
Chapter 4 

Role of Coupler to Design Organic Magnetic Molecules: LUMO Plays an 
Important Role in Magnetic Exchange 

In this chapter we have designed seven organic diradicals with polyacene 
show the effect of the corifzguration, aromaticity [NICS(O), NICS(!) and HOMA] 
LUMO gap of the couplers on the exchange coupling constant of the diradicals. We 
correlated aromaticity index NICS and HOMA to explain the change of aromaticity 
structures having same number of carbon hydrogen atom.'>' and 

higher exchange coupling constant compared to the angular one in the 
we have found the HOMO-LUMO gap is the determining factor e.'rtent magnetic 
exchange coupling constant the only the energy value ofLUMO, but also the 
occupation number and spatial position of the LUMO are important for magnetic exchange in 
diradica[<;. Thus, the role ofLUMO in magnetic exchange has been finn~y established through 
this work 
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4.1 Introduction 

Organic radicals 1 have been widely studied due to their versatile applicability in 

the field of magnetism,2 superconductivity,3 spintronic property,4 photomagnetic behaviour5 and 

so on. In organic diradicals the nature and extent of magnetic interaction largely depend on the 

coupler between the two radical centres.6 The effect of linear polyacene as coupler between two 

verdazyl radicals has been studied by Bhattacharya et. al.6
b They have found that the larger linear 

polyacene couplers produce high exchange coupling constant due to the radicaloid nature of the 

larger polyacenes. It has also been noticed that the aromaticity of the coupler plays a very 

important role in determining the magnetic exchange coupling constant. It has been found that in 

case of diradicals the spin density values on the connected atoms are important to determine 

magnetic interaction.7 Barone et. al., found that the bridges with delocalized n electrons 

contribute significantly to the coupling between two radical centers. 8 Ko et. aL studied the 

intramolecular magnetic coupling constant of different diradicals using scaling factor approach. 9 

They found that the exchange coupling constant depends on the length of the coupler. N itronyl 

nitroxide diradical with ethylene coupler, isolated and studied by Ziessel et al. 10 Turek et. al. i 1 

have theoretically investigated a series of m-phenylene couplers and shown that the influence of 

spin polarization and molecular conformation controls the exchange coupling constant. The role 

of metaphenylene coupler in the design of ferromagnetic molecules has been extended by Jacobs 

et a1. 12 Recently Rajca et aL 13 reported a triplet ground state derivative aza--m-xylylene 

diradical with a large singlet-triplet energy gap (ll.EsT) of~ 10 kcal/mol, which is comparable to 

.1EsT for the well known reactive intermediate m-xylylene diradical. Barone et al. 14 have 

theoretically investigated bis( imino) nitroxide and concluded that most of the 

the 0-N-C-N moiety of each monomeric unit can be attributed to the 

singly occupied molecular orbital (SOMO). This implies that a coupler that is extensively 

conjugated can give rise to a strong magnetic interaction between the monomeric radical centers. 

A. Rajca 15 has extensively reviewed the role of couplers, different radicals in magnetic exchange 

pattern of molecules. Oligophenylene molecular rods with bicyclo[2.2.2]octane having two 

nitronyl nitroxide radicals were synthesized by Higashiguchi et al. 16 to investigate the decay 

constant of p-phenylene. Hase et aiY have synthesized two nitronyl nitroxide biradicals with a 
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phenolic substituent. They have found that the singlet-triplet energy gaps of the biradicals with a 

phenolic hydroxy substituent are reduced as compared with a parent non-substituted biradical. 

It is important to study the electronic structure and aromaticity of the linear and angular 

polyacenes as coupler before designing of magnetic molecules. Linear polyacenes become more 

reactive with an increase in the number of rings, so that the higher members cannot be 

characterized experirnentally. 18
'
19 Major chemical reactions occur preferentially at the inner 

rings. The successive reduction in the gap between the highest occupied molecular orbital 

(HOMO) and the lowest unoccupied molecular orbital (LUMO) is another example of 

behaviour in the polyacene series.20
•
21 When a linear polyacene is changed to a angular 

polyacene, the arornaticity of each of the rings is changed. 

