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Platinum complexes featuring pyridine bis-N-heterocyclic—imidazol-2-ylidene/—mesoionic-triazol-5-ylidene donors as

pincer ligands and chloro (—Cl), acetonitrile (-NCCHs) or cyano (—CN) groups as auxiliary ligands are prepared as highly

strained organometallic phosphors. X-ray structures of four of these complexes confirm a distorted square planar

geometry, where the pincer ligand and its mesityl wingtips occur in a twisted conformation to each other. Electrochemical

and photo physical characterization have been carried out and the experimental results are interpreted with the aid of

density functional theory calculations. Emission responses of complexes under exposure to different vapors and

mechanical shear are reported. Notably, the platinum complex featuring pyridine bis-imidazol-2-ylidene and a weakly

donating acetonitrile auxiliary ligand exhibited strong aquachromic and mechanochromic emission responses, showing

color changes from sky blue to green or yellow-green.

Introduction

Transition metal complexes of N-heterocyclic carbene ligands
(NHCs) have found vast application in molecular catalysis,1
material science” and medicine.® Recent researches have also
coupled their photo emissivity with anti-cancer activity and
demonstrated their potential use towards lifesaving chemo-
theranostic treatment.” Bright emission of such complexes can
be attributed to the presence of heavy atom like platinum,
which induces strong spin-orbit-coupling.s Equally important is
the strong o donating ability of NHC ligands, which could
facilitate the separation of triplet-emissive states from the
non-emissive ligand field states (LF) to render long-lived
radiative lifetimes.® Further, tuning of electronic structure (and
photo physics) of such complexes is possible through facile
modifications vig use of different NHCs’ and co-ligands of
varying donor strengths.se’ & Such organometallic complexes
have shown to be useful in functional areas like organic light
emitting diodes (OLEDs), sensor devices, or as bio-molecular
probes.> °°

Square planar platinum complexes featuring pincer type
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ligands possess rigid structural framework, which resist the
10

vibrational deactivation of the excited states.” In addition,
changes conferred to their local environment can also
influence the emission characteristics. Such emissive

responses often arise from the interaction of the dz2 orbital

lying normal to the coordination plane with different solvent

molecules or platinum centre of the neighbouring molecules.”

' Few recent studies have manifested this property for

potential uses in solid-state sensors to detect volatile organic
. 8,11a, 12

vapor or mechanical shear. reports of

platinum complexes featuring NHC based ligands exhibiting

However,

vapochromic or mechanochromic attributes are relatively
12b, 12¢
rare,
bearing anionic alkylidene/phenylene donor sets.
earlier contribution, we have shown the aqua chromic
luminescence switching behaviour of platinum complex

featuring CNC type pincer ligand, where the classical imidazol-

as compared to those bearing N-donors or the ones
12d-g, 13 In an

2-ylidene donors was used as terminal carbene donor and CO
was the auxiliary Iigand.12b

Structural modification arising from the substitution of
normal NHC with an abnormal carbene donor will have a
pronounced effect on the electron donor ability of the pincer
Iigand.””15 Moreover a class of 1,2,3-triazol-5-ylidene based
mesoionic carbene donors (MIC) which could be accessed
through facile [2+3] cycloaddition of an alkyne with an azide,16
have demonstrated stronger donor properties than their
normal NHC congeners.17 Platinum(ll) complexes of these MIC
donors have been reported before in mono nuclear®® and poly
nuclear®® forms. Even though the pincer ligands featuring two
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MIC donors linked to a central pyridinegb’ 2

spat:ers21 are known, only their respective ruthenium(ll) or
copper(ll) complexes are available in the literature. To the best
of our knowledge, platinum complexes featuring pyridine bis-
MIC donors is unknown to date.

Herein, we report the preparation of platinum complexes
of type [Pt""™M(cNC)M ML) (L = CI, NCCH; and CN). X-ray
structures, spectroscopic properties and redox potentials are
measured and density functional theory calculations (DFT) are
performed in support of experimental results. In addition,
complexes are also screened for photo functional attributes of
vapo/ and mechanochromism and results are reported herein.

or carbazolide

Results and Discussion

Syntheses and Characterization

The precursor complex 1 was obtained from the reaction of 2,
6-bis(1-mesitylimidazolium-3-yl)pyridine dibromide,m| with
Ag,0 and K,PtCl, in DMSO at 100 °C, as previously reported.12c
Reaction of 1 with AgPFg in acetonitrile or with AgCN in
dichloromethane gave 2 (73%) or 3 (81%) respectively in good
yields (Scheme 1). Protons of the central pyridine rings of
coordinated pincer ligand in 1-PFs, 2 and 3, are detected as
doublet in the range of §7.91-8.15 ppm and as a triplet in the
range of 6 8.66—8.47 ppm (Jy_y = 8.4 Hz) in the "H NMR. These
signals appeared in a relative-downfield region, as compared
to the free ligand precursor. Noticeably, the 'H NMR of 3
showed a relative up field shift of mesityl-H resonance which
occurred at 6 6.99 ppm as compared to those of 2 (6 7.14
ppm). Further, an additional singlet at 6 1.82 ppm in the 'y
NMR indicated the presence of coordinated acetonitrile
moiety in 2. The carbenoid-carbon atom of 1.PFg and 2 are
diagnosed at 6 168.9 and 166.8 ppm respectively in 3¢ NMR.
The carbenoid carbon resonance of the cyano bound complex
3 occurred at 6 169.4 ppm, whereas the coordinated cyanide
resonance was detected at 124.8 ppm in the 3C NMR. In
addition, the IR spectra showing C=N stretching band at 2143.1
! confirmed the presence of coordinated cyanide in 3.
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Scheme 1. Preparation of platinum complexes of pyridine b/s—(NHC) ligands and
co-ligands of acetonitrile and cyanide donors. (i) AgPF¢/ acetonitrile; (ii) AgCN.

