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Haibo Ma, Chungen Liu,* Congjie Zhang, and Yuansheng Jiang*

Institute of Theoretical and Computational Chemistry, Key Laboratory of Mesoscopic Chemistry of the Ministry
of Education (MOE), Department of Chemistry, Nanjing dgmsity, Nanjing 210093, China

Receied: April 30, 2007; In Final Form: July 13, 2007

Different forms ofz-conjugated polyarylmethyl systems, such as diradicals, polyradicals, spin clusters, and
polymers, were studied with valence bond (VB) calculations within the density matrix renormalization group
(DMRG) framework. For these systems, the energy gap between the high-spin ground state and the lowest
low-spin excited stateAE, —y) was computed and found to correlate well with their stability. On the basis of

our analysis, medium-sized polyarylmethyl cycles are suggested to be potential key building blocks of very
high spin spin clusters and polymers.

I. Introduction between radical centers, which, for a given system, can depend
on the actual topology of its network, the functional groups on
its network backbone, the side chains, and so forth.

Today, it is well-established that theoretical studies can be
very helpful in the understanding of the chemical and physical
properties of molecular systems. The spin multiplicity of the
molecular ground state and its stability with respect to the low-
lying excited states are analyzed routinely through the use of
many commercial theoretical chemistry software packages. A
eguantity of particular concern iAE, _y, which is the energy
difference between the high-spin ground state and the lowest-
energy low-spin excited state. This energy difference is often
utilized to estimate the spin-coupling strength between the
neighboring radicals. When the energy gap is small enough
(typically less than 1 kcal/mol), it is believed that a fast
equilibrium can be achieved between the two spin states, causing

The discovery of a high-spin ground state in dicarBérie
the late 1960s signaled the beginning of an attractive research
field—organic molecular magnet design. From a theoretical point
of view, in this design, one aims at strong couplings between
unpaired electrons through the exchange interaction, which is
needed (a) to attain a magnetic ordering for the unpaired
electrons and (b) to preserve this magnetic ordering at (or even
above) room temperature. Many ferro- and ferrimagnets are
based on the couplings between s and p orbitals, such as th
crystalline solids of small radicals (nitroxides especially) or
charge-transfer salfs?

Alternatively, one can turn to the coupling between unpaired
7 electrons in organic conjugated syste¥h€ompared with
the through-space interactions (between s and p orbitals) in
{)ne(ﬂ/\e/ggIr?ruzglzla(ijrs(;c(i)fetl)er?:?rgIr?sr?r?rlgsgsb’rﬁgnjelfggtae rtljg:ylsntteenrqa(i:stlon both states to contribute significantly to the observed physical

. e and chemical properties.

expected to be stronger, thus opening the possibility of better . ) .
preserving the magnetic ordering at or above room tempera- Sinc€ the 1980s, much theoretical work has been published
ture!! Accordingly, there has been a lot of interest in the pharactgnzmg the ferromagnetlc or antiferromagnetic cqupllng
molecular design of very high spim-conjugated polyradical |n_n-conjugat_ed polyradical _moleculééif’_g N_evertheless, it is
molecules and polymers in recent yekrs6 still computationally challenging to quantitatively predid, -
for medium- to large-size polyradicals. At one end, high-level

organic molecular magnets had been hindered by their chemical.ab Initio .calculat|ons can, in prlnplp[e, provide thg most reliable
information, but due to their prohibitive computational cost, they

instability or by structural defects in the polyradical systems - X -
Y y boly y re often not applicable to medium- to large-size molecules.

