Journal Name

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

www.rsc.org/

N

CHEMISTRY

Controlling the Emission in Flexibly-Linked (NACAN)Platinum
Dyads

Eleonora Garoni,®® Julien Boixel,® Vincent Dorcet,® Thierry Roisnel,® Dominique Roberto,? Denis
Jacquemin*<9 and Véronique Guerchais*?

The synthesis, spectroscopic and theoretical characterizations of dinuclear Pt(ll) complexes where the two chromophoric
units are connected though a polyether chain via either the central benzene ring of the tridentate ligand dpyb (Pt-2), or
the phenylacetylide ligand (Pt-3), are described. The spacer, which contains four oxyethylene -CH2CH,0O- units, is flexible
and long enough to allow a self-association of the Pt units by folding, as shown by DFT calculations. Comparison of the
photophysical properties of the dinuclear complex Pt-2 with those of the mononuclear complex Pt-1, used as reference,
demonstrates the key role played by the linker group in the interaction processes. In addition, the emission of complex Pt-
2 was found to be affected by the temperature, nature of the solvent, and cation coordination as evidenced by
luminescence and *H NMR studies. The interacting processes are highly dependent on the solvent polarity that controls
the - extended vs folded- arrangement and, consequently, induces solvatochromic shifts. This unique photophysical
behavior of Pt-2 allows the modulation of the emission from green to deep-red (up to 125 nm) over the visible part of the
spectrum. By contrast, complex Pt-3 has a high propensity to form a red-shifted intense emissive excimer. DFT and TD-DFT

investigations of the excimers in Pt-2 and Pt-3 consistently show a much stronger interaction in the latter complex.

Introduction

Inorganic complexes displaying strong luminescence can be
built using many transition metals, and, among them, square
planar Pt(ll) complexes with terdentate coordinating ligands
display particularly interesting photophysical properties and
have found applications in opto-electronics devices.[13!
Importantly, their square planar geometry
intermolecular interactions, that is m-1t and Pt-Pt interactions,
in both concentrated solution and in solid state allowing the
formation of aggregates and the appearance of excimers.[24
These specific self-assembly properties have been used for the
probes, as well as for the

favours

development of molecular
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elaboration of well-defined nanostructures.[6! In this context,
dinuclear platinum complexes in which the two
organometallic moieties are linked through a flexible or rigid

several

bridge have been developed in order to obtain intense deep
red and near infrared emitters, taking advantage of their
specific interactions.!”]

The study of the photophysics of square-planar
Pt(NAC~AN)CI complexes containing a 1,3-di(2-pyridyl)benzene
(dpyb) ligand was initiated by Williams and co-workers, who
demonstrated that an intense phosphorescence resulted from
cyclometallation which effectively suppresses the non-
radiative d-d deactivation pathway.B]l The large emission
quantum yields accompanying the possible fine—tuning of the
emission wavelength by facile ligand modification makes this
class of organometallic luminophores particularly attractive.®!
Furthermore, their propensity to form excimers has been
successfully exploited for the fabrication of white light-
emitting OLEDs (WOLEDs).[10 Within the series of (dpyb)Pt
complexes, the rigidly-linked diplatinum complex xant-
(dpybPtCl),, in which a 4,5-disubstitued xanthene unit locks
the two metal units into a face-to-face configuration, has been
shown to be very efficient in promoting the formation of
intramolecular excimers (Scheme 1).[111 However, to the very
best of our knowledge, the corresponding flexibly-linked
diplatinum complexes were not investigated to date and we
focus on this unexplored class here. We reasoned that the
presence of a flexible bridge could favour intramolecular
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association, i.e., a folded state that is likely to favour Pt--Pt and
m-T  interactions and consequently impact on the

luminescence properties.
Herein, we describe the synthesis, spectroscopic and

theoretical characterizations of two different dinuclear Pt(ll)
complexes where the two Pt units are connected through a
polyether bridge via either the central benzene ring of the
tridentate ligand dpyb (Pt-2), or the phenylacetylide ligand (Pt-

3) that are displayed in Scheme 1. For both compounds, we

show that the flexible spacer, a four oxyethylene -CH,CH,O
chain, favours intramolecular interacting processes between
the two adjacent chromophoric units. We describe below the
unique luminescence properties of the dinuclear complex Pt-2
and compare them to, one the one hand, those of the
momonuclear complex Pt-1[12] (Scheme 1) which was used as a
reference to quantify the role of the linker group in the
interaction processes, and, on the other hand those of the bis-
alkynyl diplatinum complex Pt-3 featuring a different design.
We demonstrate that this class of charge-neutral (dpyb)-based
complexes displays a unique behaviour, very different from
that of Pt (Il) complexes containing terdentate (NANAN) ligands
that are subject to ground state aggregation properties giving
to metal-metal-to-ligand charge transfer (MMLCT)
transitions characterized by a low-energy band in the
electronic absorption spectra.27.121 We envisioned that
complex Pt-2 can possibly exhibit different arrangements (see
Chart 1): the extended form a (Scheme 1) that should simply
behave as the sum of two independent Pt-1 units, the
intramolecular face-to-face conformation b, and the
intermolecular head-to-tail association ¢, such head-to-tail
arrangement being impossible intramolecularly as the linker is
too short. In both b and c the changes in the interactions
between the two Pt units are expected to give rise to different
spectral emission profiles.

rise

Previous work

xant-(dpybPtCl),

This work

7 N\ 7\ /_,:
=\ -
| |
HOA AN T_CI CI—Pt: O/\>o PIl—CI
I\ = ) a

Pt-1 = Pt-2

7 N\ \_/
=N N

_
7N \_/
= Pt-3

Scheme 1 Chemical structures of xant-(dpybPtCl), and the mono- (Pt-1), and dinuclear
Pt(ll) complexes Pt-2 and Pt-3 in their extended forms (a).
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Chart1 Proposed intra- (b) and intermolecular (c) arrangements of Pt-2.

