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ABSTRACT: Two types of pyrenes are incorporated randomly into P(NDI2OD-T2). For the resultant polymers, the growth in the
pyrene quantity results in the reduction of 7-order. The decrease in 7-order does not inevitably depreciate the organic field-effect
transistor (OFET) mobility. A competitive mechanism between molecular fractionation and naphthalene diimide (NDI)—pyrene
interactions is proposed. For moderate pyrene incorporation, molecular fractionation is dominant. Form I crystallites are fragmented,
increasing the rigid amorphous fraction (RAF) regions. As for high pyrene content, the NDI—pyrene interactions take the lead,
facilitating the establishment of a form II polymorph. The RAF can strengthen the interconnection among polymer crystallites.
Opverall, this work demonstrates a novel approach to intensifying the intrachain interconnection among polymers by the donor—
acceptor (i.e, NDI—pyrene) complementary interactions, offering pathways for efficient charge transporting in OFETs.

1. INTRODUCTION

For conjugated polymers, extensive z-order, being associated
with high crystallinity, was conventionally considered the most
significant parameter for realizing decent charge-transport
mobility in organic field-effect transistors (OFETs).'~” This
perspective has been challenged by numerous studies which
point out that sufficient interconnection can preserve or even
boost the charge mobility.'~'® For instance, our previous
work reveals that when NDIBu acts as an incorporator for
P(NDI20OD-T2) (P, Figure 1a), the z-order of P is disturbed,
being accompanied by the development of sporadic 7-
stacking.'” The electron mobility could be considerably
improved by the presence of sporadic z-stacking, substantiat-
ing that 7z-order is not compulsory. Selection of NDIBu is
based on our earlier theoretical work which sheds light on the
stacking principles for organic semiconductors, suggesting that
the molecular shape plays the most crucial role in building
long-range 71'—stacking.18 Therefore, fractional substitution of
butyl group for 2-octyldodecyl in P results in two different
molecular figures, transforming oriented 7-order into sporadic
m-stacking. It can also be interpreted by molecular fractiona-
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tion, stating that exclusion of segments containing hetero-units
from crystallites is thermodyamically favored."’

On the other hand, it has been demonstrated that stable 7-
stacks can be established between naphthalene diimide (NDI)
and pyrene.”””*® In terms of molecular shape, pyrene
resembles NDI. With regard to electronic properties, density
functional theory (DFT) calculations at the wB97XD/6-
311g** level of theory indicate that the conjugated plane of
NDI is electron deficient while that of pyrene is electron rich™*
(Figure 1b). It is envisioned that the resemblance in the
molecular shape in conjunction with their complementary
electronic properties is responsible for the strong affinity
between NDI and pyrene, facilitating the formation of z-stacks.
The NDI—pyrene complementary interactions intrigue us to
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Figure 1. (a) Chemical structures of P, NDI2OD, NDIBu, and pyrenes. 2-OD: 2-octyldodecyl; Bu: n-butyl; linear pyrene: linkage at the 4,9
positions; angular pyrene: linkage at the 1,6 positions. (b) Electron density of NDIMe and pyrene mapped along the electrostatic potential at the
®wB97XD/6-311g** level of theory.

Scheme 1. Synthetic Route of P, L0S—L20, and A05—A20
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utilize pyrene as an incorporator for P to investigate the Hinging on the linkage, pyrenes could connect with
competition between molecular fractionation and NDI— bithiophenes at the 4,9 positions (linear pyrene) or 1,6
pyrene interactions. positions (angular pyrene) (Figure 1la), leading to linear
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Table 1. Polymerization Results

polymers feed ratio” NMR ratio” unaggregated/stacked” AG* (k] mol™) M, (kDa) o'
P 100:0 100:0 56:44 (K,q = 0.79)4 0.58 62 1.5
L05 95:5 93:7 17:83 (K, = 4.86) —3.94 65 18
L10 90:10 87:13 16:84 (K, = 5.09) —4.06 107 18
L20 80:20 81:19 18:82 (Keq = 4.44) -3.72 36 1.9
A0S 95:5 93:7 26:74 (K, = 2.88) -2.63 63 19
Al0 90:10 88:12 18:82 (K, = 4.69) ~3.86 32 22
A20 80:20 82:18 18:82 (K, = 4.69) -3.86 26 2.1

