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Introduction

Photoinduced electron transfer may be exploited in many
potential applications that deal with the conversion of quan-
tum photon energy into chemical potential energy. In partic-
ular, the charge separation of the chromophore, which is set
up after the absorption of the photon, may in turn be used

either as a memory bit of information or for triggering the
primary reaction that establishes an useful potential gradi-
ent.[1–3] As an example, we can think of transmembrane po-
tential differences in biological systems[4,5] and of the elec-
tric potential associated with electron–hole pairs in which
the chromophore is anchored to a semiconductor materi-
al.[6–8] The practical application of this phototriggered event
is, however, intrinsically related to the whole duration of the
dynamic processes involved in the relaxation of the per-
turbed chromophore.

The phototriggered processes occur with a well-defined
mechanism that couples the electronic ground state of the
chromophore with the electronic excited states. The relaxa-
tion of the excited state into the lower-energy states involves
several mechanisms, such as internal conversion, intersystem
crossing, vibrational relaxation, and so forth. Quantum me-
chanically, if the decay process occurs through intersystem
crossing, we expect to have an activated, radiationless transi-
tion between different electronic states of the chromophore.
If the wave functions Yi and Yj describe the initial and the
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final electronic states, respectively, the rate constant k of the
process is given by the following relationship:[9]

k ¼ ð4p2=hÞjVj2G ð1Þ

where V is the electronic coupling matrix element <Yi jH j
Yj> (H is the total electronic Hamiltonian) that depends
on the overlap between the wave functions Yi and Yj, and
G is the thermally averaged nuclear Franck–Condon vibra-
tional overlap factor. As a general expectation, this value
will be large if the two wave functions have the same spin
multiplicity, but will be small when their character is differ-
ent. To obtain long-lived photoinduced charge separation,
chromophores characterised by low-lying excited states with
a different spin multiplicity than the ground state one are
then actively investigated. In this way, the spin-forbidden
character of the transition may slow down the relaxation
from the excited state to the ground state. In these cases,
one attractive feature of the photoinduced phenomenon lies
in the possibility of observing a long-lived change in the
magnetic properties of the sample. Within this framework,
therefore, the photocontrol of the magnetic properties of
molecular systems is a key factor in the development of sys-
tems with potential technological applications such as opti-
cal switching devices.[10–14] However, the incomplete compre-
hension of the factors that affect the photochromic behav-
iour of many compounds has up to now precluded the possi-
bility of designing new systems based on a well-defined
strategy.

Studies concerning the light-induced excited spin-state
trapping (LIESST) effect observed for iron(II) spin cross-
over derivatives suggest that the lifetime of the photoin-
duced metastable species is strictly related to the existence
of two low-lying electronic states of different spin multiplici-
ties that are close in energy and are characterized by large
differences in molecular geometry.[15–19] Similar arguments
have been used to explain the observation that some cobalt–
catecholato derivatives exhibit a photoinduced valence-tau-
tomeric (VT) interconversion[10–12,20–38]

ls-½CoIIIðLÞðCatÞ�þ
T, hn
��! ��hs-½CoIIðLÞðSQÞ�þ ð2Þ

where L is an ancillary ligand, Cat is the catecholato ligand,
and SQ is the semiquinonato ligand. The process is charac-
terised by a large variation in the magnetic properties, since
the cobaltACHTUNGTRENNUNG(III)–catecholato complex is diamagnetic, the co-
balt(II) ion is in the high-spin (hs) configuration, and the
semiquinonato ligand is a radical species. Also in this case,
the large lifetimes that often characterise the photoinduced
metastable hs species can be justified in terms of geometric
differences between the two redox isomers and free-energy
changes associated with Equation (2). Indeed, the above in-
terconversion is accompanied by a significant change in Co

O bond lengths (about 0.18–0.21 K), as expected on the
basis of the change in the population of the s* orbitals of
the metal ion. Therefore, in the usual representation of the

Gibbs potential energy (Figure 1), it is expected that a sig-
nificant horizontal displacement exists between the two spe-
cies involved in the electron-transfer process.

For spin-crossover complexes, the relaxation kinetics of
photoinduced metastable phases have been successfully in-
terpreted by Hauser and co-workers[17,40] by working out a
nonadiabatic multiphonon relaxation model on the basis of
the theory developed by Jortner and co-workers for radia-
tionless relaxation decay.[41] Following this model, it has
been suggested[22,29] that the relaxation rate of the photoin-
duced metastable species in VT cobalt–dioxolene complexes
decreases with increasing changes in the Co
O bond lengths
and wit decreasing the energy gap between the metastable
and ground states DG8 (see Figure 1).

In this sense, the key parameters that are expected to play
a determining role in the relaxation kinetics are the value of
the electronic coupling V, the change in geometry, and the
energy gap. In analogy with the spin-crossover complexes,
the two wave functions of the donor and acceptor states are
orthogonal, and electronic coupling is, therefore, allowed
only by spin–orbit coupling interactions. It can be expected
that along a series of similar complexes this quantity should
be small and have similar absolute values. As far as the geo-
metric changes are concerned, it has to be considered that
the electronic delocalization within the metallacycle chelate
ring in the 3d-metal/dioxolene complex is low.[21–25] There-
fore, along the same series of cobalt–dioxolene complexes
the geometric difference between cobaltACHTUNGTRENNUNG(III)–catecholato
species and the corresponding cobalt(II)–semiquinonato
species are also expected to be similar. It must be concluded
that the only way to modulate the rate of the electronic
ground-state recovery is by controlling the extent of the
energy gap DG8. This control cannot be achieved with spin-
crossover complexes, but we suggest herein that it may be
possible in the case of cobalt–dioxolene complexes on the
basis of the following considerations.

