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Transition-metal complexes and organic radical molecules can be
used to make electric conductors and ferromagnetsl-3, the optical
properties of which can be controlled by changing temperature
and are used as molecular switches and sensors€. Whereas
a number of organic radicals in solution show temperature-
dependent optical propertiess'6'ltt, such behaviour in crystalline
forms is more raretlls. Here, we show a firlly reversible
continuous thermochromism with t unique mechanism
in purely organic crystals of diazaphenalenyl radical. This
behaviour is based on changes in the diazaphenalenyl dimers
coexisting in the crystal. From the X-ray crystal structure
analyses and temperature-dependent visible spectra, we conclude
the presence of a thermal equilibrium between o-bonded and
rt-bonded dimers, which are separated by 2.62(6)kcalmol-'.
This conclusion is supported by room-temperature electron spin
resonance spectra of the soli{ whidr showed signals that are
attributable to a thermally accessible triplet state of the a-dimer
structure. This proves the coexistence of two dimers of different
bonding natures in the crystal, causing it to demonstrate
thermometer-like behaviour.

Organic radicals are generally known as unstable and highly
reactive species at room temperafure under air atmosphere.
Chemical modification for the stabilization and isolation of organic
radicals, however, enabled significant potential as spin sources for
molecule-based magnetic materialslp. A number of organic radicals
in solution show changes in their optical properties depending on
temperature owing to the existence of the equilibrium between
the monomer and the dimer of the radicals'6'e-I2. Furthermore, it
is also well known that crystals of some complexes of cobalt and
iron show temperature-dependent optical properties accompanied
by valence tautomerism and spin crossoverT. In contrast, few
organic radicals in the crystalline states show those behaviours.
As such rare examples, crystals of trithiatriazapentaleny|3'Ia and

/A

spiro-biphenaleny|s exhibit sudden and simultaneous changes in
their magneto-optical properties due to structural phase transitions
at specific temperatures.

Phenalenyl derivatives have attrac,ted great attention as model
systems to realize spin-mediated molecular functionalities8'rs'l6. It is
well illustrated by the tri-r-butylated phenalenyl system I (Fig. la)
that the highly symmetrical (D35) and fully delocalized nature of
the electronic spin structure of this system leads this radical to
form parallel stacked dimer structures in the solid state, as well
as in solution at low temperaturerl'I2'r7. In contrast, symmetry-
breaking incorporation of two nitrogen atoms at positions I and
3 of I (compound 2, Fig. la) has been found to result in the
formation of an angled face-to-face syn-dimer structure and a
strongly asymmetric bonding nature in the crystal that show large
temperature factors and a high anisotropy at 796K (Fig. lb)18.
These features are associated with a colour change between l00K
(colourless or extremely pale green) and +30 K (dark green) (Fig. 2;
Supplementary Information, Figs Sl,S2), in contrast to crystals
of trithiatriazapentalenyl and spiro-biphenalenyl which do not
show such thermochromism. Crystals of 2 are extremely stable in
atmosphere with no significant decay of the colour for years.

Here, we have carried out X-ray structure analyses of a
crystal of 2 at five different temperatures and the results of these
analyses help us to understand this thermochromism: they show
that the two carbon atoms having large temperature factors and
a high anisotropy at 296K (ref. 18) can be identified as two
different kinds of carbon atom (see Supplementary Information,
Fig. S3). Apparently, an angled o-bonded dimer (o-dimer) and a
parallel stacked dimer (r-dimer) coexist and interconvert in the
crystal (Fig. 3a,b). The structure of each dimer is independent of
temperature variation, whereas the population of the two dimers
(otherwise unchanged) in the crystal changes with temperature:
the number of o-dimers decreases on increasing the temperature,
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Flgun I ll/lolecular fornula and crystal struc,turc of cornound 2. a, Compounds
1 and 2. b, Angled faceto{ace syadimor structure in the crystal at 296 K (ref. 18).
Ihe hlack and blue ellipsoids denote carbon and nitrogen atoms in the
diazaphenalenyl skeleton, respectively. Ihe Fbutyl groups are omitted for clarity.
Two of the carbon atoms have large temperature factors and high anisotropy.
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H g u腱3  T w o  t y p e s  o r  d :腱r s t w t u r e  o f  2  d i s o r d H i n g  i n  t h e  c甲山洲i n e  s m t e .

a,Two ofthe carbon atoms having large temperature factors and high anisotropy

can be identilied astwo kinds of carbon atom underthe specific restraint oondition

ofthe X―ray andyseslee Sup口ementary lnfomatbn,日g.s31.TheSe,ctures were
andysed and extracted from the angedface―toイace sy■dmer strlcture measured

at153 K The red,black and blue e‖ipsoids denote the disordered carbon atom,the

other carbon,and nlЮgen atoms h the dazaphendenJ skeleton,respect�eしme
ibutyl grllups are omited forclantt b,schematlc drawings ofthe σ―and π―dimel

o,Diagrams ofthe calculated HOMO ofthe o¨and冗―dimers optimized by the
B3LYP/6-31Gギmethod.