“Feed molar ratio of NDI to pyrene. “Molar ratio of NDI to pyrene in each polymer determined by '"H NMR spectroscopy. “Molar ratio of
unaggregated polymer chains to stacked polymer chains determined by 'H NMR spectroscopy. “Equilibrium constant. “Change in Gibbs free
energy, AG = —RT In(K,,), where R is the gas constant and T = 300 K. fNumber—average molecular weight and dispersity determined by high-
temperature gel permeation chromatography at 160 °C with 1,2,4-trichlorobenzene as an eluent.

polymers (L’s) or angular polymers (A’s). The fraction of
pyrene in P was adjusted to afford numerous random
copolymers with various amounts of pyrene moiety in the
polymer chain. Through comparison of the results from 'H
NMR spectroscopy, UV—vis spectroscopy, differential scan-
ning calorimetry (DSC), atomic force microscopy (AFM), and
grazing-incidence X-ray scattering (GIXS), it is deduced that
the polymer aggregation in solution and the thin-film
morphology are affected largely by the presence of pyrene in
the polymer scaffold. The variation in mobility for the
polymers determined in OFETs is elucidated with the aid of
microstructural alternation.

2. RESULTS AND DISCUSSION

Discussion starts with materials preparation, followed by
characterization in the electronic properties, morphology, and
thermal properties. Microstructure analysis is achieved with the
assistance of GIXS. In the end, OFET results are illuminated
by the help of morphological data along with DFT calculations.

2.1. Materials. The synthetic route*~>* of the two series
of polymers, L’s and A’s, is described in Scheme 1. Pyrene was
hydrogenated through Birch reduction with sodium in 1-
pentanol to afford 1,2,3,6,7,8-hexahydropyrene (2). Bromina-
tion of 2 by bromine furnished 4,9-dibromo-1,2,3,6,7,8-
hexahydropyrene (3). 4,9-Dibromopyrene (4) was obtained
by dehydrogenation of 3. 2,6-Dibromonaphthalene-1,4,5,8-
tetracarboxylic-N,N’-bis(2-octyldodecyl) diimide (5) was
synthesized on the basis of a previous protocol.'” 1,6-
Dibromopyrene (6) was acquired from a commercial source.
Random Stille copolymerization of § and 4 or 6 with pyrene
fractions of 5, 10, and 20 mol % afforded two series of
polymers, LOS—L20 or A05—A20, respectively. In the L series,
pyrenes are linked with bithiophenes at the 4,9 positions,
resulting in the formation of linear polymers. In the A series,
connection takes place at the 1,6 positions, generating angular
polymers. The number after L or A is the molar percentage of
pyrene in feed, which is directly related to the stoichiometric
coeflicient x in Scheme 1.

The "H NMR spectra of all polymers are compared in Figure
S1 (Supporting Information). According to the literature,””*
the chemical shift of 8.40—8.85 ppm stems from the aromatic
protons of the NDI moiety, while pyrene’s 'H signals are in the
range of 8.00—8.30 ppm. The molar ratio of NDI to pyrene in
a polymer chain can be estimated by the integration value of
absorption in '"H NMR spectroscopy (Section S2, Polymer-
ization, Supporting Information). As listed in Table 1, although
there is a slight variation, all the estimated NMR ratios are

7284

close to the feed ratios, suggesting that incorporation of pyrene
groups into P was achieved effectively.

Two sets of NDI aromatic chemical shifts were identified
(Figure S1, Supporting Information). The experimental and
theoretical studies performed by Neher and co-workers
indicate that the more downshift signal derives from
unaggregated polymer chains, while stacked polymer chains
give rise to the more upshift absorption.”’ Adhering to their
assignment, two sets of NDI absorptions observed in this study
were also characterized as unaggregated and stacked polymer
chains. NMR integration acquired by curve fitting revealed that
unaggregated chains were dominant in P, whereas all polymers
containing pyrene showed a preference for stacked chains
(Table 1). Gibbs free energy difference (AG) was then
estimated via the equilibrium constant (K,,) between
unaggregated and stacked chains, suggesting that in the L’s
and A’s, the stacked chains were stabilized by about 2—4 kJ
mol™" in comparison with the unaggregated ones. It is very
likely that the additional stabilization resulted from the NDI—
pyrene interactions.