The molecular orbitals are crucial to understand the electronic structure 

case of magnetic molecules the singly occupied molecular orbitals (SOMOs) play an 

role in magnetic interactions. 6
c With the help of extended Htickel theory, Hoffmann22 suggested 

that if the energy difference is less than 1.5 eV between two consecutive SOMOs, then parallel 

orientation of spins occurs. Within the MO framework, one also needs to figure out the overlap 

between the SOMOs, for which the argumentation leading to Hund's rule is severely 

weakened.23
•
24 At the B3L YP level with 6-31 G( d,p) basis set, 4n n antiaromatic linear and 

angular polyheteroacenes have been investigated by Constantinides et al. 25 where they found 

that for a SOMO splitting 11Ess> 1.3 e V, a singlet ground state results with anti parallel orientation 

of spins. Zhang et al. 26 have shown that critical value of 11Ess is different in different cases. 

Therefore, only SOMOs are not sufficient to describe the magnetic interaction in molecules. 

Therefore, it is necessary to study the role of other orbitals to find out the key factor to determine 

and understand the magnetic exchange. 
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Figure 4.1 The polyacene compounds under study. 

In this work we have designed seven diradicals with polyacene couplers to illustrate the 

effect of coupler to design magnetic molecules and the role of molecular orbitals (especially 

LUMO) in the exchange mechanism. The diradicals are designed in such a way that they follow 

the spin alternation rule27 and show ferromagnetic interaction. We have studied the nature of the 

change in aromaticity with the change in the structure (from linear to angular) of the polyacene 

couplers with same number of rings and atoms, namely, (A) (I) anthracene and (II) 

phenanthrene; (B) (lll) tetracene, (IV) benzanthracene, (V) triphenylene, (VI) chrysene and 

(VII) benzophenanthrene (Figure 4.1). The local aromaticity of individual rings in terms of 

HOMA, NICS(O) and NICS(I) have been studied. We have also compared the HOMO-LUMO 

gap of the linear and angular polyacenes to study their reactivity. Then we use these polyacene to 

design magnetic diradical molecules to correlate the magnetic property with the coupler's 

aromaticity and HOMO-LUMO gap. The itinerant exchange between two radical centres occurs 
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through conjugated n electrons in the molecules. The exchange interactions are conventionally 

explained by the energy of SOMOs and their spatial distribution.6 Here, for the first time we 

discuss the role of LUMO in the intramolecular magnetic exchange. We have studied the 

exchange mechanism of the designed diradicals in the light of HOMO-LUMO gap and the 

spatial distribution of molecular orbitals as well. The closeness of LUMO and HOMO and the 

spatial position of LUMO play very important role in the exchange mechanism and hence in the 

value ofthe coupling constants. 

4.2 Theoretical Methods and Computational Methodology 

The lack of unique definition and multidimensional nature of aromaticity leads to assign 

different indices to quantify aromaticity. These include different structural indices such as the 

harmonic oscillator model of aromaticity (HOMA) which can reliably explain the differences in 

aromaticity complicated systems.28 The geometry based indices HOMA quantifies the 

decrease aromaticity with an increase in the bond length alternation and bond elongation.29 

Beside HOMA, nucleus independent chemical shift (NICS) is another widely used index of 

aromaticity because of its simplicity and efficiency.30
-
32 NICS can be used to identify 

aromaticity, non-aromaticity, and anti-aromaticity of a single ring system and individual rings in 

polycyclic systems (local aromaticity). 

The Harmonic Oscillator Model of Aromaticity (HOMA) index33
-
39 can be used to study 

the density of local aromaticity39 in polyacene molecules. The HOMA index is one of the most 

reliable structural indices of local aromaticity. The HOMA index for each a 

aromatic hydrocarbon molecule is defined as: 33
-JR 

a n 2 
HOMA == 1--L(R0 - R;) 

n i=J 

(4.1) 

where a and R are the constants characteristic of C-C bonds in a hydrocarbon n system, n is the 

number of n bonds, Ri is the observed or calculated length of the ith C-C bond in a given ring 

and the summation is made over all then bonds. A large positive HOMA value indicates a larger 

degree of local aromaticity in the ring concerned. We adopted the values a=257.7 and Ro=l.388 

A to calculate HOMA indices.40 
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The origin of magnetism in diradical is due to the exchange coupling between radical 

centers. We have estimated the magnetic exchange coupling constant of the designed diradicals. 

