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Luminescent Platinum(11) Terpyridyl Complexes: Effect of Counter Ions on
Solvent-Induced Aggregation and Color Changes
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Abstract: A series of platinum(i) ter-
pyridyl complexes [Pt(tpy)(C=C—C=
CH)IX, 1-X (X=OTf"; PF;; ClO,;
BF,”; BPh,"); [Pt(tpy)(C=CCH5)]X,
2-X (X=O0Tf"; PF,; ClO,; BF,);
[Pt(tpy)(C=CCH,OCH;-4)|OTH, 3-
OTf, and [Pt4-CH,O-tpy)(C=C-
CHy)|OTE, 4-OTf (tpy=2.2"62"-ter-
pyridine, OTf = trifluoromethanesulfon-

. . ligands -
ate) were synthesized and their photo-
. . . changes
physical properties determined. Elec- platinum

tronic absorption and emission studies

Introduction

The spectroscopic and photophysical behavior of square-
planar platinum(i1) complexes has been extensively studied
in the past few decades, due to their intriguing spectroscopic
and luminescence properties,'” as well as their propensity
to exhibit metal-metal interactions.’ One class of such
compounds is the platinum(i) terpyridyl complexes, the lu-
minescence behavior of which has been reported.?” Some
of these complexes exhibit rich polymorphism in the solid
state, with their luminescence properties highly dependent
upon the temperature, type of counter ions, and solvents
used for crystallization.”! It has been suggested that the
solid-state polymorphic behavior of these complexes and the
variation in their luminescence colors are associated with

showed the formation of a new band
upon increasing the diethyl ether con-
tent in an acetonitrile/diethyl ether
mixture. This was ascribed to the for-
mation of complex aggregates, the so-
lution color of which is dependent on
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the nature of the anions. This indicates
that counter ions play an important
role in governing the degree of aggre-
gation and the extent of interactions
within these aggregates. Addition of
various anions to solutions of 1-OTf
and 1-PF; produced anion-induced
color changes upon solvent-induced ag-
gregation, indicating that these com-
plexes may serve as potential colori-
metric anion probes.

alkynyl

the extent of metal-metal interactions and m—m stacking of
the polypyridyl ligands.[* "%

Recently, we reported the interesting solid-state poly-
morphism and “solvatochromism” of a platinum(i) alkynyl
complex, [Pt(tpy)(C=C—C=CH)]OTI (tpy =2,2":6",2"-terpyri-
dine, OTf=trifluoromethanesulfonate).”! Remarkable color
change and emission enhancement were observed due to
solvent-induced aggregation upon increasing the diethyl
ether content in an acetonitrile/diethyl ether mixture.”! Al-
though the aggregation properties of platinum(m) terpyridyl
complexes are known, most of the studies on metal-metal
interactions and m—r stacking have focused on the structures
and crystal packing of these complexes in the solid state,
and the aggregate formation in solution has remained rela-
tively less explored. As an extension of our previous studies,
which showed that solvent-induced aggregation in solution,“!
as well as the nature of the counter ion in the solid state,
may significantly influence the colors and spectroscopic
properties of these compounds,” we investigated the effect
of the nature of the counter ion on the solvent-induced ag-
gregation properties of these platinum(i) terpyridyl alkynyl
complexes. Herein we describe the preparation and photo-
physical studies of a series of platinum(r) terpyridyl alkynyl
complexes with various counter anions: [Pt(tpy)(C=C—C=
CH)|X, 1- X (X=OTf"; PF,~; ClO,”; BF,”; BPh,); [Pt-
(tpy)(C=CC¢Hy)]X, 2-X (X=OTf"; PF,; ClO,; BF,); [Pt-
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(tpy)(C=CC¢H,OCHj;-4)|OTf, 3-OTf, and Pt(4'-CH;O-tpy)-
(C=CC¢H;)]OTf 4-OTf (tpy=2,2":6,2"-terpyridine)
(Figure 1). The effect of counter ions on the characteristics

+ R'=C=CH, R%=H,
1-X (X=OTf; PFg; ClO,; BF,; BPhy)

R'=CgHs, R%=H,
X" 2-X (X=OTf; PFg; ClO,; BF,)

R'=C¢H,OCH;-4, R°=H,
fl 3-X (X=0Tf)

R'=CgHs, R*=OCH;,
4-X (X=0Tf)

Figure 1. Schematic drawing of platinum(i) terpyridyl alkynyl complexes
with various counter anions.

of the electronic absorption and emission spectra, in re-
sponse to solvent-induced aggregation, is also reported.
Some of these complexes have also been shown to exhibit
anion-induced color changes and may serve as potential
anion probes upon solvent-induced aggregate formation.

Results and Discussion

Syntheses and characterization: Complexes 1-OTf, 2-OTH{,
and 3-OTf were synthesized as described previously.* The
corresponding derivatives of 1 and 2 containing different
counter anions were prepared by the metathesis reaction in
methanol, by using the respective ammonium or lithium
salts. Interestingly, reaction of [Pt(4’-Cl-tpy)(MeCN)](OTf),]
with phenylacetylene in refluxing methanol, in the presence
of triethylamine, afforded 4-OTf in satisfactory yield, in
which the chloro group on terpyridine was replaced by the
methoxy moiety. The identities of all complexes were fully
established by performing '"H NMR spectroscopy, IR spec-
troscopy, FAB mass spectrometry, and elemental analyses.

