward rate of protonation (abbreviated as kpt). With this, the observed

rate of reaction is limited by the forward rate of proton transfer (kobs = Kpt) Equation 14.

dcge+.a-
dt

= KobsCp+ Equation 14

Neutral and ionized dopant transport throughout the polymer film is modeled using the

diffusion-reaction equation (Equation 15).12°
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dc; .
a_(;l = D,V%c; + R; Equation 15

In Equation 15, the change in concentration with time and space of species i (Oci/0r) is related
Fickian diffusion (DiVci) and reaction rate (Ri). Ri is defined for the acid dopant (H*), polymer

repeat segment (B), and product (B**:A")) with Equation 16.

Ry+ = Rg = —Rpe+.4- = —kgpsCpy+ Equation 16

In Equation 16, kobs is the pseudo first-order rate constant of the overall reaction and cn+ is the

concentration of the acid in solution.

The immersion doping experiments were controlled for dopant concentrations, film
thicknesses, and immersion times to test the model. Because of the strong acidity of HTFSI
(pKa < 0),'*8 it is leveled by the basicity of methanol, the solvent. For all deuterated acid
solutions used here, 166 mM of HTFSI was dissolved in deuterated methanol (148 molecules
of CD30OD per HTFSI) which resulted in a predominantly deuterated acid, i.e. CD3OD-". Both
the acid and counter ion were tracked by DSIMS using '°F and D (deuterium) as atomic labels
to access the concentration profile of the dopant through the film depth.’**%° For the
diffusion-reaction model, the concentration of the acid at the film surface was approximated
as constant owing to the large excess of solution relative to the total amount of polymer. The
initial concentration of P3HT segments (reactant in this scenario) was varied as a fitting

parameter and held fixed through each iteration. Specifically, the solid-state concentration of
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P3HT repeat units is calculated from its density and divided by a stoichiometric parameter to
represent the average number of repeat units consumed per dopant in a reaction. Lastly, we
note that the presence of oxygen did not significantly affect the doping process overall, with
differences in concentration depth profiles [Figure 18 (Appendix) exposed to air and Figure
20 (Appendix) entirely in N2] unable to be resolved within the resolution of the depth profiling

technique.

2.3.3 Reaction rate in the absence of diffusion limitations

First, we measured the primary Kkinetic isotope effect upon D exchange of the acidic proton
to determine whether the proton transfer reaction is rate-limiting in polaron generation as
assumed by the model.**1142 To determine reaction kinetics from in situ UV-vis experiments,
film thicknesses were minimized to 10 nm (in contrast to the 265 nm films used in depth
profiling experiments). This ensures that diffusion limitations are minimized and that the
changes in absorbance are determined primarily by the rate of the overall reaction. Later,
relative reaction and diffusion rates were analyzed for homogeneous diffusive-reactive
transport of dopants in thin films, showing that reaction kinetics can be reasonably determined

from 10 nm-thick films.
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Figure 10. HTFSI immersion doping kinetics from in-situ UV-vis absorbance

spectroscopy.

(a) Time-resolved UV-vis spectra of 10 nm-thick P3HT film doped by immersion in a
HTFSI solution (left). The polaron absorbance and neutral 0-1 vibronic absorbances are
tracked at 1.55 and 2.23 eV, respectively, indicated by vertical dashed lines. The change in
absorbance (right) reflects conversion the neutral P3HT to charged P3HT™* with
immersion-doping time and is fit to a pseudo-first order rate law. (b) Time-resolved UV-vis
spectra of an identically prepared 10 nm-thick P3HT film in DTFSI solution (left) and

corresponding change in polaron absorbance over time.
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Time-resolved UV-vis shows clear differences in the rate of polaron generation between
films immersed in solutions of protonated and deuterated acid, with the DTFSI solution-doped
film requiring 6 times longer than the HTFSI solution-doped film. To extract rate coefficients
and assess the kinetic isotope effect, two models are employed: (1) a numerical solution to the
Equation 15, to assess the full model implementation in the limiting case of no diffusion
limitations, and (2) a simplified model assuming reaction-controlled kinetics and a pseudo-
first order rate law.!3>143-1% The Damkdhler number (Da), defined in Equation 17, describes

the relative contributions of diffusion and reaction rates from Equation 15.

reactionrate  kgpgl?

Da Equation 17

~ diffusionrate Dy«

In Equation 17, kons is the pseudo first-order rate of the overall reaction (able to be
converted to the second-order rate constant by normalizing by the solution concentration of
the acidic dopant, ch+0), | is the film thickness, and Du+ is the acid dopant diffusion
coefficient. As a ratio of reaction and diffusion rates, Da > 1 indicates a fast reaction and
diffusion-limited process and Da « 1 indicates the opposite. By minimizing the thickness of
the film, the relative rate of reaction to diffusion can be minimized to allow reaction kinetics
to control the time-dependent absorbance. We verify this for 10 nm P3HT films by fitting a
solution to the differential mole balance that describes the time-dependent optical absorbance

(Equation 18 and Equation 19).

Ag(t) = eglcglexp(—kopst)] Equation 18
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Ape+(t) = ege+lcg[1 — exp(—kopst)] Equation 19

In Equation 18, Ag(t) is the time-dependent change in the neutral vibronic absorbance of
P3HT, eg is the extinction coefficient of P3HT, | is the film thickness, cg is the P3HT polymer
segment concentration (assuming 10 repeat units per segment), kobs is the pseudo first-order
rate of the overall reaction, and t is the reaction time. Similarly, in Equation 19, Ag.+(t) is the
time-dependent change in polaron absorbance and eg.+ is the extinction coefficient of the

polaron product.

For the full diffusion-reaction system, the concentration profiles are numerically solved
assuming Du+ > kpil® and converted to absorbance in the same way. Both fits to the diffusion-
reaction equation (Equation 15) and the analytical solutions to the differential mole balance
(Equation 18 and Equation 19) result in the same reaction rate and when plotted, give
overlapping curves that reinforce that doping of 10 nm films is suitable for determining
reaction rate Kinetics [see Figure 15 (Appendix) for comparison of fits]. To fit changes in the
polaron absorbance, 10 P3HT repeat units are assumed to form one reactive segment,
commensurate with estimates from ENDOR measurements in similar systems.'36:146 | ater,
this stoichiometric parameter is varied when fitting the experimentally measured dopant

concentration profiles further justifying that 10 repeat units per reactive segment is reasonable.

Upon fitting the reaction rate from protonated and deuterated acid doped films, a primary

hydrogen kinetic isotope effect, kqtH/kptp Of 6, was observed. While undoped, the P3HT films
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exhibits well-defined vibronic absorbances between 2 eV and 2.5 eV owing to the highly
aggregated and semicrystalline morphology of P3HT in the solid state. Tracking the polaronic
absorbance (centered at 1.55 eV) and neutral 0-1 vibronic transition (centered at 2.23 eV)
enables generation of polarons and consumption of the neutral P3HT to be monitored. On the
right side of Figure 10, the observed changes in polaron and vibronic absorbances are fit to
Equation 5 assuming Du+ > Kpil? (Dn+ = 500 nm? min). The fits closely track the change in
polaronic and vibronic absorbances for both protonated and deuterated acid doped films,
differing significantly only in the reaction rates (7.8 x 10 min® and 1.3 x 10° min®,
respectively). From this, we conclude that the electron transfer step is fast compared to the
proton transfer step and that the initial proton transfer step limits the rate of the overall reaction
in the absence of limits of mass diffusion. Lastly, we note that change in absorbance features

follow from the second step, thus the third dehydrogenation step is silent in the UV-vis spectra.

2.3.4 Stable dopant concentration gradients from diffusion-limited doping

To study the fate of the proton from the acidic dopant after formation of the charge carrier,
we measured the retention of D using dynamic secondary ion mass spectrometry (DSIMS)
(Figure 11). In the case of complete retention of the acidic deuterium, D is expected to be
retained in stoichiometric quantities with the TFSI™ counterion. While the TFSI™ concentration
can be tracked by complementary XPS and DSIMS of fluorine, H/D are not accessible in XPS.
Moreover, expected concentrations of D added by the labeled acid are low considering the
expected doping levels and potential loss of D by the proposed dehydrogenation step.
Assuming that completely doped P3HT"* film contains 1 TFSI" per 10 repeat units, the TFSI-

density should be ~10%° molecules cm. The corresponding expected concentration of H and
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D (at natural abundance) are ~10% and ~10'° cm3, respectively. Thus, D added by the doping
process can be observed by DSIMS. Thicker P3HT films (265 nm) are used for depth profiling

because of the resolution of DSIMS (~10 nm).

145 290 585 nm 161 284 574 nm
() | PS-d8 - PIHT si| (b | Ps-d8 - P3HT si
1024 — . . - 1024 }n‘ . .
Initial — -H 4 h, 120 "C anneal — - H
D nat. 1 D nat.
23 23 4
10 L ST L D 10 ..........{:..m.n-._.._.._,._.‘ D
! * TFSI® h * TFSI”
22 I A 22 - Y
0% , N 10°°p ~

]
-
]
=

—_
o
]
=}
Z

—_

o
™
o

Number Density (cm™3)
b=

Number Density {cm's)
b=

!
1019 / 1019 \/\/-
1018I_ L " H 1013 (- X
0 200 400 600 0 200 400 600
Depth (nm) Depth (nm)

Figure 11. Concentration depth profiles of immersion doped P3HT films

Concentration depth profiles of P3HT films immersion doped in DTFSI solution for 2 days,
initial (a) and annealed (b) for 4 hat 120 °C. H and D concentrations are scaled to expected
densities (shown as the dotted blue line) for polystyrene-d8 and polystyrene, respectively.
The concentration of D expected at natural abundance (150 ppm relative to H) is shown as
a reference dashed yellow line. TFSI™ concentrations are scaled to quantified XPS depth

profiles of the same samples.

Concentration depth profiles (Figure 11) show that the P3HT films are doped
predominantly at the surface based on the TFSI™ concentration [additional profiles in Figure
17 (Appendix)]. For samples kept at ambient temperature, the TFSI™ signal peaks upon
reaching the P3HT layer and then rapidly decays indicating both immediate surface
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enrichment and only very limited diffusion occurring after the initial doping treatments [see
Figure 18 (Appendix)]. We further examined the change after thermal annealing at 120 °C for
4 hours. The similarities between the initial and annealed TFSI™ profiles suggest that TFSI-
diffusion is slow across a wide temperature range (ambient to 120 °C). Significant enrichment
of TFSI™ at the P3HT-substrate interface is an artifact of residual fluorine related to silicon

wafer production. 4714

Our concentration depth profile measurements suggest modest D enrichment of the P3HT
film from reaction with DTFSI. Samples doped by DTFSI exhibit D-enrichment as compared
to HTFSI-doped samples [Figure 17 (Appendix)]. After drying (10® torr at ambient
temperature for 24 h), the total amount of D by integration [(1.8 + 0.2) x 10*] throughout the
analyzed area of the P3HT film exceeds the total amount of TFSI- [(2.3 + 0.9) x 10%°] by an
order of magnitude (Figure 11a). We attribute this excess to residual CD30D; if all the D is
attributed to CD3OD, then there are ~2 molecules of solvent per TFSI". The amount of D
decreases substantially after thermal annealing [(5.4 + 1.0) x 10*° remaining, Figure 11b]. For
comparison, control samples were immersed in CD30D solvent only and otherwise processed
identically. While both control and DTFSI solution doped samples exhibit D enrichment, the
control samples exhibit much less residual CDsOD overall. This indicates that the counterion
pair for the doping reaction (CD3OD,*:TFSI") and doping of P3HT results in greater CD30D
uptake overall. After accounting for D enrichment in the control, remaining D in equivalently
processed DTFSI-doped samples suggest modest D enrichment due to the doping reaction

(see Figure 19 and Figure 20 in the Appendix).
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The final proposed step of the doping reaction is evolution of hydrogen, but there is little
direct evidence for this step in literature. Our attempts to determine the overall reaction
product via NMR were inconclusive [see Figure 21 (Appendix)]. The increased amount of D
in the doped samples relative to our undoped control samples could either be caused by
residual CD3OD or by reaction products where the deuteron remains in the film. The D
concentration profile is relatively higher than TFSI through the film depth. This suggests it is
possible that the proposed HB' intermediate (Figure 9) leads to mobile H* radicals that react
through the thickness of the film. Given that any residual CD3OD cannot be separated from
alternative reaction products, we cannot make a conclusive determination of the final
products. We also note that any reaction products with the polymer could also be accompanied
by side reactions due to residual trace metal species in the polymer from synthesis. For
example, it has recently been shown that Pd/Ni nanoparticles impurities from synthesis in
conjugated polymers can act as hydrogen evolution catalysts in other situations.**%5! While
hydrogen evolution cannot be completely ruled out, our results suggest that other reaction
products may contribute and the overall reaction could be more complex than shown in Figure
9. We note that other semiconducting polymers with different backbone and sidechain designs
can be doped by acids suggesting that the reaction products may vary depending on the

specific material 131:136.152-154

2.3.5 Diffusion-reaction limited doping with increased film thickness

As shown in Figure 12, a much slower polaron generation rate is observed for thicker
films. The absorbance of the neutral polymer for 265 nm films nearly saturates the detector,

thus only the polaron absorbance is tracked. Extracting the polaron absorbance at 1.55 eV
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shows that the reaction continues past 3,800 minutes, as compared to the 10 nm-film which
saturated around 1,000 minutes. The in situ UV-vis spectra shows a square-like polaron
absorbance, indicative of localized polarons in low concentration.**® Using the reaction rate
fit to the thinner film, we find the diffusion of the TFSI to be significantly slower than the
neutral dopant owing to its coupling with P3HT"". As a result, assuming diffusion of only the
neutral dopant results in a best-fit diffusion coefficient of 1.0 nm? min™ (1.7 x 10® cm? s?)
that approximately matches the observed rate of polaron generation. Other studies of diffusion
in the solid state report the diffusion coefficient of neutral FAsTCNQ (25 °C),*?° neutral I,
(ambient temperature) }** and PCBM (50 °C)*™ around 107 cm? s with other studies
reporting similar values, 2014314415515 A stydy of diffusion of the dopant, Mo(tfd-CO2Me)s,
considered a similar diffusion-reaction equation (Equation 15) and reported a diffusion
coefficient between 10> — 10 cm? s and a reaction rate constant of 1.5 x 102 min (as
compared to 7.8 x 10 min™! here).’® We note that the dopant here is effectively the large
methanoic acid-counterion pair (CH3OH2*:TFSI") that results from the leveling effect and

likely contributes to the slow diffusion observed.
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Figure 12. Diffusion-limited Brgnsted acidic doping reaction fitting
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(@) In situ UV-vis of 265 nm-thick P3HT immersion-doped in HTFSI solution. (b) Change
in polaron absorbance over time fit to the diffusion-reaction model (Equation 15), holding
the same reaction rate as for the 10 nm film. (c) Predicted concentration profile from the

diffusion-reaction model after 3,800 minutes (the latest data Point shown in (b)).

Despite diffusion coefficient values similar those reported in literature for large dopant
molecules,20:125143.144.155,156 or model overestimates polaron absorbance at short times and
underpredicts at long times suggesting that additional considerations are needed to accurately
model the rate of polaron generation. Moreover, the predicted concentration profile depicts a
diffusion-limited process with a dopant saturated layer of approximately 40 nm thickness
above an undoped P3HT layer (Figure 12c). Because optical spectroscopy measures the
through plane average concentration, some possibilities (e.g., concentration-dependent dopant
diffusivities) are not observable and may manifest in an apparent lower diffusion coefficient.
To consider limiting factors, we assess the dopant concentration through the film depth in the

context of the diffusion-reaction model.
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2.3.6 Dopant transport limitations from concentration depth profiles
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Figure 13. Anomalous diffusion from time-correlated dopant uptake

(a) Depth profile of a 265 nm-thick P3HT film immersion-doped in HTFSI solution for 2
days while exposed to air. The depth profile can be fit by separating the top 20 nm (surface,
blue-highlighted region) region and the remainder of the film (bulk, pink-highlighted
region, 50 to 220 nm). (b) The experimentally measured total TFSI” uptake in 265 nm thick
P3HT films for varying immersion times in acid solutions (blue and green squares for
HTFSI and DTFSI solutions, respectively) are shown alongside theoretical dopant uptake
results obtained from fitting time-resolved UV-vis spectra (dotted line), the surface layer
(dash-dot line), and the bulk region (dashed line). The data Point at 0 minutes is a reference

for the background fluorine observed in an undoped P3HT film. Details on integration and

model scaling are provided in the Appendix.

Upon analyzing the calibrated dopant concentration profile for the most highly doped
sample (2 days of immersion in HTFSI solution with air exposure, Figure 13a), it is apparent

that no combination of constant diffusion coefficients can produce the experimentally
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observed TFSI profile. Fitting the surface region (highlighted in blue) requires approximately
5 P3HT repeat units per TFSI, reflecting the high concentration of dopants in this region.
Compared to the results from fitting the change in polaron absorbance for a similarly
processed UV-vis sample (Figure 12), the acid dopant diffusion coefficient (Dn+, previously
assumed responsible for all of the dopant uptake) is reduced from 1.0 to 0.1 nm? min’. This
decrease in Dy+ is accounted for with Dg.+a- increased to 0.2 nm? min* (previously assumed
negligible). In contrast, when the region deeper within the film is considered (highlighted in
pink), the ratio of P3HT repeat units to TFSI" ions is increased from 5 to 11, consistent with
lower TFSI™ concentration in this region. Du+ and Dg.+.a- are also increased from 0.1 to 0.5
nm? mint and 0.2 to 1.8 nm? min%, respectively. Altogether, differences in the fits between
the surface and bulk regions suggest that regions of lower dopant concentration exhibit higher

dopant diffusivity.

Comparing the model-predicted curves for the varying fit diffusivities in Figure 13bto the
experimentally measured dopant uptake show that concentration-dependent diffusion
coefficients are needed to accurately describe dopant uptake. Earlier than 3 hours, the
experimentally measured dopant uptake is much faster and drops off rapidly as compared to
the model prediction. The apparent high diffusivity at short immersion doping times and
apparent saturation with increasing immersion time suggest that dopant diffusivity has an
inverse relationship with increasing dopant concentration. Lastly, the total TFSI™ uptake
between HTFSI and DTFSI solution-doped films at longer times appears to vary linearly in
agreement with differences in their reaction rate. This is suggestive of a process where solutes

must diffuse through reacted layers of increasing thickness before reaching reactive sites.*®
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Altogether, these results are also consistent with recent studies which found that molecular
doping nominally increases the modulus of conjugated polymers, including P3HT with a
variety of dopants.*”1%815° We propose that the immersion doping process rapidly forms a
doped layer at the film surface whose rigidity limits further diffusion of the dopant and thus

restricts the reaction predominantly to the top 30 nm of the film.