generated during the synthesis process. These structural defect‘% ' ‘1 tationall feasibl thod
can break the radical coupling paths and reduce the whole extone can resort to computationally more-teasiole metnods,
such as the spin-unrestricted Hartréeock (HF) or density

system into weakly coupled smaller groups, each with a very . ; .
small magnetic moment. The situation was significantly im- functional theory (DFT) methods. However, for high-spin
systems, both HF and DFT often suffer from the spin-

proved several years ago by Rajca and his colleagues, who N bl hich kes it difficul |
successfully synthesized a series of polyarylmethyl polymers contamination problem, which makes it difficult to resolve
with very large magnetic moments (spin quantum nunf®er different spin states. A prachcql alternative is the sem|enjp|r|cgl
can be as high as 5008 Their carefully designed polymers valence _bond (vB) _theory, which _has b_een v;%l-recogmze_d in
are believed to supply a network with multiple coupling channels the studies ofr-conjugated organic radicals>°7 because it
between the radical centers, thus suppressing the structural defed?@S @ much lower cost than that of high-level correlation
effect. Of course, having such a multichannel polymer network Methods and because there is no spin contamination. Although
alone does not lead us toward a stable high-spin organic magnetit iS @ semiempirical model, the VB theory can correctly predict

It is also important, as stressed earlier, to have strong couplingthe topological dependence of the ferromagnetic spin-coupling
strength for a series of medium-size bi- and polyradieai3’

- - — Unfortunately, it can still be quite costly to directly solve the
T Part of the “Sheng Hsien Lin Festschrift”. . : Lo
*To whom correspondence should be addressed. E-mail: cgliu@ VB Hamiltonian for large systems due to the explosive increase
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molecules, one has to utilize one numerical technique or another

to approximately solve the VB Hamiltonian. Popular numerical
techniques include (a) truncation of the configuration space set 4
through random selection (such as in the quantum Monte Carlo

n-1

method?) or according to the additivity and locality in chemical
systems (such as in the elongation metH848j(b) linear-scaling
quantum chemistry method$(c) density matrix renormaliza-
tion group method&:-%¢and so forth.
The density matrix renormalization group (DMRG) metftéé
has been proven to be extremely successful in solving the many-
electron models for one-dimensional or quasi-one-dimensional ‘ l
system& and has been incorporated into the VB model to study
polyacenes, polyphenanthrenes, and other one-dimensional
benzenoid hydrocarbons of medium to infinite sizes by our ol
groupb8.69 In the present work, we extend our VB studies to
high-spin conjugated organic polyradical molecules with up to

hundreds of carbon atoms.
II. Computational Methodology lsls set C
n-1

set B

A. Valence Bond Hamiltonian. The classical VB model used
in conjugated systems can be written as

3 J(zs% - 2) W <\_%%_\>\> \ D
/ L/ \d

wherel(ij Odenotes summation restricted to a bonded atom pair
in ther-conjugated backbone of the moleculerepresents the
spin operator of théth site, andJ is an (positive) empirical ~ “ (@-1)2
exchange parameter with variant values for different molecules,
typically about 14 eVv58707L.73The wave function can be

written as a linear combination of Slater determinants of atomic / \
states limited to the subspace of the consemedmponent of \ / setE
/ “hel

total spin, namely

W= z Gy, 2 Figure 1. Diradicals.
I

TABLE 1: Calculated Singlet—Triplet Energy Gaps AEsr
We note that Malrieu and co-workers introduced fourth- and (in Units of J) for Selected Diradical Systems in Figure 1
sixth-order corrections to the above VB Hamiltonian and found 1 2 3 4 5 6 7 8
such corrections to be quite usefgl to describe small conjugated gt o 0522 0390 0298 0232 0184 0146 0117 0.094
molecules, especially those containing four-membered fings.  setB 0.560 0.388 0.289 0.224 0.176 0.140 0.114 0.092
Meanwhile, such high-order corrections become much less setC 0.530 0.386 0.292 0.226 0.180 0.143 0.115 0.094
effective as the system size increa&%$As we intend to carry setD 0.528 0.366 0.256 0.182 0.130 0.094 0.069 0.050
out a systematic investigation of medium- to large-size systems, S€t E 0240 0098 0.042 0.018 0.008
we choose to stick to the classic VB model in eq 1.