X-ray crystallography: Single crystals of 2-ClO, (orange
form) were obtained by the slow diffusion of diethyl ether
vapor into an acetonitrile solution of 2-ClO,, and the crystal
structure was determined by conducting X-ray crystallo-
graphic analysis. The molecular structure of the complex
cation of 2-ClO, is almost identical to that of 2-PF,, in
which the platinum metal center adopts a slightly distorted
square-planar geometry, coordinating with one terpyridyl
ligand and one phenylacetylide ligand. Although the molec-
ular structures of the complex cations of 2-PF¢ and 2-ClO,
are very similar, their crystal colors (2-PFy, dark brown; 2-
ClO,, orange) are remarkably different. Such drastic color
differences are ascribed to the differences in the crystal
packing as a result of the influence of the counter anions.
According to our previous studies,* the dark brown form
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of 2-PF¢ showed an extended linear array of molecules in
the crystal packing, with short intermolecular Pt---Pt distan-
ces of between 3.36 and 3.38 A. On the other hand, the crys-
tal packing of 2-ClO, revealed a head-to-tail stacking that
formed a dimeric structure (Figure?2) with alternating
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Figure 2. Crystal packing diagram of the complex cations of 2-ClO,.

“short” and “long” Pt---Pt distances of 3.452 and 7.727 A, re-
spectively. In addition, the molecules were arranged in a
zigzag fashion with a Pt-Pt-Pt angle of 103.2°. The dimeric
structure in the crystal packing of 2-ClO, (orange form) sug-
gests intermolecular Pt--Pt interactions that are confined
mainly within the two metal centers. In contrast, a larger
extent of metal-metal interactions is anticipated in the infin-
ite linear-chain array of 2-PFy (dark brown form), with
nearly identical short Pt--Pt distances. Similar findings have
also been reported in the crystal packing of the two crystal
forms of 1-OTf, the dark green form and the red form,
which have been obtained by different recrystallization
methods.*! In general, crystal color that is characteristic of
lower energy absorption would indicate the presence of
shorter Pt---Pt distances or a larger extent of Pt---Pt interac-
tions. Such polymorphism has been well studied in [Pt-
(bpy)CL,], B+l which exhibits both red and yellow crystal
forms, and in other platinum terpyridyl systems with varia-
tions in either the type of counter ion or the crystal forms.[

Electrochemistry: The cyclic voltammograms of 1-OTf, 2-
OTf, 3-OTf, and 4-OTf in acetonitrile (0.1m nBu,NPF)
show two quasi-reversible reductions at around —0.96 and
—1.47 V (vs saturated calomel electrode, SCE), and one ir-
reversible oxidation at +1.02 to +1.64 V (vs SCE). The elec-
trochemical data of selected complexes are summarized in
Table 1. In view of the similar potentials for the reductions
and oxidations in 2-OTf and 2-PF,, it is suggested that there
is no significant influence of counter anions on the electro-
chemical processes. In comparison to 2-OTf, 4-OTf, with an
electron-rich, methoxy-substituted terpyridine ligand,
showed more negative potentials for the reduction couples,
whereas in the case of 3-OTTf, bearing a methoxy-substituent
on the alkynyl group, a less positive potential for the oxida-
tion wave was observed. With reference to previous studies
on related platinum(i) complexes,* %% together with the
trend observed in 2-OTf, 3-OTf, and 4-OTf{, the two reduc-
tion couples are assigned as the successive one-electron re-
duction of the terpyridine ligand, with some mixing of the
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Table 1. Electrochemical data.

Complex Oxidation E,, [V] Reduction Ey, [V]
vs SCE vs SCE
1-OTf +1.64 —0.96
—1.43
2-OTf +1.26 —1.06
—1.40
2-PE +1.22 -0.97
—1.46
3-OTf +1.07 -1.05
—1.42
3-PF +1.02 —1.05
—1.46
4-OTf +1.20 -1.17
—1.47

[a] From reference [5a].

platinum(m) metal character. In contrast, the irreversible
anodic waves are assigned as the metal-centered oxidation
from Pt to Pt"!, probably mixed with some alkynyl ligand-
centered oxidation. Such assignments are in line with obser-
vations that the reduction of 4-OTf is more difficult relative
to that of 2-OTI, probably because of the presence of an
electron-donating methoxy substituent on the terpyridine
ligand, which would render the m*(tpy) orbital to a higher
energy level. The increased ease of oxidation of 3-OTf is as-
cribed to an increase in the energy of the dm(Pt) orbital,
due to its interaction with the higher-energy, electron-rich
methoxy-substituted alkynyl ligand.

Electronic absorption and emission studies: Dissolution of
complexes 1-4 in acetonitrile gave yellow to orange solu-
tions with similar UV/Vis absorption patterns that included
an intense absorption band at about 280-350 nm and a low-
energy absorption band at around 405-477 nm at 298 K. The
low-energy absorption band shows an energy trend of 3-OTf
(Amax 477 nm) <2-OTf (434 nm) <4-OTf (423 nm). The pho-
tophysical data for these complexes are summarized in
Table 2. With reference to previous spectroscopic work on
platinum(11) terpyridyl alkynyl systems®”! and the observed
energy trend, the higher-energy absorption band is assigned
as intraligand (IL) [t—ut*] transitions of the terpyridyl and
alkynyl ligands. The lower-energy absorption band is as-
signed to a metal-to-ligand charge-transfer (MLCT)
[dre(Pt)—m*(tpy)] transition, with some mixing of an alkyn-
yl-to-terpyridine ligand-to-ligand charge-transfer (LLCT)
transition. This is in line with the better electron-donating
ability of C=CC{H,0OCH;-4 relative to C=CC¢Hj, and the
poorer m-accepting ability of 4'-CH;O-tpy relative to tpy.
Complex 2-BF, was selected for the study of the concentra-
tion effect on electronic absorption spectroscopy, due to it
having the best solubility in acetonitrile solution amongst
the complexes studied. Different concentrations of 2-BF, in
acetonitrile were prepared, ranging from 5x107 to 5x
10—, and the UV/Vis absorption spectra of each concen-
tration were recorded (Figure 3). At dilute concentrations
(10~°m), the lowest-energy absorption band was found to be
at around 434 nm, and the growth of an absorption tail
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Figure 3. UV/Vis absorption spectral changes of 2-BF, as concentration
increases from 5x107° to 5x107>m. Inset: plot of absorbance at 560 nm
as a function of concentration.

beyond 500 nm was observed for concentrated sample solu-
tions. A plot of the absorbance of 2-BF, at 560 nm versus
concentration showed a nonlinear relationship that deviates
from Beer’s law. Such a deviation is suggestive of ground-
state complex aggregation in acetonitrile at concentrations
>107*m.B*7 The electronic absorption at A>500 nm proba-
bly originates from metal-metal-to-ligand charge-transfer
(MMLCT) transition as a result of the presence of intermo-
lecular Pt---Pt contacts and m—m interactions in solutions of
such high concentrations.

