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ABSTRACT: Lactam-containing conjugated molecules are
important building blocks for conjugated polymers for high
performance organic field-effect transistors (OFETs). The
alkylation on conjugated lactam building blocks may preferably
produce either O-alkylated or N-alkylated isomers, which
might have different influences on the HOMO/LUMO energy
levels, π−π stacking patterns and crystallinity of the
corresponding polymers. However, the influence of O-
alkylation and N-alkylation on the OFET performance of the
resultant polymers has not been reported. Here, with an improved synthetic strategy, we prepared the N-alkylated isomer of
dibenzonaphthyridinedione (DBND), a tetracyclic lactam building block that used to give O-alkylated product preferably, which
gave us a chance to compare the influence of N-alkylated DBND (N-DBND) and O-alkylated DBND (O-DBND) on the OFET
performance of the corresponding polymers. It was found that the polymer based on N-DBND exhibits a much higher hole
mobility (0.55 cm2 V−1 s−1), almost 100 times greater than the one based on O-DBND (0.006 cm2 V−1 s−1). The reasons for such
a huge difference were thoroughly investigated theoretically and experimentally. It was found that repeating unit in the polymer
based on N-DBND exhibits a much higher dipole moment (1.56 D) than that based on O-DBND (0.49 D), which results in a
much stronger intermolecular binding energy (−57.2 vs −30.0 kcal mol−1). Although both polymers exhibits very similar
coplanarity and crystalline patterns, stronger intermolecular interaction of the polymer based on N-DBND leads to shorter π−π
stacking distance (3.63 vs 3.68 Å), which results in a film with higher crystallinity and highly interconnected fibrillar domains, and
accounts for its high charge carrier mobility, as evidenced by 2D-GIXD and AFM analysis. We come to the conclusion that the
more polar amide bond in N-DBND is the major factor which governs the charge transport properties, which overwhelms the
side-chain engineering effect that O-alkylation might bring in (the branching point of the side-chain of an O-DBND-based
polymer is one more atom away from the polymer backbone and results in less steric hindrance).

■ INTRODUCTION

In the past few years, donor−acceptor (D−A) type conjugated
polymers with amide/lactam building blocks have attracted
great attention. Amide-based organic semiconducting materials
are widely investigated for applications in organic field-effect
transistors (OFETs) and organic photovoltaics (OPVs) due to
their low-lying HOMO levels and the improved π−π stacking
endowed by the polar and electron-deficient amide bond.1,2 For
example, polymers based on diketopyrrolopyrrole (DPP) and
isoindigo (II), two most popular lactam-containing acceptor
building blocks, exhibited superior performance both in OFETs
and OPVs.3−7 Extensive efforts were put into the discovery of
novel lactam-containing materials8−12 thereafter, and further
optimizations such as the extension of conjugation length,13−15

side-chain engineering,16−18 and heteroatom incorpora-
tion19−22 on these structures were widely investigated, which

not only led to the enhanced performance, but also disclosed
the relationship between chemical structures and material
properties, which boosted the rapid development of organic
semiconductors in recent years.
One of the advantages in using amide/lactam-containing

conjugated building blocks is the ease to alkylate the amide/
lactam moiety to endow the corresponding polymers with
solution processability. On the other hand, amide/lactam
moiety provides two possible positions for alkylation: either on
the N atom or on the O atom. Although N-alkylated lactam-
containing conjugated motifs continue attracting considerable
attention, O-alkylated lactam isomers also present in the
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literature with satisfying performance both in OFETs and
OPVs.10,23 In some cases, alkylation of the lactam moiety in a
π-conjugated system only led to O-alkylation. For example, a
thiophene-fused naphthyridinedione based polymer showed
high efficiency in polymeric wide-bandgap OPVs,10 and it was
later confirmed that the alkylation occurs solely on oxygen
atom instead of on nitrogen atom. In such cases, the driving
force for the formation of O-alkylated compounds is
aromatization,24 which leads to a fully conjugated system with
better stability. From a synthetic chemistry point of view,
certain alkylation conditions generally leads to one of the two
isomers, thus, it is difficult to obtain both O-alkylated and N-
alkylated isomers and compare their influence on the
performance of corresponding polymers. Only a few works
are reported on that topic, majorly focused on their influence
on OPV performance.25,26 Leclerc et al. reported that by
incorporating both N-alkylated and O-alkylated phenanthridio-
none into the conjugated polymer, the OPV performance of the
polymer is better than that made from either N-alkylated or O-
alkylated monomer.24 Su et al. compared the OPV performance
of the polymers containing either N-alkylated and O-alkylated
pyrido[2,3,4,5-lmn]phenanthridine, and came to the conclusion
that N-alkylated polymer shows a slightly better power
conversion efficiency.25 However, the reason behind such
differences is not thoroughly discussed. Furthermore, to the
best of our knowledge, the influence of N-alkylated and O-
alkylated monomers on the performance of the corresponding

