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Abstract Molecular doping is one of the most important tools to manipulate the electrical properties of conjugated polymers for application in
organic optoelectronics. The polymer crystallinity and distribution position of the dopant crucially determine electrical conductivity of the doped
polymer. However, in solution-mixed doping, the interplay between polymer and dopant leads to highly structural disorder of polymer and
random arrangement of dopant. Here, we propose a strategy to ensure the dopant induced polarons have high charge dissociation and transport
by letting the conjugated polymers aggregate in the marginal solvent solution by cooling it from higher temperature to room temperature. We
select poly(3-hexylthiophene-2,5-diyl) (P3HT) solution doped by 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4ATCNQ) as a model
system. P3HT crystallizes in the marginal solvent, such as 1,1,2-trichloroethane (TCE) driven by the favor r-mr interaction between planar polymer
backbone. The dopant F4TCNQ enters the alkyl side chain region not the 71- stacking region and thus guarantees high crystallinity and the -
interaction of P3HT. This distribution of FATCNQ which away from the polymer backbone to ensure higher charge dissociation and transport.
Finally, we obtained a high conductivity value of 23 S/cm by doping P3HT with 20% FATCNQ by using the marginal solvent, which is higher than
doping P3HT with a disordered coil conformation in chlorobenzene (CB) of 7 S/cm, which the dopants enter both the alkyl side chain region and

the -1 stacking region.
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INTRODUCTION

Chemical doping is a feasible way to improve conductivity and
change Fermi level of conjugated semiconductor polymers for
application in organic optoelectronics!"? In general, for
chemical doping, it involves the addition of an electron acceptor
or electron donor in conjugated polymer for P- or N-type
doping, respectively."" For the P-type doping, the doping
mechanism is that the electrons from the highest occupied
energy level (HOMO) of conjugated polymer transfer to the
lowest unoccupied energy level (LUMO) of the molecular
dopant® In the doped conjugated polymer literature, when
polymers are mixed with dopant, the integer charge transfer
(ICT) appears to dominate doping process while small
molecules are mixed with dopant mainly form charge transfer
complex (CTC). The process of ICT and CTC is shown in
Scheme 1.
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The simplest method of molecular doping is to mix conjug-
ated polymer solution with dopant solution to tune the dop-
ing level by adding different dopant concentrations.
Moreover, solution-mixed doping can fabricate different thick
conducting polymer films with homogeneous doping level
and be compatible with various large-scale processing tech-
niques. Although some semiconducting polymers have been
successfully doped by using solution-mixed method, the elec-
trical conductivity is still much lower than those by evapora-
tion doping and solution sequential doping methods.*-7!
Therefore, an understanding of the solution doping process
and how the conformation and aggregation of polymers in
the solution affect doping are needed to further investiga-
tion.89 It is known that the solubility of many polymers will
be reduced by the addition of the dopant to form undesired
structures in solution-mixed doping which cause low electri-
cal conductivity (generally below 10" S/cm).41011 Another
very critical issue is the way in which dopants are distributed
in final thin films which is important to the efficiency of free-
carrier formation and it also has a big effect on the conducti-
vity of the doped polymer. In solution-mixed doping, the
complicated interaction between dopants with polymer
chain causes dopants to distribute disorderly in the crystal-
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Scheme 1 Two doping mechanisms in molecular doping: integer charge transfer (ICT) and charge transfer complex (CTC).

line region, amorphous region, m-ir region and lamellar re-
gion of polymer film.[''121 The ideal distribution of dopant is
in the lamellar region of polymer and this is because the po-
larons on the polymer chain and the dopant counterions are
far apart, which facilitates the rapid delocalization and trans-
port of charge. This location is especially important when
dealing with semiconductor polymer which has low dielec-
tric constant.

