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ABSTRACT: Five osmium complexes with redox-active
amine substituents, [Os(ttpy)(Ntpy)](PF6)2 (1(PF6)2), [Os-
(Ntpy)2](PF6)2 (2(PF6)2), [Os(ttpy)(NPhtpy)](PF6)2
(3(PF6)2), [Os(Ntpy)(NPhtpy)](PF6)2 (4(PF6)2), and [Os-
(NPhtpy)2](PF6)2 (5(PF6)2), have been prepared, where ttpy
is 4′-tolyl-2,2′:6′,2″-terpyridine, Ntpy is 4′-(di-p-anisylamino)-
2,2′:6′,2″-terpyridine, and NPhtpy is 4′-(di-p-anisylaminophen-
4-yl)-2,2′:6′,2″-terpyridine. X-ray crystallographic data of
2(PF6)2 and 4(PF6)2 are presented. These complexes show
rich visible absorptions attributed to the singlet metal-to-ligand
charge-transfer (1MLCT), triplet MLCT, and intraligand
charge-transfer transitions. Complexes 3(PF6)2 and 5(PF6)2
show weak emissions around 720 nm at room temperature. All
complexes show stepwise oxidations of the osmium ion and the amine segment. However, the redox potentials and the order of
the OsIII/II and N•+/0 processes vary significantly, depending on the electronic nature of the amine substituents. In the singly
oxidized state, either Os(II)→ N•+ MLCT or N→ Os(III) ligand-to-metal charge-transfer transitions in the near-infrared region
have been observed. For complexes 2(PF6)2, 4(PF6)2, and 5(PF6)2 with two amine substituents, no evidence has been observed
for the presence of osmium-mediated amine−amine electronic coupling. Density functional theory (DFT) and time-dependent
DFT calculations have been performed to complement these experimental results. The one-electron-oxidized forms 33+ and 53+

show distinct electron paramagnetic resonance (EPR) signals in CH3CN at room temperature. However, complexes 13+, 23+, and
43+ are EPR silent under similar conditions. In addition, a comparison study has been made between these osmium complexes
and the previously reported ruthenium analogues.

■ INTRODUCTION

Molecular materials with multiple redox-active components are
useful for a wide range of applications, such as molecular
electronics,1 electrochromism,2 information storage,3 ion
sensing,4 molecular magnetism,5 charge-transporting,6 light
absorption and solar cells,7 and mixed-valent chemistry.8

Transition-metal complexes decorated with additional redox-
active motifs are one type of such materials that display
intriguing electrochemical and photophysical properties and are
potentially useful for the above-mentioned applications. In this
context, many complexes containing various redox-active
motifs, such as tetrathiafulvalene,9 triarylamine,10 carbazole,11

triarylborane,12 ferrocene,13 or an organic radical,14 have been
reported. It should be noted that most of these known
examples focus on ruthenium complexes, partially because of
their ease of preparation and good stability. In comparison,
osmium complexes containing additional redox-active sites have
received much less attention.
Compared with ruthenium complexes, the third-row osmium

complexes generally have more-inert metal−ligand bonds. The
reaction conditions for the synthesis of osmium complexes are
often much harsher with respect to those for ruthenium

complexes. In addition, one distinguished feature of the third-
row elements is their enhanced spin−orbit coupling relative to
the second-row elements, which makes the optoelectronic
properties of osmium complexes significantly different from
those of ruthenium complexes. To date, a number of osmium
complexes have been synthesized and studied regarding their
photophysical properties and electron-transfer behavior.15 It
would be interesting to examine the modulation of these
properties by the additional redox-active motifs present in the
same molecule.
We present herein a combined experimental and theoretical

study of five osmium−bisterpyridine complexes, 1(PF6)2−
5(PF6)2, containing one or two redox-active amine substituents
(Figure 1). Either the amine substituents are directly connected
to the central pyridine ring of terpyridine, or a phenyl group is
inserted between the amine nitrogen atom and the pyridine
ring. We previously found that the amine oxidation potentials
(the N•+/0 process) in these two situations differ significantly.16

The electrochemical and photophysical properties of these

Received: June 24, 2015
Published: August 3, 2015

Article

pubs.acs.org/IC

© 2015 American Chemical Society 8136 DOI: 10.1021/acs.inorgchem.5b01420
Inorg. Chem. 2015, 54, 8136−8147

pubs.acs.org/IC
http://dx.doi.org/10.1021/acs.inorgchem.5b01420


complexes are examined and compared with those of the
previously reported ruthenium analogues.16,17 In addition,
oxidative spectroelectrochemical measurements have been
performed to probe the charge-transfer properties of the
resulting singly or doubly oxidized forms. Finally, density
functional theory (DFT) and time-dependent DFT (TDDFT)
calculations have been performed to complement these
experimental results.

■ RESULTS AND DISCUSSION

Synthesis and Single-Crystal Structures. In order to
prepare complexes 1(PF6)2−5(PF6)2, three known tridentate
ligands, 4′-tolyl-2,2′:6′,2″-terpyridine (ttpy),18 4′-(di-p-anisyl-
amino)-2,2′:6′,2″-terpyridine (Ntpy),17 and 4′-(di-p-anisyl-
aminophen-4-yl)-2,2′:6′,2″-terpyridine (NPhtpy),16 were first
synthesized according to known procedures. The reaction of
ttpy and NPhtpy with [(NH4)2OsCl6] in ethylene glycol at 160
°C for 1 h gave the [(ttpy)OsCl3] and the [(NPhtpy)OsCl3]
salts,15g respectively, which were used for the next trans-
formation without further purification. Complexes 1(PF6)2 and
3(PF6)2 were prepared from the reaction of [(ttpy)OsCl3] with
Ntpy or NPhtpy, respectively, in refluxing ethylene glycol for 2
h, followed by anion exchange using KPF6. The harsh
conditions are necessary for the synthesis of osmium
complexes. The triarylamine components are tolerated under
these conditions. Similar conditions have been used for the
synthesis of known osmium polypyridyl complexes.15,19 In a
similar way, the treatment of [(NPhtpy)OsCl3] with Ntpy gave
the asymmetric diamine complex 4(PF6)2. The symmetric
diamine complexes 2(PF6)2 and 5(PF6)2 were prepared from
the reaction of [(NH4)2OsCl6] with 2 equiv of Ntpy or
NPhtpy, respectively. The yields for the synthesis of these
osmium complexes are moderate to good, varying from 68% to

