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Electron transport in a sequentially doped
naphthalene diimide polymery
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The effects of sequential n-doping on a high-electron-mobility naphthalene-diimide-based copolymer
poly[(N,N’-bis(2-decyltetradecyl)-naphthalene-1,8:4,5-bis(dicarboximide)-2,6-diyl) - (selenophene-2,5-diyl)-
(benzolcl[1,2,5]thiadiazole-4,7-diyl) - (selenophene-2,5-diyl)], PNBS, are reported. Grazing-incidence XRD
measurements show that PNBS doped with 2,2'-bis(4-(dimethylamino)phenyl)-1,1’,3,3’-tetramethyl-
2,2',3,3'-tetrahydro-1H,1'H-2,2’-bibenzo[dlimidazole, (N-DMBI),, has increased order relative to both the
pristine polymer and a film doped with ruthenium pentamethylcyclopentadienyl mesitylene dimer. Films
of PNBS optimally doped with (N-DMBI), show electrical conductivities approaching 2 mS cm™ in air.
Temperature-dependent electrical measurements suggest that the polaronic charge carriers are highly
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Introduction

Electrical doping of organic semiconductors with redox-active
molecules is increasingly used to increase conductivity and
modify charge-injection/-extraction barriers."”> Doped films
of small-molecule semiconductors are often fabricated by
co-evaporation of semiconductor and dopant molecules. For
solution-processible molecular and polymeric semiconductors,
the dopant and semiconductor are commonly mixed in solution
prior to casting the doped film. Recently, sequential doping
methods in which the dopant is deposited onto the semiconductor
film, either from solution or by evaporation, have increasingly been
used.>* Sequential doping avoids possible complications that arise if
the doped material is poorly soluble in the casting solvent and in
some cases may allow for the preservation of some of the structural
order present in the pristine semiconductor film. Although widely
applied to the p-doping of P3HT* ® and PBTTT,”' there are only few
reports of the sequential n-doping of solution-processed polymers."

The air-stability of oxidants, hole-transport materials, and
their doped combinations often allow for easy handling in air.
Highly conductive hole-transport materials are achievable
in many polymer-dopant systems.”'>'® In contrast, electron-
transport materials and their n-doped derivatives lag behind
p-type polymers in terms of both mobility and conductivity."”°

“School of Chemistry and Biochemistry, Georgia Institute of Technology, Atlanta,
GA 30332, USA. E-mail: seth.marder@chemistry.gatech.edu

b School of Materials Science and Engineering, Georgia Institute of Technology,
Atlanta, GA 30332, USA

¢ George W. Woodruff School of Mechanical Engineering,
Georgia Institute of Technology, Atlanta, GA 30332, USA

+ Electronic supplementary information (ESI) available. See DOI: 10.1039/d0ma00406e

This journal is © The Royal Society of Chemistry 2020

localized, which is consistent with the moderate conductivity values obtained.

One reason is that the dopant-induced polaronic charge car-
riers tend to be localized on acceptor moieties, and the electro-
nic coupling between adjacent acceptor sites is often poor.>**>

Conjugated polymers incorporating naphthalene diimides
(NDIs) comprise a prominent family of electron-transporting
semiconducting polymers and are reduced at moderate poten-
tials of ca. —1.0 V vs. ferrocene.?*”>* Although a great diversity
of NDI polymers have been reported, most n-doping studies
have focused on the NDI/bithiophene copolymer P(NDIOD-T2)
(Fig. 1) and materials closely related to it.>*>® Moreover, few of
these studies have employed sequential doping."*

PNBS is a copolymer of an NDI monomer and a selenophene-
flanked benzodithiazole (Fig. 1)’ and exhibits a field-effect electron
mobility value of 8.5 cm> V-' s, which is larger than values
reported for other NDI polymers.”®*® This large value raises the
possibility of obtaining high conductivity values if high charge-
carrier densities can be obtained through doping without adversely
affecting this mobility. Here we report on the electrical properties of
films obtained through the sequential doping of PNBS with the
moderately air-stable n-dopants (RuCp*mes),, (N-DMBI),, and
N-DMBI-H (Fig. 1). Although the conductivity values are modest,
we have been able to investigate carrier transport as a function of
doping level in the films through variable-temperature conductivity
measurements. We have also examined doping-induced changes in
the ordering of the film through GIXRD.