As we detail below, the self-association of dinuclear complex
Pt-2 was found to be dependent on the temperature, polarity
of solvent, and cation binding as evidenced by luminescence
and 'H NMR studies, allowing a modulation of the emission
over a large range (up to 125 nm) of the visible spectrum. We
also present the higher propensity of Pt-3, compared to Pt-2,
to form a red-shifted intense emissive excimer. First principle
characterizations of the ground and lowest triplet excited
states of the different conformers of the complexes further
support the interpretations. In short, the present joint
experimental and theoretical study therefore provides insights
into the interaction processes and demonstrates the beneficial
effect of the flexible linker that allows the formation of the
excimer in dinuclear (NACAN-dpyb) complexes in spite of the
influence of the electron-donating alkoxy group, that plays a
detrimental role in the mononuclear Pt-1.

Experimental
General comments

All reactions were performed using standard Schlenk
techniques under inert (Ar) atmosphere with reagent-grade
solvents. Freshly distilled anhydrous THF was used and toluene
was obtained from a SPS-800 M-Braun solvent purification
system. Flash column chromatography was performed using
silica gel (Silica-P from Silicycle, 60 A, 40-63 um). Commercially
available chemicals: tetraethylene glycol, 4-toluensulphonyl
chloride, 3,5-dibromophenol and catalysts Pd(PPhs3); and
Pd(Phs),Cl, were used as supply. Compound 1 was synthesized
following a reported procedure,['3] from the commercially
available 3,5-dibromophenol and tetraethylene glycol
ditosylate.[14] 2-(tributylstannyl)pyridine and Pt(di(2-
pyridylbenzene)Cl were prepared according to the literaturel8!
1,2-bis(4-ethynylphenoxy)ethanel’?l  were  prepared as
reported. 1H and 13C solution-NMR spectra were recorded on a
Bruker, AV 400 spectrometer. 'H NMR spectra were
referenced to the solvent peak. High resolution mass spectra
(HRMS) were recorded on a MS/MS ZABSpec TOF at the
CRMPO (Centre de Mesures Physiques de I’Ouest) in Rennes.
Elemental analyses were performed at the CRMPO.

Synthesis and isolation of the compounds

Synthesis of 1. To a solution of 3,5-dibromophenol (1.00 g, 2
mmol) in 40 mL of acetonitrile, tetraethylene glycol ditosylate
(1.00 g, 4 mmol) and anhydrous K,COs (825 mg, 6 mmol) were
added. The reaction mixture was refluxed under argon
atmosphere for 12 hours. After cooling to room temperature,
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the resulting suspension was extracted with water and
dichloromethane (3 x 40 mL). The organic layer was dried over
MgSO,4 and concentrated in vacuo. Compound 1 was obtained
as an orange oil (1.32 g). Yield: 99%. *H NMR (400 MHz, CDCls)
& (ppm): 7.23 (s, 2H, Har), 7.00 (s, , 4H, Har), 4.08 (t, J = 4.6 Hz,
4H, Ha), 3.82 (t, J = 4.5 Hz, 4H, Hg), 3.67 (m, 8H, Hys). 13C NMR
(100 MHz, CDCls) & (ppm): 159.9, 126.6, 123.0, 117.1, 70.9,
70.7, 69.4, 68.1. Elem. Anal. Calcd for CyoH22BrsOs: C, 36.29; H,
3.35. Found: C, 36.85; H, 3.48.

Synthesis of 2. A mixture of 1 (827 mg, 1.3 mmol), 2-(tri-n-
butylstannyl)pyridine (3.68 g, 10.0 mmol), PdCl,(PPhs), (84 mg,
0.1 mmol) and LiCl (954 mg, 22.5 mmol) was suspended in
toluene (12 mL) and heated at reflux under argon atmosphere
for 48 hours. After cooling to room temperature, an aqueous
solution of NaOH 1 M (30 mL) was added. The resulting
solution was extracted with AcOEt (3 x 60 mL) and the organic
layer was dried over MgSO, and evaporated in vacuo. The
crude product was purified by column chromatography (silica,
from AcOEt to AcOEt/MeOH, 96:4) to obtain 2 as a white solid
(379 mg). Yield: 46%. 'H NMR (400 MHz, CDCls) & (ppm): 8.68
(d, J = 4.8 Hz, 4H, Hg), 8.20 (s, 2H, Ha), 7.81 (d, J = 8.0 Hz, 4H,
Hs), 7.73 (dt, J = 7.5 Hz, 1.8 Hz, 4H, Ha), 7.66 (s, 4H, Hy), 7.23
(ddd, J = 7.4, 4.8, 1.2 Hz, 4H, Hs), 4.33 (t, J = 4.8 Hz, 4H, Hy),
3.91 (t, J = 5.2 Hz, 4H, Hp), 3.73 (m, 8H, Hys). 3C NMR (100
MHz, CDCls) & (ppm): 159.7, 156.9, 149.5, 141.1, 136.7, 122.3,
120.8,118.2, 113.8, 70.9, 70.7, 69.8, 67.8. Elem. Anal. Calcd for
CaoH3sN4Os - 0.8 AcOEt: C, 71.54; H, 6.17; N, 7.73. Found: C,
71.26; H, 6.20; N, 7.68.

