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Creating electrical carriers by doping in a 
controlled fashion enables semiconduc-
tors to be used in a wide variety of opto-
electronic applications. Indeed, doped 
conjugated polymers are found in com-
mercially available organic light-emitting 
diode (OLED) displays,[1] used to enhance 
organic solar cells[2] and field-effect tran-
sistors,[3] and are receiving increased 
attention for thermoelectric applica-
tions.[4–9] Doping of conjugated polymers 
can be achieved by electrochemical[10] or 
electrical charge injection[11] methods, but 
chemical doping is the best method to pro-
duce stable carriers without the need for 
a continuously applied potential. Chem-
ical doping involves the introduction of a 
strong electron acceptor (oxidizing agent, 
for p-type doping) or a strong electron 
donor (reducing agent, for n-type doping) 
that can undergo a charge transfer reac-
tion with the polymer,[12] creating charge 
carriers on the polymer chain while the 
dopant molecules remain in the film as 

One of the most effective ways to tune the electronic properties of con-
jugated polymers is to dope them with small-molecule oxidizing agents, 
creating holes on the polymer and molecular anions. Undesirably, strong 
electrostatic attraction from the anions of most dopants localizes the holes 
created on the polymer, reducing their mobility. Here, a new strategy uti-
lizing a substituted boron cluster as a molecular dopant for conjugated poly-
mers is employed. By designing the cluster to have a high redox potential 
and steric protection of the core-localized electron density, highly delocalized 
polarons with mobilities equivalent to films doped with no anions present 
are obtained. AC Hall effect measurements show that P3HT films doped 
with these boron clusters have conductivities and polaron mobilities roughly 
an order of magnitude higher than films doped with F4TCNQ, even though 
the boron-cluster-doped films have poor crystallinity. Moreover, the number 
of free carriers approximately matches the number of boron clusters, 
yielding a doping efficiency of ≈100%. These results suggest that shielding 
the polaron from the anion is a critically important aspect for producing 
high carrier mobility, and that the high polymer crystallinity required with 
dopants such as F4TCNQ is primarily to keep the counterions far from the 
polymer backbone.
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counterions. Most conjugated polymers are p-type semiconduc-
tors, with positive carriers (holes, often referred to as polarons) 
created by oxidizing dopants.

Some of the earliest molecular dopants for conjugated poly-
mers were halogen vapors,[12] but the instability of the doped 
films produced this way has led to the design of more stable 
molecular dopants.[13] One of the most popular molecular 
dopants for conjugated polymers is 2,3,5,6-tetrafluoro-7,7,8,8-
tetracyanoquinodimethane (F4TCNQ);[4–9,14–22] see Figure 1a 
(red) for chemical structure. F4TCNQ has a low-lying lowest 
unoccupied molecular orbital (LUMO), (−5.2 eV vs vacuum)[23] 
giving it the ability to p-dope a wide variety of conjugated poly-
mers, including poly(3-hexylthiophene-2,5-diyl) (P3HT), whose 
chemical structure is shown in Figure 1a (green). Unlike doped 
inorganic semiconductors, where the interactions of substi-
tutional impurities with the generated charge carriers are 
screened, the majority of the doping-induced carriers in con-
jugated polymers remain Coulomb-bound to the dopant coun-
terions due to the low permittivity of organic materials.[16–18] 
For P3HT doped with F4TCNQ, it has been estimated that even 
though the majority of F4TCNQ molecules undergo integer 
charge transfer with P3HT, 95% of the holes that are created 
remain bound to their counterions[16] and thus do not con-
tribute to electrical conduction. Indeed, strong electrostatic 

interactions between polarons and their counterions are known 
to localize polarons and reduce their mobilities.[15]

To overcome this issue of carrier localization, in this work 
we describe a perfunctionalized dodecaborane cluster that was 
designed to spatially separate the anions created when doping 
conjugated polymers. Dodecaborane (DDB) clusters are robust 
and kinetically stable due to their 3D aromaticity, which allows 
for electron delocalization around the boron scaffold.[24–28] Cer-
tain perfunctionalized clusters of the type B12(OR)12 (R = alkyl, 
aryl, H) behave as reversible, redox-active species with multiple 
accessible oxidation states.[27–31] Recent advances have led to the 
rational and rapid synthesis of such substituted dodecaboranes 
with tunable redox potentials.[29] We have designed a DDB 
cluster with a very high ground-state redox potential, which 
when combined with the cluster’s intrinsic stabilization of elec-
tron density in its well-shielded core, makes it an outstanding 
candidate to molecularly dope conjugated polymers.