polymer in OFET devices has not been reported so far. We
consider that N-alkylation and O-alkylation on the lactam
moiety of a conjugated monomer may have two consequences
of the corresponding polymers: (1) N-alkylation results in a
monomer with an intact lactam moiety, which is more polar
than O-alkylated isomer and may favor stronger intermolecular
interactions and thus may be beneficial to interchain charge
transfer; (2) on the other hand, O-alkylation results a monomer
with the branching point of the side-chain one more atom away
from the polymeric backbone, which may decrease the steric
hindrance caused by side-chain and thus may also be beneficial
to OFET performance, as evidenced by many side-chain
engineering works on conjugated polymers.17,27 We anticipate
that if one factor overwhelms the other, it will become the
determining effect for the corresponding OFET performance.
Such studies will further cast light on the “structure-property”
relationship of the conjugated polymers.
Recently we reported the synthesis of a tetracyclic fused

bisamides building block, dibenzo[c,h][2,6]-naphthyridine-
5,11(6H,12H)-dione (DBND) and tested the OPVs perform-
ance of the corresponding O-alkylated polymer.28 During the
alkylation reaction on DBND, O-alkylated DBND (noted as O-
DBND) was the major product, with a small amount of half O-
alkylated/half N-alkylated DBND (noted as H-DBND), and
barely no formation of N-alkylated DBND (noted as N-
DBND). Herein, we report our improvement in the synthesis
of N-DBND, which allows us to compare N-alkylation and O-

Scheme 1. (a) Optimization of the Synthetic Conditions for Monomer N-DBND and (b) Polymer Synthesis and Polymerization
Conditionsa

aPd2(dba)3, P(o-tol)3, 5,5′-bis(trimethylstannyl)-2,2′-bithiophene, toluene, 110 °C, 72 h.
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alkylation of the lactam ring on the OFET performance of the
resulting polymers. The results indicate that although with the
side-chain branching point one atom closer to the main chain,
polymer based on N-DBND shows almost one hundred times
higher hole mobility (0.55 cm2 V−1 s−1) than that based on O-
DBND (0.006 cm2 V−1 s−1), since the more polar amide bond
leads to stronger interchain π−π stacking, which is the
overwhelming effect which governs the charge transportation.

■ RESULTS AND DISCUSSION

Synthesis of N-Alkylated and O-Alkylated DBND.
DBND, a novel isomer of II, is a fully planar molecule (II
exhibits a 22.3° dihedral angle between the two oxindole
rings29), and the O-alkylated DBND has been used as an
excellent building block for wide-bandgap conjugated polymers
with outstanding OPV performance.28 We expected that the
planarity and strong π−π interaction of DBND due to the
presence of lactam ring might facilitate intermolecular π−π
stacking of the corresponding polymers, thus might also lead to
excellent OFETs performance. Also, if the N-alkylated DBND
could be prepared, the study on the influence of O-alkylation
and N-alkylation of DBND on the OFET performance of the
corresponding polymers would be very interesting.
However, the limitation at that time was that during the

alkylation reaction of DBND, O-DBND was the obtained as the
major product; H-DBND was also observed but the yield of N-
DBND was rather limited. The overwhelming preference of O-
alkylation over N-alkylation is due to the aromatic character of
O-DBND.24 It was also confirmed by NMR data of the
unsubstituted DBND: it exists as a mixture of bis-lactam form
and lactam/quinolinol form in a 48:52 ratio due to
tautomerization.28 Similar results were also observed in the
alkylation of 2-pyridone, and the exclusive O-alkylation in
conjugation enlarged systems reported by Andersson10 and
Liu.23

