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The resonance Raman and infrared spectra of the bridging
ligand 3,6-bis(2-pyridyl)-1,2,4,5-tetrazine (bptz) have been
studied. Ab initio calculations on bptz and the radical anion
bptz·− are able to predict the frequencies and intensities of
the vibrational spectra. This analysis is used to interpret the
vibrational spectroscopy of the bridged binuclear complexes
[(bpy)2Ru(µ-bptz)Ru(bpy)2]4+ (1) and [(PPh3)2Cu(µ-bptz)-
Cu(PPh3)2]2+ (2) and their redox products. The resonance Ra-
man spectroscopy of 1 reveals the bichromophoric nature of
the complex, with bpy and bptz ligand modes being en-
hanced selectively as a function of excitation wavelength.
The UV/Vis spectrum of 1+ reveals a strong IVCT band sug-

Introduction

The extent to which different bridging ligands (BL) can
facilitate coupling between adjacent metal-based moieties is
an area of intense interest.[123] Mixed-valence complexes in
which such metal coupling may occur are classified as Class
I, II, or III. In a complex in which the BL provides no
or little communication the resulting mixed-valent species
would show Class I behaviour but when the communication
is effective, Class II or III states may be formed.[428] Class
III systems are completely delocalised such that the mixed-
valence is equally shared by both metal centres. The Class
II classification is intermediate between I and III, in which
a barrier exists to moving charge between the adjacent
centres. Studies of mixed-valence complexes may focus on
the bridging ligand, by observing the properties of the π*
MO.[9] The metal communication may be probed by creat-
ing mixed-valent species and observing inter-valence
charge-transfer (IVCT) transitions, or by measuring the
separation between metal-based oxidation for identical moi-
eties such as {Fe(CN)4}22 or {Ru(bpy)2}21.[10214] The elec-
trochemical methods have been widely used to measure the
comproportionation constant (Kc) for the mixed-valent spe-
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gesting the mixed-valent species is Class III in nature. This
is consistent with findings for other metal moieties with the
bptz ligand. The resonance Raman spectrum of 1+ is also con-
sistent with a Class III formulation. The resonance Raman
spectrum of 2− is used to model bptz·− and the ab initio calcu-
lations show some correlation with the observed spectrum.
The excited-state resonance Raman spectra of 1, generated
with 532 and 633 nm excitation, show spectral features that
are not strongly characteristic of bptz·−. This appears to be a
consequence of the delocalised nature of the molecular or-
bitals involved in the excited-state of 1.

cies. Generally the mixed-valent species of interest is formed
through chemical or electrochemical redox reactions.[15,16]

However, it is possible to form mixed-valence species
through photoexcitation of a binuclear metal complex:[17]

M2BL2M 1 hν R M12BL22M (1)

Fewer studies have addressed the nature of the mixed-
valent state formed upon such excitation. Vibrational spec-
troscopy is a very powerful tool in this regard as reporter
ligands may be used to provide vibrational signatures that
are oxidation-state sensitive. The mixed-valent state may
be accessed through electrochemistry[18220] or photo-
excitation.[17,21226]

The aims of the present study are to probe the nature of
the lowest excited state and the redox states of [(bpy)2Ru(µ-
bptz)Ru(bpy)2]41 (1) using resonance Raman spectroscopy.
The structure of the bridging ligand, 3,6-bis(2-pyridyl)-
1,2,4,5-tetrazine (bptz) is shown in Figure 1. The advantage
of studying 1 is that the compound has a well-defined redox
behaviour.[27,28] Thus the spectroscopic data obtained may

Figure 1. Structure and numbering system for bptz
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be related to a specific type of mixed-valent system, in this
case Class III. The mixed-valent species formed by electro-
chemical oxidation is delocalised.[29] Furthermore the MO
structure of the bridging ligand, bptz, has been studied ex-
perimentally[27] and through computational calculations.[30]

These have found the redox MO for the reduced ligand and
1 to be strongly localised on the tetrazine portion of the
bptz ligand. Complex 1 therefore provides a system in
which each of the redox states that constitute an idealized
model of the MLCT excited-state are known.

One of the disadvantages of using resonance Raman
spectroscopy to probe the redox states and the lowest ex-
cited state of 1 is the presence of a number of overlapping
chromophores in the visible region. In studying complexes
with the {Ru(bpy)2}21 moiety the strong enhancement of
the bpy modes through the RuII R bpy MLCT transitions
often conspire to obscure the resonance Raman spectral
features from the other ligand present.[31234] In order to
obtain uncontaminated spectral signatures for bptz and
bptz·2 the resonance Raman spectra of [(PPh3)2Cu(µ-
bptz)Cu(PPh3)2]21 (2) and 22 were obtained. The
{Cu(PPh3)2}1 moiety possesses no additional chromoph-
ores in the visible region other than the CuI R bptz MLCT
transition. Furthermore the {Cu(PPh3)2}1 moiety causes
only modest changes in the ligand structure and complexes
with {Cu(PPh3)2}1 may be used to obtain the radical anion
spectra of ligands.[35237] The crystal structures of 2, re-
ported herein, and 22, previously published,[38] permit an
analysis of the changes in the vibrational spectra in terms
of the changes in bond lengths attendant upon reduction.

Results and Discussion

Electronic Spectroelectrochemistry

The electronic spectroscopic data for 1, 2, bptz, and their
redox products are summarized in Table 1.

