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ABSTRACT: Electron transport is critical to the use of n-type semiconducting
polymers in diverse electronic and optoelectronic devices. Herein, we combine
measurements of field-effect electron mobility and bulk electron mobility with thin-film
microstructure characterization to elucidate the polymer chain length dependence of
electron transport in n-type semiconducting polymers, exemplified by a naphthalene
diimide-biselenophene copolymer, PNDIBS. Both bulk electron mobility measured by
the space—charge limited current method and field-effect electron mobility of PNDIBS
and other n-type semiconducting copolymers exhibit a peak at a critical degree of
polymerization (DP_) of 45—60 repeat units. The decreased electron mobility below i
DP, is shown to originate from reduced intercrystallite connectivity while above DP,, oP
intrachain twisting/folding, interchain entanglements, and intracrystallite limitations
dominate electron transport. These findings provide a unified picture of the effects of
polymer molecular weight on electron transport in naphthalene diimide-based polymers and offer a more quantitative design rule for
high-mobility n-type polymers with donor—acceptor architecture.

Electron mobility, p

c

Degree of Polymerization, DP

Bl INTRODUCTION saturated value at a critical degree of polymerization (DP_) and
then levels off rather than continuously increase with
increasing DP. In particular, the hole mobility was found to
depend on intercrystallite connectivity for DP < DP, and local
lattice disorder for DP > DPC.ZS_28 As a result, the hole

Semiconducting polymers with good charge transport proper-
ties have paved the way for the rise of low-cost thin-film
organic electronic devices, including organic field-effect
transistors (OFETs), ¢ organic light-emitting diodes

(OLEDs) for commercial displays and lighting,” organic solar mobility increases steeply to its maximum value once sufficient
cells (0OSCs),* ™" organic thermoelectrics (OTEs),"*™"® and intercrystallite connectivity is established and levels off since
bioelectronics.)”'® Und erstanding of the structure—property the local lattice disorder remains relatively constant (Figure
relationships in semiconducting polymers has been essential to Sla).

the design and synthesis of new materials with enhanced The synthesis and investigation of the charge transport
properties that advance these device applications.'™"” The properties of n-type semiconducting polymers have generally

charge carrier mobility () of semiconducting polymers, in lagged behind those of p-type conjugated polymers.””
particular, is a key property that has been studied and Nevertheless, high electron mobility (4 > 3 cm?/V s) has

substantially improved over the past two decades, leading to been achieved in some classes of n-type semiconducting
some polymers that now outperform polycrystalline silicon (u polymers.” ~** The most extensively studied n-type semi-
> 10 cm’/V ). conducting polymers have a donor—acceptor architecture®>°

Previous studies have demonstrated that high hole mobility as exemplified by various naphthalene diimide (NDI)-based

can be achieved by increasing the polymer molecular weight
(Figure S1a)**** in p-type semiconducting polymers such as
regioregular poly(3-hexylthiophene) (P3HT) (Figure 1la),
poly(dodecylquarterthiophene) (PQT) (Figure la), and -
poly(2,5-bis(3-alkylthiophen-2-yl)thieno-[3,2b]thiophene) Rec_e“'ed: August 1, 2022 EEvmuus —
(PBTTT) (Figure la). Recent studies of a broad range of Rev‘?ed: September 30, 2022 b
polymer chain lengths in these p-type semiconducting Published: October 18, 2022
polymers*>~>” as well as other p-type polymers with polycyclic

cores such as indacenodithiophene (IDTBT)***” and fluorene

(F8BT)* have shown that the hole mobility reaches a

copolymers.”™>'”*” Although the influences of the polymer
molecular weight on the blend morphology, blend photo-
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Figure 1. (a) Molecular structures of semicrystalline p-type semiconducting polymers (P3HT, PBTTT, and PQT) and weakly ordered n-type
semiconducting polymers (PThNDIThF4, PNDI20OD-T2, and PNDIBS). (b) Degree of polymerization dependence of thermal properties of

PNDIBS.

physics, and photovoltaic properties have been previously
examined,**™** the dependence of electron mobility on
polymer chain length and the physics governing electron
transport in n-type semiconducting polymers remain scarcely
explored.

Previous studies of polymer chain length effects on electron
mobility in n-type conjugated polymers*~* have shown
different and even contradictory results (Figure S1b). For
instance, a study of poly(naphthalene diimide-alt-bithiophene)
(PNDI2OD-T2) (Figure la) showed that shorter polymer
chain lengths facilitate improved electron mobility (Figure
S1b) due to enhanced crystallinity.”* However, this study did
not specify whether the molecular weight was number-average
or weight-average and how the molecular weight was
characterized (solvent and temperature).** Additionally, the
“higher crystallinity leads to higher mobility” rationalization is
in disagreement with the current understanding that the lower
molecular weight conjugated polymer with high degree of
crystallinity exhibits lower carrier mobility due to defined grain
boundaries acting as charge trapping sites.””* A different
study of the same PNDI2OD-T2 polymer has similarly
reported that the polymer with lower molecular weight had
enhanced electron mobility compared to the higher molecular
weight ones (Figure S1b).*® We note that this study has
overlooked the impacts of polydispersity index (PDI), which
increased with increasing polymer molecular weight, where the
PDI of the highest M, sample (PDI = 3.0) was twice that of
the lowest M, sample (PDI = 1.40);" thus, the observed
increasing mobility with decreasing molecular weight might
have been influenced by the lower PDI values. A recent study
has tried to delineate the effects of PDI and M, on the electron
mobility of PNDI2OD-T2 by ensuring relatively narrow
molecular weight distributions (PDI ~1.2 to 1.4) and found
that the electron mobility increases with increasing polymer
molecular weight (Figure S1b) due to the enhanced tie-chain
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fraction.*® However, the PNDI20OD-T? films were processed
by drop-casting and subjected to solvent vapor annealing;*’
thus, even though maximal chain alignment can be achieved,
the observed electron mobility even at the highest molecular
weight is much lower than the previously reported values
(Figure S1b).**~* On the other hand, another study reported
that the electron mobility reached a peak at an optimal chain
length (Figure S1b), which was attributed to an optimal degree
of crystallinity.* Furthermore, comprehensive understanding
of molecular weight dependence of bulk electron transport in
NDI-based n-type semiconducting polymers remains to be
explored. In summary, the results of prior studies of effects of
polymer chain length on electron mobility of n-type semi-
conducting polymers have been contradictory, and the offered
explanations have been unsatisfactory.

