8060  Wiley Online Library

Angewandte

Zuschriften

Platinum Complexes

Deutsche Ausgabe: DOI: 10.1002/ange.201502390
Internationale Ausgabe: DOI: 10.1002/anie.201502390

The Role of Substituent Effects in Tuning Metallophilic Interactions
and Emission Energy of Bis-4-(2-pyridyl)-1,2,3-triazolatoplatinum(II)

Complexes™*

M. R. Ranga Prabhath, Julia Romanova, Richard J. Curry, S. Ravi P. Silva, and

Peter D. Jarowski*

Abstract: The photoluminescence spectra of a series of 5-
substituted pyridyl-1,2,3-triazolato Pt" homoleptic complexes
show weak emission tunability (ranging from A =397-408 nm)
in dilute (10-°M) ethanolic solutions at the monomer level and
strong tunability in concentrated solutions (10~*m) and thin
films (ranging from 1 =487-625nm) from dimeric excited
states (excimers). The results of density functional calculations
(PBEQ) attribute this “turn-on” sensitivity and intensity in the
excimer to strong Pt—Pt metallophilic interactions and a change
in the excited-state character from singlet metal-to-ligand
charge transfer ('MLCT) to singlet metal-metal-to-ligand
charge transfer ('MMLCT) emissions in agreement with
lifetime measurements.

Owing to superior energy efficiency, light emitting diode
(LED) technology has become considerably commercialized
over the last decade.!! For organic LEDs (OLEDs), innova-
tions have been spurred along by the discovery of new
molecules with good stability and high emission intensity,
followed through by intense engineering efforts. Heavy-
metal-containing complexes are potent molecular emitters
as a result of their high quantum efficiencies (QEs, ¢) related
to facile intersystem crossing (ISC) between excited-state
manifolds (efficient spin orbit coupling (SOC)) and resultant
efficient emission from the triplet state (phosphorescence).”!
Rational tuning of the emission wavelengths based on
structural modifications of the ligands,m with concomitant
control of the QE, has been demonstrated in a number of
octahedral complexes of d® metals! including predominantly
iridium,** rhodium,*! and ruthenium™ and with a large
range of structurally diverse ligands. The square-planar d*
complexes have also received considerable interest since the
seminal work of Gray, Vicek, Miskowski, and co-workers.P!
Square-planar platinum complexes present excellent emissive
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properties and allow for a more minimal planar structural
motif with less diasteromeric diversity. However, anticipated
deleterious excitonic self-quenching of planar complexes
brought on by enhanced intermolecular electronic coupling
through ni—m stacking interactions implies considerable design
difficulties for this class of phosphors. Nonetheless, for
Pt" complexes this negative aspect is largely offset by the
propensity of these systems to engage in metallophilic Pt-Pt
interactions. These interactions give rise to new and interest-
ing photophysics involving transitions between metallophilic
bonds and ligands, denoted metal-metal-to-ligand charge
transfer (MMLCT), providing supramolecular design poten-
tial for further property tunability.”! Indeed, a number of
studies have shown strong emission intensity despite clear
metallophilic stacking.”” A better understanding and control
of such interactions may lead to materials with increased
quantum yields and potential anisotropic ordering arranged
through discrete noncovalent interactions. Further studies of
the excimer states of such systems through systematic
alteration of the ligands would reveal important design
criteria towards these goals.