For the calculation of magnetic exchange coupling constant (J), following our previous works41 

we employ the broken symmetry (BS) Yamaguchi formulae42 within DFT framework; which is 

given by 

In the above, Ess is the energy of the BS state and Er is that of the triplet state, whereas ( Sr 
2

) 

and ( S ss 
2

) represents the average spin square values of triplet and BS states respectively. 

All the molecular geometries have been optimized using B3L YP functional and 6-

31 +G( d) basis set. Aromaticity index NICS of the bare couplers have been estimated by using 

UB3L YP/GIAO atomic orbital) methodology43 with 6-31 +G( d) basis set. 

We have calculated the NICS values at the center of the rings [N ICS(O)] and as the <J framework 

of C-C and C-H affects the n electrons and hence NICS is also calculated at 1 A above the ring 

surface [NICS(l)J where then electron density is known to be maximum. All the computations 

have been done using Gaussian09W quantum chemical package.44 

4.3 Results and Discussions 

4.3.1 Aromaticity of the polyacene coupler 

The magnetic exchange coupling constant of the diradical depends on the aromaticity 

the polyacene coupler.6
b In this study we have calculated the aromaticity index HOMA, NICS(O) 

and NICS(I) of different linear polyacenes and their coiTesponding angular isomers like 

anthracene (set A, I-II) and tetracene (set B, III-VII). The values of HOMA, NICS(O) and 

NICS(!) for individual rings and their averages and energy of the polyacenes are shown in Table 

4.1. 
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Table 4.1 The Values of HOMA, NICS(O), NICS(I), total HOMA, Average NICS, HOMO
LUMO Gap(L1EHL) and Energy of the Coupler 

Coupler 

I 

Ring A B c D 
Average(NICS)/ 
Tota1(HOMA) 

HOMA 0.60 0.68 0.60 --- 0.69 
NICS(O) -7.52 -11.19 -7.52 --- -8.74 

Energy(a.u.) 

3.55 1 -539.56432 

I 
I 

I Set NICS(I) -9.53 -12.55 -9.53 --- -10.54 
A r---~-H~07M7A~+-~0~.8~4~~~0-.4~2~r-~0~.8~4~r--_-__ --~-----0~.~72~----~--~r---------~ 