2.3.7 Doping-induced structural changes at film surfaces

Evidence of surface-limited doped layers were further corroborated by angle resolved
grazing incidence wide angle X-ray scattering (GIWAXS) measurements which show distinct
doping-induced structural changes as a function of film depth. To evaluate the changes in
structure of the doped films, known interplanar scattering features for pristine and doped
P3HT were considered. More specifically, P3HT crystallizes with adjacent z-faces stacking
in-plane and alkyl side chains stacking in the out-of-plane direction relative to the substrate.®
For pristine P3HT, this results in scattering from the (020) and (h00) planes near 3.7 A and
16.5 A, respectively. Upon doping with HTFSI from the vapor phase, the alkyl chain stacking
distance expands by about 1 A from 16.5 A and adjacent n-r stacking distances are reduced
by 0.1 A from 3.79 A [see Figure 23 (Appendix)]. Similar doping-induced structural changes
have been observed for other conjugated polymers molecularly doped with TFS]- 152161162
This is consistent with other reports using a variety of different dopants where the increase in
the alkyl stacking distance is attributed to dopant counterion incorporation between inter-alkyl
side chains.'?” The reduction in m-m stacking distance upon doping follows from polaron-
induced attractive forces that assist in delocalizing polarons and helps to accommodate dopant

counterions.*®® Because depth profiling measurements indicate a highly doped surface layer,
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differences in the structure at varying depths are expected using surface-sensitive angle

resolved GIWAXS.164-166

Differences in the m-m stacking distance, attributed to polaron formation, were observed
predominantly at the surfaces of all films. In Figure 14, a complete angle resolved GIWAXS
data set is shown for the most highly doped sample (a 265 nm P3HT film immersion doped
in HTFSI solution for 2 days with air exposure), varying the grazing incidence angle from
0.05°to0 0.13° in increments of 0.0025°. At angles less than the critical angle (0.10° for P3HT),
the X-ray penetration depth is only a few nanometers, rapidly increasing to a few microns past
the critical angle (Figure 14a).®” As the incidence angle varies, the resultant scattering
represents depth-weighted contributions of aggregates up to the X-ray penetration depth.
Across all samples, an average difference of 0.2 A between the (100) distance is observed at
the shallowest and steepest angles, respectively (see Table 1). The modest increase in the
dominant alkyl side chain stacking distance [(h00)] suggests that light doping throughout the
film is sufficient to induce a majority of the observable inter-alkyl side chain expansion. In
contrast, two m-m stacking peaks centered at 1.68 A and 1.75 A%, respectively, are evident
at the surface of all immersion-doped samples [Figure 22 (Appendix)]. We attribute the
feature at 1.68 A* [labeled (020)] to a lightly doped aggregate population and the feature at
1.75 A [(020)’] to more heavily doped aggregates. Changes to the (020) m-m stacking
distance vary distinctly at this doping regime, with the (020)’ feature predominant at the highly
doped film surface and giving way to the (020) feature past the critical angle. This is reflected
in Figure 14b by the relative intensity of peaks fit to each feature that vary consistently with

decreasing doping levels as X-ray penetration depth increases. Similar shifts were observed
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during in-situ doping of P3HT in an organic electrochemical transistor with TFSI™ as the

counterion.162
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Figure 14. Angle-dependent GIWAXS of surface-doped P3HT

(a) X-ray penetration depth varies with grazing incidence angle, scattering from the top few
nanometers at shallow angles to the entirety of the film thickness at greater incidence angles
(top). Black dots correspond to angles at which grazing incidence measurements were
taken. Surface plot of radially integrated scattering intensity versus magnitude of the
scattering vector, g, and grazing incidence angle (bottom). (b) Radially integrated
scattering intensity at the shallowest angle (0.05°, c.a. 5 nm), critical angle (0.10°, c.a. 60
nm), and deepest angle measured (0.13°, entire film), showing differences in unit cell

dimensions induced by doping at the surface.
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Lastly, we note that the structure of the acid doped P3HT is not significantly affected
relative to other dopants. While NMR experiments were inconclusive in determining any
chemical changes during doping, X-ray scattering suggests that it is unlikely to occur along
the polymer backbone within ordered regions. For polythiophenes, trigonal sp? bonding
results in a planar backbone geometry that helps facilitate m-r stacking along the (020)
direction. The doping-induced addition of a backbone proton bond would result in tetragonal
sp? bonding that disrupts - stacking structure. Instead, scattering from the acid-doped P3HT
displays changes similar to those observed by other non-acidic dopants, e.g., Fa TCNQ.22 We
suggest that within the doping regime here (10*° to 10%° ¢cm), doping in the bulk of the film
takes place predominantly within disordered regions and near the disordered-ordered
interfaces based on comparison with in-situ measurements of P3HT electrochemically gated

with TFSI- counterions.62

2.4 Conclusions

Sequential doping of conjugated polymer films is a complex process due to doping-
induced changes in the polymer that concomitantly affect the transport of dopants. Here we
found a significant kinetic isotope effect with Brgnsted acid-based doping demonstrating that
proton transfer limits the rate of polaron generation in the absence of limitations of diffusion.
Modest amounts of acidic deuterium are retained in doped films suggesting other possible
reactions than H evolution proposed in the literature. Using thicker P3HT films, we consider
both reaction and diffusion processes, finding that the doping process is diffusion limited in
this system. Detailed measurements of the dopant concentration profile show that the dopants

are predominantly confined to the P3HT surface, suggesting an inverse relationship between
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doping level and dopant diffusivity. These limitations manifest in limited conductivity of thick
P3HT films (as compared to uniformly doped films) as well as surface-confined doping
induced structural changes. This work demonstrates that both reactive and diffusive driving

forces are important for understanding the efficiency of doping processes.
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2.6 Appendix

2.6.1 Experimental methods

2.6.1.1 P3HT Film Preparation

P3HT (74 kDa, 2.2 PDI, 96% regioregular) was purchased from Rieke Metals. Solutions
were made by dissolving P3HT in 1:1 (v:v) chlorobenzene:dichlorobenzene, stirred overnight
at 120 °C in an N2 glovebox. Solutions were cooled to room temperature and filtered through
0.45 um PTFE filters prior to spin-casting. For GIWAXS and XPS/DSIMS samples, native
oxide silicon substrates were cleaved from wafers and cleaned by sequential sonication in
acetone, DI water, and isopropanol. UV-vis substrates were cut from thin quartz coverslips to
fit in standard 1 cm quartz cuvettes and cleaned using the same procedure. For conductivity
measurements, 15 x 15 mm quartz substrates were cleaned using the same procedure. After
drying, substrates were plasma cleaned with 300 mTorr of air at 100 W, then immersed in
isopropanol until immediately before spin casting. Thin (10 £ 2.4 nm thick) films were made
by spin casting 5 mg/mL P3HT (in 1:1 chlorobenzene:dichlorbenzene) at 3,000. Thicker (265
+ 11 nm thick) films were spun from 35 mg/mL solutions at 1,000 RPM. Subsequently, all

samples were annealed in N2 at 120 °C for 30 minutes.

2.6.1.2 Immersion Doping Procedure

Doping solutions were made by dissolving HTFSI (trifluoromethanesulfonimide, Sigma
Aldrich) in either CD30D (166.2 mM, 5 wt% HTFSI) or CH3OH (148.3 mM, 5 wt% HTFSI)
in a No-filled glovebox and stirred overnight. Immersion doping was performed either in a

fume hood or in an No-filled glovebox (samples exposed to air are noted explicitly throughout)
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by immersing P3HT films in 20 to 40 mL of dopant solution, and removed and dried after 3
hours, 1 day, and 2 days. Samples were further dried in high vacuum conditions (107 torr,
ambient temperature) overnight prior to analysis. For DSIMS samples, deuterated polystyrene
(polystyrene-d8) D calibration and polystyrene (polystyrene) spacing layers are added by
floating spun cast polystyrene and polystyrene-d8 films from quartz substrates onto water.
The polystyrene and polystyrene-d8 films are lifted from the water bath using an O-ring, left
to dry for 5 minutes, and overlaid onto the doped P3HT films to be depth profiled. After,

samples were further dried overnight (107 torr, ambient temperature) prior to depth profiling.

2.6.1.3 In Situ UV-Vis Spectroscopy

Film samples were placed in standard solution cuvettes such that the film surface was
oriented towards the light source. Cuvettes fit with septum caps were filled with N2-blanketed
doping solutions and scans ranging from 190 nm to 1100 nm were acquired up to 4320 minutes
(3 days). All UV-vis spectra were acquired using an Agilent Technologies Cary 60 UV-vis
spectrometer and data analysis was conducted using custom MATLAB scripts. Polaron
absorbance was tracked by subtracting the first spectra from all others to create difference
spectra. The primary polaron absorbance and 0-1 vibronic absorbance at 1.55 eV and 2.23 eV,

respectively, were tracked over time to extract doping reaction kinetics.

2.6.1.4 Conductivity Measurements

For four-point probe conductivity measurements, shadow mask evaporation was used to
deposit 30 nm gold electrodes (1 mm width, 0.2 mm length) using an Angstrom Engineering

metal evaporator. Measurements were performed under inert N2. Current ranging from 100 to
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-100 pA, was supplied using a Keithley 6220 precision current source and voltage was
measured using a Keithley 2400 source meter. Reported conductivities are the average of two

measurements on each sample.

2.6.2 Kinetic models applied to UV-vis spectroscopy
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Figure 15. Comparison of numerical and analytic kinetic model fits

(@) (Top) Differences between fit of the diffusion-reaction equation (Equation 15)
(AAbsditrerential, Middle) and differential mole balances (Equation 18 and Equation 19)
(AAbskinetic, bottom) for 10 nm P3HT films in (a) HTFSI (CH3OH) and (b) DTFSI (CD3;0D)

solutions.
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2.6.3 High depth resolution DSIMS quantified via XPS

Immersion-doped samples were cleaved in two for concurrent XPS and DSIMS depth
profiling measurements. Additional polystyrene and deuterated polystyrene layers were
floated onto DSIMS samples to provide deuterium calibration standards. F 1s atomic
percentage was quantified from XPS depth profiles using the Avantage software suite
provided by Thermo Fisher Scientific Inc. A complete XPS depth profile was taken for one
sample to calibrate the etch time with etch depth using the known P3HT film thickness.
Similarly, DSIMS depth profiles were converted from sputtering time to depth using the
known P3HT film thickness. Least-squares fitting was performed to scale the °F DSIMS
profile to the F 1s XPS depth profile. All samples demonstrated good agreement between the
XPS and SIMS fluorine profiles (Figure 16). The XPS F 1s signal approaches the noise floor
after approximately 1 atomic % at the survey scan conditions employed, corresponding to a

noise floor of approximately 10%° cm= and depth of 30 nm.
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Figure 16. Comparison of DSIMS and XPS fluorine depth profiles

Matching °F and F 1s profiles from XPS and DSIMS depth profiling, respectively, for
samples whose dopant uptake are summarized in Figure 13 of the main text. All samples

were exposed to air during the doping process.

The F 1s peak is quantified at each depth, allowing for the *°F profile to be scaled
accordingly using least-squares fitting. Resulting depth profiles retain high depth resolution
and signal-to-noise ratio while being stoichiometrically calibrated. Reported total D and TFSI-
follow from integrating concentration depth profiles through the 265 nm P3HT region and
accounting for the 3.1 x 10> cm? regions analyzed by DSIMS. Model results (presented in
Figure 13 of the main text) are scaled in the same way for direct comparison with experimental

results.
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Figure 17. Concentration depth profiles of H/DTFSI immersion-doped P3HT films

Concentration depth profiles of P3HT films immersion doped in in DTFSI (left column) and
HTFSI (right column) solution 3 hours (a, b), 1 day (c, d), and 2 days (e, f), corresponding
to dopant uptake measurements summarized in Figure 13 of the main text. All samples

presented here were exposed to air during the doping process.
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Figure 18. D retention in DTFSI-doped P3HT films

Integrated D and TFSI™ throughout 265 nm P3HT films immersion doped in DTFSI solution.

Error bars correspond to one standard deviation (N = 2).

The integrated concentration of D throughout the P3HT film (light yellow bar) exceeds
the amount of TFSI™ (green bar) by approximately an order of magnitude before annealing
[(1.8 £ 0.2) x 10 vs (2.3 + 0.9) x 10%, respectively]. The D attributable to CDsOD (dark
yellow bar) can be estimated by assuming the fraction of D originating from the doping
reaction is equivalent to the amount of TFSI™ at most. Normalizing the remaining D provides
an estimate of residual CD3OD content relative to TFSI". Most of the residual CD3OD
evaporates during annealing which suggests that D imparted by the doping reaction constitutes

a significant fraction of the D signal after annealing.
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Figure 19. Concentration depth profile comparisons between DTFSI-doped annealed

and unannealed P3HT films

Concentration depth profiles of P3HT films immersed in DTFSI (CDsOD) solution and in

CD30D solvent only. DTFSI-doped samples show significant D enrichment as compared to

controls samples immersed only in CD30OD solvent (left). While most of the D disappears

following the annealing process (right), residual D remains primarily at the P3HT top

surface for both DTFSI-doped and control samples.

A majority of the D enrichment from resulting from the doping process is attributable to

residual CD30OD solvent (Figure 19). The annealing process removes most of the residual

CDs0OD; however, a significant amount relative to TFSI™ remains. While both annealed

DTFSI-doped and control samples exhibit D-enrichment, the DTFSI-doped sample is

significantly D-enriched throughout the film depth as compared to control samples. This

suggests that excess D comes from the doping reaction.
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Figure 20. TFSI- diffusion in surface-doped P3HT past 1 week

Effect of sample aging for 1 week. The same samples as reported in Figure 13 were

measured using complementary XPS and DSIMS depth profiling.

The quantified depth profile after 1 week of aging in an inert atmosphere at ambient
temperature shows that TFSI™ diffusion does not occur significantly within the 1-week time
frame from sample doping to sample measurements. Deviations between the TFSI" profiles of

the samples as reported and after 1 week are below the interfacial resolution of the technique.
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2.6.4 CP/MAS NMR of P3HT and Brgnsted acid-doped P3HT
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Figure 21. Solid state CP/MAS *H->13C NMR spectra of pristine and HTFSI-doped

P3HT

Solid state cross-polarization magic angle spinning *H->1*C NMR spectra of (a) pristine
and (b) HTFSI-doped P3HT. (a) Decreasing the cross-polarization contact time between
'H and 3C highlights carbons in proton-abundant environments. There is only one native
proton on the P3HT backbone (position 4, P3HT repeat unit labeled on the inset) whose
position is highlighted at short contact times. (b) Cross-polarization at short (200 us) and
long (500 us) contact times for P3HT-HTFSI at different dopant to polymer repeat unit
ratios. Signal-to-noise (S/N) ratios (for 200 us contact time experiments, labeled aromatic

and aliphatic regions) decrease with increasing dopant to polymer repeat unit ratios.

'H—13C cross-polarization magic-angle-spinning NMR experiments were performed on
a 500 MHz Bruker Avance NMR Spectrometer equipped with a double-resonance 4 mm NMR

probe at a magnetic field strength of 11.7 T and a MAS frequency of 10 kHz. For the pristine
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P3HT sample, 4096 scans were acquired with cross-polarization contact times of 100, 200,
500, and 2500 ps. For the HTFSI-doped P3HT samples of varying dopant levels, CP/MAS
experiments with 200 ps and 500 ps contact times were acquired. For the 0.05 HTFSI/P3HT
sample, 8192 scans were acquired, and for the 0.10 and 0.20 HTFSI/P3HT samples 16384
scans were acquired in order to observe signals above the noise level in the aromatic **C NMR
spectrum region. The signal-to-noise (S/N) ratios listed in Figure 21b is normalized to 16384
scans for each sample for the purpose of comparison. A recycle delay of 1 s was used for all

experiments, and SPINAL64 *H heteronuclear decoupling was applied during acquisition.

In the CP/MAS contact time experiment, polarization is transferred from abundant *H to
13C to enhance signal. The length scale of polarization transfer varies with time; short contact
times are able to highlight carbons in proton-rich environments. For any significant acidic
proton retention, the proton is expected to bond to the P3HT backbone; however, CP/MAS
NMR of HTFSI-doped P3HT does not unambiguously indicate additional protons added to
any potential bonding sites (see Figure 21). Here, we also note that the signal-to-noise ratio
decreases with increasing HTFSI/P3HT repeat ratio due to increasing concentration of
paramagnetic species (the hole-radical polaron). Paramagnetic species can prematurely relax
polarization, reducing polarization transfer from *H to *3C and leading to lower signal-to-noise
ratios. Because of this, the CP/MAS NMR of highly doped P3HT cannot conclusively indicate

whether protons are added, even for scans spanning several hours.
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2.6.5 Angle-Resolved GIWAXS of H/DTFSI-doped P3HT films

X-ray scattering was performed at experimental station 11-3 at the Stanford Synchrotron
Radiation Lightsource using an X-ray energy of 12.7 keV. Angle-resolved GIWAXS scans
were acquired with 100 second exposures at each incidence angle from 0.05° to 0.13° in
increments of 0.0025°. During the acquisition, samples were continuously rocked in the
direction perpendicular to the X-ray flux by + 2 mm around the sample center to mitigate

beam damage.
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Figure 22. Angle-Resolved GIWAXS for H/DTFSI-doped P3HT films

Angle-dependent GIWAXS of 265 nm P3HT immersion-doped in HTFSI solution (exposed
to air) (a, ¢, €) and DTFSI solution (also exposed to air) (b, d, f) for 3 hours, 1 day, and 2
days. All samples exhibited an expanded (100) stacking distance and two peaks near 3.7 A

(1.7 A at shallow incidence only, indicative of surface doping.

7

N



Table 2. Summary of P3HT lamellar stacking distances

(100) stacking distances extracted from radially integrated GIWAXS data. (100) stacking
distances are extracted from the average of the (100), (200), and (300) stacking distances.
The reported (100) stacking distance is then the average of these at angles probing only the
surface (incidence angle of 0.05° to 0.09°) and the film entirely/bulk (0.11° to 0.13°). Fitting
is performed by subtracting background for each scan and least-squares fitting a Voigt line

shape to (100), (200), (300), (020) and amorphous scattering using a custom MATLAB script.

Surface Bulk
(100) (100)

Dopant | Immersion Standard Standard | Average

stacking stacking

Solution Time Deviation Deviation | Difference

distance distance
A) A)

Undoped None 16.18 0.04 16.15 0.05 0.03
HTFSI 3 hours 17.58 0.05 17.4 0.019 0.16
HTFSI 24 hours 17.89 0.41" 17.7 0.080 0.24
HTFSI 48 hours 17.86 0.03 17.7 0.016 0.17
DTFSI 3 hours 17.45 0.02 17.3 0.008 0.11
DTFSI 24 hours 17.76 0.06 17.6 0.022 0.17
DTFSI 48 hours 17.91 0.03 17.7 0.020 0.23

*Larger standard deviation attributed to stray cosmic radiation striking the X-ray detector

(zinger), visible in the detector image.
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Figure 23. Radially integrated scattering peaks from GIWAXS measurements of

P3HT films doped with HTFSI from the vapor phase.

Data is taken at a grazing incidence angle of 0.13°, corresponding to the entire thickness
of the film. Additional scattering peaks are from Kapton used to seal the scattering cell and
are used for intensity normalization. Upon doping, the alkyl spacing shifts from 0.38 A’
(16.5 A) t0 0.36 A (17.5 A), while the 77 stacking shifts from 1.66 A (3.8 A) to (1.70 A-

by (3.7 AD).