Because different colors of microcrystalline solid samples
were obtained for different counter anions, solid-state ab-
sorption studies of each complex were performed, and the
data are summarized in Table 2. The lowest-energy absorp-
tion band showed a red-shift in energy (ca. 488 nm—685 nm)
relative to that in the solution state, which is probably due
to the presence of Pt---Pt interactions and/or n—m stacking in
the solid microcrystalline samples. A lower absorption
energy was found in the solid-state absorption of 2-PFy
(642 nm) relative to that of 2-ClO, (488 nm). This is in line
with the stronger Pt--Pt and m—m stacking interactions in 2-
PF;, as revealed by the extended linear array of closely
spaced platinum centers in the crystal packing. The origin of
these low-energy solid-state absorption bands is tentatively
assigned as MMLCT transitions.

Our previous studies on 1-OTf showed that a dramatic
color change of the complex solution from yellow to blue
occurred upon an increase in the diethyl ether composition
in an acetonitrile/diethyl ether mixture. Similar studies
were performed on all other complexes, which showed (with
the exception of 1-BPh,) similar changes in the UV/Vis ab-
sorption spectra. Remarkable color changes from yellow to
blue, magenta, pink, and orange were also observed upon
introduction of diethyl ether to the solutions of complexes
1-OT{, 1-PF,, 1-CIO,, and 1-BF,, respectively. The spectro-
scopic data for these complexes are listed in Table 2. In gen-
eral, the absorbance of the band at 370-470 nm decreases as
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Table 2. Photophysical data for 1-4.

Complex Medium (7 [K]) Appearance of sample!®! Absorption data Emission
e [nm] (e [dm’mol ™ em™]) Jem'®! [nm] (2, [ps]) Dium
1-OTt CH;CN (298) 238 (29950), 287 (21360), 312 (11130), 336 (13200), 670 (0.2), [785] 0.011
406 (3940), [614]
solid (298) dark green 685 el
solid (77) dark green el
1-PF, CH;CN (298) 238 (28420), 286 (20190), 312 (10570), 335 (12290), 670 (0.2), [726] 0.002
405 (3840), [570]
solid (298) dark red 596 800 (0.2)
solid (77) dark red el
1-ClO, CH;CN (298) 239 (26390), 286 (19520), 312 (10400), 330 (11310), 670 (0.2), [738] 5x107*
405 (3540), [542]
solid (298) dark red 586 785 (0.2)
solid (77) dark red el
1-BF, CH,CN (298) 238 (27080), 286 (19560), 311 (11150), 331 (12000), 670 (0.2), [735] 6x107*
405 (3610), [526]
solid (298) dark brown 556 770 (0.2)
solid (77) dark brown el
1-BPh, CH,CN (298) 238 (25390), 288 (21080), 312 (11210), 336 (13320), 0 [-M
406 (4050), [-1]
solid (298) dark brown —d Y
solid (77) dark brown .y
2-OTf CH,CN (298) 245 (36120), 262 (36980), 284 (23780), 312 (12820), 630 (0.5), [796] 0.012
328 (12595), 342 (14250), 434 (4530), [630]
solid (298) dark green 662 el
solid (77) dark green el
2-PF; CH,CN (298) 272 (33410), 286(23860), 312 (12450), 328 (12280), 630 (0.5), [782] 0.012
342 (14440), 432 (4430), [650]
solid (298) dark brown 642 Ll
solid (77) dark brown el
2-ClO, CH,CN (298) 245 (33620), 262 (34400), 283 (22160), 312 (11880), 630 (0.4), [760] 0.012
328 (11670), 342 (13190), 434 (4180), [634]
solid (298) orange 488 608 (<0.1)
solid (77) orange 640 (0.7)
2-BF, CH,CN (298) 245 (34480), 262 (35600), 283 (22950), 312 (12490), 630 (0.5), [-]] 0.012
328 (12240), 342 (13830), 434 (4380), [724]
solid (298) dark brown 608 787 (<0.1)
solid (77) dark brown 824 (0.7)
3-OTf CH;CN (298) 268 (39570), 307 (13110), 329 (12640), 344 (12160), mNEY
418 sh (3240), 477 (4560), [736]
solid (298) dark red 610 784 (<0.1)
solid (77) dark red 813 (0.9)
4-OTt CH;CN (298) 247 (40370), 260 (40060), 283 (33360), 304 (13920), 607 (0.5), [769] 0.025
319 (12750), 337 (13030), 423 (5140), [624]
solid (298) dark red 674 el
solid (77) dark red L

[a] Appearance of the microcrystalline samples. [b] Values in square parentheses refer to absorption bands formed due to solvent-induced aggregation.
[c] Values in square parentheses refer to emission bands formed upon excitation at the isosbestic points of the UV/Vis spectral traces in solution.
[d] MMLCT absorption band not observed. [e] Emission maximum (>850 nm) not located because it is beyond the range of the detector. [f] Non-emis-

sive.

