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The acid–base properties as well as the photochemical reactivity of the co-ordination compound
K4[Co(CN)5(SO3)] in the presence of three polyammonium macrocyclic receptors were studied in aqueous
solution. The pKa of the free complex (3.9) (sulfite deprotonation) changed to pKa <0.5 upon complexation with
the receptors. The quantum yield for sulfite photoaquation of the free complex in the basic form (Φ = 0.85 ± 0.09)
decreased to 0.05 ± 0.01, 0.12 ± 0.03 and 0.45 ± 0.09 in the presence of [24]aneN8H8

81, [30]aneN10H10
101 and

[32]aneN8H8
81, respectively. For the acidic form of the free complex (Φ = 0.40 ± 0.05) the quantum yield was not

affected by supercomplexation with [32]aneN8H8
81. For the adducts formed from the other two macrocyclic

receptors it was not possible to evaluate the quantum yields of the acidic forms, because protonation was not
complete even at very high proton concentrations. The results were interpreted in terms of second-sphere
interactions involving hydrogen bonding between the complex and the macrocycles. In the case of [32]aneN8H8

81,
the experimental results are compatible with a structure in which the cyanides are involved in hydrogen bonding
but the sulfite ligand is not. In the two other supercomplexes the sulfite ligand seems to be involved in hydrogen
bonding.

The study of the supramolecular species obtained by an
appropriate assembly of transition-metal complexes with
polyammonium macrocyclic receptors has been subjected to an
increasing interest.1–8 The ‘supercomplexes’ thus formed are
species in which the macrocyclic receptor is non-covalently
bound to the complex in a second co-ordination sphere, mainly
by coulombic interactions and/or hydrogen bonding. The
assembly can confer new physicochemical properties to the
complex, namely modifying redox potentials, electronic absorp-
tion and emission spectra, thermal and photochemical reactiv-
ity. These modifications may also depend on (and thus provide
information about) the geometrical structure of the adduct;
for example, the thermal and photochemical reactivity of the
ligands directly involved in second-sphere bonding are expected
to be much more affected by the macrocycle than those of the
other ligands.9–13

In this work we are presenting the study of the supercom-
plexes formed between the pentacyanosulfitocobaltate() com-
plex ion and some polyammonium macrocyclic receptors of
different charge and dimensions shown in Fig. 1. This complex
ion was chosen because it contains two different ligands, having
both basic properties and being able to form hydrogen bonds
with the macrocycle. The study of the effect of the macrocycle
on the acid–base properties of Co(CN)5(SO3)

42, as well as on its
thermal and photochemical reactivity could in fact provide
structural information on the supercomplexes thus formed.

Results and Discussion
Acid–base behaviour and photochemistry of the complex

The absorption spectrum of Co(CN)5(SO3)
42 in its basic form

has been described previously in the literature 14–18 and is com-
posed of a weak absorption band centered at 333 nm, assigned
to a dπ → π*(CN) transition, and a more intense band with a
maximum at 265 nm, identified as a charge transfer from the
sulfite ligand to the metal, σ(SO3) → dz2, Fig. 2. According to
Chen et al.,16 this complex participates in a single acid–base

† E-Mail: fjp@dq.fct.unl.pt

equilibrium with pKa = 4. The protonated ligand is likely to be
the sulfite because it is known that the cyanide ligands are
extremely acidic and can only be protonated at very high proton
concentrations.19 The protonation of the sulfite ligand gives rise
to the complex Co(CN)5(HSO3)

32 which can essentially be dis-
tinguished from its basic parent by an hypsochromic shift of 15
nm on the charge-transfer band σ(SO3) → dz2, Fig. 2. This
shift reflects the decrease of charge density on the sulfite ligand
upon protonation. Table 1 summarizes the data of the absorp-
tion spectra. From a spectrophotometric titration, Fig. 3, a pKa

value of 3.9 was obtained, in good agreement with the previ-
ously reported value.16

Fig. 1 Polyammonium macrocycles [m]aneNnHn
n1 used in this work

(m stands for the number of atoms in the cycle and n for the number of
nitrogens and protons)
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Irradiation of acidic or basic aqueous solutions of penta-
cyanosulfitocobaltate() gives rise to spectral variations that
indicate formation of the photoproduct pentacyanoaquaco-
baltate(), Fig. 4. The presence of isosbestic points indicates
that the following clean reactions, equations (1) and (2), are

Co(CN)5(HSO3)
32

hν(313 nm)

H2O
Co(CN)5(H2O)22 1

HSO3
2 (1)

Co(CN)5(SO3)
42

hν(313 nm)

