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ABSTRACT: Semiconducting polymers have received increased attention in
recent years as low-cost, electrically conductive layers. To show reasonable
electrical conductivity, however, semiconducting polymers must be doped, a
process that requires oxidation or reduction of the conjugated backbone and
structural rearrangement to accommodate a charge-balancing counterion into the
polymer network. Here, we aim to understand how this structural rearrangement
contributes to the energetics of doping. We utilize the fact that rub-aligned poly(3-
hexylthiophene-2,5-diyl) (P3HT) films contain two polymorphs, one with a crystal
structure that is less dense than the structure observed in unaligned films and the
other with a more compact, denser structure. The two structures are dominantly
face-on and edge-on with respect to the substrate, respectively, so their diffraction
is well separated in q-space and thus doping induced structural changes can be
monitored separately for each population. When films are doped with 2,3,5,6-
tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ), the less-dense face-on
oriented P3HT polymorph undergoes doping induced structural change more easily than the denser edge-on oriented
polymorph. This finding suggests that rearrangement of the polymer crystal structure to accommodate the dopant counterion
is a significant energetic term in the doping process and that doping of semiconducting polymers can be facilitated by
designing new polymers where dopant counterions can be accommodated in the polymer lattice with reduced structural
change.

Semiconducting polymers are predicted to find wide use
in future electronic devices because of their low cost,
versatility, scalability, and solution processability.1−8

Undoped semiconducting polymers are inherently poor
electrical conductors due to their wide band gaps and low
density of intrinsic charge carriers.9 As a result, doping is
required to generate carriers and make semiconducting
polymers more conductive.10 Similar to impurity doping in
inorganic semiconductors, doping in semiconducting polymers
occurs via charge transfer between the polymer and dopant
molecules that are introduced into the polymer film.11

Electrons can be either injected into the polymer conduction
band (n-type) or withdrawn from the polymer valence band
(p-type) to determine the majority carrier type.12,13 Most
studies focus on p-type semiconducting polymers due to their
higher stability in air compared to n-type materials.14

In addition to selecting a dopant with a redox level that
matches or exceeds the valence band energy of a semi-
conducting polymer, it is also critical to understand the
structural changes of the polymer that take place during dopant
introduction. Semiconducting polymer films are usually
semicrystalline, containing both crystalline and amorphous

regions.15 Our previous work has shown that the polymer’s
degree of crystallinity can significantly affect charge carrier
mobility by controlling where the dopants reside in the
polymer film’s structure.16 Compared with amorphous regions,
crystalline regions are generally easier to dope, and the
resulting carriers have higher mobilities.16,17 This means that
the doped polymer film conductivity is governed by the
structure and extent of the crystalline regions.18

It has been well established that when semiconducting
polymers are doped, dopant molecules almost always
intercalate into the lamellar side-chain regions of the polymer
crystallites.16,19−22 Due to limited space in the lamellar region,
the crystallite structure often undergoes a phase transition to
accommodate the dopant molecules, resulting in a new packing
geometry with a wider lamellar region, less tilting of the side
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chains with respect to the π-stacks, and an overall less dense
packing of polymer chains.16,20,23 Many doped conjugated
polymer systems, including doped polymers that have
undergone anion exchange, exhibit such a structural rearrange-
ment.19,20,24−26 Our previous work showed that even very large
(∼2 nm diameter) dodecaborane-based dopants intercalate
into the lamellar side-chain region of polymer crystallites, in
this case leading to a near doubling of the crystallite lamellar
spacing.17,27 Intercalation of dopants into the side chain region
does not happen if there is a steric hindrance in this region or if
the processing conditions allow planar dopants such as 2,3,5,6-
tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ) to
π-stack with the polymer backbone, changing the nature of
the doping.28−30

Among doped semiconducting polymers, the F4TCNQ-
doped poly(3-hexylthiophene-2,5-diyl) (P3HT) system is one
of the most studied. P3HT crystallites have a monoclinic unit
cell with side chains that are tipped away from the aromatic
ring plane to better fill space.31 When cast as a thin film, P3HT
has been shown to form both edge-on (i.e., alkyl side chains
contacting the substrate) and face-on (i.e., backbone rings
contacting the substrate) crystallites depending on the
processing conditions and substrate interfacial energy.32−39