Alternatively, platinum complexes of CNC pyridine bis MIC
ligands are prepared via a different approach (Scheme 2). First,
the tetrachloroplatinate salt was prepared by reacting an
excess stoichiometry of K,PtCl, with HZM'C(CNC)M'C[BF4]2 in an
aqueous—acetonitrile solution. 'H NMR of the

M'C(CNC)M'C[PtCI4]2 salt was characterized by a relative
downfield shift of C’—H signals to 10.01 ppm as compared to
the tetra fluoroborate salt (6 9.02 ppm). Subsequently, the
reaction of HZM'C(CNC)M'C[PtCI4]2 with silver oxide under

2 Dalton Trans.

elevated temperature of 140 °C gave the platinum complex 4
(32.2%). 4 was transformed into acetonitrile bound 5 (86%)
and cyano bound 6 (81%), upon reacting with AgPFg or AgCN
respectively at ambient temperature.
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Scheme 2. Syntheses of Platinum complexes bearing mesoionic pincer ligands.

'H NMR spectra of complexes are devoid of C-H
resonances at 6 10.01 ppm. Analogous to complexes bearing
pyridine bis-imidazol-2-ylidene donors, the signals of pyridyl-H
in 4-6 are clearly detected as two sets of peaks, one as a
triplet in the range of 6 8.39-8.44 ppm and the other as a
doublet in the range of 6 8.04—8.16 ppm (Jy_y =~ 8.0 Hz) in 'y
NMR. An additional peak at 6 1.30 ppm in the "H NMR of 5 is
ascribed to the coordinated acetonitrile moiety. The 3¢ NMR
resonance of C’ atom of HZM'C(CNC)M'C[PtCI4] observed at 131.1
ppm disappeared in complexes 4, 5 and 6. Concomitantly
additional signals appeared at 6 120.6, 121.9, and 121.2 ppm
for 4, 5 and 6 respectively in the 3C NMR. These signals
compare well with the C—Pt resonances of previously known
platinum complexes of abnormal/mesoionic carbene Iigands.ls'
2 n addition, IR spectra of 6 showing the coordinated cyanide
stretching at lower frequencies of 2131.0 cm~ than 3 (2143.1
cm™), indicated a stronger electron donor ability of mesoionic
carbene donors. Further confirmation of the identity and the
analytical purity of these complexes are attained through mass
spectra and elemental analyses.

Structural Analyses

Single crystals of 1, 3 and 4 suitable for X-ray diffraction
could not be obtained directly. Therefore,
hexafluorophosphate salts of 1, 3 and 4 are prepared. X-ray
quality crystals were obtained by slow diffusion of diethyl
ether into acetonitrile solutions of 1-PFs and 2. Dissolving the
powder samples of 3-PFg in a mixture of dichloromethane and
methanol (4:1, V:V) and subsequent diffusion of diethyl ether
vapor, gave single crystals, which co-crystallized with the
molecules of dichloromethane. Alternatively, slow diffusion of
diethyl ether into a mixture of acetone and acetonitrile (3:1,

This journal is © The Royal Society of Chemistry 2016
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V:V) containing 4-PFg gave its single crystals. Crystal structures
of 2 and 3-PFg are depicted in Fig. 1 and those of 4-PFg and
1-PFg are shown in Fig. 2 and Fig. S1 respectively. Selected
metric parameters are listed in the caption and the
experimental crystallographic details are listed in Table S1
(Supporting Information).

Crystal structures of complexes confirm the pincer type
coordination of pyridine bis-NHC/MIC ligand to the platinum(ll)
centre in a quasi-planar disposition. Either a halide,
a cyanide donor completes the fourth
coordination site to render pseudo square planar geometry.

acetonitrile or

Fig. 1. Molecular structure of platinum complexes 2 and 3-PFq are depicted with
50% probability ellipsoids with counter anions, hydrogen atoms, and solvent
molecules omitted for clarity. Important bond distances (A) and angles (°) are
summarized. For 2: Pt(1)—N(1) 1.980(4), Pt(1)—C(11) 2.026(6), Pt(1)—C(12)
2.014(7), Pt(1)—N(4) 1.980(4), C(11)—Pt(1)—C(12) 159.0(2), N(1)—Pt(1)—N(4)
177.3(2). For 3: Pt(1)—N(1) 2.010(1), Pt(1)—C(1) 2.015(9), Pt(1) —C(2) 2.004(8),
Pt(1)—C(3) 1.930(2), C(1) —Pt(1)—C(2) 157.7(3), N(1) —Pt(1) —C(3) 177.1(7).

1-PFs exhibited the shortest Pt—Cyyc bond distance of
1.998(3) A, whereas the one in 2 measuring 2.026(6) A was
found to be the longest amongst complexes described herein.
These bond distances are comparable to previously reported
metric parameters of Pt—Cyuc bonds (=~ 2.01 &)."*° However in
comparison to complexes featuring relatively less strained
pincer ligands (1.975 A),m’ the Pt—Cyyc bond lengths of 1-PFg, 2
and 3-PFg are slightly longer (1.998(3)-2.026(7) A).

The Pt—L,, bond distances are observed in the range of
1.963(6)—2.286(1) A, with the —Cl bound 1-PF¢ and the cyano

This journal is © The Royal Society of Chemistry 2016

bound 2 featuring the longest and the shortest values of
2.286(1) A and 1.930(2) A respectively. The Pt—Ngyc bond
distances and the observed distortions in Cypc—Pt—Cyuc bite
angles (157.8(2)—159.0(2)°) of these complexes fall well within
a comparable range to other platinum complexes featuring
terdentate N-donor sets.® * 2 A twisted conformation
between the mesityl-wingtips and the coordination plane of
the platinum centre is evident from the measured torsion
angles of 93.90° and 93.05° in 1-PF¢ 91.25° and 95.30° in 2, and
103.12° and 107.40° in 3-PFe.