Results and discussion
Polymer and dopants used

As discussed above, PNBS?* (see Experimental section and ESI,}
Fig. S1 and S2) was chosen for sequential doping studies owing
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Fig. 1 Chemical structures of the polymers P(NDIOD-T2) and PNBS, the n-dopants (RuCp*mes),, (N-DMBI),, and N-DMBI-H, and the corresponding

cations formed upon doping.

to the high electron-mobility values reported for the pristine
polymer. Of the three dopants investigated, N-DMBI-H is the
most stable to ambient conditions, but also expected to be
the least reactive dopant towards NDI materials,*® while, in
some cases of its use, hydrogenated side products have been
observed in addition to the desired N-DMBI' dopant ion and
the semiconductor radical anion.*' Although it has been widely
used as an n-dopant for NDI polymers including P(NDIOD-T2),
both its limited reactivity, likely originating from a slow ender-
gonic hydride-transfer step, and poor miscibility with some
polymers®® have proven obstacles, with thermal annealing
often being used to address the former issue.*****> The dimer
(RuCp*mes),, on the other hand, is strongly reducing and reacts
cleanly with the loss of two electrons to form RuCp*mes’;*® it has
been previously co-deposited with P(NDIOD-T2) to afford con-
ductivity values up to 10 S em*.>* We have previously reported
that a DMBI dimer is a more effective dopant for P(NDIOD-T2)
than its DMBI-H analogue.®® We have also recently reported® the
dimeric analogue of N-DMBI-H, (N-DMBI),, and that it leads to
higher conductivity values than (RuCp*mes), in an isoindigo-like
polymer, apparently due to the more planar N-DMBI" ion leading
to less disruption of the polymer ordering than the three-
dimensional RuCp*mes* ion.*> We were thus interested in
examining if (N-DMBI), doping affords any differences in final
conductivity values relative to (RuCp*mes), for the high-
mobility PNBS, upon sequential doping.

Solution reactivity

In addition to the sequential doping discussed below, we also
investigated the possibility of doping PNBS using concomitant
doping in chlorobenzene solution. The utility of this approach
was limited by formation of precipitates when (N-DMBI), or
(RuCp*Mes), were added to the polymer solution. However,
at lower concentrations, where such visible precipitates were
not formed (ca. 10~* M), UV-Vis-NIR spectroscopy was used to
investigate the reactivity of the dopants with PNBS and to
qualitatively asses the extent of doping. Fig. 2a shows the UV-Vis-
NIR spectra of PNBS doped with various proportions of (N-DMBI),
in chlorobenzene (where 50 mol% corresponds to one molecule of
dimer per two repeat units, ie. potentially reduction by one
electron per repeat unit). The weakening and broadening of the
low-energy feature (Fig. 2a) is similar to what is seen on doping of
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Fig. 2 UV-Vis-NIR spectra for PNBS doped with (N-DMBI),. (a) Solution
doping in chlorobenzene. (b) Sequential doping of films carried out using
n-butyl acetate solutions of (N-DMBI), with the concentrations specified.
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other NDI conjugated polymers.*® The growth of the feature at
ca. 370 nm can be attributed to the presence of N-DMBI'. Similar
spectral changes, except for the growth of the feature at ca. 370 nm,
are seen when doping with (RuCp*mes),, while N-DMBI-H appears
not to react under these conditions, consistent with other room-
temperature solution studies of N-DMBI-H with NDI-based
polymers,*® and only to a small extent on brief heating (Fig. S3, ESIt).

UV-Vis-NIR for sequentially doped films

We chose n-butyl acetate as a solvent for sequential doping
since it dissolves the dopants used in this study, but not PNBS.

This journal is © The Royal Society of Chemistry 2020
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Absorption spectra for thin films of PNBS immersed for
1 min in various concentrations of dopants in n-butyl acetate
show similar trends to the solution experiments (Fig. 2b and
Fig. S4, S5, ESIt), although the initial undoped spectra are
broader and the trends are not quite so clear-cut, likely due to
variation in film thickness, scattering contributions, and perhaps
superposition of features from species doped to different extents
from different depths within the film. However, the growth of the
feature at ca. 370 nm indicates incorporation of the dopant
counterion, N-DMBI', into the films upon sequential doping
with (N-DMBI),.*>

Microstructural characterization of doped films

To achieve high electrical conductivity, in addition to high
carrier concentration, a suitable morphology governed by
ordering of polymer and microstructure is equally important.
To examine PNBS ordering as a function of doping, we per-
formed grazing incidence X-ray diffraction (GIXRD) (Fig. 3). The
pristine polymer shows peaks at 2.6 nm ™" and 5.2 nm ™, which,
as in previous reports on PNBS>> and on NDI polymers with
similar alkyl substituents,” can be assigned to (100) and (200)
reflections associated with a lamellar repeat distance of 23 A.
The observation of these two reflections indicates that at least a
portion of the polymer chains adopt an ‘“edge-on’ orientation
relative to the surface. As the (N-DMBI), concentration used for
the sequential doping is increased from 0 to 7.5 mM, the (100)
peak intensity increases, while greater dopant concentrations

a) 10000 120000

(200) 100000
8000 80000
60000
40000

20000 —/\ 4

0

(100)

