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Materials
Pro-EH (Mn = 12 kg/mol, Đ = 1.8, THF at 35 °C) and Ac-EH (Mn = 44 kg/mol, Đ
= 3.1, THF at 35 °C) were prepared via an oxidative polymerization using excess FeCl3 in
ethyl acetate at room temperature as previously reported. 1,2 Ac-Oct (Mn = 15 kg/mol, Đ =
2.2, CHCl3 at 40 °C) was prepared using DHAP and Pro-Oct1 (Mn = 29 kg/mol, Đ = 3.8,
CHCl3 at 40 °C) was prepared via an oxidative polymerization, as detailed below.
Dimethoxythiophene (98%), purchased from Oxchem, and pivalic acid (99%), purchased
from Sigma, were used as received. Pd(OAc)2 (98%, Strem Chemicals), K2CO3
(anhydrous, Oakwood Products), 18-Crown-6 (99%, Acros), and diethyldithiocarbamic
acid diethylammonium salt (97%, TCI America) were all used as received. DMF
(anhydrous) was purchased from EMD and used as received. DMAc (HPLC grade, Alfa
Aesar) was filtered through a pad of basic alumina (Sigma Aldrich) prior to use.
Methanol, acetone, toluene, ethyl acetate, and chloroform were purchased from Fisher
chemicals and used without purification. Hexanes was purchased from VWR chemicals
and used as received. 1H-NMR and

13CNMR

spectra were collected on either a Varian

Mercury Vx 300 MHz or a Bruker Corporation DRX 700 MHz NMR instrument using
CDCl3

as

a

solvent.3

3,3-bis(octyloxymethyl)-3,4-dihydro-2H-thieno[3,4-

b][1,4]dioxepine (ProDOT(nOct)2) was prepared using a published methods and
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confirmed by 1H-NMR.4 Structural characterization: 1H NMR spectra for the polymers
were collected using the Bruker Corporation DRX 700 MHz spectrometer. The chemical
shift was set based on residual CHCl3 (in the CDCl3 solvent) as an internal standard set to
7.26 ppm. Polymer molecular weights were estimated using a Tosoh EcoSEC GPC
operated at 40 °C using chloroform with 0.25% triethylamine as a stabilizer. The flow
rate was 1.0 mL/min and the system was calibrated against polystyrene standards.
Synthesis of Pro-Oct

ProDOT(nOct)2 (1.558 g, 3.5 mmol, 1 eq.), ethyl acetate (18 mL), and a stir bar were
added to a 100 mL round bottom flask. Ferric chloride (2.87 g, 18 mmol, ~5 eq.) was
added and a stopper was placed on the round bottom. The reaction was allowed to stir at
room temperature overnight. The reaction mixture was then poured into methanol and
filtered using a nylon pad (with a pore size of 0.45 μm) and washed with a large volume
of methanol. The solid was then suspended in CHCl3 and ~5 mL of hydrazine
monohydrate was added. The resulting solution was precipitated into methanol and
filtered into a soxhlet thimble and washed (via soxhlet) with methanol, acetone, hexanes,
and finally dissolved into chloroform. The chloroform solution was concentrated and
precipitated into methanol. The polymer was then dried under high vacuum overnight.
The polymer was obtained as a purple/black solid (0.383 g, 25 % yield). 1H NMR (700
MHz, C2D2Cl4, 50oC) δ 4.19 (br, 4H), 3.63 (s, 4H), 3.48 (s, 4H), 1.56 (s, 4H), 1.40-1.24
(br, 22H), 0.90 (s, 6H). Anal. calcd. for C25H42O4S C 68.45, H 9.65, S 7.31, Found C
68.45, H 9.63, S 7.23. Mn: 29.1 kg/mol, Mw/Mn: 3.8, vs. PS in CHCl3 at 40°C.
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Fig. S1: 1H-NMR (700 MHz) spectrum of Pro-Oct in TCE-D2
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Fig. S2: Gel permeation chromatogram for Pro-Oct in CHCl3 at 40 °C calibrated vs.
polystyrene standards.
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Materials for Synthesis of Ac Polymers
Synthesis of 3,4-bis(octyloxy)thiophene
O

O
S

1-Octanol

O

pTSA, toluene
110 oC, 24 hrs

O
S

In a dry 500 mL round bottom flask with a magnetic stir bar, dimethoxythiophene (10.0
g, 0.069 mol) and 1-octanol (24.0 g, 0.185 mol) were added under argon followed by
anhydrous toluene (300 mL). p-Toluenesulfonic acid (1.3g, 0.006 mol) was added while
the solution was stirring. The reaction was refluxed overnight at 110 °C.

