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Abstract

A Dbridged pentaphenylene derivative functionalizedith dicyanovinylene units
LPP(=C(CN),), has been designed, synthesized and characterizkd. optical and
electrochemical properties have been carefullyistuthrough a combined experimental and
theoretical approach and compared to those of teotgphenylene derivatives bearing
methylenes I(PP) or carbonyl LPP(=0),;) on the bridgeheadd.PP(=C(CN)). which
possesses a very low LUMO level, ca -4.02 eV, lenlsuccessfully used as active layer in
n-channel OFETs using epoxy based photoresist 3id-gate insulatorl. PP(=C(CN)2)2
based n-channel OFETs show low voltage functior(iogv gate-source and drain-source
voltages), high ratio between the on and the offenus (2x18), interesting subthreshold
swing (S=1) and excellent stability under electrisress and under nitrogen atmosphere.
More importantly, we have also shown th&®P(=C(CN),), based n-channel OFETs present
an excellent environmental stability. This workasthe best of our knowledge the first report
of bridged pentaphenylene-based semiconductortyp@&-OFET and highlights the potential
of such type of materials to provide air stable OFE

| ntroduction

Organic Field Effect Transistors (OFETs) have atéd impressive interest in the recent
years due to possible incorporation in full orgaeiectronic device5.Of particular interest
for the future of this technology are the electtmmsporting n-type OFETS’ Despite the
recent breakthroughs in the field, which have kecalectron transporting materials (n-type)
with mobility of negative charges up to unity, thember of n-type molecules is still very
limited compared to hole transporting (p-type) noales* Thus, designing efficient n-type
materials for air-stable OFET is still an importacttallenge for the future of Organic
Electronic since the instability of organic radiealions (generated by reduction of the active
layer at the cathode) in the presence of oxygenveateér avoids the OFET to work under
ambient condition.Indeed, the potential at which an n-type dopedeswde can be oxidized
should be higher than -0.658 V (vs SCE) in ordebdcstable towards water reductiom{@



+26 —H, +20H).* ¥ It is hence usually accepted that molecules witbveest unoccupied
molecular orbital (LUMO) lower than -4 eV may le@dair stable n-type OFETIn addition,
the reduced injection barrier between commonly w&tatle metals (Au, Al, Mo...) and low
LUMO-level materials leads to low threshold voltag@hus, these two key parameters to
obtain air stable and low threshold voltage n-typeETs, are linked to the energy of the
LUMO level and its compatibility with usual metalShe design strategy to obtain n-type
materials usually consists to judiciously introduglectron withdrawing groups or atoms
(carbonyls, dicyanovinylenes, imides, halogens &ich r-conjugated core. However, the
restricted diversity oft-conjugated systems developed (mainly based omplikize or fused
thiophene, perylene and naphthaléme)s led us to focus on other molecular fragmeatsli
investigated in the literature, ie. linear bridgextended oligophenylenes. Indeed, bridged
extended oligophenylenes such as tri- (dihydroinfleg-blfluorene)®** and penta-
phenyleneS™ are promising compounds for blue emitting Orgaright Emitting Device
(OLED) applications but have been rarely used #éiseatayer in n-type OFET3.>* The
pioneering works of Marks and Facchetti have néebess shown in 2008 the high potential
of dihydroindeno[1,&]fluorene and bridged tetraphenylenes combinedit¢gadovinylene
units to obtain promising air stable n-type OFETs*” >*These pioneering works have paved
the way to the design of n-type materials basebraiged phenylene scaffold incorporating
for example intracyclic nitrogen atoms (ie pyrajffi@r pendant halogen atorffisWith this

in mind, we wish to report in this work the syntisesharacterization and application in n-
type OFETs of a new Ladder-type PentaPhenylene )(ld@ivative bearing on the two
central bridgeheads highly deficient dicyanovingerunctionalities. The optical and
electrochemical properties have been studied iailddtrough a combined experimental and
theoretical approach and compared to those of teotgphenylene derivatives bearing
methylenes or carbonyl units on the bridgehead®?(=C(CN),), has been finally used as
active layer in n-channel OFETs using epoxy basedgoesist SU-8 as gate insulator leading
to very promising devices presenting excellent mmmental stability. This work not only
represents the first report of pentaphenylene-basmdiconductor in n-type OFET but
highlights the great potential of such type of mate to provide air stable OFET.

Results and discussion:

Design and Synthesis.

The molecular design adopted in this work is thdlovang: (i) the Teconjugated
pentaphenylenyl core has been rigidified by fouddes in order to increase the flatness of
the Teconjugated molecular system. This rigidificatiohosld maximize therrelectron
delocalization and allow an efficient intermoleguterTt stacking in the solid state, essential
for electron hopping (i) the electron-withdrawingjcyanovinylene groups have been
introduced on the bridgeheads of the pentaphenydere to lower the LUMO energy level
without disrupting the teconjugation, crucial points for achieving efficierelectron
injection/transport (iii) alkyl side chains (R wCgHi7) have been connected to the side
bridgeheads to increase the solubility of the mdkeclt is indeed known that bridged
oligophenylenes are often non soluble in commoramigsolvents, rendering them difficult
to process.

