K Kondratenko 
  
I Carlescu 
  
P.-E Danjou 
  
Y Boussoualem 
  
A Simion 
  
B Duponchel 
  
J F Blach 
  
C Legrand 
  
N Hurduc 
  
A Daoudi 
  
Novel organic semiconductor based on 2-aminoanthracene: synthesis, charge transporting and photoconductive properties †

Anthracene is considered to be a popular choice as a building block for organic semiconductors. Present work is dedicated to synthesis and characterization of a novel semiconductor (10-OPIA) possessing mesogenic properties, which allows better control over charge transport in the bulk of material. Novel anthracene-based molecule is characterized for its potential applications: frontier molecular energy levels are studied by optical spectroscopy and cyclic voltammetry and confronted to values obtained via ab initio calculations. Thermophysical and mesogenic properties are investigated by optical microscopy and differential scanning calorimetry. Charge transporting properties are characterized by means of an OFET device. It is found that this material can be easily aligned and exhibits field effect hole mobility of 5.22 × 10 -5 cm 2 /(V s) and ON/OFF ratio of 10 4 in the device prepared by drop casting. Finally, photoconductive properties of this novel material are addressed in order to investigate its potential applications to organic phototransistors: it exhibits large photoconductive gain of >100 and photo-responsivity of >1 A/W.

Introduction

Organic electronics is a rapidly developing field of scientific research. In recent years, significant efforts have been devoted to development of organic semiconductors (OSCs) for applications such as field effect transistors (OFETs), light emitting diodes (OLEDs) and photovoltaics (OPVs). These substances posses developed π-conjugated structure which is the key to their charge transporting properties 1 .

Historically, one of the first evidence of charge transport in organic molecules was discovered in anthracene crystals. Since then, enormous progress has been made, and many other molecules have been identified as promising organic semiconductors. Nevertheless, anthracene still attracts significant attention (phenyl 3 , naphthalene 4 , anthracene 5 , thiophene 6 , etc.).
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These efforts have proven the great potential of anthracene 9 : it was found that direct attachment of flexible alkyl chains to the end positions of anthracene is not sufficient to obtain mesomorphic properties. Insertion of additional phenyl moieties between the anthracene and alkyl spacer has allowed not only to increase the overall flexibility of the molecule (which increases probability to attain mesomorphic properties), but to additionally increase the size of π-conjugated backbone. However, it is worth mentioning that hole mobility measured in Sm C and Sm A mesophases were of about 2 × 10 -3 cm 2 /(V s) at maximum, which is of the same order of value as for phenyl naphthalene derivative 10 in Sm B mesophase. In addition to relatively small gain in hole mobility, the mesomorphic behaviour was exhibited on very high temperature (> 200 °C).

An insoluble 2-substituted derivative of anthracene was prepared by Chen et al. 11 , which in addition to p-type transporting properties exhibits photosensitivity due to incorporation of an azo-group. This substance has a relatively low mesophase transition temperature (about 140 °C), which makes it more convenient to investigate its charge transport. The cooperative effects of UVirradiation (molecular structure rearrangement) and thermal annealing (crystalline order improvement) have resulted in mobility increase from 0.019 cm 2 /(V s) to 0.746 cm 2 /(V s).

We also wanted to explore the possibility of extending the πconjugated backbone by employing imine linkage. This method can be less demanding than formation of carbon -carbon bonds by usual methods such as Suzuki coupling (which requires inert atmosphere, expensive precursors and catalysts). The purification of reaction products is also easier, as the only byproduct of the reaction is water 12 . The resulting imine is isoelectronic to vinylene linkage 13 , which is commonly encountered in organic semiconductors.

In this work, we have developed an easy-to-synthesize semiconductor which is based on inexpensive and readily available precursors. We describe synthetic procedure and present some fundamental properties of the molecule: band gap energy, frontier molecular energy levels, thermo-physical properties. Charge transport is investigated by preparation of a field-effect transistor. Finally, we investigate photoconducting properties of the molecule in scope, which may be relevant for potential lightsensitive applications. Alkylation of 4-hydroxy-benzaldehyde 0.31 g (2.5 mmol) of 4-hydroxy-benzaldehyde was placed in a round bottom flask with 0.66 g (3 mmol) of 1-bromo-decane.

