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Mechanical, Morphological, and Charge Transport
Properties of NDI Polymers with Variable Built-in
II-Conjugation Lengths Probed by Simulation and

Experiment

Dan Zhao, Donghyun Kim, Sarbani Ghosh, Gang Wang, Wei Huang, Zonglong Zhu,

Tobin J. Marks,* Igor Zozoulenko,* and Antonio Facchetti*

Mechanically deformable polymeric semiconductors are a key material for
fabricating flexible organic thin-film transistors (FOTFTs)—the building block
of electronic circuits and wearable electronic devices. However, for many
m-conjugated polymers achieving mechanical deformability and efficient
charge transport remains challenging. Here the effects of polymer backbone
bending stiffness and film microstructure on mechanical flexibility and charge
transport are investigated via experimental and computational methods for a
series of electron-transporting naphthalene diimide (NDI) polymers having
differing extents of z-conjugation. The results show that replacing increasing
amounts of the w-conjugated comonomer dithienylvinylene (TVT) with the
m-nonconjugated comonomer dithienylethane (TET) in the backbone of the
fully z-conjugated polymeric semiconductor, PNDI-TVT,, (yielding polymeric
series PNDI-TVT,, 100 > x > 0), lowers backbone rigidity, degree of texturing,
and n—r stacking interactions between NDI moieties. Importantly, this
comonomer substitution increases the mechanical robustness of PNDI-TVT,
while retaining efficient charge transport. Thus, reducing the TVT content of
PNDI-TVT, suppresses film crack formation and dramatically stabilizes the
field-effect electron mobility upon bending (e.g., 2 mm over 2000 bending
cycles). This work provides a route to tune z—x stacking in z-conjugated
polymers while simultaneously promoting mechanical flexibility and retaining
good carrier mobility in FOTFTs.

1. Introduction

Flexible organic thin-film transistors
(FOTFTs) are a potentially important class
of electronic building blocks for fabricating
deformable display backplanes as well as
transducers for converting mechanical sig-
nals into electrical signals for bio-sensing,
health care, and robotics.''2] Effective
FOTFT fabrication relies on several strate-
gies, such as positioning the entire device,
and particularly the most mechanically
sensitive components, in the neutral plane
of a multilayer architecture to alleviate me-
chanical stress on bending.'*-*!l Another
FOTFT design strategy utilizes polymeric
material components with greater toler-
ance to mechanical stresses.?22°] Thus,
Bao et al. reported that the incorporating dy-
namic non-covalent crosslinking between
polymer chains achieves stretchability and
self-healing properties.[??] In a very differ-
ent approach from our laboratory, a flexible
polymeric binder was incorporated into
a molecular semiconductor to plasticize
grain boundaries.'”) Other very successful
approaches incorporate elastomers or ionic
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Figure 1. a) Chemical structure of the PNDI-TVT, polymer family used in this study. b) Representative snapshot of the PNDI-TVT;q film. c) Persistence
length, Ly, of polymer chains for different TVT contents, and representative snapshots illustrating polymer chain conformations as the TVT content

decreases from 100% to 0% (see also Figure ST, Supporting Information).

liquids in semiconductors to enhance elasticity and preserve ex-
cellent charge transport.[**3!l Nevertheless, despite these promis-
ing approaches, there is typically a mutual exclusivity of mechan-
ical deformability and efficient charge transport.[??-34

Extensive z-conjugation and backbone planarity in semicon-
ducting polymers are known to enhance macromolecule self-
assembly, aggregation, and long-range packing order, yielding
highly textured films and efficient charge transport, however
at the expense of enhanced brittleness.*>) A few pioneering
studies reported that interrupting the z-conjugation of semi-
conducting polymers with insulating units greatly enhances
ductility for both p- and n-type conjugated polymers, 232436371
mainly by suppressing long-range crystallinity of the correspond-
ing films. Thus, Lipomi, Mei, and co-workers developed sev-
eral series of conjugation-breaking spacers to interrupt the sp?-
hybridized backbone of semiconducting polymers.?-38 These
backbone engineering strategies affected chain flexibility and
backbone glass-transition temperature (T,), properties that ac-
company ductility.**l However, it would be important to bet-
ter understand how variations in polymer-polymer intermolec-
ular forces affect the response of such semiconductors under
mechanical stress.’>3*%% Especially, it would be very instruc-
tive to better understand, both from experimental and theoreti-
cal viewpoints, how interrupting z-conjugation affects the rela-
tionships between molecular structure, material flexibility, and
charge transport.[*1=#3