B. Density Matrix Renormalization Group Method. The
real-space DMRG method is an extremely effective and accurate
technique for solving strongly correlated Hamiltonians. It has
been demonstrated and widely accepted that the accuracy o
the DMRG can be comparable to exact calculations for one-
dimensional or quasi-one-dimensional systéhtdere, we give _ -
a very brief desqcription of the techniqug. ’ = Z wlio (3)

The DMRG method is very similar to Wilson’s numerical !

bases of the fragments of a system is retained for later for the environment block, we can define a reduced density
computation of larger systems. However, they are dramatically matrix p, where the elements are defined as

different when it comes to which bases to keep for the best

reproduction of the properties of the larger system. In the pi = z Vi 4)
numerical renormalization group method, the eigenstates cor- oL T

responding to the lowest eigenvalues in the fragment are

retained, which implies that the interaction of the environment ~ The importance of each basis in the system block can be
with this fragment is completely neglected. This approximation analyzed through diagonalizing this reduced density matrix.
leads to the failure of the numerical renormalization method in Following the definition of the density matrix, the eigenvectors
handling correlation models. In DMRG, the interaction between corresponding to larger eigenvalues of density matraxe the

different fragments is taken into account by always handling a
“superblock” AB, which is composed of a “system block” A
and an “environment block” B connected by one or more
Fonjugated bonds.

Given a specific state for the superblock
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1 - 1T 7T procedure adds a new site only to the system bl&édkie new
0.6 ] procedure is named “the single site algorithm”. It was found
> g X setg l that the single site is more convenient for applying to quasi-
§0-5' Z z::c 7 two-dimensional systems, which run faster and improve the
> o setD T accuracy. Therefore, in the present work, we adopt the single
g 04+ 5 O setE . site algorlth.m, which is very syltable for studylng the t.opologl-
o 1 cally complicated structures like macrocyclic polyradicals and
3 03 P . spin clusters.
f o v pa
2 024 . [ll. Results and Discussion
£ v ¥
@ o v 8 s ] A. Diradicals. In order to study the through-bond spin
7 o v - 5 coupling in conjugated organic molecular or polymeric magnets,
o o v ] it is convenient to start from biradicals, in which two radical
0.0 - ) centers are linked together with a conjugated spin-coupling unit.
o 1 2 3 4 eI TR T Actually, diradicals have been thoroughly investigated both

member index experimentally and theoretically, and the progresses in this field
Figure 2. Plot of the singlettriplet energy gap against the member have been WeII-documen_téHThls SeCtlon IS.InCIUdEd mainly
index of diradicals. to demonstrate and validate the application of the DMRG
method in solving the VB model for radical-containing systems.
more probable configurations of the system block. Therefore, Five typical sets of diradicals are shown in Figure 1, and we
we can retain only them largest eigenstates which span a will use them to investigate the influence of topological features
truncated space for the system block. All of the operators (e.g., of the spin-coupling unit on the spin coupling in diradicals.
H) are transformed into this new representation through the Among these structures, sets-& have the same type of spin-
orthogonal transformatioty’ = OHO™", where the columns of ~ coupling units, which are polyacene oligomers of different
matrix O are the retained eigenvectors @f lengths. The only difference among the three sets is the end
A typical real-space DMRG computation is divided into two  sites of where the two methylene groups are attached to the
stages. The first stage employs the infinite system algorithm, backbone. Set D uses the polyphenanthrene oligomers as the
during which, starting from a small fragment of a targeting coupling unit. Set E, which contains a coupling unit of the
system, the system is enlarged by a few atoms within each polyphenylene type, is different from all other structures in the
iteration until the superblock reaches the size of the targeting topological character; while sets#D can be regarded as the
system. The second stage adopts the finite system algorithm,simple multiple spin-coupling channel diradicals, the backbone
where the basis set for the system and environment blocks arein set E supplies only one channel, the single connecting bond
further optimized to improve the accuracy, while the size of between two adjacent benzene rings. It is not surprising that
the superblock is kept constant. set E will show much weaker spin-coupling strength when
A very recent modification of the standard DMRG procedure compared with that of all other sets. In our calculations, the
was that, instead of adding one new site to both the systembenzene rings along the backbone chain are assumed to be
block and the environment block, in each step, the modified coplanar.

