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A cyclometalated Pt(i) acetylide derivative bearing a carbazole donor and a terpyridine (TPY) receptor has
been successfully synthesized and characterized. X-ray crystallography shows its monoclinic crystal
system with the P2(1)/c space group and the three-component co-planarity molecular structure.
This efficient m-conjugation system displays an intense low-energy absorption band (¢ = 1.51 Xx
10% dm® mol™ cm™) at Amax = 442 nm and a strong phosphorescence emission (@ = 0.045) at Amax =
596 nm in an air-saturated CH,Cl, solution at room temperature, resulting from the dw(Pt) —
T*(CANAN) metal-to-ligand charge transfer (MLCT) mixing with the mw(C=C-Ar) — w*(CANAN) ligand-
to-ligand charge transfer (LLCT) transition. With the introduction of the TPY receptor, this complex
possesses ca. 1.6-fold luminescence-enhancing response for Zn>* and Cd?* but dramatic luminescence
quenching response toward other common transition metal cations. Consecutive titrations exhibit that
the added metal ions bond to its free TPY receptor with 1: 2 stoichiometry to form the heterotrinuclear
(Pt—M—Pt) complex. The Fe2+—quenched and Zn?*-enhanced luminescence behaviors with the maximum
PET efficiency of 92.4% and 62.7%, respectively, strongly suggest the presence of the intra-molecular
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Introduction

Luminescent chemosensors with high sensitivity and selectivity
have been widely studied for their attractive potential in envi-
ronmental and bio-medical applications.”” The “Chromo-
phore-Spacer-Receptor” model has been generally designed,
and the transition metal complexes with electronic transition in
visible/near-IR region, high quantum efficiency and long life-
time have been extensively employed as fluorophores instead of
the organic counterparts.* Owing to their intriguing spectro-
scopic and luminescence properties, square-planar platinum(iu)
polypyridyl complexes imparted with metal-binding units, such
as P- and N-donor crown ether pendants,* S-benzo-15-crown-5,>
4-ethynylbenzo-15-crown-5,°  5,17-diethynyl-25,27-dimethoxy-
calix[4]crown-5,” bipyridylacetylides,® and terpyridylacetylides,®
have been reported in such investigations. Since the strong

College of Chemistry and Pharmacy Engineering, Nanyang Normal University,
Nanyang, 473061, P. R. China. E-mail: qiudf2008@163.com; Fax: +86-377-
63513595; Tel: +86-377-63513595

T Electronic  supplementary information (ESI) available: Crystal data,
luminescence intensity decay, UV-vis absorption and PL spectra, and the
Stern-Volmer and Benesi-Hildebrand plots. CCDC 991876 and 991877. For ESI
and crystallographic data in CIF or other electronic format see DOIL

10.1039/c7ra09423j

46980 | RSC Adv., 2017, 7, 46980-46988

energy transfer between the [M(TPY)

512" core and the terminal phosphorescent Pt(i) complex units.

ligand field effect of the cyclometalated carbon raises the energy
of the d-d states to reduce the non-radiation decay probability,
cyclometalated platinum(u) complexes with tridentate phenyl-
substituted pyridine [(N*C”N) motif]"**®* and bipyridine
[(C~"N”~N) motif]'">*> as well as the related diphenyl-substituted
pyridine [(C"N~C) motif]*** ligands are good emitters with
high quantum yields at room temperature, which are expected
to be used as better candidates in chemosensors.>*** Cyclo-
metalated [(C*"N"N)Pt(n)] c-alkynyl complex with a benzo-15-
azacrown-5 receptor” and a bis(2-picolyl)aniline (DPA)
receptor®® have been applied in ion-binding studies. Our group
reported a cyclometalated [(C"N”~N)Pt(u)] terpyridylacetylide
with a rich electron-donating bis-arylamine moiety, which
exhibits the H'-triggered, Zn>"-enhanced and OH -quenched
phosphorescence properties and an unexpected Zn>"-selective
luminescence chemosensor behavior in acid solution.”
However, owing to the lack of a clear molecular structure, the
structure-property relationship is not well established for this
class of multi-component compounds.

Herein, we design a novel three-component molecular
system (Chart 1, complex 3), in which the [(C"N~N)Pt(u)] ace-
tylide core and the pendant TPY unit still serve as a planar
fluorophore and a general receptor for transition metal ions,
respectively, while the carbazole (CBZ) moiety serves as a rigid

This journal is © The Royal Society of Chemistry 2017
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Chart 1 Molecular structure of complex 3.

and higher energy-donating component. Its synthesis, crystal
structure, photophysical properties, and transition metal ion-
binding luminescence behaviors are mainly discussed with
complex 2 (Scheme 1) as the reference compound.

