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Highlights:

Novel and well-soluble derivatives of 4'-phenyl-H22"-terpyridine were obtained
The influence of acetylene linker on thermal, el@dbiemical, optical and
electroluminescence properties was examined

Efficient luminophores with high photoluminesceribé) and quantum yieldsp(
OLEDs devices containingill and T4 as emitters showed green to orange

electroluminescence
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Abstract

Novel derivatives of 4'-phenyl-2,2".6',2"-terpynd (tpy) with ethynyl (T1), 2-ethynyl-9,9-
dioctylfluorene T2), 9,9-dioctylfluorene T3), 9-ethynyl-10-decyloxyanthraceneT4)
substituents were obtained via Sonogashira or SWMiylaura coupling reactions,
respectively, and thoroughly characterized. Thesqmee of ethynyl bridge impacts
photophysical properties of novel compounds bytisigifabsorption and emission spectra
towards longer wavelengths as compared3pwhere fluorene is connected with tpy via a
single bond. TGA measurements showed that amongeaheterpyridines those obtained as
solids exhibited high thermal stability as opposedhose which were oils (tpy containing
fluorene motif). Due to the fact that high therrstbility of 4'-phenyl-2,2".6',2"-terpyridine
derivatives showed photoluminescence (PL) quantighl ¥®) in the range of 27 - 84% in
solution, their electroluminescence ability wagedan diodes with guest-host configuration.
For the ccompounds dispersed in a matrix consistingply(9-vinylcarbazole) (PVK) (50 wt
%) and (2tert-butylphenyl-5-biphenyl-1,3,4-oxadiazole) (PBD) (%@ %) radiation with
maxima between 374 to 531 nm and characterized @itin the range of 8 - 12% was
observed. They exhibited green or violet electroh@scence. The results confirmed
substantial role of aryl groups and the linker he presented terpyridines in terms of their
thermal, electrochemical, optical and electrolursgence properties. In addition, density
functional theory (DFT) and time-dependent-densitynctional theory (TD-DFT)
calculations were performed to provide an indepehdapport and deeper insight into the

experimental results.

Key words: Terpyridines, Organic electronics, Luminescence,TDstudy, Fluorene,

Anthracene
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1. Introduction
For almost ninety years many derivatives of 2,2"&erpyridine (tpy) functionalized

at different positions have been synthesised [&f8] these efforts were mainly driven by
their distinguished photophysical and electrochamproperties [4-6]. In particular, tpy
derivatives due to their high binding affinity tomdatransition-metal (tridentate ligand
feature), n-stacking ability, directedH-bond formation and synthetic accessibility have
become frequently used units in material chemistgearch related to organic electronics,
medicine, catalysis and optoelectronics [6-11].
Simple 2,2".6',2"-terpyridine derivatives can lyatkesised based on the Krohnke reaction,
which is a one-pot reaction using commercially Edé materials in simple medium [12,
13]. Products obtained in this way can be usedtlreroreactions, i.e. coupling reaction,
which allows to obtain materials with desired plpbitgsical properties. Derivatives of 4'-
phenyl-2,2"6",2"-terpyridine can be obtained uz&i-Miyaura cross-coupling reaction from
appropriate precursors. 4'-(4-Ethynylphenyl)-2;2'6terpyridine and its derivatives can be
synthesised in Sonogashira cross-coupling reafibnl5].
The differences between 4'-phenyl-2,2":6',2"-tddoye and 4'-(4-ethynylphenyl)-2,2":6",2"-
terpyridine with the same substituent was studie@Gbowei Gao et al. based on corannulene
motif [16]. They showed that compound with acetgldimker exhibits a bathochromic shift
of absorption spectrum and higher fluorescence tguaryield in comparison to compound
with substituent connected directly to phenyl. Rartmore, triple bond enhances the
conjugation of the molecule and enables more efiicenergy transfer.
In the literature there are described 4'-phenyl@,2"-terpyridine derivatives with ethynyl
[17-19], 9,9-dihexylfluorene, [15] and 2-ethynyBSjihexylfluorene [15, 20] substituents,
but results are focused primarily on the synthesisthese compounds, while either
photophysical or electrochemical properties as wvaslin silico investigations are rarely
discussed. A series of bis(terpyridine) isomersermrefl to 2-TerPyB, 3-TerPyB, and 4-
TerPyB was investigated and studied as electrovsp@t materials in OLEDs with
extremely low operating voltage of 2.2 V at a luarne of 1 cd M [21].
Terpyridine/diphenylamine derivatives used as blfleorescent emitters and red
phosphorescent hosts in OLEDs provided the maxiraxtarnal quantum efficiency (EQE)
of 4.9% in non-doped blue fluorescent OLEDs andh@st materials in red phosphorescent
OLEDSs exhibited maximum EQE of 20.9% [22].
To the best of our knowledge, 4'-(4-ethynylpher®yB=6',2"-terpyridines with anthracene

motif have not been described.



125
126
127
128
129
130

131

132
133
134
135
136
137
138
139
140
141
142
143
144
145
146

Herein, we described the synthesis of 4'-phenyt@,2"-terpyridine withethynyl (T1), 9,9-
dioctylfluorene T2), 2-ethynyl-9,9-dioctylfluorene T@3), 10-decyloxyanthracene T4)
substituents. The synthesis effort have been camgileed by detailed spectroscopic,
photophysical, theoretical and electrochemical isgidvith compoundd'l and T4 being

tested in diodes with guest-host configuration.

T1 T2 T3 T4

Figure 1. Structure of 4'-phenyl-2,2".6",2"-teidyre derivatives 1-T4.