0.24
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Figure 3. Calculated spin density distribution for diradicals.
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Figure 4. Spin-coupling patterns among multiple radical centers.
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Figure 5. Linear polyradicals, branched polyradicals, and macrocyclic
polyradicals.

In Table 1, the calculated triplesinglet energy gapAEst
= Es — Ey) for all of the five sets of diradicals are listed. For
a more clear illustration, the energy gap&sr are plotted

Ma et al.

TABLE 2: Calculated Energy Gaps AE, —4 (in Units of J)
between the Ground and Lowest Excited States an® of the
Ground State for Selected Polyradical Systems in Figure 5

setF setG setH set | setJ
n S AEL.w S AEEw S AEEw S AEH S AE -4
1 2 0223
2 15 0245 1 0270 1 0562 3.5 0.075
32 0129 15 0170 15 0138 5 0.041 15 0.578
4 25 0080 2 0111 2 0.084 65 0.032 2 0.374
53 0055 25 0.076 25 0056 8 0025 25 0.261
6 35 0.040 3 0.043 3 0.041 3 0191
7 4 0031 35 0.042 3.5 0.031 3.5 0.145
8 45 0025 4 0.033 4 0.025 4 0114

differences among them being negligibly small. Overall, the
meaning of these results is twofold to us. On one hand, since
the coupling strength decrease exponentially with respect to the
distance between the two radical-center radicals, one would need
to pay enough attention to the radical distance when designing
high-temperature organic magnets; on the other hand, even more
attention should be paid to the design of the backbone structure
itself. In contrast to sets AC, set D shows a more rapid
decrease oAAEsr, largely as a result of a different backbone
structure. The energy gaps for set E decrease even more rapidly.
As a matter of fact, the energy gap is already approaching the
thermal energyRT) when there are five repeated units between
the two radical centers in set E, and the average magnetic
moment can be reduced considerably due to the thermodynamic
equilibrium between the high- and low-spin electronic states.
All of these results for the five sets can, to some extent, be
understood on the basis of the aromaticity of the backbones. A
more aromatic system usually carries more delocalized
electrons, leading to less spin polarization and therefore weaker
spin couplings and smaller energy gaps. The spin distribution
patterns of these sets, as illustrated by one moderately sized
member for each set, are shown in Figure 3. It was well-accepted
that polyphenanthrenes are more stable and aromatic than
polyacenes$? therefore, weaker spin coupling is anticipated for
diradicals with polyphenanthrene backbones.

B. Linear Polyradicals, Branched Polyradicals, and Mac-
rocyclic Polyradicals. High-spin polyradicals have multiple
radical centers, which are coupled by the exchange interaction
to yield large net values d in the ground state. Generally,
polyradicals can be divided into two classes according to the
relationship between multiple radical centers and the spin-
coupling units, as illustrated in Figure 4. In Class | polyradicals,
the radical centers are embedded in the main chain, such as in
sets F, H, I, and J shown in Figure 5, while in Class Il
polyradicals, the radical centers are attached tartbenjugated
backbone, such as in set G (also see Figure 5). On the other
hand, the structure can also be classified according to the
structure of the coupling units. In sets F, G, and H, which
possess a linear backbone as the coupling unit, and set I, which
comes with a branched linear backbone, there is only one
coupling path between any two radical centers; set J, on the
other hand, has a macrocyclic backbone, which supplies two
coupling paths, one clockwise and the other counterclockwise.

