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NOVEL ORGANIC IONS OF HIGH-SPIN STATES
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MICHIO MATSUSHITA*, TOSHIHIRO NAKAMURA*, TAKAMASA MOMOSE*

AND TADAMASA SHIDA*

Department of Chemistry, Faculty of Science, Osaka City Univer-
sity, Sumiyoshi-ku, Osaka 558, and Department of Chemistry,
Faculty of Science, Kyoto University, Sakyo-ku, Kyoto 6086,*
Japan

Abstract The interrelation between spin alignment and a
charged organic molecular field has been investigated. The
monoanion (monocation) of m-phenylenbis(phenylmethylene), a
ground-state quintet alternant hydrocarbon, was formed at 77 K
via the photolysis of the ionized diazo precursor generated via
gamma-radiolysis in the frozen solution of 2-methyltetrahydrofu-
ran (butyl chloride). Both the ions exhibited similar ESR
spectra identified as due to a ground-state quart?t with g =
2.003 (2.003), D = +0.1200 (+0.1350, +0.1285) cm™' and IE]| =
0.0045 (0.0040, 0.0055) em™! for the anion (cation). The quartet
state is consistent with the monoions of the parent quintet
molecule with the four singly-occupied orbitals, i.e., the two
pi nonbonding molecular orbitals (NBMO) and the two in-plane
nonbonding orbitals at the divalent carbon atoms. It was con-
cluded by proton-ENDOR that both the excess electron and the
hole occupy one of the two singly occupied pi NBMO, the spins in
the in-plane nonbonding orbitals being left unchanged. This was
confirmed by the ESR hyperfine splitting of the divalent carbon
atom labeled by C-13. In addition, the molecular conformation
was found to be trans-trans for both the anion and the cation in
contrast to cis-trans for the parent neutral molecule. The
similar electronic structures of both the ions are consistent
with the pairing theorem for the parent alternant hydrocarbon.

INTRODUCTION

Remarkable progress has recently been made in the area of molecular-
based magnetic materials, and a variety of strategies have been pro-
posed for design and syntheses of ferromagnetic new materials. A
number of these strategies have taken advantage of ionic species as
constituents of such new materials as conducting magnetic materials.
Understanding of the spin alignment in ionized molecular species,
therefore, will be increasingly important.

It has been firmly established for neutral organic high-spin
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molecules that the topology of their pi-electron networks plays an
important role in intramolecular spin alignment because spins are
aligned through chemical bonds. In view of the Heisenberg valence
bond picture, pi-spins of an alternant hydrocarbon are aligned with
alternating spin-directions on each carbon sites along its pi-electron
network. As a result, we can predict the ground-state spin simply by
counting the difference in number between the starred and unstarred

carbon atoms of the alternant hydrocarbon,l’2

the difference being
dependent strongly on the topology of its pi-electron network. In
fact, the alternating spin distributions have been observed for a
number of polycarbenes by means of 14-ENDOR spectroscopy, and the spin
distributions observed have been shown to well interpret various
features of the spin alignment of alternant polyc.'alrbe:nes.3‘7

The nature of spin alignment described above is understood as due
to the spin polarization mechanism which is known to dictate the spin
alignment of neutral organic high-spin molecules. As for ionized
organic high-spin molecules, however, we cannot expect such a simple
guiding principle, since in ionic species we should take into account
the important contribution of the spin delocalization mechanism which
competes the above mechanism to yield a final spin alignment. In
fact, Yamaguchi has made a predictive ab initio calculation on the
possible reversal of the order of high- and low-spin states upon

ionization.8

The interrelation between excess charge and spin align-
ment is interesting since this appears to be of central importance in
the field not only of orgainc ferromagnets but also of high tempera-
ture superconductors in connection with electric conduction through
copper oxide planes.g'10

To develop new aspects of high spin chemistry, we have prepared
ionized high-spin polycarbenes that
may be potentially interesting from
both an experimental and a theoreti- . .
cal viewpoint. As a prototype of (.: (.:
ionized high-spin polycarbenes, a m-PBPM

11,12 and a monocation13 of

monoanion
m-phenylenebis(phenylmethylene) (m-PBPM) have been generated for the
first time, and their spin states and molecular conformation has been

characterized by means of ESR and lH-ENDOR spectroscopy. We have
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chosen m-PBPM since it is a fundamental high-spin molecule whose

