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Abstract: Polythiophenes (PTs) constitute a diverse array of promising materials for conducting
polymer applications. However, many of the synthetic methods to produce PTs have been optimized
only for the prototypical alkyl-substituted example poly(3-hexylthiophene) (P3HT). Improvement
of these methods beyond P3HT is key to enabling the widespread application of PTs. In this work,
P3HT and two ether-substituted PTs poly(2-dodecyl-2H,3H-thieno[3,4-b][1,4]dioxine) (PEDOT-C12)
and poly(3,4-bis(hexyloxy)thiophene) (PBHOT) are synthesized by the FeCls-initiated oxidative
method under different conditions. Polymerization was carried out according to a common literature
procedure (“reverse addition”) and a modified method (“standard addition”), which differ by the
solvent system and the order of addition of reagents to the reaction mixture. Gel-permeation
chromatography (GPC) was performed to determine the impact of the different methods on the
molecular weights (M) and degree of polymerization (X ) of the polymers relative to polystyrene
standards. The standard addition method produced ether-substituted PTs with higher My, and
Xw than those produced using the reverse addition method for sterically unhindered monomers.
For P3HT, the highest M, and X;, were obtained using the reverse addition method. The results
show the oxidation potential of the monomer and solution has the greatest impact on the yield
and X, obtained and should be carefully considered when optimizing the reaction conditions for
different monomers.

Keywords: poly(3-hexylthiophene); polythiophenes; oxidative polymerization; gel-permeation
chromatography; high molecular weight; conductive polymers; order of addition; iron (III) chloride;
alkyl-substituted EDOT; 3,4-dialkoxythiophene

1. Introduction

Polythiophenes are among the most widely researched classes of conducting polymers,
owing to their remarkable stability towards oxygen and moisture [1,2]. Their unique
optoelectronic properties have made them of much interest for applications, including
polymer solar cells [3,4], transistors [5], chemical sensors [6], and light-emitting diodes [7].
Soluble polythiophenes possess the additional benefit of being processable via solution and
printing techniques [8,9], which is advantageous for large-scale manufacturing. In order to
enable the use of polythiophenes in a wide range of applications, synthetic approaches that
can produce bulk quantities of soluble conducting polymers are necessary.

To date, numerous synthetic approaches to polythiophenes have been described,
including electrochemical [10], chemical oxidative [11], and transition metal-mediated
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polymerization [4,12-14]. Among this abundance of possibilities, the FeClz-initiated oxida-
tive polymerization followed by reduction to the neutral (undoped) polymer (Scheme 1)
remains a valuable tool for the synthesis of polythiophenes since it was initially described
by Sugimoto et al. in the mid-1980s [11]. Compared to electrochemical and organometallic
approaches, the method is convenient, low cost, and can be performed on large scales [15].

S (i) 2-4 eq. FeCls S
CHCl; f( ﬁ
— n

n <—Z (i) NoHg, CHCI5 \

CGH 13 CGH 13
3-hexylthiophene poly(3-hexylthiophene)
P3HT

Scheme 1. FeCl3-initiated oxidative polymerization of 3-hexylthiophene.

Poly(3-hexylthiophene) (P3HT) was one of the first polymers reported to be syn-
thesized using the modern FeCls-initiated polymerization method, and it has become
one of the most extensively researched polythiophenes. Polymerization methodologies
for P3HT are well-established, and in many contexts, it may be classified as a model
system. For example, with the FeCls-initiated polymerization method, high molecular
weight (>70,000 g/mol) P3HT with regioregularity of 70-90% is readily obtainable in good
yields [16-21]. However, outside of 3-hexylthiophene and other closely related alkylthio-
phenes, polymerization conditions often require significant optimization to achieve similar
yields and molecular weights. Given the wide scope of conjugated polymer applications,
P3HT alone is insufficient in meeting the needs of every application.

3,4-Alkylenedioxythiophene monomers, such as 3,4-ethylenedioxythiophene (EDOT)
and 3,4-propylenedioxythiophene (ProDOT), have proven to be highly versatile platforms
for functional conductive polymers (Figure 1) [22-28] and present many advantages over
3-hexylthiophene. Namely, the electron-donating ether substituents lower the polymer’s
oxidation potential and increase its stability in the doped state [29,30]. Additionally, unlike
3-hexylthiophene, EDOT and ProDOT have the advantage of substitution at both the 3
and 4 positions, thereby eliminating the possibility of 3-coupling during polymerization,
which leads to poorly defined, insoluble materials.
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—
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R=R'=H (ProDOT) R=H (PEDOT) R=R'=H (PProDOT)

Figure 1. General monomer (left of arrow) and polymer (right of arrow) structures of 3,4-ethylenedioxythiophene (EDOT)
and 3,4-propylenedioxythiophene (ProDOT) and their functionalized derivatives.

A survey of the literature reveals that ether-substituted polythiophenes synthesized
by FeClz-initiated oxidative polymerization rarely achieve the degree of polymerization or
molecular weight reported for P3HT (Table 1) [31,32]. Methods to improve these polymer’s
molecular weights and regioregularities are of interest because polymers with higher
molecular weight and regioregularity exhibit improved thermal properties [33], optical
properties [34], and carrier mobilities [35].

It is important to note that there is considerable variability in the molecular weights
reported for polymers prepared under similar conditions [20,36], for example, P3HT
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synthesized in chloroform with four equivalents of FeCl; (entries 2 and 3 in Table 1). Some
of this variability can be attributed to discrepancies between the amounts of solvent used
and whether the solvent contains a radical inhibitor (for example, ethanol in chloroform).

Table 1. Previously reported molecular weight data of P3HT and relevant alkyl and ether-substituted polythiophenes
synthesized by FeCls-initiated oxidative polymerization !.

Equivalents 2 3
Entry Structure Acronym FeCls Mw Xw Ref.
1 S 2 140,000 842 [16]
\ /" P3HT
” 4 110,700 666 [18]
3 CeH1s 4 411,000 2472 [19]
S
4 \ /" P30T 4 181,440 933 [37]
CgH17
S
5 W/ P3DT 4 303,050 1362 [37]
C1oHo1
6 2 11,2 2
S PEDOT-C14 200 33 261
\ // ‘n
(@) 0
7 \—< 4 22,500 67 [26]
C14H2g
S
8 /A PBPOT 4 9743 38 [38]

CsHq4O OCsH14

S
9 w PBOOT 4 11,528 38 [38]

CgH170 OCgH17

1 All polymerizations were performed under reverse addition conditions (monomer added to oxidant). 2 Weight-average molecular weight
(My) of the neutral (undoped) polymers in g/mol. > Weight-average degree of polymerization (Xy = My, /My, where My is the molecular
weight of the repeat unit).

Several studies have been conducted to examine the effects of varying different reac-
tion parameters. Varying the reaction temperature, solvent, monomer concentration, and
monomer/oxidant ratio can affect reaction yields as well as polymer regioregularity and
molecular weight (summarized in Table 2) [16-19,39-42]. Lower reaction temperatures
improve polydispersity at the cost of a slight reduction in yield [40]. Polymers prepared in
better solvents tend to have higher molecular weight and improved regioregularity [40]. Re-
ducing the ratio of oxidant to monomer sharply decreases yields, and at sub-stoichiometric
amounts, molecular weight is severely impacted [16].
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Table 2. Impact of different reaction parameters on the FeCls-initiated oxidative polymerization of thiophenes.
Reaction Parameter Effect Mechanism Ref.
. . Suppression of active (oxidized)
Reduced Temperature Improvement of D with slight monomers in favor of [18,40]

Improved Solvent

Reduced Monomer
Concentration

Decreased Oxidant/
Monomer Ratio

decrease in yield. dimers/oligomers.

Inc;f;;igv?glreezigzgwlﬁﬁ?s;nd Improved solvation of polymer. [40]
Suppression of dimer/oligomer
couplings and improved [18]
solvation of polymer.