2.2. Electronic Properties. Photoemission spectroscopy””
(Figure S3) and UV-—vis absorption spectroscopy were
performed to determine the highest occupied molecular orbital
(HOMO) energies (Ey's) and the optical band gap (Eg) of
polymers. The lowest unoccupied molecular orbital (LUMO)
energies (E's) were then evaluated by E; = Ey + E,. The
results are summarized in Table 2 and Figure SS (Supporting
Information). The E, of L’s slightly rose with increasing linear
pyrene moiety while that of A’s was invariant as the angular

Table 2. Electronic and Thermal Properties of P, L’s, and
A’s

electronic properties thermal properties

Ey” E' E.° T T,° AH
polymers (V) (V) (V) (O (O (g
P —5.80 1.46 —4.34 429 311 8.0/
LOS —5.76 1.46 —4.30 435 317 8.2/
L10 —5.74 1.46 —4.28 429 314 8.6
120 —-571 1.51 —4.20 425 355 9.7¢
A0S —5.68 1.45 —423 437 315 8.3
A10 —5.67 145 —422 436 314 8.9
A20 —5.60 1.45 —4.15 431 333 1028

“HOMO energy in thin film. *Thin-film optical band gap. “Estimated
LUMO energy by E| = Ey + E,. dDecomposition temperature at 5%
weight loss by thermogravimetric analysis. “Melting temperature.
fEnthalpy of fusion of form I polymorph. €Enthalpy of fusion of form

II polymorph.
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Figure 2. (a) UV—vis absorption spectra of all polymers in chloroform solution and thin film state. The spectra are normalized to the 7—z*
transition. The insets show magnified regions of the onset of ICT bands. (b) DFT-optimized structures of oligomers NNNNN, NNLNN, and
NNANN represent P, L’s, and A’s, respectively. Gray: carbon. Yellow: sulfur. Red: oxygen. Blue: nitrogen. Light gray: hydrogen. (c) TD-DFT-
simulated transition energies for the oligomers in (b), broadened in energy by ¢ = 400 meV.
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Figure 3. (a) AFM phase images. The color level indices are set to start from the zero phase. (b) DSC heating thermograms of P, L’s, and A’s. (c)
DSC heating thermograms of A10 in different thermal histories. The dagger symbols indicate the corresponding temperatures in temperature-

dependent GIXS (Figure 4c).

pyrene content was increased. The replacement of NDI units
with pyrenes in the polymer backbone raised both the Ey; and
E; because of the electron-donating properties of pyrene.
The absorption spectra of all polymers in chloroform and in
a thin film are described in Figure 2a. Two absorption bands at
~1.55 and ~3.20 eV were found for all polymers, and no
apparent shift in the absorption maximum, especially in the
thin film, was observed. It was noted that enhanced absorption
at &2.7 eV was present in pyrene-rich polymers, such as L20
and A20. To gain insights into the UV—vis absorption spectra,
time-dependent DFT (TD-DFT) calculations were performed
by using a long-range corrected functional CAM-B3LYP with
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the 6-31G** basis set.””** Three pentamers, NNNNN,
NNLNN, and NNANN, were designed to represent the
polymers, P, L’s, and A’s, respectively (Figure 2b). In the
nomenclature, N, L, and A denote NDI, linear pyrene, and
angular pyrene. The computational results indicate that the
intramolecular charge transfer (ICT)*>*° from bithiophenes to
NDIs is the dominant contribution in the absorption at ~1.55
eV, and the absorption band at ~3.20 eV mainly comes from
m—n* transitions (Figure S6, Supporting Information). More-
over, additional 7—z* transitions of pyrene coupling with
bithiophene functionality are estimated theoretically. These
transitions might be responsible for the experimental

https://doi.org/10.1021/acs.macromol.1c00308
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Figure 4. (a) Diffraction patterns given by GIXS. (b) Change in the out-of-plane 7-stacking signature in different pyrene contents. (c)
Temperature-dependent GIXS images of A10. y: The azimuthal angle. (d) Effect of the pyrene incorporation on thin-film microstructure. Green
nodes, blue-shaded regions, and orange-shaded regions represent pyrene units, 7-order, and the RAF, respectively.

