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ABSTRACT: The development of stable and highly conductive polymers, particularly n-type
materials, remains an outstanding challenge in organic electronics. N-doped polyacetylene has
long been studied as a highly conductive organic n-type material but suffers from extremely
poor stability. Herein, we use DFT to model a series of n-doped polyacetylene derivatives,
which have been functionalized with a range of electron-withdrawing substituents, with the
goal of identifying attractive candidates for synthesis. We analyze the predicted molecular
orbital energies, polymer planarity, and delocalization of charge carriers along the polymer
backbone. In so doing, we develop key insights about the ideal substituents for both stable and
highly conductive polyacetylene derivatives. This work will inform the modern synthesis and
development of new polyacetylene derivatives. Beyond this, the work identifies a variety of new
materials that have not yet been synthesized and should be good candidates for emerging
optoelectronic applications including soft thermoelectrics, bioelectronics, and flexible device
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technologies.

rganic electronics have been studied for the past 60 years
for their promise as lightweight, flexible, nontoxic
materials' and their potential as biodegradable or recyclable
materials within a circular economy.””" Interest in recent
decades has focused on semiconductors, which have many
applications including photovoltaics, light emitting diodes, and
field effect transistors.” On the other hand, the development of
highly conductive organic materials, or “Synthetic Metals,” has
remained an outstanding challenge.’ Such materials would be
of interest for a range of applications that are complementary
to their semiconducting counterparts, including printable and
stretchable conductors,”® transparent electrodes,”'’ thermo-
electric generators,"" and biocompatible electronics."*™"*
Redox doping is a promisinlg strategy for accessing high-
conductivity organic materials. ' Whereas inorganic semi-
conductors are typically doped with small quantities of
electron-rich or electron-poor elements, organic materials are
doped with molecular oxidants or reductants to afford p- or n-
type materials, respectively. p-Type doping (p-doping) involves
removing electrons from the occupied bonding orbitals to
create delocalized holes, while n-doping involves adding
electrons to low-lying antibonding unoccupied states to form
mobile charge carriers.'” Redox doping typically requires that
>33% of the polymer chain active sites are charged to achieve
high conductivity and operates by both increasing the number
of delocalized charge carriers and decreasing energy barriers
between charge wells to create efficient charge-transport
pathways. This can result in an increase in conductivity, for
example, from 107° to 10° S/cm with p-doping, and from 107°
to 10° S/cm with n-doping.'® However, doped organic
materials are often less stable than their undoped precursors,

© 2021 American Chemical Society

7 ACS Publications

with n-type materials often suffering from extremely short
lifetimes.” This has caused n-type materials to lag behind their
p-type counterparts in their development and application.

Polyacetylene was the first organic polymer to exhibit metal-
like conductivities.'”” MacDiarmid, Heeger, Shirakawa, and co-
workers discovered in the 1970s that polyacetylene changed
from a semiconductor to conductor upon addition of either an
oxidant (I,) or a reductant (sodium naphthalenide) to p- or n-
dope the polymer, respectively.””*' They also found that p-
doping with I, could vary the conductivity of polyacetylene by
11 orders of magnitude.”’ Unfortunately, redox doped
polyacetylene is very unstable, resulting in short device
lifetimes which limited further study. Additionally, there have
been challenges to synthesizing polyacetylene in a controlled
manner, which would facilitate structural modifications that
could improve material properties. However, recent work has
demonstrated the synthesis of polyacetylene derivatives by a
variety of methods,”* ¢ including soluble, ionically function-
alized derivatives used to fabricate p/n junctions,”””* making it
an ideal candidate for further exploration.

Herein, we use DFT to model the effect of functionalizing
polyacetylenes with electron withdrawing groups that stabilize
n-type doping (Figure 1). DFT has become an increasingly
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Figure 1. Modeling n-doped polyacetylenes. Polymers are modeled in
either their cis or trans isomers, determined by which isomer possesses
the lowest total energy. R;/R, = H, ME, PFP, pNP, CF;, CF,CF;,
CN. Polymer properties that are associated with stability and high
conductivity (bottom) are analyzed to identify top candidates for
synthesis.

utilized tool for understanding complex and unstable doped
polymers.””*° The goal of this study is to identify promising #-
dopable polyacetylene derivatives as synthetic targets, focusing
on key features that can promote the stabilization of n-doped
polyacetylenes and high conductivity in device applications. To
do this, we examine singly reduced mono- and disubstituted
polyacetylenes functionalized with electron withdrawing
groups and sodium counterions to simulate the doping of
polyacetylene with sodium naphthalenide.®