91%. The synthesis details and characterization data of these
compounds are given in the Experimental Section.
Single crystals of 2(PF6)2 and 4(PF6)2 were obtained by

slowly diffusing diethyl ether into their solutions in CH3CN.
Their X-ray crystallographic structures are shown in Figure 2.
The osmium ion has an expected hexa-coordinate octahedral
configuration. The triarylamine motifs have a three-wheel
propeller configuration. The distance between two amine
nitrogen atoms of 2(PF6)2 is 12.31 Å, while that of 4(PF6)2 is
16.57 Å. The crystallographic data are shown in the
Experimental Section and Supporting Information (SI).

Figure 1. Compounds studied in this paper.

Figure 2. Thermal ellipsoid diagram (30% probability) of the single-
crystal structure of (a) 2(PF6)2 and (b) 4(PF6)2. Hydrogen atoms and
anions are omitted for clarity. Atom color code: carbon, gray; nitrogen,
blue; oxygen, red; osmium, navy.
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Electrochemical Studies. Figure 3 shows the cyclic
voltammograms (CVs) and differential pulse votammograms
(DPVs) of the above synthesized osmium complexes. The
electrochemical data are summarized in Table 1, together with
those of the ruthenium analogues for comparison. Ligands
Ntpy and NPhtpy display a chemically reversible N•+/0 redox
couple at +0.97 (NNtpy

•+/0) and +0.81 V (NNPhtpy
•+/0) vs Ag/

AgCl, respectively (Figure S1, SI). At more positive potentials,
irreversible oxidation peaks are observed for both compounds.
They are attributed to the further oxidation of the in situ
generated aminium radical cation, namely the irreversible
N2+/•+ process.17,20 This feature is observed for all of these
amine-containing complexes. When these two ligands are
chelated with Ru(tpy) (tpy = 2,2′:6′,2″-terpyridine), the N•+/0

potentials only vary a little (+0.98 and +0.82 V for
[Ru(tpy)(Ntpy)](PF6)2 and [Ru(tpy)(NPhtpy)](PF6)2, re-

spectively) and the RuIII/II processes (+1.44 and +1.36 V,
respectively) slightly shift to the more positive region relative to
that of [Ru(tpy)2](PF6)2 (Ru[Ru(tpy)2]

III/II, +1.32 V).16

The situations significantly changed in the osmium
complexes. Complex 1(PF6)2 ([Os(ttpy)(Ntpy)](PF6)2)
shows two anodic waves at +0.74 and +1.28 V. The first
wave has a more than 200 mV shift to the less positive region
with respect to either the NNtpy

•+/0 process (+0.98 V) or the
OsIII/II process of [Os(tpy)2](PF6)2 (Os[Os(tpy)2]

III/II, +1.01 V).21

This may suggest that a stronger degree of electronic coupling
is present between Ntpy and Os(tpy) relative to that between
Ntpy and Ru(tpy). This is reminiscent of redox asymmetric
mixed-valent systems where the electronic coupling is larger for
compounds with smaller redox asymmetry between two distal
redox sites.22 The difference between the NNtpy

•+/0 and the

Figure 3. CVs (black and red curves) and DPVs (blue curves) of 1(PF6)2−5(PF6)2 and [Os(tpy)2](PF6)2 at a disk Pt electrode in 0.1 M Bu4NClO4/
CH3CN. For the sake of clarity, the anodic DPV curves are placed below the corresponding CVs.

Table 1. Electrochemical and Absorption Dataa

E1/2/V

compound anodic cathodic λabs,max [nm] (ε × 105 M−1 cm−1)

Ntpy +0.97, +1.41b 282 (0.46)
NPhtpy +0.81, +1.25b 288 (0.38), 365 (0.27)
1(PF6)2, [Os(ttpy)(Ntpy)](PF6)2 +0.74, +1.28, +1.53b −1.27, −1.51 284 (0.83), 306 (0.79), 350 (0.24), 502 (0.28), 678 (0.066)
[Ru(tpy)(Ntpy)](PF6)2 +0.98, +1.35,b +1.44 −1.28, −1.52 274 (0.65), 303 (0.74), 495 (0.25)
2(PF6)2, [Os(Ntpy)2](PF6)2 +0.58, +1.19, +1.30 −1.35, −1.56 306 (0.77), 518 (0.23), 692 (0.75)
[Ru(Ntpy)2](PF6)2 +0.96, +1.23, +1.56,b +1.64 −1.34, −1.58 302 (0.94), 350 (0.21), 512 (0.25)
3(PF6)2, [Os(ttpy)(NPhtpy)](PF6)2 +0.82, +1.00, +1.40b −1.20, −1.46 284 (0.51), 314 (0.69), 396 (0.15), 502 (0.31), 672 (0.078)
[Ru(tpy)(NPhtpy)](PF6)2 +0.82, +1.30,b +1.36 −1.24, −1.49 272 (0.33), 308 (0.50), 496 (0.20)
4(PF6)2, [Os(Ntpy)(NPhtpy)](PF6)2 +0.70, +0.85, +1.30b −1.28, −1.53 278 (0.67), 310 (0.81), 354 (0.35), 516 (0.36), 584 (0.085)
[Ru(Ntpy)(NPhtpy)](PF6)2 +0.82, +1.02, +1.31,b +1.36,b +1.48 −1.30, −1.54 277 (0.64), 301 (0.70), 515 (0.35)
5(PF6)2, [Os(NPhtpy)2](PF6)2 +0.79 (2e), +1.02, +1.31b −1.22, −1.50 278 (0.58), 314 (0.85), 352 (0.43), 515 (0.45), 676 (0.12)
[Ru(NPhtpy)2](PF6)2 +0.81 (2e), +1.30,b +1.37 −1.26, −1.46 275 (0.53), 310 (0.71), 404 (0.18), 516 (0.42)
[Os(tpy)2](PF6)2 +1.01 −1.20, −1.48 270 (0.43), 310 (0.69), 476 (0.14), 662 (0.040)
[Ru(tpy)2](PF6)2 +1.32 −1.22, −1.46 270 (0.48), 307 (0.78), 475 (0.17)

aData in CH3CN. The electrochemical potentials are reported as the E1/2 value vs Ag/AgCl. Potentials vs ferrocene+/0 can be estimated by
subtracting 0.45 V. bAnodic peak potential of irreversible processes.
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Os[Os(tpy)2]
III/II potential is much smaller with respect to that

between the NNtpy
•+/0 and the Ru[Ru(tpy)2]