In this paper, we report studies of the effects of polymer
chain length DP on the electron transport and thin-film
microstructure of poly(naphthalene diimide-alt-biseleno-
phene) (PNDIBS) (Figure la), a model system for n-type
semiconducting polymers with a donor—acceptor architecture.
The series of PNDIBS samples, prepared via the direct
hetero(arylation) polymerization (DHAP) method, had a
sufficiently broad range of DP from 19 to 117. The field-
effect electron mobility (foppr) wWas measured using organic
field-effect transistors (OFETs), and the bulk electron mobility
(uscLc) was measured via the space—charge limited current
(SCLC) technique. We show that both poper and pgerc of
PNDIBS exhibit a peak at the same range of critical degree of
polymerization (DP.) of 45—60 repeat units. To facilitate
connection of the macroscopic electron transport to the thin-
film microstructure of PNDIBS, we combined atomic force
microscopy (AFM) imaging and 2D grazing incidence wide-
angle X-ray scattering (2D-GIWAXS) analyses to probe thin-
film multiscale polymer packings as a function of the chain
length DP. We found that when DP is less than DP,, the rate-
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limiting step for efficient electron transport is intercrystallite
transport due to insufficient electrical connectivity between
ordered domains. In contrast, when DP is greater than DP,, the
rate-limiting step becomes intrachain, interchain, and intra-
crystallite transport due to backbone twisting, chain entangle-
ments, and randomly distributed local fields acting as electron
traps. Further analyses of paracrystallinity disorder, which is
the local lattice disorder within a crystallite, along the polymer
stacking in the lamellar and 7—7 stacking directions revealed
the physical sources of local lattice disorder to be backbone
twisting, chain folding and entanglement, and random side-
chain conformational disorder. Available literature data on
other NDI-based copolymers were found to also correspond to
this unified picture of electron transport physics of this class of
n-type semiconducting polymers.

B EXPERIMENTAL METHODS

Materials. The synthesis and characterization of the series of
PNDIBS samples of five different molecular weights, prepared using
the DHAP method, have previously been reported by our groups.*'

Characterization. The number-average (M, ) and weight-average
(M,) molecular weights were determined by size-exclusion
chromatography (SEC) using high-temperature Varian Polymer
Laboratories GPC220 equipped with an RI detector and a PL
BV400 HT Bridge Viscometer. The column set consists of two PL gel
Mixed C (300 X 7.5 mm*) columns and a PL gel Mixed C guard
column. The flow rate was fixed at 1 mL/min using 1,2,4-
trichlorobenzene (TCB) (with 0.0125% w/v butylated hydroxyto-
luene (BHT) as an antioxidant) as the eluent. The temperature of the
system was set at 110 °C. The samples (2 mg) were dissolved in 2 mL
of TCB in S mL chromatography vials and then stirred and heated to
110 °C for 1 h for complete dissolution. Then, the polymer solution is
filtered through a 045 um cellulose fiber film into a 5 mL
chromatography vial to ensure a homogeneous polymeric solution.
The reported molecular weight data are based on polystyrene
standards (Easi-Vials PS-M from Varian Polymer Laboratories)
dissolved in TCB. Differential scanning calorimetry (DSC) analysis
was performed on a TA Instrument Q100 under N, flow by scanning
from —10 to 400 °C at heating and cooling rates of 10 °C/min.

Fabrication and Characterization of OFETs at TAIWAN
TECH. OFET devices were fabricated on highly doped n-type Si(100)
wafers with a 300-nm-thick SiO, layer treated with a n-
octadecyltrimethoxysilane (OTMS) self-assembled monolayer accord-
ing to the reported method.*” Before use, the OTMS monolayer was
rinsed sequentially with toluene, acetone, and isopropyl alcohol and
dried under a N, stream. Static water contact angles of the OTMS
substrates were higher than 105° when measured using an Edmund
Scientific goniometer. The solutions (5 mg/mL) of the polymer
semiconductor for transistor devices were prepared by dissolving the
polymer in chlorobenzene at 80 °C for 30 min and then spin-casted
onto the OTMS-modified Si/SiO, substrates with controlled
thickness at ~40 nm. The as-prepared thin films were thermally
annealed at 170 °C for 1 h in a N,-filled glovebox. Top-contact gold
source/drain electrodes (70 nm) were subsequently deposited by
evaporation through a shadow mask with the channel length (L) and
width (W) defined as SO and 1000 um, respectively. The transistor
characteristics were measured using a Keithley 4200 semiconductor
parameter analyzer (Keithley Instruments Inc., Cleveland, OH) in a
N,-filled glovebox at room temperature. The saturation region field-
effect electron mobility, ptoppr, was calculated from the standard FET
relationship

b= (50— )

