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ABSTACT: Organic semiconductors with high mobility and higgermal stability
are of great importance for practical applicatidnomyanic electronics. To explore
new semiconductors by taking advantage of thensitti properties of tetracene
molecule, herein, we report the design and symdhekia novel p-type tetracene
derivatives, 2-(anthracen-2-yl)tetracene (TetAnipp contact organic thin-film

transistors (OTFTs) based on TetAnt show a holeilibobf up to 0.79 crAVs™. In



addition, a high mobility of ~0.4 ¢/ sis maintained even after thermal stressed

to a high temperatuid 290 °C, indicating the excellent thermal stapibf TetAnt.
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1. Introduction

Organic thin film transistors (OTFTs) have drawnamuattention due to their
low cost, low-temperature fabrication, compatigintith flexible substrates, and the
ability to fabricate large area devices. The penfomce of OTFTs has been
continuously improved in recent years as a redudedicated efforts [1-5]. Numerous
researches have been devoted to develop high myobilganic semiconductors.
Among them, organic semiconductors based on beienuitj3,2-b] benzothiophene
(BTBT) [6-8] and polyacene compounds [9] such athracene [10-14], tetracene
[15-18] and pentacene [19-21] have been extensimelystigated for p type organic

semiconductor materials.

Extension ofr-conjugation and introduction of alkyl chains awetimportant
methods to tune the properties of organic semicctodsi and boost the performance
of resulting devices. Among the most widely studiecene based compounds,
anthracene offers a wide band gap, high fluorescgnantum yield and high mobility.
Moreover, anthracene is a typical p-type organmisenductor with a low carbon to
hydrogen ratio, a highly conjugated plane structgomd thermal stability. Aromatic
hydrocarbons such as thiophene, phenyl, naphthatemk bithiophene are typically
introduced to connect with anthracene to expanditbenjugated system and induce
potential versatility. The introduction of an ardimasubstituent at the 2-position [22,
23] or 2,6-position [24, 25] can effectively impmvhe degree of conjugation and
planarity, thereby enhancing the device performahesed on corresponding
compounds. For acene based compounds, it is fduatdas the number of benzene
ring repeating units increases, the highest ocdupielecular orbital (HOMO) level

energy increases, which is beneficial for efficibate injection [26]. That is partly the



reason why the pentacene and its derivatives shatt@rbsemiconducting properties,
but their stability is inferior to tetracene andttaacene based counterparts [27].
Extensive efforts are also devoted to develop hngiility semiconductors based on
tetracene core. For instance, Megtgal reported that the hole transport in OTFT
devices can be improved by introduction of phenyb itetracene, which results from
the increased electronic coupling between two rmghg molecules. Two p-type
tetracene derivatives, namely 2-(4-dodecyl-phetetbacene (C12-Ph-TET) and
2-phenyl-tetracene (Ph-TET) with hole mobilitiesugf to 1.80 crhVV*! s* and 1.08
cm? V! s were demonstrated, respectively, compared to orilg @nf V* s* for

tetracene [28].

Along with mobility, the device thermal stabilitg another concern for OTFTs,
which is of vital importance for their practical @igation. The thermal stability of
OTFTs is highly dependent on the thermal stabilafy the used organic
semiconductors. There are a few reports on thentlestability of OTFTs containing
thermally stable organic semiconductors realizexd aligomerization of appropriate
aromatic units [25, 29-31]. For example, Yokataal reported a highly thermally
stable flexible OTFT based on a thermally stab@gaoic semiconductor, DPh-DNTT,

which maintains 80% its original mobility upon hiegtto 250 °C [30].

Based on the above studies, we expect that borahtiyyacene and tetracene
together may result in a high mobility and thermadtable p-type semiconductor
material. Considering all these aspects, herein,design and synthesize a new
compound, namely 2-(anthracene-2-yl)tetracene (@tAts thermal, photochemical,
electrochemical, and charge transport charactesisis well as consequent impact on

the thermal stability of resulting OTFTs are systéinally investigated. Modest



mobility approaching 1 cfriv* s and high device thermal stability are demonstrated

for the OTFTs based on TetAnt.