0.41 g (3 mmol) of K 2 CO 3 was added to the reaction mixture. Finally, 15 ml of acetone were introduced, and the mixture was set to reflux with stirring for 48 h. After the reaction was finished, the acetone was evaporated under reduced pressure and the crude 4-decyloxy-benzaldehyde (PDBA, Figure 1) was purified by column chromathography with a mixture of dichloromethane and hexane ∼ 1:1 v/v ratio. This procedure allowed us to recover 0.53 g of PDBA which corresponds to 82% yield. 

I DS = W 2L µ F C i (V GS -V th ) 2 , ( 1 
)
where W is the channel width and L is the channel length, C i 185 is the capacitance per unit area of the gate dielectric, µ F is the 186 field-effect mobility and V th is the threshold voltage. 

Optical spectroscopy

Optical band gap, corresponding to the first electronic transition (S 0 → S 1 , HOMO → LUMO) was extracted from the onset of optical absorption by drawing a tangent at the first absorption band as illustrated in Figure 3, (a).

Absorption spectrum in solid state was recorded for a thin film of 10-OPIA which was deposited on a quartz slide by dropcasting. It was found that 10-OPIA exhibits a red shift of 22 nm when in thin film (inset of Figure 3, a), which may be explained by more pronounced ππ interactions of neighboring molecules in the crystalline phase as opposed to that of in solution, which results in a band gap energy reduction for the bulk 10-OPIA.

By utilizing the relation E = hc λ , where E is the energy, h is the Planck's constant and λ is the wavelength; the optical band gap is calculated to be E g = 2.9 eV for the onset of absorption of 431 nm in dichloromethane solution, and E g = 2.7 eV for the onset of absorption of 453 nm in the form of solid thin film, respectively.

Both of these values are noticeably smaller than initial estimation from ab initio calculations.

It is well-known that compounds containing imine linkage show little to no light emitting properties 12 . However, 10 
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OPIA using the following relations 17 : 

252 E HOMO = -(E OX + 4.4), eV (2) 
E LUMO = -(E RED + 4.4), eV (3) 

304

The hole mobility value is comparable to that obtained by 305 Chung et al. 7 22 to tune metal work function 18 for optimal hole injection.
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The transfer characteristic and threshold voltage of 10-OPIA
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OFET in linear configuration are presented in the Figure 4, (b).
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Transfer characteristic allows us to extract the ON/OFF ratio (10 In addition to conventional parameters (field effect mobility, 363 threshold voltage, ON/OFF ratio), phototransistors are character-364 ized by two additional parameters: photosensitivity P (ratio of photocurrent to dark current) and responsivity R (factor of pro-366 portionality of photocurrent to incident light power). We present 367 these parameters in the Figure 6, (a). It is of interest to notice 368 how responsivity gradually increases with negative gate voltage 369 and follows the transfer characteristic of OFET. This parameter 370 exceeds 1 A/W at higher gate voltages, which may be consid-371 ered reasonably high when compared to typical organic materi-372 als 24,25 and even some inorganic semiconductors 26 . Symmetrical anthracene 28 where responsivity exceeded 3000 A/W.
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The photosensitivity of this device is found to be maximal at in- The resulting photoconductive gain G is expressed by following 434 equation 29 :

435 G = cτ pc τ tr = cτ pc µV L 2 , (4) 
where τ pc is the lifetime of photogenerated charge carriers, τ tr 457

I = I 0 1 + exp t -t 0 τ , (5) 
where I 0 is the initial current (vertical offset), t 0 is the horizon- 466

I = I 0 + I 1 exp - t -t 0 τ 1 + I 2 exp - t -t 0 τ 2 , (6) 
where I 1,2 are the pre-exponential factors and τ 1,2 are the re-467 laxation times. It appears that in our case persistent dark current 468 has two components: a fast and a slow relaxation time. This 469 behavior is encountered in polycomponent [32][33][34] as well as pure 470 materials 35 . Some researches attribute the existence of two de- diimide (PTCDI) 37 . Similarly to photocurrent growth, the decay of PPC is demonstrates its dependence on gate bias. By comparing the extracted relaxation times (Figure 7) we find that the sample under continued negative V GS shows slightly slower current decay (τ 1 =10.3s vs 7.4s, τ 2 = 66.2s vs 57.1s). We have also noticed that positive gate bias has detrimental effect on PPC, as the measured current reverts to values similar to the state before irradiation. To better understand these experimental results, we should consider the following: (i) As demonstrated for photocurrent growth, current saturates significantly faster under negative gate voltage, which for same duration of illumination may result in higher occupancy ratio of persistent states. Prolonged periods of illumination have also shown noticeable increase in both time components of current decay, which supports this suggestion. (ii)