The conventional processing method to dope polymeric 
semiconductors, known as blend doping, involves mixing the 
polymer and dopant in solution prior to casting the doped 
polymer onto a substrate. The solvents for most conjugated 
polymers, however, are nonpolar, such that at high doping 
levels the charges produced on the polymer and dopant render 
them insoluble during solution processing, yielding very 
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Figure 1. a) Chemical structures and schematic energy diagram of P3HT, F4TCNQ, and DDB-F72 showing ≈0.5 V greater offset for DDB-F72 than 
F4TCNQ. b) (Top) Ball-and-stick representation of the X-ray crystal structure of DDB-F72; (bottom) DDB-F72 anion SOMO calculated by TD-DFT showing 
the electron localized on the DDB core. c) Conductivities (solid symbols, calculated using the measured thickness) and idealized conductivities (open 
symbols, calculated using the 120 nm original thickness) of P3HT films doped with F4TCNQ (red symbols) and DDB-F72 (blue symbols) via solution 
sequential doping. The error bars are the standard deviation calculated from at least three samples. At the same dopant concentration, DDB-F72 pro-
duces conductivities that are an order of magnitude higher than those produced by F4TCNQ.
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poor doped film quality. This problem has been overcome by 
sequential doping,[5–9,14,15,19–22,32,33] which relies on exposing 
a precast polymer film to the dopant, either in the vapor  
phase[5–8,20,22,32,33] or in solution.[14] Solution sequential pro-
cessing uses a semiorthogonal solvent to swell but not dis-
solve the polymer underlayer, allowing mass action to drive the 
dopant into the swollen polymer film.[5,6,8,9,14,15,19–21] Doping 
by solution sequential processing (SqP) maintains all of the 
advantages of solution-based processing methods, producing 
high-quality films with conductivities that are significantly 
better than those produced by blend doping.[14,19] We expect 
that SqP should be amenable for use with dodecaborane clus-
ters given that it is routinely used to infiltrate large molecules 
such as fullerenes and large dopants into films of conjugated 
polymers.[34–38]

Here, we report the use of a newly synthesized, strongly 
oxidizing perfunctionalized DDB cluster as a dopant for the 
conjugated polymer P3HT. The chemical structure of our 
new cluster, shown in Figure 1a (blue), depicts the pseudo-
icosahedral dodecaborane core with each vertex functionalized 
with a 3,5-bis(trifluoromethyl)benzyloxy substituent. We refer 
to this molecule as DDB-F72 because of the 72 electron-with-
drawing F atoms placed on the periphery of the cluster. Using 
SqP to dope identical films of P3HT with both DDB-F72 and 
F4TCNQ, we find that at equimolar doping concentrations, 
DDB-F72 produces doped films with conductivities that are an 
order of magnitude higher. We verify using NMR spectroscopy 
techniques that there is negligible electron transfer between 
DDB-F72 clusters, so that the conductivity improvement we see 
comes solely from the increased mobility of polarons on the 
conjugated polymer.

To understand this increased conductivity, we structurally 
characterize our doped polymer films by using X-ray photoelec-
tron spectroscopy (XPS) and 2D grazing-incidence wide-angle 
X-ray scattering (2D-GIWAXS) to show that DDB-F72-doped 
P3HT films are remarkably noncrystalline, likely due to the 
fact that the DDB cluster cannot intercalate into the crystalline 
polymer domains due to its large size. This is in sharp contrast 
to dopants such as F4TCNQ, which reside within the polymer 
crystallites[9,15] in closer proximity to the polarons. In addition 
to residing farther from the polymer crystallites, the steric 
footprint associated with DDB-F72’s peripheral substitutions, 
in combination with the delocalization of the unpaired elec-
tron within the shielded boron cluster core, allows for greatly 
reduced electrostatic interactions between DDB-F72 anions and 
the holes on the polymer chains.

