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Abstract

A series of five thionated naphthalene diimides (NDIs) with linear alkyl chains was synthesized
and the optoelectronic, self-assembly, and device properties were studied. When tested in
organic thin-film transistors, the electron mobilities of the thionated derivatives are three orders
of magnitude higher than the non-thionated parent analogue, with the highest mobility measured
for cis-S2 (Umax = 7.5 x 102 cm? V' sY). In contrast to branched chain PDIs and NDIs, the
electron mobility does not increase appreciably with degree of thionation, and the average
mobilities are quite consistent ranging from 3.9 x 102 to 7.4 x 10% cm”> V' s for one to three

sulfurs.

Introduction
While there have been significant advances in the design of m-conjugated p-type materials for
organic electronics over the last 20 years, research on complementary n-type materials has

gained interest only recently. > High-mobility n-conjugated n-type materials are needed for use
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as acceptor materials in organic photovoltaics (OPVs) and in n-channel organic thin-film
transistors (OTFTs). “'* As with OPVs, there are many more examples of p-type (ie. hole
transporting) OTFTs than n-type (ie. electron transporting). 1315 Design criteria for new =-
conjugated n-type materials for transistor applications include (1) lowering the LUMO level for
efficient electron injection and (2) invoking strong intermolecular interactions for efficient

electron transport in the solid-state. te.17

Many of the best-performing n-type materials for both OPVs and OTFTs contain an electron

4,18-20
1820 cuch as

withdrawing carbonyl group in the form of an amide or imide functionality,
diketopyrrolopyrrole (DPP), 2122 thieno[3,4-c]pyrrole-4,6-dione (TPD),” perylene diimide
(PDI),** and naphthalene diimide (NDI). 2326 A far less studied electron deficient functional
group is the thioimide, that is an imide group where the two carbonyl oxygens are replaced with
sulfur. Previously, this functionality had been mainly studied in biological chemistry, however,
recently there has been interest in thionating n-type materials for organic electronics. 2132 This
so-called thionation typically results in a lowering of the LUMO energy and increase in electron
affinity, satisfying the first design criterion for an ideal n-type OTFT material. Furthermore,

thionation gives rise to the possibility of S-S contacts, which can increase intermolecular

interactions, satisfying the second design criterion outlined above.

We recently showed that thionation leads to an increase in thin film transistor electron mobility
by two orders of magnitude when the four diimide oxygens are replaced with four sulfurs in PDI
small molecules.” We were interested in expanding the scope of the thionation reaction to
smaller NDIs, as well as replacing the branched 3-hexylundecyl side chain used in the PDI study
with a linear alkyl chain so that the solid-state packing and self-assembly properties could be

studied.
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Herein, we describe the synthesis, characterization, self-assembly, and thin film transistor
performance of a series of linear chain thionated NDIs (Fig. 1). We find that the electron
mobilities of the thionated derivatives are three orders of magnitude higher than the non-
thionated parent analogue, with the highest mobility measured for ¢is-S2 (tmax = 7.5 x 10%cm?
V's). Unlike the series of branched chain PDIs and NDIs, we find that the electron mobility
does not increase appreciably with degree of thionation, and the average mobilities are quite
consistent ranging from 3.9 x 10%to 7.4 x 102 cm® V' s™ for one to three sulfurs. This work
demonstrates that high performance can be achieved with derivatives having low degrees of
thionation, which have higher yields, improved solubility, and require less intensive syntheses

than the higher thionated analogues, in contrast to what was previously thought.
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Fig. 1 Chemical structures of the six N,N’-di(dodecyl)-4,5,8,9-naphthalene diimide derivatives.

Results and Discussion

Synthesis
The non-thionated parent NDI (P) was synthesized from naphthalene-4,5,8,9-tetracarboxylic

dianhydride and n-dodecylamine according to literature procedure.”* The crude product was
obtained in high yield and was used in the next step without further purification. Although

characterization and device fabrication for P were done using the product that was not subject to
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chromatography, spectroscopic evidence (‘'H NMR; see ESI) indicated that P was as pure as the
other samples. Thionation was achieved by treating P with recrystallized Lawesson’s reagent
(LR) in refluxing toluene. The degree of thionation was controlled by varying the reaction time
and stoichiometry. When less than one equivalent of LR was used and the reaction time was 17
h, the major product is S1 (each equivalent of LR is capable of delivering two sulfur atoms per
reaction). When three equivalents of LR were used and the reaction time was 17 h, the major
products are cis-S2 and trans-S2. When five equivalents of LR were used and the reaction time
was 48 h, the major products are S3 and S4. Due to a decrease in solubility with increasing
degree of thionation, the compounds must be separated by a series of chloroform columns on
both silica gel and aluminum oxide. Similarly to the analogous thionated PDIs, both cis and trans
isomers of the doubly thionated compound are obtained, as confirmed by gCOSY NMR (Fig. S6
and S9). The geminate isomer is also present in very minor amounts but could not be isolated. It
is important to note that in contrast to the study on 2-ethylhexyl NDIs, we were able to obtain the
S4 derivative. The previous report suggests that the inability to synthesize the S4 compound may
be due to the low LUMO energy of the S3 decreasing its reactivity towards Lawesson’s
reagent;32 however, our results suggest that further thionation is, in fact, possible. This difference
in reactivity may be a steric effect, such that the branching at the 2-position in the ethylhexyl
derivative may decrease the rate of the fourth sulfur substitution, which does not occur in the

dodecyl derivative due to the absence of branching.