The gate bias seemingly improves charge separation on the semiconductor/dielectric interface or even allow the photogenerated charge carriers to access energy states which are unavailable at V GS =0V, due to band bending. This delays the recombination of populated trap states, thus increasing their lifetime. The extracted decay time components are assembled in the Ta- temperature increase, as compared to traps characterized by τ 1

Temperature dependency of PPC

(their shallow energy level allows thermal detrapping) 38 .

The presence of these deep trap states allows us to propose some thermal stability of photoconductive properties, which may be exploited in potential applications of 10-OPIA material. In combination with the flexibility of device response with respect to gate voltage, we may propose use of this material in phototransistors (pronounced photoresponsivity R ∼ 1 A/W and photogating effect), photodetectors and optoisolators (response time may be reduced with smaller channel length and higher gate bias) and memory devices (long persistent photoconductivity decay times, positive gate voltage "erases" persistent state). 

Conclusion

In this work we have described a novel semiconducting material, from synthesis to possible application. The incorporation of heteroatom (nitrogen) in π-conjugated system of this new molecule makes it easier to synthesize, since no carbon-carbon bonds need to be formed when being prepared from commercial precursors.

The resulting substance is air-stable, which is an important advantage over classic semiconducting materials based on polyacenes.

We have employed optical spectroscopy and cyclic voltammetry to characterize frontier molecular orbital energy levels as well as band gap energy. Favorable HOMO level of 10-OPIA allowed us to prepare a p-type transistor. We have developed a simple protocol of deposition for 10-OPIA, which has allowed us to prepare OFETs in bottom gate/bottom contact configuration, as well as to control preferable direction of crystal growth. 
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24 based molecules, and in addition to improving charge trans- 25 port, significant efforts were dedicated to facilitate processing 26 of 21 Fig. 1

 242526211 Fig. 1 Synthesis of 10-OPIA.
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 2 mmol/L solution of 10-OPIA in dichloromethane 100 containing 0.1 M of tetrabutylammonium hexafluorophosphate 101 (TBAPF 6 ) as a supportive electrolyte was stirred for 2h and then 102 placed in the electrochemical cell (10 ml volume). The solution 103 was degassed by Ar bubbling for 20 minutes. Cyclic voltammo-104 grams were collected in the range from -2.2 to 1.8 V against sil-105 ver wire pseudoreference with scanning speeds ranging from 50 106 to 500 mV/s. After collection of 10-OPIA voltammograms, 2 ml 107 of 1 mmol solution of ferrocene (98%, Sigma Aldrich) in sup-108 porting electrolyte was injected in the cell and degassed for 20 109 minutes prior to measurements. Additional data was recorded 110 to include the potential range of Fc/Fc+ oxidation process. The 111 data of ferrocene oxidation was further used to extract its half-112 wave potential (mean value between the anodic and cathodic 113 peaks, since Fc/Fc+ process is quasi-reversible) and use it as a 114 reference point 15 for the previously obtained data for 10-OPIA. 115 Differential scanning calorimetry (DSC) was performend on TA 116 Instruments Q1000. Electrical emeasurements were performed 117 with two Keysight B2901 SMUs.