With this reduced electrostatic interaction, we show using 
combination of AC Hall effect and IR spectroscopy measure-
ments that the polarons on P3HT doped with DDB-F72 have 
mobilities that are an order of magnitude higher than those cre-
ated by doping with F4TCNQ; the carrier mobilities with DDB-
F72 are comparable to those created by charge modulation with 
no anions present at all.[11] We calculate idealized conductivi-
ties in our DDB-F72-doped P3HT films of 32 S cm−1, despite the 
lack of crystallinity in our doped material. These findings high-
light the importance of polaron delocalization effects and the 
corresponding need to electrostatically screen the anion from 
the holes. Reducing the polaron/counterion Coulomb interac-
tion is clearly important for electrical conduction. We suspect 

the reason that high crystallinity is important for good conduc-
tivity with dopants such as in F4TCNQ that it also reduces the 
Coulomb interaction. This is because when F4TCNQ enters the 
polymer crystallites, it happens to sit in the lamellar regions 
among the polymer side chains so that the anion is held a fair 
distance away from the polymer backbone where the polaron 
resides, so that high crystallinity leads to a reduced Coulomb 
interaction. In contrast, our tailored DDB dopants are so large 
that they can only infiltrate amorphous regions, but electro-
static shielding is taken care of by the dopant itself so that 
polymer crystallinity is no longer required.

We chose P3HT for this study as it is a model conjugated 
polymer that has become an important reference material for 
the study of optoelectronic processes in organic semiconduc-
tors. The offset between the highest occupied molecular orbital 
(HOMO) of the polymer and LUMO of the dopant gives the 
energetic driving force for doping via integer charge transfer.[16] 
Figure 1a shows these energy levels for P3HT, F4TCNQ, and 
DDB-F72 based on cyclic voltammetry (CV) measurements of 
the dopants (see Figure S6 in the Supporting Information) and 
literature values for P3HT.[39] Our CV measurements indicate a 
0/1− redox potential of 0.16 V versus Fc/Fc

+ for F4TCNQ, in excel-
lent agreement with literature values.[40] The redox potential of 
DDB-F72 is 0.67 V versus Fc/Fc

+, thus producing a 0.5 eV greater 
energetic driving force for doping compared to F4TCNQ.

The X-ray crystal structure of DDB-F72 is shown in Figure 1b 
(top) (see the Supporting Information for CIF file). The diameter 
of DDB-F72 is ≈2 nm, nearly twice that of a C60 molecule. The B12-
based core lies deep in the center of the cluster, surrounded by the 
corona of 12 bulky substituents, so if the additional unpaired elec-
tron on the reduced cluster is confined to the core as expected,[29,31] 
we should be able to achieve increased spatial separation of the 
electron from the polaron. Indeed, our time-dependent density 
functional theory (TD-DFT) calculations reveal that the singly 
occupied molecular orbital (SOMO) of the DDB-F72 anion is delo-
calized only on the core, as shown in Figure 1b (bottom).

To dope conjugated polymer films via SqP, we started by 
spinning 120 nm thick P3HT films out of 1,2-dichorobenzene 
at 1000 rpm for 60 s. We then spun the dopant (F4TCNQ or 
DDB-F72) out of solutions with different concentrations in 
dichloromethane (DCM) at 4000 rpm for 10 s on top of the pre-
cast polymer film. We measured the electrical conductivity of 
the doped films using the Van der Pauw method,[41] a type of 
four-point-probe measurement, with the electrodes placed at 
the corners of a 1.5 cm × 1.5 cm square (see the Supporting 
Information for details). The results are shown in Figure 1c.