Synthesis of Pt-2 and Pt-1. Compound 2 (500 mg, 0.8 mmol)
was dissolved in deaerated acetonitrile (27 mL), and an
aqueous solution of K;PtCls (950 mg, 2.4 mmol in 9 mL water)
was added under argon atmosphere. The mixture was heated
at reflux under argon for 2 days. After cooling to room
temperature and filtration, CH,Cl, was added to the reaction
mixture, the organic phase was then separated, dried over
MgSO, and evaporated to dryness in vacuo. Compounds Pt-1
and Pt-2 were separated by fractional crystallisation in
dichloromethane/diethyl ether mixture and obtained as
orange powders (Pt-1: 55 mg, Pt-2: 100 mg). Pt-2, Yield: 11%.
1H NMR (400 MHz, CD,Cl,) & (ppm): 9.18 (dd, J = 5.6 Hz, Jprn =
44 Hz, 2H, He), 7.93 (t, J = 7.8 Hz, 4H, Hy), 7.59 (d, J = 7.7 Hz,
4H, Hs), 7.29 (d, J = 6.3 Hz, 4H, Hs), 7.05 (s, 4H, H»), 4.17 (t, J =
4.7 Hz, 4H, Ha), 3.88 (t, J = 4.7 Hz, 4H, Hg), 3.76 (m, 8H, H,). HR-
MS [M-Na]* Calculated for C4oH3sN4OsCloPt,Na: 1135.12507;
found: 1135.1236. Elem. Anal. Calcd for C41H39CI:N4OsPt,-Et,0:
C,44.93; H, 4.11; N, 4.66. Found: C, 44.99; H, 4.08; N, 4.58. Pt-
1, Yield: 11%. H NMR (400 MHz, CD>Cl,) 6 (ppm): 9.24 (dd, J =
5.6 Hz, Jpy = 44 Hz, 2H, He), 7.96 (t, J = 7.8 Hz, 2H, Ha), 7.68 (d,
J=7.7 Hz, 2H, Hs), 7.30 (d, J = 6.3 Hz, 2H, Hs), 7.18 (s, 2H, Hx),
4.20 (t, J = 4.7 Hz, 2H, CH>), 3.86 (t, J = 4.7 Hz, 2H, CH,), 3.70
(m, 6H, CH>), 3.58 (m, 2H, CH>).

Synthesis of Pt-3. Compound HC=C-CgH4-O(CH,CH,0)4-CeHa-
C=CH (70 mg, 0.18 mmol) and NaOH (20 mg, 0.5 mmol) were
dissolved in MeOH (2 mL) and the mixture was stirred at room
temperature for 30 minutes. Then Pt(dpyb)Cl (164 mg, 0.36
mmol) was dissolved in a mixture of MeOH/CHCl, (1:1 v/v, 16
mL) and added to the reaction mixture. After stirring for 40
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hours, the solvent was removed and the residue was dissolved
in CH,Cl,. Pt-3 was precipitated with Et,O as a yellow powder
(105 mg). Yield: 47% yield. 1H NMR (400 MHz, CD,Cl,) & (ppm):
9.49 (m, 4H, He), 7.96 (t, J = 7.9 Hz, 4H, Ha), 7.72 (d, J = 8.2 Hz,
4H, Hs), 7.56 (d, J = 7.6 Hz, 4H, Hy), 7.48 (d, J = 8.7 Hz, 4H, Ha),
7.26 (m, 6H, Hy,Hs), 6.89 (d, J = 8.7 Hz, 4H, Ha:), 4.16 (t, J = 4.4
Hz, 4H, Hy), 3.87 (t, J = 4.8 Hz, 4H, Hg), 3.72 (m, 8H, H,,Hs). 13C
NMR (100 MHz, CD,Cl;) 6 (ppm): 178.7, 169.5, 156.6, 155.3,
143.1, 138.6, 135.0, 132.5, 123.7, 123.5, 122.9, 121.4, 119.4,
114.2, 110.7, 70.8, 70.6, 69.7, 67.5. Elem. Anal. Calcd for
CseHasN4OsPty: C, 54.02; H, 3.72; N, 4.50. Found: C, 53.96; H,
3.70; N, 4.48.