Table 1. Electronic absorption data for bptz, complexes, and their
redox products

Compound λ [nm] (ε [103 21·cm21])

bptz[a] 294 (19.6)
bptz·2 [a] 368 (6.4)
1[b] 281 (64.1) 404 (7.5) 688 (13.6)
11 [b] 478 (4.6) 604 (12.2) 1483 (2.8)
12 [b] 434 (14.6) 491 (14.7)
2[a] 258 (32.6) 707 (4.5)
22 [a] 430 (3.7)

[a] CH2Cl2 solution. [b] MeCN solution.

Reduction results in the depletion of ground state bands
and the grow in of bptz·2 bands at approximately 400 to
450 nm. The spectra of 12 and 22 contain a bptz·2 band at
ca. 430 nm. The spectrum of 12 is also complicated by the
red-shifting of RuII R bpy MLCT transitions as a con-
sequence of the raising of dπ orbitals’ energies because of
the bptz reduction.[11] The spectrum of bptz·2 in solution
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shows a band at 368 nm. Recent studies of the spectroelec-
trochemistry for the mononuclear complex
[(bptz)Re(CO)3Cl]·2 reveals a band at 390 nm attributed to
the bptz·2 species.[45a]

The absorption spectrum of 2 shows a strong MLCT
transition at 707 nm. Reduction of 2 R 22 results in the
depletion of this band with the grow in of transitions at 430
and a shoulder at 520 nm, attributed to the radical anion
of bptz. This is in good agreement with the reported UV/
Vis spectrum of 22 formed through comproportionation re-
action,[38] which shows bands at 427 and 510 nm, and that
observed for [Cp*ClIr(µ-bptz)IrClCp*]1 [39] which shows a
band attributed to bptz·2 at 428 nm with ε 5 4500 21

cm21.
The electrochemical oxidation of 1 R 11 shows a reduc-

tion in the intensity of the MLCT band at 688 nm concom-
itant with the appearance of bands at 604 nm and 1483 nm
(Figure 2). The intensity of the band in the NIR region is
significantly greater than that observed for the related
[(NH3)4Ru(µ-bptz)Ru(NH3)4]51 (31).[30] In that case a band
observed at 1453 nm (ε ø 500 21 cm21) was assigned as
the IVCT transition. We propose that the feature observed
at 1483 nm in 11 is also of IVCT origin; however this band
is more intense than that for the related 31 complex. For
both 11 and 31 the mixed-valent species formed are Class
III in nature.[1,9] This may be established from the electro-
chemistry, the separation between metal-based oxidations
being . 400 mV, and from the band shape of the IVCT
band. In Class III systems the bandwidth (∆ν1/2) is less than
that predicted by Hush theory.[7,8] In the Hush analysis the
bandwidth is related to the transition wavenumber (ν) by
∆ν1/2 5 (2310ν)1/2 cm21.

Figure 2. UV/Vis absorption spectra for 1 R 11 (MeCN) electro-
chemical oxidation; arrows indicate the spectral changes occurring
as the sample is oxidized; the asterisk * indicates overtone absorp-
tion bands of solvent (MeCN)

Compounds that show IVCT bands that fit this model
are Class II in nature, whereas those which show much nar-
rower transitions are Class III.[40]

For 11 and 31 the experimental values of ∆ν1/2 are 1000
and 1600 cm21,respectively, the values predicted through
Hush theory would be 3960 and 3990 cm21 for 11 and 31.
They are therefore Class III systems. As 11 and 31 are
Class III mixed-valence systems the amount of coupling
may be parameterised by Had. This parameter represents
the bonding interactions between the two identical Ru sites
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directly and/or through superexchange pathways.[1,7,8] Had

is related to the wavenumber of the IVCT transition (Eop)
by Eop 5 2Had.

In 11 and 31 Had is 3300 and 3440 cm21, respectively.
The upshot of this is that the µ-bptz ligand is allowing a

similar level of coupling in the two complexes. The question
arises as to why in 11 the IVCT transition is 5 times more
intense than in 31. A similar phenomenon has been ob-
served in mixed-valence complexes with 1,4-dicyanoamido-
benzene.[41] In this case the peripheral ligands could tune
the system between Class II and Class III behavior. The
magnitude of the transition dipole moment (M) for the
IVCT transition is dependent upon the overlap integral be-
tween the donor and acceptor wavefunctions (Sad) and the
dipole moment length (R).[40]

In the case of 31 the highly delocalised donor and ac-
ceptor wavefunction mean that R will be very small. This
would result in a low ε for the IVCT band as is observed.
In the case of 11 the dipole length is greater because of
the inclusion of the bpy ligands in the donor and acceptor
wavefunctions. Calculations on related RuII mononuclear
complexes reveal that NH3 ligands show less potential to
mix with the dπ RuII-based HOMO than if bpy ligands are
present.[42] In the case of [Ru(bpy)2L]21 complexes the
HOMO has ca. 70% dπ Ru character. In the case of 11 it
is therefore reasonable to assume that the nature of the
donor and acceptor MOs of the IVCT transition produce a
greater dipole length than for 31.