We previously reported a family of donor-acceptor naph-
thalenediimide (NDI)-based polymers with tunable z-
conjugation lengths, referred to as PNDI-TVT, (Figure 1a),
which were synthesized by co-polymerizing the NDI acceptor
unit, N-functionalized with 2-octyldecyl (20D) chains, with
variable molar ratios of two different, yet lengthwise equivalent
donor units consisting of the z-conjugated dithienylviny-
lene (TVT) and the z-nonconjugated dithienylethane (TET)
comonomers. By tuning the x content where x in the TVI/TET
molar ratio, = 100, 80, 60, 40, 20, 0%, and thus reducing the
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z-conjugation length of PNDI-TVT,, the thermal, optoelectronic,
and morphological properties of these semiconducting polymers
vary while retaining substantial electron mobilities in (rigid)
bottom-gate top-contact OTFTs.%) Noteworthy is a significant
reduction in the melting temperature (T,,) from 273 °Cto 160 °C
on moving from the fully conjugated (x = 100) to the fully non-
conjugated (x = 0) polymer for comparable molecular masses.
Interestingly, grazing-incidence wide-angle X-ray spectroscopy
(GIWAXS) data indicates that all thermally annealed (150 °C)
PNDI-TVT, films retain significant texturing with identical
in-chain periodicity and considerable z—r stacking, independent
of the degree of deconjugation. Thus, we questioned if the
mechanical properties of PNDI-TVT, films will also vary with
the deconjugation, whether more flexible/mechanically robust
semiconductor films can be realized and how charge transport
in mechanically flexible TFTs might be affected.

In this work, we investigate via both theoretical simulations
and experimental characterizations the relationship between the
extent of in-chain z-conjugation of PNDI-TVT, and film mi-
crostructure, mechanical properties, and charge transport char-
acteristics. Thus, molecular dynamic simulations provide inter-
chain radial distribution functions, inter- and intra-chain order,
elastic modulus, and bonded/non-bonded interactions which are
correlated with experimental data from atomic force microscopy
(AFM), GIWAXS, elastic modulus, and crack onset. In addi-
tion, PNDI-TVT,-based FOTFTs are fabricated to quantify charge
transport on a flexible platform and the mechanical stress toler-
ance as a function of in-chain z-conjugation. The data demon-
strate that such simulations can provide predictive models in
quantitative agreement with experimental observations.

2. Results and Discussion

In this section we first investigate the strength of interchain in-
teractions and packing in PNDI-TVT,, and how they affect chain
conformation and mechanical properties, by molecular dynamic
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Figure 2. MD simulation-derived XRD plots for a) NDI moieties and b) TVT/TET moieties. MD simulation-derived interchain radial distribution functions
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ed from MD simulations. f) Simulated change in total (Ey, ), bonded (Epong)

and non-bonded (E, o.ponded) €Nergies for PNDI-TVT, during deformation. g) The change in Van der Waals (Eygy) and Coulombic (E.ouomb) €nergies

of PNDI-TVT, films when a strain of 3% is applied.

(MD) simulations. Next, we correlate the computed data with ex-
perimental morphological and mechanical properties results. Fi-
nally, we access the charge transport of these polymers by fabri-
cating FOTFTs and how it changes upon mechanical deformation
and TVT/TET content.

2.1. Molecular Dynamic Simulations

To understand the film morphology and the mechanical response
of PNDI-TVT, films to strain, and how they vary with x, we car-
ried out MD simulations. For all calculations a polymer chain
is modelled by five NDI moieties, N-functionalized with 20D
chains, alternated by four TVT/TET moieties, with x = 100, 75, 50,
25, 0. These calculations, comprising 150 polymer chains, allow
analysis of the PNDI-TVT, film morphology, the evolution of the
interchain z—r stacking, the persistence length (L,) and the end-
to end distance (d,) of the polymer chains as the TVT content de-
creases. The persistent length defines the length over which the
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correlation between the chain orientations is lost and therefore
correlates with the polymer chain stiffness.[**¢) Figure 1b,c re-
ports representative snapshots of computed polymer chain con-
formations and bulk morphologies without the substrate as well
as L, of the PNDI-TVT, series while d, and its distribution for
different TVT contents are shown in Figure S1 (Supporting Infor-
mation). Clearly both L, and d, of PNDI-TVT, decrease as x de-
creases, indicating that enhancing deconjugation (TET content)
reduces the bending stiffness of the polymer chains. This result
mainly originates from the decreased fraction of z-conjugated
bonds in the polymer backbone enhancing backbone conforma-
tional freedom.8]

