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Utilization of a Pt(i) di-yne chromophore
incorporating a 2,2'-bipyridine-5,5'-diyl spacer as
a chelate to synthesize a green and red emitting
d—f—d heterotrinuclear complex+

dris Juma Al-Busaidi, 22 Rashid Iimi, © ** José D. L. Dutra, ©® Willyan F. Oliveira,”
Ashanul Haque, © ¢ Nawal K. Al Rasbi,? Frank Marken, € @ Paul R. Raithby @ *9 and
Muhammad S. Khan*®

A new heterotrinuclear (d—f-d) complex [Eu(btfa)zlc] (btfa = 4,4,4-trifluoro-1-phenyl-1,3-butanedione
and 1c = [(Ph)(EtzP),Pt—C=C-R-C=C-Pt(EtzP),(Ph)] (R = 2,2'-bipyridine-5,5"-diyl) has been synthesized
by utilizing the N,N-donor sites of the organometallic chromophore. The complex was characterized by
analytical and spectroscopic methods. Photophysical properties of the complex were analysed in detail
using both steady-state and time-resolved emission and excitation spectroscopy. The optical absorption
spectrum of the complex is dominated by the spin allowed n—=* transitions of the btfa and 1c units in the
UV-visible region (200-418 nm) and thus is excitable over a wide range of wavelengths across the UV
into the visible region of the electromagnetic spectrum. The complex displays typical red Eu(i) emission
when excited at 345 nm. However, it also shows green emission when excited at 464 nm and, thus could
be an interesting candidate for full colour display applications. The change in the colour could be a result
of the high value of the energy back-transfer rate (6.73 x 10° s™%) from the triplet state of the organo-
metallic chromophore to the °D; state of Eu(in). Judd—Ofelt (J-O) intensity parameters (2, and £,), radia-
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1. Introduction

Organo-transition metal complexes with triplet (T) and singlet
(S) harvesting features have emerged as attractive materials for
efficient optoelectronic (O-E) applications." The introduction
of heavy transition metals such as rhenium (Re), ruthenium
(Ru), osmium (Os) and platinum (Pt) into these systems, with
their associated high spin-orbit coupling (SOC), facilitates
intersystem-crossing (ISC) of the excited singlet state S, to the
lower-lying triplet state Ty.> As a result, highly efficient photo-
luminescence quantum yields (PLQY) approaching 100%
efficiency at ambient temperature are achievable. Hence, in
the electroluminescence experiments, Pt(u) complexes can

“Department of Chemistry, Sultan Qaboos University, P.O. Box 36, Al Khoud 123,
Oman. E-mail: rashidilmi@gmail.com, msk@squ.edu.om

bpople Computational Chemistry Laboratory, Department of Chemistry, UFS,
49100-000 Sdo Cristovdo, Sergipe, Brazil

‘Department of Chemistry, College of Science, University of Hail, Ha'il 81451,
Kingdom of Saudi Arabia

“Department of Chemistry, University of Bath, Claverton Down, Bath BA2 7AY, UK.
E-mail: p.r.raithby@bath.ac.uk

tElectronic supplementary information (ESI) available. See DOI: 10.1039/
d0dt04198j

This journal is © The Royal Society of Chemistry 2021

tive (Ag), non-radiative (Ag) decay rates and intrinsic quantum yield (OEE,) have been calculated.

