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Abstract: ESR and 'H-ENDOR measurements of the title anion were performed at temperatures below 4 K. From the
temperature dependence of the intensity of the ESR signal the spin multiplicity of the anion in the ground state was concluded
to be quartet. The 'H-ENDOR measurement was carried out for the randomly oriented sample by monitoring the X- and
Y-axis canonical peaks and the off-axis extra line. From the hyperfine coupling constants (hfcc) of the protons and the divalent
13C atoms it was concluded that the excess electron in the anion occupies one of the two nonbonding #-orbitals. The molecular
conformation of the anion was suggested to be trans-trans in contrast to cis-trans for the neutral m-phenylenebis(phenylmethylene).

Introduction

Aromatic high-spin polycarbenes!? have been receiving con-
tinuous interest as models for organic superparamagnets or fer-
romagnets.>!! The spin alignment of aromatic polycarbenes in
their ground state can be predicted by the topology of the =-
electron network.!>?' However, as for charged polycarbenes being
a novel class of high-spin molecules, there is no such simple guiding
principle, though a theoretical prediction was made on the possible
reversal of the order of high- and low-spin states upon ionization.??
As the first example of charged high-spin polycarbenes, we have
reported the monoanion of m-phenylenebis(phenylmethylene)
(m-PBPM).3%* Charged high-spin molecules are suitable systems
for studying the correlation between the charge and the spin in
organic systems.

In the present work, ESR measurements of the anion at tem-
peratures below 4 K were performed. From the temperature
dependence of the intensity of the ESR signal the ground state
of the monoanion was determined to be quartet. In order to
characterize the electronic structure we have performed 'H-EN-
DOR measurements. ESR measurements of the 13C substituted
isotopomer were also made to obtain the spin density at the di-
valent carbon atoms.

Experimental Section

The quartet anion was formed as in the previous work by the electron
attachment to the corresponding diazo precursor, 1,3-bis(a-diazo-
benzyl)benzene (1,3-BDB), followed by denitrogenation by visible
light.2*?* Since not all the 1,3-BDB was converted to its anion, the
neutral m-PBPM could also be produced by UV photolysis of the re-
maining 1,3-BDB."? The ESR signal of m-PBPM thus produced was
used as an internal standard of the temperature. In order to avoid the
artifact due to the instrumental difference, ESR experiments were per-
formed using both a JEOL PE-2X spectrometer with an Air Products
LTR-3 refrigerator and a Bruker ESP 300 spectrometer with an Oxford
ESR 910 temperature controller. Also, in order to avoid the power
saturation at low temperatures, the microwave power was attenuated to
0.02-0.04 uW in the JEOL spectrometer equipped with a cylindrical
TEy,; cavity and t0 0.2 uW in the Bruker spectrometer with a rectangular
TEIOZ CaVity.

'H-ENDOR measurements were carried out with a Bruker ESP
300/350 spectrometer equipped with the Oxford ESR 910 temperature
controller.

The 3C labeled diazo precursor, 1,3-bis(a-[*C]diazobenzyl)benzene,
was synthesized with benzoic-a-'*C acid (99 atom % '*C, Aldrich
Chemical Company Inc., Milwaukee, Wisconsin) as a starting material
via the following sequence of reactions (see Scheme I): chiorination with
the thionyl chloride of !*C labeled benzoic acid, Grignard coupling with
3-bromodiphenylmethane (74% yield), oxidation with chromium trioxide
in acetic acid-acetic anhydride (83% yield, mp 107-108 °C), conden-

*Kyoto University.
$Osaka City University.