Experimental
Materials and general procedures

The commercially available regents 3,6-di-tert-butylcarbazole,
18-crown-6, triethylamine (EtzN), phenylacetylene
(C¢HsC=CH), anhydrous K,COj, Cul, and K,PtCl, were of
analytical grade and used as received without further purifica-
tion. Reactions were carried out under an argon atmosphere in
an oven-dried glassware using standard Schlenk techniques.
The solvents used for synthesis were also of analytical grade.
Diisopropylamine was treated with 5 A molecular sieves and
distilled under an argon atmosphere from molten sodium.
Dichloromethane was distilled before using it as a solvent for
photophysical and electrochemical determinations of the
sample. All metal salts, such as Zn(ClO,),, Cd(ClO,),, Fe(ClO,),,
NaClo,, KCIO,, Ca(CH;COO),, Mg(CH;COO0),, Mn(CH;COO0),,
Co(CH;C00),, Ni(CH;C00),, Cu(CH;CO0),, and Pb(CH;-
COO0),, were of analytical reagent grade and used as supplied
to prepare the titrant CH3;OH solutions containing 3.5 x
10~* mol dm? metal ions. Tetrabutylammonium perchlorate
(‘BuyNClO,), the supporting electrolyte for electrochemical
studies, was prepared by the metathesis of tetrabutylammo-
nium bromide and perchloric acid. The electrolyte was recrys-
tallized from hot pentanol/ethyl acetate solution twice to give
colorless crystals and dried in a vacuum oven. (Caution:
perchlorate salts are potentially explosive and should be
handled with care and in small amounts.)

Syntheses of 4-(p-bromophenyl)-6-phenyl-2,2'-bipyridine and
4'-(4-ethynylphenyl)-2,2':6’,2"-terpyridine have been described
previously.*

Synthesis of 4-{p-[9-(3,6-di-tert-butyl)carbazolyl]}-phenyl-6-
phenyl-2,2'-bipyridine (HL)

A mixture of 3,6-di-tert-butylcarbazole (3.91 g, 14.0 mmol), 4-(p-
bromophenyl)-6-phenyl-2,2’-bipyridine (3.87 g, 10.0 mmol),
anhydrous K,CO; (4.18 g, 30.0 mmol), Cul (0.12 g, 0.6 mmol),
and 18-crown-6 (0.28 g, 1.1 mmol) was transferred into a flask,
purged with argon, and then heated to 185 °C under stirring for
24 h. After the reaction mixture was cooled to ambient
temperature, CH,Cl, and H,O were added. The aqueous phase
was discarded, and the organic phase was washed with distilled
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H,O and then dried over anhydrous Na,SO,. The evaporated
residue was applied to a chromatography column (neutral
Al,03) and eluted with CH,Cl,-petroleum ether (2 : 1). The pure
product was obtained by recrystallization from its MeOH/
CH,Cl, solution as a white crystal in a yield of 78%. H NMR
(400 MHz, CDCl,): 6 8.76-8.73 (m, 3H), 8.26 (d, J = 7.6 Hz, 2H),
8.16 (s, 2H), 8.09 (s, 1H), 8.05 (d, j = 8.0 Hz, 2H), 7.90 (t, J =
7.6 Hz, 1H), 7.73 (d,J = 8.4 Hz, 2H), 7.56 (t,] = 7.4 Hz, 2H), 7.51-
7.43 (m, 5H), 7.38 (t,] = 6.0 Hz, 1H, Ar), 1.52 (s, 18H, -CH;). **C
{'H} NMR (100 MHz, CDCl,): 6 157.4, 156.3, 156.2, 149.4, 149.0,
143.2, 139.4, 139.0, 138.9, 137.1, 137.0, 129.2, 128.8, 128.7,
127.1,127.0,124.0, 123.8, 123.6, 121.7, 118.4, 117.5, 116.4, 109.2
(Ar), 34.8 (-C(CHj3)3), 32.0 (-CH3); elemental analysis calcd (%)
for C;;H,gN,: C, 81.55; H, 6.18; N, 12.27; found: C, 81.79; H,
6.20; N, 11.98.