exploit both the singlet and triplet excitons and produce
light."* Additionally, trivalent lanthanide [Ln(m)] ions provide
a fascinating platform because of their atom-like emission
spectra with very sharp emission bands (full width at half
maxima (FWHM) less than 10 nm), long luminescence life-
times and ion-specific emissions.* Coordinating Ln(u)
complex ions to organo-transition metal complexes could
endow the resultant complexes with enhanced PL properties
for many potential applications.” The unique optical pro-
perties of the Ln(m) ions render them useful in a range of
applications such as in lasers,”® light-emitting sensors for
hetero- and homogeneous fluoroimmunoassays,” organic
light-emitting diodes (OLEDs) used in display devices,**® and
biological imaging.” Hetero-multimetallic d-f complexes have
shown enhanced PL properties via energy transfer from the
transition metals acting as an antenna triplet state for the
Ln(m) ions.’® Compared to organic sensitizer chromophores,
the metal-based chromophores possess both a low energy
singlet state and a low triplet excited state and thus can be used
to extend the excitation window of the luminescent lanthanide
complexes.’" Hence, optimized and tuned photophysical pro-
perties of luminescent lanthanide complexes such as narrow
emission bands, large Stokes’ shifts and long-lived excited
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state lifetimes can be easily enhanced. Moreover, 3d/5d coordi-
nation complexes can facilitate highly efficient Electronic
Energy Transfer (EET) to the excited states of chelated 4f*
cations.'” The latter process can be performed via two possible
pathways: (a) "MLCT-*MLCT intersystem crossing arising from
the heavy-atom effect of the transition metals upon coordi-
nation to the lanthanide unit, (b) efficient *MLCT-Ln* process
that can compete with bimolecular quenching of the *MLCT
state by triplet oxygen.'® The coordination of 3d/5d metals con-
taining appropriate ligands allows the excitation in the visible
region.'® In addition, the inclusion of acetylide-functionalized
chelating ligands allows light emission from the triplet excited
state of the conjugated ligand."> Moreover, introducing the
acetylide unit may endow the complex with intriguing photo-
physical properties by additional intra-ligand and/or inter-
ligand charge-transfer excited states (ILCT). Therefore, a strong
sensitization of Eu(m) in the visible domain (up to 460 nm) by
the use of a phosphorescent Pt(u) complex raises the overall
luminescence QY of the complexes.'>"® We have recently”®
reported a heterotrinuclear ‘Pt-Eu-Pt’ complex of a sterically
hindered kinked/V-shaped Pt(n) di-yne antenna chromophore
of the type trans-[(Ph)(Et;P),Pt-C=C-R-C=C-Pt(Et;P),(Ph)]
(R = 2,2"-bipyridine-6,6'-diyl) (1d) as shown in Chart 1 and
described its photophysical properties. The complex displayed
typical red emission of the Eu(m) centre; however, the exci-
tation window was confined to the UV region. This can be
attributed to conjugation interruption in the system due to
ligand topology (presence of the ethynyl groups at 6,6"-posi-
tions of 2,2"-Bipy)."® A general strategy to shift the excitation
window of a complex is to design and engineer the molecule(s)
with extended/uninterrupted n-conjugation. We have pre-
viously reported that Pt(u) di-ynes and poly-ynes incorporating
a variety of carbocyclic,">*'” heterocyclic’®*'® and mixed
heterocyclic'®'® spacers with extended conjugation exhibit
improved photophysical properties for various opto-electronic
applications. We noted that 5,5"-bis(ethnyl)-2,2"-bipyridine is
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EtP-Pt-PEt,;  EtyP-Pt-PEty
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Chart 1 Structure of the present and previously** designed Pt(i) di-yne
organometallic chromophore and their heterotrinuclear (d—f-d)
complex.
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fully conjugated while its 6,6"-bis(ethynyl) counterpart has
broken conjugation and that 2,2-bipyridine-5,5"-diyl spacer
imparts more desirable optical properties to the Pt(u) di-yne
and poly-yne complexes.>® Based on this idea, in the present
work, we have utilized the ‘rigid-rod’ Pt(u) di-yne chromophore
incorporating 2,2’-bipyridine-5,5"-diyl chelating spacer to syn-
thesize a new heterotrinuclear Pt-Eu-Pt complex (Chart 1).
The photophysical properties of the heterotrinuclear complex
have been investigated. The optical absorption spectrum of the
present heterotrinuclear complex [Eu(btfa);1c] displays a red
shift compared to its kinked counterpart [Eu(btfa);1d] [1d] =
[(Ph)(Et;P),Pt-C=C-R-C=C-Pt(Et;P),(Ph)] (R = 2,2-bipyri-
dine-6,6'-diyl) because of the uninterrupted conjugation
present in the former complex. Moreover, the newly syn-
thesized heterotrinuclear complex displays fascinating dual
emissions ie., typical red emission due to the Eu(m) ion
occurs when excited at 345 nm while a strong green emission
is observed when the complex is excited at 464 nm. Finally,
DFT calculations have been carried out to understand the
photophysical properties and the nature of the excited state.
Furthermore, the results of the DFT in conjunction with the
observed photophysical data were utilized to gain an insight
into the IET processes with the help of the LUMPAC>" software
package.

