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ABSTRACT

In this work, a series of six rhenium(I) complexes bearing 2,2':6',2"-terpyridine (terpy), 2,6-di(thiazol-2-yl)pyri-
dine (dtpy), and 2,6-di(pyrazin-2-yl)pyridine (dppy) with appended quinolin-2-yl and N-ethylcarbazol-3-yl
groups were prepared and spectroscopically investigated to evaluate the photophysical consequences of both the
trisheterocyclic core (terpy, dtpy and dppy) and the heterocyclic substituent. The [ReCl(CO)g(Ln-KzN)] complexes
are regarded as ideal candidates for getting structure-property relationships, while terpy-like framework rep-
resents an excellent structural backbone for structural modifications. The replacement of the peripheral pyridine
rings of 2,2":6',2"-terpyridine by thiazoles and pyrazines resulted in a significant red-shift of the absorption and
emission of [ReCl(CO)3(L"-«x*N)] due to stabilization of the ligand-centred LUMO orbital. Both quinoline and N-
ethylcarbazole are extended n-conjugation organic chromophores, but they differ in electron-donating abilities.
The low-energy absorption band of Re(I) complexes with the triimine ligands bearing quinolin-2-yl group was
contributed by the metal-to-ligand charge-transfer (MLCT) electronic transitions. The introduction of electron-
donating N-ethylcarbazol-3-yl substituent into the triimine acceptor core resulted in the change of the char-
acter of the HOMO of Re(I) complexes and a significant increase of molar absorption coefficients of the long-
wavelength absorption, which was assigned to a combination of MLCT and ILCT (intraligand charge-
transfer) transitions. Regardless of the appended heteroaromatic group, the emitting excited state of Re(I)
terpy-based complexes was demonstrated to have predominant >MLCT character, as evidenced by comprehensive
studies including static and time-resolved emission spectroscopy along with ultrafast transient absorption
measurements. The diodes with Re(I) complexes dispersed molecularly in a PVK:PBD matrix were emissive and
effects of the complex structure on colour of emitted light and its intensity was pronounced.

1. Introduction

chemistry [16-21]. High stability of these systems is attributed to the
thermodynamic chelate effect and o-donor/z-acceptor character of the

Transition metal coordination compounds incorporating 2,2":6',2"-
terpyridines substituted in 4-position of the central pyridine ring (4'-R-
terpy) have attracted considerable attention, and they have been subject
of intensive investigations in view of their optical, electrochemical,
luminescent, magnetic, catalytic, and therapeutic properties which are
relevant for potential applications in various areas including catalysis
[1-4], solar energy conversion [5-7], molecular magnetism [8-10],
optoelectronic devices [11-13], sensors [14,15] and medicinal

metal-to-ligand bond. 2,2":6/,2"-Terpyridine core commonly acts as a
tridentate ligand [4,22,23], but reports concerning bidentate fashion of
4'-R-terpy can be also found, especially for Pt(IV) [24-27], Re(I) [28-33]
and W(0) [34]. Although a metal ion seems to have a crucial role in
determining the properties of resulting coordination compounds, func-
tionality of 2,2":6',2"-terpyridine compounds bearing the same metal
may be also widely tuned by introduction of electron donating and
withdrawing substituents into terpy skeleton [23,35-38]. Another
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Scheme 1. Re(I) carbonyl complexes under study.

interesting approach of modifying the physical properties of these sys-
tems concerns substitution of peripheral pyridine rings of 2,2":6/,
2'-terpyridine by different heterocycles (triazoles [39,40], pyrazoles
[41,42], triazines [43], dihydrooxazoles [44], benzimidazoles [45],
thiazoles [31,45,46], pyrazines [47]), which leads to numerous terpy--
like ligands widely used for design of new coordination compounds with
respectively tuned properties.

In the present paper, a series of rhenium carbonyls bearing 2,2':6/,2"-
terpyridine, 2,6-di(thiazol-2-yl)pyridine, and 2,6-di(pyrazin-2-yl)pyri-
dine functionalized with quinolin-2-yl and N-ethylcarbazol-3-yl
pendant substituents have been synthesized and investigated experi-
mentally and theoretically (Scheme 1).

The [ReCl(CO)g(L“-KZN)] complexes are regarded as ideal candidates
for getting structure-property relationships. The nature of the excited-
states of [ReCl(CO)3(L“-K2N)] and thus their photophysical properties
are impacted by the interplay between relative energy levels of the metal
and ligand orbitals, while terpy-like framework represents an ideal
structural backbone for modifications. In these studies, we focus on an
exploration of the impact of the trisheterocyclic core (terpy, dtpy and
dppy) and heterocyclic substituent on the ground- and excited-state
properties of [ReCl(CO)g(Ln—KzN)]. Noteworthy, carbazole is a molecu-
lar unit of outstanding importance in organic materials due to electron
donating properties and excellent hole-transporting abilities [48].
Introduced into the trisheterocyclic acceptor core, directly [49-51] or
attached through a phenylene bridge [52,53], it can give rise to intra-
ligand charge-transfer (ILCT) transitions from donor orbital localized on
the electron-rich group to triimine-based n*acceptor orbital. Likewise as
N-ethylcarbazole, quinoline is an extended n-conjugation organic
chromophore of great importance in view of potential OLED applica-
tions [54,55], but it shows significantly weaker electron-donating abil-
ity. Therefore, it is expected to favour metal-ligand charge transfer
(MLCT) excited state of [ReCl(CO)g(L“-KZN)] [56-59]. The complex 5,
reported in Ref. [32] has been included in the current work for com-
parison purpose.

The energies and character of the electronic transitions that occur in
these systems were investigated with electrochemistry, absorption and
emission spectroscopies, as well as theoretically using DFT calculations
at the PBE1PBE/DEF2-TZVPD/DEF2-TZVP level. Also, the capacity of
the obtained compounds for electroluminescence was studied.

2. Experimental section
2.1. Materials

Re(CO)sCl (Sigma Aldrich), poly(9-vinylcarbazole) PVK (M, = 25
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000-50 000; Sigma Aldrich), 2-(4-tert-butylphenyl)-5-(4-biphenylyl)-
1,3,4-oxadiazole PBD (Sigma Aldrich), poly(3,4-(ethylenedioxy)thio-
phene):poly-(styrenesulfonate) PEDOT:PSS (0.1-1.0 S/cm), and sub-
strates with pixilated ITO anodes (Ossila), as well as all solvents for
syntheses (of reagent grade) and for spectroscopic studies (of HPLC
grade) were commercially available and used without further purifica-
tion. All the ligands (L'-L%) were prepared according to the method
reported previously [60-64], and detailed synthetic procedure was
provided in Electronic Supplementary Information (ESI). The films and
blends with PVK:PBD (50:50 wt %) on a glass substrate as well as all the
devices with the configurations: ITO:PEDOT:PSS/complex/Al and ITO:
PEDOT:PSS/PVK:PBD:complex/Al with 15, 2 and 1 wt % Re(I) carbonyl
complex content in blend were prepared according to the method re-
ported in our previous works [29-33] and additionally are briefly
described in ESI.

2.2. Preparation of [ReCl(CO)3(L™x*N)] (1-6)

Re(I) carbonyl complexes were prepared using the procedure given
in our previous works [31,32]: [Re(CO)sCl] (0.10 g, 0.27 mmol) and
suitable L" ligand (0.27 mmol) were dissolved in argon-saturated
acetonitrile (60 mL), and the reaction solution was placed in
Teflon-lined hydrothermal synthesis autoclave. The reactor was heated
to 150 °C for 20 h, kept in that temperature for 30 h, and then gradually
cooled to room temperature over the next 30 h. The resulting powders
(1, 4 and 5) or crystalline solids (2, 3 and 6) were collected by filtration,
recrystallized in chloroform, washed with diethyl ether and air-dried.