To better understand the effect of the TVT/TET content on the
film morphology of PNDI-TVT,, the X-ray diffraction (XRD) pat-
terns (Figure 2a,b) and the interchain radial distribution function
lg(r), Figure 2c,d] were computed. Note, these are two separate
sets of computations (see Experimental section and Supporting
Information for details). The interchain g(r) provides the prob-
ability to find a NDI (or TVI/TET) unit at the distance r from
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a NDI (or TVI/TET) unit on the nearby chain without consid-
ering the periodicity within the chain. From the XRD patterns,
which account for both intra- and inter-chain periodicities, the
stacking distance r was calculated from the relation r = 27z/¢.1*’]
The simulated XRD patterns of the NDI moieties for all TVT con-
tents (Figure 2a) exhibit a broad peak at g ~1.6 A=, which corre-
sponds to a z-7 stacking distance of ~3.8 A for the NDI moi-
eties (Table S1, Supporting Information). Here, the peak in the
range of ~0.4-0.6 A~" arises from the lamellar stackings among
the chains and periodicity of the NDI moieties within the chain.
The above-mentioned peak is at ~0.45 A~! (r = ~14 A) for x =
100, 75 and 50 and shifts to ~0.52 A~! (r = =12 A) for x = 25 and
0. The decrease in the distance is due to incorporation of more
flexible TET moieties in the backbone which reduces the bending
stiffness of the chain. As shown in Figure 2c and Table S2 (Sup-
porting Information), the inter-chain distribution function g(r) of
the NDI moieties also exhibits a pronounced peak at ~3.8 A cor-
responding to the z—r stacking distance between two NDI moi-
eties (see inset of Figure 2a). The calculated g(r) intensity for the
interchain NDI moieties with the TVT content varies in the fol-
lowing order: 50% (2.40) > 75% (1.90) > 100% (1.6) > 25% (1.35)
> 0% (1.15) (see Figure 2c) and thus maximizes for PNDI-TVTs,
(2.40) and is the lowest for PNDI-TVT, (1.15). Interestingly, the
interchain distribution of NDI moieties suggests that the great-
est 7—r stacking is achieved for an intermediate TVT content in
this polymer series.

Next, we discuss the change in morphology of PNDI-TVT,
films with respect to the TVI/TET moiety content. The simu-
lated XRD patterns of the TVT/TET moieties exhibit a peak rang-
ing over ~1.2-1.4 A~! (Figure 2b) corresponding to an interchain
stacking distance of the TVI/TET moieties of ~4.5-5.1 A. The
corresponding interchain g(r) (Figure 2d) exhibits a pronounced
peak at almost the same distances, and the intensity monotoni-
cally falls as the TVT content falls [100% (1.39) > 75% (1.38) >
50% (1.37) > 25% (1.32) > 0% (1.09)]. Note, the interchain stack-
ing distance between thiophene-containing moieties increases
more for lower TVT content (see, x = 0 and 25). These data
correlate with the greater decrease in g(r) intensity, and thus in
overall crystallinity of these polymers and is also in accord with
the decrease in interchain z-z stackings of NDI moieties. Note,
upon reducing the TVT content to 20% and 0% the backbone
becomes very flexible and the chains fold, resulting in the ap-
pearance of intrachain z-z stackings (see Figure 1c and more de-
tail in Figure S2, Supporting Information). The g(r) for TVI/TET
moieties including the periodicity within the chains is plotted in
Figure S3 (Supporting Information), which reveals an increase in
intrachain z—z stackings with decreasing the TVT content. The
first peak in the g(r) plot at ~4 A has the major contributions from
the periodicity of the thiophene rings within the chain which rep-
resents intrachain z—z stacking between the thiophene rings of
TVT/TET moieties. The second peak in the g(r) plot at 6.30 A
is due to the periodicity of two adjacent thiophene rings within
the chain. The intensity of the first peak is increasing with de-
creasing the TVT content due to the increase in intrachain 7—=
stackings. In contrast, the intensity of the second peak decreases
with TVT content due to the enhanced chain flexibility, which
translates to chain folding and increased intrachain 7—z stack-
ings. There is also a slight leftward shift in the second peak from
6.30 to 6.15 A as the rigid —CHCH— units are replaced by flex-
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ible —CH,—CH,— unites that in turn compresses the distance
between two thiophene rings as the TVT content falls. Therefore,
our computations argue that at higher TVT contents the film crys-
tallinity is high due to predominant interchain stackings which
are significantly reduced at lower TVT contents. At the intermedi-
ate TVT content (50%), the rigid TVT moieties allow substantial
retention of interchain z—z stacking while the flexible TETs en-
hance intrachain z-z stacking, further increasing texturing. The
overall result of these computations suggests that PNDI-TVT,
polymers with intermediate x values should exhibit the greatest
crystallinity.

