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ABSTRACT: The ionization potentials (IPs) and electron affinities (EAs) of
widely used conjugated polymers are evaluated by cyclic voltammetry (CV) in
conventional electrochemical and lithium-ion battery media, and also by ultraviolet
photoelectron spectroscopy (UPS) in vacuo. By comparing the data obtained in the
different systems, it is found that the IPs of the conjugated polymer films
determined by conventional CV (IP:) can be correlated with UPS-measured
HOMO energy levels (Eyyps) by the relationship Eyyps = (1.14 + 0.23) X qIP¢ +
(4.62 & 0.10) eV, where q is the electron charge. It is also found that the EAs of the
conjugated polymer films measured via CV in conventional (EA¢) and Li* battery
(EAg) media can be linearly correlated by the relationship EA; = (1.07 + 0.13) X
EAc + (2.84 = 0.22) V. The slopes and intercepts of these equations can be
correlated with the dielectric constants of the polymer film environments and the
redox potentials of the reference electrodes, as modified by the surrounding
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electrolyte, respectively.
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B INTRODUCTION

Conjugated polymers find use in numerous electronics
applications because of their exceptional properties, which
include mechanical flexibility, production scalability, and
chemically tunable electrical/electronic properties.' * These
materials have been successfully implemented in organic
photovoltaic cells,>™® organic light-emitting diodes,”™"* and
organic transistors.'”'* Recently, conjugated polymers have
also been employed in lithium-ion battery (LIB) applications to
replace’™'” and/or enhance conventional carbon-based
electrodes,"®*° and significantly enhanced battery performance
has been reported.

The LIB is a widely used energy storage system with
applications that range from portable appliances to automo-
biles.”"** An important LIB figure-of-merit is the specific
capacity.23 One way to increase overall LIB capacity is to
replace the ubiquitous carbon anode with one based on Si or
Sn, which offer theoretical specific capacities of 4200 and 994
mAbh/g, respectively, far surpassing that of graphite, 372 mAh/
g.***> The principal challenge facing Si and Sn battery anode
technologies is managing the up to 320% volumetric
expansion/contraction of the anode during Li,M intermetallic
formation in the charge/discharge processes.”> Repeated
expansion and contraction cause destructive anode fragmenta-
tion, exposing fresh anode surfaces to the organic electrolyte.
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These electrolyte materials readily undergo chemical reduction
on the electrode surfaces, yielding passivating solid—electrolyte
interface (SEI) films that irreversibly consume the Li* ions
essential for energy storage.”* >’ For these reasons, active
research efforts have focused on developing protective materials
systems based on conjugated polymers to minimize cycling-
induced anode damage.'’~*°

Note that the electrochemical properties of polymers
potentially useful for battery applications must be characterized
in depth for the relevant electrochemical environment of use.
Specifically, quantifying the energetics of the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) are essential to understanding the afore-
mentioned electrochemical properties. The conjugated polymer
LUMO energy is especially important since it relates to charge
transport and stability at the anode;'®'” and when the anode
potential coincides with the polymer LUMO energy, the
reduction of Li* to Li occurs and SEI films form.***”*®
However, note that conjugated polymer energy levels are
typically derived from electrochemical measurements per-
formed in completely different electrolyte environments than
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Scheme 1. Conjugated Polymers Used in This Study”
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Table 1. Cyclic Voltammetry Experimental Parameters and Terminologies

experimental detail
working electrode

conventional system (CV()

Pt (0.20 cm?)

battery system (CVy)
patterned glass/Cu (0.50 cm?)

reference electrode Ag/AgCl (aq) in KCI (3.0 M) Li

counter electrode Pt Li

electrolyte (conc.) TBA'PF,~ (0.1 M) Li'PF, (1.2 M)
solvent acetonitrile, anhydrous EC:EMC (3:7)
scan rate 100 mV/s 10 mV/s

sweep range —2300 to 2300 mV 10—3300 mV
LUMO labeling (CV/absolute scale) EAC/E; ¢ EAp/Epp
HOMO labeling (CV/absolute scale) IPc/Eyc IPy/Eyp

the commonly used LIB liquid carbonate battery electrolytes.
Conjugated polymer thin films are conventionally characterized
in moderately polar organic solvents such as acetonitrile with
~0.1 M organic salt as the electrolyte. In contrast, LIBs
typically utilize high Li'PF~ electrolyte concentrations (~1.2
M) in mixtures of very polar solvents such as ethylene
carbonate (EC) + ethyl methyl carbonate (EMC). Therefore,
the frontier orbital energies of conjugated polymers of potential
interest could, in principal, shift from those measured in
conventional and LIB electrochemical media when estimated
by cyclic voltammetry (CV).