Fig. 2. Crystal structure of 4-PFg is depicted with 50% probability ellipsoids with
counter anions, hydrogen atoms, and solvent molecules omitted for clarity.
Important bond distances (A): Pt(1) —N(1) 2.012(7), Pt(1) —C(7) 1.998(8), Pt(1) —
C(19) 2.009(9), Pt(1)—Cl(1) 2.279(2); and angles (°) C(7)—Pt(1) —C(19) 159.5(4),
C(7)—Pt(1)—N(1) 79.7(3), N(1)—Pt(1)—CI(1) 179.1(2), N(1)—Pt(1)—C(19)
79.8(3).

4-PF¢ (Fig. 2) and 1-PFg (Fig. S1, ESI), featuring different
pincer ligands of MIC and NHC donors respectively, however
bound to the same auxiliary ligand (—Cl), are compared.
Structural analysis reveal that the average Pt—Cyuyc bond
distance of 2.004 A in 4-PFg is nearly identical to those of 1-PF.
However the Pt—Ngiq bond distance of 1-PF; (1.973 A) is
shorter than those in 4-PFg (2.012 A). On the contrary, the
trans lying Pt—Cl bond length of 1-PF¢ (2.286(1) A) is slightly
longer than those in 4.PFg (2.279(2) A). An apparent square
planar distortion is also evident from the crystal structure of
4-PFg, in spite of a relatively wider Cyyc—Pt—Cyyc bite angle of
159.5(4)°, than their normal NHC counterpart. Further, large
torsion angles of 111.97° and 104.84° between the mesityl
rings and the plane of the pincer ligands also confirm a twisted
conformation between them.

Large torsion angles in 1-PF—4-PF; forbids the inter-
molecular Pt---Pt interactions in the crystalline state. However,
the nearest cationic fragments at perpendicular disposition of
pincer-ligands often resulted in C—H---7z interactions. 1-PFg
featured C—H--7 contact of 3.446 A between CV**~H and a
pyridine-C. Whereas secondary interactions in 4-PFg, that
features MIC based pincer ligand are relatively weak. The
asymmetric unit of 3 comprise two pairs of cations with one at
the core and the other at the periphery. Pincer ligand of
cationic fragments of the same pair is arranged in a parallel
conformation, while the ones of opposite pair feature a
perpendicular arrangement. This molecular arrangement of 3
gave short C—H---mt contact, with a mean distance of 2.732 A
between the NHC backbone (C—H) and the mesityl ring.

Dalton Trans. | 3
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Table 1: Summary of electronic absorptions and redox potentials of selected complexes.

Page 4 of 11

Absorption Redox Potential Emission
Amax(nm) (e/M~'cm™) Ey2 (V) Eyz (V) Solution Solid
(oxidation) (reduction) Ao’ (nm) o (ps) AenS(nM) T (ps)

1 273 (23210), 309 (6779)-324 (5370),° 366 (4021)-385 +1.10 -0.83 559 3.20 523 6.81

(3970) and 409430 (< 1300)°
2 263 (15075), 315 (6942), 383 (1500) and 406 (< 1000)° +1.19 —-0.86 455, 472 3.55 483 6.44
3 264 (8975), 291 (6922)¢,361 (1866), 387—412 (< 1000)° +1.22 -0.82 410,436,467  4.42 445, 468, 491° 6.88
4 245 (37558), 290 — 350 (21772), 365401 (< 5000)° +1.10 -0.85 504 6.93 493,°527, 559° 5.78
5 243 (25496), 286 (15550), 317 (10893) +1.15 —-0.83 494 1.68 493,530 7.32
6 227 (16442), 260287 (8747), 308 (2804)—375 (~ 1000) +1.12 -0.83 490, 522 5.58 519, 550° 5.25

Absorption spectra were recorded in dichloromethane® or methanol® solutions in the concentration range of 2.43 x10™ — 7.11x 10~ M; shoulder;® solution state
emission;? solid state emission.® Excitation wavelength for different complexes: 1: 400° and 374 nm*®; 2: 318% and 397 nm*®; 3: 358 and 356 nm®; 4: 330" and 371°; 5:

374% and 349nm°®; 6: 335% and 374 nm®.

NHC ligands of adjacent cationic fragments of 2 occur in
close proximity with the shortest C—H--- contact of 3.271 A. In
addition, 2 and 2-H,0 also exhibited several hydrogen bonding
interactions, where the donor sites are the protons of NHC
backbone, coordinated acetonitrile and mesityl-methyl
fragments and the acceptor sites are the fluorine atoms of PFg
anion.

The strongest hydrogen bonding interaction in 2 was
observed between the NHC (C—H) of the cation and the PFg
anion with donor—acceptor distance of 2.243 A (< sum of
vander waals radii 2.5-2.7 ,5‘).24 Four cationic fragments within
the asymmetric units of 2-H,0 occupy the corners of a
parallelogram, with diagonal pairs in a head to tail
arrangement. 2-H,0 exhibited an average C—H---t distance of
2.720 A with the shortest one measuring only 2.611 A between
the NHC back bone (C—H) and the adjacent mesityl ring. As in
2, the most prominent hydrogen bonding interaction of 2-H,0,
was also observed between NHC (C—H) and the fluorine atom
of PFg anion (2.311 A). In addition, short donor—acceptor
contacts of 2.457 and 2.574 A are also detected between the
pyridine—H and the PFg anion of 2-H,0.

Spectroscopy, Electrochemistry and Computational Studies

Absorption spectra of complexes 1-3 and 4—6 are shown in
Fig. 3 and Fig. 4 respectively and the data is listed in Table 1.
Ground state structures of 1-6 are optimized using B3LYP?
functional within the SDD basis set,”® and the computed
molecular geometries for vacuum is provided as a separate
molecular coordinates file in -xyz format (ESI). Optimized S,
structures are subjected to time dependent density-functional
theory calculations (TD-DFT) to estimate the vertical transition
energies and oscillator strengths (Table 3.1). Orbital diagram of

This journal is © The Royal Society of Chemistry 2016

HOMO — 14 to LUMO + 14 levels are shown in Table $2.1-S2.6
for complexes 1—6.
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Fig. 3. Absorption spectra of 1, 2 and 3 measured in solution state (left) and
emission spectra of 1, 2, and 3 and 2-H,0 recorded in the solid-state (right).