a new absorption band at 526-736 nm grows, with well-de-
fined isosbestic points for complexes having OTf™ and BF,~
as the counter ion, upon increasing the diethyl ether con-
tent. The proportions of diethyl ether required to induce for-
mation of the new absorption band and to reach saturation
are about 65-70 and 85-90%, respectively, depending on
the nature of the complex cations and their counter anions.
Figure 4 depicts the representative changes in the electronic
absorption spectra of 1-BF, and 2-PF; in various composi-
tions of an acetonitrile/diethyl ether mixture. The dramatic
color changes are ascribed to ground-state oligomerization
or aggregate formation of the complex in solution as a
result of reduced solvation, arising from an increase in the
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diethyl ether content. The origin of the new absorption
bands that impart the dramatic color change is tentatively
assigned as MMLCT transition, due to the presence of
Pt---Pt interactions and/or m—m stacking arising from the ag-
gregate formation or oligomerization. Similar to the MLCT
absorptions, the low-energy MMLCT absorptions also show
energy trends, 3-OTf <2-OTf and 2-OTf < 4-OTf, which fol-
lows the degree of electron-richness of the substituent on
the alkynyl ligand and the m-accepting ability of the terpyri-
dine group. Interestingly, unlike the MLCT bands in which
the A, values for the same complex, but with different
anions, are almost identical, the absorption energies of the
MMLCT bands, and hence the associated colors, would vary

Chem. Eur. J. 2005, 11, 4535—-4543
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Figure 4. Changes in UV/Vis absorption of a) 1-BF, and b) 2-PF; in ace-
tonitrile (concentration=7x10"°m) as the percentage of diethyl ether in-
creases. Insets: plots of absorbance as a function of diethyl ether compo-
sition.

with the nature of the counter anions involved. Upon sol-
vent-induced aggregation, the solution colors change from
yellow to blue in 1-OTf, to magenta in 1-PFg, to pink in 1-
ClO,, and to orange in 1-BF,. Figure 5 illustrates the color
changes of these four complexes in an acetonitrile/diethyl
ether mixture, and their corresponding electronic absorption
spectra. A strong dependence of the color of the aggregates
of 1 on the nature of the counter anions is observed. Similar-
ly, a change in the MMLCT absorption energies was ob-
served in 2, although these are less readily detected as a
visual color change in response to a change in the nature of
the counter ions. To the best of our knowledge, the present
work represents the first study of its kind on the effect of
counter ion on the aggregation or oligomerization properties
of molecules in the solution state. We suggest that the varia-
tions in the absorption energies of the new bands as a func-
tion of counter ions are due to the different degrees of
Pt--Pt and m—x interactions, depending on the Pt--Pt dis-
tance and the m—m stacking, as well as the degree of aggrega-
tion or oligomerization. The size and shape of the counter
anions probably play crucial roles in governing the degree
of the metal-metal and m—m interactions and oligomeriza-

Chem. Eur. J. 2005, 11, 4535—-4543 www.chemeurj.org
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Figure 5. UV/Vis absorption spectra of 1-OTf, 1-PF,, 1-CIO,, and 1-BF,
in an acetonitrile/diethyl ether mixture (concentration=7x10"m) at
room temperature. Inset: Photograph of the corresponding solutions dis-
playing the remarkable color differences upon solvent-induced aggrega-
tion. The diethyl ether content from left to right: 86 %, 86 %, 82 %, 82%.

tion. The less-sensitive shifts in the MMLCT energies in the
series of complexes 2 relative to those of 1 may be ascribed
to the larger steric bulk of the C=CC4Hs group relative to
C=C—C=CH, which reduces the effect of the counter ions
on the packing of the aggregates or oligomers. In addition,
the possibility of interactions or hydrogen bonding between
the acetylenic proton and the anions should also not be ex-
cluded in view of the possible complexation between HX
(X=Br, Cl, F) and acetylene molecules predicted by theo-
retical calculations, and the observation of interactions be-
tween anions and protons attached to unsaturated carbon
backbones.”) The lack of solvent-induced aggregation in 1-
BPh,, in which a larger size and noncoordinating BPh,
anion was employed, further supports this hypothesis. In
general, assuming that the aggregates or oligomers contain
the same number of repeating units, a lower MMLCT
energy would imply the presence of a stronger Pt--Pt and
n—7 interaction. Notably, although the molecular structures
and crystal packings of the related platinum(i) terpyridyl
complexes [Pt(tpy)Cl]X (X=0OTf", PF,~, ClIO,”, and CI")
have been revealed by X-ray crystallography, no simple sys-
tematic correlation between the nature of anions and their
solid-state colors could be made.’"! Aggregate solutions of
complexes 2—4 were not as stable as solutions of 1; precipi-
tates were formed upon prolonged standing, probably due
to the poorer solubility of 2—4 in the presence of the aryl al-
kynyl moiety.

In acetonitrile solution at 298 K and upon excitation at
2>400nm, 1 and 2 (3.5x107°m), with the exception of 1-
BPh,, exhibit emission bands at around 670 and 630 nm, re-
spectively (Table 2). These probably originate from an excit-
ed state of predominantly *MLCT character. The blue-shift
in both the absorption and emission bands of 4-OTf relative
to those of 2-OTf is consistent with an assignment of pre-
dominantly MLCT character, as the electron-donating me-
thoxy substituent on the terpyridyl ligand would render the
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m*(tpy) orbital to a higher energy level, and hence give rise
to a higher MLCT transition energy. Because the electronic
absorption spectrum of 2-BF, in acetonitrile showed a
growth in the absorption tail upon increasing the concentra-
tion beyond 107> M, corresponding studies of this concentra-
tion effect on the emission properties were also performed
within the concentration range 107°-10~ M. At concentra-
tions higher than 10°m, a new emission band was formed
with A, beyond 850 nm. Based on the UV/Vis absorption
studies, together with the observation that the corresponding
excitation spectra monitored at 830 nm also showed a tail at
about 650 nm, the new emission band was suggested tenta-
tively to be derived from the *MMLCT excited state result-
ing from aggregate formation.

