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Abstract

Two-dimensional polymers (2DPs) are promising as structurally well-defined, permanently porous,
organic semiconductors. However, 2DPs are nearly always isolated as closed shell organic species
with limited charge carriers, which leads to low bulk conductivities. Here, we enhance the bulk
conductivity of two naphthalene diimide (NDI)-containing 2DP semiconductors by controllably n-
doping the NDI units using cobaltocene (CoCp,). Optical and transient microwave spectroscopy
reveals that both as-prepared NDI-containing 2DPs are semiconducting with sub-2 eV optical
bandgaps and photoexcited charge-carrier lifetimes of tens of nanoseconds. Following reduction
with CoCp,, both 2DPs largely retain their periodic structures and exhibit optical and electron-spin
resonance spectroscopic features consistent with the presence of NDI-radical anions. While the
native NDI-based 2DPs are electronically insulating, maximum bulk conductivities of >10*S$ cm™ are
achieved by substoichiometric levels of n-doping. Density functional theory calculations show that
the strongest electronic couplings in these 2DPs exist in the out-of-plane (m-stacking)
crystallographic directions, which indicates that cross-plane electronic transport through NDI stacks
is primarily responsible for the observed electronic conductivity. Taken together, this study
underlines that controlled molecular doping is a useful approach to access structurally well-defined,
paramagnetic, 2DP n-type semiconductors with measurable bulk electronic conductivities of interest

for electronic or spintronic devices.

S2
This article is protected by copyright. All rights reserved.

The published version of the article is available from the relevant publisher.



Accepted Article

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.

Manuscript

Two-dimensional polymers (2DPs) are macromolecular sheets that combine permanent porosity
with long-range order.™’ This periodicity enables the deterministic placement of chemical
functionality in porous organic materials. This structural regularity, in principle, can lead to tailored
emergent electronic and magnetic phenomena that are of interest for electronic and spintronic
devices.™ >3 For example, computational and spectroscopic investigations have exposed that long-

lived charge-separated states exist in some semiconducting 2DPs.t” 3 4 °

However, the
experimentally measured electronic conductivities of 2DPs are low, which have historically limited
fundamental investigations and the use of 2DPs in some applications. Low conductivities are
expected for most high-quality 2DPs, as a low number of free charge carriers is expected in closed
shell organic systems with bandgaps >1 eV. Even when free charge carriers can be deliberately
introduced through doping, many 2DPs exhibit low conductivities, likely attributable to the poor
conjugation afforded by many 2D polymerization chemistries and/or the high densities of trap states
in defect-prone materials. Addressing the long-standing challenge of developing highly conductive
2DPs that are porous, structurally precise, organic semiconductors is of potential interest for many

devices including chemical sensors,® optoelectronics,”” spin-valves,® and thermoelectrics.”

Electrical doping with molecular redox agents can be used to increase conductivity by chemical
oxidation (p-doping) or reduction (n-doping) both through increasing the number of charge carriers
and increasing the mobility of charge carriers by filling trap states.'> ™! Despite the development of
molecular doping techniques for organic molecules and linear polymers, doping of 2DPs has not
been extensively investigated.™™ ** ** Currently, experimental 2DP doping efforts have focused on p-
type doping,"™* primarily using 1, vapor as an oxidant,”™ a method which provides little control over
the number of free carriers introduced into these materials.™ ® Here, we explore controlled
n-doping using cobaltocene that is introduced in well-defined stoichiometric amounts and
undergoes an exergonic redox process with semiconducting 2DPs (Figure 1). This controlled n-
doping enables an unprecedented systematic investigation of 2DP electronic and magnetic

properties at precise carrier densities.
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Figure 1. Synthesis of redox-active NDI-containing 2DPs followed by doping with defined stoichiometric amounts of
molecular CoCp, (n-doping). The arrow from 0 to 1 equiv signifies the ability to systematically tune the amounts of NDI