Optoelectronic Properties
The absorption spectra in both solution and solid-state red-shift with increasing degree of
thionation, similarly to the thionated PDIs (Fig. 2).%? This red-shift is attributed to an increase in

the HOMO energy and decrease in LUMO energy, as confirmed by cyclic voltammetry and
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density functional theory calculations (Table 1). The solution spectra are consistent with the 2-
ethylhexyl analogues disclosed in a 2011 patent by Polyera,35 and in a recent publication by
Zhang and co-workers.** The low energy shoulder near the onset of absorption in S3 and S4 is
likely due to the formally forbidden (n, TC*) transition which is the S; excited state for all six

derivatives, as determined by TD DFT calculations (see ESI).

In the solid-state, the spectra become much broader and the onset of absorption is red-shifted for
P-S3 signifying a narrowing of the optical HOMO-LUMO gap consistent with more extensive
exciton delocalization in the solid-state. Thin films of S4 could not be formed due to its low
solubility in organic solvents and poor adhesion to the substrate. In contrast to solution, the solid-
state spectra of the two S2 isomers have quite distinct shapes and energies, with the spectrum of
the trans isomer red-shifted approximately 0.15 eV relative to the cis isomer. This is consistent
with the stark difference in colour of the two isomers in powder form, where cis-S2 is a dark
yellow-brown, while trans-S2 is bright red. Furthermore, the frans-S2 spectrum possesses more

vibronic structure than that of cis-S2, suggesting it may be more ordered in the solid-state.
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Fig. 2 Optical absorption spectra of P-S4 in 10” M chloroform solution (left) and solid-state
(right). Thin films were spin-coated from 5 mg/mL chloroform solution at 2000 rpm onto glass

substrates. The compound is denoted by the line colour.

Cyclic voltammetry was performed in 0.1 M TBAPFg in dry methylene chloride solution in an
argon atmosphere to determine the redox properties of the compounds (Fig. S12). P, S1, and cis-
S2 exhibit typical reversible two-electron reductions, while only one reduction peak is observed
for trans-S2 and S3, likely due to the low solubility of these compounds and film formation at
the electrodes. The LUMO levels were estimated from the onset of the first reduction peak
(Table 1). Oxidation peaks were not observed due to the oxidation of the electrolyte and/or
solvent in the same potential region. HOMO energies were therefore calculated by subtracting
the LUMO energy from the optical bandgap also measured in solution. It was found that the
LUMO energies decrease with increasing degree of thionation, consistent with density functional
theory calculations and analogous to the thionated PDIs. The HOMO energies of the thionated
derivatives increase relative to the parent compound, however remain relatively constant over the

range of sulfur incorporation. Electrochemistry was not performed on S4 due to poor solubility.
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Table 1 Electrochemical properties of P-S3

Ep’ Ein”° Enomo™” ErLumo™
V) V) (eV) eV)
P -1.11 -1.53 -6.97 (-1.42)  -3.79 (-3.87)
S1 -0.92 -1.30 -6.38 (-6.71)  -3.95 (-4.09)
cis-S2 -0.79 -1.11 -6.46 (-6.71)  -4.11 (-4.27)
trans-S2 -0.80 d -6.50 (-6.69)  -4.15 (-4.25)
S3 -0.65 d -6.47 (-6.62)  -4.30 (-4.44)

“Calculated energies are shown in brackets next to the experimentally obtained values.

Calculations were performed using DFT applying the B3LYP functional and 6-311G basis set;

b ¢, soln, ¢ . )
Enomo = Erumo + Eg™7 ™" “ELumo = -€(Ered, onset + 4.8) where Ered, onset 1S the onset of reduction

. . 36 d .
versus ferrocene obtained from cyclic voltammetry;” “A second reduction peak was not

observed.

Thermal Properties

Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) were performed
on the compounds to determine their thermal transitions and thermal stability (Fig. S13 and S14,
respectively). For DSC, the compounds were sealed in aluminum hermetic pans and subject to
two heating and cooling cycles between 20 and 200 °C at a heating/cooling rate of 10 °C/min.
The DSC curves of P-S3 are characteristic of a typical liquid crystalline material, with the two
main heating transitions corresponding to the crystalline to liquid-crystalline and liquid-
crystalline to isotropic liquid transitions for each compound. The transitions observed for the

37 while the deviation

parent compound are consistent with previous reports in the literature,
from these transitions in the thionated compounds is likely due to their different strengths of

intermolecular interactions and solid-state packing. A second heating transition is not observed
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for S4 below 200 °C, but likely does occur at higher temperatures (DSC was not performed
above 200 °C to avoid thermal decomposition). It is also interesting that the only transitions
observed for S3 and S4 are during the first heating cycles, after which no further transitions are
observed. The experiment was repeated for S3 and S4 with a total of four heating and cooling
cycles, and no significant transitions were observed during the additional two cycles. From TGA
less <1% of each compound degrades below 200 °C and therefore the absence of transitions after
the first heating cycle is not due to decomposition in this case. A possible explanation is that
these compounds become very thermodynamically stable after the initial heating cycle, however

further analysis of this is beyond the scope of this investigation.

