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Metal ion complexes of semiquinone radical anions exhibit different types of thermochromism depending on
metal ions and quinones. Metal ion complexes of 1,10-phenanthroline-5,6-dione radical anion (PTQ•-) produced
by the electron-transfer reduction of PTQ by 1,1′-dimethylferrocene (Me2Fc) in the presence of metal ions
(Mg2+ and Sc3+) exhibit the color change depending on temperature, accompanied by the concomitant change
in the ESR signal intensity. In the case of Mg2+, electron transfer from Me2Fc to PTQ is in equilibrium,
when the concentration of the PTQ•--Mg2+ complex (λmax ) 486 nm) increases with increasing temperature
because of the positive enthalpy for the electron-transfer equilibrium. In contrast to the case of Mg2+, electron
transfer from Me2Fc to PTQ is complete in the presence of Sc3+, which is a much stronger Lewis acid than
Mg2+, to produce the PTQ•--Sc3+ complex (λmax ) 631 nm). This complex is in disproportionation equilibrium
and the concentration of the PTQ•--Sc3+ complex increases with decreasing temperature because of the
negative enthalpy for the proportionation direction, resulting in the remarkable color change in the visible
region. On the other hand, thep-benzosemiquinone radical anion (Q•-) forms a 2:2π-dimer radical anion
complex [Q•--(Sc3+)2-Q] with Q and Sc3+ ions at 298 K (yellow color), which is converted to a 2:3π-dimer
radical anion complex [Q•--(Sc3+)3-Q] with a strong absorption band atλmax ) 604 nm (blue color) when
the temperature is lowered to 203 K. The change in the number of binding Sc3+ ions depending on temperature
also results in the remarkable color change, associated with the change in the ESR spectra.

Introduction

Thermochromic systems involving the change between
paramagnetic and diamagnetic species have recently attracted
considerable attention in relation to their potential applications
in molecular devices.1 Such paramagnetic compounds reported
so far contain a redox active metal center and ligands.2-11 A
judicious choice of metal and ligands makes it possible to obtain
thermally accessible low-lying electronic states that have
considerable charge-transfer character, when thermally driven
intramolecular electron transfer between the redox active metal
and ligands (valence tautomerism) causes the reversible color
change, associated with the change between the paramagnetic
and diamagnetic states. A search for new valence tautomeric
systems becomes an objective of current interest, because classic
valence tautomeric complexes have been limited to transition
metal complexes with redox active ligands.2-11 In this context,
an electroactive ferrocene derivative covalently linked to
substituted triphenylmethyl radical has recently been reported
to exhibit valence tautomerism, which is caused by thermally
induced electron transfer from the electron donor moiety (the
ferrocene unit) to the electron acceptor moiety (the organic
radical unit).12 Construction of such an electron donor-acceptor
dyad exhibiting valence tautomerism has been extremely
difficult, because fine-tuning of the redox potentials is required
to attain the electron-transfer equilibrium.12-15

Organic radical anions are usually in equilibrium between
the paramagnetic and diamagnetic species, e.g., an electron-

transfer equilibrium between an electron donor (D) and an
acceptor (A) in eq 1,12-15 a disproportionation equilibrium of

A•- in eq 2,16 and an equilibrium between a paramagnetic
monomer radical anion (A•-) and the dimer radical anion (A)2

•-

in eq 3.17-19 Metal ions (Mn+) acting as Lewis acids accelerate
electron-transfer reactions, when metal ions bind with the
product radical anions.20-26 The Lewis acidity of metal ions is
directly correlated with the free energy change of electron-
transfer reactions.20-26 In such a case, appropriate choice of the
metal ion would make it possible to regulate the equilibria
between the paramagnetic and diamagnetic species (eqs 4-6).20-26

The change in the equilibria between the paramagnetic and
diamagnetic species depending on temperature would result in
thermochromism, because organic radical ions normally possess
low-lying excited states that exhibit strong color. As a conse-
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quence, the redox control of an organic electron acceptor by
metal ions on the diamagnetic and paramagnetic equilibrium
would expand the scope of the paramagnetic thermochromic
systems. Despite such effective roles of metal ions on electron-
transfer equilibria, there has been no systematic study on the
effects of metal ions on the paramagnetic thermochromic
systems.