radical anions within the 2DP by changing the added amount of CoCp,.
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We synthesized two semiconducting 2DPs that contain naphthalene diimide (NDI) moieties and then
n-doped them in defined stoichiometric amounts using cobaltocene (CoCp,) (Figure 1). CoCp; is only
capable of singly reducing NDI-species within the polymer to NDI-radical anions (NDI"), thus
producing paramagnetic n-doped 2DPs. One critical feature is that both 2DPs retain their crystallinity
after doping, thus yielding structurally defined, organic semiconductors with well-controlled

numbers of charge carriers. Maximum electronic conductivities of >10* S cm™ are observed at
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substoichiometric doping levels.”! Although m-bridges were incorporated between adjacent NDI
units to promote in-plane coupling, in keeping with the prevalent design paradigm for electronically
active 2DPs to-date, computational and experimental studies suggest that electronic coupling is
stronger, and thus electronic conductivity is larger, in the inter-plane m-stacking direction.™ These
conductivities are observed despite appreciable in-plane conjugation, which has been the prevalent
design focus for electronically active 2DPs to-date. Taken together, controlled molecular doping is
shown to be a powerful strategy to access paramagnetic 2DP semiconductors, which are of interest

for organic electronic and spintronic devices.
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Figure 2. Chemical and structural characterization of undoped and n-doped 2DPs. A) Synchrotron X-
ray diffraction of both as-synthesized undoped and fully doped (1 equiv CoCp, per NDI) NDI-based
2DPs. B) N, sorption isotherms for TAPPy-NDI (top) and TAPB-NDI (bottom). C) High-resolution
transmission electron micrograph of TAPPy-NDI (top) and TAPB-NDI (bottom) with a Fourier-
transform of a particular region (white box insets in Figure 2C, top right) and a band-pass filtered
image of that region (bottom right). D) Fourier-transform infrared spectra of 2DPs variably doped
with CoCp,. E) Continuous-wave electron paramagnetic resonance spectra of pristine and variably

doped NDI-based 2DPs.

NDI was chosen as the electron acceptor for our studies because its well-defined reduction

potentials are accessible by many molecular reductants, as well as being suitable for many organic
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semiconductor applications, leading to its extensive exploration in devices.™ We have recently
reported two-imine linked 2DPs based on a 3,7-di(4-formylphenyl)-functionalized NDI (NDI-DA) with
different topologies; the condensation product of NDI-DA with 1,3,6,8-tetrakis(4-
aminophenyl)pyrene (TAPPy, Error! Reference source not found.) under acetic acid-catalyzed
conditions has a tetragonal lattice — TAPPy-NDI — and was reported as an example in a study of
synthesis and isolation  methodology,”  while the product of NDI-DA and
1,3,5-tris(4-aminophenyl)benzene (TAPB, Error! Reference source not found.) has a hexagonal
lattice — TAPB-NDI —and was studied as a lithium-ion battery material.”” Both of these NDI-
containing materials are suitable for n-doping studies and were resynthesized as high-quality
polycrystalline powders using slightly modified conditions (Error! Reference source not found. and
Error! Reference source not found.). Synchrotron X-ray diffraction (XRD) patterns collected at 13.3
keV (0.93 A) of both TAPB-NDI and TAPPy-NDI powders have many sharp higher-order diffraction
features (Figure 2A). The Pawley refined unit cells of the expected hexagonal TAPB-NDI lattice and
tetragonal TAPPy-NDI lattice were found to match well with the respective experimental powder
diffraction patterns.m] When finite grain size feature broadening of the powder X-ray diffraction was
considered, the average in-plane crystallographic length of both 2DPs was determined to be
approximately 100 nm, consistent with current reports of high-quality 2DP powders.”® Both 2DPs
exhibited type IV N, isotherms with negligible hysteresis and high surface areas, which are
representative of high quality materials. Brunauer-Emmet-Teller surface area analysis performed on
these isotherms vyield surface areas of 1500 m? g™ and 1200 m* g™ for TAPB-NDI and TAPPy-NDI,
respectively (Figure 2B). From these N, isotherms, sharp pore size distributions centered at 2.9 nm
and 3.4 nm were extracted for TAPB-NDI and TAPPy-NDI, both of which are consistent with their
Pawley refined pore-structures. Transmission electron microscopy (TEM) images of both 2DPs
corroborate that these powders are isolated as crystalline sheets with lateral dimensions of 100 nm
(Figure 2C and Error! Reference source not found.-Error! Reference source not found.). Two-
dimensional Fourier-transforms and band-pass filtered images of the TEM images are used to
determine that hexagonally and tetragonally symmetric networks are isolated for TAPB-NDI and
TAPPy-NDI, respectively (Figure 2C insets). Following polymerization and isolation, Fourier-transform
infrared (FT-IR) spectroscopy exposed the emergence of the expected imine stretching frequency at
1670 cm™ (Figure 2D). The amine (3000 cm™) and aldehyde (1710 cm™) FT-IR signals were reduced
upon polymerization, which is consistent with the formation of imine bonds (Error! Reference source
not found. and Error! Reference source not found.).[24] These measurements unambiguously
demonstrate that both TAPB-NDI and TAPPy-NDI are prepared as highly crystalline powders with