The thermal stability of the compounds is relatively good, with 5% weight loss occurring
between 260 and 360 °C. The lower thermal stability of the thionated compounds relative to the
non-thionated parent is consistent with the analogous thionated PDIs, and is likely due to the
weaker C-S thionyl bond relative to the carbonyl C-0.%* It should be noted that the thermal
stability of the thionated NDIs (S4: T4 = 297 °C) is much better than the thionated PDIs (S4: T4 =
175 °C), while no branched chain S4 has been reported. Although thermal stability is somewhat
decreased with thionation, the photostability of the compounds is quite good, in contrast to what
was reported for thionated DPP and TPD small molecules. In that work, Leclerc and co-workers
found that several of the thionated compounds decomposed over a few hours even when kept in
the dark. *® In our work, we do not observe any evidence of decomposition after storing the

compounds in ambient conditions over several months.

Solid-State Properties
Crystal Structures

An advantage of using linear alkyl chains is that it facilitates the growth of single crystals which
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can be studied by X-ray crystallography and can often be used to explain trends in charge
transport properties. Previous reports on series of thionated PDIs and NDIs with branched
solubilizing chains did not contain X-ray crystal structures, likely due to the disorder of the side
chains inhibiting crystal growth. Due to the more ordered nature of the linear dodecyl chain, we
were able to obtain X-ray quality single crystals for three of the five thionated derivatives, as
well as the non-thionated parent compound. Single crystals of P and cis-S2 were obtained by
layering concentrated chloroform solutions (0.3 mM) with an excess of methanol (9:1 v/v).
When this method was applied to the less soluble derivatives, the rate of crystallization
increased, resulting in crystals too small to be suitable for X-ray analysis. Single crystals of
trans-S2 were thus obtained by slow cooling a saturated o-dichlorobenzene solution from 120 °C
to room temperature. S3 was crystallized similarly by slow cooling a saturated 1,2,4-
trichlorobenzene solution. Attempts at growing single crystals of S1 and S4 suitable for X-ray

analysis using numerous techniques were unsuccessful.

All four compounds lie across crystallographic inversion centers and therefore there is only half
of the molecule in the asymmetric unit and the other half is related by symmetry. Since cis-S2
and S3 do not have molecular inversion symmetry, the absolute positions of the sulfur and
oxygen sites in the crystal lattice cannot be determined and the sites for O1,02/S1,S2 are refined
without any distance restraints. For the sake of crystallographic analysis, it is assumed that the
sulfur and oxygen sites are disordered 50:50. Although this assumption makes the C-O and C-S
bond distances somewhat unreliable, important information can still be determined regarding the

packing of the molecules.

P and cis-S2 belong to the triclinic crystal system and P-1 space group, while frans-S2 and S3

belong to the monoclinic crystal system and P2;/n space group (Table S1). Although the n-



dodecyl side-chains adopt an all-trans conformation in all four crystal structures, the side-chains
are almost completely interdigitated in the frans-S2 and S3 structures but show no overlap at all
in either P or cis-S2 (Fig. 3). The side-chains in the trans-S2 derivative show the greatest degree
of overlap and most compact structure, which is consistent with it having the shortest d-spacing

of the series observed by PXRD (vide infra), as well as the highest density (Fig. S17 and Table

S1).
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Fig. 3 Long-range crystal packing motif of (a) P, (b) cis-S2, (c) trans-S2, and (d) S3. Hydrogens

have been omitted for clarity.

All four derivatives crystallize in parallel planes, however, the NDI cores are not cofacial but are
displaced along both the short (D,) and long (D) axes of the molecule (Fig. 4). This type of slip-
stacked structure is common for NDIs with both linear and cyclic alkyl chains. *** Furthermore,
the slip-stacked motif has been used as an alternative strategy for developing high efficiency
PDI-based acceptors for organic photovoltaics. It was shown that substitution at the PDI

2,5,8,11-positions (“headland positions”) leads to a slip-stacked packing structure which is

known to prevent excimer formation that is prevalent in cofacial dimers.*

10
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Fig. 4 Crystal structures of (a) P, (b) cis-S2, (c) trans-S2, and (d) S3 viewed from the top of the

molecular plane (top) and along the long molecular axis (bottom). N-dodecyl chains and
hydrogens have been omitted for clarity. Sulfur and oxygen sites are disordered 50:50 in cis-S2

and S3 so both atoms are shown.

