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The reaction of 2,3-di(2-pyridyl)-S,6-diphenylpyrazine (dpdpz) with K,PtCl in a mixture of acetonitrile and water afforded mono-
Pt complex (dpdpz)PtCl, 4 in good yield, with two lateral pyridine nitrogen atoms binding to the metal center. Two types of
Ru"—Pt" heterodimetallic complexes bridged by dpdpz, namely, [(bpy),Ru(dpdpz)Pt(C=CC¢H,R)]*" (7—9, R = H, NMe,, or
Cl, respectively) and [(tpy)Ru(dpdpz)Pt(C=CPh)] * (12), were then designed and prepared, where bpy = 2,2'-bipyridine and tpy
= 2,2/;6',2"-terpyridine. In both cases, the platinum atom binds to dpdpz with a C"N”N tridentate mode. However, the
coordination of the ruthenium atom with dpdpz could either be noncyclometalated (N"'N bidentate) or cyclometalated (C"N"N
tridentate). The electronic properties of these complexes were subsequently studied and compared by spectroscopic and
electrochemical analyses and theoretical calculations. These complexes exhibit substantial absorption in the visible to NIR (near-
infrared) region because of mixed MLCT (metal-to-ligand-charge-tranfer) transitions from both the ruthenium and the platinum
centers. Complexes 7 and 9 were found to emit NIR light with higher quantum yields than those of the mono-Ru complex
[(bpy),Ru(dpdpz)]** (5) and bis-Ru complex [(bpy),Ru(dpdpz)Ru(bpy),]** (13). However, no emission was detected from
complex 8 or 12 at room temperature in acetonitrile.

H INTRODUCTION from low emission quantum yields, short lifetime, and lack of

Materials that can absorb and emit light in the near-infrared photos‘tability and bilocompatibillity. Hen.ce,' new NIR emitting
(NIR) region (700—1000 nm) are the subject of intensive dyes with superb opt}gal properties are'stlll in demand. .
research." NIR dyes are particularly interesting for biological One of the promising alt.ernatlves S P olynuclear transition
imaging, because NIR light exhibits low light scattering and deep met.al comp lexe.s. Complexation of tran31t1on.-met.al§ with organ-
penetration behaviors. More importantly, most biological sam- ic ligands p r0v1$1es mol‘ecular structures with rigid and well-
ples absorb weakly in the long-wavelength region, thus decreas- c_leﬁned geometries. Optimal orbital overlap_between metals a.nd
ing the background absorbance and autofluorescence. Besides, ligands delocalize electrons along the entire molecule, which

NIR dyes have been studied in other applications such as solar consequently narrows its highest occupied mol'ecular orbital
cell, optoelelctronic devices,® and chemosensors and probes.4 (HOMO) to lowest unoccupied molecular orbital (LUMO)

Representative NIR emitting materials include some cyanines gap, and absorbs visible/NIR light intensively.® Because of their
dyes, rhodamine derivatives, phthalocyanines, boron-dipyrro-
methene (BODIPY) dyes,® quantum dots,® and extended aro- Received:  November 28, 2010
matic carbon materials.” However, some of these materials suffer Published: March 29, 2011
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Scheme 1. Synthesis of Ru"—Pt" Heterodimetallic Complexes of dpdpz
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appealing electrochemical and photophysical properties, transi-
tion-metal polyazine complexes have been extensively employed
for this purpose.” A simple and general way to construct poly-
metallic coordination oligomers or polymers is to assemble metal
centers using appropriate bnd%mg ligands, such as 2,3,5,6-tetrakis-
(2- pyrldyl)pyrazme (tppz)"° and 2,3-bis(2-pyridyl)pyrazine
(dpp)."" These ligands have been used to construct a large
number of rigid molecular archltectures when bound to transi-
tion-metal ions such as Ru", Os", Re!, Cu’, and Pt". Some of the
complexes prepared in this way absorb visible light strongly
because of the metal-to-the-ligand-charge-transfer transition
(MLCT) and give rise to triplet Vis/NIR emission at room
temperature with a relatively long lifetime. These complexes have
been widely used as light harvesting or emitting materials in
optoelectronic devices and many photoinduced energy/electron
transfer processes.

Cyclometalated polyazine complexes'” have been the recent
subject of intensive research activities, particularly those contain-
ing iridium(III),"> Pt(I1),"* and Ru(I)"® metal centers. The
anionic nature of the ancillary ligand significantly changes the
properties of cyclometalated complexes, as compared to non-
cyclometalated ones. For example, the Ru™™ redox process of

[Ru(tpy),]*" (tpy = 2,2';6',2"'-terpyridine) occurs at +1.32 V vs
Ag/AgCl, meanwhile the ruthenium center of a related cyclo-
metalated complex, [Ru(tpy)(dpb)]™ (dpb = 1,3-di(2-pyridyl)-
benzene), can be oxidized at much less positive potential (+0.53V
vs Ag/AgCl)."® Square planar complex [Pt(tpy)Cl]" is virtually
nonemissive at room temperature, meanwhile related cyclome-
talated platinum complexes, either [ Pt(dpb)]CI'° or [Pt(pbp)]CI"
(pbp = 6-phenyl-2,2’-bipyridine), give substantial emission.