" It should be stressed that obtaining n-type maitestable towards both water and oxygen redudsiam even
more challenging task as they should be reduceal &ry high potential, that is higher than +0.571(v¢
SCE)*®
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Scheme 1. Synthesis bPP(=C(CN),).

The synthesis of. PP(=C(CN),). involves the synthesis of the key fragmeérP(=0),
previously reported L PP(=0), will be also used in the following of this work asmodel
compound in order to precisely study the properties PP(=C(CN),), and especially the
effect of the incorporation of electron withdrawingnits (=C(CN) vs CO) on the
pentaphenylene core. The first step of this syithagiproach starts with the Suzuki-Myaura
cross-coupling of the 2-fluorene borondt@and the dibromoterephthala?eto provide with
high yields the difluorenyl phenyldiestar® Saponification 08, in basic conditions, provides
the corresponding terephthalic acid, further cotaceinto its acid dichloride, which finally
leads to the diketonePP(=0), through a Lewis acid-promoted intramolecular Feledraft
acylation (TiCl 0°C)2® Finally, Knoevenagel condensation loPP(=0). in the presence of
pyridine and TiCJ (used as Lewis acid to activate the carbonyl gspuyprovides the
dimalononitrile pentaphenylenePP(=C(CN),), with 91% vyield.L PP(=C(CN),). is highly
soluble in common organic solvents due to the m@s®f four octyl chains on the two side
bridgeheads.

Dicyanovinylene is a strong electron-withdrawingituand its electronic effect on the
pentaphenylene core can be interestingly visuallzedH NMR spectroscopy. IndeedH
NMR spectroscopy is a powerful tool to evaluate tlstrength of electron
withdrawing/donating moieties on the environnenférthus, the strength of the electron
withdrawing character of the dicyanovinylene graxgmpared for example to its carbonyl
analogue can be directly correlated to the regulShielding/deshielding effects of the
hydrogen atoms of the pentaphenylene backbone., Tinushe 'H NMR spectrum of
LPP(=0),, the hydrogen atoms ;HH, in [3 position of the carbonyl unit are the most
deshielded hydrogens with resonances found at & &tdppm respectively (Figure 1, Top).
Switching from a carbonyl to a dicyanovinylene Uedds to an impressive deshielding effect
for both H/H, respectively recorded at 8.73 ppm and 8.57 ppbPR(=C(CN),), (Figure 1,
Bottom). This clearly translates the stronger etettwithdrawing character of the
dicyanovinylene fragment compared to that of thdaayl group, which in turn should lead
to different electronic properties (see below). hMyidg the nature of the bridge is hence an
interesting strategy to tune the electronic properof a pentaphenylene core. It should be
nevertheless mentioned that the chemical shift gfisHidentical for bothL PP(=0), and
LPP(=C(CN),)2, dn3=7.52 ppm, indicating that the effect of the bridgeompletely vanished
on this position.

" The assignments have been performed by 2D NMRisseopy.
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Figure 1. Low-field portion of the'H NMR spectra (CDGI| rt) of LPP(=0), (top), and
L PP(=C(CN)5), (bottom).

Electrochemical properties
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Figure 2. Cyclic voltammetry ofL PP(=C(CN),), 2. 10°M in CH,Cl, (BwNPF; 0.2 M),
working electrode:Platinum disk diameter 1mm, swesp: 100 mV/s. Right : Differential
Pulse Voltammetry in oxidation and reduction of $aene solution (Pulse Height: 25.10;
Scan-rate: 5 mV5; Pulse Width: 100 ms).

LPP(=C(CN),). presents in dichloromethane four isoelectronic swrsible oxidation and
reduction waves (Figure 2). This behaviour is samito that previously observed for
L PP(=0), ™ both molecules being oxidized at nearly the saoterpial (B / E*: 1.4/ 1.68 V
for LPP(=0), and 1.50 / 1.71 V fok PP(=C(CN).),, vs SCE). Thus, in the anodic range, the
difference between the two electron-withdrawing up® (carbonyl and dicyanovinylene
units) appears to be weak. However, these potewdilales are strongly more anodic than
those of the non functionalized analogue Laddetd®renylené& PP with methylene bridges
(0.99 / 1.36 V), previously reported in the litena'® This impressive shift (by ca 400 mV for
LPP(=0), / and by ca 500 mV fotL. PP(=C(CN),),,) is clearly indicative of the strong
electron-withdrawing character of the ketone amgyahovinylene units on the oxidation of
the pentaphenylene backbone. The onset oxidatidenpals measured at 1.27 V for



LPP(=0), and 1.39 V folL PP(=C(CN),)., lead to HOMO levels respectively lying at -5.67
eV and at -5.79 eV (Table 1), both being deeper that ofL PP (-5.27 eV).