0002-7863/92/1514-7470$03.00/0

Scheme 1. Preparation of the !*C Labeled Diazo Precursor?
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sation with hydrazine hydrate in ethanol (55% yield, mp 166~168 °C),
and oxidation with activated manganese dioxide in dichloromethane (60%
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Figure 1. (a) Typical ESR spectrum used for the calculation of the
temperature dependence of the intensity of the Y-axis canonical peak of
the quartet anion. The signals due to the neutral quintet m-PBPM are
indicated by Q. The temperature was calibrated by the intensity of the
quintet signal at =0.25 T. The symbols X and Y denote the X- and
Y-axis canonical peaks of the quartet anion. (b) Temperature depen-
dence of the intensity of the ESR signal of the Y-axis canonical peak
shown in the upper spectrum. The triangles are experimental data
measured with a JEOL spectrometer. Since the line shape of the peak
does not change with temperature, the intensity was caiculated by the
first derivative peak height. The circles indicate the data measured with
a Bruker spectrometer, and the intensity was calculated by double inte-
gration of the first derivative spectrum. The plots obtained by the double
integration were almost the same as those obtained by the first derivative
peak heights. Solid curves are the calculated temperature dependence
for several values of Ae = e(quartet) — e(doublet). All the experimental
and theoretical intensities are normalized at T = 4.2 K.

yield, mp 130.5-131.5 °C dec). All of the melting points were uncor-
rected.

Results and Discussion

1. Spin Multiplicity of the Ground State of m-PBPM"". In
the previous report®® the spin multiplicity of the monoanion in
the ground state was concluded to be doublet from the mea-
surement of the ESR intensity down to 3 K with the use of a
germanium sensor as a thermometer. There remained, however,
a possibility that the temperatures of the sample and the ther-
mometer were discrepant since the thermometer was not in direct
contact with the sample. To eliminate this ambiguity the signal
intensity of the quintet m-PBPM, which was produced by UV
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Figure 2. Observed and simulated X-band ESR spectra for the quartet
state of m-PBPM*~. The angular dependence of resonant fields for the
random orientation is shown at the bottom. Symbols A and F, respec-
tively, denote the off-axis extra line?” and the “forbidden” bands corre-
sponding to the transitions with Amg = 2 and *3. 4,, denotes the angie
corresponding to the extra line. The parameters used for the simulation
are v = 9.188 GHz, g = 2.003 (isotropic), D = +0.1200 ¢cm™, and |E|
= 0.0045 cm™.%

photolysis (see Experimental Section), was exploited as an internal
standard of the temperature in the present work. It is well es-
tablished that the quintet state is the ground state of m-PBPM
with the first excited state being separated enough (the energy
gap > 300 cm™), and the signal intensity of the quintet is well
calibrated against the temperature.! The temperature was re-
measured down to 1.4 K.

Figure 1a shows a representative spectrum exhibiting the low-
field X- and Y-axis canonical absorptions? of the anion along with
several absorptions due to the quintet m-PBPM denoted by Q.
The temperature dependence of the Y-axis peak of the anion
obtained by the two instruments is shown in Figure 1b. The solid
curves are calculated by considering the Boltzmann distribution
in the sublevels of the quartet and the doublet states.!*® The
parameter Ae denotes the energy gap of e(quartet) — e(doublet).
The essentially linear plot fits the case of Ae = —«, which signifies
e(quartet) <« e(doublet). The possibility of |A¢| < 1 cm™ can be
ruled out by the following reasoning: if the energy gap is smaller
than 1 cm™, the appreciable spin quantum mixing between the
quartet and the doublet states should arise so that the eigenstate
should not be described as a pure quartet or a pure doublet state.
In such a case the resultant ESR spectrum should exhibit char-
acteristic features such as the occurrence of new transitions and
the shift of resonance fields from those for a pure quartet or a
pure doublet state.?® The spin quantum mixing is of rare oc-
currence, but once it does, crucial information on the potential
and the modes of molecular and electronic structures can be
obtained from the characteristic spectral feature in favorable cases.
Since the present ESR spectrum can be analyzed unambiguously
in terms of a pure quartet state,?>?* the difference |Ae| must be
much larger than 1 cm™ (see the simulation in Figure 2, which
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was constructed on the assumption of 28 + 1 = 42324), Thus,
we conclude that the ground state of the monoanion is quartet
contrary to the previous conclusion.”? The convex curve of the
signal intensity vs 1/ T plot reported in the previous work® was
found to be due to the saturation effect at a power of 0.6 uW of
the JEOL spectrometer employed and to the underestimation of
the temperature with the use of a germanium sensor. Since the
germanium sensor was exposed to the helium gas flow directly,
the temperature of the sensor must have been lower than that of
the sample in the quartz cell in the previous work.?*