observation of enhanced absorption at ~2.7 eV in pyrene-rich was readily identified in L20 and A20. It is envisaged that the
polymers. The simulated absorption spectra shown in Figure two transitions relate to two polymorphic forms, which is
2¢ suggest that a hypsochromic shift of the ICT band is supported by GIXS in a section below. The lower temperature
expected as the introduction of pyrene into P, which was not region was derived from form I, whereas form II was dominant
yet detected experimentally, in a thin film in particular. The in the higher one. The similar T,, of polymers under moderate
discrepancy suggests that interchain or intrachain J-aggregation pyrene content (x < 10%) might suggest that form I preserved
might take place in the thin film.*”*" The bathochromic shift the crystalline structure of P. In contrast, the distinguishing T,
being typical of J-aggregation might compensate for the of polymers in high-level incorporation (x = 20%) indicated
hypsochromic shift developing out of pyrene. that the occurrence of form II might be associated with the
2.3. Morphology and Thermal Properties. The thin- NDI—pyrene interactions.
film surface morphology was investigated by AFM. (Large- Intriguingly, a shoulder area (T = 280—300 °C, the blue-

scale height and phase images are included in Figure S7,
Supporting Information.) Transition from fibers to globules
was observed as the increase in the pyrene unit in the polymer
(Figure 3a). Comparison of L20 and A20 images revealed that
globules deriving from angular pyrene were more perceptible
than those from linear pyrenes. Two-dimensional fast Fourier
transformation of height images (Figure S7c) was carried out
to extract the average dimensions of aggregates,39 quantifying
the transition.

The thermal decomposition temperatures (Tjs) of all
polymers in Table 2 determined by thermogravimetric analysis
(Section S8, Supporting Information) exceeded 400 °C,

shaded region) prior to the melting of form I was perceptible
for polymers with moderate pyrene incorporation (x < 10%).
The shoulder might be considered as a thermal transition of a
certain amorphous fraction of the polymer. A semicrystalline
polymer could contain two kinds of amorphous regions, that is,
mobile amorphous fraction (MAF) where the polymer chains
have superior segmental mobility*”*" and rigid amorphous
fraction (RAF) where the polymer chains are constrained near
the boundary of crystallites.**~** It has been reported that the
glass-transition temperature of P is in the range of 74—100
°C,"** which should derive from the MAF. The RAF ought

authenticating the following thermal-related characterizations. to yield anothe-r glass tra%nsition, which is chfiracterized to be
Endothermic thermograms determined by DSC are depicted in the shoulder signal here11.1. Each.e.nc.lothermlc DS(.: curve ?f
Figure 3b, and the enthalpy of fusion (AH) is included in L0S, L10, A0S, and A10 in the vicinity of the melting peak is

Table 2. As there is an increase in the pyrene group in the fitted with a combination of two functions (Section S8,
polymer chain, the rise of melting temperature (T,) was Supporting Information). The first is to describe a heat flow
observed. Moreover, the T, variation suggested that there curve of P and the second defines a sigmoid curve delineating
were two primary thermal transitions which might be the glass transition of RAF. The proportion of RAF can be
responsible for the morphology transition observed in AFM. quantified by the latter one. Optimized parameters (Table S2,

One was T = 300—322 °C (the yellow-shaded region) and the Supporting Information) suggest that the glass transition of
other was T = 322—365 °C (the gray-shaded region), which RAF can be augmented by increasing pyrene contents.
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In order to further investigate the possibility of RAF
formation, A10 was submitted to different thermal treatments
and the results are presented in Figure 3c. The green curve, (i)
equilibrium, indicates that A10 was annealed for 30 min at a
temperature right below the temperature of crystallization and
then heated at a scan rate of 10 °C min™". The red curve, (ii)
quench/ramp, denotes that the melt of A10 was quenched by
liquid nitrogen to afford a supercooled solid, which was then
heated at a scan rate of 10 °C min~". In the blue curve, (ii)
quench/jump, the supercooled solid was directly heated to 250
°C and then heated gradually at a scan rate of 10 °C min™".
The thermal treatments from (i) to (iii) can be interpreted as
gradual suppression of crystallization. Both the melting peak of
form I crystallites (T,, = 315 °C) and the shoulder peak were
detected in the green curve. However, the melting peak of form
I crystallites was suppressed in the red and blue curves,
pointing out that polymers in the supercooled solid did not
have sufficient amount of time to crystallize. Hence, the RAF
was also suppressed. The results suggest that establishment of
thermal equilibrium is essential for the development of the
shoulder peak. Overall, the shoulder exhibited characteristics of
the RAF.*

Given that the shoulder peak resulted from the RAF, in
addition to form I and form II, the RAF was also taken into
consideration. The AH of form I remained virtually constant
(Table 2), while the RAF developed steadily as the pyrene
incorporation (indicated by the change of heat capacity of a
polymer during the course of glass transition, W, in Table S2,
Supporting Information). This might be associated with the
statement that after the introduction of pyrene, crystallites of
form I became fragmentary, thus generating more RAF regions.