Synthesis of 1

A mixture of HL (0.29 g, 0.5 mmol), K,PtCl, (0.21 g, 0.5 mmol)
and glacial acetic acid (50 mL) was refluxed for 12 h under an
argon atmosphere in the absence of light. The reaction mixture
was then cooled to room temperature and filtered. The obtained
solid was recrystallized from MeOH/CH,Cl, solution to form the
desired product as an orange crystal in a yield of 92%. 'H NMR
(300 MHz, DMSO-d): 6 8.92 (d, J = 4.8 Hz, 1H), 8.78 (d, J =
7.8 Hz, 1H), 8.63 (s, 1H), 8.41-8.33 (m, 6H), 7.92 (t, ] = 6.6 Hz,
2H), 7.87 (d, J = 8.4 Hz, 2H), 7.54-7.42 (m, 5H), 7.13 (t, ] =
8.4 Hz, 2H, Ar), 1.44 (s, 18H, -CH3;). Elemental analysis calcd (%)
for C,,H;3CIN;Pt: C, 61.87; H, 4.70; N, 5.15; found: C, 62.03; H,
4.83; N, 4.98.

Synthesis of 2

A mixture of 1 (0.24 g, 0.3 mmol), CgH;C=CH (0.10 g, 1.0
mmol), Et;N (5 mL) and Cul (5.0 mg, 0.03 mmol) in degassed
CH,Cl, (50 mL) was stirred for 24 h under an argon atmosphere
at room temperature in the absence of light. The reaction
mixture was then evaporated to dryness under reduced pres-
sure. The crude product was purified by flash chromatography
(neutral Al,O3, CH,Cl, as eluent) and recrystallized from
CH,Cl,/MeOH solution to form the desired product as a red
crystal in a yield of 84%. '"H NMR (400 MHz, DMSO-dq): 6 9.09
(d,] = 4.4 Hz, 1H), 8.80 (d, J = 8.0 Hz, 1H), 8.71 (s, 1H), 8.46 (s,
1H), 8.42-8.38 (m, 3H), 8.35 (s, 2H), 7.92-7.87 (m, 4H), 7.78 (d, J
= 7.6 Hz, 1H), 7.53 (d, ] = 8.8 Hz, 2H), 7.45 (d, ] = 8.4 Hz, 2H),
7.40 (d,] = 7.2 Hz, 2H), 7.30 (t,] = 7.8 Hz, 2H), 7.19-7.09 (m, 3H,
Ar), 1.44 (s, 18H, -CH;). Elemental analysis caled (%) for
CsoHy3N;Pt: C, 68.17; H, 4.92; N, 4.77; found: C, 68.45; H,
5.10; N, 4.62.

Synthesis of 3

To a stirred solution of 1 (0.14 g, 0.17 mmol) and 4'-(4-ethy-
nylphenyl)-2,2':6',2"-terpyridine (0.07 g, 0.18 mmol) in degassed
CH,Cl, (20 mL), Cul (5.4 mg, 0.03 mmol) and Et;N (4 mL) were
successively added. The mixture was stirred for 24 h under an
argon atmosphere at room temperature in the absence of light
and then evaporated to dryness under reduced pressure. The
crude product was purified by flash chromatography (neutral
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Al, O3, CH,Cl, as eluent) and recrystallized from CH,Cl,/MeOH
solution to form the desired product as a red crystal in a yield of
89%. "H NMR (400 MHz, DMSO-d): 6 9.10 (d, J = 4.8 Hz, 1H),
8.80 (d, J = 4.4 Hz, 3H), 8.75 (s, 2H), 8.70 (d, J = 8.0 Hz, 3H),
8.46-8.38 (m, 4H), 8.35 (s, 2H), 8.06 (t, ] = 8.4 Hz, 2H), 7.93-7.85
(m, 6H), 7.82 (d, J = 7.6 Hz, 1H), 7.60-7.52 (m, 6H), 7.45 (d, ] =
8.8 Hz, 2H), 7.19 (t,J = 6.8 Hz, 1H), 7.13 (t, ] = 7.4 Hz, 1H, Ar),
1.43 (s, 18H, -CH;). Elemental analysis caled (%) for
CesH5,NgPt: C, 70.19; H, 4.71; N, 7.56; found: C, 70.44; H,
4.86; N, 7.38. Matrix-assisted laser desorption/ionization time-
of-flight mass spectrometry (MALDI-TOF MS): m/z = 1112.4
([M], C5H5,NgPt requires 1112.39).

General procedure of consecutive titrations

The titrand solutions of 3 (100 mL) were freshly prepared in
CH,Cl, before the consecutive titration experiment. Absorption
and emission spectra were recorded simultaneously after each
addition (10 pL) of the corresponding titrant solution. Each
titration step was stopped after no more changes were observed
in the absorption and emission properties. The selectivity of 3
toward different metal cations was monitored by the parallel PL
experiment under the same instrument condition, in which 0.5
equiv. of the metal ions was added in each titrand solution
containing 1.5 x 107> mol dm > 3.