In this study the photophysical properties of novel
pyridyltriazolate complexes of platinum(II) are explored.
Compared to other pyridyl azoles,™® pyridyl-1,2,3-triazoles
are less studied. Moreover, most of the examples related to
pyridyl-1,2,3-triazoles involve substitution at the N atom of
the triazolyl ring, which should affect the energy of the
highest occupied molecular orbital (HOMO). However,
triazole is electronically insulating and thus substituent effects
have not been very pronounced.”) A more effective tuning
route might target the lowest unoccupied molecular orbital
(LUMO) that is located on the pyridyl ring and is anticipated
to be more closely associated with the excited state.®™ Thus, in
the present work, pyridyl-1H-1,2,3-triazole ligands were
prepared using efficient reactions to build a structurally
homologous series of donor and acceptor 5-pyridyl-substi-
tuted anionic ligands. These ligands were prepared by
deprotonation of the 1H-triazolyl moiety to give strong-field
ligation (suppressed d—d transitions)!'”! in the neutral final
complexes (Scheme 1). Keeping synthetic efficiency in mind,
the target ligands were approached through the serial
application of the Sonogashira carbon—carbon coupling!'?
and the Sharpless copper-catalyzed Huisgen’s 1,3-dipolar
cycloaddition procedures (see the Supporting Information,
Sections S1 and S2 for experimental procedures).!'™ Starting
from the 2-bromopyridyl derivatives 1a (R =NMe,), 1b (R =
H), and 1¢ (R = CHO), Sonogashira coupling with trimethyl-
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Scheme 1. Synthesis of the pyridyl-1H-1,2,3-triazole ligands 3a-3d and
resultant homoleptic Pt" complexes 4a—d. [a] Prepared from N,N-
dimethylpyridine-3-amine, and [b] prepared from 2,5-dibromopyridine
(Supporting Information, Section S2). TEA=triethylamine.

silylacetylene produced the terminal alkynylated pyridines
(2a—c¢) in approximately 70 % yield after nearly quantitative
basic desilylation with KOH. Following this, copper-catalyzed
reaction of these terminal alkynes with azidomethylpivalate
gave the N-protected 1,4-disubstituted-1,2,3-triazoles in circa
90 % yield with subsequent quantitative deprotection yielding
the intended 1H-1,2,3-triazole ligands (3a—c). Ligand 3d (R =
CHC(CN),) was synthesized from 3¢ by Knoevenagel
condensation with malononitrile in the presence of catalytic
basic alumina.''! Platinum complexes 4a-d were then
prepared by refluxing two equivalents of these ligands in
basic 2-ethoxyethanol in the presence of K,PtCl, resulting in
a sparsely soluble powder, which was subsequently washed in
ethanol and acetone to give the homoleptic complexes (see
Section S3 in the Supporting Information).

The complexes were characterized by electrospray ion-
ization mass spectrometry (ESI-MS) and '"H NMR spectros-
copy. In the '"HNMR spectra, significant shifts of signals
attributable to protons on complexes 4a—d compared to those
of ligands 3a—d indicate clear deshielding effects of the ligand
protons (Figures S4) induced by the electron-accepting plat-
inum ion. This effect has been found in studies on related
systems although the sparse solubility!™ and broadening
effect from platinum render the recorded spectra poorly
resolved.™ The complexation process is confirmed further,
however, by analysis of IR spectral shifts associated with C—H
vibronic bands on the pyridyl rings (Figures S5) and by
analysis of the UV/Vis electronic absorption spectra (Figur-
es $6). Solubility problems were compounded for *C NMR
spectroscopy, which is not presented along with issues with
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the elemental analysis, which gave uninterpretable results,
presumably as a result of platinum carbide combustion
products. Overall yields, starting from 1, were in the range
of 27-52 %, making these complexes scalable for industrial
use. Theoretical calculations were performed with density
functional theory (DFT) and its time-dependent (TD)
formalism by using the PBEO functional, 6-31G(d) basis set
for the ligands, and SDD basis set for the Ptatoms. The
polarizable continuum model (PCM) in its integral equation
formalism variant was employed to take into account the
solvent effects. Details of the computational procedure and
the corresponding references can be found in the Supporting
Information (Section S7).
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Figure 1. UV/Vis absorption spectra (107> m in ethanol) of free ligands
(----- ; in basic solution) and platinum complexes (—). 3a/4a (blue),
3b/4b (green), 3c/4c (orange), and 3d/4d (red). Inset: Expanded
low-energy absorption spectra of complexes 4 from 1=300-390 nm.

