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The magnetic properties of a new class of high-spin organic 1-D polymers were studied theoretically. The polymers
have the same topology as poly(1,3-phenylenemethylene)s (PMP) and are derived from the latter by substitution of the
exocyclic radical center -C'R—by —-B'"R—, -N'—, -N*"H—, -O*"— or —-S*"—. All of these polymers possess a narrow half-
filled band (HFB) within the energy gap. The nature of spin-exchange interactions of s-electrons within the HFB has been
investigated. The three components of the effective exchange integral, Jes, in the Heisenberg Hamiltonian representing
the potential (direct), kinetic and exchange (due to the spin polarization—indirect exchange) interaction of the m-electrons
in the HFB were calculated. In all cases, the potential (Coulomb) exchange was the main contribution to the ferromagnetic
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(Jetr > 0) exchange interaction.

Poly(1,3-phenylenemethylene)’s 1 are the simplest non-
classical (non-Kekulé) alternant high-spin one-dimensional
(1-D) systems with ferromagnetic coupled smt-electrons in the
half-filled band (HFB) (Chart 1). A theory of the energy spec-
trum and the magnetic properties of 1 has been proposed'?
(also see the paper of Yoshizawa and Hoffmann® and the
references given therein). High-spin dendritic polyradicals
having the same structural principle as 1 were synthesized
by Rajca et al.¥

The energy spectra and magnetic properties of 1 result
from the topology of the m-electron network. The presence
of a set of degenerate non-bonding MOs (NBMOs), a con-
dition for the occurrence of a high-spin state (Hund’s rule),
is connected to the Coulson—Rushbrooke-Longuet—-Higgins
(CRLH) theorem.>® This theorem defines the structural prin-
ciple of Hiickel m-systems with degenerate MOs. Systems
arising by the substitution of the exocyclic C'R group by a
heteroatom (orionic) X" or a heteroatomic group X R (which
contributes one electron to the s-system) are iso-st-electronic
with respect to the parent polymers 1. For such heteronuclear
systems the CRLH theorem is not valid. The NBMOs split in
a HFB whose width depends on the nature of the substituent
X (X'R). Nevertheless, it has been shown™® that poly(1,3-
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# Part X: Mol. Eng., 4, 353 (1995).
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aniline) has a high-spin ground state in its dehydrogenated
(2) and its cationic (3) forms (Chart 2).

The spin exchange between the electrons within the HFB
is of a ferromagnetic nature. This result explains the mag-
netic properties (high-spin states) of the poly(1,3-aniline)
synthesized by Yoshizawa et al.”

Some results’™ raise the question whether iso-s-elec-
tronic high-spin polymers of 1—3 expressed by the general
formula 4 exist (Chart 3), where X is a heteroatom (or het-
eroatomic group) donating one electron to the conjugated -
system. Theoretical predictions of the electronic properties
of polymers in which X is boron-R (BR) 5, sulfur (S) 6, 7,
or oxygen (O) 8 (Chart 4) were made. This help to define
this study and provide incentives in the search for purely or-
ganic materials with magnetic ordering. The results obtained
below are compared with those for polymers 1—3.7%

The following experimental results motivated the au-
thors in their investigations : i) Very recently, Rajca and co-
workers'? have published the synthesis of a stable triplet
state molecule, the diradical dianion of a diborane, which
is iso-m-electronic with Schlenk’s hydrocarbon.'” The cor-
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responding polymers with X =—B*~R— are iso-m-electronic
with 1 and 3. ii) The synthesis of a ladder type poly(thio-
1,3-phenyle) (Chart 5):'? which is a promising and existing
candidate for polymer 7.

- The theoretical results in the papers of Yamaguchi et al.'>'¥
have also motivated our investigations.

Method of Investigation

Energy Spectrum.  The investigations were carried out in the
ni-electron tight-binding approximation using a Hiickel-Hubbard
version of the Bloch method.'® The Bloch form of the wave vector
k (k€[ — m, 1t]) was used,

| k>= NS5 Co(k)exp (—ikp) | rou >, 6h)
Iu r

where ¢ denotes the elementary unit (EU), and |r,u >the r-th AO
(atomic orbital) within the u-th EU, to calculate the MO energies,
E(K), by numerical diagonalization of the matrix”®

E(k) = Eo + Vexp (ik) + V'exp (—ik), 2

where Ej is the energy matrix of EU in Eq. 2. V is the interaction
matrix between neighbouring EUs (u-th and (u+1)-th) and V™ is
the transposed matrix.

