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14 ABSTRACT: Although there is an agreement about the local structural order of
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semiconducting polymers such as poly(3-hexylthiophene) (P3HT), there is still a
debate over the impact of molecular doping. One prevalent interpretation is that
dopant molecules intercalate in the 7—7 stacking of crystallites; however, this idea
has recently been challenged. We present here electron diffraction measurements of
P3HT doped with the two dopants 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodi-
methane (F,TCNQ) and molybdenum tris[1-(methoxycarbonyl)-2-(trifluorometh-
yl)-ethane-1,2-dithiolene] (Mo(tfd-CO,Me),), which have considerably different
sizes and shapes, processed by different doping techniques. We observe a reduction
in the 7—7 spacing of P3HT upon doping with both dopant molecules and doping
techniques. These data are not consistent with both of the dopants intercalating in
the 7—x stacks and an alternative explanation is, therefore, required to explain these
results. Density functional theory calculations for P3HT model oligomers suggest
that the polaron delocalizes between adjacent chains and thus leads to attractive
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forces that reduce the 7—7 spacing, without the physical presence of any dopant molecules. Our study emphasizes that not only

20 geometric effects induced by dopant molecules lead to the observed reduction of 7—x spacing, but the charging itself.

1. INTRODUCTION

30 The performance of organic electronic devices such as field-
31 effect transistors or solar cells depends on the charge transport
32 within the organic materials." In conjugated polymers,
33 electrical conductivity is known to be strongly influenced by
34 the local structural order and can be furthermore tuned in a
35 broad range with molecular doping.” The complex polymer—
36 dopant interactions and their effect on charge transport are an
37 area of active research. For instance, recent studies found a
38 decrease of the 77—z interchain distance in polymers upon
39 doping.”™” As we outline below, several, sometimes contra-
40 dictory, explanations for this decrease have been proposed and
41 a generally accepted understanding of the underlying
42 mechanism is lacking.

43 The most investigated semiconducting polymer poly(3-
44 hexylthiophene) (P3HT) is semicrystalline, with ~20 nm
45 crystallites embedded in an amorphous matrix. These
46 crystallites show distinct lattice spacings: the lamellar stacking
47 in the [100]-direction with a spacing of 1.68 nm in the
48 direction of alkyl side chains and the stacking in the [010]-
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direction, usually named 7—7 spacing, with a distance of 0.38 49
nm. Depending on the angle between side chains and so
backbone, the spacing in the [010]-direction fully or partly s1
corresponds to the spacing orthogonal to and between the s2
backbones.”™"" Despite numerous publications that specifically s3
address the structural order and its emergence in the case of s4
molecular dopants present in the polymer matrix, the exact ss
local structure and its formation are still under discus- s6
sion, %1271 57