We previously reported a bridging ligand dpdpz 1 (dpdpz =
2,3-di(2-pyridyl)-S,6-diphenylpyrazine, Scheme 1), and its com-
plexation with ruthenium atoms.'® This ligand was designed so
that it could bridge two metal species with either a N"N-type
bidentate or a C"N"N tridentate coordination mode. The key is
whether or not the two lateral phenyl rings in dpdpz are involved
in the coordination with metal species. If the phenyl rings are
connected to a metal center, dpdpz is expected to behave as a
C"N”N-type tridentate ligand to form cyclometalated com-
plexes. However, if phenyl rings remain intact, dpdpz could
behave as a N N-type bidentate binding ligand. In this way, we
have prepared two symmetric and one asymmetric diruthenium
complexes, with each ruthenium being cyclometalated or non-

cyclometalated. The electrochemical and photophysical properties
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of these complexes are found to greatly depend on the coordina-
tion mode of metals. For example, cyclometalated ruthenium
complexes have rigid linear conformation, narrower energy gaps,
and lower redox potentials of the metal centers. Noncyclometa-
lated complexes were found to emit at room temperature. We
envisage that cyclometalatinﬁ ligand dpdpz 1 could also be used
to prepare a square planar Pt~ complex, such as complex 2 shown
in Scheme 1. The other half of the ligand then could bind to
various metal centers, either in a NAN-type bidentate or a
C"N”N tridentate coordination mode, to give rise to a variety
of M-Pt heterodimetallic systems 3. This kind of complex would
be expected to emit NIR light because of the electron delocaliza-
tion across the whole molecule. However, as will be described in
the following section, we failed to isolate the platinum complex 2
at this stage. Instead, we successfully prepared heterodimetallic
Ru—Pt complexes 6—9, 11, and 12 starting from the mono-
metallic ruthenium complex § or 10. Complexes 7 and 9 were
found to emit NIR light at room temperature, with even a higher
quantum yield than monoruthenium complex 5. We report
herein the syntheses and characterization of these complexes.
The spectroscopic, electrochemical, and theoretical calculation
studies of these complexes are also presented and compared with
previously reported diruthenium complexes 13—185.

B RESULTS AND DISCUSSION

Synthesis. The syntheses of dpdpz 1 and complexes $ and 10
have been described in a previous paper.'® As for the preparation
of cyclometalated Pt" complexes, two reaction media are routi-
nely employed in the literature, namely acetic acid"® or a mixture
of acetonitrile and water.”® Contrary to our expectation, the
reaction of 1 with K,PtCl, in a mixture of acetonitrile and water
gave the mononuclear Pt" complex 4, with two lateral pyridine
nitrogen atoms binding to the metal center, instead of the
cyclometalated complex 2 (Scheme 1). It should be noted that
Pt diimine complexes with similar 7-membered chelate rings
have been reported in the literature.*" Considering the electron-
withdrawing character of the pyrazine moiety and wide binding
angle of the two pyridine groups to the metal center, this complex
may be suitable for catalyzing some organic transformations.>*
When the reaction was carried out in acetic acid, an unidenti-
fied solid was isolated, which has low solubility in most organic
solvents, and we are unable to determine its structure at
this stage.

The structure of the Pt"' complex 4 was determined by single
crystal X-ray analysis (Figure 1), which confirmed that two
pyridine nitrogen atoms bind to the Pt center in a bidendate o
fashion.”® The crystallographic data and selected bond lengths
and angles are given in Tables 1 and 2. The binding angle of the
two pyridine nitrogen atoms to the Pt atom, N(2)—Pt(1)—N-
(1), is 87.23°. In most Pt'-2,2-bipyridine complexes,** this
angle is around 77—79°. Another intriguing structural feature
of 4 is that the pyrazine ring is almost perpendicular to the plane
defined by the platinum and two chlorine atoms (bottom in
Figure 1). Work is underway to assemble this unusual structure
into three-dimensional coordination systems.

The failure to obtain the cyclometalated platinum complex 2
from dpdpz 1 prompted us to investigate the reaction of K,PtCl,
with mono-Ru" complex S, which has been reported
previously.'® Given that one of the pyridine groups in § has
already been locked by coordination to a Ru atom, it would be
easier to access the [(C"N"N)Pt]" moiety. This reaction took

Figure 1. ORTEP drawing (up) and stick model (below) of complex 4.

Table 1. Crystallographic Data Collection and Structure
Refinement Parameters for the Pt"' Complex 4

4

empirical formula Cy6H;5CLN,Pt

formula weight 652.43

space group P1

crystal system triclinic
a(A) 9293(3)

b (A) 10.736(3)
c(A) 11.436(4)

o (deg) 85.311(14)
B (deg) 83.961(13)
7 (deg) 79.865(14)
vol (A) 1114.6(6)

V4 2

temp (K) 173(2)
density (calcd) 1.944 mg/ m®
wavelength (A) 0.71073

abs coeff (mm™") 6.557

final R indices R1 =0.0345, wR2 = 0.0712

R indices (all data) RI1 = 0.0496, wR2 = 0.0745

place smoothly, in a mixture of acetonitrile and water, to afford
the crude heterodinuclear Ru"—Pt" complex 6 in good yield
(82%, Scheme 1). However, simple reprecipitation or recrystal-
lization could not give analytically pure sample. Attempts to
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purify this product through flash column chromatography led to
decomposition, likely because of the substitution of the chloride
atom by solvent. Thus, we decided to prepare a derivative of this
compound which could be fully characterized. In this sense, the
reaction of 6 with phenylacetylene in the presence of Cul and
triethylamine®” gives the platinum acetylide complex 7 in 54%
yield. In addition, complexes 8 and 9 with an electron-donating
NMe, or electron-withdrawing CI substituent were obtained to
investigate the influence of substituents on their properties. We
previously found that cyclometalated or noncyclometalated

Table 2. Selected Bond Lengths (A) and Angles (deg) for the
pt" Complex 4

Pt(1)—N(2) 1.988(4) N(2)—Pt(1)—ClI(2) 89.57(1)
Pt(1)—N(1) 2.012(4) N(1)—Pt(1)—Cl(2) 176.8(1)
Pt(1)—CI(1) 2.2762(1) CI(1)—Pt(1)—CI(2) 92.16(5)
Pt(1)—CI(2) 22837(2)  C(1)—N(1)—Pt(1) 120.7(3)
N(2)—Pt(1)—N(1) 87.23(2) C(5)—N(1)—Pt(1) 119.6(3)
N(2)-Pt(1)—CI(1)  177.16(1)  C(12)—N(2)—Pt(1)  118.4(3)
N(1)—Pt(1)—CI(1)  91.03(1) C(8)—N(2)—Pt(1) 123.1(3)
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Figure 2. Frontier orbital energy level alignment of complexes 7 and 12.

ruthenium complexes of dpdpz exhibited significantly different
electrochemical and photophysical properties depending on the
nature of the ruthenium atoms.'® Thus, starting from the known
cyclometalated mono-Ru" complex 10,'® the heterodinuclear
dicyclometalated Ru'"'—Pt" complex 12 was also prepared in the
same way for a comparison study.