300 600

Higher-energy (HE) absorption bands with large molar
extinction coefficients are observed at ~ 260 nm for complexes
1-3, that feature pyridine bis-NHC donors. These bands are
attributed to electronic excitations arising from the low-lying
HOMO — n levels into the LUMOs where n =9, 8 and 10 for 1,
2, and 3 respectively. However, in the series of complexes
featuring pyridine bis-MIC donors (4-6), these HE bands
become even-more energetic and involve more than one type
of electronic excitations. The absorption band peaking at 245
nm in 4 is attributed to an admixture of HOMO — n (n = 11, 8)
- LUMO + 1 and HOMO — 9 - LUMO excitations. Whereas,
the HE band of 5 (243 nm) originates from an admixture of
HOMO — 7 - LUMO + 4 and HOMO — 8 -> LUMO +1 excitation.
These HE excitations can be ascribed to metal perturbed intra
ligand charge transfer excitations (MP-llLCT).27
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Fig. 4. Absorption spectra of complexes 4, 5, and 6 measured in solution state
(left) and emission spectra in solid states.

Moderately intense absorption bands observed in the
spectral window of 309—-324 for 1 correspond to HOMO -6 >
LUMO + 1 excitations. However, similar absorption band of 2
peaking at 315 nm is attributed to an admixture of HOMO — n
- LUMO, where n =5 and 7; and HOMO — 4 > LUMO + 1
excitations. Absorption bands of relatively weaker intensity
detected in complexes 1-3 in the range of 360—410 nm are
attributed to HOMO — 4 - LUMO excitation.

Broad absorption shoulder detected for 4 between
290-350 nm arises from an admixture of electronic excitations
of HOMO - 11 - LUMO + 1 and HOMO — 6 - LUMO + 2. A
relatively less intense peak observed for 5 at 286 nm is
devoted to the electronic transition from HOMO — 9 into the
LUMO level. TD-DFT calculations suggest that weaker intensity
absorption band of 6 (260—300 nm) arises from combined
intensities of two different electronic excitations at 277 and
281 nm. Absorption at 277 nm arises from an admixture of
HOMO — n - LUMO, where n=9, 11; and HOMO — 6 - LUMO
+ 3, whereas the one at 281 nm correlates with an admixture
of HOMO — 9 = LUMO + 1 and HOMO - 6 - LUMO + 2
excitations. As the involved molecular orbitals (MOs) tend to
be largely mixed, one could in general ascribe these lower
energy electronic excitations to mixed metal-to-ligand-charge
transfer bands (mixed 1MLCT).28 Weakly intense—lower energy
absorption tails detected in the range of 365—401 and 308—-375
nm in 4 and 6 respectively, and above 317 nm in 5 could be
ascribed to electronic-charge transfer originating from their
respective HOMO — 6 levels, however into distinct final states
of LUMO + 1, LUMO + 2 or the LUMO in order.

3

J‘J‘f“u -‘:

*Q
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DFT calculations indicate larger participitation of metal
orbitals in the HOMOs of the complexes 4 and 6, bearing MIC
donors. Isodensity surface plots of HOMOs of complexes
featuring different pincer ligands but the same auxiliary ligands
of —Cl (1 and 4) or the —CN (3 and 6) donors clearly show a
relatively larger orbital weightage upon the platinum centre in
4 (15.6%) and 6 (1.5%), than those of 1 (9.7%) and 3 (0.3%)
respectively. However, irrespective of carbene donors HOMOs
of the acetonitrile bound 2 and 5 (0.05%) show nearly
neglegible participation of metal centre (Fig. 5 and Table S3.2).

Cyclic voltammograms of complexes 1-6 recorded from
deaerated acetonitrile solutions showed quasi-reversible
oxidation waves in the range of + 1.10 to 1.22 V (onl/z, Table
1). Comparing complexes of identical net charges and counter
ions, but different pincer ligands (i.e., 2 vs 5 and 3 vs 6)
indicates that introducing MIC donors into the inner sphere of
the platinum(ll), tend to lower the oxidation potential.
Stronger electron donor ability of the MIC donors is reasoned
for this behaviour.” However, the oxidation potential of 4
bearing two MIC donors is identical to those of 1 (Eo,(l/2 =+
1.10 V). This can be attributed to the fact that HOMO of 1
involves a relatively larger participation of ligand orbitals,
while those of 4 is associated with more of metal. An
admixture of ligand/co-ligand/metal centred oxidation could
be reasonably assigned to the anodic waves of 1 and 4.
Related anodic process involving ligand, co-ligand and the
metal centre (PtII to Pt'”) has been previously described for
platinum complexes bearing terdentate N-donor sets. These
anodic potentials were reported in the electrochemical
window of + 0.60 to +1.75 V.2*” *° ynlike 1 and 4, for
complexes 2, 3, 5, and 6 showing maximal participation of
pincer ligand in the HOMO levels, a more ligand centred
oxidative process is ascribed.

The facile oxidative process of the chloride bound complex
1 (onl/2 =+ 1.10 V), could be attributed to its mono cationic
nature, as compared to the di-cationic 2 (onl/2 =+ 1.19 V).
Even though both of the complexes 1 and 3 are mono cationic,
the relative sluggishness of the oxidative process in the latter
could be attributed to the effective z-accepting nature of the —
C=N ligand (onl/2 =+ 1.22 V). Amongst complexes 4-6, the
most sluggish oxidative process was detected in the dicationic
5 (onl/2 of + 1.15 V). Whereas the oxidative wave of the
monocationic 6 (onl/2 =+ 1.12 V) occurred at midway between
those of 4 and 5. A compensatory electron donation from two
MIC donors of the pincer ligand somewhat annuls the electron
withdrawing effect of C=N ligand in 6, thus avoiding further
increase of its oxidative potential.
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Fig. 5. View of computed HOMO and LUMO levels of the complexes 1-3 and 4—6 in the ground states.
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DFT computed LUMOs of 1-6 are mainly centred upon the
pyridine fragment of the pincer ligand, with minimal
participation of metal orbitals. Reduction couple of complexes
1-6 in the range of —0.82 to —0.86 V (Eredm) mainly involve the
pyridine ring.31 Slight lowering of reduction potentials of 3
relative to 1 and 2 could be ascribed to the presence of 7
accepting cyano ligand. As expected, we also observed a
relative lowering of E,edl/2 of 6 in comparison to 4, but not
relative to 5. This relatively less responsive z-electron
withdrawing effect in 6 could be attributed to the nature of its
LUMO, which shows a significantly lower contributions of —CN
(0.5%) as compared to those of 3 (1.71%). In addition, weak
influence of co-ligands on cathodic potentials are also more
evident from their low orbital weightages in the LUMO levels
with —Cl bound 1 and 4 showing 1.79 and 1.28% or the —NCCH3;
bound 2 and 5 showing 3.2 and 0.1% respectively (Table S3).

