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A twisted bay-substituted quaterrylene phosphorescing in the NIR spectral
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The preparation of the first soluble quaterrylene derivative featg peripheraltert-butyl substituents and sterically hindering, core-anchoredldte
groups has been achieved. This involves a facile synthetic roustecban an oxidative coupling of perylene precursors inpiesence of RO, as oxidant.
The steric hindrance between the OTf substituents at the central pagition of the quaterrylene board triggers a strong deforratiof the central
perylene planarity, which forces the quaterrylene platform adopt a twisted geometry as shown by X-Ray analysis. Exaegtio photophysical
investigations show that the core-twisted quaterrylene phosphewes in the NIR spectral region at 1716 koreover, third-order nonlinear optical (NLO)
measurments on solutions and thin film containing the reletvamlecule showed very large second hyperpolarizabilitpeal as predicted by theoretical

calculations at the CAM-B3LYP/6-31G** level of theory, makirig material very appealing for photonic applications.
Keywords: quaterrylene chromophores cyclodehydrogenation organic phosphorescent dyes $ ¢ «——Jpdbycyclic aromatic

hydrocarbons .

Introduction

Amongst the myriad organic semiconductors, polycyclic aroimatydrocarbons (PAHs) have unguestionably attracted enormous dtiatt & Particularly,
rylenes, namely oligggerinaphthalene)s, that can be regarded as substruetiof graphene nanoribbons (GNR)are currently of great interest for their
potential use in a wide range of optoelectronic applicatd'® 15 The bottomup covalent synthesis in solution is one of the most explbistrategies for
the preparation of well-defined low band gap GNRs with tuabpto-electronic propertie§® 22 Up to now,higher order rylenes such as terrylene,
guaterrylene, pentarylene and hexarylene and their dicarboxyiicié derivatives have been synthesiz&t#2325 Among these, rylenediimides received a
lot of attention for their application as light-harvestimgaterials!?® 39 organic electronic&! 34 photovoltaicsl®® 38 and biomedical sensd?¥ among others.
The interestfor this class of chromophores lies in their exceptionaltpbhbemical and thermal stabilities, high electron affinity amability, good synthetic
accessibility and the possibility to finely tune their agati and redox propertieg*27it is well knowf*#° 48l that with the introduction of substituents in the
bay positions of the rylene core one can significantljuiefice thér structural and functional properties. In particular, difnt substituents such as amines,
cyanides, halogens, aryl or aryloxy groups have been attached at hedsitions of rylenediimides so f&f;%84/Imaking those substras highly versatile
molecular modules for functional material§.5% In this context, tetra-substituted derivatives are the mostreoonly investigated thanks to the lack of
different isomeric arrangements in the bay positions andithegh solubility originated by the twiste®system. Recently Hariharanand co-workers also
demonstrated the importance of this class of compounds reporting enhancement of triplet state generation agesult of the core-twisted geometry

of perylendiimmide substituted in the bay positioffd:51 However, to the best of our knowledge, up to the presenly a few reports describe théay-
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substitution of higher order rylenes that do not bear imidenétionalities on theperi position[16:185255 After the first synthesis of rmunsubstituted
guaterrylene reported byClarin 19485 the preparation of the first soluble alkyl-functionalizegiaterrylene derivatives through alkali-metal induced
cyclization of oligonaphthalene precursors was repadrtey Millenand co-workers in 19987 Important intermediates bearing four solubilizirtgrt-
octylphenoxy groups in the bay positions of the pery core have been reported by the same author in a piwedak concerning the synthesis of soluble
polymer with a polygerinaphthalene) (PPN) backbori®! Recently, the groups dVand®253land Wus%! described an efficient synthetic method toward
processable bis-N-annulated quaterrylenes and higher order ndeidewever, such molecules being highly electron-rich arestty unstable under
ambient conditions. A breakthrough in the field has been achiewith the preparation of stable long rylene moleculesitaining cyclopenta ring-fused
perylene as the constituent unit (Figurecknter)!*® In this work, we describe the synthesis of quaterrylérearing, for the first time, substituents in the
central bay position of the quaterrylene core (Figure dht). A facile synthetic route based on an oxidative couplingafylene precursors in the presence
of HOz as oxidant has been proposed to prepare soluble derivatives fiegtyreripheraltert-butyl substituents and sterically hindering, core-anchored
triflate groups. This approach allows us to fully charactetimeunique quaterrylene derivative by'H-, **C-NMR, UV-Vis and emission spectroscopies and
HRMS spectrometry. Exceptionally, we found the system ggtmrescing in the NIR spectral region at 77 #n-hear optical (NLO) responses of core
tetra-substituted quaterrylenél were investigated, both in solution and thin film, by thesZan technique with 35 ps, 532 nm (Vis) and 1064 (infrared) laser

excitation. The molecule showed very large second hyperpolaiiizials, as predicted by theoretical calculations at the CABL-BP/6-31G** level of theory.
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Figure 1.General structure of substituted PAHSs at the bay positions: perylenéaér(PDI)left), rylenes (center) and the core-tetrasubstituted quaterrylehdescribed in this
work (right).

Results and Discussion

In our synthetic pathway, the key starting material to obitagore-tetrasubstituted quategiene is perylene bis-boronic este3, which was prepared
according toapreviously reported synthetic protocdi®->® Compound3 was subjected to oxidative hydroxylation to prepare dihydroxypene4 (Scheme