2.2. Simulated Mechanical Properties

We also computed the elastic modulus of the PNDI-TVT, films
and, as shown in Figure 2e and Table S3 (Supporting Informa-
tion), find relatively small variations for different TVT contents.
Thus, the computed modulus first decreases from 3.94 + 0.07 to
3.91 + 0.04 GPa as the TVT content falls from 100% to 75%, then
increases as to 3.96 = 0.21 GPa for a 50% TVT content, and fi-
nally falls to 3.48 + 0.01 and 3.87 + 0.16 GPa for the lowest TVT
contents of 25 and 0%. Note that these data correlate better with
the variation of g(r) of the NDI units rather than L,. In addition,
we can use MD simulations to identify the contributions of the
bonded and non-bonded interactions to the elastic modulus by
computing the total energy (E,,,;), which is given by the sum of
the non-bonded energy (E, ., pondea), bonded energy (Ey,q.q) and
kinetic energy (Ekincﬁc) according to Etotal = Ebondcd + Enon-bondcd +
Eiinetic- Note, E. 1 1ed 1S @ sum of van der Waals and Coulombic
energies, and E,_ ;.4 is a sum of the bond angle, and dihedral en-
ergies resulting from the covalent bonding between atoms. Since
the change of E;, ;. during deformation is negligible compared
to the potential energy (E,,deq 204 E, o bonded)s Exinetic 1S omitted in
Figure 2f. Thus, in the case of PNDI-TVT, film while both E, 4.4
and E_ 4.4 increase with application of the tensile strain, the
contribution of E, 1. 4ed 10 Eiora is much larger than E;_ .4, indi-
cating that the non-bonded interactions, specifically, the change
in van der Waals interactions is dominant during deformation.
As shown in Figure 2g, the case of all PNDI-TVT, films van der
Waals interactions between chains, mainly originating from z—x
stacking, play an important role in the elastic modulus of these
films.

2.3. Film Morphology and Microstructure

Experimental film morphology and microstructure were as-
sessed by AFM and GIWAXS. As shown in Figure 3a, all spin-
coated PNDI-TVT, films on Si/SiO, (300 nm) substrates and an-
nealed at 120 °C exhibit an interconnected and fibrillar morphol-
ogy in the AFM. However, the film surface fibrillar structure, and
thus the surface root-mean-square roughness (o)), varies sig-
nificantly when the TVT content decreases. Thus, PNDI-TVT,
films with the x from 100 to 40 are relatively smooth and oy
monotonically increases from 2.8 nm (100%) to 3.8 nm (60%) to
4.1 nm (40%). However, the film morphology of PNDI-TVT, with
the TVT content of 20% and 0% evidence large and randomly ori-
ented domains and are characterized by a very large oy, of 8.7
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Figure 3. a) AFM height images of PNDI-TVT, films. b) GIWAXS of the indicated PNDI-TVT, unstretched films. c) The corresponding 1D GIWAXS line

profiles taken along the out-of-plane and the in-plane scattering directions. d)

Pole figures calculated from (010) peaks at 0.27 A=" for unstretched films.

e) Plot of the relative degree of crystallinity of the PNDI-TVT, films obtained by integrating the pole figures. f) Experimental elastic modulus measured
by AFM tipping model. g) Schematic image of the crack onset strain measurement setup and crack onset strain of PNDI-TVT, films.

and 10.2 nm, respectively. Furthermore, the fibrillar structures of
the former films are better defined and exhibit a certain degree
of alignment. Interestingly, the oy results correlate with the L,
of the PNDI-TVT, series in Figure 1c, suggesting that decreas-
ing the TVT content in the backbone reduces chain alignment.
Also note that poorer AFM image quality of the PNDI-TVT, and
PNDI-TVT,, films using the same force-constant AFM probe tip
implies “softer” samples.l”]

Additionally, the PNDI-TVT, film microstructure as the TVT
content was decreased for both the pristine and 80% uniaxially
strained samples was characterized by GIWAXS. For these mea-
surements the polymers films were first transferred from OTS-
modified Si/SiO, wafers to polydimethylsiloxane (PDMS) sub-
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strates, next stretched, and finally transferred back to the Si sub-
strates. The role of OTS-modification is to reduce the adhesion
of the polymer film to the wafer and thus facilitate the transfer
process. As shown in the 2D GIWAXS patterns of Figure 3b,
all unstretched films are textured, in agreement with our pre-
vious investigation for films fabricated on Si substrates.*’! The
out-of-plane (OoP) and in-plane (IP) 1D sector-averaged profiles
obtained from the OoP and IP sectors of the unstretched films
are shown in the left of Figure 3c. For all samples, the PNDI-
TVT, (n00) lamellar and (010) z—= stacking reflections are evi-
dent in both OoP and IP directions, suggesting the presence of z-
face-on as well as z-edge-on populations in the ordered domains.
From this dataset some interesting trends are observed. Where
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the (100) reflections along OoP are similar for all TVT contents
[q (A™") = 0.27-0.28] except for the 60% (0.30 A~"), the IP reflec-
tions are pinned at g = 0.26 A~'for all polymer samples. Thus,
the lamellar periodicity (d,,,,) is the shortest for PNDI-TVT,,
(20.93 A) while those of all other polymers in the OoP direction
are 22.42-23.27 A and those in the IP direction are pinned at
24.15 A. Regarding the (010) z—z stacking reflection, when the
TVT content decreases the reflection initially increases and then
decreases along OoP [q (A™") = 1.58 (100%), 1.60 (80%), 1.62
(60%), 1.57 (0%)] while it falls to lower values, and exhibits an
opposite trend, along IP [q (A~') = 1.54 (100%), 1.54 (80%), 1.51
(60%), 1.55 (0%)]. Thus, in the OoP direction, first a significant
compression of the z—x stacking periodicity (d,) from 3.98 to
3.88 A is observed when the TVT content is reduced from 100%
to 60% and then it increases considerably for the non-conjugated
polymer (4.00 A for TVT = 0%). The d, trend agrees with the cal-
culated distances between NDI moieties in Table S4 (Supporting
Information). In the IP direction, as for d,,,,, the d_ varies in a
opposite trend (d, of 50% < 75% < 100% < 25% < 0%) and to a
lesser degree [d, (A) = 4.08 (100%), 4.08 (80%), 4.16 (60%), 4.05
(0%). Note, we have not measured the XRD of these films but
accessed their microstructure by GIWAXS experiments (vide in-
fra).

