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A series of nitronyl nitroxide (NN) diradicals with linear conjugated couplers and another series with aromatic
couplers have been investigated by the broken-symmetry (BS) DFT approach. The overlap integral between
the magnetically active orbitals in the BS state has been explicitly computed and used for the evaluation of
the magnetic exchange coupling constalt The calculated values are in very good agreement with the
observed values in the literature. The magnitudd oepends on the length of the coupler as well as the
conformation of the radical units. The aromaticity of the spacer decreases the strength of the exchange coupling
constant. The SOMOGSOMO energy splitting analysis, where SOMO stands for the singly occupied molecular
orbital, and the calculation of electron paramagnetic resonance (EPR) parameters have also been carried out.
The computed hyperfine coupling constants support the intramolecular magnetic interactions. The nature of
magnetic exchange coupling constant can also be predicted from the shape of the SOMOs as well as the spin
alternation rule in the unrestricted Hartreleock (UHF) treatment. It is found thatconjugation along with

the spin-polarization plays the major role in controlling the magnitude and sign of the coupling constant.

1. Introduction that a coupler that is extensively conjugated can give rise to a
) . . strong magnetic interaction between the monomeric radical

The search for new magnetic materials based on organic centers. This very important theme forms the background of
paramagnetic molecules has recently generated a tremendoUgye present work. Zeissele et8alhave synthesized a nitronyl
interest. The synthesis and characterization of the first pure itroxide diradical with the ethylene coupler, which shows a
organic radical based magnetic materigicrystal phase of very high exchange coupling constant.
p-nitrophenyl nitronylnitroxidé;? triggered the research in this In a recent communication to this jourrfalie have theoreti-
fic.ald..TiII now a large numbgr of nitro.nyl nit.roxide (NN) based cally verified that a very strong intramolecular magnetic
diradicals has been experimentally investigated. interaction is indeed provided by an ethylene coupler. In the

The intramolecular magnetic exchange coupling constant, aspresent work we establish that the strength of the magnetic
well as the intermolecular interaction that depends on the jnteraction decreases with the increase in size of the conjugated
structure and the nature of a molecular crystal, control the coypler in a quantitative way, and also with the extent of
magnetic properties of a molecule-based magnetic material. Anaromaticity of the ring coupler. With this aim, we have studied
estimate of the intramolecular exchange coupling constant is 5 series of NN diradicals with different magnetic couplers: No
necessary prior to synthesizing a successful magnetic materialsoypler (), ethylene coupler?), 1,4 butadiene couple), 1,6-
based on organic diradicals or transition metal complexes. Thehexatriene couplerdj, p-phenylene couplers, 2,6-pyridine
recent development of computational techniques and theoreticalcoypler ), m-phenyelene couplef), 2,5-furan coupler§),
methodologies has enabled the prediction of magnetic properties 5_pyrrole coupler 9), and 2,5 m-thiophene coupled@)
of the precursoré Here we report the results of the study of a  (Figure 1). All the couplers are-conjugated molecules.
series of nitronyl nitroxide based diradicals with different The magnetic couplings are generally found to arise from
conjugated magnetic couplers. spin polarization and spin delocalizati#hLahti et all! have

The magnetic interaction between two radical centers nor- investigated a large numbersfconjugated couplers. They have
mally depends on the distance and the nature of the coupler.noticed that most of the spin density is localized on the two-
Turek et af have investigated a seriesmiphenylene couplers  singly occupiedo orbitals (SOMOs) centered on the radical
and shown that the influence of spin polarization and molecular atoms. The large spin population polarizes thelectrons near
conformation controls the exchange coupling constant. Castellthe radical center. The total spin density sums to zero over
et al® have performed ab initio computations on model ga]| sites in the singlet state, but the individual sites may be
compounds of bis(nitronyl) and bis(imino) nitroxides with polarized to have positive or negative spin densities. The spin
varying dihedral angles. They have noticed that even at the polarization effect plays a major role in controlling the nature
orthogonal position the ground state is a singlet. Barone.®t al of the coupling. The presence of nonbonding molecular orbitals
have theoretically investigated bis(imino) nitroxide and con- (NBMOs) in organic diradicals makes it difficult to properly
cluded that most of the spin density along the-KD-C—N evaluate the energy difference between the lowest spin-states.
moiety of each monomeric unit can be attributed to the unpaired The expected ground state spin may be predicted either by
electron in the singly occupied molecular orbital. This implies molecular orbital (MO) calculation or by a valence bond (VB)
treatment. In the simple MO model, Hund’s multiplicity rules
* Corresponding author. E-mail: sndatta@chem.iitb.ac.in. are often applied to molecules having degenerate or nondegen-
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operators. A positive sign ofl indicates a ferromagnetic
interaction, whereas the negative sign indicates an antiferro-
v " magnetic interaction. The eigenfunctions of the Heisenberg
"2\ Z / ,1“ /16 f Hamiltonian are eigenfunctions &8 andS, whereSis the total
M o o spin angular momentum, ardds directly related to the energy
difference between the spin eigenstates. For a diradical,
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w fn " The Heisenberg description of the magnetic interaction can be
y o 11 A3 \e, correlated with the electronic structure of a given syster#?