2L
Fabrication and Characterization of OFETs at the University
of Washington. OFET devices were fabricated on heavily n-doped
silicon (<0.005 Q c¢m; 500 um) with a 300-nm-thick silicon dioxide
layer. The surface of the cleaned substrate was treated with air plasma
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before immersing in octadecyltrichlorosilane (OTS18):Toluene
(1:500, v:v) overnight to form a self-assembled monolayer (SAM).
Afterward, the treated substrates were washed and sonicated in
toluene to remove excess physisorbed OTS-18, and then they were
thermally annealed at 100 °C for 10 min in ambient air. Solutions of
PNDIBS (5—7 mg/mL) were prepared by dissolving the polymer in
chlorobenzene and stirred at 85 °C for at least 1 h inside a N,-filled
glovebox. The PNDIBS solutions were spin-coated onto the OTS-18-
modified Si/SiO, substrates, and the resulting PNDIBS films were
thermally annealed at 170 °C for 1 h in a N -filled glovebox. Source

and drain electrodes were defined by thermal evaporation of gold (60
nm). The channel length (L) and width (W) were 100 and 1000 ym,
respectively. The transistor characteristics were measured using a
Keithley 4200 SCS semiconductor parameter analyzer (Keithley
Instruments Inc., Cleveland, OH) in a N,-filled glovebox at room
temperature. The saturation region field-effect electron mobility,
Uorer, Was calculated from the standard FET relationship (eq 1).

Fabrication and Characterization of SCLC Devices. Current—
voltage (J—V) characteristics of the SCLC devices were measured
using a HP4155A semiconductor parameter analyzer (Yokogawa
Hewlett-Packard, Tokyo). The carrier mobility was deduced by fitting
the J—V curves to the Mott—Gurney equation where J is the current
density, e, is the permittivity of free space, € is the relative
permittivity, pigc;c is the zero-field mobility, V is the voltage, and L is
the thickness of the semiconducting polymer layer

V2

] = —een—

8§ " ()

The SCLC device structure was 1TO/ZnO/PEI/PNDIBS/LiF (1
nm)/Al (100 nm). ZnO and polyethyleneimine (PEI) solutions were
prepared as previously reported.*** The ZnO precursor solution was
spin-coated onto ITO substrates and annealed at 200 °C for 30 min in
ambient air. Afterward, the PEI solution was spin-coated onto the
dried ZnO layer and thermally annealed at 120 °C for 10 min. The
ITO/ZnO/PEI-coated substrates were then transferred to an argon-
filled glovebox to deposit the polymer semiconductor layer. The
PNDIBS film was spin-coated at 1000 rpm for 50 s, followed by
thermal annealing at 110 °C for 10 min inside an argon-filled
glovebox.

AFM Imaging. Atomic force microscopy (AFM) characterization
of the surface morphology of the PNDIBS films was done using a
Bruker Dimension scanning probe microscope (SPM) system. Films
of PNDIBS of different number-average molecular weight values were
spin-coated at 1000 rpm for SO s, followed by thermal annealing at
110 °C for 10 min inside an argon-filled glovebox.

GIWAXS. Grazing incidence X-ray scattering (GIWAXS) experi-
ments were conducted at the Japan Synchrotron Radiation Facility
SPring-8 using the beamlines BL46XU. Thin-film samples of PNDIBS
were spin-coated on the top of glass substrates and annealed at 110
°C for 10 min. The X-ray beam was monochromatized by a double-
crystal Si(111) monochromator, and the X-ray energy in this
experiment was 12.40 keV (4 = 0.1 nm). The angle of incident X-
ray to the sample surface was 0.12° with a Huber diffractometer. The
scattered profile from the film sample was detected using an area
detector (PILATUS 300K) for 1 s at room temperature, and the
distance between the sample and the detector was 175.0 mm. The
crystal coherence length (L.) of samples was determined using the
Scherrer equation: L, = 272K/Aq, where K is a shape factor (typically
0.9) and Agq is the full width at halfmaximum (FWHM) of the
diffraction peak. Here, the L. (100) and L. (010) were, respectively,
obtained from the FWHM of the (100) diffraction peak in the in-
plane (qu) line-cut and the FWHM of the (010) diffraction peak in
the out-of-plane (g,) line-cut.

B RESULTS AND DISCUSSION

Optical and Thermal Properties. Thin-film optical
absorption spectra of PNDIBS of various number-average
molecular weight (M,) values have been previously reported

https://doi.org/10.1021/acs.chemmater.2c02357
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by our group.*”*! Two absorption bands centered at 397—399
and 711-718 nm were observed (Figure S2a), which are
assigned to the #—z* transition and intramolecular charge
transfer (ICT).*' The main effect of M, is a small progressive
blue shift of the ICT band from 718 to 711 nm with increasing
M,, with the exception of the 90 kDa sample, indicating that
the intramolecular charge transfer interaction between the NDI
moiety and the biselenophene moiety is weakened due to
backbone distortion.”’ The slight bathochromic shift in the
ICT band of the 90 kDa films suggests significant chain
aggregation, which might be caused by the slightly higher PDI
value (Table 1) compared to the other polymer samples.

