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Molecular doping of conjugated polymers causes bleaching of the neutral absorbance
and results in new polaron absorbance transitions in the mid and near IR. Here we
analyze the concentration dependent changes in the spectra for a series of molecu-
larly doped diketopyrrolopyrrole (DPP) co-polymers with a series of ultra-high elec-
tron affinity (EA) cyanotrimethylenecyclopropane-based dopants. With these strong
dopants the polaron mole fraction (©) reaches saturation. Analysis of the full spectrum
enables separation of neutral and polaron signals and quantification of the polaron mole
fraction using a simple non-interacting site model. The peak ratios for both neutral
and polaron peaks change systematically with increased polaron mole fraction for all
measured polymers. Analysis of the spectral changes indicates that the polaron mole
fraction can be quantified to within 5%. While the total change in the absorbance
spectrum with increased polaron mole fraction is linear, the lowest energy polaron
peak (P1) grows non-linearly, which indicates increased polarization/delocalization.
Molecular doping of polymers that form either H- or J-aggregates show systematically
different spectral changes in the vibronic peak ratios of the neutral spectra and provide

insights into the polymer configuration at undoped sites in the film.

Introduction

Doping is the most important tool for tuning the optical and electrical properties of any
semiconductor. P-type molecular doping of semiconducting polymers (SPs) enables facile
tuning of the electrical and optical properties for various device applications. Coupled with
sequential molecular doping from vapor or solution,? conductivities of 100-1000 S/cm have
been achieved for low ionization energy (IE) polymers.!3% Recently, alternating push-pull
co-polymers have generated significant interest for their high performance in organic photo-
voltaic and transistor devices.” However, the high IE for this class of polymers makes efficient
molecular doping challenging. Currently there are several limitations in molecular doping of

high IE SPs including:
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1. limited options for solution processable high electron affinity (EA) dopants.®
2. limited options for effective solvents that are chemically inert to high EA dopants, and
3. lack of quantitative models capable of measuring the polaron mole fractions.

Complicating matters further, the same dopant could induce a molecular charge transfer
(CT) state,” a polaron, or a bipolaron,’® depending on temperature, molecular position,
and /or processing solvent. 2 In this article, we use recently developed, high EA dopants®1!3
with high IE alternating co-polymers along with the well studied homopolymer poly-3-
hexylthiophene (P3HT) to develop a quantitative model for measuring the polaron mole
fractions in doped SP films. Structural formulas can be found in the Supporting Informa-
tion Figure S1.

In inorganic semiconductors, dopant atoms are typically substitutional, reaching a max-
imum dopant site density determined by their solubility limit. In contrast, when molecular
dopants are added to a SP film they take up free volume between polymer chains, causing
the overall film volume to increase and often inducing substantial microstructural rearrange-
ments.'* This reduces the SP dopant site density and alters the polymer structure and
morphology. A dopant site in a SP film must therefore be defined using the repeat units on
the polymer and the doping efficiency is reported as a mole fraction of charged sites. Fig-
ure la depicts the donor-acceptor alternation within the co-polymers pDPP-4T, pDPP-3T,
and pDPP-2T in comparison with the homopolymer P3HT. Each thiophene donor unit is
represented as (D) and the DPP acceptor units are represented as (A). For simplicity, we use
a non-interacting site model that assumes each doping site on the SP is fixed in size and that
the site size is defined by the minimum delocalization length of the polaron state, or in other
words, the shortest distance that two polarons can be placed together before a bipolaron site
forms. 1915 Figure 1a illustrates the delocalization of the polaron state across the donor sites
between acceptors in the alternating co-polymers. This definition specifies that a site for

both the neutral and polaron states is equivalent to a monomer on the co-polymer backbone,
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which is consistent with recent first-principle modeling of alternating co-polymer spectra. '
It is difficult to define the minimum site size and in turn maximum site occupancy within
a homopolymer because the polaron delocalization length is highly dependent on the local
dihedral disorder of the polymer.