Increased molecular weight and
improved regioregularity.

Yields are severely decreased,
molecular weight sharply decreases
(sub-stoichiometric ratio).

Overall reduction in number of

oxidized species present. el

In this work, we examine the FeClz-initiated oxidative polymerization method and
the impact of the order of reagent addition on the molecular weight and degree of poly-
merization of 3-hexylthiophene, an alkyl-substituted PEDOT, and an alkoxy-substituted
polythiophene. Among the many studies on the oxidative polymerization reaction, the
order of addition of reagents is rarely considered. The reaction can be performed us-
ing what we term “standard” or “reverse” order of addition (Figure 2). Under standard
conditions, the oxidant is slowly added to the monomer. Under reverse conditions, the
opposite occurs. The original publication by Sugimoto et al. [11] describes polymerization
of 3-hexylthiophene under reverse addition conditions, and the bulk of other studies are
carried out in this fashion [16-19,26,31,36-38,40,43-45].

Standard Order of Addition Reverse Order of Addition

Oxidant Monomer
Monomer ———> | Polymer| -«—— Oxidant

Figure 2. Differences between standard and reverse addition in chemical oxidative polymerization.

There are relatively few papers describing the reaction under standard addition
conditions [15,21,46]. This could be due in part to the poor solubility of FeCls in solvents,
such as chloroform and chlorobenzene, which are good solvents for polythiophenes. Thus,
it is typically more convenient to add a monomer solution to a flask containing a suspension
of FeCls than vice versa. Preparing an oxidant suspension that is easily handled and
suitable for use over an extended period (e.g., slow addition over several minutes) typically
requires the use of sonication [16,17]. An alternative is to simply perform the reaction
in a good solvent for the oxidant. However, the polar solvents in which FeClj is soluble
are typically poor solvents for polythiophenes, which can lead to significantly decreased
molecular weights [19,36]. Herein, we describe a modified standard addition method that
addresses these issues and evaluate the impact of order of addition, solvent composition,
oxidant concentration, and reaction time on degree of polymerization of two different ether-
substituted polythiophenes, poly(2-dodecyl-2H,3H-thieno [3,4-b][1,4]dioxine) (PEDOT-
C12) and poly(3,4-bis(hexyloxy)thiophene) (PBHOT) in comparison with P3HT (Figure 3).
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Figure 3. The polymers examined in this work.

2. Materials and Methods
2.1. General

Glassware was dried in an oven prior to use unless noted otherwise. Molecular sieves
(4 A) were activated by first drying at 200 °C under vacuum in a vacuum-oven for 24 h,
then quickly transferred to a Schlenk flask (Chemglass Life Sciences, Vineland, NJ, USA)
and flame-dried under high vacuum several times. The sieves were kept under high
vacuum for 6 h before use. Chloroform (ACS grade, Avantor, Radnor Township, PA, USA)
and chlorobenzene (99%, Alfa Aesar, Haverhill, MA, USA) were dried over activated 4 A
molecular sieves and protected from light and used rapidly. The following chemicals were
used as received: anhydrous FeCl; (98%, Alfa Aesar), anhydrous hydrazine (98%, Sigma
Aldrich, St. Louis, MO, USA), methanol (HPLC grade, J.T. Baker, Radnor Township, PA,
USA), acetonitrile (99.9%+, Acros Organics, Geel, Belgium), 3-hexylthiophene (>98%, TCI
Chemicals, Tokyo, Japan), 1,2-tetradecanediol (90%, Sigma Aldrich), anhydrous n-hexanol
(>99%, Sigma Aldrich), 3,4-dimethoxythiophene (97%, Ark Pharm Inc., Arlington Heights,
IL, USA), and anhydrous toluene (99.8%, Sigma Aldrich). Monomer characterization details
can be found in the Supplementary Materials, including 'H NMR spectra of EDOT-C12
(Figure S1) and BHOT (Figure S2). GPC experimental information, including a calibration
curve (Figure S4) and elugrams for all polymers (Figures S5-57), can also be found in the
Supplementary Materials.

2.2. Monomer Synthesis

Alkyl-substituted EDOT monomer 2-dodecyl-2H,3H-thieno[3,4-b][1,4]dioxine (EDOT-
C12) and alkoxy-substituted monomer 3,4-bis(hexyloxy)thiophene (3,4-BHOT) were synthe-
sized using a modified literature procedure via p-toluenesulfonic acid-catalyzed transether-
ification [47,48] of 3,4-dimethoxythiophene and the corresponding alcohol (Scheme 2).
Monomer EDOT-C12 was synthesized using one equivalent of 1,2-tetradecanediol, and
monomer 3,4-BHOT was synthesized using two equivalents of n-hexanol.

S
S HO OH cat. p-toluenesulfonic acid \ /
S\ /Z + \_< >

o toI/}\Jene, reflux o 0
4 A molecular sieves
MeO OMe 1225 48 h Ar
CizHas
EDOT-C12
S cat. p-toluenesulfonic acid S
\ / + 2 CgHy3—OH > \ /
toluene, reflux
MeO OMe gGAhmRIrecular sieves CgH1350 OCgHy3
3,4-BHOT

Scheme 2. Synthesis of ether-substituted thiophene monomers.
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2.2.1. Synthesis of EDOT-C12

To a 1 L three-necked round bottom flask (Chemglass Life Sciences) outfitted with a
magnetic stir bar (Fisher Scientific, Hampton, NH, USA), Soxhlet extractor (Chemglass Life
Sciences) charged with 4 A molecular sieves and high-efficiency condenser Chemglass Life
Sciences) was added 1,2-tetradecanediol (17.59 g, 76.3 mmol) and p-toluenesulfonic acid
(1.33 g, 7.0 mmol) against a positive pressure of argon. Toluene (400 mL) was added, and the
flask was sealed with a rubber septum. Stirring was initiated, and the flask was heated at 60
°C. Once all solids had dissolved, the septum was removed and 3,4-dimethoxythiophene
(DMT, 10.00 g, 87.6 mmol) was added against a positive pressure of argon. The flask was
resealed, and the mixture was heated at 120 °C for 48 h under argon. The colorless mixture
slowly darkened to dark brown over several hours after addition of the DMT. The mixture
was then cooled to room temperature and poured into a 1 L separatory funnel (Fisher
Scientific). The crude reaction mixture was washed 4 times with portions (ca. 200 mL each)
of deionized water. The organic fraction was collected, dried over anhydrous MgSOj,, and
filtered. The filtrate was evaporated under reduced pressure to give the crude product
a dark brown oil. The crude product was purified by filtration through silica gel with
hexanes followed by removal of the solvent under reduced pressure. The yellow solid was
recrystallized from diethyl ether at —78 °C to give 6.02 g (25%) product as a slightly yellow
powder. 'H NMR (Figure S1, 400 MHz, CDCl) &: 6.30 (s, 2H), 4.14 (dd, ] = 11.3, 2.1 Hz,
1H), 4.10 (m, 1H), 3.86 (dd, | = 11.3, 7.9 Hz, 1H), 1.67-1.27 (m, 22H), 0.89 (t, 3H); Lit. [23]:
6.30 (s, 2H), 4.12 (m, 2H), 3.86 (m, 1H), 1.40 (m, 22H), 0.88 (t, 3H); MS (Figure S3, m/z):
[M + HJ* caled for C1gH310,S* 311.204; found 311.167.

