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ABSTRACT: Molecular dopants are increasingly studied to enhance
the conductivity of semiconducting polymers. Most available p-type
dopants have low solubility in common solvents and moderate
electron affinities (EA), which makes solution processing difficult and
limits the range of semiconducting polymers that can be doped. Here,
we describe the synthesis and characterization of the new molecular
dopant TMCN3-CP, which has an EA of —5.5 eV. We show that high
ionization energy alternating copolymers such as PDPP-4T, PDPP-
3T, and PDPP-T-TT-T can be p-type doped and achieve high
conductivities with TMCNG6-CP using sequential solution processing.
The main advantage of this new dopant is the ability to chemically
tailor the ester groups, which we demonstrate here for sequential
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solution doping of films. Sequential solution processing allows a greater ability to control the film morphology and is also

21 desirable for scale-up to large-area polymer electronics.

2> l INTRODUCTION

23 Stimulated by the continual drive for innovation in micro-
24 electronics, the development of organic semiconductors
25 (OSCs) as the basis for solution-processable organic field-
26 effect transistors (OFETs) has become a major field of
27 research, most of which focuses on the development of
28 polymeric and molecular p-type, or hole-transporting, organic
29 materials."”” Due to their low cost, light weight, flexibility, and
30 low environmental footprint,>™> OSCs are particularly useful
31 for applications such as flexible displays,® chemical sensors,”
32 and organic photovoltaics.”

33 Molecular p-type dopants are relatively small neutral organic
34 species with high electron affinities that can accept electrons
35 from OSCs, leading to an increase in the number of free
36 charges, which results in multiple orders of magnitude
37 increases in conductivity.”” As the range of OSCs broadens
38 both in structure and electronic properties, a new generation of
39 dopants has been developed to improve the performance of the
40 devices derived therefrom.

41 Currently, the most widely studied and used organic dopant
42 is 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane
4 (F4TCNQ)."" Indeed, a search of the Chemical Abstracts
44 database finds nearly 2000 journal articles and patents in which
4s FATCNQ_ appears in one context or another. A major
46 challenge however has been to develop dopants that keep
47 pace with the decreasing HOMO energy levels of higher
48 performance materials. FATCNQ has a measured electron
49 affinity (EA) of —5.24 €V,'? which is adequate in combination
so with relatively electron-rich polymers such as poly(3-
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hexylthiophene) (P3HT).'"'> However, more advanced si
OSCs tend toward higher ionization energies,2’13_15 and s2
many cannot therefore be effectively doped with F4TCNQ. s3
This fact has led to a growing interest in dopants with ultralow s4
LUMO energies, and the past decade has seen reports of the ss
synthesis of 1,3,4,5,7,8-hexafluorotetracyanonaphthoquinodi- s6
methane (F6-TCNNQ; EA = —5.37 eV),'® 3,6-difluoro- s7
2,5,7,7,8,8-hexacyanoquinodimethane (F2-HCNQ; EA = ss
-5.59 eV),"” and molybdenum tris(1,2-bis(trifluoromethyl- so
)ethane-1,2-dithiolene) [Mo(tfd);, EA = —5.60 eV].'® The ¢o
strongest molecular dopant to date is hexacyanotrimethylene- 61
cyclopropane (CN6-CP, EA = —5.87 €V), as reported by &
Karpov et al,'” although its original synthesis dates back to the 63
1970s.%°7% 64

Yet another hurdle is to identify dopants that enable the 6s
application of solution processing of semiconducting polymers, 66
such as spin coating, screen printing, and inkjet printing.”® 67
Unfortunately, all of the above described dopants generally ss
suffer from poor solubility in common organic solvents. As a 69
result, they have to be introduced into OSCs either by 70
evaporation processesw’24 or premixing in an inert matrix.”**¢ 71
This restricts development of technologies to mass-produce 72
organic electronics, which depends on solution processing.”** 73
In an effort to address this problem, Marder et al. reported the 74
synthesis of molybdenum tris-(1-(methoxycarbonyl)-2- 75
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(trifluoromethyl)ethane-1,2-dithiolene) [Mo(tfd-CO,Me),]
(Figure 1),>7** an analogue of Mo(tfd); with solubility nearly
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Figure 1. Structures of representative molecular dopants and their
soluble analogues.