In the cathodic rangé,PP(=0), reduction (B/ E*) occurs at -1.07 and -1.52 V and these two
electron transfers have been assigned to the tieduct the diketone to the quinonoidal
dianion®® The reduction ofL PP(=C(CN),), occurs at -0.495 and -0.77 V impressively
positively shifted compared 1oPP(=0), (figure 2). In this case, and oppositely to thewab
conclusions in oxidation, this clearly indicates gtronger electron withdrawing character of
the dicyanovinylene fragment compared to that & darbonyl group. In addition, the
reduction of both molecules is remarkably easiantthat ofL PP which presents a single
bielectronic irreversible reduction wave at -2.39°\Thus, compared tbPP, the substitution
with cyanovinylene units inLPP(=C(CN),), renders the reduction easier by ca 2 V,
translating the strong withdrawing effect inducedtbe substituents on the pentaphenylene
unit and highlighting hence the efficiency of fhresent chemical design. The onset reduction
potentials pointed out at -0.92 V fdrPP(=0), and at -0.38 V forLPP(=C(CN),),
respectively leading to LUMO levels lying at -3.48d -4.02 eV, remarkably lower than that
of LPP (-2.19 eV), Table 1. Thus, comparedlt®P, the LUMO energy ot PP(=0), and
LPP(=C(CN),); is strongly affected by the substitution of the&lges which is clearly not the
case for their HOMO energy, which is only slighdiffected. This suggests that the LUMOs
are localized on the bridges, hence rendering theBdO levels more sensitive to bridges
functionalization. Oppositely, the HOMOs are moetodalized over the pentaphenylene core
and are hence less sensitive to bridges functwaiadn. This has been confirmed through
theoretical calculations pointing out, for bdtfPP(=0), and L PP(=C(CN),), (i) a LUMO
level with electron densities localized on the gedind on the centre of the aromatic core and
(i) a HOMO level with a pentaphenylene characte( nature of the orbitals in Figure 3
middle and right). We note that the non-substitut&® has both LUMO and HOMO levels
localized on the pentaphenylene core with no dgsitthe methylene bridges (Figure 3-left).
To the best of our knowledge, the LUMO energy. &P(=C(CN),). (-4.02 eV) is among the
lowest reported for a bridged oligophenylene déneaand even the lowest reported for a
pentaphenylene cofe® ?® This feature (LUMO lower than -4 eV) is a key miofor charge
injection and to obtain environmentally stable OEE3ee below?:.®
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Figure 3. Sketch of frontier molecular orbitals of a sinfigll model ofL PP (left) L PP(=0),
(middle) andL PP(=C(CN),)2 (right) (methyl instead of octyl groups) from DFalculations
(see details in experimental part)



The electrochemical gapE®, defined as the HOMO-LUMO difference obtained from
electrochemical data, were calculated as 2.19 eW Lf®P(=0), and 1.77 eV for
LPP(=C(CN),), that is largely lower than that &fPP (AE® =3.08 eV), Table 1AE® are in
accordance with the trend observed in the optiapbd\E°™ = 3.12 ev folL PP, AE®®'=2.07
ev forL PP(=0), andAE®™ = 1.53 eV for. PP(=C(CN),),, Table 1) with the same contraction
of 0.4 / 0.5 eV when switching from carbonyl to y@oovinylene bridges. Compared to
theoretical values obtained through DFT calculai¢hable 1), the HOMO/LUMO energy
levels appear to be in accordance despite a slighiation. These deviations lead to
theoretical gapsAE™, with a difference of ca 0.5/0.6 eV compare toezipental data with
however a similar trend.

UV-Vis absorption spectra

UV-Vis absorption spectra are shown in figure 4 aptical data are collected in Table 1.
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Figure 4. Normalized UV-Vis spectra of PP(=0), (red), LPP(=C(CN),), (black), in
solution in cyclohexane Inset: focus on the 400/9"m portion of the spectra fti-
transitions).

Table 1. Electrochemical and optical propertied &P, L PP(=0), andL PP(=C(CN).)>.

Nabs Nem AE°P Eox Ered HOMO/LUMO AE® | AE™ | HOMO/LUMO
(nm)® (nm)® (ev)’ (V)¢ (V)¢ (ev) (ev)y’ | (evy (ev)

Lppte 329,366, | 390,412, 51,5 | 599138  -2.39 5.27/-219| 308 365 -5.3061
386 440
807 (S). | 401, 420

LPP(=0), 321362, | “uco | 207 | 1.4/1.68| -1.07-1.52  -5.67/-3.48| 219 267 8263.15
380,524, | 501 653
563 :
335 (sh),

LPP(=C(CN),), 2(5)3' ?7% ] 153 | 1.50/1.71] -0495-077  -5.79/-4.02] 177 P 116411
749

a: in cyclohexane (in bold the more intense babd\E°™ [eV]=hc/\, A being the low energy absorption band
edge (in meter, see Figure 4-inset), with h =x60*J.s (1eV = 1.8 10"°J) and ¢ = 3.810° m.s", this equation
may be simplified asAE®™ (eV) = 1237.5 A (in nm), c:vs SCE, d: calculated from onset oxidation/reduction
potential taken from CV (Figure 23, e: from electrochemical datsE®*=HOMO-LUMO, f: from theoretical
calculations.