Calculations of Structure and Crystal Structure
Determination

The geometry of bptz was calculated by using HF and
DFT (B3LYP) methods. In each case the ligand geometry
was planar. Bond lengths and angles for the calculated and
crystal structures are shown in Table 2. The notation is
given in Figure 1. The result is surprising in view of the
previously reported geometry optimization of bptz,[43]

Table 2. Bond lengths [Å] and angles [°] from calculations and crystallographic data

bptz 2 bptz·2 22

Crystal HF/6-31G(d) B3LYP/ B3LYP/ Crystal B3LYP/ Crystal
structure[a] 6-31G(d) 6-311G(d) structure[b] 6-31G(d) structure[c]

N(1)2C(1) 1.3326 1.316 1.333 1.330 1.350 1.340 1.338
C(1)2C(2) 1.388 1.382 1.398 1.396 1.376 1.400 1.385
C(2)2C(3) 1.381 1.386 1.393 1.391 1.372 1.400 1.375
C(3)2C(4) 1.387 1.384 1.393 1.390 1.400 1.393 1.381
C(4)2C(5) 1.3934 1.389 1.403 1.401 1.394 1.413 1.392
C(5)2N(1) 1.344 1.322 1.343 1.339 1.3495 1.361 1.353
C(5)2C(6) 1.4803 1.491 1.487 1.487 1.484 1.480 1.479
C(6)2N(5) 1.3416 1.323 1.348 1.345 1.3403 1.391 1.337
C(6)2N(2) 1.3426 1.323 1.348 1.345 1.3595 1.331 1.337
N(2)2N(3) 1.3198 1.285 1.315 1.311 1.334 1.399 1.393
C(4)2C(5)2N(1) 123.67 122.9 123.1 122.9 123.11 121.3 122.1
N(2)2C(6)2N(5) 124.77 123.1 124.1 123.9 125.1 127.0 129.9
N(1)2C(5)2C(6)2N(2) 19 0.00 0.00 0.00 9.72 0.00 0.00

Energy [Hartrees] 2785.68614 2790.51490 2790.68177 2790.55268

[a] Ref.[43] [b] This work. [c] Ref.[38]
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which reports a dihedral angle [as defined by
N(1)2C(5)2C(6)2N(2)] of 19°. Furthermore, the crystal
structure of the bptz contains a dihedral angle of 19°. In
order to test our calculations we delibrately started the op-
timization with the structure having a significant dihedral
angle. An analysis of the geometry optimization reveals that
the major structural modification is in the dihedral angle 2
no other parameters show greater than 5% variation. Other
than this discrepancy the bond lengths and angles we calcu-
late are in good agreement with the crystal structure. Im-
portantly the frequency calculations from these optimised
structures show no imaginary frequencies, suggesting the
geometries are at minimum energy.

An analysis of the bond lengths and angles reveals that
the structure predicted at HF/6-31G(d) corresponds less
closely to the crystal structure than the DFT (B3LYP)
method. The average discrepancy in bond length for the HF
calculation is 0.005 Å whereas for B3LYP it is 0.002 Å, for
both basis sets used. The HF calculation generally does a
poorer job with the C2N bond lengths and the N2N link-
age is also too short. The increase in basis set in the B3LYP
calculation does little to improve the predicted geometry.

Calculations were also carried out by using DFT
methods on the radical anion of bptz. The spin expectation
value, ,s2., for the radical anion was 0.7501. This is very
close to that for a pure doublet. We did not use HF
methods to model the radical anion because they often give
very poor ,s2. values.[44] The calculated structure shows a
lengthening of the N5N bond of the tetrazine. This is con-
sistent with the population of a LUMO by the reducing
electron that is based on the tetrazine and is antibonding
with respect to the N5N bonds. It is consistent with the
crystallographic data, vide infra.

The structure of 2 is similar to the previously described
complexes, with the bptz acting as a linear bidentate li-
gand.[39,45] The structure confirms the presence of two
{Cu(PPh3)2}1 groups bound at a Cu2Cu distance of 6.78
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Figure 3. Molecular structure of 2 with thermal ellipsoids at 50%
probability; selected bond lengths [Å]: Cu12N2 2.0666(15),
Cu12N1 2.0957(17), Cu12P2 2.2469(5), Cu12P1 2.2760(5),
N22N3 1.329(2), N22C69 1.355(2), N32C6 1.341(2)

Å, Figure 3. The bond length and angles for the bptz moi-
ety are presented in Table 2. The geometry about the copper
is not completely tetrahedral with the small bite-angle of
the bptz ligand and an axial-equatorial displacement of the
PPh3 groups. This displacement is not unusual in complexes
of this type[46] and is driven by the π2π interactions be-
tween the tetrazine ring and one of the phenyl rings on each
PPh3. The distance from the tetrazine to the phenyl range
from 3.323.7 Å.

The structure of the reduced complex has been previously
reported and it is useful to compare the two structures in
some detail. The structural details for bptz in 2 and 22 are
given in Table 2.[38] The most important area for compar-
ison is the bond lengths in the tetrazine ring. The study by
Kaim and co-workers indicated that the reducing electron
was located in the π* orbital of the N5N bond. The struc-
ture of 2 helps support this proposal; the N5N distance
[1.329(2) Å] is significantly shorter than that observed in 22

[1.394(5) Å]. The other distances in the tetrazine ring of 2
do not vary significantly from those described in 22 (see
Table 2). The bptz ligand in 2 is slightly more distorted than
its anion radical form 22. The twist angle between the pyri-
dyl groups and the tetrazine ring in 2 is 7.69°, whereas it is
only 5.8° in 22. Another notable distortion is caused by the
coordination of CuI. The ligand gains a slight distortion
which can be seen in the relative distances between N12N2
(2.66 Å) and N42C4 (2.98 Å). The Cu2N distances show
the same trend for 2 as noted for 22 with the Cu2N(1)
pyridyl bond [2.0957(17) Å] being longer than the Cu2N(2)
tetrazine [2.0666(15) Å] bond. The Cu2P distances in 2 at
2.2469(5) and 2.2760(5) Å are relatively similar, whereas in
22 they differ significantly [2.0297(12) and 2.2873(12) Å].