20 times higher, albeit at the cost of a dramatically reduced EA
(5.00 V). The same group has also reported molybdenum
tris(1-(trifluoromethylcarbonyl)-2-(trifluoromethyl)-
ethanel,2-dithiolene) [Mo(tfd-COCF;),], which has a sol-
ubility comparable to Mo(tfd-CO,Me); and yet an EA
equivalent to Mo(tfd);.””*" In our own approach,’ we
prepared a series of FATCNQ_analogues wherein one or two
of the nitrile functional groups were replaced with either
methyl or octyl esters. It has been shown that these ester
analogues exhibit an increase in solubility by a factor of up to
100, while the EAs were only reduced by approximately 0.1 eV
per ester group substituent. At the same time, it was observed
that increased solubility leads to an increase in doping
efficiency, such that higher conductivities in P3HT were
achieved with FAMCTCNQ _than FATCNQ, despite the lower
EA of the former.

Along with EA and solubility, a third issue in dopant design
for organic electronic devices is control of the dopant diffusion
and drift.*** In order for devices to be durable, dopants must
remain in the domain in which they were printed and not
diffuse or drift from their initial position. Volatile dopants like
I, for example are particularly difficult to process because they
sublime out of the polymer at room temperature.”> We
recently demonstrated that dopant diffusion, which has
negative effects both on device performance and lifetime,”***
is significantly reduced by the substitution of even one nitrile
group in FATCNQ _for a methyl ester.”

Applying the same molecular design principles, we now
present a simple and efficient synthesis of the high EA soluble
molecular dopant trimethyl 2,2',2”-(cyclopropane-1,2,3-triyli-
dene)-tris(cyanoacetate) (TMCN3-CP), an analogue of CN6-
CP in which three of the six nitrile groups are replaced with
methyl esters. Its electrochemical properties measured using

cyclic voltammetry (CV) are reported. Additionally, a series of
polymer films were sequentially doped from solution to
determine the changes that TMCN3-CP induced on the
optical absorbance and conductivity of the films.

P3HT has a reported ionization energy of 4.4—5.1 eV,
depending on the literature source.'"***” We also include in
this study a series of alternating copolymers with diketopyrro-
lo-pyrrole (DPP) groups that have higher ionization energies
than P3HT and cannot be effectively p-doped by F4TCNQ."”
Supporting Information Figure S1 gives the molecular
structures of these polymers, and Supporting Information
Figures S2—S4 show that the addition of FATCNQ to DPP
polymers does not change the absorbance spectrum, which is a
clear demonstration that no polaron states are formed. The
repeating units present a common DPP acceptor moiety with a
donor unit consisting of three thiophenes (3T), four
thiophenes (4T), or a thiophene-thienothiophene-thiophene
(T-TT-T).>** These three polymers were chosen because
they have been well studied for OFET applications and have
high reported hole mobilities.””*’ In addition, PDPP-4T and
PDPP-T-TT-T have been recently used to study the
effectiveness of p-type dopants, including FeCl;, Mo(tfd)s,
and Mo(tfd-CO,Me),.*" PDPP-T-TT-T was also used to
study doping by FATCNQ, FETCNNQ, and CN6-CP."**° We
show here that all three copolymers are effectively doped by
sequential solution processing using TMCN3-CP. This is, to
our knowledge, the first report of sequential solution doping of
these high ionization energy polymers. In previous studies, the
dopant was mixed into a batch solution for simultaneous
deposition."”?**!

B EXPERIMENTAL SECTION

Materials. CN6-CP~ was prepared according to the method
published by Karpov et al.'’ Nitrosonium tertrafluoroborate and
tetrachlorocyclopropene were purchased from Acros Organics. All
other reagents and solvents were purchased from Sigma-Aldrich and
used as supplied. PDPP-T-TT-T and PDPP-4T were purchased from
Ossila. PDPP-3T was provided by the Dudnik group. P3HT was
purchased from Sigma Aldrich (MW: 50000—70000, regioregularity
> 90%). FATCNQ was purchased from Tokyo Chemical Industry
Co., Ltd.

Characterization. 'H and "*C NMR spectra were measured using
a 400 MHz Bruker Nanobay AVIIIHD spectrometer in CDCl,
solvent. All chemical shifts () are reported in parts per million
(ppm) relative to chloroform residual solvent peaks (5 = 7.26 ppm,
8c = 77.0 ppm).