Table 1. Molecular Weight, Optical Properties, and Thermal
Properties of PNDIBS

M, T, T, AHP ASE
(kba) PDI  DP (°C) (°C) 0/g) (107° J/g K)

21 1.7 194 3455 3475 2.09 3.4

55 2.4 50.8 3572 3485 2.49 4.0

66 2.6 60.9  362.8 3482 343 54

90 3.0 831 3631  348.1 2.35 3.7

127 23 1172 3648 3485 2.64 4.1

“DP = M,/M, where M is the molecular weight of a repeat unit. bAH;
calculated from the differential scanning calorimetry (DSC) traces of
the second cooling cycle. “AS; calculated from AS; = AH{/T,
assuming AG; = 0 for equilibrium.

The polymer chain length dependence of the thermal
properties of PNDIBS, as characterized by differential scanning
calorimetry (DSC) scans (Figure S2b,c), including melting
temperature (T,,), crystallization temperature (T.), enthalpy of
fusion (AHp), and entropy of fusion (AS;), are summarized in
Table 1 and presented in Figure 1b. The T, progressively
increased from 345.5 °C at DP ~ 19 to 364.8 °C at DP ~ 117,
which can be rationalized by increased chain folding and chain
entanglements at the higher DP.*** In contrast, the
crystallization temperature T, remained relatively constant at
around 347.5—348.5 °C for DP varying between 19 and 117
(Table 1). The independence of T, on DP can be explained by
supercooling effects as exemplified by the temperature offset
between the T, and T. (2—16 K) and the vertical lines after
nucleation in the cooling traces (Figure S2c). In this case, the
polymers crystallize rapidly even at a slow cooling rate of 10
°C/min; thus, the T, appeared independent of the DP. The
enthalpy of fusion AHgreached its peak value of 3.43 J/g at DP
~ 60 and subsequently decreased as DP increased further. The
entropy of fusion AS; followed a similar DP dependence as
AHj reaching a maximum at DP ~ 60 (Table 1). Since the
change in entropy of fusion can be expressed as

Asf = Omelt ~ melt In chystal)

Serystal = k(ln Q (3)
where k is the Boltzmann constant and €; is the total possible
microscopic configurations of the polymer chains in state i, the
observed maximum AS; at DP ~ 60 implies that S, and
Q. ya are minimized and thus suggests highly ordered
crystallites that enable efficient intrachain and interchain
packings.

Field-Effect Electron Transport. We characterized the
field-effect electron transport properties of several PNDIBS
samples with different DP values using n-channel organic field-
effect transistor (OFET) devices fabricated and characterized
independently at the University of Science and Technology
(TAIWAN TECH) and the University of Washington (UW).
The TAIWAN TECH devices were fabricated using a bottom-
gate/top-contact architecture with channel dimensions of 50/
1000 pum (L/W), while the UW devices were fabricated using a
bottom-gate/top-contact architecture with channel dimensions
of 100/1000 pm (L/W). The output curves and transfer curves
for the TAIWAN TECH devices are given in Figures S3 and
S4, respectively, while those of the UW devices are presented
in Figures SS and S6. The OFET parameters for all devices are
shown in Table 2. The saturated field-effect electron mobility
(uorer) as a function of DP is presented in Figure 2a. The on/
off current ratio (I,,/I.g) of the devices was generally very high
(>10*-10°) for all of the DP values. The average electron
mobility popgr obtained from the TAIWAN TECH devices
increased from 0.16 cm?/V s at DP ~ 19 to a peak of 0.26
cm?/V s at DP ~ S0 and subsequently decreased to 0.08 cm?/
Vs at DP ~ 117. A similar trend in the poppr as a function of
DP was also observed for the UW devices where pgpgr
increased from 0.034 cm?/V s at DP ~ 19 to a maximum of
0.20 cm?/V s at DP ~ 60 and dropped to 0.07 cm?/V s at DP
~ 117. The slight difference in the absolute pioper values
obtained by the two institutions likely originated from the
subtle differences in device fabrication procedures. Never-
theless, these results suggest that there exists a critical degree of
polymerization (DP_) range between S0 and 60 repeat units
where the field-effect electron mobility is maximized. The
observation of an increase in electron mobility of PNDIBS
with chain length to a peak value followed by decrease past the
DP, regime is interesting and to be contrasted with the known
chain length dependence of the hole transport properties of
classic semicrystalline p-type semiconducting polymers, where
the hgle ggobility does not decrease from its peak value (Figure
Sla). >~

Bulk Electron Transport. Toward a broader under-
standing of the chain length dependence of electron transport
in PNDIBS, we next focused on using the space—charge
limited current (SCLC) method to characterize the bulk
electron transport in the films. Unlike OFET-derived electron

Table 2. Electron Transport Properties of PNDIBS

M, (kDa) Dp Hscrc” (1074 cm?/V s) .“FETb (sz/v s)
21 19.4 1.68 + 0.42 0.034 + 0.006
SS 50.8 3.89 +£ 097 0.15 + 0.03
66 60.9 491 + 0.63 0.20 + 0.06
90 83.1 1.22 + 1.50 0.10 + 0.03
127 117.2 091 + 0.31 0.07 + 0.01

Lon/Tg” v (V) Heer” (em?/V s) Lo/ Log® Ve (V)
>10° 11.7 0.16 + 0.003 >10° 27.6
>10° 14.6 0.26 + 0.05 >10° 29.0
>10° 15.5 0.23 + 0.05 >10° 312
>10* 5.9 0.20 + 0.01 >10° 27.5
>10* 4.3 0.08 + 0.02 >10° 23.9