As mentioned above, it can be reasonably assumed that
the energy of the electronic levels of the coordinated dioxo-
lenes should depend only on their ionic charge density,
while being roughly independent from the electronic proper-
ties of the 3d-metal ions. In practice, this assumption means
that once the free-energy changes involved in the ligand-

Figure 1. Potential-energy wells for the valence-tautomeric interconver-
sion process.
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centred redox processes [MII(L)SQ]+e
! ACHTUNGTRENNUNG[MII(L) ACHTUNGTRENNUNG(Cat)]
have been corrected for the different ligand-field stabiliza-
tion energies they should be similar for divalent 3d-metal
ions. Therefore, the free-energy change associated with
Equation (2) can be calculated as the difference between
the redox potential of the above-mentioned ligand-centred
redox process and the redox potential of the metal-centred
[MIII(L) ACHTUNGTRENNUNG(Cat)]+e
! ACHTUNGTRENNUNG[MII(L) ACHTUNGTRENNUNG(Cat)] process (Scheme 1).

The DS changes associated
with Equation (2) are expected
to be similar within a series of
related [Co(L)diox] complexes
because of the isoelectric char-
acter of the reaction and the
similar electronic and vibration-
al entropy contributions. There-
fore, the observed free-energy
changes at room temperature
should parallel the free-energy

(enthalpy) pattern at cryogenic temperatures. It should,
however, be stressed that nothing can be predicted about
the role of the intermolecular interactions in the solid state
that affect both the activation energy and the free-energy
difference of the electron-transfer process.

The approach described
herein was used some years ago
for analysing the energies of
the ligand-to-metal charge-
transfer (LMCT) transitions in
some iron ACHTUNGTRENNUNG(III)–catecholato
complexes[42] and for planning
the synthesis of a dioxolene
adduct of a cobalt–tetraaza
macrocycle acceptor, in order
to obtain a compound that un-
dergoes valence-tautomeric in-
terconversion.[43] Herein, we
will show how the photoswitch-
able properties of a family of 1:1 cobalt–dioxolene com-
plexes can be explained following this simple predictive
scheme. However, in the following pages we will also show
the intrinsic limitations of this approach, based on the as-
sessment of the free energy of the process in solution.

We synthesised a series of cobalt compounds with the
general formula [Co ACHTUNGTRENNUNG(Mentpa) ACHTUNGTRENNUNG(diox)]PF6 (diox=3,5-di-tert-
butyl-1,2-dioxolene (Dbdiox) and tetrachloro-o-dioxolene),
which had tripod-like Mentpa (n=0, 1, 2, 3), derived from
tris(2-pyridylmethyl)amine (tpa) by successive introduction
of methyl groups into the 6-position of the pyridine moiet-
ies, as an ancillary ligand. The steric hindrance induced by
this substitution is expected to modulate the redox proper-
ties of the metal acceptor,[44] thus determining the charge
distribution of the metal–dioxolene moiety at room temper-
ature. The observed different charge distributions of these
complexes (i.e., CoIII–Cat or CoII–SQ) fits well with those
expected on the basis of the free-energy changes for Equa-
tion (2) extrapolated by cyclic-voltammetric studies of these

complexes, their tetrachlorocatecholato derivatives, and the
nickel(II) analogues. This approach also allows the predic-
tion of the entropy-driven VT interconversion for one of the
isolated compounds. The observed kinetics parameters rela-
tive to the relaxation of the photoinduced metastable phases
will be finally discussed by taking into account the above-
mentioned considerations. The results of the characterisa-
tion of compounds containing other dioxolene ligands will
be reported later. A preliminary account of some of the ex-
perimental results reported herein has recently been pub-
lished.[45]

Results

Synthesis : The four Mentpa ligands were prepared by using
a general one-step procedure, according to the recently re-
ported preparation of tpa.[46] Treatment of pyridine-2-car-
boxyaldheyde with 2-aminomethylpyridine (mol/mol=2:1)
in dichloromethane in the presence of triacetoxyborohy-
dride yielded the tpa ligand in 89% yield. We extended this
procedure by using the appropriate 6-methyl analogues, thus
obtaining the Mentpa ligands in similar yields (80–90%;
Scheme 2).

Solid compounds [CoACHTUNGTRENNUNG(Mentpa) ACHTUNGTRENNUNG(DBdiox)]PF6·x solv
(DBdiox=DBCat, DBSQ; solv=water, ethanol, toluene;
tpa=1, Me1tpa=2, Me2tpa=3, Me3tpa=4) were obtained
in a one-step reaction by mixing equimolar amounts of co-
balt(II) salts, the Mentpa ligand, and catechol in the pres-
ence of triethylamine. Although not always necessary, all
these manipulations were carried out in an inert atmos-
phere. The solutions containing the [CoII

ACHTUNGTRENNUNG(Mentpa) ACHTUNGTRENNUNG(DBCat)]
complexes were oxidized with dioxygen and the resulting
products isolated as PF6 salts. The tetrachlorocatecholato
(TCCat) analogues were obtained either as [CoII

ACHTUNGTRENNUNG(Mentpa)-
ACHTUNGTRENNUNG(TCCat)] or [CoIII

ACHTUNGTRENNUNG(Mentpa) ACHTUNGTRENNUNG(TCCat)]PF6, and their proper-
ties will be described elsewhere. The [NiII ACHTUNGTRENNUNG(Mentpa)-
ACHTUNGTRENNUNG(DBSQ)]PF6 complexes were obtained directly in air.

Electronic spectra : The electronic spectra of solutions of 1–
4 in dichloromethane are shown in Figure 2, and the spectral
parameters are reported in the Experimental Section. The
spectral features of both 1 and 2 are consistent with the exis-

Scheme 1. Thermodynamical
processes involved in VT equi-
librium.

Scheme 2. Preparation of Mentpa ligands.
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tence of cobaltACHTUNGTRENNUNG(III)–catecholato chromophores.[47] Indeed,
the broad bands in the red region of the spectrum are con-
sistent with symmetry-forbidden LMCT transitions, whereas
the transitions at 23200 and 21550 cm
1 (430 and 465 nm,
respectively) in the spectra of 1 and 2, respectively, can be
assigned to the d–d transitions (1A1g!1T1g in Oh)

[48] typical
for six-coordinate cobaltACHTUNGTRENNUNG(III) chromophores. The pattern of
absorption bands observed in the spectra of 3 and 4 suggests
the existence of six-coordinate cobalt(II)–semiquinonato
chromophores.[49] The broad transitions centred at
12500 cm
1 (800 nm) can be assigned to internal ligand tran-
sitions, whereas the pattern of bands at 15000–19000 cm
1

(665–525 nm) are attributed to charge-transfer (CT) transi-
tions involving the d orbitals of the metal ion and the singly
occupied p* orbital of the ligand.

