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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 anior) (rdduced
by the electron-transfer reduction of PTQ by 'idimethylferrocene (Mg-c) in the presence of metal ions

(Mg?* and Sé*) exhibit the color change depending on temperature, accompanied by the concomitant change

in the ESR signal intensity. In the case of Mgelectron transfer from M&c to PTQ is in equilibrium,
when the concentration of the PT@Mg?" complex gmax = 486 nm) increases with increasing temperature
because of the positive enthalpy for the electron-transfer equilibrium. In contrast to the cas& oéleigiron
transfer from MeFc to PTQ is complete in the presence of'Sevhich is a much stronger Lewis acid than
Mg?*, to produce the PTQ—Sc" complex §max= 631 nm). This complex is in disproportionation equilibrium
and the concentration of the PTG-Sc" 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, theebenzosemiquinone radical anion*(Qforms a 2:2z-dimer radical anion
complex [Q~—(ScM),—Q] with Q and Sé" ions at 298 K (yellow color), which is converted to a 2:3limer
radical anion complex [Q—(Sc");—Q] with a strong absorption band &t.x = 604 nm (blue color) when
the temperature is lowered to 203 K. The change in the number of bindfdgdds depending on temperature
also results in the remarkable color change, associated with the change in the ESR spectra.

Introduction transfer equilibrium between an electron donor (D) and an

Thermochromic systems involving the change between acceptor (A) in eq %% a disproportionation equilibrium of

paramagnetic and diamagnetic species have recently attracted et —

considerable attention in relation to their potential applications D+A=D"+A 1)
in molecular device$.Such paramagnetic compounds reported .- —_ o

so far contain a redox active metal center and lig&nélsA AT TAT=ATA (2)
judicious choice of metal and ligands makes it possible to obtain _ _

: ; : AT A= () ®

thermally accessible low-lying electronic states that have
considerable charge-transfer character, when thermally driven . 16 and ibri b .
intramolecular electron transfer between the redox active metalA” 1N €d 2,> and an equilibrium between a paramagnetic

and ligands (valence tautomerism) causes the reversible color™onomer radical anion (A) and the dimer radical anion (&)

. . i 17-19 i + i i i
change, associated with the change between the paramagnetittt €4 3" Metal ions (M™) acting as Lewis acids accelerate

and diamagnetic states. A search for new valence tautomericE€ctron-transfer r_ez;gl(;?s, when metal ions bind with the
systems becomes an objective of current interest, because classie_rOdUCt radical anio e The Lewis acidity of metal ions is

valence tautomeric complexes have been limited to transition diréctly correlated 2\gwth the free energy change of electron-
metal complexes with redox active ligariid? In this context,  transfer reaction¥2"2%In such a case, appropriate choice of the

an electroactive ferrocene derivative covalently linked to Metal ion would make it possible to regulate the eg%zgleibria
substituted triphenylmethyl radical has recently been reported Petween the paramagnetic and diamagnetic species-{&)

to exhibit valence tautomerism, which is caused by thermally

Mn+ . o-—
induced electron transfer from the electron donor moiety (the D+A=—=D"+A"-M" (4)
ferrocene unit) to the electron acceptor moiety (the organic o
radical unit)}? Construction of such an electron dor@cceptor AT-M"" + AT-M"" AT AT —M""  (5)

dyad exhibiting valence tautomerism has been extremely
difficult, because fine-tuning of the redox potentials is required
to attain the electron-transfer equilibriur.®

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

AT—M"+ A= (A), —M"" (6)

The change in the equilibria between the paramagnetic and

diamagnetic species depending on temperature would result in
*To whom correspondence should be addressed. E-mail: thermochromism, because organic radical ions normally possess

fukuzumi@chem.eng.osaka-u.ac.jp. low-lying excited states that exhibit strong color. As a conse-

10.1021/jp053616p CCC: $30.25 © 2005 American Chemical Society
Published on Web 09/27/2005