minimal unreacted functionalities.
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Cobaltocene (CoCp,) was used to singly reduce the incorporated NDI units to introduce unpaired
electrons into both networks. Redox potentials evaluated by cyclic voltammetry (Figure S50) reveal
that NDI units within the 2DP have a redox potentials similar to molecular NDIs, which suggests that
complete one electron reduction to the radical anion (NDI") by CoCp, (-1.3 V vs. FeCp,)* is
expected. Both 2DPs were n-doped by immersing a known amount of polycrystalline powder into
CoCp, THF solutions for at least 16 h under a N, atmosphere (Error! Reference source not found.).
The 2DPs were then recovered by filtration, rinsed with deoxygenated THF, and characterized, all
under an inert atmosphere. After introducing controlled substoichiometric amounts of CoCp,, we
observe an immediate and pronounced darkening of both NDI-based 2DPs. As both 2DPs are doped
with increasing amounts of CoCp,, a feature at 1720 cm™ disappears and a feature at 1620 cm™
appears, both of which are consistent with reduction of NDI to NDI* (Figure 2D and Error!
Reference source not found.). Double reduction NDI subunits to NDI* (-1.6 V vs. FeCp,) by CoCp, is

unexpected based on the redox potentials of molecular NDIs,** !

which is consistent with cyclic
voltammetry measurements of NDI-containing frameworks and the observation that infrared
spectra of frameworks that had 2 equiv. of CoCp, added are indistinguishable from those to which 1

equiv of CoCp, are added.

Prior to doping with CoCp, both 2DPs give no signal when examined using continuous-wave electron
paramagnetic resonance (CW-EPR) spectroscopy, as is expected for closed shell diamagnetic organic

polymers. After doping both 2DPs with any amount of CoCp,, a pronounced CW-EPR signal was
observed. Simulation of the spectra with the Hamiltonian, H = JisolsSH, yields values of 2.0042 +

0.0001 for gi, for both TAPPY-NDI and TAPB-NDI. The simulation matches well with the
experimental data and the g, tensors are consistent with NDI-centered radicals (Figure 2E and
Figures S41-47). The semi-quantitative CW-EPR intensity of this feature is found to linearly increase
with the quantity of CoCp, used until high doping levels, after which spin-spin interactions decrease
the measured EPR intensity (Figure S48 and Figure S49). Taken together, these results establish that

NDIs within the 2DP can be singly reduced by exposure to controlled amounts of CoCp,.