15 properties have been well understood.

optical14 as well as magnetic

The neutral parent molecule has four parallel spins, two of which
are pi spins in the two nonbonding molecular orbitals (NBMO) and are
delocalized over the whole molecule, while the other two are the n
spins in the two in-plane nonbonding orbitals "n" which are localized
on each divalent carbon atoms. The n orbital is lower in energy than
NBMO owing to the admixture of the 2s orbital, the energy gap being
small since the four spins are parallel by Hund's rule. Thus, there
are four singly occupied orbitals (SOMO) nearly degenerate with each
other in the neutral m-PBPM. Hence as shown in Figure 1, the removal
of one of its four electrons (spins} from the pi-NBMO or the n orbit-
al yields a pi-cation or an n-cation, respectively. Similarly, the
addition of an excess electron to the pi-NBMO or the n orbital yields
a pi-anion or an n-anion, respectively. In either case, one of the
four SOMO becomes a vacant or filled orbital, leading to a quartet or

a doublet state as far as these four SOMO are concerned.

n-CATION
I
n-CATION

444 +44— 4

FIGURE 1 Possible spin configurations for the monocation.

This study is part of a project we have embarked on with the
purpose of understanding the interrelation between spin alignment and
charge in organic molecular fields. In this paper we report the novel
organic ions with high-spin states with special attention to the three
major problems: First, it is vital for studying magnetic properties
of the ions to characterize the spin state  which is either quartet or
doublet, i.e., a high-spin state or a low-spin state, as shown in
Figure 1. Secondly, the ionization process should be determined,

since either the pi or n SOMO takes part in the ionization processes
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for both the cation and the anion formation. Thirdly, the molecular
conformation is to be examined, since it may change upon ionization as

a result of its energy optimization.

FORMATION OF THE MONOANION AND THE MONOCATION OF M-PBPM

The ionization was carried out by means of gamma-ray radiolysis. It
has been established by Shida that gamma-ray irradiation of a frozen
solution of a solute leads to a selective formation of the radical
anion of the solute if we use 2-methyltetrahydrofuran (MTHF) as the
solvent, whereas it leads to the radical cation of the solute if we
use fureon matrix or butyl chloride (BuCl) as the solvent. In either
case, an excess electron or a hole to be attached is generated by
ionization of the matrix solvent.!6-18

Then, there are two alternative methods for the formation of the
target ions: Either we first generate the neutral quintet molecule
via the photolysis of its diazo precursor, 1,3-bis(a-~diazo-benzyl)-
benzene (1,3-BDB)14’15 and then ionized it via radiolysis, or we first
generate the ions of 1,3-BDB via radiolysis and then photolyze the
ions. Unexpgctedly, the first method was found to fail to generate
the target ions. Thus the second method was employed.

The monoanion was formed using a MTHF solution of 1,3-BDB. The
solution yielded a transparent purple glassy solid at 77 K, the color
being due to the nrm*-transition of the diazo group with £=254 at
Amax=230 nm. !4 The samples were then gamma-irradiated at 77 K to a
dose of ca. 3 X 1019 ev/g. 1,3-BDB at ca. 10 mM concentration is
sufficient to scavenge almost all the electrons generated by ioniza-
tion of MTHF molecules. The band at 530 nm diminished upon irradia-
tion, and an intense absorption set in at ca. 500 nm, increasing
sharply toward shorter wavelengths as shown in Figure 2 (a) recorded
on a Cary 14RI spectrometer. The new optical absorption is regarded as
due to the radical anion of 1,3-BDB, since no optical absorption
signals from solvent radicals nor from matrix-trapped electrons appear
in Figure 2 (a). This inference was reinforced by a scavenge reaction
of alkyl halide such as CFoBrCF,Br suppressing the optical change
drastically.  Upon photobleaching with A>620 nm at 77 K, the intense
absorption appearing at A <500 nm was replaced with new absorption
bands throughout the whole range of the near-UV to near IR region, the
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FIGURE 2 Optical absorption spectra at 77 K of {a) I,3-
BDB/MTHF solution and (b) 1,3-BDB/BuCl solution: 1, before
gamma-irradiation; after gamma-irradiation; same as 2 but fol-
lowed by photobleaching. Optical path is 1.5 mm,
major band being A ... =500 nm as shown in Figure 2 (a). This optical
change can be associated with the formation of the monoanion of m-PBPM

through the reaction:

¥ e- : h : ) : - N2 > >
N, N N2 N2

1,3-BDB 1,3-BDB~ m-PBPM™
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as verified from the parallel change in the ESR spectrum below.