2.2.1. [ReCl(CO)3(4'-(quinolin-2-yl)-2,2':6/, 2”-terpyridine-:<2N)], 1

Yield: 80%. IR (KBr, cm’l): 2019(vs), 1911(vs) and 1882(vs)
v(C=0); 1614(m), 1589(m) and 1568(w) v(C=N) and v(C=C). 1H NMR
(600 MHz, DMSO) 6 9.50 (s, 1H), 9.14 (d, J = 8.2 Hz, 1H), 9.11 (d, J =
5.3 Hz, 1H), 8.85 (d, J = 4.5 Hz, 1H), 8.74-8.70 (m, J = 5.1 Hz, 3H),
8.44 (t, J = 7.9 Hz, 1H), 8.23 (d, J = 8.5 Hz, 1H), 8.13 (d, J = 8.1 Hz,
1H),8.10(t,J=7.7 Hz, 1H), 7.95 (d, J = 7.7 Hz, 1H), 7.89 (t,J = 7.7 Hz,
1H), 7.82 (t, 1H), 7.74 (t, J = 7.5 Hz, 1H), 7.67 (t, 1H). 13¢c NMR (100
MHz, DMSO) 6 198.2, 194.8, 191.4, 162.2, 158.3, 158.0, 156.6, 153.3,
151.9, 149.9, 149.5, 148.0, 140.6, 138.6, 137.5, 131.2, 130.1, 128.7,
128.7, 128.5, 128.1, 126.0, 125.7, 125.6, 125.0, 121.4, 120.1. Anal.
calc. found: C 46.46; H 2.36; N 7.83%; molecular formula [ReCl
(CO)3(N4Co4H16)1-1/3(CHCl3) requires C 46.51; H 2.33; N 7.94%. DSC:
Tm = 304 °C.

2.2.2. [ReCI( CO)3(4-(quinolin-Z-yl)-Z,6-di(thiazol-Z-yl)pyridine-KzN)], 2

Yield: 68%. IR (KBr, em™1): 2021(vs), 1924(vs) and 1893(vs)
v(C=0); 1618(m) and 1608(w) v(C=N) and v(C=C). 'HNMR (400 MHz,
Acetone) $9.34 (d,J=1.6 Hz, 1H), 8.85 (d, J = 1.6 Hz, 1H), 8.66 (d, J =
8.6 Hz, 1H), 8.61 (d, J = 8.7 Hz, 1H), 8.42 (d, J = 3.3 Hz, 1H), 8.31 (d, J
= 3.3 Hz, 1H), 8.27 (d, J = 8.3 Hz, 1H), 8.20 (d, J = 3.2 Hz, 1H), 8.14 (d,
J=3.2Hz, 1H), 8.11 (d, J = 8.0 Hz, 1H), 7.92 (t, J = 7.6 Hz, 1H), 7.76 (t,
J = 7.5 Hz, 1H). 13C NMR not recorded due to insufficient complex
solubility. Anal. calc. found: C 39.09; H1.76; N 7.86; S 8.61%; molecular
formula [ReCl(CO)3(N4S2Co0H12)1-1/3(CHCl3) requires C 39.03; H1.73;
N 7.80; S 8.93%. DSC: T, = 171, 190, 206 °C (I heating scan); Ty =
182 °C (II heating scan).

2.2.3. [ReCl(CO)3(4-(quinolin-2-yD)-2,6-di(] pyrazin—Z—yl)pyn'dine—KZN)],
3

Yield: 52%. IR (KBr, cm’l): 2027(vs), 1936(s) and 1914(vs) v(C=0);
1620(m), 1594(w) v(C=N) and v(C=C). IH NMR (400 MHz, DMSO) &
10.42 (s, 1H), 9.75 (s, 1H), 9.20 (s, 1H), 9.19 (d, J = 2.5 Hz, 1H), 9.03 (d,
J = 2.9 Hz, 1H), 8.97 (s, 2H), 8.90 (s, 1H), 8.75 (s, 2H), 8.25 (d, J = 8.4
Hz, 1H), 8.14 (d, J = 8.0 Hz, 1H), 7.91 (t,J = 7.4 Hz, 1H), 7.76 (t, J =
7.4 Hz, 1H). 13C NMR (100 MHz, DMSO) & 196.4, 194.4, 189.5, 159.0,
156.0, 153.5, 151.0, 150.8, 149.3, 148.1, 147.5, 147.1, 146.0, 145.4,
144.3, 138.2, 130.8, 129.6, 128.3, 128.3, 128.0, 125.7, 122.0, 119.7.
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Fig. 1. Molecular structures of 2, 3 and 6 together with the atom numbering. Displacement ellipsoids are drawn at 50% probability level.

Table 1
Cyclic voltammetry data of 1-6.
Complex Ereq Ered(onset) Eox Eox(onset) EA I Eg g™
[vl vl vl vl [eV] [eV] [eV] [eV]
1 -1.78" -1.65 0.75 0.57 —3.45 —5.67 2.22 1.86
2 -1.64" —1.51 0.83 0.66 —3.59 -5.76 2.17 1.64
3 -1.59° -1.36 1.01 0.77 —3.74 —5.87 2.13 1.68
4 -1.85 -1.73 0.75 0.65 -3.37 -5.75 2.38 1.97
5 -1.63 —1.53 0.87 0.77 —3.57 —-5.87 2.30 1.74
6 —1.49 -1.38 0.91 0.78 —3.72 —5.88 2.16 1.72

P = _5~1_on(onset)» EA = _5~1_Ered(onset)’ Eg = on(onset)_Ered(onset)~
@ Irreversible.
b Quasi-reversible. EQP' = 1241/Aem.

Table 2
Spectral parameters of the Re(I) complexes 1-6.

Complex  Medium  Absorption wavelength [nm] (Molar absorption coefficient
x 10* [dm*-mol '-em 1)

1 CHsCN 385 (0.6), 318 (2.7), 266 (4.2)
CHCl; 404 (0.6), 321 (2.8), 266 (3.7)
film 400, 326
2 CHsCN 397 (0.5), 321 (2.2), 269 (4.3)
CHCl; 418 (0.4), 331 (2.2), 268 (2.1)
film 415, 343
3 CHsCN 407 (0.5), 325 (3.1), 270 (3.5), 254 (3.3)
CHCl; 432 (0.4), 329 (2.83), 261 (2.8)
film 415, 339
4 CHsCN 391 (2.5), 302 (3.9), 286 (4.2), 230 (5.7)
CHCl; 397 (2.2), 304 (3.7), 292 (4.0)
film 420, 309
57 CH,CN 411 (1.6), 318 (2.2), 290 (2.2), 262 (2.2), 245 (2.8), 236
(3.1), 229 (3.1)
CHCl; 418 (1.8), 325 (2.9), 293 (3.0), 266 (3.1), 246 (3.8)
film 437,326
6 CHsCN 412 (1.7), 313 (3.3), 285 (3.6), 232 (4.7)
CHCl; 426 (1.6), 316 (3.1), 290 (3.1)
film 446, 340

2 data for complex 5 taken from Ref. [32].

Anal. calc. found: C 44.61; H 2.16; N 12.72%; molecular formula [ReCl
(CO)3(NgCo2H14)] requires: C 44.94; H 2.11; N 12.58% DSC: T, =
308 °C.

2.2.4. [ReCl(CO)3(4'-(N-ethylcarbazol-3-yl)-2,2':6',2"-terpyridine-<*N)],
4

Yield: 74%. IR (KBr, cm’l): 2018(vs), 1907(vs) and 1889(vs)
1(C=0); 1610(m) and 1594(m) v(C=N) and v(C=C). IHNMR (600 MHz,
DMSO0) 6 9.20 (d, J = 1.4 Hz, 1H), 9.16 (d, J = 8.3 Hz, 1H), 9.14 (d, J =
1.6 Hz, 1H), 9.08 (d, J = 4.9 Hz, 1H), 8.83 (d, J = 4.4 Hz, 1H), 8.41 (¢,
1H), 8.39-8.32 (m, 3H), 8.08 (t, J = 7.7 Hz, 1H), 7.94 (d, J = 7.7 Hz,
1H), 7.84 (d, J = 8.7 Hz, 1H), 7.79 (t, 1H), 7.70 (d, J = 8.2 Hz, 1H), 7.65
(t,J = 6.9 Hz, 1H), 7.54 (t, 1H), 7.30 (t, J = 7.5 Hz, 1H), 4.54 (q, J = 7.0
Hz, 2H), 1.37 (t, J = 7.1 Hz, 3H). 13C NMR (126 MHz, DMSO) 5 198.4,
195.0, 191.6, 161.7, 158.6, 157.4, 157.0, 153.2, 152.0, 149.7, 141.6,
140.7, 140.4, 137.4, 127.8, 127.0, 126.0, 125.8, 125.6, 125.4, 125.3,
124.0, 123.6, 122.9, 121.4, 121.0, 120.4, 120.0, 110.4, 110.2, 37.7,
14.3. Anal. calc. found: C 52.56; H 2.86; N 7.78%; molecular formula
[ReCl(CO)3(N4Co9H22)] requires: C 52.49; H 3.03; N 7.65%. DSC: Ty, =
327 °C.