We report herein new types of thermochromic systems using
metal ion complexes of semiquinone radical anion (Q•-) and
radical anion of 1,10-phenanthroline-5,6-dione (PTQ•-),27 as-
sociated with the change in the ESR spectra.29 The temperature
dependence of the color and the ESR spectra is different
depending on metal ions and quinones. The ESR measurements
of the metal ion complexes of semiquinone radical anions,
combined with the temperature-dependent UV-vis changes
provide valuable insight into different mechanisms of the
thermochromism for metal ion complexes of semiquinone
radical anions.

Experimental Section

Materials. 1,10-Phenanthroline-5,6-dione (PTQ),p-benzo-
quinone (Q), and hydroquinone (QH2) were obtained com-
mercially and purified by the standard methods.30 1,1′-
Dimethylferrocene (Me2Fc) was obtained from Aldrich. Scandium
triflate [Sc(OTf)3] (OTf ) OSO2CF3) was purchased from
Pacific Metals Co., Ltd. (Taiheiyo Kinzoku). Decamethylfer-
rocene (Fc*) was obtained from Wako Pure Chemical Co., Ltd.
Anhydrous magnesium perchlorate [Mg(ClO4)2] was obtained
from Nacalai Tesque. 2,2′-Diphenyl-1-picrylhydrazyl (DPPH)
was obtained from Tokyo Kasei Organic Chemicals. Acetonitrile
(MeCN) and propionitrile (EtCN) used as solvents were purified
and dried by the standard procedure.30

ESR Measurements.Metal ion complexes of PTQ•- were
produced by the electron-transfer reduction of PTQ by Me2Fc
in the presence of metal ions. Typically, PTQ was dissolved in
EtCN (7.8× 10-4 M in 1.0 mL) in the presence of Sc(OTf)3

(3.4 × 10-2 M) and purged with argon for 10 min. The PTQ
solution (200µL) and Me2Fc solution (7.2× 10-4 M in 200
µL) were introduced into the ESR cell (1.8 mm i.d.) and bubbled
with Ar gas through a syringe that has a long needle. The Q•--
(Sc3+)n-Q complexes (n ) 2, 3) were produced by the
proportionation equilibrium between Q and QH2 in the presence
of a high concentration of Sc(OTf)3. Typically, Q (3.6× 10-2

M) and QH2 (6.4 × 10-3 M) were dissolved in EtCN (10 mL)
and purged with argon for 10 min. Sc(OTf)3 (6.4× 10-1 M in
1.0 mL) was dissolved in deaerated EtCN. The Q solution (200
µL) and Sc(OTf)3 solution (200µL) were introduced into the
ESR cell (1.8 mm i.d.) and were mixed by bubbling with Ar
gas through a syringe with a long needle. ESR spectra were
recorded on a JEOL JES-RE1XE spectrometer at the sample
cell in the ESR cavity at various temperatures. The magnitude
of modulation was chosen to optimize the resolution and signal-
to-noise (S/N) ratio of the observed spectra under nonsaturating
microwave power conditions. Theg values were calibrated using
an Mn2+ marker. The concentrations of radical species were
determined by double integration of the ESR signal in reference
to that of a known amount of a stable radical, DPPH. Typically,
double integration of the ESR signal of a deaerated EtCN
solution of Me2Fc (3.6× 10-4 M) and PTQ (3.9× 10-4 M) in
the presence of Sc(OTf)3 (1.7× 10-2 M) were compared with
that of DPPH (2.0× 10-4 M). The sensitivity of the ESR signals
was corrected by using an Mn2+ marker as a reference.

Spectral Measurements.The temperature dependence of the
absorption spectra of metal ion (Mg2+ and Sc3+) complexes of

semiquinone radical anions (Q•- and PTQ•-) were examined
from the change in the UV-vis spectra of metal ion complexes
of semiquinone radical anions using a Hewlett-Packard 8453
diode array spectrophotometer at various temperatures.