The monocation was generated using BuCl as the solvent in the
manner similar to that of the monoanion. Gamma-irradiation yielded
the solute cation 1,3-BDB* through the charge transfer from the sol-
vent cation BuCl* produced via radiolysis, \with the butyl radical and
the chloride anion as the major byproducts. The optical absorption
spectra at this stage is shown in Figure 2 (b). Since the byproducts
are colorless in the observed region, the spectrum in curve 2 was at-
tributed to 1,3-BDB*, although part of the nu*-transition due the
intact 1,3-BDB is superposed.  This absorption spectrum has a charac-
teristic peak at 630 nm in contrast to that of 1,3-BDB™ with strong
absorption at A <500 nm in curve 2 of Figure 2 (a), the difference
being attributable to the different electronic structure of the anion
and the cation. Upon photolysis at 77 K with X> 550 nm, the optical
spectrum changed from curve 2 to 3 as seen in Figure 2 (b). Concomi-
tantly, the ESR spectrum exhibited a drastic change showing the forma-
tion of a high-spin species as described below. Thus, the spectrum in
curve 3 was attributed to m-PBPMI, Jthe target cation with a high-spin
state. Interestingly, curve 3 of Figure 2 (b) resembles to curve 3 of
Figure 2 (a) except that the optical density of the former spectrum is

smaller by a facter of about 2.

SPIN STATES OF THE MOMOANION AND THE MONOCATION OF M-PBPM

The spin states of the ions formed as above, their ionization process-
es, and their molecular conformations have been successfully clarified
by means of ESR and ENDOR spectroscopy. ESR experiments were per-
formed using a Bruker ESP 300 and a JEOL PE-2X spectrometer, and 4.
ENDOR experiments using a Bruker ESP 300/350 spectrometer.

After radiolysis, the ESR spectrum exhibited strong narrow signals
in the range of 0.32-0.34 T, a region characteristic of free radicals,
for both the ions. This is consistent with the formation of solvent
radicals and the anion and cation of 1.3-BDB all of which are spin
doublet. Upon photolysis, the above ESR spectrum showed a dramatic
change for both the anion and the cation: Several new ESR signals
appeared over the wide range of 0-0.6 T with the concomitant change in
the optical spectrum from curve 2 to 3 in Figure 2. The spectrum
observed is shown at the top of Figure 3 for the anion. Nearly the
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same spectrum was also observed for the cation. Such a wide spread

ESR spectrum is characteristic of high-spin molecules, being direct

evidence for the formation of the target ions with high-spin states.
Identification of the widely spread ESR spectrum was carried out

using an ESR simulation method which we have developed for randomly

oriented species of high-spin molecules.lg’20 Analysis was based on
the effective spin Hamiltonian,
H = g8S.B + D[S;% - SIS + 1)/3] + ESx? - Sy?) (1)

where g is an isotropic g factor, B is the Bohr magneton, B is the
external magnetic field, and D and E are the fine structure parame-
ters. All the resonance fields and transition probabilities were
obtained by an exact diagonalization of the spin Hamiltonian. A
total of 6,500 orientations were sampled only for one eighth of the
sphere required from the symmetry of the fine structure tensor. We
assumed a Gaussian line-shape function with a linewidth of 3.6 and 4.0
mT for the anion and cation, respectively.

The best fit spin Hamiltonian parameters are listed in Table I
for the anion and cation; those for the neutral parent molecule!®

also given for comparison. The simulated spectrum is shown in the

TABLE I  Spin Hamiltonian parameters for m-PBPM and its ions.