2.2.5. [ReCl(CO)3(4-(N-ethylcarbazol-3-yl)-2,6-di(thiazol-2-yDpyridine-
“N)J, 5

Reported previously in Ref. [32]. Yield: 70%. IR (KBr, cm-1): 2020
(vs), 1917(vs) and 1889(vs) v(C=0); 1609(m) and 1590(s) v(C=N) and
4(C=C). 'H NMR (400 MHz, Acetone) 89.09 (d, J = 1.6 Hz, 1H), 8.94 (d,
J=1.8 Hz, 1H), 8.40 (d, J = 1.8 Hz, 1H), 8.38 (d, J = 3.3 Hz, 1H), 8.29
(t, 2H), 8.26 (d, J = 3.3 Hz, 1H), 8.17 (d, J = 3.2 Hz, 1H), 8.09 (d, J =
3.2 Hz, 1H), 7.82 (d, J = 8.7 Hz, 1H), 7.68 (d, J = 8.3 Hz, 1H), 7.56 (t, J
=7.6 Hz, 1H), 7.31 (t, J = 7.5 Hz, 1H), 4.59 (q, J = 7.2 Hz, 2H), 1.48 (t,
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Fig. 2. UV-Vis spectra of 1-6 in CHCl; (a); Impact of solvent polarity on the
UV-Vis spectra of 4-6 (b); UV-Vis spectra of 1-4 and 6 in film and emission
spectrum of PVK:PBD (c).

J = 7.2 Hz, 3H). 13C NMR (101 MHz, Acetone) § 198.0, 195.7, 190.8,
171.2, 165.7, 156.3, 153.8, 153.6, 145.8, 144.6, 142.7, 141.7, 127.5,
126.2, 125.9, 125.8, 124.8, 123.9, 122.4, 121.8, 121.4, 120.7, 110.8,
110.3, 79.2, 38.4, 14.2. Anal. calc. found: C 43.52; H 2.29; N 7.42; S
8.49%; molecular formula [ReCl(CO)3(N4S2CosHig)]-1/3(CHCl3) re-
quires: C 43.40; H 2.36; N 7.15; S 8.18%. DSC: T, = 316 °C (I heating
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scan); Tg = 206 °C (II heating scan) [32].

2.2.6. [ReCl(CO)3(4-(N-ethylcarbazol-3-yl)-2,6-di(pyrazin-2-yDpyridine-
“N)], 6

Yield: 52%. IR (KBr, em ) 2021(vs), 1917(s) and 1892(vs) v(C=0);
1611(m) and 1591(s) v(C=N) and v(C=C). 1H NMR (400 MHz, DMSO) &
10.44 (s, 1H), 9.45 (s, 1H), 9.19 (s, 2H), 9.15 (d, J = 2.2 Hz, 1H), 9.00 (d,
J=3.0Hz, 1H), 8.95 (s, 2H), 8.57 (s, 1H), 8.43 (d, J = 8.7 Hz, 1H), 8.33
(d,J =7.8Hz, 1H), 7.87 (d, J = 8.7 Hz, 1H), 7.71 (d, J = 8.2 Hz, 1H),
7.55(t,J=7.6 Hz, 1H), 7.32 (t,J = 7.4 Hz, 1H), 4.56 (q, J = 7.0 Hz, 2H),
1.38 (t, J = 7.0 Hz, 3H). 3C NMR (125 MHz, DMSO) & 197.1, 195.2,
190.2, 159.0, 155.7, 154.2, 152.2, 151.6, 148.2, 147.4, 146.3, 146.2,
145.8, 144.6, 141.8, 140.7, 127.1, 126.1, 124.9, 124.8, 123.6, 122.9,
121.3,121.2,120.2,110.5,110.3, 37.8, 14.3. Anal. calc. found: C 48.88;
H 2.51; N 11.72%; molecular formula [ReCl(CO)3(NgCo7Ho0)] requires:
C 49.08; H 2.75; N 11.45%. DSC: Ty, = 311 °C.

2.3. Crystal structure determination and refinement

X-ray diffraction data for complexes 2, 3 and 6 were collected at
room temperature using Oxford Diffraction four-circle diffractometer
Gemini An Ultra with Atlas CCD detector using graphite mono-
chromated MoKa radiation (1 = 0.71073 }o\). Diffraction data collection,
cell refinement and data reduction were performed using the CrysAlis™™
software [65]. The structures were solved by the direct methods using
SHELXS and refined by full-matrix least-squares on F?> using
SHELXL-2014 [66,67]. All the non-hydrogen atoms were refined
anisotropically, and hydrogen atoms were placed in calculated positions
and refined with riding constrains: d(C-H) = 0.93 10\, Uiso(H) = 1.2
Ueq(C) (for aromatic) and d(C-H) = 0.96 f&, Uiso(H) = 1.5 Ueq(C) (for
methyl). The methyl groups were allowed to rotate about their local
threefold axis. Details of the crystallographic data collection, structural
determination, and refinement for 2, 3 and 6 are given in Table S1, ESIL.

Crystallographic data for 2, 3 and 6 have been deposited with the
Cambridge Crystallographic Data Center, CCDC 2042413-2042415.
Copies of this information may be obtained free of charge from the Di-
rector, CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (Fax: +44 1223
336033; e-mail: deposit@ccdec.cam.ac.uk or www.ccde.cam.ac.uk).

2.4. Physical measurements

IR spectra were measured with a Nicolet iS5 FTIR spectrophotometer
(4000-400 cm ) in the form of KBr pellets.

UV-Vis measurements were carried out using ThermoScientific
Evolution 220 Spectrometer in solutions and Jasco V570 UV-Vis-NIR
Spectrometer in films deposited on a glass substrate and as blends with
PVK:PBD on a glass substrate. '"H NMR and '*C NMR spectra were
collected in 295 K on Bruker Avance 400 NMR spectrometer in dimethyl
sulfoxide-d® or acetone-d®.

Electrochemical measurements were performed on Eco Chemie
Autolab PGSTAT128n potentiostat (argon-saturated acetonitrile, ¢ =
1073 mol/L, 0.1 M BusyNPFg as an electrolyte). Platinum electrode (22
mm), platinum coil and silver wire were used as working, auxiliary and
reference electrodes. Cyclic voltammetry (CV) and differential pulse
voltammetry (DPV) were recorded with scan rates 0.1 V/s and 0.01 V/s,
respectively. All the results were calibrated on ferrocene (Fc) as internal
standard.

Steady-state photoluminescence emission spectra were measured
with FLS-980 fluorescence spectrophotometer in solid state and solution
at room temperature and in an ethanol:methanol (4:1 v:v) rigid matrix at
77 K. 450 W Xe lamp and photomultiplier (Hamamatsu, R928P) were
used as light source and detector, respectively. Photoluminescence
spectra in solid state as film deposited on a glass substrate and as blends
with PVK:PBD on a glass substrate were collected on Hitachi F-2500
spectrometer. The photoluminescence lifetimes were measured using
time correlated single photon counting (TCSPC) or multi-channel
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Table 3
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The energies and characters of spin-allowed electronic transitions assigned to the lowest wavelength absorption bands of complexes 1-6.