From the above experilnental indings,we condude that the

continuous temperature―dependent colour change in the absence

of structural Phase transitions is due to a thermal equilibriun■,
beh″een the σ―dilne島�vhich constitutes the lowest energy state,attd

the π―dimeち which represents a higher―lying thermally accessible

state(or isOmer)Of 2.In contrast,radical l does not show any

thermochЮ Inism in the crystalline state,which suggests that the

symmetr,loWering(c2v)Ofthe spin density distribution caused by

the two nitrogen atolns Plays apivotd role in the abilityof2 to form

aσ―dilner in equilibrium with the π…dilneL

The energy gη  behveen the b■o dimer states(△ E。_.)was
determined bythe temperature―dependent changes ofthe oscillator

strengthげ )fOr the π ―dimer at 45(卜850 nm in the polarized

electronic spectra(Fig.4a).On the assumption that the ratio ofthe

π―dimer to all ofthe dimers obeys the Bohzlnann distribution,ノis
descrわed by the fo1lowing equttio■

∫=C
eXP(一△二"π/たT)

1+exP(一△ニト./たT)'

where C is a PI「oportional constant,たis the Boltzmann constant

and r is temperature,The energy gaP(△ E。_.)thus Obtahed
w a s  l . 3 2 ( 3 ) x 1 0 3 K  o r  2 . 6 2 ( 6 ) k c d m 0 1 ~ 1 ( F i g。4 c ) . T h i S  V a l u e
is in good agreement with the difFerence in the total energy

of 3.O kcalinol～l between the optilrnlzed π― and the o―dilner
calculated by the B3LYP/6-31Gネmethod(see Supplementary
lnformation,Figo S7).The energy gap(△為_")in the crystalline

Hgun 2 lmagos of the 0.l$mnrthick crystal of 2 in the range of tenperaturc
betuteen 100 K and fl10 K These images and the further gradual deepening of the
green colour on increasing the temperature from 300 K to the decomposition point at
430 K show a reversible continuous change in colour from colourless (or extremely
pale green) to dark green in the wide nange of temperature 0 0H30 10.
A monochromatic change of the crystal colour gives a colour thermometer with a
high tempenature resolution.

whereas that of the n-dimers increases (see Supplementary
Information, Fig. S4).

In the temperature-dependent visible spectra of 2 using a
KBr pellet, a broad absorption band around 670nm begins to
appear above 250K (see Supplementary Information, Fig. S5a).
Polarized electronic spectra on the (010) surface of the crystal
at 300 K showed that the band is strongly polarized along the
c axis (see Supplementary Information, Figs S2,S5b,S6), which
is nearly perpendicular to the plane of the diazaphenalenyl
skeleton, indicating that the absorption band is associated with the
intradimer excitation as is expected for the n-dimer by analogy
with the dimer of compound I which shows a very similar band
peaking at 595nm (refs IL,L1,I7). It is also expected that the
o-dimer composed of two quinazoline moieties linked with a
o-bond (Fig.3b) does not absorb visible light. On increasing the
temperature, the intensity of the 670 nm band in the polarized
electronic spectra increases continuously (Fig. 4a, inset), indicating
that, on a free-energy scale, the n-dimer lies above the o-dimer in
thecrystal.
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Figur 4 Temperature dependeme of the mcillator strengh, solid-state ESR specfra and expedmentally detemircd emrgy diagram of the crystal. a, The oscillator
stren$h for the n-dimer estimated from the polarized electronic spectra (inset) with a 0.13-mm{hick crystal on the parallel direction to the c a<is at various temperatures
(see Supplementary lnformation, Figs S2,SO). The solid line represents calculated values for A 4-, : 1 .32 x 1d K b, Solid-state ESR spectra observed at 200 K and 300 K
Fine-structure triplet-state ESR signals with axial symmetr are clearly seen in addition to the cenfal intense signal from the mononadical impurities (abor 0.17d afsing
from lattice defectsls. the experimental D and low Evalues close to those of 1 indicate that the electronic spin structure of the triplet state of 2 is attributed to a thermally
accessible excited state with a similar r-dimer structure (see Supplementary Information, Fig. 512). c, Experimentally determined energy diagr:am of 2 of the crystal,

200       250       300
TemperatuЮ(Ю

state was significantly smaller than the dissociation enthalpy of the
o-dimer of 2 in solution (12kcalmol-t) determined from electron
spin resonance (ESR) spectra (see Supplementary Information,
Figs S8,S9). The difference is attributed to the bonding nature in
the n-dimer, which is clearly seen in the pictures of the highest
occupied molecular orbitals (HOMOs) of the o- and n-dimers
(Fig.3c, Supplementary Information, Fig. S10). The bonding
between the two diazaphenalenyl moieties in the o-dimer is only
through the o-bond because there is hardly any overlap of the
r-MOs in the HOMO. In contrast, multiple bonding overlap of the
n-MOs is seen in the HOMO of the n-dimer which is similar to the
case of the symmetrical n-dimer for radical I (refs II,LZ,I7).