1). Only with the use of a stoichiometric amount 0f®4 and NaOH, compound could be successfully isolated in 79 % yield, whereas thefuse
equivalents of both reactants, oxidant and base, led to the formabtd4 and tetrahydroxy-bisperylengin 36 and 63 % yield, respectivétyis noteworthy

to underline that compoundt is poorly stable even under ambient conditions, underg@riglation in solution and on SiQwhich dramatically affects the
reaction reproducibility. Furthermore, we noticed thaetiting compound3 with a large excess of oxidant, a complex mixturproflucts is obtained, which
apparently underges degradation upon extensive exposure to air. In ordernderstand the nature of the product formed in the oxidatioracon we
performed a triflation reaction (Scheme 1). More specificallg;lmronic estel3was treated with 50 eq. of28. (ag. Sol. 35 % wt) in the presence of 50 eq.
of NaOH in THF for 24 h. The crude product was directly reacttidtiflic anhydride in the presence of DIPEA in:Chk Surprisingly, after four hours we
were able to isolate quaterrylentin16-42% yield, perylen&in 9-36%yield and traces of bisperyler®e(1-2%), all of which very soluble in common organic

solvents.
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Scheme 1.a) Synthetic route for the preparation of core tetra-substituted quaterryleneagents and conditions: a) AKCtBuCIl, ODCB, 0 °C to r.t, 24h; b) 10 mol%
[{Ir(COD)(OMe)}, 20 mol% dtbpy, BPin,, n-hexane, 80 °C, 24h) blaOH 2 eq. kD, ag. sol 30 wt%?2 eq, THF, r.t., 6h; d) NaOH 6 egOdaq. sol 35 wt%6 eq, THF, r.t., 2h; e)
NaOH 50 eq., kD, aq.35wt% 50 eq., THF, r.t., 24h. f) DIPEA, QTHCh, 0 °C to r.t., 4h; g) Pd(dba)SPhos, KOAc, Dioxane;@, reflux, 20hb) 'H-NMR spectrum of in GDg

atr.t.

Further attempts to optimize the reaction yields fdne oxidation of3 are reported in Table S1 (SlI). Notably, the oxidation reactiith H-0O> depictsa
certain variability of the yield (Tab®2 Sl). During these investigationsg figured out that the oxidative homocoupling of moleculelso proceeds under
air at r.t. in the presence of 2M NaOH. This has been already wi$éor analogus electron-rich di-hydroxy napthalene derivativés% The oxidative C-
C bond formation could also have been obtained treating comubtiwith DDQ in the presence of Sc(€)4lin toluene for 12 h atr.t and 50 °C (Scheme S2,
Sl). Analogously to aforementioned, the reaction crude was diyesubmitted to the trifaltionto isolae compoundl in 12 and 23% yield, over two steps,
respectively. However, no significant amelioration of thec#on yields was achieved. Moreover, when this reaction was paddrwith PIFA/BEFOE® in
CHCL at -40 °®2 moleculel was not detected, suggesting that an overoxidation of the stdtst took place. In light of these results, we propase
hypotetic mechanism for the oxidative C-C bond formationSocheme 2. Presumably, we speculate that a deprotonation and arefeabstraction (by
either G, or the oxidation) are involved generating radid&lthe latter undergoing radical homocoupling reaction faMled by a keto-enol tautomerization
to give compoundb. Most likely, moleculé undergoes further oxidation giving radical spect&svhich subsequentlgxperiences an intramolecular radical
coupling reaction generating compouridl, the latter giving tetrahydroxy quaterryleng2 after tautomerization Given its electron richness, this substrate
seems to be particualry sensitive to oxidation and thus of difficsolation, as it could give rise to quinone byprodudt83dnd 14>). This hypothesis was
confirmed by the fact that quinone$4 (that can have two formst4? and 14°) could be isolated from the mixture by precipitation from TMEOH and
characterized byH-NMR and HRMS analysis (Figure SIp,TheH NMR spectrum of4 in DMSO€s consists of one singlet signal at 9.59 ppm (Ols),
aromatic peaks in the region between 8.8267 ppm and two singlet signals at 1.54 pert-Butyl groups) in agreement with the tautomeric quinone
structure 14 (notably, we could not identify univocally regioisomer4* and14°). The low intensities of the peaks account for the poor sditybof the
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compound in the chosen solvertiR-MS (MALDI) further confirmed the structure, depicting theak related to the molecular mass (M) at m/z 786.3732
(GseHs004, calc.: 786.3709). Howevether mechanistic pathways reported, for instance, for theupling of phenols occurring through a radical cation

mechanism cannot be excludé®!
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Scheme 2.Proposed mechanism for the oxidative C-C bond formation through a ahgathway.

Finally, different attempts to substitute the four triflatgroups in the bay positions @funder Suzuki conditions to obtain 8,9,18,19 tetraphenyl qualere

8 were carried out (Scheme 1). Unfortunately, tetra-triflate quaytene 1 failed to react with phenylboronic acid following the. Z fee<...fZ —c—e<
coupling routé®*l and fluoride ion-mediated and A@-promoted Suzuki coupling reaction previously describedpfarent tetrabromoperylene bisimid&?!

In both cases, the cross-coupling reactions lead to an atatgle mixture of products. We speculate that the steric hamire at the central bay positions

of tetra triflate quaterrylenel is the limiting factor. The structure of all intermediatasd products were unambiguously identified by HR-MS throug t
detection of the peak corresponding to the molecular mass&ht] by*H-, 1*C- and"F-NMR, UWis, and IR spectroscopies (see Sl, section S3). In particular,
for the tetrasubstituted-core derivativd, HR-MS (ESI) showed the peak related to the molecular masd) (& m/z 1317.194&soHsoF12012%4, calc.:
1317.1915). Moreover, thd NMR characterization of derivatiiein benzeneds, detailed on Scheme 1b, shows a simple spectrum with pratsomances
H(), Hb), and H¢), that appear distinctively aadoublet at 7.71 ppmJ( 1.5 Hz), doublet at 8.31 ppdr(1.5 Hz), and singlet at 8.52 ppm, respectively.
TheF-NMR spectrum (see Figugld displays a single peak centered at -73.56 ppm, in agreemigh data reported in the literaturd®57 Although
sustained by the spectroscopic and mass spectrometric investigationly X-ray analysis could unambiguously confirm the mdbecstructures of both
molecules6 and1 (Figures 2 and 3). Yellow needle-like crystals suitabl¥-@y diffraction analysis & were obtained by slow evaporation of an acetone-

de solution. The crystal packing @ "+t fZ+t 't">Zfe: N N e—f .. oo f""fe% 117 2 If Gddie”d). Hicte Billars Are tightly packed and
the single molecules locked within the pillar througlidnophobic contacts established between the periphetBl and OTf substituents. No solvent

molecules have been found in the crystal (crystallograptata and refinement details are reported in Table S3, SlI).