Among the first investigations on this topic was a study on s8
the host:dopant model system P3HT:2,3,5,6-tetrafluoro- s9
7,7,8,8-tetracyanoquinodimethane (F,TCNQ) in which dop- ¢o
ing was achieved by mixing the dopant and host in a solution 61
prior to spin coating. After film formation, X-ray diffraction 62
measurements on F,TCNQ-doped P3HT revealed two distinct 63
diffraction peaks around the spacings expected for the 7—r 64
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65 interchain distance. One of the spacings was smaller compared
66 to the m—rm stacking distance of two polymer backbones,
67 whereas the second was slightly larger. Although the authors
68 acknowledged that the amount of structural information that
69 could be extracted from the diffraction data was limited, they
70 suggested that cocrystals were formed in which F,TCNQ
71 anions intercalated into the P3HT z-stacks.’ Subsequently,
72 several other studies of F,TCNQ doping of conjugated
73 polymers also suggested that F,TCNQ_ intercalates in the
74 m—1 spacing of P3HT crystallites.”™>'>">'° Inelastic neutron
75 scattering measurements were consistent with a density
76 functional theory (DFT) model based on F,TCNQ
77 intercalation into the 7—7 spacing of P3HT.'” However, this
78 interpretation is currently questioned with the emergence of
79 sequential doping techniques, which are not sensitive to the
80 phenomena arising from mixed doping (interactions of dopant,
s1 host, and solvent prior to film formation).> Sequential doping
82 makes use of the ability of small molecular dopants to enter
83 and diffuse in a semicrystalline polymer film. Hence, it allows
84 for regions of well-ordered polymers to form upon film
85 formation, and for one to probe the local structure of the
86 polymer film before contact with, and therefore influence by,
87 the dopant.'”'®'” Recent studies of P3HT and F,TCNQ still
88 observe the emergence of a diffraction peak that represents a
89 spacing smaller than the original z—x distance, regardless of
90 the doping technique: sequential doping from solution'* or
91 from a dopant vapor.'”'” However, the observed shape and
92 energetic position of optical P1 polaron absorption are not
93 consistent with strong localization of the P3HT polaron, which
94 would be expected if an F,TCNQ anion was intercalated
95 between the 71— stacks of P3HT.'* The study utilizing vapor
96 doping also suggested that intercalation of dopants between
97 the P3HT backbones is unlikely to occur just from solid-state
o8 diffusion." Additionally, experiments in which oriented and
99 highly crystalline P3HT layers were prepared by high-
100 temperature rubbing and subsequent sequential doping from
101 solution corroborate this hypothesis: specifically, the absorp-
102 tion transition dipole of the F,TNCQ anions was found to be
103 roughly perpendicular to that of the P3HT polaron, which is
104 incompatible with the model of dopants intercalated in the
105 71— stacks.” Further evidence against the incorporation of
106 dopant molecules into the 7—x stacks as an explanation for
107 different 7—7 spacings is given by diffraction measurements of
108 electrochemically doped P3HT: with a continuous increase of
109 TFSI™ anion concentration in a P3HT thin film, the 7—x
110 spacing was found to incrementally decrease—opposed to the
111 formation of a cocrystal with a different but fixed spacing.>'* A
112 similar result was found for various dopant ions in different
113 polythiophenes.'””° Furthermore, some recent studies on the
114 polymer poly(2,5-bis(3-tetradecylthiophen-2-yl)thieno[3,2-b]-
115 thiophene) (PBTTT), which also exhibits the z—z stacking,
116 revealed a decrease of the m—m spacing upon doping with
117 various dopants and doping techniques.””' ™ This effect was
118 reversed upon dedoping the polymer films.”>** Importantly,
119 the change in #—n spacing was not observed with the
120 structurally similar small-molecule TCNQ, which does not
121 electrically dope PBTTT, implying that the doping process
122 itself is required for the observed reduction of the 7—n
123 spacing.21

124 For doped P3HT, some studies briefly address alternative
125 explanations to an intercalation of dopants in the 7—7 stacking
126 as a reason for a change in the stacking distance."™"”~"" It has
127 been suggested that a change in the side-chain geometry and
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orientation could influence the distance between m-orbitals on 125
adjacent thiophene rings.'”'*** In the case of F,TNCQ, a 129
specific intercalation in the side chains with an orientation of 130
the long molecular axis perpendicular to the P3HT backbone 131
was proposed."* This would lead to a phase change manifesting 132
in the appearance of an additional diffraction peak, which fits 133
to X-ray diffraction measurements.”'*'* An observed registry 134
shift of thiophene units on neighboring backbones supports the 135
hypothesis of an altered crystal structure."* However, the 136
development of a new crystal phase as a sole reason for a 137
change in the 7—7 spacing is ruled out by the observations of a 13s
similar stacking distance change in electrochemically doped 139
P3HT.'® The proposed explanation is still limited to 140
geometrical arguments: straightening of alkyl side chains 141
when the dopant enters the region between the side chains 142
of two adjacent lamellae.'® This flattening and the additional 143
space that is occupied by the dopant ions would lead to an 144
increase in lamellar spacing—which is observed—and could 145
additionally allow the polymer backbones to stack closer in the 146
n—r stacking direction.'® Furthermore, it was suggested that 147
the decreased dihedral angle between neighboring thiophene 14s
units upon doping might allow for a denser packing in 7—7 149
stacking direction.'”'® A more general mechanism that could 1s0
lead to a change in 7—x spacing upon doping was previously 151
proposed, but not discussed in detail from a theoretical 1s2
perspective: the delocalization of the polaron across multiple 1s3
adjacent P3HT backbones, which could slightly pull together 154
the backbones in the 7—7 stacking direction."* 155