In solution in cyclohexand, PP(=0), presents the typical absorption bands321, 362 and
380 nm) of a pentaphenylene ladder type analogde as the non functionalized analogue
LPP (A =329/366/386 nm) which have been assignedwul] transitions® Due to the
presence of two chromophores i.e. pentaphenyledeasyl ketone, very weak absorption
bands were also observed at lower energy ca 5241663At this stage, these bands have
intuitively assigned to symmetry forbidderm* transitions of the carbonyl functidn: 3" 3
The absolute absorption maximum lodPP(=0), is shifted to longer wavelengths by around
100 nm compared to that of indeno[bJ#uorene-6,12-dione Npm=289 nm in CHCI,).*?
This bathochromic shift is indicative of enhanaedonjugation of the molecular backbone
and is assigned to the planar ladder-type struafithe pentaphenylene core bearing two
electron-withdrawing carbonyl groups. By replacirtge carbonyl groups with the
dicyanovinylene groups, all the maxima are shifsgdaround 20/25 nm i PP(=C(CN)>)-
due to extended conjugation induced by the dicymytene units. The bathochromic shift
upon dicyanovinylene functionalization is fully cistent with the reported shifts observed
for similar ladder structuré® #* **and mainly attributed to the decrease of the LUMGEI
due to the stronger electron-withdrawing naturethed dicyanovinylene compared to the
carbonyl group, resulting in an optical gap corttacfrom AE®™ = 2.07 eV [ PP(=0),) to
AE®' = 1,53 eV [PP(=C(CN),),), table 1. These energy gap&°” determined from the
low-energy band edge (see below the assignmenhisfbiand in Time Dependent DFT
analyses, TD-DFT) are strongly contracted comparedhat of its non functionalized
analoguel PP (3.12 eV}® due to HOMO/LUMO decrease with a more importangni@de

in the latter (see above)D-DFT calculations have been performed and halavet to
assign the low energy band in bdtfP(=0), and LPP(=C(CN),), to an HOMO/LUMO
transition (See Sl). Thus, experimental opticalsgaBE’™, presented above (Table 1), should
provide an accurate estimation of the HOMO/LUMOfaténce and are in accordance with
those obtained from electrochemical data (see abdte difference observed betwesE°"
andAE® (0.12/0.14 eV) can be assigned to the differeotgsses involved (optical transition
vs redox reaction). In addition, it should be stessthat the band recorded at 380 nm for
L PP(=0), has been assigned to an HOMO/LUMO+1 transition e&&the main strong band
at ca 320 nm may involved several other ‘transstiomainly HOMO-6/LUMO and HOMO-
7/LUMO (See TDDFT analyses in Sl). Compared Lt&P(=0),, LPP(=C(CN),), also
presents a larger red shift of the low energy b@8 vs 749 nm, Table 1) than that of the
T ] transitions. This feature confirms that these lewergy transitions (assigned tarth-
transitions) have a significant contribution of ft@er molecular orbitals localized on the
bridges and are hence more sensitive to the sulistit(see nature of the molecular orbital
involved in the low energy band in TDDFT analysesSi and in Figure 3). Solvatochromic
experiments have been then carried out to gaihduihsight in the photophysical properties.
Although the short-wavelength absorption maximaL&P(=0), only show very small
solvatochromism (several nanometres), the long-lgageh absorptions display large red-
shifts (524 nm in cyclohexane to 552 nm in ethgnioldlicating positive solvachromatism
(Figure 5). Since blue-shifts are usually expedtadn-z* absorptions when increasing the
solvent polarity’ ** the red-shift observed in this case seems to atelithat the Franek
Condon excited state (first excited st8€n-z*)) has a more polar character than the ground
state. Similar observations have been recently tgniglarks and coworkers for structurally
related compounds.
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Figure 5. Absorption spectra oL PP(=0), (Left: 300/400 nm range, right: 400/700 nm
range) in cyclohexane (black line), in THF (recedmand in ethanol (blue line).

0,0

LPP(=C(CN),). displays a different behaviour. Indeed, a bluetsbfifthe long wavelength
transition is observed, characteristic ofr’n transitions (Figure 6). Indeed, Zerner and
coworkers have proposed that the interactions thighsolvent lower the ground state energy
of the molecule more than they lower the excitadesénergy, leading hence to a blue shift of
the band®* This seems to be the caseL&fP(=C(CN),).. It should be nevertheless mentioned
that bathochromic vs hypsochromic shift of such*nransitions has been the subject of
numerous studies and controversies.
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Figure 6. Absorption spectra df PP(=C(CN),), (Left: 300/500 nm range, right: 800/850 nm
range,) in cyclohexane (black line), in THF (ratel and in ethanol (blue line)

Fluorescence spectroscopy
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Figure7. Fluorescence spectrumIoPP(=0), in cyclohexaneXex= 350 nm)