The different charge distributions observed in these com-
plexes are due to the different donor properties of the
tripod-like ligands towards the metal ions. It is apparent
that the steric hindrance induced by the ortho-methyl
groups induces stabilisation of the cobalt(II) ion with re-
spect to the cobalt ACHTUNGTRENNUNG(III) ion. The same effect probably occurs
in the case of nickel(II) complexes, but the redox potential
of the NiIII/NiII couple, higher than the CoIII/CoII couple, re-
mains largely above the redox potential of the SQ/Cat
couple so that all the nickel complexes show the nickel(II)–
semiquinonato charge distribution. Although not discussed
herein, the spectra of the cobalt derivative of the tetrachlor-
ocatechol are all consistent with the presence of cobaltACHTUNGTRENNUNG(III)–
catecholato chromophores, with the exception of the Me3tpa
complex, which undergoes valence-tautomeric interconver-
sion in solution at room temperature.

Electrochemistry : Our main objective was the calculation of
the free-energy difference between the two electronic iso-
mers CoIII–Cat and CoII–SQ for any DBCat complex of the
different [Co ACHTUNGTRENNUNG(Mentpa)]

3+ acceptors. As mentioned above,
the problem reduces to the analysis of the thermochemical
cycle depicted in Scheme 1. It is rather clear that the energy
difference between the electronic isomers can be calculated
through the difference between the energies involved in the
redox processes CoIII–Cat/CoII–Cat and CoII–SQ/CoII–Cat,

nevertheless only the process requiring the lowest energy
will be experimentally detectable. Thus, to evaluate the free-
energy changes in the thermochemical cycle, we have deter-
mined the free-energy changes of the equilibria shown in
Equations (3) and (4) by cyclic-voltammetric experiments at
25 8C (Fc+ = ferrocenium, Fc= ferrocene):

½CoIIðMentpaÞðTCCatÞ� þ Fcþ ! ½CoIIIðMentpaÞðTCCatÞ�þ þ Fc

ð3Þ

½NiðMentpaÞðdbcatÞ� þ Fcþ ! ½NiðMentpaÞðDBSQÞ�þ þ Fc

ð4Þ

It is evident from the data reported in Table 1 that, as ob-
served for copper complexes,[44] the introduction of each
methyl group on the pyridine moiety shifts the DG value of

equilibrium (3) in solution towards the left by about
25 kJmol
1. In contrast, the changes in the DG values associ-
ated with equilibrium (4) are very similar to each other,
with an average of DG=
83�3 kJmol
1. This value fits
well with DG=
90�3 kJmol
1, as previously reported for
[M ACHTUNGTRENNUNG(CTH) ACHTUNGTRENNUNG(DBSQ)]+ complexes (M=Mn, Ni, Zn; CTH=dl-
5,7,7,12,14,14-hexamethyl-1,4,8,11-tetraazacyclo-tetrade-
cane).[42]

The values obtained for metal-based redox processes for
TCCat derivatives and for ligand-based redox process for
nickel(II) derivatives were then used to estimate the redox
potential of undetectable processes for 1–4. Indeed, it is
only possible to measure the potential of the metal-centred
redox process for complexes 1 and 2 (n=0 and 1),

½CoIIðMentpaÞðDBCatÞ�þFcþ!½CoIIIðMentpaÞðDBCatÞ�þþ Fc

ð5Þ

whereas for complexes 3 and 4 (n=2 and 3) only the ligand-
centred process is observable:

Figure 2. Electronic spectra of 1 (grey, dash-dotted line), 2 (grey, dashed
line), 3 (black, continuous line), and 4 (black, dotted line).

Table 1. Observed and estimated free-energy changes for the equilibria
[M ACHTUNGTRENNUNG(Mentpa) ACHTUNGTRENNUNG(diox)]+Fc+![M ACHTUNGTRENNUNG(Mentpa)ACHTUNGTRENNUNG(diox)]

+ +Fc.[a–c]

[M ACHTUNGTRENNUNG(diox)]/[M ACHTUNGTRENNUNG(diox)]+ Free-energy change [kJmol
1]
tpa Metpa Me2tpa Me3tpa

ACHTUNGTRENNUNG[NiII ACHTUNGTRENNUNG(DBCat)]/ ACHTUNGTRENNUNG[NiII ACHTUNGTRENNUNG(DBSQ)]+ 
87 
83 
84 
81
ACHTUNGTRENNUNG[CoII

ACHTUNGTRENNUNG(TCCat)]/ ACHTUNGTRENNUNG[CoIII
ACHTUNGTRENNUNG(TCCat)]+ 
90 
69 
42 
11

ACHTUNGTRENNUNG[CoII
ACHTUNGTRENNUNG(DBCat)]/ ACHTUNGTRENNUNG[CoII

ACHTUNGTRENNUNG(DBSQ)]+ 
79[c] 
76[c] 
74 
75
ACHTUNGTRENNUNG[CoII

ACHTUNGTRENNUNG(DBCat)]/ ACHTUNGTRENNUNG[CoIII
ACHTUNGTRENNUNG(DBCat)]+ 
125 
95 
65[c] 
35[d]

ACHTUNGTRENNUNG[CoIII
ACHTUNGTRENNUNG(DBCat)]+/ ACHTUNGTRENNUNG[CoII

ACHTUNGTRENNUNG(DBSQ)]+ 46[d] 19[d] 
9[d] 
40[e]