16

\ - 100 A large number ab initio calculations have been performed to

evaluate J.* Nevertheless, a proper mapping between the
Heisenberg spin eigenstates and suitable ab initio electronic
o states, especially the singlet states, is necessitated for the above

1+ %9 , W/Z_S%/ procedure. This is computationally very expensive and not
N practical for large systems.
\§,N\ o \8/ \\§/N\ - 100y \e,/‘ An alternative approach has been proposed by Noodleman
b -\ so as to reliably compute the magnetic exchange coupling
constant with less computational effé?tThe spin polarized,
unrestricted formalism and a broken-symmetry solution is

1?‘ 7 \ ?' 1(|> 12713 e?‘ needed for the lowest spin-state in this method. The BS state is
IREY N15” 2N73}©&'3,7 X not an eigenstate dfl. It is an equal mixture of singlet and
{, H™ o s & Al N /7 triplet states. The coupling constant can be written as
w307 1007 Y 0™ %07~
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Figure 1. Systems under investigation with)(no coupler, 2) ethylene 1+ SabZ

coupler, B) 1,4-butadiene couplerd) 1,6-hexatriene coupler5)

p-phenylene couplerff 2,6-pyridine coupler,q) m-phenylene coupler, . . .
(8) 2,5-furan coupler,9) 2,5-pyrrole coupler, andL() 2,5-thiophene where Sy, is the overlap integral between the two magnetic

coupler between the two nitronyl nitroxide monoradicals. orbitalsa andb. The quantityEgs is the energy of the broken-

symmetry solution andtyr is the energy of the triplet state in
erate NBMOs, with the prediction of a triplet ground state. the unrestricted formalism using the BS orbitals. In a single-
However, in a variety of conjugated systems the Hund’s criterion determinant approaclr can be approximated by the energy
does not necessarily follow, and a singlet ground-state resuits.of the triplet state that is achieved by a direct computatian (
TME and its derivatives are the simplest examples of such ~ Er), because of the very less spin contamination in the high-
system. The low-spin nature of TME and the related disjoint SPIN State. In contrast, the BS state is often found as spin-
systems was explained by a VB-type electronic exchange. A contaminated. Therefore, spin-projected methods have been
number of derivations were made to model the intramolecular @PPlied to eliminate the effect of the spin contamination from
exchange in connectivity-conjugated systems by Ovchinikoy, the energy of the BS state. The following three equations (egs
Klein,'3 Borden and Davidsdfi and Sinariglu.l® In all these 4-6) are the results obtained from these methods:

cases the simplistic MO theory and the Hund’s rule do not DET DET.
(" Egs— SY)

follow in a proper way. A large number of computational studies I = 4)
have been performed on this issife!® It is observed that the Sial
spin polarization argument is more useful to understand the spin
density distribution in an open shell system. (DFTE _ DFTE )
In this work we have followed the spin-polarized DFT == T (5)
methodology to calculate the magnetic exchange coupling SadSnax T 1)
constants. The broken-symmetry (BS) approach that was DET DET
proposed by Noodleman et.8lhas been adopted here. 10 = (T Egs— T Ey) (©6)
This paper is organized as follows. In section 2 we briefly [$2g — [52@5

mention the salient features of the theoretical background. The
computational methodologies are described in section 3. SectionThese three relations differ in their applicability, which depends
4 contains a discussion of the results and the concluding remarkson the degree of overlap between the two magnetic orbitals.