Emission Characteristics

Neat samples of 1 emitted green (523 nm), whereas 2
emitted sky blue (483) and 3 emitted blue light (468 nm) in the
solid state. As compared to emission spectra recorded from
acetonitrile solutions, solid-samples of 2 and 3-exhibit
bathochromic shift of their emission maxima along with the
loss of fine structures (Fig. 3 and S3a). Complexes 4—6 emitted
green light, with emission maxima of 4 (527 nm) and 5 (530
nm) close to each other. Further, 4 exhibited two well-defined
shoulders, one at 493 nm and the other at 559 nm; whereas 5
displayed only a weak HE shoulder at 493 nm. Solid-state
emission of 6 was observed as a featureless band peaking at
519 nm, with the loss of solution state fine structures at 490
and 522 nm, however along with a shoulder at 550 nm (Fig. 4
and S3b).

The microsecond regimes of excited state life times of
complexes 1-6, both in solution (1.68—6.93 ws) and in the solid
state (3.55-7.32 us), indicate that these emission originate
from triplet manifold, which confirms phosphorescence
(T,—So) (Table 1) Comparing the solution and solid-state
emission spectra, the latter are often observed as featureless
bands. Clear loss of fine structure is more evident in 2 and 6. In
addition, emission bands exhibit large bathochromic shift in
solid state. These solid-state emission bands can be reasonably
ascribed as metal-ligand charge transfer in nature (3MLCT),33
whereas the one in 3, showing vibronic bands even in the solid
state are ascribed to an admixture of >MLCT and 3LLCT.

Vapochromic and Mechanochromic Attributes

Upon exposure to moisture for a period of two hours or
left under air for one day, the original sky blue emission color
of 2 transforms to green (Vide infra). The reverse
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transformation of green to sky blue emission occurred when
the solvent-chamber was re-filled with acetonitrile vapor. The
emission-responses shown by 2 is due to its interaction with
these solvent molecules.

The crystals of 2, upon exposure to water vapor, absorbed
a molecule of water, as confirmed by the results of elemental
analysis (Anal. For C3;H3,F1,NgP,Pt-H,0: C 37.55; H 3.46; N
8.47. Found: C 37.44; H 3.52; N 8.52), which corresponded to
2-H,0. The X-ray structure of 2-H,0 was also measured (Fig. 6),
even though the aquachromic exposure to some extent
degraded the quality of the crystals. To our expectations and
as indicated by elemental analyses data, we observed the
exchange of lattice solvent of acetonitrile with a molecule of
water. Furthermore, the detected water molecule was found
at a proximally short and axially approachable Pt(1)-O(1)
distance of 3.777 A within the asymmetric unit. However, the
structural study of the reverse process could not be performed
as crystals underwent substantial degradation, when 2-H,0
was exposed to acetonitrile vapor.

Fig. 6. Wire frame representation of molecular structure of 2, shown along with
a co-crystallized acetonitrile molecule (left) and with a molecule of water (right).
Counter ions are shown, while, hydrogen atoms are omitted for clarity.
Pt(1)---O(1) 3.809 A.

The originally detected sky blue emission band of 2 which
peaked at 483 nm in the solid state also underwent a clear
bathochromic shift, upon exposure to other solvent vapors of

methanol, tetrahydrofuran, acetonitrile, dichloromethane,
hexane and water (Fig. 7).
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Fig. 7. Vapochromic and mechanochromic emission responses of 2.
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The vapochromic response of 2 is more pronounced for
water molecules, as the new aqua chromic band (An.x = 535
nm) is red-shifted by 52 nm from the original emission. Such a
distinct change in the emission color from sky blue to green is
only specific to water molecules. In contrast to
[Pt(M*°(CNC)*°CO]PFs which exhibited vapochromic color
changes specific to acetone,12c under similar conditions 2 only
showed an increase of the HE band intensity at 455 nm. In
addition to vapochromic responses, 2 also exhibited stronger
mechanochromic behaviour. Grinding of 2 using a mortar and
pestle resulted in a sharp change in emission color. The
resultant mechanochromic emission peaked at 549 nm (Fig. 6).
This color change from sky blue to greenish yellow (AL, = 66
nm) shown by 2 is very distinct and could be a valuable tool to
detect the mechanical shear in materials.

=3 = = grinding
= = methanol
1.004 acetone
“".\~ = ewater— =hexane
s o - dxchloromt’alhane
0.75 4 v o o tetrahydofuran
. 9 .

0.50+

0.25-

Normalized emission

0.00

450 500 550 600
Wavelength (nm)

Fig. 8. Vapochromic and mechanochromic emission responses of 3.