[a] M=Co, Ni; n=0, 1, 2, 3; conditions: acetonitrile, 0.1m NBu4PF6,
298 K. [b] From the average cathodic and anodic peak potentials in cyclic
voltammograms recorded at 50 mVs
1 (estimated error: <1 kJmol
1).
[c] For solutions of approximately 10
3m. [d] Estimated (estimated error:
�6 kJmol
1). [e] Calculated as a difference of the free-energy changes of
the redox isomers.
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½CoIIðMentpaÞðDBCatÞ� þ Fcþ ! ½CoIIðMentpaÞðDBSQÞ�þ þ Fc

ð6Þ

It should be stressed that the free-energy changes associ-
ated with the metal-centred processes are significantly more
positive (DDG�30 kJmol
1) for the TCCat ligand than the
DBCat ligand.[42] This behaviour suggests that the more
basic DBCat ligand is much better at stabilising the cobalt-
ACHTUNGTRENNUNG(III) ion than the TCCat ligand. On the other hand, the
redox potentials of the ligand-centred processes are only
slightly affected by the nature of the ancillary tripod ligand,
as observed for the nickel(II) derivatives. Once we assumed
that the free-energy changes associated with the metal- and
ligand-centred processes approximately follow the same pat-
tern observed for equilibria (2) and (3) in the 1–4 series, we
tentatively estimated the undetectable free energy of the
processes (see Table 1) and the free-energy differences for
the different redox isomers. The latter quantities are DG=

46, 19, 
9, and 
40 kJmol
1 for ligands 1–4, respectively
(estimated error=�6 kJmol
1).

X-ray structures : For all the four derivatives, the X-ray data
collection was performed at 150 K to increase the somehow
low diffracting power of the crystals obtained. Even if the

final X-ray crystal structure determinations are not of excel-
lent quality, they provide a strong enough frame to describe
the different magnetic and electronic properties of the four
derivatives. The crystallographic data and selected intera-
tomic distances and angles for 1–4 are presented in Tables 2
and 3, respectively.

The four derivatives share common features: in particular
for all of them, the molecular unit [CoACHTUNGTRENNUNG(Mentpa) ACHTUNGTRENNUNG(DBdiox)] is
monopositively charged, as the electric neutrality of the
crystal is assured by the presence of one PF6 unit. Further-
more, the cobalt ion is invariably six-coordinate in a cis-dis-
torted pseudo-octahedral coordination, and the tripodal
ligand Mentpa (n=0–3) adopts a folded conformation
around the metal ion, with DBdiox acting as a bidentate
ligand. A representative example is reported in Figure 3 for
[CoIII

ACHTUNGTRENNUNG(tpa) ACHTUNGTRENNUNG(DBcat)]PF6. The metal–donor bond lengths
strongly indicate that 1–3 have the CoIII–Cat charge distribu-
tion at 150 K, whereas 4 has the CoII–SQ one. This sugges-
tion is confirmed by analysis of the C1
C2 and C
O bond
lengths of the dioxolene ligand in the four derivatives, which
gives a strong indication that 4 has the semiquinonato form
and 1–3 the cathecolato form (Table 3).[23]

A peculiar feature of the singly methylated derivative is
that the methyl group is equally disordered, with an occupa-

Table 2. Crystal data and details of the structure refinement for 1–4.

1 2 3 4

empirical formula C34H44CoF6N4O3P C40H48CoF6N4O2P C36.50H49.50CoF6N4O3.25P C42H46CoF6N4O2P
Mw 760.63 820.72 800.2 842.73
temperature [K] 153(2) 152(2) 150(2) 150(2)
wavelength [K] 0.71073 0.71073 0.71073 0.71073
crystal system monoclinic monoclinic monoclinic monoclinic
space group P21/n C2/c P21/n P21/n
unit cell
a [K] 13.594(3) 29.891(6) 12.944(4) 11.562(2)
b [K] 15.915(4) 16.057(2) 16.805(5) 31.902(5)
c [K] 16.207(3) 21.583(3) 17.746(5) 24.196(4)
b [8] 90.647(16) 130.547(11) 100.17(3) 114.28(3)
volume [K3] 3506.2(13) 7872(2) 3799(2) 8135(2)
Z 4 8 4 8
1calcd [mgm
3] 1.441 1.385 1.399 1.363
m [mm
1] 0.607 0.545 0.565 0.529
F ACHTUNGTRENNUNG(000) 1584 3424 1674 3440
crystal size [mm3] 0.46Q0.29Q0.12 0.36Q0.21Q0.11 0.41Q0.24Q0.13 0.5Q0.3Q0.1
qmax [8] 23.45 23.01 21.97 18.86
index ranges 
10
h
15 
32
h
32 
13
h
13 
10
h
10


17
k
14 
14
k
17 
17
k
17 
28
k
29

18
 l
14 
23
 l
22 
16
=
18 
16
 l
21

reflections
collected

14064 19989 9697 27337

independent
reflections

5076
(R ACHTUNGTRENNUNG(int)=0.0989)

5452
(R ACHTUNGTRENNUNG(int)=0.0531)

4414
(RACHTUNGTRENNUNG(int)=0.0637)

6327
(R ACHTUNGTRENNUNG(int)=0.0784)

completeness
to qmax [%]

98.2 99.3 95 98.9

Tmax and Tmin 0.930 and 0.796 0.968 and 0.862 0.928 and 0.832 0.95 and 0.81
data/restr./param. 5076/0/426 5452/11/447 4414/0/466 6327/20/898
GOF on F2 0.954 0.972 1.034 0.998
R indices
ACHTUNGTRENNUNG(I>2s(I))

R1=0.0780 wR2=0.1704 R1=0.0981 wR2=0.2789 R1=0.0798 wR2=0.1954 R1=0.084 wR2=0.2079

R indices (all data) R1=0.1668 wR2=0.1997 R1=0.1532 wR2=0.3154 R1=0.1363 wR2=0.2428 R1=0.1399 wR2=0.2408
D1max/D1min [eK


3] 0.494/
0.797 1.253/
0.495 0.629/
0.553 0.948/
0.369
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tion factor of 0.5, over the 6-position of the two pyridine
rings that lie on the plane normal to the ring of the dioxo-
lene ligand. This phenomenon reflects the possible binding
of the ancillary ligand Metpa in two equally probable con-
figurations.