2. Experimental

2.1. General

All reactions were performed under a dry Argon (Ar) atmo-
sphere using standard Schlenk line techniques. Solvents were
pre-dried and distilled before use according to standard pro-
cedures. Europium chloride and gadolinium nitrate were pur-
chased from Strem, USA. All other chemicals were obtained
from Sigma Aldrich except 5,5-dibromo-2,2"-bipyridine which
was obtained from Tokyo Chemical Industry (TCI) and all were
used as received. The compound trans-[Ph(Et;P),PtCl]| was pre-
pared according to reported procedures.* Column chromato-
graphy was performed either with Kieselgel 60 (230-400 mesh)
silica gel or alumina (Brockman Grade I). Elemental analysis
was performed in the Department of Chemistry, Sultan
Qaboos University. Attenuated total-reflectance (ATR) infrared
(IR) spectra were recorded on pure samples on diamond using
a Cary 630 FT-IR spectrometer. Mass spectra were obtained
using the Agilent 6530 Accurate-Mass Quadruple Time-of-
Flight (Q-TOF) LC/MS.

2.2. Synthesis of hetero-trinuclear complex [Eu(btfa);1c]

5,5-Bis(trimethylsilylethynyl)-2,2"-bipyridine ~ (1a),  5,5"-bis
(ethynyl)-2,2"-bipyridine (1b) and t¢rans-[(Ph)(Et;P),Pt-C=C-R-
C=C-Pt(Et;P),(Ph)] (R = 2,2-bipyridine-5,5-diyl (1c)
(Scheme 1) were synthesized as reported by us previously.'® A
solution of 1c¢ (0.073 g, 0.06 mmol) in MeOH/DCM (10 mL)
was added to a solution of [Eu(btfa);(H,0),] (0.050 g,
0.06 mmol) in MeOH/DCM (10 mL). The reaction mixture was
left overnight with stirring at RT. The solution was left for slow

This journal is © The Royal Society of Chemistry 2021
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Scheme 1 Synthetic protocol for the Pt(i) di-yne organometallic chromophore and the heterotrinuclear (d—f—d) complex.
solvent evaporation, after which solid product was obtained as 5 5 U’Dy — 7Fy] A[’Dy —Fj] 5
N . . AR[ DO — Fj] = 5 - AR[ DO — Fl]

a yellow solid. The solid product was washed with cold ethanol v[’Dy — 7F;] ~ A[°Dy — 7F4]

and dried in vacuo to obtain a light yellow solid. IR: v/em™" (3)

-C=C- 2087 cm™%; C = O 1610 cm™' (Fig. S1, ESIf).

