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Graphical Abstract
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Large-conjugated pyrene-phenazine monoimide and bisimides were synthesized. Their self-assembly behavior, electric
properties, and colorimetric acid sensing performance were investigated.

ABSTRACT

Large z-conjugated pyrene-phenazine monoimide and bisimides were synthesized by imine condensation reaction. These imides form well ordered 1-
D nanotapes upon self-assembly in solution. Electrochemical and electric conductivity measurement reveal it can be served as an n-channel
semiconductor with large charge carrier mobility up to 4.1 cm? V' st. Both alkylated imides are highly luminescent, and can be quenched via
protonization using trifluoroacetic acid, which could be served as potential colorimetric acid sensors.

Keywords: N-channel semiconductor Phenazine Imides Charge carrier mobility Acid sensor

Organic semiconductors have attracted great interests in relation to their utilities in optoelectronics and molecular electronics [1]. In
contrast to rich varieties of p-channel organic semiconductor [2], n-channel organic semiconductor are limited to certain electron
deficient compounds [3,4] and still have much room for improvement in mobility, stability, and processability [5]. In this context,
tetracarboxylic diimides [6-9] are important category since they can tune HOMO-LUMO band gap by using different conjugated
backbones and allow solution processing while modified at diimide termini. So far, naphtalene-[6], anthracene- [7], perylene- [8],
terrylene- [9], and dibenzotetrathiafulvalene-based diimides [10] have been synthesized and the best of them shows medium carrier
mobility at 0.01 cm?V1st order [8d]. On the other hand, phenazine derivatives due to the presence of electron deficient imine moieties,
are another promising candidates as suggested by the results of cyclic voltammetry measurements [11] and theoretical calculations [12],
although their transportation properties are yet to be proved experimentally. In contrast to acenes, one appealing characteristic of
phenazines is their high stability against thermal decomposition and photobleaching [13]. Considering the virtues of phenazine and
tetracarboxylic imides, we were motivated to explore the possibility to integrate these components chemically and deduced that the
combination of phenazine pigment with diimide functionality would substantially enhance electron affinity and thermal stability while
keeping “flexibility” for structure modification at both the focal core and the diimide termini. Herein, we report a novel organic n-type
semiconductor, i.e., pyrenephenazine tetracarboxylic diimide and monoimide (Fig. 1, PPDI and PPMI), which allows for the first time
an elaborate fusion of the above structure parameters. PPDI was synthesized by condensation of 1,2-diamino-4,5-phthalimide with
pyrene-4,5,9,10-tetranone in an HOAC/EtOH mixture under reflux condition and unambiguously characterized by spectroscopies
(Supporting information).
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Fig. 1. Molecular structure of PPDIs 1, and PPMIs 2.
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Scheme 1. Synthesis of PPDIs 1 and PPMIs 2.
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General methods are explained in Section 1 in Supporting information. Unless otherwise stated, reagents were commericially
obtained and used without further purification. Pyrene-4,5,9,10-tetraketone 10 and pyrene-4,5-dione 11 were prepared according to
reported methods [18]. PPDI la were synthesized by condensation of diamino-substituted phthalimide with pyrene-4,5,9,10-tetranone
in HOAC/EtOH mixture under reflux condition (Scheme 1 and Section 2 in Supporting information). In a typical procedure, the
resulted yellow precipitation of the reaction mixture was collected by filtration and the solid was rinsed with EtOH, to afford la ina
good yield of 71%. MALDI-TOF mass spectra revealed a single species in good accordance with the calculations. (Fig. S1 in
Supporting information) The strong z-z stacking and the rigid structure made 1a almost insoluble in common organic solvents at room
temperature, making routine characterization (*H NMR, *C NMR) impossible. To obtain a soluble analogue, dodecyl alphatic chain
was introduced to the imide terminal at the earlier diamino-phthalimide step. Further condensation with pyrene-4,5,9,10-tetranone
under the same condition give the dodecylated PPDI 1b in 93% yield. PPMIs 2 were easily synthesized by condensation with pyrene-
4,5-dione 11 instead of 10 accordingly in a relative high yields (Scheme 1 and Section 2 in Supporting information).