After complete reduction (1.0 equiv CoCp,), the X-ray diffraction patterns of both 2DPs change only
slightly (Figure 2A), which indicates that the lattice is not substantially perturbed by the presence of
embedded NDI'™ radical anions or the CoCp," counterions, which are presumably located in the
channels and along the periphery of 2DP crystallites. However, minor shifts of the in-plane
diffraction feature (0.1 A< Q Space <0.5 A™) to lower scattering vector and the out-of-plane

diffraction feature (1.5 A< Q Space <2.5 A) to higher scattering vector are observed. This suggests
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that to accommodate the charges, counterions, and changes in bond length produced upon doping,
the lattice becomes slightly more planar with tighter interlayer packing. These results demonstrate
that NDI-based 2DPs with variable numbers of electronic carriers and paramagnetic centers can be

produced through exposure to CoCp,.
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Figure 3. Optical characterization of monomers, model compounds, pristine 2DPs, and doped 2DPs
and electronic structure of pristine 2DPs. A) Diffuse-reflectance ultraviolet-visible-near-IR
spectroscopy of monomers, model compound, pristine NDI-containing 2DPs, and fully doped (1.0

equiv. CoCp, per NDI) NDI-containing 2DPs. The discontinuities in the spectra at 1.4 eV are due to a

Accepted Article

detector change-over within the instrument. B) Diffuse-reflectance ultraviolet-visible-near-IR
spectroscopy during temporal evolution of fully doped NDI-containing 2DPs to entirely undoped
upon exposure to air. C) Time-resolved flash-photolysis microwave conductivity of both pristine NDI-
containing 2DPs and their charge-carrier lifetimes, inset text shows the excitation wavelength and
the average amplitude-weighted lifetime, <t>. D) Electronic band structures calculated at the PBEQ
density functional theory level for pristine multilayer TAPPy-NDI and E. TAPB-NDI (valence bands in
blue; conduction bands in red).
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Both NDI-based 2DPs were found to have moderate energy optical transitions (<2 eV) in their
undoped and doped states. Tauc analysis,? which is performed by extrapolating the linear region of
absorbance to the abscissa, of diffuse-reflectance ultraviolet-visible (DR-UVVis) spectroscopy
showed that powders of the NDI-DA, TAPB, and TAPPy monomers all have optical transitions above
2.25 eV, which likely originate from isolated molecular electronic transitions (and not infinitely
delocalized electronic bands) (Figure 3A and Figure S29. By condensing NDI-DA with 4-tert-
butylaniline, we determined that imine formation shifted the absorption edge of NDI-DA by 0.30 eV,
consistent with both enhanced conjugation and charge-transfer behavior across an aromatic imine.
However, 2D polymerization produced pronounced electronic shifts (>0.6 eV) to vyield optical
transitions of 1.8 eV and 1.3 eV for TAPB-NDI and TAPPy-NDI (Figure 3A, Error! Reference source not
found.). The electronic structure of pristine TAPPy-NDI was also confirmed by ultraviolet and inverse
photoelectron spectroscopy (UPS and IPES), which showed a single-particle gap of 1.57 eV for this
material (Error! Reference source not found.). Electrostatic charging precluded this analysis for
TAPB-NDI. These spectroscopic characterizations demonstrate that more electronically delocalized
structures, likely in the cross-plane direction vide infra, are produced during polymerization of NDIs

into a layered 2D polymer.