Figure 2 a) X-ray structure and b) side<: ™ *~ —\8 1f Ng exrangement of ditriflate perylené (space groupPnna; atom colors: red O, yellow S, green F, grey C; hydrogens

omitted for clarity).

Slow evaporation of a benzeng- solution ofquaterrylene 1 yielded dark-blue needle-like crystals suitable for X-rayrakition analysis (Figure 3 and

essential single-crystal refinement data are reported in 8ieTable S3), confirming the formation of the bay-substitliteiaterrylene springboard. Clearly,

the steric hindrance between the OTf substituents at the certtesf position of the quaterrylene board triggers a strong defation of the central perylene

planarity, twisting the naphthyl portions of each perylenaits (interplanar angle of ~48°, Figure 3b). This forcesghaterrylene platform to adopt a

helicoidal shape, with both the left- and right-handed isormequally present at the solid state (related by crystallographiersion centers). The crystal

packing shows that only C-HN et “1"> NMM fee—f .. oco%0 ...°o—f..—+ f"% co="fe'ZF . ~Zff T PeipfZdFt™M S S vfie
perylene derivatives at the bay positiéh® 72lone can postulate that the considerable twisting of the quatkmg backbone also prevents the formation

e 0% NN <o—f"f . —c'ee <o o' 7 2aSefie ~SeY%e 2o Lrfelds> 0 —St e ZH.act tdleculel'ofed highZ "+

solubility in a large variety of common organic solvents sas8HCk, CHG, THF, EtOAc and toluene.

Figure 3a,d) Top-view and b,c) sid&<3 ™ ‘"~ —SF .. ">e—fZ-N-"f=..2<<%s If 'f'off B T » T+ — 1{spacefgrdupP:24ct atbm colors: red O, yellow S, green F, grey
C; hydrogens omitted for clarity). The interplanar distance is meagim A and the dihedral angles§in °.

The thermal stability of compound was investigated by thermogravimetric analysis (TGA). The TGA-DT@gwaf quaterrylenel (Figure S18) shows a
complex thermal decomposition profile, with a first gfe weight loss at 228°C (see the DTG plot) followed by additibmo weight losses centered at
265°C and 493°C, respectively. A carbonaceous black residue, refireséime 48% of the initial weight, was recovered suggegtthat this molecule
undergoes some thermal decomposition, most likely triggerby the elimination of the triflate groupg

The photophysical properties of moleculewere investigated in toluene solutions and compared with thoselitriflate perylene6 and tetratert-butyl

perylene9 (Figure 4). Key data are gathered in Table 1. Absorption spectriuhis dramatically red-shifted with respect to moleculésand9, showing a
5



broad low energy electronic transition with a maximum at 664 (B= 104600 Mcm™), similar to that observed for flat unsubstituted quaterryler&s.
Consistently, molecul@ t<+’Z f>e f "1t %638 mm,11.78 eV) with a sub-nanosecond lifetime, disclosing aéastivation of the singlet excited
state. The fluorescence quantum yielEE~0.04 17'7e —''e —St f&—Feec's *° —§dtem WMitd-thBegerd9P6:HL. Unexpectedly, the
increasing distortion of the molecular plane does not affsigmificantly the emission performance bfvith respect to its unsubstituted congener previously
reported ¥ The phosphorescence spectrum bfusing an excitation wavelength of 670 nm) in.Ck#MeOH (1:1) glass at 77 K exceptionally showed an
unstructured band centered at 1716 nm, while the 77 Kékamnce maximum appeared at 689 nm (Figure 4b). As previouslywaustor other molecules,
these results suggest that the population of the tripletcited state recorded could be induced by the non-planar geagnef moleculel as proposed for
similar core-twisted PAHE25L.7578] The corresponding lifetime dfat 1720 nm at 77 K appeared to be < 10exbéyond the limit of the detector response

of our detector) To the best of our knowledge, there are no similar repartthe literature describing such low-energy phosphoresmefor PAHs, which

appears at higher wavelengths even in comparison with thdsseoved for some organo-lanthanide complexXésl

Table 1.Optical properties for compounds 6 and9 in toluene solutions.

Molecule I (nmy, BM1cm?) Imax, 1 (NM)P £rd Rnsy I max, pH(NMY)’
9 440, 24300 462 0.93 4.19 -
6 446, 24900 463 0.86 4.3 -
1 664, 104 600 698 0.04 0.9 1716

aUV-vis absorption maximum of the lowest energy band in toluetiemission maximum in air-equilibrated toluene at 25 *for 9, a value ofB= 28 000

M-1cmlis reported in the literaturé3l dRecorded for air equilibrated solutions at 25°C. Coumarin 163@.53), Rhodamine 6@ ¢ 0.94) and Nile Blue
A (0=0.27) in air equilibrated ethanol were used as references fapoands9, 6 andl, respectivelysFluorescenceZ « "~ F — «3=3549 nm)Recorded in

CHCL:CHOH, 1:1 (v/v) at 77 K& 4.5 ns in EtO#H1
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Figure 4.a) Normalized absorption () and fluorescence®@?spectra o® (dark yellow) and (red) at r.t. in toluene I,=415 nm); b) Normalized absorption (blue), excitation
(orange) and fluorescence (blue dotted) spectralat r.t. in toluene L3"Y X «¢&710 nm); c) Normalized excitation (oran@e}=1720 nm), fluorescence (blue dotted

lex=610 nm) and phosphorescence (dark eegE-670 nm) spectra df at 77 K in Gi€L:CHOH (1:1, v/v) rigid matrix.