In Table 2, we summarize the calculated energy gsips
for all of these sets of polyradicals. The energy gaps were found
to decrease very rapidly with the system size for the linear

against the length of the backbone in Figure 2. With the increase polyradicals, sets F, G, and H. For branched polyradicals, set |,
of the length of the coupling unit, the energy gap decreasesthe energy was relatively larger (for the saBealue) but still
almost exponentially, which implies a rapid decrease of the decreased rapidly with the system siz&E(_ is less than

coupling strength. Since sets-A possess identical backbone

thermal energy for systems with more than 10 radical centers).

structures, their plots have very similar patterns, with the All of these agree with the fact that only relatively low values
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Figure 6. Spin clusters.

of spinS <5 have been experimentally observed for linear and the multiple coupling paths in a macrocyclic molecule lead to
branched polyradical. In fact, I; is the model compound of  larger singlet-triple gaps and thus extra chemical stability for
the largest branch-structured polyradical ever synthesized, whichthe high-spin ground state. Second, one can benefit from
has an undeceB(= 5) ground staté? In contrast, set J comes additional conformational constraints in the ring formation,
not only with a much largeAE, _y than the other sets, butits  which essentially reduce out-of-plane twists and make the
AE| — value also decreases much slower with the system size.macrocyclic molecule fairly planar. A more planar structure can
This can potentially give us some directions in the design of then lead to stronger through-bond coupling and finally to a
larger high-spin polyradical systems. higher stability for the high-spin ground state. Having said this,
To us, the macrocyclic compounds like those in set J can though, we also expect to gradually lose the conformational
come with two advantages. One, unlike the linear or branched advantage as the ring becomes bigger and bigger and approaches
polyradicals where the sole spin-coupling channel can be easilythe limit of a linear system. So in the end, only the medium-
broken with a chemical defect (which then complicates the sized polyarylmethyl cycles appear to us to be the most
synthesis of very high spin linear or branched polyradici2j, promising building blocks for very high spin polyradicals.
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TABLE 3: Calculated Energy Gaps AE_—y (in Units of J) Kg and Kg, AE, —y is less than thermal energy, indicating that,

g%tl\gggt]etc?gr%r%li%% r?g‘éﬂ'—tg\leegtf I‘[Ehxgg% usrﬁgtessta?g%or due to thermal equilibrium, the high-spin ground state can be

Selected Spin Cluster Systems in Figure 6 m!xgd subst.ant|ally with a low-spin state. As a result of spin
mixing, Sexp is, Of course, expected to become lower.

D. Very High Spin Polyarylmethyl Polymers. In polymer

compound Sup Sa AE-n compound Sup Sa AEL-H

Ki 13 15 0077 k38 4 0143 L,28the S= 3 component spins of the calix[4]arene macrocycles
K 24 25 0.054 [ 7.2 8 0.019 . . .

Kz 328 35 0.066 K 6. 7 0074 are exchange-coupled with ti&= 1/2 spins of the bis(3;4

Kj 1b 1 0178 K 10G 12 0023 biphenylene)methyl linkers. Similarly, polymer%#5consists

of S= 2 calix[4]arene macrocycles and cross-linkiag= 1/2
modules, as shown in Figure 7. In the above section of

C. Spin Clusters.Modification of the macrocyclic backbone ~ Macrocyclic polyradicals, th&E, s of J, (the backbone of
by attaching additional radical groups, which results in structures the calix[4]arene macrocycle in polymers L and M) have been
commonly named as spin clusters, is an alternative approachcalculated to be 1.18 eV, which implies very strong ferro-
to designing high-spin polyradicals. Since the magnetic ordering Magnetic spin couplings, and we have drawn the conclusion
can be preserved in extended two-dimensional or three- that medium-sized polyarylmethyl cycles can be the key building
dimensional conjugated systems if only the radical centers arePlock of very high spin polyradicals. Therefore, as illustrated
properly positioned, understanding the spin coupling in organic In Figure 7, polymer L can be seen as a “quasi-linear” chain of
spin clusters may serve as a milestone on the way to the ultimateUnequal spins 08 = 3 and 1/2, and similarly, polymer M can
target of designing conjugated polymer-based magnets. be seen as a “quasi-linear” chain®# 2 and 1/2 spins. When