Frequency Calculations and Resonance Raman
Spectroscopy

The frequency calculations were performed on bptz
within a C2h point group. The energy difference between
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the bptz with no symmetry and that with C2h is less than
1.2·1027 Hartrees (3.1·1021 J·mol21). Essentially the struc-
tures are equivalent.[47]

The frequencies calculated at HF/6-31G(d) were empiric-
ally scaled by 0.87 according to the findings of Radom et
al.[48] The IR intensities and Raman activites were also ob-
tained. Frequencies were also calculated using the DF hy-
brid method [B3LYP with a 6-31G(d) basis set, frequencies
were scaled by 0.96].[48] The IR and Raman intensities were
also calculated.

The HF and DFT calculations show reasonably good
agreement with the IR data. The difference between the fre-
quency calculations at HF and DFT/B3LYP level in the
1100 to 1700 cm21 region are that the HF calculation
poorly predicts the intensities of the Raman spectrum. It
also places more ag modes above 1500 cm21 than the DFT
calculation and has only two modes in the 1400 to 1500
cm21 region. The Raman spectrum of bptz clearly shows 3
bands in the 1400 to 1500 cm21 region. Furthermore the
intensities calculated from HF predict strong Raman bands
in the 1530 and 1600 cm21. This is not observed in the
experimental spectra. For these reasons the HF calculations
are not used in our subsequent analyses.

A listing of modes, their symmetries and wavenumbers
for the DFT calculation and experimental data are given
in Table 3.

The measured IR spectrum of bptz shows strong trans-
itions at 1586, 1387, and 1130 cm21 (Table 3). These corre-
spond to modes 64, 54, and 45, respectively, from the DFT
calculation. These modes are depicted in Figure 4 and can
be best described as being pyridine ring (mode 64) and
tetrazine ring (modes 54 and 45) stretches.

The Raman activity is related to the intensity of Raman
bands as a function of the excitation wavelength and the
wavenumber of the Raman photon.[49] It should be noted
that the spectrum of bptz is a resonance Raman spectrum
and this affords enhancement of band intensities not simply
related to the Raman scattering cross section as calculated
in the simulated spectrum. A detailed quantitative analysis
is therefore inappropriate. It should, however, be noted that
ag modes are enhanced in resonance Raman spectra.[50] The
predicted modes that should show large Raman scattering
cross section are at 1599 (mode number 63), 1461 (mode
57), 1322 (mode 52), and 1278 cm21 (mode 49). Modes 57
and 52 are almost exclusively tetrazine based stretches (Fig-
ure 4).

The calculated spectra of bptz·2 were only run using
DFT methods. The predicted frequencies and intensities for
bptz·2 are presented in Table 4. The Raman spectrum in the
1100 to 1700 cm21 is dominated by mode 56 at 1380 cm21.
This mode corresponds to mode 57 for the neutral ligand.
A number of other weak ag modes are also Raman-active
in the 1100 to 1700 cm21 region. It is interesting to note
that those bands that are associated with normal modes of
pyridine-ring character, such as modes 64 and 63, are pre-
dicted not to shift much upon reduction. However, the
tetrazine modes, such as 57, 54, and 52, are predicted to
shift significantly. Mode 57 (1461 cm21 for bptz) is pre-
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Table 3. Wavenumbers [cm21] of experimental and calculated bands
for bptz in the 1000 to 1650 cm21 region

bptz B3LYP/6-31G(d) calculated bptz experimental data
Mode Mode ν [cm21][a] IR Raman
number symmetry ν [cm21][b] ν [cm21][c]

38 bu 995 (9, 0) 993 (17)
39 ag 1034 (0, 1)
40 bu 1042 (2, 0) 1042 (8)
41 bu 1052 (6, 0)
42 ag 1067 (0, 0)
43 bu 1097 (2, 0) 1092 (5)
44 ag 1099 (0, 0)
45 bu 1132 (32, 0) 1130 (36)
46 bu 1156 (0, 0) 1152 (27)
47 ag 1156 (0, 1)
48 bu 1256 (1, 0) 1241 (7)
49 ag 1278 (0, 25) 1266
50 bu 1291 (22, 0) 1255 (1)
51 ag 1291 (0, 0)
52 ag 1322 (0, 14) 1314
53 bu 1339 (2, 0)
54 bu 1388 (100, 0) 1387 (100)
55 ag 1430 (0, 5) 1447
56 bu 1448 (6, 0) 1444 (10)
57 ag 1461 (0, 100) 1462
58 ag 1471 (0, 1) 1476
59 bu 1485 (1, 0)
60 ag 1495 (0, 0)
61 bu 1589 (12, 0) 1576 (10)
62 ag 1590 (0, 0) 1576
63 ag 1599 (0, 26) 1591
64 bu 1599 (7, 0) 1586 (19)

[a] Relative intensities of IR and Raman bands, respectively, are
given in parentheses. The band intensities are normalized so that
the strongest band in the reported region has an intensity of 100.
[b] Relative intensities given in parentheses; normalized to 100 for
the strongest band in the region. [c] These data pertain to a reson-
ance Raman spectrum. The intensities are modulated by the reson-
ance effect, hence they are not comparable to the predicted spectra
and are not given.

dicted to shift to 1380 cm21 in bptz·2 (corresponding to
mode 56). Mode 54 shifts from 1388 to 1328 cm21 and
mode 52 from 1322 to 1280 cm21. These shifts are consist-
ent with population of a tetrazine-based MO in bptz·2 and
the concomitant weakening of the N2N linkages.