Metal lon Complexes of Semiquinone Radical Anions

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 aniorn~jCand
radical anion of 1,10-phenanthroline-5,6-dione (PT)(3" as-
sociated with the change in the ESR speétBhe temperature
dependence of the color and the ESR spectra is different
depending on metal ions and quinones. The ESR measurement
of the metal ion complexes of semiquinone radical anions,
combined with the temperature-dependent -tiNs 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 (PT@}benzo-
quinone (Q), and hydroquinone (@Hwere obtained com-
mercially and purified by the standard meth&fs1,1-
Dimethylferrocene (Mg-c) was obtained from Aldrich. Scandium
triflate [Sc(OTfy] (OTf = OSGCF;) was purchased from
Pacific Metals Co., Ltd. (Taiheiyo Kinzoku). Decamethylfer-
rocene (Fc*) was obtained from Wako Pure Chemical Co., Ltd.
Anhydrous magnesium perchlorate [Mg(G)&) was obtained
from Nacalai Tesque. 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 procedéfte.

ESR Measurements Metal ion complexes of PTQ were
produced by the electron-transfer reduction of PTQ byMde
in the presence of metal ions. Typically, PTQ was dissolved in
EtCN (7.8 x 1074 M in 1.0 mL) in the presence of Sc(OFEf)
(3.4 x 1072 M) and purged with argon for 10 min. The PTQ
solution (200uL) and MeFc solution (7.2x 1074 M in 200
uL) 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
(SEM)—Q complexes f = 2, 3) were produced by the
proportionation equilibrium between Q and @id the presence
of a high concentration of Sc(OE&f)Typically, Q (3.6x 1072
M) and QH; (6.4 x 10~3 M) were dissolved in EtCN (10 mL)
and purged with argon for 10 min. Sc(O3{6.4 x 10°1 M in
1.0 mL) was dissolved in deaerated EtCN. The Q solution (200
uL) and Sc(OTf} solution (200uL) 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
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(a) 208 K (b) 233K
(c) 208K (d) 233K
(e) 208 K (f) 203 K

Figure 1. Photographs of a deaerated MeCN solution obie(2.0

x 1072 M) and PTQ (2.0x 1072 M) in the presence of Mg(Clg)».
(2.0x 1072 M) at (a) 298 K and (b) 233 K, photographs of a deaerated
MeCN solution of MgFc (2.4x 1074 M) and PTQ (2.5x 1073 M) in

the presence of Sc(OEff2.0 x 10! M) at (c) 298 K and (d) 233 K,
and photographs of a deaerated EtCN solution of Q2 x 1072 M)

and Q (3.9x 1072 M) in the presence of Sc(OTEf)(5.4 x 1071 M) at

(e) 298 K and (f) 203 K.

S

semiquinone radical anions (Qand PTQ") were examined
from the change in the UVvis 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 lon Complexes of Semi-
quinone Radical Anions. Metal ion (Mg?™ and Sé") 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 (Mg-c) in the presence of metal
ions (see the Experimental Section). Thé'Scomplex of the
semiquinone radical anion (Q is produced by the propor-
tionation equilibrium between Q and hydroquinone @Rl
the presence of a high concentration of'S¢see the Experi-
mental Section}? The visible colors of the resulting solutions
of the Mg®™ complex of PT@", the Sé* complex of PTQ@",
and the S&" complex of @~ at 298 K are shown in Figure
la,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 bandlatx = 486 nm due
to the Mg" complex of PT@ decreases with decreasing
temperature (Figure 2a), whereas the absorption bandat

recorded on a JEOL JES-RE1XE spectrometer at the sample= 631 nm due to the S¢ complex of PTQ@ increases when

cell in the ESR cavity at various temperatures. The magnitude
of modulation was chosen to optimize the resolution and signal-

the temperature is lowered (Figure 2b). The temperature-
dependent spectral change of thé'Smmplex of Q- is shown

to-noise (S/N) ratio of the observed spectra under nonsaturatingin Figure 2c, where new absorption bandis4 = 374 and 604

microwave power conditions. Thevalues were calibrated using
an Mre™ 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 MeFc (3.6 x 104 M) and PTQ (3.9x 104 M) in
the presence of Sc(OEf[1.7 x 1072 M) were compared with
that of DPPH (2.0< 10~* M). The sensitivity of the ESR signals
was corrected by using an Mnmarker as a reference.
Spectral MeasurementsThe temperature dependence of the
absorption spectra of metal ion (Mgand Sé*) complexes of

nm) appear and the absorbance increases with decreasing
temperature.