2.6.6 AFM-measured texture of pristine and profiled P3HT films

To assess whether DSIMS signal broadening throughout the depth was likely due to beam
damage, atomic force micrographs were measured for pristine and doped P3HT films (see
Figure 24 and Figure 25). Alignment of rows was performed using third-order polynomials.
In both measurements, the sputtered surface is smoother than the pristine surface as quantified
by the roughness average. While a rougher surface may be a byproduct of the immersion-
doping process, these results also suggest that the elemental concentration profiles did not
appreciably broaden due to beam damage.
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Figure 24. AFM of pristine and sputtered HTFSI-doped P3HT film surfaces

Atomic force micrographs of pristine (a, top) and O>*-sputtered HTFSI immersion-doped
P3HT films (b, top). Height profiles across micrograph midPoints show that depth profiling
does not promote roughening of the sputtered surface. This suggests that sputtering-induced

damage is not likely to cause broadening of the DSIMS depth profiles.
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Figure 25. AFM of pristine and sputtered DTFSI-doped P3HT film surfaces

Atomic force micrographs of pristine (a, top) and O2+-sputtered DTFSI immersion-doped
P3HT films (b, top). Height profiles across micrograph midPoints show that depth profiling
does not promote roughening of the sputtered surface. This suggests that sputtering-induced

damage is not likely to cause broadening of the DSIMS depth profiles.
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Chapter 3 — Reversible Modulation of Conductivity in
Azobenzene Polyelectrolytes using Light

Angelique Scheuermann, Javier Read de Alaniz, and Christopher Bates designed the
materials. Angeliqgue Scheuermann and Andrei Nikolaev synthesized and purified the
materials. Phong Nguyen and Angelique Scheuermann characterized materials. Phong
Nguyen and Angelique Scheuermann drafted the manuscript.
This chapter was reproduced in part with permissions from:
Nguyen, P. H.*; Scheuermann, A. M.*; Nikolaev, A.; Chabinyc, M. L.; Bates, C. M.;
Read de Alaniz, J. Reversible Modulation of Conductivity in Azobenzene
Polyelectrolytes Using Light. ACS Appl. Polym. Mater. 2023, 5 (7), 4698-4703. (*equal

contribution)

3.1 Abstract

Incorporating light-responsive azobenzene into polyelectrolytes couples photo-induced
changes in steric interactions and polarity to ionic conductivity. The reversible isomerization
of an azobenzene moiety yields a 2—7 times change in ion conductivity (otrans > ocis) depending
on polymer composition. These trends cannot be explained by differences in the glass-
transition temperatures of the polymers. Instead, UV-vis spectroscopy reveals a bathochromic
shift in the =7 —  transition of cis-poly(azobenzene) upon adding lithium
bis(trifluoromethane)sulfonimide (LiTFSI) salt, suggesting coordination of the cis isomer
with Li* is responsible for its lower conductivity. In summary, azobenzene is a simple and

convenient functional unit to control the conductivity of polymeric materials using light.
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3.2 Introduction

Polymer electrolytes (polyelectrolytes) are candidates for solid-state electrolytes owing to
their thermal/chemical stability and synthetically tunable electrochemical and mechanical
properties.t®® The ionic conductivity of polyelectrolyte materials is highly influenced by the
degree of the segmental motion within the polymeric matrix, which is related to the glass
transition temperature, Tq.2%°10 Here, we hypothesized that the photoisomerization of an
azobenzene side-chain functionality would allow for light-induced modulation of ionic
conductivity in composite materials containing polyelectrolytes. Introducing azobenzene as a
light-responsive unit into a polyelectrolyte offers the capability to remotely change ionic
conductivity via light irradiation with spatial and temporal control. Given that the
photoisomerization ~of azobenzene is known to affect polarity!™*’2  and
sterics/crystallinity,”>17° a key goal is to understand how these factors influence properties

relevant to ion conduction in polyelectrolytes, including polymer T4 and ion coordination.

Previously, we demonstrated the synthesis of polyelectrolytes containing azobenzene for
use in photodetector applications,’® which relied on the dye-sensitizing ability of azobenzene
to stimulate charge transfer with a semiconducting polymer. Here, we leverage trans—cis
isomerization to control ionic conductivity. Past work has reported the modulation of
conductivity in solvated small-molecule ionic liquids based on azobenzene due to aggregation
mediated by trans—cis isomerization.’”-1”® When incorporated into polymers, the trans—cis
isomerization of azobenzene also changes free volume and thus Tq.28%18 Moreover, past

studies have shown that cis azobenzene can coordinate with small molecules, including metal
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cations.'®-1%1 We thus hypothesized that light-mediated changes in T4 and ion coordination
could result in photoswitchable polyelectrolyte conductivity with azobenzene covalently

attached to the side chain.

Herein, we describe the design, synthesis, and characterization of two poly(acrylate)-
based polyelectrolytes with side-chain azobenzene functionality that exhibit reversible light-
stimulated changes in ionic conductivity. One contains only azobenzene functionalized side
chains [termed poly(azobenzene)] and the other also includes repeat units functionalized with
the ionic liquid imidazolium bis(trifluoromethane)sulfonimide (Im*TFSI") [poly(azo-co-IL)].
Ultraviolet (UV) light-induced trans—cis isomerization and a concomitant change in Tq was
characterized for both polymers via UV-visible spectroscopy and differential scanning
calorimetry (DSC). Once both polymers were blended with additional LiTFSI, a reversible
decrease in ionic conductivity was observed upon photoisomerization from trans-
poly(azobenzene) to cis-poly(azobenzene) and vice versa. Though light does cause Tg to
change in these materials, cycling experiments suggests that coordination of cis-azobenzene

with Li* dominates the observed trends in conductivity rather than the change in Tg alone.

3.3 Results and Discussion

3.3.1 Design and Synthesis of Azobenzene-Containing Polymeric lonic
Liquids
To access light-responsive polyelectrolytes, we designed and synthesized copolymers of

azobenzene acrylate (AzoAcMe) and pentafluorophenyl acrylate (PFPA) (Figure 26). Note

79



that a methyl group was added at the ortho position in AzoAcMe to facilitate liquid-crystalline

photo-melting as previously demonstrated with small-molecule powders;*%

synthetic details
are provided in the Supporting Information.*8? In these copolymers, a high azobenzene content
was targeted to disrupt the aggregation of trans-azobenzene before UV light irradiation.®®
Accordingly, AzoAcMe was copolymerized with PFPA in a 7:3 AzoAcMe:PFPA feed ratio
using conventional  free-radical  polymerization initiated with  2,2-azobis(2-
methylpropionitrile).*® The resulting copolymer has a number-average molecular weight Mn
= 18.3 kg/mol and molar-mass dispersity P = 1.4 with 26 mol% PFPA as determined by *°F
NMR spectroscopy. This material is a convenient platform for installing ionic-liquid
functionality via activated-ester chemistry through post-polymerization modification.%
Following complete base-catalyzed substitution with an amine nucleophile, amide formation
at the PFPA sites was monitored with *F NMR by the disappearance of broad polymeric
PFPA resonances and the appearance of sharp peaks corresponding to pentaflourophenol.
Subsequent methylation and salt metathesis afforded the new polyelectrolyte copolymer
poly(azo-co-IL) with 26 mol% ionic liquid (IL) incorporation and a
bis(trifluoromethane)sulfonimide (TFSI?) counterion, supported by 'H and °F NMR
spectroscopy (see Figure 43 and Figure 44). As a control, homopolymers of the azobenzene

polymer [poly(azobenzene)] were similarly synthesized without the aforementioned post-

polymerization functionalization steps.
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Figure 26. A four-step synthesis of the poly(azo-co-IL) from AzoAcMe and PFPA.

3.3.2 Photoisomerization of Poly(azobenzene) and Poly(azo-co-IL)

Following the synthesis and purification of poly(azobenzene) and poly(azo-co-IL), we
confirmed azobenzene photo-isomerizes in the solid-state using UV- and visible-light
irradiation to induce cis and trans isomers, respectively. As-cast films of poly(azo-co-IL)
exhibit two absorption bands: a vibronic progression centered around 360 nm corresponding
with az — 7 transition and a weakly absorbing n — 7z~ transition in the visible near 460 nm,
see Figure 27. These features are consistent with trans azobenzene. When exposed to UV
irradiation (365 nm, 5 mW/cm? for 60 seconds), the 7z — #" transition bleaches and a stronger
n — 7 absorption is observed corresponding to a 53% isomerization of trans-to-cis-
azobenzene (see Figure 52).1%1%7 Signatures of vibronic absorbance are partially retained for

UV-irradiated films, as a fraction of the trans-azobenzene remains.176:182198.199
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Figure 27. UV-vis absorbance spectra of cis and trans poly(azo-co-IL)

a) UV-vis absorbance of poly(azo-co-IL) in its b) two isomeric structures. At room
temperature in equilibrium, the polymer absorbance is dominated by the trans isomer form.
Upon irradiation with 365 nm UV light, the primary m — m absorbance shifts to 319 nm
(from 348 nm) and the n — #* absorbance at 455 nm increases, indicating the trans—Cis

isomerization.

The glass-transition temperatures (Tg) of the cis and trans poly(azobenzene) and poly(azo-
co-1L) adducts were measured using differential scanning calorimetry (DSC) to understand
how illumination changes segmental motion. The T4 of cis (4.6 °C) and trans (12.6 °C)
poly(azobenzene) (see Figure 47) exhibits a similar trend as cis (7.4 °C) and trans (18.9 °C)
poly(azo-co-IL). The lower T4 of both cis isomers is consistent with the non-planar structure
of cis azobenzene disrupting aggregation and increasing the free volume as compared to
planar trans azobenzene. Notably, a blueshift in the # — 7~ transition (from 360 nm to 319
nm) also corroborates loss of vibronic absorbance from trans azobenzene.!%?% Together,
these results cis azobenzene isomers should yield an improved free—volume-mediated ionic

conductivity.
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3.3.3 Azobenzene Enables Reversible, Light-Mediated lonic Conductivity in

Polyelectrolytes

Next, impedance spectroscopy was used to study the ionic conductivity of
poly(azobenzene) and poly(azo-co-IL). Each polymer was blended with 10 wt% LiTFSI in
solution (10 mg/mL in a 1:2 mixture of acetonitrile:toluene) and spin coated onto
interdigitated electrodes. These optically thin films were illuminated with 365 nm and 470 nm
light to alternate between cis and trans isomers with impedance spectra collected in between.
Equivalent circuit model fits indicate the ionic conductivity of trans-poly(azobenzene) is
approximately 6—7 times higher than cis-poly(azobenzene) with a similar, less pronounced
trend observed for poly(azo-co-IL) as well (see Figure 28). Films of both polymers required
approximately 5 photoisomerization cycles before steady-state ionic conductivity values were
reached. This initial transient period may be due to volume changes arising from isomerization
which reach steady state as the films are cycled.!®®1% Additionally, optical micrographs of
films cycled 10 times show a significant variation in texture between poly(azobenzene) and
poly(azo-co-I1L) with the latter being smoother (see Figure 48). We attribute this difference in
film texture to the better solubility of LiTFSI in poly(azo-co-IL) due to the polymeric ionic-
liquid functionality. The enhancement in salt solubility imparted by IL incorporation also
results in poly(azo-co-IL) being approximately twice as ionically conductive as

poly(azobenzene) overall.
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Figure 28. Conductivity of cis/trans poly(azobenzene) and poly(azo-co-IL)

lonic conductivity of (a) poly(azobenzene) and (b) poly(azo-co-IL). Films were cycled
between cis and trans isomers by exposure to 365 nm and 470 nm light, respectively.
Corresponding ratios of trans to cis conductivity are shown in (c). After 5 cycles, trans-
poly(azobenzene) and trans-poly(azo-co-IL) are more conductive than cis-

poly(azobenzene) and cis-poly(azo-co-IL).

3.3.4 lonic Liquid Incorporation Reduces Azobenzene Cis-lsomer

Metastability

We evaluated the stability of cis-poly(azobenzene) and cis-poly(azo-co-IL) by
continuously monitoring both the relaxation of impedance spectra (Figure 29) and thermal
relaxation in the absence of electric fields (Figure 53) over time as both reach equilibrium
(predominantly trans) isomer distributions. For poly(azobenzene), the conductivity resulting
from equivalent model fits does not change appreciably over 45 hours and is consistent with
the long half-life of other substituted cis-azobenzene derivatives in polymers.1%20 The
broadening of the impedance spectra of poly(azobenzene) is attributed to changes in the film

pseudo-capacitance (see Figure 50). In contrast, the impedance spectra of poly(azo-co-IL)
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decreases over time, reflecting the relaxation of cis azobenzene to the more conductive trans

azobenzene after ca. 35 hours.
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Figure 29. Time-resolved conductivity relaxation of cis poly(azobenzene) and

poly(azo-co-IL)

(a) Impedance spectra of initially UV-irradiated cis-poly(azobenzene) (left) and cis-
poly(azo-co-IL) (right) linearly sampled over 45 h. Although the trans isomers are more
conductive, the impedance spectra of UV-irradiated cis-poly(azobenzene) does not relax to
lower impedances over 45 h of continuous measurement. In contrast, cis-poly(azo-co-IL)
does relax to lower impedances. (b) Conductivity of initially UV-irradiated
poly(azobenzene) and poly(azo-co-IL) over 45 hours. The extracted ionic conductivity of
poly(azobenzene) does not show significant changes over 45 h, suggesting that the
relaxation of the cis isomer is inhibited. In contrast, the conductivity of poly(azo-co-IL)

increases with time, consistent with a relaxation to the trans isomer form.

The increase in conductivity is greater than that observed in Figure 28 likely due to the
concentration of Li* in high mobility domains at thermal equilibrium (40 °C) being greater

than that resulting from the photostationary state induced by 470 nm light illumination.'% This
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is corroborated by thermal relaxation measurements of the cis azobenzene UV-vis features to
that of trans azobenzene. While both ionic conductivity (Figure 29) and in-situ UV-vis
measurements (Figure 53) show that IL incorporation reduces cis azopolymer metastability,
UV-vis measurements suggests that cis poly(azo-co-1L) equilibrates to the trans isomer after
approximately 3 hours as compared to conductivity measurements (ca. 35 hours). The delayed
relaxation to the higher ionic conductivities than afforded by cis-trans cycling is likely due to
limited diffusion of mobile Li* imidazolium-rich domains during the time (10 minutes)

between irradiation cycles in Figure 28.

3.3.5 Proposed Azo-lon Coordination

Despite the cis isomer of poly(azobenzene) and poly(azo-co-IL) having a lower Tg4, both
trans forms show higher ionic conductivity. A similar effect has been observed in the past for
azobenzene-containing vinyl polymers with a variety of metal cations.’®*% In these
examples, additional functionality attached to azobenzene can act as a ligand that complexes
metal cations differently upon trans—cis photoisomerization. Here, we propose a similar
effect, where the more polar nature of cis-azobenzene better coordinates Li* with the azo-

nitrogen lone pairs.

To explore potential ion coordination effects, we measured UV-visible spectra of
poly(azobenzene) and poly(azo-co-IL) films blended with LiTFSI. While the wavelength and
intensity of the 7 — 7~ absorbance persists with added salt, a bathochromic shift from 319
nm to 337 nm was observed for cis poly(azobenzene) upon adding LiTFSI (Figure 30).

Likewise, for poly(azo-co-IL), copolymerization of IL (imidazolium) causes a modest 5 nm
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bathochromic shift with additional blended LiTFSI increasing it another 11 nm. A similar shift
in the 7 — 7" transition has been observed in azobenzene-BF2 complexes due coordination
of BF2 with an azo-nitrogen lone pair.*8 In the case of BF. coordination, increasing electron
density induces a hypsochromic shift of the z — #" transition. Here, we suggest electron-
deficient cations (Im* and Li") instead cause a bathochromic shift, the extent of which varies
depending on azobenzene concentration. These effects were not present in trans films, where
the same absorption features do not change with IL incorporation and added salt (Figure 51).

Together, our results suggest cis-azobenzene likely coordinates with cations in both polymers.
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)
g
%(310' —
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0.00t
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Figure 30. Bathochromic shifts in cis poly(azobenzene) and poly(azo-co-IL)

absorbance due to ion coordination

(a) UV-vis absorbance spectra of cis-poly(azo-co-IL) (top) and cis-poly(azobenzene)
(bottom) with/without salt. Adding LiTFSI results in a bathochromic shift of the primary
absorbance for both polymers, suggesting (b) an interaction between azobenzene and Li+
is likely responsible for the difference in ionic conductivity observed with cis and trans

isomers.
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3.4 Conclusions

The conductivity of materials containing poly(azobenzene) and blended salt can be
reversibly modulated with light. Poly(acrylate) homopolymers with azobenzene side chains
undergo the most drastic change in ionic conductivity, namely a 6—7 times decrease upon
isomerization from the trans to cis isomer. Incorporating a second, polymeric ionic-liquid
(PIL) comonomer further increases absolute conductivity due to the improved solubility of
added salt but attenuates differences between trans and cis to a factor of 2—-3. Because cis
isomers have a lower glass-transition temperature than trans, Tq effects cannot explain these
relative conductivity results. Instead, UV-visible spectroscopy suggests possible coordination
of cis-azobenzene with cations as the dominant factor accounting for light-induced changes
in ionic conductivity. The stability of cis-azobenzene also varies with IL incorporation,
persisting for more than 45 h in a poly(azobenzene) homopolymer but relaxing back to trans
after ca. 35 h with poly(azo-co-IL). In summary, azobenzene is a convenient platform for

controlling the conductivity of polymeric materials using light.
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3.6 Appendix

3.6.1 Experimental Methods

3.6.1.2 Materials

Methanol, dichloromethane, acetonitrile, ortho-dichlorobenzene (DCB), deionized water
(DI), ethanol, toluidine (99%), dimethylformamide (DMF), dichloromethane (DCM), 6-
bromo alcohol, acryloyl chloride (97%, contains <210 MEHQ as stabilizer), sodium carbonate
(Na2COg), 4-hexyloxyaniline, o-cresol, triethylamine (TEA), sodium nitrite, hydrochloric acid
(ACS Reagent, 37%), sodium hydroxide (NaOH), magnesium sulfate (anhydrous,
ReagentPlus®, >99.5%), sodium iodide (ACS Reagent, >99.5%), 2-bromoethylamine
hydrobromide, and 1-methylimidazole were purchased from Sigma-Aldrich and Fisher
Scientific and used as received. Lithium bis(trifluoromethanesulfonimide) was obtained from
Acros Organics. Toluene was freshly distilled for use. 2,2’-Azobis(2-methylpropionitrile)

(AIBN, from Sigma-Aldrich) was recrystallized in methanol before use.

3.6.1.3 Instrumentation

!H NMR spectra were recorded on a Varian Unity Inova 500 MHz or a Varian Unity Inova

AS600 500 MHz spectrometer at a regulated temperature of 25 °C. *H NMR chemical shifts
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were calibrated to the resonances of CDCls at § = 7.26 ppm. '°F NMR spectra were recorded
on an Agilent Technologies 400-MR DD2 400 MHz with monofluorobenzene as an internal
standard at 6 =—113.15 for calibration. UV-Vis spectra were recorded on an Agilent Cary 60
UV-Vis Spectrometer. To induce photochemical isomerizations, a 365 nm Thorlabs
collimated LED lamp (80 mW/cm?) and a 470 nm Thorlabs collimated LED lamp (0.2
Wi/cm?). Glass transition temperatures were measured on a TA Instruments DSC 250.
Impedance spectra were collected using Solartron 1260 and 1287 potentiostats in tandem with

ZPlot software on polymer films spun cast onto custom fabricated interdigitated electrodes.