Complex Experimental absorption Calculated transitions
4 . rvi—lam—1
Aexp [nm] (107 & [Mem7]) Major contribution (%) Character E [eV] A [nm] Oscillator strength
1 379 (1.0) H - L (97%) MLCT 2.78 445.72 0.0113 S;
H-1-L (96%) MLCT 2.98 415.66 0.1401 S,
H-2-L (95%) MLCT 3.26 380.77 0.0058 S3
2 397 (0.5) H - L (97%) MLCT 2.66 466.25 0.0036 S;
H-1-L (96%) MLCT 2.87 431.47 0.1383 S>
H-2-L (92%) MLCT 3.13 395.50 0.0140 S3
3 407 (0.6) H — L (98%) MLCT 2.59 478.05 0.0138 S;
H-1-L (97%) MLCT 2.82 439.41 0.1157 S»
H-3-L (88%) MLCT 3.08 402.62 0.0052 S3
4 389 (1.0) H-1 - L (72%) MLCT 2.87 431.94 0.0642 S;
H - L (24%) ILCT
H - L (60%) ILCT 2.98 415.90 0.3616 S>
H-1 - L (27%) MLCT
H-2 - L (10%) MLCT
H-2 - L (67%) MLCT 3.19 389.10 0.0128 S3
H-3 - L (17%) ILCT
H - L (14%) ILCT
H-4 - L (98%) ILCT 3.38 367.25 0.0022 S4
H-3 - L (74%) ILCT 3.46 358.00 0.0472 S5
H-2 - L (19%) MLCT
H - L+1 (89%) ILCT 3.56 348.33 0.1657 Sg
5 406 (2.1) H-1 - L (55%) MLCT 2.80 442.44 0.1053 S;
H - L (38%) ILCT
H - L (51%), ILCT 2.87 432.53 0.2878 Sz
H-1 - L (43%) MLCT
H-3 - L (46%) MLCT 3.08 402.39 0.0054 S3
H-2 - L (42%) ILCT/MLCT
H - L (10%) ILCT
H-4 — L (85%) ILCT 3.29 376.34 0.0179 S4
H-2 - L (43%) ILCT/MLCT 3.32 372.70 0.0349 S5
H-3 - L (42%) MLCT
H-4 - L(11%) ILCT
H - L+1 (93%) ILCT 3.37 367.47 0.2248 S¢
6 413 (1.7) H-1 - L (59%) MLCT 2.61 475.71 0.0857 S;
H - L (37%) ILCT
H - L (54%) ILCT 2.74 452.60 0.2369 S,
H-1 - L (36%) MLCT
H-3 - L (64%) MLCT 2.95 420.72 0.0149 S3
H-2 - L (26%) ILCT
H-4 - L (97%) ILCT 3.15 394.03 0.0033 S4
H-2 - L (65%) ILCT 3.19 389.08 0.0184 S5
H-3 - L (29%) MLCT
H - L+1 (91%) ILCT 3.38 367.33 0.2285 Sg

scaling (MCS) method, with additional measurement of the IRF for the
analysis of a fluorescence decay. The quantum yields were determined
using integrating sphere absolute method for argon bubbled solutions
and solid states (powders). In each measurement, a solvent (CHCl3 or
CH3CN) and Spectralon® were used as reference for diluted solutions
and for powder samples, respectively. The emission correction file was
applied to take into account the sensitivity of the monochromator, de-
tector, sphere coating and optics to wavelength. Each scans were con-
ducted with 0.25 nm step, 0.2 dwell time as well as repeated 3 times. The
FLS-980 software was used to designate the quantum yield values.

A precise voltage supply (Gw Instek PSP-405) with the sample fixed
to an XYZ stage was applied to collect electroluminescence (EL) spectra,
and all the measurements were performed using procedure reported in
our previous works [29-33], briefly described in ESI.

Differential Scanning Calorimetry (DSC) studies were carried out
with the use of TA-DSC 2010 apparatus under nitrogen atmosphere, with
heating rate 20 °C/min. Thickness of active layers was determined with
atomic force microscopy (AFM) Topometrix Explorer TMX 2000.

Femtosecond transient absorption spectra were collected on Helios
pump-probe transient absorption spectrometer (Ultrafast Systems) with
the system setting as in Ref. [46], and briefly described in ESI. Samples
of 1, 4 and [ReCl(CO)3(terpy—K2N)] were dissolved in chloroform to get
the absorbance of 0.4-0.5 in the excitation wavelength (concentrations
between 1.5 x 10™*—5 x 107 M). Solutions were placed in a 2 mm path

length quartz cells with magnetic stirring and excited with 420 nm pump
pulse (or additionally with 355 nm pump pulse in case of 1). Obtained
data was analyzed using Surface Xplorer (Ultrafast Systems) and Opti-
mus™ [68] software. More details concerning the performed analyses
were given in ESL

2.5. Computational details

Theoretical calculations (singlet geometry optimization, molecular
orbital analysis, absorption spectra, ionization potentials, electronic
affinities, and reorganization energies) were performed using
GAUSSIAN-09 program package [69] at the DFT or TD-DFT level with
PBE1PBE hybrid exchange-correlation functional [70,71], and the basis
sets were def2-TZVPD for rhenium and def2-TZVP for other elements
[72-74]. The polarizable continuum model (PCM) correction was used
to simulate the acetonitrile solvent environment for all calculations
[75-77]. After optimization of the geometry, vibrational frequencies
were calculated to verify the minimum on the potential energy surface.

3. Results and discussion
3.1. Synthesis and molecular structure

To synthesize 2,2":6',2"-terpyridine, 2,6-di(thiazol-2-yl)pyridine and
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Fig. 3. Experimental (red line) absorption spectra of 1 and 4 in CH3CN
alongside with transitions (black) computed at TD-DFT/PCM/PBEO/def2-
TZVPD/def2-TZVP level with the use of the PCM model at polarities corre-
sponding to CH3CN.

2,6-di(pyrazin-2-yl)pyridine functionalized with quinolin-2-yl and N-
ethylcarbazol-3-yl pendant substituents (L!-L®), an efficient Krohnke
condensation was employed, while metalation of L!-L8 to the Re(CO)3
core was performed by using standard procedure based on the reaction
of [Re(CO)sCl] with one equivalent of the corresponding ligand
[29-33].

The obtained ligands L1° and Re(I) complexes 1-6 provided
satisfactory analytical data (Figs. S1-S3). Due to coordination of L" in a
bidendate way, two sets of signals for the peripheral rings of terpy/dppy/
dtpy were observed in the 'H NMR spectra of 1-6, in contrast to the free
ligands (Figs. S2-S3 in ESI). Facial geometry of the carbonyl groups in
[ReCl(CO)g(L“—KZN)] was indicated by the typical for this geometry set
of ¥(C=0) absorptions, that is a sharp and intense high-energy ab-
sorption (20172027 cm ™) and two overlapping lower-energy bands
(1935-1882 cm™1) (Fig. S1 in ESI). The average CO stretching fre-
quencies (1937 em™! for 1, 1946 ecm™! for 2, 1959 cm ™! for 3, 1938
cm ! for 4, 1942 cm™! for 5, 1943 cm ™! for 6) indicate a decrease of the
overall donor ability (including both 6-donor and n-acceptor contribu-
tions) of the chelating ligand upon replacing peripheral pyridine rings of
terpy (1 and 4) by thiazole (2 and 5) and pyrazine ones (3 and 6) [78].
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The molecular structures 2, 3 and 6 were additionally confirmed by
X-ray analysis. The crystallographic data, bond distances and angles, as
well as intra- and intermolecular interactions in the crystal lattice are
presented in ESI (Tables S1-S4 and Figs. S4-S6), while molecular
structures of 2, 3 and 6 together with the atom numbering are shown in
Fig. 1.

In each complex, the Re(I) metal centre is coordinated to three facial
carbonyl groups, as preliminarily suggested by the IR spectra analysis,
two nitrogen atoms of L" acting as a bidentate chelating ligand and
chloride ion in trans position to the carbonyl ligand. Typically for
complexes [ReCl(CO)g(L“-KzN)], the bite angles N(2)-Re(1)-N(1) are
noticeably smaller than an ideal value 90° for octahedron due to k2N-
coordination of the ligand L2k2N [74.7° for 2, 74.1° for 3, 75.1° for 6],
contrary to C(1)-Re(1)-N(2) ones [102.5° for 2, 102.5° for 3, 102.2° for
6], which are enlarged as a result of noticeable steric interaction of the
uncoordinated peripheral ring with the carbonyl ligand C(1)-O(1).
Furthermore, the Re(1)-N(2) bond length to the central pyridine ring
[2.253(3) A for 2, 2.211(4) A for 3, 2.216(3) A for 6] is longer than Re
(1)-N(1) distance to the peripheral ring [2.141(4) A for 2, 2.161(4), A
for 3, 2.152(3) A for 6]. The quinolin-2-yl plane in 2 is almost coplanar
with the central pyridine ring of L" (1.76°), while the substituent in 3
and 6 is slightly twisted away from the central pyridine ring of L"
(12.37° in 3 and 17.14° in 6). The dihedral angles between the central
pyridine and coordinated thiazole/pyrazine planes are 11.23°, 6.55°
and 10.31° for 2, 3 and 6, while the uncoordinated peripheral ring is
inclined to the central pyridine ring at 56.37°, 55.73° and 54.04°,
respectively.