The studies described above illustrate clearly that the nature 156
of doping and therefore the structure are sensitive to the 1s7
doping process; therefore, care must be taken in drawing iss
universal conclusions about the structure and properties of 1so
conjugated polymers doped with F;,TCNQ_when comparing 160
work done by different groups, in different ways, and studied 161
by different techniques. To help develop a self-consistent 162
picture of the doping process, we conducted electron 163
diffraction measurements of P3HT doped with two dop- 164
ants—F,TCNQ_ and molybdenum tris[1-(methoxycarbonyl)- 165
2-(trifluoromethyl)-ethane-1,2-dithiolene] (Mo(tfd- 16s
CO,Me);)—with considerably different sizes and shapes, 167
processed by both mixed and sequential doping techniques,
in order to probe both the role of the dopant and the processes 169
of doping to determine if any general trends emerged. 170
Specifically, in this work, we provide experimental evidence 171
that does not support intercalation of the dopant anion in the 172
m—n stacks and we provide a theoretical foundation based on 173
DFT calculations for a mechanism to explain the decreased 174
m—n stacking distances based on simple molecular orbital 175
(MO) arguments. Our theoretical discussion expands the 176
current discussion from a mostly geometric argumentation to a 177
more general picture that includes the energetics and 17s
occupation of intermolecular orbitals upon doping a polymer 179
crystallite. Using DFT, we find that already the removal of 1s0
electrons from a P3HT crystallite without the physical 1s1
presence of dopant ions or molecules results in a decrease in 1s2
m—n spacing, which is comparable in magnitude to the 1s3
measured changes in doped thin films. The proposed 1s4
mechanism is broadly applicable to semiconducting polymers 1ss
that exhibit 7—n stacking and explains previous observations 1s6
on PBTTT.*'™* 187
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Figure 1. (a) Three-dimensional molecular structures of Mo(tfd-CO,Me); (top) and F,TCNQ_ (bottom) with characteristic length dimensions.
(b) Crystal structure of P3HT with important stacking directions. (c) Normalized radial profiles of electron diffraction patterns of (liquid nitrogen-
cooled) doped and undoped P3HT thin films. The profiles are offset in the y-direction for clarity. (d) dy,, spacing extracted from electron
diffraction measurements as shown in (c). The error bars represent the statistical errors from various measurement spots and samples. Error bars
are not given for P3:F4 because of the influence of electron dosage on the peak shape and position (see main text for details). P3:P3HT, P3HT ac:
P3HT film rinsed with acetonitrile, F4:F,TCNQ, Mo:Mo(tfd-CO,Me);, mix: host and dopant solutions are mixed prior to spin coating, seq-s:
sequential doping from acetonitrile solution, seq-v: sequential doping via thermal evaporation of the dopant in vacuum conditions.

2. METHODS

2.1. Materials and Samples Preparation. P3HT (M, =
31 kg/mol, regioregularity >93%) from Merck and F,TCNQ
(Ossila) were used as received without further purification.
Mo(tfd-CO,Me); was synthesized and purified as previously
described.”® For transmission electron microscopy (TEM)
electron diffraction measurements, doped and undoped P3HT

194 layers were spin cast on indium tin oxide glass covered with
195 poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PE-
196 DOT:PSS). PEDOT:PSS was processed as follows: spin

coating at 1000 rpm with 4300 rpm/s for 10 s followed by

198 4300 rpm with 4300 rpm/s for 30 s and thermal annealing at

140 °C for 30 min. The doped and undoped polymer layers

200 were processed under an inert N, atmosphere. After spin

coating the polymer layer, deionized water was used to dissolve
PEDOT:PSS and float the films off the glass substrates.
Hereafter, we skimmed the films with a copper grid (200