Although as-deposited semiconducting polymer films are
typically isotropic with regard to the in-plane rotational angle
(φ), there are a number of methods for aligning crystallites
within the film, which range from strain-based or float-casting
methods to the use of textured substrates.38,40−44 Work by
Brinkmann and co-workers produced aligned P3HT films by
rub-alignment, resulting in highly crystalline and aligned
polymers. These researchers used electron diffraction (ED)
to show that the rub-aligned films have both face-on- and edge-
on-oriented P3HT polymorphs.20,24,30−33 In subsequent
studies, they also used aligned films to better understand
how the P3HT crystal structure changed upon doping. They
found that when F4TCNQ intercalates into the polymer
lamellar side chain region, the side-chain angle relative to the
thiophene ring (i.e., the side chain “tilt” angle) is reduced,
resulting in an altered unit cell structure characterized by an
increased lamellar spacing and a decreased π-stack spacing.20

We note, however, that the use of ED in their work, which can
only probe in-plane periodicity, means that the observed
structural changes were based on examining the lamellar
distance in the face-on-oriented doped P3HT polymorph and
the π-stacking distance in the edge-on-oriented polymorph, so
structural differences between the edge-on and face-on-
oriented populations could not be discerned.
In this work, we build on these previous studies of structural

changes during doping by using grazing-incidence wide-angle
X-ray scattering (GIWAXS)45 to fully characterize the
structures of both the edge-on and face-on polymorphs in
rub-aligned P3HT films. GIWAXS reveals that although the
two polymorphs have similar crystal structures, the chain
packing is, in fact, somewhat different. The face-on polymorph
has a structure that is less dense than that observed in standard,
unaligned P3HT films and thus slightly more similar to the
doped structure. Conversely, the rub-aligned edge-on domains
appear to be compacted by the alignment process so that they
have a denser structure that is even more different from the
doped geometry than unaligned P3HT. We then show that the
structural changes associated with doping are not a gradual
evolution but instead occur as an abrupt first-order phase
transition. By starting with a very low dopant concentration

and increasing the degree of doping in small steps, we can
capture a region where both the undoped and F4TCNQ-doped
P3HT polymorphs coexist. We find that the less-dense P3HT
polymorph dopes first, followed by the denser polymorph at
higher doping concentrations. We argue that this results from
the fact that the denser polymorph must change its crystal
structure more to make space for the F4TCNQ− counterion,
making the doping-induced phase transition harder. This
finding demonstrates that even minor variations in the initial
polymer crystallite structure strongly influence the ease of
doping and suggests a new strategy to design polymers that are
easier to dope.

To carry out our studies, we utilized the high-temperature
rub-alignment method introduced by Brinkmann and co-
workers to obtain highly aligned P3HT films.46 First, P3HT
(Rieke metals, Inc., Mn = 50−70 kg/mol, regioregularity 91−
94%) was spin-coated onto glass substrates from 1,2-
dichlorobenzene (ODCB) to produce films of uniform
thickness. The P3HT films were then rub-aligned using a
microfiber wheel while being heated in an inert atmosphere
(see the Supporting Information (SI), for more details). The
degree of film alignment was characterized using polarized
absorption spectroscopy, in which polarized incident light was
oriented either parallel (||) or perpendicular (⊥) to the
direction of rub alignment.

Figure 1a shows the polarized visible-NIR absorption spectra
of unaligned (yellow curve) and rub-aligned (red curve for ||
and blue curve for ⊥) P3HT films. The polarized absorbance
spectra of the aligned film show significant anisotropy, with a
dichroic ratio I||/I⊥ = ∼14 at 610 nm, comparable to previous
rub-aligned P3HT work.47,48 The absorption spectra of the
rub-aligned film in both polarizations are quite different from
those of the unaligned film, showing that rub-alignment
significantly alters the structure of the film. The absorption
spectrum of unaligned P3HT shows a progression of vibronic
peaks at 2.03 eV (0−0 transition, A0−0) and 2.23 eV (0−1
transition, A0−1), with an A0−0/A0−1 peak ratio of 0.53. The
aligned P3HT film shows a parallel-polarized absorption
spectrum with a larger A0−0/A0−1 peak ratio (0.63). This
results from improved intrachain coupling caused by backbone
straightening during rub-aligning.49−51 In the perpendicular-
polarized absorption spectrum, rub-aligned P3HT has a blue-
shifted absorbance peak with no vibronic features, correspond-
ing to the absorbance of short or amorphous polymer chains
that were not successfully oriented by the rub-aligning
process.20