2. Absolute Sign of the Fine Structure Parameter D for the
Anion. The absolute sign of D can be determined by the effect
of the thermal population in the sublevels of the quartet state upon
the relative intensity of the ESR transitions. Since the lowest
temperature in the previous work?? was not low enough to disclose
the significant effect, the temperature was lowered down to 1.4
K in the present work. The intensity of the high-field X-axis
canonical absorption at ~0.44 T was compared with that of the
low-field one at =0.22 T (see Figure 2). The intensity of the
absorption was calculated by double integration of the first de-
rivative peaks. The high-field X absorption at 9.5 K is 1.9 times
as strong as that at 1.4 K when normalized by the low-field X
absorption. This result indicates unequivocally that the absolute
signl of D is positive.

3. 'H-ENDOR Spectra. In order to investigate the spin density
distribution in the quartet ground state of the monoanion, 'H-
ENDOR measurements were carried out for the anion in the
glassy solution of 2-methyltetrahydrofuran (MTHF) at 1.8 K.**

Since the ENDOR study of single-crystal samples provides the
angular dependence of the hfcc, the principal values of the hy-
perfine coupled (hfc) tensor and the orientation of the principal
axes relative to the crystal axes can be determined precisely.
However, for a randomly oriented sample of high-spin molecules
the ENDOR measurement is usually feasible only for the direction
of the principal axes of the fine structure tensor because ESR lines
in the first derivative mode correspond to the turning points, i.e.,
extremes of the angular dependence of the resonant field, which
usually correspond to the direction of the principal axes of the
tensor. In some cases, the angular dependence yields extra turning
points at magnetic fields different from those corresponding to
the principal axes. They give rise to off-axis extra lines in the
powder-pattern spectrum?’ (see the angular dependence and the
peak denoted by A in the simulated spectrum of Figure 2). In
such a case it may be possible to observe the ENDOR signal
corresponding to the extra turning point, which was indeed ob-
served in the present study (see Figure 3d). In this context the
reader is reminded that ENDOR signals can be observed, in
principle, at any magnetic field if the ESR intensity and the
condition of relaxation are favorable.

Let us briefly describe features of 'H-ENDOR spectra for
high-spin states. The ENDOR spectral pattern depends on the
electron spin sublevels investigated; under the high-field ap-
proximation the 'H-ENDOR frequency » to first order is given
by

v = |y, — amg| N

where v, is the Zeeman frequency of the free proton (v, > 0) and
the symbols a and ,,5 denote the zz component of the hfc tensor
expressed in frequency units and the magnetic quantum number
of the electron spin, respectively. The direction of z is determined
from the following equation: z = g-h/g where g and h denote the
g tensor of the electron spin and the unit vector of the static
magnetic field, respectively. For integral spin states, there are
two characteristic ENDOR spectral patterns: one is that obtained
by pumping the transition between mg = 0 and £1 sublevels. In
this case all the signals due to the mg = 0 state coalesce into a
single peak at v, and only the signals due to the mg = £1 state
appear at frequencies apart from »,. Since the separation from
v, gives xa, both the magnitude and relative sign of a of each
proton can be directly determined from the spectrum (see Scheme
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Figure 3. 'H-ENDOR spectra of m-PBPM*™ in the glassy solution of
2-methyltetrahydrofuran (MTHF). The measurements were performed
at 1.8 K. The magnetic field employed and the number of scans in each
measurement were as follows: (a) 207.8 mT (Y-axis canonical peak of
the transition from mg = —*/, to -1/, sublevels) with 400 scans. (b) 233.3
mT (X-axis canonical peak of the transition from mg = -3/, to -1/,
sublevels) with 321 scans. (¢) 291.3 mT (X- and Y-axis canonical peaks
of the transition from mg = -!/, to !/, sublevels) with 400 scans. (d)
397.0 mT (extra-line of the transition from mg = -!/, to !/, sublevels)
with 301 scans.