2. Results and discussion

2.1. Synthesis and structural characterization

The structure of designed 4'-phenyl-2,2"6',2pyadine derivativesT1-T4 is presented in
Figure 1. Scheme 1 shows the synthesis route (é-éthynylphenyl)-2,2":6',2"-terpyridine
(T1) and intermediate '44-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-ylgolyl)-2,2,6',2"-
terpyridine @). The first step was conducted based on the wallska procedures from
commercially available 4-bromobenzaldehyde and éy#myridine in Krohnke reaction,
which resulted in 4'-(4-bromophenyl)-2,2".6',2fpyridine [23]. The Sonogashira cross-
coupling reaction ot with trimethylsilylacetylene (TMSA) catalyzed bld(PPh)4] gave 4'-
(4-ethynylphenyl)-2,2":6',2"-terpyridineT{) with 92% vyield [24]. Boronate est& was
obtained in the Suzuki-Miyaura coupling reactiommeenl and bis(pinacolato)diboron with
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catalyst [Pd(pddfCl,] with 33% yield [25, 26]. The routes of synthesfsaryl intermediates
are presented in Scheme 2. lodoarémeas obtained from commercially available fluorene
upon iodination followed by alkylation under phasmsfer catalysis (PTC) conditions to
afford 2-iodo-9,9-dioctylfluorenedj with 79% vyield [27, 28]. Intermediat@ was obtained
from commercially available anthrone in alkylatigeaction followed by bromination
resulting in 9-bromo-10-decyloxyanthracene with 2@etd.

The target 4'-(4-ethynylphenyl)-2,2":6',2"-terplynie derivativesI2 andT4 were obtained in
[Pd]/[Cu]-catalyzed Sonogashira cross-coupling tieaavith respective haloaromatidsor 6
(Scheme 3). The desired 4'-phenyl-2,2"6',2"-tednye derivativeT3 was obtained in [Pd]-
catalyzed Suzuki-Miyaura cross-coupling reactiothviwdoarenet. The yields of conducted
reactions were in the range of 26 - 92%. The com@stlil andT4 were obtained as solids
(T1 - beige, T4 - orange), compound&? andT3 were obtained as 0il§ 2 - dark yellow,T3

- yellow-orange).

The novel compoundE1-T4 were fully characterized by standard spectroscomthodsH
and*C NMR and mass spectrometry. In addition, all #sulting compounds are perfectly
soluble in organic solvents such as dichloromethah®roform, acetone, tetrahydrofuran,
ethyl acetate, what allows to easy purification ahdracterization. Moreover, they are easy

to handle, what is important for device preparation
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Scheme 1. Synthesis route of compouhd®, andT1. Reagents and conditions: a) KOH,
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171  Scheme 2. Synthesis routes of compouBes Reagents and conditions. a) I, HslOg,
172 AcOH/H,O/H,SO,, 70 °C, 6 h; b) 50% NaQk, TBAB, n-CgHi/Br, DMSO, room temp.,
173 12 h; c)n-Cy0H2.Br; TBAI, KOH, H,O, toluene, rf, 5 h; d) NBS, DMF, room temp., 12 h.

[Pd(PPh,),], Cul

THF, NEt,, 78 °C

T4 (Y = 26%)

4, [Pd(PPh,),], Na,CO,

THF, H,0, 80 °C

T3 (Y = 55%)

174
175  Scheme 3. Synthetic routes for the preparationi2eT 4.
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177 2.2. Thermal properties

178

179 The thermal stability of the prepared 4'-phenyl:B;2"-terpyridine derivatives was
180 evaluated using thermogravimetric analysis (TGAXemnitrogen atmosphere and the
181 obtained data are presented in Table 1, whereagd-@ depicts representative TGA and
182 DTG thermograms of compoundg andT4.
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Table 1. Thermal stability of1-T4 compounds.

TGA
Code o o Char residue
Td [ C] TmaX [ C] at 900 °C [%]
Tl 309 307, 441, 565, 638, 734 61
T2 137 460 28
T3 145 468, 507 10
T4 286 348, 394 38

Tq— temperature of 5% weight loss,.f— the maximum decomposition
rate from DTG thermograms.
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Figure 2. TGA with DTG curves @2 (a) andT4 (b).

The TGA curves showed that the beginning of decaitipo (Ty), which corresponds to the
temperature of 5% sample weight loss during heatmas the highest fofl and T4.
Introduction of fluorene unit to tpy framé&'Z and T3) significantly lowered I The
presence of acetylene bond provided higher amoltiteochar residue. It was found that
compoundT1 possessing only the ethylene substituent hasrlibtemal stability than other
compounds. DTG curves revealed that compounds flutinene derivative exhibit one (for
T2) and two (forT3) weight-loss peaks. The presence of acetylenedihlas minimal impact
on the thermal stability. In the case ®f the weight-loss peak with two maxima was
registered. Additionally, for compounds which wémea solid state, that i§1 andT4, the
differential scanning calorimetry (DSC) measurersentre carried out. The first heating
scan ofT1 revealed two endotherms with maximum at 129 arfel X7. DSC thermogram
registered at second heating run after rapid cgahmowed only glass transition temperature
(Tg) at 62 °C. During further heating @fL above 175 °C at first heating run the exotherme
was seen with a maximum at 198 °C. 4'-Phenyl-2,2"8erpyridine derivative denoted as

T4 was also molecular glass witly @t 33 °C obtained in second heating DSC scanhéurt



209 heating above Jrevealed crystallization and melting peaks at 448 157 °C, respectively.
210 The first heating o4 yields crystallization and melting peaks at 87 &b@ °C, typical of a
211 monophase crystalline solid.