The filled points/solid curves in Figure 1c show that for 
the same molar concentration of dopant, the conductivities of 
P3HT films doped with DDB-F72 (blue down-pointing trian-
gles) are about an order of magnitude higher than the F4TCNQ-
doped samples (red squares). For example, at 1 × 10−3 m dopant 
concentrations, we achieve P3HT conductivities of 12.9 S cm−1 
when doped with DDB-F72 but only 1.4 S cm−1 when doped 
with F4TCNQ. We were unable to explore SqP doping con-
centrations higher than a few millimolar because of the solu-
bility limit of both dopants in DCM. The drop in conductivity 
observed for 3 × 10−3 m DDB-F72 solutions is due to their col-
loidal nature, which is above the molecular solubility limit; 
the colloidal solutions do not effectively deliver dopant in the 
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P3HT film, as documented in the spectroscopy section of the 
Supporting Information. The DDB-F72-doped films are stable 
under inert atmosphere for days (see the Supporting Informa-
tion), suggesting the films would remain stable indefinitely if 
packaged appropriately.

One interesting feature of SqP is that so much of the large 
DDB-F72 dopant can be intercalated that the polymer films 
change thickness after doping.[34] Starting with 120 nm thick 
pre-cast P3HT films, we find that doping with a 1 × 10−3 m 
solution yields 140 nm thick films doped with F4TCNQ but 
300 nm thick films doped with DDB-F72. Since SqP relies on 
swelling of the polymer followed by infiltration of the dopant 
into the swollen polymer matrix,[35] we worried about whether 
or not DDB-F72 was fully penetrating into the P3HT film. Given 
the large size of the DDB-F72 molecule and the fact that some 
large dopants have shown limited film penetration in previous 
work,[42] it is possible that the large increase in thickness we 
observe results from an overlayer of excess DDB-F72 on top of 
the P3HT film rather than uniform intercalation throughout 
the film.

To investigate the penetration of the dopant into the film, 
we used XPS, which has a penetration depth of only a few nm, 
to examine the oxidation state of boron near the top surface 
of the film. Figure 2 shows the B 1s XPS spectra of both the 
neutral DDB-F72 cluster (black curve) and the DDB-F72 anion 
(red curve), along with one of our DDB-F72-doped P3HT films 
(blue curve). The data make clear that the boron on the top 
surface of our films is reduced, suggesting that there is no 
excess overlayer of neutral clusters on top of the film, and 
that the clusters have indeed penetrated well into the P3HT 
layer. Further evidence that there is no continuous cluster 
overlayer is that XPS is able to pick up considerable signal 
from the sulfur of P3HT on the top surface of this doped film 
(see Table S3 in the Supporting Information). In addition, we 
imaged the top surface of the films using both optical and 
scanning electron microscopies (SEM) (see Figures S9 and 
S10 of the Supporting Information). In the optical images, we 
see sparse crystallites of DDB-F72 that certainly do not form 
a contiguous overlayer. The SEM images reveal a sharp crack 
pattern, which we attribute as resulting from the expansion 
and contraction of the film upon swelling and deswelling 
during the SqP process.

To further our understanding of the degree of cluster pen-
etration, we also examined the elemental composition of both 
the top and bottom surfaces of our DDB-F72-doped P3HT films 
using XPS; we accessed the bottom surfaces by floating doped 
films off the substrate,[34] as described in more detail in the 
Supporting Information. Since sulfur is unique to P3HT while 
boron and fluorine are unique to DDB-F72, the sulfur 2p:boron 
1s and sulfur 2p:fluorine 1s peak-integrated ratios, shown in 
the inset to Figure 2a, give a good measure of the film com-
position at each surface. The data make clear that the B:S and 
F:S ratios on the top and bottom of the DDB-F72-doped films 
are similar, suggesting that the clusters are roughly evenly dis-
tributed throughout the film. Indeed, recent work has shown 
that other fairly large dopant molecules also are able to pen-
etrate well into pre-cast P3HT films.[37] Moreover, the XPS peak 
position for boron on both the top and bottom film surfaces 
indicate the cluster is reduced throughout the film (see the 

Supporting Information for detailed XPS peak fit assignments 
and additional information).