The calculated pole figures for the (010) reflection (Figure 3d)
represent the orientational distribution of the polymer crystallites
with respect to the surface normal after conversion of detector az-
imuth to the crystal polar angle (w). For a consistent comparison,
the relative degree of crystallinity (rDoC) of the PNDI-TVT, films
was calculated from pole figures by integrating the intensities of

the (010) reflection over the crystallographic orientation sphere:
90°

DoC = / I(w) sin wdw. As shown in Figure 3e, the rDoC first

1ncreases when the TVT content falls from 100% to 60% then
drops precipitously by the fully deconjugated PNDI-TVT,,. These
data reflect the trends identified in the MD-derived g(r) data for
the z—r stacking peak of the NDI moieties, and are thus the
best descriptor of the polymer crystallinity, while the distances
between NDI units from the XRD simulation best represent the
intermolecular correlations between backbones.

When the present films are stretched to 80% strain, the inten-
sity of most OoP reflections, particularly those associated with
the lamellar spacings, fall significantly (Figure 3c, right) while
for the IP direction one remains strong but with an altered rela-
tive strength within the (n00) reflection family. Therefore, uniax-
ial stretching of these films affects OoP crystallinity much more
than IP texturing. The result is a change in the rDoC of these
samples after stretching (Figures S4 and S5, Supporting Informa-
tion) where PNDI-TVT,,, and PNDI-TVT, are the most and, by
far, the least textured films while the polymers with the interme-
diate TVT content have intermediate rDoC values. However, all
reflection peak positions, and thus both dy,,, and d, in both OoP
and IP directions exhibit negligible variations under stretching,
thus the trends of these parameter upon stretching hold.

From the overall computed and experimental PNDI-TVT, mor-
phological analysis, it is evident that when the TVT content is
very high, the chains are too stiff to reorganize efficiently in the
solid state at the modest temperature used in the film fabrication
(=120 °C). Thus, while close z—r stacking occurs the crystalline
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domain sizes are nonoptimal. In contrast, for the nonconjugated
polymer, the chains are too flexible for efficient intermolecular
organization. Polymers with mid-TVT contents have semi-rigid
chains which can fold, resulting in strongly packed z—= stack
segments as well as the formation of larger crystalline domains.
This morphological picture suggests that polymers with an in-
termediate TVT content should offer the optimum compromise
between efficient charge transport and mechanical deformation

stability.

2.4. Experimental Mechanical Properties

The elastic moduli of PNDI-TVT, polymers with a TVT/TET con-
tent of 100 to 80, 60, 40, 20, and 0% were measured by AFM
modulus mapping.??-**l As shown in Figure 3f and Table S5
(Supporting Information), the PNDI-TVT, elastic modulus trend
generally tracks that of the computed values with the largest val-
ues for PNDI-TVT,,, (2.20 + 0.25 GPa), the lowest values for
PNDI-TVT, with low TVT contents: 0% (1.08 + 0.15 GPa) > 20%
(0.98 + 0.07 GPa), and intermediate values for other contents,
60% (1.22 + 0.12 GPa) > 80% (1.20 + 0.07 GPa) > 40% (1.19
+ 0.08 GPa). Despite the similar trends, the measured PNDI-
TVT,,, modulus is substantially larger than those of the other
PNDI-TVT, polymers, which is not the case for the computed
values. This difference may originate from the fact that the cal-
culations were performed for the bulk films without a contribu-
tion from the substrate, which is known to be important for de-
scribing the morphology of semiconducting polymers.[*®! Thus,
additional MD simulations for a PNDI-TVT,,, film on a silicon
substrate were carried out to better model the experimental sam-
ples (Figures S5 and S6, Supporting Information). Interestingly,
we find subtle elastic modulus differences between out-of-plane
and in-plane computations, and regardless of the deformation di-
rection, elastic modulus of the system with substrate included is
curiously lower than that of the free-standing films. Thus, an-
other possible reason for the disparity between the experimental
and simulated PNDI-TVT,, film elastic moduli may originate in
choosing relatively short chain lengths for the simulation. Par-
ticularly for PNDI-TVT, with a large TVT content, the rigid short
chains in the film may slip more easily during deformation simu-
lations, leading to a lower modulus. This hypothesis is supported
by the disappearance of the PNDI-TVT,, z—z stacking peak in
the simulation during deformation, as shown in Figure S8 (Sup-
porting Information). Future studies will address calculations of
film morphology and the elastic moduli of PNDI-TVT, films with
longer chains which will require coarse-grained simulations of
much larger systems.