In spite of the remarkable material properties of particular polymer/dopant pairs and the
large number of detailed studies of these materials,®%!7 there are still deeply fundamental
questions about how to effectively quantify (1) doping efficiency, (2) the maximum possible
doping level, and (3) the driving force for doping. In principle, p-type doping should occur
if the EA of the dopant is greater than the IE of the SP. However, as reviewed in some
detail, 1™ 1? in organic materials, this condition alone is not sufficient. Depending on the
molecular geometry of the dopant and OSC, either a local charge-transfer complex (CTX)
or ion-pair formation (IP) occurs. CTXs result from hybridization of molecular orbitals

12,20,21 TP formation results

between adjacent molecules and rarely create free charge carriers.
from a full ionization of the dopant and SP. However, it also generates fewer free charge
carriers than predicted by the ionization level.? For the remainder of this article, we define
the doping efficiency as the mole fraction of SP sites that are fully ionized regardless of
whether they are “free”, and will be referred to as the polaron mole fraction (©).! Recent
studies demonstrate that a larger driving force for doping (A E) generally results in higher free
charge carrier formation,*%1% but it is difficult to determine a direct functional relationship
because the available dopants and SPs are highly variable in size, solubility, and molecular
structure, making a systematic comparison from published values practically impossible.
The p-type molecular dopant with highest EA to the date is 2,2’,2”-(cyclopropane-1,2,3-
triylidene)trimalononitrile (CN6-CP) (EA -5.87 eV) as reported by Fukunaga et. al. and
Karpov et. al.2326 Here, we study a series of CN6-CP analogs with 1-3 of the nitrile

groups replaced by methyl- or ethyl-esters, denoted as tricyano-trimethyl ester (TMCN3-

iSince it is technically challenging to differentiate between polarons and bipolarons using optical ab-
sorbance we clarify that the polaron mole fraction (©) referred to in this manuscript may encompass both
polarons and bipolarons. 22
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CP), tetracyano-dimethyl ester (DMCN4-CP) and pentacyano-ethyl ester (ECN5-CP) cyclopropane-
1,2,3-triylidenes. We tested these new dopants by sequentially doping the p-type polymers
pDPP-AT, pDPP-3T, pDPP-2T, and P3HT by exposing the films to various concentrations
of dopant solutions. The synthesis and conductivity of films doped with these dopants was
reported previously. *>%7 Figure 1 shows the relative HOMO levels of the polymers compared
to the LUMO levels of the dopants as measured using cyclic voltometry (CV) as well as
the UV-Vis-NIR spectra for undoped films of each polymer. CV measurements provide the
energy offset (|AE| = |EAP — IP?|) between the dopant EA and the polymer IP and is

used to estimate the driving force (chemical potential) for doping.?®
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Figure 1: a) Illustration of polaron sites within homopolymers and within donor-acceptor
copolymers, b) the ionization potential of the polymers and the electron affinity of the
dopants, measured by CV, and ¢) UV-Vis-NIR of the neat undoped polymer films.

Previously, we used spectral fitting to quantify the doping level of P3HT with FATCNQ
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and both P3HT and pDPP-2T with the dopant FeClz and with the anion exchanged with
bis(trifluoromethanesulfonyl)imide (TFSI™).%?? In this article, we examine the use of the
UV-Vis-NIR spectroscopy to compare doping levels among eleven different polymer/dopant
combinations at different concentrations and discuss to what extent this model enables quan-
tification of the ©. In addition, we carefully examine the spectral changes as a function of
O to reveal how the molecular configurations of both neutral and polaron sites change as
a function of the doping level. Analysis of the spectra reveals different trends for polymers
that form H- and J-aggregates in a neutral film with respect to how their polaron states de-
velop with increased doping. This analysis raises questions that currently have no theoretical

explanations in the literature and calls for further investigation.

Results and Discussion

In doped organic semiconductors, molecular dopants may create either CT states or ionized
pair states between polarons (bipolarons) and counterions.® In mixtures of small molecule
semiconductors and molecular dopants, it is possible to measure the ratio between the dopant
molecules and semiconductor sites, but the ability to directly measure the fraction of ionized
dopants remains unrealizable. The fraction can be indirectly determined with a combina-
tion of electrical models and measurements of the Fermi energy.3%3! However this is often
complicated by the interpretation of a variety of experimental factors, including molecular
orientation, charge transfer with the substrate, substrate Fermi Energy, etc. Quantifying
ionized states in semiconducting polymer samples is even more difficult because of the chal-
lenges involved in probing the delocalization of the polaron/bipolaron states or the size of the
neutral states in a given polymer.3? For these reasons, developing a system for measurement
and modeling that enables quantification of the polaron mole fraction is essential.