H2O
Co(CN)5(H2O)22 1 SO3

22 (2)

occurring and the final spectrum is in accordance with pub-
lished data for Co(CN)5(H2O)22.14

The quantum yield for the photoaquation reaction was
calculated as a function of pH. At the extreme pH values, the
quantum yield is 0.40 ± 0.05 and 0.85 ± 0.09 at pH = 1.0 (acidic
form) and at pH = 7.0 (basic form), respectively. In general,
the observed quantum yield, Φobs, at any pH value is given by
equation (3), where ΦA and ΦAH are, respectively, the quantum

Φobs = βobsΦA 1 (1 2 βobs)ΦHA (3)

Fig. 2 Absorption spectra of the complexes Co(CN)5(HSO3)
32

(—, acidic form) and Co(CN)5(SO3)
42 (––, basic form), at pH 2.1 and

8.2, respectively

Fig. 3 Absorption spectra of Co(CN)5(SO3)
42 aqueous solution

(1.0 × 1024 ) with varying pH: 1.01 (a); 2.34, 2.68, 3.18, 3.41, 3.63,
3.86, 4.11, 4.30, 4.52, 5.30, 6.54, 7.90 (b). Inset: fitting of the spectro-
photometric titration, with pKa = 3.9

Table 1 Absorption bands of the complexes Co(CN)5(SO3)
42 and

Co(CN)5(HSO3)
32 in water

Co(CN)5(SO3)
42 Co(CN)5(HSO3)

32

λ/nm

333
265

≈199

ε/21 cm21

431
17 380
11 600

λ/nm

333
250
202

ε/21 cm21

277
15 260
13 980

Assignment*
1A1 → 1Ea

σ(SO3) → dz2

dπ → π*(CN)

* According to Miskowski and Gray.14

yields of the basic and acidic forms and βobs is the fraction of
the absorbance of the basic species defined by equation (4);

βobs =
εA[A]

εAH[AH] 1 εA[A]
=

(εA/εAH)Ka

(εA/εAH)Ka 1 [H1]
(4)

εA and εAH are the molar absorption coefficients at 313 nm, of
the basic and acidic forms, respectively.

Inspection of equation (3) indicates that the observed quan-
tum yield, Φobs, depends on the proton concentration through
the function βobs. The representation of Φobs as a function of pH
is a titration curve with an inflection point at pKa(obs) = p[Ka-
(εA/εAH)] = 3.55, Fig. 5. This value can be compared with 3.62,
calculated from the molar absorption coefficients of the acidic
[εAH (313 nm) = 240 21 cm21] and basic [εA (313 nm) = 460 21

cm21] species and the acidity constant. The calculation of the
quantum yield for the photoaquation reaction was performed
upon correction for the fraction of the light effectively absorbed
by the reagent. However, a different behaviour depending on
the pH was observed. At pH <3.5, the plots of the corrected
absorbance (380 nm) as a function of the irradiation time are
straight lines, but for pH >3.5 a negative deviation is observed

Fig. 4 Spectral variations upon 313 nm irradiation (25 8C) of the
complex: (A), Co(CN)5(HSO3)

32 (2.0 × 1023 ) at pH 1.0 for the follow-
ing times: 0 (0), 10, 20, 30, 40, 55, 80, 105, 145, 175, 210, 240, 300 and
360 min; (B), Co(CN)5(SO3)

42 (2.0 × 1023 ) at pH 5.0 for the following
times: 0 (0), 10, 30, 40, 55, 70, 90, 120, 200 and 360 min

Fig. 5 Experimental (d) pH dependence of Co(CN)5(HSO3)
32 and

Co(CN)5(SO3)
42 photoaquation quantum yields (Φobs) upon 313 nm

irradiation, fitted (—) through equations (3) and (4)
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which increases with increasing irradiation time. This behaviour
can be explained by the existence of a thermal back reaction
that increases as long as the concentration of HSO3

2 or SO3
22

increases. This hypothesis was confirmed by carrying out the
photoaquation in the presence of Na2SO3. At pH 6.4 and
[Na2SO3] of 1.0 × 1023 and 2.0 × 1023  the quantum yield is
reduced by 30 and 46%, respectively, in comparison with the
photoaquation in the absence of Na2SO3. At pH 1.0 and
[Na2SO3] of 1.0 × 1023 , only 6% reduction was observed. Due
to the existence of this effect, calculation of the photoaquation
quantum yield at pH >3.5 was performed using the correct
absorbance values obtained from extrapolation for the initial
time.

According to the Förster cycle 20,21 the excited state pKa* is
20.8. This means that the excited acidic species is a very strong
acid and that, from the thermodynamic point of view, the
formation of an excited base is likely all over the working pH
range (1 to 7). However, the fact that equation (3) is obeyed is
an evidence that the excited-state proton transfer is not
efficient.