DFT Calculations. Density functional theory (DFT) calcula-
tions were performed on complexes 7 and 12 on the B3LYP/
LANL2DZ level to assist the determination of their electronic
structures. The frontier orbital energy level alignment of 7 and 12
is presented in Figure 2. The LUMO and HOMO of 7 reside at
—3.76 and —5.91 eV, respectively. In comparison, both LUMO
(—3.27 eV) and HOMO (—5.66 eV) of 12 are destabilized
relative to those of 7. Some frontier orbital structures of 7 and 12
with electron density distributions are shown in Figures 3 and 4,
respectively. It is clear that both HOMOs of the two complexes
are dominated by the platinum acetylide component, and both
LUMOs have major contribution from the bridging dpdpz
ligand. In lower occupied orbitals, the ruthenium center and
the cyclometalated phenyl ring of dpdpz play an important role,
such as HOMO-2, HOMO-3, and HOMO-5 of complex 7, and
HOMO-1 and HOMO-2 of complex 12. In higher unoccupied
orbitals, the ancillary bpy or tpy ligand contributes dominantly,
such as LUMO +- 2 of complex 7 and LUMO + 2 and LUMO +
3 of complex 12.

Electrochemical Studies. Electrochemical studies were car-
ried out on the above-prepared complexes to probe their
electronic properties. The cyclic voltammograms (CV) profiles
are shown in Figure S and Figures S1 and S2 in the Supporting
Information, and their electrochemical data are summarized in
Table 3, together with some related complexes for comparison.
Noncyclometalated mono-Ru complex § displays one ruthe-
nium-related reversible oxidation wave at +-1.38 V vs Ag/AgCl
(enrty 1 in Table 3)."® In addition, one dpdpz-based reduction
wave at —0.97 V and two bpy-based reduction waves at —1.40
and —1.73 V are evident in the CV profile of complex 5."® When
a cyclometalated platinum acetylide moiety is bound to the open
coordination site of $ to give complex 7, the oxidation of Ru'" was
found to occur at a more positive potential (+1.58 Vvs Ag/AgC],
Figure Sa). The irreversible wave at +1.37 V could be ascribed to

LUMO+1

Figure 3. Isodensity plots of a few calculated HOMO and LUMO orbitals for complex 7. All orbitals have been computed at an isovalue of 0.02.

3962 dx.doi.org/10.1021/ic1023696 |Inorg. Chem. 2011, 50, 3959-3969



Inorganic Chemistry

LUMO+3

Figure 4. Isodensity plots of a few calculated HOMO and LUMO orbitals for complex 12. All orbitals have been computed at an isovalue of 0.02.
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Figure 5. Cyclic voltammograms of complexes (a) 7 and (b) 12 in
acetonitrile containing 0.1 M BuyNCIOy, at a scan rate of 100 mV/s. The
working electrode is a glassy carbon, the counter electrode is a Pt wire,
and the reference electrode is Ag/AgCl in saturated aq. NaCl.

the oxidation of the platinum center or platinum atcetylide
component. The cathodic scan of 7 shows four redox couples
at —0.65, —1.23, —1.51, and —1.79 V, respectively. The former
two waves are attributable to the consecutive reductions of
dpdpz, and the latter two waves are assigned to the reduction
of bpy ligands. The assignments of these redox processes are in
consistent with the above-described DFT calculations which
predict that the platinum acetylide could be first oxidized and
the bridging dpdpz ligand could be first reduced. On the basis of
the electrochemical studies, it is clear that the addition of the

cyclometalated platinum moiety to mono-Ru complex 5 leads to
a significant positive-shift of the first dpdpz-based reduction
process (—0.65 vs —0.97 V). This effect is stronger than the case
when a cyclometalated Ru(tpy) moiety is bound to complex §, in
which the first reduction of dpdpz was found to take place at
—0.82 V (entry 3)."® The electrochemical behaviors of com-
plexes 8 and 9 (entries 4 and S, Supporting Information, Figures
S1 and S2, respectively) are closely similar to that of 7, except in
the case of the NMe,-containing complex 8, an additional
irreversible wave at +0.57 V vs Ag/AgCl was found. This peak
is assigned to the irreversible oxidation of the nitrogen atom.

The anodic scan of the cyclometalateed mono-Ru complex 10
displays two redox couples at +0.67 and +1.31 V vs A§/AgC1
(entry 6)."® The former peak is assigned to the Ru™™ redox
processes, and the latter one could either be attributed to Ru™""Y
couple or ligand-based oxidative decomposition.'> The cathodic
scan of 10 shows one dpdpz-based reduction at —1.33 V and one
tpy-based reduction at —1.71 V vs Ag/AgCl. In comparison, the
biscyclometalated heterdinuclear Ru" —Pt" complex 12 exhibits
three cathodic waves at —0.91, —1.37, and —1.72 V vs Ag/AgCl,
respectively (Figure Sb and entry 7 in Table 3). The former two
peaks are assigned to dpdpz reductions, and the peak at —1.72'V
is attributable to the reduction of the ancillary tpy ligand. Again,
the first dpdpz-based reduction of 12 occurs at a much less
negative potential than those of mono-Ru complex 10 and
biscyclometalated bis-Ru complex 14 (—0.91 vs —1.33 and
—1.03 V, respectively). The anodic scan of 12 shows two redox
couples at 4+-0.77 and 4-0.87 V. According to the DFT calcula-
tions, HOMO of 12 is dominated by the platinum acetylide
component and HOMO-1 is dominated by the cyclometalated
ruthenium moiety. Thus, we tentatively assign the peak at +0.77
V to the oxidation of the platinum acetylide component, and the
peak at +0.87 V to the Ru"™ process. From the comparison of
the CV profiles of 7 and 12, it is evident that the first cathodic
wave of 12 occurs at a more negative potential than that of 7, and
the first anodic wave of 12 takes place at a less positive than that
of 7. This suggests that both the LUMO and the HOMO of 12
reside in a higher energy level than those of 7, which is supported
by DFT calculations as well.
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Table 3. Electrochemical Data of Complexes Studied”