III/II potential, which
favors the electronic coupling between Ntpy and Os(tpy)
components and thus leads to the obvious shift of the first
redox couple of 1(PF6)2. For complex 2(PF6)2 with two Ntpy
ligands, the first anodic wave shifts to an even less positive
region (+0.58 V), followed by two closely spaced couples at
+1.19 and +1.30 V. Later spectroelectrochemical experiments
suggest that the first redox couple of 1(PF6)2 and 2(PF6)2 are
more biased toward the oxidation of the osmium component.
In this sense, the two well-separated waves at +1.19 and +1.30
V of 2(PF6)2 are possibly due to the stepwise oxidations of two
amine substituents, which may be interpreted as the presence of
electronic coupling between two amine sites through the OsIII

bridge. However, the following theoretical studies suggest a
different interpretation. In addition, the potentials of the first
anodic waves of the Ntpy-containing complexes 1(PF6)2 and
2(PF6)2 are both less positive relative to those of the NPhtpy-
containing complexes 3(PF6)2 and 5(PF6)2 (discussed below).
This is very interesting considering that the NNtpy

•+/0 potential
is more positive relative to the NNPhtpy

•+/0 potential.
The first anodic redox wave of the NPhtpy-containing

complexes 3(PF6)2 and 5(PF6)2 occurs at +0.82 and +0.79 V
(2e process judging from the current height), respectively. By
comparing the NNPhtpy

•+/0 potential (+0.81 V) and the
Os[Os(tpy)2]

III/II potential (+1.01 V), it is reasonable to assign
these waves to the N•+/0 processes of the amine components.
The subsequent redox waves at +1.00 V of 3(PF6)2 and +1.02 V
of 5(PF6)2 thus belong to the OsIII/II processes. This
assignment is supported by following spectroscopic results
and theoretical calculations. In this case, the change of the
N•+/0 potential of the NPhtpy ligand is insignificant after
chelation with osmium ion. This situation is very similar when
the NPhtpy ligand is chelated with the ruthenium ion.16 The
appearance of the N•+/0 processes of 5(PF6)2 as a 2e wave at
+0.79 V suggests that little electronic coupling is present
between two amine units. No intervalence charge-transfer
(IVCT) transition has been observed in the following
spectroelectrochemical measurements either. This situation is
also similar to the ruthenium analogue [Ru(NPhtpy)2](PF6)2.

16

The distance between two amine sites may be too long
compared to known organometallic bridges to mediate efficient
amine−amine electronic coupling.23

The situation of the asymmetric complex 4(PF6)2 is more
complex. Two chemically reversible anodic waves at +0.70 and
+0.85 V are observed. Based on the above analysis on the
symmetric complexes, these two waves are attributed to the
N•+/0 process of the NPhtpy ligand and the OsIII/II process.
However, the order of these two processes needs further
clarification (see below). The N•+/0 process of the Ntpy ligand
is very likely embedded in the irreversible peak at +1.30 V. In
the cathodic scan, all complexes show two redox waves
attributed to the reduction behavior of the tpy ligands. The
reduction potentials are comparable for both ruthenium and
osmium series.
Spectroscopic Studies. The UV/vis absorption spectra of

1(PF6)2−5(PF6)2 together with [Os(tpy)2](PF6)2 are displayed
in Figure 4a (see data in Table 1). When 1(PF6)2−5(PF6)2 are
substituted with amine groups, the molar absorptivities in the
visible region are distinctly enhanced with respect to those of
[Os(tpy)2](PF6)2. These osmium complexes typically display
both singlet and triplet metal-to-ligand charge-transfer tran-

sitions (1MLCT around 450−600 nm; 3MLCT around 600−
800 nm). The 1MLCT absorption maxima of 1(PF6)2−5(PF6)2
are at 502, 518, 502, 516, and 515 nm, respectively, which are
around 26 nm (for complexes 1(PF6)2 and 3(PF6)2 with one
amine substituent) or 40 nm (for complexes 2(PF6)2, 4(PF6)2,
and 5(PF6)2 with two amine substituents) red-shifted with
respect to that of [Os(tpy)2](PF6)2 (476 nm). The 1MLCT
absorptions of 1(PF6)2−5(PF 6)2 have very similar absorptiv-
ities and energies with respect to those of corresponding
ruthenium analogues (Figure S2). TDDFT results suggest that
the visible absorptions of the amine-containing complexes have
significant contributions from the intraligand charge-transfer
(ILCT) transitions (Figures S3−S8 and Table S1). Similar
TDDFT results have previously been obtained for ruthenium
analogues.16

Figure 4b shows the emission spectra of these complexes in
diluted CH3CN at room temperature. Complexes 3(PF6)2 and
5(PF6)2 substituted with NPhtpy show distinct emission at 720
nm when excited at 480 nm, which is 15 nm red-shifted with
respect to that of [Os(tpy)2](PF6)2. The emission quantum
yields of 3(PF6)2 and 5(PF6)2 is around 0.3−0.5% for both
compounds using [Os(tpy)2](PF6)2 as the reference standard
(Φ = 1.4%).21a In contrast, complexes 1(PF6)2, 2(PF6)2, and
4(PF6)2 with Ntpy ligands show barely detectable emissions.
Similar results were obtained by excitation at 650 nm (Figure
S9a). Excitations at the 1MLCT and 3MLCT absorptions lead
to emissions with the same energies. This is also supported by
the excitation spectra of 3(PF6)2 and 5(PF6)2 (Figure S9b).
To further probe the electronic nature of the above osmium

complexes, stepwise oxidative electrolysis were carried out at a
transparent indium−tin−oxide (ITO) glass electrode. The
absorption spectral changes from the visible to near-infrared
(NIR) region were monitored by a UV/vis/NIR spectrometer.
Figure 5a,b shows the absorption changes of 1(PF6)2 upon

one-electron (single) and the second one-electron (double)
oxidations, respectively. In the single oxidation step (potential
was increased from +0.4 to +1.0 V), the MLCT transitions
significantly decreased and new NIR absorptions around 1000