It is important to note that the calculation of electrical con-
ductivity from the measured sheet resistivity scales inversely 
with the thickness of a material. Given the large thickness 
change of our DDB-F72-doped films, this makes the conduc-
tivities we measure all the more remarkable because elec-
trical conduction takes place only on the polymer, but the 
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Figure 2. Structural characterization of DDB-cluster-doped films. a) B 
1s XPS spectra of the top surface of pure DDB-F72 films in the neutral  
[0, black curve] and anionic [−1, red curve] states, overlaid with that of 
a DDB-F72-doped P3HT film (blue curve). The overlap of the doped film 
and anion spectra indicates that the clusters at the top surface of the 
film are all reduced. (Inset) XPS-determined B:S and F:S ratios measured 
at the top and bottom of DDB-F72-doped P3HT films indicating that the 
clusters penetrate the film. b) Out-of plane (top) and in-plane (bottom) 
2D-GIWAXS spectra for films of pure P3HT (green curves) and DDB-F72-
doped P3HT (blue curves). (Inset) Zoomed in view of the (100) peak. 
Dopant-induced peaks are denoted by asterisks (*). These data indicate 
DDB-F72 does not enter the crystallites given its large size and at high 
dopant concentration (dark blue dashed-dotted curves), there is signifi-
cant loss of overall crystallinity.



© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1805647 (5 of 8)

www.advmat.dewww.advancedsciencenews.com

polymer comprises only ≈1/3 of the material in the DDB-
F72-doped films. To verify the conduction mechanism, we 
investigated the kinetics of electron self-exchange between 
[DDB-F72]0 and [DDB-F72]−1 by dynamic NMR line broad-
ening experiments, described in more detail in the Sup-
porting Information. Using 19F NMR across a range of 40 °C, 
we observed no coalescence of the peaks corresponding to 
the neutral and anionic forms of DDB-F72 in solution, indi-
cating an electron self-exchange rate slower than that of the 
experimental timescale (kET < 1.2 × 103 s−1 or τET > 0.84 ms),  
which is orders of magnitude longer than the typical colli-
sion time between clusters. This indicates that there is a high 
intrinsic barrier to electron transfer between DDB-F72 clusters, 
most likely the result of small electronic couplings due to poor 
orbital overlap between self-exchanging pairs.[43–45] Indeed, the 
idea of poor electron transfer between DDB clusters is in agree-
ment with our TD-DFT calculations in Figure 1b, which show 
strong localization of the electron in the cluster interior, likely 
due to stabilization from the aromaticity of the B12 cluster. 
Overall, our NMR measurements strongly imply that electron 
hopping between DDB clusters does not occur on any reason-
able timescale, and therefore the electrical conduction of our 
doped films takes place only through the polymer network.

Given that the doped films are 300 nm thick but that there 
is only an initially 120 nm thickness of polymer material in the 
doped film to conduct, we calculated “idealized conductivities” 
based on the initial polymer thickness of 120 nm rather than 
using the measured doped film thickness. These idealized con-
ductivities, which represent the limit of conductivity that could be 
achieved with the same carrier mobility if there were no swelling 
of the film during doping, are shown by the dotted lines and 
open symbols in Figure 1c. The difference between the idealized 
conductivity and the conductivity is larger for the DDB-F72-doped 
films due to their larger thickness increase. At the 1 × 10−3 m  
dopant concentration, we achieve idealized conductivities of  
≈32 S cm−1 for the DDB-F72-doped films, whereas the idealized 
conductivity of F4TCNQ-doped films reaches only 2.0 S cm−1.

To better understand the structure of our DDB-F72-doped 
films, we used 2D GIWAXS. Figure 2b shows the out-of-plane 
(top) and in-plane (bottom) scattering patterns of P3HT (green 
solid curves) and P3HT doped with DDB-F72 from low-to-high 
concentration (light-to-dark blue curves). As expected for pure 
P3HT, which is well known to have a preferential edge-on orien-
tation,[8,19,20] we see that the intensity of the π–π stacking (010) 
peak is largely in-plane, while strong peak intensity is observed 
in the out-of-plane direction for the lamellar (h00) peaks, indi-
cating edge-on orientation with respect to the substrate.