Both the slip-stacking and m-m stacking distances were extracted from the crystallographic data
and show an increase in long axis slip and decrease in short axis slip of 1.18 A and 0.61 A,
respectively, going from P to cis-S2 to S3 (Table S2). The frans-S2 isomer seems to deviate
from this trend, as it has the largest long axis slip and a very small short axis slip of just 1.18 A.
The n-n stacking distance for P, cis-S2 and trans-S2 is very similar, but decreases by about 0.3
A for the S3 derivative. This result is somewhat surprising, as a more pronounced decrease in -1
stacking distance was expected with increasing degree of thionation. The major effect, however,
seems to be on the slip-stacking distances, which suggests that thionation does have a significant
effect on intermolecular packing. It is also significant that substitution of oxygen with a larger
sulfur atom does not seem to perturb the NDI core planarity, which is important for retaining

strong m-m interactions.

11
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Perhaps the most interesting result of the single crystal analysis is the significant difference
between the long range crystal packing of the two S2 derivatives. While the cis-S2 derivative
crystallizes similarly to the non-thionated P compound, the trans-S2 isomer is more similar to
triply thionated S3. This helps explain the observed differences in the solubility of the
compounds, where P and cis-S2 have similar and significantly higher solubilities than trans-S2
and S3. When considering the intermolecular short contacts of the four derivatives, only trans-
S2 and S3 have short contacts between atoms other than carbon and hydrogen that are less than
the sum of the van der Waals radii. In the trans-S2 crystal packing structure, there are four
sulfur-oxygen contacts per molecule each with a distance of 3.32 A, while in the S3 packing
motif there are four contacts per molecule with distances of 3.42 A, which are unspecified sulfur-
sulfur, sulfur-oxygen or oxygen-oxygen interactions. There are no sulfur-sulfur, sulfur-oxygen or
oxygen-oxygen short contacts (ie. intermolecular distances less than the sum of the van der
Waals radii) in the P or cis-S2 long range packing structures. These contacts may be responsible
for causing the large differences in crystal packing structure between P and cis-S2, and trans-S2

and S3, and well as the differences in solubility.

It is known that the crystallization method can have an effect on the resultant crystal structure
and therefore it is possible that the observed differences between the derivatives is due to
differences in crystallization method rather than degree of thionation. Unfortunately, we were
unable to find any common method that resulted in X-ray quality single crystals for all of the
derivatives, despite numerous attempts. It is likely, therefore, that the successful methods
described above resulted in the most stable crystal structures in each case, and thus comparison

between the crystal structures should be valid.

12
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Thin Film Properties

We were also interested in studying the thin film properties of the compounds. Thin films were
prepared by spin-casting from chloroform onto glass substrates, and the surface morphology of
the films before and after annealing was studied using atomic force microscopy (AFM) (Fig. 5).
During sample preparation, it was found that the most uniform films were obtained for P, S1,
and cis-S2 using an 8 mg/mL solution, and for frans-S2 and S3 using a 5 mg/mL solution, all
heated to 50 °C. Casting from chlorobenzene resulted in poor adhesion to the substrate, even
when coated with n-dodecyltrichlorosilane. S4 did not form films when spun-cast from hot
chloroform, chlorobenzene, 1,2-dichlorobenzene or 1,2,4-trichlorobenzene due to its low
solubility and poor adhesion to the substrate. The surface morphology of the as-cast P film is
consistent with previous literature reports and reveals a rough surface composed of needle-like
grains (RMS = 35.9 nm). The S1 film has a similar morphology with needle-like grains and a
similarly rough surface (RMS = 30.1 nm). The needle-like grains are absent in the cis-S2 film,
which is smoother and composed of cluster-like domains (RMS = 15.1 nm). The frans-S2 film
has a similar morphology with a slightly smoother surface (RMS = 8.3 nm). The S3 film is the
smoothest of the series and composed of crystalline plates with typical dimensions of 45 x 135
nm (RMS = 5.1 nm). Upon annealing at 200 °C for 30 minutes under nitrogen, the morphologies
change significantly and the features of the as-cast films are replaced by larger plate-like
domains. The P film becomes much smoother (RMS = 0.8 nm) and has the smallest domains
relative to the other annealed films. The annealed S1, cis-S2, and trans-S2 films are similar and
have the largest domains of the series with a surface roughness of 16.9, 15.2 and 22.4 nm,
respectively. The S3 film loses all of its small crystalline features upon annealing and forms

large isolated aggregates.

13
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trans-S2

under nitrogen (bottom). P, S1, and cis-S2 were spin-cast onto glass substrates from 8§ mg/mL

and tran-S2 and S3 from 5 mg/mL CHCI; solutions, all at 50 °C.

Self-Assembly

Again due to the use of the linear side chains, we were able to study the self-assembly properties
of the thionated compounds, as perylene diimides with linear side-chains have been shown to
assemble into nanobelts or nanoribbons using solution-based techniques. *'™* Examples of
micro/nanowires using bulkier groups such as perfluorophenyl** or spirobifluorene® have also
been reported, however PDIs having branched alkyl chains can only assemble into zero-
dimensional nanospheres.*” These types of one-dimensional structure form as a result of strong
7-1 interactions between the planar aromatic cores, which facilitate face-to-face packing and
anisotropic growth. Nanowires of oligothiophene-functionalized naphthalene diimides have been
used as acceptor materials in all-nanowire BHJ solar cells using P3HT nanowires as the donor.*
However, to the best of our knowledge, this is the first report of small molecule core-

unfunctionalized NDI micro/nanowires.

