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1. Introduction 

Diradicals and polyradicals are molecules that possess 
two or more weakly interacting "unpaired" electrons, 
each formally associated with different atomic centers 
in a molecule. Diradicals are common intermediates 
of chemical reactions and have received perpetual 
attention over the years.1-3 Triradicals, tetraradicals, 
and higher radicals are relatively rare, and until several 
years ago, only a few of them were known.4-5 

Di- and polyradicals are a class of molecules that are 
especially relevant to a multidisciplinary frontier of 
science concerned with weak interatomic/intermolecu-
lar interactions in large systems. Many interesting 
phenomena in condensed matter are associated with 
weak interactions between electrons and/or nuclei 
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leading to a characteristic state (e.g., with a long-range 
order, frozen disorder, etc.) in macroscopic or meso-
scopic ensembles.6-8 Thus, for an ambient temperature 
superconductor, magnet, etc., the characteristic energy 
of the interaction leading to order should be ~ 1 kcal/ 
mol, that is, >RT at ambient temperature. These 
interactions are quite weak compared to the typical 
bond dissociation energy of 102 kcal/mol. 

uThe molecular approach" to studying such macro­
scopic and mesoscopic phenomena consists of the 
following sequence: (1) a small molecule with simple 
electronic structure with two weakly interacting entities 
(e.g., unpaired electrons), (2) a larger molecule with 
several interacting entities, (3) mesoscopic-size molecule 
with added complexities, (4) assembly of molecules to 
supramolecular clusters, monomolecular layers, or bulk 
solids. Study of organic di- and polyradicals in relation 
to magnetism is one of many examples of this approach.9 

Other examples are found in model studies for molecular 
recognition, hydrogen bonding in biological structures, 
etc.10 The goals of such an approach, through rational 
design and synthesis of molecules, molecular ensembles, 
films, etc., are to prepare materials with superior 
properties compared to their existing "natural" or 
"conventional" counterparts and to gain better insight 
to the most complex systems. 

This review is focused on molecules with two or more 
"unpaired" electrons on carbon and other first row 
elements; the transition metal organometallics are 
excluded. The other organic molecules with "unpaired" 
electrons, which are relevant to interactions between 
"unpaired" electrons such as carbenes, nitrenes, and 
certain ions, are briefly mentioned in section 11. 
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Qualitatively, weakly interacting "unpaired" electrons 
suggest presence of near-degenerate low-lying electronic 
states of different spin for di- and polyradicals. 
Determining the spin of the ground and low-lying 
excited states, as well as the energy gaps between the 
low-lying states, is the primary goal of the experimental 
measurements. The energy gaps and spin can be 
interpreted in terms of spin coupling between the 
"unpaired" electrons. Application of "the molecular 
approach" should lead to insight about spin coupling 
in meso- and macroscopic size structures. 

Because many interesting phenomena in magnetism 
rely on the competition between the interaction involv­
ing a large number of magnetic moments (typically, 
associated with spins of "unpaired" electrons) and 
thermal motion, di- and polyradicals with spin cou­
plings, which are comparable or larger than kT in the 
accessible temperature range, are particularly relevant. 
Furthermore, the special role of ferromagnetic spin 
coupling in bonding and magnetism implies importance 
of di- and polyradicals with high-spin ground states. 

2. Spin Coupling and Chemical Bond 

For a pair of electrons, their total spin (S) can be 
either 5 = 1 ("parallel spins") or S = 0 ("antiparallel 
spins"); in terms of spin multiplicity, 2S + 1 , these spin 
values correspond to triplet and singlet, respectively. 
In regard to the lowest energy state, the reference can 
be made to either ferromagnetic (S = 1) or antiferro-
magnetic (S = 0) spin coupling. The energy difference 
between the singlet and triplet states ( AEST) measures 
the strength of the spin coupling. (Spin-orbit coupling 
effects are neglected.) Thus, a chemical bond may be 
viewed as an extreme case of antiferromagnetic cou­
pling, and AEST can be a measure of the bond strength.11 

It is challenging to achieve and understand a strong 
ferromagnetic coupling, which is antithesis to bonding. 

Energy Spin Multiplicity 
t S 2S + 1 

0 •• T I 0 singlet 

The case of antiferromagnetic coupling 

The origin for preponderance of antiferromagnetic 
coupling (chemical bonding) is well established.12 

Because electrons are indistinguishable particles with 
spin, S = V2, the electronic wave function must be 
antisymmetric (A), that is, interchanging coordinates 
of any pair of electrons should not change the prob­
ability for finding an electron, but does change the sign 
of the wave function. Typically, it is a good ap­
proximation to write electronic wave function as product 
of the two parts, space and spin, each part either 
symmetric (S) or antisymmetric (A). The antisym­
metric product, space X spin, may be either A X S or 
SxA. For two electrons and two nuclei, i.e., a chemical 
bond, these two products correspond to triplet 
("parallel" spin, S = 1) and singlet ("antiparallel" spin, 

S = 0) functions; for S = O, the symmetry of the spatial 
part leads to large probability for finding an electron 
between the nuclei. This symmetric spatial part of the 
wave function can be approximately illustrated by a 
Hartree-Fock <r-bonding orbital in H2. The spatial part 
of the S = I wave function possesses a node between 
the nuclei, similarly to the c-antibonding orbital in H2. 

[Electronic Wave Function] = [Space] x [Spin] = A 

Therefore, the spin preference, S = 0 vs S = 1, is 
associated with the distribution of electrons with respect 
to nuclei; thus, electrostatics, not the magnetic interac­
tions between the magnetic moments of electrons, 
determines the spin of the lowest energy state (ground 
state).13 For H2, the ground state is singlet (S = 0) at 
all internuclear separations; this is not only the result 
of the above simplistic analysis of symmetry of the exact 
two-electron wave function but also the result of rigorous 
mathematical proof for kinetic/electrostatic energy 
Hamiltonian for H2 as well.14 

Singlet ground states are found in an overwhelming 
majority of nonmetallic molecules; however, for systems 
with more than two electrons, S = I ground states are 
possible in rare cases. Examples are C (atomic carbon), 
O2, CH2 (carbene), etc.2-15 

The preference for S = 0 vs S = 1 ground state can 
be illustrated by applying the above symmetry argu­
ments to a simple two-orbital two-electron model. When 
no restrictions are placed upon the orbitals, they overlap 
in phase; the spatial part of the two-orbital wave 
function is symmetric and the S = O ground state results, 
i.e., hydrogen atoms forming a chemical bond in H2 
(two Is orbitals). When the orbitals are restricted to 
being orthogonal, they will overlap out-of-phase; the 
spatial part of the two-orbital wave function will possess 
a node and the S = I ground state will be obtained, i.e., 
in C (two 2p orbitals). 

(3D ^p 
S = O S = 1 

Triplet ground state for C, which possesses half-
occupied degenerate atomic orbitals, is a manifestation 
of Hund's rule.16 The extension of the rule to molecules 
with half-occupied degenerate molecular orbitals (MO) 
appears straightforward because MO's can be made 
orthogonal.17 Examples of such an extension is found 
in those diradicals, where a pair of half-occupied 
near-degenerate (or degenerate) nonbonding MO's 
(NBMO's) must have their lobes coincide significantly 
(non-disjoint MO's). In fact, very strong ferromagnetic 
coupling may be obtained in such diradicals, with AEST 
on the order of 10 kcal/mol. The complication is that, 
for some diradicals, the half-occupied NBMO's can be 
selected in such a way that their lobes coincide to very 
small extent (disjoint MO's). In those cases, the 
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exchange integral is small and, consequently, the spin 
coupling is small (the S = O and S = 1 are near 
degenerate).18 The examples are provided by two 
7r-conjugated diradicals, trimethylenemethane (TMM) 
and tetramethylenethane (TME). 

TMM 

Large AES 

•s^O 
TME 

*TX) 
Small AEST 

When the interaction between the pair of selected 
MO's is small because of their disjoint nature or 
difference in energy (e.g., TME), interaction between 
other MO's, including unoccupied ones, should be taken 
into account; that is, electron correlation (e.g., with 
respect to restricted Hartree-Fock MO's) may become 
important. Then, predictions of the ground state, S = 
1 vs S = 0, are problematic; the problem is further 
discussed in section 5. 

Finally, it can be shown that symmetry properties of 
the wave function allow one to write a spin-coupling 
Hamiltonian for spins Si and S2 as 

H = -2JS1-S2 (2.1) 

The negative sign and factor of 2 are one of the 
traditional choices,19 e.g., J > 0, Si = S2 = V2, 
corresponds to the S = I ground state which is separated 
by an energy gap of 2J from the S = O excited state 
(AEST - 2«/). Equation 2.1 is frequently referred to as 
Heisenberg (or Heisenberg-Dirac) Hamiltonian. Its 
derivation is straightforward for Si = S2 = V2 and 
orthogonal orbitals.20 

3. Spin Coupling and Organic Magnetism 

Most recent research on organic di- and polyradicals 
is also tailored toward discovery of novel magnetic 
materials and understanding important aspects of 
magnetism. While comprehensive discussion of mag­
netism is beyond the scope of this article, selected issues 
relevant to organic radicals are mentioned. 

Many interesting magnetic phenomena involve spin 
coupling of a macroscopic number of electron spins (and 
other interactions), in competition with thermal exci­
tations. An example is ferromagnetically ordered 
material below Curie temperature, Tc, which possess 
many important features, including ferromagnetic spin 
coupling (e.g., pairwise "parallel spins") and spontane­
ous magnetization (e.g., net number of "parallel spins"). 
Consideration of thermal energy versus pairwise spin 
coupling with spin-coupling constant "J" (for example, 
eq 2.1) gives an order of magnitude estimate for Tc; 
that is, kTc *" J-21 However, the sufficient strength of 
ferromagnetic spin coupling is merely one of the 
prerequisites for ferromagnetism. Consideration of spin 

ensembles with predominantly ferromagnetic coupling 
but with either maximum or zero spontaneous mag­
netizations indicates that ferromagnetism at T > 0 is 
not possible for a one-dimensional (ID) chain of spins.22 

In two- and three-dimensional (2D and 3D) spin 
ensembles ferromagnetism is possible; however, in 2D, 
this prediction is highly model dependent and Tc's tend 
to be lower.23 

Intramolecular ferromagnetic spin coupling is ex­
ceptionally large (compared to transition metal dimers) 
for some organic diradicals. If such large ferromagnetic 
couplings can be maintained in polyradicals with 2D 
or, most likely, 3D-extended structures, then bulk 
organic magnets with high Tc (ambient temperature) 
are achievable. Examples of suitable structures are 
highly cross-linked polymers; in 1968, Mataga proposed 
some relevant 2D structures.24 A combination of high 
Tc and very low density of unpaired electrons would be 
unusual; dilute alloy ferromagnets, e.g., 0.1 % Fe in Pd, 
has rather low Tc.25 

Another option is to use mono-, di-, and polyradicals 
as components of molecular or macromolecular solids. 
Unfortunately, the intermolecular ferromagnetic spin 
couplings discovered to date are rather weak, with some 
exceptions.26-27 The first organic ferromagnet, which 
is based upon neutral organic monoradicals, possesses 
very low Tc (0.60 K).28"30 

Interesting magnetic phenomena in systems which 
contain a mesoscopic number of spins (e.g., nanometer-
size magnetic particles) are of both fundamental and 
technological interest.31 Recent examples are theoreti­
cal prediction and experimental confirmation for 
quantum mechanical tunneling of magnetization 
through magnetic anisotropy barrier on a mesoscopic 
scale.32 

Mesoscopic organic polyradicals are promising targets 
because their size can be rigorously controlled by organic 
synthesis. Furthermore, their anisotropy barriers can 
be more easily evaluated because of the negligible spin-
orbit coupling effects for nonlinear three-coordinate 
carbon-based radicals.33 Consideration of classical 
magnetic dipole-dipole interaction gives the shape 
anisotropy barrier (EA) as follows: 

When attempting to invert magnetization in nanometer-
size elongated-shape "ferromagnetic" particles, the 
intermediate configuration has a relatively high pro­
portion of the unfavorable side-by-side vs a low 
proportion of the favorable head-to-tail dipole orienta­
tions. Besides the more elongated shape, other factors 
should increase .EA:34 

EA « (number of unpaired electrons) 
(unpaired electron density)2 (3.1) 

Application of organic polyradicals to interesting 
problems in magnetism of solids poses an obvious 
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synthetic challenge, especially when the 2D and 3D 
structures are needed in some cases. Most importantly, 
strong ferromagnetic spin coupling found in diradicals 
must be maintained in their higher homologues. 