3.6.2 Synthesis of Poly(azobenzene) and Poly(azo-co-IL)

3.6.2.1 Synthesis of

OH
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Figure 31. Multi-step synthesis of AzoAcMe.

The synthesis of Azo-Me-OH was adapted from Ishiba et al.?%? In a 500 mL 3-necked
round bottom flask, 4-hexyloxyaniline (4.99 g, 25.8 mmol, 1 eq.) was dissolved 2:1 acetone:
water (100 mL) and placed in an ice bath at 0 °C. 5.13 mL 37% HCI (77 mmol, 3 eq) was

added to the round bottom flask slowly. To this solution, sodium nitrite in 50 mL H>O (2.36
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g, 34.3 mmol, 1.33 eq) was added and the mixture turned from a brown color to a clear
gray/black solution over ~5 min. Upon which, a solution containing both o-cresol (3.57 mL,
35.6 mmol, 1.34 eq) and NaOH (3.17 g, 79.3 mmol, 3.07 eq) in 60 mL H>O was added
dropwise, resulting the formation of a red precipitate. After 24 hours, the solution was
neutralized with 10 wt% HCI and the dark red precipitate was isolated. The crude precipitate
was purified via column chromatography (eluded with 100% dichloromethane (DCM)) to

afford a dark red crystalline product (2.86 g, 35% vyield).
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Figure 32. *H NMR spectrum of in CDCls.

3.6.2.2 Synthesis of Ac-Br

The following procedure was adapted from the literature.?® In an oven dried 3-necked
500 mL round bottom flask, 6-bromoalcohol (6.4 mL, 48.9 mmol, 1 eq) and dry triethylamine
(7.5 mL, 53.8 mmol, 1.1 eq) were dissolved in dry toluene (200 mL). The flask was lowered

into an ice bath at 0 °C, and a solution containing acryloyl chloride (4.5 mL, 55.7 mmol, 1.14
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eq) and 30 mL dry toluene was added dropwise to the first solution via addition funnel. After
24 hours, the reaction was quenched with the addition of 50 mL DI H20. The organic layer
was collected and sequentially washed with 5% Na>COz in water (3x40 mL), 5% HCI (30
mL), and brine (50 mL). The organic layer was collected after washing, dried with MgSQOg,
and reduced under reduced pressure to afford the Ac-Br product as a slightly yellow liquid

(9.4 g, 81 % yield), which was used without further purification.
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Figure 33. 'H NMR spectrum of Ac-Br in CDCls.

3.6.2.3 Synthesis of AzoAcMe
Ac-Br (3 g,11.8 mmol, 1 eq), Azo-Me-OH (4.8 g, 15.4 mmol, 1.3 eq), Nal (53.2 mg, 0.03
eq), KoCOs (2.94 g, 21.3 mmol, 1.8 eq) were dissolved in 60 mL DMF in a 200 mL round
bottom flask. The reaction was sparged with N2, a reflux condenser was attached to the flask,
and the reaction was heated to 115 °C for one hour. The reaction was found complete by *H

NMR spectroscopy after the one hour mark. Water was then added to the reaction mixture,

92



and the reaction was poured into a 500 mL separation flask, and ethyl acetate (5 x 40 mL) was
used to extract the product. The organic layer was collected, washed with brine (40 mL), dried
with MgSOsg, filtered and solvent removed with a rotovap. The crude reaction mixture was
purified via column chromatography (eluded with 100% dichloromethane (DCM)) to afford

as AzoAcMe as an orange-yellow powdery solid (4.35 g, 79% yield.)

3.6.2.4 Characterization of AzoAcMe

'H NMR (CDCls) 6 7.84 (d, 2H, Jun = 9 Hz, ArH), 7.73 (m, 2H, ArH), 6.98 (d, 2H, ArH),
6.89 (d, 1H, ArH), 6.40 (dd, 1H, Jun = 18 Hz, 1.5 Hz, alkene-H), 6.14 (g, 1H, Jun = 10.4 Hz,
alkene-H), 5.80 (g, 1H, Jun = 10.4 Hz, 1.5 Hz), alkene-H), 4.19 (t, 2H, Jun = 7 Hz, OCH)>),
4.06 — 4.02 (overlapping mult., 4H, OCH>), 2.29 (s, 3H, Ar-CHz), 1.89 — 1.78 (overlapping
mult. 4H, CHy) 1.73 (pentet, 2H, Jun = 7 Hz), 1.60 — 1.53 (mult., 2 H, CH2), 1.51 — 1.45 (mullt.,
4 H, CHy), 1.35 (pentet, Jun = 4 Hz, CHy), 0.92 (t, 3H, Jun = 7 Hz, ~CH3). BC[*H] NMR
(CDCl,) 6 166.55, 161.34, 159.00, 147.23, 146.69, 130.76, 128.84, 127.71, 124.48, 123.74,
125.67, 114.90, 110.75, 68.56, 66.56, 66.26, 64.75 31.84, 29.44, 29.40, 28.84, 26.10, 26.00,

25.96, 22.85, 16.65, 14.29.

FT-IR (neat) v (cm™) 3072, 3060, 3055, 2938, 2864, 1718, 1635, 1596, 1500, 1489, 1462,

1416, 1390, 1320, 1296, 1244, 1150, 1139, 1104, 1075, 1057, 986, 936, 904, 843, 807, 787,

748, 729, 671, 635, 593, 582, 542. MS (ESI-TOF) m/z = 467.3 [M+H]+, 489.3 [M+Na'].
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Figure 34. 'H (top) and **C[*H] (bottom) NMR spectra of AzoAcMe in CDCls.
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Figure 36. FT-IR spectra of AzoAcMe.
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Figure 37. Free-radical polymerization of AzoAcMe to poly(azobenzene).

3.6.2.5 Synthesis of poly(azobenzene)

The pentafluorophenyl acrylate (PFPA) monomer was synthesized according to
literature.?%* To a flame-dried 25 mL Schlenk flask, AzoAcMe (500 mg, 0.89 mmol, 4 eq) and
AIBN (3.5 mg, 0.025 mmol, 0.1 eq), and 1 mL o-DCB were added. The reaction mixture was
subjected to 4 freeze-pump-thaw cycles and under vacuum, the reaction was placed in an oil
bath at 80 °C. After 17 hours of heating, the majority of 0-DCB was removed under vacuum
for 24 hours. The reaction mixture was dissolved in minimal DCM and purified via two
successive precipitations: (1) pure hexane and (2) 1:1 hexane:diethyl ether, and centrifuged
down in each precipitation. The final polymer was reconstituted in DCM and then dried in a
20 mL vial to reveal the PFPA-Azo copolymer as an orange solid (400 mg, 38% mass

recovery, M, = 11 kDa, PDI = 1.4).
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Figure 38. 'H NMR spectrum of the poly(azobenzene) in CDCla.
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Figure 39. SEC of poly(azobenzene)

Size-exclusion chromotagram (normalized differential refractive index signal)

poly(azobenzene).
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3.6.2.6 Synthesis of poly(azo-co-PFPA)

The pentafluorophenyl acrylate (PFPA) monomer was synthesized according to
literature.?®* AzoAcMe (481 mg, 1.03 mmol, 4 eq), PFPA (61.4 mg, 0.26 mmol from a 124
mg PFPA in 0-DCB solution, 1 eq), AIBN (4.2 mg, 0.025 mmol, 0.1 eq), and 1.2 mL o-DCB
were added to a flame-dried 25 mL Schlenk flask. The reaction mixture was subjected to 4
freeze-pump-thaw cycles and subsequently heated in an oil bath at 80 °C under vacuum. After
17 hours of heating, the majority of 0-DCB was removed under vacuum for 24 hours. The
reaction mixture was dissolved in minimal DCM and purified via two successive
precipitations: (1) pure hexane and (2) 1:1 hexane:diethyl ether, and centrifuged down in each
precipitation. The final polymer was reconstituted in DCM and then dried in a 20 mL vial to
reveal poly(azo-co-PFPA) as an orange solid (270 mg, 49% mass recovery, M, = 15 kDa, PDI
=1.4)
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Figure 40. Polymerization of PFPA and AzoAcMe measured using °F and 'H NMR
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Conversion of the PFPA monomer to polymer was monitored using *°F NMR spectroscopy

via (a) the integration of the fluorine at the para position. Conversion of the AzoAcMe

monomer polymer was monitored using *H NMR spectroscopy via (b) the integration of the

methyl on azobenzene.

mmmmmm
-roo oo

780
~765
6.92
~6.77

—395

1.76

;"I" 44

133

CDCl,

DCM

_J\L_A,LJ/;JJ”

T =
< N
«

7.34
3.13

©

K'a 0

o o =2

- - - o

.0 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00

.5 8
1 (ppm,

Figure 41. *H NMR spectrum of the poly(azo-co-PFPA).
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Figure 42. F NMR spectrum of poly(azo-co-PFPA)

Quantitative **F NMR measurements of poly(azo-co-PFPA) were completed by adding a
known amount of monofluorobenzene as an internal standard (6 = —113.15 ppm) and
comparing the relative integration of monofluorobenzene to the integration of fluorine on

the PEFPA monomer.

3.6.2.7 Synthesis of poly(azo-co-IL)

A solution of poly(azo-co-PFPA) (270 mg, 1 eq), triethylamine (0.104 g, 1.03 mmol, 4
eq), and 1-(3-aminopropyl)imidazole (0.128 g, 1.03 mmol, 4 eq) in DMF was added to a
flame-dried 25 mL round bottom flask. This reaction mixture was placed in an oil bath
preheated to 50 °C and stirred for 24 hours under a nitrogen atmosphere. The DMF solvent
was removed under vacuum and the polymer was precipitated from MeOH, redissolved in
DCM, and reacted with methyl iodide (0.055 g, 0.39 mmol, 1.5 eq) at ambient temperature

under nitrogen atmosphere overnight. The DCM solvent was evaporated and the resultant
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polymer was dissolved in (1:1) MeCN:H.O followed by the addition of lithium
bis(trifluoromethanesulfonyl)imide (0.075 g, 0.26 mmol, 1 eq) and stirred at ambient
temperature for 2 hours. The top layer was separated and concentrated under vacuum to yield
the poly(azo-co-IL) as an orange solid (230 mg, 65% mass recovery, Mn = 13 kDa, PDI =

1.14).
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Figure 43. 'H NMR spectrum of the poly(azo-co-IL) in CDCls.
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Figure 44. *F NMR spectrum of the poly(azo-co-IL)

F NMR spectrum of the poly(azo-co-IL) monofluorobenzene included as an internal

standard (6 = -113.15 ppm).
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Figure 45. SEC of poly(azo-co-PFPA) and poly(azo-co-IL)

Size-exclusion chromatogram (normalized differential refractive index signal) of poly(azo-

co-PFPA) and poly(azo-co-IL).

3.6.3 Reactivity Ratios in Copolymerization of PFPA and AzoAcMe

Reactivity ratios were found using Jaacks’ method.?® For the reactivity ratio of PFPA, a
ratio of 9:1 PFPA:AzoAcMe was used in the free-radical polymerization and aliquots were
taken for NMR spectroscopy every 5 minutes up to 30 minutes. The reactivity ratio of
AzoAcMe was measured similarly. The conversion of the PFPA was monitored via °F NMR

spectroscopy and the conversion of AzoAcMe was monitored via *H NMR spectroscopy.
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Figure 46. Reactivity ratios of PFPA and AzoAcMe

3.6.4 Differential Scanning Calorimetry of Poly(azobenzene) and Poly(azo-co-
IL)

Both poly(azobenzene) and poly(azo-co-IL) were filtered and dissolved in toluene at 30
mg/mL. Samples were irradiated with 365 nm UV light (7.5 mW/cm?, 15 minutes, stirring) to
photoisomerize polymers to the cis isomer form. UV-irradiated solutions were cast into Teflon
wells and dried under vacuum at ambient temperatures. Once dry, 5-8 mg of cis
poly(azobenzene) and cis poly(azo-co-1L) were placed into hermetic aluminum pans and
annealed at 25 % humidity under dark for 30 minutes. Samples were hermetically sealed prior

to calorimetry measurements.

All DSC measurements were carried out using a TA Instruments DSC 250. Reported glass
transition temperatures (Tg) were calculated using TA Instruments Trios software with half-
height analysis. Samples were (1) equilibrated at -20 °C, (2) heated to 40 °C at 10 °C/min, (3)
cooled to -20 °C at -10 °C/min, (4) heated to 40 °C at 20 °C/min, (5) cooled to -20 °C at -20

°C/min, (6) heated to 110 °C at 10 °C/min to induce thermal relaxation of cis azobenzene and
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melt aggregates, (7) rapidly quenched to -20 °C at -50 °C/min to minimize aggregation, (8)

heated to 110 °C at 20 °C/min, and (9) finally cooled to -20 °C at 20 °C/min. Ty of the cis and

trans isomers are calculated from traces of the 4™ and 8" steps, respectively (see Figure 48).
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Figure 47. T4 of poly(azobenzene) and poly(azo-co-IL)

For both poly(azobenzene) (a) and poly(azo-co-IL) (b), the cis isomer exhibits a lower glass

transition temperature (Tg) than the trans isomer. For poly(azobenzene), the Tq of the cis

isomer occurs at 4.6 °C while the Tg of the trans isomer is at 12.6 °C. For poly(azo-co-IL),

the cis and trans isomer Tg are increased to 7.4 °C and 18.9 °C, respectively.

[21]
~

Heat Flow (W/g)

15

1.0

0.5

isomerization

N

0.0

‘ Thermal back-

—

Initial trace
AN
S

cis Ty

-0.5

trans T,

-25 0 25 50 75 100
Temperature (°C)

N

Heat Flow (W/g)

|
o
»
=]

|
o
w
o

|
o
w
=)

Poly(azobenzene)

Temperature (°C)

Poly(azobenzene)
+10 wtd% LiTFSI

25

25

Temperature (°C)

Figure 48. DSC traces of poly(azobenzene) and poly(azo-co-IL)
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(a) Differential scanning calorimetry (DSC) traces of cis poly(azobenzene) showing the
initial cis isomer Tg, thermal back-isomerization onset around 50 °C and subsequent trans
isomer Tg. (b) The cis isomer exhibits a lower glass transition temperature (Tg) than the
trans isomer for poly(azobenzene). The Tq of the cis isomer occurs at 4.6 °C while the T of
the trans isomer is at 12.6 °C. Upon adding 10 wt% LiTFSI to poly(azobenzene), the glass
transition becomes less pronounced, at 8 °C for the trans isomer and not observable for the

cis isomer.

3.6.5 Impedance Spectroscopy of Poly(azobenzene) and Poly(azo-co-1L) Thin

Films

Thin films of poly(azobenzene) and poly(azo-co-IL) were cast from 10 mg/mL (11:19
(v:v) acetonitrile:toluene, 10 wt% LiTFSI) solutions onto custom fabricated interdigitated
electrodes following procedures adapted from Sharon et al.?® Electrodes were fabricated
using direct-write lithography (Heidelberg MLA 150) with a 5 nm adhesion layer of Ti and
40 nm of Au above a 300 nm dry chlorinated silicon oxide layer. Interdigitated electrodes
consisted of 250 gold digits (125 pairs of opposite polarity) with 5 um spacing, 5 um width,
and 1 mm length. Substrates were cleaned with sequential sonication in acetone, DI water,
and isopropanol followed by 100 W plasma cleaning for 30 seconds prior to casting polymer
solutions. Polymer solutions were spun cast at 1,000 RPM, 500 RPM/s for 2 minutes resulting
in 26.1 nm and 15.3 nm films of poly(azobenzene) and poly(azo-co-IL), respectively. Film
thicknesses were measured on bare silicon oxide regions using a Bruker Dektak XT stylus
profilometer. Optical micrographs of films on interdigitated electrodes are shown in Figure

50).
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Poly(azobenzene) + 10 wt% LiTFSI on Poly(azo-co-IL) + 10 wt% LiTFSI on
interdigitated electrodes interdigitated electrodes

Figure 49. Microscope images of poly(azobenzene) and poly(azo-co-IL) on

interdigitated electrode array

Brightfield reflectance optical micrographs of poly(azobenzene) (left) and poly(azo-co-IL)
(right) on interdigitated electrodes. Variations in color arise due to differences in texture,
suggesting that the more uniform poly(azo-co-IL) is able to solubilize more LiTFSI than

poly(azobenzene).

Impedance measurements (100 Hz to 500,000 Hz, 100 mV AC amplitude) were carried
out using Solartron 1260 and 1287 potentiostats in tandem with ZPlot software. Sample
temperatures were maintained at 40 °C using a vacuum plate with active 25 % humidity
controlled N gas flow. Power densities for 365 nm and 470 nm monochromatic lamps were
calibrated using a Thor labs thermal power meter. Impedance spectra of films were measured
as-cast before cycling with 30 second exposures of 470 nm light at 5 mW/cm? and 365 nm
light at 9 mW/cm?. After each irradiation, films were allowed to equilibrate for 30 seconds in
dark before AC measurements were applied. 20 measurements (resulting in 10 trans—cis

photoisomerization cycles) were taken for each film reported. Resulting impedance spectra
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were fit to an equivalent circuit model using a custom MATLAB script accounting for contact
resistance (Rc) through instrumentation, constant phase elements for non-ideal interfacial
(CPEin) and film (CPErfim) capacitance, film resistance (Rfim), and parasitic capacitance (Csub)

(see Figure 49).

a0t T 0

Equivalent circuit

O
Poly{azo-co-IL)

| |
—— trans impedance I
——cis impedance

Poly(azobenzene)

——trans impedance
—— cis impedance

0 5 10 15 0 5 10 15
Z' () x10% Z'(Q) x10*

Figure 50. Equivalent circuit fits to poly(azobenzene) and poly(azo-co-I1L) Nyquist

impedance spectra

Cycling between UV light (365 nm) and visible light (470 nm) irradiated poly(azobenzene)
(@) and poly(azo-co-IL) (b) leads to distinct differences in the impedance spectra of the cis
and trans isomers. The equivalent circuit (c) consists of contact resistance (R¢) through
instrumentation, constant phase elements for non-ideal interfacial (CPEin) and film

(CPEfim) capacitance, film resistance (Rfim), and parasitic capacitance (Csun).
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Figure 51. Constant phase element evolution due to cis poly(azobenzene) relaxation

Changing constant phase element values fit to the equivalent circuit reflect the broadening

of the cis-poly(azobenzene) impedance spectra over time.