P3HT doped with FATCNQ is a model system to investigate
the correlation between structure, charge transport and elec-
trical properties.'%11.13-151 |n general, P3HT and F4TCNQ
mainly undergo integer charge transfer process and then fol-
low charge separation and transport.['6-191 Many factors af-
fect charge separation and transport, including the crystallin-
ity of the polymer, the distance between dopant and poly-
mer chain, the DOS distribution, and so on.!'s The addition of
FATCNQ will greatly accelerate the aggregation rate of P3HT
in solution. P3HT aggregates have faster reaction rate with
FATCNQ which is a result of faster charge delocalization after
the charge transfer process.l20-221 The type of P3HT aggreg-
ates can also affect the doping process. The J- and H-type ag-
gregates of P3HT can be produced by using solvent toluene
and anisole. After doping with FATCNQ, the J-type aggreg-
ates exhibit a higher doping efficiency compared to the H-
type aggregates.'z3! Although an efficient and rapid doping
process can occur between P3HT and FATCNQ, the most of
carriers remain strongly bound and only 5% dissociate and
transport.?! It is shown that a new crystalline phase will be
formed between P3HT and FATCNQ with dopants interacting
with side region and 7-7 region simultaneously after solution-
mixed doping.11.1214.24.25] However, the dopant remaining in
-1 region of polymer is not ideal, which has a close distance
with backbone. It will cause the localization of the charge and
destroy the charge separation and damage the charge trans-
port channel. Therefore, in solution-mix doping, it is not easy
to achieve efficient doping, both ensuring the structure order
of the film and controlling the distribution of dopants.

In the present work, in order to investigate the correlation
between solution state and electrical properties, we con-
trolled P3HT solution state by selecting two different kinds of
solvents, marginal solvent TCE and good solvent CB. We then
controlled the producing of aggregates and disordered coil
conformation in solution by cooling the solution from higher
temperature to room temperature. After doping with
FATCNQ, we obtained two kinds of doping stacking struc-
tures. When the P3HT aggregates in TCE were doped, the

dopant was only distributed in the alkyl side chain region of
the polymer. When P3HT doped in CB, the dopant entered
the alkyl side chain region and m-m region of the polymer
which is not conducive to the charge separation and trans-
port in doped polymer. Finally, we obtained a high conductiv-
ity value of 23 S/cm by doping P3HT with 20% FATCNQ by us-
ing the marginal solvent, which is higher than doping P3HT
with a disordered coil conformation in CB (7 S/cm).

EXPERIMENTAL

Materials

Poly(3-hexylthiophene-2,5-diyl) ~ (P3HT, M,=35.2 kg/mol,
PDI=2.1, regioregularity=97.3%) was purchased from Ossila (UK).
Dopant  2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane
(FATCNQ, purified by sublimation, purity >98.0%) was
purchased from TCl (Shanghai, China). Solvent chlorobenzene
(CB, purity >99%), 1,1,2-trichloroethane (TCE, purity >99%),
1,2/4-trichlorobenzene (TCB, purity >99%), acetonitrile (ACN,
purity >99%), 2-chlorophenol (2-CP, purity >99%), and heptane
(Hep, purity >99%) were purchased from Macklin (Shanghai,
China). All solvents were used as received without further
purification.

Sample Preparation

Neat P3HT solutions of 1 mg/mL were prepared by dissolving
P3HT in either CB or TCE and heated to 100 °C for 3 h to dissolve
completely, then slowly cooled to room temperature with a rate
of 25 °C/h. FATCNQ was dissolved in both CB and TCE solvents at
a concentration of 1 mg/mL and heated to 100 °C for 5 h to
dissolve completely. The doping process was done by mixing
P3HT solution and FATCNQ solution in the same solvent by
adding different weight amounts of FATCNQ at room
temperature. Thin films were drop-coated from the doping
solution onto cleaned glass substrates. Substrates were
sequentially sonicated for 15 min in acetone, isopropyl alcohol
and deionized water and finally blown dry with nitrogen. The
thickness of film was about 300 nm measured by Veeco Dektak
150 Profilometer.

UV-Vis-NIR Absorption Spectroscopy

The UV-Vis-NIR absorption data was obtained from the
AvaSpec-3648 spectrometer (Avantes, Netherlands). The
measurements were carried out within a wavelength range of
300—-1000 nm. The solution sample was placed in a 2 mm thick
quartz cuvette and tested. The neat P3HT solution
concentration was 1 mg/mL, and the dopant concentration in
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the doped polymer solution was 5 wt%, 10 wt%, 15 wt%, 20
wt%, 25 wt% and 30 wt%, respectively. The UV-Vis absorption
measurements were taken at room temperature.

Dynamic Light Scattering (DLS)

The DLS experiment of P3HT solution was performed using
a light scattering goniometer (BI200-SM, Brookhaven
Instruments) equipped with a digital autocorrelator (BI-9000 AT,
Brookhaven Instruments) and an Ar ion laser (Model 95, Lexel
Laser, Inc.).??! The solution sample was placed in a 5 mm thick
quartz cuvette and tested and the pristine P3HT solution
concentration was 1 mg/mL in both TCE and CB. The DLS
measurements were taken at room temperature.