The difference in the photoreactivities of the two acid–base
forms of the complex could be due to a difference in the effi-
ciency of conversion of the CT excited state produced by
irradiation to the reactive d–d state.

Formation, acid–base and photochemical behaviour of the
supercomplex

Addition of polyammonium macrocycles to acidic solutions of
the complex in a 1 :1 ratio gives rise to spectral modifications
indicating formation of adducts. The most relevant difference
occurs on the position of the LMCT band [σ(SO3) → dz2],
see Table 2. Formation of supercomplexes between poly-
ammonium macrocycles and negatively charged transition-
metal cyanocomplexes was previously observed to occur in
aqueous solutions with large association constants.4–6,22–24 For
supercomplex formation between the complexes Co(CN)5-
(HSO3)

32 and Co(CN)5(SO3)
42 with the polyammonium macro-

cycles used here, association constants of ≈106 and ≈108 21,
respectively, are expected which leads to >95% supercomplexes
in solution with the concentrations used. Addition of excess
macrocycle causes no additional spectral changes, which is
evidence for a 1 :1 stoichiometry of the supercomplexes.

The supercomplexation causes a bathochromic shift of the
σ(SO3) → dz2 absorption band of the complex, with respect
to the free complex at the same pH (acidic form). In the case of
the adduct with [32]aneN8H8

81, the shift (14 nm) is almost the
same as that observed between the acidic and basic forms of
the free complex. In other words, the absorption spectrum of the
adduct [Co(CN)5(SO3)?[32]aneN8H8]

41 (pH 1.0) is practically
coincident with the absorption spectrum of Co(CN)5(SO3)

42

(pH >3.5), which means that supercomplexation involves
deprotonation of the hydrogensulfite ligand. Acidification of
the supercomplex causes a blue shift of the LMCT band, indi-
cating that protonation only occurs at very acidic pH values; a
pKa ≈0.5 can be estimated for the supercomplex, and the pos-

Table 2 Maximum absorption wavelength corresponding to the
LMCT band [σ(SO3) → dz2] and photoaquation quantum yields
(λexc = 313 nm) for the complexes Co(CN)5(SO3)

42 and Co(CN)5-
(HSO3)

32 and for some of their supercomplexes with polyammonium
macrocycles, T = 25 8C

Co(CN)5(HSO3)
32

Co(CN)5(SO3)
42

[Co(CN)5(SO3)?[24]aneN8H8]
41

[Co(CN)5(SO3)?[30]aneN10H10]
61

[Co(CN)5(SO3)?[32]aneN8H8]
41

[Co(CN)5(HSO3)?[32]aneN8H8]
51

pH

1.1–2.5
5.5–6.5
1.0–3.1
1.0–1.3
1.0–3.5
4  HClO4

λmax/nm

248
265
253
256
264
248

Φ

0.40 ± 0.05
0.85 ± 0.09
0.05 ± 0.01
0.12 ± 0.03
0.45 ± 0.09
0.40 ± 0.05

ition of the maximum of its band in 2  HCl is coincident with
the maximum of the acidic form of the free complex. This
result indicates that supercomplexation does not change the
absorption spectra of both forms of the free complex, and that
the variations observed are due to different pKa values in the
absence and presence of the macrocycle. A similar negligible
effect on the absorption spectra of the co-ordination compound
upon supercomplexation with polyammonium macrocycles
was previously observed for hexacyanocobaltate(),9–11 penta-
cyanoaquacobaltate(),12 hexacyanochromate() and penta-
cyanoaquachromate().13 The difference between pKa ≈0.5
(supercomplex) and 3.9 (free complex) can be attributed to the
positive charge of the macrocycle, which reduces the charge
density on the ligands and on the metal center. An analogous
effect of the charge of the macrocycle was previously reported
for similar adducts,12 and in other cases an anodic shift of the
redox potential of the metal upon supercomplexation was also
observed.4,8,23–27 Unfortunately, the instability of the reduced
form of our complex prevented us from performing electro-
chemical experiments.