2. Results and discussion

2a. Synthesis

The synthetic route of TetAnt is depicted in Scheim@&henylboronic acid and
naphthalen-2-ylboronic acid were bought from EneZgnemistry. 2-bromoanthracene
and 2-(anthracene-2-yl)-4,4,5,5-tetramethyl-1,3@aborolane were synthesized
according to literature [32], and the 2-bromo-tetree was synthesized according to a
delivered patent [33]. At last, TetAnt compound wéasained by Pd-mediated Suzuki
coupling and pure compound was gained by vacuuniinsatiton. The chemical

structure of TetAnt was confirmed by elemental gsialand mass spectrometry.
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Scheme 1. Synthetic routes of compound TetAnt
2b. Thermal properties
The thermal properties of TetAnt were firstly exasd by thermogravimetric
analysis (TGA). The results are shown in Fig. 1.AT@as measured under;N
atmosphere with a scanning rate of 10 °C/min. Tkeothposition temperature
(temperature corresponding to a 5% weight losspetermined to be 428 °C.

Differential scanning calorimetry (DSC) analysis undes showed a reversible



process of melting and recrystallization, but uhfoately no endothermic or
exothermic peaks were found for TetAnt during sleatween 25 °C and 380 °C even
after several trials (not shown here). The TGA B8C results indicate the excellent
thermal stability of TetAnt, indicating that thetnoduction of tetraphenyl group

improves the thermal stability.
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Fig. 1. Thermogravimetric analysis of TetAnt.

2c. Photochemical and electrochemical properties

The photochemical and electrochemical propertieBetAnt were investigated by
UV-Vis absorption spectroscopy and cyclic voltamméCV). The absorption spectra
of TetAnt in 1, 2-dichlorobenzene solution andhimtfilm are shown in Fig. 2a. As
seen from the figure, the absorption spectra oAifein solution and in thin film have
similar triple finger shape with the onset of 556 m solution and 566 nm in thin
film, respectively. The redshift of 10 nm and arha&mced ratio of the first vibration
peak intensity compared with the second one indickarly J-aggregation in the thin
film. The absorption onset of 566 nm for TetAntthin film gives an estimated

optical bandgap of 2.19 eV.



CV measurement of TetAnt thin film was performedctdculate its ionization
potentials. Since the irreversible reduction betwayFig. 2b), only HOMO level
could be estimated. According the onset of firstation potential of TetAnt, HOMO
level is calculated to be -5.51 eV. Combined thiies of optical band gap and the
HOMO level, the LUMO level is calculated to be -3.2V for TetAnt. The
introduction of tetraphenyl groups has undoubtedigrowed the bandgap and raised

the HOMO level.
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Fig. 2. (a) Normalized UV-vis absorption spectra of TetAnsolution and thin film; (b) CV curves of
TetAnt. The oxidation potential is obtained at ¢mset of the cyclic voltammogram.

2d. Single crystal structure and calculated mobility
High quality single crystals of TetAnt were grown physical vapor transport

method for single crystal structure analysis. Tingle crystal structure of TetAnt
was determined by X-ray diffraction. X-ray crystgfaphic results (CCDC 1982781)
reveal that TetAnt crystals belong to P1 space gmwith crystal parameters of a=
5.9760(2) A, b= 7.4945(2) A, c= 21.8325(7) A amd 83.770(3)°,f= 89.241(3)°,
y=89.720(3)°. The molecular length of TetAnt is 2G4R (Fig. 3a). The torsion
angle between the central anthracene and tetratege is below 1 The TetAnt
molecules adopt a typical arrangement of herringhgecking (Fig. 3b). Moreover,

several C-Hr interactions with distance ranging from 2.963 A3d52 A are



observed between each TetAnt molecule and its siesiseneighbor molecules (Fig.
3c). High charge carrier mobility is expected freath a dense packing structure. So,
we calculated the mobility of TetAnt using Gaussi¥nDO01 version software, with
B3LYP(D3) functional and 6-311G(d, ppasis set, based on the single crystal
structure. When one TetAnt molecule is chosen asctnter, the charge transfer
integrals for the surrounding six molecules areveen 34.21 meV and 68.26 meV
(Fig. 3b). In addition, the reorganization enerdy T@tAnt is 92.7 meV. The
calculated hole mobility of TetAnt is 1.22 év™ s*, much higher than that of

2-anthryl-2-anthracence (2Ant, 0.52 X" s?) as listed in Table S1 [34].

47794 € r)a
66.73 meV

¥ 5976 A
34.21 meV

50.85 meV

Fig. 3. (a) Molecular length of TetAnt, (b) herringborecging and (c) short contacts in TetAnt.

