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ABSTRACT

A series of biarylaminofluorene-based systems witinorsi-donor (D#«-D) structure have been
designed and synthesized in order to study thergiEpee on the-conjugated bridge length of the
intervalence charge-transfer transitions (IV-CTY arf the electronic coupling between the redox
centers. To this purpose cyclic voltammetry, UVAXNER, fluorescence spectroscopy and
computational investigations have been carriedtoutharacterize the electronic structure of the
compounds in the neutral as well as in the mona@- @ination states. Additionally, a study of
related Dam compounds has been performed to elucidate theteaffethe interaction between two
redox centers. Interestingly it was observed that mhono- and dication species exhibit intense
transition bands in the NIR region, in the 100004% cm' range, whose intensity depends on the
oxidation state and thus it can be reversibly tubgdcan applied potential. In a similar way, all
compounds show an oxidation state dependent flaeneg which leads to electrofluorochromism.
Particularly significant is the mixed valence bebavthat provides these systems singular
optoelectronic properties, making them excellentivac components for electrochromic and

electrofluorochromic applications.
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1. INTRODUCTION

Organic conjugate compounds have been widely usesttive materials in many optoelectronic
applications, including organic dyes solar cellsSETSs),[1-4] organic light-emitting diodes
(OLEDS),[5-7] electrochromic devices (ECDSs),[8-104nd electrofluorochromic devices
(ECFDs),[11-14] organic field-effect transistorsHETs)[15-19] and as fluorescent materials for
bioimaging applications.[20-25] Since intramoleculalectron transfer processes underlie
optoelectronic principles, their investigation amlerstanding are of crucial importance to afford a
rational design of materials with well-defined ogctronic characteristics. Since decades, organic
mixed-valence systems (MVs) have been used as nooaebounds for electron transfer or hole
transfer investigations.[26-35] Typically, MV syste consist of two or more chemically equivalent
redox centers with different formal oxidation sgagnd connected to each other by a saturated or
unsaturated molecular bridge.[36-42] Robin and Day967[10] classified MV systems into three
classes, based on the charge distribution on thecule and on the strength of electronic coupling
between the redox centers: class-I identifies &egysn which the charge is localized on only one
redox center and the redox centers behave as semmt#ties (electron coupling is zero); class-ll
includes the charge-localized systems with wealctele coupling, such that just a small
delocalization of charge between the redox centmsurs and a fraction of charge can be
transferred from one redox center to the othersseld refers to systems with strong electron
coupling, where the charge is completely delocdlizetween the redox centers. A number of MV
species were prepared with variomzonjugated bridges having different electronicunatand
various lengths, with the aim to investigate therggjth of the electron coupling and the charge
delocalization in these systems.[43, 44] MV systesh®w unique optoelectronic transitions
associated with intramolecular charge transfeparticular, the electron coupling optically induced
between the redox centers gives rise to the inamea charge transfer transition band, known as
IV-CT, that appears in the Vis or NIR region, degieg on the nature of the molecular structure

and on the behavior of the redox centers. Arylanmmeeties are the most widely used as redox
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centers in a number of MVs in order to investigatée transfer processes, since they are able to
form stable radical cations at low potential, shayvexcellent reversible redox processes.[33] For
this reason, the arylamino-derivatives are vergrggting as hole-transporting organic materials in
organic light-emitting diodes[45-47] and in hybeadd all-organic solar cells.[48-51]

In our previous work,[36, 52] we have designed aydthesized interesting arylamine-based MV
compounds, belonging to class II/lll, with an etfee electron coupling between the redox centers,
which exhibit a very intense IV-CT band, well segiad from other radical transition bands. Such
feature, together with the excellent reversibilifythe redox processes, made them appealing for
NIR-electrochromic applications. The aforementioneterials were used as anodic components in
electrochromic devices showing a great ability wotch from almost colorless to colored states,
including the NIR range.[53] A further interestiagplication field for emissive materials showing
a MV behavior is the electrofluorochromism; as vedn demonstrated in our previous work, the
arylamine-fluorene based MV system showed excedétrofluorochromic properties due to the
stabilization of the radical ions by electron conglbetween the redox centers.[13]

On the basis of these last results, in the preserk we focused our interest on deepen the study on
biarylaminofluorene-based systems (Fig. 1), goiagdesign and synthesize a series of MV
compounds I¢lll ) with D-tTeD structure, based on two arylamine moieties (B)edox centers
connected byrconjugated spacers)(of different length, based on the fluorene systenorder to
investigate the strength of the electron couplingttie resulting MV radical cations (2D)",
spacers with a different number of bonds betweenrdéidlox centers have been used: fluorene for
compoundl, phenyl-fluorene-phenyl for compound and phenylethynyl-fluorene-phenylethynyl
for compoundll . Our focus has been to study the dependence cif@iéc transitions associated
with different intra-molecular charge transfer gsses on the nature of threwonjugated bridge. To
better understand the role of the redox centerploguin the different molecules, the mono-
arylamine derivativedV, V and VI have been also prepared as model compounds for the

corresponding bis-arylamino derivativés]l andlll , respectively. So, they have been synthesized



using the same- conjugated moiety used as spacers in the coecelais-arylaming, 1l andlll .
Photophysical, electrochemical and time-dependeshsity functional theory (TD-DFT)
investigations have been carried out to understaadfundamental properties of the sinthesized
materials. Absorption and emission spectroelectotstry were performed in order to disclose

their electrochromic and electrofluorochromic paoiaities. In detail, here we report the synthesis
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and characterization of bis(arylaminoHI{ ) and monoarylamino-fluorenéY!1 ) derivatives: 9,9-
dihexyl-N2,N2,N7,N7-tetrakis(4-methoxyphenyl)-9Hibrene-2,7-diamine 1), 4,4'-(9,9-dihexyl-
9H-fluorene-2,7-diyl)bis(N,N-bis(4-methoxyphenyl)ame) (I1), 4,4'-((9,9-dihexyl-9H-fluorene-
2,7-diyl)bis(ethyne-2,1-diyl))bis(N,N-bis(4-methgxyenyl)aniline) Kl ), 9,9-dihexyl-N,N-bis(4-
methoxyphenyl)-9H-fluoren-2-amine M), 4-(9,9-dihexyl-9H-fluoren-2-yl)-N,N-bis(4-
methoxyphenyl)aniline \), 4-((9,9-dihexyl-9H-fluoren-2-yl)ethynyl)-N,N-b(4-

methoxyphenyl)aniline\(I) (Fig.1).

H,CO OCH, HsCQ

@ CgHy3CeH13 Q Q CgHi3 CeHig
< Q & Y
H,CO I OCH, H4CO'
H,CO OCH, HyCO

raavianiacy O

H,CO H,CO

H,CO
H,CO OCH,

o O=c0o-C_ S

H,CO
V1

Fig. 1.Molecular structures of MV compoundgdl, Ill, 1V,V andVI.
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2. RESULTS AND DISCUSSION