Figure 4. Electronic absorption spectra (a) and emission spectra (b) of
1(PF6)2−5(PF6)2 and [Os(tpy)2](PF6)2 in CH3CN. The excitation
wavelength is 480 nm for the emission spectra.
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nm appeared. At the same time, some absorptions between
2200 and 3000 nm appeared. Although these absorptions are
heavily disturbed by the background noise, the increasing trend
is very clear. These absorptions are characteristic of d-d
transitions of OsIII complexes.15,24 In the double oxidation step,
the transitions at 1000 nm decreased and the OsIII d-d
transitions remained unchanged. These results suggest that the
single oxidation of 1(PF6)2 is largely associated with the OsIII/II

process. The absorption at 1000 nm of 13+ could be caused by
the ligand-to-metal charge-transfer (LMCT) transitions from
the amine unit (Ntpy ligand) to the oxidized Os ion, namely
the N → OsIII CT transition.

The spectral changes of 2(PF6)2 upon single oxidation is
quite similar to those of 1(PF6)2 (Figure 5c), again suggesting
that the oxidation is largely associated with the osmium
component. In the double oxidation step, the transitions
around 800 nm continued to increase, which decreased upon
the further increasing the potential (Figure 5d,e). In this step, it
would be natural to consider that one amine site of 23+ was
oxidized to give 24+, which will have the form of a mixed-valent
bis-amine, [N•+-Os(III)-N], bridged by a osmium(III)
component. However, the following theoretical calculations
suggest that 24+ may also has the electronic structure as [N•+-
Os(II)-N•+] and the absorptions at 800 nm could not be

Figure 5. Absorption spectral changes of 1(PF6)2 (a,b) and 2(PF6)2 (c−e) upon single (a,c), double (b,d), and triple oxidation (e) by stepwise
electrolysis at ITO glass in 0.1 M Bu4NClO4/CH3CN. The applied potentials are referenced vs Ag/AgCl. The sharp peaks at around 1900 nm are
from the solvent background.

Figure 6. Absorption spectral changes of 3(PF6)2 (a,b), 4(PF6)2 (c,d), and 5(PF6)2 (e,f) upon stepwise electrolysis at ITO glass in 0.1 M Bu4NClO4/
CH3CN. The applied potentials are referenced vs Ag/AgCl.
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interpreted as IVCT transitions. This explanation is also
consistent with the further growth of the band at 800 on further
oxidation, as there are now two acceptor sites present in the
same molecule.
When complexes 3(PF6)2 was subjected to the similar

oxidative electrolysis, a much broader albeit weaker NIR
absorption (relative to the absorption at 1000 nm of 13+)
spanning from 800 to 2500 nm appeared in the first one-
electron (1e) oxidation step (Figure 6a). According to the
above electrochemical analysis, the single oxidation of 3(PF6)2
is mainly associated with the oxidation of the amine unit of the
NPhtpy ligand. The increase of the absorption at around 750
nm is attributed to the N•+-localized transitions20 and the NIR
absorption of 33+ has the Os(II) → N•+ MLCT character. In
the double oxidation step (Figure 6b), the NIR absorption
continued to increase and the OsIII d-d marker transitions
between 2200 and 3000 nm appeared. These spectral features
are consistent with the above electrochemical assignments. The
spectral changes of 5(PF6)2 (Figure 6e,f) are similar to those of
3(PF6)2. However, the molar absorptivity of the NIR band of
54+ (obtained from the two-electron (2e) oxidation of 5(PF6)2)
doubles relative to that of 33+, consistent with the oxidations of
two amine sites of 5(PF6)2. No IVCT transition can be
distinguished during the single oxidation step. It should be
mentioned that, despite to the absence of a potential splitting,
the 1e-oxidized form 53+ is also present in equilibrium with the
neutral (52+) and 2e-oxidized form (54+) at intermediate stages.
If an IVCT transition is present, some peculiar spectroscopic
profile could be detected.
The spectral changes of the asymmetric diamine complex

4(PF6)2 are somewhat different from those of other four
complexes. In the first and second 1e oxidation steps, a new
absorption band at around 1000 nm increased continuously.
The appearance of the peak at 750 nm can be clearly assigned
to the N•+-localized transition.20 It seems that the OsIII d-d
marker transitions between 2200 and 3000 nm continued to
increase in both steps, although they are heavily overlapped
with the solvent background. This may suggest that these two
processes cannot be simply assigned to either a OsIII/II or N•+/0

process. Both osmium and amine components could be
oxidized in the single and double oxidation, respectively, and
both 43+ and 44+ have rather delocalized charge.
DFT and TDDFT Studies. The TDDFT results of 12+−52+

are presented in Figures S3−S8. We focus the DFT and
TDDFT results on the singly or doubly oxidized states. These
calculations were performed on the level of theory of B3LYP/
LANL2DZ/6-31G*/CPCM (see details in the Experimental
Section). Figure 7 shows the Mulliken spin density
distributions (α − β) of 13+−53+ and 24+ and 44+ in the triplet
state. The singlet state of 24+ and of 44+ was calculated to be
0.48 and 0.53 eV higher in energy relative to the triplet state,
respectively, suggesting that the ground state of 24+ and 4 4+ is
the triplet state. The spin density of 13+ is distributed among
the [Os(Ntpy)] component. However, the Os ion has larger
contribution relative to the Ntpy ligand (0.629 vs 0.377),
consistent with the above experimental results that the single
oxidation of 1(PF6)2 is more biased toward the OsIII/II process.
The situation of 23+ is very similar to 13+. For the NPhtpy-
containing complexes 33+, 43+, and 53+, the spin density mainly
concentrates on the NPhtpy ligand. However, the osmium ion
of 43+ makes slightly larger contribution (0.113) with respect to
those of 33+ and 53+. This could explain, in the above
spectroelectrochemical measurements, why the OsIII d-d