The fluorescence spectrum loPP(=0), displays two sets of emission bands401/420 nm
and 600/653 nm, Figure 7). The weak contributionshie blue region (401/420 nm) are in
perfect accordance in shape and wavelength with filherescence of the analogue
pentaphenylenk PP (390/412/440 nm)° However, the main fluorescence is clearly observed
at lower energy with a large band with maxima &@/663 nm. The assignment of such low
energy band and its relation with the presenceetd Kunctions has been the purpose of
numbers of studies (in the field of blue OLEDs)arder to determine its origin and the
deactivation mechanisms involv&d3*?°?’As recently proposed for other oligophenylene
derivatives bearing keto unit$,*” the large band df PP(=0), at 600/653 nm is assigned to
intermolecular interactions between the ketonesuiibhus, the dual fluorescence observed for
LPP(=0), is due to the emission (i) of the pentaphenyleoee cand (ii) dimer of
pentaphenylenedione due to dipole-dipole interastibetween the ketones bridgés®’
When increasing solvent polarity from cyclohexame THF, fluorescence spectra of
L PP(=0), exhibits positive solvachromatisms of the low gydnand (cyclohexane: 603/651
nm, THF:632/684 nm, see Figure S3 in Sl) but nathefhigh energy band. The red shift of
the low energy band is even larger than that oleskirv the absorption spectra, indicating that
the dipole moment is larger in the excited stasantim the ground state. This dependence of
the emission wavelength on the solvent polarityndicative of dipole-dipole interactions
betweenL PP(=0), and polar solvent molecules and hence of a phadtcied intramolecular
charge transfer. In the different solvent testddP(=C(CN),), displays almost no significant
fluorescence (or too weak to be properly mentiohn&tlis emission quenching has been
previously assigned for related structures to ramhative internal energy/electron transfers
between pentaphenylene core and dicyanovinylerte bafore emissiof?.

Organic Field Effect Transistors

The potential of pentaphenylene-based semicondud®i?(=0), and LPP(=C(CN),), as
active layer of n-channel organic thin film traners (n-OFETS) has been evaluated through
the fabrication and the electrical characterizatodm-type OFETs. Usual Bottom Gate —
Bottom Contacts architecture of OFETs was choseju(€ 8c). The choice of epoxy based
photoresist SU-8 as gate insulator in the presewitds is mainly due to our need to reach in
the near future fully organic OFET and in orderbtetter understand the organic-organic
interface, key feature in OFET and in organic et@uts in general.

The electrical properties of such OFETs were etgchainder nitrogen atmosphere from
transfer and output characteristics presented Egy8a-b. The most important parameters are
(i) the mobility p= linked to the frequency operation in CMOS devig@$,the threshold
voltage iy that determines the working voltage of OFET aiiyl ¢n/off values of the drain

— source resistance,Rlinked to the on and off status of an FET in CMEX8uits.

First, regardingLPP(=0),, no field effect activity was detected. This casibn is in
accordance with that obtained for dihydroindenoldffuorene (3 phenyl rings) and
tetraphenylenes (4 phenyl rings) bridged with cagbanits® indicating that the carbonyl
units do not allow decreasing enough the LUMO eyndrg favour the charge injection.
LPP(=C(CN),), displays a drastically different behaviour cleadgsigned to the strong
decrease of the LUMO level highlighted above (-3&8 for LPP(=0), vs -4.02 eV
LPP(=C(CN),)2). Quantitatively, the parameters of the presenETGFhave been calculated
following known equations provided in experimergalt (see below).

For LPP(=C(CN),),, transfer characteristics, drain-source currggtas a function of the
gate-source voltaged¢, was plotted at constant drain-source voltage. Yhe value of ¥s



was chosen sufficiently low to be in the linearineg of the transistorin the saturation
regime, the mobility was not constant along thended and the extracted value only
represents a mean value. The mobility was theraetet in linear regime, where the density
of charge is uniformQutput characteristics, drain-source curres ds a function of the
drain-source voltage 34, were also plotted at different values of the gaterce voltage ¥s
This representation leads to a better understandinthe OFET behaviour in a circuit.
Transfer and output characteristicsLd?P(=C(CN),), are plotted in Figure 8a-b. From these
transfer characteristics, we note the steep sviitah the off to the on state, the low value of
the threshold voltage (¥ = 17 V, the bend of the characteristic at the endhef off-on
switch) and the high ratio (2x3)0 between the on and the off currents. The output
characteristics (Figure 8b) show very well satoratof the current with low saturation
voltage \bs. It is important to mention that the saturationtbé output characteristic at
Ves=17 V starts from low value, less than 10V, of ttrain-source voltage. It means that
present OFETs can work at lower voltage than dwelich is a crucial point for CMOS
devices. In addition, the J3,/Rpsos ratio recorded at ca 100, calculated from the wutp
characteristics between the saturation and thariregime, is sufficient to use this n-OFET in
CMOS devices. Finally, the subthreshold swing S lbeen calculated at 1 V/dec. Thus, the
low threshold voltage (M; = 17 V) and subthreshold swing (S=1 V/dec) appeabdo
interesting and promising for future applicatiombese two parameters are linked (i) to the
electrical quality of the insulator-semiconductaterface and (ii) to the proximity of the
active layer with the interface. Consequently,wakies of \fy and S can be mainly attributed
to the better quality of organic — organic integfammpared to inorganic-organic otfiéVe
believe that this finding could be of great intér@sobtain in the future full organic devices.
The field effect mobility recorded fdr PP(=C(CN),), is of 1.8x1C cm*V.s. Compared to
related compounds with similar design, this valppears to be intermediate between those
obtained for dihydro[l,®)]fluorene and for bridged tetraphenylenes. Indemtl as
mentioned above, Marks, Facchetti and their cowsrlteave reported, in 2008, the first
examples of dihydro[l,®)]fluorene and bridged tetraphenylenes incorpogatin
dicyanovinylene units as n type semi conductor®RET> ?° Despite, the former does not
present any field effect activity, the latter passs a maximum mobility (g of 0.006
cm?/V.s, an ba/loee of 1P, and a My of 30 V2 Thus, the structurally related pentaphenylene
derivative LPP(=C(CN),), appears to be more efficient than the dicyanovimsde
dihydro[1,2b)]fluorene (no field effect activity) but less efient than the dicyanovinylene
bridged tetraphenylene. Indeed, compared to thadgil. PP(=C(CN),). possesses a lower
field effect mobility and a loweroh/lorebut presents nevertheless a loweggMn the light of
these results, it is clear that the length of tbet@l T-conjugated system (3, 4 or 5 phenyl
units) and its geometry is a key factor for thédfieffect activity.
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Figure 8. left: Transfer (a) and output (b) characteristitamn-OFET with 500 um wide and
10 um long channel. Right: Bottom Gate — Bottom t@ots structure of the present n channel
OFETs (c) and main parameters of the OFET calaliiaten the characteristics of a) and b).