After

completion, the flask was cooled to ambient temperature and quenched with 100 mL of a
saturated NaHCO3 solution. The organic layer was extracted 3 times with DCM and dried
using MgSO4. The solvent was concentrated and the crude was purified by silica gel
chromatography using pure hexanes to obtain 17.80 g of a clear white solid (75%). 1H
NMR (300 MHz, CDCl3) δ (ppm) 6.15 (s, 2H), 3.97 (t, J = 6.8 Hz, 4H), 1.81 (p, 4H),
1.49 – 1.37 (m, 4H), 1.31 (b, J = 12.7, 9.5 Hz, 16H), 0.96 – 0.81 (m, 6H).13C NMR (75
MHz, CDCl3) δ(ppm) 147.67, 96.93, 70.72, 31.96, 29.51, 29.41, 29.14, 26.12, 22.82,
14.26.
Synthesis of 2,5-dibromo-3,4-bis(octyloxy)thiophene.
O

O
S

NBS 2.5 eq

S

Br

Br

DMF, r.t 12 hrs.
O

O

In a dry 250 mL round bottom flask with a magnetic stir bar, 3,4-bis(octyloxy)thiophene
(1.0 g, 0.0029 mol) was added. The flask was then degassed before 100 mL of anhydrous
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DMF was added via syringe. The solution was stirred for ten minutes at 0 °C under
argon. While stirring at 0 °C, a solution of 1.340 g of N-bromosuccinimide (NBS)
(0.0075 mol, 2.5 eq) in anhydrous DMF was added dropwise. The vessel was brought to
room temperature and then allowed to stir for 12 hrs while covered with aluminum foil.
After completion, the product was washed with brine and extracted with 200 mL of 1:1
ethyl ether/ethyl acetate. The organic layer was then washed three times with deionized
water and then dried over magnesium sulfate. The solvent was removed under reduced
pressure. The resulting crude oil was purified by column chromatography using hexanes
on neutral silica resulting in a clear, colorless oil 1.160 g (80.3%). 1H NMR (300 MHz,
CDCl3) δ (ppm) 4.05 (t, J = 6.6 Hz, 4H), 1.72 (p, 4H), 1.53 – 1.39 (m, 4H), 1.39 – 1.21
(m, 16H), 0.94 – 0.82 (m, 6H).13C NMR (75 MHz, CDCl3) δ (ppm) 147.75, 95.40, 74.10,
31.98, 30.08, 29.49, 29.42, 26.01, 22.81, 14.26.
Synthesis of Ac-Oct

To a 50 mL Schlenk tube equipped with stir bar 2,5-dibromo-3,4-bis(octyloxy)thiophene
(1.000 g, 1.0 eq.), 3,3-dimethyl-3,4-dihydro-2H-thieno[3,4-b][1,4]dioxepine (0.371g, 1.0
eq.) palladium(II) acetate (0.009 g, 2 mol%), pivalic acid (0.103 g, 0.5 eq.), and
potassium carbonate (0.691 g, 2.5 eq.) were added. 20 mL of DMAc was added to
dissolve the contents and the tube was sealed under a blanket of argon. The reaction
mixture was premixed for 5 minutes before it was lowered into a 140 °C oil bath. The
solution was left to stir vigorously overnight (~12 hours). After the flask was removed
from the oil bath and allowed to cool to room temperature, the polymer was precipitated
into methanol and stirred for one hour. The precipitate was filtered into a Soxhlet
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extraction thimble and washed with methanol, acetone, hexanes, toluene, and chloroform.
The washings were conducted until the color was no longer observed during extraction.
~20 mg of a palladium scavenger (diethylammonium diethyldithiocarbamate) and ~20
mg of 18- crown-6, was added to the chloroform fraction and then stirred for 2 hours at
50 °C. The chloroform was removed under reduced pressure and polymer was
precipitated into ~300 mL of methanol. The precipitate was vacuum filtered using a
nylon pad (with a pore size of 20 μm) and washed with a large volume of methanol
before letting it air dry. The dried material was collected into a vial and dried under
vacuum for two days. The polymer was obtained as a metallic looking purple solid in
50% yield (0.4938 g). 1H NMR (700 MHz, CDCl3) δ 4.16 (Br, 4H), 1.91 (s, 4H), 1.31
(dd, J = 13.6, 6.3 Hz, 18H), 0.89 (t, J = 6.9 Hz, 6H). Anal. calcd. for C20H34O2S C 70.96,
H 10.12, S 9.47, Found C 70.69, H 10.03, S 9.48. Mn: 29 kg/mol, Mw/Mn: 3.6, vs. PS in
CHCl3 at 40 °C.