Cyclic voltammograms (CVs) were recorded on a BASi Epsilon
MF-9092 electrochemical workstation. Redox potentials were
measured in degassed anhydrous acetonitrile solution containing
tetramethylammonium tetrafluoroborate as a supporting electrolyte
(0.05 M) using a platinum disk working electrode (2 = 1.6 mm), a
glassy carbon counter electrode, and a Ag/AgCl reference electrode.
The concentration of substrates in the working solution was 0.50 mM,
and the electrochemical potential sweep rate was fixed at 100 mV/s.

High-resolution mass spectra (HRMS) were recorded on a Thermo
Fisher Hybrid LTQ-Orbitrap XL mass spectrometer.

UV—vis—NIR spectra were measured using a PerkinElmer Lambda
750 spectrometer. The glass substrates were sequentially cleaned in
ultrasonic baths of acetone, methanol, isopropanol, and deionized
water, followed by drying with nitrogen. The substrates were then
exposed to UV/ozone for 30 min before use. Film samples were
prepared by dissolving the polymers in chlorobenzene (CB) (for
P3HT) or 1:1 CHCl,/CB for DPP copolymers at a concentration of 3
mg/mL. The samples were spin coated for film thicknesses of ~S0
nm. TMCN3-CP was dissolved in CH,Cl, or 2:1 CH,Cl,/acetonitrile
and sequentially coated onto the same substrate before spinning the
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176 sample to remove excess solution. Film thicknesses were measured
177 with a Veeco Dektak 150 surface profilometer. All UV—vis—NIR
178 spectra were measured under ambient conditions in air except for the
179 time-dependent UV—vis—NIR experiments shown in Figures S9 and
180 S12. The two samples in these figures were sealed in a nitrogen-filled
181 glovebox (O, level < 10 ppm, H,O level < S ppm) in a sample holder
182 that was designed by our group.

183 Conductivity measurements of doped films were performed with a
184 four-point probe setup on Si substrates using a Keithley 2450 source
185 measurement unit. Four electrodes (5 nm Cr/95 nm Au, 1 X 5 mm?,
186 1 mm spacing) were deposited through a shadow mask by thermal
187 evaporation. Neat films were measured using a two-wire probe with
188 10—20 pm channel length and 1-2 mm channel width. The same
189 procedure was used for substrate cleaning and sequential film
190 deposition as described above. All conductivity measurements were
191 performed in the dark under a nitrogen atmosphere in a glovebox.
192 Synthesis of TMCN3-CP. Potassium Trimethyl 2,2',2"-(Cyclo-
193 propane-1,2,3-triylidene)-tris(cyanoacetate) Radical Anion (2). To
194 a suspension of sodium hydride (850 mg of a 60% dispersion in
195 mineral oil, 21.2 mmol) in anhydrous 1,2-dimethoxyethane (9.0 mL)
196 at 0 °C was added methyl cyanoacetate (0.740 mL, 829 mg, 8.42
197 mmol), and the reaction mixture was stirred at rt for 1 h.
198 Tetrachlorocyclopropene 1 (0.360 mL, 522 mg, 2.95 mmol) was
199 added dropwise, and the mixture was stirred for a further 2 h during
200 which an orange precipitate formed. The precipitate was collected by
201 vacuum filtration, washed with Et,O, and introduced in a single
202 portion into a solution of potassium persulfate (1.14 g, 4.20 mmol) in
203 water (50 mL). The resulting deep purple mixture was stirred at rt for
204 3 h during which a purple precipitate formed. This precipitate was
205 collected by vacuum filtration, washed with water (X3), and dried
206 under high vacuum for 16 h to give 2 (727 mg, 71%) as a purple
207 powder.

208  HRMS (ESI™) C;sHgN;O4~ [M]™ m/z caled. 327.0491, found
209 327.0500; mp 242 °C (dec).

210  NMR spectra of 2 could not be obtained due to the open shell
211 nature of the compound.

212 Trimethyl 2,2',2"-(Cyclopropane-1,2,3-triylidene)-tris-
213 (cyanoacetate) (TMCN3-CP). All operations were performed in a
214 glovebox under a dry nitrogen atmosphere. To a suspension of 2 (100
215 mg, 0.27 mmol) in anhydrous CH,Cl, (1.0 mL) was added NOBF,
216 (157 mg, 1.35 mmol), and the mixture was stirred for 30 min. The
217 solids were removed by filtration, and the filtrate was diluted with
218 hexane (50 mL). The resulting yellow precipitate was collected by
219 filtration and dried in a stream of nitrogen for 3 h to give TMCN3-CP
220 (64.0 mg, 72%).