ESR Spectra of Metal lon 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 Mg?* complex of PT®™ 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 widtkH,g) for the
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Figure 2. Absorption spectral changes of a deaerated EtCN solution
of (@) MeFc (1.7x 102 M) and PTQ (1.7x 10~3 M) in the presence

of Mg(ClOg4); (3.3 x 1073 M) at various temperatures, those of (b)
MesFc (3.6 x 1074 M) and PTQ (3.9x 1074 M) in the presence of
Sc(OTfk (1.7 x 1072 M) at various temperatures, and those of (c),QH
(3.2 x 10 M) and Q (1.8x 1072 M) in the presence of Sc(OTf)
(3.2 x 107t M) at various temperatures (1 mm path length).

1:1 complex of M@" with PTQ~ (PTQ —Mg?"). Only the
high field part of the ESR spectrum is shown in Figure-8b
to emphasize the complete agreement between the observed al

simulated spectra (for the whole spectra, see Supporting

Information S1). The ESR signal intensity of the PTQMg?"

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 PT@Mg?" complex are
slightly changed from those of free PT(#132remaining the
same at the lower temperature.

ESR spectra of the St 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 PT@ScE" complex
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(SEM),—Q].262° When the temperature is lowered to 203 K,
the ESR spectrum is changed to exhibit further superhyperfine
splitting due to an additional St ion [a(SE") = 0.075 mT]
(blue sold line in Figure 3d). The ESR spectrum agrees with
that of Q~—(Sc);—Q in which additional St is placed
between ther-planes of @~ to produce @ —(Sc+);—Q.26:29

The change in the ESR spectrum between-Sc™),—Q and
Q—(ScM)3;—Q was reversible, as observed in the color change
in Figure 2c. The decrease in the number of binding$ans
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 on& Sc
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¢phenyl-1-picrylhydrazyl
(DPPH), under the same experimental conditions as employed
for the color change in Figure 2 at various temperatures. The
concentration of the Mg complex of PT@™ 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 value of PTQ-—Mg?" at 486 nm (4.5
x 108 M~1 cm™). In the case of the St 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 the
value of PTQ —Sc" at 631 nm (4.2x 10* M~1 cm™%). The

greement between the change in the radical concentration and

e 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-(Sc"),—Q and Q —
(ScM);—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). Thee value of Q~—(Sc");—Q at 604 nm is determined
as 3.3x 10* M~ cm™! from the radical concentration and the

increases significantly when the temperature is lowered from absorbance at 604 nm at 203 K, because-@S¢*)s—Q is

298 K (red solid line) to 183 K (blue solid line). This is also

the main radical species at 203 K, as indicated by the ESR

consistent with the temperature dependence of the absorptiorsPectrum of @ —(S¢**);—Q obtained at 203 K (Figure 3d).

at 631 nm in Figure 2b. The hyperfine splitting due to four
protons p(4H) = 0.126 mT] and superhyperfine splitting due
to SE* ions [a(SA™) = 0.254 mT] at 298 K (red solid line in
Figure 3c) are slightly changed to the valuesa@fH) = 0.122
mT anda(Sc*) = 0.270 mT at 183 K (blue solid line in Figure
30).

The ESR spectrum of the Sccomplex of @~ at 298 K
(red solid line in Figure 3d) is changed drastically together with

When the temperature dependence of the ESR signal intensity
due to @ —(Sc")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®dons between 2 for [Q—
(ScM),—Q] and 3 for [Q~—(ScE+);—Q] with temperature. Thus,
there are two equilibria: one is between Q&hd Q in the

an increase in the signal intensity when the temperature is Presence of a IarJrge concentration of'fScand the other is
lowered to 203 K (blue solid line in Figure 3d). This shows a between @ —(S¢*);—Q and Q@ —(S¢*)s—Q as shown in
sharp contrast to the case of ESR spectra of metal ion complexes>cheme 1. The latter is responsible for the color change in

of PTQ~ where the hyperfine patterns remain virtually the same

Figures 1e and 1f.

at different temperatures. The ESR spectrum observed at 298 The absorption band due to the dimer radical aniogr(Q