ITa where a model system having two protons of @, > 0 and a,
< 0 with |a)| > |a,| and v, > |amg| is assumed). The other is
associated with ESR transitions involving states of ms = 0 and
is more complicated than the former since the ENDOR signals
due to both the upper and the lower electron spin sublevels appear
at frequencies different from »,. The spectral resolution of the
latter, however, is higher than that of the former because the
separation of the ENDOR signals from v, is greater. Scheme IIb
shows an example for the ESR transition between mg = 1 and
2 sublevels. For half-integral spin states also, there are two
characteristic ENDOR patterns: one is that obtained by moni-
toring the transition between mg = !/, and !/, sublevels. In this
case the ENDOR spectrum is symmetric with respect to »,, and
a can be determined from the separation of the pair of the signals
located symmetrically with respect to »,, though the sign of a
cannot be determined from this spectrum (see Scheme Ilc). The
other pattern is asymmetric as is shown in Scheme IId for the
transition between mg = !/, and 3/, sublevels. Since the proton
having a gives two peaks at v, = 3/2a and », — 1/2a, both the
magnitude and relative sign of @ can be directly determined from
the paired sets of the ENDOR signal in this case. It should be
noted that ENDOR experiments afford us key information on the
electron spin multiplicity of high-spin species under study, though
the breakdown of the high-field approximation makes the spectral
patterns more complicated than the simplified patterns as shown
in Scheme II.
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Scheme II. The Schematic Pattern of the 'H-ENDOR Spectra of
High-Spin States.’
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9 A model system having two protons of 4, > 0 and 4, < 0 with |g|
> |as| and v, > |am| is assumed. The typical patterns for integral-spin
states are shown in Scheme II parts a and b and those for half-integral
spin states are shown in parts ¢ and d. Scheme Ila, b, ¢, and d repre-
sents the patterns for the transitions between m, = 0 and 1, 1 and 2,
-1/, and '/,, and !/, and /,, respectively.

The 'H-ENDOR spectra of the monoanion were measured by
monitoring the X- and Y-axis canonical peaks and the off-axis
extra line denoted by A in Figure 2. The ENDOR signal cor-
responding to the Z-axis direction could not be detected because
the ESR intensity was too weak. Figure 3 shows the ENDOR
spectra observed from the four different ESR peaks. Since the
ENDOR signals were weak, each spectrum was obtained by
accumulating the signals over hundreds of scans. It should be
noted that the ENDOR spectra obtained by monitoring ESR
transitions between mg = —!/, and '/, sublevels (Figure 3, parts
¢ and d) are approximately symmetric with respect to », in ac-
cordance with the explanation above. The ENDOR signals due
to the individual 14 protons cannot be completely resolved. The
inhomogeneous broadening of the ENDOR signals in the glassy
solution is probably due to the failure of the selective pumping
of a single molecular orientation and the statistical variation of
the molecular conformation intrinsic to the glassy solution.?®
Therefore, we are focused to a semiquantitative argument in the
following.

The neutral m-PBPM has four singly occupied molecular or-
bitals (SOMOs), two of which are the nonbonding =-orbitals and
the other two are the in-plane nonbonding n-orbitals localized at
the two divalent carbon atoms.!1213 Therefore, the excess electron
of the anion could occupy either the #- or the n-orbital. If it
occupies the w-orbital, the spin density in the w-system will be
half the magnitude of that of m-PBPM. On the other hand, if
the excess electron resides on the n-orbital, the spin density of the
w-electron system would be essentially unchanged but one of the
n-orbitals is occupied by two electrons and the other remains singly
occupied.