On the other hand, the positions of the LMCT maxima of
the supercomplexes with [24]aneN8H8

81 and [30]aneN10H10
101,

located between the maxima of the acidic and basic forms of
the free complex, are indicative of an intermediate degree of
protonation of the sulfite ligand in the supercomplexes, suggest-
ing that the ligand is involved in hydrogen bonding with the
ammonium groups of the macrocycle. Acidification of
the [Co(CN)5(SO3)?[24]aneN8H8]

41 and [Co(CN)5(SO3)?[30]ane-
N10H10]

61 supercomplexes causes a blue shift of the LMCT
band in extremely acidic media, so that a pKa value can not be
accurately measured. However, the spectra in concentrated
HClO4 are almost coincident with that of the acidic form of the
free complex, indicating that in these extreme conditions the
sulfite ligand of the supercomplex protonates. The fact that, in
these two supercomplexes, the protonation occurs at higher
proton concentrations compared with the [Co(CN)5(SO3)?
[32]aneN8H8]

41 supercomplex, is additional evidence for con-
sidering the sulfite ligand being involved in hydrogen bonding
within the [Co(CN)5(SO3)?[24]aneN8H8]

41 and [Co(CN)5-
(SO3)?[30]aneN10H10]

61 supercomplexes.
The spectral variations that result from irradiation of the

supercomplexes are in general similar to those observed in the
absence of the macrocycle, indicating that the photoproduct is
again the pentacyanoaquacobaltate(), see Fig. 6. The quan-
tum yields for the photoaquation of the supercomplexes are
shown in Table 2. Inspection of this table indicates that the
quantum yields for photoaquation in the supercomplexes
[Co(CN)5(SO3)?[24]aneN8H8]

41 (Φ = 0.05) and [Co(CN)5(SO3)?
[30]aneN10H10]

61 (Φ = 0.12) are reduced several times in com-
parison with the basic form of the free complex (Φ = 0.85). For
the supercomplex [Co(CN)5(SO3)?[32]aneN8H8]

41, the photo-
aquation quantum yield (Φ = 0.45) is only about one half than
that of the free complex.

These results parallel the spectral changes described above, as
far as the degree of participation of the sulfite ligand in hydro-
gen bonding with the macrocycles is concerned. The large
decrease of the quantum yield observed in the supercomplexes
with [24]aneN8H8

81 and [30]aneN10H10
101 can only be attrib-

uted to a steric limitation to ligand detachment caused by
the macrocycle, and so it implies that the sulfite is involved in
the hydrogen bonds. The fact that the decrease is more pro-
nounced in the supercomplex with [24]aneN8H8

81 suggests that
the sulfite is more tightly hydrogen bonded to this macrocycle
than to [30]aneN10H10

101, as already indicated by the spectral
shifts of Table 2. The relatively small decrease of the quantum
yield observed in [Co(CN)5(SO3)?[32]aneN8H8]

41 is clear evi-
dence that in this case the sulfite ligand is not involved in hydro-
gen bonding, and it can only be attributed to a coulombic effect
caused by the positive charge of the macrocycle. Such an effect
is also expected to be present in the supercomplexes with
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[24]aneN8H8
81 and [30]aneN10H10

101, but it is overcome by the
larger steric effect.

In the light of the results obtained for the adducts between
these macrocycles and other cyano complexes, the qualitative
differences between the spectral and photochemical properties
of the adducts of Co(CN)5(SO3)

42 with [24]aneN8H8
81 and

[30]aneN10H10
101 on one side and that with [32]aneN8H8

81 on
the other can be ascribed to the different dimensions of the
macrocycles. In fact, the photochemical behaviour of the
adducts of Co(CN)6

32 clearly indicates 11 that the two smaller
macrocycles can only interact with three adjacent ligands of the
complex, while [32]aneN8H8

81 is sufficiently large to bind four
CN2 ligands; in addition, the behaviour of Co(CN)5(H2O)22 12

and Cr(CN)5(H2O)22 13 with this last macrocycle strongly sug-
gests that the CN2 ligands involved in the hydrogen bonds are
the equatorial ones, giving rise to a ‘belt’ structure of the
adduct, probably because of a favorable geometrical relation-
ship between the NH1 groups and the ligands. Since the adducts
of Co(CN)5(SO3)

42 have quite probably similar geometries, the
results obtained in this work with [24]aneN8H8

81 and [30]ane-
N10H10

101 suggest that these macrocycles form hydrogen bonds
with the SO3

22 and two CN2 ligands rather than with three
CN2; the lack of a similar preference for SO3

22 in the case of
[32]aneN8H8

81 can be explained by the large size of the sulfite
ion, so that the macrocycle cannot encircle a diameter of the
complex containing one sulfite and three CN2, but only one
containing four CN2 ligands. Space filling models have con-
firmed this hypothesis.