2.1 Synthesis.

A straightforward synthetic strategy based on palia-catalyzed C-N (Buchwald-Hartwig) and C-
C (Suzuki, Sonogashira) cross-coupling reactions agopted to prepare the final compounds as
shown in scheme 1. 2,7-Dibromo-9,9-dihexyl-9H-fleiloe () and 2-bromo-9,9-dihexyl-9H-
fluorene ) were obtained by a C9 alkylation reaction of toeresponding starting reagents with
NatBuO, Kl in THF. 9,9-Dihexyl-N2,N2,N7,N7-tetrakis(@ethoxyphenyl)-9H-fluorene-2,7-
diamine () and 4-(9,9-dihexyl-9H-fluoren-2-yl)-N,N-bis(4-nfetxyphenyl)aniline 1I§V) were
prepared from compound and compound2, respectively, which were reacted with bis(4-
methoxyphenyl)amine, in the Buchwald-Hartwig reaati conditions, in the presence of
bis(dibenzylideneacetone)palladium (Pd(dpand tritert-butylphosphine (R{Bu);) as catalytic
system, N8BuO as the base, in a microwave reactor. By theil8«Miyamura cross-coupling was
syntesized 4,4'-(9,9-dihexyl-9H-fluorene-2,7-diy$)iN,N-bis(4-methoxyphenyl)aniline) 1), by
reacting 2,2'-(9,9-dihexyl-9H-fluorene-2,7-diyl)fis3,2-dioxaborinane) with 4-bromo-N,N-bis(4-
methoxyphenyl)aniline 3), in the presence of tetrakis(triphenylphosppaéadium(0)
(Pd(PPBh)4) as the catalyst, NEO; 2M as the base, in a mixture of toluene:ethang:l:05:05,
v:v:v). The same procedure was also used to prepd®e9-dihexyl-9H-fluoren-2-yl)-N,N-bis(4-
methoxyphenyl)aniline\(), by reacting compoun@ with 4-methoxy-N-(4-methoxyphenyl)-N-(4-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phgayiline  6). 4,4'-((9,9-Dihexyl-9H-fluorene-
2,7-diyl)bis(ethyne-2,1-diyl))bis(N,N-bis(4-methgdyenyl)aniline) [l ) and 4-((9,9-dihexyl-9H-
fluoren-2-yl)ethynyl)-N,N-bis(4-methoxyphenyl)amé (/1) were prepared in the Sonogashira
reaction conditions, by reactirigand2 with compoundb, respectively, using Pd(PR¥Cl./ PhsP
and Cul as the catalytic system, in a mixture ofyamous dimethylformamide (DMF) and

triethylamine (E4N) (5:1), under microwave irradiation. 4-Bromo-Ni6(4-
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methoxyphenyl)aniline 3) was prepared by reacting bis(4-methoxyphenyl)aminith 4-
bromoiodobenzene, in presence of tris(dibenzylidea®wne)palladium  chloroform
(Pdx(dba)- CHCE) and 1,1'-bis(diphenylphosphino)ferrocene (dpgfratalytic system, NBuO as
the base, in toluene. To achieve compodinge reacted compouriwith 2-methyl-3-butyn-2-ol in
presence of bis(triphenylphosphine)palladium(Iphtioride (Pd(PP4).Cl,) copper iodide (Cul) and
triphenylphosphine (RR), as catalytic system, in piperidine. Afterward®mpound4 was
deprotected with potassium hydroxide (KOH) in isiganol to yield 4-ethynyl-N,N-bis(4-
methoxyphenyl)aniline 5). 4-Methoxy-N-(4-methoxyphenyl)-N-(4-(4,4,5,5-t@tnethyl-1,3,2-
dioxaborolan-2-yl)phenyl)anilinegj was synthesized from compouBdtreated with n-butyllitium
(n-BuLi) in anhydrous tetrahydrofurane (THF) at *@8and following was added 2-isopropoxy-
4,4,5,5-tetramethyl-1,3,2-dioxaborolane. Detailgdtlsetic protocols and product characterization

data of all new compounds are reported in the ex@ertal section and Supporting Information.
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Scheme 1Synthetic pathways of compoundy¥| .
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2.2 Neutral state photophysical properties

The photophysical properties of all the samplegl () have been studied in solvents with different
polarity (increasing dielectric constant: MCH < THFDCM < ACN < DMSO), in order to
investigate the effect of the environment on tlogitical properties.

Figs. 2a-3a show the absorption profiles in DCMb¢th obtained in other solvents are reported in
the ESI section, Figs. S1-S8), while the photoptalsdata are reported in Table 1. They are
characterized by two bands in the UV and blue rdnge 250-450 nm) that can be mainly assigned
to =T and partial charge transfer (CT) transitions, eesipely. [54] TD-DFT calculations confirm
this assignment (see Table2) showing, in partictlet the higher level bands always corresponds
to a CT excitation, while those at longer waveléngriginate by botheTt and CT excitations.

For MV compoundd-Ill, the increase of the absorption intensity<(ll < Il , Table 1) can be
ascribed to the increasing conjugation (phenyl pinenylethynyl rings, see scheme 1). The same

trend is found for compound¥ -VI.
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given the low polarization of the ground state (§able 1).

nm for Il ) by increasing the solvent polarity (see TableThis indicates that a significant charge
transfer contribution to the emission is present,particular for samples with longer spacers
(phenylethynyllll andVI or phenyl:ll andV) that show larger effect thdrandIV. This trend is

also confirmed by the Stokes-shift parameters {&dde 1), thus highlighting the ability of the

By contrast, the emission profiles (Figs. 2a-3hest a substantial red shift (up to c.a. 130

spacer to act as a CT tuner.
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Table 1.Photophysical properties of compouneél in solution at room temperature.

Sample Solvent Aypdnm &/MTcm® A,/Am AN nm® ®p /NS

MCH 385 35.638 405 20 0.38 1.0
I THF 383 34.355 411 28 0.48 15
DCM 385 45.807 417 34 0.41 1.3
ACN 370 41.410 422 52 0.53 1.7
DMSO 378 31.148 422 44 0.70 3.3
MCH 373 68.093 419 46 0.89 1.0
Il THF 378 66.516 456 78 0.72 1.9
DCM 376 64.960 464 88 0.92 2.2
ACN 373 72.759 497 124 0.71 2.7
DMSO 380 52.143 496 116 0.83 3.3
MCH 390 90.525 424 34 0.90 0.9
i THF 395 83.053 475 80 0.71 2.1
DCM 395 86.560 491 96 0.65 2.4
ACN 391 84.704 555 164 0.19 1.3
DMSO 397 81.445 535 138 0.23 1.7
MCH 344 24.431 394 50 0.16 1.0
v THF 345 22.916 441 96 0.39 2.2
DCM 345 22.362 431 86 0.41 1.7
ACN 341 22.825 441 100 0.40 3.3
DMSO 345 22.917 441 96 0.67 4.0
MCH 348 33.834 408 60 0.40 11
\Y THF 352 31.944 456 104 0.81 2.8
DCM 348 35.123 472 124 0.89 3.0
ACN 348 35.866 501 153 0.60 3.6
DMSO 355 34.252 496 141 0.75 4.5
MCH 366 39.422 412 46 0.51 1.0
VI THF 368 40.748 472 104 0.97 2.6
DCM 368 40.406 479 111 0.65 2.8
ACN 364 39.611 522 158 0.47 2.6
DMSO 368 39.615 524 156 0.52 3.1

2ss =Stockes shift

Most of the samples shows remarkable photolumimescefficiencies (up to > 90%) under

different polarity environment. The correspondiregays range from c.a. 1 to 4 nanosecond (Table
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1), indicating a gradual increase of the CT charaoy passing from MCH up to DMSO and ACN,

as a consequence of the larger stabilization ottiaege transfer levels in polar media.