1H NMR studies: To a solution of Pt-2 (1 mg) in CD,Cl, (0.4 mL)
0.05 mL of a solution of KPFs (10 eq.), NaPFs (10 eq.) or CsCO,CH3
(10 eq.) in CDsCN were added. The IH NMR spectra were recorded
before and after each addition. Then, a solution of 10 mg of [18-
crown-6] in of CD,Cl; (0.1 mL) was prepared and 0.05 mL of the
solution were added to the solution containing Pt-2 and KPFs.

Emission studies. A 8.9°10°> M solution of Pt-2 in CH,Cl, was
prepared. 3 mL of the solution were degassed and the emission
spectrum was recorded. A 102 M solution of KPFs in CH3CN was
prepared and aliquots of 13 uL, corresponding to 0.5 equiv. of KPFg,
or 26 pL, corresponding to 1 equivalent of KPFs, were added to the
degassed solution of Pt-2 under argon. The emission spectrum was
recorded after each addition. A 102 M solution of [18-crown-6] in
CH,Cl; was prepared and 520 puL, corresponding to 20 equivalents,
were added to the degassed solution of Pt-2 before measuring the
emission.

A solution of Pt-2 in degassed CH,Cl, (10 M) was first recorded.
Then 10 pL of a CH3CN solution of NaPFg (5 equiv.) or CH3COOCs (6
equiv.) was added under argon

Photophysical studies

All samples were prepared in HPLC grade solvents with varying
concentrations in the order of micromolar. UV-Vis absorption
spectra were recorded at room temperature using a Specord
205 UV/Vis/NIR spectrophotometer in quartz cuvettes of 1 cm
pathlength. Molar absorptivity determination was verified by
linear least-squares fit of values obtained from independent
solutions at varying concentrations ranging from 10~ to 10-°
M. The sample solutions for the emission spectra were
prepared in HPLC grade solvents and degassed via three
freeze-pump-thaw cycles. Steady-state luminescence spectra
were measured using an Edinburgh FS920 Steady State
Fluorimeter combined with a FL920 Fluorescence Lifetime
Spectrometer. All samples for steady-state measurements
were excited at 400 nm. The spectra were corrected for the
wavelength dependence of the detector, and the quoted
emission maxima refer to the values after
Luminescence quantum yields
[Ru(bpy)s]Cl, (P = 0.028 in
solution)®3] as standard.
conducted with 375 nm diode laser excitation (EPL-series).

correction.
were determined
air-equilibrated aqueous
Lifetimes measurements were

using

Methods (theory)
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To perform DFT and TD-DFT calculations, we have used the
Gaussian program.[16] Qur calculations consisted in geometry
optimization vibrational spectra determinations and TD-DFT
calculations of the different structures. We have applied
default procedures, integration grids, algorithms and
parameters; except for tighten energy (typically 10710 g.u.) and
internal forces (107> a.u.) convergence thresholds and the use
of the ultrafine integration DFT grid. The ground-state
geometrical parameters have been determined with the PBEO
functional.['”] The vibrational spectrum has been subsequently
determined analytically at the same level of theory and it has
been checked that all structures correspond to true minima of
the potential energy surface. At least, the first twenty low-
lying excited-states have been calculated within the vertical
TD-DFT approximation using the same exchange-correlation
functional, that is suited for optical spectra of typical dye.[18]
Phosphorescence was studied by optimizing the lowest triplet
excited-state with unrestricted DFT (PBEO functional) and
determining the frequencies in order to be able to estimate
the 0-0 phosphorescence energy that takes into account zero-
point vibrational effects. For all our calculations, we used the
LanL2DZ atomic basis set for all atoms (and pseudopotential
for the metal center), with extra functions on the non-
hydrogen atoms: d functions of a=0.587, 0.736, 0.961 and
0.648 for C, N, O and Cl, respectively and f function of a=0.993
for Pt. During all steps, a modeling of bulk solvent effects (here
CH,Cl;) through the Polarizable Continuum Model (PCM),[19]
using the linear-response approach in its non-equilibrium limit
for the TD-DFT part of the calculation. It is important to note
that non-covalent interactions are crucial in the present case,
and as PBEO is, as many standard functionals, not ideal to
model such effects, we took "dispersion" effects into
consideration using the D3-BJ empirical approach.[2°! To model
the excimers of Pt-2a and Pt-2b, we first optimized the
monomer (Pt-1) in its lowest singlet and triplet states, and
then added in a previously optimized dimer one complex in its
singlet geometry and one complex in its triplet geometry. The
contour threshold used to draw all orbitals and spin density
are 0.03 and 0.001 au, respectively.