1a is hardly soluble in common organic solvents such as THF, dichloromethane, chloroform, acetone etc., while slightly soluble in
1,2-dichlorobenzene upon heating. Electronic absorption spectroscopy of 1a in 1,2-dichlorobenzene at 100 °C displays peaks at 330,
386, 408, and 432 nm (Fig. 2a, black line), which is about 97-nm red-shifted in comparison with that of pyrene (335 nm, in THF) [12].
This large red-shift suggests the z-conjugation of la is extended over the molecular skeleton. Molecular modeling optimized at the
AML level reveals that 1a is a planar molecule, where the focal pyrene unit and bisimide terminals are in the same plane without any
twist or distortion. The rigid molecule adopts a tape-like structure with a length of about 21 A and a width of about 9 A, respectively.
In contrast, the dodecyl chain tailored bisimide 1b show higher solubility (2.3 mmol/L in THF) than 1a (0.46 mmol/L in 1,2-
dichlorobenzene). However, 1b was also found to be easily aggregated to form much softer nanobelts (Fig. 3b) due to the large =-
conjugated core and van der Waals interaction of the long alphatic chains. On the other hand, monoimides 2a and 2b show much
higher solubility and stronger fluorescence comparing with their analogues bisimides la and 1b. For example, 2a was soluble in
DMSO (2.7 mmol/L) upon slightly heating; 2b was highly soluble in common organic solvents like CH,Cl,, CHCIs;, THF and acetone
at room temperature without aggregation. It is also found that these two asymmetric planar molecules are very easy to form nanobelts
using a binary solvents exchanging self-assembly procedure (Section 5 in Supporting information) [13]. Both bisimide 1a and 1b emit
blue emission at 441 nm while the monoimide 2a and 2b exhibit a much stronger green emission at 538 nm and 510 nm, respectively
(Fig. 2c, 2d). The difference of the maxim absorption and emission peaks between 2a and 2b may due to the solvent effect. It is
noteworthy that all the excitation spectra of these four compounds from the longest emission overlap with their absorption spectra very
well. Moreover, bisimide 1 exhibit much smaller stoke shift (9 nm and 12 nm in the case of 1a and 1b) compared with the monoimide
2 (84 nm and 48 nm for 2a and 2b, respectively). These may ascribe to the symmetric and rigid structure in the case of bisimide. The
energy loss would be much smaller compared with those of monoimide when irradiated under UV light.

To investigate the self-assembly behaviour, the as-synthesized samples were dispersed in different solvents and heated to reflux.
After cooling to room temperature, the morphologies of the precipitates were investigated by Field emission scanning electron
microscopy (FE-SEM, Fig. 3). We found that 1a exhibited much better solubility in DMSO like its phthalmide precursors 4-9 (all
dissolved in DMSO for NMR measurement). In a typical self-assembly process, PPDI 1la was suspended in a mixture of 1,2-
dicholorobenzene/DMSO (1:1 in volume) and gives a clear solution (0.25 mg/mL) upon refluxing, which was then cooled at 25 °C to
afford yellow precipitates. The yellow precipitates were collect by centrifugation and washed with ethanol and dried under vacuum.
FE-SEM images of the precipitate (re-dispersed in ethanol) thus obtained reveals one dimensional straight tape structures (Fig. 3a),
indicating that PPDI 1a self-assembled in the above condition. The self-assembled tapes have a length of about tens of micrometers a
length of about tens of micrometers and width of about 100-300 nm (Fig. 3a, Fig. S4 in Supporting information). AFM images (in
tapping mode) display that the typical height of the tapes is about 50 nm (Fig. S4). The transmission electron microscopy (TEM)
images are consistent with the SEM ones, and the selected-area electron diffraction pattern, which observed from a single belt revealed
that each belt had a polycrystalline structure (Fig. S3 inset in Supporting information). Powder X-ray diffraction pattern exhibited two
primary sharp reflections at 28 = 6.84°, 12.60° corresponding to d spacing of 12.91, 7.02 A. Several weak but sharp scattering was
observed at 8.40°, 16.86°, 19.42°, 20.74° (Fig. S5 in Supporting information), and 26.60°. The typical z-= stacking distance was
observed to be 3.35 A. These features are typical of 1D nano-architectures assembled from planar z-conjugated organic molecules and
suggest that PPIs self-assembled in a fashion of interdigitated dimers, which further z-z stacked generate the tape structure. The other
three imides all formed nanobelts upon tuning proper assembly conditions. Bright spot in SAED pattern and sharp reflection peaks
from TEM and PXRD measurements confirmed that all these PPIs assembled to form highly crystalline nanobelts.
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Fig. 2. UV-vis absorption (black line), fluoroescence emission (blue or green line) and excitation spectra (red line) of PPIs. a) 1a (Aex= 331 nm, Aem= 441 nm); b)
1b (Aex =330 NM, dem = 442 nm); ¢) 2a (hex = 347 NM, Aery = 538 NM) ; d) 2b (Aex = 346 NM, Aey =510 NM) .