C30H94EuF9N206P4Pt2; calc. C, 47.65; H, 4.70; N, 1.39(%2); found:

C, 47.63; H, 4.67; N, 1.36%. (Q-TOF) LC/MS = 2016.5935 m/z Aot = == Ar A (4)

[M'] (Fig. S2, ESIf). '"H NMR (400 MHz, CDCl,): § 12.45 (b,

2H); 6 9.34 (d, 2H, J = 7.2 Hz), 9.17 (d, 2H, J = 7.2 Hz), 6 Crad _1 (5)

8.60-6.0 (m, 25 H); & 3.34 (ss, 3H); 1.95 (b, 24H), 1.24 (b, 36H) Ar

(Fig. S3, ESIT). *C NMR (100.6 MHz, CDCl,): § 187.48, 176.99, pu_ Tobs _ Ax ©)

155.10, 138.10, 132.48, 126.44, 125.92 125.70, 124.32, 120.43 B b Ar + Ank

121.89 (C=C), 94.29, 57.82, 28.67, 14.08 (CH,), 7.39 (CHa)
(Fig. S4, ESIT). NB. The NMR spectroscopic signals were broad-
ened by the presence of the highly paramagnetic Eu(i) ion.

2.3. Spectrofluorimetric measurements

UV-visible spectra were recorded on a Varian Cary 50 spectro-
photometer in the 200-600 nm range. Quartz cuvettes with
1 cm path length were used, and solvent background correc-
tions were applied. The steady state emission spectrum of the
Eu(m) complex and its phosphorescence lifetime in solution
were recorded on an Edinburgh FS5 fluorimeter at room-temp-
erature (RT). The measured time dependent emission signal
intensity was fitted to exponential functions convoluted with
the system response function. The goodness of the fit was
judged by the value of the reduced chi-squared (y°). In all the
experiments, samples were contained in a 1 cm path length
quartz cell, and the measurements were conducted at 24 +
1 °C. Important photophysical parameters such as the Judd-
Ofelt (€2, and Q,), radiative (4g) and non-radiative (Axgr) decay
rates, radiative lifetime (7..q), and intrinsic quantum yield
(QEY) of the heterotrinuclear complex was estimated with the
help of the following equations and the details are discussed
in our recent report.>

-Qixp = i [SDO 3_) 7Fj] 2
32e’m3yv [’Do — "] |(3Do [ UM 7Fy ) |

(1)

AR:

(2)

4
Ar[*Do — F/]
7=0
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Photoluminescent quantum yield (PLQY) of the complex
was measured using previously reported methods.** Both the
standard complex [Eu(btfa);(H,0),] and [Eu(btfa);1c] were dis-
solved in DCM and treated similarly in terms of absorption
and emission measurements. The excitation wavelength was
360 nm and measurements were carried out at room tempera-
ture, with a slit width of 1.0 nm for the excitation, and 1.0 nm
for the emission. The @ of [Eu(btfa);1c] was measured relative
to solution of [Eu(btfa);(H,0),].>

2.4. Cyclic voltammetry (CV)

Cyclic voltammetry (CV) was performed at room temperature at
a scan rate of 100 mV s™* using a standard three-electrode con-
figuration employing (i) a Pt wire counter electrode, (ii) a
3.0 mm diameter glassy carbon working electrode (GCE)
immersed in deaerated dichloromethane solution with approx.
1 mM concentration of redox active material and (iii) an Ag/AgCl
non-aqueous reference electrode kit (all from BASi, USA). The
Ag/AgCl non-aqueous reference electrode was filled with 0.1 M
n-BuyNPF, containing ca. 10 mM AgCl in order to provide a con-
stant reference potential; to allow comparison with theoretical
calculations, this was subsequently corrected to the ferrocene/
ferrocenium potential in the same electrolyte on the day of use.