In order to improve the regioselectivity for N-alkylation
(branched C20 side-chain: 9-(bromomethyl)nonadecane was
used for the optimization of alkylation reactions), two methods
were adopted, as shown in Scheme 1. First, by loading K2CO3
onto a solid support such as Al2O3,

30 the yield of N-DBND
increased to 17%, while the production of O-DBND decreased
from 63% to 55% when compared with the K2CO3-only

conditions. The improvement may be due to the coordination
of the carbonyl oxygen atom with the polyhydric Al2O3 surface,
which decreases the chances for O-alkylation. However, such an
increase was still not satisfying for the preparation of N-
alkylated product in large quantity. Since the aromatization is
the driven force of O-alkylation, we then decided to circumvent
this problem by using the unconjugated precursor (compound
2) of DBND as the substrate for alkylation. Delightfully, the
alkylation reaction on compound 2 first under argon protection
and then exposed air directly afforded N-DBND with an
improved yield of 16%. By combining the two methods
together, we could reverse the regioselectivity to 37% yield of
N-DBND, 19% of H-DBND and 9% of O-DBND. We
anticipate that such a synthetic strategy could also be applied
to the selective N-alkylation of other similar lactam-containing
conjugated monomers which generally prefer O-alkylation
under conventional conditions.

Polymer Synthesis and General Characterization.With
C20 side-chain alkylated N-DBND and O-DBND in hand,
Stille-coupling polymerization of the two building blocks with
5,5′-bis(trimethylstannyl)-2,2′-bithiophene (2T) was con-
ducted, giving the corresponding polymers in high yields.
However, unlike O-DBND based polymer, N-DBND based
polymer shows a rather poor solubility in common solvents
such as chloroform, chlorobenzene or o-dichlorobenzene (o-
DCB) even at high temperature up to 140 °C, which might be
due to its stronger intermolecular packing. Thus, we were
unable to fully characterize the properties of N-DBND based
polymer, not to mention the comparison of the influence of O-
alkylation and N-alkylation on OFET performance. Therefore,
alkylation reagent with longer C31 side-chain (15-(2-
iodoethyl)nonacosane) was adopted: the larger alkyl group
would improve the solubility of N-DBND based polymer; and
the branching point further away from the backbone would
generate less steric hindrance between alkyl chain and central
core and reduced π−π distance.17 The one-bath alkylation
reaction with K2CO3/Al2O3 as the base also preferably resulted
in 39% yield of C31 alkylated N-DBND, as shown in Scheme 1,
similar to the yield when using 9-(bromomethyl)nonadecane as
the alkylation reagent.
The newly synthesized monomers were then polymerized

with 2T, purified, and collected to give the final polymers noted
as P(N-DBND-2T) and P(O-DBND-2T), respectively. The

Table 1. Molecular Weights, Optical Properties, and Electrical Properties

polymer Mn
a (kDa) PDIa λmax

b (nm) λedge
b (nm) Eg

opt (eV) Eox (V) IPc (eV)

P(N-DBND-2T) 55 2.56 551, 509 575 2.16 1.40 5.55
P(O-DBND-2T) 81 2.21 505, 472 541 2.29 1.29 5.44

aDetermined by GPC at 150 °C using TCB as the eluent. bFilms are prepared by spin-coated the polymer solution on the piezoid. cFilms are
prepared by dropping-casted the polymer solution on the working electrode.

Figure 1. (a) UV−vis absorption spectra of polymer films. (b, c) Temperature-dependent UV−vis absorption spectra of P(N-DBND-2T) and P(O-
DBND-2T) in diluted o-DCB (0.01 g L−1).
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solubility of P(N-DBND-2T) is improved to 20 mg mL−1 in o-
DCB at 140 °C, but still not as good as P(O-DBND-2T) (30
mg mL−1). The molecular weight were determined via gel
permeation chromatography (GPC) using 1,2,4-trichloroben-
zene as the eluent at 150 °C after calibration against
polystyrene standards. The average molecular weights (Mn)
and polydispersity index (PDI) are shown Table 1. P(N-
DBND-2T) exhibits a relatively lower Mn (55 kDa) compared
to that of P(O-DBND-2T) (81 kDa), presumably due to its
poorer solubility, which hinders further chain growth.
Optical and Electrochemical Properties. Figure 1a