Species S D/cm~} E /em™l E/D
Anion m-PBPM™ 3/2 +0.1200 0.0045 0.038
Cation  m-PBPM*

Conformer I 3/2 +0.1350 0.0040 0.030
Conformer II 3/2 +0.1285 0.0055 0.043
Neutral m-PBPM 2 +0.07131 0.01902  0.2667

middle of Figure 3. The peaks at the stationary fields corresponding
to the principal axes of the fine structure tensor are denoted by X,
Y, and Z. The stationary fields due to the AMS=12 and +3 forbidden
transitions marked by F and the off-axis extra line marked by A are
also shown. At the bottom is depicted the angular dependence of the

resonance fields in order to clarify the origin of the stationary
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FIGURE 3 ESR spectra observed and simulated for the quartet
state of m-PBPM™. The angular dependence of the resonance
fields is shown at the bottom. Symbols A and F denote the off-
axis extra line at 6 _.,=38° and the forbidden trapsitions, re
spectively. v= 9.188 GHz, g = 2.003, D = +0.1200 cm™), and IEI=
0.0045 cm™1,
fields. The excellent agreement between the simulated and observed
spectra were also attained for the cation of m-PBPM, which has two
conformers I and Il slightly different with each other in the BuClI
glassy solvent. Thus, it was concluded that the ESR spectra observed
are due to the quartet states of the anion and the cation of m-PBPM.
The off-axis extra line in powder-pattern fine-structure spectra
is characteristic of high-spin states and reflects their spin multi-

plicities as well as their fine structure parameters.20

Generally,
the off-axis extra line for the A mg=+1 allowed transitions does not
occur for triplet states, but tends to appear with increasing spin

multiplicities and fine structure energies and with decreasing micro-
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wave frequencies. As for the half-integral spin state, however, it
always occur for the transition between the central Kramers doublet
(mS=+l/2 <--> -1/2). As a result, the appearance of the extra line A
at 8=38° in Figure 3 strongly supports the quartet spin state.

The sign of D listed in Table 1 was detemined to be positive from
the effect of the thermal population upon the relative intensity of
the ESR transitions at temperatures as low as 1.4 K. In the case of
the anion, the intensity of the high-field X peak at 0.44 T was com-
pared with that of the low-field peak at 0.22 T (see the middle of
Figure 3). The high-field X peak at 9.5 K is 1.9 times as strong as
that at 1.4 K. This result indicates unequivocally that the absolute
sign of D is positive. The same conclusion was also derived for the
cation by monitoring the Y peaks.

The quartet state observed proved to be the ground state as
follows. As seen in Figure 1, the possible spin state of the ions is

either quartet or doublet. Since the signal from the doublet state

Ae
~00
3] Ae = g(quartet) — €(doublet) o
l 1om!
Q
2 24
‘B
c
o)
E <
14
3om’
o 5cm!
0 T T T I . T ;
0.0 0.2 04 0.6
17 (K
FIGURE 4 The temperature dependence of the signal intensity

for the cation. The intesity of the Y peak at 200 mT is plot-
ted as a function of reciprocal temperature.
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was completely masked by the solvent radicals, we examined the Boltz-
mann population of the doublet state from the temperature dependence
of the signal intensity of the quartet state observed. As a result of
this, the ground states of both the anion and cation of m-PBPM were
concluded to be quartet: Only the case of the cation is shown below.
Figure 4 shows a plot of the intensity of the Y peak at 205 mT as a
function of reciprocal temperature. The solid curves were calculated
by considering the Boltzmann distribution in the sublevels of the

quartet and the doublet states.2!

The parameter € is the energy gap
of e(quartet) - € (doublet). The essentially linear plot fits the case
of Ae = -o, which signifies ¢ (quartet)<<e{doublet). The possibility

1 can be ruled out from the absence of the quantum mixing

of Ae< 1 cm™
between the nearly degenerate quartet and doublet states.

Similarly to the parent neutral molecule, both the anion and the
cation have the high-spin ground state, suggesting that the spin
polarization mechanism is predominant over the spin polarization
mechanism in this system even in the ionized molecular field. This
conclusion is supported by the ab initio calculation for m-PBPM by
Yamaguchi.22 The INDO UHF calculation shows that the quartet state is
lower in energy than the doublet state for both the cation and anion
in agreement with the present experiment.

