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Optical reflection and magnetic susceptibility measurements of (DBTTF)z(CuzCle) and (DBTTF)z(CuzBrg)

complexes were carried out.

The analysis of the reflection spectra of the single crystals of these com-

plexes shows that the electronic structure of DBTTF*+ cation molecules is typical of the dimer type

configuration.

The magnetic susceptibilities of these complexes were measured over a temperature range

of 2—300 K. The magnetic behavior conforms to a modified Bleaney-Bowers equation, indicating the existence
of the spin coupling within the CuzCle2~ or CuzBre2~ dimers and the antiferromagnetic spin interaction

between CuzBre?~ dimers.

There has been considerable interest recently in
organic conductors which have highly anisotropic
electrical, optical and magnetic properties. Tetra-
thiafulvalene-tetracyanoquinodimethane (TTF-TCNQ)
is one of them which received the most detailed
attention. After the discovery of the TTF-TCNQ
complex, many compounds with fulvalene rings were
synthesized to obtain the radical salts with highly
electrical conductivity. Dibenzotetrathiafulvalene
(DBTTF) is one of those compounds? and the direct
oxidation of DBTTF by halogens and metal halides
were reported to yield radical salts such as
(DBTTF)2I3,2 (DBTTF)s(SnCle)s,® and (DBTTF)s-
(SnBrg).?  Furthermore, we reported the crystal
structure of (DBTTF)2(CuzClg)? and (DBTTF).-
(CuzBrg).9 These complexes consist of the organic
conducting stack and the inorganic magnetic stack
and are supposed to have the interest properties of
both the electrical conductivity and the magnetiza-
tion. In the present paper, therefore, we report the
optical and magnetic properties of (DBTTF)z(Cu2Cls)
and (DBTTF)s(CuzBrs) complexes.

Experimental

The crystal of (DBTTF)2z(Cu2Cls) and (DBTTF)z(CuszBre)
complexes was prepared by using the close system-
evaporation crystallizer transfering DBTTF and CuCl: or
CuBr: from solid sources to an acetonitrile solution.t?
The reflection spectra of the single crystal at the normal
incidence were measured over the range of 5000—
25000 cm~! by means of a reflection spectrophotometer
made in our laboratory and the temperature dependence of
the magnetic susceptibility of the powder of the samples
were recorded on a Oxford magnetic susceptibility
instrument of the Instrument Center, Institute for Molecu-
lar Science, Okazaki. All calculations for the analysis of
the experimental data were made on a FACOM M382
computer of Nagoya University.

Theoretical

For the dimer system of DBTTF cations, the

Hamiltonian H can be written by the Hubbard
approximation as follows,

H= _ta—gp (ai‘:aaz,a-'_a;:aal,v) + Ui_zlzzni,ani,p’ (1)

where a,, and ay, are the annihilation operators of the
n-electron occupying HOMO of the DBTTF mole-
cule at the sites 1 and 2, o represents the spin of n-
electron, n;,=a};a.., t is the electron transfer integral
between the sites 1 and 2, and U is the intramolecular
Coulomb integral. Then, the following ground and
lower excited configuration functions are taken into
account for the calculation of the electronic states of
the dimer system.

Or,, = al.paz.p¢HF, (2)
1
O, = ﬁ(al, £33, .+ 81,282, 8)Pur, (3)
Or, -y = a5,,85, ., Pur, (4)
1
Ds,o = ﬁ(al.paz.a —@1,q02, p)QHF’ (5)
1
@C'r('*‘) = ﬁ(al,pa1,a+42.ﬂa2.a)¢l{m (6)
1
Den(—) = _ﬁ(al»ﬂal,a_a%ﬁa&u)¢lﬂ"' (7)

Here, ®yr means the Hartree-Fock wavefunction of
the neutral dimer of DBTTF. Then, the secular
equations are solved and the eigenfunctions and
eigenvalues are obtained as follows, and the energy
diagram of the cation dimer system is depicted in Fig.
1,

Vg = ,@s,4 + c2Pcr(+), } @)
E; = (U-V'U?+162)/2,
Ur,i =0, (i=-1,0, 1), Ep,=0, 9)

Wc'r(“) = QCT('—)’ Ec'r(") =U, (10)
Uor(+) = Ps,0 — 6;Por(+), } (1)
Ecor(+)=(U+V U2+ 16t7)/2,
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where the parameters ¢; and ¢z are expressed by the
next equations,

01=T=’2t—-== and ¢, = —Es (12)
EY+4¢ VE: 4

The optically allowed transition from %s to
Yc1(—) has the transition energy given by,

AEqy = Ecr(—) — Ee = (U+V'U*+168%)/2, (13)

and the oscillator strength of the CT band can be
expressed as follows,

S =3 x1.085 x 10VAE |{¥qs|r|¥cx(—)D|2
4t2

=3 x 1.085 x lollvﬁ;iRnlz,

(14)

where Rz is the distance between the DBTTF
molecules.