212

213 2.3. DFT studies

214

215  To gain useful information about the geometry aptical properties of obtained terpyridines
216  T1-T4 the density functional theory (DFT) and time-degemt-density functional theory
217  (TD-DFT) calculations were performed. The B3LYP lexiege-correlation functional with 6-
218 31G** basis set, as implemented in the Gaussiarp@@ram, was employed [29]. The
219  B3LYP/6-31G** geometries were optimized in dichlorethane solution in the polarisable
220 continuous model (PCM), structures fbt-T4 are presented in Table 2. It can be seen that
221  the connecting phenyl ring and the central pyriding are twisted by about 35° with respect
222 to each other. The substituents connected viaetdggnd inT2 and T4 are in coplanar
223 position to phenyl ring, while i3 the fluorene motif is twisted by about 35°. Ona sae
224  that acetylene linkage improves the planarity & fubstituents. The geometry affects the
225 photophysical properties, for instance, &2 compound due to its coplanarity shows higher
226 quantum yield in comparison to the compound withssituent connected direct to phenyl
227  T3. The triple bond causes the faster and more effienergy transfer.

228 Electrostatic potential energy maps féfi-T4 are showed in Figure S10 (Supporting
229 Information), they illustrate three-dimensional & distributions of molecules. It
230 determines mutual interactions between moleculgsalso — which is important in our case -
231 it confirms the tridentate ligands feature.

232 A schematic representation of the frontier molecuwebitals and the energy gapaH)
233  between the highest occupied molecular orbital (HOMand the lowest unoccupied
234  molecular orbital (LUMO) for described compoundspiesented in Figure 3. The value of
235  AE forT1-T4 is respectively 4.60, 3.63, 3.98, and 2.79 eV.

236 In the case off2 and T4 the electrons in the HOMO are mainly localized tbe aryl
237  substituents, ethynyl linkage, and terminal pheing. The HOMO ofT3 is located on the
238 aryl motif and terminal ring. The LUMOs df2 and T4 are mainly delocalized on ethynyl
239  bridge, phenyl ring and, partially, on central pyme ring and aryl motif. Localization of
240 LUMO in T3 is similar, but due to the absence of triple bomdarger part of LUMO is
241  delocalized on terpyridine unit. Moreover, the &lglgains participate neither in HOMO nor

242 in LUMO energy levels, thus giving little influenoa the optical properties, but on the other
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hand, their existence significantly improves thiisiity of compounds. The introduction of
acetylene linker toT3 has no effect on the localization of frontier nwllar orbitals.
Occupied frontier orbital fofl is also localized on ethynyl linkage, and termiphkenyl
ring, but the HOMO is delocalized on almost the ighnolecule.

The next part ofn silico studies concerns prediction of absorption spdmtrasing TD-DFT
calculations, which were also carried out at th&B3 level of theory with a 6-31G** basis
set. Calculated wavelengths in absorption speas@illator frequencies (f) and transitions for
the highest oscillators (f > 0.20) are listed inblBa3. The obtained results compared to
experimental data show shifts. In the range ofutated absorption spectra fiv&@1), six
(T2, T3) and twelve T4) main bands were seen. What is more, the expetahahsorption
bands are wide, what can cause diminishing of ptees intense bands. The differences of
the absorption energies of examined compouhtisT4 with experimental data may be

related to solvent polarity and explained by speaiblvent effects.

Table 2. B3LYP/6-31G** calculated geometries 1dr-T4.
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262

263 Table 3. Wavelength maxima [nm] of absorption sgetbgether with oscillator strengths
264  calculated fofT1-T4 molecules with TD-DFT method.

Calculated
Code wavelengths [nm] Transitions
(oscillator strengths)
302 (0.17)
H-2—LUMO (25%), HOMO—-LUMO (62%),
295 (0.58) H-1-LUMO (4%)
H-2—LUMO (53%), HOMGO—LUMO (30%),
T1 294 (0.29) H-6—LUMO (3%), H-5—-LUMO (5%),
H-2—L+2 (3%)
H-1-L+1 (86%), H-3-L+1 (3%),
264(0.27) HOMO—»L(+2 (42’/0) %)
250 (0.24) H-15L+2 (78%), H-4-L+1 (8%), H-1->L+4 (3%)
384 (1.86) HOMO—LUMO (98%)
T2 314 (0.26) HOMO—L+2 (95%), H-2-LUMO (2%)

303 (0.15)
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291 (0.10)

263 (0.13)

258 (0.18)

347 (1.16) HOMG-LUMO (97%)

295 (0.40) HOMG-L+2 (87%), H-1-LUMO (6%)

294 (0.22) H-15LUMO (74%), H-25L+1 (2%), H-15L+2 (2%),

T3 HOMO—L+1 (8%), HOMO—L+2 (7%)

270 (0.11)

263 (0.19)

253 (0.18)

480 (0.89) HOMG-LUMO (99%)

332 (0.24) H-1>LUMO (85%), H-2>LUMO (2%)),
HOMO—L+1 (2%), HOMO-L+3 (7%)

318 (0.29) HOMO-L+3 (86%), H-1->LUMO (8%)

278 (0.14)

277 (0.16)
H-10—LUMO (20%), H-3—LUMO (20%),

276 (0.27) HOMO—L+6 (14%), HOMO-L+8 (18%)

T4 H-11—LUMO (4%), H-7—»LUMO (2%), H-5—L+2

(2%), H-3—L+1 (6%)

273 (0.12)

272 (0.15)

267 (0.16)

263 (0.22) H-2>L+2 (84%)