entry complex

5, [(bpy)-Ru(dpdpz)](PE),

7, [(bpy)>Ru(dpdpz)PtC=CPh](PFj),

15, [(bpy),Ru(dpdpz)Ru(tpy)] (PFe)s

8, [(bpy),Ru(dpdpz)PtC=CCsH,NMe,](PFc),
9, [ (bpy),Ru(dpdpz)PtC=CCsH,Cl](PFs),

10, [(tpy)Ru(dpdpz)] (PEs)

12, [(tpy)Ru(dpdpz)PtC=CPh](PF)

14, [(tpy)Ru(dpdpz)Ru(tpy)](PFs),

e e N N R N

E,/, (ligand-based reduction)

E, /> (anodic) dpdpz bpy or tpy

1.38 —0.97 —1.40, —1.73
1.37,1.58 0,65, —1.23 —151,—1.79

081, 1.32, 1.57 082, -125 ~1.55,—1.73, —1.90
0.57,1.27, 1.58 —0.66, —1.23 —1.50, —1.79

1.33, 1.58 —0.63, —1.24 —1.50, —1.79
0.67,1.31 —1.33 —1.71

0.77,0.87 —091, —1.37 —-1.72

0.65, 0.84, 1.33, 1.60 103, —143 ~1.73, —1.86

 All measurements were carried out in acetonitrile containing 0.1 M Bu,NCIO, as the supporting electrolyte. Unless otherwise noted, the potential is

reported as the E, , value vs Ag/AgCl
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Figure 6. (a): UV/vis absorption spectra of complexes 5, 7—10, and 12
in acetonitrile. (b) and (c): first 40 absorptions as predicted by TDDFT
for complex 7 and 12, respectively.

Spectroscopic Studies and TDDFT Calculations. The elec-
tronic absorption spectra of the aforementioned complexes are
shown in Figure 6a, and their absorption maxima and absorptiv-
ities are collected in Table 4. The UV region of the absorption
spectra are dominated by intraligand 7—7* excitations. The
intense and broad bands in the visible region are mostly ascribed
to MLCT transitions from both Ru and Pt components. To aid in
the assignment of the optical absorptions more precisely, the nature
of the low energy transitions was studied by time-dependent
DFT (TDDFT) calculations. The first 40 predicted transitions of

3964

complex 7 and 12 are shown in Figure 6b and 6c, respectively.
Tables S and 6 give major predicted transitions with the excita-
tion energy, oscillator strength, dominant configuration contri-
bution and assignment. The platinum-based MLCT transitions
of C"N"'N-type platinum acetylide complexes were reported to
exhibit two absorption maxima at 440 and 460 nm, *?° which are
at a similar energy level with the ruthenium-based MLCT
transitions of [Ru(bpy)3]2+ (420 and 455 nm). On the basis
of this fact, we could not assign the lowest energy MLCT band of
complex 7 (545 nm). However, according to TDDFT results
(S;—S5 in Table S), this peak is dominated by an admixture of
MpLCT and LLCT (acetylide ligand to the bridging dpdpz
ligand charge transition). The peak at 477 nm is an admixture of
ILCT (intraligand charge transition from the cyclometalated
phenyl ring of dpdpz to the azine-containing rings of the same
ligand) and MLCT from both metal centers. The higher energy
peak at 436 nm is assigned to Mgy,LCT.

The absorption spectrum of complex 9 is very similar to that of
complex 7. However, the introduction of a dimethylamino group
on complex 8 leads to the emergence of a new low-energy band
between 600—700 nm. This band is attributed to the
7[C=CC¢H4NMe,] — s*[dpdpz] LLCT transition.>” By com-
parison, biscyclometalated complex 12 displays an intense lowest
energy band at 561 nm, with the low energy side extending over
800 nm. As suggested by TDDFT calculations, this peak is
attributed to an admixture of Mp,LCT/LLCT/Mg,LCT, with
mixed contributions of HOMO — LUMO, HOMO-1 —
LUMO, HOMO — LUMO+1,HOMO-1—LUMO+1 origins.

The emission properties of these complexes were then studied.
Their emission spectra are depicted in Figure 7, and the positions
of the luminescence maxima are summarized in Table 4. Mono-
nuclear ruthenium complex $ was previously found to exhibit a
broad luminescence band at 709 nm with a luminescence
quantum yield of 0.057%."® The emission of diruthenium com-
plex 13 moves into the NIR region, displaying a broad lumines-
cence band at 793 nm, albeit with a lower quantum yield of
0.023%."® This is in accordance with the energy gap law,”® which
states that the nonradiative decay rate increases, and accordingly
the quantum yield decreases, as the energy gap or emission gap
decreases. It is interesting and gratifying to find that the Ru—Pt
complex 7 emits NIR light as well and even with a higher
quantum yield (0.15%) than that of the mononuclear ruthenium
complex S. The position of the emission band (780 nm) is closely
similar to that of the diruthenium complex 13. Considering that

dx.doi.org/10.1021/ic1023696 |Inorg. Chem. 2011, 50, 3959-3969
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Table 4. Absorption and Emission Data of Complexes Studied”

entry complex

5, [(bpy),Ru(dpdpz)]**

7, [(bpy),Ru(dpdpz) PtC=CPh]**

8, [ (bpy),Ru(dpdpz)PtC=CC¢H,NMe,]**
9, [ (bpy),Ru(dpdpz) PtC=CCH,CI]**
13, [(bpy)>Ru(dpdpz)Ru(bpy)]**