marker transitions appeared in the single oxidation step of
4(PF6)2.
The spin density distribution of triplet 24+ and 44+ are rather

delocalized. The contribution of each segment is 0.642/0.621/
0.736 for Ntpy/Os/Ntpy of 24+ and 0.462/0.558/0.980 for
Ntpy/Os/NPhtpy of 44+, respectively. This suggests that 24+

and 44+ have resonance structures between [N•+-Os(III)-N]
and [N•+-Os(II)-N•+]. It should be mentioned here that DFT
methods often overestimate charge delocalization and these
results should be taken with care.
TDDFT calculations have been carried out on 13+−53+ and

triplet 24+ and 44+. The predicted excitations of 23+, 24+, 43+,
and 44+ are summarized in Figures 8 and 9 and Table 2. The
NIR transitions of these complexes can be reproduced by
TDDFT predications. However, the predicted excitations are
slightly lower in energy relative to the experimentally observed
data. The predicted D3 excitation (λ = 1294 nm, f = 0.4695) of
23+ is mainly responsible for the observed for the NIR
absorption band around 800 nm. This excitation is dominated
by the β spin transition from the HOSO-1 (HOSO = highest
occupied spin orbital) to the LUSO (LUSO = lowest
unoccupied spin orbital). The segmental Mulliken contribution
of Os/Ntpy is 0.17/0.79 for the HOSO-1 and 0.45/0.49 for the
LUSO, respectively. This suggests the character of N→ Os(III)
LMCT transition as has been discussed in the above
spectroelectrochemical results. The N•+-localized transitions
can be reproduced by the predicted D5 excitation (λ = 750 nm,
f = 0.1394, β-HOSO-5 → β-LUSO). In the doubly oxidized
state 24+, the NIR transition can be explained by the predicted
T3 excitation, which has the main character of MLCT
transitions (dominated by β-HOSO-1 → β-LUSO and β-
HOSO-2 → β-LUSO+1 transitions). Other predicted NIR
excitations, e.g., T1 and T2, have negligible oscillator strengths

Figure 7. DFT-calculated spin density distributions.
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and also have MLCT characters. No IVCT transitions have
been predicted. The T7 and T8 excitations around 800 nm with
large oscillator strengths are attributed to the N•+-localized
transitions.
For complex 43+, the predicted D2 excitation (λ = 1189 nm, f

= 0.2413) associated with the β-HOSO-2→ β-LUSO transition
is mainly responsible for the NIR absorptions at 1000 nm,
which has major contribution from Os(II) → NNPhtpy

•+ MLCT
transitions. This again is consistent with the above spectroelec-
trochemical results. The predicted D5 excitation (λ = 730 nm, f
= 0.2775) with the β-HOSO-5 → β-LUSO is associated with
the N•+-localized transitions. In the doubly oxidized state 44+,
the predicted T3 excitation (λ = 1300 nm, f = 0.4711) is
responsible for the observed absorption at 1000 nm. This
excitation is dominated by the β-HOSO → β-LUSO transition.
On the basis of the segmental Mulliken contribution analysis of
these two orbitals (Ntpy/Os: 0.71/0.24 for β-HOSO; 0.56/
0.38 for β-LUSO), this transition has some Os → NNtpy

•+

MLCT characters. On the other hand, the predicted T6
excitation has the character of Os → NNPhtpy

•+ MLCT
transitions (β-HOSO-2 → β-LUSO+1). The T7 and T8
excitations are associated with the N•+-localized transitions.
Other predicted excitations have negligible oscillator strengths.
The TDDFT results of 13+ with one Ntpy ligand are very

similar to those of 23+ with two Ntpy ligands. For the NPhtpy-
containing complexes, the TDDFT results of 33+ and 53+ are
very similar to those of 23+. These results are summarized in
Figure S10 and Table S2. Since no amine−amine electronic

coupling is present in complex 5, the TDDFT results of 53+

should be eligible for the explanation of the obtained
absorption of 54+ (53+ and 54+ have the same absorption
pattern albeit different absorptivities).

Electron Paramagnetic Resonace (EPR) Studies. The
recording of EPR signals of osmium(III) complexes has been
known notoriously difficult.15 However, nitrogen-centered
organic radicals should exhibit distinct EPR signals. This
should allow us to differentiate the osmium- or nitrogen-
centered spins. Complexes 33+ and 53+, which were obtained by
the oxidation of 3(PF6)2 and 5(PF6)2 with 0.5 equiv of cerium
ammonium nitrate (CAN), show distinct EPR signals at g =
2.00 in CH3CN at room temperature (Figure 10). The use of
0.5 equiv of the oxidant, instead of 1 equiv, is for the purpose of
preventing over-oxidaiton. In contrast, no EPR signals could be
obtained for samples 13+, 23+, and 43+ prepared by the same
method. This is in agreement with the above electrochemical
and theoretical results, namely, the 1e oxidations of 3(PF6)2
and 5(PF6)2 are largely associated with the oxidation of the
NPhtpy ligand. However, the oxidation of the osmium
component makes great or dominant contribution to the 1e
oxidations of the other three complexes.