Fig. S3: 1H-NMR (700 MHz) spectrum of Ac-Oct in CHCl3.
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Fig. S4: Gel permeation chromatogram for Ac-Oct in CHCl3 at 40°C calibrated vs.
polystyrene standards.
Synthesis of Ac-EH

In a round-bottomed flask equipped with a stir bar, iron (III) chloride (4.290 g, 3.0 eq.)
was dissolved in 20 ml of ethyl acetate for ten minutes in an ice bath. 3,4-Di(2ethylhexyloxy)thiophene (3.000 g, 1.0 eq) was dissolved in ethyl acetate (40 mL) and
added to the stirring solution of iron (III) chloride. The reaction mixture immediately
turned dark green and was stirred for an additional 10 minutes in the ice bath. The
solution was then removed from the ice bath and allowed to stir overnight at room
temperature. Once the reaction was complete, the solution was precipitated into a beaker
containing 250 mL of methanol and the mixture was stirred for 5 min. The doped
polymer was collected by suction filtration using a Nylon pad (with a pore size of 20 μm)
and washed with methanol (2 x 80 mL). The doped polymer was suspended in
chloroform (50 mL) and hydrazine monohydrate (2 mL) was added dropwise, effecting a
change in color of the mixture to light-orange/brown. The mixture was concentrated to
~10 mL and precipitated into a stirring solution of methanol (100 mL). The mixture was
S7
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concentrated again to ~10 mL and precipitated into a stirring solution of methanol (100
mL). The precipitate was vacuum filtered, using a Nylon pad (with a pore size of 20 μm)
as the filter. The dried polymer was collected into a vial and left to dry under high
vacuum for two to three days. The orange polymer was collected by suction filtration and
dried in vacuo. Polymer yield was 1.300 g (43%). 1H NMR (700 MHz, CDCl3) δ (ppm)
3.92 (d, J = 4.5 Hz, 4H), 1.81 – 1.70 (m, 2H), 1.59 – 1.49 (m, 2H), 1.45 – 1.36 (m, 4H),
1.35 – 1.21 (m, 11H), 0.91 – 0.80 (m, 12H). Anal. calcd. for C20H34O2S C 70.96, H
10.12, S 9.47, Found C 70.85, H 10.05, S 9.48. Mn: 44 kDa, Mw/Mn: 3.0, vs. PS in THF at
35 °C. NMR values are consistent with previously reported values.2