We approach this problem by introducing a non-interacting site model. The model as-

sumptions are:
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1. Each polymer film has a fixed number of sites.
2. Each site can be neutral or singly charged.
3. Site occupation can be determined from the integrated area of the absorbance.

The polaron mole fraction in a given SP film is established during sequential doping. As
a substrate supported film is exposed to a dopant solution, the polymer film swells and
neutral polymer sites are ionized into polaron (and/or bipolaron) sites. Simultaneously,

neutral p-type dopants are ionized into anions.

Polymer + Dopant == Polymer™ + Dopant~

Since the non-interacting site model assumes that each site is independent, the doping ratio
can be linearly approximated from a quantitative analysis of the UV-Vis-NIR spectra of the
polaron (A,) and neutral (A,) optical transitions. The fraction of ionized SP sites is defined
as the ratio of polaron sites (IN,) to total sites (NN, + INV,). Therefore, the fraction of doped
polymer sites can be directly modeled as the ratio of polaron absorbance integral to total

absorbance integral (Equation 1).

4eV
_ Ny _ 0eV AP<V)dV —n (1)
N, + N, 04:&/ A, (v)dv + fote‘y A, (v)dy

4eV

The correction factor n = A - [, A,(v)dv, accounts for the slight increase in total

Oe
absorbance as doping level is increased, and is discussed in Figure 3. A represents the
change in absorbance per site, as neutral sites are converted to polaron (and/or bipolaron)
sites. The derivation of A can be found in the Supporting Information (Equations S10-S18).

The definition of a single polymer site in conjugated homopolymers and donor-acceptor
copolymers was recently examined in some detail by Qarai et al.'® Using a vibronic exciton

model, the study shows that in co-polymers the neutral site absorbance can be approximately

modeled using a donor-acceptor-donor (D-A-D) polymer segment. Figure la illustrates the
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ground state and polaron state sites following this D-A-D model for the alternating co-
polymers examined in this study. A “site” in the simpler homopolymer, P3HT, is more
difficult to define because the delocalization of the polaron depends on the local microstruc-
ture and conformation. Therefore, it is not clear how many thiophenes either the ground
state or polaron/bipolaron state will delocalize over. The lack of a repeating D-A-D unit on
the polymer backbone and markedly different absorbance spectra between crystalline and
amorphous P3HT greatly increases the uncertainty of the “site” size. For the purposes of
this article we nevertheless assume that each site is fixed in size upon a neutral to polaron
transition.

Figure 1b shows the HOMO levels of the polymers (5.1, 5.26, 5.31, and 5.33 eV for P3HT,
pDPP-AT, pDPP-3T, and pDPP-2T, respectively) and the LUMO levels of the dopants ((5.5,
5.61, and 5.75 eV for TMCN3-CP, DMCN4-CP, and ECN5-CP, respectively)) used in this
study, as measured by CV and referenced to Ag/AgCl.'3 As previously reported, as the
number of electron donating oligothiophene units in the pDPP monomer decreases, the
polymer becomes more difficult to ionize®3. Jiang et. al. studied the change in the HOMO
levels of a series of pDPP-xTs (x= 3, 4, 5 and 6) using CV. They observed that as each
additional thiophene unit was added into the backbone, the polymer HOMO level increased
by 0.05-0.1 eV.?* On the same scale of Figure 1b are the EAs of the dopants, also measured
using CV. The dopants are all similar in size, have excellent miscibility with the polymers,
and adequate solubility in anhydrous acetonitrile and dichloromethane, the solvent mixture
used for sequential doping of all samples.

Figure 1lc shows the UV-Vis-NIR spectrum of the neutral 9042 nm thick SP films.

As previously reported, the ratio of the first and second ground state vibronic transitions

(Ro—1 = ﬁg:?) provides information on intermolecular vs intramolecular coupling in the solid
state via the HJ aggregate model.3%3¢ For pDPP-2T the Ry_; is 1.7 with a red-shifted ab-
sorbance, indicating that this polymer forms J-aggregates with strong coupling along the

backbone chain and poor interchain coupling (as depicted in Supporting Information Figure
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S4). In contrast, pDPP-4T has Ry_; of ~0.55, indicating the formation of H-aggregates with
strong interchain coupling and poor coupling along the backbone. Since the polymers only
differ in the number of thiophene repeat units, we can speculate that the two thiophenes in
pDPP-2T have low dihedral disorder and poor electronic coupling with neighboring chains,
while the dihedral disorder in pDPP-4T is higher, leading to shorter conjugation lengths and
stronger interchain coupling. pDPP-3T forms a J-aggregate (Ro_; = ~1.3) with lower inter-
chain coupling than pDPP-2T but higher than that of pDPP-4T. P3HT forms HJ-aggregates
with more H-character as indicated by the Ry_; of ~0.45. All four films have nearly identical

ground state absorbance maxima.