Fig. 8 summarizes the vapochromic and mechanochromic
responses of 3. The characteristic emission signatures left by
different solvent vapors suggest the solvent specific
interaction modes. Intensity of the emission band at 445 nm
grew in the order of thf < water < acetone or decreased in the
order of hexane < methanol. The emissive shoulder at 491 nm
gained intensity along with a red shift to 502 nm. For the same
solvent vapor, the order of intensity of this new peak followed
a reverse trend as those of the higher energy band at 445 nm
(acetone < water < thf < dichloromethane =~ hexane <
methanol). Grinding of 3 also resulted in bathochromic shifts
of the highest intensity peak at 468 to 491 nm and the
shoulder peak at 478 to 511 nm.

acetone

1.004 ® = = dichloromethane
5 G e
(72 ~ ,’ \-\ \ - = hexane
2 0.754 ‘_’,I\“,’(' AR =+ = methanol
I.IE.I ']‘ . / \: * = =tetrahydrofuran
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Fig. 9. Vapochromic emission responses of 5.
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Even though, no mechanochromic responses were
detected from complexes featuring the pincer ligand of
M'C(CNC)M'C, they still exhibited vapochromic responses.
Vapochromic behaviour of 5 and 6 are summarized in Fig. 9
and 10 respectively. Vapors of methanol, water,
dichloromethane, and acetone transformed the weak emission
shoulder of 5 at 493 nm into well-defined peaks. Distinct from
other vapors, interaction of tetrahydrofuran with 5 induced
largest blue shift. The peak at 530 nm reappeared at 513 nm,
whereas the shoulder at 493 nm transformed into an intense
band at 482 nm. As the new 482 nm became as intense as the
513 nm band, one could visualize the transformation of
emission color from green to sky blue. Exposure of 6 to
tetrahydrofuran, dichloromethane, water, methanol, diethyl
ether, and hexane vapors resulted in the suppression of the
shoulder at 550 nm with an exception of acetone that induced

an intensity-gain and along with a slight bathochromic shift.
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Fig. 10. Vapochromic emission responses of 6.

Grinding induced red shift often arises due to the

shortening of metallophilic contacts in planar platinum
4,8,13b,8, 13d . . .

complexes. However in complexes described herein,

rather stronger secondary C—H---z and (or) hydrogen bonding
interactions are detected (vide-supra). On these lines, amongst
all of the complexes reported herein, the strongest
mechanochromic response of AL, = 66 hm is exhibited by 2.
Nevertheless, the red shift in the emission and the
accompanied transformation of less intense shoulders into a
more intense-featureless band in 3 also correlates to short
C—H---7t contacts between the NHC donor and the mesityl ring.
Similarly, the vapochromic response shown by 2, bearing
hydrogen bond donor sites of NHC backbone, coordinated
acetonitrile and mesityl-methyl fragments is the strongest
amongst these complexes. In general, one could attribute the
vapochromic behaviour of 2, 3, 5 and 6 to vapor induced
structural re-organization that could tickle the intermolecular
C—H---or the hydrogen bonding interactions.

Related vapor or pressure dependent color changes in
platinum complexes bearing pure N-donors of terpyridine,13a'
232,34 1 10-phenanthroline,® functionalized bipyridine®2" *2& 3>
134, 36 and hybrid P*N donor Iigands37 have been studied
before. Incorporation of NHC donors in pincer motif into the
coordination sphere of photo emissive platinum complex have
shown to enhance the air and photo stability of the resultant
triplet emitters.*® However, difficulties related to their large-
scale syntheses under inert atmospheres or manipulations of
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toxic co-ligands like carbon monoxide have often hindered
their application in functional materials. In this contribution,
we have shown that the vapor/mechanochromic attributes of
these complexes could be obtained even by using the weakly
donating and readily accessible acetonitrile donors as the
auxiliary ligands to the platinum centre.

Conclusions

Platinum complexes bearing pincer type-pyridine-bis-carbene
ligands with normal imidazol-2-ylidene or mesoionic-triazol-5-
ylidene as carbene donors are prepared. The latter complex
introduced herein could be used as a valuable precursor to
obtain several other platinum-based pincer luminophores. An
aquachromic complex [PtNHC(CNC)NHCCO] reported earlier was
prepared via 1, however its structural data which was not
available then is also reported herein as 1-PFg salt. A
systematic variation of electronic environment at the platinum
centre via substitution of —Cl auxiliary ligand of these parent
complexes with NCCH; and CN donors afforded four more
structurally distinct complexes. The observed trend in
electrochemical redox potentials is in line with electron donor
strength of pincer and auxiliary ligands, and the DFT computed
relative orbital composition.

X-ray structures of four complexes show a distorted
square-planar geometry with a twisted conformation between
pincer ligands and mesityl fragments. Complexes featuring
different pincer and auxiliary ligands exhibit distinct packing
arrangement in the solid state showing varying degree of
secondary CH—7z and hydrogen bonding interactions. The
platinum complex 1 and 4 bearing —Cl co-ligand did not exhibit
vapochromic or mechanochromic responses. Complexes 5 and
6 featuring mesoionic-triazol-5-ylidene donors exhibited good
vapochromic responses but no mechanochromic behaviour. 5
was found to be very sensitive to tetrahydrofuran vapor, as it
showed a rapid emission response giving color changes from
green to sky blue colors. Complexes 2 and 3 featuring the
pyridine bis-imidazol-2-ylidene and an acetonitrile or cyano
donors exhibited both of the photo functional attributes of
vapochromism and mechanochromism. Sky blue emission
color of 2 can either be switched into green upon exposure to
different solvent vapors or to greenish-yellow upon grinding.
Such visibly distinct emission responses of 2, in combination
with its easy large scale-accessibility are attractive for chemo
sensing applications to detect volatile organic vapors and to
sense mechanical shear in materials.

Experimental

Physical measurements and instrumentation.