Fig. S5: 1H-NMR spectra (700 MHz in CHCl3 at 50 °C)
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Fig. S6: gel permeation chromatogram for Ac-EH in CHCl3 at 40°C calibrated vs.
polystyrene standards
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Film formation
Before film formation, 30-40 mg mL-1 polymer samples were prepared in toluene
in the case of Pro-EH and Ac-EH, or chloroform in the case of Pro-Oct and Ac-Oct, and
were used throughout the course of data collection. Films for AFM were blade-coated
onto glass slides and for GIWAXS studies they were blade-coated onto silicon. For
spectroelectrochemical studies, polymer films were coated onto ITO-glass substrates (25
mm x 75 mm x 0.7 mm, sheet resistance 8-12 Ω sq-1, Delta Technologies, Ltd). All
substrates were pre-rinsed and sonicated in solutions of sodium dodecyl sulfate-water,
water, acetone, and finally isopropanol, and allowed to air dry. Once dry, polymer films
were blade-coated with a custom blade-coater built in-house5 using a gap height of 100
μm and various coating speeds depending on the solution viscosity. Films of each
polymer were cast to a pre-determined optical density of 0.95 ± 0.1 (11% T) at λmax (547
nm for Pro-EH, 495 nm for Ac-EH, 545 nm for Pro-Oct, and 550 nm for Ac-Oct). The
spectroscopic properties of all films cast in this study were monitored with an Ocean
Optics USB2000+ spectrophotometer using an Ocean Optics DH-2000-BAL fiber-optic
light source.
For electrochemical characterizations including differential pulse voltammetry
(DPV), cyclic voltammetry (CV), and electrochemical impedance spectroscopy (EIS),
films are deposited by sequentially dropping four 1 μL drops of the polymer solutions
with concentrations of 1 mg mL-1 onto polished glassy carbon electrodes after which the
films are allowed to air dry. For the in-situ conductance measurements, three 0.5 μL
drops of the polymer solutions with concentrations of 1 mg mL-1 were sequentially
dropped onto Pt interdigitated microelectrodes (Abtech Scientific Inc. IME 1050.5 series)
equipped with 50 pairs of 10 μm electrodes separated by a 10 μm insulating channel and
allowed to air dry.
Morphological characterization
AFM measurements were performed using a Bruker atomic force microscope
(Dimension icon) with a Bruker Tap 150 cantilever (Model: RTESP-150) in standard
tapping mode. Samples were prepared as described above.
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GIWAXS measurements were conducted at the Stanford Synchrotron Radiation
Lightsource on beamline 11-3. Samples were prepared as described above on SiO2 wafers
that were washed using the same procedure as the glass substrates. Samples were
irradiated with X-ray energy of 12.7 keV and their GIWAXS patterns were recorded with
a 2-D image detector (MAR345 image plate detector). Typical exposure times were 240
s. The distance between the sample and the detector was kept at 250 mm and the incident
angle was maintained at 0.13° in order to achieve the highest scattering intensity from the
sample without interference from the substrate (polymer critical angle ~0.08°).6 The
scattering images were calibrated using a LaB6 standard. Samples were loaded into a
chamber and purged with helium to reduce damage to the sample and reduce the air
scattering background. The data analysis was conducted with WxDiff software developed
by Dr. Stefan Mannsfeld.7
Chemical oxidation of polymer films
After casting, polymer films were exposed to dopant solutions made from
propylene carbonate (99.5%, Acros Organics, purified using a solvent purification system
from Vacuum Atmospheres), with a dopant ion concentration of 0.01 M. The dopant used
for this study, tris(4-bromophenyl)ammoniumyl hexachloroantimonate (Sigma Aldrich,
technical grade), is here referred to as “Magic Blue”. Dopant solutions were prepared in
an argon-filled glovebox. To perform chemical oxidation, a dopant solution with a
concentration of 0.01 M in propylene carbonate was drop-cast onto polymer films under a
blanket of argon for 30 seconds. Subsequently, each film was rinsed with clean methanol.
When preparing samples for atomic force microscopy (AFM), grazing-incidence wideangle X-ray scattering (GIWAXS), and solid-state conductivity measurements, polymer
films were dried under full vacuum at 50°C for 15 hours in a vacuum oven to ensure
complete solvent removal.
Solid state conductivity
Metal contacts were vapor deposited on dry chemically oxidized films through a
shadow mask by thermally evaporating 10 nm of Cr followed by 90 nm of Au. The solid-
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state sheet resistance was measured using a Keithley 2400 source meter and four-point
probe using a van der Pauw geometry.
Electrochemical characterization
For all electrochemical characterizations the electrolyte solution was 0.5 M
tetrabutylammonium hexafluorophosphate (TBAPF6, Acros Organics, 98% and
recrystallized using 200 mL of ethanol for every 100 g of salt) dissolved in propylene
carbonate. A Pt flag served as the counter electrode and an Ag/Ag+ electrode (10 mM
AgNO3 and 0.5 M TBAPF6 in acetonitrile, +85 mV vs Fc/Fc+) was used as the reference
electrode. The redox response of the films was characterized using DPV (step size 2 mV
and step time 0.1 s) and CV (with a scan rate of 50 mV/s) performed in a three-electrode
cell, using a Princeton Applied Research 273 potentiostat/galvanostat under CorrWare
control.
Spectroelectrochemistry measurements were performed in coordination with an
Agilent Technologies Cary 5000 UV-Vis-NIR Spectrophotometer under Cary WinUV
control. Chronoabsorptometry where the transmittance was monitored at λmax was used to
evaluate the electrochromic switching times of all CP films by switching them repeatedly
between -0.5 V and 0.8 V using various pulse lengths (60, 30, 10, 5, 2, 1, and 0.5 s).
In-situ conductance measurements were performed in a four-electrode cell using a
Pine bipotentiostat (model AFCBP1) under control of the Aftermath software. One of the
working electrodes of the interdigitated electrode was held at a given potential E (range
from -0.5 to 0.8 V vs Ag/Ag+) while cycling the second working electrode E ± 0.005 V at
0.5 mVs-1.8,9 The slope of the resulting i/E curve was used to determine the film’s
conductance.
EIS