The resonance Raman spectra (RRS) of the complexes
are presented in Figure 5.

The Raman spectrum of the bptz ligand (Figure 5, bptz)
shows strong bands at around 1447 cm21 and at 1591 and
1576 cm21. The 1447 cm21 group of modes are assigned as
predominantly tetrazine ring stretch, those at higher fre-
quency are pyridyl ring stretches. If the excitation wave-
length is changed from 457.9 nm to 514.5 nm the relative
intensity of the 1447 cm21 is diminished suggesting reson-
ance enhancement of these spectra. All of the observed
bands are polarised and are thus from modes of ag sym-
metry.

The binding of the two {Ru(bpy)2}21 moieties results in
more complex resonance Raman spectra (Figure 5; 1). The
complex has two sets of chromophores in the visible region;
these are Ru(dπ) R bpy(π*) MLCT transitions and Ru(dπ)
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R bptz(π*) MLCT transitions. From electrochemical stud-
ies the bptz-terminated MLCT transition should lie at lower
energy than the bpy-based MLCT band. This is borne out
in the resonance Raman spectra where bpy modes at 1605,
1566, 1499, 1317, and 1172 cm21 are very strong with
457.9 nm excitation (Figure 5; 1, 457 nm).[33] Modes associ-
ated with the bptz ligand lie at 1503 and 1366 cm21 and
are attributed to modes 60 and 53. The intensity of the 1366
cm21 is convoluted with the solvent band; it is therefore
difficult to assign. The observed bptz bands of 1 are signi-
ficantly shifted from the bands in the free ligand. This may
be due to the electronic effect of the {Ru(bpy)2}21 dis-
torting the ligand, or its steric effect. The relative intensity
of the bpy modes is depleted as the excitation wavelength
is tuned from 488.0 to 514.5 to 632.8 nm. With the red ex-
citation wavelength no bpy modes are observed suggesting
the Ru R bpy MLCT transition has negligible intensity at
this wavelength.

The RRS of 2 (Figure 5) shows the enhancement of
modes at 1488, 1459, 1437, 1305, and 1290 cm21 assigned
as modes 60, 57, 55, 52, and 51. For bptz they are shifted
slightly from the Raman bands of the free ligand.

The RRS of 1 and 2 are generally similar with 632.8 nm
excitation; they both show a strong band at about 1490
cm21, 1488 for 2 and 1503 cm21 for 1, and a group of
vibrations at about 1300 cm21. The wavenumbers are
shifted significantly for each. Structural data are not avail-
able for 1 but recent detailed calculations on related PtII

complexes reveal significant perturbation of the electronic
structure of bptz by the bound metals.[43] It is known that
the {Ru(bpy)2}21 moiety is a stronger π-acid than
{Cu(PPh3)2}1 and this may lead to perturbations of the
ring structure and thus the vibrational spectra of the ligand.

Resonance Raman Spectroelectrochemistry

Resonance Raman spectroelectrochemistry offers a vibra-
tional spectroscopic probe of the mixed-valent state, with
oxidation, and of the bptz radical anion species, with reduc-
tion. The latter has already been thoroughly studied using
ESR spectroscopy.[51] Such studies revealed that most of the
electron density in the MO populated in the reduced species
is localised at the tetrazine ring.

The resonance Raman spectrum of 11 was measured us-
ing 457.9, 488.0, 514.5, and 632.8 nm excitation wave-
lengths (Figure 5). In ascertaining the electron density
changes about a metal upon oxidation, reporter groups are
often utilised. These may be CO or CN2 ligands; both show
a sensitivity of wavenumber of the stretch vibration to the
oxidation state of the metal atom.[17,21223] However, the bpy
vibrations are also frequency dependent on the oxidation
state of the metal atom.[33,34] For [Ru(bpy)3]31 the bpy
modes lie approximately 325 cm21 higher in frequency
than observed in the vibrational spectrum of
[Ru(bpy)3]21.[52] The spectra observed for 11 show bpy
bands that are slightly shifted from that of 1. This is most
readily observed in the spectrum generated with 457.9 nm
excitation; the bpy band at 1605 cm21 in 1 is shifted to 1608
cm21 in 11. Although this is a small shift it is not negligible
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Figure 4. Selected normal modes calculated for bptz. Modes 64 and 63 are pyridine-based, 57, 54, and 52 are tetrazine-based

and is consistent with oxidation of a metal site or sites. The
largest frequency shift observed in comparing 1 and 11 is
the bptz band at 1503 and 1513 cm21 respectively. This is
most readily seen in the spectra generated with 632.8 nm
excitation. The significance of these data are as follows: (1)
The larger shift for the bptz vibrational transition is consist-
ent with significant perturbation at the bridging ligand rel-
ative to the peripheral bpy ligands. (2) The shift of the bpy
mode upon oxidation is consistent with a perturbation of
electron density at both metal sites; an unperturbed RuII

centre would retain bpy signatures at 1605 cm21. This is
perhaps unsurprising in view of the strong coupling be-
tween the metal sites.[45a] Oxidation is likely to create an
{Ru12·5(µ-bptz)Ru12·5} species; thus the electron density
change on the metal atoms is delocalised and changes in
the bonding of the bpy ligands is delocalised over both
metal centres.