The solid-state emission properties of 1-X were studied.
Although the emission of 1-OTf had a band maximum
beyond the range of the instrument response (>850 nm), 1-
PF,, 1-ClO,, and 1-BF, displayed a weak emission band at
around 770-800 nm at 298 K, with a shift in the emission en-
ergies to the red at 77 K upon excitation at A>550 nm.
Complex 1-BPh, was non-emissive at both temperatures. In
contrast, complexes 2-4 showed intense emission bands in
the solid state, with the emission maximum of 2-OTf occur-
ring at wavelengths >850 nm. The solid-state emission
properties appeared to be closely related to the solid-state
absorption properties, with the solid-state emission energy
trend of 2-X closely aligned to that of the absorption energy
trend. Similarly, the low-energy emissions beyond 680 nm in
the solid state probably originate from triplet states of
MMLCT character, associated with the presence of Pt--Pt
interactions.

Apart from the drastic solution color changes resulting
from the formation of a new band in the electronic absorp-
tion spectra of 1-4 (except 1-BPh,) with increasing diethyl
ether content, a new intense emission band with u«.,, beyond
700 nm appeared and grew in intensity with a concomitant
diminishment of the MLCT emission band at about 600-
670 nm in solution upon excitation at the isosbestic points
of the UV/Vis spectral traces. The emission changes of 1-
BF, and 2-PF; in different compositions of acetonitrile/di-
ethyl ether mixtures are shown in Figure 6, and their excita-
tion bands were observed at 530 and 650 nm, respectively,
upon monitoring at the near infra-red (NIR) emission. The
new absorption bands in the electronic absorption spectra,
and the excitation bands in the excitation spectra monitored
at the corresponding new intense emission bands beyond
700 nm, closely resemble each other. The close resemblance
of the new absorption bands in the electronic absorption
spectra and the excitation bands in the excitation spectra
monitored at the corresponding new intense emission bands
beyond 700 nm, together with the consistency of emission
intensity changes with absorbance changes as a function of
diethyl ether content (Figure 4 inset and Figure 6 inset), sug-
gested that they are derived from the same origin. Accord-
ingly, the new emission bands of 1-4 are probably derived
from states of "MMLCT character, resulting from solvent-in-
duced aggregate formation. The occurrence of a higher-
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Figure 6. Corrected emission spectral changes of a) 1-BF, and b) 2-PF in
acetonitrile (concentration=7x107°m) as the percentage of diethyl ether
increases. Insets: plots of corrected emission intensity versus diethyl
ether composition.

energy emission in 4-OTf relative to that in 2-OTf is also
consistent with the MMLCT assignment. In accordance
with the observation of electronic absorption spectral
changes, the emission energies of the new band of 1-OTf, 1-
PF;, 1-ClO,, and 1-BF, upon formation of aggregates are de-
pendent on the nature of the associated counter anions
(Table 2).

Anion-induced color changes: Addition of 1.5m equivalent
or more of NH,PF,, LiClO,, and NH,BF, to an acetonitrile
solution of 1-OTf (4x107°m), followed by the subsequent
addition of diethyl ether to induce aggregate formation,
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gave rise to a clear color change from blue to magenta,
pink, and orange, respectively. Similarly, addition of AgOTf
and NH,BF, to an acetonitrile solution of 1-PF;, followed
by addition of diethyl ether, converted the aggregate so-
lution from magenta to blue and orange, respectively. These
findings demonstrate that these complexes show anion-in-
duced color changes and may have potential as colorimetric
anion probes upon solvent-induced aggregation.

Conclusion

Solvent-induced aggregation of platinum(i) terpyridyl al-
kynyl complexes gave rise to drastic color changes and emis-
sion enhancement in the NIR region. Counter ions were
shown to play an important role in governing the degree of
aggregation and the extent of interactions within these ag-
gregates. Such dependence of aggregate colors on the nature
of the anions may be explored for applications in the devel-
opment of colorimetric anion probes.

Experimental Section

Materials and reagents: Dichloro(1,5-cyclooctadiene)platinum(ir),
2,2":6',2"-terpyridine, ammonium hexafluorophosphate and ammonium
tetrafluoroborate were obtained from Strem Chemicals. Lithium perchlo-
rate and 4'-chloro-2,2":6',2"-terpyridine (4'-Cl-tpy) were purchased from
Acros Organics. Phenylacetylene and 1,4-bis(trimethylsilyl)-1,3-butadiyne
were obtained from Aldrich Chemical and GFS Chemicals, respectively.
(4-Methoxyphenyl)acetylene was purchased from Maybridge Chemical,
[Pt(tpy)(MeCN)](OTf), and [Pt(4'-Cl-tpy)(MeCN)](OTf), were synthe-
sized by modification of the literature method.”™ All solvents were puri-
fied and distilled before use by using standard procedures. All other re-
agents were of analytical grade and were used as received.

Safety note: Perchlorate salts of metal complexes with organic ligands
and LiClO,/MeOH are potentially explosive and should be handled with
care.