Table 2 Absorption energies, oscillator strengths (omsgin single-particle transitions, and

character
Energy (nm) 0.S. Character
| 362 0.73 CT
293 0.17 =TT
292 0.36 CT
291 0.10 CT
1l 383 0.85 CT
286 0.21 TET*
I 421 0.94 CcT
315 0.25 TET*
305 0.41 CT
v 334 0.66 CT
287 0.23 =T *
278 0.09 CT
220 0.21 CT
\% 354 0.72 CT
283 0.32 =T *
\ 382 0.80 CT
301 0.36 TET*
280 0.29 CT

2.3 Electrochemical characterization

Cyclic voltammograms, show reversible oxidationshe potential window between +0 and 1.2 V
vs Ag/AgCI (Figs. 4a-c, Fig. S10 and Table 3). Speally, two reversible one-electron oxidations
can be observed for compouhdwhile the monoamined\{(-VI ) and the compounds andIll
show a one-reversible oxidation wave. The monoasn{\é-VI), reference compounds, show a
very similar behavior, characterized by redox psses occurring at 0.69 V, 0.77 V and 0.74 V for

IV, V and VI, respectively, indicating that the length of tireonjugation does not significantly
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influence the oxidative process. The two redox esses for compounld ascribed to the radical
cation/neutral (IN"%) and dication/radical cation {N**) couples, are separated by a potential
splitting of 342.6 mV, suggesting a strong coupli@mong the amine centers (Table 4). The
stability of the radical cation specieE’”] is clearly evidenced by the lower value of thestfi
oxidative potential when compared with the refeeemonoarylaminely **) (0.57 V vs 0.69 V). A
very different situation is found in the CVs of copoundIl andlll , where only one redox process
is detectable. In order to better resolve the twidation processes, a DPV analysis was performed.
For compound! the DPV clearly shows two distinctive processgmsasted by a potential splitting
of 72 mV (Fig. S9); while, for compoundll the two oxidation processes were hardly
distinguishable. The oxidative potentiallbfand its reference monoarylamixes almost the same
(0.76 V vs 0.77 V), suggesting a weak electron togdetween the two redox centers. This is a
typical example of “potential compression”.[55, 58he redox process off occurs at 80 mV
more positive than the reference monoarylamifie,In this case, therefore, the oxidation process
can be considered as n one-step two-electron @paekast from a thermodynamic point of view.
As we will see shortly, this could be an exampléhaf so-called “potential inversion”, [55, 56] for
which the structural rearrangements associated thiéh one-electron oxidation causes a high
instability of the radical cation with respect teetneutral and dicationic species. From the data
reported above, we note that the increase of gtartie between the redox centers, within the series
I-11l , causes a destabilization of the radical catiesaylting in a shift towards higher potentials of

the first oxidation.

a) b) —1 c)

r T T T T T T T J ¥ ¥ 3 ¥ y ' r T T T T v T T J
062 00 02 04 06 08 10 12 14 0,2 [ 0.5 2,8 1,6 1.2 02 00 02 04 06 08 10 12 14
Potential (V vs Ag/AgCI) Paotential (V vs Ag/AgCl) Paotential (V vs Ag/AgCl)
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Fig. 4. Cyclic voltammetry ofl (a) (50 mV/s):Il (b) (50 mV/s):lll (c) (50 mV/s) at c = THM in

CH,CIl/TBAPF; (0.1 M)vs AgCl/Ag.

Table 3.Electrochemical Properties and Corresponding Bneegels'

EvAl) (MV) | B2 (MV) | PAE Eromo "ELumo Es™(eV)
(mV) (eV) (eV)

| -9.2 333.4 342.6 -5.08 -2.25 2.83
1 190.5 262.5 72 -5.26 -2.31 2.95
1" 267.1 / / -5.35 -2.32 3.03
v 189.1 / / -5.28 -2.08 3.20
\ 132 / / -5.35 -2.2 3.14
VI 242.8 / / -5.33 -2.28 3.05

% = 1 x 10° mol/L in CH:Cl/TBAPFs (0.1 M) vs. Fc'/Fc at 50 mV/s®AE = E/2(2) — Ei(1).
“Eromo = ~(Eonset(oxay+ 5.16) (eV) g Elumo = Egpt ~Eomo

2.4 Vis/NIR spectra of radical cation species

The radical cations of compound!¥/I were generated upon oxidation in stepwise additioh
antimony pentachloride (Sbfl(Fig. 5 and Fig. S11) and copper perchlorate (Oy(Figs. S12-
S14) in CHCIl, and MeCN solutions, respectively, and their UVNIR changes were
investigated. In addition, the electrochromic afetteofluorochromic properties of compounids
Il were also investigated by spectroelctrochemical eerpents in  CHCl, and
tetrabutylammonium hexafluorophosphate (TBAPRPES supporting electrolyte. (See Fig. S15).

All MV compounds show the rise of a broad absorptiand in the range 4000-9000 trvhich is
associated with an optically induced hole transféfCT, from the oxidized arylamine moiety to
the second neutral arylamine unit. For compouhdhis band is rather intense and broad, well
separated from the adjacent radical bands, an@mehat 6590 cih instead, for the compounds
I1* andlll * the IV-CT (at 7592 ci and 8536 ci, respectively) displays a weaker intensity than

for I” and an evident overlap with other radical bandsparticular for compoundil *. An

analogous behavior is nicely observed during thectedchemical oxidation of the above
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compounds (Fig. S15). Actually, the spectroelettemaical experiment combined with the CVs
(Fig. 4) allowed us to clearly assign the bandthefradical cation and dication species generdted a
the working electrode from the neutral speciek afdll , while, it was not possible to do the same
for compoundll , because the IV-CT band of its radical cation Waslly detectable. However, as
previously shown this band appears of very lownsty and overlapped with the band of the
dication species, due to its strong shift to higkaergy in the absorption spectra. The weak
intensity of the IV-CT bands df * andlll ¥, is probably due to the low oscillator strengtifishe

associated excitations, indicating a weak electroaupling (see Table 4).

Wavelength
Waveésggth (nm) 700aveeng (nm)

1800 1200 21001400
2,0 1 T T—r—T
a) b) ;..
1,6 4
1.2 4 ShCI, equiv.
8 09 14 é
< s I l
0.0 27
0.4
0.0 l T T — T T T - T = T v T v T ¥ T v
5000 10000 15000 20000 25000 5000 10000 15000 20000 25000
Wavenumber (cm™) Wavenumber (cm™)
Wavelength (nm)
1800 1200 600 1800 1200  ‘Vavelgggth (nm)
c} 244 T L} T d) osn T T T
204 ..
- 0,6+ ,
ShCl_ equiv.
164 :‘ 1.0
2 12d e w e 2
< ‘ <
0,84 SbCl; equiv.
0,4
0,04
5000 10000 15000 20000 25000 5000 10000 15000 20000 25000
Wavenumber (cm™) Wavenumber (cm™)

Fig. 5 Absorption spectra df(a) (1.3x 10° M), Il (b) (1.7 x 10° M), lll (c) (1.7 x 10° M) andV!I
(d) (1.8 x 10° M) in CH,Cl, while adding dropwise a solution of S@ CH,Cl, (1 mM).
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Table 4 Absorption energies, oscillator strengths (0.s),inmsingle-particle transitions, and

character

Energy 0.S. Character
I* 6627 0.803 IVCT
17825 0.11 BNCT
23041 0.55 LRCT
n* 5627 0.10 IVCT
11919 0.32 BNCT
15083 0.29 =1
22727 0.13 LRCT
m 5733 0.09 IVCT
10977 0.44 BNCT
14881 0.29 1]
20449 0.28 LRCT
2341 0.740 LRCT
v+ 13624 0.37 BNCT
15480 0.26 T
24630 0.16 LRCT
\ai 11468 0.42 BNCT
15083 0.29 =1
27027 0.23 LRCT
VvI* 10616 0.55 BNCT
14925 0.29 T
19417 0.20 LRCT
24331 0.13 LRCT

The assignment of the IV-CT transition charactesupported by the Vis/NIR measurements of
reference compounds/*-VI~, which do not show low energy transitions at tlaene energy
frequency in oxidized forms (Fig. 6d and Fig. S1d9, well as by the fact that the IV-CT band

disappears when the dication species are genewatadther confirmation for the nature of this



10

11
12

13

14

15

16

low-energy band comes from the analysis of the TEFRIensity difference plots (Fig. 6), that
shows the variation of the electron density upowitakon. For all compounds, in fact, the
excitation involves a charge transfer between i@ tedox centers. Note anyway that in going
from I to lll ¥, an increasing charge separation is observed apaitation. This is quantitatively
described by the ratio betweAR,[57] i.e. the distance of centers of the excitmud ground-state
charge densities, aiNN, the geometric distance between the N atoms imethex centers; at the
TD-DFT level of theory the ratio is computed to @41, 0.90 and 0.92 far’, Il ¥, andIll ¥,
respectively. This trend suggests that the couieigveen the redox centers is diminishing in the

seried " tolll .