2.4. Microstructure Analysis. A typical face-on poly-
morph with strong out-of-plane z-stacking (¢ ~ 1.6 A™')
arising out of form I crystallites was detected in P by GIXS
(Figures 4a and S10), being consistent with the literature.*”°
The face-on 7-stacking signal (010) was weakened gradually as
the increase in linear pyrene in the polymer (Figure 4b). In
contrast, the diminution of the z-stacking signal was evident
for the polymers with angular pyrene. It is expected that linear
and angular pyrenes would result in linear and angular
backbone architectures, respectively. The angular architecture
with more irregular backbone symmetry might much
discourage the building of z-order, leading to the swift drop
in the 7z-stacking.”' Similar conclusions can be drawn from the
variation of coherence length estimated from one-dimensional
diffractograms using the Scherrer’s equation.””>* For the face-
on polymorph, the coherence lengths of 7-stacking (L.,) and
lamellar stacking (L.;) both decreased as the incorporation of
pyrene groups (Table S3, Supporting Information). The
decline was much more pronounced for angular pyrene. The
coherence length of polymer backbone (L) was not adversely
affected by the presence of pyrene (Table S3, Supporting
Information). Instead, all the polymers comprising pyrene
showed comparable or higher L p than pristine P, being an
indication of preserving or even improving intrachain
interconnection among crystallites. DSC results suggested
that L20 and A20 exhibited another polymorph. Figure 4a
revealed that out-of-plane diffractions with high orders (100)’,
(200)’, and (300)" were identified merely for L20 and A20.
The corresponding d-spacing was ~24 A, being consistent with
the lamellar stacking stemming from side-chain interdigitation.
The results are in harmony with the formation of form II
deduced from DSC. Moreover, the plots of (010) intensity
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against the azimuthal angle y are included in Section 9,
Supporting Information.**~*° The variation in the (010) signal
and the emergence of (100)’, (200)’, and (300)’ signals along
the g, suggest that the orientation of polymer crystallites might
change from face-on to edge-on to a certain degree. In
consideration of the diminution of L, the virtually constant
AH of form I polymorph implied the formation of more small-
sized form I crystallites under moderate pyrene content (x <
10%). In other words, crystallites of form I became
fragmentary, generating more RAF regions.

The shoulder area observed in DSC was further investigated
by temperature-dependent GIXS. As illustrated in Figure 4c,
variation in the diffraction pattern of A10 in the selected area
was insignificant from 270 to 290 °C. Nevertheless, when the
temperature (350 °C) exceeded T,, the signal vanished
virtually. The results indicated that the thermal transition in
the shoulder area should be ascribed to the amorphous fraction
rather than the crystalline one. The identity of the shoulder to
be RAF is supported by temperature-dependent GIXS, as well
(see Section S9 of the Supporting Information for more
examples).

The stacking principle reported earlier by our group states
that integration of hetero-units into a crystallite would
heighten the total free energy. Provided that exclusion of
hetero-units from crystallites is favored, the correséponding
progression is entitled as the molecular fractionation.'” On the
other hand, the NDI—pyrene interactions could encourage the
interference of pyrene in the crystallites of P, likely
constraining the crystallite development. The tug of war
between the molecular fractionation and NDI—pyrene
interactions might be present in the polymers. In the event
of moderate pyrene incorporation (x < 10%), even though
form I crystallites turned to be fragmenting, they were still
detected, pointing out that the molecular fractionation was
governing. Meanwhile, the rejected pyrene segments outside of
the form I crystallites could dock at the NDI units to gain the
NDI-pyrene interactions. The glass transition of RAF thus
developed with increasing pyrene ratio (see Table S2 and
Figure S9). On the contrary, the NDI—pyrene interactions
might prevail in the polymers of high-level incorporation of
pyrene (x 20%), leading to the establishment of the
polymorphic form II. The growth of the RAF and the
increasing amount of fragmentary crystallites indicated that the
interconnection among polymer crystallites was established by
our approach. Overall, the morphological variation brought by
the pyrene unit is illustrated in Figure 4d.

2.5. OFET Characteristics. The microstructural regulation
by incorporating pyrene units into P was examined electrically
by measuring the field-effect mobility of electrons (y.) in the
saturation regime with bottom-gate/top-contact OFETs.
Details of device fabrication and measurement are included
in Section S10, Supporting Information. The average and
maximal p.’s for all the polymers are depicted in Figure 5. For
L’s, the variation in the maximal y, seems to be consistent with
the average .. The correlation between the maximal and
average mobilities is yet not significant for A’s. L’s reached a
maximum of 0.134 cm® V™! s7! at 5% linear pyrene loading
while a maximum of 0.152 cm? V™! s7}, being 3.5 times greater
than the archetypal P, was achieved by A10 for A’s.