Although polarized absorption spectroscopy can determine
the degree of polymer film alignment, direct structural
measurements such as GIWAXS are necessary to provide
details on the structure and orientation of the polymer
crystallites within the film.45,52 The crystallites in unaligned
P3HT films usually adopt an edge-on orientation with the out-
of-plane diffraction peaks corresponding to the lamellar
direction and the in-plane diffraction peak corresponding to
the π-stacking distance (see Figure S1a).22 We note that the
P3HT monomer repeat distance and double the π-stacking
distance have comparable length scales, so these two peaks can
sometimes be difficult to distinguish.20 Figure 2a shows the 2-
D GIWAXS diffraction pattern for a rub-aligned P3HT film in
which the incident X-ray beam is parallel to the rub-alignment
direction. Unlike data collected on unaligned films, both
lamellar and π-stacking diffraction peaks are seen in both the
in-plane and out-of-plane directions, indicating the coexistence
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of edge-on-oriented and face-on-oriented P3HT poly-
morphs.20,48 Radial integration of the diffraction peaks in the
in-plane and out-of-plane directions, however, reveals differ-
ences between the crystal structures of the face-on-oriented
and edge-on-oriented polymorphs. The face-on P3HT
polymorph has a larger lamellar distance (dlamellar = 16.64 Å)
compared to the edge-on polymorph (dlamellar = 16.03 Å), as
seen in Figure 2b,c. In comparison to unaligned P3HT (dlamellar
= 16.36 Å), we find that the layer spacing of the face-on
polymorph is expanded in a less dense structure, while the
layer spacing in the edge-on polymorph is compressed,
corresponding to a denser structure (see SI Table S1).
Here, we take advantage of the fact that we can directly

observe both the lamellar and π-stacking peaks of the two
differently oriented polymorphs to show that these subtle
differences in structure between the edge-on and face-on
P3HT polymorphs affect the energetics of doping. To examine

changes in the crystal structure during doping, we treated rub-
aligned P3HT films with very low concentrations of F4TCNQ
and slowly increased the dopant concentrations to capture the
doping phase transitions of both the edge-on and face-on
P3HT polymorphs.

All films were doped by sequential processing (SqP), in
which a precast rub-aligned P3HT film is exposed to the
F4TCNQ using a solvent that swells but does not dissolve the
polymer and is then spun off after a brief soaking period. We
have shown previously that the SqP doping method largely
preserves the initial film morphology in terms of crystallite
orientation and film crystallinity.53 In agreement with this idea,
the polarized absorption spectra of rub-aligned P3HT films

Figure 1. Polarized visible-NIR absorbance of (a) an unaligned
P3HT film (yellow curve) and a rub-aligned P3HT film with light
polarized parallel (||, red curve) and perpendicular (⊥, blue curve)
to the rub direction. The absorption anisotropy of the rub-aligned
P3HT film is ∼14 near the absorption maximum, indicating a high
degree of chain alignment. Visible-NIR absorption of aligned
P3HT sequentially doped with F4TCNQ at different concen-
trations using light polarized (b) parallel and (c) perpendicular to
the rub-alignment direction. The P2 band observed near 1.5 eV
and the decrease of the ∼2.2 eV neutral P3HT absorption seen in
the parallel polarization are both indicative of doping and, thus,
polaron formation. As seen previously, the polaron absorption is
only visible with parallel polarization, while the F4CTNQ−

absorption only appears with perpendicular polarization, indicat-
ing that the long axis of the F4TCNQ− molecule is oriented
perpendicular to the P3HT backbone, consistent with the
conclusions in refs 21 and 45.20,22