Results and Discussion

Thermochromism of Metal Ion Complexes of Semi-
quinone Radical Anions. Metal ion (Mg2+ and Sc3+) com-
plexes of the 1,10-phenanthroline-5,6-dione radical anion
(PTQ•-) were produced by the electron-transfer reduction of
PTQ by 1,1′-dimethylferrocene (Me2Fc) in the presence of metal
ions (see the Experimental Section). The Sc3+ complex of the
semiquinone radical anion (Q•-) is produced by the propor-
tionation equilibrium between Q and hydroquinone (QH2) in
the presence of a high concentration of Sc3+ (see the Experi-
mental Section).29 The visible colors of the resulting solutions
of the Mg2+ complex of PTQ•-, the Sc3+ complex of PTQ•-,
and the Sc3+ complex of Q•- at 298 K are shown in Figure
1a,c,e, respectively. Each color is changed when the temperature
is lowered (Figure 1b,d,f). The color change can be repeated
many times, being completely reversible.

The temperature-dependent reversible spectral changes were
examined using propionitrile (EtCN) as a solvent that has a
lower freezing point than acetonitrile (MeCN). The results are
shown in Figure 2. The absorption band atλmax ) 486 nm due
to the Mg2+ complex of PTQ•- decreases with decreasing
temperature (Figure 2a), whereas the absorption band atλmax

) 631 nm due to the Sc3+ complex of PTQ•- increases when
the temperature is lowered (Figure 2b). The temperature-
dependent spectral change of the Sc3+ complex of Q•- is shown
in Figure 2c, where new absorption bands (λmax ) 374 and 604
nm) appear and the absorbance increases with decreasing
temperature.

ESR Spectra of Metal Ion Complexes of Radical Anion.
The ESR spectra of metal ion complexes of radical anions are
measured at high and low temperatures, as shown in Figure 3
(red solid line and blue solid line, respectively). The ESR spectra
of the Mg2+ complex of PTQ•- measured in EtCN at 253 K
(red solid line) and 203 K (blue solid line) are shown in Figure
3a, together with the computer simulation spectra (red broken
lines) and the fitted values of the hyperfine splitting (hfs)
constants and the maximum slope line width (∆Hmsl) for the

Figure 1. Photographs of a deaerated MeCN solution of Me2Fc (2.0
× 10-2 M) and PTQ (2.0× 10-2 M) in the presence of Mg(ClO4)2

(2.0× 10-2 M) at (a) 298 K and (b) 233 K, photographs of a deaerated
MeCN solution of Me2Fc (2.4× 10-4 M) and PTQ (2.5× 10-3 M) in
the presence of Sc(OTf)3 (2.0 × 10-1 M) at (c) 298 K and (d) 233 K,
and photographs of a deaerated EtCN solution of QH2 (1.2× 10-3 M)
and Q (3.9× 10-3 M) in the presence of Sc(OTf)3 (5.4 × 10-1 M) at
(e) 298 K and (f) 203 K.
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1:1 complex of Mg2+ with PTQ•- (PTQ•--Mg2+). Only the
high field part of the ESR spectrum is shown in Figure 3b-d
to emphasize the complete agreement between the observed and
simulated spectra (for the whole spectra, see Supporting
Information S1). The ESR signal intensity of the PTQ•--Mg2+

complex decreases significantly when the temperature is lowered
to 203 K (blue solid lines in Figure 3a,b), in agreement with
the temperature dependence of the absorption at 486 nm in
Figure 2a. The hfs values of the PTQ•--Mg2+ complex are
slightly changed from those of free PTQ•-,31,32 remaining the
same at the lower temperature.

ESR spectra of the Sc3+ complex of PTQ•- were also
measured at 298 and 183 K, as shown in Figure 3c (solid lines).
In contrast to the case of the PTQ•--Mg2+ complex in Figure
3a,b, the ESR signal intensity of the PTQ•--Sc3+ complex
increases significantly when the temperature is lowered from
298 K (red solid line) to 183 K (blue solid line). This is also
consistent with the temperature dependence of the absorption
at 631 nm in Figure 2b. The hyperfine splitting due to four
protons [a(4H) ) 0.126 mT] and superhyperfine splitting due
to Sc3+ ions [a(Sc3+) ) 0.254 mT] at 298 K (red solid line in
Figure 3c) are slightly changed to the values ofa(4H) ) 0.122
mT anda(Sc3+) ) 0.270 mT at 183 K (blue solid line in Figure
3c).