The 1D solution based self-assembly of P-S4 was performed using the so-called phase transfer

method.* Briefly, a larger amount (10:1 v/v) of methanol (poor solvent) was slowly transferred

14
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atop a chloroform (good solvent) solution (0.3 mM) of NDI in a test tube and left undisturbed
overnight. Self-assembly occurs at the interface due to the slow mixing of the solvents and
decreased solubility of the materials in the mixed solvent phase. Crystals of trans-S2, S3 and S4
begin to form instantaneously, while those of cis-S2 form within minutes, and those of P and S1
over several hours. This is likely due to the solubility of the various compounds, such that
decreased solubility results in an increased rate of crystallization. The crystals were then

removed via pipette and drop-cast onto glass substrates and the solvent was evaporated in air.

Fig. 6 Optical micrographs of self-assembled P-S4 structures at 5 x magnification.

Optical micrographs reveal the formation of long fiber-like structures, which upon magnification
appear to be one-dimensional microbelts (Fig. 6). Although all six compounds self-assemble into
these 1D structures, their dimensions and uniformity seem to change with degree of thionation.
There appear to be three main types of structures which can be classified as (1) microbelts, (2)

crystalline microbelts and (3) dendrites. The crystalline microbelts are the widest structures and

15
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are the exclusive structure formed by the non-thionated P compound (widths 20-80 pum).
Crystalline microbelts with slightly narrower, more monodisperse widths are formed by cis-S2
(15-55 pm), and even narrower ones are formed by S3 and S4 (~20 pm). A small number of the
crystalline microbelts are formed by S1 with widths of 50-80 nm. Interestingly, these wider
structures are completely absent in frans-S2, which forms thinner microbelts exclusively (~1.5
um). The width of these microbelts is similar to those formed by cis-S2 and S4, and slightly
thinner than those formed by S3 (~7.5 um). The width of both types of S3 and S4 structure can
be increased by decreasing the concentration of the chloroform solution, however no significant
change with concentration is observed for the other compounds. This suggests that the
dimensions can be controlled by the rate of self-assembly, since decreasing the concentration of
the initial solution effectively decreases the rate of crystallization. The dendritic structures are
formed exclusively by S1 and appear as several microbelt “arms” growing from a single
microbelt structure, all with similar widths. Although it is very difficult to visualize the entire
length of an isolated structure, the average length appears to be several hundred micrometers for
all three classes of structure, leading to aspect ratios (length/width) between 10:1 and 100:1.The
self-assembled structures were investigated under higher magnification using AFM and SEM to
confirm their belt-like structure (Fig. S15 and S16). Both methods confirm that the average
widths of the cis-S2 and trans-S2 microbelt structures are around 1.4 pm while AFM reveals
their height is around 0.4 um, leading to an aspect ratio of the belt cross-section (width/height) of
3.5. The S3 belts are wider (average width 7.3 pm) and taller (average height 1.3 pm) with an
aspect ratio of 5.6. The S4 structures have the smallest widths (1.2 um) and heights (0.4 pm). In

some areas, the structures appear twisted with the edge lifted up, allowing further confirmation

16
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of the belt-like morphology. The larger crystalline structures were too large to be imaged by

AFM, however SEM of the P compound reveals large microbelt structures.

To investigate the crystallinity of these structures, powder X-ray diffraction (PXRD) was
conducted on the self-assembled materials. Samples were prepared by gently scraping material
off the glass substrates used for optical microscopy and onto a SiO, wafer for PXRD analysis. A
strong peak was observed around 3-4° corresponding to a side-chain interdigitation distance of
23 to 35 A for the various compounds (Fig. S17). It should be noted that the values obtained for
the P and cis-S2 compounds using powder and single crystal X-ray diffraction differ slightly,
despite the crystals being formed by similar methods. This discrepancy is likely due to
differences in sample preparation for the two methods, or to differences in instrument sensitivity.
The samples for PXRD were drop-cast onto a glass substrate and the solvent evaporated in air.
The sample was then scrapped off the substrate and the powder redeposited onto a SiO, wafer. In
contrast, the crystals were individually removed from suspension and mounted for single crystal
X-ray analysis. Additional unidentified peaks are present in the cis-S2, trans-S2, and S3 patterns,
suggesting that they may be more highly crystalline than the singly thionated and non-thionated
compounds. Unfortunately no m-m stacking peak was observed for any of the compounds,

however the distances are expected to be similar to those measured for the single crystals.

Transistor Performance

To evaluate the charge transport properties of the NDIs, bottom gate, bottom contact OTFTs
were fabricated on n*" Si/SiO, substrates with patterned gold source and drain electrodes under
nitrogen. NDI thin films were spin coated from 10 mg mL" chloroform solutions at a spin speed
of 5000 rpm for 60 s. Devices were annealed at 30, 100 or 150 °C for 20 min. No performance

was observed for the parent compound upon annealing at 100 or 150 °C, in contrast to what has
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been previously reported for the compound.37 This discrepancy may be due to slight differences
in device configuration and fabrication conditions, or in compound purity. The S3 device
annealed at 150 °C also showed no performance, possibly due to the lower thermal stability of

the higher thionated compounds (vide supra). Devices could not be prepared from trans-S2 or S4

due to their poor solubility and film-forming ability.
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Fig. 7 Output (a, c¢) and transfer (b, d) characteristics for the champion OTFTs fabricated from P

(a, b) annealed at 30 °C and cis-S2 (c, d) annealed at 100 °C on DDTS-treated SiO, substrates.