shows the UV−Vis absorption spectra of the two polymers in
film state, and the related data are listed in Table 1. Both
polymers exhibit two similar and well-defined absorption peaks.
The absorption peaks (λ0−1) at 472 and 510 nm stand for the
ICT absorption, while the strong vibronic absorptions (λ0−0) at
505 and 551 nm arise from the aggregation of the polymer
chains for P(O-DBND-2T) and P(N-DBND-2T), respectively.
P(N-DBND-2T) shows a more red-shifted absorption, since
the amide moiety exhibits stronger electron withdrawing ability
than the O-alkylated pyridin-2-ol moiety.
In order to understand the different aggregation behavior of

N- and O-alkylated polymers, temperature-dependent UV−vis
absorption spectra in solution state were recorded to analyze
the rigidity and intermolecular interaction of both polymers.
The experiments were performed in a dilute o-DCB solution
with temperature ranging from 25 to 95 °C. As shown in Figure
1, parts b and c, the vibronic absorptions of both polymers
gradually decay with the increase of solution temperature,
which is accompanied by a slight blue-shift, indicating the
weaker intermolecular packing at higher temperature. However,
the λ0−0 vibronic absorption did not vanish even when the
temperature was heated up to 95 °C, indicating strong
intermolecular stacking still exists at high temperature, which
might be attributed to the highly planar DBND structure.
However, the absorption decay rate of P(N-DBND-2T) is
much slower than that of P(O-DBND-2T), suggesting a
stronger π−π interaction between N-alkylated polymeric
chains. The intensity ratio of I0−0/I0−1 between λ0−0 and λ0−1
was calculated to further estimate the aggregation behavior in
solution.31 For both polymers, the I0−0/I0−1 values decrease
almost linearly with the increase of the temperature (measured
at 10 °C interval, as shown in Figure S1). However, the I0−0/
I0−1value of P(N-DBND-2T) is larger than that of P(O-DBND-
2T), especially at low temperature, indicating that the
aggregation of P(N-DBND-2T) is tighter. Such a result is
also in accordance with the different solubilities of the two

polymers, suggesting that N-alkylation has a more positive
influence in promoting π−π stacking of the lactam-containing
polymers.
The optical bandgaps of both polymers were calculated from

the absorption edge of the films. The absorption edge is 575
nm for P(N-DBND-2T) and 541 nm for P(O-DBND-2T),
which is corresponding to an optical bandgap (Eg

opt) of 2.16
and 2.29 eV, respectively. The wider bandgap of P(O-DBND-
2T) indicates the weaker electron deficiency of O-alkylated
DBND. Electrochemical cyclic voltammetry (CV) was used to
measure the ionization potential (IP) and the electron affinity
(EA) of the polymers (Figure S2), which partially reflects the
HOMO/LUMO energy level.32 The IP values of the polymers
are determined from the onset of the oxidation peak, which are
summarized in Table 1. The onset of the oxidation potential of
P(N-DBND-2T) and P(O-DBND-2T) is 1.40 and 1.29 V (vs
Ag/AgCl), corresponding to a IP value of 5.55 and 5.44 eV,
respectively. The high IP reflects a high lying HOMO energy
level, suggesting that the transistor based on both polymers
would exhibit hole-only charge transfer characteristics.
Unfortunately, no well-defined reduction peak was observed,
so we could not determine the exact EA of the polymers at this
time.