Our aim is to identify polymers that are stable and are highly
conductive upon doping. To this end, we selected four criteria:
(i) lowering the z* orbital energy, (ii) retaining polymer
planarity, (iii) decreasing the 7—7z* molecular orbital energy
difference (Az—x*), and (iv) increasing soliton delocalization
(Figure 1). Decreasing the 7* energy (i) is meant to prevent
oxidation and degradation under ambient conditions.’’ In
previous studies, n-doped polyacetylene has proven difficult to
work with because it reacts readily with oxygen and water.*”
High planarity (ii) and a narrow Az—z* (iii) are thought to be
associated with increased polymer charge mobility.* Lastly, we
consider the effect of delocalized charge carrier (soliton)
formation (iv) because broad, delocalized solitons are
important for rapid charge transport in doped polyacetylenes.”
We studied a range of electron withdrawing groups as
substituents, including methyl ester (ME), pentafluorophenyl
(PFP), p-nitrophenyl (pNP), trifluoromethyl (CF;), penta-
fluoroethyl (CF,CF;), and cyano (CN). As polyacetylene
exists as both cis and trans isomers, the most stable polymer
conformation was taken to be the most likely to form and thus
included here. See the Supporting Information (SI) for data on
both cis and trans isomers (Table S1).

We first validated this method by comparing calculated 7
and 7* orbital energies with experimentally determined redox
properties. By this method, polyacetylene is modeled with
eight repeat units in the presence of a sodium atom; the system
is then optimized in a doublet state such that charge is
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transferred to the polyacetylene backbone and the sodium
cation migrates to stabilize the resulting soliton. We find a
singly occupied 7* orbital energy of —3.3 eV (Figure 2). trans-
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Figure 2. Potential energy diagram of monosubstituted polyacetylene
derivatives. Calculated MO energies of the 7 (blue) and 7* (orange)
orbitals for each polyacetylene derivative. Calculations performed on
the polyacetylene derivative doped with Na in the doublet state. The
dotted lines indicate the energy relative to the absolute potential
energy of SHE for the reduction of O, gas in water under neutral
(green) or acidic (black) conditions.

+ 35

Polyacetylene has a reduction potential of 1.46 V vs Na/Na",
which corresponds to an absolute reduction potential® (i.e.,
relative to vacuum) of —3.38 €V, in close agreement with the
calculated value. The experimental electrochemical bandgap
for trans-polyacetylene of 1.51 eV>> compares well with the
calculated An—7* of 1.4 eV. This slight underestimation of the
bandgap could potentially result from either disorder in
polymer films or interactions with solvent decreasing polymer
planarity and increasing Az—n*. Overall, this suggests that the
computational method is sufficiently robust to effectively
model polyacetylene and its derivatives.

To evaluate the stability of the n-doped polyacetylene
derivatives, we compared their 7* orbital energies against the
reduction potential of O,. The most important decay pathway
for n-doped polymers is oxidation by O,, as it precludes their
study under anything but the most stringent, air-free
conditions.” However, the reduction potential of O, depends
strongly on the environment.”” In polar aprotic solutions such
as acetonitrile, O, is reduced to the superoxide anion at an
absolute potential of —3.99 eV,*® whereas in water (pH = 7)
this occurs at —4.21 eV (Figure 2, green dotted line). We
expect that oxidation of the polymer upon exposure to
atmospheric conditions would occur rapidly if the singly
occupied 7* orbital has a higher absolute potential than this.
Under acidic conditions, O, is reduced to form H,O; this is
significantly more favorable, and reduction occurs above —5.6
eV (Figure 2, black dotted line). Of course, it is unlikely that
the unprotected, n-doped polymer would be submerged in an
acidic solution. We therefore expect that z* orbitals near or
below —5.6 eV would be unlikely to react under most
experimental conditions. It should be noted that photoinduced
oxidative degradation by O, is also common in 7-conjugated
polymers.””~"" Although this is difficult to model looking at
orbital potential energies alone, a lower energy 7* orbital is
nevertheless more stable and less likely to exhibit unwanted
reactivity.