“Average values were obtained from four different devices. bAverage values were obtained from at least six different devices, which were fabricated
and characterized at the UW. “Average values were obtained from six different devices, which were fabricated and characterized at TATWAN

TECH.
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Figure 2. (a) Dependence of field-effect electron mobility (poppr) on the degree of polymerization of PNDIBS for devices fabricated
independently at TATWAN TECH and at the UW. Error bars represent +standard deviation. (b) Dependence of bulk electron mobility (ugc c) on
the degree of polymerization of PNDIBS. Error bars represent +standard deviation. (c) Normalized (1/f,,,) field-effect electron mobility (filled
symbols) and bulk electron mobility (unfilled symbols) as a function of the degree of polymerization of n-type semiconducting polymers including

. 42,43
our present work and literature data.™

mobility fqpgr, which is sensitive to only a few nanometers of
the semiconductor near the dielectric interface, the SCLC
electron mobility (sgcrc) characterizes the bulk electron
mobility over a few hundred nanometers of the semiconductor
layer sandwiched between the electrodes. Details of the
fabrication and characterization procedures for the electron-
only SCLC devices, ITO/ZnO/PEI/PNDIBS/LiF/Al, are
outlined in the Experimental Methods. The SCLC J—V curves
and the Mott—Gurney equation fit lines are given in Figure S7,
and the average SCLC electron mobility values are
summarized in Table 2. The dependence of the bulk electron
mobility pgcrc on the degree of polymerization is shown in
Figure 2b. The average electron mobility increases monotoni-
cally from 1.68 X 10™* cm®/V s to a peak at 4.91 X 10™* cm*/V
s as the polymer chain elongates from around 20 repeat units
to around 50—60 repeat units beyond which the pgcrc value
steeply decreases to 0.91 X 107* cm?/V s (Table 2). This result
indicates that there is also a critical polymer chain length
region between 50 and 60 repeat units where the bulk electron
mobility is maximized. The fact that both the field-effect
electron mobility and the bulk electron mobility are maximized
at the same DP_ range between 50 and 60 repeat units for
PNDIBS is very significant since this has not been previously
identified in the literature.

To arrive at a more complete understanding of the physics
of electron transport in n-type semiconducting polymers, we
collected a few available literature data on polymer molecular
weight dependence of electron mobility,*”*> where the
conjugated polymers were processed from the common solvent
(chlorobenzene or chloroform) and deposition methods (i.e.,
spin-coating), and the polymer molecular weights were
characterized at high temperature (T > 80 °C). The
normalized electron mobility (u/p,.,,) as a function of the
degree of polymerization DP for the present PNDIBS along
with the literature data for various naphthalene diimide (NDI)-
based conjugated polymers are shown in Figure 2c. It is clear
from the data in Figure 2¢ that the maximum electron mobility
is observed in a narrow range of critical degree of
polymerization of about 45—60 repeat units for all of the
polymers, suggesting generality of the observed dependence of
electron transport on polymer molecular weight beyond
PNDIBS.

The observed peak in the dependence of electron mobility on
DP of n-type semiconducting polymers is in sharp contrast
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with the known chain length dependence of hole mobility of p-
type semiconducting polymers, where the hole mobility
saturates and levels off once interdomain connectivity is
established (Figure Sla). What this difference in DP
dependence suggests is that factors limiting efficient electron
transport in n-type semiconducting polymers are different from
those limiting hole transport in p-type semiconducting
polymers.”> > Furthermore, we note that the different NDI-
based n-type semiconducting polymers, whose electron
transport data in Figure 2c¢ show similar trend, have a
donor—acceptor architecture with very different donor
moieties; this implies that the physics governing multiscale
electron transport is universal across at least this class of n-type
semiconducting polymers. Thus, to elucidate the underlying
mechanisms governing the chain length dependence of
electron transport properties in the class of NDI-based n-
type semiconducting polymers, we sought to understand the
morphology of PNDIBS thin films using AFM and GIWAXS
characterization results presented below.

Surface Morphology. AFM height images of PNDIBS
thin films are shown in Figure S8, and the calculated two-
dimensional fast Fourier transformed (2D-FFT) images are
presented in Figure S9. Thin films of PNDIBS within the DP_
range exhibited highly ordered and elongated fibrillar
structures (Figure S8b,c), whereas films of PNDIBS outside
the DP, range were featureless (Figure S8a,d,e). Moreover, the
root-mean-square surface roughness (Rq) of films within the
DP, range was found to be the smallest (R, = 0.68—0.72 nm),
suggesting a homogeneous and well-connected network of
crystalline domains. Further examination of the orientational
alignment of the fibrils by 2D-FFT images showed that
samples where DP is higher than DP_ exhibited a uniform
radial distribution (Figure S9d,e), indicating that the fibrils are
randomly oriented with no preferential directionality across the
film surfaces.*° In contrast, samples where DP < DP,
showed anisotropic 2D-FFT images (Figure S9a—c), which
suggests strong fiber alignment along certain directions over
several micrometers”>’ and thus very surprising since the
films were prepared by spin-coating and not by any processing
technique that could induce preferential orientation (e.g., blade
coating, solution shearing, or inkjet printing). The presence of
strong fibrillar directionality in the thin-film microstructure of
PNDIBS in the DP, range is expected to be beneficial to the
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Figure 3. Molecular weight dependence of 2D-GIWAXS data for PNDIBS thin films: (a) 2D-GIWAXS patterns; (b, c) 1D line-cuts of GIWAXS
patterns in the in-plane (IP) direction (b) and the out-of-plane (OOP) direction (c).