3.6.6 UV-Visible Spectroscopy of Poly(azobenzene) and Poly(azo-co-IL) Thin

Films

Thin films of poly(azobenzene) and poly(azo-co-IL) were cast from 10 mg/mL (toluene)
solutions. Thin films of poly(azobenzene) (10 wt% LiTFSI) and poly(azo-co-IL) (10 wt%
LiTFSI) were cast from 10 mg/mL (11:19 (v:v) acetonitrile:toluene) solutions. All films were
prepared using the same conditions outlined above for impedance spectroscopy
measurements. UV-visible spectra were taken with an Agilent Technologies Cary 60 UV—
visible spectrometer. UV-visible spectra are shown in Figure 52. We estimate extinction
coefficients from known film thicknesses and an approximate density of 1.2 g/cm® For
poly(azobenzene) with repeat unit molecular weight 466.62 g/mol and poly(azo-co-IL) with
composition average repeat unit molecular weight 468.64 g/mol, this corresponds to an
extinction coefficient (at 363 nm) of 10820 (M azobenzene)™ cm™ for trans poly(azo-co-IL)
[assuming nearly unity trans fraction as-cast] and 8565 (M azobenzene)* cm™ for trans
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poly(azobenzene) [assuming nearly unity trans fraction as-cast]. These estimates are
consistent with previously reported extinction coefficients and are used to estimate that 53%
of trans azobenzene has isomerized following 30 seconds of 365 nm illumination (9 mW/cm?)

giving a solid-state concentration of 1.0 M cis azobenzene at the photostationary state.
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Figure 52. UV-vis absorbance spectra of as-cast, cis, and trans poly(azobenzene) and

poly(azo-co-1L)

Absorbances of as-cast (a), cis isomers (b), and trans isomers (c) of poly(azo-co-IL) (top)
and poly(azobenzene) (bottom), respectively. The absorbances of the as-cast films are
similar between those with and without LiTFSI. The trans isomers show minor differences

in absorbance. In contrast, the cis isomers show differences in the position of the primary

© — 1 absorbance between films with and without LiTFSI.

Thermal relaxation of poly(azobenzene) and poly(azo-co-IL) (both with 10 wt% LiTFSI)
following 30 seconds of 365 nm illumination (9 mW/cm?) were measured in the absence of
an electric field. The same conditions as in Figure 29 of the main text were closely matched,

including active 25 % humidity controlled N2 gas flow at 40 °C. Thermal relaxation was
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measured via absorbance at 363 nm, which corresponds to the vibronic absorbance present
for both visible and UV-irradiated films (see Figure 52). At 363 nm, this vibronic absorbance
is suppressed in the cis isomer form relative to trans and is expected to increase over time as
cis azobenzene relaxes to the equilibrium trans isomer form. Similar to Figure 29, poly(azo-
co-IL) relaxes much faster than poly(azobenzene) where the relatively low absorbance of the
cis isomer persists for more than the measurement period (60 hours). While these trends are
similar, poly(azo-co-IL) relaxes after approximately 3 hours as measured by in-situ UV-vis as
compared to the ca. 35 hours via conductivity measurements. Previous studies have concluded
that cis isomer is unstable under applied voltages, with reductive potentials tending towards
trans azobenzene.??’?%® Given this, we conclude that the 100 mV (vs open circuit) AC
amplitude used for impedance measurements does not significantly affect cis-trans thermal
back isomerization kinetics and that these processes may be offset by diffusion of Li* from

azobenzene to imidazolium-rich domains.
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Figure 53. Relaxation of cis poly(azobenzene) and poly(azo-co-IL) via time-resolved

UV-vis spectroscopy

Relaxation of reduced absorbance of cis poly(azo-co-IL) and poly(azobenzene) at 363 nm.
Like Figure 29 of the main text, cis poly(azo-co-IL) decays to its trans isomer form rapidly
(after c.a. 3 hours) as compared to poly(azobenzene) whose cis isomer absorbance at 363

nm persists for more than 60 hours.
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Chapter 4 — Dopant Distributions in Semicrystalline Conjugated
Polymers from Resonant X-Ray Scattering

Phong Nguyen drafted the manuscript, simulated X-ray optical constants, and performed
experimental characterization and final simulations. Devon Callan and Max Gruschka assisted
with developing doped P3HT morphology simulations. Evan Plunkett conceptualized the
initial outline of the project, fabricated experimental samples, optimized the doping processes,
and assisted with characterization. Nima Alizadeh performed atomic force microscopy of all
samples. Matt Lansman and Greg Su assisted with simulating X-ray optical constants. Michael
Chabinyc, Rachel Segalman, Dean DelLongchamp, and Eliot Gann Provided guidance

throughout the work.

4.1 Abstract

The distribution of dopant counterions within semicrystalline conductive polymers, such
as poly(3-hexylthiophene-2,5-diyl) (P3HT), plays a pivotal role in understanding the
mechanisms of charge conduction. These polymers feature a combination of amorphous
domains, which enable ion transport, and ordered domains that facilitate high electronic
mobility, alongside the need for local charge neutrality between electronic charge carriers and
dopant counterions. This complex structure prompts questions about the role of dopant
distributions in shaping the energetic landscape for charge conduction. Traditional methods
for concurrently probing these domains have been limited. Our study presents a
comprehensive model of P3HT morphology and assesses how dopant distribution affects

resonant scattering. Crucially, we investigate the role of dopant chemical structure by
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incorporating isotropic trifluoromethanesulfonimide (TFSI-) and planar, conjugated 2,3,5,6-
tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ--), examining how these distinct
dopant counterions modulate the scattering profiles of doped P3HT films. Our findings reveal
that the inherent scattering anisotropy of P3HT, driven by density differences between
crystalline and amorphous regions, is significantly affected by dopant placement. This dopant-
driven modulation of scattering anisotropy, combined with dopant absorbance, offers a
straightforward method to map dopant distribution across both domains, revealing a
preference for crystallite incorporation. Moreover, by leveraging the anisotropic refractive
indices of FATCNQe-- at the N and F K-edges, we show that its conjugated planes align
perpendicularly to that of the P3HT backbone. This approach underscores the capabilities of
polarized resonant soft X-ray scattering in identifying orientation, structural, and
compositional distributions within doped conjugated polymers and we introduce a workflow
to model and interpret resonant scattering that is broadly extendable to other soft matter

systems.

4.2 Introduction

Electrical doping of conjugated polymers introduces charge carriers and adjacent
counterions. Understanding the interplay between these carriers—often localized as
polarons—and counterions across local structural regions is essential for optimizing the
conductive properties of these materials. One primary challenge is determining how the
charge carriers and counterions are distributed across these regions of the polymer. Dopants
and counterions infiltrate the conjugated polymer during the doping process. This infiltration

is influenced by mass transport, which is governed by free volume and polymer segmental
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dynamics, suggesting that these species are more readily transported through disordered,
amorphous domains than in ordered domains. The resulting charge carriers have higher
mobility in the ordered domains, making it crucial to understand the distribution of
counterions and charge carriers post-doping. Here, we focus on the distribution and
organization of dopant counterions [trifluoromethanesulfonimide (TFSI) and 2,3,5,6-
tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4sTCNQ™)] within these crystalline and

amorphous domains in a model conjugated polymer, poly(3-hexylthiophene) (P3HT).

Given the low dielectric constant (2 < & < 4) of typical polymers, long-range
electrostatic interactions between the charge carriers and counterions are prevalent. These
interactions lead to electrostatic trapping, significantly influencing carrier mobility depending
on dopant concentration.?®® The Bjerrum length—where electrostatic and thermal energies
balance—ranges from 14 to 30 nm at room temperature in conjugated polymers. The length
scale between crystalline domains in P3HT is approximately 20 nm and comparable to the
electrostatic length scale,?'° suggesting an overlap with the electrostatic length scale. This
overlap implies that electrostatic interactions and carrier concentration are key factors in
charge transport, especially at high charge carrier densities (~10%° cm) that lead to high
electrical conductivity, where screening effects can alter the interactions between carriers and

counterions, affecting dopant distributions across polymer domains.

Recent work has shown a correlation between structural disorder and electrical
conductivity.?* Contrary to initial expectations, ion size—a factor coupled to electrostatic

trapping—plays a subordinate role compared to the effect of structural order.'?”?'! The
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introduction of dopant counterions can lead to planarization of the polymer backbone and
increased structural order overall.?63212213 A dependence on the level of doping further
complicates this picture. For example, the ratio of polymer repeat units to carriers can range
widely from 4 x 10° at low doping levels (10'® cm) to as high as 4 (102 cm®). Consequently,
the average distance between counterions can vary from as high as 45 nm to as low as 1 nm.
Fluctuations from these average distances can arise from doping that is localized within either
crystalline or amorphous domains. Crystalline domains in p-type polymers are more readily
doped via integer charge transfer with dopants due to their lower barrier to ionization, whereas
amorphous domains may preferably form charge transfer complexes.?4-2%6 This distinction in
charge transfer mechanisms has significant implications for the electronic transport properties
of doped films. Thus, a comprehensive understanding of structural disorder and dopant

distribution are necessary for optimizing the macroscopic charge transport properties.

While there have been notable advancements in understanding dopant distribution in
conjugated polymers, current methodologies often focus on either crystalline or amorphous
domains, not both, limiting a comprehensive understanding of dopant distribution. X-ray
scattering excels in probing changes within the crystallites of conjugated polymers, yet cannot
probe amorphous domains.®227 Conversely, electrochemical strain microscopy offers
valuable insights on swelling behavior, particularly in amorphous domains.?'82%° The insights
gained to date are relatively consistent showing a preference for dopants to localize within
either crystalline or amorphous domains. These range from highly crystalline polymers, like
PBTTT, to those engineered for enhanced polarity to incorporate ions, such as

P3MEEMT .145152.216.219-228 The (ifferences between materials depend on factors including the
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relative redox potentials of polymer domains and dopants, as well as dopant counterion
chemistry and size. Despite the significant body of work correlating structural changes in

conjugated polymers to doping,?*°

a comprehensive perspective integrating both domain
types, along with dopant identity and levels, is still lacking. Considering these observations,
our approach aims to study dopant distributions simultaneously across both crystalline and

amorphous regions in a single material and as a function of dopant identity.

We employed polarized resonant soft X-ray scattering (PRS0XS) to examine the
nanostructure of doped P3HT films, leveraging its unique ability to combine X-ray absorption
and scattering. While PRSoXS offers rich insights, its interpretation is complex, requiring
direct computational methods.??*2*® Using P3HT as a defined model system, we outline a
workflow for simulating PRSoXS and its application in resolving the distributions of
counterions with two distinct chemical structures in doped P3HT films. We developed a model
system using blends of P3HT that allowed us to control the size and concentration of ordered
domains and a computational real-space analog for simulation. The model allowed us to
explore the expected scattering from PRSoXS arising from different polymer—dopant
orientations and distributions. Our analysis, supported by supplementary techniques, isolates
the effects of various hypothetical dopant distributions, such as those schematically drawn in
Figure 54, providing a clearer understanding of dopant preferences. This integrated approach
not only reveals that dopants preferentially reside within crystalline domains but also suggests
specific dopant geometries may influence dopant orientations relative to P3HT crystallites,
providing a roadmap for future studies aimed at optimizing the properties of semicrystalline

organic electronic materials.
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(a) (b) (c)

Crystallite Distribution Amorphous Distribution Uniform Distribution

Figure 54. Schematic of possible dopant distributions

(a) Dopants localized within crystallites. (b) Dopants in amorphous regions.
(c) Uniformly distributed dopants. Ordered domains are highlighted in darker
purple, while lighter purple regions denote disordered domains. Polarons are
depicted as blue with a positive charge. Red counter anions are outlined to

highlight their distribution within domains.

4.4 Results and Discussion

4.4.1 P3HT Films with Controlled Crystallinity and Dopant Counterion

Identity

Our goal is to understand how dopants or counterions are distributed between ordered and
disordered regions in a model conjugated polymer. The counterion that balances a positively
charged carrier in a conjugated polymer typically results from an electron-transfer reaction
between a neutral segment of the polymer and a dopant. Figure 54 presents a schematic
representation, specifically illustrating hypothetical distributions of resultant counterions

between crystalline and amorphous phases in the case of p-doping. For P3HT, the crystallites
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have the smallest ionization energy and are more readily oxidized than the amorphous regions.
With a relatively weak dopant like F4sTCNQ there is likely to be a preference for doping of
ordered domains. This understanding guided our choice of a model system that would allow
us to control the ordered and disordered regions in a semiconducting polymer, thereby
enabling an in-depth analysis of how counterions distribute between these domains using

various methods.

We chose a model system based on blends of regioregular (RRe) and regiorandom
(RRa) P3HT. Low molecular weight RRe P3HT (4.5 kDa) was chosen to be below the contour
length of the high molecular weight RRe P3HT (23 kDa) in the blend.?3#?*® This choice sets
the nominal width of fibrillar crystals formed by the low molecular weight P3HT chains, as
confirmed via atomic force microscopy (see Figure 64). The minor amount of high molecular
weight RRe P3HT facilitates connections between crystallites, with the remainder of the blend
composition consisting of RRa P3HT. The range of blends from 25% to 100% RRe P3HT was
selected to systematically vary the degree of crystallinity. We used UV-vis absorbance spectra
to estimate the mole fraction of crystalline to amorphous P3HT as the mole fraction of
aggregates, ranging between approximately 20% and 40% (see Figure 55).2% Notably, the
ratio of H to J aggregates remained consistent across blends, reinforcing that the blend
composition primarily influences the fraction of aggregates rather than the structural type of
aggregation. Table 3 summarizes the varying P3HT blend compositions utilized in this study

and the resultant levels of aggregation.
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Figure 55. Control over aggregation via regio-regular/random P3HT blend

composition assessed from UV-vis absorbance spectra

(a) Regiorandom (RRa) and regioregular (RRe) P3HT are blended to control the total
degree of crystallinity. (b) UV-vis absorbance spectra of a series of blends showing
increased vibronic absorbance with increasing RRe P3HT. (b) Mol fraction of crystalline

P3HT blends corresponding to spectra shown in (a).

To investigate how counterions distribute in electronically doped blends of P3HT, we
chose two structurally dissimilar species. Initially, F4sTCNQ vapor was applied to dope the
P3HT blend. The counterion in the doped film was changed using an anion exchange process
with a LiTFSI solution that removes the initial counterion FsTCNQ™ (see Figure 56). Our
choice of F4TCNQ™ and TFSI" as counterions allowed us to investigate their spatial
distribution within the crystalline and amorphous phases of doped P3HT because of the
molecular contributions to optical properties and PRS0oXS contrast. FATCNQ is nominally
planar and possesses a conjugated structure, similar to P3HT, thus potentially leading to
specific alignment or association within crystalline domains.216:217:221-223.227 | contrast, TFSI-
is nonplanar with multiple conformers, leading to a different set of interactions and potentially

varied distributions within both crystalline and amorphous phases. The resulting differences
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in X-ray refractive indices and their contributions to features observed in PRSoXS are

discussed later.

4.4.2 Dopant Uptake with Varying Crystallinity and Counterion Identity

We verified that the doping was uniform throughout the depth of the P3HT blend films
before and after ion exchange. We utilized X-ray Photoelectron Spectroscopy (XPS) in
conjunction with ion sputtering to analyze the concentration throughout the film depth of
F4TCNQ after doping and TFSI™ after ion exchange. The analysis spot size, here 400 x 400
um?, does not offer detailed lateral spatial resolution; instead, it gives a lateral average view
of the relative dopant concentrations. Our XPS and ion sputtering analyses revealed consistent
dopant distribution throughout the entire depth of P3HT films doped with F4sTCNQ, and a
nearly complete transition to TFSI™ after prolonged immersion in LiTFSI solution, as detailed

in Figure 65 — Figure 67 (Appendix).
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Figure 56. Schematic depiction of F4aTCNQ vapor doping and TFSI- anion exchange
processes with corresponding dopant concentrations as a function of sample

crystallinity
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(a) Schematic depiction of the FsTCNQ vapor doping process, where FsTCNQ crystals are
sublimated onto a P3HT film, achieving uniform doping, and depositing a small excess of
neutral F4TCNQ on top. (b) Schematic depiction of the ion-exchange process to exchange
F4sTCNQ™ for TFSI using an LiTFSI solution. (b) Mid-film dopant concentration (relative

to P3HT repeat units) versus sample crystallinity.

Interestingly, while the concentration of F4sTCNQ/FsTCNQ™ remained relatively
consistent across different blend compositions and levels of film crystallinity, we observed an
increase in TFSI™ concentration correlating with greater film crystallinity. A potential
explanation is the incorporation of excess neutral LiTFSI, along with TFSI" to replace
FsTCNQ™, but XPS analysis reveals only negligible amounts of Li* in the samples most rich
in TFSI™ [refer to Figure 65 (Appendix)]. Instead, AFM measurements of doped film
surfaces[see Figure 68 (Appendix)] indicate a loss of fibril texture following FATCNQ vapor
doping, which we attribute to the deposition of excess neutral FaTCNQ. Subsequent anion
exchange in LiTFSI solution appears to restore the fibril texture. Our estimates for a 1,000 nm
thick film with 5.9 mol% TFSI- (9.6 vol%, based on a doped film density of 1.1 g/cm?) and
1.1 mol% FsTCNQ™ (1.9 vol%) suggest an approximately 50 nm layer of excess FAsTCNQ
(1.6 g/cm?® bulk density) distributed about the film surface, which has an average roughness
of about 25 nm. Our estimates of a FaTCNQ top layer are further corroborated by XPS
measurements [Figure 69 (Appendix)]. We propose that presence of excess FaTCNQ provides
the necessary oxidant to allow for greater incorporation of TFSI" via ion exchange doping as

observed in literature.?26.237:2%8
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4.4.3 Scattering Anisotropy as a Measure of Bonding, Morphology, and

Molecular Orientation of Doped P3HT Films

We characterized the nanostructure of the P3HT blends before and after doping using
PRS0XS in a transmission geometry. We observe energy-dependent changes to the 2D
scattering profile due to resonance between different transition dipole moments of the
constituents of the blends and polarized resonant soft X-rays. These transition dipoles
represent the directionality of electronic excitations of P3HT and the counterions in doped
films, and their alignment with the polarization of the incident X-rays leads to anisotropic
scattering patterns. The length scale of scattering anisotropy is tied to the periodicity of
resonant scatterers, which are centers of molecular excitation/de-excitation (depolarization)
processes filtered by relative alignment of X-ray polarization and transition dipole
moments.?2%239.240 For example, the 2D scattering profiles shown on the left side of Figure 57
show scattering from polarized 285.25 eV X-rays, which correspond to the C 1s — m'c=c
transition dipole moment of an undoped P3HT blend film. Both detector images were captured
for the same sample (undoped 37% crystalline P3HT) in the same position and orientation,
changing only the direction of X-ray polarization. The fact that high-q scattering follows the
X-ray electric field polarization indicates that the scattering anisotropy is due to orientational
correlations. For fibrillar P3HT, this orientational correlation length has to do with the
periodic distance between aligned fibrils, a connection that follows from the normal of the
P3HT thiophene plane being parallel to the fibril long axis.?3*?** As such, we observe
anisotropic scattering length scales that reflect periodic distances between aligned fibrils,

between 0.01 to 0.1 A for P3HT.24
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Figure 57. Experimental scattering anisotropy of P3HT

X-ray detector images from a 37% crystalline P3HT blend film using 285.25 eV X-rays,
changing only X-ray polarization between 0° (top) and 90° (bottom). Integrated scattering
intensity (within a 45° wedge) parallel and perpendicular to the X-ray polarization,
showing inversions of scattering anisotropy at 285.25 eV (b) and 287 eV (c). These energies
are correlated with the C 1s — 7 c=cand C 1s — o c—s transition energies as indicated in
the isotropic P3HT NEXAFS in (d). Mapping the anisotropy (e) across energies and q
clearly correlates the scattering anisotropy with the transition dipole moments of these

transitions.