2.5. Theoretical analysis

2.5.1. Elucidation of ground-state geometry and determi-
nation of singlet and triplet state. The crystallographic struc-
ture of the organometallic chromophore 1c¢ was obtained pre-

Dalton Trans., 2021, 50, 1465-1477 | 1467
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viously by us.>* This was utilized to aid the drawing of the
starting geometry of the hetero-trinuclear complex
[Eu(btfa);1c] and was first optimized with the semiempirical
quantum mechanical Sparkle/PM6 model** implemented in
the MOPAC2016 software,> without imposing any symmetry
restrictions. The optimized Sparkle/PM6 geometry was used to
finally elucidate the structure of [Eu(btfa);lc] by the DFT
approach at the B3LYP level of theory with the help of the
ORCA 4.2.1 software package.>® The SVP basis set®” was used
to represent the electronic structure of the hydrogen (H) atom
as (4s1p)/[2s1p], while the carbon (C), nitrogen (N), oxygen (O)
and fluorine (F) atoms are treated as (7s4p1d)/[3s2p1d] by SVP.
The electronic structure of the Eu and Pt atoms were rep-
resented by the MWB(52) and LANL(68)*® effective core poten-
tials (ECP),*® respectively, which considered 52 and 68 elec-
trons in each of the respective cores. For Eu and Pt atoms the
remaining electrons were treated as (7s6p5d)/[5s4p3d] and
(7s6p5d1f)/[6s3p2dif], respectively. Finally, the phosphorus
(P) atom was represented by the LANL(10)*®* ECP with the
remaining electrons being treated as (10s7p1d)/[4s3p1d].

Using the B3LYP geometry the singlet and triplet states of
the coordinated ligands were determined with the time-depen-
dent density functional theory (TD-DFT) approach, applying
the CAM-B3LYP functional.”® The elements were represented
by the same basis set and ECPs specified for the procedure of
geometry optimization. As in a previous study the effect of
the dichloromethane solvent was implicitly considered and
did not promote change in the excited states energies, there-
fore such effect was not considered in the current work. The
corresponding absorption spectrum was obtained from fitting
to a Lorentzian function with a half-width at half maximum
(HWHM) arbitrarily attributed as 10 nm.

2.5.2. Intermolecular energy transfer (IET) rate. The most
recent Malta’s model®® implemented into LUMPAC 1.4.1*! was
employed in the ET rates calculation involving the main ET
channels for [Eu(btfa);1c]. Such a model considers the contri-
bution from two mechanisms, being the ligand-metal ET in
view only of the direct coulombic interaction calculated by:

> A~<l//]

=2,4,6

¢ 21 €eS.F

Vi = G+ ), Uy O

1 =201 = 00 () + (P23l a) (1 -
L

A+1
() Y

The ligand-metal ET rates considering only the exchange
mechanism is given by:

e Smer(1-—

2
F
Rt Wﬁwwwf

G(2J +1
2 (9)
lI’N 1H>

¥ (et

The (/T ||UP|lw)? and (W] ||S|ly)? reduced matrix elements
provide the selection rules for the direct coulombic interaction

()s-m(j)
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(CI) and exchange (Ex) mechanisms, respectively. As a conse-
quence, the electronic excitation of the states D, « "Fy, >Gg <
"Fo, and °Le < F, for the Eu(m) ion are governed by the multi-
polar mechanism, while the exchange mechanism dominates
the °D, « “F, and °D, < 'F, excitations. Reference®" presents
the details of all terms contained in the eqn (7)-(9).

The (1 — o) shielding factor, from eqn (9), deserves particu-
lar mention and is estimated as a function of the distance
from the Ln(u) ion nucleus to the electronic barycentre of the
ligand donor (or acceptor) state,*® such distance is known as

Ry, (eqn (11)).

_ Rmin 7
(1=00)=p( " (10)
L
Z cizRLf
) S E— 11
L Z Ci2 ( )
i

where ¢; is a given molecular orbital coefficient of the i atom
that contributes to the ligand state, Ry ; is the distance from i
atom to the Ln(m) ion, and R, is the smallest distance
between the atoms coordinated directly and the Ln(m) ion. The
p overlap integral between the valence shells of the Ln(m) ion
and the ligating atom usually assumes a value equal to 0.05.
The F term, from eqn (7) and (9), corresponds to the energy
mismatch spectral overlap and is approximately calculated by:

2
A
F = i lnizei (’U’L) In2

iy, (12)

where the ligand bandwidth at half-height, y;, (in s™) is con-
sidered as being much larger than the widths of the 4f-4f tran-
sitions of Ln(ur) ions (yi,,). The A quantity (in erg) is the energy
difference between donor and acceptor energy states involved
in the ligand-metal ET. Back ET rate is calculated multiplying
the corresponding direct ET rate by the Boltzmann factor
e 1AI/kT \where kg stands for the Boltzmann constant and T is
assumed as being the environment temperature.