Physical measurements and instrumentation

'H and *C{'H} NMR spectra were recorded on Bruker AV 300
and 400 spectrometers and referenced with respect to TMS
internal standard. Elemental analyses were carried out using
a Bio-Rad Co's elemental analytical instrument. MALDI-TOF MS
analyses were performed on a Bruker Autoflex III with a negative
reflector mode. UV-vis absorption spectra were obtained using
the Perkin-Elmer Lambda 650s ultraviolet-visible spectropho-
tometer. Steady-state PL spectra were performed on the Perkin-
Elmer LS50B spectrometer. Emission lifetimes and PL quantum
yields were determined on the FLS-980 fluorescence spectrom-
eter (Edinburgh Instruments Ltd.) with a microflash lamp as the
excitation source. CV spectra were conducted on the CHI660A
electrochemical workstation in CH,Cl, solutions with a three-
electrode electrochemical cell using Pt electrode, SCE and Pt
wire as the working, reference and counter electrodes, respec-
tively. "Buy,NCIO4 (0.1 mol L") was used as the supporting

electrolyte and the scan rate was 50 mV s~ .

X-ray crystallography

Diffraction data were collected on the Bruker SMART APEX II
CCD diffractometer equipped with graphite-monochromated
Mo-K,, radiation (A = 0.71073 A) at 296(2) K using the ¢-w
scan mode. The intensity data were corrected by L, factors and
empirical absorption. The structure was solved by direct
methods and subsequent successive difference Fourier maps,
and refined by full-matrix least-squares techniques on F>. All of
the non-hydrogen atoms were refined anisotropically. The
organic hydrogen atoms were generated geometrically. All
calculations were carried out with SHELXTL-97 program.*®
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Determination of the association constant (K,)

The binding constants of 3 toward Fe*" and Zn>" from the
absorption titration data were calculated using the linear Ben-
esi-Hildebrand equation.*** Moreover, the binding constants
of 3 toward Fe** and Zn** were evaluated from their fluores-
cence titration data using the Stern-Volmer expression**** and
the linear Benesi-Hildebrand equation, respectively.

Determination of the limit of detection (LOD)

The limits of detection of 3 for Fe** and Zn*' ions were calcu-
lated using the following equation:*

LOD = 34/S

where ¢ is the standard deviation of the observed absorption
and emission data, and S is the slope of the calibration curve.

Results and discussion
Synthesis and characterization

The synthesis of ligand HL and complexes 1-3 explored in this
work is shown in Scheme 1. Furthermore, 4-(p-bromophenyl)-6-
phenyl-2,2’-bipyridine was obtained using Krohnke's method,
and  4-{p-[9-(3,6-di-tert-butyl)carbazolyl]}-phenyl-6-phenyl-2,2'-
bipyridine (HL) was synthesized by the high-temperature Ull-
mann condensation between 3,6-di-tert-butylcarbazole and 4-(p-
bromophenyl)-6-phenyl-2,2'-bipyridine, followed by chromato-
graphic purification. The cyclometalated Pt(u) chloride 1 was
synthesized by refluxing HL and K,PtCl, in glacial acetic acid for
12 h. Finally, reaction of 1 with phenylacetylene and 4'-(4-
ethynylphenyl)-2,2':6',2"-terpyridine by Sonogashira’'s method
and then purification by flash chromatography and recrystalli-
zation resulted in complexes 2 and 3 as red crystals in good
yields, respectively. Both of them have good solubility in CH,Cl,
and were characterized by 'H NMR, elemental analysis, and/or
MALDI-TOF MS. In addition, their structures were revealed by
X-ray crystallography.

Crystal structures

The single crystals of complexes 2 and 3 (CCDC: 991876 and
991877) were grown by slowly evaporating the solvent from their
concentrated CH,Cl,/MeOH solutions, and the crystal data and
crystal structure parameters are listed in Table S1.f Their
perspective views are shown in Fig. 1 and 2. The coordination
geometry of the Pt atom is a distorted square planar configu-
ration with the C(1)-Pt(1)-N(2) and N(1)-Pt(1)-C(35) angles of
160.4(18) and 175.8(18)° for 2 and 160.5(2) and 178.1(2)° for 3.
The bond distances of Pt(1)-C(1), Pt(1)-N(1) and Pt(1)-N(2) are
2.016(5), 1.991(4) and 2.111(4) A for 2 and 1.993(6), 1.981(5) and
2.096(5) A for 3, respectively, which are comparable to those of
previously reported analogs.**® The C(1)-C(6)-C(7)-N(1) and
N(1)-C(11)-C(12)-N(2) torsion angles of 1.91 and 1.60° for 2 and
4.34 and 7.23° for 3 suggest that the configuration of (C"N"N)
ligand is nearly planar. The dihedral angles between the phenyl
ring at 4-position of the (C"N”N) ligand and the plane of the
[(C"N~N)Pt] moiety are 32.00° for 2 and 34.11° for 3. In complex