Results and discussion
Synthesis, characterization and photophysical properties

Complexes Pt-1 and Pt-2 were prepared as shown in Scheme 2
and characterized using ESI-MS, NMR and elemental analysis
(see ESIt, Figures S5 and S6). First, the bis-terdentate pro-
ligand 2 was obtained in 46% yield by a Suzuki cross-coupling
reaction between compound 1 and 2-(tri-n-butylstannyl)
pyridine in the presence of PdCl;(PPhs),. Then, complexation
of 2 to platinum was achieved upon treatment with K;PtCls in a
CH3CN:H,0 mixture (3:1 v/v) at 80°C for 48h. We found that
the reaction afforded Pt-2 (11%) together with Pt-1 (11%) as a
side product arising from the cleavage of a C(sp3)-O bond. The
two complexes were isolated as orange compounds after
fractional crystallisation in a CH,Cl,-Et,O mixture. Crystals of
Pt-1, suitable for X-ray analysis, were grown by slow diffusion
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of diethyl ether into a concentrated CH,Cl; solution and its
crystallographic structure is described in Figure 1. Complex Pt-
3 (Scheme 1) was synthesised following a reported
procedurel?!l through deprotonation of the bis(alkyne) HC=C-
CgH4-O(CH,CH;0)4-CgH4-C=CH with NaOH in MeOH followed by
addition of Pt(dpyb)Cl in CH,Cl; (Scheme S1). Precipitation with
Et,O gave Pt-3 as a yellow powder in 47% yield, but it
decomposed rapidly in solution, this lack of stability can be
attributed to the detrimental trans effect of the electron-rich
alkynyl ligand.

The UV-visible absorption spectra of Pt-1, Pt-2 and Pt-3
measured in CHyCl; (298 K) are shown in Figures 2a and S12,
respectively, whereas the photophysical data are listed in
Table 1. The absorption spectrum of Pt-1 displays an intense
absorption band in the UV region (ranging from 300-350 nm)
which can be ascribed to (TeTt*) transitions of the NACAN
ligand, and a moderately intense band appears at lower-
energy from 380 to 450 nm attributed to the typical charge-
transfer (CT) transitions.[8!

According to our Time-Dependent Density Functional Theory
(TD-DFT) calculations, the first transition to a singlet-excited-
state is located at 421 nm and it presents a significant
oscillator strength (f=0.156) and, together with the second
transition at 418 nm (f=0.013), it is responsible for the low-
energy band observed experimentally for Pt-1 (see the ESI for
details). The first band can be mainly ascribed to a HOMO-
LUMO transition, which corresponds to a CT from the metal
and the phenyl to the pyridyl moieties, i.e., it presents a mixed
MLCT/ILCT character (see Figure S23 in the ESIT). The
measured optical absorption spectrum (CH,Cl;) of Pt-2 displays
a similar profile with higher molar extinction coefficients, as
expected for a "dimeric" structure (Figure 2a). For Pt-2, we
have optimized at the DFT level both the a and b forms (see
Chart 1 and Figure S24 in the ESIT).

Br 7 /_l}
” o @
Q‘(O/\%) Q —_— o/\%‘? — >  Pt1 + Pt2
B/ o N= 7N
1 W, 2 —

Scheme 2 Reagents and conditions: (i) 2-(tri-n-butylstannyl)pyridine, LiCl, PdCl,(PPhs),,
toluene, reflux, 48h (ii) K,PtCl,, CH3CN:H,0 3:1, reflux, 48h.

Figure 1 ORTEP diagram of Pt-1. Thermal ellipsoids correspond to a 60% probability

level
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Table 1 Photophysical data in CH,Cl, for complexes Pt-1, Pt-2 and Pt-3.

Complex Aabs / nm
[b] [b] [b,c]
(ex10® /M icmt)tel Aen/im ks 0%
Pt-1 294 (3.5), 379 (0.9
(3:3), (09, 547, 580 11 24
419 (1.0)
Pt-2
293 (8.5), 379 (2.3), 547, 588, 15 8.7
438 (2.5) 670
Pt-3 291 (32.4), 393 4.1 (25%
(32.4) 523, 692 (25%) 7.4

(10.9), 450 (4.5) 1.2 (75%)

[a] In CH2Cl2 solution (C = 10> M) at 298 K. [b] In degassed CH:Cl solution (C =
105 M) at 298 K, Aex = 400 nm. [c] Ru(bpy)sCl2 as reference. [d] 670 nm. [e] 690
nm.

For the Pt-2a conformer the computed spectrum is almost
perfectly the double of that of Pt-1, i.e., one finds four nearly
degenerated transitions at 421 nm (f=0.041), 420 nm
(f=0.253), 418 nm (f=0.015) and 418 nm (f=0.025), that
correspond to a peak centred at 420 nm for a total oscillator
strength of 0.334, almost perfectly twice the total f of Pt-1
(0.338). In Pt-2b, the Pt-Pt separation is 3.49 A according to
DFT. Compared to Pt-2a, the computed absorption spectrum
of Pt-2b encompasses many more transitions (see the ESI) but
the convolution of the TD-DFT states still yields a band centred
at ca. 420 nm with a total f of 0.308, again similar to the one of
a "double" Pt-1. Therefore, the absorption spectrum in itself is
probably not the best indicator of the form of Pt-2 in solution:
aggregation has a relatively moderate impact on the band
shape of the lowest peak. If one compares the total DFT free

ARTICLE

energies of Pt-2a and Pt-2b, one obtains that the latter is
favoured by 18 kcal.moll. To ascertain this value, determined
with a rather small basis set, we have also computed the
interaction energy in both gas and solvent phases using a
single-point calculation made with a very extended atomic
basis set, namely def2-QZVP. Similar interaction energies were
obtained: 21 and 19 kcal.mol, respectively. This indicates that
the stacked form Pt-2b should predominate in solution at the
thermal equilibrium at room temperature