FTIR Spectroscopy

Doped P3HT films FTIR spectra were collected by using a Bruker
spectrometer (ALPHA) on KBr substrates. Signal of thin film
sample was recorded in the atmosphere. Using a transmission
module to test the samples and obtain high signal-to-noise ratio
data of vibrational absorption peak of cyano group.

Grazing Incidence X-Ray Diffraction (GIXRD) and Two-
Dimensional Grazing Incidence Wide Angle X-Ray
Scattering (2D GIWAXS)

Out-of-plane GIXRD data was obtained on a Bruker D8 Discover
Reflector (Cu Ka, A=1.54 A) with 40 kV and 40 mA tube current.
In-plane GIXRD was performed on a Rigaku SmartLab X-ray
diffractometer (Cu Ka, A=1.54 A). Both out-of-plane GIXRD data
and in-plane GIXRD data were obtained from a scanning region
of 26 between 2° and 30°. 2D GIWAXS tests were obtained at the
1TW1A beamline of Beijing Synchrotron Radiation Facility (BSRF)
(A=1.54 R). The incidence angle is 0.16° and the exposure time of
samples is 400 s.

Transmission Electron Microscopy (TEM) and
Cryogenic Transmission Electron Microscopy (Cryo-
TEM)

The TEM images of film were acquired using a JEM-1400
microscope (JEOL, Japan) operated at 120 kV. The cryo-TEM
images of solution were obtained by using a JEM-3200FSC
microscope (JEOL, Japan) operated at 300 kV and with a Gatan
charge-coupled device camera. For sample preparation, a small
droplet of P3HT solution sample was dropped onto a copper
grid with holey carbon film. And then the sample was quickly
inserted into liquid nitrogen for cooling. After waiting 10 min,
the sample was transferred to sample warehouse of JEM-
3200FSC microscope. The magnification of the images was
120,000 times and exposure time was 1 s.

Cryogenic Scanning Electron Microscopy (Cryo-SEM)
Cryo-SEM analysis was performed on Sigma 300 microscope
(ZEISS, Germany). Sample solution (10 L) was dropped onto a
sample stage and then quickly inserted into liquid nitrogen for
cooling for a few seconds. The frozen sample was transferred to
the preparation chamber where it was cut to create a new
section. To remove the solvent from the frozen sample, the
sample was sublimated at —80 °C for 30 min. Finally, the sample
was gilded and scanned with electron beam. Cryo-SEM images
were obtained by a low electron detector with accelerating
voltage of 5.0 kV and at temperature of —130 °C.

Conductivity Measurements
The electrical conductivity was measured by the four-probe

method. By thermal evaporation with specific shadow mask,
gold was deposited on the surface of the samples and formed
four channels (40 nm thick) on the surface of the samples. The
length of the channel was 1 mm and the width was 0.2 mm and
the distance between adjacent channels was 0.2 mm. The
electrical conductivity data can be calculated by the following
formula: 0 = W/VId. In the formula, o is the electrical
conductivity, V is the voltage, | is the current, / is the length of
channel, w is the width of channel and d is the thickness of film.
Five data were averaged for each doping concentration.

RESULTS AND DISCUSSION

Electrical Properties

We chose P3HT/FATCNQ system to investigate the correlation
between solution state and electrical properties. The chemical
structures of host P3HT, dopant FATCNQ and solvents of TCE
and CB are shown in Fig. 1(a). The P3HT solutions of 1 mg/mL
were prepared by dissolving P3HT in either TCE or CB and
heated to 100 °C for 3 h, then slowly cooled to room
temperature at a rate of 25 °C/h. FATCNQ was dissolved in either
TCE or CB at a concentration of T mg/mL and heated to 100 °C
for 5 h. The doping process was done by mixing P3HT solution
and F4TCNQ solution in the same solvent with adding different
weight amounts of F4TCNQ at room temperature. The HOMO
and LUMO levels of P3HT and FATCNQ are —4.8 and —2.7 eV,
-83 eV and -5.2 eV, respectively.?”?8l The LUMO level of
FATCNQ is lower than HOMO level of P3HT which is the basis of
ground state of charge transfer process. The effects of adding
FATCNQ on the electrical conductivity of the P3HT thin films
were studied based on four-point probe method. Five data were
averaged for each doping concentration (Table S1a in the
electronic supplementary information, ESI). Fig. 1(b) is the plots
of the electrical conductivities of P3HT doped with various
concentrations of FATCNQ from solvent TCE and CB. The pristine
film of P3HT showed electrical conductivity of 2.6x107*+
5.7x107 S/cm processed from TCE which was higher than
electrical conductivity of 8.5x107°+1.3x10~> S/cm processed
from CB. Upon mixing with F4TCNQ, the conductivity of P3HT
doped FATCNQ processed from TCE rapidly increased, reached
the maximum electrical conductivity of 23.0+0.5 S/cm with 20
wt% F4TCNQ loading and decreased upon further addition of
dopant. The maximum electrical conductivity of FATCNQ doped
P3HT processed from CB was 7.0+0.2 S/cm with 20 wt% FATCNQ
loading. In the whole region, FATCNQ doped P3HT processed
from TCE has a higher electrical conductivity compared to
FATCNQ doped P3HT processed from CB, and the maximum
difference is about 40 times as shown in Fig. 1(c). When the
dopants concentration exceeded 15 wt%, the difference of
electrical conductivity between TCE and CB stabilized at about 3
times.