The QFEP corresponds to the forced electric dipole (FED)
intensity parameters, which is derived from the Judd-Ofelt
theory (eqn (13)), and is taken from the eqn (14) neglecting the
contribution from the dynamic coupling (DC). The FED and
DC contributions depend on the so-called odd-rank ligand
field parameter (y;,) and 77, respectively.

A—1,A+1(0dd) t(all)

e R
_ 2 un (A +1)(24+3)]"
By = E< he(t, Ay, {T} ”
(M- ”i)<f“C“>W>F;5z,A+1
= @H) Ea%“ﬁf@@)(@
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‘ 4n 1/2 (o7
= (1) S (16)
J

J

The j index runs over the atoms coordinated directly to the
lanthanide ion, R; corresponds to the distance between a given
J atom and the lanthanide ion, §; and ¢; are the corresponding
angular coordinates. The charge factors (g;) and polarizabil-
ities (@), present in eqn (15) and (16), respectively, were
adjusted using the QDC model®® to reproduce the experi-
mental values of ;. QDC model is implemented into
LUMPAC®" and postulates that the g; are obtained from the
product between an adjustable parameter (Q) and each ZDO
(Zero Differential Overlap) electronic density (g;) of each j atom
(eqn (17)). As shown in eqn (18), the o; quantities are calcu-
lated by using the D and C adjustable parameters together
with the electrophilic superdelocalizabilities (SE). The refer-
ence”" details all terms present in eqn (13)-(18).

g =0xgq (17)

a; =8SE; xD+C 18
J J

From the energy of the occupied molecular orbital and the
corresponding linear coefficients calculated with Sparkle/PM6,
considering the B3LYP geometry of [Eu(btfa);1c], the g; and SE;
quantities were obtained using LUMPAC.

2.5.3. Theoretical quantum yield. The PLQY (g) is an
important spectroscopic parameter and is defined as the ratio
of the number of emitted photons by the lanthanide ion to the
number of absorbed photons by the ligand. For the Eu(m) ion,
q is calculated using the following equation:

q= Aradlip, (19)
Pns,
where ¢ is the absorption rate (s™') from the fundamental
singlet to the excited singlet of the ligand. »s, and #sp, are the
energetic population of the S, fundamental state of the ligand
and the °D, emitting state of the Eu®", respectively.

The radiative emission rate (A;.q) depends on the theore-
tical intensity parameters (eqn (13)) and for the europium ion
is calculated by:

32e2nly
Apg = —— 2 UPDy — "Fr )’
rad Sh(zj'i'l)lzzzﬁlﬁ [ 0 T /1} A
2 321mndu[PDy — ’F
<[ (ot )[4 2D = Bl

where e is the elementary charge; 2/ + 1 is the degeneracy of
the initial state, for Eu®*" the °D, emitting is considered (J = 0).
The energies of the barycentres of the respective transitions
are represented by the 1[°D, — “F;] quantities. y is the Lorentz
local-field correction term, and is given by y = n(n®> + 2)*/9,
where the n refractive index was considered as equal to 1.424,
regarding the DCM solvent. The magnetic dipole strength
(Sma) of the D, — “F; transition is theoretically equals 9.6 x

10™*? esu® em?.%°

This journal is © The Royal Society of Chemistry 2021

View Article Online

Paper

From a system of equations in the steady-state condition
the normalized population of a given a level considered in the
ET modelling (1;) is calculated analytically by:

dn
4= 2 Whally D Waly =0
a#b a#b

(21)

where W, is the transfer rate from level a to level b, and if a =
b, Wab =0.

