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The aqueous ion pair [Co(NH3)6]3+[B12H12]2– displays an UV absorption at λmax = 250 nm
which is assigned to an outer-sphere charge-transfer (OSCT) transition from [B12H12]2– to
[Co(NH3)6]3+. OSCT excitation leads to photoredox reaction with the formation of Co2+ (Φ =
0.03 at λirr = 313 nm).
Keywords: Charge transfer complexes; Photochemistry; Cobalt(III) complexes; Boranates;
Boranes; UV spectroscopy.

Electron transfer processes play a fundamental role in coordination chemis-
try. Our current knowledge is largely based on electrochemical studies. This
subject was pioneered by A. A. Vlček who recently presented as his legacy
an overview on the achievements and new trends in molecular electro-
chemistry of coordination compounds1. Vlček’s earlier investigations in-
cluded the examination of redox properties of [Co(NH3)6]3+ (refs2,3). This
cation can not only be reduced electrochemically but also photochemically.
In this context it is of interest that ion pairs of the type [Co(NH3)6]3+ Xn– are
well suited for examination of electron donor properties of reducing anions
Xn–, since they are characterized by outer-sphere charge transfer (OSCT)
transitions that involve the promotion of electron from Xn– to [Co(NH3)6]3+

(refs4,5). In a more general sense, Xn– as a constituent of such ion pairs can
be also viewed as a ligand (second-sphere ligand) which may be redox ac-
tive, too. The importance of ligand-based redox processes has been empha-
sized by A. A. Vlček some 20 years ago6.

Boranes as ligands in transition metal complexes have attracted much
attention7–11. Since boranes are generally reducing, such ligands are
expected to participate in photochemical CT processes. Unfortunately,
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metalloboranes possess complex molecular and electronic structures, ham-
pering the investigation of their electronic spectra and photoreactivity. In a
simple approach to this problem, we decided to study the ion pair
[Co(NH3)6]3+[B12H12]2– .

BH4
– as the parent of all hydridoborates is a versatile reducing agent,

functioning as a hydride donor. Unfortunately, previous attempts to use
BH4

– as CT donor in ion pairs have failed12. This seems to be rather surpris-
ing in view of the well known OSCT absorptions of ion pairs such as
[Co(NH3)6]3+BPh4

– (refs4,5,13). However, BH4
– is very reactive and undergoes a

facile hydrolysis in the presence of water. On the contrary, B12H12
2 – (refs14,15)

is completely stable in water. It belongs to a class of cluster anions with the
general composition BnH n

2 – (refs11,16). These polyhedral closo-boranes pos-
sess remarkable properties. These very stable clusters have highly symmetri-
cal structures and are regarded as three-dimensional aromatic species17.
Moreover, calculations on the icosahedral B12H12

2 – have led to the conclu-
sion that the extra charge of –2 is mainly localized on the surface of this
dianion18. This should facilitate an OSCT interaction in the ion pair
[Co(NH3)6]3+[B12H12]2–.

EXPERIMENTAL

Materials

[Co(NH3)6]Cl3 and K2[B12H12] were obtained from Aldrich. The water used was triply
destilled.

Apparatus

Absorption spectra were measured with Hewlett–Packard 8452A diode array or Uvikon 860
spectrophotometers. The light source used was an Osram HBO 100 W/2 or a Hanovia Xe/Hg
977 B-1 (1 kW) lamp. Monochromatic light was obtained using a Schoeffel GM 250/1
high-intensity monochromator (band width 23 nm). The photolyses were carried out in
aqueous solutions in 1 cm cuvettes at room temperature. Progression of the photolyses was
monitored by UV-VIS spectroscopy. For quantum yield determinations the complex concen-
trations were such as to achieve essentially complete light absorption. The total extent of
photolysis was limited to less than 5% to avoid light absorption by the photoproduct. Ab-
sorbed light intensities were determined by a Polytec pyroelectric radiometer that was cali-
brated by actinometry and equipped with a RkP-345 detector.

RESULTS

Upon mixing up aqueous solutions of [Co(NH3)6]Cl3 and K2[B12H12], a new
absorption appears that leads to increased absorbance in the UV spectral re-
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gion (Fig. 1). The absorbance difference spectrum clearly reveals the exis-
tence of a new maximum. At fairly high equimolar concentrations (2 · 10–3

mol l–1) of both ions, this band follows the Lambert–Beer law. It is assumed
that at this concentration, ion pairing is complete. The new absorption at
λmax = 250 nm (ε = 91 mol–1 l cm–1) has a half-width of ∆ν1/2 = 6 800 cm–1.
Deviation from the Lambert–Beer law at much lower concentrations (<5 · 10–4

mol l–1) is used to estimate the ion pair association constant. The ion pair
[Co(NH3)6]3+[B12H12]2– is not very stable (K = 290 l mol–1).

Upon irradiation of the aqueous ion pair [Co(NH3)6]3+[B12H12]2– at λirr =
313 nm a photoredox reaction takes place. Reduced Co2+ determined spec-
trophotometrically as [Co(NCS)4]2– (λmax = 625 nm, ε = 1 700 mol–1 l cm–1)19 is
formed with the quantum yield Φ = 0.03 at λirr = 313 nm. The parent ion
[Co(NH3)6]3+ itself is hardly light-sensitive under these conditions. At λirr =
313 nm, Co2+ is formed with Φ < 10–3.