This journal is © The Royal Society of Chemistry 2017
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[(L)PYC=C-CeHg)] (2) [(L)PY(C=C-CeHs-TPY)I (3)

(i) Cul/anhydrous K,CO4/18-crown-6, 185°C, 24h; (i) HAc, reflux, 12h; (iii)
Cul/Etz3N/CH,Cl,, absence of light, r.t. stirred 24h.

Scheme 1 Synthetic route of HL, 1, 2, and 3.
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Fig. 1 Perspective view of the single crystal structure of 2 with 30%
thermal ellipsoids (hydrogen atoms have been omitted for clarity).

Fig. 2 Perspective view of the single crystal structure of 3 with 30%
thermal ellipsoids (hydrogen atoms have been omitted for clarity).

3, as expected, three pyridine rings of TPY domain exhibit the
transoid configuration about interannular C-C bonds, and the
interplanar angles between two terminal pyridine rings and
central pyridine ring are 13.79 and 18.05°, respectively. The
terminal TPY and CBZ planes are basically coplanar to the
central [(C*"N”~N)Pt] unit, as evidenced by the dihedral angles of

This journal is © The Royal Society of Chemistry 2017
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10.27° and 9.88° between them, respectively, indicating its
efficient mw-conjugation molecule structure.

Instead of forming a continuous chain linked by the Pt-Pt
interaction as in [(C"N”N)PtCl],**® the crystal lattice of 2 is
packed by one type of alternating arranged dimeric units along
the ¢ axis (Fig. 3), in which two molecules are stacked in parallel
with a Pt-Pt distance of 9.149 A. However, complex 3 shows
another type of continuously stacked dimers in a head-to-tail
fashion along the a axis (Fig. 4). The Pt-Pt distance of 4.725 A
also suggests no metal-metal interaction, but the vertical
distance of 3.489 A between the neighboring [(C*"N~N)Pt] planes
indicates that they are likely to be held together by the weak -7
interaction.

Photophysical properties

The UV-vis absorption spectra of complex 1-3 in CH,Cl, solu-
tion exhibit intense bands at 250-400 nm and less intense
bands at 400-550 nm (Table 1 and Fig. 5). With reference to
previous spectroscopic work on phenylbipyridyl platinum(u)
complexes,® the high-energy intense absorption bands are
clearly assigned to the singlet T — =* intraligand (IL) transi-
tions of phenylbipyridine (C*N”N) and alkynyl (C=C-Ar)
ligands, while the low-energy bands are attributed to the
well-known spin-allowed singlet drt(Pt) — 7*(C "N~N) metal-to-
ligand charge transfer (MLCT) mixing with the 7t(Cl or C=C-Ar)
— m*(C"N”N) ligand-to-ligand charge transfer (LLCT) transi-
tions. The low-energy absorption bands obey Beer's law in the
range of 10~° to 10~* mol dm >, suggesting no dimerization or
oligomerization of these complexes within this concentration
range.

Fig. 3 Crystal packing diagram of 2 (hydrogen atoms and tert-butyl
groups have been omitted for clarity).

Fig. 4 Crystal packing diagram of 3 (hydrogen atoms and 3,6-di-tert-
butylcarbazole units have been omitted for clarity).
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Compound Amaxabs (nm) (e x 10* dm® mol " em™") Amax,emb (nm) P Tem™* (us) Fens? (x10°) (57 &°(x10%) (s ™)
1 432 (1.06), 414 (sh, 1.12), 376 (1.71), 336 (2.29), 290 (5.71) 566, 598 (sh) 0.019  5.10 1.92 3.73
2 438 (1.34), 376 (2.20), 338 (2.84), 288 (8.80) 600 0.026 5.24 1.86 4.96
3 442 (1.51), 370 (sh, 2.79), 338(4.73), 292 (7.82) 596 0.045 5.89 1.62 7.64
3+ Fe* (2:1)7 580 (1.98), 440 (2.58), 366 (sh, 2.97), 326 (5.06), 290 (8.03) 568 0.0065 5.32 1.87 1.22
3+2zn* (2:1) 448 (3.20), 382 (sh, 2.53), 332 (4.16), 290 (8.42) 582 0.050 5.42 1.75 9.23

“ Measured in an air-saturated CH,Cl, solution at room temperature. b Excited wavelength is 450 nm. ¢ PL quantum yields and lifetime. 9 e = (-
®)/1. © ke = P/1./ Measured after addition of 0.5 equiv. metal ion into an air-saturated 3 CH,Cl, solution at room temperature.
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Fig. 5 UV-vis absorption and PL emission spectra of 1, 2 and 3 in
CH,Cl, solution.