3. Results and discussion

3.1. Synthesis, characterization and elucidation of the
ground state geometry

In this work, we have synthesized a new hetero-trinuclear
complex (Scheme 1) bearing a rigid dinuclear Pt(un) di-yne
chromophore. The chemical structure of the Pt(u) di-yne
chromophore, heterotrinuclear (d-f-d) complex and their step-
wise synthesis is depicted in Scheme 1. Trans-{(Ph)(Et;P),Pt-
C=C-R-C=C-Pt(PEt3),(Ph)] (R = 2,2"-bipyridine-5,5"-diyl) was
synthesized following our previously reported method."®
Briefly, 5,5-dibromo-2,2"-bipyridine was protected with tri-
methylsilylethyne yielding 1a (Scheme 1) by a Sonogashira
cross-coupling reaction.”’ Smooth removal of trimethylsilyl
groups with KOH/MeOH (Scheme 1) followed by dehydrohalo-
genation reaction of the diterminal alkyne 1b with trans-[Ph
(Et3P),PtCl] yielded the Pt(u) di-yne 1c (Scheme 1) as a yellow
solid. The heterotrinuclear complex [Eu(btfa);1c] (Scheme 1)
was synthesized in 74.0% yield by reacting [Eu(btfa);(H,0),]
and Pt(u) di-yne (1c) in 1:1 ratio. The formulation of [Eu
(btfa);1c] was confirmed by elemental analysis, ESI-MS and IR
spectroscopy. The elemental analysis shows satisfactory results
and confirms the proposed formulation for the newly syn-
thesized complex. The result of the elemental analysis was
further confirmed by the ESI-MS. The spectrum of [Eu
(btfa);1c] in positive ion mode was recorded in MeOH. The
complex displayed a molecular ion peak at 2016.59 m/z [M']
(Fig. S2, ESIT) and thus confirms the proposed stoichiometry
shown in Chart 1. The spectrum also displayed various peaks
which could be due to fragmentation of the fluorinated
B-diketonate ligands.** The results of the elemental analysis
and ESIt were further confirmed by IR spectroscopy. The IR
spectra of [Eu(btfa);1c] together with those of [Eu
(btfa);(H,0),] and 1c are shown in Fig. S1, ESL.f The spectrum
of [Eu(btfa);1c] displayed a single, sharp -C=C- stretch at
2087 cm™*, consistent with a trans configuration of the ethynyl
units around the Pt(u) centres.'*” The presence of this stretch-
ing absorption clearly supports the formation of the hetero-tri-
nuclear complex. Moreover, the IR spectra of the complex exhi-
bits C=0O and C=C stretching vibrations at 1610 and
1571 cm™ "', respectively, characteristics of the lanthanide
chelate complexes containing p-diketone ligand.** The appear-
ance of (PCH,CH3;); twisting and bending vibration bands in
the spectrum also provide additional evidence of complex for-
mation; however, the position of the peaks remain unaltered
appearing at 3041, 2961 and 2871 cm™" as observed in the Pt
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Fig. 1 Ground state geometry of the heterotrinuclear complex optimized at the B3LYP level of theory.

(1) di-yne chromophore. The results clearly provide unambigu-
ous support for the formation of the heterotrinuclear complex
[Eu(btfa)s1c].