are given in section 5. Equation 4 has been derived by Ginsb&rtloodlemar? and
Davidsor?® (GND) and is applied when the overlap of the
2. Theoretical Background magnetic orbitals is sufficiently small. Equation 5 has been

proposed by GND, Bencini et &,and Ruiz et afé lllas et
The magnetic exchange interaction between two magnetic al.2° have justified the application of eq 5 when the overlap is
sites 1 and 2 is normally expressed by the Heisenberg spinadequately large. Finally, eq 6 has been developed by Yamagu-
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chi et al®® This can be reduced to eq 4 and eq 5 in the weak TABLE 1: Computed Overlap Integral between the Two

and Strong Over|ap regions’ respective|y_ Magnetically Active Orbitals in Broken-Symmetry State?
In this work we have explicitly computed the overlap integral Sl no. Coupler S
Sio- 'I_'he a-HOMO andﬂ-HO_MO in the BS state have been 1a 0° dihedral angle —0.494041
considered as the magnetic orbitals. It is observed that the 1b 55° dihedral angle —0.178056
overlap between the magnetic orbitals is very low for all the 1c 78° dihedral angle —0.791540
diradicals excepla, 1c and1d. We have further noticed that 1d 90° dihedral angle 0.569932
2 ethelene 0.361410

the [Fvalue for all the calculated BS states deviate very little

. . - . 3 1,4-butadiene 0.039911
from 1.00, and, in particular, the differenc&(3 — [F3s) is . 4 1 6-hexatrinene 0.072483
nearly equal to unity for the systems. Therefore, the magnetic 5 p-phenylene —0.014067
exchange constants have been calculated here by using both eq 6 m-pyridine 0.044348
3 and eq 4. Only in the moderately lar§g region, forla, 1c, 7 m- phenylene —0.051216
1d and2, eq 3 is estimated to yield better result. Alvalues g %g_:)uyrre:gle *0(-)0103?87507
calculated from eqs-36 are given as Supporting Information. 10 2:5—thi0phene 0.036758
3. Computational Strategy aThe computed results are for the 6-31G(d,p) basis sets.

The molecular structures of all the diradicats10 have been
fully optimized at the ROHF/6-31G(d,p) level. The optimized
dihedral angle of diradicdl between the two planes of tiNN
moiety has been found to be 78 the isolated molecule. But
the crystallographic data suggest that the dihedral anglefi&55

So we have taken several values of the dihedral angle betweeqNhen the dihedral angle is°0and the minimum conjugation

the two N.N moieties while keeping the rest of the.optlmlzed when the two p-orbitals in bridging atoms are orthogonal. In
molecule intact, and computed the exchange coupling constant

; ; crystal structure ofl it is observed that the dihedral angle is
;ogoe:r::(;l ggthese geometries. The angles considered A& 55°. The J value calculated fodb by using eq 4 excellently

. . . matches with the observetin molecular crystals. The trend
Single point calculations have been performed on the

- . in Table 2 makes it amply clear thtte delocalization of the
optllnilzeddgeoget_ry at theTUB:gLYP fvil WI'(th 6-311G(d,p)and ; ojectrons plays the major role in controlling the exchange
6.'3 +G(. «P) basis sets. 0 obtain the broken-symmetry s'[a_tes'coupling constantThe larger dihedral angle inhibits conjugation
single-point UB3LYP calculations have been carried out using

h | ; I | bital hich J of the m-electrons. Nevertheless, a weak antiferromagnetic
the accu_ratedgl;ess va;]ues 0 mosguHa'L:r or Iltals,_w Ic Tﬁre Minteraction exists even when the two p-orbitals are orthogonal
tumn retrieved from the proper ROHF calculations. These . o40n other. In this case, there is a strong localization of the
calcullatlons have been QOne_ by.usmg Gaussian 98 quantumgnyos. The spin of the unpaired electron in one of the
chemical packag# The visualization software_MoIdéﬁand m-orbitals polarizes the spin of the paired electrons in the
MolekePB* have also been used. The overlap integral between

h ic orbitals in the BS has b el dorthogonalo-orbital. Theresidual spin polarization is the sole
the two magnetic orbitals in the state has been calculated,q 554 for avery weak antiferromagnetic coupling constant in
by a program of our own. This program utilizes the MO

coefficients and basis set information at 6-313(d,p) level It is observed that the exchange coupling constant decreases

from the Gaussian 98 log files. . . . with the increase of the length of the coupler (Table 3). In this
To further support the magnetic properties, the hyperfine Table, eq 3 is a better description faa and eq 4 is more

coupling constants (hfcc) have been calculated at B3LYP level appropriate fo—4. This is a very normal trend. It is observed

by using EPR-Il and EPR-IIl basis séfsThe diradical10 that 2 has the highesd value. Our previous communication

gon.talns onfeGS atom, b;gt tr_;_'rS] at(;m IS SOt.'nC“;ded Iln tlhg EPthas also supported this findidgfhe main reason for it is that
asis set of Gaussian 38. Therefore, during the calculation ofy,¢ geric effects force the dihedral angle loto be 55 in

hfcc we have used the 6-311G(d,p) basis set for the S atom,,q100jar crystal, which causes loss of delocalization. The rule

whereas EPR-Il and EPR-IIl basis sets have been used for they¢ g aiternation in the UHF treatméfitan also predict the
rest of the atoms.