10, [(tpy)Ru(dpdpz)] ™

12, [(tpy)Ru(dpdpz)PtC=CPh] +

14, [(tpy)Ru(dpdpz)Ru(tpy)]**
[Ru(bpy)3] (PFe),

NN e NI 7, S R U SR

absorption Ama/nm (£/10° M 'em ™)

299 (0.63), 360 (0.23), 446 (0.10), 490 (0.088)

286 (0.78), 380 (0.30), 436 (0.2) 477 (0.2), 545 (0.2)

288 (0.83), 370 (0.22), 390 (0.22) 478 (0.17), 539 (0.14), 675 (0.09)
286 (0.91), 380 (0.26), 432 (0.18) 480 (0.17), 550 (0.15)

285 (0.87), 360 (0.41), 423 (0.19) 496 (0.22)

276 (0.37), 319 (0.37), 360 (0.20) 427 (0.053), 515 (0.13)

274 (0.82), 315 (0.65), 372 (0.32) 394 (0.33), 561 (0.40)

276 (0.71), 316 (0.70), 384 (0.37) 574 (0.48)

285 (0.65), 354 (0.051) 420 (0.087), 455 (0.11)

emission” Aq/nm (quantum yield)

709 (0.057%)
780 (0.15%)

784 (0.14%)
793 (0.023%)

612 (5.9%)

“ All spectra were recorded in a conventional 1.0 cm quartz cell in acetonitrile. ” The excitation wavelength is 400 nm for all compounds studied.
Quantum yield is determined by comparing with a standard sample [Ru(bpy);](PFg),, which has a quantum yield of 5.9% in N,-saturated acetonitrile.

Table S. Excitation Energy (E), Oscillator Strength (f), Dominant Contributing Transitions, and the Associated Percent

Contribution and Assignment of Complex 7°

Sa E/eV E/nm f

1 1.73 716 0.0315
2 1.88 660 0.292
3 2.03 610 0.0545
N 2.12 585 0.0081
7 235 528 0.246
11 2.46 504 0.0357
14 2.56 484 0.0667
18 2.77 447 0.0623
21 292 424 0.0344
23 295 420 0.213
28 3.04 408 0.114

dominant transitions (percent contributionb) assignment*
HOMO — LUMO (72%) Mp LCT/LLCT
HOMO — LUMO+1 (65%) Mp LCT/LLCT
HOMO-2 — LUMO (34%) Mp LCT/ILCT
HOMO-1— LUMO (22%) MpLCT
HOMO-2 — LUMO+1 (12.5%) Mp LCT/ILCT
HOMO-3 — LUMO (11.5%) Mg, LCT
HOMO-3 — LUMO (72%) Mg, LCT
HOMO-2 — LUMO+1 (37%) Mp LCT/ILCT
HOMO-2 — LUMO (18%) MpLCT/ILCT
HOMO-1— LUMO+1 (11.5%) MpLCT
HOMO-1 — LUMO (7.2%) MpLCT
HOMO-3 — LUMO (5.8%) Mg, LCT
HOMO-3 — LUMO+1 (56%) Mg,LCT
HOMO-5 — LUMO (37%) Mg,LCT
HOMO-3 — LUMO (30%) Mg, LCT
HOMO-S — LUMO+1 (65%) Mg, LCT
HOMO-5 — LUMO+2 (39%) MgyLpp, CT
HOMO-8 — LUMO (58%) ILCT
HOMO-8 — LUMO+1 (60.5%) ILCT

“ Computed at the TDDFT/LANL2DZ level of theory.  The actual percent contribution = (configuration coefficient)” x 2 x 100%. ° Otherwise noted,

the acceptor of CT transition is dpdpz.

monometallic platinum component emits at a similar energy
region as that of [Ru(bpy)ﬂpr (around 600 nm),"*?*® it is
difficult to determine the nature of the emission of 7. However,
as indicated by TDDFT results, the lowest energy absorption is
predominantly attributed to the charge transfer transition from
the platinum component. At this stage, we believe that the
emission of 7 is of Pt-based MLCT nature mixed with LLCT/
ILCT character, as a result of an efficient energy transfer process
from the excited Ru-based MLCT state to the Pt-based charge
transfer level.”” This could also explain why the emission quantum
yield of 7 is higher than that of 5. The excitation spectrum of 7 in
parallel with its absorption and emission spectra are shown on the
right side panel of Figure 7. It confirms that the emission at 780 nm
of 7 could be observed by excitation at charge transfer absorption
from both metal components, which supports the energy transfer
mechanism. Detailed studies of the nature of the emission of 7 and
the dynamics of the energy transfer process are currently ongoing.
It should also be noted that the emission energy of 7 remains

unchanged in the concentration range of 5 x 10~ ° to 107 * M
(Figure S3 in the Supporting Information). This suggests that
no excimer emission could be detected at high concentration.
However, the emission intensity decreases when the concen-
tration is increased from § X 10 > to 1 x 10~ * M. This pheno-
menon is attributed to a self-quenching effect, as is commonly
observed in many organometallic complexes including plati-
num complexes.”>>%3

The emission of complex 9 with an electron-withdrawing Cl
substituent is slightly more red-shifted than that of 7, which is in
agreement with their absorption spectra. It should be noted that
the emission spectra of 7 and 9 are independent of the excitation
wavelength, and the quantum yield is around 10% less in air-
purged solution. However, we did not detect emission of the
dimethylamino-containing complex 8 at room temperature in
fluidic solution. The emission from the excited MLCT state is
quenched by the low-lying nonemissive LLCT state, as well as by
reductive electron transfer from the electron-rich amino group.”’
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Table 6. Excitation Energy (E), Oscillator Strength (f), Dominant Contributing Transitions, and the Associated Percent