Repeated attempts to obtain single crystals of the complex
suitable for X-ray analysis failed. In fact, for predicting the
photophysical properties of the given Eu complex, one needs
to have the theoretical structure of the complex, even though
the experimental structure is available.>® Given this fact, the
ground state geometry of the present hetero-trinuclear
complex was elucidated by the DFT method shown in Fig. 1,
and the coordination geometry of EuN,Og polyhedron is high-
lighted. The crystallographic structure of the 1c [EWOQEM
Cambridge Structural Database (CSD) code]'® shows a linear
orientation around the -C=C- triple bond. However, in the
present case, we noted distortion when 1c is coordinated to
the Eu(m) ion. Such a structural modification is observed in
the literature when ligands comparable to 1c are coordinated
to a given metal centre (e.g., ASUVER and KIRSOU CSD
refcodes),*® and could be due to the interactions involving the
peripheral substituents in the different ligands of 1c with the
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Fig. 2
using the B3LYP geometry for [Eu(btfa)s1c].
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B-diketonate ligands. Spherical coordinates of coordination
polyhedron are gathered in Table S1, ESI,{ and, as can be
seen, the Eu-N bonds predicted by the applied DFT approach
are 2.684 and 2.647 A, in line with literature values.** On the
other hand, the Eu-O bonds are in the ranges of 2.399-2.422 A
and plainly the coordination polyhedron is of low symmetry.

3.2. Optical absorption spectroscopy

Fig. 2 shows the optical absorption spectra of the Pt(u) di-yne
chromophore (1c) and of [Eu(btfa);1c]. The spectrum of the Pt
(1) chromophore displays a strong split peak at 382 nm due to
the n-n* transitions. It is important to emphasize that in the
spectrum of 1c with the ethynyl groups at the 5,5-positions
there is a 50 nm red shift compared to 6,6"-ethynyl based Pt(u)
chromophore. This shift is a result of uninterrupted conju-
gation along the chromophore and attests to our assumption
as stated in the introduction. The absorption spectrum of
[Eu(btfa);1c] is dominated by spin allowed n—r* transitions of
the p-diketone ligand and 1c¢ in the UV-visible region
(200-418 nm) with three major absorption peaks at 331 nm,

(b)
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(a) Optical absorption spectra of 1c and [Eu(btfa)s1c] at RT. (b) Theoretical electronic spectrum calculated at the CAM-B3LYP level of theory
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389 nm and 416 nm. As noted in the organometallic chromo-
phore 1c, the spectrum of the present heterotrinuclear
complex displays a red shift and this extends into the visible
region of the spectrum compared to previously reported
[Eu(btfa);1d] [1d] = [(Ph)(Et;P),Pt-C=C-R-C=C-Pt(Et;P),(Ph)]
(R = 2,2"-bipyridine-6,6'-diyl)** (Fig S4, ESI{). It is thus excitable
across a wide range of wavelengths from UV to the visible. The
spectral differences of the two systems encouraged us to study
the photoluminescence (PL) of the new system further.

To underpin the optical absorption spectroscopy result and
to clearly understand the origin of transition, we obtained the
theoretical absorption spectrum of the present complex
(Fig. 2b). As shown in Fig. 2b, the theoretical absorption spec-
trum is in qualitative agreement with the experimental spec-
trum. The aforementioned assigned electronic transition is
further supported by the molecular orbital (MO) analysis.
Table 1 shows that the electronic transition highest occupied
molecule orbital (HOMO) — lowest unoccupied molecular
orbital (LUMO) dominates the band located at the highest
wavelengths, and such MOs are centred in the molecular frag-
ment present in the 1c¢ complex (Fig. 3). On the other hand,
the band corresponding to the lowest wavelengths is domi-

Table 1 Electron transition configurations calculated at the TD-DFT
CAM-B3LYP level of theory for the most relevant singlet states of [Eu
(btfa)zlc]

Oscillator
Wavelength Ligand strength  Major contribution Total
338.09 nm 1c 1.79 HOMO - LUMO 87.30%
263.82 nm 1c/btfa 1.44 HOMO-2 — LUMO+3 (25.15%) 60.91%
HOMO-5 — LUMO+1 (22.94%)
HOMO-8 — LUMO+2 (12.81%)
277.85nm  1c/btfa 0.34 HOMO — LUMO+1 (41.21%) 71.54%

HOMO — LUMO+4 (30.33%)
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