The synthesized Re(I) complexes exhibited high melting temperature
(T) in the range of 294-327 °C detected by DSC measurements (cf.
Experimental section). The replacement of quinolin-2-yl (1-3) with N-
ethylcarbazol-3-yl group (4-6) increases T, of the resulting Re(I)
complexes. All complexes melted together with thermal decomposition,
except for compounds based on dtpy (2 and 5). In the case of dtpy with
attached quinoline (2) during first heating scan crystal-crystal transition
at temperature between 171 and 190 °C, and crystallization exotherm at
206 °C, and next melting at 294 °C were observed. The second heating
run of compounds with dtpy (2 and 5), after cooling, revealed only the
glass transition (Tg) at 182 (2) and 206 °C (5) [32], which indicates
formation of stable molecular glasses.

3.2. Electrochemistry

To estimate experimentally HOMO and LUMO energy levels, the
compounds 1-6 were studied by cyclic voltammetry (CV) and differ-
ential pulse voltammetry (DPV). The CV and DPV methods give access to
ionization potentials (IP) and electron affinities (EA), which are closely
related to HOMO and LUMO energy levels. IP and EA energies were
calculated using onsets of cathode and anode peaks, assuming that IP of
ferrocene is —5.1 eV [79]. The electrochemical data of 1-6 are sum-
marized in Tables 1 and S6, while their CV and DPV voltammograms are
shown in ESI materials (Fig. S7).

For both series 1-3 and 4-6, the first reduction potential shifted to
more positive values in the order [ReCl(CO)3(4’-R-terpy-K2N) 1,4 <
[ReCl(CO)3(4-R-dipy-k*N)] (2, 5) < ReCl(CO)s(4-R-dppy-x*N)] (3, 6).
On the other hand, the difference in the observed first reduction po-
tential (Erq) between the complexes with different heteroaromatic
groups attached to the central pyridine ring of L" was in each case lower
than 0.1 V. These findings allowed us to assign the first reduction wave
to triimine-centred reduction process. Such an assignment is consistent
with TD-DFT calculations showing stabilization of the ligand-centred
LUMO orbital upon introduction of an additional S- or N-donor atom
into the n-deficient trisheterocyclic unit of dtpy and dppy, respectively.

Also, the first oxidation potential (Eyx) was more affected by the
triimine core than heteroaromatic group attached to the central pyri-
dine. The Re(I) complexes with the 2,2":6/,2"-terpyridine ligands (1 and
4) were found to be the easiest to oxidize, while those bearing with 2,6-
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Fig. 4. Percentage composition of selected molecular orbitals calculated for complexes 1-6. green — substituent R; red - triimine core (terpy, dtpy or dppy); blue —
{ReCl(CO)3} moiety.

Table 4
Summary of photoluminescent properties of complexes 1-6.
CH3CN CHCl3 solid CH30H:C,HsOH (77 K) film
Aex Aem Tav ¢ [%] Aex Aem Tav ¢ Aex Aem Tav ¢ [%] Aex Aem Tay [ns] Aex Aem
[nm] [nm] [ns] [nm] [nm] [ns] [%] [nm] [nm] [ns] [nm] [nm] [nm] [nm]
1 390 663 2.7 <0.01 389 668 3.5 0.98 430 598 236.6 7.74 380 585, 116 400 566
548, 508 518.7
2 396 771 2.4 <0.01 413 754 4.1 1.01 496 648 3.1 4.16 400 608 15189 415 581
3 406 736 3.2 <0.01 428 737 4.0 0.49 482 642 34.9 6.47 390 609 1760.9 415 616
4 376 631 3.4 0.73 398 652 6.3 0.49 462 588 271.3 14.12 415 518, 551 36 420 550
928.7
5 403 711 5.7 0.79 418 712 8.5 1.23 490 635 85.1 3.50 420 548, 574 6161.2 430 610
6 415 720 4.5 0.48 421 723 6.2 0.66 533 661 69.6 4.12 435 572 22 446 600
344.3

T,y — average lifetime of multi-exponential fits of decay curves.
¢ — luminescence quantum yield.

di(pyrazin-2-yl)pyridines (3 and 6) showed the highest values of Eox. By R-dipy-®N)] < ReCl(CO)3(4-R-dppy-k*N)] for both the series of 1-3 and
analogy to the related [ReCl(CO)3(L"-xN)] [80], it is highly probable 4-6, while the replacement of quinolin-2-yl by N-ethylcarbazol-3-yl
that the first oxidation wave corresponds to Re(I)-based oxidation pro- resulted in an increase of Eg (see Table 1).
cess Re(I)/Re(1I).

Regarding the electrochemical gap, it can be noticed that E4 value
was decreasing in the order [ReCl(CO)3(4’ -R-terpy-KzN) < [ReCl(CO)3(4-
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Fig. 5. Normalized emission spectra of 1-6 in non-polar and polar solvents (CHCl3, ¢ = 4.8 and CH3CN, ¢ = 37.5), solid state, and low temperature glass (77 K

CH30H:C5HsOH 1:4 viv).
3.3. UV-VIS absorption spectra

The UV-Vis spectra of 1-6 in solution and in film are shown in
Figs. S8-S9, while their spectral parameters are summarized in Table 2.
All complexes showed absorption characteristics of typical Re(I)
carbonyl chromophores. They feature intense high-energy absorption
bands corresponding to n—x* transitions localized on the organic ligand
L" and moderate absorption in the visible region of 350-500 nm,
tentatively attributed to the metal-to-ligand charge-transfer (MLCT)
electronic transitions, with possible contribution of intraligand charge-
transfer (ILCT) electronic transitions in the case of 4-6 bearing
electron-donating carbazole unit (Fig. 2).

For both series of 1-3 and 4-6, by varying the triimine core, the
absorption maximum of the charge-transfer band was bathochromically
shifted in the order [ReC1(CO)3(4’-R-terpy—K2N) (1, 4) < [ReCI(CO)3(4-R-
dipy-<®N)] (2, 5) < ReCl(CO)3(4-R-dppy-x*N)] (3, 6), both in CH5CN and
CHCls. The appended heteroaromatic substituent had rather little effect
on the energy of the lowest-energy absorption, but the replacement of
quinolin-2-yl (1-3) by N-ethylcarbazol-3-yl (4-6) resulted in a signifi-
cant increase in molar absorption coefficients of the long-wavelength
absorption band for 4-6, implying larger contribution of ligand-
centred transitions in this band (Fig. 2). However, it should be noted
that the lack of systematic changes in the energy of the lowest-energy
absorption depending on the appended heteroaromatic group may be
to some extent attributed to a relatively large experimental error in
determining maxima of very broad absorption bands of 1-6.

Upon going from non-polar chloroform to polar acetonitrile solution,
the CT absorption of each Re(I) complex moved towards higher energy
region, demonstrating negative solvatochromism frequently reported
for Re(I) chromophores [29,30]. UV-Vis spectra of investigated Re(I)
carbonyl complexes in film deposited on glass exhibited bands in similar

absorption ranges to those observed in chloroform solution. However, in
the case of film prepared from Re(I) complexes with electron-donating
unit, the bathochromic shift of A,y relative to solution was seen.

3.4. Theoretical insight into absorption spectroscopic properties of 1-6

The electronic transitions of 1-6 were also predicted by time-
dependent density functional theory (TD-DFT). The calculated param-
eters of electronic transitions assigned to the low-energy absorption
band of 1-6 are listed in Table 3, while the experimental absorption
spectra of 1-6 alongside with the predicted electronic transitions are
shown in Fig. 3 and Fig. S10.

According to the TD-DFT calculations, the low-energy absorption
band of 1-3 is contributed by the electronic excitations from the HOMO,
H-1 and H-2 or H-3 to LUMO. The highest oscillator strength involves
the transition from the H-1 to LUMO (from 0.1157 for 3 to 0.1401 for 1).
The transitions HOMO—L and H-2/H-3—L with much lower oscillator
strengths (from 0.0036 to 0.0140) fall at the red and blue edge of the
visible absorption band, respectively (Table 3 and Fig. 3 and
Figures S10). As the HOMO, H-1 and H-2 for 1-2 and HOMO, H-1 and H-
3 for 3 spreads over the {Re(CO)3Cl} moiety and the LUMO resides on
the triimine core, the electronic excitations in this region are of metal-to-
ligand charge transfer (MLCT) character [81,82]. Small oscillator
strengths of the MLCT transitions for 1-3 are reasoned by the poor
overlap of the molecular orbitals involved in the electronic excitations.