With an excitation at 450 nm, which is into their MLCT
absorption bands, 1, 2 and 3 in CH,Cl, solution emit reddish-
orange luminescence (Table 1 and Fig. 5). For each of them,
the time-resolved PL intensity decay is complex and is most
adequately modeled using a sum of two single exponential
functions (Fig. S11). The average lifetimes [t = (0;7,> + a,7,%)/
(ayt1 + op1,)], radiation (k) and non-radiation (k) rate
constants are calculated as listed in Table 1. The comparably
long emission lifetimes (7 in ps scale), large Stoke's shifts, and k;
and k,,, values suggest that their emissions originate from the
spin-forbidden triplet excited states. Complex 2 has longer
emission wavelength and lifetime as well as larger quantum
yield than 1, resulting from incorporation of the strong-field

Table 2 Electrochemistry data® of the ligand and Pt(i) complexes

acetylide ligand to extend its m-conjugated system and desta-
bilize the non-radiative ligand-field transitions.**** With
further introduction of the electron-withdrawing TPY unit,
complex 3 shows a slightly blue-shifted (AAmaxem = 4 nNm) and
apparently enhanced emission compared with 2, reflecting its
lower HOMO level and stronger molecular rigidity. Despite the
presence of the dynamical quenching effect of dissolved oxygen,
complex 3 still possesses strong emission with comparative
quantum yield in air-saturated CH,Cl, solution at room
temperature, which facilitates the consecutive titration and
metal ion sensing studies mentioned later in this study.

In addition, selective optical-stimulation experiment was
conducted to study the interaction between components of
complex 3. When excited at 338 nm, which is into the CBZ
absorption band in the UV region, the *MLCT emission clearly
increased compared with that of 3 excited at 450 nm (Fig. S21).
The enhanced luminescence efficiency ([(I,/I;) — 1] x 100(%)) is
calculated to be ca. 175%, in which I, and I; stand for the
integrated area from 480 to 750 nm in the emission spectra of 3
excited at 338 and 450 nm, respectively.

The electrochemical behaviors of HL and 1-3 in CH,CI,
solution at room temperature were also investigated by cyclic
voltammetry (CV), and the data are listed in Table 2. The cyclic
voltammogram of HL shows a quasi-reversible redox wave (AE =
133 mV, ip,/i,. = 1.0) at E;, = +0.75 V. As the oxidation
potential of the (ph-C*N”N) unit is beyond the potential
window of the solvent, this wave is assigned to the mono radical
cation formation of the CBZ group. For each of complexes 1-3,
the cyclic voltammogram exhibits one reversible reduction
couple at similar negative potentials, which presumably

Oxidation”
Compound Ligand-based, E;/, (V) Metal-based, Ej, 5 (V) Reduction E;, (V) HOMO® (eV) LUMO (eV) Ey (eV)
HL +0.75 — — —=5.0 —2.4 2.6
1 +0.76 +0.40 (sh) -1.76 —4.7 —2.7 2.0
2 +0.77 +0.50 (sh) -1.77 -4.7 —2.7 2.0
3 +0.78 +0.60 (sh) —-1.74 —4.8 —2.7 2.1
 Determined in CH,Cl, at room temperature with 0.1 mol dm— "Bu,NCIO, as a supporting electrolyte, scanning rate: 50 mV s *. ? Values are

reported versus Fc'/Fc (Ey, = +0.46 V vs. saturated calomel electrode (SCE)). © The highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) levels are calculated from the onset values of their first anodic and cathodic waves according to the
equation E = —(Eonse + 4.34) €V, respectively, while the energy gaps (E,) are the differences in their HOMO and LUMO levels.
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corresponds to the metal-perturbed one-electron reduction of
the (C°N”N) ligand. In addition, the irreversible Pt(u)-based
oxidation wave is shown as a shoulder peak at lower anodic
potential than that of the CBZ moiety.** The HOMO and LUMO
levels of 1-3 were also estimated from their electrochemical
data,** which reveal that the HOMOs are basically Pt(n) acetylide
based and the LUMOs predominantly correspond to the m*
orbitals of cyclometalated ligands.>******> When the electron-
withdrawing TPY group is attached to the phenylacetylide
ligand of 2 at para-position, complex 3 possesses a clearly
anodic-shifted Pt(n) oxidation peak (AE,, = 0.10 V) and
a slightly positive-shifted reduction potential of the (C*"N”N)
ligand (AE;, = 0.03 V), suggesting that introduction of TPY
mainly stabilizes its HOMO energy level (AE, = 0.1 eV). These
results are consistent with the above-mentioned spectroscopic
studies and theoretical calculations on the frontier molecular
orbitals of phosphorescent cyclometalated Pt(u) acetylide.