Furthermore, the electronic properties of core tetsabstituted derivativel were studied by cyclic voltammetry (CV) in 1,2-dichloratssre (ODCB)
(Figure 5), using ferrocene (Fc) as an internal reference. Motebound6 and extended quaterrylen& show one (0.85 V vs.iec) and two reversible
oxidation processes (0.51 and 0.73 V v8FE}, respectively, while only irreversible processesemetected in the cathodic region (see Sl). This is likely to
be caused by the presence of triflate substituents, which can tgwl@n elimination reaction and give rise to irreversible transfations. As previously
observed for other rylene#82 — St ‘St f—c'e "'—Fe—cfZe f7f T1.."1f Nextensier of the ardrigtie se¥tfold fske molecuiand 1),
while the presence of the strong electrof « —ST” f ™Mce %o —"< " Zf—1 o— o—c—— 1o et ofth ool pilohck SdkeNBlitogter, these
data allowed us to estimate the energy of the HOMO-LUMO gamofeculel (Figure §that results to be 1.88V, in good agreement with the computed
6



results (Table R Frontier orbital energies and energy gaps estimated from C ftar molecules and 1 are illustrated in Figure 6, showing a significant

shrinking of the HOMO-LUMO gap @fasa consequence of the significant extension of tiNsurface.

4 pA

-0.5 0.0 0.5 1.0
E/V vs Fc'lFc

Figure 5.Cyclic voltammetry ofl (0.45 mM, blue line) angi (0.74 mM, red line) in 1,2-dichlorobenzene. Scan rate: 50 mV/s. Supgpeléotrolyte: TBAPE Ferrocene is used as

internal reference.
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Figure 6. Frontier orbital energies and energy gaps of compoufidsnd 6 estimated from CV data, considering halfwave potentials for oxidatiand peak potentials for

"tt— ... —<'eed .eWvs. vatuli. Redox potential of the?1* T couple, calculated by considering the triplet excited state energgisis shown.

To shed further light on the electronic structure and optiproperties of the triflate substituted perylene derivativtee electronic properties of the HOMO
and LUMO levels were calculated performing Density Functional ThédFT) calculations using the Gaussian 09 pack&gkloleculel was modeled in
its neutral state performing a geometry optimization and a sigbint calculation using the Restricte 1 ... » | ~par@rhétér exchange functiondi!
the Lee Yang Parr correlation functiond®! (B3LYP/6-31G** level of theory). The crystal structure, was consitlas the starting geometry. The HOMO
and LUMO orbitals were plotted using the Avogadro softw&feOther orbitals up to HOMO-4 and LUMO+4 were also calculated (Figuitetranspires
that the molecular HOMO and LUMO orbitalsbff "+ Z*... f -1t ‘'« —sSrdack-of tietmbleculeMolecular structure ol was compared with that of
unsubstituted quaterrylene, optimized by using the B3LYP/6-31G¥tmod. The strong deformation of the central perylene cahee to the introduction
of bulky OTf substituents in central bay positions is evidenceBigure S24 of th&|, which is in agreement with the geometry of the ¥yRstructure
(Figure 3).



Figure 7.Frontier orbitals of compound, calculated with DFT methods at the B3LYP/6-31G** level of theory.

In addition, the experimental photophysical measuremsntere compared with those theoretically calculated. Thansition energies were computed by
employing the time-dependent density functional theo(yD-DFT)8" using the CAM-B3LYP functional. The computed UV-Vis spectiiiris shown in
Figure S25 of th&l and the absorption wavelengtldis ¢for the first allowed electronic transition is presentgdTable 2. For comparison purpose the
maximum absorption wavelengttéy 5 @f unsubstituted quaterrylene and the respectit®/-Vis spectrum are reported in Table 2 and Figure S26, Sl,
respectively. The solvent (toluene) effect on the waveléngifor the first allowed electronic transition was also taketo account in the simulatiariThe
calculated maximum absorption wavelength for molecdlés centered at 611 nm which in good agreement with the eérpental value @ 5 4 664 nm,
see Figure 4 and Table However, similar spectral characteristics were found for unstiltstil quaterrylene (Figur&26, S), whereas itség slies at 659.4
nm, implying that the introduction of OTf substituents ie quaterrylene bay positions has a modest effect on fiags Nonetheless, a noticeable
difference between the two UV-Vis speatn is observed. A strong absorption in the UV region, cesdeaat 251 nimwas computed for moleculg. In Figure
S27, the first allowed electronic transition &f computed with the aid of natural transition orbital ps|#¢! is depicted. One can hardly fail to notice that the
electronic transition is assigned to & - Nexcitation involving the aromatic rings of the quaterrylefiis is confirmed by the computed charge density
differencé®! between the ground state and the first dipole-allowed elecimtransition ofl (Figure S28, Sl), in which the hole (blue) and electron (red)
distributions covering the aromatic rings of the moleculelicate a local excitation.

Table 2. Computed Eowmo, Buwmo, Biomo-ELumo (LG G, absorption wavelengthl (nm), and the excitation energy.& (eV) for the first allowed

electronic transitionof tetra-OTf substituted compound and reference unsubstituted quaterrylene. The values were catilaith the CAM-

B3LYP/6-31G**method with explicit solvation (toluene).

Eromo &ELumo® GILGG o
Molecule Aps(nm)e Eexc (€V) Type of excitation A(nmy
(ev) (ev)
1 -5.06 & -3.13 1.93 610.99 2.03 HOMO--! LUMO (96.8%) 664
1.88
quaterrylene -4.38 & -2.56 1.82 659.44 2.01 HOMO--! LUMO (96.8%)
2.040

aComputed Fomo and Euvo potentials?Computed HOMO/LUMO gapComputed absorption maxima (nmiComputed excitation energy (eV);
fExperimental UV/Vis absorption maximuaf the lowest-energy banih toluene;9Refl”s, Method CASPTZ:Referredto the experimental value from