Fig. 3. FE-SEM images of self-aseembled PPIs. a) 1a; b) 1b; c) 2a; d) 2b.
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Fig. 4. Cyclic voltammograms for the reduction of PPIs. a) 1a; b) 1b; c) 2a; d) 2b.

Due to their low solubility, thin film cyclic voltammetry was carried out to characterize the redox potential of nonalkylated PPIs
la and 2a in dichloromethane using ITO glasses as the counter and working electrodes. The assembled nanobelt suspension in
dichloromethane was spin-coated on ITO glass serving as the working electrodes. The dodecylated imides 1b and 2b was measured by
the conventional method in CHCI; solution (0.5 mmol/L). As shown in Fig. 4, bisimide 1a, 1b showed almost same reversible pair at —
0.93/-0.81 V and —0.96/-0.83 vs. Fc*/Fc. Combined with electronic absorption spectrum, the HOMO and LUMO are estimated to be —
6.57 eV and —3.89 eV, respectively for la. In sharp contrast, the monoimides 2a and 2b show almost identical CV profiles with two
reversible voltammetric waves at -1.64 V, -1.36 V and a quasi-reversible peak about -1.20 V. These results indicate that all PPIs are n-
type chromophore.

To further evaluate the electronic properties of these four compounds, density functional theory (DFT) calculations were performed
using Gaussian 03 at the B3LYP/6-31G(d,p) level. The theoretically predicted HOMO-LUMO orbitals for all four compounds are
presented in Fig. S7 in Supporting information. All the energy values from electrochemistry and theoretical calculation are summarized
in Table 1 for comparison. The experimental values of HOMO-LUMO energies are in reasonable agreement with the calculated ones.
The two reversible voltammetric wave observed in monoimide 2 indicate a two steps one electron reduction process due to the
asymmetric structure. However, the bisimide 1 only displayed one reversible pair reduction peaks, indicating that all pyrazine rings are
identical due to the highly symmetric structure. The quasi-reversible reduction potential at -1.20 V observed in monomide 2a and 2b
may refer to the reduction of the unfused pyrene edge. As shown in Fig. S7, the largest coefficients in the HOMO orbital are mainly
located on the central pyrene core. As expected, the coefficients in the lowest unoccupied molecular orbital (LUMO) orbital are mostly
located on two phenazine and two imide rings. The results indicate that there may be intramolecular charge transfer. Thermal gravity
analysis under nitrogen upon heating from 25 °C to 800 °C at a rate of 10 °C min‘! shows that PPI 1a is extremely stable without any
decompose below 470 °C and only shows slight weight loss of about 23% upon heating at 600 °C (Fig. S6 in Supporting information).

Table 1. Summary of electronic properties of PPIs 1-2 from experiments and calculation.

Ered™t  Eruomo®™ Enomo®  Egap@  Erumo® Enomo  Egapl®

PR W e ey e @) @) V)
la -0.93 -3.47 -6.24 2.77 -3.05 -6.50 3.45
1b -0.96 -3.44 -6.23 2.79 -2.94 -6.39 3.45
2a -1.36 -3.04 -5.53 2.49 -2.78 -5.94 3.16
2b -1.38 -3.02 -5.53 2.51 -2.70 -5.88 3.18

[a] ELumo = — ( Ere™® + 4.4 eV). [b] Erumo = Erumo — Egap™'. [c] Opitcal HOMO-LUMO energy gap calculated form the edge of UV absorption. [d]
Theoretical calculation.
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Since PPI molecules easily form well-defined nanobelts, we expect that this molecular alignment should benefit the carrier transfer
along these ordered nanostructures. The electron conductivity was measured on a Keithley model 6430 subfemto-ampere sourcemeter
by a two probes method. The I-V curve of a drop-cast film on a 10 um gap Pt conductive electrode on ITO surface was shown in Fig. 5.
The bare sample of 1a show low conductivity with the current range of -2 nA to 0.3 nA with a -2V~2V bias. In contrast, the same
sample dopping with triethylamine vapour exhibit much large current around -50 nA to 35 nA. In the case of 2a, similar results was
observed. The Et;N dopped nanotapes of 2a show much large current around -760 pA to 470 pA, which is about 150 times larger than
the bare sample with the current range of -5 pA to 3 pA at a 2V bias. As for the dodecylated analogues 1b and 2b, each show slightly
increased current at the same magnitude order with its nontailored analogues. These may due to the van der Waals interaction between
the alphatic chains facilitated the molecular packing to form more ordered structure. Triethylamine can also be severed as the dopant
for 1b and 2b with a much increased current (Fig. 5b, 5d blue curve). These results indicate an electron transfer from the electron
donor (EtsN) to the acceptor (PPIs) [14] which further confirm that PPIs is an n-channel semiconductor.