All monosubstituted polyacetylene derivatives in this study
possess calculated 7% orbital energies below O, reduction
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under neutral conditions (Figure 2). CN-substituted poly-
acetylene has the lowest energy 7™ orbital at —5.5 eV, nearly
the same potential energy as O, reduction under acidic
conditions. There are three key features that explain this
finding: electronegativity, resonance, and size. Intuitively,
stronger electron withdrawing substituents should provide
the strongest inductive stabilization. We hypothesize that pNP-
substituted polyacetylene exhibits a 0.3 eV greater 7** orbital
stabilization than PFP-substituted polyacetylene due to the
combined effects of greater electronegativity and resonance
stabilization from the nitro-group. The ME functionality, being
moderately bulky while also providing less resonance and
inductive stabilization, appears to afford the least stabilized #*
orbital. The smaller (but still fluorinated) CF; group provides
even greater stabilization than either phenyl or ester
functionalities, resulting in a lower polyacetylene 7* orbital
energy. This implies that substituent size plays an important
role in determining orbital energies. To examine this further,
we decided to study the effect of substituent size on Az—n*
and polymer planarity.

An—7n* and polymer planarity are important factors that
affect charge-transport. Planarity has been shown to affect both
intermolecular and intramolecular interactions in other 7-
conjugated polymers. Structural rigidification to increase
planarity is associated with a decrease in Azm—z* due to
improved alignment between adjacent z-bonds.*”* Insofar as
planarity and a narrow Az—z* are associated with 7z-orbital
alignment into larger, delocalized z-systems, these factors are
also associated with improved charge transport."* Increased
planarity is also associated with improved solid-state polymer
order, which has been shown to improve conductivity in redox
doped 7-conjugated polymers.*> More precisely, the presence
of crystalline tie-chains between polymers in a semicrystalline
or largely amorphous matrix are believed to facilitate
intermolecular charge hopping.*® While polymer crystallization
depends on a range of factors, including processing conditions
and side chain geometry, planarity in the n-conjugated
backbone is a necessary for crystallization that involves 7—7x
stacking.””** Neutral polyacetylene modeled in the gas phase is
planar, and all dihedral angles along C—C bonds are either 0°
or 180°. The dihedral angle deviation (A#) from this reference
point (Figure 3a) is therefore a quantitative measure of the
effect of substitution on planarity, with a higher A@ indicating
poorer planarity.

Beginning our study of planarity, we examined the difference
between polyacetylene mono- and di- substituted with CF;
groups (Figure 3b). In both cases, the magnitude of AO
oscillates as each successive bond is either primarily a single or
double bond, with single bonds enabling greater rotational
freedom (Figure 3c). Disubstituted polyacetylene exhibits
significantly larger oscillations, however, and overall exhibits
significantly higher A@ values. Qualitatively, disubstituted
polyacetylene appears significantly more twisted and less
planar than its monosubstituted counterpart, consistent with
our quantitative analysis. Furthermore, while the disubstituted
derivative possesses the same 7* orbital energy (—5.3 eV)
(Table 1, entries S and 6) as its monosubstituted counterpart,
its Ar—nm* is more than twice as wide as the monosubstituted
derivative (3.2 vs 1.4 eV). This implies that disubstituted
polyacetylene is less attractive as a synthetic candidate as a
consequence of significant backbone distortion. Indeed, a
similar trend is observed for —CN disubstituted polyacetylene
derivatives (Table 1, entries 8 and 9; SI, Table S1, entries
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Figure 3. Measuring polymer geometry. (a) The model polymer, with
the bond length (b) and dihedral angle deviation (A8) highlighted for
clarity. (b) Representation of the 7* molecular orbital of mono- and
disubstituted polyacetylenes, functionalized with CF;. Carbon atoms
are shown in gray, hydrogen in white, and fluorine in green. (c)
Dihedral angle deviation from planarity, comparing mono- (red) and
disubstituted (blue), —CF; functionalized polyacetylene. (d) BLA
pattern of mono- (red) and disubstituted (blue) polyacetylenes,
functionalized with CF;. Lines connecting dots included as a guide for
the eye.