254 (0.47) I(—|5-03A)7L+1 (78%), HOMO-L+6 (11%), H-1>L+6

247 (0.18)

2.4. Photophysical properties

2.4.1. UV-Vis absorption and photoluminescence in solution

The UV-Vis absorption and photoluminescence emmsgPL) spectra of the terpyridine
derivatives T1-T4 were investigated in dichloromethane (i) solution at room
temperature and are presented in Figure 4a anché.td8rpyridinesT1-T4 exhibit broad
absorption spectra between 239 and 449 nm. Themlmsoset of each compound consists at
least of three peaks. The first absorption bandsTicT4 are located between 239 and
324 nm and can be identified with—=n* transitions of the conjugated pyridine rings [30]
For compoundsT2-T4 the additional absorption bands appear betweenad#l0449 nm,
which can be ascribed to the intramolecular chénayesfer (ICT) states between fluorene and
anthracene units acting as donors and electrorptiogeterpyridines. The absorption bands

of T4 are considerably red-shifted compared @ and T3, indicating stronger ICT
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interaction in T4 caused by higher donor ability of 9-decyloxyantierae substituent.
Moreover, the maximum absorption peaksT&f with a single bond, is shifted to shorter
wavelengths by around 19 nm as compared to compdRmith acetylene linkage between
tpy and fluorene units. The observed red-shift wabpect tar'3 is attributed to extension of
7 conjugation.

Photoluminescence properties of compouddsT4 recorded in CKCl, solutions are
presented in Figure 4b and the obtained data dlectaxl in Table 4. The PL spectraTf-

T4 in solution feature strong emission peaks in gnege of 349-495 nm. The maxima of
emission decrease fromil (359 nm) througi3 (407 nm) and'2 (410 nm) toT4 (495 nm),
which is related to the structure of the investgaterpyridine derivatives. The compouhtl
emits blue light, whereas the presence of additieraninal substituents, such as fluorene
(T2 andT3) and anthracenel4) in the backbone, generates the blue-reddighand T3)
and orangeT4) emission. The emission maximum of compouirgl possessing fluorene
connected with tpy backbone via single bond, istere at 407 nm, which is shifted by
about 3 nm towards shorter wavelengths with resfmet¢hat of T2, which is modified by
extended spacer. Furthermore, the introduction ¢ pendant 9-decyloxyanthracene
fragment inT4 generates a considerable red-shift of emissionmanx, as compared to the
other three compound3$1-T3). This points out at the strongest electron-donataggacity of
anthracene unit, and thus the resulting highly wgajed n-electron structure ofT4.
The quantum vyields of1-T4 emission are in the range from 27 to 84%. The tandiof
terminal substituents into phenyl-terpyridine bamhké significantly increases the quantum
yields from 27% forT1l ended by ethynyl chain to 84% fdi2, which possesses 9,9-
dioctylfluorene and ethylene linkage. In additiom,the case off2 and T3, the difference
only in the character of spacer yields to largeO@2 change in quantum efficiencies.
Comparing the value of quantum yield B3 (®;=0.62) andT2 (®;=0.84) varying only by
ethylene linker, to that of the described 4'-(8{8ihexyl-9H-fluoren-2-yl)phenyl)-2,2":6"2
terpyridine ©;=0.92) [31], thed value of the former is higher than that ©8 and
comparable toT2. This implies that the presence of additional dinkconnecting the
peripheral substituents to terpyridine moiety citmiie to the enhancement df value.
Furthermore, the obtainebl values forT1-T4 are considerably higher than that observed for
symmetrically substituted bis(terpyridines) withffelient aromatic spacer®{=0.20-0.58)
[32]. The measured lifetimer)( values forT1-T4 range from 1.02 to 2.97 ns. Among the
studied compounds, compoudd exhibits the longest fluorescence lifetime=Z.97 ns)

resulted from the most planar geometry. Meanwtiiie, rigid connection of fluorene unit



315  with terpyridine backbone i3 gives rise to longer lifetimer£1.24 ns) than the flexible
316 ethylene spacer ih2 (t=1.02 ns).
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320 Figure 4. (a) The UV-Vis and (b) PL spectra B1-T4 in dichloromethane solution
321 (c=10°mollL).

322

323 Table 4. UV-Vis, PL, quantum yield and lifetime aatf T1-T4 compounds dissolved in

324  dichloromethane (c=10mol/L).

Normalized PL intensity [a.u.]

T i T T T L T
400 450 500 550 600 650 700

Code (s/1gngaﬁx[|r—]1mc]m—l) PL Jex [nm] StoPkLeiegh[irf]tn[]g/ml] [;I:] T [ns]
T1 256 (0.41), 283 (0.64) 320 30082 27 2.93
T2 239(0.23), 343 (0.59) 338 410/4764 84 1.02
248 (0.20), 288 (0.32),
T8 e7(082) 324 (056 37 407/6294 62 1.4
274 (0.53), 325 (0.16),
T4 421 495/3217 55 273

427 (0.17), 449 (0.14)

325
326  The results of optical spectroscopy studies intsmiushow that the character of substituents

327 and spacer has prominent influence on the photagdlyproperties of the terpyridine
328 derivativesT1-T4. Summarizing, the tpy derivatives are promisingnihescent materials
329  with relatively high quantum yields, broad absarptspectra and enhanced ICT interactions,
330 when the electron-donating units and highhelectron spacers are introduced into the
331 terpyridine molecule.