proper ground spin state for all the cases in Table 2 and Table
3 (Figure 2).
The calculated values are in very good agreement with the
First of all, to make the discussion clear, the computed overlap observed values fd—7 in Table 4. Here, we find hardly any
integrals &) are given in Table 1. The moderately large overlap difference between eqs 3 and 4. The length of the couplBr in
region is manifest fota, 1c, 1dand2. For these species, neither is similar to the butadiene coupler &1However, the magnetic
(4) nor (5) can be used with accuracy. Therefore, eq 3 gives aexchange coupling constant is found to be less than that for the

Table 2 shows that the magnitude béirastically decreases
with the increase in the dihedral angle. The highkist —923
cm! for the planar configuration, and the lowest value-i29
cm! for the 90 rotated species. This is due to the maximum
overlap between the two p-orbitals in bridging carbon atoms

4. Results and Discussion

better estimate of value. Forlb and9, eq 3 would make a linear conjugated coupler. In general, all the conjugated aromatic
deviation of about 3% and 2% respectively from thealue couplers are weaker than the liner couplers. The spin alternation
calculated from eq 4. For all others, eq 4 represents a betterrule for the prediction of the ground-state spin is also followed
choice. by 1,4 phenylene5),3” 2,6-pyiridine coupler §)%® and 2,6

The calculation of the intramolecular exchange coupling phenylene coupler7§,® resulting in singlet, triplet and triplet
constant between the two NN monoradicals without any coupler ground states, respectively.
(in speciedl) is shown in Table 2. Théd values for the planar Results for8—10are given in Table 5. Here, again, the GND
diradicals with no coupler ang-conjugated linear couplers are  expression (4) gives a more reliable estimatd iof every case.
tabulated in Table 3. The values for the six-membered and five- The data fol5 have been included in this Table for the reason
membered conjugated aromatic couplers are given in Tables 4of making a facile comparison. The calculatéds in good
and 5, respectively. agreement with the observed value I*° Experimental values
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TABLE 2: Single-Point Energies and Calculated Intramolecular Exchange Coupling Constants for the Nitronyl Nitroxide (NN)
Diradicals without Any Coupler?2

— 1
Energy (a.u.) J(em™)
0 Calculated
Dihedral angle Basis sets BS T Eq. (3) Eq. (4) Exptl
0° 6-311G** —1067.7727349 —1067.7675028 -923 —1148 NAP
la 1.125262 2.046992
6-311+G** —1067.7904005 —1067.7851668 —923 —1148
1.111334 2.046176
55° ¢ 6-311G** —1067.8615782 —1067.8602569 —281 —290
1b 1.077337 2.060998 -311
6-311+G** —1067.8806805 —1067.8793779 =277 —286
1.07538 2.06042
78 ¢ 6-311G** —1067.864504 —1067.8642504 —34 —56 NAP
1c 1.073739 2.066934
6-311+G** —1067.8848812 —1067.8845819 —41 —66
1.070904 2.064865
o0 6-311G** —1067.8637813 —1067.8636461 —23 -30 NAP
1d 1.072735 2.068682
6-311+G** —1067.884201 —1067.8840684 —22 -29
1.070115 2.066156

@ The coupling constanltis calculated for different dihedral angles. All the single-point calculations are performed with the UB3LYP methodology
for the broken-symmetry state as well as the triplet staiot available in the literature.Rotating the N-C—C—N dihedral angle of fully optimized
geometry to 55s0 as to get a structure similar to the crystallographic 8Reference 31¢ Fully optimized geometry at ROHF/6-311G(d,p) level.

TABLE 3: Single-Point Energies and Calculated Intramolecular Exchange Coupling Constants forr-Conjugated Linear
Couplers?

Energy (a.u.) J
Diradical Basis sets <§> (em™)
BS T Calculated Exptl.