2e. Charge transport properties

We fabricated bottom-gate top-contact OTFT devibased on TetAnt by
thermal evaporation under,No evaluate their charge transport propertiesteiaht
substrate temperaturess() were chosen to optimize the device performant¢e T
fabrication and characterization details are dpsadi in the Experiment part. The
device parameters, including mobility)( threshold voltage (M), and the on/off
current ratio ({v/lor) are summarized in Table 1. Representative trarasfd output

curves are shown in Fig. 4.



Table 1. Performance of OTFTs based on TetAnt depositeliffatent substrate temperatures.

Tsub COC) l"'h,max (sz V_l S_l) l'lh,ave (sz V_l s_l) Icn’qoﬁ VI‘I—I{V)
30 0.04 (3.18 £ 0.76) X 107 (195 + 0.81) X 10° -184 + 1.2
60 0.07 (5.69 + 0.97) X 107 (6.20 +£2.28) X 10° -188 + 1.6
90 0.11 (8.27 £ 1.54) X 10%  (4.60 £ 3.14)X 10° -155 £ 38
120 0.79 (5.92 £ 1.02) X 107 (3.024 1.35)X 105 216+ 1.5
150 0.19 (1.69 £ 0.15) X 10" (3.65 £ 0.97)X 10°  -122% 22

Typical p-type transport properties are observadalb devices. As seen from
Table 1, increasing the substrate temperature helpst to improve the device
performance, with the mobility increases by twetittyes from Ty, of 30 °C to T, of
120 °C (the highest value ~0.8 Thi™* s%). A modest mobility value higher than 0.15
cn? V! st even maintains atgJ, of 150 °C. The saturation current increases wiéh t
mobility as evidenced by the transfer and outputesi shown in Fig. 4. Negative
differential resistance are observed in the saturgdart of some output curves, which
probably results from hole traps induced by petietnaof moisture to the conducting
channel during measurement. The on/off is high tt@rfor all devices thanks to the
suppression of the off current. However, the tho&sivoltages are not satisfactory,
which probably due to the mismatch of the HOMO lesfeTetAnt (-5.51 eV) with

the work function of gold (5.1 eV).
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Fig. 4. (a-e) Representative transfer curves of TetAnt OT#feposited at 30 °C, 60 °C, 90 °C, 120 °C,
150 °C, respectively; (f-j) corresponding outpubhvas.

2f. Morphological characterization



To understand the relationship between the deviegopnance and the
morphology, atomic force microscope (AFM) and X-rdifraction (XRD) were
performed to analyze TetAnt thin films with a thigss of ~40 nm deposited on the
octyltrichlorosilane (OTS)-treated *48i/SiQ, substrate at different substrate
temperatures. The AFM images as shown in Fig. Balethat the grain size increases
with the substrate temperature. Thin films depdséeTs,, of 120 °C (Fig. 5d) show
obviously larger grains (~im) than those deposited at lower substrate temperatu
Noncontinuity and large surface roughness (RMS 5r188) are observed forgf, of
150 °C which severely degrade the device performahte AFM results indicate that
increasing the substrate temperature is benefiorathe surface morphology and
grain size of TetAnt thin films, which is consistenith the device performance.
However, the grain sizes is not large enough coethéw BTBT derivatives. And
large surface roughnesses are observed in all Tebdm films, which should be the
main reasons for the relative low mobility of TetAvased OTFTs. Since the initial
growth mode of the first several layers are impdrteor the charge transport of
OTFTs, we also measured the AFM images of TetArarlavith a thickness of ~3 nm
deposited at J;yof 30 °C and 120 °C. The AFM images and the csestion profiles
imply a layer by layer growth mode, but the higmslgy of nuclei limits the size of

grains [35].



RM% 12:2nmy o RMS = 35.5 nm

Fig. 5. (a~e) AFM height images of thin films B x 5um) of TetAnt deposited on OTS-treated
Si/SiO, substrates at different substrate temperature.

Thin films of TetAnt with a thickness of ~40 nm \eefurther investigated by
XRD to reveal their crystallinity and molecular emtations. As shown in Fig. 6, high
order reflection peaks assignabld®dl) areobserved for all TetAnt thin films. The d
spacing value is ~2.22 nm, which is consistent \ilig molecular length of TetAnt
and c value of the single crystal parameters. iHdiEgates an edge-on structure on the
substrate, which is beneficial for carrier transpdturthermore, the position of
reflection peaks does not change much when thetratdbbdemperature increases,
implying that increasing the substrate temperatlwes not severely change the
molecular packing. The intensity of diffraction gean XRD patterns of different
substrate temperatures increases with the substeatperature below 120 °C,
indicating an improvement in crystallinity. Both MFand XRD results justify that
increasing the substrate temperature is benefaiaDTFT devices based on TetAnt

thin films.
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Fig. 6. XRD patterns offetAnt thin films deposited at different substramperatures.
2g. Thermal stability of OTFT devices.