S15—18). However, it is important to also consider the nature
of soliton formation prior to a decisive judgment.
Delocalized soliton formation is critical to achieving high
conductivity in polyacetylene. We can use bond length
alternation (BLA) patterns to quantify the formation of a
soliton, examining the carbon—carbon bond lengths (b) along
the polymer backbone.”” Neutral polyacetylene has alternating
single and double bonds in its backbone as a consequence of
Peierls instability,.50 When a soliton is formed, these bonds
converge on a single value, indicating partial single/double
bond character along the polymer backbone. Were the entire
backbone to converge on the same bond length, the
semiconducting nature of polyacetylene would break down
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Table 1. Summarized Quantitative Measures of the Properties of Polyacetylene Derivatives”

entry R, R, 7* (eV)
1 —-H —H =33
2 —CO,CH,4 “H —47
3 —CF, —H —48
4 —C(H,NO, -H -5
5 —CF, —H -53
6 ~CF, —CF, -53
7 —CF,CF, —H -53
8 —CN -H -=S.5
8 —CN —CN —7.0

An—n* (eV) AG,, (deg) b, (A) o, X1072
1.4 2.4 1.40 3.0
1.4 154 1.41 3.9
1.2 4.8 141 2.9
1.7 199 141 4.6
1.4 19.2 141 3.7
3.2 40.7 1.42 7.4
1.9 219 141 4.8
1.0 5.3 141 2.6
1.5 22.9 1.42 4.4

“m* = the energy of the 7* MO. An—z* = the energy difference between the 7 and 7* orbitals. Af,, = average deviation in dihedral angle from
planar structure. b,, = average carbon—carbon bond length. o, = standard deviation in carbon—carbon bond lengths.

as the 7 and 7* orbitals converge to form a metallic state.”
BLA patterns (Figure 3d) indicate that disubstitution results in
a less delocalized soliton extending over, at most, two bonds,
while monosubstitution results in a larger soliton extending
over at least six bonds. This may be attributed to the
disubstituted oligomer’s shielding effect on the counterion,
destabilizing the formation of a soliton, or to a distortive steric
effect caused by the density of substituents. Regardless, not
only does disubstitution result in less planarity, it also appears
to prevent delocalized soliton formation. These results strongly
imply that substituent density should be low to maintain high
polymer conductivity.

Focusing next on monosubstituted derivatives, we sought to
understand substituent size. To this end, we directly compared
the CF; and CF,CF; substituents. Both substituents result in
the same 7* orbital energy, but the CF,CF; derivative exhibits
a significantly wider Az—z* than the CF; derivative (1.9 vs 1.4
eV) (Figure 2). We hypothesized that greater steric effects due
to the larger substituent distort polymer backbone -
conjugation. However, we wanted to differentiate between
steric and inductive effects. Energy calculations were thus
performed, in which the CF,CF; substituted polymer had its
backbone fixed in the CF; optimized configuration (SI, Figures
S14, S34). Under these fixed conditions, the z* orbital
remained unchanged while Az—7* was decreased to 1.5 eV,
which is attributed to more z-conjugation throughout the
oligomer due to forced planarization. The additional electron-
withdrawing fluorine atoms do not significantly contribute to
7* stabilization, and their main contribution is therefore steric,
distorting the polyacetylene backbone and increasing Az—su*.

The extent to which each derivative meets criteria (i—iv) can
be represented quantitatively (Table 1). The z* molecular
orbital energy (i) and Az—z* (ii) are straightforward, with a
low value for each being desirable, as described above. The
average deviation from planarity (Af,,) accounts for backbone
distortion, with a higher number representing a more distorted
backbone. Polymers with a low A#,, best satisfy the polymer
planarity criterion (iii). Relatedly, the average carbon—carbon
bond length (b,,) is included as a rough measurement of steric
repulsion between substituents as carbon atoms are forced
further apart to accommodate large substituents. Finally, the
standard deviation in carbon—carbon bond lengths (o)
describes the degree to which a delocalized soliton is formed
(iv). This is because in a perfectly delocalized soliton the bond
lengths would converge on a single value, and o, would
approach zero; as bond-lengths differentiate between single
and double bonds, o, increases. Therefore, we predict that a
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decreasing value of ¢, would correlate with an increasingly
delocalized soliton and increasing charge conductivity.

On the basis of this quantitative data, CN-substituted
polyacetylene appears to be the most interesting synthetic
candidate (Figure 4). A couple of trends are notable. First,

Figure 4. n-Doped polyacetylene monofunctionalized with cyano
groups. Representation of the 7* molecular orbital of the polymer
monofunctionalized with CN, which possesses a relatively planar
backbone, a low 7* energy, a narrow Azr—z*, and a delocalized
soliton. Carbon atoms are shown in gray, hydrogen in white, nitrogen
in green, and sodium in pink.

disubstituted polymers show consistently higher A@,, values.
This increases Az—z* for CN disubstituted polyacetylene,
although it maintains a Az—z* (1.5 eV) that is comparable to
that of native polyacetylene (1.4 eV). Interestingly, CN has
significantly lower A0,, and o, values than CF; (Table 1,
entries S and 8), which is similarly small. We speculate that this
is a consequence of hybridization; CN is sp hybridized and
therefore less sterically bulky than sp3-hybridized CFs;.
Regardless, low A#,, and o, values suggest that the CN
derivative possesses a high degree of planarity and soliton
delocalization. In fact, solitons on polyacetylene that is
monosubstituted with CN appear to be more delocalized than
native polyacetylene, with a o, value of 2.6 compared to 3.0 for
unsubstituted polyacetylene.