2.2.2. Synthesis of 3,4-BHOT

A three-necked round bottom flask was outfitted with Soxhlet extractor charged with
activated 4 A molecular sieves, high efficiency condenser, and magnetic stir bar. Toluene
(100 mL) and p-toluenesulfonic acid (0.40 g, 2.1 mmol) were added to the flask, and stirring
was initiated. The flask was sealed with a rubber septum and heated at 60 °C under
argon. The mixture was stirred for 5-10 min at that temperature, and n-hexanol (5.78 mL,
46.0 mmol) was added through the septum via syringe. After an additional 5 min, 3,4-
dimethoxythiophene (3.00 g, 26.3 mmol) in toluene (5 mL) was added slowly through the
septum via syringe. The mixture was heated for 36 h at 130 °C under argon. The mixture
was cooled to room temperature and transferred to a 500 mL separatory funnel. The crude
reaction mixture was washed three times with deionized water (60 mL each), once with sat.
NaHCOj (60 mL), and once again with water (60 mL). The organic fraction was collected,
dried over anhydrous MgSQOy, and filtered. The filtrate was evaporated under reduced
pressure to give the crude product as a brown oil. The crude product was purified by
short-path vacuum distillation. Yield 4.51 g (69%) product as a light-yellow oil. 'H NMR
(Figure S2, 400 MHz, CDCls) 8: 6.16 (s, 2H), 3.98 (t, 4H), 1.81 (p, 4H), 1.44 (m, 4H), 1.33 (m,
8H), 0.90 (t, 6H); Lit. [49]: 6.15 (s, 2H), 3.98 (t, 4H), 1.81 (m, 4H), 1.35-1.43 (m, 12H), 0.97
(t, 6H).

2.3. Polymerizations
2.3.1. General Procedure—Reverse Addition Oxidative Polymerization

A typical reverse addition polymerization procedure was conducted as follows: anhy-
drous FeCl; (2.3 or 4 molar equivalents relative to monomer) was weighed and quickly
transferred to a Schlenk flask. The flask was purged with argon, and dry chlorobenzene
(25 mL) was added. The oxidant suspension was stirred rapidly for 3-5 min under ar-
gon. Monomer (0.7-1.6 mmol) was dissolved in dry chlorobenzene (5 mL) and added
dropwise to the stirred oxidant suspension via syringe (BD, Franklin Lakes, NJ, USA). The
mixture was stirred for 24 h at room temperature, after which the polymer was precipitated
by dropwise addition of the reaction mixture into an excess (250 mL) of rapidly stirred
methanol. The polymer was collected by vacuum filtration and washed thoroughly with
methanol. The polymer was allowed to air dry before being resuspended in chlorobenzene
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(25-40 mL) under argon and reduced by the addition of anhydrous hydrazine (1-2 molar
equivalents relative to monomer) via syringe. The mixture was stirred for 24 h at room
temperature, after which the polymer was precipitated into excess methanol, collected by
filtration, and washed as above. The polymer was dried under vacuum and stored under
argon in the dark.

2.3.2. PEDOT-C12—Reverse Addition, 2.3 Equivalents FeCl; (Table 3, Entry 1)

A solution of EDOT-C12 (251 mg, 0.8 mmol) in chlorobenzene (6 mL) was added to a
suspension of anhydrous FeCls (314 mg, 1.9 mmol) in chlorobenzene (24 mL), resulting in
a dark blue mixture. The mixture was stirred for 24 h, and the polymer was precipitated
and collected by filtration. The polymer was resuspended in chlorobenzene (25 mL), and
anhydrous hydrazine (0.03 mL, 1.0 mmol) was added, causing a gradual color change of
the solution to violet. The polymer was purified as described above. Yield 183 mg (73%)
product as a dark violet powder.

Table 3. Weight-average molecular weight (M) in g/mol and weight-average degree of polymerization (X.) for polymers

synthesized by FeClz-initiated oxidative polymerization under different conditions. My, values were determined from the

elution volume of the most intense peak of the GPC elugram.

Orderof  Equivalents  Reaction Yield Mw
Entry Structure Acronym Addition FeCls Time %)  (gmo) X
1 S Reverse 2.3 24h 73 6300 20
2 Wg PEDOT-C12 Reverse 1 2.3 24 h 80 <5200 <17
0] (0]
3 \ < Standard 2.3 24h 26 20,000 65
4 C12Hzs Standard 4 24h 58 231,000 747
5 S Reverse 23 24h 42 <52003 <18
6 w PBHOT Standard 2.3 24h 782 <5200 <18
7 CeH130 OCgH1 Standard 4 24h 11 28,000 99
8 Standard 4 48 h 10 90,000 318
9 S Reverse 2.3 24 h 75 150,000 904
10 w P3HT Standard 2.3 24h 26 81,000 488
Standard 4 24 h 25 65,000 395
1 CeH1z
12 Standard 4 48 h 72 65,000 395

1 Chloroform was used as a solvent instead of chlorobenzene. 2 Different work-up procedure (see experimental section). > Below the lower
limit of the calibrated region of the analytical column.

2.3.3. PEDOT-C12—Reverse Addition, 2.3 Equivalents FeCl; in Chloroform (Table 3,
Entry 2)

A solution of EDOT-C12 (252 mg, 0.8 mmol) in chloroform (6 mL) was added to a
suspension of anhydrous FeCl; (326 mg, 2 mmol) in chloroform (24 mL), resulting in a
dark blue mixture. The mixture was stirred for 24 h, and the polymer was precipitated
and collected by filtration. The polymer was resuspended in chloroform (25 mL), and
anhydrous hydrazine (0.03 mL, 1.0 mmol) was added, causing a gradual color change of
the solution to violet. The polymer was purified as described above. Yield 200 mg (80%)
product as a dark violet powder.
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2.3.4. PBHOT—Reverse Addition, 2.3 Equivalents FeCl; (Table 3, Entry 5)

A solution of 3,4-BHOT (219 mg, 0.8 mmol) in chlorobenzene (6 mL) was added to a
suspension of anhydrous FeCl; (295 mg, 1.8 mmol) in chlorobenzene (30 mL), resulting
in a dark green/blue mixture. The mixture was stirred for 24 h, and the polymer was
precipitated and collected by filtration. The polymer was resuspended in chlorobenzene
(30 mL), and anhydrous hydrazine (0.03 mL, 0.96 mmol) was added, causing a gradual
color change of the solution to red. The polymer was purified as described above. Yield
92 mg (42%) product as a red powder.

2.3.5. P3BHT—Reverse Addition, 2.3 Equivalents FeCl; (Table 3, Entry 9)

A solution of 3-hexylthiophene (234 mg, 1.4 mmol) in chlorobenzene (6 mL) was
added to a suspension of anhydrous FeCl3 (525 mg, 3.2 mmol) in chlorobenzene (30 mL),
resulting in a dark green mixture. The mixture was stirred for 24 h, and the polymer was
precipitated and collected by filtration. The polymer was resuspended in chlorobenzene
(30 mL), and anhydrous hydrazine (0.05 mL, 1.6 mmol) was added, causing a gradual color
change of the solution to orange. The polymer was purified as described above. Yield
173 mg (75%) product as a dark red powder.

2.3.6. General Procedure—Standard Addition Oxidative Polymerization

A typical standard addition procedure was conducted as follows: anhydrous FeCl;
(either 2.3 or 4 molar equivalents relative to monomer) was quickly weighed into a dry
20 mL scintillation vial and sealed with a septum cap. The vial was purged with argon, and
acetonitrile (5 mL) was added via syringe to give a dark red solution. The FeCl3 solution
was added dropwise to a well-stirred solution of monomer (0.7-1.0 mmol) dissolved in
30 mL dry chlorobenzene under argon and stirred for 24 or 48 h at room temperature.
The polymer was then precipitated by dropwise addition of the reaction mixture into an
excess (250 mL) of rapidly stirred methanol. In certain cases, the reaction mixture had to be
concentrated under reduced pressure prior to precipitation due to solubility issues. The
polymer was collected by vacuum filtration and washed thoroughly with methanol. The
polymer was allowed to air dry before being resuspended in chlorobenzene (2540 mL)
under argon and reduced by the addition of anhydrous hydrazine (1-2 molar equivalents
relative to monomer) via syringe. The mixture was stirred for 24 h at room temperature,
after which the polymer was precipitated into excess methanol, collected by filtration,
and washed as above. The polymer was dried under vacuum and stored under argon in
the dark.