Output and transfer characteristics of S1 and S3 can be found in Fig. S18 in the ESL.

Output and transfer curves show that all derivatives exhibit n-type behavior (Fig. 9 and S18).

Electron mobilities (i) were calculated in the saturation regime at a drain-source voltage (Vps)

of 60 V, and we found that the thionated derivatives have electron mobilities and on-off ratios
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that are three orders of magnitude higher than the non-thionated parent compound (Haye = 3.0 x

10°em? V' s I/1 = 10%) (Table 2).

Table 2 OTFT characteristics of the P, S1, cis-S2, and S3

TCC)  Heave (€M V')l max (cm® V' s Lon/loge Vr

P 30 3.0x 107 3.5% 107 10° 44
S1 30 6.5 x 107 72 %102 10° 31
100 4.4 %102 5.6 x 107 10° 29

150 2.2 %107 2.6 x 107 10° 35

cis-S2 30 2.1 %1072 2.2 %107 10° 28
100 74 %1072 7.5 % 10 10° 19

150 1.9 x 107 2.0 x 107 10° 27

S3b 30 3.9 x 102 477 x 10 10° 39
100 22 %107 22x10° 10° 31

“No performance observed after annealing at 100 or 150 °C; "No performance observed after
annealing at 150 °C

The previous studies on the branched chain thionated PDIs and NDIs revealed increasing
mobilities and on-off ratios with increasing degree of thionation. In contrast, we observe electron
mobilities on the same order of magnitude (10 cm? V' ™) for all of the linear chain thionated
derivatives, and a constant on-off ratio of 106, which is higher than the best values obtained for
both the branched chain PDIS (Z,n/0ff ~ 10* for S3) and NDIs (Zyn/off ~ 10° for trans-S2 and S3). In
the previous works, the increase in performance was largely attributed to the decrease in LUMO
level with increasing degree of thionation, which should improve electron injection. In this work,
however, we do not observe a similar correlation, as the performance remains relatively constant
despite the decrease in LUMO energy. One possible explanation is that the linear side chain
enables the most favorable packing for all of the thionated derivatives (which may differ

amongst the series), while in the branched series the packing is more dependent on the degree of

20
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thionation such that the most favorable packing can only be achieved with the maximum number
of sulfurs present. Alternatively, it may be that the decrease in LUMO energy from -3.8 eV for P
to -4.0 eV or below for the thionated derivatives is sufficient to increase the mobility to the same
value for all three thionated compounds. Regardless, this result is quite promising as it suggests
that in the case of the linear chain thionated NDIs, only one sulfur substitution is required to

reach the highest mobility of the series.

Finally, it should be noted that the best mobility of the devices using the lowest temperature
annealing step was obtained for the S1 derivative. This result is desirable because although
arylene diimide derivatives with varying degrees of thionation can be synthesized, as the degree
of thionation is increased, the yield and solubility of these higher thionated derivatives is
decreased. Furthermore, in order to synthesize these higher thionated derivatives, a large excess
of thionating agent is required which lowers the atom economy and complicates the purification.
The realization of maximum electron mobility in linear side chain S1 thus highlights a potential
design strategy for the development of high mobility thionated arylene diimide derivatives that

require only minimal sulfur incorporation to achieve maximum electron mobility.

Conclusions

A series of five thionated naphthalene diimide derivatives were synthesized in a single-step
reaction from the parent NDI derivative and their optoelectronic, self-assembly, and device
properties properties were studied. Thionation results in a decrease in LUMO level and increase
in intermolecular interactions, likely due to strong S-S contacts. Thermogravimetric analysis
reveals that all compounds are thermally stable up to 250 °C, and although thermal stability does
decrease slightly with thionation, the compounds are significantly more stable than other

thionated species that have recently been reported in the literature. Due to their linear side-chain,
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all compounds are crystalline, as confirmed by differential scanning calorimetry, single crystal
and powder X-ray diffraction, and undergo solution based self-assembly into microbelt-like

structures.