The analysis of the crystal packing of the four derivatives
also showed some common features. Indeed, for all of the
derivatives layers containing [Co ACHTUNGTRENNUNG(DBdiox) ACHTUNGTRENNUNG(Mentpa)]

+ units
are formed, which alternate with layers containing both the
PF6


 counterion and the solvent molecules (see Figure 4 for
1).

The bidimensional layer of
[Co ACHTUNGTRENNUNG(DBdiox) ACHTUNGTRENNUNG(Mentpa)]

+ mole-
cules in 1–3 is characterized by
an extended network of p–p

stacking interactions between
the pyridine rings of adjacent
molecules and C
H···p interac-
tions between the C
H bonds
of a pyridine ring and both the
p systems of the dioxolene and
pyridine rings of the adjacent
molecule (see Figure 5a). It is
worth noting that the interac-
tions are expected to decrease
in the order 2>3> 1. Indeed,
this order reflects that of the
distances between the centroids
of the interacting pyridine rings,
which vary from 3.83 K for 2 to
3.92 K for 3 and 4.01 K for 1,
with the average angle between
the normal-to-plane and the
centroid–centroid connection
correspondingly being 21.78 for
2, 33.98 for 3, and 30.58 for 1;

the deviation from parallelism between the interacting
planes is minimal for 2 and maximal for 1.[50] As for the C

H···p interaction, the distance between the carbon atom in
the 3-position of the pyridine unit and the centroid of the di-
oxolene ligand is 3.51 K (average) for 2 and 3 and about
3.65 K for 1. On the other hand, the situation is very differ-
ent for 4, whose asymmetric unit contains two [CoACHTUNGTRENNUNG(Me3tpa)-
ACHTUNGTRENNUNG(diox)]+ molecules that strongly interact through p stacking
interactions between two pyridine rings (see Figure 5b). The
distance between centroids is only 3.43 K, whereas no ex-
tended interactions between adjacent dimers can be detect-
ed (the centroid–centroid distance between parallel adjacent
rings is larger than 4 K). This behaviour may be considered
to be a consequence of the different charge distribution in

Table 3. Bond lengths and angles for 1–4.[a] .

1 2 3 4a[b] 4b[b]

Bond
lengths [K]
Co
O1 1.862(4) 1.857(6) 1.868(5) 2.022(7) 2.008(7)
Co
O2 1.881(5) 1.864(6) 1.880(5) 2.075(7) 2.086(7)
Co
N1 1.951(5) 1.962(8) 2.029(6) 2.267(10) 2.295(10)
Co
N2 1.925(5) 1.945(8) 2.017(6) 2.232(10) 2.212(10)
Co
N3 1.918(6) 1.932(8) 1.967(6) 2.129(10) 2.165(9)
Co
N4 1.910(6) 1.920(8) 1.934(7) 2.103(9) 2.091(9)
O1
C1 1.352(8) 1.368(10) 1.348(8) 1.282(12) 1.295(12)
O2
C2 1.384(7) 1.379(11) 1.343(9) 1.289(12) 1.304(12)
C1
C2 1.386(9) 1.379(13) 1.409(11) 1.437(14) 1.468(15)

Bond
angles [8]
O1-Co-O2 88.2(2) 88.1(3) 87.6(2) 79.6(3) 79.3(3)
O1-Co-N1 90.0(2) 89.6(3) 86.5(2) 91.9(4) 95.5(4)
O1-Co-N2 87.3(2) 90.7(3) 89.9(2) 92.0(3) 90.2(2)
O1-Co-N3 175.5(2) 177.2(3) 174.2(3) 171.9(4) 170.5(4)
O1-Co-N4 89.5(2) 90.3(3) 89.4(2) 89.1(4) 89.4(4)
O2-Co-N1 93.2(2) 95.4(3) 98.5(2) 101.4(4) 104.6(4)
O2-Co-N2 96.3(2) 95.7(3) 93.3(2) 104.3(4) 101.1(4)
O2-Co-N3 96.3(2) 94.0(3) 96.9(2) 107.9(4) 107.8(4)
O2-Co-N4 176.8(2) 178.4(3) 176.9(3) 168.6(4) 168.7(4)
N1-Co-N2 170.0(3) 168.9(3) 167.4(3) 154.3(5) 154.3(4)

[a] The same numbering scheme as that of 1 is assumed for all the derivatives, even if for specific reasons the
corresponding CIF files may use a different scheme. [b] Compounds 4a and 4b are the two independent mole-
cules in the unit cell of 4.

Figure 3. Diamond view of the cationic unit of 1 (ellipsoids at 40% prob-
ability level). tert-Butyl groups and hydrogen atoms are omitted for the
sake of clarity.

Figure 4. View of the packing of 1 along the (101) direction, thus demon-
strating the alternating layers of the cationic molecules and the PF6 and
solvent molecules.
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this system, which leads to an increased bond length for the
metal-ion coordination sphere, thus decreasing the ring slip-
page between adjacent pyridine units in one direction, and
increasing it in the other direction.

Finally, it must be stressed that while crystals of 1 and 3
were obtained as ethanol-solvate derivatives, 2 and 4 were
obtained from toluene (see the Experimental Section) and
thus contain toluene molecules of crystallisation. This be-
haviour may lead to some differences in the expected inter-
layer interactions, which may be of relevance in determining
the photomagnetic behaviour of the systems.