4. Measurement of Electron Spin Coupling: 
What Is the Ground State and by How Much? 

As discussed in section 2, spin coupling in a diradical 
may be described by Heisenberg Hamiltonian, H = 
-2</Si'S2 (eq 2.1), where "J* is spin-coupling constant. 
The ground-state total spin (S) is 5 - 1 for J > 0 
(ferromagnetic coupling) and S = 0 for J < 0 (anti-
ferromagnetic coupling); the energy difference between 
the two states is AEQT = 2J. Extension of this approach 
to spin coupling in polyradical is straightforward by 
summing over all important pairwise interactions, H = 
-2ZJySiSj within Heisenberg or other Hamiltonian.35 

The measurement of J falls into three categories: \J] 
« kT, \J\ « kT, and |J| » kT. The most important 
method of measurement of J relies on detecting the 
relative thermally induced populations of the states of 
different spin; when J^kT, the changes in populations 
between different spin states will be the most pro­
nounced and, therefore, the J will be determined with 
the greatest accuracy. 

The temperature range of most spectroscopic and 
magnetic measurements is limited by, on the one side, 
difficulty in attaining temperatures in the neighborhood 
of absolute zero and, on the other side, instability of 
polyradicals. Typically, temperatures between 2 and 
300 K are readily accessible; in terms of energy per 
mole, 0.004 < RT < 0.600 kcal/mol. 

A. Bulk Magnetization and Susceptibility 

Bulk magnetization (M), which is an average (ther­
mal) magnetic moment of the sample, can be deter­
mined using nonspectroscopic methods.36 Most re­
cently, magnetometers based upon SQUIDs (super­
conducting quantum interference device) have gained 
popularity because of their sensitivity.37 M is typically 
measured as a function of temperature (T) and applied 
static magnetic field (H); static magnetic susceptibility 
X is calculated as x = M/H. 

When the measurement is carried out in an oscillating 
H, dynamic (differential) x is measured directly as % 
- dM/dH, which is a complex, frequency-dependent 
quantity; for frequency that is low compared to the 
relaxation times, the differential x is real and identical 
to the static x- For anisotropic substances both static 
and dynamic x are tensors.36 

In the following text, it is assumed that both M and 
X refer to the paramagnetic component; e.g., the 
measured Af or x have other components negligible or 
substracted.38 

a. Intramolecular Interactions, M » kT or j j | « kT 

For di- and polyradicals with either very strong or 
very weak spin coupling, | J\» k T or \J\« k T, population 
of the ground state is independent of temperature. Spin 
values are determined by perturbing population of the 
m„ sublevels in the ground state with either magnetic 
field (H) or temperature. For polyradicals with "n" 
unpaired electrons, the following total values of spin 
for the ground state are obtained: (a) strong anti-
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Figure 1. (A) Magnetization in Bohr magnetons (MB) per 
polyradical vsH/T; solid curves correspond to S = 1-10 and 
(B) Brillouin functions, M/Af981 = Bs(x), plotted vs H/T for 
S = 1-10. 

ferromagnetic coupling, -J»kT,S = 0(n = even) and 
S = V2 (n - odd), (b) strong ferromagnetic coupling, 
J » kT, S = n/2, (c) very weak coupling either ferro-
or antiferromagnetic, \J\ « kT, S = 1Z2. 

Spin values are best determined by measuring M as 
a function of H at very low temperatures; thus, the 
population of the /n8 sublevels is affected by H. In 
other words, the degree of spin allignment induced by 
H as opposed to the thermal disorder is examined. 
Qualitatively, the higher the spin of the polyradical, 
the greater is degree of alignment at a given H and T. 
Quantitatively, the Af vs H/T is given by36 

M = Ng(I3SBg(X) (4.1) 

where Bs(x) is the Brillouin function for spin S (Figure 
1), B5(X) = [(25 + l)/2S]coth(S + 1Z2)X - (V*S)coth-
(x/2), and x = gusH/kT. 

For larger values of x, i.e., H/T, the Brillouin function, 
BsOe) =̂ 1; this corresponds to the alignment of all spins 
with the field, that is, "all" molecules are in the lowest 
energy m8 sublevel. The magnetization attains its 
maximum value (saturation), which is M^ = Ngn^S. 
Given the experimental M vs H/T data, which show 
substantial saturation, M^ and S can be obtained by 
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a numerical two-parameter fit to eq 4.1, even if the 
amount of polyradical is unknown. Alternatively, if 
the amount of the polyradical is known, S may be 
obtained by a one-parameter fit to eq 4.1 or, less 
accurately, calculated from M^f The data is usually 
shown as magnetization, M vs HIT, or "normalized" 
magnetization (equivalent to Brillouin function), M/Mat 
vs HIT (Figure IB). The reliability of the value of S 
depends on number of the fitting parameters, their 
interdependence, and the HI T range; the type of the 
Brillouin plot used to display the results as in Figure 
1 (A vs B) is irrelevant. 

B$,(x) for large values of S show very similar curvature. 
Only approximate values of large S may be obtained by 
the above procedures, if the amount of polyradical is 
unknown. In the more favorable case, where the amount 
of radical is known, all experimental errors in measure­
ment of Msat have to be less than (1/25)100% to obtain 
the spin, S ± 1I2, e.g., for S = 10 - less than 5 %. Finally, 
in the limit of infinite S, Brillouin function (eq 4.1) 
becomes Langevin function.39 

Polyradicals with S = O and large \J\ should be 
investigated using other techniques; for all other 
polyradicals with extreme values of V , magnetization 
follows the Brillouin functions with appropriate values 
of S. For odd-electron S = 1I2 polyradicals, distinction 
between the strong antiferromagnetic and uncoupled 
(weakly coupled) polyradical is made by evaluating Af̂ t, 
that is, the amount of polyradical should be determined 
independently. 

When polyradicals with different values of S are 
present in the sample, M does not follow any Brillouin 
function.40 M for a polyradical with spin, S, is related 
to the product, S*Bs(x), which, in the limit of small 
and large HI T, is related to S(S +1) and S, respectively. 
Consequently, addition of magnetizations, Mi = 
consti*Si*Bsi(x) and M2 = const2*S2*Bs2(*), for any 
pair of polyradicals with different spins (Si ^ S2), 
cannot be related to the product S*Bs(x). For example, 
for an equimolar mixture of two polyradicals with 
different spins, Si ^ S2, molar magnetization follows 
Brillouin functions corresponding to S' = [(I + 2A)1/2 

- 1], where A = Si(Sx + 1) + S2(S2 + 1), at small HIT 
and S" = (Si + S2)/2 at large HI T, i.e., there is a crossover 
from the larger, S', to smaller, S", function with 
increasing HIT. Analogous results are easily obtained 
for mixtures of more than two-spin systems. 

Spin values can also be determined by thermally 
perturbing population of the m8 sublevels. In the limit 
of small HIT, eq 4.1 can be shown to give rise to simple 
Curie plot (eq 4.2).36 

X = Ng%B
2S(S + D/3feT (4.2) 

In connection with eq 4.2, the susceptibility data are 
frequently plotted as xT vs T; S for polyradical is 
obtained from the value of xT. Alternatively, an 
effective magnetic moment (nett = 2.84(XT)1/2) can be 
defined. The amount of polyradical must be known 
accurately, and for isolated polyradical, one data point 
might be sufficient to determine value of S. 

b. Intramolecular Interactions, J «* AT 

For weakly coupled (small tTsovJ^kT) polyradicals, 
it is possible to perturb population of both the mg 
sublevels and the ground vs excited states of different 

Chemical Reviews, 1994, Vol. 94, No. 4 875 

Scheme 1 
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Energy ms "J 2J + gnsH 

J < 0 \ \ 
i 

x x i 

\ 
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\ S = 0 
^ 0 
H=O H^O 

spin using variable H and T. Therefore, Brillouin 
functions (eq 4.1) and Curie plots (eq 4.2) are not 
applicable; more general equations, which include eqs 
4.1 and 4.2 as special cases, should be used. The 
derivation is outlined below, using a diradical as an 
example. 

(1) Write Hamiltonian (Heisenberg, Ising, XY, etc.); 
Heisenberg is used here 

H = SHnS1H2-WS1S2 (4.3) 

(2) Find eigenvalues corresponding to the total spin, 
S = Si + S2, and magnetic quantum number, ma = S, 
S - I -S. The solution of the Hamiltonian (eq 4.3) 
for a pair of spins, Si and S2, can be written as36 

E(S,ms) = gn^m^ - J[S(S + 1) - S1(S1 + 1) -
S2(S2-H)] (4.4) 

In this example, Si = S2 = V2 and S = 0, 1 and ma = 
1, 0, - 1 , and for J < 0, the energy diagram shown in 
Scheme 1 is obtained. 

(3) Calculate partition function [Z = Y,exp(-Ei/kT)] 
where Ei are eigenvalues from eq 4.4 (relative to the S 
= 0 energy level, Scheme 1): 

Z = I + exp(2J/&T)[l + 2 cosh(gnBH/kT)] (4.5) 

(4) Calculate magnetization (M = NkT(8 In Z/5H)T) 
for 1 mol of diradical: 

M = 2NgnB smh(gnBHlkT)/[exp(-2JlkT) + 1 + 
2 cosh(gnBH/kT)] (4.6) 

(5) Calculate static magnetic susceptibility (x = M/H). 
X is typically measured at low magnetic fields (small 
H) or at high temperature (large T); i.e., HIT is small. 
Therefore, the following approximations for hyperbolic 
functions, sinh(x) «= x and cosh(x) =» 1, are appropriate. 
Thus, x for 1 mol of diradical is 

X = 2Ng2H3
2ISkT[I + (1/3)exp(-2J/feD]-1 (4.7) 

This is a well-known Bleaney-Bowers expression.41 

Equation 4.7 should be treated as an approximate 
version of eq 4.6, especially, at low temperatures; at T 
«= 2 K and for J = O, the xT from eq 4.7 is too high by 
~ 1 % at H = 0.5 T and ~10% at H - 2 T. 
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H (Tesla) 

Figure 2. Plot of normalized magnetization, M/MMt vs 
magnetic field, H, at temperature, T = 2 K using eq 4.6. The 
curves from left to right correspond to a diradical with J/k 
= 200, 2, 0, -0.5, -1, -2, -4, -10 K. 