Flash-photolysis time-resolved microwave conductivity (fp-TRMC) measurements indicate that both
2DPs are intrinsically semiconducting and exhibit long-lived free charge carriers. By exciting undoped
2DPs with a laser pulse and then monitoring the 9GHz microwave absorption of photoinduced
charge carriers, the product of charge carrier yield (¢) and the sum of their mobilities (21 = fheectron +
Hnole) Can be extracted (denoted as @2y, Error! Reference source not found. and Supporting
Information Section J). Additionally, by monitoring the transient microwave absorption, the
lifetimes of photoinduced charge carriers can be extracted in a contactless manner. When excited at
2.76 eV (450 nm) and 2.07 eV (600 nm), TAPPy-NDI and TAPB-NDI both showed appreciable
photoconductivity with @Xu values of ca. 5 x 10° cm?V''s™ (Figure 3C). When excited at 1.55 eV (800
nm), only the TAPPy-NDI exhibited a measurable photoconductivity (¢Zu of ca. 5 x 10° cm?V''s™,
Error! Reference source not found.29, Figure S30, and Tables S2-S3), consistent with the lower
energy optical bandgap of TAPPy-NDI assessed by DR-UVVis. Global biexponential fp-TRMC
transients for both 2DPs at all photon energies are characterized by a short time component (t4, ca.
4 - 12 ns) over which a large reduction in free carrier population occurs and a longer one (t,, ca. 290
- 400 ns) characteristic of the charges that remain. Compared to the global biexponential fit
parameters for TAPB-NDI, TAPPy-NDI generally showed a slightly smaller T, lifetime component (by
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~40%) at 2.07 and 2.76 eV. In contrast, TAPPy-NDI’s T, was larger than TAPB-NDI’s by ~100 ns at each
photon energy (Figure 3C and Error! Reference source not found.). For both 2DPs, 1; and 1,
decreased with decreasing photon energy with t; generally becoming more heavily weighted;
suggesting that the fast dynamics increasingly dominate our fp-TRMC transients with lower energy
excitation (Error! Reference source not found.). Although various factors could explain the
biexponential nature of these transients, the dynamics are consistent with sizeable trapping rate
constants for either electrons or holes that quickly (€12 ns) fill trap states with complementary
longer-lived charge carriers (ca. 290 - 400 ns).””! This is consistent with TEM images that reveal ill-
defined 2DP particles indicative of structural defects that may introduce potential trap states. The
photoconductivity of these NDI-based 2DPs is substantially different from its monomer species,
highlighting how periodic arrays of chromophores can facilitate charge transport (See Supporting
Information Section J). Overall, fp-TRMC measurements suggest that both NDI-based 2DPs are

intrinsic semiconductors.

To gain insight into the electronic structure of the NDI-containing 2DPs, we performed
electronic-structure calculations using density functional theory (DFT) (see Supporting Information
Section K for the details of the DFT computational methodology). Briefly, the bulk crystal structures
were optimized at the PBE level with the D3 van der Waals (vdW) dispersion corrections (Error!
Reference source not found.); the band structures were then calculated using the PBEO functional.
The conduction band edges of both 2DPs (Figure 3D and 3E) are dispersionless along the in-plane
directions owing to poor in-plane conjugation from the large dihedral angles between the NDI
moieties and the TAPPy or TAPB moieties. Along the out-of-plane directions (I-Z), there appears a
weak dispersion in the lowest conduction band, 0.05 and 0.07 eV for TAPPy-NDI and TAPB-NDI,
respectively, which is indicative of a weak electronic coupling among NDI fragments due to n-it
stacking. This small dispersion implies that both NDI 2DPs are expected to exhibit hopping-type
transport between localized redox sites in the out-of-plane direction. The calculations point to direct
bandgaps (Ecg — Evs) of 1.1 eV and 1.9 eV for TAPPy-NDI (Figure 3D) and TAPB-NDI (Figure 3E),
respectively, both of which are qualitatively consistent with the optical absorption and fp-TRMC
measurements. 1 To further characterize the inter-layer vs. intra-layer effects on the 2DP electronic
structure, we also calculated the electronic band structure for monolayers of TAPB-NDI and TAPPy-
NDI (Error! Reference source not found.-Error! Reference source not found.). In the absence of
multilayer stacking, the bottom conduction (and top valence) bands are entirely flat and larger band
gaps are obtained, which confirms that the intra-layer coupling among NDI units is vanishingly small.
Therefore, ordered interlayer stacking is necessary to achieve significant electronic conductivities in

these NDI-based 2DPs. In order to describe the nature of the optical gaps in the two NDI-based 2DPs,
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we analyzed the projected densities of states (PDOS) and simulated the optical absorption spectra
(Error! Reference source not found.). The weak and broad absorption peaks in both 2DPs display a
charge-transfer character, associated with a transition from the top valence bands, dominated by
contributions from the TAPPy/TAPB cores, to the bottom conduction bands, dominated by

contributions from the NDI linkers.