Fig. 6 TD-DFT density difference plots for the lowest eneexcitation of radical compound-
Il *. The blue regions denote an increase of electemsity upon excitation; the red regions denote

a depletion of electron density upon excitation.
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In addition to the IV-CT band, in all radical spesia band is observable at about 20000, ¢hat is
due to long-range charge-transfer excitations (LR-Gor all MV species an absorption band is
recorded between 10500 ¢nand 13000 cih and it is associated with the hole transfer frow t
oxidized arylamine to the bridge (BN-CT), see TableThis transition band for radichl is not
present, it starts to rise upon the second oxidatiith the generation of tHé* (see isosbestic point
9860 cn). For compoundd * andlll * the NB-CT band appears already during the firsdation

process (before the addition of an equivalent oflaxt) and continues to grow during the second

2+ 2+
f I

oxidation step with the formation af" andlll “* species, respectively. These absorption bands are
also present, at the same energy frequenciesyisfidIR spectra of reference compoundsVi™.

In addition to the IV-CT and the bridge band, aNMpecies, as well as the monoarylamine radical
cations, exhibit an additional transition band iltites tote1t* transition typical of arylamine
radical cations which lies in the range 13000-16660. In order to analyze in detail the IV-CT
band of the various compounds and identify thesckaswhich the MV belong, a quantitative
analysis of the IV-CT band was performed by adaptime experimental spectra with Gaussian

functions and extrapolating the main parametersdharacterize it (Figs. S16-S17). All the IV-CT

parameters are collected in Table 5.

Table 5. Band shape data of the IV-CT band ofil * andlll ~.

3CH,Cl, °MeCN

Vimax e [Memi] | vi(HTL) | vus(high) | vu(0bs) | Vyalow) | vus(high)/ | vas(high)/ | vina

[cm™] [em™] [em™? | [em™® | [em™° | yysllow) | vys(HTL) | [cm™]
" 6590 42919 3902 3524 2936 2348 1.50 0.90 7386
n* 7592 10960 4188 4786 | 4766 4766 1.0¢ 1.14 9099
m* 8536 9309 4440 4673 | 4673 4673 1.0¢ 1.06 10126

& Acquired using chemical oxidation with SBCb Acquired using chemical oxidation with

CuClQ,. © Calculated according to eq 1.

Forl™ only one Gaussian function was employed, whildifdandlll ¥, due to the overlap with the

adjacent radical band (Fig. S14), a deconvolutidgth Whree Gaussian functions was required to
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obtain a satisfactory fit (Figs. S16-S17). The $@eased for the band fits were those obtained afte
addition of ca 0.25 equiv. of oxidizing agent, imler to minimize overlap with dication bands and
avoid disproportionation of the mixed-valence s{8& 58] Given the amount of added oxidant, the
molar absorptivities were calculated consideringt thll of the oxidant added resulted in the
formation of the monocation. The observed widthhef IV-CT band «; /,;,5s)) Was compared with

that expected from Hush theory for class-Il comm®uty /(x5 €0 1,

vl/Z[Hush] =+ 2310 X Vppqy (1)

where both the; /;,snj@Nd vy, are given in cr.

The asymmetry of the IV-CT band was estimated yrétiov, /5(nign) / V1/2[10w]» WNEI€YVy 12(pign)
andv; ;047 are twice the half-width on high- and low-energesof the band, respectively. Adr
V1/2[0ps] 1S NArrower thar, ,,4,s,) and the IV-CT band shows an evident asymmetry. (&i),
these parameters commonly belong to class Il otethivalence compounds borderline of class
l1/11l. More specifically, forl* the ratiovy /2mign) / V1/210w) Value is 1.50, comparable to other values of
class Ill systems, therefore we can ass$ign class IIl. [33]Forll * andIll * V1/2[00s] Are slightly broader
than the Hush limit and, /,;n) are largen, /,iuysn); thus, these IV-CT parameters support the
assignment ofl * andIll * to class Il. [33, 38, 59] [28] As a further testdetermine the class of
MV compounds, the solvent-dependence of the IV-Cds vestimated recording the oxidation
experiments in two different solvents, g, and MeCN. The IV-CT of " showed a modest blue
shift of 746 crit, while the IV-CT ofll * andlll * exhibited a more significant hypsochromic shift
of ca. 1507 and 1590 ¢hrespectively. This proves that, the latter systsimow a more localized
charge with respect 13, and therefore the IV-CT is shifted to higher gies due to the increase of
the solvent reorganization energy in MeCN vs,CH (Pekar factorecn = 0.526 andypcm =
0.381).[60] As expected for MV systems with a largeharge delocalization,”, the

solvatochromism is less prominent.
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2.5 Electron Coupling

The electron couplingy, between diabatic states in MV systems was estuatccording to the

Mulliken-Hush theory, from the equation:

» VmaxHge
V= (2)
wherepge is the transition dipole moment (in Debye) angyis the absorption maximum of the 1V-

CT, eis the electronic charge ar{in A) is effective electron-transfer distance.

For class-Ill systems, the coupling can also bieneséd directly by the formula

171"'!.&.3{
V== (3)

About the R value in equation 2, several studigentethat the effective electron coupling distance
does not correspond to the geometrical distancedeet redox centers (N-N), especially in MV
systems where the charge is more delocalized. Thaal&e can be estimated by either Stark
spectroscopy or via semiempirical calculationsthis work, we will consider for thR value both

N-N geometrical distancd:{n) andRyp estimated by the following equation (Ref):

Aplp+ape
Ry = et e ()

wherepgeis the adiabatic transition moment (experimentataculated) andls, is the adiabatic
dipole moment difference. Sincdiy, is difficult to measure experimentally, we used DFT
computed adiabatic moment differences.[31] Thenedt of the electron couplingyn and Vap
(Table5) has been made by the eq 2, for the thréesistems using the N-N geometric distance
(Run) and theRqp, values, respectively, and considering experimevidiie ofpge and Vimax from
Table 6. The equation 3 has been applied onlyl faxompound, because it is the only one that
belongs to class Ill. As expected from previouscussion we find that the electron coupling

increases in the seritls " <1l " <",
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Table 6 Transition dipole momenuge (D), Diabatic electron transfer, Nitrogen-Nitrogersteince
(Rwn), Estimated adiabatic electron-transfer distanBg)( Electron coupling, V, calculated

according to equation 2 and according the equ&i@ar class-11l species).

Compounds Hge(D) Run (A) Rab (A) Vi (cm) Vap(cm™) Veq3
(cm™)
" 15.75 9.60 6.67 2252 3228 3295
n* 8.15 18.13 10.21 764 1257 -
m 6.81 23.14 10.64 523 1134 -

2.6 Chemical fluorescence switching and electraiabromism

All compounds are good emissive materials with hagglantum yield. They show fluorescence in
the blue and green range, due to the moleculamégter-conjugation and to intramolecular
charge-transfer processes. The fluorescence quen&xperiments by chemical oxidation were
carried out in order to investigate the contribatiof the electron-coupling between the redox
centers to the fluorescence quenching (Fig. 7 agsl 5§18-S21). As known, the light emission of
arylamine derivatives is quenched by generationtheir radical species.[13, 61-63] Through
chemical oxidation with Sbglin CH,Cl,, and analyzing the decrease of fluorescence ityeng
linear fitting as a function of the amount of oxilaadded, we observed that the presence of two
interacting redox centers further affects the fasoence quenching. This effect is particularly
evident for compound, in which a stronger interaction between the rederters is present.
Comparing the fluorescence quenching trendl ahdIV (Figs. 7a-b), we observe thashows a

larger linear-slope grade th&v (Fig. 7c).
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Fig. 7 Fluorescence emission spectra (a) @fa 2x10° M in CH,Cl,) and (b) ofiV (ca 2x10° M)
upon Sbhd titration. (c) Correlation of fluorescent quendhinend ofl (red line) andV (blue line)

vs.equivalent SbGladded.