In this study, we quantify the frontier orbital energetics of a
selected series of known and new conjugated polymers in LIB
media and in conventional electrochemical media. To quantify
HOMO energies without the intrusion of electrochemical
medium effects, in vacuo ultraviolet photoelectron spectroscopy
(UPS) is also applied since this alternative method is
commonly used to characterize the electronic structure of
conjugated polymers.**™>* The conjugated polymers charac-
terized in this study are P3HT, poly(3-(2-propoxyethyl)-
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thiophene) (P(3POET)), poly(3-((2-methoxy-ethoxy)methyl)-
thiophene) (P(3MEMT)), poly[[4,8-bis[(2-ethylhexyl)oxy]-
benzo[1,2-b:4,5-b"]dithiophene-2,6-diyl] [3-fluoro-2-[ (2-ethyl-
hexyl)carbonyl]thieno[3,4-b]thio-phenediyl]] (PTB7), poly[N-
9’-heptadecanyl-2,7-carbazole-alt-5,5-(4’,7'-di-2-thienyl-
2/,1',3'-benzothia-diazole)] (PCDTBT), poly[(5,5'-(4,8-bis-
(thien-2-y1))-2,6-(dihexyl)benzo[1,2-d;4,5-d’ |bis[1,2,3]-tria-
zole-alt-(4,8-bis(5-(2-hexyldecyl)thien-2-yl)benzo[1,2-b:4,5-
b’]dithien-2-yl)] (DTO03CF), Activelnk N2200 (Polyera
Corp.), and poly(2,7-(N,N’-bis(2-ethylhexyl)-naphthalene-
diimide)-co-5,5’-(3,3’-bis(2-(2-(2-methoxyethoxy)-ethoxy)-
ethoxy)-2,2’-bithiophene)) (P(NDI-tegme2T)). The molecular
structures are shown in Scheme 1. We report here that the
estimated orbital energies of these conjugated polymers differ
substantially with measurement technique, but also that
informative predictive correlations exist between energies
measured by UPS, conventional CV, and CV in a commonly
used battery medium.

Regarding experimental data, the ionization potentials (IPs),
electron affinities (EAs), HOMO energies (Ey’s), and LUMO
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Figure 1. CV scans of conjugated polymer films in 0.1 M TBA*PF(~ in anhydrous acetonitrile. Positive and negative currents represent oxidation and

reduction, respectively.

Table 2. Solution-Phase Electrochemical Data

polymer IP vs Eg. (V)° EAc vs Eg. (V)
P3HT 0.032 -2.13
P(3POET) —0.036 -222
P(3MEMT) 0.075 ~1.79
PTB7 0.480 -1.56
PCDTBT 0.649 —1.59
DTO003CF 0.342 —-1.71
N2200 0.833 —0.86
P(NDI-tegme2T) 0.076 —0.69

Eyc (eV)? Ec (eV)© literature Ey o/E; ¢ (eV)? ref
S5.13 2.97 4.75/2.73 34
5.06 2.88 NA
S$.13 3.31 5.13/NA 35
5.58 3.54 5.55/3.40 8
S.78 3.51 5.65/3.48 36
544 3.39 NA
5.93 4.24 5.97/4.32 37
5.18 441 NA

“Estimated uncertainty range is 0.1 V. bCalculated from eq 1. “Calculated from eq 2. “Data reprocessed according to eqs 1 and 2.

energies (E;’s) determined by conventional CV (CV(),*>** by
CV in a battery medium (CVy), and by UPS are first acquired
and compared; all energy levels are reported on the
corresponding absolute scale. Then, a brief discussion of the
origin of the energy level shifts and apparent correlations
follows. To aid in comparing data from different measurements,
abbreviations and experimental details are summarized in Table
1. Details of experimental procedures and conditions are
described in the Supporting Information.