The ESR spectrum of the Sc3+ complex of Q•- at 298 K
(red solid line in Figure 3d) is changed drastically together with
an increase in the signal intensity when the temperature is
lowered to 203 K (blue solid line in Figure 3d). This shows a
sharp contrast to the case of ESR spectra of metal ion complexes
of PTQ•- where the hyperfine patterns remain virtually the same
at different temperatures. The ESR spectrum observed at 298
K (red solid line in Figure 3d) with the hyperfine splitting due
to eight equivalent protons [a(8H) ) 0.112 mT] and superhy-
perfine splitting due to two equivalent Sc3+ ions [a(2Sc3+) )
0.112 mT] agrees with that of theπ-dimer formed between Q•-

and Q, which is bridged by two equivalent Sc3+ ions [Q•--

(Sc3+)2-Q].26,29 When the temperature is lowered to 203 K,
the ESR spectrum is changed to exhibit further superhyperfine
splitting due to an additional Sc3+ ion [a(Sc3+) ) 0.075 mT]
(blue sold line in Figure 3d). The ESR spectrum agrees with
that of Q•--(Sc3+)3-Q in which additional Sc3+ is placed
between theπ-planes of Q2

•- to produce Q•--(Sc3+)3-Q.26,29

The change in the ESR spectrum between Q•--(Sc3+)2-Q and
Q•--(Sc3+)3-Q was reversible, as observed in the color change
in Figure 2c. The decrease in the number of binding Sc3+ ions
from 3 to 2 is clearly recognized as the disappearance of the
ESR signal at the lowest or highest magnetic field region due
to the loss of additional superhyperfine splitting due to one Sc3+

ion with increasing temperature (Figure 3d).
To confirm the assignment of the absorption bands due to

metal ion complexes of radical anions, the concentrations of
metal ion complexes of radical anions were determined by
double integration of the ESR signal in reference to that of a
known amount of a stable radical, 2,2′-diphenyl-1-picrylhydrazyl
(DPPH), under the same experimental conditions as employed
for the color change in Figure 2 at various temperatures. The
concentration of the Mg2+ complex of PTQ•- determined by
ESR increases with increasing temperature (open circles in
Figure 4a) and this agrees with an increase in absorbance at
486 nm (closed circles in Figure 4a) using the molecular
absorption coefficient (ε) value of PTQ•--Mg2+ at 486 nm (4.5
× 103 M-1 cm-1). In the case of the Sc3+ complex of PTQ•-,
the radical concentration decreases with increasing temperature
(open circles in Figure 4b). This also agrees with a decrease in
absorbance at 631 nm (closed circles in Figure 4b) using theε

value of PTQ•--Sc3+ at 631 nm (4.2× 104 M-1 cm-1). The
agreement between the change in the radical concentration and
the absorbance change in Figure 4a,b indicates that the tem-
perature dependence of the absorption spectra in Figure 2a and
Figure 2b results from the change in the concentrations of metal
ion complexes of PTQ•-.33