Magnetic properties : Solid-state magnetic measurements for
polycrystalline samples of 1–4, crystallized from solutions in
ethanol, are reported in Figure 6. Both 1 and 2 are diamag-
netic within the whole investigated temperature range (up
to 300 K), thus clearly indicating a CoIII–Cat charge distribu-
tion, as expected on the basis of the molecular structure de-
termined by X-ray studies. Conversely, the data of cT versus
T for 3 indicate a CoIII–Cat charge distribution up to 280 K,
but above this temperature a gradual increase in the para-
magnetism of the sample is clearly observed, thus demon-
strating the occurrence of an entropy-driven valence-tauto-
meric transition to the CoII–SQ charge distribution. This be-
haviour is more clearly realised by studying the sample up
to 320 K, at which point the cT value reaches
0.82 cm3Kmol
1. This value suggests that the transition tem-

perature, defined as the temperature at which the two spe-
cies are present in equimolar amounts, should be around
370 K, as estimated by a nonconclusive fitting of the curve
of cT versus T by using the regular solution model.[51] Final-
ly, the behaviour of cT versus T for 4 is clearly indicative of
the CoII–SQ charge distribution over the whole temperature
range; indeed, the observed value of 3.75 cm3Kmol
1 at
room temperature is completely compatible with the pres-
ence of an uncoupled distorted octahedral cobalt(II) ion
with a largely unquenched orbital contribution (cT=3–
3.4 cm3Kmol
1) and a semiquinone radical. The decrease in
the cT values observed on cooling should be attributed to
cobalt(II) single ion effects, that is, to the depopulation of
the higher multiples that arise from the splitting of the 4T1g

orbital produced by the combined action of spin–orbit cou-
pling and low-symmetry distortions.[52]

These results lead to the conclusions that in the solid state
the CoII–SQ species is favoured by increasing the number of
methyl substituents on the ancillary ligand, whereas the
CoIII–Cat species is favoured by low methyl substitution, as
could also be inferred by the electrochemical data and elec-
tronic spectra of the samples in solution.

Photomagnetic properties: Irradiation of the ethanol sol-
vates of 1–3 with light of different frequencies at low tem-
perature results in the photoinduction of a small fraction
(about 1–3%) of CoII–SQ species. The low conversion rate,
which is a common feature of the photoinduced valence tau-
tomerism in cobalt–dioxolene systems, might be attributed
to different factors, namely, the strong opacity of the
sample, which prevents the penetration of the light in the
bulk, or the overlap of the transitions of the two different
species. In the latter case, it is possible that these transitions
result in the opposite interconversion, thus defining the pho-
tostationary state. A factor that can not be excluded is the
possibility that the transformation occurs only at the surface
of the sample as a consequence of the large variation in the
molecular volume that accompanies this type of transition.

The corresponding thermal relaxations of the converted
fraction at 9 K are shown in Figure 7. It is evident that the
decay is very fast for 1 but much slower, and in comparable

Figure 5. View of the relevant p–p and C
H···p interactions in the differ-
ent derivatives. a) 1 (2 and 3 show a closely related pattern), b) 4.

Figure 6. Plots of cT versus T for 1 (circles), 2 (inverse triangles), 3 (tri-
angles), and 4 (squares).
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magnitude, for 2 and 3, with the decay of latter being slight-
ly faster. The experimental relaxation curves, normalized to
the photoinduced fraction, were fitted to a first-order
stretched exponential expression ACHTUNGTRENNUNGgt/g0=exp ACHTUNGTRENNUNG(t/t)b, where gt is
the converted molar fraction of the metastable state at the
time t, g0 is the photoinduced molar fraction at t=0, t is the
average relaxation time, and b is a parameter lying between
0 and 1 that accounts for a time-evolving distribution of acti-
vation energies. The best-fit curves were obtained for values
of t of approximately 1000 s, 1.9Q106 s, and 4.5Q105 s for 1–
3, respectively, with b=0.3. To check the effect of the sol-
vent on the photomagnetic properties and to correlate the
observed results with the X-ray structures of the compounds,
we also irradiated the toluene derivative of 2. The average
relaxation time for the latter turned out to be about half of
that for the ethanol solvate (8Q105 s versus 1.9Q106 s; see
the Supporting Information). No definite photomagnetic ef-
fects (i.e., the occurrence of the reverse valence-tautomeric
process CoII–SQ!CoIII–Cat) were detected for 4.

Discussion

We suggest that the observed trend in the properties of 1–4
is determined by the different zero-point energy changes
DG8 that characterise the valence tautomeric process in the
different complexes. The DG8 values at cryogenic tempera-
tures were largely determined by the enthalpy changes asso-
ciated with Equation (2) and by crystal-lattice energies. For
this reason, the observed pattern of DG values in solution
should be qualitatively indicative of the DG8 values.

We note that the free-energy difference between the two
isomers corresponds to the energy associated with the tran-
sition from the ground state to the first CT excited state if
the two states are in vibrational and solvation equilibria. In
principle, it should then be possible to evaluate its value
from the energy associated with the first CT transition in
the electronic spectrum. However, the optical transitions in-
volve an excitation between a ground-donor level in the vi-

brational equilibrium and a nonequilibrium acceptor level;
therefore, the difference in the solvation energy of the
ground excited states and the reorganization energy of the
excited state should also be considered.[42,53–58] As a conse-
quence, we have used an empirical approach based on the
electrochemical data to determine the DG values for va-
lence-tautomeric equilibria involving 1–4.

The free-energy changes estimated through this procedure
well account for the room-temperature charge distribution
observed in solution by the electronic spectra. Indeed, the
DG values are positive for 1 and 2 but negative for 4 and,
even if only weakly, 3. These data are also in good agree-
ment with the observations in the solid state (the magnetic
properties and X-ray structures at 150 K), thus pointing to a
CoIII–Cat distribution for 1 and 2 up to room temperature,
whereas 3 undergoes an entropy-driven valence-tautomeric
interconversion just above room temperature and 4 is char-
acterised by the CoII–SQ charge distribution.