The doping efficiency and electrical conductivity are closely
related to the doping method and experimental conditions.
There are many studies on the doping process of
P3HT/F4TCNQ system and the electrical conductivity repor-
ted also shows great differences.5-7.11.13.14.291 Taple S1(b) (in
ESI) lists the electrical conductivity reported previously by
solution-mixed doping.[10.1113,17.2029-34] | the solution-mixed
doping, the most common used solvents are chloroform and
chlorobenzene. Besides, the electrical conductivity obtained
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Fig. 1 (a) Chemical structures of host P3HT and dopant FATCNQ
with the position of HOMO and LUMO of P3HT and FATCNQ and
solvents of TCE and CB, respectively; (b) Evolution of electrical
conductivity of doped P3HT as a function of FATCNQ concentration.
The content of dopant was the mass ratio between FATCNQ and
P3HT. The red line represented processing from solvent TCE and the
black line represented processing from solvent CB. (c) Ratio of
electrical conductivity of doped P3HT processed from solvent TCE
and CB as a function of FATCNQ concentration.

by these solvents is usually very low which is in the level of
10-1-100 S/cm. In our work, the conductivity of P3HT doped
FATCNQ processed from TCE exceeded all previously repor-
ted values by solution-mixed doping.

A General Picture of High Doping Efficiency in Solvent
TCE

From the above discussion, we can see that a high conductivity
value of 23 S/cm by doping P3HT with 20% FATCNQ by using
the marginal solvent (TCE) is obtained, which is higher than
doping P3HT in a good solvent chlorobenzene (CB) (7 S/cm). In
order to explain the P3HT solution state on the conductivity, we
investigate the UV-Vis-NIR absorbance spectra of P3HT solution,
hydrodynamic diameter Rh by dynamic light scattering (DLS)
and Cryo-SEM and TEM experiments.

The Hansen solubility parameter (HSP) is used to predict if a
polymer can dissolve in a given solvent.3536 We tested the
HSP of P3HT in different solvents using binary solvent gradi-
ent method (the details are listed in ESI, part 2). The three
components of HSP of P3HT were 8p,=18.9 MPa'2, §,=3.4
MPa'/2, and 6,,=3.0 MPa'/2 with a radius of Ry=4.1 MPa'/2 (Fig.
2a). The Ra value between P3HT and CB is 1.4, which means
CB is a good solvent for P3HT. The Ra value between P3HT
and TCE is 4.5, which means TCE is a marginal solvent for
P3HT. By using the good solvent CB and the marginal solvent
TCE, P3HT can be controlled to be dissolved or crystallized in
the solution by temperature manipulation. Figs. 2(b) and 2(c)
show the UV-Vis-NIR absorbance spectra of P3HT solution un-
der different temperatures. The dissolution of P3HT in good
solvent and marginal solvent produced a transparent orange
solution at high temperature. But during cooling and ageing,
the solution of P3HT in solvent TCE displayed a dramatic col-
or change, from orange to dark brown which means P3HT
crystallization in solution state by the driving force of m-m
stacking, as shown in Fig. 2(b). However, in solvent CB, the
UV-Vis-NIR absorbance spectra are kept unchanged. At room
temperature, there are three distinct characteristic absorp-
tion peaks in the solution UV-Vis-NIR absorbance spectra of
TCE, which are located at 605 nm, 557 nm and 520 nm, corres-
ponding to the (0-0), (0-1) and (0-2) peaks of P3HT, respec-
tively. At high temperature, there is only one absorption peak
at 480 nm in TCE, and the same absorption peak occurs in CB
which has nothing to do with temperature. From high tem-
perature to low temperature, the m-m* absorption peak of
P3HT in TCE shifts from 480 nm to 520 nm with a redshift of
40 nm, which indicates that the backbone in solution has a
more planar conformation and the conjugation length in-
creases.B7-39 The presence of (0-0) peak and (0-1) peak also
indicates the presence of ordered aggregates in the solution
due to -7 interactions between the more planar polymer
chains.