6000

4000

Intensity (c.p.s)

2000 -

b) Q (nm")

120000 T T T T 0.8

—=— Peak intensity
—s— FWHM (100)

100000 -

80000 ,
\

60000

0.7

0.6

40000

Intensity (c.p.s.)
FWHM (nm™)

20000 Lo4

04

T T T T T T T 0.3
00 25 50 75 100 125 15.0

Dopant Concentration (mM)
Fig. 3 GIXRD data for pristine and (N-DMBI),-doped PNBS films: (a) diffraction

patterns and (b) plots of intensity and full width at half maximum height for the
(100) diffraction peaks.
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leads to a decrease in the (100) intensity. The full width at half
maximum (FWHM) for the (100) peak also broadens upon
initial doping (2.5 mM), then decreases to a minimum at
7.5 mM, then increasing again beyond that. The (100) inten-
sities and FWHM data suggest that the coherence length is
maximized and/or lattice disorder is minimized for films doped
with 7.5 mM solutions. It is unclear where the dopant ions are
located, but the roughly constant d-spacing for the (100)
reflections suggest that the majority must be located in the
n-stacks, in domains with the different crystalline orientation
to those evident in the GIXRD, or in amorphous regions of
the polymer. In contrast, when using concentrations of
(RuCp*Mes), in excess of 1 mM, the (200) peak is not obser-
vable and even the (100) peak is barely discernable (Fig. S6,
ESIT), presumably indicating that the packing of the crystalline
domains of the polymer is significantly disrupted by the bulky
3D RuCp*mes" cation.>®

AFM was used to further examine changes in surface mor-
phology and roughness of doped PNBS films. Fig. S7 (ESIY)
shows AFM micrographs of pristine and (N-DMBI),-doped
PNBS films indicating an increase in surface roughness upon
doping.

In-plane DC electrical conductivity and temperature
dependence

The electrical conductivity of doped films was evaluated using a
custom built 4-point probe in a Van der Pauw configuration.*®
PNBS films sequentially doped with either N-DMBI-H or
(RuCp*mes), exhibited electrical conductivities below the limit
of detection using our equipment (<10 S cm™'). Poor
electrical conductivity of PNBS after attempted doping with
N-DMBI-H is consistent with the optical data and with some
previous reports on concomitant doping that indicate thermal
treatments are needed to initiate doping reactions.*>3?
In previous reports, (RuCp*mes), was found to be suitable for
concomitant doping of P(NDIOD-T2),** but unsuitable for
sequentially doping the same polymer, this unsuitability being
attributed to the inability of the dopant to enter the ordered
(face-on) film."" In the present case, the reaction clearly occurs,
as shown by optical and GIXRD data; presumably the low
conductivity results from the disruption of the film packing.
However, we observed that PNBS thin films doped with (N-DMBI),
sequentially in air exhibit conductivities approaching 2 mS cm™*
for doping concentrations of 7.5 mM (Fig. 4a). We note, however,
that the conductivity values for films treated with all three dopants
may be compromised by the slight sensitivities of the doped
material to air (see below and Fig. 4b).

The dopant levels that give the highest conductivity values
coincide with those that give the strongest and narrowest (100)
reflections in GIXRD measurements (Fig. 3 and Fig. S5, ESIT).
However, despite the high charge-carrier mobility reported for
pristine PNBS and the apparent enhancement of ordering on
optimal doping, the maximum conductivity values are compar-
able to other values reported for many NDI polymers, although
falling short of those reported for some examples, especially
those with oligoether side chains.?*?”*1%%%* Fig, 4b shows the

Mater. Adv., 2020, 1,1829-1834 | 1831
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Fig. 4 Electrical conductivity as a function of doping and time. (a) PNBS
electrical conductivity as a function of (N-DMBI), dopant concentration.
Error bars represent sample to sample variation (3 samples). (b) Electrical
conductivity of 7.5 mM doped PNBS films as a function of time. Error
bars represent imprecision in the measurement of the resistance value at
time (t).

electrical conductivity of the optimally (N-DMBI),-doped film as
a function of exposure to air and indicates a decrease of
ca. 20% over 20 minutes exposure, indicating that the exposure
necessary for our measurement system does not have a large
impact on the conductivity values, although, as noted above,
some degradation could have already occurred during the
doping process.