For Pt-3, we also considered the a and b conformers during
the theoretical calculations (see Figure S24 in the ESIT) and
found that the latter is more stable than the former by 17
kcal.mol? on the free energy scale. In Pt-3b, the Pt-Pt
separation attains 3.57 A, quite similar to the value obtained in
Pt-2b. For the extended conformer, Pt-3a, TD-DFT yields
absorption that are in the same spectral range as both Pt-1
and Pt-2 (though a small redshift is noted), but that are
significantly more intense, consistently with the experimental
observation (see the € in Table 1). Indeed, the four lowest
singlet transitions being a 455 nm (f=0.200), 454 nm (f=0.151),
436 nm (f=0.058) and 436 nm (f=0.077). The frontier orbitals of
Pt-3a are displayed in Figure S25 in the ESIT and their nature is
essentially unmodified compared to Pt-1. The spectral
properties of the stacked form Pt-3b, reveal broader
absorption with excited-states located by TD-DFT at 484 nm
(f=0.003), 462 nm (f=0.043), 456 nm (f=0.203), 421 nm
(f=0.008), etc. (see the ESI)

(a) (b) (c)
b . — Pt > — 10*M
— Pt1 — Pt-2 2 — 105M
1.10% — Pt2 — Pt =
Pt-3 @ — 10°M
£
- <
P o
£ =
S 2
= s
M k o
4.10° E g
]
3 £
o o
- =
250 0 20 450 550 650 750 450 550 650 750
A (nm) A(nm)
A(nm)
(d) (e) ()
Pt-1in CH,Cl, Ratio = Pt2
— Pt2in DMSO — Pt2 +KPF,
z — Pt2in CHyCN - ver PU2 +KPF,
H Pt-2in CH,Cl, = =
E — Pt2in THF H 2 +18-crown-6
= = g ]
2 - £ Y.
2 k) H v
£ 2 < b
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2 - -2
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Figure 2 a) UV-vis. absorption spectra of Pt-1 and Pt-2 in CH,Cl, solution. b) Emission spectra of Pt-1, Pt-2 and Pt-3 in CH,Cl, solution (107> M). c) Emission spectra of

Pt-2 in CH,Cl, at various concentrations. d) Emission spectra of Pt-2 (conc 107> M) in various solvents. e) Emission spectra of Pt-2 in a mixture of CH,Cl, and CHsCN

(107> M). f) Emission spectra of Pt-2 in CH,Cl, (8.9 10™>M) (black line), with addition of 5 equiv. of KPFs (orange line) and after addition of 18-crown-6 (dashed line).
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Nevertheless, the strongest band remains centred at the same
position as in Pt-3a, confirming that the absorption spectra in
themselves are probably not the best indicators of aggregation
at the ground-state in the present case.

Complexes Pt-1, Pt-2 and Pt-3 are luminescent in fluid
solution (CH,Cl,) at room temperature (see Figure 2b and
Table 1). Pt-1 emits in the green-yellow region of the spectrum
displaying a vibrationally resolved spectrum with the first band
peaking at 547 nm (CH2Cly, 298 K, Aexc= 400 nm, T =11 ps, d =
24%). This phosphorescence is attributed to a dominant triplet
Ligand-Centered (3LC) excited-state with a small contribution
of the metal. Indeed, the emission characteristics compare
well with those of the similar complexes.[*2l DFT predicts a 0-0
phosphorescence energy at 594 nm and a Vvertical
phosphorescence at 633 nm, corresponding to errors of 0.18
eV and 0.31 eV compared to the experimental values, typical
at this level of theory and confirms the 3LC assignment (see
Figure S23 in the ESIt). At 10> M (CH)Cl;), the emission
spectrum of Pt-2 (Figure 2b) appears as a very broad band
featuring several peaks, and is likely the sum of two electronic
transitions, i.e., a monomer-like emission profile for which the
maximum is located at 547 nm, and a red-shifted emission
band at 670 nm. The assignment of the first is justified by the
comparison with the spectrum of the parent complex Pt-1
which displays a similar emission profile at the same
wavelength (Figure 2b) whereas the low-energy band is likely
to arise from the formation of an intramolecular excimeric
excited state, given the very low concentration used. Indeed,
this band resembles that of the xanthene-based dinuclear
complex xant-(dpybPtCl); for which the intramolecular
excimeric band is centred at 690 nm (CH,Cly, Aexc = 420 nm), 111
as a result of a rigid face-face conformation which maximizes
the (d-m* or m-n*) interactions between the two
organometallic fragments. At 10> M in CH,Cl,, the emission
spectrum of complex Pt-3 appears to be clearly dominated by
the excimeric emission (Figure 2b). The spectrum of Pt-3 is
discussed in more details below, but let us first focus on Pt-2.
Concentration-dependent emissions were recorded for both
Pt-1 and Pt-2. When increasing the concentration of Pt-2 in
CH,Cl, solution (from 10 to 10* M), the low-energy band
progressively becomes more intense at the expense of the
short wavelength bands (Figure 2c). Irrespective of the
considered concentration, the excitation spectrum closely
resembles the corresponding absorption spectral bands of Pt-2
(Figure S13 in the ESIt). The cause of the red-shifted emission
is therefore likely to arise from metal-metal and mn-n
interactions that are strengthened in the stacked form (Pt-2b)
when one of the two complexes is in its excited state. As we
have seen above, DFT indicates that the chain linking the two
complexes is flexible enough to allow interactions between the
two Pt(NACAN) units within the same molecule, (Figure S24 in
the ESIT) but at higher concentrations excimeric interactions
become significant (Figure 2c). Importantly, for the parent
monomer Pt-1 no evidence of near-IR emission can be found in
a 10% M solution in CH)Cl, (Figure S14 in the ESIT), which
suggests that the intramolecular interactions significantly
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dominate in the Pt-2 excimeric emission, at least in the range
of concentration used. In other words, our experiments
indicate that the flexible bridge significantly helps in bringing
together the two (NACAN)Pt moieties via a face-to-face
configuration the
counterbalancing the 4-alkoxy substituent, known to slightly
destabilizes these interactions.?]  Using DFT, we have
modelled the "excimer" in both Pt-2a and Pt-2b, in which one
of the two structures is in its (lowest) singlet state and the
other in its triplet state. The stabilization of the latter
compared to the former attains 21 kcal.mol?, that is, appears
slightly higher than for the corresponding ground-state
structure (18 kcal.moll, see above). Concomitantly, the
separation between the two Pt atoms is slightly smaller in the
excimeric form of Pt-2b (3.31 A) than its ground-state
counterpart (3.49 A). Pt-2a, the
phosphorescence wavelength is 565 nm whereas the vertical
value is 602 nm. In contrast, for Pt-2b, theory predicts 607 nm
and 666 nm for the 0-0 and vertical emissions, respectively,
illustrating the redshift induced by the stacking. It is
nevertheless noticeable that the computed effect s
significantly smaller (+64 nm within the vertical approach) than
its measured counterpart (ca. +123 nm). The density plots
(Figure 3) indicate that as expected the triplet state is purely
localized on one moiety in Pt-2a, but that in Pt-2b, there is a
small delocalization on the second complex.