221 'H NMR (400 MHz, CDCl,) 6 4.08 (s, 3H); '*C NMR (101 MHz,
222 CDCly) § 160.0, 128.6, 113.7, 103.8, 56.1; HRMS (ESI")
223 CsHoN;O4™ [M]™ m/z caled. 327.0491, found 327.0500; mp 108
224 °C (dec).
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s M RESULTS AND DISCUSSION

26  Synthesis of TMCN3-CP. TMCN3-CP was prepared using
227 a modification of Karpov’s protocol for synthesis of CN6-CP
228 (Scheme 1)."” To this end, tetrachlorocylopropene 1 was
229 treated with methyl cyanoacetate in the presence of excess
230 sodium hydride to give the bis-sodium salt of TMCN3-CP*",
231 which was immediately subjected to oxidation with an aqueous
232 solution of potassium persulfate to give the radical anion salt 2
233 in good yield. While the radical anion salt of TMCN3-CP 2 is a
234 known compound,22 to the best of our knowledge, no
235 synthesis of the fully oxidized neutral molecule has been
236 reported to date. We have found this salt to be remarkably
237 stable and were able to prepare and store multigram quantities
238 of the material in air without it showing any signs of
239 deterioration. Next, a second one-electron oxidation was
240 performed using nitrosonium tetrafluoroborate. Any excess of
241 this poorly soluble oxidant could be simply removed from the
242 reaction mixture by filtration, and upon addition of hexane,

g

A »n
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Scheme 1. Synthesis of TMCN3-CP“
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“Reagents and conditions: a. methyl cyanoacetate, NaH, DME, 3 h; b.
K,S,04 H,0, 3 h, 71% over 2 steps; c. NOBF,, CH,Cl,, 30 min, 72%.

pure TMCN3-CP precipitated out of solution as a yellow 243
powder. The assigned C; symmetric structure of TMCN3-CP 244
was confirmed by NMR. It is important to note that, unlike its 245
precursor 2, TMCN3-CP is highly air- and moisture-sensitive, 246
and all stages of the final synthetic step should be carried out in 247
a glovebox using anhydrous solvents. Longer term storage of 248
TMCN3-CP is best achieved under vacuum. 249

Dopant Characterization. With sufficient quantities 250
(>200 mg) of TMCN3-CP in hand, we set out to identify 251
solvents in which it could be handled without decomposition. 252
As expected, TMCN3-CP reacted almost immediately with all 253
polar protic (MeOH) and most aprotic solvents (acetone, 254
DMSO, aromatics) to which it was subjected. Even dry MeCN 2ss
only had a 1-2 min window before some degree of 256
discoloration could be seen. We did, however, find TMCN3- 257
CP to be both readily soluble and stable over a period of 258
several hours in halogenated solvents including chloroform, 259
dichloromethane, and hexafluorobenzene. As a result, we were 260
able to perform full characterization and structural assignment 261
of the molecule using conventional NMR techniques. 262

To estimate the reduction potentials and, by extension, the 263
EA of this new dopant molecule, we conducted a series of CV 264
measurements (Figure 2). Predictably, we observe two 26sf
reversible one-electron reductions corresponding to formation 266
of TMCN3-CP~ and TMCN3-CP*". These occur at E, 4, = 267
0.78 V and E.4 = 0.12 V versus Ag/AgCl, respectively. 268

40.0
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S o o
o o o

—TMCN3-CP
-20.0 —CN6-CP
—F4TCNQ
-30.0
-40.0

200 150 1.00 050 000 -0.50 -1.00 -1.50 -2.00
Potential vs. Ag/AgCl (V)

Figure 2. Cyclic voltammograms of TMCN3-CP, CN6-CP, and
F4TCNQ.
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269 According to the equation Ej o = —€(E,q + Ey), where E,¢
270 = 4.72 V for the Ag/AgCl reference electrode used in our
271 measurements,'”> we calculate the LUMO levels for TMCN3-
272 CP to be E;ypor = —5.50 €V and E;ypo, = —4.84 €V.