Concentration Dependent Absorption Spectra of Doped Polymers

Figure 2a-c¢ shows the UV-Vis-NIR spectra of pDPP-2T, pDPP-3T, and pDPP-4T as a
function of the ECN5-CP sequential doping solution concentration (Cy,). The remaining
spectra for all polymer/dopant combinations are in the Supporting Information Figures S9-
S12. All spectra at each concentration are fit with a series of Gaussians to consistently
track the absorbance of hole polarons/bipolarons (A,), neutral polymer sites (A,), dopant
anions (A,), and non-participating states (trap sites or non-integer charge transfer states
that absorb light but are neither a polaron nor a neutral site).3” The method for spectral
analysis is detailed in the Supporting Information and Figures S4-S8. Figure 2d-f separates
the modeled absorbance for the neutral polymer sites and hole polarons. The polaron peak
positions that are centered off the low energy side of UV-Vis-NIR spectrum can be confidently

modeled by referring to the mid-IR spectra in Figure 2g-i.3%39
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Figure 2: Spectral Analysis: UV-Vis-NIR spectra of a) pDPP-2T, b) pDPP-3T, and c)
pDPP-4T as a function of the ECN5-CP dopant solution concentration. d)-f) are specific
absorbance assignments for the neutral (solid lines) and polaron (dashed lines) spectra for
each polymer as function of the ECN5-CP solution concentration. g)-i) are mid-IR spectra
of samples of each polymer doped at 1.0 mg/mL with the ECN5-CP dopant.

Measurements of the mid-IR spectrum coupled to a Holstein-Hamiltonian model have
recently been used to characterize the hole coherence length in molecularly doped SPs.38 40
This analysis fits the position, width, and absorbance ratio of two peaks termed A and B
located at ~ 0.1 eV and between 0.25-0.8 eV, respectively.?®3% The analysis results in an
estimation of the coherence lengths along the polymer chain as well as along the interchain
stacking direction, from which the distance between the dopant anion and SP chain (dgnion)

can be approximated. Details of this analysis are described in the Supporting Information.

All three polymers were assigned identical ;. of 0.09 eV, while the intramolecular coupling
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(tintra) increased from 0.25 eV to 0.30 eV to 0.35 eV in going from pDPP-4T to pDPP-3T
to pDPP-2T. Additionally, the disorder width (o) increased from 0.25 to 0.30 to 0.35 eV
in going from pDPP-2T to pDPP-3T to pDPP-4T. d,;0n slightly decreases with increasing
donor length (Figure 2g-2i inset and a detailed discussion in the Supporting Information).
With these parameters, we accurately reproduce the measured infrared spectra, as shown
in Figure 2g-2i. In summary, as the number of thiophenes between DPP units decreases,
the three important spectral trends are (1) increased tiuq, (2) increased dunion, and (3)

decreased o.

Optical Discussion

Accuracy of the Polaron Mole Fraction

A critical first question is: How well do the assumptions of the non-interacting site model
hold? Implicit in the model is the presumption that the integrated spectral area for the
neutral (polaron) component is equal to the number of neutral (polaron) sites multiplied by
the absorption per site, o, (ap) (Le. [A,(v)dv =, - N, and [ Ap(v)dv = ap - Np).** To

evaluate the relative per site absorption for neutral and polaron sites, we plot the change in

AQC(An,Ap))
AR

total absorbance normalized by the neat undoped film absorbance ( ) as a function
of raw uncorrected ©* (n = 0 in Equation 1) in Figure 3a.

It is clear that the polaron absorbance integral is 0-50% larger than the neutral sites,
depending on the polymer identity. In order to account for this increase in total integrated
absorbance, which is due to the slightly larger per-site absorption of a hole vs an exciton,
we introduce the polymer-specific correction factor (1) in Equation 1. Derivation of this
correction is located in Supporting Information Equations S10-S18. This corrects for the
increase in absorbance per site, as neutral sites convert to polaron (and/or bipolaron) sites.