The sensitivity of scattering anisotropy to alignment between different transition
dipole moments and X-ray polarization is made clear when comparing the scattering at
different resonant energies that correspond to orthogonal transition dipole moments. For
example, the C 1s — ¢ c-s transition is predominantly in the plane of a thiophene ring as

opposed to the out-of-plane C 1s — 7" c=c transition.?*%242 As such, the direction of scattering
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anisotropy compared at 285.25 eV and 287 eV are inverted, with C 1s — ¢ c-s transition
resonant at 287 eV (see integrated scattering intensity profiles in Figure 57). The periodic
length scale between aligned transition dipole moments is related to the scattering vector q.
To quantify scattering anisotropy across energies, E, and ¢, we use the definition of scattering

anisotropy in Equation 20.22%239.241

_h@@E)-1.(qE)
Ill(q'E) + IJ.(q'E)

A(q,E) Equation 20

In Equation 20, A(q, E) is the scattering anisotropy, Iy is the integrated scattering
intensity about a 45° wedge centered along the X-ray polarization direction, and I. is the
integrated scattering intensity about a 45° wedge centered 90° from the X-ray polarization
direction. As such, A(g, E) quantifies oriented scattering, capturing features of the length
scales of the morphology (inherited from X-ray scattering) and molecular orientation
(imparted by polarization of the incident X-ray electric field). We later show both
experimentally and from simulation, that A(q, E) in doped films is related to the counterions

and their orientation, allowing us to discern dopant distribution from hypothesized models.

4.4.4 Orientational Self-Contrast Between Fibrillar Crystals

Scattering anisotropy, by itself, is a difficult metric to interpret, as it combines
information about electronic transitions within the material, spatial correlations, and
orientation of transition dipole moments relative to the X-ray polarization. To interpret the

sources of scattering anisotropy and later model them, it is helpful to analyze the total
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scattering intensity as a function of energy and test this against predicted scattering contrast
from different X-ray absorbance spectra. This analysis allows us to distinguish which sources
of scattering contribute most. The total scattering intensity as a function of incident X-ray

energy, Q(E), defined in Equation 21.

oo

Q(E) = f 1(q, E)q? dq o | Angs (E) 2 Equation 21
0

In Equation 21, Q(E) is the energy-dependent Porod invariant [approximated with the total
scattering intensity (TSI) in Figure 58] and |4nag(E)|* = (Ja — J&)* + (Ba — B&)?, With iand i
being the real and imaginary components of the complex refractive indices. Q(E) can be
interpreted as the Lorentz-corrected scattering across all g and thus represents the total
population of scatterers as a function of incident X-ray energy. In hard X-ray scattering, Q(E)
arises from differences in electron density between different phases/components. Within
PRS0XS, a chemically homogeneous sample with anisotropic refractive indices can be treated
similarly with each orientation (possessing orientation-dependent X-ray absorbance spectra)
treated essentially as a different phase. We note that the determination of Q(E) assumes only
scattered coherent X-rays and thus accurate measurements of Q(E) require filtering of
incoherent X-rays. To accomplish this, we fit a power-law scattering form factor at high q and

subtracted the constant offset to remove signals of isotropic fluorescence.?*

126



* * L *
Tecec OcsOch 0 cc
T

Experimental

ol == ) I
1x10 N
Lo} Simulation .
5% 103+ Isotropic
><: — Vacuum
0x10°

— | :Isotropic
1 :Isotropic
] — |:L

— || :-Vacuum

1 — 1:Vacuum
— lsotropic:Vacuum

Normalized Binary Contrast

280 282 285 288 200 292 295
Energy (eV)

Figure 58. Comparisons between observed and possible sources of p-RSoXS

scattering contrast.

(a) Experimentally extrapolated (top) and directly simulated (bottom) NEXAFS of P3HT,
with X-ray electric fields parallel, perpendicular, or isotropic relative to the C 1s — 7 c=c
transition dipole moment. Trends show strong agreement, particularly below 288 eV, where
the dominant source of scattering contrast appears. (b) Comparison of the observed total
scattering intensity and potential sources of binary scattering contrasts for both

experimentally extrapolated and simulated P3HT NEXAFS.

In Figure 58, we compare the observed total scattering intensity (TSI), an
approximation of Q(E), with experimentally extrapolated and simulated P3HT NEXAFS,

showing that the energies with the most scattering correspond to the C 1s — m c=c followed
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by the C 1s — o c-s transition and that the source of this scattering is orientational self-
contrast.?’® To aid interpretation, the energy axis is aligned between experimentally
extrapolated and simulated NEXAFS (above) and various binary scattering contrasts (below).
This approach enables hypothesis testing of the most likely sources of scattering contrast and
provides a key for determining which transition dipole moments are significant. Here, we
utilize the uniaxial optical tensor approximation with the normal to the thiophene plane
(corresponding to the C 1s — m'c=c transition dipole moment) defined as parallel (|) and
remaining two orthogonal directions are averaged and denoted as perpendicular (L1). The

isotropic NEXAFS is the weighted average of the parallel and perpendicular NEXAFS.

We observe a high degree of contrast in X-ray absorbance as the X-ray polarization
varies from parallel to perpendicular. The antibonding orbitals labeled above the plot in Figure
58 were assigned based on simulation [see Figure 75 — Figure 78 (Appendix)] and are in
agreement with previous assignments for P3HT 239242244245 \We compare both experimentally
extrapolated NEXAFS and directly simulated NEXAFS, highlighting that each approach
captures different aspects of the observed PRS0XS. While the m"c=c features are similar
between experimental and simulated NEXAFS, there are notable deviations at higher
energies. The simulated NEXAFS show that the C 1s — ¢ c-s transition dipole moment is
dominant at 287 eV, in agreement with the inversion of scattering anisotropy seen in Figure
57. We note that the simulated NEXAFS is not accurate past 288 eV, where ¢ c.xand ¢ c-c

features dominate.
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From the TSI shown in Figure 58, we observe minimal scattering contrast past 288 eV
which indicates (1) that the alkyl P3HT side chain is, on average, isotropic such that there is
little orientational contrast due to transition dipole moments originating from C-H and C-C
bonding and (2) that vacuum contrast is insignificant. The experimentally extrapolated
NEXAFS predicts this isotropic side-chain conformation and is apparent when considering
the possible binary contrasts shown directly below the observed TSI. In contrast, the binary
contrasts from the simulated NEXAFS (3" set of traces below TSI) presume that the alkyl
side chains are ordered and outstretched and thus exhibit strong anisotropy—a feature of the
simulated ordered P3HT unit cell. Next, we note minimal scattering contrast past the primary
absorption edge, a feature which indicates minimal vacuum contrast/surface roughness as
compared to bulk scattering. Vacuum, when treated as a material with no absorbance, gives
way to binary contrast that is the ni?and thus should give a step edge past the absorption onset
when vacuum contrast is significant. Thus, as a first approximation, we neglect scattering
from surface roughness in our simulations. Lastly, we use the experimentally extrapolated
NEXAFS for PRSoXS simulations discussed later, noting limitations here in the accuracy of

predicting scattering anisotropy near 287 eV.

4.4.5 Experimental Scattering Anisotropy Varies with Crystallinity and

Dopant Identity

Studies of scattering anisotropy in undoped conjugated polymers have led to a robust
understanding that orientational correlations between aligned domains contribute to
anisotropic scattering within PRS0XS. For example, previous studies involving blends of

P3HT with relatively isotropic PCBM, a fullerene derivative prevalent in organic
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photovoltaics, have demonstrated that scattering anisotropy necessitates molecular alignment
correlated with domain boundaries to produce anisotropic scattering patterns.?*® For many
semicrystalline conjugated polymers, the source of scattering anisotropy is attributed to the C
1s — m'c=c transition dipole, which disrupts isotropic symmetry at the molecular level along
the direction normal to the conjugated plane of the polymer backbone.?#124":248 This has
facilitated the differentiation between various types of fibrillar crystallites, where the
alignment between the fibril long axis and the C 1s — 7 c=c transition dipole moment may
vary.?*! Furthermore, the cited studies emphasize that within a chemically homogeneous
system, e.g., undoped P3HT, a variance in density between ordered and disordered phases can

lead to distinct domains of varying optical density necessary for scattering anisotropy.

Analysis of PRSoXS data from undoped P3HT films reveals a clear trend: as the
degree of crystallinity increases, so does the magnitude of scattering anisotropy up to the C
1s — o cs transition at 287 eV, as illustrated in Figure 59. This observation is in line with
predictions of previously established models: that increasing crystallinity leads to a greater
number of orientationally correlated crystalline domains, culminating in a more pronounced
scattering anisotropy.?923 This is exemplified by both increased negative scattering
anisotropy at the C 1s — ¢ c-s transition (287 eV), and greater positive scattering anisotropy
at the C 1s — m c=c transition (285.25 eV) which highlights the orthogonality of the two
transition dipole moments. The specific value of g at which this anisotropy emerges is affected
by the proportion of RRe P3HT in the blend; a higher proportion leads to smaller amorphous
regions between the crystallites, which, in turn, shifts the scattering anisotropy to higher q

values. This pattern is consistent with what we observe in both samples of greater crystallinity
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and annealed samples [Figure 93 (Appendix)].? Figure 59 shows scattering anisotropy data
for only our least and most crystalline samples; however, a full set of scattering anisotropy

data for all blend compositions are available [Figure 94 (Appendix)].
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Figure 59. (a) Experimental scattering anisotropy across crystallinity and

dopant counterion identity.

Trends in scattering anisotropy across energies and g as a function of blend
compositions and doping. (b) Anisotropy as a function of blend composition at
285.25 eV (top), and 287 eV (bottom), corresponding to the C 1s — 7 c=c and

C Is — o c_s transitions, respectively.

In films doped with F4aTCNQ™ counterions, the scattering anisotropy below 283 eV is
significantly enhanced across all levels of sample crystallinity, consistent with similar levels
of FATCNQ™ uptake measured across all blends. This enhancement is attributed primarily to
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F4sTCNQ™ having greater X-ray optical absorbance; its incorporation makes the samples more
optically dense, presumably where F4sTCNQ™ is most concentrated. At the N and F K edges,
scattering anisotropy at the same length scale is observed for FsTCNQ-doped samples,
indicating that F4sTCNQ™ counterions are likely structurally aligned relative to P3HT
crystallites [Figure 95 and Figure 96 (Appendix)]. In contrast, when TFSI" is the counterion,
minimal changes in the magnitude of the scattering anisotropy are observed. TFSI™ lacks a
carbon-based z system, in contrast to planar FsTCNQ™, and has a more ellipsoidal geometry,
resulting in relatively isotropic NEXAFS [simulated TFSI- NEXAFS are shown in Figure 81
and Figure 90 (Appendix)]. This isotropy can be seen from a comparison of scattering
anisotropy for undoped P3HT and TFSI -containing doped P3HT in Figure 59, as well as N
and F K-edge anisotropy maps, where little to no scattering anisotropy is observed [Figure 95
and Figure 96 (Appendix)]. Opposite from the FsTCNQ™ case, TFSI" incorporation leads to
an inversion in scattering anisotropy below 283 eV, a feature correlated with the weaker
absorbance of TFSI relative to P3HT, such that the addition of TFSI acts to lower the X-ray
optical density where it is distributed. We also note that TFSI" was introduced using an ion-
exchange process from films initially doped with F4sTCNQ and we may expect only small
changes in the overall nanostructure of P3HT, making the comparison of the two cases more

robust.

From our NEXAFS simulations and observed scattering anisotropy, it is clear that the
relative X-ray absorbance of the dopants affects the resultant changes to scattering anisotropy
due to either a concentration or dilution of X-ray absorbance in the amorphous/crystalline

P3HT domains that these dopants occupy. Much of the inherent scattering anisotropy in
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undoped P3HT comes from differences in density between crystalline and amorphous
regions.?*' We hypothesized that selective distributions of dopants to either only crystallites
or amorphous regions would result in distinct changes to scattering anisotropy requiring

simulation to uncover the origin of these experimental observations.

4.4.6 Modelling Dopants in Semicrystalline Polymers

To aid in interpreting doping-induced changes to experimental scattering anisotropy maps,
we developed a methodology using a digital twin of our model system for PRSoXS
simulations. For this process, we employ the voxel-defined morphology framework of the

NIST RS0XS Simulation Suite (NRSS) in the four-step workflow as outlined in Figure 60.2%

1. Generate orientations 2. Add fibrils 3. Simulate NEXAFS 4. Simulate RSoXS
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Figure 60. RSoXS simulation process involving a multi-step workflow.

First, the generation of orientation fields seeds the simulation space for fibril orientation.
Secondly, Poisson disk sampling facilitates the random distribution of fibrils with
prescribed minimum distances, inheriting orientation during placement. Fibrils grow
lengthwise until reaching another fibril or the predefined maximum length. The final

morphology distinguishes between fibrillar (crystalline P3HT) and amorphous phases.
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Third, the calculated X-ray refractive indices were applied to different phases, and the
combined morphology and refractive indices finally enable the simulation of RSoXS

patterns.

We initiated the simulation by defining a box and voxel pitch that represent the PRS0XS
experimental length scales, specifically within a g-range of 0.01 to 0.1 A * corresponding to
periodicities from 63 to 6.3 nm. Orientation fields were employed to seed fibrils and ensure
in-plane isotropy (random ) and orientation with respect to the substrate normal () as
inferred from GIWAXS data. The orientation fields were generated using a power spectral
density and normalized with a cumulative distribution function. Figure 74 (Appendix)
demonstrates the simulated scattering anisotropy versus edge-on character, highlighting minor
variances between the least and most edge-on aligned samples and minimal changes to edge-
on character upon doping. Thus, the average orientation distribution across all samples was
used to isolate the effect of dopant distribution and identity. Within the defined simulation
box, voxelized fibrils were introduced sequentially. These fibrils possess a Gaussian
distribution of diameters (15 = 3 nm) and an initial length of 200 nm, growing lengthwise until
they either achieve a maximum length of 400 nm or encounter another fibril. Voxels within
the fibrillar areas are classified as crystalline, with their C 1s — z'c=c transition dipole
moments aligned along the fibril length.?*® The surrounding matrix is identified as amorphous
with 10% less density than crystalline P3HT and exhibits isotropically-averaged P3HT optical
properties.?** A Gaussian filter with a standard deviation of 3 was employed at the crystalline—

amorphous boundary to define interfacial volume fraction and orientation gradients. Figure
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61 presents a rendered, illustrative example of the simulated morphology, providing a

comparison with fibril texture measured by AFM.

Simulation
Experimental A

Amorphous

Crystalline

x4t

Interfacial

Figure 61. Comparisons between experimentally observed and simulated

P3HT morphology.

(a) Atomic force microscopy phase contrast image showing fibrillar crystallites
of P3HT. (b) Simulated P3HT morphology, directly comparable to the region
highlighted in (a). (c) Zoomed inset of simulated morphology, showing

individual voxels composing crystalline, amorphous, and interfacial domains.

For dopant incorporation, we replaced certain fractions of P3HT volume either
uniformly, within crystallites, or within amorphous regions. The total dopant concentration
was normalized to XPS measurements, as discussed above. The orientation of isotropic TFSI
and F4TCNQ™ is randomized, while aligned F4sTCNQ™ shares orientation with P3HT (parallel
C 1s — 7' c=c transition dipole moments). We also consider perpendicularly oriented
F4sTCNQ™ with an offset of +90° for y. The results for different combinations of dopant

distribution and orientation are discussed later.
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4.4.7 Simulation-Aided Interpretation of Scattering Anisotropy

To better understand the dopant-induced changes to the scattering anisotropy of the
P3HT blends, we adopted the direct simulation approach outlined above. Specifically, our
models simulate scattering anisotropy resulting from three distinct scenarios for the dopant
distribution, as illustrated in Figure 54: a uniform distribution across the polymer, localization
within crystallites, and localization within amorphous regions. In each scenario, we
maintained a consistent doping level, ensuring that the total dopant concentration remains
equivalent across all distributions by proportionately replacing the material in a specified
phase (crystalline, amorphous, or uniform) with dopant. We first examine the case of TFSI
to probe the effect of dopant distribution alone, given its relatively isotropic X-ray optical
constants at the C K edge [Figure 90 (Appendix)]. Subsequently, we explore the effect of
dopant orientation with three distinct relative alignments of the C 1s — 7 c=c transition dipole
moments between P3HT and F4sTCNQ™: unaligned, parallel, and perpendicular. It is important
to note that these orientations are defined with respect to the crystalline P3HT, ensuring that
the orientation of FsTCNQ is consistently measured against the P3HT C 1s — 7 c=c transition
dipole moments. We find that at the F4sTCNQ concentrations observed (< 2.5 mol%
F4sTCNQ/FsTCNQ™ relative to P3HT repeat units), scattering anisotropy at the C K edge does
not sufficiently distinguish between the three cases for the orientation. Lastly, we
acknowledge that the model's accuracy in predicting scattering anisotropy is limited to the
three specific dopant distributions and orientations explored and does not encompass all
possible configurations. Additionally, the P3HT refractive indices used do not reflect

inversion of scattering anisotropy at 287 eV, and simulated fibrils based on random orientation
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fields do not perfectly capture orientational correlation lengths. Despite these limitations, our

simulations distinctly delineate the effects of various dopant distributions.
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Figure 62. Comparison of experimental and simulated scattering anisotropy in 37%

crystalline P3HT films.

Simulated scattering anisotropy corresponds undoped P3HT (top), anti-aligned FsTCNQ™
counterions localized within crystallites (center), and uniformly distributed, randomly

oriented TFSI" counterions (bottom).

In Figure 62, we show the most consistent models (based on approximately 37%
crystalline simulated morphologies) compared to experimentally observed scattering
anisotropy for 37% crystalline P3HT containing FATCNQ™ and TFSI" counterions. Our initial
focus examines the changes to scattering anisotropy arising from varying dopant distributions.
For TFSI", which exhibits relatively isotropic X-ray optical properties, the primary effect of

differing distributions—whether uniform across the polymer, localized within crystallites, or
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localized within amorphous regions—is a modulation of the effective optical density in these
areas. Differences in density contrast between crystalline and amorphous P3HT have
previously been assigned to account for scattering anisotropy.?** Given that TFSI- exhibits
roughly half the absorbance of P3HT at the C K-edge [see Figure 82 and Figure 90 for P3HT
and TFSI refractive indices, respectively (Appendix)], the replacement of P3HT with TFSI-
within the voxels of our model effectively diminishes the optical density at sites of TFSI
localization. Uniform doping negligibly impacts scattering anisotropy, which is still
dominated by P3HT itself, correlating well with the experimental observations shown in
Figure 59. Localized TFSI” within amorphous domains leads to pronounced positive scattering
anisotropy below 283 eV; in contrast, TFSI" confined to crystallites results in negative
scattering anisotropy at sub-283 eV energies [Figure 97 (Appendix)]. In the case of isotropic,
randomly oriented FsTCNQ™, which exhibits an absorption approximately 4x that of P3HT,
a reversed trend is observed: positive scattering anisotropy below 283 eV when localized
within crystallites, and an inversion when FsTCNQ™ is within amorphous regions. These
observed variations in scattering anisotropy for isotropic dopants highlight that the direction
and magnitude of scattering anisotropy can distinctly differentiate between dopant

distributions due to the influence of changing optical densities in different phases.