K (red solid line in Figure 3d) with the hyperfine splitting due
to eight equivalent protong(8H) = 0.112 mT] and superhy-
perfine splitting due to two equivalent 8cions [a(2Sé*) =
0.112 mT] agrees with that of thedimer formed betweenQ
and Q, which is bridged by two equivalent®Sdons [Q~—

without SE™ appears afimax = 1290 nm in the NIR (near-
infrared) regior?®34 This is assigned to the transition from the
sm-bonding orbital of then-dimer to the z* orbital (see
Supporting Information S2P2° Thus, theAmax Value varies
depending on tha-bonding strength. The binding of two 8c
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Figure 3. ESR spectra of a deaerated EtCN solution of (a)fdg1.7 x 102 M) and PTQ (1.8x 1072 M) in the presence of Mg(CIg; (5.1 x

1072 M) in the magnetic range 330.6831.80 mT at 253 K (red solid line) and 203 K (blue solid line) with the computer simulation spectra of
PTQ~—Mg?" 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 331.3831.80 mT. (c) ESR spectra of a deaerated EtCN solution ofFMé3.6 x 1074 M) and PTQ (3.9x 1074 M) in the

presence of Sc(OTf)(4.0 x 101 M) in the magnetic range 331.3B33.01 mT at 298 K (red solid line) and 183 K (blue solid line) with the
computer simulation spectra of PTQ-Sc* at 298 K (red broken line) and 183 K (blue broken line). (d) ESR spectra of a deaerated EtCN solution

of QH; (3.2 x 102 M) and Q (1.8x 1072 M) in the presence of Sc(OEf[3.2 x 101 M) in the magnetic range 330.3331.35 mT at 298 K (red

solid line) and 203 K (blue solid line) with the computer simulation spectra-of-(B8c),—Q (red broken line) and Q—(Sc¢);—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.

ions with Q*~ results in an increase in thebonding strength, to PTQ in the presence of 8c(eq 7) is further reduced by
leading to a significant blue shift of the absorption band of the

s-complex. The additional binding of 8t between the two tiﬁ” + ~ o3t
m-planes of @~, which has Coulombic rather than covalent Me,Fc+ PTQ_SCH MeFc” + PTQ s¢ ™
character, may decrease tiddonding strength, resulting in the

red-shift of the absorption band, as observed in Figure 2c. Me,Fc+ PTQ —SE" = Me,Fc” + PT@ —SE" (8)

Mechanism of Thermochromism of Metal lon Complexes
of PTQ*~. To clarify the difference in thermochromism between _ +S@+ _
the Mg®™ and Séiy complexes of PTE, spectral titration of PTG —Sc™ + PTQ‘E 2PTQ —sc* C)
PTQ by ferrocenes is examined. The absorption changes due
to the complex formation of PTQ with metal ions are shown  excess MgFc to produce PT®—Sc* (eq 8) and that the
in Figure 6. The change of absorbance at 631 nm due to thePTQ~—Sc" complex is in disproportionation equilibrium with
PTQ —Sc" complex is observed upon addition of pfe (0— the PTG —Sc* complex and PTQ (eq 9). It should be noted
3.2 x 1073 M) to a deaerated MeCN solution of PTQ (& that the electron-transfer equilibrium (eq 7) largely lies on the
1073 M) (closed circles in Figure 6a), and this agrees with the side of the MegFc™ and PTQ —Sc&t under the present
concentration of the PTQ—Sc&* complex determined by ESR  experimental conditions, because the free energy change of
(open circles in Figure 6&%.The concentration of the PTQ- electron transfer from Mg c (E%x = 0.26 V vs SCE¥¢to PTQ
St complex reaches a maximum (12%) after the 1:1 ratio of (Eeq= 0.31V vs SCE in the presence of 20102 M Sc3+)37
Me,Fc to PTQ and then decreases with increasing concentrationis negative AGe = —0.05 eV)38
of MeyFc (open circles in Figure 6&).This indicates that the In the case of M§", which is a much weaker Lewis acid
PTQ~—Sc* complex formed in electron transfer from M than Sé*, the absorbance at 486 nm (closed triangles in Figure
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Figure 4. Plots of (a) concentration of PFQ-Mg?" (O) and
absorbance at 486 nr®) vs T in the deaerated EtCN solution of Me
Fc (1.7 x 102 M) and PTQ (1.7x 1072 M) in the presence of Mg-
(ClO4)2 (3.3 x 1073 M) at 203-298 K. (b) Plots of the concentration
of PTQ —Sc¢* (O) and absorbance at 631 n®)(vs T in the deaerated
EtCN solution of MeFc (3.6 x 1074 M) and PTQ (3.9x 107* M) in
the presence of Sc(OEf[1.7 x 1072 M) at 183-298 K. (c) Plots of
total concentrations of Q—(Sc"),—Q (n = 2, 3) (O) and absorbance
at 604 nm @) (1 mm path length) v3 in the deaerated EtCN solution
of QH, (3.2 x 102 M) and Q (1.8x 1072 M) in the presence of Sc-
(OTf)3 (3.2 x 1071 M) at 203-298 K.
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Figure 5. Temperature dependence of the ESR intensity at 331.28
mT (O) and the absorbance at 604 n®) (1 mm path length) of an
EtCN solution of QH (3.2 x 1072 M) and Q (1.8x 1072 M) in the
presence of Sc(OTf)3.2 x 1071 M) at 298-203 K.
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SCHEME 1
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7N