Theoretical Calculation. To further discuss the difference
of aggregation behavior between the two polymers, Density
functional theory (DFT) calculation at ωB97XD/6-31G* level
is used to study the energy-minimized structures as well as the
intermolecular self-assembly binding energy (IBE). For the sake
of computational simplicity, the 15-ethylnonacosane group
(C31 chain) are replaced by 7-ethyltridecane (C15 chain). The
result is shown in Figure 2. The dihedral angle between DBND
and the thiophene ring are 26.0° and −29.9° for N-DBND-2T
and O-DBND-2T respectively, and that between the two
thiophene rings are −31.6° and +23.9°, respectively. Thus, the
planarity of N-DBND-2T is comparable to O-DBND-2T.
Nevertheless, the calculated IBE (Figure S3) of N-DBND-2T is
−57.2 kcal mol−1, which is 27.2 kcal mol−1 larger than that of
O-DBND-2T, suggesting that P(N-DBND-2T) have a stronger
intermolecular interaction and greater tendency for stack-
ing.33,34 Since N-DBND exhibits stronger electron deficiency,
we propose that the different intermolecular interactions
originate from the different intramolecular dipole moment. As
is shown in Figure 2, N-DBND-2T shows a dipole moment of
1.56 D, while O-DBND-2T only exhibits a dipole moment of
0.49 D. The larger dipole moment could enhance the crystalline
properties, which may also promote intermolecular charge
transfer.

Figure 2. DFT calculation of the converged molecular structure of N-DBND-2T and O-DBND-2T. The intramolecular dihedral angle, ground state
dipole moments are listed.
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OFET Properties. To compare the OFET performance
between O-alkylated and N-alkylated polymers, bottom-gate
bottom-contact (BGBC) devices were constructed, the output
and transfer curves are shown in Figure 3, and the optimized
performances are listed in Table 2. As we expected, both

polymers exhibit hole-only charge transfer characteristics due to
the high lying HOMO energy level. P(O-DBND-2T) exhibits
an optimized hole mobility of 0.006 cm2 V−1 s−1. On the other
hand, P(N-DBND-2T) exhibits a much higher mobility up to
0.55 cm2 V−1 s−1, almost 100 times higher than that of P(O-

DBND-2T). P(N-DBND-2T) also shows larger on/off ratio
(>104) than P(O-DBND-2T) (Ion/off > 102), indicating that it is
a better material for the fabrication of OFET devices. Although
the molecular weight of P(N-DBND-2T) is lower than that of
P(O-DBND-2T) (higher molecular weight generally results in
higher charge carrier mobility for conducting polymers), and
the side-chain branching point of P(N-DBND-2T) is one atom
closer from the backbone than that of P(O-DBND-2T), the
much higher hole mobility of P(N-DBND-2T) indicates that
the higher electron deficiency character of N-alkylated lactam
acceptor is the overwhelming factor, which may be responsible
to its higher charge transport properties.

GIXD and Morphology. To further explain the different
performance in OFETs of the O-alkylated and N-alkylated
polymers, the crystallinity and morphology of the thin films
were investigated by grazing incidence X-ray diffraction
(GIXD) and tapping-mode atomic force microscopy (AFM).
As shown in Figure 4a, both polymer films displays a strong
diffraction at the 2θ value of 2.98°, corresponding to a d-
spacing of 29.6 Å (λ = 1.54 Å). The other three diffractions are
attributed to the (200), (300), and (400) diffractions, indicating

Figure 3. Output (a and c) and transfer (b and d) characteristics of P(N-DBND-2T) and P(O-DBND-2T) devices after thermal annealing (L = 10
μm, W = 1.4 mm).

Table 2. OFET Device Performances and GIXD Results of
Polymers

polymer μa (cm2 V−1 s−1)
Vth
(V) Ion/Ioff

π−π distanceb

(Å)

P(N-DBND-2T) 0.55 −23 >104 3.63
P(O-DBND-2T) 0.006 −34 >102 3.68

aMaximum values of hole mobilities are measured under ambient
condition after annealing at 180 °C for 6 min. bπ−π stacking distances
determined by GIXD experiments.

Figure 4. (a) GIXD out-of-plane linecults and 2D-GIXD patterns of (b) P(N-DBND-2T) and (c) P(O-DBND-2T) films after thermal annealing.
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a long-range ordered lamellar packing. Very interestingly, the
diffraction peaks of both polymers appears at almost the same
positions (as observed in the out-of-plane linecults and in-plane
linecults, Figure S4), showing that their crystalline patterns are
very similar, which indicates that N-alkylation and O-alkylation
had little influence on the crystalline patterns. However, P(N-
DBND-2T) exhibits stronger packing diffraction signals
compared to P(O-DBND-2T), as illustrated in the out-of-
plane linecults, which indicates P(N-DBND-2T) possesses
higher degree of crystallinity in thin film state that P(O-DBND-
2T). Higher degree of crystallinity of the N-alkylated polymer is
benefited from its stronger intermolecular interactions, which is
in consistent of the temperature-dependent UV−vis absorption
results and DFT calculations. In addition, the calculated π−π
stacking distance of P(N-DBND-2T) is 3.63 Å, remarkably
smaller that of P(O-DBND-2T) (3.68 Å). The smaller π−π
distance of P(N-DBND-2T) promotes better frontier orbital
overlap, which also contributes to the higher charge transport
property.35