The 10 cm21 frequency shift of the bptz band, in relation
to point (1) above, provides support for the presence of a
superexchange contribution to the production of a Class III
species. Consequently, the HOMO has some bptz π-charac-
ter, in which the 11 formulation {Ru12·4(bptz10·2)Ru12·4}
may be more truthfully representative. That is, the 10 cm21

frequency shift of the bptz band is a direct result of the
depopulation of the HOMO which is constituted by some%
of bptz π-character.

In summary, the resonance Raman spectroscopy of 11 is
consistent with a Class III species.

The electrochemical reduction of 2 R 22 results in signi-
ficant spectral changes; firstly, the RRS of 22 is much more
intense than that of 2 generated with 457.9 nm excitation.
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A new set of bands are observed at 1406, 1313, 1274, 1027,
and 1002 cm21. These may be assigned to modes 56, 53, 51
43, and 40, respectively. The correlation is based on: (1) the
fact that this is a resonance Raman spectrum, thus ag

modes will be enhanced; (2) the calculation predicts some
intensity for each. The strongest of these bands lie at 1406
and 1274 cm21. The crystal structure of 22, and calcula-
tions on bptz·2, reveal that the N5N bond is 1.39 Å in 22

and 1.32 Å in 2. The shift to lower frequencies is most pre-
valent for the tetrazine modes as predicted by calculation.

The resonance Raman spectra of 12 show significant
changes to those of the parent complex at all 4 excitation
wavelengths (Figure 5). The spectrum of 12 generated with
457.9 nm excitation shows bands at 1506 cm21 that may be
assigned as a bptz·2 feature; other bands at 1605, 1486 and
1317 cm21 are bpy modes. Complete conversion from the
parent species is confirmed by the absence of any residual
1494 cm21 band. The band at 1559 cm21 (mode 62,
Table 4) is rather interesting; it appears to be composed of
bpy and bptz·2 vibrations. The spectrum at 488.0 nm excita-
tion shows similar bands with the bpy-modes reduced in
intensity. However, their relative intensity is greater in the
spectrum of 12 than in that of 1 at the same excitation
wavelength. This is consistent with a destabilisation of the
metal t2g MOs upon reduction at the ligand site. This effect
redshifts the Ru(dπ) R bpy(π*) MLCT transitions causing
them to become resonant at 488.0 and 514.5 nm.[33,34,53]

The resonance Raman spectrum of 12 observed with
632.8 nm excitation shows a very different intensity pattern
than that observed at the other excitation wavelengths.
Firstly, no bpy modes are observed. This is consistent with
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Table 4. Wavenumbers [cm21] of calculated bands for bptz·2, and
experimental bands of 22 in the 1000 to 1650 cm21 region

bptz·2 B3LYP/6-31G(d) calculated data Resonance Raman
Mode Mode data for 22

number symmetry ν [cm21][a] ν [cm21][b]

41 bu 1043 (51, 0)
42 bu 1049 (2, 0)
43 ag 1049 (0, 1) 1027
44 bu 1083 (16, 0)
45 ag 1088 (0, 1)
46 bu 1134 (90, 0)
47 ag 1141 (0, 0)
48 bu 1143 (32, 0)
49 ag 1230 (0, 2)
50 bu 1261 (29, 0)
51 ag 1280 (0, 1) 1274
52 bu 1283 (17, 0)
53 ag 1303 (0, 0) 1313
54 bu 1328 (20, 0)
55 bu 1361 (34, 0)
56 ag 1380 (0, 1000)
57 ag 1435 (0, 3) 1406
58 bu 1435 (70, 0)
59 ag 1477 (0, 0)
60 bu 1477 (66, 0)
61 bu 1574 (37, 0)
62 ag 1575 (0, 3)
63 bu 1593 (100, 0)
64 ag 1593 (0, 4)

[a] Relative intensities of IR and Raman bands, respectively, are
given in parentheses. The band intensities are normalized so that
the strongest band in the reported region has an intensity of 100
for IR and 1000 for Raman. [b] These data pertain to a resonance
Raman spectrum. The intensities are modulated by the resonance
effect, hence they are not comparable to the predicted spectra and
are not given.

the fact that at 632.8 nm there are no electronic transitions
involving the bpy ligands. Secondly, the bptz·2 mode at
1559 cm21 is absent and bands appear at 1005, 1257, and
1308 cm21 in a pattern completely different from that ob-
served at the other excitation wavelengths. The frequency
calculation predicts modes at 996, 1280, and 1303 cm21

which correspond to modes 40, 51, and 53, respectively. The
enhancement of these modes is quite different from that
observed for 22 (Figure 5; 22, 457 nm) and this suggests
that the bptz·2 species has a number of transitions in the
visible region that involve quite different portions of the
bptz·2 radical anion ligand. This is also supported by the
fact that the resonance Raman spectra of 2 show strong
variations in intensity for bands at 1488 and 1305 cm21

with λexc (Figure 5).