Ref[o0l




Furthermore, we have computed the wavelength for thieogphorescence emission &f For this, the geometry of was optimized at the triplet state
(B3LYP/6-31G*). The expectation value of the spin operatot> <f®r the triplet state is equal to 2.06, indicating a neifplig spin contamination. It was
foundthat 'ij L 'aa¢6; F hag5 L réut{ =4 @awaal ;. Forthe computation ofA j (CAMB3LYP/6-31G*) the effect of the solvent (MeOH
was also considered. The computed valuefof, is in reasonable agreement with the experimental onel6liim, see Figure 4 and Tabje 1
The nonlinear optical (NLO) response of molecllleas been studied under visible (532 nm) and infrared (1064 nm) 3®pejxagation and its
NLO propertiesi(e. NLO absorption and refraction) determined using the &us technique. The NLO responselofas studied both, in toluene
solution and in thin films of PMMA. Th&scan is a powerful and relatively simple technique thimved the determination of the magnitude and the
sign of the nonlinear absorption coefficiedli(m/W) and the nonlinear refractive index parametéf  %W) of a sample, all from a single measurement.
Since the Z-scan techniqueas been presented in detail elsewhe?&?2 only a brief description will be given hereinafter. Accagdto this technique, the
normalized transmittancel of a sample is measured by two different experimental canfigions, as it is translated along the propagation directierg(
the z-axis) of a focused Gaussian laser bea.t et — ™' $& t cote—fZ ‘e c%o—"f—c'forsl FrEBE™e fof OF 22010
scans, respectively. Following the former configuratione transmitted laser beam through the sample is collected andsoeed just after the sample,
while in the latter, the laser beam is measured after it has padsedigh a small aperture placet the far field. The OA Z-scan provides information about
the NLO absorption, while the CA Z-scan provides informatibout the NLO refraction of the sample. Specifically, thege of the OA Z-scan can exhibit
a transmittance minimum or a maximum, corresponding to revessgurable absorption (RSA) or saturable absorption (SA) behavior ofdheple,
respectively. On the other hand, the CA Z-scan can present a trét@sroe minimum followed by a post-focal maximuring( a valley-peak configuration),
corresponding to self-focusing (the sample acting as a posftieeising lens) or a peak-valley configuration correspondmmgelf-defocusing (the sample
acting as a negative/defocusing lens).
From the OA Z-scan the nonlinear absorption coeffici Wtan be determined fitting the experimental transitrance curve by the following equatidt!
s B U4
6L————— + HB Esé‘i@‘f’{:‘%’

Utguu

RISE appP?

ATIEB;0@ P

where 4 is the on-axis peak irradianceg yig the effective thickness of the sample given by the relati. z5d :s F 2°4;0=, and 5, is the linear

absorption coefficient of the sample at the laser excitativavelength and. is the thickness of the sampte  ScHforthe solution was obtained through

r;g‘; (with A the absorbance at 532 nm drtie thickness of the sampléeg. 0.1 cm). In the case of thin films, the thickness

the relation: U}:? 1?5, L Z s

wasl|=423.4 nm, corresponding to am value of about 1796 ctnThe correspondinger for the solution and the film were about 0.9 mm and L83 mm,
respectively.

From the CA Z-scan, the NLO refraction paramet@can be deduced using the difference of the normalized transanite between the valley and the
peak, the so-called p. parameter, when NLO absorption is negligible. In the ogif®case, in order to remove thedfect of the absorption from the NLO
refraction {.e. to decouple the two phenomena occuring simultaneodisly S + 6 1 <~ «dcartié used, which corresponds to the division of thZ &aan

by the corresponding OA Z-scan. Thep.v parameter is related to the NLO refraction paramet@f the sample through the following relation:

i 6o
Gatgol@rxis F 5489¢ B

0L

where 5 L s F 221 js the linear transmission of the aperturgand wa are the radius of the aperture and the beam radius at the apertespectively,
andk is the wavenumber in vacuum.

The nonlinear absorption coefficientland the nonlinear refractive index paramet€hte related to the imaginary part{1i:7) and real part § A7) of
the third-order nonlinear susceptibility * “through the following relations:

04
8<4-

4ATACQ s 021509 ;

0a

and +17T'7":ACQ sr’ U219 ;

With the real and imaginary parts af “known, its magnitude can be easily calculated:

-l-:7:|_ ¥:4A':73;6 E:+|'|':7;;6



Since the third-order susceptibility’ 7 ‘depends on the concentration, in order to facilitate the quarisons of the NLO response with other molecyles
the second hyperpolarizabilityis often used, which is a molecular property expressirgttiird-order optical nonlinearity per molecule. & defined
through the following relation:

N
U LW
whereN is the number of molecules per unit volunids the LorenzLorentz local field correction factor defined asL :J§ E t;ouandng is the refractive

index of the solvent (ca. 1.496 for toluene) or of the PMMAS@).4h the case of the thin film.

Results obtained from Z-scan measurementslain toluene solutions at different concentration and on tlMMA films are gathered in Table 3. The thin
film of PMMA containing the relevant dye was prepared by smiating on glass substrate (thickness of 423 nm, as measured glua ptofilometer). The
detailed film preparation is reported in th®l (section 30). The UV-Vis-NIR absorption spectra of all samples were medsegularly in order to ensure
that no unwanted effects, such &sg.aggregation, laser induced photo-degradation, photo-reductjetchave occurred. All samples were found to exhibit
remarkable stability both, prior to, and after, laser irradiatiofhe UV-Vis-NIR absorption spectra of two different tolusodutions and the thin film are
shown in Figure S29. The absorption spectrum of the thin €ontaining moleculel was found to exhibit some broadening of the main absorptiamd

in comparison with those of the toluene solutions, segting the presence of non-negligible aggregation oftmolecule inPM & ¢ <% —"% ~ —St 01« ¢]
Z-scans of neat toluene and moleculet three different concentrations, namely 0.25, 0.08 an@40mM, measured under 35 ps, 532 nm laser excitation
are reported. In all cases a valley-peak transmittance configomais observed. We noticed that increasing the concentratibt fo <e..."te3 o —S T
magnitude is observed, denoting that the solvente(toluene) and molecul& have the same sign.€. positive) refractive nonlinearity. This sign of the

4 A® of 1 is expected according to the two-level system which prezljppsitive 4 A® when the excitation frequency is higher than the maisaeance
frequency of the system, that in our case is located at about 61 1T opposite is expected to holdg negative 4 A®) when the excitation frequency is

lower than the resonance frequen&§! Similar behavior has been reported elsewh&f¢&®!

Figure 8. : <~ <1 1 fsdans of neat toluene and moleculén toluene at three different concentrations measured under 35 ps, 53@sem excitation.