Physical measurements and instrumentation: 'H NMR spectra were re-
corded by using a Bruker DPX 300 (300 MHz) or Bruker DPX 400
(400 MHz) Fourier transform NMR spectrometer, with chemical shifts
reported relative to tetramethylsilane (Me,Si). Positive-ion FAB mass
spectra were recorded by using a Finnigan MAT95 mass spectrometer.
IR spectra were obtained as Nujol mulls on KBr disks and a Bio-Rad
FTS-7 Fourier transform infrared spectrophotometer (4000—400cm™').
Elemental analyses were performed by using a Carlo Erba 1106 elemen-
tal analyzer at the Institute of Chemistry, Chinese Academy of Sciences.
The electronic absorption spectra were obtained by using a Hewlett—
Packard 8452 A diode array spectrophotometer and a 1cm or 1 mm
path-length quartz cuvette. The concentrations of solution samples for
electronic absorption measurements were typically in the range of 4x
107 to 8 x 10~ m. Solid samples were freshly recrystallized and the micro-
crystalline samples were sonicated in a beaker containing diethyl ether
solution for five minutes. The finely dispersed sample suspensions were
directly used for solid-state electronic absorption measurements. Steady-
state excitation and emission spectra at room temperature and at 77 K
were recorded by using a Spex Fluorolog-2 Model F111 fluorescence spe-
trofluorometer. Solid-state photophysical studies were carried out with
solid samples contained in a quartz tube inside a quartz-walled Dewar
flask, and all solid samples were freshly recrystallized. Measurements of
the solid-state samples at 77 K were similarly recorded by using liquid ni-
trogen filled in the optical Dewar flask. All solutions for photophysical
studies, with the exception of solution samples for solvent-induced aggre-
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gation studies, were degassed on a high-vacuum line in a two-compart-
ment cell consisting of a 10 mL Pyrex bulb and a 1 cm path-length quartz
cuvette, and sealed from the atmosphere by using a Bibby Rotaflo HP6
Telflon stopper. The solutions were rigorously degassed with at least four
successive freeze-pump-thaw cycles. Luminescence quantum yields of 1-
OTf, 1-PF,, 1-CIO,, and 1-BF, were measured by the optical dilute meth-
0d,1% using a degassed aqueous solution of [Ru(bpy);]Cl, (@ =0.042, ex-
citation wavelength at 455 nm)'®! as the standard, and yields of 2-OTf, 2-
PF,, 2-ClO,, 2-BF,, and 4-OTf were measured by using a degassed aceto-
nitrile solution of [Ru(bpy);]Cl, (©=0.062, excitation wavelength at
436 nm)!'"! as the standard. Emission lifetime measurements (concentra-
tion=3.5x10""m) were performed by using a conventional laser system.
The excitation source used was a 355 nm output (third harmonic) from a
Spectra-Physics Quanta-Ray Q-switched GCR-150-10 pulsed Nd-YAG
laser. Luminescence decay signals were detected by using a Hamamatsu
R928 PMT and recorded on a Tektronix Model TDS-620 A (500 MHz,
2 GSs™) digital oscilloscope, then analyzed by using a program for expo-
nential fits. Cyclic voltammetric measurements were performed by using
a CH Instruments model CHI 750 A Electrochemical Analyser. Electro-
chemical measurements were performed by using acetonitrile solutions
with 0.1m nBu,NPF; (TBAH) as the supporting electrolyte at room tem-
perature. The reference electrode was a Ag/AgNO; (0.1M in acetonitrile)
electrode and the working electrode was a glassy carbon electrode
(Model No. CHI 104, CH Instruments) with a platinum wire as the coun-
ter electrode. The working electrode surface was first polished with 1 um
alumina slurry (CH Instruments) on a microcloth (Buehler). It was then
rinsed with ultrapure, deionized water and sonicated in a beaker contain-
ing ultrapure water for five minutes. The polishing and sonicating steps
were repeated twice and the working electrode was finally rinsed under a
stream of ultrapure, deionized water. The ferrocenium/ferrocene couple
(FeCp,*") was used as the internal reference. All solutions for electro-
chemical studies were deaerated with prepurified argon gas prior to
taking measurements.

Crystal structure determination: Single crystals of 2-ClO, were obtained
by the slow diffusion of diethyl ether vapor into an acetonitrile solution
of the complex. A crystal of dimensions 0.4 x0.15x0.1 mm mounted in a
glass capillary was used for data collection at —20°C by using a MAR
diffractometer with a 300 mm image plate detector and graphite mono-
chromatized Moy, radiation (1=0.71073 A). Data was collected by using
a 2° oscillation step of ¢, 10 min exposure time, and scanner distance at
120 mm. 100 images were collected. The images were interpreted and in-
tensities integrated by using program DENZO."* The structure was
solved by direct methods employing the SHELXS-97 program.""™ Pt, Cl,
and most non-hydrogen atoms were located according to direct methods.
The positions of the other non-hydrogen atoms were found after success-
ful refinement by full-matrix least-squares analysis using program
SHELXL-97.1"l According to this program,l''? all 3518 independent re-
flections (R;,"'Y equal to 0.0372, 3085 reflections larger than 4o(F,))
from a total of 14865 reflections participated in the full-matrix least-
squares refinement against F>. These reflections were in the range —9<
h<9, —21<k <21, —15<1<15, with 26,,,, equal to 50.9°. One crystallo-
graphic asymmetric unit consists of one formula unit, including one per-
chlorate anion. Convergence ((A/0),.x=0.001, average 0.001) for 289 var-
iable parameters by full-matrix least-squares refinement on F? reaches to
R,=0.0264 and wR,=0.0751, with a goodness-of-fit of 1.107. The final
difference Fourier map shows maximum rest peaks and holes of 0.870
and —1.708 eA 3, respectively. The perspective drawing of the complex
cation of 2-ClO, and text describing details of crystal and structure re-
finement data are given as Supporting Information. CCDC-261575 (2-
ClO,) contains the supplementary crystallographic data for this paper.
These data can be obtained free of charge from the Cambridge Crystallo-
graphic Data Center via www.ccdc.ac.uk/data_request/cif.