0 50 100 150 200 350 300 
T (Kelvin) 

Figure 3. Plot of the product of magnetic susceptibility and 
temperature vs temperature (xT vs T). x is obtained from 
eq 4.7; the curves correspond to the following values of J/k 
(Kelvin): (a) 500, (b) 200, (c) 2, (d) -10, and -4, -2, -1 , -0.5. 
J/k = 500 K corresponds to J «= 1 kcal/mol. 

Equations 4.6 and 4.7 are quite sensitive to the 
magnitude of J < 0, i.e., antiferromagnetic interactions 
(Figures 2 and 3). In particular, sigmoidal shape of the 
M vs H plot (eq 4.6) at very low T for small anti-
ferromagnetic coupling is quite characteristic. For 
ferromagnetic interactions, the sensitivity of the 
curvature to the values of J is very small; however, 
plotting eq 4.6 at different temperatures somewhat 
improves the situation. 

The limiting values of J, i.e., J = O, J = +°°, «/ = -<*>, 
correspond to noninteracting doublets, isolated triplet 
ground state, and isolated singlet ground state, respec­
tively. In the first two cases, eq 4.6 is equivalent to the 
magnetization obtained using the S = V2 and S = I 
Brillouin functions (eq 4.1). 

Equations such as 4.7 and its analogues are widely 
used for fitting of the experimental data for transition 
metal clusters;36 copper dimers, which are counterparts 
of organic diradicals, are among the most thoroughly 
studied transition metal compounds.42 Both types of 
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the Hamiltonian and connectivity should be explored. 
For example, for tetraradical (four S = V 2 centers), the 
equations analogous to eq 4.7 are distinctly different 
for colinear, triangular, square, "butterfly", or tetra-
hedral connectivity of the radical centers.35 Interpre­
tations of the magnetic interactions, based upon eq 4.7 
and its analogues, are very sensitive to the quality of 
the magnetic data. Proper calibration of the instrument 
and accurate weight, purity, and correction for dia-
magnetism of the sample and the sample holder are 
important.43 

c. Intermolecular Interactions 

On the one hand, intermolecular magnetic inter­
actions complicate the study of spin coupling in organic 
di- and polyradicals. On the other hand, they are a 
prerequisite for designing molecular solids (and films) 
with interesting bulk magnetic properties. Both intra-
and intermolecular magnetic interactions are present 
in the solids and, in some instances, in dilute frozen 
solutions. Typically, such interactions are antiferro­
magnetic and should decrease with dilution. Many 
models of intermolecular interactions are available.44 

The simplest of all is a mean-field correction, which is 
implemented by adding an additional fitting parameter, 
0; 0 is introduced either self-consistently to eq 4.6 or by 
replacing T with T - 0 everywhere, except for the 
J-containing exponent in eqs 4.6 and 4.7.44 For example, 
eq 4.6 with mean-field correction is 

M = 2NgnB smh(gnBH/k(T-6))/[exp(-2J/kT) + 
1 + 2 cosh(gnsH/k(.T- 0))] (4.8) 

In addition to the mean-field model, other models are 
frequently used such as linear chains with various 
degrees of alternation, 2D networks, oligomers, etc.36 

As an example, we consider the extreme case of a 
linear Heisenberg chain, e.g., antiferromagnetically 
«7-coupled pairs of triplet diradicals.45 For readily 
accessible magnetic fields (H < 6 T), the curvatures of 
the M vs H and MT vs T plots are similar (but not 
identical) for intramolecular (a pair of S = V 2 spins) 
and intermolecular (a pair of S = 1 spins) interaction. 
Unequivocal distinction between these two cases is 
possible when very large H and very low T are available. 
Magnetic fields, which are comparable in energy to J, 
cause crossing of the m8 sublevels for different total 
spin values (e.g., S = 2,1, 0). Therefore, at T < -J/k, 
distinct changes of curvature in the M vs H plot will 
be seen, which correspond to the level crossings where 
the ms = -1 and ms = -2 sublevels become the lowest 
in energy. The resultant MvsH plot consists of one-
and two-segment sigmoidal curves for inter- and 
intramolecular interactions, respectively (Figure 4). For 
a pure, stable diradical, which sample weight can be 
determined accurately, distinction between the two 
models is straightforward for many values of J, e.g., at 
high temperature, xT (emu K mol-1) per mole of 
diradical should be 0.75 and 1.00 for the intramolecular 
singlet-triplet model and intermolecular dimer of 
triplets model, respectively. However, presence of 
impurities (e.g., arising from partial association of 
diradicals) may severely complicate the analysis. 
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Figure 4. Plot of normalized magnetization, M/M^t vs 
magnetic field, H, at temperature, T = 1 K for J/k = -4.0 K 
for an intermolecular antiferromagnetic interaction (J) within 
an isolated pair of two high-spin (S = 1) diradicals. M for 
one mole of diradical: M = Ngns{[exp(z) sinh(x) + 
exp(3z)(sinh(x) + 2 sinh(2x))]/[l + exp(z)(l + 2 cosh(*)) + 
exp(3z)(l + 2 cosh(x) + 2 cosh(2*))]} where z = 2J/kTand 
x = gnnH/kT. 

B. ESR Spectroscopy 

ESR spectroscopy had a crucial role in the discovery 
of a triplet excited state (S = 1). It is a common tool 
for study of S > 0 states in di- and polyradicals.46-48 

Because the intensity (I) of the ESR signal is related 
to magnetic susceptibility (x) as x = ATOnat/, ESR 
spectroscopy may be used similarly to the bulk magnetic 
measurements, as described above.48,49 However, quan­
titative ESR measurements (spin counting) are rare 
because determination of Acon8t, which may be routine 
for S = V2, is difficult for S > V2-

50 Typical ESR 
measurements involve temperature perturbation of 
either m8 sublevels in high-spin polyradicals or popula­
tion of the ground vs excited states of different spin. 
In the first case, I °c 1/T, which is analogous to eq 4.2, 
is followed, and in the second case, I = 1/T[I + 
(1/3)exp(-2J/kT)]-1, which is analogous to eq 4.7, is 
followed for a diradical. (For S > 1, equations similar 
to 4.7 can be derived.) Thus, when I vs 1/T follows the 
straight line at cryogenic temperatures, the ground state 
(typically, high spin) is separated by either a very large 
or a very small energy gap (compared to kT) from the 
excited states. If the curvature in the I vs 1/T plot is 
detected, then, the gap between the ground and excited 
states is comparable to kT and can be obtained from 
the fit equations analogous to eq 4.7. Thus, as discussed 
previously by Berson,51 elucidation of the spin states 
using 7 vs 1/T dependence is ambiguous in many 
diradicals. Furthermore, even if the curvature in the 
7 vs 1/T is detected, it is almost always assumed to 
originate in intramolecular spin coupling.62 Such 
interpretations can be confirmed by dilution experi­
ments.53 

One of the attributes of ESR spectroscopy is electron-
electron dipolar coupling that provides characteristic 
spectral pattern.51 (Other terms in spin Hamiltonian, 
such as g anisotropy and A anisotropy, are less 
important for most high spin organic polyradicals.) 
Typically, spectra are obtained in dilute, rigid media, 

where polyradicals are randomly oriented with the 
respect to external magnetic field (e.g., frozen solution). 
However, even partial orientation of the molecules may 
improve spectral resolution.54 The transitions are 
typically observed between the neighboring m8 sublevels 
(Am8 = 1) but, the formally forbidden, weak transitions 
between more distant m8 sublevels (Am9 = 2, 3) are 
sometimes detected. Because the number of m„ sub-
levels is 2S + 1 (spin multiplicity), these Am8 = 2, 3 
(half-field, third-field) transitions are of great value to 
demonstrate the detection of a spin state with S > 1 
and S > 3Ii, respectively. Dipolar couplings, which are 
characterized by two parameters, D and E (sometimes, 
EI he = 0), will affect all observable Am8 transitions; at 
least for E/he = 0 and small \D/hc\, the spectral patterns 
from dipolar couplings in Am8 = n for spin = S and Am8 
= n + 1 for spin = (S + V2) transitions appear similar.56 

More rigorously, computer simulations of ESR spectra, 
withD, E, and S (spin) among several parameters, allow 
for determination of spin states of the observed species.47 

In particular, a spectrum of a thermally populated 5 
> 0 excited state can be detected.56 

C. Other Methods for Determination of Spin 
States 

Magnetic susceptibility (x) can also be estimated 
using either contact shift or susceptibility shift, as 
detected by solution NMR spectroscopy.57 Distinction 
between the contact shift and susceptibility shift and 
knowledge of the amount (concentration) of the polyrad-
ical must be accurate. 

Contact shift originates in hyperfine electron-nuclear 
coupling (A), which splits NMR transition; for one 
unpaired electron, two NMR lines are shifted by 
+(V2)A and -(V2)A from their position in the absence 
of the hyperfine coupling. Typically, the electron spin-
lattice relaxation times are shorter by several orders of 
magnitude, compared toh/A, and the two lines collapse 
into one at the chemical shift which is weighted by 
Boltzman population of the electron m8 sublevels. The 
measurement of this shift (contact shift) compared to 
the appropriate diamagnetic reference reveals the 
relative population of the electron m8 sublevels at a 
given magnetic field (H) and temperature (T). For a 
polyradical with spin, S, this contact shift is58 

AH/H = -feV-S(S + D/3feT] [2^A/7N^MB] (4-9) 
The expression in the first square bracket corresponds 

to eq 4.2 for magnetic susceptibility. Similar to the eqs 
4.7 vs 4.2, an equation for the contact shift in a weakly 
coupled diradical is obtained by substituting S - 1 in 
eq 4.9 and multiplying eq 4.9 by an additional factor, 
[1 + 0/a)exp(-2J/kT)]. Such an equation may be 
particularly useful for determination of the spin 
coupling in singlet ground state diradicals because of 
favorable NMR line widths.59 NMR line widths that 
are too broad are one of the limitations for measurement 
of contact shifts. Small hyperfine coupling (spin 
density) at the observed nucleus, small 7N (2H is better 
than 1H), fast electron spin-spin exchange (e.g., higher 
concentration and temperature, solvent with unpaired 
electrons) are among the factors sharpening the para­
magnetic NMR lines. 

Contact shifts allow for determination of spin densi­
ties in polyradicals.60 Also, impurities in samples of 
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polyradicals may be quantified, which is important for 
other types of measurements. 