Table 3. Summary of Lamellar d-Spacing Distance, 7—x Stacking Distance, Crystalline Coherence Length (L.) in the In-Plane
(IP) and Out-of-Plane (OOP) Directions, and the Paracrystallinity Disorder in the Lamellar (g;,,,) and 7z-Stacking Directions
(g:) of PNDIBS Films at Various Number-Average Molecular Weight (M,) Values

M, (kDa) DP d-spacing (A) 7—n distance (A) L. (nm) (100) IP L. (nm) (010) OOP g, (%) (100) IP g, (%) (010) OOP
21 19.4 23.5 3.83 14.0 0.54 15.7 30.9
5SS 50.8 24.7 3.94 114 1.24 17.5 214
66 60.9 24.7 3.96 10.7 1.26 18.2 212
90 83.1 25.3 4.06 9.6 1.36 194 20.6
127 117.2 24.7 4.00 9.3 1.30 19.5 20.9

multiscale electron transport properties as further discussed
below.

Bulk Thin-Film Morphology. Two-dimensional grazing
incidence wide-angle X-ray scattering (2D-GIWAXS) measure-
ments were carried out on thin films of PNDIBS of various
molecular weights. The 2D-GIWAXS images and the 1D line-
cuts for PNDIBS films are presented in Figure 3. The peak
positions are summarized in Table S1, whereas the lamellar
spacings, the 7— stacking distance, the crystalline coherence
length (L.), and the paracrystallinity disorder (g) are presented
in Table 3.

The film of PNDIBS of various molecular weights had an
intense (100) diffraction peak in the in-plane (IP) direction at
qy = 0.25—0.27 A™! (Table S1), which corresponds to varying
lamellar d-spacing of 23.5—25.3 A (Table 3). These lamellar
packing distances in PNDIBS films are significantly shorter
than expected from their alkyl chain lengths, which is indicative
of strong interdigitation of the alkyl side chains between
adjacent polymer backbones.”" Except for the lowest molecular
weight sample (M, = 21 kDa), films of the higher molecular
weight PNDIBS also exhibited higher order diffraction peaks
(h00) in the in-plane direction (Figure 3b). In the out-of-plane
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(OOP) direction, the PNDIBS-21 kDa thin films showed a
distinct (100) peak and a very broad (010) peak at g, of 0.26
and 1.64 A™', respectively, suggesting that the low molecular
weight PNDIBS adopts both edge-on and face-on molecular
orientations. Films of all of the higher molecular weight
PNDIBS samples exhibited a sharp and intense (010)
diffraction peak at gq, 1.55—-1.59 A™' (Table SI)
accompanied by a broad and weak (100) peak in the OOP
direction, which suggests that most of the crystallites were
oriented face-on with respect to the substrates. The 7—x
stacking distances in the PNDIBS thin films of various M,
values are found to be 3.83—4.06 A (Table 3), which are
comparable to previous reports of 7—x stacking distances in
majority of NDI-based semiconducting copolymers.”'

An interesting visualization of how the thin-film micro-
structure evolves as a function of the polymer chain length is
obtained in Figure 4 by displaying the dependence of the
lamellar d-spacing and n—r stacking distance versus the degree
of polymerization DP (Figure 4a). Three distinct regions,
including DP < DP, DP = DP, and DP > DP, can be
identified, each of which represents a specific polymer packing
motif as illustrated in Figure 4b. In region I (DP < DP,), the
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Figure 4. (a) Effects of degree of polymerization on the
intermolecular packing distances in the lamellar direction (d-spacings)
and z-direction (7—7 spacings) and (b) schematic of the solid-state
packings as a function of polymer chain length.

shortest d-spacing and 7—n stacking distances indicate that
these short polymer chains are packed efficiently, featuring
high backbone planarity and improved intermolecular 7—
orbital overlapping.52 In region II (DP = DP.), both the
lamellar distance and the 7—7 stacking distance increase, which
can be seen as consequences of some degree of backbone
twisting. In region III (DP > DP,), further increases in the
lamellar distance and the z-stacking distance are observed,
suggesting significant chain folding, chain entanglements, and
random rotational conformation of the flexible alkyl side
chains. We note that the slightly higher lamellar and 7—n
stacking distance observed in the 90 kDa sample compared to
the 127 kDa sample could be due to increased chain
aggregation as evidenced by the previously discussed bath-
ochromic shift in the optical absorption. Nevertheless, the
proposed microstructural pictures (Figure 4b) are well
corroborated by the optical and thermal properties as well as
the paracrystallinity disorder as discussed below. We also note
that our proposed evolution of thin-film microstructures as a
function of polymer chain length is in good accordance with a
study on diketopyrrolopyrrole (DPP)-based semiconducting
polymers.” Clearly, the observed evolution of intramolecular
and intermolecular packings as a function of chain length can
significantly influence the multiscale electron transport in
PNDIBS films as further discussed below.