The above-mentioned studies have been carried yuxbiting | and IV at 345 and 342 nm
(isosbestic point), respectively. Compoundslil , V andVI also show a fluorescence quenching
upon oxidation process although, the fluorescenatran trend forl andlll is comparable witlv

and VI compounds, probably due to the relatively wealcted®e coupling between the redox
centers in these compounds. We have also monitoined fluorescence variation of the
bisdiarylamine and monodiarylamine systems in,Clksolutions as a function of the voltages (vs
AgCI/Ag). In the system the fluorescence is almost constant up to abdu®Obut, above this
value, a stepwise increase of the contrast rattorgc(Fig. 8a) which increases with the voltage, as

already observed in the similar compound 9,9-b{g(Erethoxyethoxy)ethyIN?N%N’,N’-
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tetrakis(4-methoxyphenyl)¥d-fluorene-2,7-diamine.[13]. In the homologous manoee system

(IV), a significant fluorescence quenching (high casttratio) is observed only at voltages close to

the fluorene oxidation, that is, for potential v@duarger than that leading to the radical cafidre

last observation is also shared by the other twocamine systems (Figs. 8b-c). linand il ,

where there is not a clear potential splittingoflescence quenching occurs in correspondence to

potential values at which both mono and dicatioecggs are quite simultaneously generated (Figs.

4b-c). It is therefore clear that, for practicaphgations in electrofluorochromism, it is convemte

to use a coupled system likdoecause a) a significant contrast ratio is acldetdow voltages and

b) the quenching process is fully reversible.
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—~
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Fig.8 Fluorescence contrast ratio as a function of thpdiegh voltage.
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3. CONCLUSIONS

We have synthesized six diarylaminofluorene—basedptinds, three with DD (I-1ll ) structure
and three with DR (IV-VI) structure. The Dt systems have been used as model compounds for
their symmetric diarylamine homologous, in ordebé&tter characterize the electronic transitions in
the DieD systems. The correlation between electronic gnogs, i.e. the electronic coupling
between the redox centers, and the molecular steitias been investigated, focusing the study on
the mixed-valence (MV) response of the three daamyhofluorene Dr-D radical cation derivatives
(1-111') with respect to theeconjugated bridge and its length. The three MMspoundd -Ill show
intense intervalence charge transfer (IV-CT) in tHER region, which has been exploited to
guantify the electron coupling,. All compounds showed excellent photophysical progs, such

as high quantum yield (up to > 90%) and high malasorptivity of the IV-CT (up to > 40000),
with the length of thereconjugated bridge exploitable as a tool to tuneirtloptoelectronic
properties.

All compounds exhibited chromatic switching up tdRNby varying their oxidized states. The
spectroelectrochemical measurements revealed hésaliility of these compounds to work as
anodic components for electrochromic applicationd as promising materials for energy saving.
The fluorescence switching experiments by appliedemtial highlighted that these class of
materials can modulate the light emission intensytghanging their oxidized states.

The above results show that these compounds greteftial use in a wide range of applications

such as in displays, molecular logic gates, serammismemory devices.

4. EXPERIMENTAL SECTION
4.1 General Methods
1-Bromohexane, 2-broma-Bfluorene, bis(4-methoxyphenyl)amine, 2,7-dibrontd-fuorene and

9,9-dihexylfluorene-2,7-bis(trimethyleneborate) evgrurchased from commercial sources (Sigma
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Aldrich) and used without further purification. Adlolvents and reagents were used as received,
unless otherwise claimed. The syntheses microwssistad were performed with CEM Discover
Labmate reactor. The reactions were monitored b§ Tking 0.25 mm silica gel plates with UV
indicator (60F-254). ThéH and**C NMR spectra were recorded on a Bruker AVANCE400
MHz instrument using chloroforrd-(CDCl) and acetoné6 as solvents, and splitting patterns
were described as singlet (s), doublet (d), triftletquartet (q) or multiplet (m). Elemental arsdyg
were done by Carlo Erba CHNS-O EA1108-Elemental lya®a. LC-MS spectra were acquired

with an Agilent 6300 Series lon Trap source (APCI).

4.2 UV-Vis-NIR absorption and fluorescence spectripg

UV-Vis absorption spectra were recorded on VarianyC 3000 spectrophotometer. For
luminescence experiments, the samples were pladéabrimetric 1-cm path cuvettes. Uncorrected
emission spectra were obtained with an EdinburgBJ80 spectrometer equipped with a peltier-
cooled Hamamatsu R928 photomultiplier tube (185-880). An Edinburgh Xe900 450 W Xenon
arc lamp was used as exciting light source. Cogrkspectra were obtained via a calibration curve
supplied with the instrument. Luminescence quantueids @em) in solution obtained from
spectra on a wavelength scale (nm) were measusaidacg to the approach described by Demas
and Crosbya using air-equilibrated [Ru(by@f} in water solutionbem = 0.028, or quinine sulphate
dem = 0.546][64] as standard. Emission lifetimegha psus range were determined with the
single photon counting technique by means of timees&dinburgh FLS980 spectrometer using a
laser diode as excitation source (1 MRHg. = 407 nm) and a Hamamatsu MCP R3809U-50 (time
resolution 20 ps) as detector. Experimental unceres are estimated to be + 8% for lifetime
determinations, = 20% for emission quantum yields2 nm and £+ 5 nm for absorption and
emission peaks, respectively.

Redox titrations monitored by UV/Vis/NIR spectropgowere performed in Cil, and ACN

solvents using a Varian-Cary 5000 UV-Vis-NIR absanp spectrometer and 10x10 mm quartz-
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cuvettes with Teflon stopper (Hellma). Sb¢&igma Aldrich) and CuSQO(Sigma Aldrich) were
used as oxidant in G&l, and CAN, respectively. The bistriarylamine solatiwere titrated with a

solution of oxidant in the respective solvent (canM) using a microliter syringe (Hamilton).

4.3 Computational details
All calculations have been performed using the TURBOLE program [65] [66] using the PBEO-

1/3 functional[67] and a def2-TZVP[68] basis set

4.4 Electrochemistry and spectroelectrochemistry

Electrochemical characterization of compounds veaged out by cyclic voltammetry (CV) using a
AMEL s.r.l. (Mod. 7050) potentiostat. A typical #e-electrode cell was assembled with a glassy
carbon disk-working electrode, a Pt-wire auxiliagjectrode, and an Ag/AgCl non-aqueous
reference electrode. Cyclic voltammograms were iaedat different scan rate, from 50 to 100 mV
s, on 1 mM compound solutions prepared in the et solution, which consisted of 0.1 M
tetrabutylammonium hexafluorophosphate (TBAPHn dichloromethane (C¥€l,). All the
solutions were previously degassed with The CV of the Ferrocenium/Ferrocene(Fc) couple
(0.1 mM) was also recorded in the same conditi@dder the MV compounds solutions and used
as external reference for potential calibratiore@melectrochemical experiments were performed
performed as described elsewhere [69, 70] withlectrelytic cell (BAS Inc.) composed of a 1 mm
path length cuvette, where a platinum gauze thyerland a platinum wire were used as the
working electrode and the auxiliary electrode, eesipely. A pseudo-reference electrode consisting
of an Ag wire was calibrated against thé/Fc redox couple. The spectroelectrochemical cali w
filled with dichloromethane solutions of each compd (0.5 mM) and TBAPF(0.1 M). UV-vis-
NIR spectra were recorded using a Vertex 80 (Brhulspectrophotometer. The potential was

supplied by means of an Amel 2049 model potentiostaasurements were performed at 25 °C.
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4.5 Synthetic procedures and product characterzati
4.5.1 Sinthesis of 2,7-dibromo-9,9-dihexyl-9H-fleros(1)