When fully doped (1.0 equiv CoCp, per NDI) TAPB-NDI and TAPPy-NDI exhibit the emergence of 1.25
eV and 1.15 eV optical transitions, respectively, both of which are consistent with the presence of
NDI*™ subunits observed by electron paramagnetic resonance spectroscopy.[29]'[3°] When exposed to
air, NDI"” is known to oxidize back to its native state (NDI),"** which we observed over the course of
one hour for NDI'"-containing frameworks using FT-IR spectroscopy (Error! Reference source not
found.-Error! Reference source not found.). Therefore, continually collecting DR-UVVis spectra of a
fully doped 2DP sample while the sample is exposed to air allows us to examine many intermediate
doped states within a single experiment. As both 2DPs are exposed to air, we find that the optical
absorption features associated with the NDI"™ state gradually decrease. Similarly, the FT-IR spectra
and XRD patterns of doped NDI-containing 2DPs following oxidation are indistinguishable from those
of the pristine material. These findings suggest that NDI""-containing 2DPs have low energy optical
transitions and can be chemically reduced and then re-oxidized without significant chemical or
structural degradation. The combination of theoretical calculations and static- and transient-optical
spectroscopies motivated us to interrogate the bulk electronic conductivity of n-doped 2DP

semiconductors.
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Figure 4. Conductivity measurements of controllably doped NDI-containing 2DPs. A) Current-voltage
measurements of variably doped TAPPy-NDI (top) and TAPB-NDI (bottom) and B) extracted
conductivities from A. C) Temperature-dependent conductivity of TAPPy-NDI (0.5 equiv CoCp,, top)
and of TAPB-NDI (1.0 equiv CoCp,, bottom).

Two-probe pressed pellet conductivity measurements show that both 2DPs become several orders-
of-magnitude more conductive upon doping. To measure the room-temperature bulk electronic
conductivity of NDI-based 2DPs, powders were gently pressed between two copper rods in a
nitrogen atmosphere and current was measured as a function of applied bias, with several voltage
sweeps in both polarization directions (Figure 4A and Error! Reference source not found.). In all
cases, no hysteresis was observed, which led us to treat these pressed pellets as idealized Ohmic
resistors (Error! Reference source not found.). From this analysis, undoped TAPB-NDI and TAPPy-
NDI are both found to be insulating with conductivities of <10° S cm™, which is consistent with
expectations of chemically pure intrinsic semiconductors with greater than 1 eV bandgaps at room
temperature (Figure 4A-B). The electronic conductivities gradually increased to a maximum of 6 x
10*S cm™ for TAPPy-NDI and 7 x 10 S cm™ for TAPB-NDI as charge-carriers are contributed by
chemical reduction (Figure 4A-B). This order-of-magnitude difference in conductivity is qualitatively
consistent with DFT calculation and spectroscopic measurements that show more delocalized
character and longer lived charge-carriers, consistent with larger relative carrier mobilities, in TAPPy-
NDI. In both cases, maximum conductivity is observed at substoichiometric cobaltocene doping, with
TAPB-NDI having an optimal doping of 0.33 equiv CoCp, and TAPPy-NDI having an optimal doping of
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0.50 equiv CoCp,, which likely reflects a balancing of charge carrier density and open hopping sites
that is commonly observed in semiconducting polymers. This finding highlights another advantage of
controlled stoichiometric doping, for which optimal charge carrier concentrations can be reliably

targeted.

Variable-temperature conductivity experiments indicate a thermally activated process. As the
temperature is decreased by 100 K, the electronic conductivity of both doped 2DPs decreases over 5
orders-of-magnitude (Figure 4C) following an Arrhenius relationship with temperature (Error!
Reference source not found., again consistent with a hopping mechanism, which is frequently
observed when redox-active sites within weakly dispersive bands are held in close proximity, such as

the van der Waals contact in the macromolecular sheets studied here.™™®

However, more
mechanistic analysis is necessary to definitively determine the charge-transport pathways that lead

to the temperature-enhanced electronic conductivities observed here.