Furthermore, evidence about aggregation for P3HT/TCE
solution was analyzed by using DLS, as shown in Fig. 3(a). The
curve with two peaks from TCE suggests the coexistence of
two P3HT phases with different size in P3HT/TCE solution. The
smaller size with 11.7 nm representing the random coils of
P3HT and the bigger size with 91.3 nm representing the crys-
tallites of P3HT, respectively. But there is only one peak in
P3HT/CB solution with size of 24.4 nm, and the P3HT chains
dissolve entirely in CB which have greater random coils than
the 11.7 nm in TCE. We also took high-resolution Cryo-TEM
experiments to investigate the P3HT chains behavior in solu-
tion. In Fig. 3(b), the lamellar stacking of polymer along back-
bone can be seen clearly. And there is a superposition of
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lamellae in which polymer with different orientation. We can
conclude that P3HT chain crystallization in TCE, but there is
no obvious lamellar stacking in CB as shown in Fig. 3(c).

To explore the solution state of doping process, UV-Vis-NIR
absorption spectra of undoped and doped P3HT solution are
shown in Fig. 4. For P3HT doped with FATCNQ, three new ab-
sorption peaks of the dopant anion appear in the spectrum,
which are 413, 770 and 870 nm.% TCE solution of pristine
P3HT shows a clear vibronic structure compared to CB solu-
tion, pointing to more ordered structure from TCE. After dop-
ing with FATCNQ, the peak of neural P3HT is bleached, which
indicates an effective doping process. As shown in Fig. 4, the
intensity of peak at 413 nm in TCE is higher than that in CB in-
dicating more dopant anion in the doing process. We tested
the solubility of FATCNQ in TCE and CB, as shown in Fig. S2 (in
ESI). The solubility of FATCNQ in TCE is 1.455 mg/mL which is
higher than 0.434 mg/mL in CB. The higher solubility of
dopants will help to increase of doping conductivity."]

In order to deeply explore the influence of solution state on
the morphology of doped films, Cryo-SEM experiments of
P3HT solution with dopant concentrations of 0 wt% and 20
wt% were performed. The results of Cryo-SEM experiments
are presented in Fig. 5. It is clear that there are lots of P3HT
nanofibers in TCE but no characteristic morphology in CB as
shown in Fig. 5(a) and Fig. 5(c), respectively. After adding with
FATCNQ, the nanostructure of P3HT in TCE is basically kept.
The nanowires in TCE solution can keep upon FATCNQ dop-
ing. While in the CB solution, after doping with FATCNQ, there
are many disorder aggregates without good connection.

X

Fig.3 (a) DLS of P3HT solution in the solvent TCE and CB. Cryo-TEM images of P3HT solution in the solvent (b) TCE and (c) CB.
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Fig. 4  UV-Vis-NIR absorbance spectra of doping solution with
different dopant loading in (a) TCE and (b) CB at room temperature.
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P3HT solution, the dopant FATCNQ concentration is 20 wt%.

Distribution of FATCNQ in the P3HT Films

To investigate structural differences at the molecular level
between FATCNQ-doped P3HT films processed from solvent
TCE and solvent CB, we performed a series of out-of-plane
GIXRD and in-plane GIXRD measurements, TEM and FTIR spectra
with different FATCNQ concentration. The whole out-of-plane
GIXRD patterns including lamellar (100), (200), (300) and (010) 77-
stacking peak of P3HT are shown in Fig. S3 (in ESI). In order to
observe the peak in out-of-plane GIXRD pattern more clearly,
only the region of 26 between 3.2° and 8° was selected and the
peak was normalized to the max intensity. Fig. 6 shows a
gradual change of the out-of-plane lamellar structure of doped
P3HT film processed from solvent TCE and solvent CB as the
doping level is increased. In this 20 region, there is only one
peak corresponding to P3HT lamellar (100) peak can be
observed.*2=#! For the undoped P3HT films, the (100) peak at
the same position for TCE and CB, and the lamellar spacing is
1.62 nm. With the addition of FATCNQ, the (100) peak gradually
moves to lower 26 and that means the lamellar spacing of P3HT
increases in both solvent TCE and CB. The reason for swelling
lamellar spacing is that the FATCNQ counteranion locates in the
lamellar region of the P3HT crystallites.[*6—48!