The total concentrations of Q•--(Sc3+)2-Q and Q•--
(Sc3+)3-Q also decrease with increasing temperature (open
circles in Figure 4c). In this case, however, the radical
concentration remains the same at high temperatures (open
circles in Figure 4c), whereas the absorbance at 604 nm
decreases to zero at high temperatures (closed circles in Figure
4c). Theε value of Q•--(Sc3+)3-Q at 604 nm is determined
as 3.3× 104 M-1 cm-1 from the radical concentration and the
absorbance at 604 nm at 203 K, because Q•--(Sc3+)3-Q is
the main radical species at 203 K, as indicated by the ESR
spectrum of Q•--(Sc3+)3-Q obtained at 203 K (Figure 3d).
When the temperature dependence of the ESR signal intensity
due to Q•--(Sc3+)3-Q at 331.28 mT (open circles in Figure
5) agrees well with that of the absorbance at 604 nm (closed
circles in Figure 5), this indicates that the temperature depen-
dence of the absorption spectra in Figure 2c results from the
change in the number of binding Sc3+ ions between 2 for [Q•--
(Sc3+)2-Q] and 3 for [Q•--(Sc3+)3-Q] with temperature. Thus,
there are two equilibria: one is between QH2 and Q in the
presence of a large concentration of Sc3+, and the other is
between Q•--(Sc3+)2-Q and Q•--(Sc3+)3-Q as shown in
Scheme 1. The latter is responsible for the color change in
Figures 1e and 1f.

The absorption band due to the dimer radical anion (Q2
•-)

without Sc3+ appears atλmax ) 1290 nm in the NIR (near-
infrared) region.29,34This is assigned to the transition from the
π-bonding orbital of theπ-dimer to the π* orbital (see
Supporting Information S2).19,29 Thus, theλmax value varies
depending on theπ-bonding strength. The binding of two Sc3+

Figure 2. Absorption spectral changes of a deaerated EtCN solution
of (a) Me2Fc (1.7× 10-3 M) and PTQ (1.7× 10-3 M) in the presence
of Mg(ClO4)2 (3.3 × 10-3 M) at various temperatures, those of (b)
Me2Fc (3.6× 10-4 M) and PTQ (3.9× 10-4 M) in the presence of
Sc(OTf)3 (1.7× 10-2 M) at various temperatures, and those of (c) QH2

(3.2 × 10-3 M) and Q (1.8× 10-2 M) in the presence of Sc(OTf)3

(3.2 × 10-1 M) at various temperatures (1 mm path length).

9358 J. Phys. Chem. A, Vol. 109, No. 41, 2005 Yuasa et al.



ions with Q2
•- results in an increase in theπ-bonding strength,

leading to a significant blue shift of the absorption band of the
π-complex. The additional binding of Sc3+ between the two
π-planes of Q2

•-, which has Coulombic rather than covalent
character, may decrease theπ-bonding strength, resulting in the
red-shift of the absorption band, as observed in Figure 2c.

Mechanism of Thermochromism of Metal Ion Complexes
of PTQ•-. To clarify the difference in thermochromism between
the Mg2+ and Sc3+ complexes of PTQ•-, spectral titration of
PTQ by ferrocenes is examined. The absorption changes due
to the complex formation of PTQ•- with metal ions are shown
in Figure 6. The change of absorbance at 631 nm due to the
PTQ•--Sc3+ complex is observed upon addition of Me2Fc (0-
3.2 × 10-3 M) to a deaerated MeCN solution of PTQ (1.5×
10-3 M) (closed circles in Figure 6a), and this agrees with the
concentration of the PTQ•--Sc3+ complex determined by ESR
(open circles in Figure 6a).35 The concentration of the PTQ•--
Sc3+ complex reaches a maximum (12%) after the 1:1 ratio of
Me2Fc to PTQ and then decreases with increasing concentration
of Me2Fc (open circles in Figure 6a).35 This indicates that the
PTQ•--Sc3+ complex formed in electron transfer from Me2Fc

to PTQ in the presence of Sc3+ (eq 7) is further reduced by

excess Me2Fc to produce PTQ2--Sc3+ (eq 8) and that the
PTQ•--Sc3+ complex is in disproportionation equilibrium with
the PTQ2--Sc3+ complex and PTQ (eq 9). It should be noted
that the electron-transfer equilibrium (eq 7) largely lies on the
side of the Me2Fc+ and PTQ•--Sc3+ under the present
experimental conditions, because the free energy change of
electron transfer from Me2Fc (E0

ox ) 0.26 V vs SCE)36 to PTQ
(Ered ) 0.31 V vs SCE in the presence of 2.0× 10-2 M Sc3+)37

is negative (∆Get ) -0.05 eV).38

In the case of Mg2+, which is a much weaker Lewis acid
than Sc3+, the absorbance at 486 nm (closed triangles in Figure