The UV/Vis absorption spectra of the free ligands (3a—d)
are given in Figure 1 in basic ethanolic solutions (10~°m) so
that the triazolate is formed for direct comparison of the free
ligand to the complexed ligand. Based on the structure of the
free ligands, the molecules are expected to exhibit intra-
molecular charge-transfer properties with the cyclic amino
group of the triazolate donating to the electron-accepting
pyridine ring and its substituent with an associated red shift
following the Hammett parameters of the substituents (ap).[“]
Indeed, the lowest-energy absorption band undergoes a red
shift with increasing electron-acceptor ability (total range
AA =104 nm) from 2 =288 nm (3b, 0,=0), 333 nm (3¢, 0,=
0.42), and 392 nm (3d, 0, =0.84), whereas the introduction of
a donating group (3a, o, = —0.83) gives rise to a lowest-energy
absorption band at 1 =332 nm. The experimentally observed
trend is also confirmed by DFT PBEO calculations, which
predict the lowest-energy absorption bands at A =281 nm
(3b), 338 nm (3¢), 421 nm (3d), and 313 nm (3a) (Table S8).
Moreover, the analysis of the molecular orbitals (MO) clearly
indicates the charge-transfer character of these transitions
(Section S9). In addition to the most red-shifted absorption
bands, similar transitions are experimentally observed for all
free ligands at circa 4 =280, 250, and 220 nm with relatively
less sensitivity to substitution.
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Homoleptic complexes of these ligands with platinum,
4a-d, in ethanolic solutions (107°m) exhibit low-energy
absorption bands ranging from A=300nm to 400 nm with
values of 331 nm and 377 nm (4a), 342 nm and 377 nm (4b),
348 nm and 377 nm (4¢), and 352 nm (4d; an inflection point
is also detected at circa 370 nm for this complex). These bands
indicate a lowered tunability with changing substituent with
a range of only a few nanometers for shifts of lowest-energy
absorption bands. The lowered tunability is also confirmed by
PBEO results (Table S10), which reveal absorption bands
located at A=311 nm and 376 nm (4a), 301 nm and 338 nm
(4b), 326 nm and 370 nm (4¢), as well as at 365 nm and
416 nm (4d). MO analysis identifies these bands as having
metal-to-ligand charge-transfer character ("MLCT) involving
the d,, and d,, orbitals (Section S11). The complexes also
present intense high-energy absorption bands that are nearly
overlaid and are found at circa 4=275nm followed by
a shoulder at approximately 282 nm. Completing the UV/Vis
absorption spectra are intense bands at circa A =225 nm.
These high-energy bands appear to be associated with the
free-ligand bands at circa 4 =280 nm and 250 nm, both with
hypsochromic shifts. Upon increasing the concentration of the
ethanolic solutions, UV/Vis absorption spectra for the free
ligands and complexes obey the Beer—Lambert Law.

The photoluminescence (PL) spectra of the free ligands
(Figure 2; dashed lines) were measured in ethanol (10~°wm;

) o ) = T - ) . )
400 450 500 550 600
A (nm)

Figure 2. Photoluminescence spectra (10 M in ethanol;
Aexe =350 nm) of free ligands (-----) and complexes (—). 3a/4a
(blue), 3b/4b (green), 3c/4c (orange), and 3d/4d (red).

Aexe =350 nm). Ligands 3a and 3b exhibited similar emission
spectra with emission maxima centered at 4 =400 nm and
402 nm, respectively. In contrast, a considerable bathochro-
mic shift was detected for the emission of ligands 3¢ (431 nm)
and 3d (469 nm). These PL bands are overlapped with the
lowest-energy absorption bands. The emission lifetime for 3b
was measured in thin film (A=390 nm) as <16 ns and is
associated with fluorescence. PL spectra of dilute solutions
(10°m) of the complexes recorded at the same excitation
wavelength, however, display very similar emission maxima
for 4a (A=397 nm), 4b (400 nm), 4¢ (405 nm), and 4d
(408 nm; Figure 2). Additionally, for 4a and 4b the emission
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profile and maxima are strikingly similar to those of their
corresponding ligands 3a and 3b whereas for 4c and 4d the
emission maxima of the complexes are blue shifted compared
to 3¢ and 3d. Emission spectra centered around 4 =400 nm
allow for good spectral overlap with the lowest-energy
absorption bands of the complexes as well, which are in the
300 to 400 nm range, pointing to fluorescence despite the
proximity and strong interaction of the ligand with the heavy
platinum cation. Assignment of this emission as fluorescence
is also in accordance with the measured emission lifetime for
4b in dilute solution (at 4 =390 nm) which was found to be
<15 ns. Time-dependent DFT (TDDFT) excited-state opti-
mizations have been performed for the lowest singlet (S;) and
triplet (T, T,) states of the complexes (Sections S13 and S14).
The results indicate good qualitative agreement between the
experimental PL maxima (Figure 2) and the calculated S,—S,
emission energies: A =416 nm (4a), 375 nm (4b), 413 nm
(4¢), and 461 nm (4d). In contrast, the predicted phosphor-
escence energies are considerable lower in energy and do not
follow the experimentally measured qualitative trend in range
or ordering (A =686 nm (4a), 473 nm (4b), 517 nm (4¢), and
956 nm (4d)). Therefore, these values should not be related to
the observed emissive processes. Thus, the computational and
experimental results together identify the emission at the
molecular level as fluorescence derived from a '"MLCT state.
Photoluminescence excitation (PLE) spectra confirm the
relationship between the measured absorption and emission
spectra (Section S6).