332

333 2.4.2. UV-Vis photoluminescence and electroluminescence #olid state

334

335 The investigations of ability to photo- and elelitroinescence (EL) in solid state as film and

336 in a matrix consisting of poly(9-vinylcarbazole)MR) (50 wt %) and (2-tert-butylphenyl-5-
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biphenyl-1,3,4-oxadiazole) (PBD) (50 wt %) were fpemed for T1 and T4 compounds.
Their good thermal stability, solubility and sobthte character with high PL quantum field
in solution suggested that they can be considered as promesindidates for OLEDSs.
Additionally, UV-Vis spectra off1 andT4 as thin films on glass substrate were registered.
As compared to absorption spectra obtained in isplubathochromic shift okmax by about

27 and 4 nm fof1l andT4 in films was seen, respectively (Figure 5a). Plhwbinescence

data are gathered in Table 5, whereas the repegsenPL spectra are depicted in Figure 5.

Table 5. Photoluminescence dataréfandT4 layers.

Code Medium PL Jex [NM] PL Aem [nM] D [%]
Film 310 37€,51C" 8.02
340 374, 519 -
T1 310 410 10.60
Blend PVK:PBD 340 410 -
350 410 -
310 377,467,531  1.75,-,1.81
Film 340 414, 513 -
350 414, 437, 520 -
T4 380 439 522" 2.05
310 404,464 11.41,8.74
Blend PVK:PBD 340 404, 464 -
350 411 -

2 wt % content of compound in PVK:PBD (50:50 inigve %).— not measured.

Bold data indicated the most intense luminescence.
PL spectra were registered for various excitatianelength Xe,). The most intense emission
was observed undagyequal to 310 nm, except fd#d in film. Contrary toT4, in the case of
T1 as film one emission band with a shoulder was .skethe PL spectra of4 two main
emission bands are observed, which changed ttsective intensities with decrease X
energy and finally undexex=380 nm band withAe, at 439 and with shoulder at 522 nm was
seen (Figure 5b). The maximum emission band in dilrd blend off 1 was bathochromically
shifted compared to solution and the opposite hebawas registered for4 (Table 4 and
Table 5). The higher PL quantum yiel#t)(was found forT1. In both cases the Rbh were

higher for blends than for films.
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Figure 5. (a) UV-Vis spectra di4 with PL spectrum of matrix, (b) PL spectraTef as film
under various excitations wavelength, (c) PL s@eofiT1 andT4 underAg, =310 nm, and
(d) PL spectra of 4 in film and blend undekex=340 nm.

0

Considering UV-Vis spectra df4 film and PL spectra of matrix in the guest - hdstide
configuration, Forster energy transfer from ho&tKHPBD) to guest can be expected (Figure
5a). In PL spectrum of4 dispersed molecularly in PVK:PBD undgs; =340 nm, which is
the best for excitation of binary matrix, two enmss bands were found withhen
hypsochromically shifted as compared to film. Theb@nd withAenat 404 nm of blend may
overlap with the emission band of matrix, thuss itlifficult to conclusively comment on the

completeness of the energy transfer.

In the next step, electroluminescence ability T and T4 was tested in diode with
configuration: ITO/PEDOT:PSS/PVK:PBD:compound/Al.eTburrent density-voltage (J-V)
characteristics were registered up to 5V (Fig)re

(@)
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Figure 6. (a) Current density — voltage charadierf devices based ohl andT4 and (b)
EL spectra of investigated compounds for increasixtgrnal voltage together with photo of
diode based om4 under applied voltage.

The diodes showed low value of turn-on voltagg,(Mthat is, 1.4 and 2.5 eV for devices
based onT1l and T4, respectively. It is worth noting that the OLEDvd® based on
terpyridine-substituted triphenylamine with rigiérzyl unit exhibited the turn-on voltage at
6.0 V with blue EL at 460 nm [33]. Both diodes wihromosphere$l andT4 emitted light
under applied voltage and their EL spectra areatiegiin Figure 6. The diodes differ in both
intensity of EL and the position of maximum of esi band Xe¢). Devices based onl
and T4 emitted light from the orange and green spectegion, respectively. The

significantly more intense EL was measured fordioele based om4.

2.5. Electrochemical properties

The electrochemical properties D1-T4 were investigated in GI&l, solution by means of

cyclic voltammetry (CV) and differential pulse vametry (DPV). The representative
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cyclic voltammograms are presented in Figure 7ucgdn) and Figure 8 (oxidation). DPV is
depicted in Figure 9. The electrochemical oxidaaon reduction onset potentials were used
for estimation of the HOMO and LUMO energies (othea, ionization potentials and
electron affinities) of the materials (assuming tifaof ferrocene equals to 5.1 eV) [34]. The
calculated HOMO and LUMO levels together with elechemical energy band gapgfBre
presented in Table 6.

For deeper understanding of the photophysical ptigseof investigated compounds a series
of electrochemical measurements was carried owd. elctrochemical properties oi-T4
were investigated in CI€l, solution using glassy carbon (GC) as working etetd. First,
the electrochemical properties during reductioncpss were investigated (Figure 7). All of
the tested compounds undergo reduction betweeid {24), and -2.30 V T3) (so, at very
similar potentials). Moreover, trends in LUMO engr@e consistent in tendency with the
values obtained by DFT calculations. On the othemdh differences observed during the
oxidation process are more significant. The valilersets of the first oxidation step fo2
and T3 is approximately equal. Thus, incorporation oftgeme linker into molecule does
not affect this parameter. However, the type of ghiocess is slightly different. As can be
seen in Figure 8, foif2 oxidation is irreversible, while in the case ©8 it is rather
reversible. Additionally, we have observed stromjluence of electrode materials on
determined values. As can be seen in Figure 8 (iolowe) when measurement is carried out
using gold electrode, oxidation take place at $iggntly lower potential (0.68 compared to
1.04 V in the case of GC electrode). In our opintae the consequence of strong interaction
between terpyridine and the metallic surface, ygjdspecies similar to gold complex.
Determined value of & is the lowest forT4 (0.45 V), what can be attributed to strong
electron donating character of alkoxy group. Theetebchemically determined band gaps for
all tested compounds differ significantly dependiomgthe substituent. Also, as can be seen in
Table 6, in each case above mentioned values age#ewith calculated from UV-Vis

spectroscopy.