Finally, the crack onset strain of these polymers was also ac-
cessed by optical microscopy for PNDI-TVT, films transferred to
PDMS substrates (Figure 3g and Figures S8-S13, Supporting In-
formation) and the data are also collected in Table S5 (Supporting
Information).[)] Thus, the crack onset strain monotonically in-
creases as the TVT content decreases in the order: 5+1% (PNDI-
TVT, ), 10 + 3% (PNDI-TVTy,), 29 + 2% (PNDI-TVT,,), 51 + 5%
(PNDI-TVT,,), and >100% (PNDI-TVT, and PNDI-TVT,), the
latter measurement equipment limited. This result indicates that
while the differences in elastic properties among these polymers
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Figure 4. a) Top-gate/bottom-contact FOTFT structure used in this study
to quantify charge transport of the PNDI-TVT, polymers. b) Electron mo-
bility of PNDI-TVT, FOTFTs with various TVT contents before bending.
c) Electron mobility variations of PNDI-TVT, FOTFTs upon deformation
along the L channel direction at different bending radii. d) Electron mobil-
ity variations of PNDI-TVT, FOTFTs upon bending the devices along the L
channel direction at 7 mm bending radius for different times.

is limited, the plastic deformation increases dramatically with
falling TVT content, reflecting the stepwise deconjugation. Inter-
esting, if we replace TVT with bithiophene in PNDI-TVT,,, the
resulting polymer is N2200 [also called P(NDI20D-T2)], which
is a well-known and widely studied semiconductor exhibiting an
electron mobility between 0.1 to 6 cm? V-! g71.[*-1 The me-
chanical properties of N2200 films and OTFTs have been inves-
tigated to a certain extent as pristine, blended, and encapsulated
films.[20°152] For instance, Kim et al. reported tensile behavior
of ~#100 nm thick N2200 films based on polymer batches with
different molecular masses. It was found that the batches with
molecular weight/ polydispersity index of 49 kDa/2.60 (similar
to PNDI-TVT,,, 51 kDa/2.33) and 163 kDa/2.42 exhibit an elas-
tic modulus/crack onset of 0.74 + 0.04 GPa/1.1% (vs 2.20 +
0.25 GPa/5 + 1% for PNDI-TVT,,,) and 0.92 + 0.02 GPa/34.2%,
respectively.*”! Thus, again, while the elastic modulus remains
in a narrow range, the crack onset strongly depends on the struc-
ture as well as the molecular mass, making a direct correlation of
the mechanical properties upon co-monomer replacement diffi-
cult when accessed in different laboratories.

2.5. FOTFTs and Charge Transport upon Mechanic Deformation

Charge transport measurements were carried out both on
rigid (glass) and flexible (polyethylene naphthalate, PEN) sub-
strates and, for the latter, upon bending the devices at different
radii. The device structures were, glass or PEN (substrate)/Au
(source-drain)/PNDI-TVT,/PMMA (dielectric)/Al (gate)
(Figure 4a). Note that rigid TFTs on glass were fabricated
here since in our previous study the PNDI-TVT, films were
annealed at 150 °C.3%] Because PEN has limited thermal stability
at this temperature,[? all PNDI-TVT, films here were necessarily
processed at 120 °C to allow direct performance comparison be-
tween the rigid and flexible platforms. The semiconducting layer

Adv. Funct. Mater. 2023, 2310071

2310071 (7 of 10)

www.afm-journal.de

was deposited by spin-coating a polymer solution in toluene
(5 mg mL™"). All devices were fabricated in an argon-filled-
glovebox and evaluated under ambient conditions. Performance
parameters, including field-effect mobility (u), were extracted
using standard MOSFET equations.l%*)

As expected, the field-effect electron mobility (u,) of the rigid
(glass) OTFTs fabricated here are lower than those measured
previously for the semiconductor films annealed at a higher
temperature,*>) however, the trend is identical (Figure 4b and
Figure S15 and Table S6, Supporting Information). Thus, as the
TVT content decreases from 100 to 60%, the mobility first re-
mains in a narrow range, 0.18 + 0.02 cm? V™! s7! (100% and
80%) and 0.10 + 0.03 cm? V~! s7! (60%), then falls to 0.05 +
0.01 cm? V™! 57! (40%) and 0.02 + 0.01 cm? V™! 57! (20%), and fi-
nally remains non-negligible for the fully deconjugated polymer,
0.009 + 0.002 cm? V= s7! (0%). Importantly, the mobilities of
FOTFTs on PEN, y_ (cm? V-1 s71) = 0.17 + 0.02 (100%), 0.18 +
0.02 (80%), 0.10 + 0.02 (60%), 0.05 + 0.01 (40%), 0.010 + 0.003
(20%), and 0.003 + 0.002 (0%), are almost identical to those of
the rigid devices on glass, with all exhibiting negligible I-V hys-
teresis (Figure 4b and Figure S16 and Table S7, Supporting In-
formation).