For toluene solutions and thin film df, the dependence of the ,.v parameter as a function of the incident laser energy swahin Figure 9. From the
slopes of the straight lines corresponding to the lineastbfit of the experimental data points the nonlinear raftive parameterUis deduced and the
4 A@can be calculated from the previously given relations. As can be, $kerthin film exhibits opposite sign nonlinear ra€tivity, i.e. negative 4 A®
with respect to those measured golution (Figure 9b). » " f ... —& —S t -gcérs pdrfoinged on the thin film at several positions and usifigrént laser
energies were all found to exhibit a peak-valley confagion, i.e.the opposite trend than the solutions. This could be playsitttributed to the effect of
aggregation and/or other intermolecular interactions thatundergoes in the thin film. Moreover, as negative controgcéution of PMMA (60 mg/mL)
without the relevant dye was spin-coated on a glass substrate. Masurable NLO response, for the range of laser energies eyadlavas detected. It is
noteworthy to underline that both, the toluene solutismat different concentration and the thin film dfdid not exhibit any measurable NLO absorption
under 532 nm excitation, at least up to the double of the raafjmcident laser energies employed. This experimentalifigds extremely promising for
several photonic/optoelectronic applications in the visib@velength range. Z-scan measurements performed under 1964 35 ps excitation did not

eGr™ fe> .¢f._"f"2¢ "te'teeot "' Zf-:t" Fef " %<t fo S<% S fe Y]J &
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Figure 9. f"<f—<'s '~ xSdrameter as a function of incident laser energy for (a) nelatene andl in toluene ¢ = 0.25, 0.08 and 0.04 mM), and (b) PMMA thin film
containingl (ImM in 60 mg/ml PMMA in toluene).

The experimental values of the NLO parameters of moleclii@ toluene solutions and thin PMMA film are gathered in Tabl®18leculel showed
significantly higher NLO second hyperpolarizability values in respect to data regubin the literature for parent®&extended PAH$9 Moreover, comparing
the values of the NLO parameters of the thin film witiose of solutions, it is easily seen that they are exceptiigriarger, and, as already mentioned, of
opposite sign refractive nonlinearitye. negative 4 A 7: This situation is most probably due to the formation of eggates favouring larger NLO response
and to the change of sign, a situation that is very attractive for ss\agsplications in photonics, in particular in the absencaaflinear absorption. Similar

behaviour between the solutions and thin films have been regbrecently elsewheré®!

Table 3.NLO parameters ol in toluene solutions at different concentrations and PMMA thin

films on glass under 35 ps, 532 nm laser excitation.

Sample / " .
] K Y¢x1023 esuy 4103 esuy
concentration (mM) (%1018 m¥W)P
Toluene 1.22+0.03 1.73+0.04 0.73+£0.01
1/0.25 6.66+0.03 9.45+0.04
15.7+£0.2
1/0.08 1.86+0.06 2.64+0.09
1/0.04 1.12+0.03 1.59+0.04
1in PMMA on glasgs
-1394+134 -1977+190 -

/1mM

aThin film thickness of 423 nfANLO refraction parameter Third-order susceptibilityéSecond
hyperpolarizability.

To further interpret this NLO response, the statileetronic {.e.when the excitation frequency of the incoming lasgeram tends to zero, with

fi \ r; and frequency-dependenti.¢. i M r second hyperpolarizabilities, denoteds U:ra ramad;U:Ffia i a4 F i éedpectively, were

calculated using the CAM-B3LYP/6-31G** methd®esults obtained for moleculé were compared with those computed for reference unsulstit
quaterrylene. To all computations the structurebis rotated so that its dipole moment coincides with z-axig. &bthe reported second hyperpolarizabilty
computations employed for derivativé, the t-Bu groups have been substituted with H, in order to redtimecomputational time. Thé-Bu groups have a

small effect on the value of the average second hypeaafpiphbility, as shown from a previous study diextended PAHEY .St "fe—7Z—¢ "7 _SF o_f
dynamic second hyperpolarizabiligy -@ & X>aa Xofd and reference unsubstituted quaterrylene in the gas phase arerted in Table 4. The effect of the

solvent, on the frequency-dependent hyperpolarizabilitiégs been calculated employing the following approximation:

(Rafg L 6¢90=@ ;

where @(d) and @d) denote the@ X a XX Xalues of the derivative d, in solution and the gas phase, réispdg while Gs defined as@ @&/ @3, where

&)(0;0,0,0)and @Y0;0,0,0)re the static second hyperpolarizabilities, computed in ginesence of the solvent (toluene) and in the gas phase, respgti

This approximation has been successfuly employed, in several dasesmpute the solvent effect on the hyperpolarizabiis/*? It has been found that
11



@1) = 0.94Qquaterrylene), thus, the solvent effect on the NLO responfg and unsubstituted quaterrylene is similar. It is observed that at thecstatse
(X=0): &(1) = 0.6 @(quaterrylene). It can also be noted that [HEE]) = 2.1 |HLE|(quaterrylene). The previous trends show the dependence between
@) ahd HLG fot and quaterrylene, where the decrease of the HLG leads toaaase of@ Mowever, the frequency-dependent results show a different
trend: @&(1) = 11.4&(quaterrylene). This change of the picture could be attributedite fact that the computed absorption wavelength {611 nm) lies
closer to the excitation wavelength of the laser (532 necojnpared with that of quaterrylene (659.4 nm). The comput@iX & X>4a Xalue oflisin good
agreement with the experimental data (Table 4). MoreoverFigure S26 of th&l, it is notable that around the region of the excitation vesength (532

oo —St f,e'" —<1eis dmost 1.8 times larger than that of quaterrylene, whichld@xplain the computed higher NLO responselof

Table 4 The average values of statit)0)) and dynamic second-hyperpolarizabiliti§- fi & fi & F fj)éoficore-tetrasubstituted quaterryleng andreference
unsubstituted quaterrylene. The reported data were calculated at the B3LYP/6-3H3base optimized geometry, by using the CAM-B3LYP/6-31G** methodt-The

Bu groups are substituted with H atoms.