Titration of 3 with Fe**

As shown in Fig. 6a, besides the presence of the dm(Pt) —
*(C "N”N) "MLCT absorption band (Apax = 442 nm) of 3, a new
spin-allowed singlet drt(Fe) — m*(TPY) metal-to-ligand charge
transfer ("MLCT) transition*®*” appeared at Aya, = 580 nm upon
addition of Fe** (Table 1 and Fig. S31). Both of them are grad-
ually increased, and they finally reach their maxima when
titrated with 0.5 molar amount of Fe** (Fig. 6a, inset). These
results suggest that the added iron ions bond to the free TPY
receptor of 3 with 1:2 stoichiometry to form the hetero-
trinuclear complex (Pt-Fe-Pt) containing the [Fe(TPY),]** core.
A perfect linear relationship (R = 0.99983) is established from
the absorption titration data for the plot, and absorbance was
measured at 580 nm as a function of [Fe**] (from 0 to 4.50 x
10® mol dm?) (Fig. S4t). The colorimetric LOD is 8.21 x
10~® mol dm™>, which is comparable to that of the ruth-
enium(n) complex-based chemosensor®® and much lower than
that of benzimidazole-based chemosensor.* By plotting the
measured [1/(A — Ao)] at 580 nm as a function of 1/[Fe**] based
on the well-known Benesi-Hildebrand expression (Fig. S57),
a good linear relationship (R = 0.99958) is obtained, and the
association constant of 3 with Fe?", K, = 5.06 x 10* mol ' dm?,
is calculated from the slope and intercept of this linear plot.
Owing to its lower energy excited state of the as-formed
[Fe(TPY),]*" core in the Pt-Fe-Pt heterotrinuclear complex,’
the photoinduced energy/electron transfer (PET) process from
the peripheral cyclometalated Pt(i) complex units to the central
Fe-TPY complex quenches the MLCT emission of 3 with a much
smaller quantum yield of 0.0065 (Fig. 6b). A good linear rela-
tionship (R = —0.99861) between the PL intensity and [Fe*']
(from 0 to 4.50 x 10~° mol dm™?) is also obtained from the
quenching titration data (Fig. S6t), and the LOD is 2.38 X
10~7 mol dm*, which is an order of magnitude lower than that
of the benzoimidazoquinazoline-based fluorescent chemo-
sensor.”® In addition, the apparent association constant of 3
with Fe**, K, = 3.14 x 10°> mol™" dm® (R = 0.9934), is deter-
mined from the Stern-Volmer plot (Fig. S7). The inflection
point of the curve measured the PL intensity at 596 nm as

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Influence of consecutive Fe2* titration on the UV-vis absorp-
tion (a) and PL emission (b) spectra of 1.50 x 107> mol dm~> 3 in
CHCl; solution. The insets show plots of absorbance at 580 nm and
integrated area of the emission wave in the range of 500-800 nm
versus the molar ratio of added Fe?* and the central Pt* ion of 3,
respectively.

a function of the molar ratio of added Fe** and the central Pt>*
ion of 3 is also ca. 0.5 (Fig. 6b, inset), further confirming the 1 : 2
stoichiometry composition of the Pt-Fe-Pt heterotrinuclear
complex. Though the quenching effect is observed during the
titration process, the MLCT emission of 3 is not fully quenched
upon excessive addition of Fe*" and the maximum PET effi-
ciency ([(Zo — Imin)/To] X 100(%)) is estimated to be 92.4% (Table
1 and Fig. S87).