II NICS(O) -8.81 -5.50 -8.81 --- -7.71 4.67 -539.57253 
NICS(l) -10.68 -7.97 -10.68 --- -9.78 

-693.20676 
HOMA 0.51 0.59 0.59 0.51 0.64 

-~~~~~~-+-----~~-----
NICS(O) -6.73 -11.02 -11.02 -6.73 -8.88 

~~~~+-~--~------r-----~----~~------------
NICS(l) -8.85 -12.39 ·-12.39 -8.85 -10.62 

III 2.75 

HOMA 0.72 0.25 0.87 0.68 0.66 I 

1-:-N--::-::IC-=-=S('::-:-0"--) +---,.:-:8 .--=-:6::-:-5 --+--.....:.3,.:..:.5:-=::9-+----=1-=-:0c.::..3,.:-5 -+---.....:.8__:..3::=:2-+---------7'-=. 7.::=:_3 ___ ----l~j 3. 72 
NICS(!) -10.51 -6.37 -12.0 -10.23 -9.78 

IV -693.21982 

Set HOMA -1- 0.88 I 0.88 0.03 0.88 0.71 I I 'I 

v NICS(O) I -8.08 -7.81 -1.70 -·8.03 -6.41 -1 4.84 I -693.22077 I 

B i I NICS(l) -r -10.09 I -9.98 I ----4-.8---9---+-_-l-0---.0--2--1t=·-- -8.75------~ I I 

l
!r--~--H-0-M~A~-~-0.-82--+--0.-5.-3-+--0-.5-3-_4_ --0-.8-2--~~------_-0-.6-8-_~=·=f 1 \ 

VI NICS(O) -·8.64 ·-6.1 0 -6.09 -8.64 I =97 .. 3."'(7) _J 4.21- I -69-3.22310 _jl' 
. . NICS(!) -l 0.57 -8.44 -8.43 -10.57 , I 

l
l ·_VII. HOMA I 0.76 . ~ .. 0.30- ---,0---.3:-c:O--·t-----0-.7c-c6-.. 0.55 I~ I ~I 

~ NICS(O) -9.35 -6.73 -6.73 -9.35 -8.04 21 II --6693.20686 
1 NICS(l) -·10.92 -8.64 --=8.64 -10.92 -9.78 

Clar' s rule states that the Kekule resonance structure with the largest number of disjoint 

aromatic rr sextets, i.e., benzene-like moieties, is the most important for the characterization of 

the properties of polycyclic aromatic hydrocarbons (PAHs). 18
·
19 Aromatic rr sextets are defined 

as six rr electrons localized in a single benzene-like ring separated from adjacent rings by formal 

C-C single bonds. Following this analogy, we explain the aromatic behaviour of the coupler 

considering the resonance structure having highest number of possible sextets at a time (Figure 

4.2). It is expected that the rings enclosed by a n sextet have higher local aromaticity. From 

Figure 4.2 it may appear that for coupler I the rr electrons can be delocalized over the three rings 

equally; i.e., all the rings should have equal aromaticity according to sextet theory. But we get 

the middle ring to be more aromatic than the side rings, which can be seen from the HOMA and 

NICS values (Table 4.1 ). This could be explained easily in the light of sextet migration theory 

given by of Klein and coworkers. 45
,4

6 According to this theory when the sextet is in the middle of 

polyacene then it can migrate to both the sides of polyacene providing the middle ring more 

aromaticity. On the other hand phenanthrene which is an isomer of anthracene, contains two 

aromatic sextets in the terminals and these are localized and consequently the side rings have 
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higher values of NICS and HOMA than the central one. It is never possible to have a sextet (to 

generate a ring current) in ring B in case of phenanthrene and consequently the NICS values are 

too low for ring B. Therefore, from the local aromaticity point of view HOMA and NICS 

correlate well with the sextet theory. 

000(:00 000~ 
Ia lb lc ll 

I!lc 

Vla Vlb 
Vlc 

Vllb Vllc 

Figure 4.2 Representation of seven poly aromatic hydrocarbons and their Clar structures with 

the corresponding ring labels. Clar's aromatic n sextets are indicated with circles. 

Next we consider the four membered polyacenes in a similar way. In case of polyacene 

III we see that the HOMA and NICS values of middle rings (B and C) are higher than that of 

sides. This can also be explained by the sextet migration theory as before. In case of polyacene 

IV the ring B has abruptly low HOMA and NICS values. If we look at the Clar structures of IV 

in Figure 4.2, we can see that in ring B it is impossible to generate a sextet or ring current and 

hence, the low HOMA and NICS values in ring B is observed. For the same reason, ring C of 

polyacene V has low HOMA and NICS values. For polyacene VI and VII the middle rings are 
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less aromatic than sides. From Figure 4.2 it is obvious as sextet appears lesser number of times in 

ring Band C. 

As the HOMA can be calculated for total molecule, we have compared the total 

aromaticity ofthe polyacenes with respect to total HOMA and average NICS. From Table 4.1 we 

can see that the total HOMA and average NICS predict opposite results. Therefore, we should 

justify which one is more appropriate in this case; the energy values of the polyacene can give us 

an insight. From Table 4.1 it is clear that the energy value of linear polyacene is higher than the 

angular one which suggests that the angular polyacene is more aromatic which is well correlated 