Figure 3. ESR spectra of a deaerated EtCN solution of (a) Me2Fc (1.7× 10-2 M) and PTQ (1.8× 10-2 M) in the presence of Mg(ClO4)2 (5.1 ×
10-2 M) in the magnetic range 330.60-331.80 mT at 253 K (red solid line) and 203 K (blue solid line) with the computer simulation spectra of
PTQ•--Mg2+ at 253 K (red broken line) and 203 K (blue broken line) [the boxed area is magnified and shown in Figure 3b] and (b) those at the
magnetic range 331.10-331.80 mT. (c) ESR spectra of a deaerated EtCN solution of Me2Fc (3.6× 10-4 M) and PTQ (3.9× 10-4 M) in the
presence of Sc(OTf)3 (4.0 × 10-1 M) in the magnetic range 331.31-333.01 mT at 298 K (red solid line) and 183 K (blue solid line) with the
computer simulation spectra of PTQ•--Sc3+ at 298 K (red broken line) and 183 K (blue broken line). (d) ESR spectra of a deaerated EtCN solution
of QH2 (3.2× 10-3 M) and Q (1.8× 10-2 M) in the presence of Sc(OTf)3 (3.2× 10-1 M) in the magnetic range 330.30-331.35 mT at 298 K (red
solid line) and 203 K (blue solid line) with the computer simulation spectra of Q•--(Sc3+)2-Q (red broken line) and Q•--(Sc3+)3-Q (blue broken
line). The hfs values are given at the right-hand side with the structures of the metal ion complexes of radical anions. Red and blue arrows denote
an increase and decrease in temperature, respectively.

Me2Fc + PTQ
+Sc3+

u
-Sc3+

Me2Fc+ + PTQ•--Sc3+ (7)

Me2Fc + PTQ•--Sc3+ a Me2Fc+ + PTQ2--Sc3+ (8)

PTQ2--Sc3+ + PTQ {\}
+Sc3+

-Sc3+
2PTQ•--Sc3+ (9)
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6b) and the concentration of the PTQ•--Mg2+ complex
determined by ESR (open triangles in Figure 6b) continue to
increase with increasing concentration of Me2Fc even after the
1:1 ratio of Me2Fc to PTQ is reached. This indicates that electron

transfer between Me2Fc and PTQ is in equilibrium in the
presence of Mg2+ at 298 K, as shown in eq 10.

When decamethylferrocene (Fc*:E0
ox ) -0.08 V vs SCE),36

which is a much stronger electron donor than Me2Fc (E0
ox )

0.26 V vs SCE),36 was used as an electron donor, the electron-
transfer equilibrium is completely shifted to the product side to
afford 98% yield of the PTQ•--Mg2+ complex at a 1:1 ratio
of Fc* to PTQ (open circles in Figure 6c) and then decreases
with increasing concentration of Fc*. This indicates that the
disproportionation equilibrium of the PTQ•--Mg2+ complex
largely lies on the side of the PTQ•--Mg2+ complex (the
direction toward the proportionation), as shown in eq 11.

The opposite temperature dependence between the PTQ•--
Sc3+ complex and the PTQ•--Mg2+ complex in Figure 4 results
from the difference in the sign of enthalpy (∆H) between the
proportionation equilibrium (eq 9) with∆H ) -3.0 kcal mol-1

and the electron-transfer equilibrium (eq 10) with∆H ) 9.0
kcal mol-1 (see Supporting Information S3 for plots of logarithm
of the equilibrium constants vsT-1). The decrease in absorbance
at 604 nm and the ESR signal intensity due to Q•--(Sc3+)3-Q
at 331.28 mT with increasing temperature in Figure 5 is also
ascribed to the negative enthalpy for formation of Q•--(Sc3+)3-
Q because of the additional binding of Sc3+.