2.3.7. PEDOT-C12—Standard Addition, 2.3 Equivalents FeCls (Table 3, Entry 3)

A solution of anhydrous FeCl3 (312 mg, 1.9 mmol) in acetonitrile (5 mL) was added
to a solution of EDOT-C12 (253 mg, 0.8 mmol) in chlorobenzene (30 mL), resulting in a
dark green mixture. The mixture was stirred for 24 h, and the polymer was precipitated
and collected by filtration. The polymer was resuspended in chlorobenzene (25 mL), and
anhydrous hydrazine (0.04 mL, 1.3 mmol) was added, causing a color change of the solution
to violet. The polymer was purified as described above. Yield 65 mg (26%) product as a
dark purple powder.

2.3.8. PEDOT-C12—Standard Addition, 4 Equivalents FeCl; (Table 3, Entry 4)

A solution of anhydrous FeCl;3 (435 mg, 2.7 mmol) in acetonitrile (5 mL) was added
to a solution of EDOT-C12 (202 mg, 0.7 mmol) in chlorobenzene (30 mL), resulting in a
dark green mixture. The mixture was stirred for 24 h, and the polymer was precipitated
and collected by filtration. The polymer was resuspended in chlorobenzene (40 mL), and
anhydrous hydrazine (0.04 mL, 1.3 mmol) was added, causing a color change from dark
blue to violet. The polymer was purified as described above. Yield 116 mg (58%) product
as a dark purple powder.
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2.3.9. PBHOT—Standard Addition, 2.3 Equivalents FeCls (Table 3, Entry 6)

A solution of anhydrous FeCl3 (330 mg, 2.0 mmol) in acetonitrile (5 mL) was added
to a solution of 3,4-BHOT (250 mg, 0.9 mmol) in chlorobenzene (30 mL), resulting in a
dark green mixture. The mixture was stirred for 24 h, then concentrated under reduced
pressure. The polymer was precipitated and collected by filtration, then resuspended in
35 mL chlorobenzene. Anhydrous hydrazine (0.03 mL, 1.0 mmol) was added, causing a
color change to red, and the mixture was stirred for 24 h. Due to solubility issues, this
sample was unable to be collected by precipitation and filtration. Instead, the solvent was
removed under reduced pressure to provide the product. Yield 195 mg (78%) product as a
dark tacky solid.

2.3.10. PBHOT—Standard Addition, 4 Equivalents FeCls (Table 3, Entry 7)

A solution of anhydrous FeCl3 (467 mg, 2.9 mmol) in acetonitrile (5 mL) was added to
a solution of 3,4-BHOT (205 mg, 0.7 mmol) in chlorobenzene (30 mL), resulting in a dark
green mixture. The mixture was stirred for 24 h, and the polymer was precipitated and
collected by slow filtration. The polymer was resuspended in 40 mL chlorobenzene, and
anhydrous hydrazine (0.04 mL, 1.3 mmol) was added (note: methanol alone appeared to
be sufficient to reduce this polymer as evidenced by the change to a red color during the
precipitation step). The mixture was stirred for 24 h, then concentrated under reduced
pressure before being purified as described above. Yield 22 mg (11%) product as a blood
red powder.

2.3.11. PBHOT—Standard Addition, 4 Equivalents FeCls 48 h (Table 3, Entry 8)

A solution of anhydrous FeCl3 (573 mg, 3.5 mmol) in acetonitrile (5 mL) was added
to a solution of 3,4-BHOT (251 mg, 0.9 mmol) in chlorobenzene (30 mL), resulting in a
dark green mixture. The mixture was stirred for 48 h, and the polymer was precipitated
and collected by filtration. The polymer was resuspended in chlorobenzene (30 mL), and
anhydrous hydrazine (0.03 mL, 1.0 mmol) was added, causing the solution to turn dark
purple. The mixture was stirred for 24 h, then concentrated under reduced pressure before
being purified as described above. Yield 15 mg (10%) product as a dark purple powder.

2.3.12. P3HT—Standard Addition, 2.3 Equivalents FeClz (Table 3, Entry 10)

A solution of anhydrous FeCl;3 (521 mg, 3.2 mmol) in acetonitrile (5 mL) was added to
a solution of 3-hexylthiophene (234 mg, 1.4 mmol) in chlorobenzene (30 mL), resulting in a
dark green mixture. The mixture was stirred for 24 h, and the polymer was precipitated
and collected by filtration. The polymer was resuspended in chlorobenzene (40 mL), and
anhydrous hydrazine (0.04 mL, 1.3 mmol) was added, causing a color change to bright
orange. The polymer was purified as described above. Yield 60 mg (26%) product as a dark
red powder.

2.3.13. P3HT—Standard Addition, 4 Equivalents FeCl; (Table 3, Entry 11)

A solution of anhydrous FeCls (1.03 g, 6.4 mmol) in acetonitrile (5 mL) was added to a
solution of 3-hexylthiophene (271 mg, 1.6 mmol) in chlorobenzene (30 mL), resulting in a
dark green mixture. The mixture was stirred for 24 h, and the polymer was precipitated
and collected by filtration. The polymer was resuspended in chlorobenzene (40 mL), and
anhydrous hydrazine (0.04 mL, 1.3 mmol) was added, causing a color change from dark
blue to bright orange. The polymer was purified as described above. Yield 67 mg (25%)
product as a dark red powder.

2.3.14. P3HT—Standard Addition, 4 Equivalents FeCl; 48 h (Table 3, Entry 12)

A solution of anhydrous FeCl3 (973 mg, 6.0 mmol) in acetonitrile (5 mL) was added to
a solution of 3-hexylthiophene (252 mg, 1.5 mmol) in chlorobenzene (30 mL), resulting in a
dark green mixture. The mixture was stirred for 48 h, and the polymer was precipitated
and collected by filtration. The polymer was resuspended in chlorobenzene (30 mL), and
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anhydrous hydrazine (0.05 mL, 1.6 mmol) was added, causing a color change of the solution
to orange. The mixture was stirred for 24 h, concentrated under reduced pressure and
purified as above, yielding 179 mg (72%) product as a dark red powder.

3. Results and Discussion

The degree of polymerization (X, ), weight-average molecular weight (M), and yields
for the polymers are given in Table 3. We will first consider the polymers prepared using the
common literature method (reverse order of addition). The M, and X,y of these polymers
agree with the trends observed in previously reported data (see Table 1). As expected based
on prior reports [50], comparison of Table 3 entries 1 and 2 shows that polymerization of
EDOT-C12 is much more effective in chlorobenzene than in chloroform, producing PEDOT-
C12 with 20 repeat units in chlorobenzene rather than low molecular weight oligomers in
chloroform. Thus, all other polymerizations were conducted in chlorobenzene. The X,y of
polymers prepared using the reverse order of addition with 2.3 molar equivalents FeCl; was
high for P3BHT (X, 904, My, 150,000 g/mol), and low for ether-substituted PEDOT-C12 (X,
20, M,y 6300 g/mol) and PBHOT (X, < 18, M, <5200 g/mol, outside the calibrated region
of the analytical column). Changing the order of addition to standard addition had the
most significant impact on Xy, for PEDOT-C12. Use of the standard addition method with
2.3 equivalents FeClj resulted in PEDOT-C12 with X,y 65 (M,, 20,000 g/mol), a three-fold
increase over the analogous reverse addition case. However, the same conditions resulted
in no observable change in X,y for PBHOT (X, < 18, My, <5200 g/mol) and a decrease for
P3HT (X, 488, My, 81,000 g/mol) compared to the equivalent reverse addition cases.