Syntheses of platinum() complexes [Pt(tpy)(C=C—C=CH)]OTf (1-
OT): The complex was synthesized as described previously.! 1,4-Bis(tri-
methylsilyl)-1,3-butadiyne (304 mg, 1.56 mmol) and potassium fluoride
(136 mg, 2.35 mmol) were placed in a round-bottomed flask and metha-
nol (50 mL) was added. The resultant solution was heated to 50°C for
30 min. Complex [Pt(tpy)(MeCN)](OTf), (300 mg, 0.39 mmol) was added
to the reaction mixture, and the orange solution was stirred at 50°C for
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5h. The solvent was then evaporated under reduced pressure. The resi-
due was washed with a small amount of methanol and was then dissolved
in acetonitrile. Subsequent recrystallization by diffusion of diethyl ether
vapor into an acetonitrile solution of the product gave 1-OTf as dark
green crystals. Yield: 150.2mg (62%). "HNMR (300 MHz, CD;CN,
298 K): 6=8.70 (d, J=5.6 Hz, 2H; tpy), 8.40 (t, J=8.1 Hz, 1H; tpy),
8.32-8.18 (m, 6H; tpy), 7.64 (dt, J=1.5, 5.6 Hz, 2H; tpy), 2.26 ppm (s,
1H; acetylenic H); IR (Nujol): #=3480(br) v(O-H), 2156(m), 2010(w) v-
(C=0), 1150(s)cm™ v(S=0); positive-ion FAB-MS: m/z: 1103
[2M-OTIf]*, 477 [M-OT{]*; elemental analysis caled (%) for
C,H,N;F;SO:Pt-H,O: C 37.34, H 2.17, N 6.52; found: C 37.42, H 1.86,
N 6.68.

[Pt(tpy)(C=CC¢Hs)]OTf (2-OTf): The complex was prepared according
to modification of a method previously reported by us.** Sodium hydrox-
ide (42 mg, 1.05 mmol) was added to a stirred solution of phenylacety-
lene (80 mg, 0.78 mmol) in methanol (25 mL). The resultant solution was
stirred at room temperature for 30 min. Complex [Pt(tpy)(MeCN)](OTf),
(543 mg, 0.71 mmol) was added to the reaction mixture, which immedi-
ately became a deep red solution that was then stirred for 12 h at room
temperature. The mixture was filtered and the filtrate was evaporated
under reduced pressure. The product was dissolved in acetonitrile and fil-
tered. Subsequent recrystallization by diffusion of diethyl ether vapor
into an acetonitrile solution of the product gave 2-OTf as dark green
crystals. Yield: 351.4 mg (73 %). "H NMR (400 MHz, CD,CN, 298 K): 6 =
9.10 (d, /=6.1 Hz, 2H; tpy), 8.37-8.17 (m, 7H; tpy), 7.73 (t, J=6.1 Hz,
2H; tpy), 7.48-7.29ppm (m, SH; CsHs); IR (Nujol): #=2122(m) v(C=C),
1150(s) cm ™' v(S=0); positive-ion FAB-MS: m/z: 529 [M—OTI]*; ele-
mental analysis calcd (%) for C,,H,F3N;SO;Pt: C 42.48, H 2.38, N 6.19;
found: C 42.47, H 2.44, N 6.19.

[Pt(tpy) (C=CC¢H,;-4-OCH;) |OTf (3-OTf): The procedure was similar to
that for 2-OTf, except that (4-methoxyphenyl)acetylene (103 mg,
0.78 mmol) was used in place of phenylacetylene. Yield: 402.1 mg (80 % ).
'HNMR (400 MHz, CD;CN, 298 K): 6=8.81 (d, /J=6.5Hz, 2H; tpy),
8.25-8.17 (m, 3H; tpy), 8.05-7.99 (m, 4H; tpy) 7.60 (t, J=6.6 Hz, 2H;
tpy), 7.26 (d, /J=88Hz, 2H; Ph), 692 (d, /J=8.8Hz, 2H; CH,),
3.86 ppm (s, 3H; acetylenic H); IR (Nujol): 7=3494(br) v(O-H), 2120(w)
v(C=C), 1169(s)cm™ v(S=0); positive-ion FAB-MS: m/z: 559
[M—OTIf]*; elemental analysis calcd (%) for C,sH sN;F;0,SPt-1.5H,0: C
40.82, H 2.88, N 5.71; found: C 40.75, H 2.80, N 5.83.
[Pt(4-CH;O-tpy)(C=CC:H;)]OTf (4-OTf): The procedure was similar to
that for 2-OTf, except that [Pt(4-Cl-tpy)(MeCN)](OTf), (568 mg,
0.71 mmol) was used in place of [Pt(tpy)(MeCN)](OTf),, and the reac-
tion was heated to reflux in methanol for 12 h. Yield: 326.7 mg (65 %).
'HNMR (300 MHz, CD;CN, 298 K): 6=9.09 (d, J=5.40 Hz, 2H; tpy),
8.31-8.19 (m, 4H; tpy), 7.76 (s, 2H; tpy), 7.69 (t, J=5.7 Hz, 2H; tpy),
7.49-7.28 (m, SH; C¢Hs), 4.06 ppm (s, 3H; OCH;); IR (Nujol): 7=
3450(br) v(O-H), 2122(m) v(C=C), 1147(m) cm™" v(S=0); positive-ion
FAB-MS: m/z: 559 [M-OTIi]"; elemental analysis caled (%) for
C,sH xsN;F;0,SPt-0.5H,0: C 41.84, H 2.66, N 5.86; found: C 41.71, H
2.56, N 5.76.

General procedure for metathesis reactions: The corresponding deriva-
tives of 1-OTf and 2-OTf containing different counter anions were pre-
pared by metathesis reaction. A saturated methanolic solution of the re-
spective ammonium or lithium salts of the anion was added to a solution
of 1-OTf (100 mg, 0.16 mmol) or 2-OTf (100 mg, 0.15 mmol) in a mini-
mum amount of methanol. The product was isolated by filtration, washed
with methanol, and dried. Subsequent recrystallization of the complexes
was performed by diffusion of diethyl ether vapor into an acetonitrile so-
lution of the metathesized products.