Eq. 3) Eq.(4)
6-311G**  -1067.7727349 —1067.7675028 —923 —1148

NN—=NN 1.125262 2.046992 NA®
1a 6-311+G**  —1067.7904005 —1067.7851668 —923 —1148
1.111334 2.046176
6-311G**  —1145.3113872 —11453096214 —343  —388
NN . . -350¢
N 1.139187 2.066011 350
2 6-311+G** 11453287469 11453271496 -310 —350
1.1286 2.0629
6-311G**  —1222.7385572 —1222.7374101 251  -251
AENPAVAN 1.144146 2.084033 NA®
3 NN 6.311+G**  —1222.7589119 —1222.7578636 -230  —230
1.134768 2.080213
N AN 311G ~1300.1675127  —1300.1668185 151 152
s NN 1.130756 2.083696 —66°
6-311+G**  —1300.1870287 —1300.1864071 -135 —136
1.120468 2.078546

a All the single-point calculations are performed with the UB3LYP methodology for the broken-symmetry state as well as the triplet state.
Rotating the N-C—C—N dihedral angle of fully optimized geometry té 8o as to get a planar structure likeand 3. ° Not available in the
literature.© Reference 8 Reference 8b, for 1,6-dimethyl derivative.

are lacking for8 and9, and theJ values—148 and—164 cnt?! are two even coupling pathways (four- and six-bond couplings),
are predicted estimates. Again, the spin alternation rule identifiesandJ is positive. These observations represent a mere restate-
the proper ground state f@0 as a singlet. The identified ground ment of the so-called spin alternation rule. In all three cases
states for8 and 9 are both singlet, in agreement with the 8—10, there are one even and one odd pathway. At a first glance,
computed] values. one would think that there is a competition between the two
The sign ofJ depends on the parity of the number of bonds pathways. In reality, the odd (five-bond) route is supported by
in the coupling pathway through the coupler. When the number the even (four-bond) path through the heteroatom as the latter
of bonds is oddJ is negative like inla, 2, 3and4 (1, 3,5 and contributes twosr electrons. Thel values for8—10 are all
7 bonds). Irb, there are two five-bond coupling pathways (odd negative. In magnitude, these are actually larger thad Wadue
number) and the resultingvalue is negative. I and7, there for 5 (Table 5). This behavior is similar to that known for the
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TABLE 4: Single-Point Energies and Calculated Intramolecular Exchange Coupling Constants for Aromatic Couplers

a All the single-point calculations are performed with the UB3LYP methodology for the broken-symmetry state as well as the triplet state.

b Reference 37¢ Reference 38! Reference 39.

Diradicals Basis Energy (a.u.) J
sets <§%> (cm™)
BS T Calculated Exptl.
Eq.(3) Eq.(4)
6-311G** —1298.9901966 —1298.9897665 —94 —94
“”‘O‘NN 1.090979 2.073425 —72
6-311+G** —1299.0106241 —1299.0102268  —87 -87
5 1.086835 2.070655
6-311G** —1315.0163354 —1315.0164212 19 19
S 1.069793 2.074852 7
PN 6-3114G** 13150289297 —1315.0290336 23 23
6 1.083623 2.090128
6-311G** —1298.9864545 —1298.9865576 23 23
MQ 1.073124 2.078921 20¢
N ; " 6-311+G** —1299.0066208 —1299.00 6716 21 21
1.070268 2.075584

TABLE 5: Single-Point Energies and Calculated Intramolecular Exchange Coupling Constants for Five-Membered Aromatic

Couplers?
Diradicals  Basis sets Energy (a.u.) J
<§*> (cm™)
BS T Calculated Exptl.
Eq.(3) Eq.(4)
6-311G** —1298.9901966 —1298.9897665  —94 —94
w— Y 1.090979 2.073425 =72°
6-311+G** —1299.0106241 —1299.0102268 -87 -87
5 1.086835 2.070655
ﬂ\ 6-311G** —1296.7615506 —1296.760815 161 -161
NN Yo7 N 1.098239 2.065873
8 6-311+G** -1296.7837161 —1296.7830414  —148 —148 NA®
1.092527 2.062898
6-311G** —1276.9299062 —1276.9291011 —174 -177
ﬂ\ 1.100927 2.07081
NN ONT NN 6-311+G** —1276.9503153  —1276.9495684  —161 -164 NA°
; 1.095613 2.067769
6-311G** -1619.7607667 —1619.7599146  —187 —187
/@\ 1.108292 2.07297 —157¢
N s N 6-311+G** —1619.7811119  —1619.7803369  —170 -170
10 1.101501 2.069521

2 The p-phenylene diradical is included here for the purpose of making a comparison possible. All the single-point calculations are performed
with the UB3LYP methodology for the broken-symmetry state as well as the triplet sRederence 37¢ Not available in the literaturé.Reference
40.