The stability of the devices under nitrogen atmesphand under ambient is one of the most
important parameter for practical use. We analyesl transfer characteristic and first
observed a degradation of the drain current undeogen atmosphere. In Figure 9, the
variation of the drain current aigd¥=30 V during the whole period of 6 months is shoWne
behaviour of this degradation is exponential andtnod the degradation takes place in the
first 6 days before to be stable for the 6 follogvimonths. This first experience is an
important indication of the expected stability bét. PP(=C(CN),), based OFET.

1,00-
0,954
0,90
0,85+ ‘
8 0780_%11_55_5__g__ﬂ_ﬂ___g__ﬂ___u

0,75+

0,70

- -"ETTTH

(t)/1,,(0)

0 30 60 90 120 150 180 210
Duration(day)

Figure 9. Behaviour under nitrogen atmosphere of the rajfigtV1on(0) with lon(t) being the

on-current at t andbh(0) being the on-current just after the fabricatoddthe OFET.

More important than the stability under nitrogerthe environmental stability, which is one
of the key point nowadays in OFET technoldgphus, in order to study this stability under
harsh ambient conditions, the n-type OFET was sel@#o the air. It is indeed known that the
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instability of organic radical anions (generatedréguction of the active layer at the cathode)
in the presence of oxygen and water avoids the OBEiork under ambient conditioAg. he
behaviour of the normalized drain current is shamvfigure 10 as a function of the exposure
time to air. Instantly, the current decreases bfacior 3 (Figure 10-inset) but quickly
stabilizes (5 minutes) and then appears to beeswl@n after 2 months. The strong decrease
of current is frequently observed for n-channel ®&&*°**and has been tentatively assigned
to the physically adsorbed oxygen and/or wétedespite this feature has not been fully
unravelled. In our case, after storage under anmtaénosphere for 2 months, the initial
current of LPP(=C(CN),), based OFET is fully recovered when carrying out the
measurements under reduce pressure. This featmesde be in accordance with the above-
mentioned conclusions. This ambient stability islaubtedly related to the very low LUMO
level of LPP(=C(CN),), (-4.02 eV)which is essential to stabilize the electrons duriine
charge transport. This conclusion is consistenh whe recent chemical design rules, which
have clearly highlighted that the LUMO level of thiganic semi conductors should be below
-4 eV to obtain air stable OFET.

o :
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©)

(/15,0
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Lﬂ_l.—i?v—\ o - 0O m
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Figure 10. Behaviour of the ratiooh(t)/1on(0) with lon(t) being the on-current at t in air and
lon(0) being the on-current under nitrogen atmospbefere releasing the OFET outside of
the glove box.

As the electrical stability of the organic material also an important feature in OFET
technology, gate bias stress was applied to thizelelW L PP(=C(CN),). appears to be stable
according to the bias effect, only a shift ofuvand bs will be detected. In addition, the
degradation of the charge carrier mobility is rethto a change of the subthreshold swing S.
Thus, two important conclusions would be drawn fribis measurement (i) the quality of the
interface between the organic semi conductor aadrnsulating layer and (ii) the stability of
the active layer. Thus, gate bias stress was applieghe OFET (Figure 8) and the transfer
characteristics at p5=10 V plotted at different times of the stress. iDgrthe stress, +40 V
gate bias was applied with shortened drain andcsowontacts. Figure 11 shows the
behaviour of the threshold voltage, the on-cur@md the subthreshold swing during this
stress. Remarkably, the subthreshold swing S appedre constant during this stress clearly
indicating that the electrical quality of the seamiductor-insulator interface is not modified
during the stress. No creation of defects occutiatinterface or inside the bottom part of
the active layer close to the insulator. To supfiug conclusion, the on-current as a function
of the threshold voltage during the stress wadguoin Figure 11 (b) and the resulting curve
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appears to be perfectly linear. From the equatibn this linearity means constant slope
WuGCnsVpdL and then constant field effect mobility p durirtige stress. The electron
transport in the OFET channel is hence stable dutire stress clearly highlighting the
electrical stability oL PP(=C(CN),), to the gate bias stress.