The magnetic susceptibility Xpsrrr of the cation
dimer system is given as follows,

_ Napy 1
Xoprrs = o X e (15)

where J1=(\/ U2+16t2—U)/2, g1 is the magnetic field
splitting factor, B8 the Bohr magneton, N the
Avogadro number, ks the Boltzman constant, and T
the absolute temperature.

For the Cu,X%~ ion, the ground state of a free Cu2+
ion is 2Ds/2 corresponding to the electronic configura-
tion of (1s)%(2s)2(2p)é(3s)2(3p)é(3d)?. The planar
CuyXZ ion has D2 symmetry and the symmetry
orbitals can be obtained by group theoretical means
from the 3d orbitals on the Cu?* ion and the npo and
npn orbitals on the halogen ion X-. For the 3d
orbitals on the Cu?* ion, the fivefold degeneracy of
the d orbital is completely removed under the Day
symmetry.® The d,, level is the highest one occupied
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Fig. 1. Energy diagram of the complex (DBTTF),-
(CuyXy).
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by an electron and the other levels (dz, ds«-y, dx, dy2)
are occupied by two electrons. As the result, the d-d
transitions are expected to be located in the 10000—
15000 cm~! region. The charge transfer bands from
the ligand to the d orbital may occur over the higher
wavenumber region. However, these transitions are
very weak and can be neglected for the analysis of the
reflection spectra of the complex. On the other hand,
the pairs of Cu?t ions interact through exchange
forces and each pair forms a lower singlet and an
upper triplet state as is shown in Fig. 1. The
exchange energy J2 corresponds to the magnitude of
the splitting between the singlet and triplet states and
the magnetic susceptibility Xcux. of the Cu,X2~ dimer
system is given by the modified Bleaney-Bowers
equation,?

_ N(aB)® !
XCuzXc = kB(T_G) X 3+ exp([J,y/ksT) ’ (o)

where @ is the Weiss constant that takes into account
the spin interaction between the dimer ions.

The magnetic susceptibility X(T) of the complex
can be expressed by assuming that there is a separate
contribution to the susceptibility from the DBTTF
cation dimer, the CuyX% anion dimer and the
paramagnetic impurity,

N(z:p)?
kT’ (17)

X(T) = Xpprrr + Xcu.xs +

where the third term is the impurity term.
The optical reflectivity R can be expressed by the
following equation,

_ 1+ le| =v2(Je] +¢) (18)
14 el +V2(e| +¢) ’

using the semiclassical Lorentz dielectric function,

o}
&(®) = ecore + X 4

- 2 2 N
j Oy =0y,

= &(0) + igy(w), (19)

where &;(w) and &(w) are the real and imaginary parts
of the dielectric function of the DBTTF cation
dimers, and |e|=v/e}(w)+ed(w). The oscillator

strength f is determined by using the equation,

Mg

f= 47N e?

2;. (20)
Here, m. is the electron mass, and No is the number
density of DBTTF molecule.

By fitting the above-mentioned equations of the
reflectivity R and the magnetic susceptibility X(T) to
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the observed values, the optical and magnetic
parameters of the complexes, (DBTTF)z(Cu2Xs), can
be obtained and their energy structure can be
determined.

Results and Discussion

(DBTTF)2-(CuzClg) Complex. The crystal of
(DBTTF)2—(CuzClg) complex crystallizes in the form
of the dark reddish plates (0.35X0.008X0.60 mm) and
has the natural developed plane of (010). The space
group is monoclinic C2/m and the unit cell
dimensions are a=9.216, 5=24.958, ¢=7.300 A, and
B=108.23°.4.9 The projection of the complex onto
the bc and ac planes are shown in Fig. 2. The
stacking column of the cation molecules of DBTTF
elongates along the c axis.

The reflection spectra were observed for the
polarizations parallel and perpendicular to the c axis
on the ac plane as is shown in Fig. 3. The 9000 cm—1!
band in the ¢ axis spectrum can be assigned to the
CT; band of a dimer type system classified by
Tanaka, et al.1® and the dispersion around 20000 cm—!

Fig. 2. The projection of the (DBTTF),(Cu,Clg) crys-
tal onto the ac plane.