Furthermore, the emission characteristics of Pt-2 are
influenced by the solvent polarity (Figure 2d, Table 2). In a very
polar solvent such as DMSO, a broad and unstructured band is

for intramolecular association

For computed 0-0

observed at 567 nm attributed to the monomer emission with
a lower vyield. In addition, partial quenching of luminescence
occurs -a feature also found for Pt-3 (see below)- that is
attributed to the combination of interaction of the solvent in
these square-planar systems, and additional flexibility in the a
conformers that dominates in DMSO. The photophysical
behaviour is very different in THF, where the excimer band
prevails, leading to the hallmark red-shifted band (up to 125
nm). One can reasonably assume that the association process
is controlled by the nature of the solvent as the result of the
amphiphilic nature of Pt-2 that contains a hydrophobic head -
the platinum core Pt(NACAN)CI- and a hydrophilic chain.

Figure 3 Representation of the spin density difference for the emissive structures of
Pt-2a (top left), Pt-2b (top right), Pt-3a (bottom left) and Pt-3b (bottom right).

This journal is © The Royal Society of Chemistry 20xx



Table 2 Emission data for Pt-2 and Pt-3 in various solvents.

Pt-2 Pt-3
Solvent Aem/NMB @/ %P Aem/nmB @um/ %0
CH3CN 632 8.1 489, 520, 684 17
DMSO 567 0.8 531, 678 0.2
THF 692 1.5 493, 526, 700 22

[a] Recorded in degassed solution (107°M), Aex = 400 nm. [b] 107°M; [c]
Ru(bpy)sCl; as reference

Significant spectral emission changes are also observed by
adding CH3CN in a CHCl, solution (Figure 2e), the spectrum
gradually displaying a very broad band structureless centred at
632 nm (10> M), probably corresponding to the overlap of the
two bands for which the monomer emission is predominant,
with some contribution of the excimer. These observations
show that: (/) CH3CN favours the extended form, and (i/) Pt-2
displays a positive solvatochromism, i.e., a bathochromic shift
due to the ILCT character of this 4-alkoxy substituted
derivative.['2] At higher concentration (104 M), the increase of
intramolecular interactions red-shifts the emission band to 672
nm, which we attribute to a larger intensity in the red-end tail
of the spectrum with a concomitant decrease of the
proportion relative to the monomer (Figure S15 in the ESIT). In
short, the luminescence signatures of Pt-2 can be easily tuned
over the visible part of the spectrum by changing the solvent.

Cation binding can also perturb the interaction process:
upon addition of KPF¢ into a CH,Cl; solution of Pt-2, the
emission spectrum is clearly modified (Figure 2f), leading to a
decrease of the low-energy emission band while no
modification of the absorption spectrum was observed. It is
likely that the binding of K*, to the oxygen atoms of the linker,
significantly reduces or even inhibits the excimer formation.[22]
Interestingly, the spectral changes are reversible, addition of
[18-crown-6], which is expected to bond K* more strongly than
Pt-2, allows the initial emission spectrum to be recovered
(Figure 2f). The 'H NMR spectrum (CD,Cl,) of Pt-2 is also
modified when KPFg is added. Splitting of all signals with a 1:1
integration ratio occurs, the two Pt moieties become
magnetically non equivalent indicating a change at the ground
state (Figure S9b in the ESIt). This phenomenon is also
reversible upon addition of [18-crown-6] (Figure S9c in the
ESIt). Emission studies in the presence NaPFg leads to similar
spectral changes (Figure S16a), showing that cation-binding is
not chemoselective. By contrast, the 'H NMR and emission
spectra remain unchanged after addition of CsCO,CHs (Figures
S16b and S10 in the ESIT).