For the comparison of the hfcc of the quartet anion with the
neutral quintet m-PBPM, the difference of the electron spin
multiplicity must be taken into account. According to the pro-
jection theorem,? the hfc tensor of a state with the total electron
spin angular momentum S contains the projection factor 1/(2S).

(28) Teki, Y.; Takui, T.; Itoh, K. To be published.
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Therefore, McConnell’s relationship is generally expressed as
a; = Qo /(25) (2

where a; and pT denote the isotropic hfcc of the a-proton of the
ith carbon atom and the = spin density of the ith carbon atom,
respectively. The relation between g; of quartet and quintet states
is given as follows.

( ) 4 pi(quartet)
a(quartet) = - ——
i 3 pr(quintet)

a,(quintet) 3)
From eq 3 the hfcc of the protons of the anion will be 2/; of those
of the quintet molecule if the excess electron occupies one of the
two m-SOMOs (-anion), whereas they will be #/, of those of the
quintet if the electron occupies the n-orbital (n-anion).

The hfcc of all the 14 protons of the neutral quintet m-PBPM
have been fully analyzed using single-crystal samples to reveal
that the isotropic hfcc are in the range —8.0 to +3.6 MHz and
that the magnitude of the anisotropic part is within ~4 MHz."°
Therefore, the isotropic hfcc of the w-anion will be in the range
-5.3 to +2.4 MHz, and the maximum (negative) value of the hfcc
including the anisotropy will be =—8 MHz. In the case of the
n-anion the isotropic part will span a range -11 to +5 MHz.

In all the four observed ENDOR spectra of the quartet anion,
the maximum absolute values of the hfcc are less than 10 MHz
and most of the intensive signals are within a few MHz around
v, as is seen from Figure 3. The orientations of the anion, which
were pumped in the ENDOR measurements, correspond to the
X- and Y-canonical axes and to the direction of 8 =~ 38° for the
extra line?’ (see Figure 2). Although the hfcc of the Z-direction
could not be determined due to the feebleness of the ESR intensity,
the result of the observed spectra from the three different directions
indicates that the isotropic component decreases upon charging,
which leads to the conclusion that the excess electron occupies
most probably the w-orbital.

4. ESR Spectrum of the 1*C Substituted Isotopomer. When
the excess electron in the anion occupies the w-orbital, the spin
density of the n-orbital should remain essentially the same as that
of the neutral quintet m-PBPM and the two divalent carbon atoms
in the anion will have nearly the same isotropic hfcc. In order
to see whether this is the case or not, we have prepared an iso-
topomer in which one of the two divalent carbon atoms is sub-
stituted by 13C. All the canonical peaks and the off-axis extra
line were broadened by the unresolved hyperfine splitting due to
13C. The Y-axis canonical peak at ~200 mT of the 1*C substituted
isotopomer appears less acute and bell-shaped with a larger line
width than that of the unsubstituted isotopomer (see Figure 4a).

According to the above discussion on the w-anion the spin
density at both divalent carbon atoms, '2C and '*C, should be
nearly the same. Therefore, the observed peak should split into
a doublet due to the hyperfine splitting of the single '*C. This
is indicated in the left pattern of Figure 4b by the two dotted
components with an assumed hyperfine splitting of 3.0 mT. On
the other hand, if the excess electron resides in the n-orbital, the
spin density at one of the two divalent carbon atoms with a
closed-shell structure will be 0 whether the atom is '2C or 1*C and
the density at the other atom with an open-shell structure will
be essentially the same as the quintet m-PBPM whose hfcc of the
divalent 13C atom is known to be =3.5 mT.’® Therefore, in this
case of the n-anion the observed peak should comprise, with an
equal intensity, a singlet and a doublet. In the right pattern of
Figure 4b a singlet and the two components of a doublet are shown
in dotted lines, where the hyperfine splitting of the doublet is
assumed to be 3.0 mT in conformity with the left pattern of Figure
4b. The integrated intensity of the singlet is the same as that of
the doublet, and they are halved relative to the integrated intensity
of the doublet in the case of the w-anion above. The observed
peak coincides with the former case and not with the latter case,
which reinforces the conclusion of the previous subsection that