Interestingly, the anion and the cation of m-PBPM exhibited quite
similar ESR spectra since their ESR parameters are nearly the same as
seen in Table I. This is also the same for the optical absorption
spectra as shown in curve 3 of Figure 2 (a) and (b). Since m-PBPM is
an alternant hydrocarbon, this resemblance between the anion and the
cation is not surprising if we take the pairing theorem into account.
Furthermore, this resemblance appears to justify the present charac-
terization of the cation and the anion.

IONIZATION PROCESS AS DETERMINED BY 'H-ENDOR

As discussed in the last part of Introduction, there are two possibil-
ities for the cation formation by the removal of an electron, i.e.,
the pi-cation or the n-cation. Similarly, the pi-anion or the n-anion
are expected for the anion formation by the addition of an excess
electron, As for the pi-cation or the pi-anion, the spin density of
the pi orbital is expected to be about one half of that of the neutral



Downloaded by [Tomsk State University of Control Systems and Radio] at 14:05 18 February 2013

NOVEL ORGANIC IONS OF HIGH-SPIN STATES 281

m-PBPM, if we normalize the spin density as equal to the number of
unpaired spins (see Figure 1). On the other hand, as for the n-cation
and n-anion, the pi spin density will be almost unchanged since the n
orbitals are nearly localized at the divalent carbon atoms.

The pi spin density on the ring carbon is proportional to the
hyperfine coupling constant (hfcc) of the ring proton adjacent to that
carbon atom through McConnell's equation. The hfcc's of m-PBPM and
its ions are, however, too small to be observed by ESR and are hidden
within the ESR linewidths. In that case, 14H-ENDOR is a powerful tool
for detecting such small hfcc's. Therefore, if we observe the 1y
ENDOR and determine the hfcc, the pi spin density can be obtained.

To compare the hfcc of m-PBPM with that of its ions, we should
take the difference in spin multiplicities into account. According to

23 the proton hfcc is pro-

the projection theorem of angular momentum,
portional to p /2S where S denotes the total electron spin quantum
number of the system studied and p is the spin density on the carbon
adjacent to the ring proton in question. Therefore, for the pi- and
the n-cation, the hfcc of the proton is expected to be 2/3 and 4/3 of
that of neutral m-PBPM, respectively.

Single-crystal ENDOR provies hyperfine coupling tensors by meas-
ureing the angular dependence of the hfcc. As for a randomly oriented
sample of high-spin molecules the ENDOR measurement is usually feasi-
ble only for the stationary field directions by monitoring the X, Y,
and Z peaks or the off-axis extra line. Figure 5 shows the ENDOR
spectra observed from the X, and the Y peak, and the extra line for
the anion. These spectra were obtained by accumulation over hundreds
of scans. Although the resolution is much worse than single-crystal
ENDOR, this is enough to make a semi-quantitative argument.

The ENDOR frequency is given by vgENDOR =|vn - Amslwhere vy, s
the Zeeman frequency of the free proton and A is the hfcc. Thus, A is
simply given by the shift from the free proton frequency as divided by
mg. Therefore, if we compare the shift of the quartet ions with that
of the quintet parent molecule m-PBPM, we can estimate the ratio of
the pi spin density of the ions to that of the parent molecule. The

maximum shift or mgA is indicated in Figure 5 for the three ENDOR

max
spectra. The maximum shift were also observed for the cation and m-

PBPM as listed in Table 1.  Since the hfcc is proportional to the pi
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FIGURE 5 !H-ENDOR spectra of the anion of m-PBPM in the glassy
solution of MTHF at 1.8 K. The magnetic fields are 233.3 mT (X
axis), 207.8 mT (Y axis), and 397.0 mT (extra line).

spin density p and 1/2S as described before, we have

Amaxlquartet)/A o (quintet) = (4/3)[ p(quartet)/ p (quintet)]
= (4/3) Pmax (2)
where P is the ratio of the pi spin density of the quartet state to
max’ Table 11
for m-PBPM and its anion and cation. The

that of the quintet state and can be estimated from A

max 29 Prax
average ratio obtained is 0.62 for the anion and 0.57 for the cation,

summarizes A
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TABLE II Maximum Hyperfine Coupling Constants and the ratio

Pmax for m-PBPM and its anion and cation.