Excited-State Resonance Raman Spectra

The excited-state lifetime of 1 has not been reported; the
lack of any emission in fluid media suggests it is , 5 ns. It is
possible to probe such short-lived species using nanosecond
pulsed laser excitation at sufficient pump powers.[37,54256]

The RRS of 1 generated using 532 and 633 nm pulsed
excitation are shown in Figure 6. As the pulse energy is
increased a number of bands become stronger; these are
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Figure 5. Resonance Raman spectra of 1 (3 m MeCN), 2 (3 m
CH2Cl2), 11 (3 m MeCN), 22 (3 m CH2Cl2), 12 (3 m MeCN);
S represents a solvent band; all λexc 5 15 mW at sample

assigned to the excited state (1*). They lie at 988, 1100,
1120, 1161, 1568, and 1608 cm21. In a simple fashion the
spectrum of 1* can be thought of as a combination of the
spectra of 11 and 12. The 1568 and 1608 cm21 bands may
be attributed to bpy vibrational bands of a RuRbpy MLCT
transition from an Ru centre. None of the other excited-
state features present are bptz-associated marker bands for
11 or bptz·2 as probed in 12 or even 22.[57] This is in con-
trast to what is normally observed in the spectra of mono-
nuclear polypyridylmetal complexes.[21,22] A plausible ex-
planation for this discrepancy is that there is strong mixing
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Figure 6. Resonance Raman spectra of 1 (2 m MeCN) with
pulsed laser excitation: (i) λexc 5 633 nm, pulse energy 2 mJ; (ii)
λexc 5 633 nm, pulse energy 0.4 mJ; (iii) λexc 5 532 nm, pulse
energy 4 mJ; (iv) λexc 5 532 nm, pulse energy 2 mJ; (v) λexc 5 532
nm, pulse energy 0.5 mJ

(superexchange pathway) between the dπ and bptz π* MOs
such that both the acceptor and donor orbital in the excited
state are delocalised over the two Ru centres and bptz. Con-
sequently, the bptz vibrational band positions will reflect
the bonding changes due to the acceptor and donor orbitals
and not solely the acceptor orbital as is the case for mono-
nuclear metal polypyridyl complexes or Class I/II binuclear
polypyridylmetal complexes. Therefore, the excited-state
resonance Raman spectra of 1 are not inconsistent with a
Class III formulation of the 11 mixed-valent state in which
the Class III state is produced from a superexchange path-
way via bptz.

Conclusion

Ab initio calculations can provide useful insight into the
structure and vibrational spectra of ligands and their rad-
ical anions. In this case DFT calculations modelled the IR
spectrum of bptz very well. The frequency calculation also
allowed for a clear picture of the resonance Raman spectra
of 1 and 2.

The calculations on the bptz·2 predict a significant
lengthening of the N5N linkage from 1.31 to 1.40 Å. This
is the largest structural change predicted from the calcula-
tions. The crystal structure of 22 shows this predicted ef-
fect. The frequencies calculated for bptz·2 predict signific-
ant shifting of tetrazine modes from 1461 cm21 in bptz
(mode 57) to 1380 cm21 in bptz·2 (mode 56). This may be
correlated with bands of 2 at 1462 cm21 shifting to 1406
cm21 in 22.

The UV/Visible spectra of the oxidised complex, 11,
shows a distinct and narrow IVCT transition at 1483 nm.
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This is somewhat more intense than that observed for other
mixed-valent species with the bptz bridging ligand. We at-
tribute the increased intensity to the ability of the
{Ru(bpy)2}21 moiety to mix bpy character into the wave-
function of the donor MO in the IVCT transition. This has
the effect of increasing the dipole length of the transition
and thus its intensity. The resonance Raman spectra of 11

reveal small shifts in the bpy bands consistent with metal
oxidation. The absence of a discrete set of bpy bands for
RuII and RuIII centres suggests a Class III mixed-valent for-
mulation for 11; consistent with previous findings.

The resonance Raman spectra of the complexes 1 and 2
are consistent with the UV/Vis spectral assignments. The
resonance Raman spectra of 1 show enhancement of bpy
modes at blue excitation wavelengths with bptz modes being
enhanced with red excitation. This is consistent with
RuRbpy MLCT and RuRbptz MLCT transitions. For 2
only bptz modes are enhanced with visible excitation. The
change in relative intensities for the bptz bands suggest the
presence of two CuRbptz MLCT transitions in the visible
region. This is exemplified by the increased resonance en-
hancement of the 1305 cm21 band relative to 1488 cm21 on
going from 457.9 to 632.8 nm excitation.

The UV/Vis spectrum of 12 shows chromophores associ-
ated with the RuRbpy MLCT and bptz·2 πRπ* trans-
itions. The spectra generated with 457.9, 488.0, and
514.5 nm excitation are dominated by bpy bands but at
632.8 nm excitation bptz·2 bands are evident. The signature
for the bptz·2 comes from the spectrum of 22 which shows
the vibrational signature of bptz·2 and reveals the πRπ*
transition to lie at ca. 430 nm.

The excited-state resonance Raman spectra of 1* show
spectral features that are not a simple linear combination
of the oxidised metal centre and ligand radical anion. This
is consistent with a pair of acceptor and donor orbitals that
are delocalised over the two Ru centres and the bptz ligand.
A delocalised donor orbital is consistent with a Class III
mixed-valent species. It may also be due to the differing
probe wavelengths employed in the excited-state spectra of
1 over the spectroelectochemical spectra of 22.

Experimental Section

Complex Synthesis: [(bpy)2Ru(µ-bptz)Ru(bpy)2](PF6)4 [1·(PF6)4]
and [(PPh3)2Cu(µ-bptz)Cu(PPh3)2](BF4)2 [2·(BF4)2] were prepared
by literature procedures.[58260] Purity was confirmed by microana-
lysis. 1 can exist in a number of diastereoisomers; no attempt was
made to separate them.