Key to our findings, however, is that the substituent
effects on the emission properties are restored in concen-
trated solutions (107*M) of the complexes revealing a pro-
nounced tunability (Figure 3). In concentrated solution,

) v T v ) M ) v ) v ) v 1
400 450 500 550 600 650 700
A (nm)
Figure 3. Photoluminescence spectra (1..=350 nm) of 4a (blue), 4b

(green), 4c (orange), and 4d (red) in solution (----- ; 107 M in ethanol)
and as a thin film (—).

lowest-energy emission can be detected across a large portion
of the visible spectrum with PL bands found at 4 =459 nm
(4a), 540 nm (4b), 575nm (4¢), and 599 nm (4d). The
detected tunability in concentrated solution indicates that
the aggregation causes a significant change in the excited-
state character and suggests the existence of excited dimer
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(excimer) states. Both monomeric and excimeric emission can
be detected for 4b—d in concentrated solution simultaneously,
to different degrees, suggesting that the equilibrium for
excimer formation is affected by the substituent with 4a—c
emitting from the excimeric state and 4d showing a strong
residual monomeric emission. PLE spectra for the excimeric
emissions show little correspondence to the monomeric
absorption and are thus newly generated species (Section S6).
For these emission bands, red shifts are increasingly large
(from 4a to 4d) compared to the lowest energy absorption
bands and the spectral overlap correspondingly decreases. In
the thin films of the complexes (Figure 3, solid lines), there is
an additional, and varying, bathochromic shift of the PL
maxima with a comparable range from 4 =487 nm to 625 nm:
4a (487 nm), 4b (541 nm), 4¢ (602 nm), and 4d (625 nm),
emitting in the blue, green, orange, and red regions, respec-
tively. A linear relationship between the emission energy (in
eV) and the donor-acceptor strength (g,) of the substituents
was established with an R* value of 0.97 (o = —0.4) for the thin
film, suggesting that the tunability is directly related to the
nature of the substituents.

To understand the substituent effect at higher concen-
tration, which is absent at lower concentration, theoretical
calculations on the 4a-4a, 4b—4b, 4c—4¢, and 4d-4d dimers
have been carried out. The results are summarized in Figure 4
(see also Sections S11 and S13) where we have applied the

I :el

e !ﬂ
< ~
b 3

‘NMe, 3.754A

— 584 nm

'~— 591 nm —

-H 3.591A -CHO 3.515A -CHC(CN), 3.573A

Figure 4. Equilibrium Pt-Pt distances [A] in the ground (DS,) and in
excimeric states (DS,, DT,). DS,—DS, and DT,—DS, emission wave-
lengths are given for the dimers of 4a-d which were obtained with the
TDDFT/PBEO method in ethanol.

chosen level of theory based on recent works.” The results
indicate that, upon excitation, an enhancement of the metal-
lophilic interaction is found and the Pt-Pt distance (Rp._p)
changes from 3.515-3.754 A in the dimeric ground state DS,
to 2.791-2.877 A in the dimeric excimeric singlet (DS;) and
triplet (DT,) states. Moreover, the significantly shortened Pt—
Pt distance in the excited states indicates a covalent inter-
action (van der Waals radius of Pt ~ 1.8 A) and thus confirms
the formation of the excimeric states. The molecular-orbital
analysis shows that this covalent interaction originates from
the sigma-type overlap between the d_. atomic orbitals of the
two Pt centers (Figure5; Section S15). Indeed, at higher
concentration, 'MLCT or *MLCT emitting states of the
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Figure 5. MO representation of the change in the electronic character
of the first excited singlet state (HOMO —LUMO transition) going
from the isolated ligand 3¢ ('ILCT; singlet intraligand charge transfer),
to the monomer complex 4¢ (‘MLCT), and the dimer 4c—4c¢
("MMLCT). The molecular orbitals are represented by an isosurface
value set to 0.04 a.u.