Titration of 3 with Zn>*

A similar titration experiment was conducted in CH,Cl, solution
containing 1.50 x 107> mol dm > 3 using Zn>" instead of Fe*",
but different absorption and emission changes were observed: (1)
the dm(Pt) — 7*(C*N*N) "MLCT absorption band of 3 is grad-
ually increased with red-shift (AAmax,abs = 6 nm) of its wavelength
maximum (Fig. 7a). In the range of 0-4.00 x 10~® mol dm?, its
intensity is linearly dependent on [Zn**] (R = 0.99833) (Fig. S91)
and the colorimetric LOD is 2.42 x 1077 mol dm > The

RSC Adv., 2017, 7, 46980-46988 | 46985
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Fig. 7 Influence of consecutive Zn?* titration on the UV-vis absorp-
tion (a) and PL emission (b) spectra of 1.50 x 10™> mol dm~3 3 in
CH,Cl, solution. The insets show plots of absorbance at 448 nm and
integrated area of the emission wave in the range of 500-800 nm
versus the molar ratio of added Zn?* and the central Pt?* ion of 3,
respectively.

association constant of 3 with Zn*" is calculated to be K, = 5.16 x
10* mol™" dm?® (R = 0.99967) from its Benesi-Hildebrand plot
(Fig. S1071). (2) And the MLCT emission band of 3 is also gradually
increased, but with a clear blue-shift (AAdpaxem = 14 nm) of its
wavelength maximum (Fig. 7b). The linear relationship (R =
0.99632, from 0 to 4.00 x 10~ ° mol dm™?), the LOD value of
3.61 x 107 mol dm* and the association constant of 3 with Zn**
(K, = 4.50 x 10" mol ' dm®, R = 0.99789) are also obtained from
its PL titration data (Fig. S11 and S12t). The LOD is lower than or
comparable to those of organic®* and transition metal complex
fluorophores.>**>% When the molar ratio of Zn**/Pt** is near to
0.5 (Fig. 7, inset), the MLCT absorption band at A, = 448 nm
and the corresponding emission band at A,.x = 582 nm reach
their maxima, indicating the formation of the Pt-Zn-Pt hetero-
trinuclear complex with 1:2 stoichiometry composition. The
MLCT absorption sensitivity and emission enhancement effects*
(Table 1, Fig. S3 and S8t) strongly suggest that the PET process
from the central high energy [Zn(TPY),]*" core to cyclometalated
Pt(u) complex units is present in this multi-component complex
with a maximum efficiency ([(Imax — fo)/Io] X 100(%)) of 62.7%.
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Fig. 8 PL responses of 3 toward various metal ions.

Moreover, introduction of Zn>*, a strong Lewis acid, further
stabilizes the Pt(u) acetylide-based HOMO level relative to the
“free” TPY complex 3, resulting in the blue-shift of its emission
band, which is accordant with its spectroscopic and electro-
chemical studies.

Selectivity

The binding behaviors of 3 toward different metal cations (0.5
equiv. of 3) were monitored by PL spectroscopy under the same
condition. As expected, in Fig. 8, alkali (Na* and K"), alkali-earth
(Mg>" and Ca”") and Pb*" ions elicit no significant luminescence
quenching or enhancing response. Similar to Fe®", the other
common transition metal ions, such as Mn**, Co**, Cu®**, and
Ni**, also exhibit dramatic luminescence quenching effects.
With the same filled d'° electronic configuration, Cd** displays
a similar luminescence enhancement factor to Zn>", which is
accordant with those of other TPY- and its analog-based
chemosensors.***%”

Conclusions

In this study, we synthesized a novel cyclometalated Pt(u) ace-
tylide (3) derivative bearing a CBZ donor and a TPY receptor,
whose molecular structure is clearly demonstrated by
X-ray crystallography. This efficient m-conjugation system
displays an intense 'MLCT absorption band (¢ = 1.51 x
10* dm® mol " em ™) at Apa = 442 nm and a strong *MLCT
phosphorescence emission (@ = 0.045) at A = 596 nm in air-
saturated CH,Cl, solution at room temperature. Owing to the
presence of the free TPY receptor, complex 3 possesses the ex-
pected luminescence responses toward common transition
metal cations, e.g. the Fe®*"-quenched and Zn*'-enhanced
luminescence behaviors. The 3-Fe** and 3-Zn>" binding
constants are correspondingly calculated from their absorption
(Ky = 5.06 x 10* mol * dm? for 3-Fe*" and 5.16 x 10* mol *
dm? for 3-Zn*") and emission (3.14 x 10° mol " dm?® for 3-Fe**
and 4.50 x 10" mol™" dm® for 3-Zn") titration data. The
formation of the heterotrinuclear (Pt-M-Pt) complex with 1 : 2
stoichiometry is proven by the consecutive titrations, and the
intra-molecular energy transfers between the [M(TPY),]** core

This journal is © The Royal Society of Chemistry 2017
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and the terminal emission Pt(u) complex units are also quan-
titatively verified with the maximum PET efficiencies of 92.4%
for 3-Fe*" system and 62.7% for 3-Zn>* system.
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