Contribution and Assignment of Complex 12°

Sa E/eV E/nm f dominant transitions (percent contribution”) assignment*

2 1.87 664 0.0734 HOMO — LUMO (65%) MpLCT/LLCT
HOMO-1— LUMO (17%) Mg,,cLCT

4 1.92 644 0.0143 HOMO-1 — LUMO (60.5%) Mg,/ cLCT
HOMO — LUMO (24.5%) MpLCT/LLCT

6 2.07 599 0.0235 HOMO-1 — LUMO+2 (72%) Mgu/cLepyCT

7 2.13 583 0.53 HOMO — LUMO-+1 (67%) MpLCT/LLCT
HOMO-1 — LUMO+1 (8.8%) Mg,/cLCT
HOMO-1 — LUMO (4.5%) Mg,,cLCT
HOMO-1 — LUMO+2 (4.5%) Mgy/cLpyCT

8 2.30 540 0.025 HOMO-3 — LUMO (58%) MpLCT/Mg,,cLCT

13 248 500 0.059 HOMO-2 — LUMO+-3 (90%) Mp,LipyCT

15 2.51 494 0.333 HOMO-S — LUMO (42%) Mp,cLCT
HOMO-3 — LUMO+1 (20%) MpLCT/Mg,/cLCT

24 3.00 413 0.106 HOMO-6 — LUMO (70%) ILCT

27 3.08 403 0.0846 HOMO-6 — LUMO+1 (61%) ILCT

“ Computed at the TDDFT/LANL2DZ level of theory. ” The actual percent
the acceptor of CT transition is dpdpz.

contribution = (configuration coefficient)® X 2 X 100%. © Otherwise noted,

— (5) Ru(bpy),-dpdpz — (13) Ru(bpy) -dpdpz-Ru(bpy),

—— (7) Ru(bpy),-dpdpz-PtCCPh —— (8) Ru(bpy),-dpdpz-PtCCC H,CI (7) Ru(bpy),-dpdpz-PICCPh
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Figure 7. Left: emission spectra of complexes S, 7, 9, and 13 in acetonitrile. The excitation wavelength is 400 nm. Right: excitation spectrum for

emission at 780 nm in parallel with absorption and emission spectra of 7.
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Figure 8. Left: absorption spectral changes of 8 (concentration = 0.020 mM) in acetonitrile with increasing concentrations of p-toluenesulfonic acid (from 0 to
0.002, 0.004, 0.006, 0.008, 0.010, 0.014, 0.016, 0.018, and 0.020 mM, respectively). Right: corresponding emission spectral changes of the same solutions with
increasing concentrations of p-toluenesulfonic acid. The excitation wavelength is 350 nm. The weak band at 820 is probably due to instrumental artifact.

Complex 12 with a cyclometalated ruthenium center was found
to give no emission at room temperature either. A possible
emissive Pt-based MLCT state could be quenched by the Ru-
based moiety. We'® and others®' have previously found that the
cyclometalated ruthenium moiety could effectively quench the

noncyclometalated Ru-based MLCT emissions. However, it
might also be possible that the photomultiplier tube R928F we
used for the emission measurement is not sufficiently red
sensitive to detect any, if indeed present, low-energy weak
emission of these complexes.
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The spectroscopic properties of the dimethylamine-contain-
ing complex 8 were further studied by acidic titration experiment.
Upon gradual addition of p-toluenesulfonic acid, solutions of 8 in
acetonitrile exhibit remarkable color changes from brownish
green to red (Figure S4 in the Supporting Information). Accord-
ingly, the electronic absorption spectra displayed a significant
decrease of the LLCT band (580—800 nm) and slight enhance-
ment of the MLCT bands (400—S560 nm, left in Figure 8). This is
result of the protonation of the NMe, group by p-toluenesulfonic
acid. The formation of a well-defined isosbestic point at 568 nm
indicates a clean protonation process. As shown in the right panel
of Figure 8, the emission intensity of 8 was greatly enhanced with
increasing concentration of p-toluenesulfonic acid. The revival of
emission is a result of the disappearance of the reductive electron
transfer quenching pathway upon protonation of the amino
group.”” The emission maximum is around 790 nm, which is
similar to those of complexes 7,9, and 13. The reversibility of the
protonation process was demonstrated by the recovery of the
LLCT absorption band and the decrease of emission intensity
upon further addition of 1 equiv of triethylamine to the proto-
nated 8 (Figures SS and S6 in the Supporting Information).

B CONCLUSIONS

To summarize, the reaction of dpdpz with K,PtCl, afforded
mono-Pt complex 4 with two lateral pyridine nitrogen atoms
binding to the metal center, as is proved by its X-ray single crystal
structure. Cyclometalated platinum complexes based on dpdpz
could be prepared starting from mono-Ru complex 5 or 10. In
this way, two types of Ru"—Pt"" heterodimetallic complexes bridged
by dpdpz, namely, [(bpy),Ru(dpdpz)Pt(C=CCcH,R)]*" and
[(tpy)Ru(dpdpz)Pt(C=CPh)] ", were produced. The electro-
nic properties of these complexes could be modulated by the
coordination mode of ruthenium atom with dpdpz (N"N
bidentate or C"N”N tridentate). These complexes exhibit
substantial absorption in the visible to NIR region because of
mixed LLCT, ILCT, and MLCT transitions from both metal
centers. This would make them good light-harvesting materials.
Complex [(bpy),Ru(dpdpz)Pt(C=CPh)]** (7) was found to
emit NIR light (centered at 780 nm) with higher quantum yield
than that of the mono-Ru complex [(bpy),Ru(dpdpz)]** (5).
This could be a result of efficient energy transfer from the
Ru(bpy), moiety to the platinum component. No emission was
detected from [(tpy)Ru(dpdpz)Pt(C=CPh)]*, which could
be attributable to a reversed energy transfer process from the
platinum moiety to the Ru(tpy) component, and the work on the
dynamics of these processes is currently on the way. The NMe,-
containing complex 8 was found to display remarkable color
changes and emit NIR light upon gradual protonation, and
this fact could be used for colorimetric and luminescence pH
sensors.”” The attachment of the Pt(C"N"'N) moiety to mono-
Ru complex § or 10 induces significant changes of the electro-
chemical properties as well. Particularly important is that the first
reduction of the bridging ligand was found to occur at a much less
negative potential, and this effect is stronger than the case when a
cyclometalated Ru(tpy) moiety is coordinated to 5 or 10. The
work described in this article illustrated the capability of dpdpz as
a bridging ligand for the synthesis of heterodinuclear coordina-
tion compounds. Future studies will focus on the design and
synthesis of new transitional metal complexes bridged by dpdpz,
with the aim of improving the emission qualities of these NIR
emitting materials.