Next, we evaluated how PNDI-TVT, charge transport is af-
fected when bending the FOTFTs at a radius from oo to 2 mm,
parallel to the charge transport direction (Figures S17-S20, Sup-
porting Information). The strain during the film bending process
is calculated by the deformation quantity of semiconductor layer
relative to the neutral layer.['%] As shown in Figure 4c and Table
S8 (Supporting Information), the u, variation upon bending
depends significantly on the TVT monomer content. Upon
bending the PNDI-TVT,,, devices at a radius of , 4 mm, and
2 mm, the electron mobility decreases substantially from 0.17 +
0.02cm? V7157110 0.10 + 0.01 cm? V! 57! (mobility reduction of
~40%), t0 0.05 + 0.03 cm? V=! 57! (%¢70%) and 0.008 + 0.001 cm?
V-1 571 (%95%), respectively. However, incorporation of TET in
the PNDI-TVT, films significantly reduces mobility depression,
particularly at 7 mm for all devices and at all bending radii for
those with greater TET contents. Thus, the PNDI-TVTy, and
PNDI-TVT,, FOTFTs exhibit a moderate mobility decrease of
~5% (from 0.18 +£0.03t0 0.17 + 0.01 cm? V~! s71) and ~3% (from
0.10 + 0.02 t0 0.097 + 0.003 cm? V! s71) at 7 mm, ~50% (0.09 +
0.02 cm? V! s71) and ~16% (0.084 + 0.01 cm? V-! s7!) at 4 mm,
and ~83% (0.028 + 0.003 cm? V! s7!) and =~40%
(0.041 + 0.005 cm? V-! s7!) at a 2 mm radius, respectively.
Importantly, the PNDI-TVT,,, PNDI-TVT,, and PNDI-TVT,
devices exhibit a far lower mobility reduction of <10% at 7 nm,
<20% at 4 mm, and <30% after bending tests at a 2 mm radius.

Finally, repeated bending tests were performed for PNDI-TVT,
devices at 7 mm over 0 to 2000 bending cycles (Figure 4d and
Table S9, Supporting Information) and it is found that the mag-
nitude of device performance degradation decreases as the TVT
content decreases. Thus after 2000 bending cycles at a 7 mm ra-
dius, the u, of PNDI-TVT,,, PNDI-TVTy, and PNDI-TVTj, falls
by ~95% (from 0.17 + 0.02 to 0.008 + 0.001 cm? V-1 s7!), ~80%
(from 0.18 + 0.03 to 0.036 + 0.003 cm? V~! s71) and ~60%
(from 0.10 + 0.02 to 0.041 + 0.005 cm? V7! s7!), re-
spectively. Compared with these results, a far lower
y, decline occurs after 2000 cycle bending cycles for
PNDI-TVT,, PNDITVT,, and PNDITVI,  which
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falls by only ~15% (from 0.05 =+ 0.01 to 0.043 =+
0.002 cm? V7' s7), #10% (from 0.010 + 0.001 to 0.009 +
0.002 cm? V! s71), and ~5% (from 0.0032 + 0.001 to 0.003 +
0.001 cm? V-1 s71), respectively. These results are in accord with
the mechanical plastic deformations trends and film texturing
observed for the semiconducting polymer film (vide supra).

3. Conclusions

We demonstrated here that progressively reducing the content of
the z-conjugated monomer TVT with respect to the nonconju-
gated co-monomer TET in the PNDI-TVT, semiconducting poly-
mer series enables progressive modulation of the macromolec-
ular structure, chain rigidity, morphological response to strain,
and charge transport properties as assessed from concurring MD
simulations and experimental results. To understand the effect of
TVT content on inter- and intra-chain interactions, the g(r), XRD,
elastic modulus, and bonded/non-bonded interactions were first
computed by MD. Although the simulations and experiments
differ, particularly for the modulus of PNDI-TVT,, the general
trends are reproduced indicating that decreasing the TVT con-
tent in these polymers, the interchain distance between NDI moi-
eties/backbone, n—r stacking, van der Waals interactions, and
texturing are optimal at an intermediate TVT content. Further-
more, our experimental data indicate that lowering the TVT con-
tent does not dramatically affect the elastic behavior but strongly
affects plastic deformation (crack onset), which falls monotoni-
cally when the TVT content falls, which correlates with the T,
and the computed chain bending stiffness in this polymer se-
ries. Finally, FOTFTs based on the present PNDI-TVT, films il-
lustrate the effects of conjugation length on the electron mobility,
with PNDI-TVT,, delivering the optimum performance balance
between mechanical flexibility and mobility. We believe that this
combined experimental and computational study will guide the
design of future z-conjugated building blocks to further enhance
FOTFT performance and stretchability.