Photophysical data on complexes derived from Ru(bpy)-
(CN)4

22 (bpy = 2,29-bipyridine) show that an increase in the
MLCT excited state energy caused by second-sphere donor–
acceptor interactions (solvent effects, protonation, super-
complexation with polyammonium macrocycles, substitution
of cyanide with methyl isocyanide) is always accompanied
by an increase in the excited-state lifetime.28,29 This result has
been attributed mainly to the energy-gap law.28 The complex
Co(CN)5(SO3)

42 is luminescent only in rigid matrices 30 and its
lifetime can not be accessed in solution by luminescence. How-

Fig. 6 Spectral variations upon 313 nm irradiation (25 8C) of aqueous
solutions containing: (A) K4[Co(CN)5(SO3)] (1.0 × 1023 ) and
[32]aneN8?8HCl (2.0 × 1023 ) in HClO4 (4 ) (nominal pH 20.6), for
the following times: 0 (0), 6, 14, 23, 33, 45, 60, 75, 90, 105, 120, 140 and
160 min; (B) K4[Co(CN)5(SO3)] (1.0 × 1023 ) and [32]aneN8?8HCl
(2.0 × 1023 ) at pH 3.5, for the following times: 0 (0), 2, 5, 10, 17, 25,
35, 45, 55, 70, 90, 110 and 140 min

ever, based on the above results, it can be expected that super-
complexation of Co(CN)5(SO3)

42 would lead to an increase in
the excited-state lifetime. In the supercomplex with [32]ane-
N8H8

81, the photoaquation quantum yields are equal in the
acidic and basic forms within the experimental error and thus
do not follow the ground-state pKa, contrary to what happens
in the free complex. Since pKa* is expected to be lower than
20.8, this would suggest that the excited state lives long enough
to equilibrate between the two acid–base forms, so that the
observed quantum yield would always originate from the
excited basic form, [{Co(CN)5(SO3)?[32]aneN8H8}

41]*.

Experimental
CAUTION: Care must be exercised in handling cyanide
compounds. All operations should be performed in a well
ventilated hood.

K4[Co(CN)5(SO3)]

This complex was prepared according to the method of Fujita
and Shimura,17 which involves substitution of Br2 by SO3

22 in
K3[Co(CN)5Br]. The UV/VIS absorption spectrum presents
maxima at 265 nm (ε = 17 380 21 cm21) and 333 nm (ε = 431
21 cm21) above pH = 6 [basic form, Co(CN)5(SO3)

42], in good
agreement with the published literature data.14,16,18 The complex
K3[Co(CN)5Br] was synthesized according to ref. 31.

Polyammonium macrocycles

The macrocycle 1,5,9,13,17,21,25,29-octaazacyclodotriacon-
tane ([32]aneN8) was synthesized following a reported
method,32 except that propane-1,3-diamine was used as a start-
ing material in place of 3,39-diaminodipropylamine. The
macrocycles 1,4,7,10,13,16,19,22-octaazacyclotetracosane ([24]-
aneN8) and 1,4,7,10,13,16,19,22,25,28-decaazacyclotriacontane
([30]aneN10) were synthesized according to the methods
reported in refs. 33 and 34, respectively. All three macrocycles
were prepared and used as their hydrochlorides.

Procedures

All reagents used were of analytical grade. Aqueous solutions
of appropriate concentrations of NaOH and HClO4 were used
for pH adjustment. All measurements were made at 25 8C.
Spectrophotometric titrations were carried out in 1.0 × 1024 
aqueous solutions of the complex. When present, the macro-
cycle had the concentration of 1.1 × 1024 . Photochemical
experiments were carried out in 5.0 × 1024 or 1.0 × 1023 
aqueous solutions of the complex and, when present, the
macrocycle had concentrations of 5.0 × 1024, 1.0 × 1023 or
2.0 × 1023 . Electronic absorption spectra were run on a
Lambda 6 Perkin-Elmer spectrophotometer.

Photolyses at 313 nm were performed using a Müller
Elektronic Optic (Germany) irradiation lamp. Light at 313 nm
was isolated by means of a K2Cr2O7 alkaline solution or an
Oriel P/N 56410 interference filter. The light intensity, measured
by ferrioxalate actinometry 35 and/or by the known quantum
yield (0.31) of K3[Co(CN)6] monophotoaquation,36 was of the
order of 1027 Einstein min21. The photolyses were performed
on 3.0 ml of solution in a conventional spectrophotometric cell
(1 cm optical path) and were followed by UV/VIS spectro-
photometry.

Quantum yields were calculated by monitoring the absorb-
ances at 313 and 380 nm with irradiation time. The absorbances
were corrected for the fraction of light absorbed only by the
reactive species. For pH < 3.5, linear ∆A380 nm vs. time plots
were obtained. For pH > 3.5 the same plots show a negative
deviation (see Results and Discussion section) and the quan-
tum yield was calculated from the slope tangent at the initial
time.
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