On the contrary, the longest-wavelength absorption band of 4-6 is
attributed to a combination of !MLCT and 'ILCT transitions. The latter
ones originate from charge delocalization from the carbazole unit to
n-conjugated triimine acceptor moiety. The replacement of quinolin-2-yl
by N-ethylcarbazol-3-yl in L" results in changing the character of the
highest occupied molecular orbital of the resulting Re(I) complexes 4-6.
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Fig. 6. Comparison of low temperature (77 K, EtOH:MeOH (4:1 v:v)) emission spectra of 1, 4, [ReCl(CO)g(terpy-KzN)] and [ReCl(CO)3(bipy)] (a); comparison of
phosphorescence of 1, Ll, 4 and L* (b). The triplet emission of L* was induced by addition of 10% ethyl iodide (EtI). The excitation wavelengths are given in

parentheses.

As shown in Fig. 4, the HOMO of 4-6 resides predominately on electron-
donating carbazole unit. A large contribution of N-ethylcarbazol-3-yl
group is also theoretically indicated in H-3 for 4 and H-2 for 5 and 6. In
turn, the molecular orbitals H-1 and H-2 for 4 and H-1 and H-2 for 5 and
6 have significantly higher participation of 5d, rhenium, n*¢co and g
orbitals. In analogy to 1-3, the LUMO of 4-5 is located on the triimine
core. However, it should be noted that despite the change in the local-
ization of the HOMO for complexes 4-6, the Sy—S; electronic excitation
conserves largely the MLCT character, which is rationalized by a pre-
dominant contribution of H-1-L in the Sy—S; excitation in these com-
pounds (Table 3). The predominant MLCT character of the Sy—S;
electronic excitation in 4-6 is also supported by the hypsochromic shift
of the computed Sy—$; transition of 4-6 relative to S;—S, for 1-3. Due
to the introduction of the electron-donating group, MLCT excited state is
expected to be destabilized, which is manifested in the blue shift of the
absorption band [83]. Larger percentage contribution of ILCT transi-
tions was found in the case of the So—Ss, So—S4 and Sy—Sg electronic
excitations, also assigned to the longest-wavelength absorption band of
4-6. Substantial increase in extinction coefficients of the lowest-energy
absorption of 4-6 in comparison to 1-3 is reflected theoretically by
higher oscillator strengths in the case of 4-6 due to contribution of
intraligand charge-transfer (ILCT) transitions.

For both series of 1-3 and 4-6, the experimentally observed bath-
ochromic shift in an order [ReCI(CO)3(4’ -R-terpy-KzN)] < [ReCI(CO)3(4-
R—dtpy—KzN)] < [ReCl(CO)3(4—R—dppy—K2N)] is nicely reproduced by TD-
DFT calculations, and it correlates quite well with systematic lowering of
the LUMO energy (Fig. S11).

3.5. Luminescence

The steady state photoluminescence (PL) and excitation spectra were
recorded for 1-6 in non-polar and polar solvents (CHCls, ¢ = 4.8 and

CH3CN, ¢ = 37.5), solid state, low temperature glasses, and in the form
of thin films on glass substrates (Table 4 and Figs. S12-S13 in ESI).

In solution at room temperature, all Re(I) compounds exhibited
emission with maximum in the range 631-771 nm and very short life-
times (2.4-8.5 ns). Low emission quantum yields of 1-6 (below 1.25%)
demonstrate that the energy dissipates preferably via non-radiative
pathways, as previously reported for many other polypyridinic Re(I)
carbonyl complexes [29,30,32,83]. The broad and featureless photo-
luminescence emission bands of 1-6 at room temperature are indicative
for MLCT nature of luminescence.

The MLCT origin of photoluminescence of 1-6 in solution at RT is
also supported by the rigidochromic effect, manifested in the shifting of
the emission band to higher energy relative to room temperature in the
rigid solvent environment at 77 K or solid state (Fig. 5). Emissions
arising from 3CT states are very sensitive to the rigidity of the envi-
ronment, contrary to ligand-localized triplet excited states >IL, essen-
tially unperturbed by media conditions [84]. The excited-state lifetimes
of 1-6 in the solid state and ethanol-methanol rigid-glass matrix at 77 K
are significantly prolonged relative to those at room temperature, and
the blue-shift upon going from solution to the solid state is accompanied
with a significant increase of emission quantum yields. The largest
emission efficiency in the solid state was found for 4. Its quantum yield
(14.12%) showed 2 to 4-fold enhancements in relation to the other
studied complexes. Significant differences in the solid-state character-
istics among these compounds and lack correlations with trends
observed in dilute solutions seems to be attributed to packing variations
of 1-6 due to inter- and intramolecular interactions between complex
molecules. However, the phosphorescence emission upon aggregation
(AIPE) effect cannot be excluded on the basis of the emission spectra of 1
and 4 in mixtures of acetonitrile and water (Fig. S14).

The frozen-state emission bands of 2, 3, 5 and 6 remain broad and
non-structured, which indicates that the emission of these compounds at
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Fig. 7. 77 K emission of L' along with phosphorescence spectra of 2,2':6/,2"-terpyridine and quinoline (a); 77 K emission of L* along with phosphorescence spectra of
2,2':6,2-terpyridine and 9-ethylcarbazole (b); the RT emission of L!, L* and 2,2":6/,2"-terpyridine in different solvents (c). The triplet emission of L* and 9-ethyl-
carbazole was induced by addition of 10% ethyl iodide (EtI). The excitation wavelengths are given in parentheses.

77 K is still from 3MLCT excited state. On the contrary, the emission
profiles of 1 and 4 undergo substantial changes upon cooling to 77 K,
and a high degree of vibronic structure becomes evident, signalling *IL
or mixed MLCT/>IL character of the excited state. To get a better insight
into the nature of frozen-state emission of 1 and 4, the phosphorescence
of the free ligands L! and L* and the emission of the parent complex
[ReCl(CO)g(terpy—KzN)] and strongly related [ReCl(CO)s(bipy)] were
recorded at 77 K in EtOH:MeOH rigid matrix. As shown in Fig. 6a, the
77 K emission band of [ReCl(CO)3(terpy-K2N)] is non-structured, indi-
cating that phosphorescence of these systems is from MLCT excited
state. It occurs in almost the same energy region as for examined Re(I)
complexes with substituted terpy-ligands, and it is slightly blue-shifted
compared to [ReCl(CO)3(bipy)]. On the other hand, the

10

phosphorescence spectrum of 1 at 77 K is largely coincident with the 3IL
phosphorescence measured for L', while the frozen-state emission of 4
appears at lower energy relative to phosphorescence measured for L*
(Fig. 6b). Taking all these considerations, the 77 K emissions of 1 and 4
can be assigned to the phosphorescence from the excited state of mixed
SMLCT/?IL character. However, the contribution of °IL seems to be
significantly larger in the case of 1, which is also manifested in a
noticeable increase of emission lifetime of 1 in relation to 4 (Table 4).
The %IL excited states were estimated as 0.346 eV for 4 and 0.380 eV for
1, supporting a larger energy gap between *MLCT and IL in the case of 4
(Fig. S15).

Noteworthy, the phosphorescence of L* has significantly higher en-
ergy than L!. By comparing the emissions of the free ligands (L* and L!)
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Fig. 8. Photoluminescence spectra of 1 and 4 in film. The excitation wave-
lengths are given in parentheses.

with reference molecules terpy, quinoline and N-ethylcarbazole (Fig. 7a
and b) we can assume that the emitting triplet states of L' and L* is
localized on different molecule units — 2,2':6',2"-terpyridine for L* and
quinoline in the case of L}. The *ILCT excited states in L* are inaccessible
in agreement with the rigidochromic effect. Remarkably, also the fluo-
rescence of L* at 77 K is not contributed by 'ILCT. As shown in Fig. 7c,
the 77 K fluorescence band of L* falls in the range of its RT emission in
non-polar chloroform solution and it is blue shifted relative to that in
acetonitrile at RT.

Photoluminescence spectra of Re(I) carbonyl complexes as film
excited with Aex below 350 nm, that is, from the range of ligand tran-
sition, showed two emission bands: a more intense located around 400
nm and the second one above 500 nm (Fig. 8 and Fig. S16). Films excited
with the wavelength from MLCT and ILCT electronic transitions
exhibited weak emission with Aep, ranging from 500 to 616 nm.