When four molar equivalents FeCl; were used with the standard addition method,
a sizeable increase in Xy, was observed for PEDOT-C12 and PBHOT. The X, of PEDOT-
C12 prepared with these conditions was 747 (M, 231,000 g/mol), an eleven-fold increase
compared to when 2.3 equivalents FeCl3 were used. Kumar and Reynolds previously
reported [26] a study of the impact of changing the amount of FeCl;3 on the molecular weight
and solubility of PEDOT-C14 when polymerized in chloroform (the order of addition of
FeCl; and EDOT-C14 was not specified). They found that increasing the number of
equivalents of FeCls from two to four approximately doubled the degree of polymerization,
from 33 to 67. These Xy, values are considerably lower than values we obtained via standard
addition in chlorobenzene (Entries 3 and 4 in Table 3). Increasing equivalents of FeCl in
the standard addition synthesis of PBHOT resulted in an increase in X, from <18 (M,
<5200 g/mol) to 99 (M, 28,000 g/mol) for the 24 h experiment. This is significantly higher
than the X, values seen for reverse addition synthesis in chloroform of PBPOT (X, = 38)
and PBOOT (X, = 34) reported by Qi et al. [38] Thus, this standard addition method is
preferred for producing ether-substituted polythiophenes with degrees of polymerization
comparable to those of P3HT.

The smaller increase in X, observed for PBHOT compared to PEDOT-C12 is likely due
to steric interactions between side groups, which limit the molecular weight of polymers
prepared from 3,4-disubstituted monomers, such as 3,4-BHOT [20,38,51-53]. PEDOT
derivatives, such as PEDOT-C12, do not suffer from these issues because their fused ring
structure effectively “pins back” substituent groups in such a way that steric interactions
between neighboring monomers are reduced [20,30]. To determine if the X,, of PBHOT
could be increased further, the length of the polymerization reaction was doubled from 24 h
to 48 h. The longer reaction had a positive effect on Xy, resulting in a three-fold increase
to 318 (M,, 90,000 g/mol) over the 24 h case. Contrary to the ether-substituted polymers,
an unexpected decrease in Xy, by 93 repeat units to 395 (M, 65,000 g/mol) was observed
for P3HT when four equivalents FeCl; were used. Extending the reaction time to 48 h
increased the yield of P3HT but had no observed effect on Xy, with both 24 and 48 h cases
producing nearly identical molecular weights.

It should be mentioned that in most instances, using the standard order of addition
had a negative impact on yields. This decrease in yields may be due to the acetonitrile
present in the reaction mixture, even though the total acetonitrile volume is only approx-
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imately 15% (v/v) of the solution. A byproduct of the reaction, FeCl,, is much more
soluble in acetonitrile (3 x 1072 M) than in conventionally used halogenated solvents
(5 x 10~ M for chloroform) [36]. The much higher concentration of FeCl, dissolved in
the reaction solvent results in a decrease in the oxidation potential of the solution, which
can suppress the oxidation of monomers and oligomers and hinder the growth of new
polymer chains, thus reducing yields [36,41]. The reduced oxidation potential of the acetoni-
trile/ chlorobenzene mixture likely results in the polymers having a larger methanol-soluble
(monomer/oligomer) fraction, which is removed during purification resulting in a decrease
in isolated yields. This was especially apparent for PBHOT, which suffered the largest
reduction in yield. For PBHOT synthesized using standard addition, a fine precipitate
that appeared in the methanol filtrate after the solutions were left undisturbed for several
hours was evidence of the presence of a considerable fraction of methanol-soluble material.
However, for the polymers in Entry 6 in Table 3, a different work-up procedure was used.
For this case, the final product was obtained by removal of the solvent under reduced
pressure instead of the usual precipitation and filtration due to solubility issues, which
likely contributed to the higher isolated yield.

To explain the different polymerization behavior observed for the ether-substituted
polymers compared to alkyl-substituted P3HT, we first consider the oxidation poten-
tial of the parent monomers. The oxidation potentials of 3-alkylthiophenes, such as 3-
hexylthiophene, are typically around 1.3 V vs. Ag/Ag" [54], while alkyl-substituted
EDOTs, such as EDOT-C12, and 3,4-dialkoxy-substituted thiophenes, such as 3,4-BHOT, are
typically around 0.9 V [55] and 1.1 V vs. Ag/Ag* [56], respectively. Because the oxidation
potential of 3-hexylthiophene is higher than the ether-substituted monomers, it may be
necessary to maintain a higher solution potential during polymerization to obtain high X,
for P3HT, whereas polymerization of monomers with lower oxidation potential, such as
EDOT-C12 and 3,4-BHOT, may still be effective even when the oxidation potential of the
solution is reduced.

Next, we consider the oxidation potential of the reaction solution, and its potential
impact on the mechanism of polymerization (summarized in Table 4). When reverse order
of addition is used, the oxidation potential of the solution is high because the solvent
keeps the concentration of dissolved FeCl, low, and the relative oxidant/monomer ratio is
high. These conditions should increase the step-growth character of the polymerization
mechanism because all species in solution (monomers, oligomers, and polymers) can be
oxidized and participate in polymerization reactions. In a step-growth mechanism, high
yields and low molecular weights are typical, which coincides with what is observed for
PEDOT-C12 and PBHOT. On the other hand, when the standard addition method is used,
the oxidation potential of the solution is low because the binary solvent mixture allows for
a much greater concentration of dissolved FeCl,, and the relative oxidant/ monomer ratio
is kept low. These conditions should increase the chain-growth character of the polymeriza-
tion mechanism, where the oxidation of longer polymer chains is favored over monomers
and oligomers, which have a higher oxidation potential. Thus, polymer growth occurs by
the consecutive addition of monomers to active (oxidized) polymer chains, resulting in
low yields but high molecular weights, which is observed for PEDOT-C12 and PBHOT.
The kinetics of the FeClz-initiated polymerization of thiophene in chloroform and acetoni-
trile have been studied by Olinga and Francois [41], who reported the polymerization
mechanism had some degree of solvent-dependence.

While the trends described in Table 4 describe what is observed for the ether-substituted
polymers, they do not reflect what is seen for P3HT. X, and yields decrease for P3HT when
standard addition is used instead of reverse addition, likely due to effect of the different
polymerization solvents [36]. The stark contrast in polymerization behavior between the
ether-substituted polymers and P3HT suggests electronic factors (the oxidation potential
of the monomer and solution) have the largest impact on the X, obtained. Therefore, these
factors should be considered first when seeking to optimize the polymerization conditions
to different monomers. From the similar behavior observed for both PEDOT-C12 and PB-
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HOT, it can be concluded that steric hindrance slows the polymerization reaction but does
not significantly change the polymerization behavior. Reverse addition does not result in a
high degree of polymerization for the electron-rich ether-substituted thiophenes [31,32].
Therefore, standard addition should be considered the method of choice for chemical
oxidative polymerization of ether-substituted polymers if a high degree of polymerization
is desired.

Table 4. Summary of differences between orders of addition and the trends observed for the ether-substituted polymers.

Reverse Addition Standard Addition

Solvent Composition

Binary mixture of chlorobenzene and
Pure chlorobenzene

acetonitrile
[FeCl,] in Solution Low High
Rt Oxdant Moromer ko DB g nd s Begnslow ad s
Oxidation Potential of Solution High Low
Polymerization Mechanism More step growth-like More chain growth-like
Xw Low High
Yield High Low

It is important to note that GPC only provides insight into the chloroform-soluble
fraction of the sample. Because almost all polymerizations were carried out in chloroben-
zene and all GPC experiments were conducted using chloroform, higher Xy’s could be
reached during polymerization but not dissolved during GPC sample preparation. With
this in mind, we also consider the possibility that the low observed Xy, for PEDOT-C12 and
PBHOT when reverse addition is used is because a large fraction of chloroform-insoluble
(very high My,) material is formed. This material would be filtered out from the sample
prior to GPC analysis, leaving behind only the fraction of soluble, lower M, material.
This has been reported for the tetradecyl-substituted PEDOT-C14 (see Table 1), where the
chloroform-insoluble fraction increases with the equivalents of FeClz used, with five equiv-
alents producing material that is completely insoluble in common organic solvents [26]. To
overcome the limitations of GPC and gain a clearer understanding of the effect of order of
addition method on the molecular weight distribution and X, of these polymers, more
in-depth studies are needed. Future experiments should look to fractionate the polymers
into various My, ranges and quantify the relative proportion of each fraction. As well,
further work needs to be conducted to optimize the reaction/purification conditions to
improve yields, and computational efforts to model the dynamics of changing oxidation
state as a function of solvent and reaction progression would be helpful.

