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PO o o Conductive polymers with highly conjugated systems, such as the doped poly(3,4-ethylenedioxythiophene) (PEDOT) family,

are commonly used in organic electronics. However, their structural inhomogeneity with various chain lengths makes it
difficult to control their conductivities and structural details. On the other hand, low-molecular-weight materials have well-
defined structures but relatively narrow conjugate areas with a limited range of Coulomb repulsion between carriers (Ues),
which hamper the flexible control of conductivities. To bridge this gap, we developed oligomer-based conductors, which are
intermediate materials between polymers and low-molecular-weight materials. Using a library of single-crystal charge-
transfer salts of oligo(3,4-ethylenedioxythiophene) (oligoEDOT) analogs that model the doped PEDOT family, we have
investigated the structure-determining factors affecting their conductivities, such as counter anion variations, lengths of
oligomer donor, and band fillings. Through the screening study, we developed oligoEDOT analogs with tunable room
temperature conductivities by several orders of magnitude, including a metallic state above room temperature. In this study,
we consistently evaluated the electronic structural insights by first-principles calculations and revealed that Ues is the
dominant factor that determines the relationship between the structures and conductivities. The unique feature of
oligoEDOT conductor systems with widely variable Uest can differentiate these systems from strongly electron-correlated
systems.

Introduction

Organic conductor materials are lightweight, flexible, solution-processible in a cost-effective and energy-saving manner, and rich in
structural designability.! The use of organic conductors has advanced the application of organic electronic devices in the Internet of Things
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technologies. Notably, the precise and flexible control of conductivity, as well as high reproducibility, must be realized toward the
development of organic conductors applicable in next-generation organic electronics. Conductive polymers with highly m-conjugated
systems, such as the doped poly(3,4-ethylenedioxythiophene) (PEDOT) family (Figure 1),2 are widely used in organic electronics. However,
these polymers exhibit various chain lengths, and their structural inhomogeneities often result in limited precise control over their
conductivities. The poor accessibility of their structural details also hinders the understanding of the mechanism underlying conductivity
control. In contrast, low-molecular-weight materials can be characterized by single-crystal X-ray diffraction (XRD). The structure—conductivity
relationships address the conduction mechanisms,3 in which conductivity is basically defined by the ratio of the Coulomb repulsion between
carriers (Uesr) and intermolecular interaction (W), i.e., Ue/ W.* However, the relatively narrow conjugate areas have often limited the range
of Uest, hampering the flexible control of their conductivities.

Recently researchers have focused on an intermediate between conductive polymers and low-molecular-weight conductors, i.e.,
oligomer-based conductors.®> Single-crystalline oligomer conductors have well-characterized structures at the atomic level and various
structure-determining factors such as oligomer length and sequence. Especially, the expandable m-conjugated systems possibly exhibit a
wide range of Ues. Also, these factors can spatially adjust the packing structures (i.e., W), enabling control conductivity in a precise and
flexible manner dually by Uet and W. Among oligomers, oligo(3,4-ethylenedioxythiophene) (oligoEDOT) analogs that model the PEDOT
family? have great potential as organic conductor materials for the future. However, the synthesis to expand these highly m-conjugated
systems in the doped states (i.e., radical cationic salts) has been challenging, and no successful examples were reported except for that
without i-stacking. We have synthesized a library of single-crystal oligoEDOT analogs in doped forms and investigated their conductivities.”~
10 We identified the factors that influence the conductivities, such as 1) install of variable counter anions, 2) oligomer elongation, 3) band-
filling modulations, and 4) their combined effects (Figure 1). Through the screening study, we developed charge-transfer systems that showed
room temperature conductivities varied by several orders of magnitude, including highly conducting material in a metallic state above room
temperature. In this study, we consistently evaluated the electronic structural insights by first-principles calculations based on the single-
crystal structures, addressing the structure—physical property relationship that was dominated by Ues. We discovered the electronic features
unique to oligopEDOT-based conductors with widely tunable Ues, which can differentiate these systems from strongly electron-correlated
systems.