measurements

were

performed

using

a

Gamry

Reference

3000

Potentiostat/Galvanostat controlled by the Gamry Framework software. EIS spectra were
recorded at various DC potentials in the 1 MHz to 0.1 Hz frequency range using a 5 mV
excitation signal and were fitted using the Zview software. The film thickness was
estimated to be (300 ± 90) nm measured by using a Bruker DektakXT profilometer on 3
separate drops of each polymer dropped onto a glass substrate.
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Fig. S7: Linecuts along the Qz direction from GIWAXS images of neutral polymer films
(a), or after exposure of the films to a 0.01 M solution of Magic Blue in propylene
carbonate for 30 seconds (b). Ac-EH curve plateaus due to high scattering intensity
maxing out detector.

Fig. S8: AFM height images of blade-coated films of Pro-EH (a), Ac-EH (b), Pro-Oct
(c), and Ac-Oct (d) on glass substrates.
S13

Supporting Information

Fig. S9: AFM phase images of as-cast blade-coated films of Pro-EH (a), Ac-EH (b), ProOct (c), and Ac-Oct (d) on glass.
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Fig. S10: UV-vis absorption spectra of blade-coated polymer films (a) Pro-EH, (b) AcEH, (c) Pro-Oct, and (d) Ac-Oct on glass before and after exposure to a 0.01 M solution
of Magic Blue in propylene carbonate for 30 seconds and a methanol rinse.
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Fig. S11: AFM phase images of blade-coated films of Pro-EH (a), Ac-EH (b), Pro-Oct
(c), and Ac-Oct (d) on glass after exposure to a 0.01 M Magic Blue solution in propylene
carbonate for 30 seconds and a subsequent methanol rinse.
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Fig. S12: The average electronic conductivity values of blade-coated polymer films on
glass after exposure to a 0.01 M Magic Blue solution in propylene carbonate for 30
seconds and a subsequent methanol rinse. Averages were taken from three separate films
of each sample. Errors correspond to one standard deviation.

Fig. S13: Differential pulse voltammograms for drop-cast films after 5 conditioning CV
cycles of Pro-EH (magenta), Ac-EH (orange), Pro-Oct (purple), and Ac-Oct (navy blue)
on a glassy carbon electrode in 0.5 M TBAPF6/PC.
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Figure S14: The change in absorbance monitored at λmax for blade-coated films of (a)
Pro-EH (547 nm), (b) Ac-EH (495 nm), (c) Pro-Oct (545 nm), and (d) Ac-Oct (550 nm)
coated on ITO/glass as the potential is stepped between -0.5 V and 0.8 V vs Ag/Ag+ for
various time intervals (60, 30, 10, 5, 2, 1, 0.5, and 0 s) in 0.5 M TBAPF6/PC.

Fig. S15: In situ conductance plots in the forward direction (-0.5 to 0.8 V, solid symbols)
and reverse direction (0.8 to -0.5 V, open symbols) of Pro-EH (magenta), Ac-EH
(orange), Pro-Oct (purple), and Ac-Oct (navy blue) on interdigitated electrodes in the
potential range of -0.5 to 0.8 V vs Ag/Ag+ in 0.5 M TBAPF6 in propylene carbonate.
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