Figure 2. (a) 2-D GIWAXS pattern for rub-aligned P3HT with the
beam oriented along the rub direction, showing that unlike
unaligned films that have only edge-on-oriented crystallites, the
rub-aligned film has both face-on- and edge-on-oriented crystal-
lites. Integrated (b) (100) lamellar and (c) (020) π-stacking peaks
of rub-aligned P3HT can be obtained by selective integration of
the data in (a) for both the edge-on-oriented (red curves) and
face-on-oriented (blue curves) crystallites. The data make clear
that the face-on-oriented P3HT crystallites have a larger lamellar
side-chain spacing and a slightly smaller π-stacking distance
compared to those of the edge-on-oriented crystallites.
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doped with different concentrations of F4TCNQ are shown in
Figure 1b,c; retention of the anisotropic features in each
polarization direction confirms that the film alignment is
retained through the SqP doping process.20 As is well
documented, doping P3HT bleaches the bandgap transition
(∼2.25 eV) and generates new intraband electronic states,
creating the transition labeled “P2” near 1.6 eV that is seen in
the parallel-polarized absorption spectrum shown in Figure
1b.54 In contrast, the absorption of the F4TCNQ− anion is
seen predominantly in the perpendicularly polarized absorp-
tion spectrum (Figure 1c).20,22 This difference between
parallel- and perpendicular-polarized spectra indicates that
the F4TCNQ dopant counterions sit in the crystallites with
their long axis oriented perpendicular to the P3HT back-
bone.20,55,56 Taken together, the data in Figure 1 indicate that
at these low doping concentrations, the F4TCNQ dopant is
predominantly found within the crystalline regions of the film.
This agrees with previous work that also found that crystalline
regions of P3HT dope more easily than amorphous
regions.16,57

We can gain structural insight into the nature of the doping
process in these aligned films by using GIWAXS. Figure 3a-e
shows GIWAXS diffraction patterns of the doped samples
whose spectroscopy is characterized in Figure 1b,c. As seen
with the undoped aligned P3HT films, the doped samples
exhibit lamellar and π-stacking diffraction peaks in both the in-
plane and out-of-plane directions, indicating that the
coexistence of face-on- and edge-on-oriented crystallites is
retained after sequential doping. When P3HT is initially doped
by F4TCNQ, the undoped P3HT lamellar (h00) peaks shift to
a new position at lower q, a process that is the hallmark of a
doping-induced phase transition.16 Structurally, this change
corresponds to reduction of the “tilt” of the side chains with
respect to the π-stacks, which produces additional space for
F4TCNQ− to insert into the polymer crystallites.20,21 Similar
peak shifts are also observed for unaligned P3HT, as shown in

SI Figures S1, S2.58 Importantly, the data presented in Figures
S1, S2, 3, and 4 indicate that this structural change is not a
gradual process but instead a sharp first-order phase transition
that occurs at very low doping levels. The lattice rearranges
and expands to make space for the dopant counterion, in a
structural change that is shown in Figure 4f. After the phase
transition, only small additional structural changes generally
occur as the doping level is increased over a large range. This
sharp structural change allows us to define the onset of doping
in each of the polymer populations. When both the doped and
undoped phases are present in equal amounts, we define the
system as being at the midpoint of the doping-induced phase
transition. Interestingly, we find that that the face-on and edge-
on polymorphs do not undergo this phase transition at the
same doping concentration.

We start by examining the doping of the less-dense face-on
P3HT polymorph by looking at the progression of the in-plane
lamellar peaks as a function of the F4TCNQ concentration.
Figure 3b shows that the less-dense face-on polymorph
possesses two lamellar (h00) peaks at a doping level of 0.02
mg/mL (inside white box), corresponding to the midpoint of
the phase transition. To more accurately observe this
transition, radial integrations of the lamellar peaks in Figure
3a-e are shown as 1-D patterns in Figure 4a (face-on) and
Figure 4c (edge-on). The (200) peaks in Figure 4a,c are
enlarged in Figure 4b,d to better see the doping-induced
lamellar peak splitting. Figure 4b (orange curve) clearly shows
that the less-dense face-on-oriented P3HT polymorph has a
split lamellar peak when the F4TCNQ dopant concentration is
0.02 mg/mL. At a 0.03 mg/mL F4TCNQ concentration
(Figure 4b, green curve), the phase transition is almost
complete, with only a small residual undoped lamellar peak
observed at ∼0.76 Å−1. The light blue and dark blue curves in
Figure 4b indicate that the less-dense face-on aligned P3HT
polymorph is fully doped at 0.04 mg/mL and higher F4TCNQ
concentrations.