< 208 <
S % MH 1.8 % %
£> 201 < 137
£z 207° (@) 116 & 3 (b)
o Y S 2 ¥
A LN | PR
IS 2 >
> % 157 112G % 15
D 9 = %]
o A I | E 0
. MS 1.0 2 =
L5 - 0 @ & . . .
= 5 120 180 240 300 360 8 20 21V (\/2)2 23
TH

Gate bias stress time (min)
Figure 11. (a) Behaviour of the threshold voltageythe on-currentps at Ves=+40V and
the subthreshold swing S during a gate bias stféss=+40V and \bs=0). (b) Perfect
linearity betweends and V4 during this stress.

In conclusion, a new bridged pentaphenylene diévivafunctionnalized with
dicyanovinylene unitsLPP(=C(CN),). has been synthesized and characterized. The
properties have been carefully studied through mbioed experimental and theoretical
approach and compared to those of two pentaphemyenvatives bearing methylenes or
carbonyl units on the bridgeheads. Such a strugiungerties relationship study has notably
allowed highlighting the strong electron-withdragiircharacter of the dicyanovinylene
groups, which impressively affect the LUMO energyl an a less extend the HOMO energy.
Thus, LPP(=C(CN),). possesses a very low LUMO level, ca -4.02 eV, g the
efficiency of the present chemical design. Finall}pP(=C(CN),). has been successfully
used as active layer in n-channel OFETSs using ocd@ald8 as gate insulator. With an electron
mobility evaluated at ca 1.8x2@n?/V.s, L PP(=C(CN).), based n-channel OFETs showed
low voltage functioning (low gate-source and dracice voltages), interesting subthreshold
swing and excellent stability under electrical ssreunder nitrogen and more importantly
under ambient atmosphere. This work not only repress to the best of our knowledge, the
first report of pentaphenylene-based semiconduontortype OFET but highlights the great
potential of such type of materials to providesatble OFET. In the light of these preliminary
findings, other bridged oligophenylenes derivatiyastably based on new positional isomers
of dihydro[2,1a)],** 2" [2,14],® **fluorene for example) are currently designed in gnoup
for n-channel OFET applications.

Experimental part:

Synthesis:
THF was distilled from sodium/benzophenone prioruge. Light petroleum refers to the

fraction with bp 40-60 °C. Reactions were stirredigmetically, unless otherwise indicated.
Analytical thin layer chromatography was carried wsing
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aluminium backed plates coated with Merck KieselB@lGF254 and visualized under UV
light (at 254 and/or 365 nm). Chromatography wasie@ out using silica 60A CC 40-63
mm (SDS)H and™C NMR spectra were recorded using Bruker 300 MKtriments H
frequency, correspondingC frequency is 75 MHz); chemical shifts were reeardn ppm
and J values in Hz. In tHéC NMR spectra, signals corresponding to CH,®HMe groups,
assigned from DEPT, are noted; all others are @. résidual signals for the NMR solvents
are: CDC4: 77.00 ppm for the carbon; 7.26 ppm for the prpfme following abbreviations
have been used for the NMR assignment: s for dindléor doublet, t for triplet and m for
multiplet. High resolution mass spectra were reedrét the Centre Régional de Mesure
Physique de I'Ouest (Rennes). Names have beenaedewith the name program of the
ACD ILab web site. LPP(=0), namely 9,9,18,18-tetraoctyl-9,18-dihydrobenzo[%6]-
indaceno([1,d]indeno[2,1h]fluorene-6,15-dione has been synthesized andiedriccording
to literature procedures with spectroscopic analyaad purity in accordance with our
previous work™

2,2'-(9,9,18,18-tetramethyl-9,18-dihydrobenzo[Séhdaceno[1,B]indeno[2, 1h]fluorene-
6,15-diylidene)dipropanedinitrile PP(=C(CN)).

LPP(=0); (100 mg, 0.11 mmol) and malononitrile (30 mg, Omd®mol) were dissolved in dry
chlorobenzene (20 mL) under an argon atmospheyeidife (0.21 mL, 0.0026 mmol) and
titanium tetrachloride (0.14 mL, 0.0012 mmol) wadgded via syringe. The resulting mixture
was refluxed over 4 hours during which the colo@rtlee solution became green. Upon
cooling water (50 mL) was added and the product exdsacted with dichloromethane. The
organic phase was dried over MgS@ltered and driedn vacuo.The crude product was
purified by column chromatography on silica gel tielg with dichloromethane/light
petroleum (1:4) to give the title compouh®P(=C(CN),), (100 mg, 91%) as a dark green
solid. Mp. 225°C!H NMR (300 MHz; CDC}) 88.73 (s, 2H; ArH), 8.57 (s, 2H; ArH), 7.78
(dd, 3J=5.4,,J=2.4, 2H; ArH), 7.52 (s, 2H; ArH), 7.41-7.38 (nH;6ArH), 2.06 (t,J= 8.1, 8H;
CHy), 1.26-1.07 (m, 40H; CH, 0.80 (t,J= 6, 12H; Me), 0.64-0.62 ppm (m, 8H; GH™C
NMR (300 MHz; CDC}) 6 160.1 (C), 150.5 (C), 143.5 (C), 143.4 (C), 1409, 139.8 (C),
139.1 (C), 133.5 (C), 128.5 (CH), 127.3 (CH), 12@¥), 120.2 (CH), 118.2 (CH), 117.9
(CH), 115.4 (CH), 113.5 (C) 113.3 (C), 76.8 (C=$,%(C), 40.1 (CH), 31.7 (CH), 29.8
(CHy), 29.2 (CH), 29.1 (CH), 23.8 (CH), 22.5 (CH), 14.0 ppm (Me); IR (KBry = 3061,
3013, 2925, 2852, 2223 (CN), 1606, 1465, 1436, 142#3, 910 cm HRMS (ESI+,
CH.Cl,/MeOH:1/9):m/zcalcd for GHgoN4: 1002.65395 [M]+e; found: 1002.6559; elemental
analysis calcd (%dpr C72HgoN4: C, 86.18; H, 8.24; N, 5.58; found C,85.77; H,8.1195.78.