273 The accuracy of these values was substantiated by
274 conducting the same measurements on commercial
275 FATCNQ_ and CN6-CP~, which was prepared according to
276 the literature method."” The LUMO levels for both FATCNQ
277 (Epumor = —5.30 eV) and CN6-CP (E;yyo; = —5.89 eV) were
278 in excellent agreement with previously published values
279 (Epumor = —5.33 eV and E;yyo; = —5.87 eV," respectively)
280 based on CV measurements. All measured reduction potentials
281 and calculated LUMO energy levels are summarized in Table
282 1.

—_

Table 1. Measured Reduction Potentials and Calculated
LUMO Levels of TMCN3-CP, CN6-CP, and F4TCNQ

dopant Eea1 (V) Egmor (6V)  Eer (V) Erpmo: (eV)
CN6-CP 1.17 —-5.89 0.38 -5.10
TMCN3-CP 0.78 -5.50 0.12 —4.84
F4TCNQ 0.58 —-5.30 0.03 —4.75

283 Figure 3 shows the UV—vis—NIR spectra of P3HT, PDPP-
284 4T, PDPP-T-TT-T, and PDPP-3T that are doped by
285 increasingly higher concentration solutions of TMCN3-CP.
286 Sequential doping requires that the dopant solution be applied
287 from a solvent that will not dissolve the polymer film. For the
288 P3HT samples, all sequential doping was carried out in
289 CH,Cl, solution. For the DPP polymers, a 2:1 mixture of dry
290 CH,Cl,/MeCN was used to prevent dissolution of the
291 polymer films.

292 Examination of the UV—vis—NIR spectra shows a decrease
293 in the absorbance of the neutral polymer and a simultaneous
204 absorbance increase below the neat polymer optical band gap.
205 The absorbance for P3HT has previously been assigned as
206 P3HT" polaron absorbance in the range of 1-2 eV and
297 centered at ~0.5 eV.">** For P3HT, almost all measurements
298 have shown integer charge transfer with the exception of one
299 report of a thermally unstable polymorph of P3HT with
300 FATCNQ.* Most alternating copolymers with strong acceptor
301 groups exhibit only partial charge transfer when molecularly
302 doped.** It was not the purpose of this work to assign a doping
303 mechanism for the DPP polymers. We note instead that, with
304 increasing TMCN3-CP concentration, the DPP copolymers all
305 show increasing absorbance at ~0.88 eV and below the low
306 energy side of the spectrum (<0.4 eV), consistent with
307 previously reported p-doping by CN6-CP."” We also note that
308 previous reports of the doping of PDPP-T-TT-T by
309 FETCNNQ_did not have a similar absorption change and
310 partial charge transfer was determined.*®

311 Sequential doping is described by an equilibrium between
312 dopants in the solution and film.”® The driving force for charge
313 transfer from the polymer to the dopant is AG for the reaction
314 dopant,on + polymerg,, = dopantg, ™ + polymerg,,* and
315 can be approximated by HOMO,gjymer — LUMO gopane- Dopants
316 occupy sites on the polymer according to a Langmuir isotherm
317 model given by

—_

—
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Figure 3. UV—vis—NIR spectra of P3HT, PDPP-4T, PDPP-T-TT-T,
and PDPP-3T sequentially doped by solutions of TMCN3-CP. All
measurements are normalized to the neat polymer absorbance
maximum.

where Cj is the polaron concentration in the film, Cy, is the 319
total concentration of sites that could be doped from a solution 320
at infinite concentration, C is the concentration of the dopant 321
in solution, and K, is the equilibrium constant determined 322
from AG.* 323