Thin film transistor electron mobilities of the thionated derivatives (S1, cis-S2, and S3) were
three orders of magnitude higher than the non-thionated derivative (P). The high electron
mobilities (~10? cm® V' s) and on-off ratios (10°) were relatively constant for thionated
derivatives having one, two or three sulfurs, in contrast to previous reports of branched chain
PDIs and NDIs, where the device performance increases with increasing degree of thionation.
This result is promising as it suggests that the highest performance can be achieved with
derivatives having low degrees of thionation when a linear alkyl chain is used, which have higher
yields, improved solubility, and require less thionating reagent than the higher thionated
derivatives. The difference in trends between the linear and branched series is likely due to the
linear alkyl chain facilitating more favorable solid-state packing even at low sulfur incorporation,
which is only possible for the higher thionated derivatives having branched alkyl side chains.
These results motivate the continued development of thionated n-type small molecules for
organic electronics applications. Furthermore, the results imply that the degree of thionation may
not be the only factor to consider when designing these types of materials, and that several other
factors including alkyl chain length and branching position may also be contribute to improved
device performance. Finally, other chemical modifications such as introduction of functional
groups at the core positions may be used in combination with thionation to realize high

performance materials.
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Experimental

Materials
All reagents were used as received unless otherwise noted. 1,4,5,8-Naphthalenetetracarboxylic
dianhydride, n-dodecylamine, and Lawesson’s reagent were purchased from Sigma-Aldrich.

Lawesson’s reagent was recrystallized from boiling toluene (10 g per 100 mL) prior to use.

Instrumentation and Methods

NMR spectra of the compounds were recorded on a Varian Mercury 400 spectrometer unless
otherwise specified. Absorption spectra were recorded on a Varian Cary 5000 UV-vis-NIR
spectrophotometer. The thin-films used for absorbance spectroscopy were spin-coated from
solutions in chloroform (5 mg/mL) at 2000 rpm for 60 seconds onto glass substrates that had
been washed with methanol. Electrochemistry was performed with a BASi Epsilon potentiostat.
A standard three-electrode cell with a 2.0 mm diameter Pt button working electrode, a Ag/Ag"
reference electrode, and a Pt wire counter electrode was used, with a ferrocene internal standard
and a 100 mV/s scan rate. Measurements were conducted in a nitrogen-filled glovebox in dry
dichloromethane solution against ferrocene/ferrocenium (Fc/Fc™) in the presence of 0.1 M
tetrabutylammonium hexafluorophosphate (TBAPFs) electrolyte. LUMO levels were estimated
from cyclic voltammetry reduction onset potentials and converted to the vacuum scale using the
equation Eyymo = -e(E;eq + 4.8), referenced to the ferrocene/ferrocenium redox couple.3 ® HOMO
levels were estimated by adding the Ejymo to the solution state optical bandgap. TGA was
performed using an SDT Q600 instrument at heating rate of 10 °C/min under nitrogen in an
aluminum pan. DSC was performed on a DSC Q100 TA instrument at heating rate of 10 °C/min

under nitrogen in an aluminum hermetic pan.
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Microstructures were assembled through slow crystallization at the interface between chloroform
(good solvent) and methanol (poor solvent). Briefly, methanol was slowly transferred atop a 0.3
mM chloroform solution of S,-DD-NDI (10:1 v/v methanol:chloroform) in a test tube. The
mixture was left undisturbed until crystal formation was complete (solution became colorless).

The crystals were transferred via pipette onto a glass slide for further analysis.

Density Functional Theory Calculations

Geometry optimizations were performed using the Gaussian 09 program,*’ employing the Becke
Three Parameter Hybrid Functionals Lee-Yang-Parr (B3LYP) level of theory.48’49 The standard
6-311G basis set was used. From the optimized geometry the first twenty singlet transitions were

calculated using time-dependent DFT.”

Synthesis

N,N’-di(n-dodecyl)naphthalene-4,5,8,9-tetracarboxylic acid diimide (P). Naphthalene-
4,5,8,9-tetracarboxylic dianhydride (4.21 g, 15.7 mmol) and n-dodecylamine (11.6 g, 62.6 mmol)
were added to anhydrous DMF (200 mL) in a round bottom flask with an attached condenser
under argon. The mixture was stirred at reflux for 23 h. After reaction, the solution was cooled to
room temperature and then in the fridge for 30 min. The crude product was filtered and washed
with cold methanol to yield a pale brown solid (7.8 g, 83%). The product was used without
further purification. '"H NMR (300 MHz, CDCl3) 6 8.76 (s, 4H), 4.22-4.17 (m, 4H), 1.79-1.69
(m, 4H) 1.38, 1.47-1.25 (m, 36H), 0.90-0.85 (m, 6H). >°C NMR (100 MHz, CDCl;) & 162.8,
130.9, 126.7, 126.6, 41.0, 31.9, 29.6, 29.6, 29.6, 29.5, 29.3, 29.3, 28.1, 27.1, 22.7, 14.1. HRMS
(DART)" m/z 603.41343 (C33Hs4N>O4 [M+1]" requires 603.41618).

S1. N,N’-di(n-dodecyl)naphthalene-4,5,8,9-tetracarboxylic acid diimide (1.01 g, 1.68 mmol) and

Lawesson’s reagent (0.51 g, 1.26 mmol) were added to anhydrous toluene (166 mL) in a 3-neck
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round bottom flask with an attached condenser under argon. The mixture was stirred at reflux for
17 h. The resulting solution was cooled to room temperature and concentrated under reduced
pressure to give a dark brown solid. The solid was purified by column chromatography
(chloroform) to yield the product as a dark yellow powder (430 mg, 41%). Trace amounts of cis-
S2, trans-S2, and S3 were also formed but not isolated. '"H NMR (400 MHz, CDCl5) 6 9.07 (d, J
=7.95 Hz, 1H), 8.79 - 8.69 (m, 2H), 8.64 (d, J = 7.97 Hz, 1H), 4.73-4.69 (m, 2H), 4.20-4.16 (m,
2H), 1.85-1.70 (m, 4H), 1.48-1.25 (m, 36H), 0.90-0.86 (m, 6H).