B RESULTS AND DISCUSSION

Cyclic Voltammetry with Conventional Electrolytes/
Electrodes. CV scans in 0.1 M TBA'PF, /acetonitrile yield
IP. (ionization potential in conventional medium) and EA(
(electron affinity in conventional medium) data for the
conjugated polymer series of this study, which are shown in
Figure 1. The CV scans exhibit oxidation and reduction peaks
with positive and negative currents, respectively, and peak
onsets are found in the ranges of —0.32 to 1.03 V and —2.22 to
—0.69 V versus Fc'/Fc, respectively. These potentials are next
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converted to HOMO and LUMO energies with respect to the
vacuum level using well-known eqs 1 and 2.35% Here, Eycand
E; c represent the HOMO and LUMO energies, respectively,
and IP; and EA_ are the onsets of the

Epc=qIlc + S.1eV (1)

E;c=qEAc + 5.1eV @)

polymer oxidation and reduction peaks versus Fc'/Fc,
respectively, and g is the electron charge. The 5.1 eV is the
commonly used conversion factor to relate the Fc redox couple
formal potential (Eg. = 0.630 V vs NHE®) to an absolute scale
(Exg = 4.5 €V).”® Although there is some literature discussion
regarding the accuracy of this approximation, which does not
rigorous?r account for the measurement phase (vacuum vs
liquid), it pragmatically places the relevant energy levels on an
absolute scale.>® Since there are several variants of egs 1 and 2,
the previously reported orbital energies of P3HT,*” P-
(BMEMT),* PTB7,® PCDTBT," and N2200** are recali-
brated here to eqs 1 and 2 and are compared to values
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Figure 2. CV scans of conjugated polymer films in 1.2 M Li*PF,~ in 3:7 EC:EMC. Positive and negative currents represent oxidation and reduction,

respectively.

determined in the present study in Table 2. Note that the
current values generally track those in the literature. These data
are also compared to UPS data to assess the validity of eqs 1
and 2, as discussed below. The onsets of the oxidation and
reduction peaks along with the corresponding energy levels on
the absolute scale from eqs 1 and 2 are summarized in Table 2.

Cyclic Voltammetry with a Battery Electrolyte/
Electrode System. The first CV scans from a three-electrode
system in 1.2 M Li*PF;~/3:7 EC:EMC yield the EAg (electron
affinity in battery medium) values of the conjugated polymers
(Figure 2). After a complete scan, all of the present polymer
films are visually bleached except N2200 and P(NDI-
tegme2T). Note that IPy/Eyp values (ionization potential/
HOMO energy in battery medium) could not be obtained here
due to competing Cu electrode oxidation (IPg of Cu ~ 3.4 V vs
Ey;)- Also, the EAy’s of several polymers could not be observed,
presumably because their high-lying LUMOs lie beyond the Li
plating potential (~0.0 V vs Ej;). Thus, only data for polymers
with reproducibly measurable EAy values are reported. Next, eq
2 was modified by replacing Eg. with the work function of Li
(®y; = 249 eV*), as in eq 3, and polymer E; 5 values on an
absolute scale estimated. This yields E; 5 values

E = qEAy + 2.49 eV 3)

(LUMO energies in battery medium) close to E; c; however,
some discrepancies are apparent, the origins of which are
discussed below. CV data and energy differences (AE, = E; ¢ —
E, ) are summarized in Table 3.