Results and discussion

Shortest oligomer conductor used to model doped PEDOT

We synthesized a single crystal of a charge-transfer salt of the shortest oligomer 20.7 First, we dimerized monomer unit O (3,4-
ethylenedioxythiophene) via a Cu-mediated homocoupling reaction. Electrooxidation of 20 with "BusNePFs ("BusN = tetra-n-
butylammonium) as the electrolyte at an electrical current of 0.3 pA yielded single-crystal 20¢PF. Single-crystal XRD results revealed a 1:1
donor-to-anion molar ratio (Figure 2a,b), indicating a half-filled electronic state. The space group is categorized as P21/n, with molecule-
independent donors (Table 1). The donors are stacked in a column-like structure in a head-to-tail manner, with the anions forming short
contacts between the S atoms of the donors and the F atoms of the anions (dsf = 3.056(3) A; Figure 2a), which is shorter than the sum of van
der Waals radii of the S and F atoms (3.27 A). The donors are equivalently ri-stacked with a m—mt stacking distance of 3.481 A (Figure 2b). The
donor's Wannier function (corresponding to the molecular orbitals of the donor in a radical cation form) extends throughout the molecule
to the S atoms at both termini (Figure 2c), as confirmed by first-principles calculations (combined Quantum ESPRESSO (QE)1%12and RESPACK4
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Figure 2. Structures of single-crystal 20¢PFg in the major-occupancy at 293 K. (a, b) Single-crystal structure along (a) the a-axis (a) and (b)
perpendicular to the m-stacking direction.® (c) QE%12/RESPACK!-calculated maximally localized Wannier functions viewed along the c-axis,
as visualized using VESTA.13 (d) QE*12-calculated band structure. X (0.5,0,0), I" (0,0,0), Y (0,0.5,0), N (0,0.5,0.5). Atoms were colored as
follows; red: oxygen; yellow: sulfur; gray: carbon; yellowish green: fluorine; orange: phosphorous, white: hydrogen. Hydrogens were omitted
for clarity (a,b).

packages) based on the single-crystal structure. The density of states was calculated using QE to determine the band structure and W to be
0.985 eV (Figure 2d). These data indicate the strong intracolumnar orbital interactions between the donors, whose W value is consistent
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with those of typical metals and superconductors.? This large W may be characteristic of oligoEDOT systems with molecular orbitals spread
over the entire donor molecules containing multiple relatively large S atoms and overlayed tightly in a head-to-tail fashion with a relatively
short n—n stacking distance. Notably, the bands at the Fermi level did not display a gap, thus exhibiting a metallic electronic state unless Uest
is considered.

In contrast, the temperature dependence of the electrical resistivity (p) of 20¢PFs induces the semiconducting behavior, with an
activation energy (E,) of 0.278 eV around room temperature, according to the Arrhenius plot.” The electrical resistivity at room temperature
(ort) is 4.3 x 10* Q cm,” which is modest for semiconductors and several orders of magnitude higher than that of doped PEDOT.2 Considering
the band structure suggests a metallic electronic state, wherein the contribution of Ue is ignored, this discrepancy suggests the presence of
a large Uess above W (i.e., Uess > W), reminiscent of a rare half-filled Mott insulator state. Equation 2E, = Uess — W, used for strongly correlated
systems, estimated the experimental Uess (Uess®*P) to be 1.53.8 The ratio Uest/W, as an indicator of conductivity (i.e., Uest/ W < 1: metals; Uest/ W
> 1: semiconductors or insulators),* suggests that strategies to increase W or decrease Uest may improve the conductivity.