In Table 3, we summarize our calculated results and these spin components are ferromagnetically coupled, polymers
experimentally determined spin st&dor some reported spin L and M will haveS= 3.5n and 31 ground states, respectively;
clusters shown in Figure 6. It can be clearly seen that the stability €ven in the worst cases, when they are ferrimagnetically coupled,
of the high-spin state can be reasonably predicted by the VB- Polymers L and M will still haveS = 2.5n andn, respectively.
calculatedAE, .. Generally, the larger the energy gap, the more Accordingly, polymers L and M can be anticipated to have very

aFrom ref 19.° From ref 33.¢ From ref 29.9 From ref 18.

stable the high-spin state. In most cases with l#ge , such ~ large magnetic moments and magnetic order if these polymers
as K—Ks, the experimentally determin,is very consistent ~ With large value ofn can be synthesized.
with the theoretically predicte8... Meanwhile, theS.,, of K, In Table 4, we also summarize the calculated energy gaps

K7, and Kg, which are experimentally determined to be 7.2, 6.2, AE,_y for polymers L and M. It can be found that tids, _'s

and 10.0, respectively, are somewhat lower than the calculatedfor polymer L are much smaller than those for polymer M and
highest spin (8, 7, and 12). This phenomenon can be related todecrease more rapidly than those for polymer M. This may be
the calculated small energy gaps for these three molecules. Forelated to the newly formed calix[8]arene macrocycles in

Ar=tert-butylbenzene

n n
0 ferro ferri

S$=3.5n S=2.5n

polymer L
n n
ferro ferri
S=3n S=n
n

polymer M
Figure 7. High-spin polymers.



Very High Spin Organict-Conjugated Polyradicals J. Phys. Chem. A, Vol. 111, No. 38, 2009477

TABLE 4: Calculated Energy Gaps AE__y (in Units of J) (3) Allemand, P. M.; Khemani, K. C.; Koch, A.; Wudl, F.; Holczer,
between the Ground and Lowest Excited States an® of the K.; Donovan, S.; Gruner, G.; Thompson, J. ciencel991, 253 301.
Ground State for High-Spin Polyarylmethyl Polymers in (4) Fuijita, W.; Awaga, K.Sciencel999 286 261.
Figure 7 (5) Narymbetov, B.; Omerzu, A.; Kabanov, V. V.; Tokumoto, M.;
Kobayashi, H.; Mihailovic, DNature 200Q 407, 883.
polymer L polymer M (6) Crayston, J. A.; Devine, J. N.; Walton, J. Tetrahedron200Q
n s AE S AE 56, 7829, and references therein.
LH LH (7) Mito, M.; Kawae, T.; Takeda, K.; Takagi, S.; Matsushita, Y.;
1 35 0.059 3 0.122 Deguchi, H.; Rawson, J. M.; Palacio, Polyhedron2001, 20, 1509.
2 7 0.015 6 0.039 (8) Hosokoshi, Y.; Katoh, K.; Nakazawa, Y.; Nakano, H.; Inoue, K.
3 10.5 0.015 9 0.022 J. Am. Chem. So@001, 123 7921.
4 14 0.013 12 0.019 (9) Shiomi, D.; Kanaya, T.; Sato, K.; Mito, M.; Takeda, K.; Takui, T.

. . . . . J. Am. Chem. So@001, 123 11823.
polymer M, which provides multiple spin-exchange coupling (10) Mataga, NTheor. Chim. Actdl 968 10, 372.

paths. Therefore, polymer L should have lower spin than that (11) Rajca, A.Chem. Re. 1994 94, 871, and references therein.
of polymer M. It is consistent with the experimental observations ~ (12) Iwamura, HAdv. Phys. Org. Cheml99Q 26, 179.

8 (13) Dougherty, D. AAcc. Chem. Red.991, 24, 88.
that polymers L and M possess an average valug of 18 (14) Rajca, A.; Utamapanya, S.; Thayumanavan]. 3m. Chem. Soc.

and S= 402 respectively. When polymerization is stopped 1992 114 1884.
near the gel point, polymer M has values ®fF 600-1500; (15) Silverman, S. C.; Dougberty, D. 8. Phys. Chenfl993 97, 13273.