B EXPERIMENTAL SECTION

Computational Method. Rough geometries of 7 and 12 were
generated using the MOPAC 09 software package and the semiempirical
PM6 method, which includes parametrization for 70 elements.*> Result-
ing geometries were then relaxed without constraints using Gaussian03
at the DFT level.**** Structure optimizations were performed using the
B3LYP hybrid functional.’® The B3LYP hybrid functional was used
based on good agreement for enthalpies of formation,® ionization
potentials and electron affinities,”” and band gaps® with experimental
data. No symmetry constraints were used in the optimization (SCF =
NoSymm keyword); the initial symmetry was set to C;. Wave functions
were expanded in the LANL2DZ basis set with effective core
potentials.> Solvation effects in acetonitrile were included using the
conductor-like polarizable continuum model (CPCM) with united-
atom Kohn—Sham (UAKS) radii.*® Previous studies have shown that
this method is effective for calculating solvation energies for cations in
aqueous environments.*' The extension to other polar solvents is not
unreasonable.

Spectroscopic Measurements. All optical ultraviolet—visible
(UV/vis) absorption spectra were obtained using a TU-1810DSPC
spectrometer of Beijing Purkinje General Instrument Co. Ltd. at room
temperature in acetonitrile, with a conventional 1 cm quartz cell.
Emission spectra were recorded using a F-380 spectrofluorimeter of
Tianjin Gangdong Sic & Tech Development Co. Ltd., with a red-sensitive
photomultiplier tube R928F. Samples for emission measurement were
obtained within quartz cuvettes of 1 cm path length. Luminescence
quantum yields were determined using [Ru(bpy);](PFs), in degassed
acetonitrile solution as the standard (¢ = 5.9%);* estimated uncertainty
of ¢ is £10% or better.

Electrochemical Measurements. All cyclic voltammetry (CV)
measurements were taken using a CHI620D potentiostat with one-
compartment electrochemical cell under an atmosphere of nitrogen. A
glassy carbon electrode with a diameter of 0.3 mm was used as the
working electrode. The electrode was polished prior to use with 0.05 #m
alumina and rinsed thoroughly with water and acetone. A large area
platinum wire coil was used as the counter electrode. All potentials are
referenced to a saturated Ag/AgCl electrode without regard for the
liquid junction potential. All measurements were carried out in acetoni-
trile at a scan rate of 100 mV/s, in 0.1 M of BuyNCIO, (TBAP) as the
supporting electrolyte.

Synthesis. All reactions were carried out under an atmosphere of
dry nitrogen using standard Schlenk techniques. Dry tetrahydrofuran
was distilled from sodium/benzophenone, and other solvents (analytical
grade) were used without further purification. NMR spectra were
recorded in the designated solvent on a Varian 300 or Bruker Avance
400 M spectrometer. MS data were obtained with a Bruker Daltonics
Inc. ApexII FT-ICR or Autoflex II MALDI-TOF mass spectrometer.
The matrix for MALDI-TOF measurement is 2,5-dihydroxybenzoic acid
(DHB) or a-cyano-4-hydroxycinnamic acid (CCA). Microanalysis was
carried out using Flash EA 1112 or Carlo Erba 1106 analyzer at the
Institute of Chemistry, CAS.

PtCl,-dpdpz (4). A suspension of the dpdpz ligand 1 (77 mg, 0.2
mmol) and potassium tetrachloroplatinate (170 mg, 0.41 mmol) in
CH;CN/H,0 (10 mL/10 mL) was refluxed under N, for 24 h. After
cooling, the precipitate was collected after filtration and washed with
water and ether to give the product (120 mg, 90% yield). "H NMR (300
MHz, CDCLy): 6 7.35—7.50 (m, 8H), 7.62 (d, J = 7.8 Hz, 4H), 7.86—
7.98 (m,4H), 9.22 (d, ] = 5.7 Hz, 2H). TOF-ESI, 653 for [M + H] ", 617
for [M + H — CI]". ESI-HRMS caled. 653.0636 for [M+H]"
(C36H19N4CLPt), found 653.0641. Anal. Calcd. for Cy6H;3ClLN,Pt:
C, 47.86; H, 2.78; N, 8.59. Found: C, 47.68; H, 2.54; N, 8.39.

[(bpy),Ru-dpdpz-PtCl](PFg), (6). To a solution of Ru'" mono-
mer § (54 mg, 0.05 mmol) in 8 mL of acetonitrile were added 8 mL of
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aqueous solution of K,PtCl, (41 mg, 0.1 mmol). The mixture was
refluxed for 24 h under a nitrogen atmosphere. The organic solvent was
evaporated before adding an excess of KPF4 and water. The resulting
precipitates were collected to afford 54 mg of deep red solid § in a yield
of 82%. This crude product was used for the next transformation without
further purification. MALDI-MS: 1173.3 for [M — H — PF¢] ", 1026.3
for [M — 2H — 2PF¢]**.