The eigenvalues E(k) can also be represented by the roots of the
characteristic polynomial (see Chapt. 3):

detE(k) = Pa(y,cosk) 3)

with y=[ac—E(k)1/fo (fo=Pcc is the standard resonance integral
and ac is the Coulomb integral of the C atom).

Spin Exchange of the Electrons within the Half-Filled Band.
The transformation of the Bloch wave functions to Wannier states is
more convenient for describing the spin correlation of the electrons
within the HFB of an 1-D system if the Wannier states are well
localized within the EU:
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|v>=N""*>"exp(—ikv) |k>=>" > a(u—v) | p,r>. (4)
k uwor
The coefficients a, (¢ — v) of the Wannier functions (at the limit
N—o00) are given by

2

a(@ — V) =a () =N /0 expi(u — VIC,Wdk.  (5)
The norm of localization L is defined as

L=>"1a0]. (6)

Whangbo and Hubbard Conditions. = The Whangbo condi-
tion (7)'® is a qualitative expression used to determine the relative
stability of the localized (high-spin) and the delocalized (low-spin)
non-magnetic states in the HFB:

Ae < (/DU (D

where Ae is the width of the HFB and U is the renormalized Hubbard
parameter (see Eq. 11). For a given polymer, this condition predicts
a stabilization of the high-spin over the low-spin state if Ae and U
satisfy Eq. 7.

Equation 7 is similar to those derived by Hubbard'” to consider
the dynamics of the electrons in a narrow HFB:

Ae < (2/V3)U. ®

Calculation of the Effective Exchange Integral between the
Unpaired Electrons within the HFB.  The effective exchange
integral in the Heisenberg Hamiltonian is denoted by Jesr (Vv,p),

H=Y"Jex(v—p)SvSp = Je(), ©)
VD
where Sy and S, are the spin operators at the sites v and p, respec-
tively. The effective exchange integral, Jefr, depends on the relative
distance, 7=v— p, between the EUs v and p where the Wannier
functions are localized.
Based on the results of Anderson,'® J.s can be expressed as
a sum of the following three contributions'® (the dimensionless
distance parameter 7 is omitted for simplicity):

Jest =J = Jiin +Jina =J — 28 [U + Jina. (10)

Here, J is the Coulomb-exchange integral between the localized
Wannier states within the v-th and p-th EUs, and t is the transfer
(hopping) parameter, calculated using the Wannier functions. .U=
Uy — U; —2J is the renormalized Hubbard parameter,m where Uy
is the Coulomb-repulsion integral of two electrons residing in the
same Wannier state. U, is the Coulomb-repulsion integral of two
electrons occupying adjacent Wannier states. In the case of the
renormalized Hubbard parameter,'”

U=Uy— U >>J, (11)

Jiin = =26 /(Uo — Uh). (12)

Jina expresses an indirect exchange of electrons (spin polariza-
tion exchange) via delocalized m-electrons in the filled energy
bands. This term can be calculated using a formalism described
elsewhere.”® The sign of Jinq is determined by the structure of the
EU and the interaction between the EUs.

The sign of the effective exchange integral, Jesr, determines the
character of the ground state: a ferromagnetic high-spin state with
Jest >0 or an antiferromagnetic state with Jegr <O.
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Parametrization. The MO energies, E(k), were calculated
using the following values of the resonance integrals: f (CC,
O=0)=Hh=—2.4eV;"® B (BC, ©=0)=—1.8¢eV,*" 4 (CS, O=0)=
—1.68 eV B (©)=f cos @ was used as the dependence of the
resonance integrals on the torsion angles, & and @, (in structure
5b). :

The parameters used for the Coulomb integral were: op=ac—
So(CO)™ and as=ac+F(CC),*® where ac represents the energy
of an electron in the 2p, atomic orbital of the carbon atom. Itis a
reference term of the Coulomb integral of heteroatoms.””

The hyperconjugation effect of the methylene group in poly-

mer 7 was taken into account by the contribution da to the
Coulomb integrals of the mt-centers connected to the ~-CH;— group:
Sa=—0.35(CC) and daz=—0.55(CC)** (see Table 1). The two
center Coulomb integrals (yuv) were calculated using the Mataga—
Nishimoto approximation,>”

Yuv =€ /(a+Ruv), - (13)
with a=2e*/( Yuu+Yyw). The following standard values of the one-
center Coulomb integrals were used : ycc=10.84 eV,® 1p=7.0
eV?Y and yss=yec.”® The parameters used for carbon, boron, and
sulfur were taken from papers in which the energy spectra of corre-
sponding heteroatomic compounds were reproduced in good agree-
ment with the experiment.