Effect of installed anions in charge-transfer salt (20¢X)

Reducing the m—m stacking distance by introducing small counter anions generally increases the W. This may also increase the
intermolecular Coulomb repulsion, resulting in shielding effects of electrons to reduce Uest. Thus, we installed ClO,~ and BF4~ as the counter
anions for 20 charge-transfer salts.” The anions were smaller than the PFs~ anion, with sizes of 5.1 A (PF¢”) > 4.9 A (ClO47) > 4.8 A (BF4”) (Table
1). The packing structures were both categorized as /12/a with half-molecule-independent donors (Figure 3a, Table 1). The donor-to-anion
molar ratios in 20¢BF, and 20¢CIO, were both 1:1, indicating that the donor's valency is +1, as observed in 20¢PFg. The ethylene groups of
the donors in 20¢BF, and 20¢ClO4 are disordered in a 1:1 ratio. Unlike in 20PFs, no short contacts were observed between the donors and
anions. The order of the m—t stacking distance depends strongly on the anion size: 3.481 A (20¢PFg) > 3.471 A (20¢ClO,) > 3.462 A (20#BF,).
We evaluated the W values of 20ClO, and 20¢BF, for the first time by QE112 to be 0.979 and 1.01 eV (Table 1), respectively. Consistently
large W values (= 1.0 eV) may be characteristic of the electronic structures of oligoEDOT conductors. The W values for 20¢CIO, and 20¢BF,
were higher than or comparable to 20¢PFs. Notably, the greater n—mn stacking distance (20¢PFg > 20¢ClO, > 20¢BF,) did not reduce the
corresponding W values in the order predicted 20¢PFg < 20¢ClO4 < 20¢BF,; experimental 20¢ClO 4 < 20¢PFg < 20 BF,), indicating the
dominant contribution of the hidden Ue¢ in the calculations.

Table 1. Structural data and electronic parameters of 20X (X = PF¢, ClO4, and BF,) single crystals.

Compound 20¢PFg 20¢ClO4 20°¢BF,
Experimental
Space group, Z P21/n, 47 12/a, 47 12/a, 47
Donor-stacking form head-to-tail” head-to-tail” head-to-tail”
Donor valence & 17 17 17
n—t stacking distance® (A) 3.4817 3.4717 3.4627
pre (Q cm) 4.3 x10%7 4.3 %1037 2.8 x 1027
E, (eV; the value around room temperature) 0.2787 0.2247 0.1777
Uegfe*P b 1.548 1.43 1.36
Ut b/ W 1.568 1.46 1.35
Theoretical
W (eV) [QE1212/RESPACK4] 0.98510 0.979 1.01
Ues<@ (eV) [QE1L12/RESPACK14] 2.4310 2.33 2.35
Uess@lc/ W 2.46 2.38 2.34
9Interplanar n—t stacking distances were measured between the mean planes comprising 10 atoms in the thiophene rings of 20. bUe¢e** = W
+ 2E,.

On the other hand, the p values are 4.3 x 103 Q cm for 20CIO4 and 2.8 x 102 Q cm for 20BF, (Figure 3b, Table 1), which are one to two
orders of magnitude lower than that of 20PF¢ (4.3 x 10* Q cm). The temperature dependencies showed the semiconducting behavior, with
lower E, values of 0.224 eV (20¢Cl0,) and 0.177 eV (20¢BF,) (Figure 3b, Table 1). Generally, the larger the W, the smaller the E,. However,
the E, order (20¢PFs > 20¢ClO4 < 20BF,) was inconsistent with that predicted (i.e., 20¢ClO4 > 20¢PF¢ > 20¢BF,) from the experimental W
order (20¢ClO, < 20¢PFg < 20BF,). This discrepancy is also reminiscent of the dominant contribution of Ues in their conductivity.

Therefore, we quantified Ues from the experimental results and through first-principles calculations for the first time. wWe first
determined the Ues values experimentally using the E, and calculated W values under the extended Hubbard model (i.e., Ues®*® = W + 2E,).
The Ues=*® values were determined to be 1.54 eV for 20¢PFg, 1.43 eV for 20ClO4, and 1.36 eV for 20#BF;; whereas the Ues®**/W were
determined to be 1.56 for 20¢PFg, 1.46 for 20¢Cl04, and 1.35 for 20¢BF,. The order of the Ues®®/W values is comparable to that of £, and
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Figure 3. (a) Single-crystal structure of 20¢BF, along the c-axis.” Atoms were colored as follows; red: oxygen; yellow: sulfur; gray: carbon;

yellowish green: fluorine; pink: boron. Hydrogens were omitted for clarity. (b) Electrical conductivities of 20eX (X = PFs, ClO4, and BF4).”
Cooling (open circles) and heating (plus marks) processes are shown.