118 2 . 1

 21 Synthetic route 119 We have developed a new molecule ((E)-N-(anthracen-2-yl)-1-120 (4-(decyloxy)-phenyl)methanimine or 10-OPIA, Figure 1) which 121 can be prepared easily from commercially available materials: 122 the phenyl moiety is attached to anthracene by an imine link-123 age which can be obtained by a simple nucleophilic addition be-124 tween 2-aminoanthracene and 4-alkyloxy-benzaldehyde deriva-125 tives. The length of terminal flexible chain can be efficiently con-126 trolled by choosing an appropriate alkyl halide precursor.
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  Figures 2 (a) and (b) of ESI †. HRMS (ESI+Q-TOF) calculated for [C31H36NO] + 438.2791, found 438.2790. This molecule is stable in solid state: we have compared the NMR spectra after 8 months of storage in ambient conditions and no traces of degradation were detected. Device fabrication The OFET devices in bottom gate -bottom contact were fabricated by utilizing commercially available substrates provided by Ossila (Sheffield, UK) fabricated on heavily doped silicon wafer with thermally grown SiO 2 (300 nm) as gate insulator and evaporated Au source and drain contacts. Before deposition, substrates were washed with Decon™ 90 solution, deionized water, acetone and isopropanol for 5 mins in succession. The substrates were further subjected to UV-Ozone cleaning for 20 min. The channel dielectric layer (SiO 2 ) was functionalized with self-assembled monolayer (SAM) of octadecyltrichlorosilane (OTS-18) solution in hexadecane for 30 min, then substrates were washed with chloroform. The semiconductor was deposited by drop-casting from 0.5% chlorobenzene solution on inclined substrate in saturated

187 3 Results and discussion 188 DFT computation of molecular structure 189 Fig. 2 Fig. 3

 18818923 Fig. 2 Frontier molecular orbitals of the 10-OPIA molecule, calculated on B3LYP/6-31G++(d,p) level. MO energy levels are extracted from cyclic voltammetry data.
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 5 solution of 10-OPIA in acetone (degassed by freeze-pump-thaw method on a Schlenck line) was weakly fluorescent (Figure5(a) of ESI †). Emission peak is situated at 480 nm (excitation wavelength -435 nm). Similarly, fluorescence lifetime measurements were carried out in acetone solution with excitation at 370 nm.Unusually high lifetime (9.44 ns) indicates some hindering of the rotation around imine linkage axis, which is the preferred way of non-radiative relaxation for this type of materials. Possible reasons include interaction between lone electron pair on the nitrogen atom and anthracenyl π-conjugated system due to nonplanar geometry of the molecule (dihedral angle between anthracenyl and phenyl structures is about 140 • ). Similar effect was observed by Yoshino et al.16 for molecules with constrained azo-and imine linkages, which resulted in enhancement of fluores-Cyclic voltammetry was employed to experimentally estimate 244 frontier MO energy levels17 . Figure3, (b) depicts a cyclic voltam-245 mogram of 10-OPIA solution recorded at 50 mV/s referenced ver-246 sus Fc/Fc+ redox couple (in blue). Two tangents were drawn (in 247 red) at the reduction and oxidation parts of the data in order 248 to determine the onsets E RED and E OX on their intersection with 249 the background current tangent. These extracted potentials were 250 employed to evaluate the HOMO and LUMO energy levels of 10-
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 41110 Fig. 4 (a) Output characteristic of an OFET (L = 50 µm, W=18 mm) prepared with 10-OPIA. Inset: photo of channel region. (b) Transfer characteristic and V th of the same device.

10 -Figure 5 Fig. 5

 1055 Photoconductive properties352
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  anthracene derivative studied by Li et al.27 demonstrated respon-374 sivity between 1 and 10 A/W in the form of poly-crystalline thin 375 film. Single crystal devices generally demonstrate much higher 376 performance, as in the case of alkyl-thienothiophene-substituted 377

379Fig. 6

 6 Fig.6Plot of photoresponsivity as a function of gate voltage ( V SD = -100V) at incident power 1.44 mW/cm 2 (black squares) and photosensitivity (photocurrent to dark current ratio, in red) measured for an OFET in inter-digitated configuration. Inset: Threshold voltage of the same device in dark (black squares) conditions and under irradiation (red squares).

436Fig. 7

 7 Fig. 7 Plot for current as a function of time. V DS = -50V, V GS = 0V (black symbols), V GS = -50V (red symbols). T L -start of illumination.
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  tal offset, and τ is the response time. Application of moderate 459 voltage (V GS = -50V) results in almost one order decrease of sat-460 uration time for the photocurrent (7.5s vs 53.8s). This result may 461 be attributed to faster filling of trap states with photogenerated 462 carriers, as well as improved exciton dissociation on the semicon-463 ductor/dielectric interface. 464 The decay part of PPC is affected by gate bias as well. It can be 465 fitted with double exponential decay function:

471

  cay time components to two different energy levels of trap states: 472 deeper traps are considered to recombine slower 26,36 , contrary 473 to more shallow trap states. Some materials show PPC decay 474 with single exponential component, as perylene tetracarboxylic 475

Fig. 8 2 .