with HOMA values. The inadequacy of NICS to determine aromatic nature in some cases is also 

noted by other groups.47 Therefore, we have compared the total aromaticity of the polyacene by 

HOMA values. The reliability ofHOMA index in this case is also supported another way that the 

HOMA is a geometry based aromaticity index and here also the polyacenes are geometrically 

different from one another. The total HOMA value of phenanthrene is higher than that of 

anthracene. This can be explained as anthracene contains one Clar sextet but phenanthrene 

contains two sextets at a time (Figure 4.2). The total HOMA values of the angular polyacenes are 

higher than that of linear one except VII. The low HOMA value of polyacene VII is due to its cis 

and nonplanar structures (angle between two terminal rings is 18.4°). The high energy value of 

polyacene VII can also explain its low HOMA value as well. We have also calculated the 

HOMO-LUMO gap of the polyacene and find that the gap is greater for the angular polyacene 

than the cotTesponding linear polyacene; i.e., the linear polyacenes are more reactive. Therefore, 

we have seen that the linear polyacenes are less stable, less aromatic and highly reactive than the 

angular one. In the next sections we discuss how the aromaticity and stability of the polyacene 

couplers will affect the magnetic interaction in polyacene coupled diradicals. 

4.3.2 Magnetic exchange coupling constant of the polyacene coupled diradicals 

We have designed seven nitronyl nitroxide based diradicals (Figure 4.3) coupled with 

above mentioned polyacenes (Figure 4.1 ). The magnetic exchange coupling constant J (Table 

4.3) has been determined by using equation 4.2 for all the diradicals. From Table 4.2 we can see 

that the highest magnetic exchange coupling constant comes out for the linear coupler, whereas 

for corresponding angular coupler it is very low, although they have same number of carbon and 

hydrogen atoms and same number of rings. Only difference is in their arrangement. As the 
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aromaticity of the linear and angular polyacenes are different consequently the coupling constant 

of the diradicals. Therefore, it is obvious that the aromaticity of the coupler directly affects the 

extent of magnetic coupling constant. We rely on HOMA values to analyze the effect of the 

aromaticity of the couplers on the magnetic coupling of the diradicals. We have found that the 

less aromatic linear coupler gives the high magnetic exchange coupling constant. The HOMO

LUMO gap of the coupler (Table 4.1) is less for linear polyacene than its angular analogue and 

the coupling constant is higher when the coupler is linear. Therefore, couplers with low HOMO

LUMO gap facilitate the higher magnetic coupling constant. The coupler VI and VII have the 

same HOMO-LUMO gap and same coupling constant. Thus, we can say that less aromatic 

coupler with low HOMO-LUMO gap will be the promising candidate to design diradical based 

organic magnets. 
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Figure 4.3 The diradicals under study. 
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The SOMOs are mainly responsible for magnetic interaction m diradicals through 

itinerant exchange.22
-
26 It has been said that the low SOMO-SOMO gap or degenerate SOMOs 

produce high magnetic exchange coupling constant. 22 The SOMO-SOMO energy gap and the 
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HOMO-LUMO energy gap for the designed diradicals are listed in Table 4.3. From Table 4.3 we 

observe that for diradical 3 SOMO-SOMO gap is highest and J value is also maximum among 

the series. The diradical 7 has the degenerate SOMOs with lowest exchange coupling constant. 

So, the SOMO-SOMO gap is not only the determining factor there must be some other reason. If 

we look at the HOMO-LUMO gap of the diradicals (Table 4.3) it is surprising that the HOMO

LUMO gap is lowest for diradical 1 and 3 for three and four member rings in the coupler. Now, 

we can say that there is an important role of LUMO to determine the extent of magnetic 

interaction of diradicals. To ensure this analogy we are going to the next subsection to discuss 

this issue in details. 

Table 4.2 UB3L YP Level Absolute Energies in a.u., (52 ) and Intramolecular Exchange
Coupling Constant (J cm-1

) Using 6-31 +G(d) Basis Set, for the Diradicals ( 1-7) 

iradical Triplet 
~----------r--:-----=1--

BS J(cm·) 

~.: -1606.00764 -1606.00742 

1 -r= 47.33 
1.12 L-1 (S

2
) - 2.14 

!--·-----I E -1606.01601 -1606.01590 
18.03 

I 

2 
(S 2 ) 2.13 1.12 

B 

E -1759.64745 -1759.64715 
3 -- 63.31 

k 
(52) 2.17 1.13 

E -1759.66004 -1759.65996 