Solvents and reagents are purchased from Sigma Aldrich.
Acetonitrile and dichloromethane are purified by refluxing over
calcium hydride on a standard solvent distillation set up. Other
reagents are used as obtained, without further purification. NMR
sPectra were recorded gn either a Bruker DPX-300 spectrometer
("H-NMR, 299.96 MHz; “"C-NMR, 75.43 MHz) or a Bruker AVANCE
DPX-400 spectrometer (1H, 400.13 MHz; 13C, 100.61 MHz) using
tetramethylsilane as an internal standard. Mass spectra were
recorded on a Micromass Platform Il spectrometer. Elemental
microanalyses were performed at the Taiwan Instrumentation
Center, Taipei.
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UV-vis spectra are recorded on a Shimadzu UV-2101PC
spectrophotometer. Emission spectra and the lifetimes are
recorded on an Aminco Bowman AD 2 luminescence spectro-
fluorometer. Cyclic voltammograms of complexes 1, 2, and 3 are
recorded on a BAS 100B Electrochemical Analyzer, under a nitrogen
atmosphere. The working, counter and the reference electrodes
were glassy carbon, platinum foil and Ag/AgCl electrodes,
respectively. All the electrochemical measurements were carried
out at room temperature using dry-degassed acetonitrile solution
containing 0.1M tetra butyl ammonium hexafluorophosphate. The
standard concentration of analytes was = 10™*M and the optimal
scan rate used was 0.1 V/s. Vapoluminescent behaviour of the
complexes are probed from their crystals/powder samples
deposited over a quartz plate placed in a closed chamber under the
stream of respective vapors. Grinding of complexes using a mortar
and pestle and subsequently recording the emission spectra
facilitated the investigation of mechanochromic emission
characteristics.

Single crystals of 1-PFg, 2, 2-H,0, 3-PFg, and 4-PFg suitable for X-
ray diffraction were mounted over the tips of glass fibre with epoxy
resin and subjected to X-ray diffraction. Data are collected on a
Bruker APEX Il diffractometer, using graphite monochromatic Mo
Ka radiation (A = 0.71073 A). Data reduction was performed with
SAINT, which corrects for Lorentz and polarization -effects.
Absorption corrections are performed using multiscan (SADABS).
Structures were solved by using direct methods and refinement was
performed by least-squares methods on F using the SHELXL-97
package.39 All H atoms are added in idealized positions. Solvent
accessible voids were detected in 4-PF;, therefore, a
SQUEEZE/PLATON40 technique was applied to remove the
unidentified solvent contributions. Crystals of 2-H,0 were measured
to support the vapochromic studies. Residual electron density in
this structure is attributed to the aquachromic-deterioration of the
quality of crystals.

Computational details.

DFT Calculations were performed using Gaussian 09 package.41
Ground state geometries of all the complexes were optimized by
using the B3LYP” functional, with the SDD* basis set. The
optimized structures were subjected to time dependent density-
functional theory (TD-DFT) calculations to determine the vertical
transition energies and oscillator strengths. The MO plots are
obtained by using the Gauss View 05 package.

Synthetic Procedures

1-PFg: To a methanolic solution of 1'% (0.71 g, 1 mmol) was

added a solution of NH,PFg (0.18 g, 1.1 mmol) in water (3 mL), and
the mixture was stirred at ambient temperature for 15 minutes.
Pale orange solid that precipitated over the clear supernatant
solution was filtered off and dried in vacuo to obtain an analytically
pure sample of 1-PF¢ (0.66 g, 81%). 'H NMR (300 MHz, acetone-dg):
58.66 (t, Jy_y = 8.4 Hz, 1H), 8.56 (s, 2H), 8.15 (d, Jy_y = 8.4 Hz, 2H),
7.61 (s, 2H), 6.94 (s, 4H), 2.32 (s, 6H), 2.26 (s, 12 H) ppm. °C NMR
(75 MHz, acetone-dg): ¢ 168.9 (carbenoid-C), 152.3, 145.4, 139.3,
134.3, 133.7, 128.8, 125.6, 119.0, 108.3, 20.2 and 16.9 ppm. Mass
(MALDI): m/z 678.3 [M]". Anal. Calcd. for C,gH,oCIFgNsPPt: C 42.32;
H 3.55; N 8.51. Found: C42.27; H 3.55; N 7.85.

2: A mixture of 1 (0.71 g, 1.0 mmol) and AgPFs (0.53 g, 2.1
mmol) was stirred in acetonitrile (20 mL) at ambient temperature
for 1 h. During this time, precipitation of colorless solids was
observed (AgCl). Separation of the yellow supernatant solution over
a bed of celite and subsequent addition of diethyl ether (20 mL)
gave yellow powder of 2 (0.71 g, 73 %). "H NMR (300 MHz, acetone-
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dg): 08.63 (s, 2H), 8.72 (t, Jy_y = 8.4 Hz, 1H), 8.24 (d, J_y = 8.4 Hz,
2H), 7.82 (s, 2H), 7.14 (s, 4H), 2.31 (s, 6H), 2.12 (s, 12 H), 1.82 (s,
3H). 3¢ NMR (75 MHz, acetone-dg): 6 166.8 (carbenoid-C), 153.0,
148.6, 140.7, 135.1, 133.3, 129.5, 125.1, 120.5, 109.3, 118.5, 20.1,
and 0.5 ppm. Mass (MALDI): m/z 828.7 [M+PF¢]". Anal. Calcd. for
C31H3,CIF3,NgP,Pt-0.5 CH3(CO)CH5: € 38.93; H 3.52; N 8.38. Found: C
38.97; H3.57; N 8.58.

3: A mixture of 1 (0.3 g, 0.04 mmol) and AgCN (5.3 mg, 0.04
mmol) in 1 mL of dichloromethane was stirred at ambient
temperature for 12 h. After this time, the solvent was removed on a
rotary evaporator to obtain the crude product. Further washing of
the crude with diethyl ether and subsequent drying under high
vacuum afforded 3 (24 mg, 81%) as yellow solids. 'H NMR (300
MHz, acetonitrile-ds): §8.47 (t, Jy_y = 7.4 Hz, 1H), 8.21 (s, 2H), 7.91
(d, Jy_n = 7.4 Hz), 7.31 (s, 2H), 6.99 (s, 4H), 2.28 (s, 6H) and 2.04 (s,
12H) ppm. BCNMR (75 MHz, acetonitrile-ds): 9169.4 (carbenoid-C),
156.6, 152.2, 147.4, 140.1, 134.3, 133.9, 129.1, 124.8, 119.9, 108.7,
20.2, 17.0 ppm. Mass (MALDI): m/z 667.2 [M+1]". IR: 2143 cm™
(—CN). Anal. Calcd. for CsoHygNeCIPt: C 51.17; H 4.15; N 11.94.
Found: C 51.05; H 4.28; N 11.94. In order to obtain the X-ray quality
crystals, the —Cl counter ion was exchanged with PFg using NH,PF¢
by following a similar procedure as described for 1-PF¢. Anal. Calcd.
for CaoHasFsNgPPt-5-H,0: C 39.87; H 4.35; N 9.30. Found: C 39.82; H
4.08; N 9.09.