Although the same trend of lamellar spacing in solvent TCE
and CB is observed, there are still lots of differences which in-
dicate the different way FATCNQ interacting with P3HT
between solvent TCE and CB. At 5 wt% dopant loading, the
(100) peak for solvent CB moves only slowly to low 26 and the
situation is very different in solvent TCE which has an obvious
change. As a result, the lamellar spacing is 1.78 and 1.68 nm in
solvent TCE and CB, respectively. The polymer chain in
solvent CB is random coil conformation and this needs more
energy to drive the doping process between FATCNQ and
P3HT. Thus, at the low dopant concentration, there is a small
doping effect in solvent CB and causes no obvious (100) peak
shifting. In the solvent TCE, P3HT aggregates have a favor-
able doping effect and the FATCNQ almost doping with P3HT
chain which causes obvious (100) peak shifting. The specific
value of lamellar spacing of doped P3HT with different

dopant concentrations is listed in Table 1. At the high dopant
concentration (dopant loading content more than 10 wt%),
the lamellar distance of doped P3HT from TCE is smaller than
CB, which means a tighter crystal in TCE. The smaller lamellar
distance is also an indication of a more ordered structure in
doped polymer films.[49.50]

However, the - stacking or (010) diffraction peak ob-
served in the in-plane direction showed different changing
between TCE and CB. Fig. 6(c) shows the change of the in-
plane m-m structure of doped P3HT film processed from
solvent TCE and Fig. 6(d) shows the change from solvent CB
as the doping level increasing. In TCE, after doping with
FATCNQ, the (010) diffraction peak moved to higher 6, indic-
ating a decrease of 77-r stacking distance. In this situation, the
doping induced polaron delocalizes between adjacent chains
and thus leads to an stronger attractive forces which reduce
the m-mm distance of polymer.l>"l However, in CB, after doping
with FATCNQ, the (010) diffraction peak was splitted into two
peaks. One moved to higher theta, indicating a decrease of 71-
7 stacking distance and one moved to lower theta, indicating
an increase of 71-7 stacking distance. Only the dopants which
enter the -7 stacking region of polymer and form a new crys-
talline phase will expand the 771 stacking distance. The spe-
cific values of 7-mr distance from solvent TCE and CB are listed
in Table 1. In TCE solution doping, the dopant only entered
the alkyl side chain region of the polymer and hardly entered
the m-mm stacking region of polymer because polymer chain
crystallization by strong m-77 interaction and the unfavorable
interaction between polymer chain and solvent. However, in
CB solution doping, P3HT with a disordered coil conforma-
tion, it is easy for the dopant enters both the alkyl side chain
region of the polymer and the m-77 stacking region.

The change of lamellar distance and -7 distance of doped
P3HT with different dopant concentrations are represented in
Figs. 7(a) and 7(b) according to the out-of-plane and in-plane
GIXRD results. In solvent TCE doping, dopants only enter the
lamellar region of P3HT which drive the phase transition and
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Fig. 6 Out-of-plane GIXD of pristine and doped P3HT from (a) TCE and (b) CB and in-plane GIXD of pristine and doped P3HT from (c)
TCE and (d) CB. The 26 of out-of-plane GIXD ranging from 3.2° to 8.0°, the 26 of in-plane GIXD ranging from 2° to 30°.

Table 1 The lamellar distance and -7 distance of doped P3HT calculating from out-of-plane GIXD and in-plane GIXD processed from different solvents.