Table 1. Dielectric Parameters of the Lorentz Fits
of Reflectivity Data for (DBTTF),(Cu,Clg)

/| ¢ spectrum 1 ¢ spectrum

Eoore 2.83 3.17

2,/cm1 13520 4000 90000
o /em=! 8660 19000 30000
yylcm=1 2900 2500 2500

f 0.75 0.15
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in the | c axis spectrum to the LE band of DBTTF+
cation radical.!? The best fit of Eq. 18 to the
observed reflectivity is obtained and the calculated
reflection spectra are depicted in Fig. 3 in order to
compare with the observed ones. The obtained
parameters (£, wj, ¥;, and &) are shown in Table 1
together with the oscillator strength determined by
Eq. 20. Then, the experimental data (AEcr,=8700 cmm—1,
f=0.75, and R12=3.65A) give U=6500 cm~!, t=2200
cm-}, and J1=2200 cm~! as the spectroscopic values.
Accordingly, the crystal of the complex has the
semiconductive property as the dielectric function
can be well expressed by the Lorentz equation with-
out the Drude equation.

The temperature dependence of the magnetic
susceptibility of the powder of the complex were
measured over a temperature range of 2—300K as is
shown in Fig. 4. The best fit of Eq. 17 to the
observed one is obtained and the calculated suscepti-
bility is depicted in Fig. 4. The obtained parameters
are J1.>1000 cm™!, J2=95cm™1, g,=2.65, ©=0, gz=
0.89.

(DBTTF)2-(CuzBrs) Complex. The crystal of the
(DBTTF)2—(CuzBre) complex crystallizes in the form
of the dark reddish plates (0.13XX0.05X0.20 mm) and
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Fig. 3. The observed and calculated reflection spectra
of the (DBTTF),(Cu,Cls) crystal. ( Obsd,
--——: Calcd)
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Fig. 4. The temperature dependence of the magnetic
susceptibility of the powder of the complex (DBTTF),-
(CuyClg). (o0co: Obsd, : Calcd)




778

Cec oo
Comed)

Fig. 5. The stacking of DBTTF molecules in the
(DBTTF),(Cu,Br,) crystal.
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Fig. 6. The observed and calculated reflection spectra
of the complex (DBTTF),(Cu,yBrg). ( : Obsd,
----: Calcd)
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Fig. 7. The temperature dependence of the magnetic
susceptibility of the powder of the complex (DBTTF),-
(CuyBrg). (ccoo: Obsd, : Calced)

has the natural developed planes of (010) and (101).
The space group is triclinic, P1 and the unit cell are
dimensions 4=9.982, b=12.122, ¢=7.893 A, a=83.70,
B=112.80, and »=104.97°.57  The stacking of
DBTTF molecules 1is illustrated in Fig. 5. The
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Table 2. Dielectric Parameters of the Lorentz Fits
of Reflectivity Data for (DBTTF),(Cu,Br,)

// L on (010) //bon (101) L bon (101)
Eoore 1.702 2.203 2.200
2,/cm-1 7600 14600 23300 4600 14000
w,fem1 9900 16000 23700 18500 30000
y,/em1 2550 2500 6600 2800 9000
f 0.27 1.0 0.1

stacking column of the DBTTF+ cations elongates
along the c axis with an interplanar distance of about
3.5A and two DBTTF molecules form the dimer
system in the unit cell.

The reflection spectra were observed for the
polarization parallel and perpendicular to the b axis
on the developed plane (101) and parallel to the L
direction on the (010) plane as is shown in Fig. 6.
The 10000 cm-! band in the L axis spectrum can be
assigned to the CT; band!? and the 16000 and
18000 cm~1 bands in the spectra on the (101) plane to
the LE bands of DBTTF+ cation radical.’® The best
fit of Eq. 20 to the observed reflectivity is obtained
and the calculated reflection spectra are depicted in
Fig. 6 in order to compare with the observed ones.
The obtained parameters (£, wj, 7j, and &) are
shown in Table 2 together with the oscillator
strength determined by Eq. 20. Then, the observed
oscillator strength foba on the (010) plane equals to
the next equation,

JSobsa = f cos?o. (21)

Here f is given by Eq. 14 and ¢=52° is the angle
between the L direction shown in Fig. 5 and the
stacking axis (c axis) of DBTTF molecule. The
experimental data (AEct;=9900 cm™1, fopsa=0.27, and
R12=3.5A) give U=7700cm-!, t=2300cm-!, and
J1=2150 cm~1 as the spectroscopic values. According-
ly, the crystal of the complex has the semiconductive
property like (DBTTF)2—(Cu2Cls).

The temperature dependence of the magnetic
susceptibility of the powder of the complex were
measured over a temperature range of 2—260 K as is
shown in Fig. 7. The best fit of Eq. 17 to the
observed one is obtained and the calculated suscepti-
bility is depicted in Fig. 7. The obtained parameters
are J1>>1000 cm—!, Jo=150 cm™!, g»=1.88, 6=—83 K,
g3=1.23. The negative value for € indicates the
presence of antiferromagnetic spin interaction be-
tween the anion dimers. Our result for J2 and g2
values is consistent with the conclusion observed in
the majority of copper(Il) complexes that the spin-
exchange interaction is stronger through bromine
ions than through chlorine ions.?
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