The maximum conductivities demonstrated at these substoichiometric doping levels are comparable
with those obtained in many studies of doped linear NDI polymers, although falling short of the
highest values reported for NDI-containing polymers.®” However, they are substantially lower than
the highest conductivity values reported for the most developed p- (>10* S cm™)™** 32 and n-doped
(>90 S cm ™) B4 organic materials. The low density of electronically active NDI-sites, their weak
electronic couplings, and the substantial porosity of the 2DPs reported here explain, at least in part,
this difference in electronic conductivity. However, there exists substantial design potential to
enhance the subunit electronic coupling either in-plane or out-of-plane, both of which would
increase the bulk electronic conductivity of 2DPs. Specifically, this report demonstrates that
moderate electronic conductivities, comparable to those in similar linear polymers, can be realized
by intimate van der Waals contact, which can likely be systematically engineered in macromolecular
sheets. Finally, the isotropic bulk conductivities reported here are likely diminished by the pressed
pellet sample geometry, which are limited by the least conductive crystallographic direction and are
significantly deteriorated due to interfacial resistance at the electrodes and particle boundaries.
Therefore, it is conceivable that intrinsic intracrystallite transport may be significantly higher than
the bulk values observed here. To address these limitations, future studies should aim to improve
2DP molecular design and better control 2DP morphology (e.g. synthesis as highly crystalline and

oriented thin films), both of which are expected to enhance bulk conductivities.

This report demonstrates that paramagnetic, semiconducting 2DPs with meaningful electronic
transport can be accessed by controlled molecular doping. More importantly, this approach enables

the systematic investigation of paramagnetic and electronic behavior in covalently linked crystalline
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organic systems at controlled carrier densities, which is critical for the advancement of electronic
2DP design. As such, controlled molecular doping of 2DPs is a promising strategy that will
undoubtedly inspire future investigations of other chemically and topologically distinct redox-active

2DPs and their associated electronic and spintronic devices.

Methods

General 2DP doping procedure: polycrystalline powders (typically 25-50 mg) were preweighed into
prelabeled vials under a N, atmosphere. Then, separately, a CoCp, solution was prepared at a known
concentration in anhydrous THF (See Error! Reference source not found. below for representative
calculation details). Then, a volume of this molecular dopant solution was added to the powders in
amounts to target the desired doping ratio. Nearly immediately the undoped powders were found to
transform from a light yellow orange to a dark burgundy. 2DP powders then sat undisturbed within
the dopant solution for at least 16 h. These solutions were then filtered and rinsed extensively (50
mL) with clean solvent THF.

Synchrotron X-ray Diffraction. Synchrotron powder X-ray diffraction was collected at either Sector 5
or 12 of the Advanced Photon Source, Argonne National Lab. All two-dimensional frames were
collected in a transmission geometry then summed and radially integrated to produce a linear PXRD
pattern using proprietary software available at the APS. The sample-to-detector distance was
adjusted to measure across relevant detection ranges of q. Scattering intensity is reported as a
function of the modulus of the scattering vector Q, related to the scattering angle 26 by the
equation Q = (41/A) sin 8, where A is the x-ray wavelength.

Two-probe pressed pellet measurements: Powders were loaded into a hollowed glass rod. The
powders were finger tightened between the rods and the two copper bars were then equipped to a
potentiostat. We ran several potential sweeps in both bias directions to check for hysteretic
behavior. In all cases, we observed no hysteresis, which led us to consider these materials as
idealized Ohmic resistors. At the end of the experiment, we measured the length of the pressed
pellet using dial calipers by measuring the difference of the full assembly with and without the
powders. This distance, with the obtained IV curves, was used to evaluate the Ohmic resistance.