In other words, this corrects the observed increase in total absorbance and reduces © at high

dopant concentrations. Supporting Information Figure S13 depicts the corrected change in

11
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total absorbance as a function of ©.

(A(Z(jgj’Ap)) _ A)

A measure of the accuracy of our model is to determine whether © increases linearly with
the reduction of the neutral absorbance () A,). Figure 3b demonstrates that > A, for all
eleven polymer/dopant combinations have a linear relationship to ©, with the total neutral
absorbance reaching zero at 100% polaron occupation. This supports the assumptions of the
non-interacting site model within our explored concentration range. The scatter in the data

is an indication of the uncertainty of the model. Dashed lines show +5% uncertainty, which

indicates that this model can reproducibly quantify © within ~5% accuracy.
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Figure 3: a) Change in total absorbance % as a function of the uncorrected polaron

mole fraction ©*. Dotted lines indicate a linear fit to the data from each polymer for all
dopants. The slope of this line is the increase in total integrated absorbance with increased
doping level. b) The total integrated neutral absorbance normalized to the undoped samples
as a function of ©. Here the dashed lines depict a £5% uncertainty in ©, which is a first
standard deviation.

The data presented here quantifies the final polaron mole fraction within a dried, se-

quentially doped film but doesn’t validate whether the polaron mole fraction changes upon

12
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drying of the solvent swollen film. Future studies are needed to explore the influence of the
processing solvent dielectric constant on the polaron mole fraction within a solvent-swollen
film. While the assumption that each site is independent can be used to determine O, there
are clear variations in the absorbance ratio between different neutral and polaron integrals,
especially above © > 0.5. These differences show that there are changes in the local polymer
configuration as a function of ©, and that the local environment matters. In other words,
the assumption that sites are non-interacting appears to break down at high polaron mole

fractions (© > 0.5). These observations are discussed below in detail.

Polymer Configuration Changes with Increased ©

Here we analyze the changes in the absorbance of the neutral and polaron peaks as a function
of © to determine what can be learned about the polymer conformation at the molecular
level. Informing our polaron mole fraction model is a quantum mechanical optical model that
considers conjugated polymers composed of molecular HJ aggregates.“’4%43 Simplistically,
H-like aggregates, defined by their strong interchain interactions, have an absorbance ratio
between the first and second neutral vibronic peaks of Ry_; <1, while J-like aggregates,
defined by their strong intrachain interactions, have Ry_; > 1. ® This model has been
successfully used to describe the UV-Vis-NIR spectra of P3HT HJ aggregates and aggregates
of alternating D-A-D co-polymers. Here we apply this model to study the internal order

within the neutral polymer sites as © approaches 1.

iThe comparison of Ry_1 to unity in defining J and H-agg behavior assumes an HR factor of unity for an
individual chromophoric unit. This is a good approximation for P3HT m-stacks, where the chromophore unit
corresponds to an individual chain. In single D-A-D J-chains, the chromophore unit is a D-A-D repeat unit
for which the HR factor is also approximately unity, although more likely in the range of 0.9-1.1, depending
on the chemical nature of the D-A-D unit.

13
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Figure 4: a) Plot of Ry_; as a function of © for all polymer/dopant pairs. b) Integrated
absorbance (left axis, filled symbols) and peak widths of P1 (right axis, open symbols) as a
function of ©. c) Integrated absorbance of P3 (left axis, filled symbols) and P2 (right axis,
open symbols) as a function of ©. d) [llustrations depicting the change in excitonic interchain
(open red arrows) and intrachain (red arrows) coupling and polaron (and/or bipolaron)
interchain (open blue arrows) and intrachain (blue arrows) coupling as the polaron fraction
(©) increases for the J-aggregate polymer, pDPP-2T, and e) the H- aggregate polymer,
pDPP-4T. Polarons (and/or bipolarons) are depicted as purple ovals. This model simply
illustrates the opto-electronic coupling in our system. No structural or morphological data
is collected in this study. g) IHlustration of a disordered homopolymer with high ©, where
polarons (and/or bipolarons) occupy more highly ordered chain segments.