Upon doping with DDB-F72 with low-to-mid concentration 
solutions (0.05 and 0.3 × 10−3 m), we see that the edge-on orien-
tation of P3HT’s crystallites is maintained as the (010) peak is 
still largely in-plane, consistent with the fact that SqP is known 
to preserve domain orientation.[14,15,36] The in-plane data reveals 
a shift in the (010) peak to higher Q, reminiscent of what 
has been previously reported for F4TCNQ,[9,15] but with some 
significant differences.

In F4TCNQ-doped-P3HT, a much larger shift of the (010) 
π-stacking peak, out to 1.8 Q, is observed upon doping com-
pared to what is seen here. Despite the large peak shift, the 
change in the π-stacking distance is actually quite small as 

the structural change is mainly due to reorientation of the 
unit cell: F4TCNQ intercalation into the side-chain regions of 
the P3HT crystallites causes an adjustment of the chain angle 
relative to the unit cell axes.[9] DDB-F72 only causes a small 
shift of the P3HT (010) peak from 1.66 to 1.68 Q, indicating 
that this intercalation-induced phase transition does not take 
place. Additionally, for our DDB-F72-doped films, we observe a 
small shift in the P3HT (100) lamellar peak to higher Q (see 
inset), which is in the opposite direction of what is typically 
seen with F4TCNQ doping.[9,15] This provides a clear indica-
tion that, unlike F4TCNQ, DDB-F72 does not intercalate into 
the P3HT lamellar regions. The lack of intercalation of large 
molecular structures into the polymer crystallites is not sur-
prising as their size does not allow them to fit between P3HT 
side chains. Furthermore, previous work has shown that addi-
tion of bulky groups on fullerenes can inhibit their intercala-
tion into the lamellar regions of conjugated polymers,[46] and 
molecules of DDB-F72 have approximately twice the diameter 
of a typical fullerene. Overall, the observed peak shifts suggest 
that for DDB-F72, the structural changes induced by doping 
are solely due to the delocalization of charges within a crystal-
lite,[9,15] likely accompanied by counterions situated around the 
edge of each doped crystallite.

At high (1 × 10−3 m) DDB-F72 dopant solution concentration, 
we see a significant loss of crystallinity and a broadening of 
the P3HT (100) peak rather than a shift. Since GIWAXS only 
reports on crystalline regions in the doped films, the broad-
ening we observe suggests that at this high doping concentra-
tion, most of the doped regions have become amorphous and 
the only remaining P3HT crystallites seen via GIWAXS are 
those that remain undoped. The large increase in disordered 
P3HT π-stacking intensity seen between 1.2 and 1.5 Q further 
supports the idea that these high-concentration-doped films are 
much more disordered than those doped using solutions with 
lower concentrations of DDB-F72.

Interestingly, we also observe the appearance of new peaks at 
0.6 and 1.0 Q (marked by asterisks in Figure 2b) when P3HT is 
doped with DDB-F72. These new peaks are broadened to the same 
extent and show a very similar texture as the P3HT peaks. The 
new peaks do not at all resemble those seen for DDB-F72 crys-
tallites (see the Supporting Information). Therefore, we hypoth-
esize that these new peaks either result from a new polymorph 
of P3HT that preferentially forms in the presence of DDB-F72 or 
a P3HT polymorph that is stable only at very high doping levels.