The crystalline coherence length (L.) values estimated from
the full width at half-maxima of both the (100) diffraction peak
in the IP direction and the (010) diffraction peak in the OOP
direction are presented in Table 3, while the chain length
dependence of L. values is shown in Figure Sa. The IP
direction L. (100) value is found to monotonically decrease
with increasing degree of polymerization from 14.0 nm at DP
~ 19 to 9.3 nm at DP ~ 117, which means that the crystallite
sizes and the crystallinity progressively decrease as the polymer
chain grows. In addition, the OOP direction L. (010) value
increases with increasing chain length (Figure Sa) from 0.54
nm (DP ~ 19) to 1.24—1.26 nm (DP ~ 60) and to 1.30—1.36
nm (DP > 80). The observed progressive increase in the values
of L. (010) suggests slightly enhanced long-range ordering as
the polymer chain grows.**

The paracrystallinity disorder was also estimated using the
single-peak fit approximation method”>** in both the lamellar
direction (gj,,) and the z-stacking direction (g,) to quantify
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Figure S. (a) Effects of polymer chain length on crystalline coherence
length (L.) and (b) effects of polymer chain length on para-
crystallinity disorder (g).

the degree of intracrystallite disorder. The numerical values of
Zlam and g, are summarized in Table 3, while the relationships
between the degree of polymerization and g values are shown
in Figure Sb. With the exception of the lowest molecular
weight sample (DP ~ 19) where g, is likely to be
overestimated due to the extremely broad (010) diffraction
peak in the OOP direction (Figure 3c), the g, values of the
other samples remain constant at around 21%. This result
implies that the local disorder within a crystallite along the 7-
stacking direction is independent of the polymer chain length.
On the other hand, the g, values are found to gradually
increase with increasing degree of polymerization from around
16% (DP ~ 19) to 18% (DP ~ 60) and to 20% (DP > 80).
This observation suggests that the physical source of local
lattice disorder of n-type semiconducting polymers, which has
remained unclear thus far, lies in chain folding, kinks, and
random side-chain entanglements, which can be worsened at
longer polymer chain lengths. The increasing disorders in the
lamellar direction could significantly disrupt efficient stackings
and render the polymer more amorphous, which further
corroborates the proposed microstructural pictures (Figure 4b)
and is in good agreement with the observed trend in the IP
direction L. (100) values.

Understanding Electron Transport in n-Type Semi-
conducting Polymers. The key experimental observations
on the electron transport properties and the thin-film
morphology of PNDIBS can be summarized as follows: (i)
both the field-effect electron mobility and bulk electron
mobility are found to be concurrently maximized at a critical
range of polymer chain length DP_ of 45—60 repeat units. This
important structure—property relationship finding for NDI-
based semiconducting polymers is likely to be broadly
applicable to other classes of n-type D—A copolymers; (ii)
preferential alignment of fibrils over several micrometers across
the film surface is observed for DP < DP,; (iii) three distinct
microstructure regimes, DP < DP, DP = DP_, and DP > DP,,
were found to characterize the evolution of the lamellar
distance and the m—n stacking distance as a function of
polymer chain length; (iv) the polymer crystallinity decreases
monotonically with increasing polymer chain length; and (v)
the paracrystallinity disorder in the z-stacking direction is
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independent of the polymer chain length, whereas the
paracrystallinity disorder in the lamellar direction scales
approximately linearly with the polymer chain length.

Increasing the polymer molecular weight to maximize the
crystallinity is one of the longstanding material design rules for
achieving efficient charge transport in conjugated poly-
mers.”*>>” However, our results in conjunction with available
literature data show that there is rather a weak correlation
between the crystallite size and electron mobility in NDI-based
n-type semiconducting polymers (Figure S10). This finding
suggests that there are other factors, beyond material
crystallinity and maximal polymer chain length, that hinder
efficient macroscopic electron transport in NDI-based n-type
semiconducting polymers.

Based on the above results on polymer chain-length-
dependent electron transport properties and thin-film micro-
structure results from AFM imaging and 2D-GIWAXS
analyses, we propose a schematic to visualize the multiscale
packing of polymers as a function of the chain length (Figure
6). We use the schematic in Figure 6 to guide the delineation
of various factors that limit electron transport in PDNIBS and
other n-type semiconducting polymers. The overall macro-
scopic electron mobility can be expressed as the sum of a series
of mobilities®® spanning over multiscale®”® from intrachain
(Mintrachain) and interchain  (fiyierchain) tO  intracrystallite

ﬂintracrystallite) and intercrystallite (ﬂintercrystallite)
1 1 1 1
+ + +
H intracrystallite H intercrystallite

(4)

In the case of DP < DP, the polymer chains are the least
coiled, ensuring maximum backbone planarity and thus
enabling efficient intrachain mobility. Moreover, polymer
chains in this regime also exhibit shorter intermolecular
packing distances in the z-stacking direction, as described
earlier, leading to improved interchain electronic coupling and
increased electron hopping rate and thus overall enhanced
interchain mobility. However, the short polymer chain length
severely limits electron transport between crystallites due to
insufficient intercrystallite connectivity, thus inhibiting the
intercrystallite mobility. As a result, the DP < DP, regime is
characterized by intercrystallite-limited electron transport

(Figure 6)
r.o_1r

I

1
H H intrachain H interchain

, forDP < DP.
©)