It has often been reported that the efficiency of free charge 324
creation from molecular doping is much less than unity.”*>*® 325
UV—vis—NIR cannot measure the creation of free charges but 326
does give a measure of Cy in the polymer. In Supporting 327
Information Figure SS, we show the change in the ratio of 328
absorbance at the peak of the polaron state (1.52 eV for P3HT 329
and 0.88 for all DPP polymers) compared to the absorbance 330
maximum of the neutral polymer. Thus, we measure (Aggpeq — 331
Aneutral)polaronimax/ (Aneutral)neutralimax as a funCtion Of the dOp ing 332
solution concentration. The data show a high slope at low 333
dopant concentrations of P3HT and PDPP-4T followed by a 334
reduction in the slope with higher dopant concentrations. This 335
follows the expected trend that polarons are created efficiently 336
at low doping levels and as the Fermi level shifts towards the 337
polymer HOMO, doping efficiency is reduced.*® In contrast, 33
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339 both PDPP-T-TT-T and PDPP-3T show a low and linear
340 increase in polaron density with increased dopant concen-
341 tration, which indicates that these polymers are more difficult
342 to dope. The IE of the DPP polymers has been measured using
343 ultraviolet photoelectron spectroscopy by several groups to be
344 in the same range, that is, 5.17—5.40 eV, but the relative IE
345 between polymers is not consistent.”® " Given the dispersity
346 of the measured IE values, we cannot assign the IE of these
347 polymers directly or the AG for doping. Our results instead
348 show that Cj is higher for this PDPP-4T sample than the other
349 DPP polymers. This increased doping level could originate
350 from either a lower IE or larger Cgg, afforded by increased
351 solvent swelling. This work shows that the doping efficiency
352 depends not just on the driving force for doping (AG) but also
353 on the volume density of doping sites C,, and access to these
354 sites via solvent infiltration into the swollen polymer. The
355 effects of molecular weight, polymer orientation, and side chain
356 length or branching are matters for separate study.

357 Figure 4 shows the four-wire conductivity (o) for all
358 polymer films plotted as a function of the concentration of

—

B L L B R R B R R B B R R B
[ i
1k - *
[ = E x
5 ol : ]
@ =
=z - 1
=2 001} i
B Foa = E
3 | =« = = P3HT
c =
S1E3L = = PDPP-4T 4
L= = PDPP-T-TT-T ]
1E_4__} = PDPP-3T |
E_1 1 1 1 1 1 _d
0.0 02 0.4 0.6 08 1.0

Concentration (mg/mL)

Figure 4. Four-wire conductivity measurements for P3HT, PDPP-4T,
PDPP-T-TT-T, and PDPP-3T as a function of the TMCN3-CP
sequential doping concentration.

359 TMCN3-CP used for sequential doping. The o of all four films
360 increases to above 1 S/cm* when sequentially doped from a
361 solution of 1 mg/mL TMCN3-CP. The PDPP-T-TT-T film
362 has the highest o for all doping concentrations in spite of the
363 fact that there are fewer polaron states than for P3HT or
364 PDPP-4T. o is a product of the density of mobile holes and the
365 hole mobility (y,). PDPP-T-TT-T has the highest reported
366 optimized p;, of the three polymers at 5—10 cm?/(V-s).”” The
367 reported py, values for PDPP-4T, PDPP-3T, and P3HT are
368 0.5—1.5," 0.5-2,>**>* and 0.1—0.3 cm?/(Vs),*° respectively.
369 All reported pu; values were measured with field-effect
370 transistors. Although C4 is lower in PDPP-T-TT-T, some
371 combination of the high p, and/or a larger percentage of the
372 polarons being free holes gives the highest ¢ for all doping
373 concentrations. P3HT has much higher C, but lower y, and/or
374 free hole density and so has a similar ¢ value to the other
375 polymers.

376  Comparing these results to other recent doping studies of
377 DPP polymers, Liang et al. recently reported mixed batch ¢
378 measurements of PDPP-4T and PDPP-T-TT-T doped with
379 FeCl; and Mo(tfd);.*" At all doping ratios, PDPP-4T showed
380 higher conductivity for both dopants, which they attributed to
381 a higher IE for PDPP-T-TT-T. The conductivity shown here is
382 similar for PDPP-4T but higher for PDPP-T-TT-T. The
383 comparison with this data does not mean that TMCN3-CP is a
384 higher EA dopant than Mo(tfd); because the samples were

—

—

—_

prepared differently (batch vs sequential doping). The result 3ss
does however clearly show that TMCN3-CP is more effective 386
at doping PDPP-T-TT-T than Mo(tfd); using solution 3s7
methods, while both dopants have a similar ability to dope 3s8
P3HT and PDPP-4T. Karpov et al. recently reported the 389
doping of PDPP-T-TT-T and P3HT samples with 390
F6TCNNQ* and CN6-CP."” For PDPP-T-TT-T, doping 391
with FETCNNQ resulted in a 6 of ~1 S/cm with a fairly low 392
doping ratio but no increase with increased F6TCNNQ_ 393
concentration. The conductivity of P3HT was higher when 394
doped with FETCNNQ.*® Doping PDPP-T-TT-T with CN6- 395
CP resulted in ¢ of almost 100 S/cm at a high doping ratio, 396
which shows that higher EA dopants can yield greater increases 397
in conductivity. To our knowledge, there are no other reports 398
of molecular doping of PDPP-3T. 399