To characterize the extent of charge carrier delocalization 
in DDB-F72-doped films, we turn to spectroscopic measure-
ments. Spano and co-workers have argued theoretically that the 
degree of delocalization of holes on P3HT is directly reflected 
in the shape and position of the polaron’s IR absorption spec-
trum.[15,21,47–49] Their predictions for how the spectral shape 
changes when the polarons are localized by proximity to an 
anion, reproduced from ref. [15], are shown in Figure 3b, where 
the blue curve shows the spectrum of a fully delocalized P3HT 
polaron with no confinement by an anion. We have shown pre-
viously using F4TCNQ-doped P3HT films with different crystal-
linities that the spectrum of polarons with different degrees of 
delocalization matches well with Spano and co-workers’ theory, 
and indeed correlates strongly with the experimentally meas-
ured polaron mobility.[15]

Adv. Mater. 2019, 1805647
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Figure 3a shows the measured IR spectrum of our DDB-
F72-doped P3HT films. The shape and position of the spec-
trum we measure is essentially identical to that predicted for 

a fully delocalized polaron that has no Coulombic interaction 
with an anion. Indeed, similar IR spectra have been measured 
in P3HT films doped by charge modulation with no anion pre-
sent (i.e., doped by the presence of a large applied voltage).[11] 
A similar polaron spectrum also has been observed in recent 
work doping P3HT with large molybdenum dithiolene com-
plexes, although the conductivities were much lower than we 
see here, likely due to low carrier densities, and carrier mobili-
ties were not reported.[38] This indicates that the electron on the 
DDB-F72 anion is sufficiently isolated to have no effect on the 
polaron, despite the relatively low dielectric constant of P3HT. 
This is because the electron is localized entirely in the cluster 
interior, which by Gauss’ law means that it effectively behaves 
as a point charge at the center of the cluster. The steric bulk 
associated with the substituted DDB cluster means that at no 
point can the polaron–anion distance be less than the radius of 
the cluster, which is ≈1 nm. We believe that it is the combina-
tion of electron localization to the dopant interior, shielded by 
the bulky substituents, with the fact that the dopants sit out-
side the P3HT crystallites that leads to this unusual but highly 
favorable situation where the polaron is entirely unaffected by 
the dopant counterion.

To further characterize the extent of delocalization of the 
polarons in our DDB-F72-doped P3HT films, we performed AC 
Hall effect measurements,[50–53] the results of which for iden-
tically prepared F4TCNQ- and DDB-F72-doped P3HT films[14] 
are summarized in Table 1. The concentrations chosen for 
both dopants were their solubility limits in DCM. We note 
that for low-mobility materials such as doped conjugated poly-
mers, screening effects can cause Hall effect measurements to 
slightly overestimate the mobile carrier concentration and thus 
slightly underestimate the free carrier mobility,[53] as discussed 
in more detail in the Supporting Information.

In our P3HT sample doped with 1 × 10−3 m DDB-F72, we 
measure a mobile carrier concentration that is roughly twice 
that of the F4TCNQ-doped sample. We believe that this results 
from a higher ratio of integer charge transfer due to the greater 
energetic driving force for doping with DDB-F72, summarized 
in Figure 1a, and an increase in free carrier (as opposed to 
trapped carrier) generation due to less Coulomb interaction 
with DDB-F72. In fact, we have estimated the overall concen-
tration of dopant clusters in the film by directly measuring the 
change in mass upon doping the films (see the Supporting 
Information for details). For F4TCNQ, the dopant density is 
4.8(9) × 1021 cm−3 yielding a doping efficiency of ≈10% (slightly 
higher than the 5% value determined by Pingel and Neher[16,17] 
likely due to the fact that we are in a much higher doping 
regime and/or to the potential overestimation of the free carrier 
concentration via AC Hall measurements[53]). For DDB-F72, the 
dopant concentration is 6.9(6)±1.2 × 1020 cm−3, which agrees 
within error with the carrier concentration we measure via the 
AC Hall effect (which we also expect to be slightly overesti-
mated[53]). This strongly suggests that essentially every DDB-F72 
dopant molecule gives rise to a free polaron on P3HT, a full 
order of magnitude improvement over the ≈5–10% free carrier 
yield estimated for F4TCNQ.