prt (20¢PFg > 20¢CIO4 > 20¢BF4). We then investigated the dominant parameter Ues with theoretical calculations to address the intrinsic
values based on the single-crystal structures using QE'%12 and RESPACK!4 packages (i.e., Ues?c) for the first time in oligoEDOT conductor
systems. The U values are listed in order, as follows: 2.43 eV (20¢PFg) > 2.33 eV (20¢ClO,4) = 2.35 eV (20¢BF,) (Table 1). Favorably
reduced Ues values were observed for 20¢BF, and 20¢CIO4 owing to their shorter m—mt stacking distances, which may provide relatively large
shielding effects for Ues. The resulting Ues<2'c/W values are 2.46 (20¢PFg) > 2.38 (20¢ClO,4) > 2.34 (20¢BF,) (Table 1); this order is consistent
with the orders of pt and E,. Therefore, it can be deduced that both U and W were affected by the variations of installed counter anions,
cooperatively reducing Uest/W by balancing the W and Uet and thus improving the electrical conductivity. It is noted that the Ues@' values of
salts with high conductivities can be overestimated because their shielding effects are less effective for highly conducting materials. Future
calculations involving the contribution of the shielding effects may reveal a more pronounced difference in Uet/W.

Effect of oligomer elongation (20eX to 30¢X)

To enhance the conductivities of the oligopEDOT-based conductors with consistently high W values (=1 eV), decreasing the Ues is
necessary. One method of decreasing Ues is to expand the m-conjugate areas of donors. Previous theoretical studies!> predicted that
extending the oligomer lengths in oligoacenes and oligothiophenes will result in a favorable decrease in Ues. Thus, we focused on the
strengths of oligomer conductors with extendable oligomer chain lengths, which systematically expanded the m-conjugate areas. The
oligomer elongation effects on their conductivity were experimentally demonstrated in a quantitative manner for the first time by extending
the donor from a dimer to a trimer (i.e., 20 to 30) in a charge-transfer salt (Figure 1).8

We first synthesized the single-crystal salt, 30¢PFg(CHCl); via the electrooxidation of neutral 30. Like 20¢PFs, the molar ratio of donors
and anions is 1:1, leading to a half-filled electronic structure (Figure 4a,b) . The calculated band structure showed a small gap around the

(b) (c)

Energy (eV)

Figure 4. (a,b) Single-crystal structure of 30ePF¢(CHCl>), along the (a) c-axis and (b) b-axis.8 Atoms were colored as follows; red: oxygen;
yellow: sulfur; gray: carbon; yellowish green: fluorine; orange: phosphorous. Hydrogens were omitted for clarity. (c) QE-calculated band
structure of 30PFs PF¢(CH,Cl,).. " (0,0,0), Z (0,0,0.5), Y (0,0.5,0), N (0,0.5,0.5).

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins




Page 5 of 9 Faraday Discussions

Fermi level (Figure 4c), which can be classified as a band insulator. The W of 30¢PFs(CH,Cl,);, including the gap, was (0.818 eV),10 which is
slightly lower than that of 20ePF¢ (0.985 eV)0 but still large among organic conductors.3 The electrical conductivity of 30ePFg(CH,Cly);, was
semiconducting, with approximately 2% of p+ (1.0 x 103 Q cm)8 in relation to that of 20¢PF;. The E, is 0.197 eV,8 which is significantly smaller
than that of 20¢PFs (0.278 eV)? with an identical anion. Based on the E, and calculated W, the Ueg®® (1.21 eV) and Ues®**/W (1.48) values
were estimated to be 1.21 eV and 1.48, respectively,1© which are smaller than those of 20¢PFs (1.54 eV and 1.56, respectively).10 These
results confirm that extending the oligomer chain length efficiently improved the conductivity as theoretically predicted, even in the band-
insulating state. Therefore, further extension of the oligomer chain length along the long and short molecular axes may further enhance the
conductivity.