DISCUSSION

The complex [Co(NH3)6]3+ shows two ligand field absorptions at λmax = 340
nm (ε = 46 mol–1 l cm–1) and 475 nm (ε = 56 mol–1 l cm–1) and a more in-
tense shorter-wavelength band which belongs to a ligand-to-metal charge
transfer transition20. The anion [B12H12]2– starts to absorb at approximately
220 nm. The absorption maximum is located at λ < 185 nm (refs15,21). In
analogy to various other ion pairs that consist of [Co(NH3)6]3+ and a reduc-
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FIG. 1
Electronic absorption spectra of aqueous 4.08 · 10–3 M [Co(NH3)6]Cl3 and 4.08 · 10–3 M

K2[B12H12] recorded at room temperature in a 1 cm tandem cell: a separate solutions, b their
mixture, c absorbance difference spectrum (c = a – b)
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ing anion4,5, the ion pair [Co(NH3)6]3+[B12H12]2– shows a new absorption at
λmax = 250 nm (Fig. 1). It is attributed to an OSCT transition from [B12H12]2–

to [Co(NH3)6]3+. The intensity of this band (ε = 91 mol–1 l cm–1) is compara-
ble with that of the other ion pairs of this type. The assignment of this ab-
sorption is consistent with the photochemical behavior of the ion pair.
Upon OSCT excitation, [Co(NH3)6]3+ is reduced to Co2+. Since [B24H23]3– is
the only known22 oxidation product of [B12H12]2–, it is suggested that the
photoredox reaction proceeds according to Eq. (1).

2{[Co(NH3)6]3+[B12H12]2–} hν → 2 Co2+ + 12 NH3 + [B24H23]3– + H+ (1)

Generally, the redox centres in ion pairs interact only weakly; the Hush
model23,24 is then applicable. The theoretical half-bandwidth of the OSCT
absorption should satisfy Eq. (2),

∆ν1/2 = [2 310(Eopt – ∆E)]1/2 , (2)

Eopt (or ∆νmax) and ∆E being the energies of the OSCT transition at the ab-
sorption maximum and the potential difference between both redox pairs,
respectively. [Co(NH3)6]3+ is reduced at E1/2 = –0.26 V vs SCE (ref.25). How-
ever, this potential is associated with the high-spin ground state of
[Co(NH3)6]2+. It is lower by 0.82 V for the low-spin form which is directly
formed in the optical OSCT transition26. The value E1/2 = –1.08 V vs SCE is
then used for the [Co(NH3)6]

3+/2+ pair. [B12H12]
2– is oxidized at E1/2 = +1.50 V

vs SCE (ref.22). Accordingly, the potential difference for the electron transfer
from [B12H12]2– to [Co(NH3)6]3+ amounts to 2.58 V. This value should be
only taken as approximation owing to the irreversible oxidation of
[B12H12]2– (ref.22). The theoretical half-width of ∆ν1/2 = 6 660 cm–1 is some-
what smaller than the experimental value (6 800 cm–1), but the agreement
is still remarkable.

The reorganization energy χ, associated with the electron transfer in the
ion pair [Co(NH3)6]3+[B12H12]2–, is obtained from Eq. (3).

χ = Eopt – ∆E (3)

The value of χ ≈ 19 200 cm–1 (67 kcal) is rather high. This is largely ex-
plained by the structural change that accompanies the reduction of
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[Co(NH3)6]3+ (ref.27). However, the oxidation of [B12H12]2– may also contrib-
ute to the large reorganization energy. Since the HOMO of [B12H12]2– is
four-fold degenerate28,29, the one-electron oxidation product [B12H12]–

should undergo a Jahn–Teller distortion29.
In the context of the present results, other observations are also of inter-

est. Cations with strong polarizing properties, such as Ag+, Cu+ and Hg2+,
also interact with [B12H12]2– and [B10H10]2– (ref.15), although the nature of
this interaction does not seem to be clear. Moreover, while pyridinium,
2,2′-dipyridinium and quinolinium salts of [B12H12]2– are colorless, those of
[B10H10]2– are yellow to orange15. The origin of these colours is ascribed to
CT bands. These observations are consistent with the fact that [B10H10]2– is
much more prone to oxidation than [B12H12]2–.

Another intriguing aspect of the present study relates to hydride ligands
as inner-sphere CT donors. Do hydride complexes of oxidizing metals dis-
play (H– → metal) LMCT absorptions in their electronic spectra? For exam-
ple, the complex [ReH9]2– was reported to show such an absorption at
λmax = 217 nm (refs30,31), but the nature of this band remains question-
able32. Moreover, the electronic spectrum of the addition compound
(i-C3H7C5H4)2WH2–phenanthrene-9,10-quinone contains a band which is
attributed to an OSCT transition from the hydrido complex to the
quinone33,34. However, the nature of the donor orbital is not clear. It may
be a d orbital rather than a MO derived from the hydride ligands. The ion
pair [Co(NH3)6]3+[B12H12]2– seems to be the first well-documented example
of a CT interaction of a coordination compound involving a hydride donor.

In summary, it has been shown that [B12H12]2– is a weak electron donor
for OSCT transitions. Moreover, photooxidation of [B12H12]2– by the OSCT
excitation is indicated.
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