In a three-neck round bottom flask 2,7-dibromofere (1 g, 3.11 mmol}ert-BuONa (1.194 g,
12.44 mmol), Kl (0.051 g, 0.311 mmol) and anhydrd#~ (8 mL) were stirred for 1h under a
nitrogen atmosphere. Then, bromohexane (1.30 gnm®8l) was added dropwise and the reaction
mixture was stirred overnight at reflux. The reastmixture was cooled to rt, poured in water and
extracted with diethyl ether. The organic layer wasshed with water and dried over anhydrous
NaSO, and the solvent was evaporated under a reducedysee The crude residue was purified
by column chromatography on silica gel (eluentgetrm ether), to yield the pure products a
white powder (96% yield)*H NMR (400 MHz, CDCJ): 6 7.52 (d,J = 7.7 Hz, 2 H), 7.47-7.44 (m,
4H), 1.94-1.89 (m, 4H), 1.17-1.01 (m, 12H), 0.786), 0.63-0.55 (m, 4H):*C NMR (100 MHz,
CDCl3): 6 152.38, 138.86, 129.94, 125.97, 121.25, 120.92%%39.99, 31.26, 29.37, 23.44, 22.37,
13.79. GC-MS m/z 492.2 CG/MS (EI) calcd foss83,Br, m/z 492,09, found 492,10. Elemental

analysis calcd for &H3.Br,: C, 60.99; H, 6.55; Br, 32.46. Found C, 60.856H9.

4.5.2 Sinthesis of 2-bromo-9,9-dihexyl-9H-fluorée

Following the same procedure of compoun@-bromo-9H-fluorene (1 g, 4.1 mmotgrt-BuONa
(2.57 g, 16.4 mmol) and Kl (0.067 g, 0.41 mmol) everixed in anhydrous THF (9 mL) and stirred
under a nitrogen atmosphere for 1h. Bromohexari2 @, 15.3 mmol) was added dropwise and the
reaction mixture was stirred overnight at reflukieTreaction mixture was cooled to rt, poured in
water and extracted with diethyl ether. The orgdaijer was washed with water and dried over
anhydrous Ng50O, and the solvent was evaporated under a reducsdysee The crude residue was
purified by column chromatography on silica geligit petroleum ether), to yield the pure product

2 as a yellow-orange oil (96% yieldH NMR (400 MHz, CDC)): § 7.68-7.65 (m, 1H), 7.56 (d,
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= 8.67 Hz, 1H), 7.46-7.44 (m, 2H), 7.34-7.32 (m)3H98-1.92 (m, 4H), 1.14-1.03 (m, 12H), 0.77
(t, 6H), 0.63-0.56 (m, 4H)*C NMR (100 MHz, CDGJ): 6 152.77, 150.11, 139.93, 139.82, 129.66,
127.25, 126.71, 125.92, 122.67, 120.81, 120.74,5B1%5.17, 40.10, 31.28, 29.45, 23.47, 22.38,
13.80. GC-MS calcd for £H33Br m/z 412.18, found 412,20. Elemental analysiscaaior

CasHssBr: C, 72.63; H, 8.05; Br, 19.33. Found C, 72.758H.09.

4.5.3 Sinthesis of 4-bromo-N,N-bis(4-methoxyphaniiie (3)

A mixture of bis(4-methoxyphenyl)amine (3.00 g, 18 mol), 4- bromoiodobenzene (4.64 g, 16.4
mmol), tert-BuONa (1,89 g, 19.7 mmol), Rdbak- CHCk (0.068 g, 0.066 mmol) and dppf (1, 1'-
bis(diphenylphosphino)ferrocene) (56 mg, 0.10 mm@}$ heated in dry toluene (20 mL), under a
nitrogen atmosphere, at 90 °C for 24 hours. Theestlwas removed under vacuum and the residue
was dissolved in dichloromethane and washed witkerwal he organic layer was dried over
anhydrous Ng50O, and the solvent removed at a reduced pressurecrlide product was purified
by flash chromatography on silica gel (eluent,CH/petroleum ether 3/7), to yield the pure product
3 as a grey solid (80% yield). Mp 96 - 98 “El NMR (400 MHz, acetone): & 7.29 (d,J = 8.9
Hz, 2H), 7.06 (dJ = 8.9 Hz, 4H), 6.91 (d] = 8.9 Hz, 4H), 6.74 (d] = 8.9 Hz, 2H), 3.79 (s, 6H).
3C NMR (100 MHz, acetonds): & 156.40, 148.20, 140.00, 131.45, 126.79, 120.8%,65]
111,04, 54.64. LCMS (APCI) calcd for,g1BrNO, [M+H'] 384.1, found 384.4 Elemental
analysis calcd for §H1sBrNO,: C, 62.51; H, 4.72; Br, 20.79; N, 3.65. Found 2.56; H, 4.81; N,

3.58.

4.5.4 Sinthesis of 4-(4-(bis(4-methoxyphenyl)anpinefyl)-2-methylbut-3-yn-2-64)

To a solution of compound (2.0 g, 5.22 mmol) in dry piperidine (16 mL) waddad 2-methyl-3-

butyn-2-ol (0.658 g, 7.83 mmol). After the solutivas degassed with a nitrogen flow for 30 min,
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Pd(PPh).Cl, (37 mg, 0.052 mmol), Cul (25 mg, 0.13 mmol) anchP272.78 mg, 1.04 mmol)
were added. The reaction mixture was refluxed uadaitrogen atmosphere for 10 h. The reaction
mixture was cooled to rt, filtered, and the preei@ was rinsed with diethyl ether, and the
combined filtrates were dried over anhydrous®@, and evaporated to dryness. The residue was
purified by column chromatography on silica gelgzit ethyl acetate/petroleum ether 2/8), to yield
the pure product as a dark syrup, (97% yieldHd NMR (400 MHz, Acetonel): § 7.17 (dJ = 8.9

Hz, 2H), 7.07 (dJ = 9.0 Hz, 4H), 6.92 (d] = 9.0 Hz, 4H), 6.73 (d] = 8.9 Hz, 2H), 4.36 (s, 1H),
3.79 (s, 6H), 1.50 (s, 6H}C NMR (100 MHz, Acetonek): 156.52, 148.59, 139.81, 131.92,
127.08, 118.24, 114.64, 113.67, 93.37, 80.85, 6452064, 31.11. LCMS (APCI) calcd for
C2sH25NOs [M+H™] 388.2, found 388.4. Elemental analysis calcddgi,sNOs: C, 77.49; H, 6.50;

N, 3.61; O, 12.39. Found C, 77.41; H, 6.63; N, 3.51

4.5.5 Sinthesis of 4-ethynyl-N,N-bis(4-methoxyphamiine (5)

Compound4 (2.00 g, 5.16 mmol) and KOH powder (852 mg, 15Mmol) were dissolved in 2-
propanol (30 mL). The reaction mixture was stire¢édeflux under a nitrogen atmosphere for 2 h,
then quenched in ice/water and extracted with gietther. The organic layer was dried over
anhydrous Ng50O, and the solvent removed under vacuum. The resihgepurified by column
chromatography on silica gel (eluent ethyl acepatiebleum ether 25/75), to yield the pure product
5 as a golden yellow solid, (85% yieldHd NMR (400 MHz, Acetonel): § 7.26 (d,J = 8.9 Hz,
2H), 7.09 (dJ = 9.0 Hz, 4H), 6.93 (d] = 9.0 Hz, 4H), 6.73 (d] = 8.9 Hz, 2H), 3.80 (s, 6H), 3.48
(s, 6H). °C NMR (100 MHz, Acetonel): & 159.69, 149.22,139.59, 132.49, 127.30, 117.83,
114.68, 112.28, 83.70, 76.26, 54.65. LCMS (APClgador CHigNO, [M+H?] 330.2, found
330,6 Elemental analysis calcd fogB:9NO,: C, 80.22; H, 5.81; N, 4.25; O, 9.1. Found C, 80.4