■ CONCLUSION
In summary, five osmium bisterpyridine complexes with one or
two redox-active amine substituents have been synthesized and
studied. All complexes show stepwise oxidations of the osmium
ion and the amine segment. However, the redox potential and

Figure 8. TDDFT-predicted excitations and involved spin orbitals of 23+ (a) and 24+ (b). The absorption spectra of 23+ and 24+ are included for
comparison.
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the order of the OsIII/II and N•+/0 processes vary significantly
depending on the electronic nature of the amine substituents.
In the singly oxidized state, either Os(II) → N•+ MLCT or N
→ Os(III) LMCT transitions in the NIR region are observed.
This work shows that the electrochemical and photophysical
properties of osmium complexes can be significantly modulated
by the presence of additional redox-active motifs.
For all of the three complexes with two amine substituents,

no evidence has been observed for presence of the osmium-
mediated amine−amine electronic coupling. For complex
2(PF6)2 with two Ntpy ligands, the single-oxidation step is
mainly associated with the OsIII/II process. In the doubly
oxidized state, the complex has a big contribution from the
[N•+-Os(II)-N•+] electronic structure and the observed NIR
absorptions mainly have the character of Os(II) → NNtpy

•+

MLCT transitions. For the asymmetric complex 4(PF6)2 with
one Ntpy and one NPhtpy ligand, the single-oxidation step is
mainly associated with the NNPhtpy

•+ process. The NIR
absorptions are dominated by the Os(II) → NNPhtpy

•+ MLCT
transitions. For the complex 5(PF6)2 with two NPhtpy ligands,
the amine−amine distance is too long for efficient electronic
coupling.
Some distinct differences are present between these osmium

complexes and the previously reported ruthenium ana-
logues.16,17 The lower Os(III/II) potential relative to the
Ru(III/II) potential completely changes the electronic structure
and the nature of the charge-transfer transitions of the
[M(Ntpy)]-type complexes in the one-electron-oxidized form.
In addition, the similarity between the Os(III/II) potential and
the NNtpy

•+/0 potential results in the stronger metal−ligand

electronic coupling with respect to the ruthenium analogue.
These suggest that the potential difference between/among
involved redox processes makes critical roles in determining the
electron nature and the degree of electronic coupling of
molecular materials with multiple redox-active components.

■ EXPERIMENTAL SECTION
Synthesis. NMR spectra were recorded in the designated solvent

on a Bruker Avance 300 or 400 MHz spectrometer. Spectra are
reported in ppm values from residual protons of deuterated solvent.
Mass data were obtained with a Bruker Daltonics Inc. (Germany)
Autoflex III MALDI-TOF mass spectrometer. The matrix for MALDI-
TOF measurement was α-cyano-4-hydroxycinnamic acid. Micro-
analysis was carried out using a Thermo Scientific (USA) Flash EA
1112 analyzer at the Institute of Chemistry, Chinese Academy of
Sciences.

Synthesis of [Os(ttpy)Cl3] and [Os(NPhtpy)Cl3]. According to the
known procedure,15g,25 these two complexes were prepared by heating
the mixture of ttpy or NPhtpy (0.1 mmol) with [(NH4)2OsCl6] (0.1
mmol) in ethylene glycol (5 mL) at 160 °C for 1 h. The precipitate
formed during the reaction was filtered and washed with ethanol, water
and diethyl ether successively (80−90% yield). The obtained samples
were used for next transformation without further characterization and
purification.

Synthesis of Complex 1(PF6)2, [Os(ttpy)(Ntpy)](PF6)2. A suspension
of [(ttpy)OsCl3] (31.0 mg, 0.050 mmol) and ligand Ntpy (23.0 mg,
0.050 mmol) was refluxed in 5 mL of ethylene glycol under nitrogen
atmosphere for 2 h. After cooling to room temperature, 5 mL of
saturated aqueous KPF6 solution was added for the anion exchange.
After filtration and washing successively with water and ether, the
obtained solid was subjected to column chromatography on silica gel
(eluent: CH3CN/H2O/saturated aqueous KNO3, 30/1/0.05), fol-

Figure 9. TDDFT-predicted excitations and involved spin orbitals of 43+ (a) and 44+ (b). The absorption spectra of 43+ and 44+ are included for
comparison.
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lowed by anion exchange using KPF6, to afford 48.2 mg of 1(PF6)2 as a
purple solid in 76% yield. 1H NMR (acetone-d6, 300 MHz): δ 9.36 (s,
2H), 9.00 (d, J = 8.4 Hz, 2H), 8.41 (d, J = 8.1 Hz, 2H), 8.32 (s, 2H),
8.19 (d, J = 8.4 Hz, 2H), 7.96 (t, J = 7.2 Hz, 2H), 7.75−7.85 (m, 4H),
7.50−7.60 (m, 8H), 7.34 (t, J = 7.2 Hz, 2H), 7.10−7.20 (m, 6H), 3.90
(s, 6H), 2.54 (s, 3H). 13C NMR (acetone-d6, 75 M): δ 161.03, 160.37,
158.59, 156.58, 155.78, 154.85, 152.49, 152.44, 146.07, 140.56, 137.52,
137,47, 137.29, 133.31, 129.92, 128.55, 128.04, 127.79, 127.73, 124.63,
124.50, 119.47, 115.59, 108.90, 55.04, 20.32. MALDI-TOF MS (m/z):
1120.5 for [M − PF6]

+, 975.5 for [M − 2PF6]
+. Anal. Calcd for

C51H41F12N7O2OsP2·4H2O: C, 45.84; H, 3.70; N, 7.34. Found: C,
45.76; H, 3.29, N, 7.16.
Synthesis of Complex 2(PF6)2, [Os(Ntpy)2](PF6)2. A suspension of

ligand Ntpy (46.0 mg, 0.10 mmol) and [(NH4)2OsCl6] (22.0 mg,

0.050 mmol) was refluxed in 5 mL of ethylene glycol under nitrogen
atmosphere for 2 h. After cooling to room temperature, 5 mL of
saturated aqueous KPF6 solution was added for the anion exchange.
After filtration and washing successively with water and ether, the
obtained solid was subjected to column chromatography on silica gel.
(eluent: CH3CN/H2O/saturated aqueous KNO3, 30/1/0.05), fol-
lowed by anion exchange using KPF6, to afford 49.0 mg of 2(PF6)2 as a
purple solid in 70% yield. 1H NMR (acetone-d6, 400 MHz): δ 8.39 (d,
J = 8.4 Hz, 4H), 8.29 (s, 4H), 7.77 (t, J = 7.2 Hz, 4H), 7.63 (d, J = 5.6
Hz, 4H), 7.48 (d, J = 8.8 Hz, 8H), 7.20 (t, J = 6.4 Hz, 4H), 7.14 (d, J =
8.8 Hz, 8 H), 3.90 (s, 12H). 13C NMR (acetone-d6, 75 M): δ 160.95,
158.44, 156.00, 155.01, 152.33, 137.49, 137.04, 128.42, 127.83, 124.30,
115.54, 108.86, 55.03. MALDI-TOF MS (m/z): 1257.1 for [M −
PF6]