We utilized laser flash photolysis time-resolved microwave conductivity (FP-TRMC) technique to investigate the intrinsic carrier
mobility [15]. Transient conductivity measurement displays a rapid rise upon laser irradiation at 355 nm in both cases. The @Xpimax
values observed for bisimide 1 were in the range of 0.66 x 10 to 1.36 x 10 cm?V-1s™ in Ar gas at the photon density of 4.5 x 10%
photons cm (Fig. 6a,6b). On the other hand, the two monoimides 2 show much lower mobility with Zpimx values range from 2.87 x
108 cm?V1sto 3.60 x 10 cm?V-1s™. In order to determine the number of charge carriers, time-of-flight transient integration was
measured at different bias voltages. The number of charge carrier at 2 V was observed to be 7.1 x 10, thus the charge carrier
generation yield (@ = number of charge carrier/photon) was evaluated to be 1.58 x 1075, The minimum carrier mobility () of 1a was
thus calculated to be 4.14 cm?V-ts™, which is much larger compared with the similar systems [16]. The carrier mobility of the other
three imides 1b, 2a, and 2b were calculated to be 0.57, 0.23 and 0.18 cm? V! s respectively. It is obvious that the mobility of
bismides 1 is much larger than monoimides 2 due to the larger z~conjugation and efficient z-z stacking which favours the charge
transfer through the assembled columns. On the other hand, the carrier mobility of both the alkylated bisimide 1b and monoimide 2b is
about ten times smaller than their non-alkylated analogues 1a and 2a.
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Fig. 5. Current (1) —voltage (V) profiles at 25 °C of cast bare films (red line) and films dopping with triethylamine vapour (blue line) of PPIs on a 10 mm gap Pt
electrode imbed on glass substrate. a) 1a; b) 1b; c) 2a; d) 2b.
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It has been reported that pyrazine and phenazine can be protonated by addition of strong acid [17]. We found that an obvious color
change and fluorescence quench upon addition of TFA to the solution of bisimide 1b and monoimide 2b in CHCI; (0.01 mg/mL).
There was a significant color change from yellow to blue upon the addition of TFA to 2b solution in CHCIs. This result implied that
these soluble imides could be a potential colorimetric acid sensor. The TFA titration experiments were monitored by UV-vis and
fluorescence spectroscopy. The absorbances at 332, 347, 442 and 462 nm decreased gradually while new absorption at 356 and 590 nm
became dominant as the amount of TFA increased (Fig. 7c). Meanwhile, the original green emission at 510 nm was gradually
quenched by addition of TFA (Fig. 7d and inset). In the case of bisimide 1b, similar UV and fluorescence change was observed. Upon
addition of TFA, the absorbance at 347, 408 and 432 nm was decreased while a new broad absorption at ca. 491 nm was appeared
which indicated a cation was formed (Fig. 7a). The blue fluorescence at 443 nm and 464 nm was also quenched. However, a weak red
orange emission around 550 nm was observed (Fig. 7b and inset). Note that there was no further spectral change even add more TFA
and stand for overnight, indicating that the process is thermodynamic rather than kinetic.
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Fig. 7. UV-vis spectra change of TFA titration to PPIs 1b (a) and 2b (c). Fluoroesence spectra change of TFA titration to PPIs 1b (b) (Aex= 330 nm) and 2b (d)
(hex= 346 nm). The black arrow represents the change of absorbance and intensity as the amount of TFA increased. Inset: color change (a, c) and fluorescence
quench (b, d) upon addition of TFA to the solution of 1b and 2b in CHCI; (0.01 mg/mL).

In summary, we report a new kind of n—channel semiconductors based on pyrene-phenazine fused bisimides and monoimide. The
approach developed in the paper is facile and can be steadily extended to the utilization of other conjugated molecules as focal cores.
The solution-process allows for an easy self-assembly to form high aspect ratio crystalline tapes. In the self-assembled state, the
semiconductors show a high carrier mobility of 4.1 cm?V-1s at 25 °C. The N-terminals are ready for further chemical modification.
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For example, further tailoring hydrophobic, hydrophilic chains or integrating electron-donating units will allow for tuning self-
assembly pattern, controlling redox potential, and thus realizing ambipolar charge carrier transport etc., which are now in progress in
our laboratory.
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