Summary and Conclusions

Three different types of thermochromism have been shown
in paramagnetic systems involving metal ion complexes of

Figure 4. Plots of (a) concentration of PTQ•--Mg2+ (O) and
absorbance at 486 nm (b) vsT in the deaerated EtCN solution of Me2-
Fc (1.7× 10-3 M) and PTQ (1.7× 10-3 M) in the presence of Mg-
(ClO4)2 (3.3 × 10-3 M) at 203-298 K. (b) Plots of the concentration
of PTQ•--Sc3+ (O) and absorbance at 631 nm (b) vsT in the deaerated
EtCN solution of Me2Fc (3.6× 10-4 M) and PTQ (3.9× 10-4 M) in
the presence of Sc(OTf)3 (1.7 × 10-2 M) at 183-298 K. (c) Plots of
total concentrations of Q•--(Sc3+)n-Q (n ) 2, 3) (O) and absorbance
at 604 nm (b) (1 mm path length) vsT in the deaerated EtCN solution
of QH2 (3.2 × 10-3 M) and Q (1.8× 10-2 M) in the presence of Sc-
(OTf)3 (3.2 × 10-1 M) at 203-298 K.

Figure 5. Temperature dependence of the ESR intensity at 331.28
mT (O) and the absorbance at 604 nm (b) (1 mm path length) of an
EtCN solution of QH2 (3.2 × 10-3 M) and Q (1.8× 10-2 M) in the
presence of Sc(OTf)3 (3.2 × 10-1 M) at 298-203 K.

SCHEME 1

Figure 6. Plots of (a) concentration of PTQ•--Sc3+ (O) and absor-
bance at 631 nm (b) (1 mm path length) vs [Me2Fc]/[PTQ] for the
titration of PTQ (1.5× 10-3 M) by Me2Fc (0-3.2 × 10-3 M) in the
presence of Sc(OTf)3 (2.0 × 10-1 M) in deaerated MeCN at 243 K,
(b) concentration of PTQ•--Mg2+ (4) and absorbance at 486 nm (2)
(1 mm path length) vs [Me2Fc]/[PTQ] for the titration of PTQ (1.6×
10-3 M) by Me2Fc (0-3.8 × 10-3 M) in the presence of Mg(ClO4)2

(1.9× 10-2 M) in deaerated MeCN at 298 K, and (c) concentration of
PTQ•--Mg2+ (O) and absorbance at 486 nm (b) (1 mm path length)
vs [Fc*]/[PTQ] for the titration of PTQ (1.6× 10-3 M) by Fc* (0-4.2
× 10-3 M) in the presence of Mg(ClO4)2 (1.9× 10-2 M) in deaerated
MeCN at 298 K.

Me2Fc + PTQ
+Mg2+

U
-Mg2+

Me2Fc+ + PTQ•--Mg2+ (10)

PTQ2--Mg2+ + PTQ
+Mg2+

u
-Mg2+

2PTQ•--Mg2+ (11)
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semiquinone radical anions. Thep-benzosemiquinone radical
anion (Q•-) forms 2:2π-dimer radical anion complex [Q•--
(Sc3+)2-Q] with Q and Sc3+ ion at 298 K (yellow color), which
changes to a 2:3π-dimer radical anion complex [Q•--(Sc3+)3-
Q] when the temperature is lowered to 203 K, which has a strong
absorption band at 604 nm (blue color). Metal ion complexes
of 1,10-phenanthroline-5,6-dione radical anion (PTQ•-) were
produced by the electron-transfer reduction of PTQ by 1,1′-
dimethylferrocene (Me2Fc) in the presence of metal ions (Mg2+

and Sc3+). In the case of Mg2+, electron transfer from Me2Fc
to PTQ is in equilibrium, when the concentration of the PTQ•--
Mg2+ complex increases with increasing temperature, leading
to an increase in the absorption band (λmax ) 486 nm). On the
other hand, electron transfer from Me2Fc to PTQ is complete
in the presence of Sc3+, which is a much stronger Lewis acid
than Mg2+. The PTQ•--Sc3+ complex thus produced is in
disproportionation equilibrium and the concentration of the
PTQ•--Sc3+ complex increases with decreasing temperature
because of the negative enthalpy for the proportionation. This
causes the remarkable color change in the visible region (λmax

) 631 nm).
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