If we further assume that the equilibria for the four deriv-
atives are characterised by similar TDS values, the observed
DG pattern should reflect that of the associated enthalpy
variations. In particular, since temperature-dependent elec-
trochemical studies concerning the [FeIII(L)Cat]/ACHTUNGTRENNUNG[FeII(L)SQ]
interconversion (L= tetradentate macrocycle) suggested
that the TDS quantity may be estimated to be on the order
of 15 kJmol
1 at 298 K,[42] we may assume that the 1–4
series is characterised by a similar constant value. On this
basis, the calculated free-energy differences at 0 K (i.e., the
enthalpy changes) will be DG=61, 34, 6, and 
25 kJmol
1

(corresponding to 4900, 2700 , 500, and 
2100 cm
1, respec-
tively). If these values hold also in the solid state, as the pre-
diction of correct charge distribution at room temperature
suggests, they should result in the observed relaxation rates
k (=t
1) varying in the order 1>2(�4)>3. This behaviour
is in contrast to the experimental observations; indeed,
while 1 shows the shortest lived photoinduced metastable
state, the lifetime of the photoinduced state of 3 is almost
an order of magnitude less than that of 2. On the basis of
the crystal structure description, one possible explanation
for this discrepancy might be the strength of the intralayer
interactions, which was shown to increase in the order 1<
3<2 from X-ray structure analysis. This explanation would
increase the 2D cooperativity of the photoinduced valence-
tautomeric transition, thus justifying a corresponding in-
crease in the lifetime of the photoinduced state. However,
an active role of the solvents in the modulation of the inter-
layer interactions, and thus in an eventual variation in 3D
cooperativity, can not be excluded, as seen by the different
relaxation rates obtained for the two different solvates of 2.

Experimental Section

Materials : All the reagents and solvents were obtained commercially and
used as received, except dichloromethane and acetonitrile, which were
dried over CaH2. 6-Methyl-2-methylaminopyridine was prepared accord-
ing to a previously reported procedure.[59]

Figure 7. Relaxation kinetics of the photoinduced fraction of the ethanol
solvates of 1 (stars), 2 (empty circles), and 3 (full circles) at 9 K. The con-
verted fraction is normalized at 1 when t=0. The continuous lines are
the best fits using the stretched exponential law with parameters reported
in the text.
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Synthesis

Tris(2-pyridylmethyl)amine (tpa): This ligand was synthesised according
to a reported procedure.[44] Pyridine-2-carboxyaldehyde (4.49 g, 42 mmol)
was added to a stirred mixture of 2-aminomethylpyridine (2.16 g,
21 mmol) and sodium triacetoxyborohydride (12.48 g, 42 mmol) in di-
chloromethane (400 mL). The resulting reaction mixture was stirred for
18 h, after which a saturated aqueous solution of sodium hydrogencar-
bonate (200 mL) was added. The reaction mixture was stirred for 0.5 h
and then extracted with ethyl acetate. The organic fraction was separat-
ed, dried over MgSO4, and the solvent was removed under reduced pres-
sure. The residue was extracted several times with pentane, and the sol-
vent was removed to give tpa as light-yellow solid (5.42 g, 89%). Elemen-
tal analysis (%) calcd for C18H18N4: C 74.46, H 6.24, N 19.30; found: C
74.61, H 5.97, N 19.42.

Bis(2-pyridylmethyl)(6-methyl-2-pyridylmethyl)amine (Metpa): This
ligand was prepared by following the same procedure described above
for tpa by replacing pyridine-2-carboxyaldehyde with 6-methylpyridine-2-
carboxyaldehyde (5.17 g, 77%). Elemental analysis (%) calcd for
C19H20N4: C 74.97, H 6.62, N 18.41; found: C 74.76, H 6.23, N 18.12.

Bis(6-methyl-2-pyridylmethyl)(2-pyridylmethyl)amine (Me2tpa): This
ligand was prepared by following the same procedure described above
for tpa by replacing 2-aminomethylpyridine with 6-methyl-2-aminome-
thylpyridine (5.31 g 83%). Elemental analysis (%) calcd for C20H22N4: C
75.44, H 6.96, N 17.60; found: C 74.88, H 6.73, N 17.35.

Tris(6-methyl-2-pyridylmethyl)amine (Me3tpa): This ligand was prepared
by following the same procedure described above for tpa by replacing
pyridine-2-carboxyaldehyde with 6-methyl-pyridine-2-carboxyaldehyde
and 2-aminomethylpyridine with 6-methyl-2-aminomethylpyridine
(5.73 g, 82%). Elemental analysis (%) calcd for C21H24N4: C 75.87, H
7.28, N 16.85; found: C 75.67, H 7.01, N 16.46.

Synthesis of the [M ACHTUNGTRENNUNG(Mentpa) ACHTUNGTRENNUNG(DBdiox)]PF6 ACHTUNGTRENNUNG(M=Co, Ni): Solutions of
cobalt or nickel chloride (0.5 mmol) and the appropriate ligand
(0.55 mmol) in methanol (30 mL) were mixed with a solution of the ap-
propriate 3,5-di-tert-butylcatechol (0.5 mmol) and triethylamine (1.2–
1.4 mmol) in methanol (30 mL) in an inert atmosphere. The metal(II)–
(Mentpa)—catecholato complexes were oxidised with atmospheric dioxy-
gen and the resulting products were precipitated by adding an aqueous
solution of KPF6. The cobalt complexes were recrystallised from ethanol
or toluene. 1·C2H5OH: elemental analysis (%) calcd for
C34H44CoF6N4O3P: C 53.69, H 5.83, N 7.37; found: C 53.51, H 5.92, N
7.15; electronic spectra: absorption maxima (e in parentheses): 13650
(220), 23200 (460), 28500 (sh) cm
1. 2·C2H5OH: elemental analysis (%)
calcd for C35H46CoF6N4O3P: C 54.28, H 5.99, N 7.23; found: C 53.97, H
5.80, N 7.07; electronic spectra: absorption maxima (e in parentheses):
12150 (230), 21530 (330), 27000 (sh) cm
1. [Co ACHTUNGTRENNUNG(Me2tpa)ACHTUNGTRENNUNG(dbcat)]PF6