(30) Teki, Y. et al. To be published.
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Figure 4. (a) ESR spectrum of 1°C substituted m-PBPM*" in which one
of the two divalent carbon atoms was labeled by '3C. The spectrum of
the unsubstituted is also shown for comparison. (b) Synthetic peaks
consisting of 12C isotopomers. Left, the one corresponding to the spec-
trum of the w-anion of *C isotopomer which has a single 1*C hfcc of 3.0
mT. Right, the one corresponding to the spectrum of the n-anion of 1*°C
isotopomer which has !*C hfcc of 0 mT and 3.0 mT.

the wr-anion is favored over the n-anion. The anisotropic com-
ponent of the hfcc is totally neglected in the analysis of the Y-axis
canonical peak at ~200 mT. However, because all the other X-
and Y-axis canonical peaks can be regarded as comprising the
two components with a separation of ~3.0 mT, the isotropic part
of the hfcc of the two divalent carbon atoms are considered to
be approximately equal, which is consistent with the conclusion
of the w-anion. The anisotropic component of the hfcc could not
be analyzed because the hyperfine splittings were not resolved
enough for the analysis.

Since an accurate hfcc cannot be obtained from the above
argument based on the line shape of the ESR signal, we attempted
to observe the 13C-ENDOR signal. However, the signal to noise
ratio was too small to detect the signal.

The isotropic hfce of the divalent 13C atom of the anion is close
to that of the neutral m-PBPM, which is ~3.5 mT,* whereas the
isotropic hfcc of the divalent '3C atom of diphenylmethylene
(DPM) is reported as 173.3 MHz (6.184 mT).*! Since the spin
density of the n-orbital of DPM and m-PBPM is essentially the
same, as relation similar to eq 3 predicts that the isotropic hfcc
of the divalent *C atom of m-PBPM is !/, of that of DPM, which
agrees with the observation. Thus, the semiquantitative argument
here works fine in the neutral systems. However, the isotropic
hfcc of the anion of ~3.0 mT does not agree with the estimation
based on eq 3 which predicts that the hfcc of the anion should
be */, of that of the neutral m-PBPM, i.e., =~4.7 mT. Possible
reasons for the discrepancy are the loss of the planarity and the
change in the ratio of s—p mixing at the divalent carbon atoms
upon charging. There is also the possibility of an effect of orbital
expansions upon the electron attachment.

5. Molecular Conformation of m-PBPM*~. Since the fine
structure parameters of the anion are now determined as D =
+0.1200 cm™! and |E| = 0.0045 cm™ 32 and the excess electron
is in the w-orbital, we can discuss the molecular conformation of
the anion by comparing the fine structure parameters with those

(31) Brandon, R. W.; Closs, G. L.; Davoust, C. E.; Hutchison, C. A,, Jr,;
Kobhler, B. E.; Silbey, R. J. Chem. Phys. 1965, 43, 2006-2016.

(32) The absolute values of D and E were determined by simulation in the
previous work.
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of diphenylmethylene (DPM) and m-PBPM; a semiquantitative
expression for the fine structure tensor is given by the superposition
of the dominant one-center spin—spin interaction of n-r type at
each divalent carbon atom.13* Assuming that the one-center
interaction can be represented by the fine structure tensor of DPM,
we obtain!4®