Physical Measurements: Electronic absorption spectra were meas-
ured using a Perkin2Elmer λ-19 spectrometer. Electrochemical and
spectroscopic measurements used solvents of spectroscopic grade.
These were further purified by distillation and were stored over 5-
Å molecular sieves. The supporting electrolytes used in the electro-
chemical measurements were tetrabutylammonium perchlorate
(TBAP) and tetrabutylammonium hexafluorophosphate (TBAH).
These were purified by repeated recrystallizations from ethanol/
water, for TBAP, or ethyl acetate/ether, for TBAH.[61] Cyclic vol-
tammograms (CVs) were obtained from argon-purged degassed so-
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lutions of compound (ca. 1 m) with 0.1  concentration of TBAP
or TBAH present. The electrochemical cell consisted of a 1.6 mm
diameter platinum working electrode embedded in a Kel-F cylinder
with a platinum auxiliary electrode and a saturated potassium
chloride calomel reference electrode. The CV was calibrated against
ferrocene/ferrocenium couple by addition of ferrocene to the
sample cell and the running of a calibration CV. The potential of
the cell was controlled by an EG&G PAR 273A potentiostat with
Model 270 software. Resonance Raman spectra, generated with
continuous wave excitation, were obtained using an air-cooled ar-
gon ion laser (Melles2Griot Omnichrome 543-MAP) or helium-
neon laser (Oplectra). Plasma emission lines were removed from
the exciting beam using bandpass filters or a wavelength-specific
holographic laser bandpass filter (Kaiser Optical Systems, Inc.).
Spectra were analysed by using GRAMS 5.0 (Galactic Industries).
The cell used for Raman spectroelectrochemistry was an OTTLE
cell.[62] The sample was held in a spinning NMR tube or OTTLE
cell and Raman photons were imaged into the spectrograph (SPEX
750M) with a 135° backscattering arrangement. The spectrograph
was equipped with an 1800 g/mm holographic grating; detection
was achieved using a CCD (Princeton Instruments 1152 EUV LN2

cooled with CSMA version 2.3 software). Calibration of Raman
spectra were achieved with neon or argon ion emission lines. Spec-
tral calibrations were checked against solvent spectra.[63] This re-
vealed that peak reproducibility was accurate to 1.5 cm21 across
differing excitation wavelengths. For electronic absorption spectroe-
lectrochemistry spectra were acquired at a series of applied poten-
tials stepping through the oxidation or reduction of interest. For
Raman studies the applied potential was set beyond the E0/ value
of the electrochemical process, and data were collected after suffi-
cient time that the probed volume contained only the reduced or
oxidised product. The frequency-doubled output from an Nd:YAG
(Continuum Surelite I-10) pulsed laser (527 ns pulse width, operat-
ing at 10 Hz) was used to generate excited-state resonance Raman
(ESRR) spectra at 532 nm, it was also used to provide stimulated
Raman scattering[64,65] for the ESRR experiments with 633 nm ex-
citation. The 532 nm output from the Nd:YAG laser was focused
into a 10-cm cell filled with spectrophotometric grade acetonitrile.
A quartz Pellin2Broca prism was used to separate the co-linear
partially depleted pump beam and four Stokes orders of stimulated
Raman scattering. The first Stokes output from the Raman shifter
was directed onto the sample in the same manner as the continu-
ous-wave Raman experiments. Typically a 532 nm, 7240 mJ pump
pulse was used, generating 0.524.5 mJ of the second Stokes-shifted
line at 633 nm. Beam diameter at sample was 300 µm. The geo-
metry and vibrational frequencies of the bptz ligand and its radical
anion were obtained using HF and DFT-HF hybrid calculations
implemented with the Gaussian98 and -94 program packages.[66,67]

Visualization of the MOs and vibrational modes was provided by
the Molden package.[68]

X-ray Crystallographic Study: Crystal data for 2·(BF4)2·CH2Cl2:
C85H68B2Cl2Cu2F8N6P4, M 5 1668.93, triclinic, a 5 13.2173(2),
b 5 13.2183(2), c 5 14.70050(10) Å, α 5 87.8200(10), β 5

69.1300(10), γ 5 64.0130(10)°, V 5 2135.72(5) Å3, T 5 175 K,
space group P1̄, Z 5 1, µ(Mo-Kα) 5 0.699 mm21, d 5 1.298 Mg/
m3. Data collection: Siemens SMART CCD area detector, graphite
monochromator, 0.38 3 0.22 3 0.14 mm, 20511 reflections meas-
ured, 9168 unique (Rint 5 0.0173) which were used in all calcula-
tions. The final Rw(Fo

2) 5 0.0983 [R(Fo) 5 0.0383] Rw(Fo
2) 5

[{w(Fo
2 2 Fc

2)2}]/{w(Fo
2)2}]1/2 where w21 5 [σ2(Fo

2) 1 (aP)2 1 bP]
(a 5 0.0498; b 5 1.20) and P 5 [max(Fo

2,0) 1 2Fc
2]/3. All other

aspects of data collection, reduction, solution and refinement were
performed as previously described.[62][69] Crystallographic data (ex-
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cluding structure factors) for the structure(s) reported in this paper
have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication no. CCDC-166062. Copies of
the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB2 1EZ, UK [Fax: (internat.) 1 44-
1223/336-033; E-mail: deposit@ccdc.cam.ac.uk].
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