Figure 3. (a)-(e) 2-D GIWAXS patterns of rub-aligned P3HT films sequentially doped with different concentrations of F4TCNQ in CH3CN
(acetonitrile, ACN), taken with the beam oriented parallel to the rub direction. Face-on-oriented P3HT crystallites dope first, at 0.02 mg/
mL F4TCNQ, followed by the denser edge-on-oriented P3HT crystallites, which dope at 0.04 mg/mL F4TCNQ. (f) 2-D GIWAXS pattern of
rub-aligned P3HT doped with 0.01 mg/mL F4TCNQ in dichloromethane (DCM). DCM swells the polymer more than does ACN, allowing
for faster doping kinetics. In agreement with this idea, the less dense face-on polymorph is already about half doped at this low F4TCNQ
concentration, but the denser edge-on polymorph remains undoped, indicating that the different phase transition points of the two
polymorphs are not a kinetic effect. See Figure S3 for the full DCM data set; all of the trends are the same, but values are shifted to lower
F4TCNQ concentrations.
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Next, we inspect the doping process of the denser edge-on
P3HT polymorph by observing the progression of the out-of-
plane (h00) peaks. Crucially, the edge-on polymorph does not
show doubled (h00) peaks at a doping level of 0.02 mg/mL
F4TCNQ, a concentration for which (h00) peak splitting is
observed for the face-on polymorph (Figure 3b). This
indicates that the edge-on and face-on polymorphs become
doped at different dopant concentrations because the two
polymorphs have a different ease of doping. Instead, the edge-

on aligned P3HT polymorph starts its phase transition process
at a higher dopant concentration of 0.03 mg/mL F4TCNQ
(Figure 3c) and has approximately equal peak heights at 0.04
mg/mL F4TCNQ (Figure 3d, inside the white box). The green
and light blue curves in Figure 4d confirm that the doping-
induced phase transition for the edge-on polymorph occurs
around 0.04 mg/mL F4TCNQ. This phase transition is then
complete at 0.05 mg/mL F4TCNQ (dark blue curve). Overall,
the data clearly show that in rub-aligned P3HT films contain
two different populations and that the less-dense, face-on
polymorph dopes first and then, only at higher dopant
concentrations, does the denser, edge-on polymorph dope.

The observed dependence of the doping order on the initial
crystallite orientation leads to the question of whether the
difference in doping onset for the face-on-oriented and edge-
on-oriented polymorphs in aligned P3HT films is due to
different doping energetics or different doping kinetics. For
example, if the face-on-oriented crystallites were primarily
located at the upper part of the film because of the rubbing
process, it could be kinetically easier to deliver F4TCNQ to
those top domains during solution doping, compared to
crystallites located closer to the substrate. This is potentially an
issue because the data shown in Figures 3 and 4 were taken on
rub-aligned P3HT films that were sequentially doped using
acetonitrile (ACN), which does not swell the films
significantly, leading to slow F4TCNQ diffusion kinetics.
Thus, to make sure that F4TCNQ diffusion was not controlling
the observed order of the doping phase transition, we repeated
the experiment using dichloromethane (DCM) as the doping
solvent. DCM is an excellent swelling solvent for P3HT,59

allowing large molecules like fullerenes17 or dodecaborane
derivatives27 to penetrate through thick polymer films all the
way to the substrate. Figure 3f (along with additional data in SI
Figures S3 and S4) shows that the use of DCM lowers the
concentration needed to start the doping phase transition to
0.01 mg/mL F4TCNQ for the less-dense face-on polymorph,
consistent with better swelling and easier dopant infiltration.
However, the data show that even with DCM as the solvent,
the standard face-on-oriented P3HT polymorph still dopes
first, and the denser edge-on polymorph does not dope until
0.03 mg/mL F4TCNQ (Figure S3), producing the exact same
trend as that seen with ACN. This finding indicates that any
kinetic limitations of solvent swelling are not enough to explain
the observed orientation-dependent doping order, leading to
the conclusion that the propensity of the face-on polymorph to
dope first must be a thermodynamic effect that results from the
added energy penalty of rearranging the denser edge-on
polymorph.