We have performed thermal stress test using dewic€stAnt (Tsup = 120 °C) to
evaluate the device thermal stability. The deviaes ywut on the heater all the time
during the measurement in air with a temperatuessing rate of 20 °C/min.
Transfer curves were takdan situ 2min after the corresponding temperature was
reached. For organic semiconductors, prolongedritgatspecially heating above the
glass transition temperature or the melting paistially leads to morphology changes
and device performance degradation. According t& B&d DSC, TetAnt compound
has good thermal stability. Good thermal stabilgyalso expected for its OTFT
devices. As shown in Fig. 7a, device based on TetAaintains half of its initial
value even at a high temperataofe290 °C, though it shows a decrease tendency as a
function of the temperature. Transfer curves gbifbositive direction as shown in Fig.
7b. Devices show no performance when the temperaunigher than 290 °C due to

the serious channel damage caused by continuoesiamn (Fig. S2).
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Fig. 7. (a) Mobility of OTFT devices based on TetAnt inusineasured at different temperatures; (b)
Transfer curves of TetAnt based OTFTs in situ messat different temperatures.

3. Conclusion

To conclude, we have designed and synthesized al qrehannel tetracene
derivative, TetAnt. Increasing the substrate terafuee is beneficial for OTFTs based
on TetAnt and a high hole mobility up to 0.79%wi*s* is demonstrated atyJ; of
120 °C. Moreover, OTFTs based on TetAnt show higihnhal stability up to 290 °C.
Our results here indicate TetAnt is a promisingdidate for practical applications in

future organic electronics.

4. Experimental section

4a. Synthesis and characterization
2-Bromoanthraquinone [32] In a 250 ml round-bottomed flask, anhydrous
acetonitrile (75 mL), copper (Il) bromide (15.0067,.1 mmol), isoamyl nitrite (9 mL,

67.1 mmol) were added at 0 °C and stirred for 2@Quteis. Then the mixture was
to RT and stirred for And then ledoto O

warmed one hour.

OC,
2-aminoanthraquinone (7.5 g, 33.5 mmol) dissolvedrHF (100 mL) was added
quickly to the resulting solution and the mixturasastirred at O °C for 2 h. After the

reaction was completed, the solvents were remoyerbtary evaporation and dark



brown solid was obtained and then was purified gigialumn chromatography to

obtain 2-bromoanthraquinone as a yellow solid (/i80%, 3.00 Q).

2-Bromoanthracene A part NaBH, (4.69 g, 123.9 mmol) was added to a solution of
2-bromoanthraquinone (5.95 g, 20.72 mmol) in a wchigelvent of isopropanol and
THF (1: 1, 150 mL) at 0 °C and the mixture wasrstrfor 3 hours. Then the mixture
was warmed to RT and another Nap(2.34 g, 62.3 mmol) was added. The mixture
was stirred at RT overnight, and then DI water () was added. The resulting
mixture was stirred for another 12 hours. After 8wvents were removed under
reduced pressure, HCI (3M) was slowly added theiobt residue until foaming
ceased. The resulting solution was stirred undBuxdor 6 hours. The resulting
suspension was filtered, and the residue was pdrising column chromatography to

obtain the title compound (yield: 21%, 1.5 g).

2-(Anthracene-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane A 500 mL round
bottom flask was charged with (12.10 g, 36 mmobilZomoanthracene, (10.98 g,
43.2 mmol) bis(pinacolato)diboron, (7.21 g, 73.2)npotassium acetate and 2% mol
[1,1'-bis(diphenylphosphino)ferrocene]dichloropdilan(ll); complex with
dichloromethane. Then 250 mL dimethyl sulfoxide vadsled to the mixture and the
suspension was purged with nitrogen for 15 minuldse resulting mixture was
stirred at 95 °C for 12 hours. The mixture was aoted with dichoromethane and the
organic layer was dried with anhydrous MgS&ter poured into 500 mL ice water.
The residue obtained by evaporated the solvent wasfied by column

chromatography to give bright yellow solid. (yie&D%, 9.76 g).