 82 Fig. 8 Plot for normalized photocurrent as a function of time and temperature. Vertical offset is introduced for clarity. V SD = -100V, V GS = 0V. Purple lines represent double exponential fit. T L -start of illumination. Inset: Arrhenius plot of persistent conductivity decay time component. Black squares correspond to τ 1 , red squares correspond to τ 2 . In order to investigate the difference between trap state energy levels which we have encountered in PPC decay, we have performed another series of experiments where we have measured the PPC decay time components as a function of temperature. We have performed measurements in a temperature range from 20 °C to 60 °C.Figure 8 assembles transient current plots for different temperatures. Every measurement was preceded by 5s pulse of positive gate voltage (V GS =50V) which is sufficient to "erase" persisting photoconductive states. Current was measured during 30s of illumination, then additional 140s of current decay were recorded. The data was then normalized in respect to the peak photocurrent and the decay part was fitted with the equation 5.

513Fig. 9

 9 Fig. 9 Plots for OFET channel current (bottom) and gate voltage (top) as a function of time. Irradiation power was 1.16 mW/cm 2 at 455nm. T L -start of illumination.

Figure 9

 9 Figure9demonstrates the channel current plot as a function of time, illumination and gate voltage. The device is initially illuminated at zero gate bias, and the current begins to rise relatively slowly. After 50 seconds, positive voltage (V GS =50V) is applied, which results in immediate breakdown of photocurrent to values below initial (before illumination). We restore zero gate bias after 20 seconds, which allows current amplitude to recover in the same manner as in the beginning of illumination. After 85 seconds under light, we apply negative gate bias (V GS =-50V), which results in immediate saturation of photocurrent. 30 seconds later, short pulse (1s) of positive voltage is applied, which resets the photocurrent in a similar manner. After the recovery of photocurrent, the gate is once again turned to -50V, however this time we let the photocurrent saturate for 30 seconds and then turn off the LED in order to observe decay of persistent photoconductivity. After about one minute we remove gate bias (V GS =0V), which to our surprise acts similarly to application of positive field -the persistent photoconductivity effect is removed. Further part of the plot demonstrates persistent effect in absence of gate voltage modulation.

Finally, we have

  characterized photoconductive properties of this material. We have encountered large photoconductive gain (∼ 100) and photoresponsivity (R ∼ 1 A/W) for OFETs based on 10-OPIA despite relatively high channel length (50 µm). These devices have also demonstrated non-negligible photogating effect which in connection to remarkable control of over photoconductivity via gate bias allows us to suggest further investigations of this new class of materials in relation to photosensitive applica-tions.

  

  

  HOMO -E LUMO ) E gEC = 2.7 eV to be in good agreement with the

	259	
	260	Taking into account the experimental results from cyclic
		voltammetry, we find the electrochemical band gap energy

253

which allows us to estimate E LUMO = -2.

5 

eV and E HOMO = 254 -5.2 eV. These values look reasonable in regards to the band gap 255 estimated by absorption spectroscopy. Moreover, the HOMO level 256 of -5.2 eV appears to be in good agreement with DFT calculations 257 (Table 1), confirming our initial guess for good affinity of 10-258 OPIA material with Au contacts as a p-type semiconductor. 261 (E 262 Table 1 Comparison of band gap and MO values of 10-OPIA between B3LYP/6-31G++(d,p) level of theory (DFT) and electrochemistry (CV).

Table 2

 2 Time components extracted from data presented in Figure8. is affected stronger than the slower τ 2 . Tokumoto et al.35 

		Temperature (°C) τ 1 (s) τ 2 (s)
		20	6.7	49.1
		30	5.8	44.5
		40	4.4	43.7
		50	3.4	43.1
		60	3.1	41.6
	509	ble 2. The exponential PPC decay times increase as the tempera-
	510	ture decreases. However, it seems that faster decay component
		τ 1	

511

have performed investigations on TIPS-functionalized pentacene, 512 which exhibited similar persistent photoconductivity properties.
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Field effect dependency of persistent photoconductivity