Geometry of the 1-D Polymers. The bond-length alternation
and the dihedral angles, @ and @;, were obtained by means of the
all-valence electron quantum-chemical AM1 method”” (SPARTAN,
Version 3.0, program®®). A complete geometry optimization was
performed using a cluster with 5 repeating units (3 repeating units
in the case of 5b.) The bond lengths and bond angles do not deviate
significantly from those of the ideal geometry for the benzene rings
(C—C bond lengths in the range between 1.39 and 1.41 A). The C-B
bond lengths are 1.51 A (5a) and 1.55 A (C(phenylene)-B) and
1.49 A (C(phenyl)-B) in 5b. The C-S bond lengths are 1.65 A (6).
The dihedral angles are:

©=23.9° for structure 5a;

©=53°, @ =2.7° for structure 5b;

and ©=24.3° for structure 6.

Table 1. Calculated Values of the Width of the HFB Ae (in
V), the Renormalized Hubbard Integral U (see Eq. 11)
and the Various Contributions to the Effective Spin Ex-
change Interaction in the HFB of the Investigated Poly-
mers
The results were obtained with the Mataga—Nishimoto
approximation25 ) for the two-center atomic Coulomb in-
tegrals (Eq. 13).

Polymer Ae (@)U J —Jxin  Jind Jett L

1a? 0 1.911 0.199 0.000 0.070 0.269 0.751
1ib 0 1.638 0.131 0.000 0.044 0.175 0.784
29 0.193 1.904 0.184 0.003 0.061 0.242 0.713
3a? 0431 1.237 0.196 0.014 0.026 0.208 0.617
3p? 0.272 1.167 0.126 0.006 0.029 0.149 0.740
Sa 0.332 1.257 0.171 0.008 0.018 0.181 0.710
5b 0.227 1.273 0.089 0.004 0.015 0.100 0.796
6 0.322 1.724 0.199 0.006 0.023 0.216 0.696
7 0.540 1.562 0.182 0.017 0.021 0.186 0.675
79 0.665 1.470 0.197 0.035 0.015 0.177 0.660

a) SeeRefs. 7and 8. b) da=—0.38. c) da=—0.58.
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Numerical Results and Discussion

Energy Spectrum.  All polymers have a large energy
gap (EG). A narrow HFB is situated within the EG (AE=
2/%). This can be seen from the characteristic polynomial of
the polymers.. In a topological approximation the polymers
belong to the symmetry group D,g. It follows that the
characteristic polynomial (see Eq. 3) has the form

Po(y,c08k) = (y* — 1)[yPnr—3(y,cos k) + hQ(y,cos k)] =0.  (14)

For instance, the characteristic polynomial for polymers with
7 n-centers within the EU reads

P1(y,cos k) =Prm(y,cos k) +hQs(y)
=% — D{D* — 79" +10 — 2cos k] + h(Y* — 5* +4)}
(k € [—JT, ﬂ:]), (15)

where P7 m(y,cos k) is the polynomial of the “parent” polymer
1a and % is the parameter of the Coulomb integral, ax=
ac+hf,(CC). If h=0, the roots y=0 correspond to a HFB
with degenerate NBMOs. When A0 the band width of the
HFB, Ae, is non-zero and depends on the value of A. For
|h|<1.5, Ae~|hB(CC)|/6 eV.

Whanghbo’s and Hubbard’s Conditions. Table 1 con-
tains the calculated values of Ae and the values of the renor-
malized Hubbard parameter, U=Uy— Uy, for the investigated
polymers. A comparison of the values for Ac and U reveals
that all of the polymers have a high-spin magnetic ground
state, in accordance with Whangbo’s (Eq. 7) and Hubbard’s
(Eq. 8) conditions. This result is in qualitative agreement
with those obtained by means of calculating the effective
exchange integral, J, in the Heisenberg Hamiltonian.