Another interesting substituent is PFP, which has an
unusually planar structure despite the large substituent size
(SI, Figure SS, entry S6). Although the 7* energy is above the
reduction potential of O, in acidic conditions, the 7* is still
below the O, reduction potential under neutral conditions.
Moreover, the PFP derivative exhibits a narrow Az—n* of 1.2
eV, the lowest Af,, of any derivative, and a low o, value that is
comparable to native polyacetylene (Table 1, entry 2). This
striking retention of planarity and soliton delocalization
appears to be due to the planarity of PFP, which allows the
phenyl rings to efficiently stack when the polymer is in its trans
isomer. Indeed, the pNP derivative in its trans isomer has a
significantly narrower Az—z* (1.0 vs 1.7 eV in its cis isomer),
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has a lower 7* (—5.3 €V), is more planar, and exhibits a more
delocalized soliton (SI, Table S1, entry S6). The trans isomer,
however, is 76.3 kJ/mol less stable that its cis isomer and is not
predicted to be the favored form. Furthermore, it should be
noted that the bulkiness of the PFP substituent, as with other
phenyl substituents, may prevent either isomer from effectively
m-stacking, crystallizing, or forming meaningful intermolecular
interactions regardless of planarity.

To conclude, we have developed a method for screening
candidate polyacetylene derivatives for n-doped materials.
Evaluating a range of mono- and disubstituted polymers, we
have determined that polyacetylene monosubstituted with CN
represents the most attractive synthetic candidate. However,
on the basis of their predicted 7* orbital stabilization, Az—7x*,
planarity, or soliton delocalization, many other polyacetylene
derivatives are also interesting candidates. Ultimately, it is
important that more polyacetylene derivatives are synthesized
overall so that this method can be further validated and
improved by comparison to experimental data.

The clearest lesson of this study is the strong steric
limitation on substituents. Other z-conjugated polymers, such
as polythiophenes, polyfluorenes, and polyphenylenes can
tolerate a wide range of substituents, often without significant
backbone distortion.”' ~>* Polyacetylene has both a smaller
repeat unit and lacks planarizing aromaticity, and we predict
that effective #-conjugation, delocalized charge carriers
(solitons), and highly conductive materials will therefore
require especially small substituents. The primary exception to
this is planar, phenyl substituents, for which it is possible to
access stable and planar trans polyacetylene derivatives. Indeed,
sp and sp® hybridized substituents also enabled resonance with
the backbone and extension of the 7 system; this decreases
An—n* and the m* orbital energy, further improving the
stability of the derivative to oxidation. Overall, we believe that
these insights will inform the synthesis and development of
new polyacetylene derivatives and open the door to the
rigorous study and application of n-doped polyacetylene.

B METHODS

Oligomers were modeled with eight repeat units, following
previous work showing that oligomeric structures of this length
approach the saturation length of electronic properties for z-
conjugated polymers.”*~*° Density functional theory (DFT)
calculations were implemented in Gaussian 16, using the
nonlocal hybrid Becke three parameter Lee—Yang—Parr
(B3LYP) functional.””~®" The split-valence double-{ basis set
6-31(d,p) was used for geometric optimization. The z and z*
energy values were found using the larger split-valence triple-{
basis set, 6-311+G(d,p), through a single-point energy
calculation.””*® Charged species were modeled as a one-
dimensional oligomer paired with a sodium atom and in a
doublet spin state. Unsubstituted polyacetylene was modeled
in the gas phase with and without implicit solvation by n-
hexanes (& 1.8819), tetrahydrofuran (& 7.4257),
dichloromethane (& 8.93), and acetonitrile (e
35.688).°7%° Because of better agreement between the gas
phase calculations and the experimental Az—z* (SI, Table
S2), the remaining charged species were modeled in the gas
phase. We additionally chose this approximation for our
calculations because Gpolyacetylene acts as a one-dimensional
topological insulator. 7,68
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