To elucidate the bulk magnetic properties and relevant spin
states of 2, we previously measured the magnetic susceptibility
of the polycrystalline solid from 1.8 to 350K at 0.1T (see
Supplementary Information, Fig. 511)18, and found that the
crystals of 2 exhibit a weak paramagnetism from a small amount
of radical impurities (about 0.1olo) below 250 K, and slight
increase h X*uT on increasing the temperature above 250 K
(ref. l8). These results suggested that the ground states of o- and
n-dimers are singlets, but that a triplet state may be thermally
accessible above 250K (ref. 18). In the room-temperature ESR
spectrum of the polycrystalline sample of 2, the axially symmetric
AMs : *l transitions of a triplet state were indeed detected
(Fig.4b, lower trace). The spin parameters of this triplet (S: 1,

E:2.004, lD l lhc :0 .0173 cm- l  and lE l lhc  < 10-3 cm-r )  c lose ly
resemble those for  1  (S:  I ,  g :2 .003,  lD l /hc :0 .0167cm-I
and lEllhc < 10-3c--t), which has a n-dimer structure in the
crystalline state (see Supplementary Information, Fig. Sl2)t118.
From this we concluded that the triplet state that is detected
above 250 K also has a n-dimer structure. Notably, these ESR
signals vanish at 200 K (Fig. 4b upper trace), indicating that the
triplet state of 2 is attributed to a thermally accessible excited
state of the n-dimer structure. The very small E value is also
in good agreement with the symmetry of the HOMO and the
lowest unoccupied molecular orbital for the r-dimer of 2 (see
Supplementary Information, Fig. S 1 0).

From the temperature dependence of the triplet-state ESR
signal, we determined, using a model that takes into account
two singlet states (corresponding to the o- and ru-dimers) and
an excited n-dimer triplet state, that the energy gap between

50

320    330    340    350

Magnetic lold(mD

o-dimer-singlet

o-dimer-singlet and a-dimer-triplet (AEs-r) is 4.19(2) x 103K
or 8.33(a)kcalmol-l. Therefore, a complete energy diagram of
the dimer of 2 in the crystalline state can be described as in
Fig.4c. Note that this is the first example where the energy levels
of open-shell organic molecules with three energy states have been
experimentally located.

We have thus found that the crystal of 2 behaves as a molecular
colour thermometer. The phenomenon is associated with the
coexistence of o- and a-dimer structures in the crystal and the
electronic nature of the bonding in these dimers. We have identified
a unique molecular system where three energy states of the dimer
of a radical coexist in the crystal, that is, a o-dimer, a n-dimer
singlet and a thermally accessible triplet. These unique molecular
and electronic/spin structures as well as the colour thermometer
functionality are based on the spin-delocalized nature of the
stable phenalenyl system, providing keys to new molecule-based
materials and devices with properties that are controllable by
external stimulia'7'8.

METHONS

2)5,8-triキーbutyl-1)3-diazaphenalenyl(2)was prepared according lo the

reported procedure18.Temperature―dependent ESR meぉ urements were

carried otlt on a Brucker ESP 300/350 spectrometer equlpped with an

Oxford ESR91o temperature controllet X―rγ cr"talo伊aphiC measurements

were made on a Rigaku RAXS― RAPID Imaging plate dittactometer with

graphite monOchЮ mated Cu Kα radi�on atthe Rigよu CorPoratiOn.The

deined method of disordered arrangements is described in Supplementa7

1nformation,Figo S3.Temperature―dependent electronic spectra using a KBr

p e l l e t  w e r e  r e c o r d e d  a t  t h e  C r a d u a t e  S c h o o l  o f  S c i e n c e , K y u s h u  U n i v e r s t t y .
TemperatuFe―dependent polarized electronic spectra using the single crystal of
2 were taken by using a specialンdesigned,pectЮmeter at the Graduate School
ofFrontier Sciences,University ofTo,o.
The oscmator strength of the π―dimer is obtained伝)m the polarized

e l e c t r o n i c  S p e d r a  b y  t h e  f o l l o w i n g  e q u a t i o n  f = 4 ` πεO / N み̀ x ∫αd ( P E ) ,

where ε is the speed oflight,解is the eLctron mぉs)εO is the ebctric constant)
N is number ofσ―and π―dimers per volume unit(m3),λ is Plancrs constant,

`is the electrOn char.・e and∫αd(PE)is the integrJ vdue ofthe absorption

coc壼�3ient(α)ofthe crystal between l.458eV and 2.754 eV ofphoton energy

(PE,850 nm to 450 nm ofwavelengh).Temperature(T)can be estimated in a
reproducible manner by using the fo1lo、ving equation with△E。_ェof l,320K

and osc」lator strenまhソ
'Ofthe crystal:T/K=1,320 x lnげ

/0・H8-1)~1.

Δ亀_T=4.2×103K
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