Perhaps more importantly, the carrier mobility of 0.1 cm2 V−1 s−1  
is five times higher for DDB-F72 than F4TCNQ, a direct 
reflection of the higher degree of polaron delocalization with 
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Figure 3. Delocalized polaron IR-spectrum. a) Experimental IR absorp-
tion spectrum of the polaron in a 1 × 10−3 m DDB-F72-doped P3HT film.  
b) Simulated P3HT polaron absorption spectrum for different anion–
polaron distances, taken from ref. [15]. The measured spectrum is in 
excellent agreement with the theoretical spectrum for an anion at infinite 
distance, indicating that the polarons in the chemically doped DDB-F72 
sample are as delocalized as possible. Note: A distance-dependent per-
mittivity for the pure polymer was used for the calculation. Although the 
use of a different permittivity would change the shape of the spectrum of 
the more Coulomb-localized polarons, the spectrum calculated for infinite 
anion distance is invariant with respect to the choice of permittivity.[15]

Table 1. Comparison of carrier density (n), mobility (μ), and conductivity 
(σ) measured by the AC Hall effect for P3HT films doped with DDB-F72 
and F4TCNQ at their respective solubility limits in DCM. Also shown is 
the number density of dopant molecules in the film estimated via mass 
measurements (Nest); see the Supporting Information for details. The 
F4TCNQ data is taken from ref. [14].

Dopant n [1 cm−3] μ [cm2 V−1 s−1] σ [S cm−1] Nest [1 cm−3]

1 × 10−3 m DDB-F72 7.9 × 1020 0.10 12.8 6.9(6) × 1020

3.6 × 10−3 ma) F4TCNQ[14] 4.3 × 1020 0.02 1.5 4.8(9) × 1021

a)3.6 × 10−3 m = 1 mg mL−1 F4TCNQ.
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DDB-F72. Moreover, the polaron mobility in the DDB-F72-doped 
P3HT films is comparable to mobilities seen only in charge-
modulation-doped films with no anions present[11] or in highly 
crystalline doped 100% regioregular P3HT.[15] Finally, the large 
degree of polaron delocalization is also supported by the results 
of temperature-dependent conductivity experiments, which are 
discussed in the Supporting Information.

Overall, we have demonstrated that by using a functional-
ized dodecaborane dopant, we can achieve spatial separation 
of the conjugated polymer polaron and counterion leading to 
highly delocalized and mobile charge carriers even in poorly 
crystalline polymer material. The dodecaborate cluster anions 
cannot infiltrate into P3HT crystallites, resulting in a sub-
stantial loss in crystallinity upon doping. Thus, the counte-
rions reside outside any remaining P3HT crystallites, and the 
unpaired electron on the DDB-F72 anion is further separated 
from the polarons on the polymer by being confined to the 
cluster core. The shielding provided by the cluster’s physical 
and electronic structure relaxes the crystallinity constraints 
typically needed to achieve high conductivities and mobili-
ties in doped conjugated polymer materials. Thus, with other 
dopants such as F4TCNQ, crystallinity is important both for 
improving the delocalization of the polarons and for keeping 
the anion as far from the polymer backbone as possible. 
With our dodecaborane cluster dopant, on the other hand, 
we see that reducing the polaron localization by the anion is 
at least as important as delocalization due to crystallinity in 
determining polaron mobility and thus overall conductivity. 
We achieve conductivities of 12.8 S cm−1 and mobilities of 
0.1 cm2 V−1 s−1 with our DDB-F72-doped P3HT, values that are 
an order of magnitude higher than those obtained with com-
parable doping by F4TCNQ. Since the DDB-F72-doped P3HT 
films significantly increase in thickness upon doping and the 
DDB clusters themselves do not conduct, this means that the 
idealized P3HT hole conductivities reach 32 S cm−1. Thus, 
by carefully designing new molecular dopants, we can pro-
duce stable molecularly doped conjugated polymer films with 
polaron mobilities limited only by intrinsic materials proper-
ties, rather than being limited by electrostatic attraction to the 
proximal dopant anion.

Experimental Section
Details of the materials, synthesis, and characterization and experimental 
methods for device fabrication, electrical, structural, and spectroscopic 
measurements, as well as TD-DFT calculations can be found in the 
Supporting Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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