D, = [S(2S - 1)]-1;(pk/pDPM)(Uk'DDPM'Uk-l)Ij ij=
X, Y,Z (4

where D; stands for the ij element of the fine structure tensor
of the anion, the subscript k runs over all the divalent carbon atoms
and Dppy denotes the fine structure tensor of DPM represented
in the principal axis system. The symbols p; and pppy represent
the spin density of the x-electron at the kth divalent carbon atom
and that at the divalent carbon atom of DPM, respectively. The
unitary matrix U, transforms the molecule fixed axes to the
principal axes of the one-center interaction tensor at the kth
divalent carbon atom. Since a simple LCAO-MO calculation gives
the spin densities of pppy = 2/5 and p,,.pgpm = 0.4040, the ratio
Pm.pPM/PDPM €an be regarded as unity. We must take into
account the projection factor [S(2S — 1)]! which is 1 for the triplet
DPM, !/, for the quartet anion, and ! /¢ for the quintet m-PBPM.
Since the excess electron of the anion occupies the w-orbital, the
w-electron spin density will be reduced to p; = p,,.pppm/2.

If the conformation of the anion remains the same as that of
the neutral m-PBPM, which is known to be conformation A,!31°

the unitary matrices U,’s should be almost the same as those of
the neutral m-PBPM. Noticing that the projection factor of the
anion is twice as large as that of m-PBPM together with the
relation of p(anion) =~ p,.pepm/2, We find Dy(anion) =~ D (m-
PBPM). Thus, the fine structure parameters of the anion would
have to be close to those of the neutral m-PBPM, ie., D =
+0.07131 cm™ and |E| = 0.01902 cm™.! However, the observed
parameters of the anion are far from those of m-PBPM. The
|E/ D] value for the anion, 0.038, which is a measure of the de-
viation from the axial symmetry of the tensor, is also quite different
from that for m-PBPM, i.e., 0.2667.!

However, if the conformation of the anion is in a trans-trans
type as depicted in conformation B, the two one-center interaction
tensors at the divalent carbon atoms are roughly parallel so that
the sum in eq 4, Zk(pk/pDPM)(Uk'DDPM'Uk-l)ija will be close to
1/, X 2Dppy = Dppy.  Since the projection factor [S(2S - 1)]!
is 1 for DPM and !/, for the anion, the fine structure parameters
of the anion will be about !/; of those of DPM. The fine structure
parameters of DPM are D = +0.40505 cm™ and |E| = 0.01918
cm™! with the |E/D]| value being 0.04735.3' From these values
the parameters of the anion are estimated as D =~ D(DPM)/3 =
+0.135 cm™, |E| ~ |E(DPM)|/3 = 0.0064 cm™, and |E/D| =
|E/D(DPM)| = 0.047, which are close to the experimental values
for the monoanion, D = +0.1200 ¢cm™, |E| = 0.0045 cm™, and
|E/D] = 0.038. It should be noted that the above argument is
based upon the assumptions that the orbital interaction between
the two singly occupied n-orbitals is negligibly small, and the two
n-orbitals are nearly degenerate in both the asymmetric confor-
mation A and symmetric B.

Using the fact that the fine structure tensor of aromatic po-
lycarbenes can be approximated as the superposition of the
one-center interaction at each divalent carbon atom and the =-
electron spin density of the anion is about one-half of that of
m-PBPM, the conformation of the anion is now suggested as to

(33) Higuchi, J. J. Chem. Phys. 1963, 38, 1237-1245. Higuchi, J. J.
Chem. Phys. 1963, 39, 1847-1852.
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be in a trans-trans type such as B.

Now a question arises as to why the anion of m-PBPM prefers
a trans-trans conformation. This question of the difference in the
molecular structure favored by the neutral species and by its anion
is considered to be a crucial problem in spin chemistry. As far
as we known,'>!4v?7 neutral high-spin molecules of a linear mo-
lecular struture often undergo thermally stimulated conformational
changes such as phenyl ring flips,'*** when generated by UV
photolysis in solid, without the change in the spin multiplicity.
As for the monoanion of m-PBPM formed by photolytic deni-
trogenation of the monoanion of 1,3-BDB, there may be chances
in molecular structural changes during the whole series of reactions
starting from the electron attachment to the parent 1,3-BDB.
However, since there is little experimental information on the
molecular structure of each stage of the reactions,’* arguments
on the spin-conversion process in relation to molecular structures
are prohibitive at the moment. Appropriate molecular orbital
calculations for charged high-spin molecules may shed light on
this problem. A project along this line is now under way.