) : %:Ualavau; %:FOa0ar0aol; %:FOa0ar0ao;
Molecule E L% 1Y i . B
SHIU? :ta>4; >SHU? fasa; SHIQUYS o™,
quaterrylene 2983 83020
2.61 1.0%9
7780 216682
1 1907 1002704 12.49
2.46
4692 2466644 15.7+0.2

a @ adecond hyperpolarizability computed in the presence of the solvent (tolueff>&cond hyperpolarizability computed in the gas pha&&requency-dependent
value, &532 nm¢Second hyperpolarizability computed in the gas phaséalue computed in the presence of toluert&/alue computed by multiplying the gas-phase valt
with the scaling factor,Qin order to get an estimation of the property value in solutitifhe experimental value was measured by using the Z-Scan technique, with {

laser excitation at 532 nm (solvent: toluen€)he computed value was converted to esu by using the conversion factor 1 a36#%@@° esu.

Conclusions

We have described the synthesis of soluble quaterrylene derivatifeaturing peripheratert-butyl substituents and sterically hindering, core-anchored
triflate groups. To this end, a synthetic route basedasmoxidative coupling of perylene precursors in the pregeatHO: as oxidant has been employed
X-ray diffraction clearly showed that the steric hindrance betwehe OTf substituents at the central bay position of the quattene board triggers a
strong deformation of the central perylene planarity, twisgirthe naphthyl portions of each perylene units. Remarkalhjis unique core-twisted
quaterrylene was found to emit in the NIR spectral regioith a phosporescence maximum centered at 1716 nm at 77isideoimg that, up to now, the
library of NIR-emissive organic materials that emit beyond 750smuly limited and it is mostly based on metal complek€¥2 and chalcogen-containg
hybrids[103.1041 this finding is very promising in the design of efficiesganic NIR-emittig materials. Moreover, third-order nonlinear optical (NLO)
measurments on solutions and thin film containing the reletelye showed considerably high NLO second hyperpolarizabiktyes(15.7+0.2 u103* esu)

in comparision with those reported in the literature fparent Nextended PAHSs. Particularly, PMMA thin film of core-twistecatpurylene 1 exhisibis
negligible NLO absorption under 532 nm excitation and negativainear refraction making this system very attractive for naekr optics and photonics
applications. Finally, theoretical computation of the oglectronic properties performed with the CAM-B3LYP/B=3* method provided reliable data for
predicting the excitation spectra, energy gaps and second hyplarisability values corroborating experimental findinggom these results, it becomes
evident the importance to further functionalize and/d¥extend the quaterrylene core in order to built a broad virief emissive molecules. Thus, further
investigations will be now focused on studying different strategto substitute the four triflate groups in the bay piimns of1 in order to finely tune the

molecular linear and non-linear optical properties.

Experimental Section

General
Instruments, materials and general methods are detailed in$hésl).
Experimental

8,11-di-tert-butylperylene-2,5-diol 4
Perylene bis-boronic este3 (1.06 g, 1.72 mmol) and NaOH (137 mg, 3.44 mmol) were didsolVélF (80 mL). An aqueous solution e®(0.28 mL, 3.44

mmol, 35 wt%) was added drop-wise and the reaction mixture stirred.gbr 6 h. The solution was acidified to pH 1-2 by additbf 1 M HCI solution and
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extracted with CHCE (3 x 50 mL). Combined organic layers were dried oveb@®and the solvent removed imacuo The crude was purified by column
chromatography (neutrahl20s, eluents: EtOAc/EEtOAc:MeOH,10:1) affording 8,Hi-tert-butylperylene-2,5-diol 4) as a greenish solid (538 mg, 79%).
M.p.: 204-205 °CH-NMR (500 MHz, (CE.CO, 25 °E A= 8.52 (s, 2H, B), 8.32 ¢, “J=1.5 Hz, 2H, Af), 7.804, “J=2.0 Hz, 2H, A), 7.76d, “J=1.5 Hz, 2H,
ArH), 6.93 ¢, “J= 2.0 Hz, 2H, Af), 1.49 ¢, 18H, C(H3)3). :3C-NMR(125 MHz, (CHCO): A= 157.13, 149.79, 139.53, 135.81, 133.73, 131.01, 126.17, 124.63,
120.16, 119.40, 109.95, 109.27, 35.54, 3IRF4Br) Kcm?) = 3289, 2953, 2907, 2868, 1605, 1464, 1418, 1393,3871340, 1256, 1215, 1173, 1142,1115
1070, 1028, 989, 941, 899, 876, 856, 818, 777, 748, 65666250, 534, 473, 420, 413, 46IRMS(ESI, m/z): [M+H]calc. for @H2902,397.2162, found:
397.2158. Compounglundergoes oxidation under ambient conditions both, in sa@aotand on Si@
8,8',11,11'-tetra-tert-butyl-[3,3'-biperylene]-2,2',5,5'-tet raol 5

Perylene bis-boronic ested (1.0 g, 1.62 mmol) and NaOH (390 mg, 9.73 mmol) were dissolved in THE)(8% agueous solution o&6; (0.836 mL, 9.73
mmol, 35 wt%) was added drop-wise and the reaction mixture stirred.gor 2 h. The solution was acidified to pH 1-2 by additié 1 M HCI solution and
extracted with CHCE (3x 50 mL). Combined organic layers were dried oves3@ and the solvent removed imacuo The crude was purified by column
chromatography (Si@ eluents: toluene/EtOAc, 10:0.5) affording 8dittert-butylperylene-2,5-diol §) as orange solid (402 mg3 %9 and compound! as
greenish powder (232 m@6%). M.p.: >300 °C*H-NMR (500 MHz, (CELCO): A= 8.46 ¢, J= 1.0 Hz, 2H, M), 8.41 ¢, “J= 1.5 Hz, 2H, Aj), 8.35 (s, 2H,
OH), 8.01 (s, 2H, Af), 7.83-7.82n4,8H), 6.46 (I, 4J= 2.0 Hz, 2H, Al), 1.54¢, 18H, C(Bs)s), 1.52% 18H, C(E:)3). *C-NMR(125 MHz, (CihCO): A=157.44,
155.68, 150.00, 149.97, 138.93, 135.82, 134.07, 133.75, 131.111280188124.71, 124.69, 120.61, 119.67, 119.50, 114.08, 110.25, 1093333.68,
31.57IR(ATR) K(cn?) = 3528, 3358, 2955, 2907, 2868, 1601, 1522, 1464, 143136393341, 1290, 1256, 1209, 1177, 1138, 1069, 993, 945, B2®), 856,
777,766, 733, 644, 621, 590, 503, 417HRIES ESI, m/z): [M+H]calc. for €Hss04,791.4095, found: 791.4088V-Vis —‘Z — =463 nm B=99577
+1370 Mcmr?).