Spin Correlation within the HFB. The calculated val-
ues of the various contributions to the effective spin-ex-
change interaction in the HFB of the investigated polymers
are collected in Table 1. For all polymers the calculated
effective exchange integrals are positive (Jeg >0). The pre-
dominant component to the ferromagnetic interaction is the
direct (Hund) exchange, J. _

The values for Jg of the investigated heteronuclear poly-
mers do not differ significantly from those of the homonu-
clear alternating PMPs. The dependence of Jes on the pa-
rameter h=(ax — ac)/f characterizing the Coulomb integral
of the heteroatom X is given in Fig. 1, thus quantitatively
illustrating the results. By comparing polymers 1a-1b, 3a-
3b, and 5a-5b it seems that an extension of the m-system by
substituting the hydrogen atom with a phenyl group leads to
diminishing values of Je.

Qualitatively, two structural factors determine the mag-
netic properties of the hetero-analogues of the PMP’s: (i)
the topological structure of the m-network and (ii) the val-
ues of &, i.e. the difference between the electronegativi-
ties y of the heteroatom X and the carbon atom (A[fB]=
ax — ac~(rx — xc))->

The dominant factor determining the magnetic properties
of the heteroatomic PMPs (HPMP) is the topology of the
polymers. The energy spectra and the magnetic properties of
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Fig. 1. Calculated values of Js for polymers 1a, 2, 3a, 5a,

6 (o) and 1b, 3b, 5b (x) vs. the parameter A=(ax — ac)/fS
of the heteroatom X. The numerical results of J.¢ are taken
from Table 1.

the alternant PMPs are determined solely by the topology,'—>
which is identical to those of the investigated HPMPs 2, 3,
5—S8.

The change in topology of the PMPs is associated with a
dramatic change in their band structure and magnetic prop-
erties. _

The non-classical radicals C¢Hs-X" can form either non-
classical polymers 1—S8 or iso-rt-electronic polymers having
different topologies.- The structural graphs are shown below
(Chart 6). The possibility for the existence of a high-spin
state in the case of polymers P and Q follows from a theo-
retical artifact, that the high-spin structures P-1 and Q-1 can
be formulated (Chart 7). The structures and properties of
polymers P and Q are essentially different from those of the
iso-f-electronic PMPs. The geometrical optimization of P
and Q using a generalized®® Su-Srieffer—Heeger method?
led to a doubling of the elementary units with charcteristic
para-quinonoide structural fragments.

The ground state of polymer structures P-2 and Q-2 is
non-magnetic dielectrical (Chart 8). The width, Ae, of the
highest (7-th) occupied band (HFB) of all polymer structures
P-2 and Q-2 is large (Ae>1.0 eV). For instance, Ae=1.108
eV for Xx=—B~H-.

In contrast to the polymers of the P-2 or Q-2 group, the

1 1
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width of the HFB of the polymers 1—3, 5, 6 is small. For
|h|<1.5 Ae<0.4 eV, and almost satisfies Ae< |h3| /6 V. The
influence of the o—m interaction of polymer 7 increases the
width of the HFB to Ae>>0.54 eV. The relatively small width
of the HFB causes a favorable localization of the Wannier
states and favors a ferromagnetic spin exchange.

If the value of 2< —1.5, the norm of the localization of
the Wannier states L <0.5. With such small values of L, the
calculated values of J.¢ are physically not relevant. There-
fore, no reliable conclusions concerning the character of the
ground state and the spin interaction can be drawn for the
model polymer 8 with —O"*—radical centers.

Conclusions

The energy spectra and magnetic properties of new classes
of polymers derived from the simplest homonuclear nonclas-
sical high-spin 1-D m-systems with ferromagnetic exchange
interaction between the electrons within the HFB (the PMPs)
were studied. These polymers were designed by substituting
the exocyclic radical m-center (-C"R-) in the PMP chain by a
heteroatomic radical rt-center X°. X is an atom (or an atomic
group) of second-row elements of the periodic table: B, N,
O or S (in an (sp?)* p or (sp?)® p? valence state). It has been
shown that these polymers have qualitatively the same mag-
netic properties as the PMPs. The m-electrons in the HFB
are coupled ferromagnetically. The ferromagnetic interac-
tion results from the Coulomb (potential) interaction, which
is the predominant contribution to the effective exchange
integral, Jeg, in the Heisenberg Hamiltonian.

It has been shown that the identical topology of the
s-network of the PMPs and their heteroatomic analogues
(connection of the radical m-centers through 1,3-phenylene
groups) is the dominant factor determining the similar mag-
netic properties.
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