204 mesh) coated with a holey carbon film QUANTIFOIL (3.5/

1). For mixed doping, P3HT and the dopants were separately
dissolved and stirred for 15 h prior to mixing. The blend
solutions were shortly stirred prior to spin coating. We used
anhydrous chlorobenzene as the solvent for P3HT and the

209 blends and prepared all solutions at SO °C under an inert N,

atmosphere. Film thicknesses were about 50 nm. For
sequential doping from solution, S0 nm pristine P3HT was
spin coated from chlorobenzene. Subsequently, the dopant was
spin coated from acetonitrile. We followed the recipe of Jacobs

et al. with a waiting time of § s prior to spin coating.” For
sequential doping of Mo(tfd-CO,Me); via thermal evapo-
ration, layers of pristine P3HT were transferred to ultrahigh
vacuum and subsequently the dopant molecule was evaporated
with 2.6 A/min onto P3HT.

2.2. TEM Measurements. Electron diffraction was
performed with a Libra 200 MC Kronos, Carl Zeiss
Microscopy, at 60 keV acceleration voltage. A total electron
dose of ~1850 e”/nm?*/s was applied for diffraction measure-
ments. The exposure time for the shown measurements on
P3HT:F,TNCQ was 200 ms, whereas the diffraction patterns
of P3HT and P3HT:Mo(tfd-CO,Me), were recorded with
1000 ms exposure time. Prior to measurements, the samples
were cooled with liquid nitrogen to minimize the beam
damage.

2.3. DFT Calculations. 2.3.1. Bulk Geometry. The bulk
geometry is calculated with the VASP code’”*” The Perdew—
Burke—Ernzerhof (PBE) functional”® and the projector-
augmented wave””’’ methods were applied to treat the
electron—electron interaction and the valence—core interac-
tion, respectively. In addition, the empirical D3 dispersion
correction”"”” term was added. A kinetic energy cutoff of 400
eV was selected for the plane wave basis set. The Brillouin
zone was sampled using a 1 X 4 X 4 Monkhorst—Pack k-point
scheme. The total energy convergence criterion was 10™* eV.
The system was fully relaxed until the residual Hellmann—
Feynman forces were smaller than 0.01 eV/A.
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241 2.3.2Model Systems with Side Chains. The initial
242 structures of the model systems, dimers of P3HT chains
243 with S units (Su) and 10 units (10u), were extracted from the
244 computed P3HT crystal structure (see above). The ground-
245 state geometries of both dimers, the cation-state geometry of
246 the Su dimer, and the dication-state §eometry of the 10u dimer
247 were optimized at the B3-LYP™7*°/def-SV(P)*’+D3,*" level
248 respectively. We fitted two parallel planes for the two chain
249 molecules, respectively. For each fitted plane, the root-mean-
250 square error of the distances of thiophene backbone atoms,
251 excluding the H atoms, to the plane was minimized. The
252 computations for the model systems without hexyl side chains
253 were carried out at the B3-LYP/def-TZVP?’+D3 level of
254 theory.

—

3. RESULTS AND DISCUSSION

255 3.1. Electron Diffraction Measurements. Figure 1
256 summarizes the electron diffraction measurements of doped
257 and undoped P3HT thin films measured in a transmission
258 electron microscope. Radial profiles of P3HT doped with two
259 different dopants and various doping techniques are shown in
260 Figure lc. The diffraction maximum at 0.38 nm in the
261 undoped film corresponds to the dy,, stacking period of P3HT,
262 which corresponds to the n—7x spacing. To investigate the
263 impact of the dopants’ spatial dimensions on the crystal lattice
264 of P3HT, the geometrically different dopant molecules
265 F,TCNQ_and Mo(tfd-CO,Me); were chosen. We compare
266 the mixed doping technique, in which dissolved dopant and
267 host are mixed prior to spin coating the blend (P3:Mo-mix and
268 P3:F4-mix with a ratio of one dopant molecule per 10
269 thiophene monomers), and sequential doping techniques.
270 Sequential doping was performed either from acetonitrile
271 solution (P3:Mo-seq-s and P3:F4-seq-s) or by thermal
272 evaporation of the dopant in vacuum conditions (P3:Mo-
273 seq-v).