monomers are replaced by excimeric states with metal-
metal-to-ligand charge-transfer character (‘MMLCT or
"MMLCT) and the emission is associated with transitions
from ligand-centered molecular orbitals to metal-centered
molecular orbitals representing the antibonding (d.—d,.)*
combination. Moreover, the simulations reveal that because
of the excimerization process, the DS, state is stabilized with
respect to the DT, state and that the energy difference
between them decreases as a function of the acceptor strength
(up to 0.1eV in 4d-4d; Figure 4). The quantum-chemical
results also reveal better tunability for the DS, —DS, emission
energies from A =524 nm (4a—4a), 554 nm (4b-4b), 587 nm
(4c-4c), to 745 nm (4d-4d), and a relatively narrow range of
DT,—DS, emission energies from 584 nm (4a-4a), 591 nm
(4b—4b), to 613 nm (4c—4c). The computed value of 796 nm
(4d-4d) for DT, —DS, is overestimated, as it is also for the
DS,—DS, transition energy for this excimer. Therefore, the
observed tunability is more likely to originate from DS, —DS,
emission. The emission lifetime measurements for 4b at
297 K in concentrated solution (4., = 530 nm) show a biexpo-
nential decay with a short 42 ns and long 153 ns component.
In accordance with the theoretical calculations, the short
component can be associated with the '"MMLCT fluorescence
and is the major component (82%), with the longer-lived
process associated with ‘"MMLCT emission and phosphores-
cence. Moreover, in the thin film (41=2540 nm) the short
lifetime component increases to 89 ns (62 % ), and the longer
lifetime component shifts to 223 ns, suggesting phosphores-
cence from the *MMLCT state or possibly delayed fluores-
cence from '"MMLCT.

The change in tunability of the emission energy is
important from the perspective of future molecular design.
The invariability of the PL maxima (A1 =13 nm) with donor—
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acceptor strength over the series 4a—d at low concentration,
despite large changes in the electronic character of the
ligands, is surely due to compensating effects in the electronic
structure of the complexes that nullify the natural difference
in electronic character of the substituents. Further detailed
work is needed to clarify the origin of this outcome. However,
a closer look at the leading orbitals of 3¢, 4¢, and 4c—4¢
(Figure 5) shows significant changes in the electron densities
from 4 ¢ to 4c—4c. The splitting between the bonding (d,—d..)
and antibonding (d—d)* levels shifts the (d—d..)* level to
higher energy into the upper valence causing a systematic
decrease in the DS, —DS, emission energy and a red shift. At
the same time the primary orbitals associated with the lowest-
energy emission become more separated with the HOMO
being entirely metal centered and the LUMO entirely ligand
(pyridyl and/or substituent) centered. This leads to a larger
substituent effect in the LUMO that is not compensated for in
the HOMO as the bonding triazolate orbitals are no longer
involved in the emission. On the other hand, density is
observed on the triazole in both the LUMO and HOMO
levels for 3¢ and 4¢ with clear and similar CT for both,
considering the ligand space. Thus, although the enhanced
tunability for the excimerization process can be demonstrated
pictorially, the lack of tunability in the complexes themselves
is more difficult to elucidate.

The current platinum(II) complexes demonstrate pro-
nounced excimeric spectral shifts where the nature of the
excited state has been fundamentally changed through
specific metallophilic interactions. These interactions have
been studied as a function of the nature of the substituent,
revealing the effects of substitution on the excimeric equilib-
rium position and the emission energy as related to the
donor-acceptor character of the ligand substituent. Further
studies are warranted to understand more fully the excited-
state dynamics and to achieve further control of luminescence
as small singlet—triplet energy gaps are a key driver in the
design of efficient emitters.

Keywords: charge transfer - density functional calculations -
photoluminescence - platinum - stacking interactions
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