Electron paramagnetic resonance measurements: Continuous wave electron paramagnetic
resonance (CW-EPR) spectra were acquired using a Bruker ELEXYS E500 spectrometer operating at X-
band (9.4 GHz) frequencies with an Oxford ESR900 He flow cryostat with an ITC-5025 temperature
controller and a Bruker High QE (HQE) cavity resonator (ER 4122SHQE).
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Figures and Captions
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Figure 1. Synthesis of redox-active NDI-containing 2DPs followed by doping with defined stoichiometric amounts of
molecular CoCp, (n-doping). The arrow from 0 to 1 equiv signifies the ability to systematically tune the amounts of NDI

radical anions within the 2DP by amount of CoCp, added.
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Figure 2. Chemical and structural characterization of undoped and n-doped 2DPs. A) Synchrotron X-
ray diffraction of both as-synthesized undoped and fully doped (1 equiv CoCp, per NDI) NDI-based
2DPs. B) N, sorption isotherms for TAPPy-NDI (top) and TAPB-NDI (bottom). C) High-resolution
transmission electron micrograph of TAPPy-NDI (top) and TAPB-NDI (bottom) with a Fourier-
transform of a particular region (white box in Figure 2C, top right) and a band-pass filtered image of
that region (bottom right).D) Fourier-transform infrared spectra of 2DPs variably doped with CoCp,.
E) Continuous-wave electron paramagnetic resonance spectra of pristine and variably doped NDI-

based 2DPs.
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Figure 3. Optical characterization of monomers, model compounds, pristine 2DPs, and doped 2DPs
and electronic structure of pristine 2DPs. A) Diffuse-reflectance ultraviolet-visible-near-IR
spectroscopy of monomers, model compound, pristine NDI-containing 2DPs, and fully doped (1.0
equiv. CoCp, per NDI) NDI-containing 2DPs. The discontinuities in the spectra ~1.4 eV are due to a
detector change-over within the instrument. B) Diffuse-reflectance ultraviolet-visible-near-IR
spectroscopy during temporal evolution of fully doped NDI-containing 2DPs to entirely undoped
upon exposure to air. C) Time-resolved flash-photolysis microwave conductivity of both pristine NDI-
containing 2DPs and their charge-carrier lifetimes, inset text shows the excitation wavelength and
the amplitude-weighted lifetime, <t>. D) Electronic band structures calculated at the PBEO density
functional theory level for pristine multilayer TAPPy-NDI and E. TAPB-NDI (valence bands in blue;
conduction bands in red).
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Figure 4. Conductivity measurements of controllably doped NDI-containing 2DPs. A) Current-voltage
measurements of variably doped TAPPy-NDI (top) and TAPB-NDI (bottom) and B) extracted
conductivities from A. C) Temperature-dependent conductivity of TAPPy-NDI (0.5 equiv CoCp,, top)
and of TAPB-NDI (1.0 equiv CoCp,, bottom).

Accepted Article

S21
This article is protected by copyright. All rights reserved.

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



Table of Contents

TOC Text: The bulk conductivity of naphthalene diimide-based two-dimensional polymers is
increased by controlled stoichiometric n-doping with cobaltocene. Following single-electron
reduction, these 2DPs retain their periodic structure and become paramagnetic. Substoichiometric
doping leads to the highest bulk electronic conductivities, which is found to proceed through a
hopping-mechanism.

Keywords: Two-dimensional polymers, controlled n-doping, organic semiconductors

Primary Keyword: Two-dimensional polymer doping

Austin M. Evans, Kelsey A. Collins, Sangni Xun, Taylor G. Allen, Samik Jhulki, loannina Castano,
Hannah L. Smith, Michael J. Strauss, Alexander K. Oanta, Lujia Liu, Lei Sun, Obadiah G. Reid, Gjergji
Sini, Danilo Puggioni, James M. Rondinelli, Tijana Rajh, Nathan C. Gianneschi, Antoine Kahn, Danna E.
Freedman, Hong Li, Stephen Barlow, Garry Rumbles’, Jean-Luc Brédas, Seth R. Marder, William R.
Dichtel’

Controlled n-Doping of Naphthalene Diimide-Based Two-Dimensional Polymers

Controlled
n-doping

Accepted Article

S22
This article is protected by copyright. All rights reserved.

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



	Abstract
	Manuscript
	Methods
	Acknowledgements
	References