274 To minimize the influence of electron beam on the
275 measured structure, all diffraction measurements were
276 performed by cooling the sample with liquid nitrogen. In
277 contrast to previously published electron diffraction measure-
278 ments of P3HT:F4TNCQ,"” which did not fully reproduce
279 the emergence of the double-peak structure that is observed
280 with X-ray diffraction techniques,”'*'* we observe the two
281 spacings with minimized exposure time and cooling of the
282 sample with liquid nitrogen. The major peak appears at smaller
283 spacings compared to that of undoped P3HT, as shown by a fit
284 including the broad background originating from amorphous
285 P3HT (Figure S4 in the Supporting Information). The peak
286 corresponding to a larger spacing compared to that in undoped
287 P3BHT might be related to an ordered intercalation of
288 F,TNCQ into the side chains of P3HT, which is very sensitive
289 to the electron beam as shown in a dosage series (Figure S1 in
200 the Supporting Information). In contrast to the electron-beam-
201 sensitive microstructure of P3HT:F,TCNQ, the crystallites of
292 Mo(tfd-CO,Me);-doped P3HT are significantly more stable
203 and the diffraction pattern does not change in appearance for
294 the utilized exposure times and corresponding electron dosages
295 (see Figure S2 in the Supporting Information). Importantly,
296 upon doping P3HT with the larger molecular dopant Mo(tfd-
207 CO,Me);, the dyy, spacing also decreases; this change is
298 independent of the doping technique within experimental
299 error.

300 Comparison of diffraction measurements with the two
301 different dopant molecules allows one to gain insights into the

—

—

local structural order of doped P3HT thin films. As illustrated 302
in Figure la, F,TCNQ is a rather small and planar molecule, 303
compared to the bulky Mo(tfd-CO,Me); (height ~6.2 A). 304
Based on the spatial dimensions of F,TCNQ, incorporation of 30s
the dopant in the side chains and the successive emergence of a 306
new crystal phase—as previously proposed'”'“—seem plau- 307
sible. However, the fact that we observe a comparable change 308
of dyy, spacing for the significantly larger dopant Mo(tfd- 309
CO,Me); questions a straightening of side chains as the 310
exclusive explanation for the shift of dy,, spacing and demands 311
a more general mechanism. 312
3.2. Density Functional Investigation of Attractive 313
n—n Interactions. It is well-known that the -stacking 314
distances between radical cations (or anions) are often rather 315
short compared to those in the sm-stacks of neutral 316
molecules,” "' and this can be explained in terms of the 317
effect of oxidation (or reduction) on the occupation of 318
bonding and antibonding intermolecular orbitals formed 319
through intermolecular 7-overlap. Indeed, Scholes et al. have 320
suggested a similar explanation for the contraction in 7- 321
stacking of P3HT on p-doping in terms of interchain polaron 322
delocalization.'* To further investigate whether such orbital 323
occupancy arguments—rather than the geometric and steric 324
effects of dopant molecules present in the lamellar stacking 325
direction—can explain the observed change of 7—x spacing in 326
doped P3HT, we performed DFT investigations of oligomer 327
models for P3HT. As a starting point, we recalculated the bulk 328
structure of P3HT"” using the PBE functional’® and the D3 329
van der Waals dispersion correction’ within the VASP 330
program package.”””’” The computed cell parameter along 331
the [010] direction is b = 7.08 A, translating to a dyy, spacing 332
of 3.54 A. This value is slightly smaller than the experimentally 333
observed value of 3.8 A for pristine P3HT films, which can be 334
attributed to both disorder effects in the real system and a 335
slight overestimation of bonding by the D3 dispersion 336
correction. Using Becke—Johnson damping®> does not 337
significantly alter this result. The optimized crystal structure 338
was then used to construct various model systems comprising 339
oligomers identical in the structure to short segments of 340
P3HT. Previous studies found an interaction of one dopant 341
molecule with 4 thiophene wunits in the case of 34
P3HT:F,TCNQ, which represents the minimum meaningful 343
length for any calculations. On this basis, and to create 344
conditions comparable to the experiments, we considered a 7- 345
dimer of two molecules consisting of S thiophene units (Su), 346
from which one electron was removed, representing a doping 347
ratio of 1:10, as in the mixed doping samples. Calculations of 348
other systems can be found in Figures S7. 349
Figure 2 displays the charge population of the positively 350 2
charged Su 7m-dimer system. The calculations reveal that the 3s1
one positive charge delocalizes on the two conjugated 352
thiophene backbones. For this Su dimer system, the dg,, 353
spacing (extracted from a root-mean-square fit of the 354
molecules to two planes, see “Methods” section) reduces 3ss
from 3.469 A in its neutral state to 3.413 A in its cationic state. 356
Similar calculations for a doubly charged 7-dimer of molecules 357
consisting of 10 thiophene units (10u) were conducted and the 358
stacking distance reduces from 3.503 A of its neutral form to 359
3.459 A of its dicationic form. Each positive charge delocalizes 360
in a pattern similar to that of a single positive charge on the Su 361
dimer and occupies approximately S thiophene units (Figure 362 3
3). Although the calculated stacking distance change of around 363 3
0.05 is smaller than the experimentally observed change 364
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Figure 2. Charge population in a positively charged Su thiophene
dimer model system. The change of dy,, spacing (Ady,,) because of
the positive charge is 0.056 A.