Electronic coupling between the NDI and pyrene was
investigated by DFT calculations®' ™ (Section S11, Support-
ing Information), indicating that the intermolecular electronic
coupling would be deteriorated by the presence of either linear

https://doi.org/10.1021/acs.macromol.1c00308
Macromolecules 2021, 54, 7282—-7290


https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.1c00308/suppl_file/ma1c00308_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.1c00308/suppl_file/ma1c00308_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.1c00308/suppl_file/ma1c00308_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.1c00308/suppl_file/ma1c00308_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.1c00308/suppl_file/ma1c00308_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.1c00308/suppl_file/ma1c00308_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.1c00308/suppl_file/ma1c00308_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.1c00308/suppl_file/ma1c00308_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.1c00308/suppl_file/ma1c00308_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.1c00308/suppl_file/ma1c00308_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.1c00308/suppl_file/ma1c00308_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.1c00308/suppl_file/ma1c00308_si_001.pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.1c00308?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Macromolecules

pubs.acs.org/Macromolecules

0.20f *# P
R -4- L05-120
T o015 T
" X
7
~> 0.10
€ AT +
90.05] .
3 e ™ =
i +t

0 5 10 15

Pyrene content x (%)

Figure 5. Dependence of electron mobility on the pyrene content.
Box symbols for the average mobility; cross symbols for the maximal

mobility; error bars: the standard deviation (dashed lines are guides to
the eye).

or angular pyrene. Given that the results are applicable to
polymers, it is envisaged that the pyrene incorporation is
detrimental to the interchain charge transport of polymers.
Moreover, DFT calculations (Figure 1b) also suggest that NDI
is a m-electron-deficient chromophore, while pyrene is 7-
electron rich. The growth of pyrene units in P is expected to
intensify the energetic disorder in the polymer chain,
depreciating the intrachain charge transport efficiency. With
regard to the electronic properties, y, should be reduced
notably by the introduction of pyrene into P. Nevertheless, the
above presumption does not fit with our OFET data.

DSC indicates that the pyrene incorporation could increase
the RAF among polymers. The RAF can improve the
interconnection among polymer crystallites, encouraging the
charge transport.”’"*’ GIXS suggests that the orientation of
polymer crystallites might change as the increase in the pyrene
fraction. The morphological benefit brought by pyrene could
counteract their intrinsic electronic disadvantage, accounting
for preservation or even improvement of the y, subsequent to
the introduction of pyrene to P.

Our previous study demonstrates that when NDIBu acts as
an incorporator for P, periodic 7-stacking of P is transformed
to sporadic z-stacking, which is coined as 7-interconnection
therein. The y, could be considerably improved by the
presence of sporadic z-stacking. In the present study, as
discussed, preservation or improvement of y,. primarily results
from the RAF, which is regarded as intrachain interconnection.
Overall, our works suggest that either interchain or intrachain
interconnection could be established by incorporating a
hetero-unit into a polymer. The preference strongly depends
on the structure and functionality of the hetero-unit.

3. CONCLUSIONS

On account of the NDI—pyrene complementary interactions,
pyrene is chosen as an incorporator for P. Spectroscopic,
microscopic, and X-ray measurements along with thermal
characterization reveal that the incorporation of pyrene has
significant effects on polymer aggregation in the solution and
morphology in the thin film. The rise in the pyrene quantity in
P would result in the reduction of z-order. Competition
between the molecular fractionation and the NDI—pyrene
interactions is proposed. For moderate pyrene incorporation,
the molecular fractionation is dominant, giving rise to
fragmentary form I crystallites and generating more RAF
regions. As for high pyrene content, the NDI—pyrene
interactions take the lead, promoting the building of form II
polymorph. It is envisioned that the RAF can enhance the
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interconnection among polymer crystallites, facilitating the
charge transport. Moreover, the results emphasize again that
the 7-order is not a necessity for accomplishing decent OFET
mobility. In a nutshell, our work demonstrates a novel
approach to strengthening the intrachain interconnection
among polymers by the donor—acceptor (i.e, NDI—pyrene)
complementary interactions, providing pathways for efficient
charge transporting.
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