A /MHz P
Neutral 'Rg’i‘on Cation Anion mMCat:ion
(S=2) (8=3/2) (8=3/2)

X axis 5.2 2.8 2.6 0.40 0.38

Y axis 4.8 3.5 3.3 0.55 0.51

Extra Line 5.1 5.9 5.6 0.87 0.82

Average 5.0 4.1 3.8 0.62 0.57
i.e, nearly one-half for both the ions. Since there are two pi

spinsin the neutral quintet molecule, these average values means that
thenumber of the pi spin is one for both the ions. As a result, we
can safely conclude that both the excess electron and the hole occupy
thepi NBMO in the process of ionization, yielding the pi-anion and the

pi-cation, respectively.

IONIZATION PROCESS AS DETERMINED BY !3¢ HFCC

The conclusion derived as above can be confirmed from the !3C hfcc of
ESR. When one of the two divalent carbon atoms was labeled by 13C,
the canonical Y and X peaks were broadened by the unresolved hfcc due
to !13C as shown in Figure 6. If the excess electron in the anion
occupies the pi orbital, the spin density of the n orbital should
remain essentially the same as that of the neutral m-PBPM, and the two
divalent carbon atoms in the quartet anion will have nearly the same
hfcc of 4.7 mT for H//Y axis which can be derived from the hfcc of 3.5
mT (H//Y) of the quintet m-PBPM24 considering the projection factor
1/2S. It should be noted that the Y axis is nearly parallel to the
axis of the n orbital and gives the maximum 13¢ hfcc which comes
predominantly from the n spin for this direction of the magnetic
field, whereas the X axis gives the minimum B¢ hfce.

Since in the case of the pi-anion the spin density on both diva-
lent carbon atoms, 12¢ and 13C, are nearly the same, the observed peak
should split into a doublet due to the hfcc of the single 3¢, This
is indicated in the left pattern at the bottom of Figure 6 where the
large linewidth due to the 14 hfce's prevent the splittings from being
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clearly resolved. On the other hand, if the excess electron resides
in one of the two n orbitals, the spin density at that divalent carbon
atom with a closed shell structure will be zero whether the atom is
12¢ or 13C, leading to a singlet spectrum; the spin density at the
other atom will remain the same as that of the neutral m-PBPM, leading
to a doublet hyperfine structure with the splitting of 4.7 mT. In the
case of the n-anion, therefore, the observed hyperfine structure
comprise a singlet and a doublet with equal intensity as indicated in
the right pattern at the bottom of Figure 6.

The observed lineshape of the Y peak with the flat top clearly
indicates that the pi-anion is favored over the n-anion. This rein-
forces the conclusion derived from the 1H-ENDOR experiment in the
preceding chapter. On the other hand, the broadening effect due to
the !13C is not so clear for the X peak as for the Y peak. This is
because the !3C hfcc is smaller for the X peak than for the Y peak as
described above. As for the cation, a quite similar ESR pattern was
also observed for the Y peak at nearly 200 mT, supporting the previous

conclusion that the pi-cation was formed upon ionization.

13G [@Fé]—‘

T T
220 240

Magnetic Field (mT)

L)
200

n - anion

ZAN

FIGURE 6 ESR Spectra of the normal and B¢ labeled anions of
m-PBPM.  Synthetic peaks for the labeled pi- and n-anions are
shown at the bottom.
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MOLECULAR_CONFORMATION OF THE ANION AND CATION OF M-PBPM

The ESR parameters obtained for m-PBPM and its anion and cation are
listed in Table I, which shows that upon ionization the E/D values of
both the anion and the cation remarkably change from that of neutral
m-PBPM, i.e., from 0.2667 to 0.038 for the anion and to 0.030 and
0.043 for the cation. This suggests a molecular conformational change
upon ionization, since the E/D value is known to be sensitive to
molecular conformations. We examined this change by comparing these
fine structure parameters observed with those calculated for their
assumed molecular conformations using a semi-empirical method for

calculating the fine structure tensor.21

The following description
apply both the anion and the cation unless otherwise noted.