Susceptibility shift arises because the NMR chemical 
shift for a given nucleus (i.e., the effective magnetic 
field at the nucleus at a given frequency) depends not 
only on microscopic environment of the nucleus but 
also bulk properties of the sample such as its magnetic 
susceptibility, shape, orientation with the respect to 
the applied magnetic field, etc.57 This is the basis for 
Evan's method for measurement of bulk magnetic 
susceptibility.61 Evans method is widely used by 
inorganic chemists to determine nen for transition metal 
complexes in solution; recently, it was applied to 
unstable polyradicals.62 For a sample, which is con­
tained in narrow tube parallel to the external magnetic 
field (modern high-field NMR spectrometer), magnetic 
susceptibility (xm in emu/g) is determined from the 
following equation61 

Xm = 3A5/(4irc) + X0 + Xotfo - ci8)/c (4.10) 

where "c" is concentration (in g/mL), Xo is diamagnetic 
susceptibility of the solvent, and AS is the chemical 
shift difference (measured for solvent or inert reference) 
between the solution (density, d8) and pure solvent 
(density, d0). The third term in eq 4.10 can be omitted 
with negligible error for highly paramagnetic com­
pounds.61 A5 should be corrected for the presence of 
other diamagnetic solutes and the contact shift of the 
solvent (or the reference) should be negligible. For 
example, A5 for diradical dianion 59 (R = H) in Me20 
is significantly less than expected because of substantial 
contact shift.63 

Typically, an assembly of two concentric tubes is used. 
The concentration of the solution should be sufficient 
to obtain easily measurable Ab, but not too excessive, 
in order to avoid large NMR line broadening. The 
concentration should be known exactly at the tem­
perature of the measurement;62 for variable-tempera­
ture measurements, it is convenient to use a solvent 
with its density as a function of temperature known.64 

For polyradicals with \J\ « kT, ESR or EPR 
spectroscopy can be applied to estimate electron-
electron spin coupling in the ways similar to those found 
in NMR spectroscopy for determination of nuclear-
nuclear spin coupling. The important distinction 
between electron-electron and its nuclear counterparts 
is that the exchange mechanism is preponderant for 
the former and rare for the later.65 

For a symmetrical diradical, diradical, X-X, with 
unpaired electrons localized on nuclei X with a hy-
perfine coupling A, small |J| may be estimated by 
comparison to A. There are two limiting cases for J 
and A expressed in identical units: J < A where the 
A-spaced multiplet from a single X is observed, and J 
> A where the (A/2)-spaced multiplet from two identical 
X's is found.66 For some diradicals, these two limiting 
cases are attainable by changing temperature.67 The 
range of \J\ is limited by small values of A, e.g., A «= 40 
MHz for 14N in a localized nitroxide, which is equivalent 
to kT at T = 0.002 K. 

For a nonsymmetrical diradical, X-Y, where two sites 
for unpaired electrons have significantly different g 
values, it may be possible measure |J| directly as an 
additional multiplet in the hyperfine splitting in the 
solution EPR spectrum;68 this is in analogy to the 

detection of an AB multiplet in the routine NMR 
spectroscopy. (Isotropic g value in EPR is an analogue 
of the NMR chemical shift in solution.) So far this 
method was applied to "diradicals", where one of the 
unpaired electrons was localized at a transition metal.68 

Because the g values are so similar for C-, N-, and 
O-centered unpaired electrons Oi = 2.002-2.005, i.e., 
spread of several Gauss at X band), it may be difficult 
to extend this method to organic polyradicals; perhaps, 
very high field EPR spectroscopy may be helpful in 
exploring this possibility.69 

Heat capacity (C), which is related to the partition 
function (Z) 

C = b[RT*(b In ZIbT)VbT (4.11) 

can be used similar to bulk magnetic measurements. 
Expression for C as a function of T, H, and spin coupling 
parameters is derived similarly as outlined for mag­
netization, M.36 This magnetic contribution to heat 
capacity is obtained experimentally by substracting the 
lattice contribution (phonons) from the total heat 
capacity. This procedure is more reliable when (1) an 
isostructural but nonmagnetic compound is available 
to estimate the lattice contribution and/or (2) the 
measurement is carried out at very low temperatures 
(T < 4 K) to minimize the lattice contribution. 
Therefore, the measurements of C are most suitable 
for weakly coupled di- and polyradicals (small J). Care 
should be taken to distinguish between different models 
of spin coupling.36 

Chemically induced dynamic nuclear polarization 
(CIDNP), electron nuclear double resonance (ENDOR), 
and neutron scattering are among other methods that 
may be useful for determination of spin states in 
polyradicals.70 

5. Diradicals 

A. Simple Diradicals: Ferromagnetic vs 
Antlferromagnetic Coupling Units 

The simplest ir-conjugated diradical is trimeth-
ylenemethane (1), first observed by Dowd.78 Spectro­
scopic studies suggest a triplet ground state, and ab 
initio calculations for 1 predict the singlet-triplet energy 
gap, AEST «* 15 kcal/mol.74'75 1 may be thought as two 
methyl radicals connected to the same end of ethylene 
(1,1-connection). Alternatively, two methyl radicals 
may be formally connected to the opposite ends of 
ethylene (1,2-connection) to give butadiene, which is, 
of course, singlet ground state with A2?ST = -74.3 kcal/ 
mol.76 The ethylene moiety acts as a strong ferromag­
netic and strong antiferromagnetic coupling unit when 
1,1- and 1,2-connected, respectively; that is, connectivity 
(topology) determines the type of spin coupling (bond­
ing).77 The concept of spin coupling unit (bridge) is 
widely used in both organic diradicals and metal com-
plexes.58,78,79 

Strong ferromagnetic coupling may also be achieved 
via a benzene moiety. Spectroscopic studies of m-
benzoquinodimethane (3) by Migirdicyan, Platz, Ber-
son, and their co-workers suggest triplet ground state 
and ab initio calculations predict AEST *» 10 kcal/ 
m o ] 8o,8i It8 para and orth0 isomers 4 and 5 are ground-
state singlets.82 Antiferromagnetic coupling units tend 
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to be more effective, compared to their ferromagnetic 
counterparts. 

The presence (non-Kekule structures) vs absence 
(Kekule structures) of important open-shell resonance 
structures suggests strong ferromagnetic vs strong 
antiferromagnetic coupling for diradicals with one 
coupling unit.83 

The strength of the ferromagnetic coupling is also 
elucidated by the MO theory as outlined by Borden 
and Davidson.18 Both 1 and 3 possess a pair of half-
occupied nonbonding MO's (degenerate or near de­
generate). These MO's may be orthogonal and have to 
coincide at one or more atomic sites (non-disjoint MO's); 
this leads to the strong ferromagnetic coupling (section 
2).18 

Another approach is to invoke the concept of spin 
polarization within either valence bond (VB) or MO 
theory;84 in the latter case, UHF method or limited 
electron correlation are used. Heuristically, spin 
densities at the adjacent atomic centers in ^-conjugated 
system prefer opposite signs, a and /3, which correspond 
to antiferromagnetic coupling for nonorthogonal 2p 
orbitals. Such spin "polarization" should lead to the 
a@a(}a(i pattern in alternate systems. If the number of 
a sites (na, "arrows up") is greater compared to /3 sites 
(rip, "arrows down"), the net spin S results. According 
to Ovchinnikov85 

S~{na-nj/2 (5.1) 

Counting "arrows up" and "arrows down" in 1 and 3 
shows that both diradicals should be S - 1. Another 
way to apply eq 5.1 is to count the number of atomic 
centers between the sites with "unpaired" electrons in 
one of the important resonance structures; if this 
number is odd, as in 1 and 3, these "unpaired" electrons 
are ferromagnetically coupled. Unfortunately, eq 5.1 
does not address the strength of spin coupling. 

The concept of spin coupling unit may be extended 
into diradicals with multiple coupling units. Such units 
may be connected either parallel or sequentially. It is 
expected that the former will not weaken spin coupling 
and the later will lead to a weak spin coupling. 

Spectroscopic studies of dimethylenecyclobutadiene 
(6), which is an example of ferromagnetic coupling via 
two parallel coupling units, suggest a triplet ground 

n = 2,3 

state;86
 AEST from semiempirical calculations is com­

parable to that found for a single-coupling unit analogue, 
I 86b This is in agreement with theory; 6 possesses non-
disjoint half-occupied MO's and application of eq 5.1 
gives S = I. An example for antiferromagnetic coupling, 
which is an analogue of 6, is benzene; AEST *** -90 kcal/ 
mol implies stronger antiferromagnetic coupling com­
pared to butadiene.87 

©o® 
iacur 

I I 

ir-Conjugation in polyenes, which is an example for 
antiferromagnetic coupling through sequentially con­
nected coupling units, has been thoroughly studied over 
the years.88 Decrease of -AEST upon addition of one 
coupling unit is moderate, e.g., from 74.3 for butadiene 
to 60.2 kcal/mol for hexatriene.76b Derivatives of 
diradicals based upon the sequential 1,4-connection of 
one, two, and three benzene units are singlet ground 
states;89 for 12, AEST =* 1 kcal/mol was found by the 
observation of a thermal population of a triplet state, 
using ESR spectroscopy.908 

The sequential connection of ferromagnetic coupling 
units such as 1,1-connected ethylenes or 1,3-connected 
benzenes corresponds to diradicals 13-17. Among those 
diradicals, 13,16, and their derivatives are known. 13 
is a ground state triplet according to ESR spectroscopic 
studies.91 Ab initio calculations support this assignment 
of the ground state and predict AEST

 1^ 1 kcal/mol; 
however, for a "planar" structure, the singlet ground 
state is calculated.92 Similarly, weak ferromagnetic 
coupling is claimed in 16; ESR Curie studies on impure 
samples in a rather narrow temperature range give AEST 
«= 0.3 kcal/mol.90 Thus, coupling is weak for two 
sequentially connected ferromagnetic coupling units. 

The nature of this weak coupling, i.e., ferromagnetic 
vs antiferromagnetic, is difficult to predict because, as 
for most weak interactions, slight structural or medium 
changes may matter. For diradicals with sequentially 
connected ferromagnetic coupling units, the half-
occupied nonbonding MO's may be chosen in such a 
way that they do not coincide at any of the atomic 
centers (disjoint MO's). Exchange interaction between 
these two MO's is small, leading to weak spin coupling 
(section 2). Therefore, other small interactions (be­
tween other MO's), such as those accounted for by 
electron correlation, may have a significant effect; in 
many instances, these interactions favor singlet ground 
states. Equation 5.1 predicts a singlet ground state 
and a triplet ground state for diradicals with two and 
three sequential ferromagnetic coupling units, respec­
tively. 
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The sequential and parallel connectivity of ferro­
magnetic coupling units are also found in a single 
diradical. Examples are 18 and 19. Solid-state NMR 

]fCU)-[fCUJ 

spectroscopy of matrix-isolated 18 establishes its singlet 
ground state with -AEST > 1 kcal/mol.93 This is in 
agreement with ab initio calculations on 18 (AEST = ~5 
kcal/mol94a) and "planarized" 13.92-94 Diradical 19, for 
which molecular models suggest an approximately 
planar structure, is unknown; is it a singlet ground state? 

Diradicals based upon other ferromagnetic coupling 
units, presumably weaker than ethylene and benzene, 
are known, e.g., the naphthalene moiety (20-23) and 
methylene (24 and 25) .95,96 In the naphthalene-based 

jea. 
22 

-O 
24 25 

R = alkyl, aryl, vinyl 

X 

x 
X = oxo, halogen 

diradicals 20-23, eq 5.1 provides a simple guide where 
to attach the groups with unpaired electrons in order 
to control spin coupling. Similarly, numerous other 
diradicals based upon homologues of naphthalene 
(anthracene, phenanthrene, etc.) can be designed. 

Dougherty has recently reviewed methylene-based 
diradicals 24 and 25.5a Strength of their ferromagnetic 
spin coupling decreases as the C-(CH^)-C angle in­
creases.97 This is reminiscent of analogous angle 
dependence in copper dimers.42,98 

Dowd proposed nonalternant diradicals containing 
a cyclopentadienyl moiety.99 Ab initio calculations on 
cyclopentadienyltrimethylenemethane (CPTMM) re­
veal a 3B2 triplet ground state, which is approximately 
described as a cyclopentadienyl and methyl radicals 
1,1-connected to ethylene."b Because cyclopentadienyl 
can be viewed as a "spin diluted" methyl radical, AEST 
for CPTMM, which is a few kilocalories per mole, is 
less than AEST for 1. 