2Q, 4Sc3 2H*

+ 2S¢
2[Q—(Sc*),-Q] =—= 2[Q—(Sc**);-Q)
—2Sc3*

QH, + Q

6b) and the concentration of the PT@Mg?" complex
determined by ESR (open triangles in Figure 6b) continue to
increase with increasing concentration of JAe even after the
1:1 ratio of MeFc to PTQ is reached. This indicates that electron
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Figure 6. Plots of (a) concentration of PTQ-Sc* (O) and absor-
bance at 631 nm®&) (1 mm path length) vs [Mé&c]/[PTQ] for the
titration of PTQ (1.5x 1072 M) by MesFc (0-3.2 x 1073 M) in the
presence of Sc(OT)(2.0 x 10! M) in deaerated MeCN at 243 K,
(b) concentration of PTQ—Mg?" (a) and absorbance at 486 nm)(
(1 mm path length) vs [Mg&c]/[PTQ)] for the titration of PTQ (1.6«
103 M) by MezFc (0-3.8 x 102 M) in the presence of Mg(Clg,
(1.9 x 102 M) in deaerated MeCN at 298 K, and (c) concentration of
PTQ —Mg?* (O) and absorbance at 486 n®)((1 mm path length)
vs [Fc*/[PTQ] for the titration of PTQ (1.6< 10-2 M) by Fc* (0—4.2
x 1072 M) in the presence of Mg(Clg); (1.9 x 1072 M) in deaerated
MeCN at 298 K.

transfer between M&c and PTQ is in equilibrium in the
presence of M§ at 298 K, as shown in eq 10.

+Mg2+
Me,Fc+ PTQ - Me,Fc" + PTQ —Mg*"  (10)
,MgZJr
When decamethylferrocene (FCE%y = —0.08 V vs SCEf8
which is a much stronger electron donor than,Me E%x =
0.26 V vs SCEf® 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 6¢) and then decreases
with increasing concentration of Fc*. This indicates that the
disproportionation equilibrium of the PFQ-Mg?" complex
largely lies on the side of the PTQ-Mg?" complex (the
direction toward the proportionation), as shown in eq 11.
+Mg2+
PTE —Mg™ +PTQ = 2PTQ —Mg*"
_M92+

(11)

The opposite temperature dependence between the PTQ
S+ complex and the PTQ—Mg?" complex in Figure 4 results
from the difference in the sign of enthalpgkl) between the
proportionation equilibrium (eq 9) withH = —3.0 kcal mot™*
and the electron-transfer equilibrium (eq 10) witid = 9.0
kcal mol?! (see Supporting Information S3 for plots of logarithm
of the equilibrium constants V& 1). The decrease in absorbance
at 604 nm and the ESR signal intensity due to-QSc™);—Q
at 331.28 mT with increasing temperature in Figure 5 is also
ascribed to the negative enthalpy for formation of Sc™)s—

Q because of the additional binding of3S¢c

Summary and Conclusions

Three different types of thermochromism have been shown
in paramagnetic systems involving metal ion complexes of
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semiquinone radical anions. Tipebenzosemiquinone radical
anion (Q7) forms 2:2z-dimer radical anion complex [Q—
(ScM),—Q] with Q and Sé" ion at 298 K (yellow color), which
changes to a 2:3-dimer radical anion complex [Q—(Sc*);—
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