Figure 4a shows Ry_; for all polymer/dopant pairs as a function of ©. For all polymers,
Ry_; follows a linear trend with ©, regardless of the dopant, for © up to 0.5. The initially

J-like pDPP-2T and pDPP-3T polymers show a linear reduction of Ry ; with increased
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©. As neutral sites are converted to polarons, the remaining neutral sites exhibit reduced
intrachain interactions. In effect, doping “breaks up” single coherently connected chains
into smaller sub-chains (separated by doped regions) which reduces the number of J-like
intrachain interactions. This effect may also be interpreted as an increase in interchain
interactions as © increases.

In comparison, the initially H-like pDPP-4T and P3HT show no change in Ry_; as a
function of © for ©® < 0.5. As the first half of the neutral sites are converted to polarons,
there is no observed disruption to the interchain interactions. We speculate that since the
chains already have low intrachain order, and can therefore be viewed as weakly connected
conjugation segments, increasing the polaron mole fraction cannot further reduce the con-
jugation length. For © > 0.5, pDPP-4T and P3HT exhibit reduced interchain interactions.
When more than 50% of the sites are occupied by polarons, the interchain interactions ap-
pear to be disrupted. We recognize that this increase in Ry_; could also be the result of an
increase in the intrachain conjugation length, due to “neighboring polaron” induced stiffen-
ing of the remaining neutral chain segments. Further investigation is required to determine
the statistical probability of these proposed mechanisms. Nevertheless, for © > 0.5, both
the J-aggregate and H-aggregate samples show Ry_; values that approach 1 with increased
O.

Figure 4b explores the changes in the lowest energy polaron peak at ~ 0.3 eV as a
function of ©. The solid points show the integrated absorbance of the P1 peak divided by
the change in absorbance of the summed neutral peaks (Ap;/A >  A,) as a function of ©.
The absorbance of the P1 peak increases more quickly than the reduction of the neutral peak
integrals. This indicates that there are spatial interactions between polarons, and may be an
indication of bipolaron formation. The P3HT sample shows a greater increase in Ap; than
the donor acceptor co-polymers. A second trend in the P1 peak is increasing peak width
with increased © (open symbols), which is also more pronounced in P3HT.

For comparison, Figure 4c shows an analysis of the growth of the P2 and P3 polaron peaks
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compared to the reduction of the neutral absorbance (Aps/A D> A, and Aps/A>" A,) for
open and filled points, respectively. Although there is scatter in the data, it is clear that both
the higher energy polaron peaks depict a linear growth with a linear reduction of the neutral
absorbance for all ©. Additionally, the widths of the P2 and P3 peaks remain constant
with respect to ©. The comparison between Figures 4b and 4c shows that the growth and
widening of the P1 peak is real and occurs in all of the measured polymers.

Figures 4d and 4e illustrate the change in coupling in J-aggregate (represented by pDPP-
4T) and H-aggregate (represented by pDPP-2T) polymers with increasing ©. In the studied
J-aggregate polymers (i.e., dominated by excitonic intrachain coupling), as polaron content
increases, the polarons (represented by purple ovals) disrupt excitonic intrachain coupling
(filled red arrows) at a higher rate than the interchain interactions (open red arrows), until
both excitonic intrachain and interchain interactions become comparable. In the studied
H-aggregate polymers (i.e., dominated by excitonic interchain coupling), both the excitonic
interchain and intrachain coupling are equally disrupted until © > 0.5, with interchain cou-
pling remaining more dominant. In high © H-aggregate samples, polarons disrupt excitonic
interchain coupling at a higher rate than the intrachain interactions, until both excitonic
intrachain and interchain coupling becomes equally effective. It is also possible that, since
polaron sites have more quinone character and are likely to be more planar, they induce
an ordering effect within neighboring neutral sites that increases intrachain coupling via a
local “sergeant soldier effect”. At high © in all the studied polymers, polarons have multi-
ple nearest neighbors occupied by other polarons and polaron interchain (open blue arrows)
and/or intrachain (filled blue arrows) interactions become evident. This indicates that po-
laron sites become more delocalized /polarizable with an increasing fraction of sites occupied
by polarons, and may be indicative of bipolaron formation.