B. Stable Diradicals: Sterlc Shielding, 
Heteroatom Perturbation, Multiple Coupling Units 

Because stable monoradicals are known, the simplest 
design for stable diradicals is to couple two stable 
monoradicals via a spin coupling unit. 1,3-Connection 
of benzene with two phenylmethyl moieties corresponds 
to Schlenk hydrocarbon 26,100-102 which is almost 
completely oligomerized at ambient temperature. Heat­
ing, followed by rapid cooling, of oligomerized 26 in 
toluene gives an ESR spectrum at 77 K; Curie studies 
above 77 K suggest that a minor species possesses triplet 
ground state.103 Triphenylmethyl is almost completely 
associated in solution; the dimer CC bond is between 
the triphenylmethyl site in one radical and para position 
in the benzene ring of the other radical. Therefore, 
steric shielding of sites para with respect to triaryl-
methyl sites for unpaired electron in 26 should improve 
stability of polyarylmethyl diradicals.100'101 

R = H, X = H, 2 7 

R = Me, X = H, 2 8 

R = /-Pr, X = H, 2 9 

R = Me, X = Me, 3 0 

R = CF3, X = H, 3 1 

R = Me, /-Pr, 3 4 

AU diradicals 27-33 show intense triplet ESR spectra 
in frozen solutions; only small amounts of doublet 
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Figure 5. SQUID data for diradical 28. (A) Solution of 28 
in 2-MeTHF: Plot of normalized magnetization, Af/AfMt vs 
HI(T-B), compared to the S = V2,1, V2 Brillouin functions 
(eq 4.1); 6 = -0.09 K.40 (B) Solid 28: \T vs T plot at H = 0.5 
Tesla with fit using a model of pair of two antiferromag-
netically coupled S = I diradicals with partial dimerization 
to monoradicals. (Strong intramolecular ferromagnetic and 
weak intermolecular antiferromagnetic couplings.) Magne­
tization (M) and susceptibility (x = MIH) is calculated from 
the following equation (analogous to eq 4.6 and equation in 
caption of Figure 4): M = Ng/is a{[exp(z) sinh(x) + 
exp(3z)(sinh(x) + 2 sinh(2x))]/[l + exp(z)(l + 2 cosh(x)) + 
exp(3z)(l + 2 cosh(s) + 2 cosh(2x))]} + Ngnsd - a)[sinh-
(X)/(2 + 2 cosh(x))] where z = 2J/feTand x = giisH/kT. JIk 
« -7 K and a = 0.4 are intermolecular spin-coupling constant 
between diradicals and fraction of diradical in the sample, 
respectively. Insert shows M/AfMt vs HI T plot less contribu­
tion from diradical, which is very small at T = 2 K and H < 
5.5 T. Satisfactory fit to the S = V2 Brillouin function is 
obtained as expected for monoradicals (dimerized diradicals). 

impurities (with the exception of 31) are found.104-106 

In conjunction with electrochemical studies at ambient 
temperature, this indicates their thermal stability and 
lack of significant association in solution. Furthermore, 
33 is stable in air. Diradicals 32 and 33 are isolated as 

pure solids; magnetic susceptibility studies up to 
ambient temperature give /teff close to the theoretical 
value of 2.83 MB for S = 1 state. Similar studies on 
28-30 are complicated by the presence of S = V2 
impurities, predominantly arising from partial associa­
tion of diradicals in the solid state;106 magnetic sus­
ceptibility data for 28 and 30 are best fit with 
intermolecular antiferromagnetic interaction between 
two S = I diradicals (dimer), which possess strong 
intramolecular ferromagnetic coupling.106b Magnetiza­
tion studies of 28 (Figure 5) and 29 in frozen THF (2-
MeTHF) at 2, 5, and 10 K indicate good fit to a S = 
1 Brillouin curve and show a constant magnetic moment 
between 3 and 80 K. A very weak antiferromagnetic 
interactions are seen below 3 K (0 «= -0.1 K); because 
a S = 1 Brillouin curve is followed, these weak 
interactions are intermolecular (section 4).106b 

Steric hindrance in diradicals 28-30 and 33 inevitably 
leads to substantial out-of-plane distortion. Because 
ferromagnetic coupling remains strong (i.e., AEST > 1 
kcal/mol) in these diradicals, 1,3-connected benzene is 
a good ferromagnetic coupling unit.661" 

Sterically hindered derivatives of 16 such as 34 are 
also obtained.107 Magnetic studies, MvsH and MT vs 
T, rule out a singlet ground state with -AEST > 0.004 
kcal/mol, and the observation of a triplet ESR spectrum 
implies some degree of spin coupling. Although the 
singlet ground state with very small spin coupling is 
possible, the best fitting to eq 4.8 suggests triplet ground 
states with AEST *» 0.04 kcal/mol (R = Me) and AEST 
as 0.004 kcal/mol (R = i-Pr). Thus, spin coupling is 
quite weak in these systems.1071" 

Many stable diradicals contain heteroatoms. Het-
eroatom-containing spin sites may be attached to a 
strong ferromagnetic coupling unit such as 1,3-con­
nected benzene or 1,1-connected ethylene. For ex­
ample, ESR spectroscopic studies suggest triplet ground 
states for 35 and 36 (X = CH2, Y = O).51-108 Ab initio 
calculations give a triplet ground state with AEST «* 10 
kcal/mol for 36 (X = Y = 0);81a i.e., similar to the all-
carbon counterpart, 3. Analogous perturbation in 1,1-
connected ethylene systems diminishes ferromagnetic 
coupling; e.g., calculations suggest that 37 is a triplet 
ground state with very small AEST and alkyl-substituted 
derivatives of 37 are ground-state singlets.109 This is 
in agreement with ESR spectroscopic studies on 
diradicals 38 and 39; that is, derivatives with the most 
electron-withdrawing substituents (and oxo) are ESR 
silent.110-111 Although 40 (X = CH2, Y = O) is a triplet 
ground state according to ESR spectroscopic studies 
and ab initio calculations,86b'c double substitution with 
oxygen (X = Y = O) is predicted to give singlet ground 
state.860-112 Different behavior of the benzene and 
ethylene coupling unit can be explained in terms of 
MO theory;113 the defining structural factors appear to 
be aromaticity of benzene and strength of C=O vs C=C 
bond. Berson and co-workers found that heteroatom-
substituted diradicals 41 (X = O, S) which are deriva­
tives of 13, are singlet ground states.114 Their all-carbon 
analogues 41 (X = C(Me)2) and 42 are triplet ground 
states.115,116 Ab initio MO calculations suggest that, 
for diradicals 41 (X = O, NH, CH2, C(Me)2) and 42, the 
sign and magnitude of AEST'S might be related to the 
square of energy gap between the NBMO's.92a 
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R = H, F 

• • 
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X = CH2-, Y = O 
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X 

6 
37 38 39 

X = C(Ph)2. CH(Ph), X = C(Me)2, 
C(CN)Ph, CH(CN), C(SOMa)2, 
C(CN)2,0 C(SO2Ph)2 

40 41 42 
X = CH2, Y = O X = C(Me)2, S, O 

X = Y = O 

Di-£er£-butyl nitroxide is an air-stable free radical, 
which is commercially available. 1,3-Connection of two 
nitroxide moieties to benzene gives diradical 43;117'118 

magnetic studies find triplet ground state with AEST > 
1 kcal/mol.118 A frozen solution of dinitroxide 44, which 
is an analogue of 30, is studied by ESR spectroscopy 
in the cryogenic temperature range. Temperature 
dependence of ESR intensity is interpreted in terms of 
intramolecular antiferromagnetic coupling; i.e., a singlet 
ground state with a thermally populated triplet excited 
state.119 Magnetic susceptibility studies of methoxy-
substituted dinitroxide 45, either in solid state or 
polymer matrix, indicate singlet ground state. The fact 
that the antiferromagnetic coupling is intramolecular 
is further confirmed by examination of an X-ray-
determined structure; large intermolecular distances 
between the sites with large spin density are found.120 

* , O x 
R=H, tBu, 43 

O. X . 0 

R = Me, X = Me, 4 4 

R = OMe, X = H, 4 5 

Because spin density is localized on nitroxide moiety 
(approximately equally on oxygen and nitrogen) in 
^--conjugated nitroxides,121 spin coupling is weaker for 
ir-conjugated dinitroxides, e.g., 43-45, compared to their 
carbon counterparts (section 5.C). Other weakly 
coupled diradicals, e.g., 46 and 47, are formally obtained 
by connecting different heteroatom-based monoradicals 
to ferromagnetic coupling units. Stable, but weakly 
coupled diradicals, containing several coupling units 
are known, e.g., 48-51; only weak coupling (AEST < 0.1 
kcal/mol) is found for these diradicals.122-126 In par­
ticular, spin coupling through three coupling units, f CU-
aCU-fCU and fCU-fCU-fCU should be very weak; 
therefore, factors other than connectivity (coupling 
units) are likely to affect it significantly, especially in 
nonplanar systems (sections 2, 5.A, and 5.C). 

Dinitroxide 49 gives bulk ferromagnet with Tc = 1.48 
K.29 

46 

X-N x = S, Se 

47 

m 
N' 

O 

48 

f<BuN0 

50 

C. Quantitative Usage of Spin-Coupling Units 
In the preceding discussion, we used spin-coupling 

units to rationalize qualitatively the type and strength 
of spin coupling in diradicals. Now we attempt a more 
quantitative approach to strong ferromagnetic coupling 
in diradicals based upon 1,3-connected benzene as 
ferromagnetic coupling unit. We conjecture that, within 
the 1,3-connected benzene series, the existing experi­
mental and computational data on spin-coupling con­
stants (or A£ST

 = 2J) for such diradicals may be related 
to electron-nuclear (e-n) couplings (spin densities) in 
the corresponding monoradicals,49 which formally 
contain the spin coupling unit of interest: J « (spin 
density in ferromagnetic coupling unit)2.127 

J = 5.0 Kcal/mol 

fcu] 
e-n coupling 
infCU 

reference 
pair 

estimate of 
ferromagnetic J 

i . -O 
J = 0.6 Kcal/mol 

Comparison of electron-proton coupling constants 
in the benzene rings of benzyl,1288 triphenylmethyl,128b 

and tert-butylphenyl nitroxide1280 gives the following 
ratio of spin densities associated with one benzene 
ring: 20:10:7. Therefore, if the result of ab initio 
calculation for spin coupling for 3,J = 5.0 kcal/mol, is 



Organic Dlradlcals and Polyradicals Chemical Reviews, 1994, Vol. 94, No. 4 883 

correct, then, the predicted J for 26 and 43 are 5 X 
(10/20)2 <* 1.3 and 5 X (7/20)2 « 0.6 kcal/mol, respec­
tively. 

J values for sterically hindered analogues of poly-
arylmethyl diradical 26 may be estimated considering 
electron-13C and electron-proton coupling constants 
for triphenylmethyl, tris(2,6-dimethoxyphenyl)methyl, 
and perchlorotriphenylmethyl.128de As far as out-of-
plane twisting caused by steric hindrance is concerned, 
tris(2,6-dimethoxyphenyl)methyl provides a conserva­
tive model for estimating J for alkyl-substituted 
diradicals 27-30; among those, 30 is likely to be most 
twisted but, presumably, less than the model mono-
radical. Perchlorotriphenylmethyl should be a good 
model for diradical 33. Notably, the 13C-coupling 

2 2S J = 1.3 in 26^ j 3 1 Kcal/mol 
Ph3C- in 28, 29, 30 

J = 1.3 in 26 j = o.6 Kcal/mol 
Ph3C- in 33 

increases in increments of about 3 G between mono-
radicals. This suggests that the spin density (and 
electron-proton coupling constants) in their benzene 
rings decreases by similar increments.128* Extrapolation 
of the electron-proton coupling constants from tri­
phenylmethyl to the other two model monoradicals gives 
the following J values: (1) diradicals 27-30,1.3 > J > 
1.0 kcal/mol, and (2) diradical 33, J « 0.6 kcal/mol. 