The X-ray refractive indices can vary with different orientations of molecular units
within a solid film because of the orientation of their transition dipoles. Because of this,
various orientations of the same material act as if they were separate material phases, i.e.,
orientational self-contrast. As a dopant that resides predominantly within crystallites, we

explore the possibility that the planar structure of F4aTCNQ™ may lead to specific orientation
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within the P3HT crystallites. We specifically examine scenarios involving FAsTCNQ™ in
unoriented, parallel, and perpendicular configurations (refer to Figure 63 for visualization).
Our C K-edge simulations indicate that the scattering anisotropy patterns of these orientations
are not sufficiently distinct to determine the dopant orientation within a crystallite. This
suggests that at the C K edge, scattering anisotropy is predominantly influenced by variations
in optical density rather than the orientation of the dopant. However, at the N and F K edges—
where P3HT does not absorb, making the dopant's contribution more pronounced—we
observe clearer evidence of dopant orientation. Particularly at the N K edge, both experimental
and simulated data of perpendicular configurations reveal a transition from positive to
negative scattering anisotropy around 401 eV, indicative of a predominant perpendicular
orientation of F4sTCNQ"™ within crystallites, as illustrated in Figure 63b. Similar patterns are
observed at the F K edge, corroborating the significance of dopant orientation. Additionally,
we note that across varying blend compositions, the scattering anisotropy exhibits a consistent
structure (see Figure 94 — Figure 96). Minor shifts in the location of the scattering anisotropy

maxima and intensity fluctuations scale with crystallinity, as discussed above.
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Figure 63. Comparison of experimental and simulated scattering anisotropy in 37%

crystalline P3HT films with varying FaTCNQ™ orientations relative to P3HT.

(a) Experimental scattering anisotropy maps at the C, N, F K edges shown next to
simulated scattering anisotropy maps for unaligned, parallel, and perpendicular
F4sTCNQ™ relative to P3HT. (b) Schematic representations of the relative alignments of

F4sTCNQ™ to P3HT within a crystallite; not intended to depict exact crystal structures.

In conclusion, our findings illustrate that for P3HT and the dopants considered here, the
orientational self-contrast is less significant than the effect of changing optical density at the
C K-edge X-rays, which presents a challenge in resolving both aspects using a single X-ray
edge. However, by focusing on the unique orientational self-contrast at the N and F K edges,
which are distinct to F4aTCNQ in this experimental system, we successfully isolated and
discerned dopant orientation. This insight not only advances our comprehension of scattering
anisotropy but also underscores the intricate interplay among dopant distribution, orientation,

and the resultant X-ray optical properties in doped conjugated polymer systems.
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4.5 Conclusions

To understand the distribution of dopant counterions within the crystalline and amorphous
phases of P3HT, we developed a range of P3HT blends, adjusting crystallinity and
incorporating distinct dopant counterions: isotropic TFSI™ and planar, conjugated FsTCNQ™.
Our investigation utilized Polarized Resonant Soft X-Ray Scattering (PRS0XS), a technique
that merges X-ray absorbance spectroscopy with X-ray scattering, making it well-suited for
probing the structural, compositional, and orientational distributions in doped P3HT blends.
To isolate the effect of dopant identity and distribution, we complemented PRS0XS with
Atomic Force Microscopy (AFM) for morphological insight, UV-visible spectroscopy (UV-
vis) to assess aggregation, X-Ray Photoelectron Spectroscopy (XPS) for dopant
concentrations, and Grazing Wide-Angle X-ray Scattering (GIWAXS) for P3HT out-of-plane
orientation. Our findings reveal that the inherent scattering anisotropy of P3HT, primarily
driven by density variations between crystalline and amorphous regions, can be modulated by
dopant distribution. Specifically, TFSI-, with its lower absorbance at the C K edge, uniformly
distributes across P3HT without significantly affecting its anisotropy. Conversely, FaTCNQ
increases scattering anisotropy through its incorporation within crystallites. By leveraging the
anisotropic refractive indices of F4sTCNQ at the N and F K edges, we confirmed its conjugated
planes are oriented perpendicularly to that of P3HT. Importantly, we outline a workflow for
creating morphological models and integrating orientation-dependent refractive indices into
PRS0oXS simulations, crucial for understanding the complex effects of orientation,
composition, and structure. This methodology not only highlights the unique sensitivity of
PRS0XS but potentially paves the way for future workflows to capitalize on its unique insights

to develop structure-property relationships across soft matter systems.
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4.6 Appendix

4.6.1 Materials and Methods

4.6.1.1 Materials and Processing Conditions

We use low molecular weight regioregular (RRe) P3HT (4.5 kDa, PDI = 1.6), high
molecular weight RRe P3HT (23 kDa, PDI = 1.8), and regiorandom (RRa) P3HT (16.3 kDa,
PDI = 2.5), which were dissolved in an equal-volume mixture of chlorobenzene and
dichlorobenzene. P3HT solutions of varying blend composition were drop cast onto substrates
to form 700 nm — 1,000 nm thick films. P3HT films are doped in an inert nitrogen glovebox
atmosphere, enclosing the film and c.a. 3 mg of FATCNQ crystals within a jar in the orientation
depicted in Figure 56.1%2 The jar was heated to 200 °C for 45 minutes, allowing for sublimation
of F4TCNQ to oxidize the P3HT film. TFSI-containing samples are further anion exchanged
in a concentrated LiTFSI solution (3 wt% in acetonitrile) for 120 minutes at 60 °C. Table 3
summarizes the varying P3HT blend compositions utilized in this study, resultant levels of

aggregation, and dopant counterion concentrations measured.

4.6.1.2 UV-Vis Absorbance Spectroscopy

All UV-vis spectra were acquired using an Agilent Technologies Cary 60 UV-vis
spectrometer. Samples were drop cast from solution onto quartz substrates to form optically
transparent films. Spectra for P3HT films of varying composition were fit to the Spano model

via a custom Python script to quantify aggregate mole fractions,236:249.250
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4.6.1.3 X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) measurements were performed using an
Escalab Xi+ Spectrometer from ThermoFisher Scientific. The spectrometer operated under a
high vacuum condition of 107® Torr and utilized a monochromatic aluminum Ka X-ray source.
To stabilize charge during the measurements, we used a dual ion-electron low-energy flood
source. For acquiring survey spectra, we set the pass energy to 100 eV and conducted five
scans at intervals of 0.25 eV, each with a dwell time of 50 ms. Depth profiling was done using
an ion gun with a 1,000-atom Ar* cluster and an ion energy of 6,000 eV. lon sputtering covered
a square region measuring 1.5 x 1.5 mm? Within this area, we collected photoexcited

electrons from the inner 400 x 400 um? region to selectively isolate signal from crater centers.

4.6.1.4 Grazing Incidence Wide Angle X-Ray Scattering

Grazing incidence wide angle X-ray scattering (GIWAXS) was performed at
experimental station 11-3 at the Stanford Synchrotron Radiation Lightsource using an X-ray
energy of 12.7 keV. Angle-resolved GIWAXS scans were acquired with 120 second
exposures at grazing incidence angles of 0.05° 0.10°, and 0.13°. 2D detector images were
remapped to g-space using Nika and the WAXSTools Igor packages.?! Partial pole figure
analysis was done using a custom  open-source  python  package
(https://github.com/phonghnguyen/GIWAXS_Tools). See Figure 70 — Figure 74 (Appendix)
for more details of the analysis and representative partial pole figures used for model

morphology development.
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4.6.1.5 Resonant Diffraction

Resonant soft X-ray scattering experiments were performed at the Spectroscopy Soft
and Tender (SST-1) beamline funded and operated by the National Institute of Standards and
Technology (NIST) at the National Synchrotron Light Source 11 (NSLS-11).2°2 Data reduction
was performed using PyHyperScattering (https://github.com/usnistgov/PyHyperScattering),
an open source package for hyperspectral scattering reduction and analysis.?®® Thin film
samples on transparent silicon nitride windows were mounted normal to the incident X-ray

beam with samples measured in transmission mode under high vacuum conditions.

4.6.1.6 NEXAFS Simulations

Near edge X-ray Absorption Fine Structure (NEXAFS) simulations were carried out
using the PWscf and XSpectra software packages of the Quantum ESPRESSO distribution.?>*
2% The NEXAFS simulation process consists of (1) sourcing equilibrated or equilibrating
atomic coordinates for a given molecule,?° (2) obtaining the electronic structure for each core-
hole configuration of the molecule, and (3) calculating the polarization-dependent X-ray
absorbance spectra for each core-hole configuration. The configuration-specific spectra are
offset by their relative total energies. The sum of spectra for each polarization direction are
experimentally offset to tabulated absorption onsets (e.g., the C 1s — 7 c=c peak measured at
285.25 eV) to obtain oriented NEXAFS. The NEXAFS are normalized to the bare atom
scattering factors to obtain the imaginary component of the refractive indices, fi, which can

be solved for the real portion, ¢, using the Kramers-Kronig relations.?60-261
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To calculate P3HT NEXAFS, atomic coordinates for unit cells of low-energy
crystalline polymorphs of P3HT were sourced from literature.'%%2>° We adopt the approach of
using a supercell consisting of 3-hexylthiophene 8-mer with periodic boundary conditions to
represent a single polymer chain.8%2%° This is consistent with prior work demonstrating that
6 repeat units is sufficient to isolate adjacent core-hole excitons.?> Our tests also confirmed
that z-stacking effects are minimal and that k-point sampling density variations produce
negligible spectral changes (Figure 75 — Figure 78). This further confirms that the chosen

supercell is sufficient to capture key attributes of the simulated NEXAFS.

For the simulations involving dopant counterions, atomic coordinates were
geometrically optimized through a relaxation calculation in Quantum ESPRESSO. A single
dopant molecule within a sufficiently large cubic lattice was used to ensure the isolation of
core-hole exciton effects. The optimization process employed the generalized gradient
approximation (GGA), following the Perdew-Burke-Ernzerhof (PBE) scheme, and utilized a
plane-wave cutoff energy of 30 Ry. Corroborative X-ray absorbance spectra and comparisons

with experimental results are provided in the Appendix (Figure 82 — Figure 92).

4.6.1.7 PRS0oXS Simulations

PRS0XS simulations were carried out using the NIST RSoXS Simulation Suite
(NRSS) which incorporates tools to validate input models and CyRSoXS, a virtual beamline
instrument.?®!  Simulated morphologies were generated using a custom software

(https://github.com/devoncallan/DopantModeling).
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4.6.8 Summary of P3HT Blend Composition, Crystallinity, and Dopant

Counterion Concentration

Table 3. Summary of P3HT blend composition, crystallinity, and dopant/dopant

counterion mol fractions.

Composition Crystalline F4sTCNQ/ TFSI-
Blend

(5 kDa/23 Mole F4sTCNQ™ Mole

. kDa/RRa) Fraction Mole Fraction Fraction
A 20/5/75 0.17 0.022 0.019
B 40/5/55 0.22 0.011 0.053
C 50/5/45 0.27 0.011 0.049
D 70/0/30 0.29 0.018 0.067
E 100/0/0 0.37 0.011 0.096
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4.6.9 Atomic Force Microscopy of Least and Most Crystalline P3HT Blend

Blend A Blend E

Phase

20 x 20 pm?

91 nm

2.5 x 2.5 ym?

-3 8858338

Figure 64. Atomic force micrographs of least crystalline and most crystalline P3HT

blend films demonstrating similar fibril dimensions.
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4.6.10 X-Ray Photoelectron Spectroscopy Depth Profiling of Doped P3HT

Films
(a)
Etch Level =
7}
S 1 s
P3HT { .................. 2 =
. 3

Figure 65. XPS Depth Profile of LiTFSI Exchanged, 100% Regioregular P3HT Film

(a) Schematic P3HT film on SiO» substrate showing relative etch level locations
corresponding to survey spectra in (b). The mid-P3HT survey spectra (at etch level 1) and
the locations of various core-orbitals in the spectra are highlighted in (b). Dopant
concentrations reported in the main text (Figure 56) correspond to the concentrations
measured at etch level 1, past the surface and before the substrate. The lack of significant
Li signal suggests negligible incorporation of neutral LiTFSI during the anion exchange

process depicted in Figure 56.
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Figure 66. Quantified XPS Depth Profile of FATCNQ Vapor Doped P3HT

(a) Ratio of quantified nitrogen (N) to fluorine (F) in a F4aTCNQ vapor doped P3HT film
as a function of etch depth. N and F are atomically unique to dopant/counterion species
with a stoichiometric N to F ratio of 1/6 for TFSI" and 1 for FAaTCNQ/F4TCNQ™. F4sTCNQ
vapor doped P3HT shows consistent N to F ratios for Fa TCNQ/F4sTCNQ™ throughout the
film depth. (b), (c), (d) Normalized F 1s, C 1s, and Si 2p count as a function of etch depth.
The depth at which C 1s counts decreases past 1/e and Si 2p increases past 1/e indicates
that the thickness of the film. The uniformity before reaching the SiO; substrate indicates

uniform doping of P3HT through the film depth.
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Figure 67. Quantified XPS Depth Profile of Doped, TFSI- Anion Exchanged P3HT

(a) Ratio of quantified nitrogen (N) to fluorine (F) in a doped, TFSI~ anion exchanged

P3HT film as a function of etch depth. N and F are atomically unique to dopant/counterion
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species with a stoichiometric N to F ratio of 1/6 for TFSI" and 1 for FsTCNQ/F4sTCNQ™.
Doped, TFSI™ anion exchanged P3HT shows consistent N to F ratios for TFSI™ throughout
the film depth. (b), (c), (d) Normalized F 1s, C 1s, and Si 2p count as a function of etch
depth. The depth at which C 1s counts decreases past 1/e and Si 2p increases past 1/e
indicates that the thickness of the film. The uniformity before reaching the SiO> substrate

indicates uniform exchange of FaTCNQ™ for TFSI".
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4.6.11 Atomic Force Microscopy of FATCNQ Vapor-Doped and TFSI- Anion

Exchanged Films

F,TCNQ Vapor TFSI- Anion Exchanged

64.2 deg
60.0

55.0
50.0
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40.0
35.0
30.0
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70.0

65.0
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206

Figure 68. FaTCNQ Vapor Doped P3HT and TFSI- Anion Exchanged Film Surface

Texture from AFM Phase Contrast Images.

Atomic force micrographs of most crystalline P3HT blend films following FsTCNQ vapor
doping (left) and anion exchange in LiTFSI solution (right), showing a substantial change in
film texture, with reduced fibril texture upon FsTCNQ vapor doping and return of fibril texture

following TFSI™ anion exchange.
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4.6.12 XPS Survey Spectra of FATCNQ Surface Layer on P3HT

(a)  FICNQ  P3HT B) [ ciace ]
% 2:{ 6 Sk Mid-film
/e/ :\ \F(_Z’CI;HW 3 | (20 eV offset) C 1s i
NYF F N o
Etch Level >
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P3HT " """"""""""""""" 2 £ F1s e 1
R — Si 25
SiO, x} ----------------- I 2 ]

800 600 400 200
Binding Energy (eV)
Figure 69. XPS Survey Spectra at F4sTCNQ Vapor-Doped Film Top Surface and Mid-

Depth, Showing Excess FATCNQ at Sample Surface.

Comparison of XPS survey spectra at film top surface and approximate midPoint for a FaTCNQ
vapor doped P3HT film. A horizontal offset of 20 eV for the film midPoint spectra allows for
direct comparison of the F 1s and C 1s peaks. While film surfaces usually contain additional
carbon contamination, the surface profile shows increased F 1s to C 1s signal relative to the

mid-film survey spectra, indicating a significant enrichment of F4aTCNQ at the film top surface.
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4.6.13 Fibril Orientations from Grazing Incidence Wide Angle X-Ray

Scattering (GIWAXS)

2.0

Azimuth, y

Figure 70. 2D scattering pattern of P3HT under grazing incidence geometry.

The (100), (200), and (300) scattering peaks correspond to lamellar stacking in the out-of-
plane direction (qz). The (020) scattering peak corresponds to m-stacking in the in-plane
direction (Qxy). The azimuthal angle, y, is the angle from the g, towards the Qxy axis. The
population-corrected scattering intensity is used to measure the distribution of w-stack (i.e.,

fibril long axis) orientations.
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Figure 71. Shallow Angle GIWAXS Orientation Distributions

Partial pole of the P3HT (020) peak as a function of azimuthal angle, y, for undoped,
F4TCNQ-vapor doped, and TFSI™ anion exchanged P3HT blends at a grazing incidence
angle of 0.05°. At the shallow angle (0.05°), the X-ray penetration depth is limited to the

top few nanometers and reflects P3HT fibril orientation at the film top surface.
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Figure 72. Critical Angle GIWAXS Orientation Distributions

Partial pole of the P3HT (020) peak as a function of azimuthal angle, y, for undoped,
F4TCNQ-vapor doped, and TFSI™ anion exchanged P3HT blends at a grazing incidence
angle of 0.10°. At the shallow grazing incidence angle of 0.10°, the X-ray scattering reflects

the depth-weighted contributions of aggregates up to the X-ray attenuation depth of 60 nm.
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Figure 73. Deep Angle GIWAXS Orientation Distributions

Partial pole of the P3HT (020) peak as a function of azimuthal angle, y, for undoped,
F4TCNQ-vapor doped, and TFSI™ anion exchanged P3HT blends at a grazing incidence
angle of 0.13°. At the shallow grazing incidence angle of 0.13°, the X-ray scattering reflects
the depth-weighted contributions of aggregates up to the X-ray attenuation throughout the

film depth.
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Figure 74. Effect of # Orientation Distribution

Effect of 6 orientation distributions on simulated P3HT C K edge p-RS0XS scattering
anisotropy. 0 represents the angle between the substrate normal and the P3HT fibril long
axis/thiophene plane normal. O orientation distributions represent partial pole figures
measured by GIWAXS at the grazing critical angle of 0.1° for P3HT, where scattering
intensity is highest.?%2 The effect of varying 0 between samples containing the least and most
RRe P3HT is minimal, with a small increase in scattering anisotropy for the least oriented
distribution and a shift to higher q for the most oriented distribution. All other simulated p-

RSo0XS shown in this Appendix and main text use an average orientation distribution.
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4.6.14 Simulated Near edge X-ray Absorbance Fine Spectra

X-Polarization
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Figure 75. a-Stacked P3HT Crystallite, I' Point Sampling Only C K edge NEXAFS.
Simulated P3HT C K edge NEXAFS using literature-reported P3HT structure.*8%2% Sulfur,
carbon, and hydrogen atoms are represented by yellow, gray, and white atoms, respectively.
Red, green, and blue carbon atoms are color-matched to the individual spectra of the
simulated NEXAFS (center) with the overall spectra in black. The bare-atom normalized

absorbance (P) and reflectance (9, obtained from the Kramers-Kronig relations) are shown
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on the right. The supercell (left) assumes 4 m-stacked, 8-mers of P3HT and translational

symmetry. The X-ray absorbance calculation samples the I Point only.
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Figure 76. z-Stacked P3HT Crystallite, 2 x 2 x 2 k-Point Grid Sampling C K edge