4: An acetonitrile solution of (M*CNCY®)—H,[BF,,>> ** (0.40 g,
0.61mmol) was added to an aqueous solution of K,PtCl, (290 mg,
0.70mmol). The reaction mixture was stirred at ambient
temperature for 3 h and then filtered. Subsequent drying in vacuo
gave (M*CcNCY*)—H,[PtCl,] (0.40 g, 0.54 mmol, 88%) as a pink
powder. This intermediate salt was characterized by ' and ®c
NMR, and wused as such for the subsequent reaction.
(M**cNCV**)=H,[PtCl,]:*H NMR (300 MHz, DMSO-d): 6 10.01 (s, 2H),
8.48 (m, 3H), 7.26 (m, 4H), 4.77 (s, 6H), 2.39 (s, 6H), 2.16 (s, 12H).
B3¢ NMR (101 MHz, DMSO-dg): 6 143.5, 142.2, 140.5, 140.4, 134.5,
132.9,131.1 (Cs), 129.6, 126.8,41.6,20.8,16.9. To a suspension
of (M*cNCY*)—H,[PtCl,], salt (0.35 g, 0.54 mmol) in 15 mL DMSO
was added Ag,0 (134 mg, 0.58 mmol). The mixture was heated at
140 °C for 10 h to yield an orange solution. After this time, the
orange solution was cooled to ambient temperature.
Dichloromethane was added to the reaction mixture and the
organic layer was washed with brine (x3 times). Removal of
dichloromethane in vacuo, gave the crude product, which was
further purified by column chromatography (aluminoxide,
MeOH/DCM = 1:9 (V/V)) to obtain an analytically pure form of 4 as
yellow powder (65 mg, 16.1%). '"H NMR (300 MHz, CDCl3): 6 8.44 (t,
J=8.0 Hz, 1H), 8.04 (d, / = 8.0 Hz, 2H), 7.17 (s, 4H), 4.69 (s, 6H), 2.48
(s, 6H), 2.25 (s, 12H) ppm. *C NMR (75 MHz, CD5CN): 6 164.2, 152.2
(d, J = 13.5 Hz), 143.0, 141.7, 136.0 (d, J = 11.0 Hz), 135.5, 134.8,
129.6, 120.6, 39.8, 21.1, 17.5 ppm. Mass (MALDI): m/z = 708.1 M7,
m/z = 672.1 [M=CI]". Anal. Calcd. For CyoHsClNsPt: C 46.84; H 3.75;
N 13.19; Found: C47.50; H 3.67; N 12.93.

5: A mixture of 4 (50mg, 0.07mmol) and AgPFs; (1.8mg,
0.07mmol) in acetonitrile was stirred at ambient temperature for
12 h. After this time, the reaction mixture was filtered off. The
filtrate was evaporated in rotary evaporator, residue was washed
with diethyl ether and finally dried in high vacuum to obtain 5
(49mg, 86%) as yellow powder. 'H NMR (300 MHz, acetone-dg): 6
8.42 (t, Juy = 7.96 Hz, 1H), 8.16 (d, Sy = 7.96, 2H), 7.17 (s, 4H),
4.80 (s, 6H), 2.33 (s, 6H), 2.07 (s, 12H), 1.30 (s, 3H) ppm. °C NMR

This journal is © The Royal Society of Chemistry 2016

Dalton Transactions

(75 MHz, acetone-dg) 6 161.9, 153.4, 152.5, 146.1, 142.6, 135.8,
134.1, 130.3, 129.9 (d, J = 6.64 Hz), 121.9, 40.1, 21.0, 17.4, 2.6 ppm.
Mass (MALDI): m/z = 672.3 [M—CH3CN]Z+. Anal. Calcd. For
Ca1H34F1,NgP,Pt-6-CH,Cl,-1.5-CH5CN: C 30.51; H 3.23; N 8.45; Found:
C30.61; H3.23; N 8.76.

6: A mixture of 4 (30mg, 0.04mmol) and AgCN (5.3mg,
0.04mmol) in dichloromethane (1 mL) was stirred at ambient
temperature for 12 h. After this time, solvent was removed on a
rotary evaporator and the crude was titurated with diethyl ether
and subsequently dried in high vacuum, to obtain yellow powders
of 6 (24mg, 81%). "H NMR (300 MHz, acetone-dg): & 8.39 (t, Jy_y =
8.00 Hz, 1H), 8.16 (d, Jy_y = 8.00, 2H), 7.06 (s, 4H), 4.77 (s, 6H), 2.35
(s, 6H), 2.13 (s, 12H) ppm. C NMR (75 MHz, acetone-ds) 6 164.6,
153.5, 152.4, 144.9 (CN), 141.5, 135.6, 135.2, 134.8, 130.0, 121.2,
39.9, 21.3, 17.8 ppm. Mass (MALDI): m/z = 732.2 [M]", m/z = 672.1
[M—CN]". IR: 2131.0 cm™ (-CN). Anal. Calcd. For
CaoH31FsNgPPt-0.5-CH;CN-CH5(CO)CH;- 2-H,0: C 42.61; H 4.47; N
12.42; Found: C42.88; H4.22; N 12.72.
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Platinum Complexes featuring pyridine bis-N-heterocyclic
imidazol-2-ylidene or triazol-5-ylidene are prepared with
different auxiliary ligands. This report summarizes their
structures, photo-physics and electrochemical details.
Vapo/mechanochromic emission responses have also been
detected.
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