4. Conclusions

FeCls-initiated oxidative polymerization was carried out under various conditions
for ether-substituted thiophenes EDOT-C12 and 3,4-BHOT along with alkyl-substituted 3-
hexylthiophene. The My, and Xy, of each polymer were determined relative to polystyrene
using GPC. Conditions where the oxidation potentials of the solutions were reduced
(standard addition method) were found to produce ether-substituted polythiophenes with
My and Xy, higher than those synthesized using the common reverse addition method,
provided they are not sterically hindered. Alternatively, conditions where the oxidation
potential of the solution is kept high (common reverse addition method) were most suitable
for producing high My, and X,y P3HT. The difference in polymerization behavior is likely
due to the large difference in the oxidation potential of the ether-substituted monomers
compared to 3-hexylthiophene. The X,, data along with the isolated yields of the polymers
indicate that electronic factors, such as the oxidation potential of the monomer and solution,
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have the greatest impact on the polymerization behavior and X,, obtained and thus should
be carefully considered when optimizing the reaction conditions for different monomers.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/mal4206146/s1: detailed monomer characterization and GPC experiment information, Figure
S1: "H NMR spectrum of EDOT-C12, Figure S2: 'H NMR spectrum of 3,4-BHOT, Figure S3: APCI-MS
spectrum of EDOT-C12, Figure S4: GPC calibration curve, Figure S5: GPC elugrams for PEDOT-C12,
Figure S6: GPC elugrams for PBHOT, Figure S7: GPC elugrams for P3HT.

Author Contributions: Conceptualization, D.D.H. and J.A L; data curation, M.A.N.; formal analysis,
D.D.H.,, M.AN. and J.AL; funding acquisition, M.A.N., E.EM. and J.A.L; investigation, C.C.C., D.].S.,
E.E.M.,, VS. and J.A.L; methodology, D.D.H. and J.A.L; project administration, J.A.L; supervision,
J.AL; validation, C.C.C.; writing—original draft, D.D.H., EEM., V.S. and ].A L; writing—review and
editing, D.D.H., DJ.S., EEEM. and J.A.I. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the National Science Foundation Partnership for Research
and Education in Materials, grant #2122041 and the Texas State University Research Enhancement
Program, grant #9000002766. M.A.N., D.].S. and E.E.M. received Texas State University Undergradu-
ate Research Fellowship funding (grant #9000002520, 9000002519, and 9000002733, respectively) in
support of this research.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data is contained within the article or Supplementary Materials.

Acknowledgments: The authors would like to thank William Brittain, David Irvin, and Tania
Betancourt for GPC support and William Hoffmann and Michael Godwin for assistance with mass
spectral analyses.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Tourillon, G.; Garnier, F. New electrochemically generated organic conducting polymers. J. Electroanal. Chem. 1982, 135, 173-178.
[CrossRef]

2. Kaloni, T.P,; Giesbrecht, PK.; Schreckenbach, G.; Freund, M.S. Polythiophene: From Fundamental Perspectives to Applications.
Chem. Mater. 2017, 29, 10248-10283. [CrossRef]

3. Zhang, M.; Guo, X.; Ma, W.; Ade, H.; Hou, J. A polythiophene derivative with superior properties for practical application in
polymer solar cells. Adv. Mater. 2014, 26, 5880-5885. [CrossRef]

4. Yu, CY; Ko, B.T; Ting, C.; Chen, C.P. Two-dimensional regioregular polythiophenes with conjugated side chains for use in
organic solar cells. Sol. Energy Mater. Sol. Cells 2009, 93, 613-620. [CrossRef]

5. Zen, A; Pflaum, J.; Hirschmann, S.; Zhuang, W.; Jaiser, F.; Asawapirom, U.; Rabe, ].P.; Scherf, U.; Neher, D. Effect of molecular
weight and annealing of poly(3-hexylthiophene)s on the performance of organic field-effect transistors. Adv. Funct. Mater. 2004,
14, 757-764. [CrossRef]

6.  Huynh, T.P; Sharma, P.S.; Sosnowska, M.; D’Souza, F.; Kutner, W. Functionalized polythiophenes: Recognition materials for
chemosensors and biosensors of superior sensitivity, selectivity, and detectability. Prog. Polym. Sci. 2015, 47, 1-25. [CrossRef]

7. Perepichka, LE; Perepichka, D.F; Meng, H.; Wudl, E. Light-emitting polythiophenes. Adv. Mater. 2005, 17, 2281-2305. [CrossRef]

8.  Sun, K, Zhang, S.; Li, P; Xia, Y,; Zhang, X.; Du, D; Isikgor, EH.; Ouyang, J. Review on application of PEDOTs and PEDOT:PSS in
energy conversion and storage devices. J. Mater. Sci. Mater. Electron. 2015, 26, 4438—4462. [CrossRef]

9.  Dennler, G,; Sariciftci, N.S. Flexible conjugated polymer-based plastic solar cells: From basics to applications. Proc. IEEE 2005, 93,
1429-1439. [CrossRef]

10. Roncali, J. Conjugated Poly(thiophenes): Synthesis, Functionalization, and Applications. Chem. Rev. 1992, 92, 711-738. [CrossRef]

11.  Sugimoto, R.; Takeda, S.; Gu, H.B.; Yoshino, K. Preparation of Soluble Polythiophene Derivatives Utilizing Transition Metal
Halides As Catalysts and Their Property. Chem. Express 1986, 1, 635-638.

12.  Zhai, L.; McCullough, R.D.; Loewe, R.S.; Ewbank, P.; Liu, ]. Regioregular, head-to-tail coupled poly(3-alkylthiophenes) made easy
by the GRIM method: Investigation of the reaction and the origin of regioselectivity. Macromolecules 2001, 34, 4324-4333.

13. Rudenko, A.E.; Wiley, C.A.; Stone, S.M.; Tannaci, J.F.; Thompson, B.C. Semi-random P3HT analogs via direct arylation polymer-
ization. J. Polym. Sci. Part A Polym. Chem. 2012, 50, 3691-3697. [CrossRef]

14. Vangheluwe, M.; Verbiest, T.; Koeckelberghs, G. Influence of the substitution pattern on the chiroptical properties of regioregular

poly(3-alkoxythiophene)s. Macromolecules 2008, 41, 1041-1044. [CrossRef]


https://www.mdpi.com/article/10.3390/ma14206146/s1
https://www.mdpi.com/article/10.3390/ma14206146/s1
http://doi.org/10.1016/0022-0728(82)90015-8
http://doi.org/10.1021/acs.chemmater.7b03035
http://doi.org/10.1002/adma.201401494
http://doi.org/10.1016/j.solmat.2008.12.017
http://doi.org/10.1002/adfm.200400017
http://doi.org/10.1016/j.progpolymsci.2015.04.009
http://doi.org/10.1002/adma.200500461
http://doi.org/10.1007/s10854-015-2895-5
http://doi.org/10.1109/JPROC.2005.851491
http://doi.org/10.1021/cr00012a009
http://doi.org/10.1002/pola.26175
http://doi.org/10.1021/ma702262j

Materials 2021, 14, 6146 14 of 15

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Andersson, M.R;; Selse, D.; Berggren, M.; Jarvinen, H.; Hjertberg, T.; Ingands, O.; Wennerstrom, O.; Osterholm, J.E. Regioselective
Polymerization of 3-(4-Octylphenyl)thiophene with FeClz. Macromolecules 1994, 27, 6503-6506. [CrossRef]