TCE CB
Dopant concentration (wt%) - -
Lamellar distance (nm) -7 Distance (A) Lamellar distance (nm) -1 Distance (A)
0 1.62 3.82 1.62 3.81
5 1.78 3.66 1.68 3.78
10 1.84 3.62 1.86 3.62 3.86
15 1.84 3.60 1.92 3.60 3.86
20 1.86 3.60 1.92 3.60 3.88
25 1.86 3.54 1.90 3.57 3.88
30 1.84 3.54 1.88 3.55 3.88
3.90
a —8— TCE b
1.95+¢ ®— CB 3851 —— TCE
190} 380} —cs
—~ 185} 375}
E E
S 1.80f 2370r
S e
51751 S 3651
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160 0 5 10 15 20 25 30 3.50 0 5 10 15 20 25 30
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Fig.7 (a) The lamellar distance and (b) -7 distance of doped P3HT from different solvents.
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lamellar spacing expansion. However, in solvent CB doping,
dopants interact with the side chain and backbone of poly-
mer which cause both lamellar spacing and -1 stacking dis-
tance to increase. The decrease of 7-mm stacking distance in
both TCE and CB is likely the result of polaron delocalization.

2D-GIWAXS characterization of the doped P3HT films was
also performed to detect the change of crystallinity and ori-
entation.52-541 The 2D-GIWAXS patterns of all different
dopant concentrations are shown in Fig. S4 (in ESI). Here, we
choose the dopant concentration of 0 wt% and 20 wt% to dis-
cuss the structure of doped film as shown in Fig. 8. The films
processed TCE have obvious (100), (200) and (300) diffraction
peaks in the out of plane and one (010) diffraction peak in
plane. From 0 wt% to 20 wt% dopant concentration, the char-
acteristic is not changed which indicating the keeping of
edge-on orientation upon doping process. However, in CB
doping, the films have only (100) diffraction peak in the out of
plane and the double (010) diffraction peak in plane indicat-
ing of structure change and the loss of edge-on orientation.
The intensity of 2D-GIWAXS patterns is larger in TCE than that
in CB which is the result of higher crystallinity processed from
TCE.

We performed TEM imaging of pristine and doped P3HT
films to evaluate the morphology changing of P3HT after
doping with FATCNQ as shown in Fig. 9. The TEM imaging of
pristine and doped P3HT shows similar behavior with Cryo-
SEM images in Fig. 5. The pristine film of P3HT processed from

a 20
TCE+0% doping

CB+0% doping

0 0.5 1.0 1.5
Gy A7)

TCE covered with dense fibers. With the increasing content of
FATCNQ, the fiber network in P3HT film was still maintained.
The fiber long axis was the r-m packing direction of the poly-
mer chain and the fiber was not damaged, indicating that
there was not a large amount of FATCNQ entering the m-77 re-
gion of the polymer, which was also consistent with our ob-
servation in in-plane GIXRD. A large number of fibers in the
doped film also ensured the polaron (bipolaron) on the poly-
mer chain transport rapidly and continuously, which ulti-
mately improved the conductivity.5>-571 The pristine film of
P3HT processed from CB was uniform as shown in Fig. 9(b).
When a small amount of F4ATCNQ was added, the P3HT film
can barely maintain uniform morphology. With the increase
of dopant content, large disordered aggregates appeared in
the film. This result consists with previous studies that when
P3HT was dissolved in good solvent CB, the addition of
FATCNQ will rapidly promote the aggregation of the polymer,
and finally led to poor morphology.[13201 The discontinuous
disordered aggregates localized polaron (bipolaron) and lim-
ited transport over long distance.

To compare the difference in doping efficiency of films cast
from solvent TCE and CB, the FTIR spectra were characterized
as shown in Fig. 10. The vibration absorption band of cyano-
group on dopant molecule is closely related to its charge
state, which makes it possible to use FTIR to study the doping
process.l8-60 The vibration frequency of cyano-group on the
neutral FATCNQ is 2227 cm~'. When F4TCNQ receives the

b 20

TCE+20% doping

CB+20% doping

0 0.5 1.0 1.5
Gy A7

Fig. 8 GIWAXS of (a) pristine P3HT film processed from solvent TCE, (b) doped P3HT film processed from solvent TCE, (c) pristine P3HT
film processed from solvent CB and (d) doped P3HT film processed from solvent CB.
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- 5 aa 'k 1 ARSI

(b) CB. The magnification of the images was 25000x.

electrons from the polymer, the vibration absorption band
moves to the direction of low energy, and the degree of shift-
ing is positively correlated with the degree of accepting elec-
trons.'2! Fig. 10(a) is the FTIR data of doped P3HT films from
solvent TCE with different dopant concentrations and the
wave number range is between 2140 and 2260 cm~! without
the interference from other vibration bands. The vibration ab-
sorption band stays at 2188/2169 cm~' and does not move
with the increase of doping concentration. When processing
from solvent CB, the band changes to 2194/2169 cm~! and
still remains stay with increasing dopant concentration, as
shown in Fig. 10(b). However, the vibration absorption peak
of cyano-group in TCE is redshifted by 6 cm= than that in CB,