Effect of band-filling modulation (20-HSO,)

Band-filling modulation is another effective method of decreasing the Ues. The previous oligoEDOT conductors are in half-filled states,
which is rare for highly conductive molecular conductors. A subtle deviation in band filling of the half-filled materials which display the highest
Ukt values can drastically reduce the Uess. Hence, band-filling modulation was first investigated using 20—HSO4, wherein a HSO4~ anion under
acid dissociation equilibrium conditions was used as the counter anion of 20 (i.e., 20—HSQ,, Figure 1).° The crystal structure of 20—-HSO,4
exhibits a 1:1 molar ratio of donors and anions, in which the anions form two types of disordered infinite one-dimensional chains (Figure
5a,b). Along the anion chains, the donors are uniformly m-stacked head-to-head, unlike the head-to-tail manner observed in 20X and
30¢PFs(CHCl,), (Figures 2a, 3a, and 4a). The m— stacking distances of the donors are 3.441 A (Figure 5b),? which is shorter than those of
20X (3.46-3.48 A).7 The positions and number of protons could not be determined owing to their crystallographically specific positions.
However, the O-O distances (2.33(3) and 2.98(3) A) between the neighboring anion molecules (Figure 5b),® which are smaller than the sum
of the van der Waals radii (3.04 A), suggest the formation of proton-mediated hydrogen bonds in the chain, possibly enabling the partial
removal or addition of protons.

Additional structural analysis for the bond-length alternation of the donors in the salt enabled us to estimate the valence of the donor.
The weakening of the bond-length alternation of 20—-HSO,° upon oxidation by neutral 20 is similar to those of half-filled 20¢X,” indicating a
valence of approximately +1. Assuming that the donor charge is +1, QE!112 was used for the first time to determine the band structure of
20-HSO, that does not induce a gap at the Fermi level (Figure 5c). The calculated W value was 0.943 e V, which is slightly lower than those
of head-to-tail-type 20X (0.979-1.01 eV) and may be attributed to the head-to-head stacking of the donors that weakened the orbital
overlap. Further, the Ues?'c of 20—HSO, was estimated using QE1%12/RESPACK4 to be 2.31 eV, which is comparable to 20X (2.33-2.4310 V).
Due to its unfavorably reduced W (0.943 eV) in relation to those of 20X (0.979-1.01 eV), its estimated Ueg<?'c/W (2.45) is unfavorably higher
than those of 20eX (2.34-2.46), predicting that 20—HSO4 has a poorer conductivity than 20eX.

In contrast to the prediction, the electrical conductivity of 20-HSO, improved significantly, with a drastically lower pr of 3.1 Q cm,® which
is 0.007% of that of 20#PF¢ (4.3 x 10* Q cm).” Although the semiconducting behavior was retained, it exhibited the smallest £, (0.0886 eV)?
among those of the oligoEDOT salts, and can thereby be regarded as a narrow-gap semiconductor. Considering the unfavorably small W, the
dramatic improvement in conductivity may be ascribed to the remarkably reduced Ues, although the calculated Uest/W for 20-HSO, (2.45)
was unfavorably high or comparable to those of less conductive 20X (2.34-2.46) under the assumption that the donor's valency is +1. Thus,
we doubt the assumption. The addition or depletion of protons in the anion chains can alter the donor's valency from +1, although the
valency appears to be approximately +1, which is apparent from the single-crystal bond-length analyses. The donor's valency not equal to +1
can deviate the band filling from the half-filled state, potentially reducing the Ues. This hypothesis is experimentally demonstrated to be true
by the considerably lower peak-top energy (0.65 eV) of the polarized reflectivity spectrum for single-crystal 20—HSO,4 than those for 20eX
(0.72-0.74 eV).? Therefore, even a subtle change in the donor's valency from +1 can significantly impact the conductivity improvement,
emphasizing the importance of band-filling modulation from the half-filled state that displays the maximum Uegs.
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Figure 5. Single-crystal of 20-HSO, (a) along the c-axis and (b) from the perpendicular to the n-stacking direction. Atoms were colored as
follows; red: oxygen; yellow: sulfur; gray: carbon. Hydrogens were omitted for clarity. (c) Band structure of 20-HSO,. Z (0,0,0.5), I" (0,0,0), Y
(0,0.5,0), X (0.5,0,0).