Figure 3. Charge population in a 10u thiophene dimer model system.
The decrease of dgy, spacing (Ady,,) because of the positive free
charge is 0.044 A.

365 between the undoped and doped P3HT thin films (Adps.p, =
366 (0.08 + 0.01) A, Adpyp, = 0.12 A), it is clearly a significant
367 contribution to the reduction of dy,.

368 The dy, spacing is different from but strongly related to the
369 spacing between the z-planes of the thiophene backbones,
370 called d,; in the following. This distance can be extracted from
371 our model by fitting a set of parallel planes to only the
372 thiophene backbones. The angle between the two sets of
373 planes, defining either dy,, or d,, is about 27° and the change
374 of the distances should fulfill the simple relation Ady,, = Ad,
375 c0s(27°). In fact, the observed values for Ad, are larger (0.08
376 A for the Su model and 0.07 A for 10u) because of an
377 additional horizontal shift of the monomers upon charging.

To track the evolution of 7—n spacing for various sizes of 378

model systems with reasonable computational costs, we carried
out further calculations for oligothiophene chains in which the
side chains are excluded. One set of calculations starts from the
equilibrium P3HT bulk structure, from which dimers (and also
trimers and tetramers, see Supporting Information) of z-
stacked chains of oligothiophene (with up to 14 thiophene
units) have been extracted with the side chains replaced with
H atoms. The positions of the replaced H atoms were
optimized at the DFT level, whereas the other atoms were kept
frozen. In the subsequent computations, the chain geometry
was kept fixed and only the 7— stacking distances (d,,) for the
neutral, cationic, and dicationic states were optimized. A
second set of calculations employed a slightly different stacking
mode for the thiophene chains (see the inset of Figure 4 for a
graphical representation).

The computed optimized stacking distances for the neutral,
cationic, and dicationic states of the two sets of dimers are

379

392 f4

plotted in Figure 4. For the cationic states, a strong change of 396

the stacking distance of 0.08 A relative to the neutral states is
found for the shortest chain (4u), which levels off to 0.02 A for
increasing system size. Adding another charge (dicationic
states), however, leads to another shortening of the stacking
distance, once the chain is long enough to accommodate two
charges. This requires 8 units for the P3HT-like stacking
pattern and 10 units for the shifted structure. For all chains
with more than 10 units, the reduction of d, in the dicationic
state is twice the reduction in the cationic state. In summary,
the model calculations confirm the results for the Su and 10u
P3HT model dimer systems discussed above, which show
approximately the same shortening of the stacking distance for
the singly and doubly charged state, respectively. In addition,
although the absolute stacking distance d, depends on the
relative orientation of the two chains, see Figure 4, its
reduction upon charging Ad, is nearly independent of it.