Hai, T.A.P,; Sugimoto, R. Effect of molar ratio of oxidizer/3-hexylthiophene monomer in chemical oxidative polymerization of
poly(3-hexylthiophene). |. Mol. Struct. 2017, 1146, 660-668. [CrossRef]

Hai, T.A.P; Sugimoto, R. The Catalytic Oxidative Polymerization of 3-Hexylthiophene by Oxidation of FeZ* to Fe3*. Catal. Lett.
2017, 147, 1955-1965. [CrossRef]

Amou, S.; Haba, O.; Shirato, K.; Hayakawa, T.; Ueda, M.; Takeuchi, K.; Asai, M. Head-to-tail regioregularity of poly(3-
hexylthiophene) in oxidative coupling polymerization with FeCls. |. Polym. Sci. Part A Polym. Chem. 1999, 37, 1943-1948.
[CrossRef]

Liu, Y,; Nishiwaki, N.; Saigo, K.; Sugimoto, R. Polymerization of 3-hexylthiophene with FeCls in aromatic solvents. Polym. Bull.
2015, 72, 1817-1826. [CrossRef]

McCullough, R.D. The Chemistry of Conducting Polythiophenes. Adv. Mater. 1998, 10, 93-116. [CrossRef]

Pomerantz, M.; Tseng, J.J.; Zhu, H.; Sproull, S.J.; Reynolds, J.R.; Uitz, R.; Arnott, H.].; Haider, M.I. Processable polymers and
copolymers of 3-alkylthiophenes and their blends. Synth. Met. 1991, 41, 825-830. [CrossRef]

Dey, T.; Invernale, M.A ; Ding, Y.; Buyukmumcu, Z.; Sotzing, G.A. Poly(3,4-propylenedioxythiophene)s as a single platform for
full color realization. Macromolecules 2011, 44, 2415-2417. [CrossRef]

Wolfs, M.; Darmanin, T.; Guittard, F. Versatile superhydrophobic surfaces from a bioinspired approach. Macromolecules 2011, 44,
9286-9294. [CrossRef]

Dong, L.; Zhang, L.; Duan, X.; Mo, D.; Xu, J.; Zhu, X. Synthesis and characterization of chiral PEDOT enantiomers bearing
chiral moieties in side chains: Chiral recognition and its mechanism using electrochemical sensing technology. RSC Adv. 2016, 6,
11536-11545. [CrossRef]

Dufen, H.; Baoyang, L.; Xuemin, D.; Jingkun, X.; Long, Z.; Kaixin, Z.; Shimin, Z.; Shijie, Z. Synthesis of novel chiral L-leucine
grafted PEDOT derivatives with excellent electrochromic performances. RSC Adv. 2014, 4, 35597-35608. [CrossRef]

Kumar, A.; Reynolds, J.R. Soluble alkyl-substituted poly(ethylenedioxythiophenes) as electrochromic materials. Macromolecules
1996, 29, 7629-7630. [CrossRef]

Hai, W.; Goda, T.; Takeuchi, H.; Yamaoka, S.; Horiguchi, Y.; Matsumoto, A.; Miyahara, Y. Specific Recognition of Human Influenza
Virus with PEDOT Bearing Sialic Acid-Terminated Trisaccharides. ACS Appl. Mater. Interfaces 2017, 9, 14162-14170. [CrossRef]
Donahue, M.].; Sanchez-Sanchez, A.; Inal, S.; Qu, J.; Owens, R.M.; Mecerreyes, D.; Malliaras, G.G.; Martin, D.C. Tailoring PEDOT
properties for applications in bioelectronics. Mater. Sci. Eng. R Rep. 2020, 140, 100546. [CrossRef]

Heywang, G.; Jonas, F. Poly(alkylenedioxythiophene)s—New, very stable conducting polymers. Adv. Mater. 1992, 4, 116-118.
[CrossRef]

Groenendaal, L.; Zotti, G.; Aubert, PH.; Waybright, S.M.; Reynolds, J.R. Electrochemistry of poly(3,4-alkylenedioxythiophene)
derivatives. Adv. Mater. 2003, 15, 855-879. [CrossRef]

Koeckelberghs, G.; Vangheluwe, M.; Samyn, C.; Persoons, A.; Verbiest, T. Regioregular poly(3-alkoxythiophene)s: Toward soluble,
chiral conjugated polymers with a stable oxidized state. Macromolecules 2005, 38, 5554-5559. [CrossRef]

Ouhib, F; Dkhissi, A.; Irat¢abal, P; Hiorns, R.C.; Khoukh, A.; Desbriéres, J.; Pouchan, C.; Dagron-Lartigau, C. Electronic Structure
and Optical Properties of Poly[3 -(4-octylphenoxy)thiophene]: Experimental and Theoretical Studies. J. Polym. Sci. Part A Polym.
Chem. 2008, 46, 7505-7516. [CrossRef]

Qu, S.; Yao, Q.; Yu, B.; Zeng, K.; Shi, W.; Chen, Y.; Chen, L. Optimizing the Thermoelectric Performance of Poly(3-hexylthiophene)
through Molecular-Weight Engineering. Chem. Asian J. 2018, 13, 3246-3253. [CrossRef]

Trznadel, M.; Pron, A.; Zagorska, M.; Chrzaszcz, R.; Pielichowski, J. Effect of molecular weight on spectroscopic and spectroelec-
trochemical properties of regioregular poly(3-hexylthiophene). Macromolecules 1998, 31, 5051-5058. [CrossRef]

Kline, R.J.; McGehee, M.D.; Kadnikova, E.N.; Liu, J.; Fréchet, ]. M.]J. Controlling the field-effect mobility of regioregular polythio-
phene by changing the molecular weight. Adv. Mater. 2003, 15, 1519-1522. [CrossRef]

Gadient, J.; Groch, R.; Lind, C. An in depth study of solvent effects on yield and average molecular weight in poly(3-
hexylthiophene). Polymer 2017, 115, 21-27. [CrossRef]

Leclerc, M.; Diaz, EM.; Wegner, G. Structural analysis of poly(3-alkylthiophene)s. Die Makromol. Chem. 1989, 190, 3105-3116.
[CrossRef]

Qi, Z].; Wei, B.; Sun, YM.; Wang, X.M.; Kang, F; Hong, M.X; Tang, L.L. Comparative study of photoelectric properties of
regiosymmetrical poly(3,4-dialkoxythiophene)s. Polym. Bull. 2011, 66, 905-915. [CrossRef]

Niemi, VM.; Knuuttila, P; Osterholm, J.E.; Korvola, J. Polymerization of 3-alkylthiophenes with FeCls. Polymer 1992, 33,
1559-1562. [CrossRef]

Fukumoto, H.; Omori, Y.; Yamamoto, T. Effects of solvent and temperature on regioregularity of poly(3-hexylthiophene-2,5-diyl)
prepared by chemical oxidative polymerization. Polym. . 2013, 45, 462-465. [CrossRef]

Olinga, T.; Frangois, B. Kinetics of polymerization of thiophene by FeCl; in choloroform and acetonitrile. Synth. Met. 1995, 69,
297-298. [CrossRef]