H, 6.01; N, 4.27.
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4.5.6 Sinthesis of 4-methoxy-N-(4-methoxypheny$-44,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)phenyl)aniling(6)

In an oven-dried 25 mL three-neck round bottom kflaa solution of 4-bromo-N,N-bis(4-
methoxyphenyl)aniline3 (0,7 g, 1.82 mmol) in anhydrous THF (8 mL) waspared under a
nitrogen atmosphere. The reaction mixture was cbte-78°C and nBuLi (2.5 M in hexane, 2
mmol) was added dwopwise. The reaction mixture kegst at -78°C for 1h, then 2-isopropoxy-
4,4,5,5-tetramethyl-1,3,2-dioxaborolane (0.443 g4 é&hmol) was added dropwise. The reaction
mixture was allowed to warm to rt and stirred ovginh The mixture was poured into the water and
extracted with diethyl ether. The organic layer wagd over anhydrous NaO, and the solvent
evaporated under a reduced pressure, to affordoanish oil that was purified by column
chromatography on silica gel (eluent hexanefClk7/3), to yield the desired produgts a purple-
brown oil (40% yield)*H NMR (400 MHz, Acetonel) & 7.53 (d,J = 8.7 Hz, 2H), 7.08 (d] = 9.1
Hz, 4H) 6.93 (d,] = 9.1 Hz, 4H), 6.77 (dJ = 8.7 Hz, 2H), 3.80 (s, 6H), 1.30 (s, 123C NMR
(100 MHz, Acetoneds) 6 156.55, 151.41, 139.92, 135.44, 127.22, 117.44,611 82.93, 54.66,
24.09. LCMS (APCI) calcd for £gH30BNO, [M+H'] 432.2, found 432.3. Elemental analysis calcd

for Co6H30BNO4: C, 72.40; H, 7.01; B, 2.51; N, 3.25; O, 14.84uRred C, 72.62; H, 7.00; N, 3.21.

4.5.7 Sinthesis of 9,9-dihexyl-N2,N2,N7,N7-teti@kinethoxyphenyl)-9H-fluorene-2,7-diamiihe

A microwave reactor vessel was charged with com@oin(0.200 g, 0.406mmol), bis(4-

methoxyphenyl)amine (0.204 g, 0.90 mmadhrt-BuONa (0.128 g, 1.33 mmol) and anhydrous
toluene (4 mL). The reaction mixture was degassiéu avgon at room temperature for 15 minutes,
then Pd(dba)(5 mol %, 0.012g, 0.02 mmol) and P(t-B{@M in toluene, 0.040 mmol) were added

and the reaction mixture reacted at 110°C in aoniarve reactor for 50 minutes. Upon cooling, the
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solvent was removed under a reduced pressure anmctubde product was dissolved in £&Hy and
washed with water. The organic layer was dried evdrydrous Ng&5O, and the solvent evaporated
under a reduced pressure. The crude product watedury column chromatography on silica gel
(petroleum ether/CHCl, 7/3), to yield the desired compouhds a grey solid (90% vyieldd NMR
(400 MHz, Acetonedg) § 7.50 (d,J = 8.2 Hz, 2H), 7.02 (d] = 9.0 Hz, 8H), 7.00 (dJ = 2.0 Hz,
2H), 6.87 (d, J = 9.0 Hz, 8H), 6.83 (dHd,= 8.2,J, = 2.0 Hz, 2H), 3.78 (s, 12H), 1.79-1.75 (m, 4H),
1.20-1.07 (m, 12H), 0.83 (@,= 7.1 Hz, 6H), 0.75-0.66 (m, 4HYC NMR (100 MHz, Acetonel) &
155.50, 151.28, 147.26, 141.30, 134.65, 125.44,59820119.18, 116.37, 114.37, 54.61, 54.44,
39.77, 31.19, 23.50, 22.11, 13.26. LCMS (APCI) ddtr Gs3HgoN204[M+H™] 789.4, found 789.8.
Elemental analysis calcd fors§Hs0N2O4: C, 80.67; H, 7.66; N, 3.55; O, 8.11. Found C880H,

7.99; N, 3.47.

4.5.8 Sinthesis of 4,4'-(9,9-dihexyl-9H-fluoren@-&iyl)bis(N,N-bis(4-methoxyphenyl)anilingf)

2,2'-(9,9-Dihexyl-9H-fluorene-2,7-diyl)bis(1,3,2akaborinane) (400 mg, 0,786 mmol), compound
3 (732 mg, 1.91 mmol) and MNaO; (1.70 g, 16 mmol) were added to a mixture of to&ué8 mL),
water (4 mL) and ethanol (4 mL). The mixture wagassed at room temperature under a nitrogen
flow for 2 hours, before adding Pd(PPh(36 mg, 0.031 mmol), then stirred at 80°C for DRirs.
The reaction mixture was concentrated under vacuunsed with water and the product extracted
with dichloromethane. The organic layer was driedroanhydrous N&O, and the solvent was
evaporated under a reduced pressure. The crudieieesas purified by column chromatography on
silica gel (hexane/C¥Tl, 6/4), to yield the pure produtit as a yellow-green solid (80% yieldH
NMR (400 MHz, Acetonels) & 7.83 (d,J = 7.9 Hz, 2H), 7.72 (d) = 1.2 Hz, 2H), 7.63-7.59 (m,
6H), 7.10 (dJ = 9.10 Hz, 8H), 6.97-6.92 (m, 12H), 3.81 (s, 128 NMR (100 MHz, Acetone-
ds) 0 156.09, 151.33, 148.07, 140.56, 139.42, 139.22,943 127.15, 126.44, 124.90, 120.30,

120.24, 119.70, 114.55, 54.98, 54.65, 39.95, 3128%6, 22.08, 13.12. LCMS (APCI) calcd for
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CesHesN20O4 [M+HT] 941.5, found 941,8. Elemental analysis calcd @GggHgsN2O4: C, 82.94; H,

7.28; N, 2.98; O, 6.80. Found C, 83.18; H, 7.392N9.

45.9 Sinthesis of 4,4-((9,9-dihexyl-9H-fluorené-8iyl)bis(ethyne-2,1-diyl))bis(N,N-bis(4-

methoxyphenyl)aniling)11)

A microwave vessel was charged with compodn@00 mg, 0.205 mmol), Cul (1.54 mg, 0.008
mmol), compound (162 mg, 0.492 mmol) and a mixture 1:5 of TEA/DN&mL). The mixture
was degassed under argon at room temperature foniddtes, then Pd(PBBaCIl, (6 mg, 0.008
mmol) and PPHh (42 mg, 0.16 mmol) were added. The reaction métwas heated in the
microwave reactor at 100 °C for 50 minutes, thevlexbto rt, diluted with diethyl ether and washed
with water. The organic layer was collected ancdirover anhydrous N&80O,. Removal of the
solvent under a reduced pressure resulted in aecrasidue, which was purified by column
chromatography on silica gel (petroleum ether/Clk16/4), to yield the desired compouht as a
yellow solid (75% yield)*H NMR (400 MHz, Acetonel) & 7.82 (d,J = 7.9 Hz, 2H), 7.58 (s, 2H),
7.50 (ddJ =7.9,J = 1.4 Hz, 2H), 7.36 (d] = 8.9 Hz, 4H), 7.13 (d] = 9.0 Hz, 8H), 6.95 (d] = 9.0
Hz, 8H), 6.89 (d)J = 8.9 Hz, 4H), 3.81 (s, 12H), 2.14-2.10 (m, 4HL4t1.02 (m, 4H), 0.75 (8 =
6.8 Hz, 6H), 0.64-0.56 (m, 4H}’C NMR (100 MHz, Acetonels) & 156.75, 150.88, 149.03, 14.20,
139.63, 132.08, 130.22, 127.32, 125.29, 122.49,9019117.97, 114.89, 113.21, 90.23, 88.55,
54.99, 54.67, 39.75, 31.20, 29.20, 23.51, 22.121213LCMS (APCI) calcd for gsHesN204
[M+2H"] 990.5, found 990.1. Elemental analysis calcddgiessN2.O4: C, 83.77; H, 6.93; N, 2.83;