To further characterize charge transport, temperature-
dependent electrical conductivities were measured.*®*! As expected,
the conductivity was found to increase exponentially with
temperature (Fig. 5a), consistent with the expectation for
thermally-activated hopping of carriers.***” The data could
accordingly be fit to obtain the theoretical maximum (infinite
temperature) electrical conductivity (o) and the activation
energy (E,) using the Mott Polaron Model (eqn (1) and (2))

6 = 0 exp (;:;:) @)
In(e) = In(sy) + (;jr) 2)
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Fig. 5 Temperature dependent PNBS electrical conductivity measure-
ments. (a) Representative electrical conductivities as a function of doping
and temperature. Error bars represent measurement error. (b) Activation
energies and (c) intrinsic conductivities as calculated by the Mott Polaron
Model. Error bars represent sample to sample errors.

and analyzed statistically using ¢tests with 95% confidence
intervals.>'*8

Fig. 5¢ shows g, for each dopant system, whereby o, is
the pre-exponential conductivity that heavily depends on
film morphology and hopping distance and represents a
maximum electrical conductivity achievable. We find that o,
is ca. 12 S em™* for lightly doped PNBS (2.5 and 5 mM dopant
solutions) but decreases to ca. 2.5 S em~ ' for more heavily
doped PNBS (7.5, 10 mM dopant solutions). Lastly, it has been
reported in many studies that o, increases with increased
doping to a maximum and then decreases again.*®

This journal is © The Royal Society of Chemistry 2020
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Fig. 5b shows the effective barrier for charge transport,
E,, for each dopant concentration; it is effectively the same at
low doping levels (2.5, 5 mM) but is significantly lower at
7.5 mM (highest conductivity). This is consistent with what is
generally seen for trends in E, with increasing dopant concen-
tration. In this case, as the dopant concentration is further
increased, E, increases again.*® Thus, the lowest E, values
correspond to the films that GIXRD suggests to be the most
ordered. The barriers are similar in size to those reported for
other n-doped NDI polymers.>>>731:3%:40

Conclusion

The high electron-mobility polymer (PNBS) has been sequen-
tially doped with several dopants and doping concentration.
The recently reported dimer (N-DMBI), is more effective dopant
for the sequential doping approach of PNBS than either
(RuCp*mes), and N-DMBI-H, because of its ability to both
successfully dope PNBS and improve structural ordering.
(N-DMBI), doping results in a maximum electrical conductivity
of ca. 2 mS em™'; the doping can be reproducibly carried out in
air. The temperature dependent electrical properties further
our understanding of structural and energetic contributions to
electrical transport.

Materials and methods

PNBS (M, = 42 kDa), (N-DMBI),, N-DMBI-H, and (RuCp*mes),
were synthesized according to modified literature procedures.>”*'
Other solvents and materials including n-butyl acetate, were
purchased from Sigma Aldrich and used as received.

Microscope glass slides were sonicated in deionized water,
followed by acetone then isopropanol and then dried using
nitrogen gas, followed by oxygen plasma treatment for 10 min.
The PNBS polymer solution (8 mg mL ' in 1,2-dichloro-
benzene) was then drop cast on top of the glass slides in air.
The films were doped by a (N-DMBI), solution (of the desired
concentration, also in air) in n-butyl acetate, then spun at
800 rpm for 30 s to remove excess solvent, again in air. Soaking
the substrate for longer periods of time (1 min, 2 min and
5 min) did not show an impact on conductivity. The same
procedure was used for N-DMBI-H and (RuCp*Mes),.

UV-vis-NIR absorption data were acquired on a Cary 5000
instrument for both the solid and solution spectra. GIXRD data
were acquired on Panalytical Emperyan XRD instrument with a
1.54 A Cu Ko (/. = 1.5406 A) source, and by setting the o offset
to w = 0.003° in order to fix the penetration depth across
measured samples.

Atomic force microscopy (AFM) height images were collected
on a Bruker Dimension Icon, with RTESP-150 probes operating
in standard tapping mode just below 150 kHz. The scanning
rate was fixed to 0.25 Hz across the samples.

DC electrical conductivity and temperature dependent
electrical conductivity measurements were performed on a
custom-built setup thoroughly described elsewhere.*® Briefly, thin

This journal is © The Royal Society of Chemistry 2020
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films were cut into ca. 1 cm”® samples and four Platinum contact
pads were deposited in a van der Pauw geometry using a custom-
built sputtering chamber and shadow mask. Films were then
doped with 250 pL of the appropriate dopant solution and
permitted to soak for 1 min before excess solvent and dopant
were removed via spinning at ca. 800 rpm for 30 s. One film was
doped at a time and then immediately measured to mitigate
any effects on measured electrical properties of de-doping
through reaction with atmospheric oxygen or water.
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