NEXAFS

Simulated P3HT C K edge NEXAFS using literature-reported P3HT structure.%%2% Sulfur,
carbon, and hydrogen atoms are represented by yellow, gray, and white atoms, respectively.
Red, green, and blue carbon atoms are color-matched to the individual spectra of the
simulated NEXAFS (center) with the overall spectra in black. The bare-atom normalized

absorbance (p) and reflectance (9, obtained from the Kramers-Kronig relations) are shown
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on the right. The supercell (left) assumes 4 m-stacked, 8-mers of P3HT and translational
symmetry. The X-ray absorbance calculation samples a 2 x 2 x 2 k-Point Grid centered

about the I'-point.
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Figure 77. Single P3HT Chain, I Point Sampling Only C K edge NEXAFS

Simulated P3HT C K edge NEXAFS using literature-reported P3HT structure.%%2% Sulfur,
carbon, and hydrogen atoms are represented by yellow, gray, and white atoms, respectively.
Red, green, and blue carbon atoms are color-matched to the individual spectra of the
simulated NEXAFS (center) with the overall spectra in black. The bare-atom normalized

absorbance (p) and reflectance (9, obtained from the Kramers-Kronig relations) are shown
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on the right. The supercell (left) assumes a single 8-mer of P3HT and translational

symmetry. The X-ray absorbance calculation samples the I Point only.
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Figure 78. Single P3HT Chain, 2 x 2 x 2 k-Point Grid Sampling C K edge NEXAFS

Simulated P3HT C K edge NEXAFS using literature-reported P3HT structure.%%2% Sulfur,
carbon, and hydrogen atoms are represented by yellow, gray, and white atoms, respectively.
Red, green, and blue carbon atoms are color-matched to the individual spectra of the
simulated NEXAFS (center) with the overall spectra in black. The bare-atom normalized
absorbance (p) and reflectance (9, obtained from the Kramers-Kronig relations) are shown

on the right. The supercell (left) assumes a single 8-mer of P3HT and translational



symmetry. The X-ray absorbance calculation samples a 2 x 2 x 2 k-Point Grid centered

about the I'-point.
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Figure 79. FATCNQ C K Edge NEXAFS

Simulated F4sTCNQ C K edge NEXAFS. Carbon, nitrogen, and fluorine atoms are
represented by gray, blue, and green atoms, respectively. Red, green, blue, and purple
carbon atoms are color-matched to the individual spectra of the simulated NEXAFS (center)
with the overall spectra in black. The bare-atom normalized absorbance () and reflectance

(0, obtained from the Kramers-Kronig relations) are shown on the right. The supercell (left)
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assumes a single molecule in a simple cubic lattice and translational symmetry. The X-ray

absorbance calculation samples the I" Point only.
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Figure 80. FATCNQ" C K Edge NEXAFS

Simulated FsTCNQ™ C K edge NEXAFS. Carbon, nitrogen, and fluorine atoms are
represented by gray, blue, and green atoms, respectively. Red, green, blue, and purple
carbon atoms are color-matched to the individual spectra of the simulated NEXAFS (center)
with the overall spectra in black. The bare-atom normalized absorbance (f5) and reflectance

(0, obtained from the Kramers-Kronig relations) are shown on the right. The supercell (left)
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assumes a single molecule in a simple cubic lattice and translational symmetry. The X-ray

absorbance calculation samples the I" Point only.
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Figure 81. TFSI- C K Edge NEXAFS

Simulated TFSI C K edge NEXAFS. Carbon, nitrogen, fluorine, and sulfur atoms are
represented by gray, blue, green, and yellow atoms, respectively. The red carbon atom is
color-matched to the spectra of the simulated NEXAFS (center). The bare-atom normalized
absorbance (8) and reflectance (6, obtained from the Kramers-Kronig relations) are shown
on the right. The supercell (left) assumes a single molecule in a simple cubic lattice and

translational symmetry. The X-ray absorbance calculation samples the I” Point only.
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4.6.15 Comparisons of Simulated and Experimentally Measured NEXAFS
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Figure 82. P3HT C K Edge NEXAFS Comparisons
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Simulated P3HT C K edge NEXAFS using uniaxial optical tensor approximations

compared to experimentally measured X-ray absorbance and scattering contrast. The

bare-atom normalized absorbance () and reflectance (0, obtained from the Kramers-

Kronig relations) are shown in the upper left and upper center plots, respectively. Parallel

(), perpendicular (), and isotropic spectra follow the convention described in the main

text. The total scattering intensity (TSI) and binary contrasts shown in the lower left plot

are calculated as described in the main text. Z-X, Y-Z, and X-Y projections of the unit cell

are shown in the upper right, lower center, and lower right plots, respectively. Carbon,

sulfur, and hydrogen atoms are shown as gray, yellow, and white respectively with the unit

cell boundary shown as a dashed line. Core-hole excitons are simulated at the highlighted

cyan atoms.
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Figure 83. P3HT S K Edge NEXAFS Comparisons

Simulated P3HT S K edge NEXAFS using uniaxial optical tensor approximations
compared to experimentally measured X-ray absorbance and scattering contrast. The
bare-atom normalized absorbance (p) and reflectance (6, obtained from the Kramers-
Kronig relations) are shown in the upper left and upper center plots, respectively. Parallel
(), perpendicular (), and isotropic spectra follow the convention described in the main
text. The total scattering intensity (TSI) and binary contrasts shown in the lower left plot
are calculated as described in the main text. Z-X, Y-Z, and X-Y projections of the unit cell
are shown in the upper right, lower center, and lower right plots, respectively. Carbon,
sulfur, and hydrogen atoms are shown as gray, yellow, and white respectively with the unit
cell boundary shown as a dashed line. Core-hole excitons are simulated at the highlighted

Ccyan atom.
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Figure 84. FAaTCNQ C K Edge NEXAFS Comparisons

Simulated FsTCNQ C K edge NEXAFS using uniaxial optical tensor approximations
compared to experimentally measured X-ray absorbance and scattering contrast. The
bare-atom normalized absorbance (f5) and reflectance (0, obtained from the Kramers-
Kronig relations) are shown in the upper left and upper center plots, respectively. Parallel
(), perpendicular (1), and isotropic spectra follow the convention described in the main
text. The total scattering intensity (TSI) and binary contrasts shown in the lower left plot
are calculated as described in the main text. Z-X, Y-Z, and X-Y projections of the unit cell
are shown in the upper right, lower center, and lower right plots, respectively. Carbon,
nitrogen, and fluorine atoms are shown as gray, blue, and green respectively with the unit

cell boundary shown as a dashed line. Core-hole excitons are simulated at the highlighted

Ccyan atom.
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Figure 85. FATCNQ N K Edge NEXAFS Comparisons

Simulated FsTCNQ N K edge NEXAFS using uniaxial optical tensor approximations
compared to experimentally measured X-ray absorbance and scattering contrast. The
bare-atom normalized absorbance (f5) and reflectance (0, obtained from the Kramers-
Kronig relations) are shown in the upper left and upper center plots, respectively. Parallel
(), perpendicular (1), and isotropic spectra follow the convention described in the main
text. The total scattering intensity (TSI) and binary contrasts shown in the lower left plot
are calculated as described in the main text. Z-X, Y-Z, and X-Y projections of the unit cell
are shown in the upper right, lower center, and lower right plots, respectively. Carbon,
nitrogen, and fluorine atoms are shown as gray, blue, and green respectively with the unit
cell boundary shown as a dashed line. Core-hole excitons are simulated at the highlighted

cyan atom.
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Figure 86. FATCNQ F K Edge NEXAFS Comparisons

Simulated FsTCNQ F K edge NEXAFS using uniaxial optical tensor approximations
compared to experimentally measured X-ray absorbance and scattering contrast. The
bare-atom normalized absorbance () and reflectance (9, obtained from the Kramers-
Kronig relations) are shown in the upper left and upper center plots, respectively. Parallel
(), perpendicular (£), and isotropic spectra follow the convention described in the main
text. The total scattering intensity (TSI) and binary contrasts shown in the lower left plot
are calculated as described in the main text. Z-X, Y-Z, and X-Y projections of the unit cell
are shown in the upper right, lower center, and lower right plots, respectively. Carbon,
nitrogen, and fluorine atoms are shown as gray, blue, and green respectively with the unit
cell boundary shown as a dashed line. Core-hole excitons are simulated at the highlighted

Ccyan atom.
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Figure 87. FATCNQ" C K Edge NEXAFS Comparisons

Simulated F4sTCNQ™ C K edge NEXAFS using uniaxial optical tensor approximations
compared to experimentally measured X-ray absorbance and scattering contrast. The bare-
atom normalized absorbance () and reflectance (0, obtained from the Kramers-Kronig
relations) are shown in the upper left and upper center plots, respectively. Parallel (/),
perpendicular (), and isotropic spectra follow the convention described in the main text.
The total scattering intensity (TSI) and binary contrasts shown in the lower left plot are
calculated as described in the main text. Z-X, Y-Z, and X-Y projections of the unit cell are
shown in the upper right, lower center, and lower right plots, respectively. Carbon,
nitrogen, and fluorine atoms are shown as gray, blue, and green respectively with the unit
cell boundary shown as a dashed line. Core-hole excitons are simulated at the highlighted

cyan atom.
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Figure 88. FATCNQ" N K Edge NEXAFS Comparisons

cyan atom.
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Simulated FsTCNQ™ N K edge NEXAFS using uniaxial optical tensor approximations
compared to experimentally measured X-ray absorbance and scattering contrast. The bare-
atom normalized absorbance () and reflectance (0, obtained from the Kramers-Kronig
relations) are shown in the upper left and upper center plots, respectively. Parallel (/),
perpendicular (), and isotropic spectra follow the convention described in the main text.
The total scattering intensity (TSI) and binary contrasts shown in the lower left plot are
calculated as described in the main text. Z-X, Y-Z, and X-Y projections of the unit cell are
shown in the upper right, lower center, and lower right plots, respectively. Carbon,
nitrogen, and fluorine atoms are shown as gray, blue, and green respectively with the unit

cell boundary shown as a dashed line. Core-hole excitons are simulated at the highlighted
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Figure 89. F4aTCNQ" F K Edge NEXAFS Comparisons

Simulated F4sTCNQ™ F K edge NEXAFS using uniaxial optical tensor approximations
compared to experimentally measured X-ray absorbance and scattering contrast. The
bare-atom normalized absorbance () and reflectance (6, obtained from the Kramers-
Kronig relations) are shown in the upper left and upper center plots, respectively. Parallel
(), perpendicular (), and isotropic spectra follow the convention described in the main
text. The total scattering intensity (TSI) and binary contrasts shown in the lower left plot
are calculated as described in the main text. Z-X, Y-Z, and X-Y projections of the unit cell
are shown in the upper right, lower center, and lower right plots, respectively. Carbon,
nitrogen, and fluorine atoms are shown as gray, blue, and green respectively with the unit

cell boundary shown as a dashed line. Core-hole excitons are simulated at the highlighted

cyan atom.
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normalized absorbance () and reflectance (0, obtained from the Kramers-Kronig
relations) are shown in the upper left and upper center plots, respectively. Parallel (/),
perpendicular (), and isotropic spectra follow the convention described in the main text.
The total scattering intensity (TSI) and binary contrasts shown in the lower left plot are
calculated as described in the main text. Z-X, Y-Z, and X-Y projections of the unit cell are
shown in the upper right, lower center, and lower right plots, respectively. Carbon,
nitrogen, fluorine, and sulfur atoms are shown as gray, blue, green, and yellow atoms

respectively with the unit cell boundary shown as a dashed line. Core-hole excitons are
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to experimentally measured X-ray absorbance and scattering contrast. The bare-atom
normalized absorbance () and reflectance (0, obtained from the Kramers-Kronig
relations) are shown in the upper left and upper center plots, respectively. Parallel (/),
perpendicular (), and isotropic spectra follow the convention described in the main text.
The total scattering intensity (TSI) and binary contrasts shown in the lower left plot are
calculated as described in the main text. Z-X, Y-Z, and X-Y projections of the unit cell are
shown in the upper right, lower center, and lower right plots, respectively. Carbon,
nitrogen, fluorine, and sulfur atoms are shown as gray, blue, green, and yellow atoms

respectively with the unit cell boundary shown as a dashed line. Core-hole excitons are
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Figure 91. TFSI" N K Edge NEXAFS Comparisons

simulated at the highlighted cyan atom.
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Figure 92. TFSI' F K Edge NEXAFS Comparisons

Simulated TFSI" F K edge NEXAFS using uniaxial optical tensor approximations compared
to experimentally measured X-ray absorbance and scattering contrast. The bare-atom
normalized absorbance () and reflectance (0, obtained from the Kramers-Kronig
relations) are shown in the upper left and upper center plots, respectively. Parallel (/),
perpendicular (), and isotropic spectra follow the convention described in the main text.
The total scattering intensity (TSI) and binary contrasts shown in the lower left plot are
calculated as described in the main text. Z-X, Y-Z, and X-Y projections of the unit cell are
shown in the upper right, lower center, and lower right plots, respectively. Carbon,
nitrogen, fluorine, and sulfur atoms are shown as gray, blue, green, and yellow atoms
respectively with the unit cell boundary shown as a dashed line. Core-hole excitons are

simulated at the highlighted cyan atom.
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4.6.16 Effect of Annealing on Scattering Anisotropy
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Figure 93. Effect of sample annealing (120 °C, 2 hours under an inert nitrogen

atmosphere) on scattering anisotropy.

Scattering anisotropy for samples containing the least (left) and most (right) regioregular
low molecular weight P3HT are shown, including undoped and F4sTCNQ-vapor doped
samples. For the undoped samples, annealing has the effect of increasing the magnitude of
scattering anisotropy (top row). For F4sTCNQ-doped samples, annealing has the effect of
increasing the area below 285 eV where positive scattering anisotropy is observed (bottom
row), consistent with increasing incorporation of FaTCNQ™ counterions within crystallites,

as described in the main text.
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4.9.17 Experimental Scattering Anisotropy Across Blends and Doping
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Figure 94. C K Edge Scattering Anisotropy

C K Edge scattering anisotropy maps of different P3HT blend compositions (outlined along
top axis) and dopant incorporation identity (outlined along vertical axis). Distinct changes
are observed experimentally with increasing crystallinity (q position of scattering

anisotropy) and dopant ion incorporation (energies at which scattering anisotropy is

observed).
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Figure 95. N K Edge Scattering Anisotropy
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Figure 96. F K Edge Scattering Anisotropy
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F K Edge scattering anisotropy maps of different P3HT blend compositions (outlined along

top axis) and dopant incorporation identity (outlined along vertical axis).
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4.6.18 Simulated Scattering Anisotropy Versus Dopant Distribution and

Orientation
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Figure 97. Simulated Scattering Anisotropy Versus Dopant Distribution and

Orientation for Doped P3HT at the C K-Edge

Simulated scattering anisotropy maps for different dopant incorporation/distribution
(labeled above the top row) and dopant identity/orientation relative to P3HT thiophene
plane normal (labeled along the left column) for approximately 36% crystalline P3HT
morphologies at the C K-edge. Changes observed along g and energy for dopant

distribution, identity, and orientation, further discussed in the main text. Scattering
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anisotropy maps that best correspond to observed scattering anisotropy are outlined with

thicker black borders.
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Figure 98. Simulated Scattering Anisotropy Versus Dopant Distribution and

Orientation for Doped P3HT at the C K-Edge

Simulated scattering anisotropy maps for different dopant incorporation/distribution
(labeled above the top row) and dopant identity/orientation relative to P3HT thiophene
plane normal (labeled along the left column) for approximately 36% crystalline P3HT
morphologies at the N K-edge. Changes observed along q and energy for dopant

distribution, identity, and orientation, further discussed in the main text. Scattering
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anisotropy maps that best correspond to observed scattering anisotropy are outlined with

thicker black borders.
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Figure 99. Simulated Scattering Anisotropy Versus Dopant Distribution and

Orientation for Doped P3HT at the C K-Edge

Simulated scattering anisotropy maps for different dopant incorporation/distribution
(labeled above the top row) and dopant identity/orientation relative to P3HT thiophene
plane normal (labeled along the left column) for approximately 36% crystalline P3HT
morphologies at the F K-edge. Changes observed along q and energy for dopant

distribution, identity, and orientation, further discussed in the main text. Scattering
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anisotropy maps that best correspond to observed scattering anisotropy are outlined with

thicker black borders.
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Chapter 5 — Conclusions and Future Outlook

This dissertation has presented studies of ionically and electronically conducting
polymers, a class of materials distinguished by their unique blend of conductive properties,
flexibility, and processability. Our investigations have elucidated the complex interplay
between the structure and function of these polymers, demonstrating how their structural
characteristics can lead to significant advancements in their conductive properties. In our
detailed examination of the doping process, we found that Brensted acidic doping in
conjugated polymers, such as poly(3-hexylthiophene) (P3HT), is primarily limited by proton
transfer. This was evidenced by observing a kinetic isotope effect when doping P3HT films
with  bis(trifluoromethane)sulfonimide (HTFSI). Techniques like X-ray photoelectron
spectroscopy and dynamic secondary ion mass spectrometry were instrumental in revealing
dopant enrichment at the P3HT surface, underscoring that dopant diffusivity is inversely
related to dopant concentration due to structural changes in the polymer. The formation of a
highly stable dopant gradient as a result of this process opens new avenues in the design and

fabrication of next-generation electronic materials and devices.

Our work on understanding the role of polymer-ion interactions in polyelectrolytes
showcased the potential of light-responsive materials in modulating ionic conductivity. The
significant change in ion conductivity triggered by the reversible isomerization of azobenzene
indicated that the coordination of the cis isomer with Li* ions is chiefly responsible for its
lower conductivity. This discovery challenges conventional understanding, which typically
associates higher ionic conductivity with disordered, amorphous structures (attributed to the

inefficient packing of the cis azobenzene) and suggests that careful control of polymer
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crystallinity and polymer-ion interactions can be powerful in designing functional
polyelectrolytes. This insight paves the way for developing innovative photo-responsive
polyelectrolyte materials, potentially transforming the design and application of such

materials in various technological fields.

Finally, our exploration of scattering anisotropy using Polarized Resonant Soft X-ray
Scattering (p-RSo0XS) in P3HT blends yielded new insights into sample composition,
morphology, and molecular orientation. The development of a model system, coupled with
methods such as atomic force microscopy, UV-vis absorbance spectroscopy, X-ray
photoelectron spectroscopy, and grazing incidence wide-angle X-ray scattering, led to the
creation of a computational model that enhanced our understanding of how structure,
chemistry, and orientation in these materials can be interpreted from p-RSoXS contrasts. Our
findings reveal that the distributions of dopant counterions vary depending on the dopant's
identity and significantly influence the sample's optical properties, thereby affecting scattering
anisotropy. This approach paves the way for employing machine learning methods to gain

quantitative insights into sample composition and orientation.

In conclusion, this dissertation contributes to the understanding of doping, charge
conduction, and polymer morphology in ionically and electronically conducting
semicrystalline polymers. By exploring the disorder inherent in these materials and the
intricate interplay between structure and transport, our research lays a foundation for future
technological advancements in the fields enabled by conductive polymers. Future research

may delve into the evolution of ion conduction mechanisms and addressing the complex roles
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of hydration in both the polymer and the ion. With the advent of higher dielectric constant
conjugated polyelectrolytes, a key focus will be understanding how dielectric constant affects
the efficacy of doping and dopant-induced structural evolution, thus far difficult to
characterize with traditional means. The potential of resonant scattering methods to probe
orientational correlations in amorphous domains may offer further insight for these nominally

disordered, emerging materials.
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