At ; — (16) Matsuda, K.; Nakamura, N.; Takahashi, K.; Inoue, K.; Koga, N.;
for a longer polymerization time, values &= 3000-7000 \wamura, H.J. Am. Chem. S0d995 117, 5550,

are obtained® From Table 4, we can also find that for both (17) Rajca, A.; Rajca, Sl. Am. Chem. Sod996 118 8121.
polymers,AE, —4 decrease rapidly to values below the thermal ~ (18) Rajca, A;; Lu, K.; Rajca, SI. Am. Chem. S0d.997, 119, 10335.
energy when the chain elongates. This indicates that, besidesllélfi)lgéfjllca' A.; Wongsriratanakul, J.; RajcaJSAm. Chem. S0d997,
an aII-fgrromagnetpally CQUP'?d Spin statg, other lower §p|n (:20) Raj;:a, A.; Wongsriratanakul, J.; Rajca, S.; CernyAfRgew. Chem.,
states will also contribute significantly. Experimental determina- nt. £d. 1998 37, 1229.

tions of Mgat~ 0.4 — 0.6 ug for polymer 128 andMga = 0.5 ug (21) Rajca, A; Rajca, SI. Chem. Soc., Perkin Tran$998 2, 1077.
for polymer MBS also indicate the presence of only ap- 12&2230%3]03, A.; Rajca, S.; WongsriratanakulJ JAm. Chem. So4999
proximately 46-60 and 50% of the unpaireq electrons at low (23) Bushby’ R. J.: Gooding, D.; Vale, M. Bhilos. Trans. R. Soc.
temperature for polymers L and M, respectively. London, Ser. AL999 357, 2939.

(24) Lahti, P. M., EdMagnetic Properties of Organic MateriglMarcel

; Dekker: New York, 1999; pp 1713.
IV. Conclusion (25) Raj_ca, A.; Wongsriratanakul, J.; RajcaS8ience2001, 294, 1503.
Valence bond calculations of h|gh-sp|n organi,conjugated (26) Rajca, A.Chem—Eur. J. 2002 8, 4834, and references therein.

; ; ; ; (27) Michinobu, T.; Inui, J.; Nishide, HOrg. Lett.2003 5, 2165.
diradicals, polyradicals, spin clusters, and polymers were (28) Rajca, A.: Wongsriratanakul, J.; Rajca, Ghem—Eur. J. 2004

presented by virtue of the density matrix renormalization group 10, 3144.

method. The energy gap between the ground high-spin stateA (ZSé)hRajcg, (Sﬂ.c;)oRajlcza, ,AG.E;?\glongsriratanakul, J.; Butler, P.; Choll.S.
ar.]d the excited low-spin Stat?AEL*H) wagcalculated, ar]d m(.30) eRn::lj.ca,OA.;V\Lllong‘:siriratan.akul,Jl.; Rajca, JSAm. Chem. So2004
this was employed to explain the stability of polyradical ;,4 6gos.

molecules and polymers. For diradicals, a less aromatic back- (31) zaidi, N. A.; Giblin, S. R.; Terry, I.; Monkman, A. Polymer
bone can induce stronger spin couplings. In order to achieve a2004 45, 5683.

very high spin state, cycle structures are very important due to e(r:’;?]_Rajca' A-Adv. Phys. Org. Chem2005 40, 153, and references
the fact that they can provide multiple spin-coupling channels  (33) Rajca, A.; Shiraishi, K.; Vale, M.; Han, H.; Rajca,5Am. Chem.
and conformational restrictions to prevent significant out-of- Soc.2005 127, 9014.

isti i _qj (34) Fukuzaki, E.; Nishide, Hl. Am. Chem. So2006 128 996.
plane twisting. Therefore, medium-sized polyarylmethyl cycles (35) Aoki. T Kaneko, T, Teraguchi, NPolymer2006 47 4867.

are expected to be key building blocks of very high spin spin 35y Wirao, V.: Ino, H.: Ito, A.; Tanaka, KJ. Phys. Chem. 2006
clusters and polymers. 110, 4866.
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