Lastly, we investigated the stability of doped polymer films. 400
We performed sequential 6 measurements over 7 days on 401
TMCN3-CP- and FATCNQ-doped P3HT films stored in four 402
different environments. The samples were either kept under 403
vacuum, in a glovebox filled with nitrogen (O, < 10 ppm and 404
H,O < S ppm), on a hot plate (60 °C) in the glovebox, and in 405
air. Independent of the environment in which the samples were 406
stored, the o of all films decreased exponentially as shown in 407
Figure S6, though the rate of o decrease was lowest for the 408
samples in the glovebox. We observed similar trends for 409
conductivity of P3HT/F4TCNQ_films to P3HT/TMCN3-CP 410
films, as shown in Figure S7. It is important to note that 411
organic molecular dopants have been shown to diffuse and 412
drift in a polymer film.***** Since we made repeated 413
conductivity measurements on the same films, it is likely that 414
dopants drift away from the anode, which in turn decreases the 415
conductivity.”> This indicates that the evaluation of the 416
chemical stability of the dopants is not a simple matter of 417
monitoring the conductivity. 418

An alternative probe of doping density over time is to 419
measure the UV—vis—NIR spectra, which can resolve whether 420
the decrease in conductivity is due to dopant drift or chemical 421
degradation of the dopant. We thus monitor the UV—vis—NIR 422
spectra for P3BHT/TMCN3-CP and P3HT/F4TCNQ_films 423
stored in air and nitrogen continuously for 20 h. In Figures 424
S8—S13, we track the changes in the peak of neutral P3HT 425
absorbance (~2.2 eV) and the P3HT"* polaron peak (1—2 eV). 426
P3HT/TMCN3-CP films show a steady reduction in polaron 427
density with time, with similar time constants for samples both 428
in air and in a glovebox. This result suggests that the instability 429
of the dopant in the film is not due to the reaction with O, or 430
H,0. We suspect, but cannot prove, a dimerization of the 431
dopant radical anion similar to that observed for diester- 432
substituted FATCNQ."! In contrast, P3HT/F4ATCNQ films in 433
nitrogen show no optical change, but films in air show a slow 434
reduction in polaron states and an increase in neutral P3HT 435
absorbance. FATCNQ reacts with atmospheric O, and/or H,O 436
but shows long-time stability in N,. 437

Since conductivity measurements cannot alone be used to 438
determine dopant stability due to drift, the challenge will be to 439
synthesize high EA dopants that are chemically stable, resistant 440
to drift, and solution processable. 441

Hl CONCLUSIONS 442

In conclusion, we describe the synthesis of TMCN3-CP, a 443
new, solution processable, and thermally stable p-type dopant 444
possessing three ester groups that allow the molecule to be 445
chemically tailored. The high solubility and EA of TMCN3-CP 446
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enable sequential molecular doping of a series of high IE
conjugated polymers used in organic field-effect transistors.
TMCN3-CP was added to the polymer films in a sequential
solution processing step, resulting in clear p-type doping of
P3HT, PDPP-4T, PDPP-T-TT-T, and PDPP-3T, whereas no
polaron states were observed using FATCNQ_ for the DPP-
derived copolymers. At 1 mg/mL dopant concentration, all
four polymers achieve conductivities of >1 S/cm. With lower
dopant concentrations, the conductivity varied over a wider
range, showing the need for in-depth studies of the effects of
ionization energy and morphology on doping efficiency and
the ratio between polarons and free holes. PDPP-T-TT-T
polymer films exhibit lower conductivity when doped with
TMCN3-CP than with CN6-CP but higher than with
Mo(tfd);, FeCl;, or F6TCNNQ. This study demonstrates
the value of developing strong dopants with high solubilities.
Further extension of this work will consider mono- and diester
substitutions of CN6-CP, which should retain solubility but
have even higher EA values than TMCN3-CP, and work along
these lines will be reported in due course.
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