This journal is © The Royal Society of Chemistry 20xx  J. Name., 2013, 00, 1-3 | 5



== Faraday Discussions. =11+

ARTICLE Journal Name

Combined effect of oligomer elongation and band-filling modulation (4PSe(PF¢)1.2(solvent),)

Finally, we combined the extending effect of the oligomer length and the band-filling modulation from the half-filled state. We designed
an extended tetramer donor 4PS comprising a P-S-S-P sequence, in which S is 3,4-ethylenedithiothiophene and P is 3,4-(2',2'-
dimethylpropylenedioxy)thiophene (Figure 1).1° The electrochemical oxidation of 4PS yielded the single-crystal charge-transfer salt
4PSe(PFs)12(solvent),.1° The single-crystal structure exhibits pitched m-stacked donors (Figure 6a,b) with a quasi-1D (q1D) electronic
structure, which was first observed in oligoEDOT systems. This may be attributed to the outer bulky P monomer units. Noticeably, the single-
crystal structure displays unique columnar voids that contain additional solvent (acetone or H,0) and 0.2 equivalents of PF¢~ anions, along
with the equivalent PFg~ anions relative to the donors (Figure 6b). This is apparent based on the results obtained via single-crystal XRD,
energy-dispersive X-ray, and inductively coupled plasma atomic emission spectroscopy (ICP-AES).10 The total 1.2 equivalents of anions caused
the band filling to deviate from the half-filled state, and the extended length of conjugation significantly improved the conductivity.

Above room temperature, 4PSe(PF¢)1 2(solvent)n, exhibited metallic behavior, with a low p of 0.028 Q cm (Figure 6c),° which is six-fold
lower than that of 20¢PF¢7 with the identical counter anion. This metallic state was observed for the first time in the single-crystalline
oligoEDOT system. The metallic state was further confirmed by observing the plasma reflection in the polarized reflectivity along the -
stacking direction, in addition to the magnetic characteristics.1? In this metallic state, the E, value is considered to be 0. As a result, the
Ues=*/W ratio equals 1. The mixed sequence unique to the oligomer motif enables us to increase the oligomer length to expand the m-
conjugate area, form a qlD electronic structure, and modulate the band filling. These combined effects dramatically improved the
conductivity of the metallic state.

@ « ©
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Figure 6. (a) Single-crystal structure of 4PSe(PFs)1(solvent), along the c-axis. (b) The packing structure of 4PSe(PF¢)1.2(solvent), with 1.0
equivalent ordered PF¢~ anions (with aqua background) with illustrated 0.2 equivalents of disordered PFg™ anions in the columnar voids.
Atoms were colored as follows; red: oxygen; yellow: sulfur; gray: carbon; yellowish green: fluorine; orange: phosphorous. Hydrogens were
omitted for clarity. (c) Electrical conductivity of oligoEDOT conductors.

The conductivity of single-crystal oligopEDOT-based conductors varied greatly, with p values ranging from 1072 to 10° Q cm’-10 depending
on the donor structures and packing modes. We plotted-the-values-of the experimentally determined pr, Ea, and Ues®P; and calculated Ueg'c,
W, and Uex***/W, which were consistently evaluated by QE'%12/RESPACK for the first time,’* to reference the distances between S atoms of
the terminal methylthio groups (dss; Figure 7). These comprehensive analyses plots show that the tendencies of pi: and E; in reference to dss
highly correlate to not only Ues®®/W but also Ues®® and Ues'. These data emphasize the highly dominant contribution of Ues in their
conductivity, which may be characteristic of oligoEDOT-based conductors. The widely and systematically varied Ues values, along with the W
based on the packing structure of conductors, enabled the precise and flexible tuning of electronic structures by dual electronic parameters
of Uesr and W. Based on this unique feature of oligoEDOT systems, a metallic state has been achieved with 4PSe(PFg);>(solvent), by
dramatically reducing Ues;, reminiscent of the early stage of deviating from the strong electron correlations.
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Figure 7. (a) S-S distance (dss)1° in the donor of single-crystal charge-transfer salts as the indicator of the conjugate length. (b,c,d) A summary
of physical properties of oligomer-based conductors with a reference to dss. (b) Ea (red) and pr (blue) values. (c) Ues2lc, Uegt®*®, and W values.
(d) Ues/ W values. Data for PF¢~ (square), CIO4~ (triangle), BF4™ (circle), HSO4~ (diamond) salts were plotted.