UPS and CV Correlations. UPS data (Figure S2,
Supporting Information were used to derive Eyps (HOMO
energy in vacuo) from the work function (®,) and the valence
band maximum (VBM) values of the conjugated polymers on
Cu foil. Here, @, is determined from the averaged spectra of
four measurements using the difference between the secondary

Table 3. Cylic Voltammetry Data in Battery Medium

polymer EAg vs Ej; (V)¢ Eg (eV)b AE; (eV)
P3HT 0.56 3.08 —0.08
P(3POET) 0.79 3.28 —0.40
P(3MEMT) 0.75 324 —-0.33
PTB7 122 3.71 -0.17
PCDTBT 0.88 3.37 0.14
DTO003CF 0.97 3.46 -0.07
N2200 2.00 4.49 -0.25
P(NDI-tegme2T) 222 471 —0.30

“Estimated uncertainty range is 0.1 V. “Calculated value from eq 3.

electron cutoff (SECO), the highest binding energy, and the He
I source energy (21.22 eV).** The VBM values of the
polymer-coated Cu foils relative to the Fermi level (0.0 eV)
were determined from the onset of the lowest binding energy.
The IP, or Eyjps, was then calculated from the sum of ®; and
the VBM.*** Note that the UPS-derived Egups values track
the Eyc’s closely, but some discrepancies (AEy = Eyc —
Eyups) as large as 0.72 eV are found (Table 4). However, AEy

Table 4. UPS Data Summary

polymer Exups (eV)*  AEy (eV) Epccor/ AEpcor (ev) b
P3HT 4.52 0.61 4.66/0.14
P(3POET) 4.73 0.34 4.58/-0.15
P(3MEMT) 478 035 4.65/-0.13
PTB7 5.07 0.51 5.17/0.10
PCDTBT 5.24 0.51 5.36/0.12
DTO003CF 4.73 0.72 5.01/0.29
N2200 5.84 0.09 5.57/-0.27
P(NDI-tegme2T) 4.81 0.36 4.71/-0.11

“The estimated error range is 0.1 V. bCalculated value from eq 4.
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Figure 3. (a) IPyps plotted against IP and (b) EA;, plotted against EA. for the present series of polymers. For (a), the best linear fit (R* = 0.76) has
a slope of 1.14 + 0.24 and an intercept of 4.62 + 0.10. For (b), the best linear fit (R* = 0.90) has a slope of 1.07 + 0.13 and an intercept of 2.84 +

0.22. Red straight line indicates the best linear fit.

is significantly reduced (AEy,,) when the correction suggested
by D’Andrade® (eq 4) is applied instead of eq 1.

Epceor = (14 % 0.1) X IR, + (4.6 + 0.08) eV 4)

In this model, Ey ¢, denotes the corrected Ey; ¢ value, and the
slope of eq 4 reflects analyte image charge and solvation effects
on the electrode surface interacting with the surrounding
electrolyte, and the intercept of 4.6 is the @, of ferrocene.
D’Andrade argued that the image charges induced by an analyte
on a conductive surface under vacuum or in a polar solvent
skew the energy level correlation from unity. In general, the
greater the image charge, the greater the slope, with the image
charge directly proportional to the dipolar strength of the
charged analyte. In the present study, a relationship similar to
eq 4 (eq S) is obtained by plotting IP. vs IPypg (Figure 3a).

Epc o = (1.14 £ 0.23) X qIR; + (4.62 + 0.10) eV
()

The principal factors contributing to the disparities in the
results of this investigation and D’Andrade’s model are the
analyte solvation effects. D’Andrade et al. used small molecule
analytes dissolved in the electrolyte for CV measurements,
minimizing interanalyte molecule/ion interactions and max-
imizing electrolyte solvation. In the present study, CV is
performed on solid thin films where solvation effects should be
far less, but in which interanalyte interactions should be large.
However, as D’Andrade et al. note, solvation effects should be
small compared to the image charge effects for adsorbed
analytes, contributing to the similarity of eqs 4 and 5. Note
that UPS measurements are on analyte films cast on metal
electrodes; thus, any disparities between eqs 4 and S should not
originate from the forms of the UPS samples.