[(bpy)>Ru-dpdpz-Pt-=-Ph](PFg), (7). To a mixture of nitrogen
saturated DMF (10 mL) and triethylamine (2 mL) were added the
above-prepared complex 6 (52 mg, 0.04 mmol), Cul (4 mg), and
phenylacetylene (0.3 mL). The mixture was stirred in a dark at room
temperature for 28 h. After removing the organic solvent by distillation
under vacuum, the residue was subject to flash column chromatography
on silica gel to afford 27 mg of 7 (54% yield). MALDI-MS: 1240.4 for
[M — PF¢]™, 1095.5 for [M + H — 2PF¢]*", 938.5 for [M —
bpy —2PF¢])*". IR (KBr, cm™'): 3426, 3050, 2920, 2100 (vc=c), 1569,
1444, 1397, 1165, 840, 761, 559. Anal. Caled. for CoyHsgF1oNgP,RuPt: C,
46.83; H, 2.77; N, 8.09. Found: C, 46.42; H, 2.85; N, 8.02.

[(bpy),Ru-dpdpz-Pt-=-CgH4NMe,](PFg), (8). To a mixture of
nitrogen saturated dimethylformamide (DMF, 10 mL) and triethyla-
mine (2 mL) were added complex 6 (65 mg,0.05 mmol), Cul (4 mg),
and 1-N,N-dimethylamino-4-ethynylbenzene (14 mg, 0.09 mmol). The
mixture was stirred in the dark at room temperature for 24 h. After
removing the organic solvent by distillation under vacuum, the residue
was subject to flash column chromatography on silica gel to afford 20 mg
of 8 (28% yield). MALDI-MS: 1138.5 for [M — 2PF4]*", 981.5 for
[M — bpy —2PF¢]**. IR (KBr, cm™'): 3415, 3078, 2930, 2097 (Vc=c),
1719, 1603, 1445, 1290, 1126, 843, 763, 559. Anal. Calcd. for CssH,s-
F1,NoP,RuPt-H,O: C, 46.51; H, 3.14; N, 8.72. Found:C, 46.24; H,
3.32; N, 8.89.

[(bpy);Ru-dpdpz-Pt-=-CgH4Cl](PFg); (9). To a mixture of
nitrogen saturated DMF (10 mL) and triethylamine (2 mL) were added
complex 6 (62 mg, 0.047 mmol), Cul (4 mg), and 1-chloro-4-ethynyl-
benzene (10.8 mg, 0.08 mmol). The mixture was stirred in the dark at
room temperature for 18 h. After removing the organic solvent by
distillation under vacuum, the residue was subject to flash column
chromatography on silica gel to afford 36 mg of 9 (53% yield).
MALDI-MS: 974.1 for [M — bpy —2PF¢ + H]**. IR (KBr, cm ):
3427, 3081, 2924, 2101 (veec), 1602, 1445, 1397, 1165, 836, 762, 559.
Anal. Caled. for Cg,Hs,CIE,NgP,RuPt-H,0: C, 45.12; H, 2.73; N,
7.80. Found:C, 44.63; H, 2.62; N, 8.25.

[(tpy)Ru-dpdpz-Pt-CI](PFg) (11). To a solution of Ru" monomer
10 (43 mg, 0.05S mmol) in 8 mL of acetonitrile were added 8 mL of
aqueous solution of K,PtCl, (41 mg, 0.1 mmol). The mixture was
refluxed for 20 h under a nitrogen atmosphere. The organic solvent was
evaporated before adding an excess of NHPF¢. The resulting precipi-
tates were separated and purified by recrystallization in a mixture of
acetonitrile and ether (40 mg, 74% yield). This crude product was used
for next transformation without further purification. Attempts to purify
the product through flash column chromatography led to decomposi-
tion. "H NMR (300 MHz, CD;CN): 6 5.73 (d, J = 7.2 Hz, 1H), 6.74 (t,
J = 7.2 Hz, 1H), 7.16 (m, 2H), 742 (d, J = 5.1 Hz, 1H), 7.50—7.70
(m, 7H), 7.80 (t, J = 7.2 Hz, 1H), 7.98 (m, 2H), 8.04—8.30 (m,
4H), 8.32—8.62 (m, 7H), 9.14 (d, ] = 5.1 Hz, 1H). ESL-MS 949.9 for
[M — PEq] ™.

[(tpy)Ru-dpdpz-Pt-=-Ph](PF¢) (12). To a mixture of nitrogen
saturated DMF (5 mL) and triethylamine (1 mL) were added Ru—Pt
complex 11 (27 mg), Cul (2 mg), and phenylacetylene (0.1 mL). The
mixture was stirred in the dark at room temperature for 48 h. After
removing the organic solvent by distillation under vacuum, the residue
was subject to flash column chromatography on silica gel to afford 15 mg
of 12 (54% yield). "H NMR (300 MHz, CD;CN): 6 5.73 (d, ] = 7.5 Hz,
1H), 6.74 (m, 2H), 7.10 (m, 3H), 7.20—7.41 (m, 6H), 7.58 (m, 4H),
7.69 (d, ] = 5.1 Hz, 1H), 7.82 (m, 4H), 8.07—8.27 (m, 4H), 8.38—8.68

(m, 3H), 8.64 (d,] = 8.1 Hz, 1H), 8.70 (d, ] = 8.1 Hz,2H),9.18 (d, J = 5.4
Hz, 1H). IR (KBr, cm™): 3437, 3056, 2928, 2103 (vec), 1598, 1446,
1283, 1020, 843, 764, 559. ESL-MS 1014.1 for [M — PF¢]". ESLHRMS
caled. 1014.1423 for [M — PF4]" (C4oH3,N,RuPt), found 1014.1424.

Il ASSOCIATED CONTENT

© Supporting Information. CV profiles of 8 and 9, emis-
sion spectra of 7 at different concentrations, absorption and
emission spectral changes of protonated 8 upon addition of
triethylamine, complete reference,”> and the crystallographic
data of 4 in CIF format. This material is available free of charge
via the Internet at http://pubs.acs.org.
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