Considering the effect of the triimine skeleton and appended heter-
oaromatic group, the designed complexes 1-6 show significant envi-
ronment dependent emission. In both rigid media and solutions, the
emission of [ReCl(CO)3(4—R—dtpy—K2N)] (2, 5) and [ReCl(CO)3(4-R-dppy-
K*N)] (3, 6) is significantly red-shifted in relation to the emission of
[ReCl(CO)3(4’-R-terpy—1<2N)] (1, 4). In the case of films, the same ten-
dency was found for the low energy emission band.

In solutions at room temperature, the emission maximum system-
atically moves toward longer wavelengths in the order [ReCl(CO)3(4'-R-
terpy-<®N)] (1) < [ReCl(CO)3(4-R-dppy-¥>N)]1 (3) < [ReCl(CO)3(4-R-
dtpy—KzN)] (2) for the series of complexes with quinolin-2-yl pendant
substituent, while the emission of 5 and 6 covers almost the same range
and displays a clear bathochromic shift relative to 4. For all the pairs 1
and 4, 2 and 5, 3 and 6, the emission of the Re(I) complexes with
appended N-ethylcarbazol-3-yl group is hypsochromically shifted, in

——ITO/PEDOT:PSS/PVK:PBD:3(1wt.%)/Al (24V)
——ITO/PEDOT:PSS/PVK:PBD:3(2wt.%)/Al (23V)
——ITO/PEDOT:PSS/PVK:PBD:3(15wt.%)/Al (23V)
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both CH3CN and CHCl3. The hypsochromic shift of the emission due to
the introduction of electron-rich group can indicate that photophysical
properties of the designed complexes are predominately controlled by
the MLCT excited state. Attachment of the electron donating group to
MLCT core is expected to destabilize the MLCT excited state [85]. The
assignment of the lowest excited state in the designed complexes to
MLCT character is also supported by the fact that excited-state lifetime
of 1 and 4 quantitatively matches that of [ReCl(CO)g(terpy-KzN)] [86].

Additionally, the capacity of the synthesized Re(I) carbonyl com-
plexes for emission of light under voltage was examined in diodes with
architecture ITO/PEDOT:PSS/complex/Al and ITO/PEDOT:PSS/PVK:
PBD:complex/Al. In a guest-host type of device, the active layer consists
of [ReCl(CO)g(L“-KZN)] dispersed (1, 2 and 15 wt%) in a mixture of poly
(N-vinylcarbazole) (PVK) (50 wt %): 2-(4-tert-butylphenyl)-5-(4-biphe-
nylyl)-1,3,4-oxadiazole (PBD) (50 wt %). Considering the electronic
absorption range of the complexes and photoluminescence of PVK:PBD,
the energy transfer from host to luminophore molecules due to Forster
mechanism can be expected (Fig. 2c). This type of energy transfer can
effectively occur if the PL spectrum of the host overlaps with the ab-
sorption spectrum of the guest. Considering the PL spectrum of applied

Table 5
Position of Agy, of light emitted by diodes with structure ITO/PEDOT:PSS/PVK:
PBD:complex/Al and its maximal measured emission intensity.

Complex  complex content in PVK:PBD matrix

1 wt% 2 wt% 15 wt%

Agr, [nm] Intensity Agr, [nm] Intensity Agr, [nm] Intensity
1 610 2121 610 1563 610 9513
2 640 955 640 931 640 1701
3 635 3054 630 871 640 49 445
4 590 32799 580 194 520 588 26 831
5¢ - - 619 50 000 621 60 000
6 620 1521 615 19 395 615 25 598

- not investigated.
2 data for complex 5 taken from Ref. [32].

Table 6
Summary of time components obtained from Global Lifetime Analysis (GLA).

Complex Time constants, t; [ps]
t to t3 tg ts
1 0.18 4.57 185.5 1290 -
0.41¢ 41.57¢ 824.8° - -
0.18" 4.86" 116.6" 885.2" 8332"
4 0.66 6.81 191.2 6180 -
[ReCl(CO)3(terpy-K2N)] 0.62 5.97 26.74 3213 -
[ReCI(CO)3(bipy)]° 0.097¢ 3.3 16 inf -

@ t' values taken from global analysis in 355-405 nm range.

b t values taken from global analysis of fsTA spectra after pumping at 355 nm.
¢ data taken from Refs. [87,88].

4 data taken from fluorescence up-conversion from Refs. [87,88].
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Fig. 9. Electroluminescence spectra and photos of selected diodes containing investigated Re(I) carbonyl complexes (see also Figs. S16-517).
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Fig. 10. (a) fsTA spectra of [ReCl(CO)s(terpy-k*N)] in CHCl; solution (Apump =
420 nm, 0.21 pJ per pulse); (b) Decay Associated Spectra (DAS) for [ReCl
(CO)3(terpy-x*N)1.

matrix and UV-vis spectra of Re(I) carbonyl complexes presented in
Fig. 2¢, it can be seen that only absorption band originated from MLCT
and ILCT electronic transitions of the guest overlaps with the emission
spectrum of the host. It was found that the devices with a neat complex
applied as active layer contrary to diodes with guest-host configuration,
were non emissive, except for the diode based on compound with dtpy
skeleton with attached quinoline derivative (2) (Fig. 9a). As can be seen
from Fig. 9a, this diode exhibited the maximum of emission band (1gr) at
670 nm corresponding to red light. Together with increase of Re(I)
carbonyl complex content in a blend from 1 to 15 wt%, more intense
light emission was seen (Fig. 9 and Table 5) with the exception of 4. The
fabricated diodes emitted light with maximum of electroluminescence
band () ranging from 590 to 640 nm, which corresponds to emission
of yellow and orange light (cf. Fig. 9c and b). The Ag;, position of device
containing complexes consisted of terpy with attached carbazole (4) and
quinoline (1) derivatives was blue-shifted compared to others. The most
intense emission of light under external voltage exhibited diodes based
on compounds with terpy (4) and dtpy skeleton (5 [32]) substituted with
carbazole unit. However, it can be noticed that the emission with the
highest intensity was reached under high external voltage above 20 V.
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3.6. Femtosecond transient absorption

To obtain a more complete picture of excited state processes in [ReCl
(CO)3(LP-k2N)], transient absorption spectra in the femtosecond time-
scale (fsTA) were recorded for chloroform solution of 1, 4, and a model
complex [ReCl(CO)g(terpy-KzN)] after excitation at 420 nm within the
range 355-650 nm (Figs. 10 and 11, Figures. S18-523). For 1, for which
PL studies revealed greater contribution of *IL, also the TA experiment
with 355 nm pumping wavelength, allowing to excite both rhenium(I)
carbonyl (MLCT) and organic ligand chromophores (IL), was under-
taken. The data in the first 300 fs, which were strongly affected by cross-
phase modulation and scattered pump light and could lead to unreliable
conclusions, were not considered in the discussion. In the global lifetime
analysis of the data obtained after excitation at 420 nm, the wavelength
region (405-425 nm) was excluded as it covers scattered pump light.

The fsTA spectra of the parent complex [ReCl(CO)3(t€pr-K2N)] show
two positive bands due to excited-state absorption (ESA), with maxima
at 376 and 485 nm. On the basis of transient absorption studies of
bipyridine (bipy) rhenium(I) analogue [ReCl(CO)3(bipy)]1, which showed
ESAs at 373 and ~480 nm, the band of [ReCl(CO)g(terpy-KzN)] in the UV
region can be assigned to the absorption of bipyridine anion radical
bipy*~, while ESA in the visible part corresponds to Cl/L* —Re (Ligand-
to-Metal-Charge-Transfer, LMCT) transitions. The intense band at ~370
nm is regarded as diagnostic of bipy reduction upon excitation [87,88].
In view of the close resemblance of [ReCl(CO)g(terpy-KzN)] to [ReCl
(CO)3(bipy)], we can assume that optically populated IMLCT state of
[ReCl(CO)g(terpy—KzN)] undergoes femtosecond intersystem crossing
(ISC) into intermediate diimine-localized n—n* intraligand state CIL)
and vibrationally hot SMLCT state of {ReCl(CO)3}—>terpy—K2N transition.
The conversion from %IL to MLCT occurs on a picosecond time scale,
and the relaxed 3MLCT state decays by minor radiative and major
non-radiative pathways to the ground state [87,88].