Ortho substitution with Me or OMe groups in tert-
butylaryl mononitroxides drastically decreases (more 
than factor of 2) electron-proton coupling constants 
from the already low values for the parent tert-
butylphenyl nitroxide.128f Consequently, spin coupling 
through 1,3-connected benzene, which is ferromagnetic 
coupling unit for dinitroxides 44 and 45, should be very 
small (J < 0.1 kcal/mol); therefore, other interactions 
may become comparable in strength and control the 
spin coupling. 

Next, the effect of heteroatom perturbation of J is 
reexamined; in place of diradicals 3, 35, and 36, the 
following pairs of diradicals are compared using electron-
proton coupling constants for the corresponding 
monoradicals. 128g_-> 

O 
X = Ph2C vs Ph2N 

X = PhCH vs PhN 

X X= CH2 vs 6 

In this particular series of diradicals, it is predicted 
that the ferromagnetic coupling in each heteroatom-
based diradical is, at least, as strong as in its hydrocarbon 
counterpart; this is in agreement with calculations on 
the parent systems. However, stable and strongly 
ferromagnetically coupled (J > 0.5 kcal/mol) poly-
arylaminium systems may be difficult to achieve 
because a stabilizing pare substitution with MeO or Cl 
groups causes a precipitous decrease in the electron-

proton coupling; e.g., from triphenylaminium to tris-
(4-methoxyphenyl)aminium by factor of 2. 

For systems containing heavy elements such as Si 
and Ge, perturbation of J in diradicals, with 1,3-
connected benzene as coupling unit, are examined by 
using the following monoradicals.128k 

Hp estimate of J H0 

(Gauss) (Gauss) (Kcal/mol) 
C 2.58 2.80 1.3 
Si 0.95 1.17 0.2 
Ge 0.60 0.95 0.1 

J for the all-carbon diradical should be identical to 26, 
which is estimated at 1.3 kcal/mol. J for the Si and Ge 
analogues is predicted to be 0.20 and 0.10 kcal/mol, 
respectively; should these diradicals be prepared, their 
A£ST = 2«7 = 0.4 and 2J = 0.2 kcal/mol are well suited 
for standard ESR spectroscopic and magnetic suscep­
tibility measurements. 

6. TrI- and Tetraradlcals 

Strength of the spin coupling (J) in many diradicals 
can be obtained by experiment, calculation, and 
empirical estimate. One of the key questions is whether 
strong spin coupling can be maintained in extended 
systems with more than two sites for unpaired electrons, 
e.g., is "J" constant within a homologous series di-, tri-, 
tetra-, and polyradicals?129 

A. Trlradicals 
Triradicals are relatively rare compared to diradicals. 

Systems with potentially strong ferromagnetic coupling, 
which are homologous to /n-benzoquinodimethane, fall 
into three categories: (1) two 1,3-connected benzenes 
in a "linear" arrangement, (2) 1,3,5-connected benzene, 
and (3) three 1,3-connected benzenes in a "closed loop" 
arrangement. 

EQD = J EQD = 3J EQD = 3J 

Assuming that a coupling constant J is associated 
with ferromagnetic (J > 0) spin coupling through each 
1,3-connectivity in benzene, application of Heisenberg 
Hamiltonian (section 4) reveals that the energy gap 
between the ground quartet and lowest excited doublet 
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state is much smaller (AEQD - J) for the "linear" 
topology, compared to ABQD = 3«/ for the other two 
cases.35 (Coupling constants may be different for the 
second and third topologies.) These energy gaps should 
be compared to AEST = 2J in a diradical. Therefore, 
"linear" triradicals are relatively susceptible to thermal 
population of the lowest excited states and can be used 
to measure strong ferromagnetic couplings. 

The representative examples for the first topology 
are polyarylmethyl triradicals 52-55, and trinitroxide 
56; all possess S = 3^ ground states in either solid state 
or frozen solution. 

R = /-Pr, X = tBu, 5 4 

R = Z-Pr1X = Ph, 5 5 

° * O . O . R= (Ph-Ph)2C1X = H 
R= Ph2Sl? X = H 

5 6 R = gaMnoxyl, X = H 
R = nitronylnitroMde, X = H 
R = tbutylnitroxkie, X = H, OMe 
R = Ph2NN, X = CN 

According to ESR spectroscopy, the "linear" poly­
arylmethyl triradicals 52-55 show negligible thermal 
population of the low-spin excited states at 100 K; 
triradical 54 also shows similar behavior at ambient 
temperature, according to the x vs T magnetic sus­
ceptibility data.55 Therefore, AJEQD ~ J> 1 kcal/mol 
is in agreement with our empirical estimate for J « 1.3 
kcal/mol and experimental results (2J > 1 kcal/mol) in 
the homologous diradical 29 (section 5). The data 
indicate that strong ferromagnetic coupling is main­
tained, although the out-of-plane twisting for the 
tr-conjugated system in 54 is likely to be substantial. 

Fitting of the x vs T data for trinitroxide 56 to the 
equation analogous to eq 4.7 (for "linear" triradical with 
the nearest-neighbor interactions only) gives J = 0.5 
kcal/mol, which is the same as the quartet-doublet 
energy gap. Consequently, a substantial population of 
the S = V 2 excited state is found at ambient tempera­
ture.118 The experimental J « 0.5 kcal/mol is in 
agreement with the empirical estimate of J « 0.6 kcal/ 
mol and experimental studies (2«7 > 1 kcal/mol) for a 
homologous dinitroxide (section 5). 

Several examples of triradicals 57-58 pertaining to 
the second topology have been reported; quartet states 
are detected in all cases.130-133 In the case of a recent 
perchlorinated triradical 57, it is found that quartet is 
a ground state by a significant margin. This implies 
A£QD = 3J > 1 kcal/mol for 57, which is in agreement 
with the empirical estimate of J «= 0.6 kcal/mol and 
experimental studies (2J > 1 kcal/mol) for the related 
diradical 33. The steric hindrance is so severe in 57 
that propeller isomers can be isolated.132 Propeller 

isomerism implies out-of-plane distortion; notably, 
strong ferromagnetic coupling is maintained in this inert 
triradical. 

B. Tetraradlcals 
Several high-spin tetraradicals have been reported 

so far.52'66'56 Systems with potential for strong ferro­
magnetic coupling, which are homologous to m-
benzoquinodimethane, fall into three limiting 
categories: (1) "star-branched", (2) "linear", and (3) 
"closed loop". (Replacement of 1,3- with 1,3,5-connected 

benzenes may give an entry into multiradicals.) Among 
the three topologies only "star-branched" tetraradicals 
are known. ESR spectroscopy and magnetization 
studies suggest quintet ground states (S = 2) for 
tetraradicals 59. The most sterically hindered tet-
raradical 59 (R = i-Pr) is obtained as a stable solid at 
ambient temperature; magnetic studies, which are 
complicated by impurities, do not indicate appreciable 
thermal population of low-spin excited states. The 
strong ferromagnetic coupling is still present, in spite 
of probable severe out-of-plane distortion of 7r-conju-
gated system. 

63 64 65 

Application of eq 5.1 to naphthalene, anthracene* 
and other polycyclic aromatics reveals a plethora of 
possible ferromagnetic coupling units for tetraradicals. 
The only known example belongs to the first high-spin 
tetraradical 60, which was reported in 1983 by the 
Berson group. ESR and UV-vis spectroscopic studies 
are best interpreted in terms of quintet ground state 
(S = 2) with strong ferromagnetic coupling. The other 
isomer 61 possesses either nearly degenerate triplet/ 
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singlet ground/excited states, or it is a ground state 
triplet by a large margin.134 

The Dougherty group has reported generation and 
ESR studies for series of tetraradicals 62-65, which 
can be considered as a pair of S = 1 TMM's linked with 
1,3-connected benzene or methylenes as spin-coupling 
units. ESR spectroscopy suggests quintet ground states 
(S = 2) for all tetraradicals, except for adamantane-
based tetraradical 65, which is assigned singlet ground 
state by following the ESR signal intensity during 
generation of tetraradical. A model based upon two-
site Heisenberg Hamiltonian is used to correlate the 
calculated AEST in "localized" diradicals with the 
triplet-quintet energy gaps ( AETQ) in the corresponding 
delocalized tetraradicals, that is, J in a tetraradical is 
scaled by (V3)2, compared to a diradical, because only 
V3 of total spin of trimethylenemethane moiety is 
affecting the ferromagnetic coupling unit. The fol­
lowing AETQ'S are obtained: 2.2, 0.38, and 0.20 kcal/ 
mol for 62, 63, and 64, respectively; the last value is in 
excellent agreement with the ESR spectroscopic Curie 
studies.56 The results suggest that these ferromagnetic 
coupling units retain their effectiveness upon different 
substitution. An elegant ESR study on the effect of 
steric hindrance on spin coupling in derivatives of 62 
have appeared recently.561" 

Very weakly coupled tetraradicals based upon stable 
radical moieties are also known.71*-136 

7. Star-Branched and Dendritic Polyradlcals. 
Toward Nanometer-Size Single Molecule Organic 
Magnetic Particle 

A. Star-Branched Hepta- and Decaradlcals 
Homologation of "star-branched" topology for tet­

raradical 59 (R = H) allows for design of heptaradical 
66 and decaradical 67.136 ESR and NMR spectroscopies 
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Figure 6. Plots of normalized magnetization, MIMMt vs 
HI(T - Q); solid and intercepted lines correspond to fits (eq 
8.1, method A) and Brillouin function (eq 4.1) plots, respec­
tively:40 (A) heptaradical 66 in 2-MeTHF, p = 0.93,6 = -0.1 
K, and (B) decaradical 67 in THF, p = 0.95, 6 = -0.6 K. 

at high temperatures (100 and 140 K) indicate dominant 
presence of the S = 7/2 heptaradical and S = 5 
decaradical. The absence of a large amount of other 
paramagnetic species (thermal population of low spin 
excited states) suggests that both polyradicals possess 
high-spin ground states with strong ferromagnetic 
coupling. Magnetic susceptibility studies give constant 
magnetic moment for both polyradicals between 100 
and 10 K, which excludes intermediate strengths of 
spin coupling; an onset of weak antiferromagnetic 
interactions is observed at T < 10 K. Similar weak 
antiferromagnetic interactions are observed in the 
homologous high-spin di- and tetraradicals. Magne­
tization data for 66 and 67 are best fit to a model 
assumming intermolecular antiferromagnetic interac­
tions and a probability "p" (p < 1) for having an unpaired 
at each triarylmethyl site (eq 8.1 and Figure 6); p = 
0.93 (66) and p = 0.95 (65). (This probability times 
100% gives yield per site for unpaired electrons.) 
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The high-spin ground states for 66 and 67 can be 
further confirmed by considering the possibility of 
intramolecular antiferromagnetic coupling between 
molecular branches. Because such coupling is through 
space, it is expected to be weak. An illustrative model 
is provided by three-spin systems with two coupling 
constants, strong ferromagnetic J » 0 and weak 
antiferromagnetic J' < 0. 

The energy levels for the model with Heisenberg 
Hamiltonian and three V2 spins are: 0 (S = 3/2), J + 
IJ' (S = V2), and 3J (S = V2).