0, 6.47. Found C, 83.89; H, 7.11; N, 2.98.
4.5.10 Sinthesis of 9,9-dihexyl-N,N-bis(4-methogpyh-9H-fluoren-2-aminéV)

In an oven dried 25 mL three-neck round bottomkfldd(dba) (2 mol%, 0.014 g, 0.0214 mmol)

and P{Bu)s (1 M in hexane, 0.0484 mmol) and anhydrous toly@nmL) were stirred at rt under a
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nitrogen atmosfere for 15 min. Then, compourdi (0.500 g, 1.21 mmol), bis(4-
methoxyphenyl)amine (0.305 g, 1.33 mmol) &d-BuONa (0.290 g, 3.03 mmol) were added and
the resulting mixture was stirred at reflux for A8urs. The solvent was removed and the crude
product was dissolved in dichloromethane and wash#tdwater. The organic layer was dried over
anhydrous Nz50Oy, and the solvent evaporated under vacuum. The guusbiuct was purified by
column chromatography on silica gel (eluent hex@hieCl, 8/2), to yield the pure produty as a
yellow viscous-liquid (91% yield)H NMR (400 MHz, Acetonels) 8 765 (d, J = 6.9 Hz, 1H), 7.60
(d,J = 8.2 Hz, 1H), 7.36 (d] = 6.8 Hz, 1H), 7.28 (dt}; = 7.4 Hz,J, = 1.3 Hz, 1H), 7.22 (dt}; =

7.4 Hz,J, = 1.3 Hz, 1H), 7.05-7.03 (m, 5H), 6.89 (b= 9.1 Hz, 4H), 6.86 ( ddl, = 8.2 Hz,J, =

2.1 Hz, 1H), 3.79 (s, 6H), 1.98-1.82 (m, 4H), 11183 (m, 12H), 0.79 (t, 6H), 0.72-0.57 (m, 4H).
3C NMR (100 MHz, Acetonels) & 155.66, 151.50, 150.01, 148.24, 141.18, 141.03.383
126.57, 125.73, 125.67, 122.39, 120.24, 119.97,561816.06, 114.42, 54.62, 54.55, 39.83, 31.18,
29.20, 23.46, 22.09, 22.08, 13.18. LCMS (APCI) ddhr GsoH47NO, [M+H"] 562.4, found 562.6.
Elemental analysis calcd forsgH4/NO,: C, 83.38; H, 8.43; N, 2.49; O, 5.70. Found C583H,

8.49; N, 2.44.

4.5.11 Sinthesis of 4-(9,9-dihexyl-9H-fluoren-2NIN-bis(4-methoxyphenyl)anilir{¥')

A 50 mL three-neck round bottom flask was chargéti Wa,CO; (1.44 g, 13.6 mmol), O (3.5
mL) and ethanol (3.5 mL), compou2d0.280 g, 0.677 mmol), compousd0.320 g, 0.742 mmol)
and toluene (7 mL). The mixture was degassed ahrmonperature under a nitrogen flow for 2
hours, before adding Pd(P#$h(0.008 g, 0.009 mmol) and then stirred at 80°C 36r hours.
Toluene was evaporated and the crude product wasdiwith CHCI, and washed with water. The
organic layer was dried over anhydrous,®l@, and the solvent evaporated under a reduced
pressure. Purification by column chromatographx#éne/CHCI, 8/2) afforded the pure produ¢t

as a light yellow solid (56% yield). Mp: 109-111%8 NMR (400 MHz, Acetonel) & 7.81 (d, J =
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7.9 Hz, 1H), 7.80-7.78 (m, 1H), 7.70 @= 1.5 Hz, 1H), 7.61-7.56 (m, 3H), 7.46-7.44 (m,)1H
7.36-7.29 (m, 2H), 7.08 (d,= 8.9 Hz, 4H), 6.95 (d] = 8.7 Hz, 2H), 6.93 (d] = 8.9 Hz, 4H), 3.80
(s, 6H), 2.17-2.07 (m, 4H), 1.14-0.97 (m, 12H),30(, 6H), 0.68-0.59 (m, 4H}*C NMR (100
MHz, Acetoneds) 6 156.09, 151.05, 150.50, 148.08, 140.81, 140.5B.583 139.48, 132.93,
127.17, 126.70, 126.64, 126.43, 124.85, 122.61,3120120.25, 119.75, 119.36, 114.55, 54.84,
54.65, 39.92, 31.15, 29.23, 23.49, 22.06, 13.1MSCGAPCI) calcd for GsHsiNO, [M+H'] 638.4,
found 638.7. Elemental analysis calcd fagtzi1NO.: C, 84.73; H, 8.06; N, 2.20; O, 5.02. Found C,

84.88: H, 8.19: N, 2.04.

4.5.12 Sinthesis of 4-((9,9-dihexyl-9H-fluoren-gthynyl)-N,N-bis(4-methoxyphenyl)aniliid)

A microwave reactor vessel was charged with comgdu(300 mg, 0.728 mmol), compourkd
(288 mg, 0.874 mmol), Cul (4 mg, 0.036 mmol) andchiature of 1/5 TEA/DMF (8 mL). The
reaction mixture was stirred under a nitrogen aphese at rt for 10 minutes, then Pd(B&Dl, (10
mg, 0.015 mmol) and PRH76.58 mg, 0.292 mmol) were added. The resultingture was
submitted to a 100W power irradiation for 1h. Ugmoling, the mixture was diluted with diethyl
ether and washed with water. The organic layer aveesi over anhydrous N8O, and the solvent
evaporated under vacuum. The crude product wasigalily column chromatography on silica gel
(eluent petroleum ether/GaIl, 1/1), to yield the pure produdtl as a yellow wax-solid (yield
95%)."H NMR (400 MHz, Acetonelk): 5 7.82-7.78 (m, 2H), 7.57 (s, 1H), 7.49-7.45 (m, 2H}6-
7.34 (m, 4H), 7.12 (dJ = 9.0 Hz, 4H), 6.95 (d] = 9.0 Hz, 4H), 6.79 (d] = 8.8 Hz, 2H), 3.81 (s,
6H), 2.09-2.05 (m, 4H), 1.14-0.98 (m, 12H), 0.756f#), 0.65-0.54 (m, 4H):*C NMR (100 MHz,
Acetoneds) 6 156.71, 150.58, 148.95, 140.93, 140.34, 139.68,663 132.04, 130.08, 127.34,
127.29, 126.80, 125.31, 122.70, 122.06, 119.76,5819118.07, 114.72, 113.32, 89.85, 88.63,

54.86, 54.67, 39.82, 31.17, 29.22, 23.46, 22.09,2L3 CMS (APCI) calcd for &Hs;NO, [M+H"]
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662.40, found 662,7. Elemental analysis calcd fgHGNO,: C, 85.28; H, 7.77; N, 2.12; O, 4.38.

Found C, 85.49; H, 7.89; N, 2.15.
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Highlights

Six biarylaminofluorene-based systems were synthesized and characterized.

Optically induced electron transfer pathway was investigated varying the length bridge

connecting the redox centers.

Redox-controlled modulation of absorption and fluorescence was studied.

D-1-D* showed interesting NIR absorption.
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