The global lifetime analysis (GLA) confirmed that the TA data of
[ReCl(CO)g(terpy—KZN)] are the best described in terms of four compo-
nents, each characterized by a time constant t; (Fig. 10b). Likewise as for
[ReCl(CO)3(bipy)], the ty, ta, t3 and t4 can be assigned to the intersystem
crossing from initially populated singlet state to the triplet manifold,
conversion of the intermediate state °IL to the 3MLCT, vibrational
relaxation of the lowest triplet state 3CT and ground state recovery time,
respectively.

The close resemblance of the time t4 (3213 ps) for DAS4 in TA of
[ReCl(CO)g(terpy-KZN)] and the emission decay (t = 3.0 ns in CHCl3)
[86] is suggestive that the emitting excited state can be attributed to
observed in TA the lowest triplet state of MLCT character, with small
amount of m—>n* terpy. Noteworthy, short SMLCT lifetimes in Re(l)
complexes are rather rare, but not unprecedented. Exemplarily, for
related rhenium(l) K2N-tricarbonyl complexes with 4’-(4-sub-
stituted-phenyl)-terpyridine ligands, short >MLCT lifetimes (from 0.58
to 2.3 ns) were confirmed using transient IR (TRIR) spectroscopy [83].

A remarkable shortening of the emitting triplet-state lifetime (t = 3.0
ns in CHCl3) of [ReCl(CO)g(terpy—KZN)] relative to [ReCl(CO)3(bipy)] (t
= 51.0 ns in CHCIl3) [86] can be largely assigned to the presence of
dangling (non-coordinated) pyridine ring in [ReCl(CO)3(terpy—K2N)],
which results in a greater complex flexibility.

Regarding other Decay Associated Spectra (DAS) (see Table 6,
Figs. 10 and 11 and Figures S18-S23), the difference between [ReCl
(CO)3(terpy-K2N)] and [ReCl(CO)s(bipy)] concerns also t; and t3 values
associated with intersystem crossing and vibrational relaxation due to
reorganization within a supramolecular cluster consisting of the Re(I)
chromophore and local solvent molecules, respectively [88]. For [ReCl
(CO)3(terpy-|<2N)], both these processes were determined to occur
slower than in the case of [ReCl(CO)3(bipy)] (see Table 6). Due to the
rejection of the data affected by cross-phase modulation and scattered
pump light, however, the accurate determination of ISC in [ReCl
(CO)3(terpy—K2N)] requires further studies with femtosecond fluores-
cence up-conversion methodology and/or TRIR spectroscopy, as it was
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Fig. 11. fsTA and DAS spectra of compounds 1 (a-b) and 4 (c-d)

done for [ReCl(CO)3(bipy)] [88].

Compared to [ReCl(CO)g(terpy-KzN)], fsTA spectra of 1 and 4 display
significantly broader absorption in the visible region, which can be
attributed to extension of n-conjugation due to introduction of hetero-
aromatic group into terpy ligand (quinolin-2-yl in 1 and N-ethylcarbazol-
3-yl in 4). Differences in position of ESA assigned to the characteristic
absorption of bipy*” between 1 and 4 in comparison to the model com-
plex [ReCl(CO)g(terpy—KZN)] can be attributed to different electron-
donating ability of appended heteroaromatic group. Due to introduc-
tion of the stronger electron-donating N-ethylcarbazol-3-yl group into
terpy core, UV transition absorption of 4 is significantly blue-shifted in
relation to [ReCl(CO)3(terpy-K2N)], contrary to UV transition absorption
of 1, which falls in the same range as for the model complex.

Some differences between 1 and 4 can be also noticed as far as the
global lifetime analysis is regarded. Similar to [ReCl(CO)s(terpy-x*N)1,
the TA data of 4 were assigned to four components. On the contrary, the
ESA bands of 1 in UV and Vis were found to possess different decay
kinetics. In the spectral region 425-625 nm, the best fit to the experi-
mental data after excitation at 420 nm was achieved with four compo-
nents model (as in the case of 4), while three compartments were used to
describe the data in the range from 355 nm to 405 nm. These findings
can be assigned to larger contribution of the >IL state, predominately
participated in the UV region. The given explanation is supported also
by the TA results obtained after excitation at 355 nm, allowing to excite
both rhenium(I) carbonyl and organic ligand chromophores. In this case,
the best fit to the experimental in the whole range (both UV and Vis) was
achieved with the use of five components model, with time constants
correlated to those determined in GLA with 420 nm pumping wave-
length for UV and Vis regions (Table 6).

The values of t4 for 1 and 4 (1290 ps for 1 and 6180 ps for 4, see
Table 6) match to the emission decays (1.4 ns for 1 and 6.3 ns for 4),
suggesting that the origin of these transient absorptions can be
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in chloroform solutions (Apump = 420 nm, 0.21 pJ per pulse).

attributed to the emissive excited species. In comparison to the model
complex [ReCl(CO)3(t€pr-K2N)], t4 value slightly decreases in the case
of 1, while introduction of N-ethylcarbazol-3-yl group into terpy (4)
leads to the small increase of t4 (Fig. 11). However, negligible changes in
the t4 of 1 and 4 relative to [ReCl(CO)g(terpy-KzN)] allow us to assign the
lowest triplet state as >MLCT with n—n* 4'-R-terpy admixture as well as
to exclude the thermal equilibrium between CT and ®IL responsible for
reservoir effect [89]. The lowest triplet state in 1 and 4 has SMLCT
character.

4. Conclusions

In this study, six rhenium(I) complexes bearing 2,2":6/,2"-terpyridine
(terpy), 2,6-di(thiazol-2-yl)pyridine (dtpy) and 2,6-di(pyrazin-2-yl)pyri-
dine (dppy) with appended quinolin-2-yl and N-ethylcarbazol-3-yl
groups were prepared, and the impact of the trisheterocyclic core (terpy,
dtpy and dppy) and heterocyclic substituent on photophysical properties
of obtained [ReCl(CO)g(L“-KZN)] was investigated with electrochem-
istry, absorption and emission spectroscopy, as well as theoretically
using DFT calculations at the PBE1PBE/DEF2-TZVPD/DEF2-TZVP level.
The introduction of an additional S- or N-donor atom into the n-deficient
trisheterocyclic unit of dtpy and dppy resulted in the stabilization of the
ligand-centred LUMO orbital, manifested experimentally in a significant
red-shift of the absorption and emission of [ReCl(CO)3(4—R—dtpy—K2N)]
(2, 5) and [ReCl(CO)3(4—R—dppy—1<2N)] (3, 6) in relation to [ReCl
(CO)3(4’-R-terpy-K2N)] (1, 4). The attachment of electron-donating N-
ethylcarbazol-3-yl group into the triimine acceptor core gave rise to
intraligand charge-transfer (ILCT) transitions from donor orbital local-
ized on the substituent to triimine-based n*acceptor orbitals. The long-
wavelength absorptions of 4-6 were assigned to a combination of
IMLCT and 'LCT transitions. The contribution of ‘ILCT was reflected in
the significant increase in molar absorption coefficients of the long-
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wavelength absorptions of 4-6 compared to 1-3. On the contrary, the
lowest triplet state of all Re(I) compounds was found to have SMLCT
character, with small admixture of n—n* in 4’-R-terpy. With reference to
[ReCl(CO)s(bipy)] and [ReCl(CO)3(terpy-K2N)], it was evidenced that
optically populated 'MLCT state of 1 and 4 undergoes femtosecond
intersystem crossing (ISC) into intermediate diimine-localized t—n*
intraligand state (°IL) and vibrationally hot 3CT state of {ReCl(CO)3}—
terpy-k®N transition. The relaxed >MLCT state decays by major non-
radiative and minor radiative pathways to the ground state. Negligible
changes in the t4 of ground state recovery time for 1 and 4 relative to
[ReCl(CO)g(terpy-KzN)] allowed us to exclude the thermal equilibrium
between 3CT and >IL responsible for reservoir effect. The findings of
preliminary investigations of Re(I) complexes electroluminescence
ability showed that the presence of terpy and carbazole units (4) resulted
in emission of yellow light contrary to the diodes based on other com-
pounds. The replacement of carbazole (4-6) with quinoline (1-3)
structure bathochromically shifted the Ag;. The most intense emission
induced by external voltage was found for the devices with terpy (4) and
dtpy (5) skeleton substituted with carbazole derivative.
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