H intercrystallite
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In the case of DP > DP,, the intercrystallite transport is no
longer the rate-limting step since sufficient electrical
connectivity can be provided by the much longer polymer
chains. The above 2D-GIWAXS results revealed that although
the paracrystallinity disorder in the m—n direction remained
relatively constant, the paracrystallinity disorder along the
lamellar direction increased dramatically in the longer polymer
chains due to intrachain folding, interchain entanglements, and
random conformational disorder of the flexible alkyl side
chains, thereby reducing intracrystallite ordering. Severe chain
folding and chain entanglements also result in inefficient
intermolecular packing featuring larger 7—x stacking distances
and consequently diminished short-range ordering and
hindered intrachain charge delocalization and interchain
hopping rate. Furthermore, the lack of a preferential fibrillar
directionality suggests that the long polymer chains are likely
to be randomly oriented across the film surface. Consequently,
intrinsic dipole moments of the polymer chains can act as
random local fields that trap electrons and significantly reduce
the mobility.”" Thus, the DP > DP, regime can be categorized
as intrachain, interchain, and intracrystallite-limited electron
transport (Figure 6)

1 1 1 1
— ~ + + )
H Hintrachain Hinterchain H intracrystallite
for DP > DP. (6)

In the critical chain length range, DP = DP, sufficient
intercrystallite connectivity, efficient intrachain electron
delocalization, fast interchain hopping rate, combined with
strong fiber alignment across several micrometers of the film
surface facilitate maximal electron transport (Figure 6). Thus,
in this critical degree of polymerization range, the electron
mobility is best described by eq 4.

The reason why the dependence of charge transport on
polymer molecular weight in n-type polymers intrinsically
differs from that of p-type polymers is likely to originate from
the polymer architectures. The trend of hole mobility as a
function of DP in p-type polymers has been reported mostly
for either semicrystalline homopolymers (P3HT, PBTTT, and
PQT)** > or donor—acceptor polymers with polycyclic
cores (indacenodithiophene and fluorene).”* " These p-type
polymers bear linear alkyl side chains, which allow for better
interdigitation, eflicient packing, and more resistance to
entanglement as evidenced by the relatively constant structural
disorder,”>~**** implying that once sufficient intercrystallite
connectivity is achieved, the hole mobility in p-type polymers
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remains relatively constant. We speculate that if bulky and
branch side chains were incorporated into p-type polymers
instead of linear chains, increased structural disorder would be
inevitable. In that case, the chain length dependence of hole
mobility would likely be similar to the observed trend in our
present study, that is, 4, would increase to a maximum value
representing intercrystallite-limited transport regime and
subsequently decrease, signifying intrachain-, interchain-, and
intracrystallite-limited transport regimes. Indeed, a recent
study of DPP-based semiconducting polymers bearing 4-
hexyldodecyl side chains shows that the hole mobility is
optimized at an intermediate molecular weight.> On the other
hand, a common design motif for not only NDI-based
polymers but also other high-performing n-type polymers is
the donor—acceptor architecture with large branched alkyl side
chains for sufficient solubility. The long alkyl chains are
susceptible to entanglement, and significant backbone torsional
disorder can be expected between the donor moiety and the
acceptor moiety causing chain folding/kinks. As a result,
maximum electron mobility can only be observed within the
DP, regime where intrachain mobility, interchain mobility,
intracrystallite mobility, and intercrystallite mobility are
simultaneously optimized.

Additional future studies of other classes of n-type
semiconducting polymers with donor—acceptor architectures
are needed to strengthen this picture of electron transport in n-
type semiconducting polymers. Nevertheless, we believe that
the present results and analyses provide a foundation for
understanding of electron transport in PNDIBS and other n-
type semiconducting polymers. A new guide to materials
design toward high electron mobility n-type conjugated
polymers that emerges from this unified understanding is
that rather than aiming to maximize molecular weight and
crystallinity per se, the goal should be to achieve a polymer
molecular weight in the critical range (DP = DP,_), which
globally optimizes contributions from intrachain, interchain,
intracrystallite, and intercrystallite transport.

B CONCLUSIONS

In conclusion, we have used the donor—acceptor copolymer
PNDIBS as a model system to investigate the polymer chain
length dependence of electron transport in naphthalene
diimide-based n-type semiconducting polymers. We found
that both the field-effect electron mobility and the bulk
electron mobility measured by the SCLC technique are
maximized within the same range of critical polymer chain
length (DP,.) of 45—60 repeat units of PNDIBS and other
NDI-based n-type semiconducting polymers. A parallel
characterization of the thin-film microstructure evolution
with PNDIBS degree of polymerization by AFM and GIWAXS
analyses has enabled a mechanistic understanding of the
observed electron mobility dependence on DP. Thus, outside
of the critical polymer chain length range, the decreased
electron transport is shown to arise from intercrystallite
limitations for DP < DP,, whereas intrachain, interchain, and
intracrystallite transport constrained electron mobility for DP
> DP..

The present results also suggest that unlike longstanding
understanding of the critical role of maximal crystallinity on
the hole mobility of poly(3-hexylthiophene) and other p-type
semiconducting polymers, electron transport in n-type semi-
conducting polymers is only weakly correlated with crystal-
linity. The distinct behaviors of the paracrystallinity disorder

along the lamellar and 7z—x stacking directions have facilitated
unmasking of the physical sources of local lattice disorder in
this series of PNDIBS to be random side-chain conformational
disorder, chain folding, and chain entanglements. Finally, we
highlight a guide to materials design toward high electron
mobility n-type conjugated polymers that emerges from our
present results: It is that rather than aiming to maximize
molecular weight and crystallinity per se, the goal should be to
target a polymer molecular weight in the critical range (DP,)
since this can globally optimize contributions from intrachain,
interchain, intracrystallite, and intercrystallite transport.
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