Fig.9 TEM images of pristine and doped P3HT (FATCNQ concentrations: 5%, 10%, 15%, 20%, 25% and 30%) from solvent (a) TCE and

<

indicating a higher degree of charge transfer and a higher
doping efficiency in the film from TCE. Fig. 10(c) is the FTIR
data of doped P3HT films from solvent TCE and CB with 20%
dopant concentration and the energy range is between 0.05
and 0.75 eV. After doping with FATCNQ, strong vibration ab-
sorption peaks appear below 0.2 eV, and a broad absorption
peak is related to the degree of delocalization of charge in the
polymer backbone.l6-631 At the 20% dopant concentration,
P1 absorption peak in TCE is at 0.52 eV, while P1 absorption
peak in CB is at 0.54 eV, with a red-shift of 0.02 eV. This indic-
ates the polaron in TCE has a higher degree of delocalization,
which is conducive to improving the conductivity.

The film obtained by doping P3HT in the random coil state

https://doi.org/10.1007/510118-023-2939-x
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Fig. 10  FTIR spectra in the characteristic cyano-group stretching region of increasingly doped P3HT films from solvent (a) TCE and (b)

CB; (c) P1 peak of doped P3HT from TCE and CB in IR region.

P3HT

T T
‘ a l Doping

b
P3HT

==T==
E/\\/\

a l Doping

2 e —

FATCNQ

FATCNQ

Fig. 11

in CB has low crystallinity and ordering, and FATCNQ is dis-
orderly distributed in the alkyl side chain region of the poly-
mer and 7-1r stacking region of polymer. However, the film
obtained by doping P3HT crystallized in TCE has higher order-
ing and crystallinity. FATCNQ is only distributed in the alkyl
side chain region of the polymer, as shown in Fig. 11. In the
marginal solvent, P3HT will form lots of crystallites by favor -
minteraction between the backbone. The HOMO level of crys-
talline region is higher than that in amorphous region which
is beneficial to the doping process and the large of lamellar
region can accommodate lots of dopants. And the flexible al-
kyl side chains have plenty of entropy for disturbance, so it is
easy for FATCNQ to enter the lamellar spacing compared to

Schematic illustrations of the distribution of FATCNQ in P3HT thin film obtained from (a) TCE and (b) CB solution.

the polymer 7 stacks. While in good solvent, P3HT has a ran-
dom coil conformation, after adding with dopants, FATCNQ
interacts with polymer chain intimately. The strong interac-
tion causes dopants distribute disorderly in the crystalline re-
gion, amorphous region, r-mm region and lamellar region of
polymer film. The dopant anion in the 7- region has a strong
coulomb interaction with the polaron on the backbone pro-
duced by doping, which is not conducive to delocalization
and effective transport of polaron. However, dopants only
distributed in the alkyl side chain region of the polymer have
spatial separation from backbone which is beneficial to form
ICT state and improve doping efficiency. Meanwhile, due to
the higher solubility of dopant FATCNQ in TCE, most dopants
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are in a dispersed state and have doping effect with the poly-
mer, while more neutral state FATCNQ is retained in the film
which does not have doping effect with the polymer when
processed from CB. The higher crystallinity in TCE is also help
to increase electrical conductivity.

CONCLUSIONS

By regulating the aggregation states of P3HT in different kinds
of solvents by cooling it from higher temperature to room
temperature, we obtained two different doping stacking
structures. When the P3HT aggregates in TCE was doped, the
dopant only entered the alkyl side chain region of the polymer.
However, when doping P3HT with a disordered coil
conformation in CB, the dopant enters both the alkyl side chain
region of the polymer and the m-mr stacking region. For the
doping of P3HT in TCE solution, the dopants did not destroy the
7-17 interaction between polymer chains which guarantees the
high crystallinity of polymer. The dopants located in the alkyl
side chain region has smaller Coulomb interaction to the
polarons on polymer chain, which is beneficial for the
dissociation and transport of charge. Meanwhile, due to the
higher solubility of dopant in TCE, TCE has more anion dopant in
the doped film, indicating that there are more polarons in the
polymer. So that it has higher conductivity (23 S/cm) in TCE than
that doping P3HT with a disordered coil conformation in CB (7
S/cm).
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