2D-GIXD patterns of P(N-DBND-2T) (Figure 4b) and
P(O-DBND-2T) (Figure 4c) provided more information on
the modes of orientation for both polymers. The lamellar
stacking diffraction arcs extended from qz direction to qxy
direction infer that both “face-on” and “edge-on” orientations
exist in the thin films of both polymers; however, the π−π
stacking diffractions that could be observed at qz direction but
not at qxy direction indicate that “face-on” arrangement is
preferred for both polymers.36 P(O-DBND-2T) seems to have
even more fractions of “face-on” arrangement in the film state,
since its π−π stacking diffraction is more “localized” in the qz
direction.36,37

Although it is generally accepted that “edge-on” orientation
of the polymeric backbone facilitates charge carrier trans-
portation (such as most II based polymers), nevertheless, It
should be point out P(N-DBND-2T) shows a mobility
comparable as II based polymer with 2T donors and similar

side-chain (maximum 0.4 cm2 V−1 s−1) which prefers “edge-on”
orientation,17 indicating that the planar structure of DBND, the
stronger interactions between N-DBND-based polymers due to
its higher polarity, and the presence of the “edge-on” phase
(although in smaller amount compared to “face-on” phase
might be the reasons for better charge transfer properties of
P(N-DBND-2T). Since the molecule packing orientation could
be finely tuned,38,39 we anticipate that better performance of N-
DBND based polymers could be obtained if all “edge-on”
orientation could be realized.
Besides crystallinity, film morphology is another important

factor that affects charge transport properties in organic
semiconductor. And it is favorable for thin films to have
interconnected domains in order to minimize crystallite grain
boundaries.40 As illustrated in Figure 5, AFM image of the P(O-
DBND-2T) film shows a rough and spherical morphology,
while the P(N-DBND-2T) film shows fine, highly intercon-
nected fibrillar domains with an obviously reduced surface
roughness (RMS = 0.47 nm) compared to P(O-DBND-2T)
(RMS = 2.31 nm). Interconnected crystalline zones of the P(N-
DBND-2T) film are formed presumably due to strong
intermolecular π−π interactions, which also accounts for its
high charge carrier mobility.

■ CONCLUSION

With the development of an improved synthetic strategy, the
N-alkylation of DBND, a lactam-containing monomer used to
be suitable for only O-alkylation, was now realized. The
successful preparation of N-DBND gave us an opportunity, for
the first time, to compare the influence of N-alkylation and O-
alkylation on the OFET performance of polymer based on
lactam-containing acceptor building blocks. It was found that
N-alkylation led to a polymer with higher polarity, which
induced stronger interchain π−π stacking, as evidenced by DFT
calculation and temperature-dependent UV−vis spectroscopy.
Although the crystalline patterns of the thin films were little

Figure 5. Tapping-mode AFM height images (a and b) and phase images (c and d) of P(N-DBND-2T) and P(O-DBND-2T) films after thermal
annealing.
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affected when changing from O-alkylation to N-alkylation, π−π
stacking distance was shortened and the thin film became less
rough and more well-interconnected fibers were formed, as
evidenced by GIXD and AFM characterization. As the result,
P(N-DBND-2T) showed much higher hole mobility (0.55 cm2

V−1 s−1), almost 100 times greater than that of P(O-DBND-
2T). These results indicate that the major difference between
N-alkylated and O-alkylated conjugated polymers lies in their
different polarity, although O-alkylated conjugated polymer has
better solubility and larger molecular weight. It also infers that
using a donor−acceptor repeating unit with stronger dipole
moment will favor tighter interchain packing, which is a very
important factor for the further improvement of OFET
performance.
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