35b The decrease of energy 
gap between high- and low-spin states due to antifer­
romagnetic interactions is 2J'; thus, as long as |J| > 
\2J'\, the ground state is high spin. Therefore, the 
observed weak antiferromagnetic interactions are not 
likely to originate from through-space interactions 
between branches of the same molecule. 

Zero-field splitting parameters (\D/hc\) in the ESR 
spectra of decaradical 67 and its lower homologues are 
inversely proportional to spin (S), i.e., D « constant + 
1/S; also, this reflects proportionality of \D/hc\ to 
volume. One of the practical consequences of this 
relationship is that the spectral widths (2D, 4D, 6Z), 
12Z), and 18D) remain approximately constant while 
the number of allowed transitions greatly increases in 
the series of di-, tri-, tetra-, hepta-, and decaradicals; 
67 is at the limit of usefulness of conventional continu­
ous-wave ESR spectroscopy (randomly oriented media). 

B. Dendritic Polyradlcals with 7, 15, and 31 
Sites for Ferromagnetlcally Coupled Electrons 

Homologation of "linear" topology for triradical 53 
allows for synthesis of dendritic heptaradical 68, 
pentadecaradical 69, and 31-radical 70.40'137 Hepta-, 

pentadeca-, and 31-ethers, which are precursors to these 
polyradicals, are characterized using mass spectrometry; 
NMR spectroscopy suggests complex conformational 
equilibria for these molecules. Consequently, ESR 
spectra of the corresponding polyradicals show broad 
single peaks, except for 68, for which shoulders might 
be discerned. The ESR spectral width is significantly 
decreasing from triradical 53 to pentadecaradical 69; 
this might suggest an increasingly isotropic spatial 
relationship of the radical sites in sterically hindered 
dendrimers; e.g., folding into "three-dimensional" shapes 
such as "barbells".137 

Magnetization data are obtained in the 2-80 K 
temperature range and at magnetic fields up to 5.5 T. 
Both temperature and field dependence of magnetiza­
tion are interpreted in terms of mixture of spin systems 
with different values of spin (S) with weak intersystem 
antiferromagnetic interactions (mean-field parameter, 
-0 « 0.6 K * 0.001 kcal/mol). The "average" spin is 
about ~ 3, ~ V2, and ~ 6/2 for 68,69, and 70, respectively. 
However, no single Brillouin function can be fit to these 
data. One of the possible explanations is that defects, 
which are failures to generate an unpaired electron at 
some of the triarylmethyl sites, produce mixtures of 
the spin systems for each polyradical. Assuming equal 
probability for finding an unpaired electron at each 
triarylmethyl site, p, the following p are obtained: 0.94 
(68), 0.8 (69), ~0.8 (70). The yield per site for unpaired 
electrons, p X 100%, is good. However, spin coupling 
in multisite polyradicals such as 69 and 70 is extremely 
sensitive to defects and, although, 80% of unpaired 
electrons are generated, spin coupling is largely inter­
rupted.40 

8. Defects and Spin Coupling 

All methods for generation of unpaired electrons in 
polyradicals rely on chemical, photochemical, or elec­
trochemical reactions that are carried out to generate 
all unpaired electrons from a suitable precursor. 
Because the yields of such reactions are not quantitative, 
for polyradicals with a dozen or more unpaired electrons, 
there is a significant probability for formation of 
polyradicals with one or more unpaired electrons 
missing. The important questions are what is the effect 
of such defects is on the spin coupling and can very 
high spin systems be obtained in the presence of defects? 

A. Spin-Coupling Path 

Spin-coupled systems may be viewed as systems 
containing "localized" spin sites which are linked via 
the coupling units (section 5). When considering spin 
coupling throughout the systems with more than two 
sites, it is useful to define, in the best resonance structure 
for ^--conjugated polyradical, spin coupling path as the 
array of atoms (orbitals) between any pair of spin sites, 
which are spin coupled. Two limiting cases with regard 
to their spin-coupling paths between a pair of non-
nearest-neighbor sites are as follows: class I, an 
additional site is formally included in the path; class 
II, no additional spin sites are formally included in the 
path. When the spin sites are represented with dots 
and the intervening atoms as bars, the following simple 
graphs can be obtained. 
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Class I 

Class Il 

*^®UOL* 

TTT 
Among all polyradicals known to date, class I high-

spin polyradicals show stronger spin coupling compared 
to the class II polyradicals. The important difference 
between the two classes is the effect of defects; in a 
class I spin system, a single defect may disrupt the strong 
spin coupling but, in class II, the coupling, which is 
already weak in defect-free systems, may be further 
weaken. 

Dendritic polyradicals are an example of a class I 
system. Their ferromagnetic coupling path includes 
both 1,3-connected benzenes and the arylmethyl radical 
centers. Consequently, the failure to generate one of 
the unpaired electrons, i.e., having an sp3-hybridized 
carbon at one of the arylmethyl sites as a defect, may 
interrupt the strong ferromagnetic coupling and drasti­
cally lower the spin value for the polyradical. Defects 
at the inner sites are especially detrimental; for example, 
in pentadecaradical 69 one such defect divides the 
polyradical into "uncoupled" parts with significantly 
lower spin; e.g., three parts with S = 3/2> 3/'% and 8/2-
Defects at the peripheral sites are relatively innocuous. 
Notably, about half of the spin sites in dendritic 
polyradicals such as 69-70 are peripheral, a much more 
favorable situation compared to linear chain polyradi­
cals.138 

In the presence of defects, polyradicals may consist 
of many spin systems with different spin values. 
Magnetic data for such samples are not straightforward 
to interpret; e.g., magnetization data do not adhere to 
any single Brillouin function (section 4).40 

The following model may be used for class I polyrad­
icals with defects. Random occupation by an unpaired 
electron of each site with probability p is assumed; p 
X100 % is the yield per center for generation of unpaired 
electrons. The probabilities, iVs

k, for finding an s 
electron spin system (S = s/2) in a polyradical molecule 
with k sites are used as weighing factors for the Brillouin 
functions, B8/?, thus, magnetization per mole of polyrad­
ical, M, is 

M = NgM8(N1^172 + N2%/2 + ... + N^B^1)/2 + 

NK%/2) (8.1) 

Ns
k can be evaluated by two different methods (A and 

B). 

Method A. For polyradicals with p close to 1 (90+ % 
yield per site), polyradicals with a small number of 
defects will dominate the sample. Probability of finding 
a polyradical with k sites and j defects is (*,)p(*~;)(l -
pV; for example, heptaradicals with 0, 1, 2, 3, and 4 
defects for p = 0.93 will account for essentially whole 
sample: p7 + 7p6(l - p) + 21p5(l - p)2 + 35p4(l - p)3 

+ 35p3(l - p ) 4 = 0.99998. For each polyradical with; 
defects, all configurations for defects are enumerated, 
and numbers of spin systems with S = k/2, (k - l)/2, 
•••» 2U, V2 are found. In order to obtain iVs

k, the each 
number of the spin systems with S = s/2 for polyradical 
with j defects is multiplied by p(k~j)(l - p)j and the 
products are added with respect to j . 4 0 

Method B. For polyradicals with small or interme­
diate values of p, method A may become exceedingly 
laborious as thousands of spin systems in polyradicals 
with large number defects may need to be enumerated. 
A more direct method to find Ns

k is illustrated, using 
a polyradical with linear connectivity. Probability for 
having s sites occupied and g sites unoccupied is 
p s(l - p)e; in a k site chain, there is k - s - 1 ways to 
distribute s site spin systems, which are flanked by an 
empty site at each end. There are two ways to distribute 
s site spin systems, which are at the end of the chain 
and are flanked by only one empty site. Therefore, for 
linear k site chain: 

N
k = (k-s- l)ps(l - p ) 2 + 2ps(l - p ) (8.2) 

Efforts toward high-spin polymers, based upon linear 
connectivity in class I and II systems, may be futile, 
unless the following issues are addressed first: (1) 
development of highly efficient methods for generation 
of radical centers, i.e., even better than the carbanion 
method for polyarylmethyls55 and (2) search for class 
II strongly coupled spin system. 

B. Multiple Coupling Paths 

Another approach to the problem of defects may rely 
on the class I systems with multiple spin-coupling paths. 
A simple connectivity is "closed loop" (ring), where two 
paths exist. For high-spin systems, interesting ex­
amples are structures based upon triradicals 57-58 and 
macrocyclic calixarenes, which correspond to 1,3-
connected polyarylmethanes.139 Such connectivities are 

oblivious to one defect; two defects may interrupt their 
coupling paths. We label such polyradicals as 1-proof. 
(Linear and branched connectivities are 0-proof in this 
terminology.) Annelation of "closed loops" gives ex­
tended networks and lattices with greater resistance to 
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defects. The Mataga polymer24 may be represented as 
a hexagonal 2D lattice and is 5-proof. Multiply stranded 
connectivities based upon annulated calix[4]arenes 
offer less resilience to defects: 2-strand is 1-proof, and 
3- and oligo-strand is 2-proof. 2-Strand can be modified 
by closure into a closed loop with 3-proof connectivity. 
The smallest 2-strand loop, based upon 1,3,5-connected 
benzene as coupling unit, corresponds to 0/, symmetric 
cubooctahedrane, a C60H48 parent hydrocarbon. An­
other way to describe this cage is as two calix[4]arenes, 
one at the bottom and one at the top, with four 
additional CH2 linkers. A plethora of other less-
symmetric cages are possible by closure of various 
strands of calixarenes. 

2-Strand 

• - - • - - • - - • - - • 

Mataga polymer 3-Strand 

XD = C 
Cubooctahedral cage C60H48 

In the C60H48 cage, 12 benzhydryl CIVs are potential 
sites for unpaired electrons; the corresponding polyrad-
ical, which would have benzene rings twisted by 90° 
out-of-plane in each benzhydryl moiety, would be an 
interesting test for 3D TT conjugation and for the 
mechanism of ferromagnetic spin coupling. 

An intermediate approach, which is a compromise 
between the synthetic efficiency of dendrimers and 
resistance to defects of closed loops, is embodied in 
homologation of 71 into polyradicals 74 and 75, which 
may be referred to as "hypercyclomers". All the above 

74 '-££> 
75 

polyradicals are 1-proof; for polyradicals 71,74, and 75 
with two defects, spin coupling is interrupted in about 
21%, 10%, and 4% of each homologue, respectively. 
This is unlike in 0-proof dendritic structures where the 
analogous percentages are approximately 75 % for all 
homologues. 

9. Poly radical Poly anions: Spin Coupling vs 
Electron Derealization 

As far as the currently available evidence suggests, 
spin coupling in polyarylmethyl high-spin polyradicals 

may be described by a model based upon Heisenberg 
Hamiltonian and localized spin sites. As a test for 
electron localization, addition of one or more electrons 
to a polyradical to form polyradical polyanions are 
considered. Each additional electron corresponds to 
an extra negative charge. Will the charge/spin be 
localized or delocalized? How is spin coupling between 
the remaining "unpaired" electrons affected by the 
negative charge? 

From a more general point of view, understanding of 
the factors involved in spin coupling in polyradicals 
should permit a rational design of spin-coupled struc­
tures. An interesting example for such design are 
structures for electron transfer (or electrical conductiv­
ity), i.e., the question is whether the type and magnitude 
of spin coupling is related to aptitude for electron 
transfer.140 For example, two extreme cases of the 
strongly antiferromagnetically and ferromagnetically 
coupled chains (or networks) of spins can be considered. 
As one or more electrons are added to the chain, will 
the type and magnitude of the spin coupling between 
the electron spins along the chain be preserved? Will 
the added electron(s) delocalize over the chain or tend 
to localize, that is, how is electron transfer affected by 
the ferro- vs antiferromagnetic spin coupling along the 
pathway? 