Table 6. Electrochemical data fot-T4.

HOMO  LUMO Egel Boort  Ey oy
Eoxcv) Eoxopv) Eredicv)y Eredopv) [eV]* [eV]? [eV]? [eV]* [eV]
T1 1.49 1.45 -2.22 -2.18 -6.59 -2.88 3.71 3.87 4.60
T2 1.04 1.02 -2.15 -2.12 -6.14 -2.95 3.19 3.18 3.63

T3 0.99 0.93 -2.30 -2.24 -6.09 -2.80 3.29 3.10 3.98




T4 045 0.33 -2.07 -2.06 -5.55 -3.03 2.52 2.64 2.79

430 lEHOMO: -5.1 - By onset : ELumo= - 5.1 - Beq, onset 3Eg 1= Eox, onset™ Eved, onset Eromo - ELumo
431  “calc. from: Eg=1240,ys
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434  Figure 7.Cyclic voltammograms off1-T4 during oxidation; GC as working electrode;
435 sweep rater = 100 mV/s, 0.1 M BiNPF; in CH,Cl,. Peak onset potentials were used for
436  estimation of the LUMO energies.
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438  Figure 8. Cyclic voltammograms off1-T4 during oxidation; GC as working electrode
439  (unless otherwise stated) ; sweep rate 100 mV/s, 0.1 M BiNPFK; in CHCI,. Arrow
440 indicates additionals peaks while measurment igezhout using gold electrod®eak onset
441  potentials were used for estimation of the HOMOrgies.
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Figure 9.Differential pulse voltammograms dfl-T4; GC as working electrode; potential
step =2.5mV/s, 0.1 M BNPF; in CHCl;,

3. Experimental Section

Materials

All chemicals and starting materials were commdsciavailable and were used without
further purification. Solvents were distilled asr ghe standard methods and purged with
nitrogen before use. All reactions were carried uuder argon atmosphere unless otherwise
indicated. Column chromatography was carried out Merck silica gel. Thin layer
chromatography (TLC) was performed on silica ge€(bkTLCSilicaGel60).
4'-(4-Bromophenyl)-2,2":6',2"-terpyridine [24]'-@-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-
2-yl)phenyl)-2,2,6',2"-terpyridine [25, 26], 2-iodofluorene [27], 2-iod@y9-dioctylfluorene
[28] were synthesized according to the reporteccgmtares with minor modifications; 9-
decyloxyanthracene, 9-bromo-10-decyloxyanthraceaeewobtained in innovative way. All
compounds were characterized By NMR spectroscopic analysis (see the Supporting
Information for details).

Procedure for the synthesis of 4(4-ethynylphenyl)-2,2:6',2"-terpyridine T1

4'-(4-Bromophenyl)-2,2".6',2"-terpyridine (5.15 min2 g) and 140 mL of triethylamine were
placed in two-neck round-bottom flask and bubblathvargon for 15 minutes. After this
time [Pd(PPhk)4] (0.52 mmol, 0.60 g), Cul (0.52 mmol, 0.10 g) waxdded. The resulting
solution was stirred and then TMSA (10.3 mmol, 1g)6was added by using a syringe.
Mixture was heated at 92 °C for 16 hours. The smiutvas evaporated and purified by
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chromatography by using GBI, and EtOAc (20:1) as eluent resulting in white tais
Obtained intermediate was dissolved in 50 mL of Me&hd 80 mL THF and bubbled with
argon. Potassium fluoride (4.34 mmol, 0.25 g) wdded and mixture was stirred at room
temperature for 24 hours. The solution was evapdrand the residue was dissolved in 50
mL of CH,Cl, and extracted with water (3 x 25 mL). The combingeghnic layers were dried
under anhydrous MgS(and filtered. After removing the solvent underueed pressure the

crude product was purified by chromatography byng€HCl, and EtOAc (20:1) as eluent.

General Procedure for the synthesis of 4'-(4-ethyrghenyl)-2,2".6',2"-terpyridine
derivatives in Sonogashira Cross-Coupling reactiofor T2 and T4: 4'-(4-Ethynylphenyl)-
2,2"6',2"-terpyridine (1.0 mmol, 0.33 g), Pd(BRNh0.06 mmol, 0.070 g) and Cul (0.06
mmol, 0.01 g) were placed in a 150 mL dry Schldakl. Then the flask was evacuated to
vacuum and filled with argon for three times. Agmiate heteroaryl halide (1.2 mmol) was
dissolved in 50 mL solution of THF and NEi:1) and under inert atmosphere added to
reaction flask. The resulting mixture was stirréed@& °C for 48 hours. After the reaction was
completed, the mixture was cooled down to room tmapre and the solvents were
evaporated under reduced pressure. The residudisssdved in CHCI, and extracted with
water and brine and dried over anhydrous MgSWMe solvent was evaporated under reduced
pressure, and the crude product was purified omneolchromatography on silica gel, eluent:
CH.Cl,: EtOAc (20:1).