Fermi contact contribution to nuclear spispin couplings and J;j is the exchange integral between therbitals of the
transmitted through ther-electronic system in conjugated atomsi andj. The integralJj is strongest for atoms and j
COITIpOLIﬂdS and can be viewed as an extension of the Spinbeing nearest neighbors, For a conjugated couplej' afoms,
alternation rule to the case of heteronuclear aromatic couplers.there arel{ + 1) nearest neighbors. But the absolute magnitude

Rationalization. The Spin density distribution in all the of the atomic Spin density approximate|y varies aNl—K 1)
species investigated here is more or less (pairwise) symmetricTherefore, adl increases, the absolute magnitudd decreases
for rotation by 180 around the principal axisQ). An approximately as 1 + 1). This is a general trend, and Table
understanding of thee trend of tevalues in each series canbe  3'haarq 4 glowing testimony to it. The trend is clearly set with
obtained by writing |J] exhibiting the ordefia > 2 > 3> 4 in the approximate ratio
1:1/3:1/5:1/7, and the longer the coupler is, the less antiferro-
magnetic interaction is there.

In the case of six-membered ring aromatic couplers, the rule
of spin alternation indicates that an antiferromagnetic coupling

J= ;Jijpipj (7)

wherep; is the spin density on thigh atom in the triplet state,
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Yo. lo- }oe b jo~ ) TABLE 6: Energy Levels of Two SOMOs and Their Energy
N/+ \N4 N@ N Differences AEsg) at the ROB3LYP/6-311+-G(d,p) Level for
»&_(LH_!;H ) +</ @ /\/i +< >f ¢</ e the Diradicals 1-10
N "+/N ‘N: B N Diradicals Es(1) (a.u.) Es(2) (a.u.) AEss(eV)
10 Ao- 0y fo- la —0.08364 —0.11228 0.7793
1,2,3,4forn=0,1,2,3 5 1b —0.09236 —0.09764 0.1437
: : : : 1c —0.09701 —0.09850 0.0405
Antiferromagnetic Antiferromagnetic 1d —0.09818 —0.09837 0.0052
) 2 —0.09405 —0.09550 0.0395
oo 4 XY Voo 1o v b oo 3 —0.09599 —0.09625 0.0071
oy iy i A\ 4 —0.09647 —0.09662 0.0041
KX = - ) X = 5 —0.09393 —0.09410 0.0046
/N v Mo /™ SN\ W W™ 6 —0.09189 —0.09590 0.1091
N BRI S w0 ol 7 —0.09272 —0.09661 0.1059
v 8 —0.09656 —0.09680 0.0065
9 —0.09670 —0.09681 0.0030
6,7 for X=N, C 8,9,10 for X =0, NH, S 10 —0.09709 -0.09764 0.0150
Ferromagnetic Antiferromagnetic

Figure 2. Prediction of ground spin states and hence the nature of the diradicals1—10 by ROB3LYP/6-31%G(d,p) method in Table
magnetic exchange coupling constants shown according to the sping does not reveal much information about the ground-state spin.
alternation rule. For the diradicalsla—1d the SOMO-SOMO energy gap

g decreases as the dihedral angle increases. Thus the magnitude
a ferromagnetic coupling exists fan-phenylene. For five- of theJ value decreases with the decrease of the SGI8OMO