Photophysical studies

Cyclohexane (ACS grade), dichloromethane (analyticade, VWR) and absolute ethanol
was used without further purification. THF was tlstl from sodium/benzophenone prior to
use. UV/Vis spectra were recorded by using a UVN&HIMADZU UV-1605
spectrophotometer. The optical gap was calculataa the absorption edge of the UV/Vis
absorption spectra by using the form@gopt [eV]=hcA, A being the absorption edge (in
meter). With h=6.6x18 J.s (1 eV=1.6x1#"J) and &3.0x10 ms?, this equation may be
simplified as:AEopt [eV]=1237.5X (in nm). Photoluminescence spectra were recordédav
PTI spectrofluorimeter (PTI-814PDS, MD 5020, LP®BPby using a xenon lamp.

14



Electrochemical studies

LPP(=C(CNy), has been studied using cyclic and differentialspuoltammetry (CV and
DPV). All electrochemical experiments were perfodnader an argon atmosphere, using a
Pt disk electrodeg: 1 mm), the counter electrode was a vitreous carbdrand the reference
electrode was a silver wire in a 0.1M Agiléblution in CHCN. Ferrocene was added to the
electrolytic solution at the end of a series ofakpents. The ferrocene/ferrocenium (FEJFc
couple served as the internal standard. All padstare referred to the SCE electrode that
was calibrated at0.405 Vvs Fc/F¢ system. Activated AD; was added to the electrolytic
solution to remove excess moisture. The three reléetcell was connected to a PAR Model
273 potentiostat/galvanostat (PAR, EG&G, USA) mamrat with the ECHEM Software.

Theoretical modeling:

Full geometry optimization with Density functiondleory (DFT§** and Time-Dependent
Density Functional Theory (TD-DFT) calculation wegserformed with the hybrid Becke-3
parameter exchanf&® functional and the Lee-Yang-Parr non-local cotietafunctionaf®
(B3LYP) implemented in the Gaussian 09 (Revisio®1B.program suit® using the 6-
311G+(d,p) basis set and the default convergentaion implemented in the program. The
figures were generated with GaussView 5.0.

Thermal analyses:

Thermogravimetric analyses (TGA) were carried oithwa a Rigaku Thermoflex instrument

or a SDT Q600 (TA instrument) under a nitrogen aph@re at a heating rate of 5°C/min.
Differential scanning calorimetry (DSC) was carrieat by using NETZSCH DSC 200 F3

instrument equipped with an intracooler. DSC trasese measured at 10 °C/min (2 heating
cycles). Melting points were determined with DSC.

OFET Fabrication

A 100 nm thick aluminum layer is thermally evaperdhbn previously cleaned glass substrate.
This layer was wet etched to define the gate confdwe insulator (SU-8 photoresist 2000.5
from Microchem) was spin-coated and annealed. T thickness of this SU-8 layer is
about 300 nm. Evaporation of 50 nm thick gold lafg@lows. This layer was wet etched to
form the source and drain contacts. Gold was chdserto its stability and its work function,
-5 eV, that is compatible with the LUMO level, -2.8V, of LPP(=C(CN),).. The last step is
the evaporation under vacuum 00" mbar) of 20 nm thick. PP(=C(CN).), layer with a
deposition rate about 0.2 nm/s. All the patternsigps have been made with classical
photolithography tools.

Quantitatively, the different OFET parameters carchlculated using the known relation (1)
between the drain-source current and the drainesoand gate-source voltages in the linear
regime.

GS~ VTH DS (1)

In this equation, L is the channel length @im), W the channel width (ipm), Gns (in F/cm?)
is the capacitance of the gate insulator per aréia and p (in cfiV.s) is the field effect
mobility, Vgs (in V) is the gate source voltagerM(in V) is the threshold voltage angy/(in
V) is the drain source voltage.
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The threshold voltage v can be determined by a linear extrapolation ongdie voltage
axis of the transfer characteristigsVgs at constant ¥s. The field effect mobility can be
calculated from the slope WGV pg/L of this linear extrapolation.

The switch from the off to the on state is quaetifby the subthreshold swing S that is the
inverse of the maximum slope of the transfer charatics plotted in semi-logarithmic plot.
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