Synthesis of 2,5,12,15, tetratert -butylquatterylene-8,9,18,19-tetrayl tetrakis(trifluoromethanes ulfonate) 1

Perylene bis-boronic este3 (100 mg, 0.162 mmol) and NaOH (324 mg, 8.11 mmol) were dissolved (& Tlfy. An aqueous solution of® (0.7 mL, 8.11
mmol, 35 wt%) was added drop-wise and the reaction mixture stiatedt. for 24 h. The solution was acidified to pH 1-2 byitaid of 1 M HCI solution
and extracted with CkCE (3 x15nL). Combined organic layers were dried over:8i@; and the solvent removed imacuo The crude was dissolved in
anhydrous ChHCk(5 mL), andIPEA (300 pL) was added. The mixture was cooled to 0 °C add 300 pL) added dropwise leading to the formation of an
intense blue colored solution. The reaction mixture was allo¥gedlarm up at r.t. and stirred for 4 h under Ar. The organic pheas washed with ¥ (10
mL), ag. 1 M HCI (10 mL), brine (10 mL) and dried owS®aThe solvent was removed wacuoand the crude purified by column chromatography (8O
eluents: PETEPETCHCE, 8.5:1.5) to afford compounds (@42 mg,39%) and7 (1 mg,1 99 as yellow solids antlas intense blue solid (17 nidh %).
8,11-di-tert-butylperylene-2,5-diyl bis(trifluoromethanesulfonate) 6. M.p.: 281 °C!H-NMR (500 MHz, (CHRCO): A 8.59(d, 4J= 1.5 Hz, 2H, A, 8.55

(d, 3= 2.5 Hz, 2H, M), 7.97-7.95n(, 4H, AH), 1.50 § 18H, C(Ek)s). *C-NMR (125 MHz, (CRCO): A= 150.70, 150.48, 137.26, 136.55, 135.64, 128.90,
128.10, 126.88, 125.46, 121.94, 119.07, 115.48, 35.76)RIAMDR)K(cm?) = 2957, 1609, 1398, 1248, 1205, 1136, 997,/8818, 613, 598, 584, 571, 511,
500 HRMS (El, m/z): [M] calc. fors@H26Fs0sS2, 660.1075, found: 660.106@V-Vis (toluene): Ima=446 nm (B= 24900 M cm?). Crystal suitable for X-ray
diffraction was obtained by slow evaporation of solvent from an acetdssolution (CCDC Numbgt482747; see section S4).SI
8,8',11,11'-tetra-tert-butyl-[3,3"-biperylene]-2,2',5,5'-tet rayl tetrakis(trifluoromethanesulfonate) 7. M.p.: >300 °C.*H-NMR (600 MHz, (CELCO): A 3
8.75-8.73n0, 6H, AH), 8.71¢,“J=1.2 Hz, 2H, M), 8.09 {,“J= 1.2 Hz, 2H, A, 8.06 ¢, “J=1.2 Hz, 2H, Ad), 7.31d, *J= 2.4 Hz, 2H, Af), 1.55¢ 18H,
C(THa)s), 1.53¢, 18H, C(Ba)s). *C-NMR (150 MHz, (CpCO): A= 151.27, 151.09, 150.94, 149.08, 138.16, 137.15, 136.86, 135.63, B2B3B4 2246,
127.80, 127.25, 125.27, 122.78, 122.56, 121.92, 120.55, 120.251188133.17.63, 115.92, 115.14, 35.85, 35.83, 31.44BNMR (376 MHz, (GRCO):
-74.18, -786. IR (ATR) K(cmy) = 2965, 2872, 1605, 1427, 1248, 12¥&), 1007, 943, 881, 818, 608RMS (ESI, m/z): [M+H]calc. for GHsiF12012Ss,
1319.2072, found: 1319.2100.

2,5,12,15, tetratert -butylquatterylene-8,9,18,19-tetrayl tetrakis(trifluorometha nesulfonate) 1 M.p.: decomposition before reaching the melting
point. 'TH-NMR (500 MHz, €Ds): A 8.52(s, 4H, AH), 8.31¢,*J= 1.5 Hz, 4H, A, 7.71d, *J = 1.5 Hz, 4H, M), 1.32¢ 36H, C(B3)3); *C-NMR (150 MHz,
CD:Ch): A=150.92, 147.10, 135.48, 135.30, 135.24, 128.40, 127.82, 126.60, 1249112226, 120.33, 118.20, 117.67, 115.91, 35.70}F2EMBIR (470
MHz, GDs): A=-73.56IR (ATR)Kcm?) = 2955, 2909, 2870, 1601, 1583, 1568, 1479, 14251386, 1365, 2905, 1246, 1200, 1173, 1132, 1080, BIh5, 10
1009, 988, 941, &), 860, 816, 785,70, 758, 725, 708, 677, 648, 629, 604, 571,5857494, 434, 424, 419, 4ARMS (ESI, m/z): [MH]* calc. for
CooHagF1201254,1317.1915, found: 1317.1948-Vis (toluene): Ina= 664 nm B= 104600 Mcm?). Crystal suitable for X-ray diffraction was obtained by slow

evaporation of solvent from a«Ds solution (CCDC Number: 1482746; see section $4, SI
Supplementary Material

Slfor this article is available on the WWW under http://dx.di@/10.1002/MS-number. A summary of crystallographic dagarailable as ESI asnd the
structures deposited with the Cambridge Structural Database (CCsigpn numers 1482746 and 1482747). These data can be obtained free of charge

from The Cambridge Crystallographic Data Centre via www.ccde.ae.uk/data_request/cif
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