C NMR (100 MHz, CDCl3) & 192.8, 163.0, 160.1, 135.7, 131.3, 130.8, 130.4, 130.1, 126.7,
126.3, 125.3, 125.0, 47.7, 41.0, 31.9, 29.6, 29.6, 29.6, 29.6, 29.6, 29.5, 29.5, 29.3, 29.2, 28.1,
27.1, 27.0, 26.6, 22.7, 14.1. HRMS (DART)" m/z 619.39304 (C33Hs54N2O3S; [M+1]" requires

619.39334).

cis-S2, trans-S2, S3, and S4. N,N’-di(n-dodecyl)naphthalene-4,5,8,9-tetracarboxylic acid
diimide (3.0 g, 4.98 mmol) and Lawesson’s reagent (6.05 g, 15.0 mmol) were added to
anhydrous toluene (500 mL) in a 3-neck round bottom flask with an attached condenser under
argon. The mixture was stirred at reflux for 48 h. The resulting solution was cooled to room
temperature and concentrated under reduced pressure to give a dark red-brown sticky solid. The
solid was then precipitated into methanol (300 mL) and filtered to remove excess Lawesson’s
reagent and Lawesson’s reagent byproducts. The resultant dark purple powder was washed with
methanol to yield a crude mixture containing approximately 36% cis-S2, 36% trans-S2, 18% S3,
and 9% S4. The mixture was purified by column chromatography (chloroform) to isolate the

compounds as needed.

cis-S2. 'H NMR (400 MHz, CDCl3) § 8.94 (s, 2H), 8.72 (s, 2H), 4.71-4.67 (m, 2H), 1.84-1.76

(m, 4H), 1.48-1.26 (m, 36H), 0.90-0.86 (t, 6H). °C NMR (100 MHz, CDCl;) § 192.8, 160.3,
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135.2, 131.3, 128.7, 126.3, 125.0, 47.7, 31.9, 29.6, 29.6, 29.6, 29.5, 29.3, 29.2, 27.0, 26.6, 22.7,

14.1. HRMS (DART)" m/z 635.37158 (C3sH54N>0,S, [M+1]" requires 635.37049).

trans-S2. 'H NMR (400 MHz, CDCl3) 6 9.07 (d, J = 8.01 Hz, 2H), 8.64 (d, J = 8.02 Hz, 2H),
4.73-4.67 (m, 4H), 1.86-1.75 (m, 4H), 1.47-1.26 (m, 36H), 0.90-0.86 (m, 6H). BC NMR (100
MHz, CDCs) Failed due to limited solubility. HRMS (DART)" m/z 635.37049 (C3gHs4N,0,S,

[M+1]" requires 635.37049).

S$3. 'H NMR (400 MHz, CDCl3) & 8.94 (dd, J = 8.19, 2.87 Hz, 2H), 8.83 (d, J = 8.45 Hz, 1H),
8.60 (d, J = 8.09 Hz, 1H), 5.28-5.23 (m, 2H), 4.71-4.66 (m, 2H), 1.92-1.75 (m, 4H), 1.44-1.26
(m, 36H), 0.90-0.86 (m, 6H). *C NMR (100 MHz, CDCls) Failed due to limited solubility.

HRMS (DART)" m/z 651.34618 (C33Hs4N,0;S3 [M+1]" requires 651.34765).

S4. "H NMR (500 MHz, CDCl3) & 8.81 (s, 4H), 5.28-5.25 (m, 4H), 1.93-1.87 (m, 4H), 1.46-1.29
(m, 36H), 0.91-0.88 (m, 6H). °C NMR (100 MHz, CDCls) Failed due to limited solubility.

HRMS (DART)" m/z 667.32640 (C33Hs54N»S4 [M+1]" requires 667.324810.

OTEFT Device Fabrication and Measurements

The semiconducting performance of the NDIs was characterized by a bottom-gate, bottom-
contact OTFT structure (W = 1 mm; L = 30 pm). A heavily n-doped Si wafer with a 300 nm
thick SiO, layer was used as the substrate, where the conductive Si layer and the SiO, layer
function as the gate and the dielectric, respectively. The gold source/drain electrode pairs were
prepared by a conventional photolithography technique. The substrates were cleaned using an
ultrasonic bath with deionized water, rinsed with acetone and isopropanol, and then immersed in
a dodecyltrichlorosilane (DDTS) solution (3% in toluene) for 15 min. The semiconducting films
with a thickness of ~30-50 nm were deposited on the substrate by spin-coating a solution of the

naphthalene diimide derivative in chloroform (10 mg mL™") at 5000 rpm for 60 s and
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subsequently annealed at 30, 100 and 150 °C for 20 min. All the measurements were performed

in a nitrogen atmosphere in the absence of light by Agilent B2912A Semiconductor Analyzer.
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