membered ring heteronuclear aromatic couplers, the 2,3 and 3,£N€rdy gap. This trend is in agreement with the Hay
species are to be treated as the o-couplers, the 2,5 species is Jhibeault-Hoffmann (HTH) formula for the tripletsinglet
p-coupler and the 2,4 one as an m-coupler, because theSN€rgy _dlfferen_c‘é in a dlnuclea_r com_plex containing two
heteroatom at 1 provides two-electrons. weak]y interacting metal atoms in a dinuclear complex. For
The chain rule here suggests tafl 2(N + 1)/(2N + 1)2 speC|_esl, the SOMOs are not degenerate even When_ the
where N is the number of conjugated atoms in the coupler. p-orbitals are orthogonal to each other. A very weak antifer-
Thus,J O 8/49 for six-membered p-couplers whergad 1/5 romagnetic interaction is observed in spedids However, as
for the butadiene coupler. Therefore, the magnitude oflthe Table 6 shows, the same formula does not hold for other
value decreases by ring formation. The atomic spin densities diradicals examined here: spectand? with relatively large
in the coupler decrease further due to resonance. So a six-SOMO-SOMO energy gaps are known to have ferromagnetic
memberedr-coupler has a considerably redud@d compared coupling®®3%and our calculations also support this fact (Table
to the value for a linear chain of 4 carbon atoms. This is turned 4), Whereas the others have much smaller gaps but are
out by the calculated values for the butadiene couler230 antiferromagnetically coupled.
cm 1) in Table 3 and th@-phenylene couples (—87 cnT?) in The shape of all the SOMOs at ROB3LYP for diradicals
Table 4. For the six-membered m-couplers sucb asd7, as 1-10 are given in Figure 3. In general, two types of SOMOs
aromaticity increases, thkvalue increases (Table 4). Therefore, are found, namely, disjoint (where no atoms are common) and
aromaticity favors the ferromagnetic trend. nondisjoint (with common atoms). All the diradicals excépt
The heteronuclear couplers are less aromatic. Therefore, byand 7 are nondisjoint in nature. The SOMOs aind9 seem
counting all the sixs electrons, the para coupling with  to be apparently disjoint, but these are in reality nondisjoint as
heteronuclear aromatic spacers would enldil 1/5. But the  observed from the molecular orbital coefficients. We find that
resonance decreases the atomic spin densities. These two factofsr the type of organic diradicals studied here, the ferromagnetic
lead to aJ value that is almost midway between tAdor 3 interaction arises when the shapes of the SOMOs are disjoint
(=230 cnt?) and theJ for 5 (=87 cnTt). See Table 5. Here  in nature as ir6 and 7 (Figure 3).
again, the decrease in aromaticity is accompanied by anincrease 5 gjmilar point of interest arises. Borden and Davidson had
in antiferromagnetic coupling. This is evidenced from the trend argued that if Hokel NBMO's are not localized to disjoint

5 T 8 < 9 = 1.0 fohr the absoll;':e magnitude of the calculated groups of atoms, the triplet would lie below the corresponding
values given in the same table. open-shell singlet at the SCF leVélOur results contradict this

— it 1 -
.dS(gMO .tSQMOb Enzrgy i_hevel tSplgt'_:E'(gOﬁ:naPT pro observation but are in good agreement not only with experiment
vided a criterion based on the extende caicu'ations on (Table 4) but also with the prediction from the rule of spin

benzyne and diradicals, which suggests that if the energy . rernation
difference between the two SOMOAKsy9) is less than 1.5 eV, o . . )

the two nonbonding electrons will occupy different degenerate  'Sotropic Hyperfine Coupling Constant. From the experi-
orbitals with a parallel-spin configuration so as to minimize their Mental work it is observed that the hfcc of the two equivalent
electrostatic repulsion and thereby leading to a triplet ground nltrog_en _atoms in nitronyl n|tr0X|qu _monoradlcaIS with different
state. Constantinides et4lhave investigated a series ofn  Substitutions at-carbon atoms s in the range of 7:60.81
antiaromatic linear and angular poly-heteroacene molecules byG-*> The hfcc does not strongly depend on the nature of the
B3LYP/6-31G(d) method and found that singlet ground states substitution at tha_—posltlon, b_ut solv_ents play a dominant role.
result whenAEss > 1.3 eV. Zhang et & have calculated a Hfcc values for diradicals with conjugaFed couplers.decrease
series ofmrphenylene-bridged diradicals to investigate the effect to half of the values for the corresponding monoradicals. The
of substitution on the ST energy gaps and ground-state experimental values lie in the range of 8.5 G for diradicals
multiplicity. They have calculated\Ess at the ROB3LYP/6-  With different couplers®

31G(d) level. The low spin ground-state results even whEgs Cirujeda et af’ calculated the hfcc for several-nitronyl

is found to be 0.19 eV. Our calculation &Ess for all the aminoxyl radicals by B3LYP method using EPR-II basis sets.

