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Compounds which absorb light strongly in the near-
infrared (NIR) region of the spectrum are of intense
interest because of their potential use in optical data
storage devices in which reading and writing is per-
formed by diode lasers which operate in this region of
the spectrum.1 Examples of such compounds include
metal dithiolene complexes,2 highly conjugated quino-
nes,3 and phthalocyanines.1,4 If the strong NIR absorp-
tion is not permanent but may be switched on by some
external perturbation, then the compound is a NIR
“color former” which is of additional interest in the areas
of optoelectronics and switchable electrochromic dyes.5
Such compounds are relatively rare.

We describe here two complexes (1 and 2, Scheme 1),
each containing a ferrocenyl group attached via a
conjugated spacer to an oxo-Mo(V) fragment, which
develop a very strong NIR absorption following oxida-
tion of both termini and are therefore switchable NIR
dyes. We became interested in these compounds be-
cause their donor-conjugated bridge-acceptor construc-
tion could be appropriate for nonlinear optical applica-
tions6 and have also found that they have remarkable
optical properties which are reported here.

The complexes were simply prepared by reaction of
the ferrocenylphenols7,8 HL1 and HL2 with [Mo(O)(Tp*)-

Cl2] [Tp* ) hydrotris(3,5-dimethylpyrazolyl)borate].9,10

The mononuclear complex [Mo(O)(Tp*)(Cl)(OC6H5)] (3)10b

was also examined as a spectroscopic model for the Mo
fragments of 1 and 2. Cyclic voltammetric studies
(Table 1, Figure 1) show that 1 and 2 undergo three
chemically reversible redox processes, at potentials
consistent with known properties of the component
parts: there is an Fe(II)/Fe(III) couple for the ferrocenyl
fragment and both Mo(V)/Mo(VI) and Mo(V)/Mo(IV)
couples for the oxomolybdenum fragment.10a The com-
plexes were then subjected to a spectroelectrochemical
study (Table 2).11,12

Initially we needed to examine the spectroelectro-
chemical behavior of each of the two chromophores
individually, for which purpose we used the mono-
nuclear oxo-Mo(V) complex 3 and the ferrocenyl ligand
HL2. On oxidation of 3 to [3]+, a metal-centered
oxidation of Mo(V) to Mo(VI), the main spectral change
is replacement of the single phenolate-to-Mo(V) lmct
band at 520 nm by two more intense bands at 681 and
475 nm, which are likely to be lmct transitions origi-
nating from the phenolate and oxo groups. The higher
energy transitions are less affected by the oxidation.
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Reduction of [3] to [3]- [reduction of Mo(V) to Mo(IV)]
showed little of interest beyond the disappearance of
the phenolate-to-Mo(V) lmct band at 520 nm.

In neutral HL2 the transitions at 450 nm and ca. 365
nm are mlct transitions characteristic of substituted
ferrocenes.13 The intense transition at 316 nm is
obviously ligand-centered, its relatively low energy
being a consequence of the extended conjugated system
provided by the substituent. On oxidation to [HL2]+,
none of these three transitions changes significantly in
energy, although the intensities of the former two
approximately double. A new transition appears at 860
nm, which is characteristic of ferrocenium derivatives
and is an lmct transition that has become possible
because of the hole in the metal-based e2g level.14

Knowing the spectroscopic behavior of the component
chromophores, the spectroelectrochemical properties of
1 and 2 were then examined at 243 K in CH2Cl2. In
each case the first oxidation (ferrocene to ferrocenium)
results in the appearance of the ferrocenium lmct
transition14 at about 900 nm (Figure 2). At the same
time the phenolate-to-Mo(V) lmct band at ca. 600 nm
is blue-shifted, consistent with the phenolate-based
HOMO being lowered in energy as a result of conjuga-
tion with a positive charge. The remaining transitions
are also identifiable as being associated with one or
other of the component parts with some minor pertur-
bations (Table 2), and it is clear that the first oxidation
is essentially localized on the ferrocene fragment.