For comparison, we investigated the photophysical
properties of the related dinuclear complex Pt-3 in which the
two organometallic moieties are linked by a similar
oxyethylene chain but with a different design, i.e., via the
ancillary alkynyl ligand (Scheme 1). Photophysical data are
compiled in Tables 1 and 2, and selected absorption and
photoluminescence spectra are shown in Figures S12 and 2b,
respectively. Pt-3 displays strong luminescence band in CH,Cl,,
(10> M) centred at 692 nm, accompanied by a weak structured
band at 520 nm. The low-energy band is attributed to the

This journal is © The Royal Society of Chemistry 20xx

excimer whereas the high-energy band is attributed to a
3LC/LLCT excited state.[22] DFT calculations were performed for
both the extended Pt-3a in which the two complexes do not
interact and Pt-3b, in which stacking takes place. The spin
density representations of the triplet states are displayed in
Figure 3 for both structures. For Pt-3a, the emissive state is
localized only on one side of the compound, but is significantly
more delocalized than in both Pt-1 and Pt-2a (see Figure 3).
For this structure, DFT provides a 0-0 phosphorescence at 593
nm, too red-shifted compared to experiment as in Pt-2a (see
above). What is probably more enlightening is the density
difference of Pt-3b given in Figure 3. This density shows a full
delocalization on the two complexes, contrasting clearly with
the case of Pt-2b. This result, obtained though the geometry
optimization was started with one complex in its ground-state
geometry and one in its excited-state (triplet) geometry,
clearly hints at a stronger excimeric-like interaction in Pt-3b
than in Pt-2b. Conversely, we computed a 0-0
phosphorescence energy of 663 nm for Pt-3b, strongly
redshifted compared to Pt-2b (607 nm) and the Pt-Pt
separation is much smaller in the excimeric form of Pt-3b (2.94
A) than in both the Pt-2b excimer (3.31 A) and the Pt-3b
ground-state (3.57 A). of Pt-3 is
concentration-dependent: increasing the concentration from

The emission also
10 to 10 M vyields an increase of the excimer band and a
decrease of the monomer emission (Figure S17 in the ESIT). On
going from CH,Cl, to CH3CN or THF, similar emission profiles
and luminescence quantum yields were found for Pt-3 (Table 2
and Figure S18 in the ESIt), hence the emission is not as
solvatochromic (except in DMSO) as in Pt-2. Notably, complex
Pt-3 has a high propensity to self-assembly, compared to the
related complex Pt(dpyb)(C=C-CgHs)[23]
illustrating again the important role of the linking chain in the
excimer formation. Furthermore, by contrast to Pt-2, no
significant spectroscopic changes were observed upon
addition of KPFs to a CH,Cl, solution of Pt-3 (see Figures S11
and S19 in the ESI). These results indicate that Pt-2 displays a
distinctive and unique behaviour for which the change in the
nature of the emissive excited states (due to both
solvatochromism and, the extended (a) and folded (b)
arrangements) is controlled by solvent polarities.

mononuclear

Notably, in rigid glass at 77 K all NACAN-complexes Pt-1, Pt-
2, Pt-3 display exclusively a structured monomer-like emission
(see Figures S20-S22 and Table S2 in the ESIt), a feature which
contrasts to that of (NAN~AN)Pt complexes in which ground-
state interactions are stabilized with decrease of temperature
leading to red-shifted absorption and emission bands.!”]

Conclusions

In summary, new flexibly-linked dinuclear (NACAN) platinum
complexes have been designed and synthesized. The present
work demonstrated the crucial role of the linkage in the
formation of excimers in the 4-alkoxy-substituted dpyb-based
Pt(Il) complexes giving rise to an additional emission band in
the near-IR. In particular, our spectroscopic and theoretical
investigations have that the

demonstrated excimeric
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interactions that is very strong in Pt-3 can be decreased by
changing the linker position in Pt-2, leading to a compound
exhibiting very versatile emissive signatures. Indeed, strategies
to regulate the emission colour of Pt-2 by controlling the
noncovalent interactions of luminophores, m-it or/and metal-
to-metal interactions, have been achieved by solvent
dependence and reversible cation binding. These results
demonstrate the peculiar behaviour of NACAN-platinum(ll)
complexes compared to terdentate-coordinating (NANAN)
derivatives which display ground-state aggregation properties.
These studies should be useful for the better design of deep
red-emitters.
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Comparative luminescence studies of the mononuclear complex Pt-1 and the differently linked dinuclear complexes Pt-2 and
Pt-3 reveal distinctive luminescent properties. The emission of Pt-2 can be readily modulated over a wide range of the visible
part of the spectrum by changing the solvent that controls the intramolecular interacting processes, i.e., by favouring
monomer or excimer emission
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