4. Experimental Section

Materials, Films and Device Fabrication, and Characterization:
PNDI-TVT, were synthesized and purified according to the previous
procedure.3>] All solvents were purchased from Sigma-Aldrich and used
as received. The PEN substrate film had a thickness of 130 um. PMMA
(120 kDa) was purchased from Sigma-Aldrich. The n*t silicon wafer
substrates with a 300 nm thick silicon dioxide were cut into 2 cm X
2 cm squares. All OTFTs have a top-gate-bottom-contact architecture.
PEN substrates were cleaned ultrasonically with isopropyl alcohol and
oxygen plasma. For both rigid substrates, 25 nm thick gold source/drain
electrodes were deposited by thermal evaporation at a pressure of 5 x
108 Torr though a shadow mask (channel width = 1000 um and channel
length = 50 um). For semiconductor deposition, the PNDI-TVT, polymers
were dissolved in anhydrous toluene at a 5 mg mL™" concentration. The
semiconductor solutions were filtered through a 0.2 um polytetrafluo-
roethylene (PTFE) filter and spin-coated at 1000 rpm for 30 s in a N,
filled glove box. These films were then annealed at 120 °C for 30 min
in the glove box. Next, the PMMA dielectric solution (70 mg mL™" in
2-butanone) was spin-coated at 1500 rpm for 40 s on the semiconduction
polymer films and annealed at 80 °C for 3 h under N,. Finally, the FOTFTs
were completed by depositing Al top-electrodes (50 nm) by thermal
evaporation. For all devices, electrical characterization was performed in
ambient and in the dark on a custom probe station using an Agilent 1500
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semiconductor parameter analyzer. AFM images were collected with a
Bruker atomic force microscope (Dimension) in tapping mode. Optical
micrographs were acquired on a Nikon Model Eclispse Ci-L optical
microscope. GIWAXS measurements were performed at beam-Line 8ID-E
at the Advanced Photon Source at Argonne National Laboratory.

Molecular Dynamics Simulations on PNDI-TVT,: Atotal of 150 polymer
chains were used in all simulations. The morphology of the PNDI-TVT,
was studied using a LAMMPS molecular dynamics simulation package.[>*]
The initial systems were generated in Moltemplate,[>°! and the size of the
initial computational box was 30 x 30 x15 nm?. The box was quickly de-
formed to 18 x 18 X 9 nm? to achieve a density that is approximately closer
to the actual density. The bonded and nonbonded interactions of the poly-
mers were defined by the general AMBER force field as implemented in the
Moltemplate. The simulations were run in the isothermal isobaric (NPT)
ensemble with a time step of 1fs. The effect of solvent was implicitly mod-
eled by Langevin dynamics with a damping parameter of 3800 fs and a
dielectric constant of 5. The film was first equilibrated at 800 K for 10 ns,
then it was quenched from 800 K to 300 K at a cooling rate of 20 K per
ns and during the quench procedures, after each 20 K temperature drop,
i.e., after each ns run, the system was equilibrated for 0.5 ns. Finally, the
system was again equilibrated at 300 K during 2.5 ns. The pressure was
kept constant at 1 atm. The Coulomb interaction was calculated using via
particle—particle particle-mesh solver with a cutoff of 1 nm.5®! Interchain
radial distribution function g(r) of the rings present in the polymer chains
was calculated using the following equation,

N 1

— X —
%ﬂ [(r+5r)3 —r3] Phulk

g = M

where, N is the number of particles present in a bin, r is the distance be-
tween two centers of mass of the rings, 6r is the bin width and py is
the bulk density of the system. g(r) of the rings presents in the NDI moi-
eties and g(r) of the rings present in TVT/TET moieties are calculated sep-
arately. XRD pattern was calculated in LAMMPS. The persistence length
of the polymer chains was calculated as shown in Figure S22 (Supporting
Information).[7]

Elastic Modulus and Film Deformation Simulations: Uniaxial tensile
strain was imposed to two principal axes of the film that are perpendicular
to the film thickness direction at a strain rate of 1x 10° s to estimate
elastic modulus of films using “fix deform” command as implemented in
LAMMPS. The film deformation simulations were carried out with 1.0 fs
timestep. All deformation simulations were conducted in the NPT ensem-
ble at 300 K while the pressure of two cell faces that are perpendicular to
the tensile strain direction was kept constant (anisotropic pressure con-
trol). The stress tensor corresponding to the test direction was calculated
via the kinetic energy contribution and the virial contribution. The elastic
modulus was estimated by calculating the slope of a line fitted to the elas-
tic region of the stress-strain curve. Note that two elastic moduli (i.e., two
strain curves) were independently calculated by deforming the film along
x and y axes separately, and the calculated results for the elastic moduli
(Figure 2e) show their averaged values and corresponding standard devi-
ations.

Supporting Information

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