(34) The spin conversion process from singlet-state 1,3-BDB to quintet-
state m-PBPM has been studied by time-resolved picosecond laser optical
spectroscopy: T. Takui and K. Itoh, unpublished work.
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Conclusion

From the present work it was determined that the ground state
of the monoanion of m-PBPM is quartet. A theory suggesting
the possibility of the reversal of the order of high- and low-spin
states upon charging®? is not substantiated in this system. From
the '"H-ENDOR measurements it is concluded that the excess
electron resides on the nonbonding w-orbital. This result is
compatible with the ESR measurement of the '3C substituted
isotopomer. The molecular conformation of the anion is suggested
to be of a trans-trans type.
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Abstract: The stable tyrosine radical of ribonucleotide reductase (RNR) from Escherichia coli, Tyr 122 of the B2 subunit,
exhibits single-exponential spin—lattice relaxation kinetics for 7 < 16 K and nonexponential spin-lattice relaxation kinetics
at higher temperatures. Saturation—recovery transients of the tyrosine radical are analyzed using a2 model developed to treat
the interaction of two paramagnets in a rigid lattice at a fixed distance apart but with a randon orientation in the static magnetic
field. The model describes the spin-lattice relaxation of a radical in proximity to another paramagnetic site in terms of two
isotropic or “scalar” rate constants and an orientation-dependent rate constant. The scalar rate constants arise from (1) intrinsic
relaxation processes of the radical which exist in the absence of the other paramagnetic site and (2) a scalar-exchange-induced
relaxation process arising from orbital overlap between the two paramagnetic sites. The orientation-dependent rate constant
arises from a dipole-dipole-induced relaxation process. From simulations of the higher temperature saturation—recovery transients,
we conclude that their nonexponential character arises from a dipole—dipole interaction with the diferric center of RNR. The
tyrosine radical generated by UV photolysis of L-tyrosine in a borate glass is used as a model for the intrinsic spin—lattice
relaxation rate of the tyrosine radical of ribonucleotide reductase. Comparison of the scalar rate constants derived from simulations
of the saturation—recovery transients of the tyrosine radical of RNR with the single-exponential rate constants of the model
tyrosine radical indicates scalar exchange is also a source of relaxation enhancement of the tyrosine radical of RNR at higher
temperatures. We present a new method for determining the exchange coupling of the diferric center based on the temperature
dependence of the scalar-exchange and dipolar rate constants. The Fe(IIT)-Fe(III) exchange coupling is estimated to be —94
+ 7 cm™!. We also estimate an exchange coupling of [0.0047 £ 0.0003 cm™!| between the diferric center and the tyrosine radical
on the basis of the relative contributions of scalar-exchange and dipolar interactions to the spin-lattice relaxation and the distance
between the two sites. The source of line broadening of the EPR signal of the tyrosine radical of RNR at temperatures greater
than 75 K is discussed as well.

Introduction

The enzyme ribonucleotide reductase (RNR) catalyzes the
reduction of ribonucleotides to the corresponding deoxyribo-
nucleotides. RNR from Escherichia coli consists of two subunits,

*Yale University.

YCurrent address: Department of Chemistry, Vanderbilt University,
Nashville, TN 37235.

§ University of Minnesota.

B1 and B2, both of which are homodimers.! The B1 subunit binds
the allosteric effectors and the substrate ribonucleotides, but both
B1 and B2 contribute to the active site of the enzyme. Each
polypeptide of the B2 subunit of RNR from E. coli contains one
non-heme u-oxo~u-carboxylato-bridged dinuclear Fe(IIT) com-

(1) Atkin, C. L.; Thelander, L.; Reichard, P.; Lang, G. J. Biol. Chem.
1973, 248, 7464-7472.
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