Procedure for the synthesis of 4'-(4-phenyl)-2,2":@"-terpyridine derivative in Suzuki -
Miyaura Cross-Coupling reaction for T3: 4'-(4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-
yl)phenyl)-2,2,6',2"-terpyridine (0.82 mmol, 0.36 g), 2-iodo-9,9-dide®H-fluorene
(0.69 mmol, 0.35 g), 15 mL THF and solution of,88; (2.87 mmol, 0.30 g in 3 mL D)
were placed in a 50 mL round-bottomed flask. Thes flask was filled with argon and
Pd(PPh)4 (0.04 mmol, 0.05 g) was added. The resulting metuas stirred at 80 °C for 30
hours. After the reaction was completed, the mextwas cooled down to room temperature
and the solvents were evaporated under reduceduypeesThe residue was dissolved in
CH.Cl, and extracted with water and brine and dried ovdrydrous MgS@ The solvent
was evaporated under reduced pressure, and the gmadluct was purified on column
chromatography on silica gel, eluent: &£Hy followed by EtOAc.
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T1 (1.7 g, 92 %) as beige solid

'H NMR (400 MHz, CDC}) 6 8.73 (d,J = 2.1 Hz, 4H), 8.68 (d] = 8.0 Hz, 2H), 7.91 — 7.86
(m, 4H), 7.66 — 7.62 (m, 2H), 7.36 (ddt= 7.5, 4.8, 1.1 Hz, 2H), 3.18 (s, 1HjC NMR
(101 MHz, CDC}) & 156.24, 156.22, 149.43, 149.29, 138.97, 137.02.883 127.38,
124.04, 122.95, 121.50, 118.85, 83.47, 78.67.

HRMS (ESI):m/z calcd. for GsH1eN3 [MH] " 334.1344; found 334.1363.

T2 (433 mg, 60 %) as dark yellow oil

'H NMR (400 MHz, CDCY) 8 8.77 (s, 2H), 8.75 (d} = 4.0 Hz, 2H), 8.69 (d] = 7.9 Hz, 2H),
7.94 (d,J = 8.4 Hz, 2H), 7.89 (td] = 7.8, 1.7 Hz, 2H), 7.70 (dd,= 9.7, 5.9 Hz, 4H), 7.57 (d,
J=1.2 Hz, 1H), 7.55 (s, 1H), 7.39 — 7.32 (m, 5HP3 — 1.94 (m, 4H), 1.28 — 0.96 (m, 16H),
0.82 (t,J = 7.1 Hz, 8H), 0.63 (dJ = 7.8 Hz, 6H).**C NMR (101 MHz, CDG)) § 156.02,
155.92, 151.00, 150.79, 149.02, 141.61, 140.36,8737136.67, 132.06, 130.75, 128.46,
128.34, 127.57, 127.17, 126.91, 125.99, 124.26,78523122.84, 121.33, 121.24, 120.04,
119.68, 118.46, 92.18, 89.25, 55.13, 40.35, 3B0Y2, 29.23, 23.75, 22.60, 14.10.

HRMS (ESI):m/z calcd. for GoHseNz [MH] 722.4474; found 722.4466.

T3 (256 mg, 55 %) as yellow-orange oil

'H NMR (400 MHz, CDC}) 5 8.89 (s, 2H), 8.76 (d} = 4.4 Hz, 2H), 8.71 (d] = 7.9 Hz, 2H),
8.05 (d,J = 8.2 Hz, 2H), 7.87 — 7.80 (m, 4H), 7.80 — 7.69 &H), 7.66 (dJ = 8.2 Hz, 2H),
7.40 — 7.28 (m, 5H), 2.17 — 1.98 (m, 4H), 1.35641(m, 16H), 0.91 — 0.83 (m, 8H), 0.79 (d,
J = 4.5 Hz, 6H).2*C NMR (101 MHz, CDGJ) § 156.24, 155.94, 151.51, 151.03, 149.58,
149.07, 142.25, 140.83, 140.68, 139.15, 137.02,7036128.82, 127.65, 127.57, 127.03,
126.86, 126.01, 123.73, 122.90, 121.31, 121.27,0020.19.85, 118.57, 55.20, 40.38, 31.79,
30.05, 29.22, 23.85, 22.62, 14.11.

HRMS (ESI):m/z calcd. for GoHseN3[MH] " 698.44740ound 698.4464.

T4 (173 mg, 26 %) as orange solid

'H NMR (400 MHz, CDCY) 5 8.80 (s, 2H), 8.76 (d] = 3.8 Hz, 2H), 8.69 (dd] = 8.3, 2.7
Hz, 4H), 8.34 (d,) = 8.6 Hz, 2H), 8.00 (dJ = 8.3 Hz, 2H), 7.89 (dd] = 11.7, 5.1 Hz, 4H),
7.67 — 7.60 (m, 2H), 7.55 (dd= 11.4, 3.8 Hz, 2H), 7.36 (ddd= 9.8, 4.9, 2.5 Hz, 2H), 4.23
(t, J=6.6 Hz, 2H), 2.12 — 2.01 (m, 2H), 1.74 — 1.62 &H), 1.51 — 1.25 (m, 10H), 0.91 {,
= 6.8 Hz, 4H).
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¥C NMR (101 MHz, CDG) & 156.33, 156.23, 153.02, 149.56, 149.30, 138.29,083
133.81, 132.20, 127.54, 127.25, 127.00, 125.59,824124.72, 124.03, 123.05, 121.54,
118.80, 112.93, 99.84, 88.12, 77.37, 32.06, 3(®8180, 29.76, 29.74, 29.49, 26.37, 22.85,
14.27.

HRMS (ESI):m/z calcd. for G/H44N30 [MH'] 666.3484; found 666.3483.