(3·C2H5OH): elemental analysis (%) calcd for C36H48CoF6N4O3P: C
54.80, H 6.14, N 7.11; found: C 54.61, H 5.95, N 6.97; electronic spectra:
absorption maxima (e in parentheses): 12500 (400), 15150 (720), 17500
(890), 19000 (750), 23350 (1070) cm
1. 2·C7H8: elemental analysis (%)
calcd for C40H48CoF6N4O2P: C 58.54, H 5.89, N 6.83; found: C 58.35, H
6.05, N 6.68. 4·C7H8: elemental analysis (%) calcd for C42H52CoF6N4O2P:
C 59.53, H 6.17, N 6.60; found: C 59.71, H 6.14, N 6.42; electronic spec-
tra: absorption maxima (e in parentheses): 12500 (420), 15150 (790),
17500 (870), 18900 (790), 23350 (1200) cm
1. [Ni ACHTUNGTRENNUNG(tpa) ACHTUNGTRENNUNG(dbsq)]PF6·H2O: el-
emental analysis (%) calcd for C32H40NiF6N4O3P: C 52.48, H 5.50, N
7.65; found: C 52.88, H 5.63, N 7.40. [Ni ACHTUNGTRENNUNG(Metpa) ACHTUNGTRENNUNG(dbsq)]PF6·H2O: elemen-
tal analysis (%) calcd for C33H42NiF6N4O3P: C 53.10, H 5.67, N 7.51;
found: C 52.78, H 5.68, N 7.35. [Ni ACHTUNGTRENNUNG(Me2tpa) ACHTUNGTRENNUNG(dbsq)]PF6·H2O: elemental
analysis (%) calcd for C34H44NiF6N4O3P: C 53.70, H 5.83, N 7.37; found:
C 53.21, H 5.64, N 7.42. [Ni ACHTUNGTRENNUNG(Me3tpa)ACHTUNGTRENNUNG(dbsq)]PF6·H2O: elemental analysis
(%) calcd for C35H46NiF6N4O3P: C 54.28, H 5.99, N 7.23; found: C 53.80,
H 6.15, N 7.06.

Electronic spectra : Visible absorption spectra of the four derivatives
were recorded in solution with CH2Cl2 in the visible region with a
Perkin-Elmer Lambda 20 Bio instrument.

Electrochemistry : All the electrochemical measurements were performed
with an AUTOLAB PGSTAT 10 digital potentiostat/galvanostat, control-
led by the GPES 4.9004 software (Eco Chemie BV, Utrecht, The Nether-

lands). The experiments were performed at 25 8C in acetonitrile with
0.1m NBu4PF6 added as the supporting electrolyte and a Pt wire as the
working electrode. An acetonitrile-based reference electrode was con-
structed by dropping an Ag/AgCl wire in a vial containing acetonitrile
with 0.1m NBu4Cl added. A salt bridge guaranteed the contact between
the obtained pseudo-reference electrode and the solution to be tested.
The analyzed potential range was 
1.0/+1.75 V (versus the pseudorefer-
ence electrode) at a scan rate of 50 mVs
1.

Magnetic and photomagnetic properties : The magnetic properties of
polycrystalline samples of 1–4 were measured at 2–320 K with applied
magnetic fields of 1 Tesla using a Cryogenic S600 SQUID magnetometer.
The data were corrected for the magnetism of the sample holder, which
was determined separately in the same temperature range and field, and
the underlying diamagnetism of each sample was estimated from the
Pascal constants. The photomagnetic characterisation of the samples was
performed with the irradiation of thin pellets (2–3 mg) obtained from
polycrystalline powder. The S600 Cryogenic SQUID Magnetometer has
been equipped with an optical fibre and a specifically designed sample
holder. The samples were irradiated using CW laser diodes with light
with an output power of up to 10 mWcm
2. Earlier calibration of the
setup was accomplished to remove any stray contributions as a result of
the arrangement and any warming effect on the sample.[39] Several fre-
quencies, all belonging to the visible/NIR region were used to trigger the
photoconversion since the absorption spectra of the compounds showed
several quite broad bands in all the visible range. The variation of the
magnetisation of the sample was, thus, followed as a function of the irra-
diation time at a constant temperature of 9 K. The more efficient pro-
cesses were obtained by using by light of l=405, 650, and 904 nm for 1—
3, respectively. The percentage of photoconversion was evaluated accord-
ing to (cTACHTUNGTRENNUNG(t=0)
cTOFF)/(cTCoII–SQ
cTOFF) where cT ACHTUNGTRENNUNG(t=0) is the photosta-
tionary value obtained after irradiation, cTOFF is the value for each com-
pound at 9 K and cTCoII–SQ is the value relative to the CoII–SQ species at
the same temperature. Assuming that the different systems were subject-
ed to the same ligand field, the latter value was directly obtained by the
measure of sample 4 (2.44 cm3Kmol
1). The relaxation kinetics were re-
corded by switching off the laser light as soon as the photostationary
limit was achieved. The photostationary limit was reached for all the
compounds after 10 h of continuous irradiation at 9 K, thus giving CoII–
SQ conversion as <1, 1, and 3% for 1–3, respectively. Subsequent tests
performed by varying the output laser power from 1 to 10 mWcm
2

showed that no effect of the increased intensity was observed on the con-
version percentage. For all the measurements, the reversibility was tested
by increasing the temperature up to 80 K to allow full relaxation of the
photoinduced metastable fraction and afterwards further thermalizing at
9 K. This test can be considered analogous to the TLIESST measurement.[37]

X-ray crystallography : X-ray data collection for 1–4 was performed on
an Oxford Instrument XCALIBUR-3 kappa-4 circle diffractometer
equipped with the Sapphire 3 CCD area detector and using graphite-
monochromated MoKa radiation from the Enhance high-brilliance sealed
tube. The diffraction data were collected at 150 K using an Oxford Cryo-
stream liquid-nitrogen cooling system. Details of the unit cell and the re-
finement results are reported in Table 1; selected parameters or ranges
are given in Table 2; the structures were solved by direct methods using
SIR97[60] and refined using the full-matrix least-squares method on F2

with the SHELXL-97 package.[61]

CCDC-629868, -655675, -638171, and -629869 for 1–4, respectively, con-
tain the supplementary crystallographic data for this paper. These data
can be obtained free of charge from the Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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