Jiang, C.; Chen, G.; Wang, X. High-conversion synthesis of poly(3,4-ethylenedioxythiophene) by chemical oxidative polymeriza-
tion. Synth. Met. 2012, 162, 1968-1971. [CrossRef]


http://doi.org/10.1021/ma00100a039
http://doi.org/10.1016/j.molstruc.2017.06.019
http://doi.org/10.1007/s10562-017-2117-2
http://doi.org/10.1002/(SICI)1099-0518(19990701)37:13&lt;1943::AID-POLA7&gt;3.0.CO;2-X
http://doi.org/10.1007/s00289-015-1373-9
http://doi.org/10.1002/(SICI)1521-4095(199801)10:2&lt;93::AID-ADMA93&gt;3.0.CO;2-F
http://doi.org/10.1016/0379-6779(91)91505-5
http://doi.org/10.1021/ma102580x
http://doi.org/10.1021/ma200430n
http://doi.org/10.1039/C5RA20871H
http://doi.org/10.1039/x0xx00000x
http://doi.org/10.1021/ma960879w
http://doi.org/10.1021/acsami.7b02523
http://doi.org/10.1016/j.mser.2020.100546
http://doi.org/10.1002/adma.19920040213
http://doi.org/10.1002/adma.200300376
http://doi.org/10.1021/ma050731p
http://doi.org/10.1002/pola.23056
http://doi.org/10.1002/asia.201801080
http://doi.org/10.1021/ma970627a
http://doi.org/10.1002/adma.200305275
http://doi.org/10.1016/j.polymer.2017.03.014
http://doi.org/10.1002/macp.1989.021901208
http://doi.org/10.1007/s00289-010-0324-8
http://doi.org/10.1016/0032-3861(92)90138-M
http://doi.org/10.1038/pj.2012.152
http://doi.org/10.1016/0379-6779(94)02457-A
http://doi.org/10.1016/j.synthmet.2012.09.008

Materials 2021, 14, 6146 15 of 15

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Barbarella, G.; Zambianchi, M.; Di Toro, R.; Colonna, M.; Iarossi, D.; Goldoni, E; Bongini, A. Regioselective oligomerization of
3-(alkylsulfanyl)thiophenes with ferric chloride. J. Org. Chem. 1996, 61, 8285-8292. [CrossRef] [PubMed]

Xu, ].M,; Chan, H.S.O.; Ng, S.C.; Chung, T.S. Polymers synthesized from (3-alkylthio)thiophenes by the FeCls oxidation method.
Synth. Met. 2002, 132, 63-69. [CrossRef]

Cai, T.; Zhou, Y.; Wang, E.; Hellstrom, S.; Zhang, F.; Xu, S.; Inganis, O.; Andersson, M.R. Low bandgap polymers synthesized by
FeCl; oxidative polymerization. Sol. Energy Mater. Sol. Cells 2010, 94, 1275-1281. [CrossRef]

Andersson, M.R.; Mammo, W.; Olinga, T.; Svensson, M.; Theander, M.; Inganés, O. Synthesis of regioregular phenyl substituted
polythiophenes with FeCls. Synth. Met. 1999, 101, 11-12. [CrossRef]

Guzinski, M.; Jarvis, ].M.; D’Orazio, P.; Izadyar, A.; Pendley, B.D.; Lindner, E. Solid-Contact pH Sensor without CO, Interference
with a Superhydrophobic PEDOT-C14 as Solid Contact: The Ultimate “water Layer” Test. Anal. Chem. 2017, 89, 8468-8475.
[CrossRef]

Bhardwaj, D.; Shahjad; Gupta, S.; Yadav, P,; Bhargav, R.; Patra, A. All Conjugated Poly (3-hexylthiophene)-block-poly(hexyl-3,4-
ethylenedioxythiophene) Copolymers. ChemistrySelect 2017, 2, 9557-9562. [CrossRef]

Yigit, D.; Aykan, M.; Giillii, M. Substituent effect on supercapacitive performances of conducting polymer-based redox electrodes:
Poly(3/ 4’-bis(alkyloxy) 2,2':5',2”-terthiophene) derivatives. J. Polym. Sci. Part A Polym. Chem. 2018, 56, 480-495. [CrossRef]
MacHui, F; Langner, S.; Zhu, X.; Abbott, S.; Brabec, C.J. Determination of the P3BHT:PCBM solubility parameters via a binary
solvent gradient method: Impact of solubility on the photovoltaic performance. Sol. Energy Mater. Sol. Cells 2012, 100, 138-146.
[CrossRef]

Daoust, G.; Leclerc, M. Structure-Property Relationships in Alkoxy-Substituted Polythiophenes. Macromolecules 1991, 24, 455-459.
[CrossRef]

Somanathan, N.; Wegner, G. Comparative studies on poly(3-cyclohexylthiophene) with polyalkylthiophenes. Synth. Met. 1995,
75,123-126. [CrossRef]

Ochieng, M.A; Ponder, ].E,; Reynolds, J.R. Effects of linear and branched side chains on the redox and optoelectronic properties
of 3,4-dialkoxythiophene polymers. Polym. Chem. 2020, 11, 2173-2181. [CrossRef]

Roncali, J.; Garreau, R.; Yassar, A.; Marque, P.; Garnier, F.; Lemaire, M. Effects of steric factors on the electrosynthesis and
properties of conducting poly(3-alkylthiophenes). J. Phys. Chem. 1987, 91, 6706—6714. [CrossRef]

Sankaran, B.; Reynolds, ].R. High-contrast electrochromic polymers from alkyl-derivatized poly(3,4-ethylenedioxythiophenes).
Macromolecules 1997, 30, 2582-2588. [CrossRef]

Szkurlat, A.; Palys, B.; Mieczkowski, J.; Skompska, M. Electrosynthesis and spectroelectrochemical characterization of poly(3,4-
dimethoxy-thiophene), poly(3,4-dipropyloxythiophene) and poly(3,4-dioctyloxythiophene) films. Electrochim. Acta 2003, 48,
3665-3676. [CrossRef]


http://doi.org/10.1021/jo960982j
http://www.ncbi.nlm.nih.gov/pubmed/11667817
http://doi.org/10.1016/S0379-6779(02)00214-X
http://doi.org/10.1016/j.solmat.2010.03.024
http://doi.org/10.1016/S0379-6779(98)00759-0
http://doi.org/10.1021/acs.analchem.7b02009
http://doi.org/10.1002/slct.201701999
http://doi.org/10.1002/pola.28927
http://doi.org/10.1016/j.solmat.2012.01.005
http://doi.org/10.1021/ma00002a018
http://doi.org/10.1016/0379-6779(95)03400-5
http://doi.org/10.1039/C9PY01720H
http://doi.org/10.1021/j100311a030
http://doi.org/10.1021/ma961607w
http://doi.org/10.1016/S0013-4686(03)00504-8

	Introduction 
	Materials and Methods 
	General 
	Monomer Synthesis 
	Synthesis of EDOT-C12 
	Synthesis of 3,4-BHOT 

	Polymerizations 
	General Procedure—Reverse Addition Oxidative Polymerization 
	PEDOT-C12—Reverse Addition, 2.3 Equivalents FeCl3 (Table 3, Entry 1) 
	PEDOT-C12—Reverse Addition, 2.3 Equivalents FeCl3 in Chloroform (Table 3, Entry 2) 
	PBHOT—Reverse Addition, 2.3 Equivalents FeCl3 (Table 3, Entry 5) 
	P3HT—Reverse Addition, 2.3 Equivalents FeCl3 (Table 3, Entry 9) 
	General Procedure—Standard Addition Oxidative Polymerization 
	PEDOT-C12—Standard Addition, 2.3 Equivalents FeCl3 (Table 3, Entry 3) 
	PEDOT-C12—Standard Addition, 4 Equivalents FeCl3 (Table 3, Entry 4) 
	PBHOT—Standard Addition, 2.3 Equivalents FeCl3 (Table 3, Entry 6) 
	PBHOT—Standard Addition, 4 Equivalents FeCl3 (Table 3, Entry 7) 
	PBHOT—Standard Addition, 4 Equivalents FeCl3 48 h (Table 3, Entry 8) 
	P3HT—Standard Addition, 2.3 Equivalents FeCl3 (Table 3, Entry 10) 
	P3HT—Standard Addition, 4 Equivalents FeCl3 (Table 3, Entry 11) 
	P3HT—Standard Addition, 4 Equivalents FeCl3 48 h (Table 3, Entry 12) 


	Results and Discussion 
	Conclusions 
	References