After the second (Mo-based) oxidation of these com-
plexes, such that they now contain both ferrocenium and

oxo-Mo(VI) fragments, a dramatic change occurs at the
low-energy end of the electronic spectra: an intense new
transition appears which dominates the spectrum and
is both much stronger and at lower energy than the 681
nm lmct transition that appeared on oxidation of 3. This
occurs at 860 nm (ε ) 20 000 dm3 mol-1 cm-1) for [1]2+;
and 936 nm (ε ) 34 000 dm3 mol-1 cm-1) for [2]2+

(Figure 3) and therefore obscures the much weaker
ferrocenium-centered lmct. Given that this transition
only appears when both metal termini are oxidized, it
cannot be a metal-to-metal charge transfer between
electron-rich and electron-poor termini. We suggest
that the double oxidation imparts a planar, quinonoidal
character to the conjugated bridging group (Figure 4),
thereby introducing a new low-energy, fully allowed π
f π* transition delocalized over the bridging fragment;
such transitions are characteristic of extended quino-
nes.3 This implies that the two formally metal-centered
oxidations have some ligand-centered character. For
oxo-Mo(V) complexes of this type with phenolate ligands,
we have shown that oxidation to (formally) Mo(VI) has
a significant degree of ligand-based character;10a also,
addition of highly conjugated substituents to ferrocenyl
cores results in a substantial degree of mixing of metal
and ligand orbitals.13

A few significant points are as follows. First, the
intensity of these NIR transitions is comparable with
those of compounds that have found practical applica-
tions in prototypical data-storage devices.1 Second, the
first oxidation does not on its own become delocalized
over the bridging group, but remains ferrocenium-
localized (Figure 1) until the second oxidation has
occurred. In consequence, a one-electron reduction of
the dication to the monocation is sufficient to switch off
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Table 1. Electrochemical Data for the New Complexesa

complex Fe(II)/Fe(III) Mo(IV)/Mo(V) Mo(V)/Mo(VI)

1 +0.03 (80) -1.08 (120) +0.76 (80)
2 +0.03 (80) -1.11 (140) +0.69 (90)
3b -1.21 (200) +0.68 (90)

a All measurements made in CH2Cl2, containing 0.1-0.2 M
nBu4PF6 as base electrolyte. Potentials are in volts vs the ferrocene/
ferrocenium couple, and peak-peak separations (in mV) are in
parentheses. All processes are chemically reversible. b From ref
10a.

Figure 1. Cyclic voltammogram of 2 in CH2Cl2 (scan rate 0.2
V s-1).

Figure 2. Electronic spectra recorded during oxidation of 2
to [2]+ at 243 K in CH2Cl2.

Figure 3. Electronic spectra recorded during oxidation of [2]+

to [2]2+ at 243 K in CH2Cl2.
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the NIR transition completely. Third, although quite-
oxidizing potentials are necessary to effect the second
(Mo-centered) oxidation, replacement of the chloride
ligand by better electron-donors such as methoxide will
make this oxidation much easier and therefore allow
the electrochromic switching effect to occur under
relatively mild conditions.10b
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Table 2. Results of UV/vis Spectroelectrochemical Studies (CH2Cl2, 243 K)

λmax/nm [10-3 ε/M-1 cm-1]compd

1 650 (sh)a 490 (12)b 386 (28)c 250 (sh)
2 597 (2.7)a 470 (sh)b 373 (sh)c 318 (27)
3 520 (1.8)a 340 (6.2)c 266 (9.8)
HL2 451 (1.5)b 365 (sh)c 316 (44)
[1]+ 867 (1.7)d 640 (sh)a 500 (sh)b 398 (27)c 295 (18) 253 (27)
[2]+ 902 (1.3)d 591 (3.2)a 500 (sh)b 391 (14)c 301 (24) 260 (21)
[HL2]+ 860 (0.8)d 447 (4.0)b 365 (sh)c 316 (43)
[1]2+ 860 (20)e 580 (sh)f 388 (20)c 298 (18) 246 (sh)
[2]2+ 936 (34)e 568 (5.5)f 373 (13)c 289 (18) 257 (17)
[3]+ 681 (12)f 475 (5.4)f 359 (6.8)c

The following assignments are reasonable: aphenolatefMo(V) lmct. bLower energy ferrocenyl-based transition. c Cl(π) f Mo(V) lmct
and/or the higher energy ferrocenyl-based transition. d Ferrocenium-based lmct (Figure 2). e π f π* transition associated with quinonoidal
form of bridging group (Figures 3 and 4). f lmct involving Mo(VI).

Figure 4. Quinonoidal character of the bridging group in the doubly oxidized complexes [1]2+ and [2]2+.
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