[Pt(tpy)(C=C—C=CH)]PF, (1-PF,): Yield: 60.7mg (61%). 'HNMR
(300 MHz, CD;CN, 298 K): 0=8.87 (d, /=5.4 Hz, 2H; tpy), 842 (t, J=
8.1 Hz, 1H; tpy), 8.33-8.22 (m, 6H; tpy), 7.71 (dt, J=1.5, 5.5 Hz, 2H;
tpy), 2.26 ppm (s, 1H; acetylenic H); IR (Nujol): #=3455(br) v(O-H),
2159(m), 2012(w) v(C=C), 840(s) cm ! v(P-F); positive-ion FAB-MS: m/
z: 477  [M-PF4*; elemental analysis caled (%) for
CoH,FsN;PPt-1.5H,0: C 35.14, H 2.22, N 6.47; found: C 35.08, H 1.92,
N 6.62.
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[Pt(tpy)(C=C—C=CH)]CIO, (1-Cl10,): Yield: 76.6 mg (83%). 'H NMR
(400 MHz, CD;sCN, 298 K): 6=8.99 (d, /=5.0 Hz, 2H; tpy), 843 (t, J=
8.1 Hz, 1H; tpy), 8.36-8.25 (m, 6H; tpy), 7.76 (dt, J=1.5, 5.6 Hz, 2H;
tpy), 2.24 ppm (s, 1H; acetylenic H); IR (Nujol): #=3470(br) v(O-H),
2158(m), 2012(w) v(C=C), 1097(s) cm~" v(CI-O); positive-ion FAB-MS:
mlz: 477 [M-ClO,]"; elemental analysis caled (%) for
C,yH},N;CIO Pt-1.5H,0: C 37.79, H 2.50, N 6.96; found: C 37.50, H 2.19,
N 6.96.

[Pt(tpy)(C=C—C=CH)]BF, (1-BF,): Yield: 76.7mg (85%). 'HNMR
(400 MHz, CD;CN, 298 K): 6=9.01 (d, /=5.3 Hz, 2H; tpy), 8.44 (t, /=
8.2 Hz, 1H; tpy), 8.38-8.26 (m, 6H; tpy), 7.77 (dt, J=1.5, 5.6 Hz, 2H;
tpy), 2.24 ppm (s, 1H; acetylenic H); IR (Nujol): #=3485(br) v(O-H),
2158(m), 2012(w) v(C=C), 1046(s) cm ' v(B-F); positive-ion FAB-MS:
mlz: 477 [M-BF,]"; elemental analysis caled (%) for
C,oH,,F,N;BPt-2H,0: C 38.02, H 2.69, N 7.00; found: C 37.87, H 2.30, N
6.98.

[Pt(tpy)(C=C—C=CH)]BPh, (1-BPh,): Yield: 99.3 mg (78%). 'H NMR
(400 MHz, CD;CN, 298 K): 6=8.95 (d, /J=5.4 Hz, 2H; tpy), 8.45 (t, /=
8.1 Hz, 1H; tpy), 8.40-8.25 (m, 6H; tpy), 7.76 (dt, /=1.5, 5.8 Hz, 2H;
tpy), 229ppm (s, 1H; acetylenic H); IR (Nujol): #=2156(m),
2010(w) cm ! v(C=C); positive-ion FAB-MS: m/z: 477 [M—BPh,]*; ele-
mental analysis calcd (%) for Cy;HppN;BPt: C 64.83, H 4.05, N 5.27;
found: C 64.63, H 3.95, N 5.54.

[Pt(tpy)(C=CCH;)]PF, (2-PF,): Yield: 60.7mg (60%). 'HNMR
(300 MHz, CD;CN, 298 K): 0=8.67 (d, /J=6.1 Hz, 2H; tpy), 8.25-8.02
(m, 7H; tpy), 7.55 (t, J=6.5 Hz, 2H; tpy), 7.43-7.19 ppm (m, 5H; C;H;);
IR (Nuyjol): #=2126(m) v(C=C), 841(s) cm~' v(P-F); positive-ion FAB-
MS: mlz: 529 [M-PF4*; elemental analysis caled (%) for
Cy3H ¢FN;PPt: C 40.90, H 2.37, N 6.23; found: C 40.87, H 2.36, N 6.23.
[Pt(tpy)(C=CC:H;)]CIO, (2-Cl0,): Yield: 622mg (66%). "HNMR
(300 MHz, CD;CN, 298 K): 0=9.16 (d, J=6.2 Hz, 2H; tpy), 8.41-8.17
(m, 7H; tpy), 7.75 (t, J=6.5 Hz, 2H; tpy), 7.51-7.30 ppm (m, 5H; C;Hs);
IR (Nuyjol): #=2122(m) v(C=C), 1095(s) cm ™" v(Cl-O); positive-ion FAB-
MS: mi/z: 529 [M-ClO,]"; elemental analysis caled (%) for
Cy3H (CIN;O,Pt: C 43.92, H 2.56, N 6.68; found: C 43.69, H 2.62, N 6.35.
[Pt(tpy)(C=CC,H,)]BF, (2-BF,): Yield: 693mg (75%). 'HNMR
(300 MHz, CD;CN, 298 K): 6=9.02 (d, /J=6.3 Hz, 2H; tpy), 8.35-8.12
(m, 7H; tpy), 7.69 (t, J=6.0 Hz, 2H; tpy), 7.45-7.29 ppm (m, 5H; CHs);
IR (Nujol): #=3450(br) v(O-H), 2122(m) v(C=C), 1056(s) cm ' v(B-F);
positive-ion FAB-MS: m/z: 529 [M—BF,]*; elemental analysis calcd (%)
for C,3H¢F,N;BPt-0.5H,0: C 44.18, H 2.74, N 6.72; found: C 44.30, H
2.74,N 6.72.
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