-0-©-®-^JH3)-(i>-
The simplest system possesses two sites, e.g., a 

diradical, which after addition of an electron becomes 
radical anion. Several radical anions, which are derived 
from diradicals with strong antiferromagnetic coupling, 
have been studied. Examples are semiquinone radical 
anions,1418 Wurster's salts,141b and their all-carbon 
analogues, which are topologically related to 4.79 ESR 
studies of the last two examples show spin/charge 
derealization on the ESR time scale.79,141 

Radical anion and radical cation of perchlorinated 
10 are also found delocalized on the ESR time scale by 
Ballester and co-workers. Notably, perchlorobiphenyl 
shows 87° out-of-plane twisting in solid state. This 
severe steric hindrance dramatically weakens antifer­
romagnetic coupling in the related diradical (|J] < 13C 
hyperfine coupling) but does not appear to affect 
significantly the electron derealization.142 

Radical anion, which corresponds to diradical 27 with 
a strong ferromagnetic coupling, is localized on the ESR 
time scale.79 Similar results hold upon extension of 
conjugation, that is, analysis of zero-field splitting 
parameters for diradical anions and diradical dianions, 
which correspond to tri- and tetraradicals 52-54 and 
59, indicates spin/charge localization on the ESR time 
scale. Furthermore, Curie plots of the ESR Am8 = 2 
signal intensity in the 10-80 K range suggest triplet 
ground states.1438 

Results, which are obtained for the radical ions of 
perchlorinated 10, suggest that steric hindrance should 
not significantly contribute to the observed electron 
localization in polyradical polyanions corresponding to 
27, 52-54, and 59. Consequently, the electron der ­
ealization vs localization in radical ions may originate 
in antiferromagnetic vs ferromagnetic spin coupling in 
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the related polyradicals.143b Important tests, which 
await experimental realization, are radical ions based 
upon diradicals with coupling through two or more 
ferromagnetic coupling units such as 34.144 

Spectroscopy of more complex radical ions, which 
are studied by the Miller and the Nelson groups, is 
reminiscent of inorganic mixed-valence complexes.146-146" 
Another interesting example is a spiro-conjugated 
radical anion prepared by Maslak and co-workers;146b 

its derealization on the ESR time scale can be related 
to antiferromagnetic spin coupling in a related spiro-
conjugated tetraradical.5" 

Because the electron-coupling part of the theory is 
very similar for both electron transfer and energy 
transfer, it is not surprising that the energy transfer 
between porphyrins and other electrophores, which are 
linked via 1,3-, 1,2-, and 1,4-connected benzene-based 
bridges, is the slowest for the 1,3-case.147 The relation­
ship between the spin coupling and electron dereal­
ization is also found in some models for magnetism, 
e.g., there is an isomorphism between a two-level 
quantum mechanical system and the Ising model. In 
particular, adjacent antiparallel spins in the Ising model 
correspond to tunneling between two spatial states (in 
analogy to electron transfer in radical anion).23 

The search for the systems with extremely fast 
electron-transfer rates may not be the most important 
task; as Nature teaches us, it is far more important to 
be able to control the rate of the electron transfer. The 
spin-coupled di- and polyradical systems should provide 
novel opportunities in this field. 

10. Insight Into the Electronic Structure 
Associated with High Spin via Population of 
Nonbondlng MO's 

Most of the high-spin polyradicals studied to date 
are characterized by half-occupied nonbonding (NB) 
molecular orbitals (MO). Full NBMO occupation 
corresponds to polyanions; their intermediate occupa­
tions corresponds to polyradical polyanions.79 Because 

t t _f f_ Tetraradical 

_f f f f _£i Diradical Dianion 

- i t J t _ l i - i t Tetraanion 

population of NBMOs should not significantly change 
bonding, an insight into the electronic structure of 
polyradicals should be obtained by study of the related 
polyradical polyanions and diamagnetic polyanions.148 

NMR, UV-vis, and electrochemical studies for the 
series of carbo polyanions, which are related to tris-
(4-tert-butylphenyl)methyl and polyradicals 27,59 (R 
= H), and 67 are primarily considered.79 Arylmethyl 
carbons in these mono-, di-, tetra-, and decaanions 
possess large negative charge as evidenced by upfield 
13C NMR chemical shifts; notably, the chemical shift 
range is only a few parts per million. Because similar 
clustering of 13C NMR resonances is observed for other 
carbons bearing substantial negative charge, it is 
concluded that extension of conjugation in this series 
does not perturb the electron density distribution.79 

UV-vis spectra for the above polyanions and their 
selected alkyl-substituted derivatives (more sterically 
hindered) show a strong absorption, Xn^ «= 500 nm.79-144 

Molar absorptivities, which are determined for selected 
mono-, di-, tetra-, and decaanions, are found to be 
proportional to the number of arylmethyl fragments 
(molecular charge).79 

Cyclic voltammetry and various pulse techniques 
reveal two, three, and four reversible oxidations at about 
-1.3 V for dianions, trianions, and tetraanions, respec­
tively.149 For example, consecutive three oxidations of 
trianion give radical dianion, diradical anion, and 
triradical. Further oxidation of polyradicals occurs at 
much more positive potentials (>1 V). The potential 
range between polyanion and polyradical is 0.2, 0.4, 
and 0.5 V for dianions, trianions, and tetraanions. 
Although these potential differences are small compared 
to most ir-conjugated systems, they are about 1 order 
of magnitude more than the predicted values for 
completely independent arylmethyl anions.79'144 

The above evidence suggests that 1,3-connected 
polyarylmethyl-based polyanions may be viewed as 
ensembles of weakly interacting arylmethyls. Such an 
electron localization is also found in the related 
polyradical polyanions (preceding section). Therefore, 
similar conclusions should apply to the corresponding 
polyradicals; in particular, the "localized spin" spin-
coupling models such as Heisenberg Hamiltonian and 
related models, should be adequate. It is reasonable to 
conclude that the values of V in the series di-, tri-, 
tetra-, and higher radicals are either constant or show 
very slow decrease. 

Presumably, the electronic structure, which is as­
sociated with electron localization on arylmethyl frag­
ments in 1,3-connected polyarylmethyls, may also apply 
to other strongly coupled high-spin systems. 

11. High-Spin Organic Ions and Polycarbenes 

The discussion of the spin coupling would not be 
complete without at least mentioning carbenes, nitrenes, 
ions, and other molecules capable of possessing high-
spin ground states. Polycarbenes have repeatedly been 
reviewed in recent years.4,150 

Iwamura, Itoh, and their co-workers have prepared 
and characterized high-spin polycarbenes with up to 
nine carbene centers (S = 9) in matrix.161 Truly 
remarkable features of these spin systems are the 
paucity of defects, due to efficiency of the photochemical 
generation of polycarbenes from their diazo precursors, 
and possibility for manifestation of magnetic anisotropy 
on a slow time scale at the molecular level.161 Several 
examples of other di- and polycarbenes, and their 
nitrene analogues have been studied to elucidate the 
factors affecting spin coupling.152-164 

First triplet states of antiaromatic ions were detected 
by ESR spectroscopy in early 1960s.165 Among deriva­
tives of cyclopentadienyl cations, benzene dications, 
and benzene dianions both singlet and triplet ground 
states were found; the spin of the ground state is affected 
by both substituents and medium.154-155 Such molecules 
played an important role in Breslow's pioneering 
experimental attempts toward an organic ferromag-
net<166.1B7 

Many selected S = V2 radical anions and radical 
cations are stable at ambient temperatures and/or on 
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air; they are readily prepared by one-electron reduction 
or oxidation of appropriate precursors.141,142 Polarons 
in some electrically conducting n- or p-doped polymers 
can also be considered as radical ions.158 Such radical 
ions are promising building blocks for stable "polyradi-
cal" species with both high and low spin. Their stability 
and generation of "unpaired" electrons via redox 
processes, which may be thermodynamically controlled, 
should have advantages in preparation of extended 
structures with very small density of defects. 

For biselectrophoric molecules,159 which are obtained 
by linking two anthracene radical anions via short alkyl 
chain bridges or two naphthalene radical anions via 
1,3-connected benzene bridges, or related examples, 
triplet states are detected by ESR spectroscopy.1598-0 

Topology of the bridging by alkyl chain appears to be 
important.1598 Also, in mixtures of di-, tri-, and 
tetraanions of di-, tri-, and tetra(9,10-anthrylenes), 
triplet, quartet, and quintet states were detected in 
frozen a 2-MeTHF solution at T = 150 K using ESR 
spectroscopy.160 In most of the above examples, it is 
not clear what is the spin of the ground state and how 
it is effected by ion pairing.161'162 

High-spin states (S « 2.5) wee also found in a p-doped 
polymer, which before doping consisted of short polyene 
chains linked via 1,3-connected benzene bridges; the 
magnetization measurements were carried out down to 
T = 2 K.163 

Interpretation of spectroscopic and magnetic data in 
the radical ion systems may potentially be complicated 
by disproportionation equilibria, e.g., for a triplet 
ground-state pair of radical ions in equilibrium with 
singlet dianion and singlet neutral species.162 

12. Conclusions and Perspectives 

In the past decade significant progress toward 
understanding of spin coupling in di- and polyradicals 
has been made. High-spin polyradicals (strong ferro­
magnetic coupling) are most interesting because se­
lected ^--conjugated hydrocarbon di- and polyradicals 
are among species with strongest ferromagnetic 
couplings to date. Although ^-conjugated systems are 
traditionally viewed as examples of delocalized bonding, 
high-spin 1,3-connected arylmethyl polyradicals are 
highly localized as indicated by studies of polyradicals, 
polyanions, and polyradical polyanions; that is, exten­
sion of their conjugation and moderate out-of-plane 
distortion do not lead to a major change in electronic 
structure. This suggests that such polyradicals may be 
viewed as ensembles of arylmethyl monoradicals; 
consequently, simplistic concepts such as spin sites, 
coupling units, and coupling paths, in conjunction with 
simple spin-coupling models, are useful in elucidation 
of spin coupling. 

Weak spin coupling in ^-conjugated di- and polyrad­
icals is far less understood; in particular, factors other 
than molecular connectivity, which is a dominant 
contributor in strong spin coupling, may be decisive. 

Qualitative determination of spin coupling in ho­
mologous high-spin polyradicals and their localized 
electronic structure suggest that strong ferromagnetic 
spin coupling (J) should be maintained in mesoscopic-
size or extended structures. Preparation of very high 
spin polyradicals requires a careful design of molecular 
connectivity to minimize impact of defects and further 
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development of ultra-high yield methods for generation 
of polyradicals. Although some interesting magnetic 
phenomena are not restricted by dimensionality, long-
range ferromagnetic order implies spin coupling in at 
least two dimensions. Rational organic synthesis of 
extended two- and three-dimensional extended struc­
tures, with repetitive macrocyclic ring closures, will be 
challenging. 

Further insight into a relationship between spin 
coupling and electron transfer using polyradicals may 
be gained and, ultimately, better understanding of 
phenomena associated with electrical conductivity may 
result. From a broader perspective, it should be 
emphasized that both magnetism and superconductiv­
ity are unsolved problems and understanding a known 
relationship between them may be critical to the 
solution. 
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