4-Bromo-1,2-bis(dibromomethyl)benzene Under UV light, bromine (2.73 mL, 53

mol) was slowly added to 4-bronmxylene (2.50 g, 9.0 mol) which was dissolved in



30 mL CClin a two-necked round bottom flask. Then the reactmixture was
stirred at RT for one hour. After the reaction waspleted, the reaction mixture was
washed with water and concentrated under reducesspre. The precipitate was
filtered off and washed with hexane and get a whdakd after dried ira vacuum

drying box (2.68 g, 56%)

8-Bromotetracene-5,12-dione [33] In a 500 ml round bottom flask,
4-bromo-1,2-bis-dibromomethylbenzene (10.00 g, 20I)m1,4-naphthoquinone
(3.15g, 20 mol), and Nal (34.40 g, 230 mmol) in ¥TBDDMAc were added. The
mixture was refluxed overnight. After cooling dowthe reaction mixture was poured
into 250 ml water. The precipitate was filtered affd washed with MeOH twice and
then purified by vacuum sublimation to give thegproduct as a yellow solid (1.80 g,

26%)

2-Bromotetracene Al wire (6.57 g, 240 mmol), Hggl (0.13 g, 480 mmol),
cyclohexanol (150 ml) and CB(0.64 g, 1.90 mmol) were added into a 300 ml flask
The mixture was purged with nitrogen for 15 minufélse reaction was initiated by
heating and when the reaction is too intense, anecool it to slow down the reaction,
and then completed after refluxing for 4 hours. mheadded
8-bromo-naphthacene-5,12-dione (9.54 g, 24 mmoly ithe mixture and was
refluxed for 2 days. After cooling down the mixtwas poured into MeOH/A®D/conc.
HCI solution (1/1/1, 400 ml). The precipitate wakefed off and washed with
MeOH/H,O/conc. HCI and methanol. The crude product wasfipdrby vacuum

sublimation to give pure product as an orange s@id8 g, 78%)

2-(Anthracene-2-yl)tetr acene Refer to the synthesis steps of 2,2'-bianthracéied:

40%. Because of the low solubility in solvent, thBIR was not measured. HRMS.



(MALDI) m/z: calcd for GoHao [MTH]" 404.51, found 404.6796. Anal. Calcd for
CazHag; C, 95.05; H, 4.95;. Found C, 93.04; H, 5.41.

4b. General procedures and experimental details

Fabrication and characterization of OTFT devices. Organic thin film transistors
were fabricated based on-8i/Si0, (300nm) substrate with a top-contact structure.
The substrates were firstly ultrasonically washeth acetone, deionized water and
isopropanol for 15min, sequentially. After driedthwiN, flow, the substrates were
exposed to UV/Ozone treatment for 15min and theatéd with OTS in pgolvebox.
For OTS treatment, the substrates were immerséigdei©TS solution (25mg/mL in
toluene) for one and a half hours at 60 °C, anch twashed with pure toluene.
Organic semiconductor layer (~40 nm) was depositethe OTS treated +Si /Si0,
substrates by thermal evaporation in high vacuunaabus substrate temperatures,
and then the gold source and drain (~40 nm) wegertally deposited on the organic
semiconductor layer under a pressure of about B#Ethrough shadow masks. The
channel width to length ratio is 10. The electricharacterization of the OTFTs was
performed by Keysight B1500A parameter analyzea @mobe station in ambient air.
The hole mobility was extracted from the equatidps(= —40V), Ibs= (W/2L) u G
(VesV1H)% Where bs is the source-drain current, W is the channel vatid L is the
channel length, Gs the capacitance per unit area of the,$ie dielectric (1.12x16

F/mf), Vesis the gate voltage aiyy is threshold voltage.

Cyclic voltammetry TetAnt thin films were deposited onto platinumottede by

thermal evaporation. To detect the HOMO and LUMGQrels, 0.1 mol [



tetrabutylammonium hexafluorophosphate /BBF;) anhydrous acetonitrile (GE&N)
solution was prepared. The CV data were acquiréagusg/Ag" as the reference
electrode (+0.08 V vs. Ag/Aghonaqueous reference electrode) at a scan rat@0of
mV s* under nitrogen atmosphere. The AglAgectrode was prepared by soaking Ag
wire into a 0.01 mol I AgNO; solution in dry CHCN and 0.1 mol [

tetrabutylammonium hexafluorophosphate {BBF;).
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Highlights:
° A high hole mobility of 1.22 cm® V*s? is calculated and hole mobility up to 0.79
cm? Vst is demonstrated experimentally for TetAnt.
o Thin film morphology and performance of organic transistors based on TetAnt are
very sensitive to the substrate temperature.
o Half of the original mobility is maintained even after thermal stressed up to 29077.
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