Conclusion

We constructed a library of oligoEDOT-based conductors’-1 as single-crystal models for the doped PEDOT family.2 Unlike conductive
polymers with wide molecular weight distributions that render addressing the structural details and conductive mechanisms challenging, the
use of single-crystal XRD of oligoEDOT conductors provided atomic-level structural data. We investigated the effects of the counter anion
variation, oligomer length, and band-filling modulation from the half-filled state on conductivities. The consistent evaluations of the
electronic structural insights for the screening study by theoretical calculations based on the single-crystal structural data addressing the
correlation between the electronic structure and electric conductivity. These systematic investigations confirmed the unique electronic
features of oligoEDOT systems with large W and widely variable Ut values, which can enhance the conductivity of 4PSe(PFg)12(solvent), up
to the metallic state above room temperature.l® The single-crystal 20X, 30¢PFs(CH,Cl,);, and 20—HSO, act as semiconductors in strongly
correlated systems,”® wherein U dominated W because of the relatively short oligomer lengths. In contrast, the metallic
4PSe(PFs)12(solvent),, above room temperature with a relatively elongated oligomer motif reduced Ues to be equal to W, which is a sign of
the deviation from the strong electron correlations. Further investigations may improve the conductivity using small anions, expanding the
m-conjugate areas, and modulating band fillings.>. OligoEDOT-based conductors have high molecular designability and unique electronic
states, which may offer a novel avenue in the field of molecular conductors towards weakly correlated systems.

Experimental

First-principles calculations for the electronic structures of 20¢ClO4, 20¢BF,4, and 20-HSO,4 were performed based on the single-crystal
structure data using the QE package!®12 with the Generalized Gradient Approximation® as the exchange-correlation function, like preceding
study on 20ePFs, 30¢PFg(CH,Cl,);, and 4PSe(PFg)s(solvent),.1° In the calculations, SG15 Optimized Norm-Conserving Vanderbilt (ONCV)
pseudopotentialsl’” were used as the pseudopotentials. The cutoff kinetic energies for the wave functions, charge densities, and mesh of the
wave numbers were set as 80, 320 Ry, and 3 x 3 x 5 and 5 x 3 x 3 (20¢BF4 and 20¢ClO,, respectively. After the self-consistent field (scf)
calculation, non-scf calculation was performed. Using these data, maximally localized Wannier functions (MLWFs) were obtained using
RESPACK,* and the bands near the Fermi energy were selected to reproduce the MLWFs, providing the Wannier interpolation bands near
the Fermi energy obtained by QE!%12 and the Wannier interpolation. Using H-wave (https://isspns-gitlab.issp.u-tokyo.ac.jp/hwave-
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dev/hwave-gallery//tree/main/samples/ UHFk/dos_plot), a mean-field approximation program, based on the MLWFs, the density of states
(DOS) was calculated for the quantification of W. The U values were calculated by RESPACK,* in which the Coulomb interaction is
reduced owing to screening effects from bands other than the target band. Using a constrained random phase approximation (cRPA) method,
we can obtain the screened Coulomb interactions Uess by incorporating screening effects from non-target bands. Through previous reports
of such applications to different organic material systems,8-20 we know that the effective Hamiltonian models derived by the cRPA method
can successfully evaluate the stability of competing phases in electron-correlated systems. Thus, we estimated the Coulomb interactions by
using the cRPA method. The energy cutoff for the dielectric function was set to 5.0 Ry. Static screened direct integrals were calculated as the
matrix element of the shielded Coulomb interaction between the Wannier functions. The values at 0 A were used as the Ugg<?c.
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