To better understand the preferential doping of the face-on
crystallites, we examined GIWAXS data on doped samples over
a broader range of concentrations. Lattice spacings for the
lamellar and π-stacking distances for both the doped and
undoped versions of face-on-oriented, edge-on-oriented, and
unaligned P3HT polymorphs are given in Table S1. As
discussed above, the undoped edge-on-oriented polymorph has
a smaller lamellar distance than the standard face-on
polymorph in the undoped state, and this difference persists
after the initial doping induced phase transitions (Figure 4).
After treatment with 0.05 mg/mL F4TCNQ, the lamellar
spacing in the less-dense face-on polymorph expands to 18.01
Å, while the denser edge-on polymer remains at only 17.62 Å.
After full doping at higher concentrations, however, the
structure change in the edge-on polymorph “catches-up”, and

Figure 4. 1-D integrated GIWAXS patterns showing (a, c) the
lamellar scattering of rub-aligned, sequentially doped P3HT films.
Panel a) shows the less-dense face-on-oriented polymorph
observed in the in-plane direction, and panel c) shows the denser
edge-on-oriented polymorph observed in the out-of-plane
direction. Panels (b,d) show zoomed-in traces of the (200) peak
for both polymorphs. The double peaks indicate the coexistence of
undoped and doped phases. The face-on-oriented P3HT
polymorph dopes first at 0.02 mg/mL F4TCNQ, followed by the
edge-on-polymorph at 0.04 mg/mL. (e) 1-D radially integrated
GIWAXS patterns of the lamellar (300) peak of undoped (black
curve) and 0.05 mg/mL F4TCNQ-doped (red curve) rub-aligned
P3HT plotted against the altitudinal angle χ. Compared with
undoped P3HT, the doped face-on-oriented crystallites have a
narrower χ-distribution. Structural modeling indicates that the
decrease in the lamellar angle during doping (inset structures,
angles indicated on the χ-axis by dashed lines) is insufficient to
produce the observed decrease in the χ-distribution. The change is
thus attributed to the improved alignment of the doped face-on
crystallites with respect to the substrate. See the SI for modeling
details. (f) Cartoons of the structural changes that occur in the
face-on and edge-on domains upon doping.

ACS Materials Letters www.acsmaterialsletters.org Letter

https://doi.org/10.1021/acsmaterialslett.3c01543
ACS Materials Lett. 2024, 6, 489−497

493

https://pubs.acs.org/doi/suppl/10.1021/acsmaterialslett.3c01543/suppl_file/tz3c01543_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialslett.3c01543/suppl_file/tz3c01543_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialslett.3c01543/suppl_file/tz3c01543_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.3c01543?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.3c01543?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.3c01543?fig=fig4&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialslett.3c01543/suppl_file/tz3c01543_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.3c01543?fig=fig4&ref=pdf
www.acsmaterialsletters.org?ref=pdf
https://doi.org/10.1021/acsmaterialslett.3c01543?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


both polymorphs approach the unaligned structure. The
lamellar spacing of the unaligned P3HT sits at 18.18 Å,
while the aligned face-on and edge-on lamellar distances are
only slightly smaller at 18.10 and 17.95 Å, respectively (Figure
S5). This indicates that more total structural change is required
to make space for F4TCNQ− anions in the denser edge-on
P3HT lattice and that only part of that change can be driven
upon initial doping. Together, these results suggest that
thermodynamic energy differences in the doping process for
the face-on and edge-on polymorphs are the primary reason
that different F4TCNQ concentrations are needed to induce
doping.60