EA. — EAg Correlations. For the same conjugated polymer,
the orbital energies obtained from CV( and CVy are clearly
different and likely reflect the different reference electrodes
employed (Fc'/Fc vs Li*/Li). Furthermore, the frontier orbital
energetics of the conjugated polymers are expected to vary with
solvent and electrolyte concentration. If the origin of these
differences is ascribed solely to the reference electrode, the
analyte energy levels should uniformly shift with the potential
differences of the reference electrodes. However, when EA: and
EA; data are compared, the differences are significantly smaller
than the reference electrode potential difference (Ep. — Ey; =

3.675 V), and other sources of energy level shifts, such as
electrolyte concentration*’* and solvation, must be consid-
ered.>*~** Classic examples of this effect include the EA shift of
TI* (~0.2 V) with increasing electrolyte concentration of 0.1 to
100 mM,*” and the O, IP shift of 0.31 V at a Pt electrode on
changing the solvent from DMSO to acetonitrile.>’ In the
present case, CV and CVy measurements are conducted in 0.1
M TBA'PF, /acetonitrile and 1.2 M Li*PF, /EC:EMC,
respectively, corresponding to a large change in electrochemical
environment.

Similar to D’Andrade’s approach,® the EA¢ and EA data for
the present polymers are plotted against each other in Figure
3b. A reasonable linear correlation (R*> = 0.90) is observed,
indicating that the orbital energetics from one measurement are
approximately translatable to the other within the —2.4 to —0.4
V range. Thus, EAs of conjugated polymers in a battery
medium can be estimated (EAg,) from CV. measurements
using eq 6. The parameters in this equation

EAg. = (107 £ 0.13) X EAc + (2.84 £ 022) V. (g)

afford insights into the relevant electrochemical phenomena in
that the intercept (2.84 £ 0.22 V) is less than the reference
electrode potential difference (3.675 V), but the slope is near
unity, implying that conjugated polymers measured as thin
films on electrodes by CV: and CVy experience minimal
differential solvation effects. However, note that the slope is
greater than unity when UPS and CV( data are compared.
D’Andrade modeled such slopes by the ratio of the dielectric
constants of the respective analyte media. The medium in
D’Andrade’s model is the neighboring analyte in films for UPS,
and electrolyte in CV—hence, the dielectric constant differ-
ences are very large. In the present case, the analyte is not likely
to be extensively solvated but embedded in a solid film in both
CV experiments. Thus, dielectric constant effects in this model
should be relatively small and a slope near unity is expected—
exactly what eq 6 reveals. Thus, the apparent orbital energy
shifts primarily arise from the potential difference between the
reference electrodes; however, as noted above, the electro-
chemical potentials are also affected by the electrolyte
concentration,*”*® solvation,”** and image charge effects,
which alter the working electrode potential, as well as that of
the reference electrode.>***** Indeed, Ep. on the absolute
electrochemical scale is 5.1 €V, while @y, = 4.6 V. Similarly, E;;
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on the absolute scale is 1.44 eV, but ®;; = 2.49 eV, where the
differences likely originate from reference electrode—electrolyte
interactions. A similar phenomenon is also observed with the
SHE.>™%" These results signify that simple addition/
subtraction of a single parameter to convert orbital energies
in one electrochemical environment to another can introduce
significant errors. Note also that some polymers do not strictly
follow the linear trend in Figure 3. This phenomenon may arise
from differences in the polymer—electrolyte interactions;
however, further studies will be required to better define
these interactions.

B CONCLUSIONS

The orbital energetics of a series of established conjugated
polymers were analyzed by CV in conventional and Li-ion
battery solution environments, and by UPS in vacuo. By
comparing data obtained from these two regimes, it is seen that
the ionization potentials measured by conventional CV can be
correlated with the UPS-derived HOMO energies via Eyy ¢ o =
(1.14 + 0.23) X gIP; + (4.62 £ 0.10) (eV) and the electron
affinities of conjugated polymers measured by CV in conven-
tional and Li* battery environments can be linearly correlated
by the relationship EAg . = (1.07 + 0.13) X EAc + (2.84 +
0.22) (eV). The slopes and the intercepts of these equations are
related to the dielectric constants of the analyte environments
and the redox potentials of the reference electrodes as aftected
by the surrounding electrolyte, respectively. We expect that the
correlations and their origins described here will be useful in
analyzing/predicting the electronic structures of diverse
conjugated polymers being considered for organic electronic
and energy storage applications.

B ASSOCIATED CONTENT
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More details of polymer synthesis, CV and UPS experimental
methods, and data of the conjugated polymers are described.
This material is available free of charge via the Internet at
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