In contrast, P3HT has crystalline and amorphous domains with distinct absorbance spec-
tra.***5 Analysis of the P3HT UV-Vis-NIR spectra shows near complete bleaching of the

crystalline absorbance but almost no change in the amorphous absorbance with increased
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©. Figure 4f illustrates a structurally disordered homo-polymer with a high ©. Here it
becomes clear that determining the length scale of delocalization is challenging for both the
neutral and polaron sites. In addition, reorganization of the chains upon solvent swelling
or an increase in the polaron density could significantly change the local dihedral order and
total site density. The illustrations depicted in Figure 4d — 4f present simplified interpreta-
tions (motifs) of the optoelectronic coupling observed in the data. They are not meant to
display meaningful information on the structural order or alignment between chains. Since
the actual samples are very complex and heterogeneous, further investigation is required to

validate these assignments.

Conclusions

In this article, we investigate the use of concentration dependent UV-Vis-NIR to quantify
the polaron mole fraction (©) in solution sequentially doped conjugated polymers. We
demonstrate that © can be consistently determined across eleven different polymer/dopant
combinations by isolating the absorbance of the neutral and polaron sites. This analysis can
only be accomplished using multiple dopant concentrations yielding a range of low-to-high
polaron mole fractions. Increased EA of the dopant results in increased polaron mole fraction
at at given doping solution concentration for each polymer. Unexpectedly, the maximum
polaron mole fraction saturates at higher values in the alternating co-polymers pDPP-3T
and pDPP-4T compared to P3HT, even with a lower driving force (AE) for doping.

The non-interacting site model enables independent investigation of neutral and doped
sites in the polymer. Comparison of Ry_; values provides information on the internal order
of the neutral sites within a polymer as a function of ©. With increased © the neutral sites
in J-aggregate polymers show reduced intrachain coupling, whereas H-aggregate polymers
show little or no change in the Ry_; up to © =~ 0.5. At polaron mole fractions above 0.5,

all polymers show Ry_; approaching 1, which suggests that the neutral sites are ordered by
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neighboring polarons.

The mid-IR spectrum is used to determine the distance between the dopant counter-ion
and the polymer chain. Additionally, the spectral intensity of the P1 polaron peak grows
with increasing coherence lengths. The P1 polaron peak grows proportionally faster with
increased © than the reduction of the neutral absorbance in all polymers. This suggests that
the polarons become more delocalized with increased doping level and may be indicative
of bipolaron formation. In contrast, the P2 and P3 polaron absorbance integrals remain
relatively stable as the neutral absorbance bleaches, indicating that the polaron peaks track
different information. Ab initio theory to describe the dependence of the polaron absorbance

as a function of the polaron mole fraction has yet to be developed.

Experimental

Materials

P3HT (MW: 50000-70000, Regioregularity > 90%) was purchased from Sigma-Aldrich.
pDPP-AT was purchased from Ossila Ltd. pDPP-3T and pDPP-2T were provided by the
Dudnik Group. TMCN3-CP, DMCN4-CP, and ECN5-CP were provided by the Mascal
Group. Dichloromethane (> 99.5%, inhibator-free) and acetonitrile ampoules (> 99.8%

anhydrous, degassed and low oxygen) were purchased from Sigma-Aldrich.

Characterization
Optical Spectroscopy

UV-Vis-NIR spectra for neat films, doped films, and dopant solutions were collected using
a PerkinElmer LAMBDA 750 UV-Vis-NIR Spectrophotometer. The glass substrates were
cleaned sequentially in ultrasonic baths of acetone, methanol, 2-propanol, and DI water.

Then substrates were dried using a nitrogen gun and exposed to UV /ozone for 30 min.
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pDPP-4T (3mg/mL), pDPP-3T (5mg/mL), and pDPP-2T (5mg/mL) were dissolved in a
1:1 volumetric mixture of chlorobenzene (CB) and chloroform. P3HT was dissolved in CB
at a concentration of 10 mg/mL. All polymer films were spin-coated for a film thickness of
~50 nm. The thickness of the polymer films was measured with a Veeco Dektak 150 surface
profilometer. For all samples, the dopants were dissolved in a mixture of dichloromethane
(DCM) and acetonitrile (ACN), except for PDPP-3T films doped at 1 mg/mL and 0.6
mg/mL where only ACN was used. A separate dopant solution for each film was prepared
in a nitrogen glovebox (Os < 1 ppm, HoO < 1 ppm) in vials that were previously baked in
a vacuum oven (100C°; 0.03 bar) overnight. Each doping solution was used as soon as the

solutions were prepared. All UV-Vis-NIR spectra were collected under ambient conditions.
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