+, 1112.1 for [M − 2PF6]
+. Anal. Calcd for C58H48F12N8O4OsP2·

2H2O: C, 48.47; H, 3.65; N, 7.80. Found: C, 48.29; H, 3.65, N, 7.80.
Synthesis of Complex 3(PF6)2, [Os(ttpy)(NPhtpy)](PF6)2. This

complex was prepared similarly as 1(PF6)2 from the reaction of
[(ttpy)OsCl3] with NPhtpy (0.05 mmol scale, purple solid, 68%
yield). 1H NMR (acetone-d6, 300 MHz): δ 9.41 (s, 2H), 9.34 (s, 2H),
8.95−9.05 (m, 4H), 8.20 (d, J = 8.1 Hz, 2H), 8.11 (d, J = 9.0 Hz, 2H),
7.88−7.98 (m, 4H), 7.65−7.70 (m, 4H), 7.56 (d, J = 8.1 Hz, 2H),
7.18−7.30 (m, 8H), 7.08 (d, J = 8.4 Hz, 2H), 7.02 (d, J = 9.0 Hz, 4H),
3.84 (s, 6H), 2.54 (s, 3H). 13C NMR (acetone-d6, 75 M): δ 160.48,
157.17, 155.59, 155.23, 152.56, 152.53, 151.19, 147.59, 147.29, 140.73,
139.70, 137.84, 133.15, 129.94, 128.87, 127.97, 127.92, 127.88, 127.64,
126.37, 124.89, 124.79, 119.68, 118.80, 118.59, 115.02, 54.96, 20.35.
MALDI-TOF MS (m/z): 1196.1 for [M − PF6]

+, 1051.1 for [M −
2PF6]

+. Anal. Calcd for C57H45F12N7O2OsP2·2H2O: C, 49.75; H, 3.59;
N, 7.12. Found: C, 49.35; H, 3.47, N, 7.10.

Synthesis of Complex 4(PF6)2, [Os(Ntpy)(NPhtpy)](PF6)2. This
complex was prepared similarly as 1(PF6)2 from the reaction of Ntpy

Table 2. TDDFT-Predicted Excitations of 23+, 24+, 43+, and 44+ a

complex λ/nm f dominant transitions (percent contribution)

23+ D1 3426 0 β-HOSO → β-LUSO (69%); β-HOSO-3 → β-LUSO (26%)
D2 2172 0.0005 β-HOSO-2 → β-LUSO (95%)
D3 1294 0.4695 β-HOSO-1 → β-LUSO (95%)
D4 1104 0.0003 β-HOSO-3 → β-LUSO (64%); β-HOSO → β-LUSO (31%)
D5 750 0.1394 β-HOSO-5 → β-LUSO (99%)

24+ T1 1380 0.0004 β-HOSO → β-LUSO (97%)
T2 1357 0.0004 β-HOSO → β-LUSO+1 (97%)
T3 1251 0.6443 β-HOSO-2 → β-LUSO+1 (46%); β-HOSO-1 → β-LUSO (51%)
T4 1214 0.0157 β-HOSO-2 → β-LUSO (78%)
T5 1193 0.0005 β-HOSO-1 → β-LUSO+1 (79%)
T6 1058 0.0004 β-HOSO-2 → β-LUSO+1 (48%); β-HOSO-1 → β-LUSO (43%)
T7 810 0.2539 β-HOSO-3 → β-LUSO (99%)
T8 802 0.2544 β-HOSO-4 → β-LUSO+1 (99%)

43+ D1 1179 0.0009 β-HOSO → β-LUSO (98%)
D2 1189 0.2413 β-HOSO-2 → β-LUSO (90%)
D3 1181 0.0045 β-HOSO-1 → β-LUSO (92%)
D4 891 0 β-HOSO-3 → β-LUSO (96%)
D5 730 0.2775 β-HOSO-5 → β-LUSO (99%)

44+ T1 1680 0.0003 β-HOSO-1 → β-LUSO (96%)
T2 1446 0.0004 β-HOSO-2 → β-LUSO (95%)
T3 1300 0.4711 β-HOSO → β-LUSO (93%)
T4 865 0.0003 β-HOSO → β-LUSO+1 (99%)
T5 853 0 β-HOSO-1 → β-LUSO+1 (98%)
T6 831 0.1778 β-HOSO-2 → β-LUSO+1 (94%)
T7 781 0.2179 β-HOSO-4 → β-LUSO (99%)
T8 739 0.2863 β-HOSO-3 → β-LUSO+1 (98%)

aComputed at the TDDFT/UB3LYP/LANL2DZ/6-31G*/CPCM level of theory. D = doublet; T = triplet; f = oscillator strength; HOSO = highest
occupied spin orbital; LUSO = lowest unoccupied spin orbital.