Measurements: NMR spectra were recorded in CRGNVith Bruker Advance 400 MHz
instruments (for 'H and *C NMR). High-resolution mass spectrometry (HRMS)
measurements were performed using Synapt G2-Sspastrometer (Waters) equipped with
the electrospray ion source and quadrupole-Timiggift mass analyzer. Methanol was used
as a solvent with the flow rate 100 pl/min. The sueament was performed in positive ion
mode with capillary voltage set to 3 kV. The destibn gas flow was 400 L/h and
temperature 150 °C. The sampling cone was set % &0d the source temperature was 120
°C. To ensure accurate mass measurements, datecolEeted in centroid mode and mass
was corrected during acquisition using leucine phkén solution as an external reference
(Lock-SprayTM), which generated reference iomét 556.2771 Da ([M + H) in positive
ESI mode. The results of the measurements wer@gged using the MassLynx 4.1 software
(Waters) incorporated with the instrument. Diffarah Scanning Calorimetry (DSC) was
performed with a TA-DSC 2010 apparatus, under gearoatmosphere with heating/cooling
rate of 20 deg/min. Thermogravimetric analysis (lG#as recorded using TGA/DSC1

Mettler-Toledo thermal analyzer with a heating @t&0 °C/min in a stream of nitrogen.

Spectroscopic Measurements:UV-Vis spectra were recorded using Evolution 300
ThermoFisherScientific spectrophotometer at roompierature in denoted solvents with a
conventional 1.0 cm quartz cell. Photoluminescditg spectra in solutions were measured
using Hitachi F-2500 Spectrometer. Quantum yiedds \(ere estimated using the integrating
sphere Avantes AvaSphere-80 with FLS-980 Spectitopheter (Edinburgh Instruments).
Quantum yields were determined by absolute mettsauiguhe excitation wavelength with

the most intense luminescence.

Electrochemical MeasurementsElectrochemical measurements were carried out USoag
Chemie Autolab PGSTAT128n potentiostat, glassyaamddectrode (diam. 2 mm), platinum
coil and silver wire as working, auxiliary and nefiece electrode, respectively. Potentials are

referenced with respect to ferrocene (Fc), whicls weed as the internal standard. Cyclic
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voltammetry experiments were conducted in a stahdae-compartment cell, in Gal,
(Carlo Erba, HPLC grade), under argon. 0.2 MyNBRiF (Aldrich, 99%) was used as the
supporting electrolyte. The concentration of commusu was equal 1.0-POmol/dn?.
Deaeration of the solution was achieved by argdoblwg through the solution for about
10 min before measurement. All electrochemical erpents were carried out under ambient

conditions.

Film and blend PVK:PBD on glass preparation:Films and blends in PVK:PBD (50:50 in
weight %) were prepared by spin-coating (1000 r@,s) on a glass substrate from

homogenous chloroform solution (10 mg/mL) and dBedin in a vacuum oven at 100 °C.

OLED preparation and EL measurements:Devices with the following sandwich structure
configuration ITO/PEDOT:PSS/PVK:PBD:compound/Al iR wt. % complex content in
blend were prepared. Devices were prepared on SSlbstrates with pixilated ITO
anodes, cleaned by OSSILA procedure recommendaBobstrates were covered with
PEDOT:PSS film by spin coating at 5000 rpm for 6&ngl annealed for 15 min at 120 °C.
Active layer was spin-coated on top of the PEDOBP@&yer from CHG solution
(10 mg/mL) at 1000 rpm for 60 s and annealed fori® at 100 °C. Finally Al was vacuum-
deposited. J-V  characteristic were registered usirigeithley  SourceMeter.
Electroluminescence (EL) spectra were measured thghvoltage applied using a precise
voltage supply (Gw Instek PSP-405) and the sample fixed to an XYZ stage. Light from
the OLED device was collected through a 30 mm léssysed on the entrance slit (hth)

of a monochromator (Shamrock SR-303i) and detegstnlg a CCD detector (Andor iDus
12305). Typical acquisition times were equal tosé@onds. The pre-alignment of the setup

was done using a 405 nm laser.

4. Conclusions

We presented the synthesis and comprehensive té@dzaton of derivatives of 4'-phenyl-
2,2".6',2"-terpyridine  with ethynyl (1), 2-ethynyl-9,9-dioctylfluorene T@), 9,9-
dioctylfluorene T3), 9-ethynyl-10-decyloxyanthraceneT4) substituents. Described
molecules T1-T4 were prepared by Sonogashira or Suzuki-Miyauraploog reaction,
respectively, with yields between 26 - 92%. Twabfained molecules are in solid staféd

T4), whereasT2 and T3 containing fluorene motif are oils. All reportedngpounds are



600 soluble and photo- and electroluminescdit.andT4 are thermally stable, whil€2 andT3

601  exhibit significantly lower melting temperatureettemperature of 5% sample weight loss is
602  also lower.T2 exhibits a bathochromic shift in its absorptioml @mission spectra and shows
603  higher quantum yield in comparison I8. Obtained data suggest that the acetylene bridge
604 enhances the conjugation of the compound and pesmobre efficient energy transfer. It
605 was found that the presence of terminally substitugroup, such as alkoxyanthracene via
606 triple bond to 4'-phenyl-2,2":6',2"-terpyridinagrsficantly modified a wide range of their
607  properties. The introduction of 9-decyloxyanthraeemotif increases the PL quantum yield in
608 the solid state in the form of blend with PVK:PBBdaEL intensity. Results obtained from
609 electrochemical, optical and DFT studies are comsisthe values of the band gaps are very
610 similar. The results showed that the terpyridines aery promising candidates for the
611  construction of OLEDSs.
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