exists foro-phenylene ang-phenylene or their derivatives, an
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Figure 3. Triplet SOMOs for all the diradical§—10, plotted at the ROB3LYP/6-31G(d,p) level.
TABLE 7: Highperfine Coupling Constants (hfcc) _ dependent on the nature and position of substituents. In our
CS:atIcuIated at B3LYP Level with EPR-Il and EPR-IlI Basis previous work a detailed discussion was given on this i4%ue.
_e S_ _ Table 7 shows that although the computed hfccs are different
Diradicals Basis setsan2(G) ana(G) an7(G) ano(G) Obsday for the four nitrogen atoms in diradicals-10. The average
la EPR-Il  4.11025 1.04162 1.03287 4.16915 hfcc is reliably generated. A similar discrepancy was also found
EPR-Il  4.23427 1.15317 1.14087 4.29395 by other authors. From the spin density distribution in the triplet
1b EPR-Il  4.31866 1.06099 1.05223 4.38357 o ) L
EPR-IlL 447133 1.21081 1.20199 4.53641 state it is observed that the calculated spin density is not
1c EPR-Il  4.46136 1.06774 1.07244 4.39365 homogeneously distributed through the-8—C—N-0O bond,
EPR-Il  4.67802 1.12935 1.13714 4.60911 i i i
1d EPRAI 459041 102385 103317 452136 though Fhe two N atoms are chemically gquwalent. This fact
EPR-II 473748 117743 1.18690 466801 results in different values of hfcc and is supported by the
2 EPR-Il 452596 1.50349 1.34520 4.44834 SOMO’s in Figure 3 and spin density distribution table given
3 EPR-Il  4.35821 1.71624 1.71544 4.35549
EPR-Il  4.43620 1.73844 1.73774 4.43366
4 EPR-Il 454130 1.72502 1.72495 4.54584 5. Conclusions
EPR-l 450506 1.80138 1.80096 4.50906
5 EES'“I g-ggﬁg i'?i’égé i-?g?gg g-gg?gi’ A series of bis-nitrotronyl nitroxide diradicals with 10
6 EPR.Il 448825 166194 166113 4.44737 3.3 different conjuggted cogplers have been investigated by broke_n-
EPR-Il  4.59373 1.66533 1.66506 4.55285 symmetry density functional treatment. The computed magnetic
7 EEE-”I g-%ﬁgi’ i-gﬁfg i-ggfgg Z‘-ggggg exchange coupling constants are in very good agreement with
8 EPR-I 483269 162270 162222 483306 the r.eported values. Moreovel values for3, 4, 8 and9 are
EPR-Il  4.94187 1.65987 1.65902 4.94245 predicted here, €230, —136, —148 and—161 cn7?, respec-
9 EPR-Il  3.78055 1.48492 1.46878 4.86759 tively)
EPR-Il  3.92236 1.66391 1.64693 5.01510 : . .-
10 EPR-II 433239 150318 150422 430763 13.7 Somepmes it becomes necessary to e>.<pI|C|tIy cpmputg the
EPR-IIl 451469 159648 1.59748 4.48928 overlap integral between the two magnetically active orbitals

to calculate the exchange coupling constant accurately by the
broken-symmetry approach. TaeHOMO and$-HOMO in the
They found similar hfcc for the monoradicals with similar steric BS state are generally found to be magnetic orbitals.
constraints between the two rings. This fact also supports that In conjugated systems, the magnetic interaction is mainly
the spin density distribution in the phenyl ring is not strongly transmitted through the-electron conjugation.

aReference 382 Reference 40.
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The strength of antiferromagnetic interaction decreases with
d(b) Nachtigall, P.; Jordan, K. DI. Am. Chem. Sod.993 115, 270.

the increase in the length of conjugated couplers. Conjugate

linear couplers are more efficient antiferromagnetic couplers |

than the aromatic ones of similar length. As the aromaticity of

J. Phys. Chem. A, Vol. 110, No. 8, 2008783

(16) (a) Nachtigall, P.; Jordan, K. D. Am. Chem. So&992 114, 4743.

(17) Rijkenberg, R. A.; Buma, W. J.; van Walree, C. A.; Jenneskens,
W. J. Phys. Chem. R002 106, 5249.
(18) Datta, S. N.; Mukherjee, P.; Jha, P.P.Phys. Chem. 2003

the spacer decreases, the magnitude of the antiferromagnetid07, 5049.

coupling constant increases. In general, aromaticity favors the
ferromagnetic trend. The diradicals with m-couplers are un-

(19) (a) Noodleman, LJ. Chem. Physl981, 74, 5737. (b) Noodleman,
L.; Baerends, E. J1. Am. Chem. Sod.984 106, 2316. (c) Noodleman, L.;
Peng, C. Y.; Case, D. A.; Mouesca, J.-Moord. Chem. Re 1995 144

doubtedly ferromagnetic. The shape of the SOMOs as well as199.

the rule of spin alternation in the UHF emerge as two robust

guidelines for the prediction of the qualitative nature of the
intramolecular magnetic interaction in bis-nitronyl nitroxide
diradicals.
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