17.38 

(52) 2.13 1.12 

E -1759.66331 -1759.6623 
5 17.56 

(SZ) 2.12 1.12 

E -1759.66342 -1759.66336 
13.16 6 

(S 2 ) 2.12 1.12 
r-----E-~-1759.65373 I -1759.65365 ------~ 

7 --- ------ l3 .04 
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Table 4.3 The Energy of SOMOs and LUMO in a.u. and Their Differences in eV at UB3LYP 
Level Using a 6-31 +G( d) Basis set for the Diradicals 

Diradical EsoMOI 
EsoMoz 

EwMo .1Ess(eV) .1EHL(eV) 
(EHoMo) 

A 
1 -0.19681 -0.19679 -0.08409 0.0 3.07 
2 -0.19724 -0.19642 -0.07040 0.02 3.43 
3 -0.19724 -0.19053 -0.09462 0.18 2.61 
4 -0.19753 -0.19667 -0.08075 0.02 3.15 

B 5 -0.19758 -0.19631 -0.07155 i 0.02 I -i 3.41 i 

._l; 
I 

-0.19815 -0.19689 -0.07240 0.03 3.39 
-0.19667 

-~ t--
-0.19667 -0.07552 0.0 3.30 

4.3.3 Mechanism of magnetic interaction 

distribution of molecular orbital is an important issue in magnetism, electronic 

transport etc.48 spatial distribution of the molecular orbitals of all the diradicals are presented 

in Figure 4.4. From Figure 4.4 we can see that all the SOMOs are reside on different atoms 

(except diradical 1) and all the diradicals are ferromagnetic. Table 4.3 tells us that all the 

diradicals have low SOMO-SOMO energy gap except diradical 3. The diradical 7 has degenerate 

SOMOs. However, the magnetic exchange coupling constant of all the diradicals are very low 

except for diradical 3. If we look into the spatial distribution of LUMOs we can see that LUMO 

resides in the middle of SOMOs except diradical 3. For diradical 3 SOM02 and LUMO share 

the same spatial position in the molecule. In case of diradical 3 although the SOMO-SOMO gap 

is high but HOMO-LUMO gap is low and SOM02 (HOMO) and LUMO share same spatial 

position. Therefore, it is easier to exchange the unpaired electrons of SOMOs through LUMO. 

That is the reason for high exchange coupling constant of diradical 3. Thus, we can say that the 

itinerant exchange may occur through LUMO. To establish this correlation we have computed 

the electron occupation in LUMO (Table 4.4). 
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Spatial distribution of molecular orbitals. 

Occupation Diradical Their Triplet State 

I HOM0-1 HOMO 
' Diradical HOM0-2 

(SOMO 1) I (SOM02) LUMO I LUMO+] I 
-- I 

1 1.966 1.0 1.0 I 0.034 0.029 I A --f-

2 1.971 1.0 1.0 0.029 0.028 
,.., 

1.958 1.0 1.0 0.042 0.030 .) 

4 1.970 1.0 1.0 0.030 0.028 
8 5 -----=t l~= I 1.97~ I 1.0 ___ I~- 0.028 0.028 j 

I 
6 1. 97 4. I 1.~-+ 1.0 o.028 o.o28 I --
7 1.971 I 1.0 I 1.0 _j_ 0.029 b.028 j 

'--
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From Table 4.4 we can see that the HOM0-2 has occupation less than 2 and LUMO, 

LUMO+ 1 have some occupation. Therefore, it can be believed that LUMO takes part in the 

exchange mechanism. Here, we can see that in case of diradical 1 and 3, LUMO has the highest 

occupation in their respective series (A and B) and hence highest exchange coupling constant. 

Therefore, one can say that the itinerant exchange between two radical centers in diradicals 

occurs through LUMO. The LUMO mediated super exchange has also been reported by Browne 

et al. in case ofCT complexes.49 

4.4 Conclusions 

In this work we study the effect of aromaticity of linear and their corresponding angular 

polyacenes on the magnetic exchange of polyacene coupled diradicals. We have seen that the 

linear polyacenes are less aromatic compared to the angular one. The variation of aromaticity of 

the polyacenes cannot addressed by NICS but the HOMA values explain aromatic nature 

precisely these systems. HOMA being a geometry based index, naturally it can describe the 

aromaticity due to change geometry a better way. We have found that the less aromatic 

linear coupler with low HOMO-LUMO gap is appropriate for getting high magnetic exchange 

coupling constant of designed diradicals. As the SOMO-SOMO energy gap cannot appropriately 

address the magnetic exchange coupling constant, we concentrate on the HOMO-LUMO gap of 

the diradicals which now can adequately explain the extent of magnetic exchange coupling 

constant. To illustrate the mechanism of itinerant exchange and to investigate the role of LUMO 

we plot the spatial distribution of MOs. We find that the position of LUMO in the diradical plays 

an important role in the extent and mechanism of magnetic interaction. If the SOMOs and 

LUMO cover the whole molecule and SOMOs and LUMO have the same spatial position, 

magnetic exchange is facilitated through LUMO. The occupation number of LUMO also 

suggests through LUMO magnetic exchange interaction in the diradicals. 
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