Figure 10. EPR signals of 33+ (up) and 53+ (bottom) in CH3CN at
room temperature.
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with [(NPhtpy)OsCl3] (0.05 mmol scale, purple solid, 78% yield). 1H
NMR (acetone-d6, 300 MHz): δ 9.29 (s, 2H), 8.97 (d, J = 8.1 Hz, 2H),
8.43 (d, J = 8.4 Hz, 2H), 8.33 (s, 2H), 8.08 (d, J = 9.0 Hz, 2H), 7.95 (t,
J = 7.5 Hz, 2H), 7.70−7.80 (m, 4H), 7.45−7.60 (m, 6H), 7.32 (t, J =
7.2 Hz, 2H), 7.10−7.25 (m, 10H), 7.10 (d, J = 9.0 Hz, 2H), 7.05 (d, J
= 9.0 Hz, 4H), 3.90 (s, 6H), 3.85 (s, 6H). 13C NMR (acetone-d6, 75
M): δ 161.10, 160.45, 158.56, 157.12, 156.36, 155.68, 154.98, 152.42,
151.00, 146.21, 139.75, 137.45, 137.39, 137.33, 128.73, 128.56, 127.96,
127.74, 127.56, 126.65, 124.47, 118.70, 118.60, 115.58, 114.99, 108.88.
MALDI-TOF MS (m/z): 1332.8 for [M − PF6]

+, 1187.9 for [M −
2PF6]

+. Anal. Calcd for C64H52F12N8O4OsP2·3H2O: C, 50.20; H, 3.82;
N, 7.32; Found: C, 50.08; H, 3.54; N, 7.47.
Synthesis of Complex 5(PF6)2, [Os(NPhtpy)2](PF6)2. This complex

was prepared similarly as 2(PF6)2 from the reaction of [(NH4)2OsCl6]
with two equiv NPhtpy (0.05 mmol scale, purple solid, 91% yield). 1H
NMR (acetone-d6, 300 MHz): δ 9.35 (s, 4H), 8.99 (d, J = 6.0 Hz, 4H),
8.10 (d, J = 6.0 Hz, 4H), 7.94 (t, J = 6.0 Hz, 4H), 7.68 (d, J = 3.0 Hz,
4H), 7.15−7.30 (m, 12H), 7.10 (d, J = 9.0 Hz, 4H), 7.03 (d, J = 6.0
Hz, 8H), 3.85 (s, 12H). 13C NMR (acetone-d6, 75 M): δ 160.60,
157.20, 155.39, 152.51, 151.21, 147.43, 139.68, 137.79, 128.83, 127.88,
127.62, 126.36, 124.74, 118.60, 115.02, 54.95. MALDI-TOF MS (m/
z): 1408.8 for [M − PF6]

+, 1263.9 for [M − 2PF6]
+. Anal. Calcd for

C70H56F12N8O4OsP2·2H2O: C, 52.90; H, 3.80; N, 7.05; Found: C,
53.21; H, 3.61; N, 7.31.
X-ray Crystallography. The X-ray diffraction data were collected

using a Rigaku Saturn 724 diffractometer on a rotating anode (Mo K
radiation, 0.71073 Å) at 173 K. The structure was solved by the direct
method using SHELXS-9726 and refined with Olex2.27 The structure
graphics were generated using Olex2.

Crystallographic data for 2(PF6)2 (CCDC no. 1055941):
C58H48F12N8O4OsP2, M = 1401.18, triclinic, space group P1 ̅, a =
9.0219(18), b = 16.256(3), and c = 22.750(4) Å, α = 110.71(3)°, β =
97.09(3)°, γ = 93.99(3)°, U = 3073.9(12) Å3, T = 173 K, Z = 2, 12 468
reflections measured, radiation type Mo Kα, radiation wavelength
0.71073 Å, final R indices R1 = 0.0804, wR2 = 0.2086, R indices (all
data) R1 = 0.0819, wR2 = 0.2107.

Crystallographic data for 4(PF6)2 (CCDC no. 1055940):
C64H52F12N8O4OsP2, M = 1477.27, monoclinic, space group C12/c1,
a = 36.792(10), b = 16.180(4), and c = 22.067(6) Å, α = 90°, β =
95.302(4)°, γ = 90°, U = 13080(6) Å3, T = 173 K, Z = 8, 42 450
reflections measured, radiation type Mo Kα, radiation wavelength
0.71073 Å, final R indices R1 = 0.1040, wR2 = 0.1993, R indices (all
data) R1 = 0.1247, wR2 = 0.2113.
Spectroscopic Measurement. Absorption spectra were recorded

on a PerkinElmer Lambda 750 UV/vis/NIR spectrophotometer at
room temperature. Spectroelectrochemical measurements were
performed in a thin layer cell (optical length: 0.2 cm), in which a
transparent ITO glass electrode (<10 Ω/square) was set in the
indicated solvent that contained the compound to be studied (about 5
× 10−5 M) and 0.1 M Bu4NClO4 as the supporting electrolyte. A
platinum wire and Ag/AgCl in saturated aqueous NaCl was used as the
counter electrode and reference electrode, respectively. The cell was
put into the spectrometer to monitor the spectral change during
electrolysis.
Electrochemical Measurement. All electrochemical measure-

ments were taken using a CH Instruments (USA) 660D potentiostat
with one-compartment electrochemical cell under an atmosphere of
nitrogen. All measurements were carried out in CH3CN containing 0.1
M nBu4NClO4 as the supporting electrolyte at a scan rate of 100 mV/s
(for cyclic voltammetry). The working electrode was a Pt disk
electrode. The electrode was polished prior to use with 0.05 μm
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 Ag/AgCl electrode in saturated aqueous NaCl without
regard for the liquid junction potential. Potentials vs ferrocene+/0 can
be deduced by subtracting 0.45 V.
Computational Methods. DFT and TDDFT calculations are

carried out using the B3LYP28 exchange correlation functional
implemented in the Gaussian 09 program package.29 The electronic
structures of complexes were determined using a general basis set with

the Los Alamos effective core potential LanL2DZ basis set for osmium,
and 6-31G* for other atoms.30 No symmetry constraints were used in
the optimization (nosymm keyword was used). Solvent effects
(CH3CN) are included in all calculations with the conductor-like
polarizable continuum model (CPCM).31 Frequency calculations have
been performed with the same level of theory to ensure the optimized
geometries to be local minima. All orbitals have been computed at an
isovalue of 0.02 e/bohr3. The TDDFT-predicted spectra were
generated using GaussView 5.0.

EPR Measurements. EPR Measurements were performed on a
Bruker ELEXSYS E500-10/12 spectrometer at room temperature in
CH3CN. The spectrometer frequency ν was 9.75 × 109 Hz. The
mono-oxidized forms 13+−53+ were obtained by adding 0.5 equiv of
CAN to 1(PF6)2−5(PF6)2 in CH3CN in an NMR tube, and these
samples were directly used for EPR measurements.
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