To explain the measured and calculated decrease in 7—x
spacing, a closer look at the frontier orbitals, which delocalize
on the dimer, is instructive. In Figure 5, we applied MO
localization on each thiophene chain monomer. The
corresponding MO diagram shows that the highest occupied
MO (HOMO) and HOMO — 1 of the dimer system can be
considered as, respectively, antibonding and bonding linear
combination of two monomer HOMOs. Hence, a positive
charge (corresponding to the removal of one electron from the
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Figure 4. Equilibrium 7—7 stacking distance of the two sets of polythiophene dimers at different chain lengths for neutral (black line), cationic (red
line), and dicationic (orange line) states, respectively. The left figure uses a model based on the stacking geometry of ideal crystalline P3HT and the
right figure is based on an alternative model where one of the chains is shifted along the ¢ direction as shown in the insert.
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423 stacking distance reduces as a direct consequence of the
424 charging, without the physical presence of a dopant molecule.
425 Moreover, our calculations show that a delocalization of the
426 positive charge in the stacked polythiophene chains is
427 energetically more favorable compared to a localization on a
428 single chain (see Supporting Information for a detailed energy
429 decomposition analysis).

430 Finally, the charge population on a series of large
431 polythiophene oligomers was calculated, see Figure S7. The
432 plot shows that each charge locates on one end of the
433 backbone chain, respectively, and strengthens the 7— stacking
434 on each end separately. Thus, the following model for the
435 observed structural changes emerges from our calculations:
436 upon doping, for each dopant molecule, 1 unit positive charge
437 is created in the neighboring P3HT crystal domain. The
438 charges localize statistically in the P3HT and lead to attractive
439 forces between the chains and in consequence to a reduced
440 average m—r stacking distance. Reorganization of the crystal
441 structure due to the incorporation of dopant molecules into
442 the side-chain region, as suggested in refs 9 and 24, may in
443 addition contribute, resulting in the observed reduction of
444 stacking distance of up to 0.1 A.

4. CONCLUSIONS

445 In summary, this work is consistent with several recent studies
446 in suggesting that intercalation of dopant molecules into P3HT
447 dpyo stacking does not universally explain the observed
448 reductions of dy,, spacing upon doping. Although our
449 diffraction data do not rule out F,TCNQ intercalation, a
450 comparable reduction of dy,, spacing on doping with the much
451 larger Mo(tfd-CO,Me), strongly suggests an alternative origin.
452 The reduction in dgy,, spacing seen for both dopants is
453 attributed to the removal of electrons on p-doping from
454 antibonding intermolecular orbitals; DFT calculations for a
455 model dimer give decreases in z-spacing similar to the
456 experimentally observed values. We certainly acknowledge
457 that many factors will impact the final solid-state structure of a
458 semiconducting polymer and the situation will be even more
459 complex for a doped material as is the subject of our paper.
460 These include the simple packing effects to maximize the
461 density, electrostatic interactions, and the effect of the polaron
462 interacting with a nearby chain, which themselves can have
463 purely electrostatic effects as well as those arising from
464 hybridization, which we have highlighted. The ultimate
465 structure will be influenced by all these effects and the
466 observed structure itself may not always even reflect a

thermodynamic minimum. An improved understanding of 467
the spatial position of dopant molecules and the origin of 468
changes in the crystal spacing and structure are valuable for the 469
understanding of the underlying processes of molecular doping 470
in terms of charge separation and the corresponding doping 471
efficiency. Furthermore, the previously shown correlation 472
between doping-induced lattice strain and charge carrier 473
mobility in doped P3HT®** illustrates the need for a detailed 474

understanding of the local structural order. 475
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