Since the spin-orbit interaction is small for aromatic hydrocar-
bons including polycarbenes, the dipole-dipole interaction between the
electron spins is responsible for the fine structure tensor. It has
been shown that the spin-spin interaction in polycarbenes arises
predominantly from the one-center n-pi interaction at divalent carbon

atoms. 21,25,

The fine structure tensor of aromatic polycarbenes can
be represented approximately as a superposition of such interaction at
each divalent carbon atoms. The fine structure tensor is, therefore,
determined by both the relative orientations of the one-center inter-
action tensors and the spin densities at each divalent carbon atoms.
Assuming that the one-center n-pi interaction can be represented by
the fine structure tensor of diphenylmethylene (DPM), the ij component
of the fine structure tensor for such a hydrocarbon is given by the

expression 21

-1 -1 .
k (3)

where D;; stands for the ij element of the fine structure tensor of

the ion, Jthe subscript k runs over all the divalent carbon atoms and
dDPM denotes the fine structure tensor of DPM represented in the
principal axis system. The symbols p, and p pppg represent the spin
density of the pi-electron at the kth divalent carbon atom of the ion
and that at the divalent carbon atom of DPM, respectively. The uni-

tary matrix Uy transforms the molecule fixed axes to the principal
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axes of the one-center interaction tensor at the kth divalent carbon
atom. In this calculation, the bond angle of the divalent carbon atom
is taken to be 150° 26 and a planar structure is assumed except for
the twist of the outermost phenyl groups in order to reduce the number
of redundant structural parameters.

Since a simple LCAO-MO calculation gives the spin densities of
pppM = 2/5 and p.. pppym = 0.4040, the ratio of these spin densities can
be regarded as unity. We must take into account the projection factor
[S(2S - 1)]'l which is 1 for the triplet DPM, 1/3 for the quartet ion,
and 1/6 for the quintet m-PBPM. Since the excess electron or the hole
occupies the pi orbital, the pi electron spin density will be reduced
to one haif of that of neutral m-PBPM. Noticing that the projection
factor of the quartet jon is twice as large as that of m-PBPM together
with the fact that the pi spin density reduced to one half upon ioni-
zation, we find that Dij(ion) nearly equals Dij(m—PBPM) if the confor-
mation of the jon remains the same as that of m-PBPM, being in disa-
greement with the experiment.

TABLE 1II The fine structure parameters observed and those
calculated for the trans-trans and trans-cis conformations.

D/cm_1 E /cm_1 E/D
Observed Values
m—PBPM™ 0.1200 0.0045 0.038
m-PBPM* 0.1350 0.0040 0.030
0.1285 0.0055 0.043
Calculated Values
trans-trans 0.1292 0.0083 0.064
trans-cis 0.0819 0.0241 0.294
+ *-

Q.0 Q

TRANS-TRANS TRANS-CIS
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The conformation of neutral m-PBPM is known to be trans-cis as
determined by single-crystal ESR and 1H-ENDOR spectroscopy.s’27 Table
Il compares the D, |El, and {E/D! values observed for the anion and
cation with those calculated by the semi-empirical method described
above. It can be seen that the trans-trans conformation reproduces
well the observed values for both the anion and the cation, whereas
the trans-cis conformation leads to a smaller D value and much larger
IEy and |E/D| values. Thus, the molecular conformation of the anion
and the cation was concluded to be trans-trans in contrast to trans-
cis for the neutral parent molecule. Elucidation of the difference in
the molecular structure favored by the neutral species and its ions
is considered to be a crucial problem in spin chemisry. Appropriate
molecular orbital calculations for ionized high-spin molecules may

shed light on this problem.

CONCLUSION

Both the anion and the cation of a quintet high-spin molecule, m-PBPM,
were generated in frozen solutions of MTHF and BuCl, respectively, via
radiolysis and photolysis at 77 K. For both ions the ground state was
determined to be quartet from the spectral simulation and from the
temperature dependence of the ESR intensity. Thus, the ions as well
as the parent neutral molecule have the high-spin ground state, sug-
gesting that in such meta-linked polycarbenes the spin polarization
mechanism predominates over the spin delocalization mechanism even in
the negatively or positively charged molecular field. Moreover, it
was found by IH-ENDOR and 13C—ESR that both the excess electron and
the hole occupy the delocalized pi NBMO upon ionization. The molecu-
lar conformations of both the anion and the cation are trans-trans in
contrast to trans-cis for the neutral parent molecule. The present
experiment showed that the spin alignment and the electronic structure
of the cation are similar to those of the anion, being consistent with

the pairing theorem for the parent alternant hydrocarbon.
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