The well-aligned, highly crystalline structure of these films
also allows us to explore the role of substrate interactions in
controlling the energetics of doping. Figure 4e shows 1-D
radially integrated patterns of the χ-angular distribution (the χ-
angle is defined relative to the qz-axis, i.e., the azimuthal angle
relative to the normal of the plane of the film) for the (300)
lamellar peak of undoped and fully doped (0.05 mg/mL
F4TCNQ) rub-aligned P3HT. The in-plane (300) peak of the
face-on-oriented polymorph has a narrower χ-angle distribu-
tion (∼15° half-width at half-maximum, HWHM) when doped
than when undoped (∼30°). In contrast, the edge-on-oriented
polymorph has similar HWHM values when doped (∼14°)
and undoped (∼17°). As discussed above, the broad
distribution in the undoped face-on case results from the tilt
of the π-stacks with respect to the unit cell, which makes it
difficult for the stacks to sit flat on the Si substrate (see Figure
4a, inset); it is this same tip that makes most P3HT films adopt
an edge-on orientation. The reduction in the χ-angle upon
doping results in part from a change in this tilt of the π-stacks
relative to the substrate (estimated to be ∼12° undoped and
∼5° doped for face-on crystallites), but this alone is insufficient
to produce the observed spread of angles. We hypothesize that
the remaining change results from alignment of the now
reasonably flat π-stacks with the flat Si substrate. This substrate
alignment may add an additional energetic term that favors
doping of the face-on domains, and it should also improve
vertical conduction through the film. We present a detailed
model for the way the crystallite orientation of the polymorphs
changes upon doping in the SI in Figures S6−S10.
In summary, we have shown that rub-aligned P3HT contains

two different crystalline polymorphs. First, there are the face-
on domains that are less-dense than unaligned P3HT and have
a crystal structure that is slightly more similar to that of doped
P3HT, and edge-on domains that are more dense and have a
structure that is less similar to that of doped P3HT. Second,
there are edge-on domains that are compacted by the rub-
alignment process and show a denser structure with a
compressed lamellar spacing that is even more different from
that of doped P3HT than that of unaligned samples. The two
polymorphs show well-separated diffraction peaks in GIWAXS
measurements, which allowed us to investigate how differences
in a crystallite’s initial structure change its propensity to be
doped. During doping, we found that the less-dense face-on-
oriented polymorph undergoes a first-order, doping-induced
phase transition more easily (at lower doping concentrations)
than the denser edge-on polymorph. The face-on-oriented
crystallites were also observed to better align with the substrate
after doping, indicating that substrate interactions may also be
energetically important. The difference in propensity to dope is
attributed to differences in the starting structures, which
require more or less structural change to reach the final doped

configuration. Canonically, only the redox energy of the
dopant and the polymer are invoked in discussing how easily a
polymer can be doped, but this finding suggests that the extent
of structure change upon doping can also be a significant
energetic term. It also suggests that designing new polymers
with crystallite structures that closely resemble their doped
structures is a potential strategy for inducing the formation of
more stable doped phases that can be produced at lower
dopant concentrations.

Although this study examined only one polymer/dopant
pair, the conclusions have implications for any polymer system
where the energetics of doping controls performance. For
example, the electrochemical doping that occurs in organic
electrochemical transistors (OECTs) induces a nearly identical
phase transition through ion injection to the one described
here.61,62 Designing polymers to facilitate this structural
change could positively influence the energetics of OECTs.
Having an initial structure that more closely resembles the final
doped state can theoretically enhance the power efficiency of
OECTs by lowering the threshold voltage (Vt) between the on
and off states, impacting power consumption and noise
margins.63,64 Vt is most directly linked to the electrochemical
potential,65−67 which in turn maps onto chemical potential and
the dopant concentration in our chemical doping experiments.
Minimizing the reorganization energy associated with chemical
doping is thus a viable route to reducing Vt in OECTs.

■ EXPERIMENTAL SECTION
Details of the materials, characterization, and experimental
methods for film alignment, structural, and spectroscopy
measurements can be found in the Supporting Information.
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