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Magnetic interactions in alkyl substituted cyclohexane diradical systems have been investigated within the
framework of spin flip density functional theory. The investigations suggest a ferromagnetic interaction for
both the alkyl substituted cyclohexane-1,3-diyls and cyclohexane-1,4-diyls. However, in the case of
cyclohexane-1,3-diyls, the ferromagnetic interaction is much stronger than its 1,4 analogue. Interestingly, it
has been observed that this interaction is reduced to almost half the value from the butyl to the decyl substituted
unit relative to the lower homologues up to the propyl substituted unit in cyclohexane-1,3-diyls. On the other
hand, in case of alkyl substituted cyclohexane-1,4-diyls, the ferromagnetic interaction for the higher homologues,
i.e., butyl to decyl substituted units, substantially reduces to alme&ttBnes the value of its lower homologue
(methyl and ethyl substituted unit). In both these cyclohexane diradical systems, beyond butyl substituted
unit, a saturation effect in the magnetic coupling constant (J) value is observed. The rapid decrease followed
by a saturation in the singtetriplet gap andl as well may be explained by considering positive inductive
effect of the alkyl substituent.

Introduction diradicals among which conjugated systems are the ones that
gain a lot of importance. In an earlier work, Borden and
Davidsor! provide a vivid description about the spin states of
some small cyclic conjugated organic diradicals containiag 4
electrons. Later on, Prasad et'alnalyzed the nature of the
coupling of spins in various conjugated diradicals and studied
the effect of thes-electronic framework on spin coupling
strength. The¥? also developed a model to predict the singlet
triplet energy gaps using spin densities and the number of
electrons involved in coupling pathway.

Recently there has been interest in several radical systems
for enhanced nonlinear optical (NLO) properties. Ohta éb al.

role in biological processes and served as energy-transferreported the second hyperpolarizabilities for singlet diradicals

intermediates in the process of photosynthesis. These systeméf‘“th two phenalenyl radical rings connected by acetylene and

also play a significant role in the field of photochemistry. Adam vinylene Iinkers.'They have ‘?”?P'Oyed hybrid density functional
et al’ reported a quantitative study of the trapping of diradicals theory and provide the possibility of a novel control scheme of

with oxygen. This oxygen trapping is very important to thgse_response_pro_perties for phenalenyl rad?cal systems by
understand their lifetime properties, which in turn is useful in 2dusting the diradical character and the spin multiplicity.

16 . e
realizing the two-photon processes that involves the excitation Nakano et al:? in their ?Ieg"j.mt work h|gh_||ghted the h_uge
of photochemically generated long-lived diradicals enhancement observed in third order nonlinear properties for

A lot of experimentd=1° as well as ab initio theoretical symmetric open-shell diradical systems. They also reported that
investigation&-14 have been performed on various diradical this enhancement is related with ferromagnetic and antiferro-

systems. Very recently, Rajca et®akported the synthesis and magne_tic interactions and it opens up a p_romising new area for
magnetic characterization of an aminyl diradical having triplet d‘?s'gn'_“g novel 7th|rd-order NLO materials. Very recently,
ground state. This system possesses strong ferromagnetiéq'nk.evICIus et af presenteq response theory.based on spin-
coupling and provides a pathway for the synthesis of high-spin restngted .KthrSham form?"'sm for computing tl'me-depgndent
aminyl polyradicals. Koivisto et dlsynthesized the first-dimer and time-independent nonlinear optical properties for high-spin
of a verdazyl radical via intramolecular association of two _molecul_es. In_another recent _worl_<,_sp|r_1-ﬂ|p configuration
verdazyls connected to a ferrocene moiety. In another work, interaction (SF-CI) methqu with finite field scheme were
Adam et alt® reported the photochemical generation and unusual emplqyed tq calculgte §tat|c second-order hyperpolarizabilities
persistence of the first hydrocarbon hexaradical containing threeOf various singlet diradical systerfs. ) . .
localized triplet diradicals connected by a ferromagnetic coupler.  Although there had been a lot of studies on conjugated organic
Several theoretical studies have also been carried out onf2dicals, investigations on the nonconjugated systems are very
few.1314 This may be attributed to the following two factors.

* Corresponding author. E-mail: swapanchem@yahoo.co.in. Fax: 91- FirSt_ is the higher _reaCtiVity of these nonc_onjUgated systems
33-23519755. relative to their conjugated counterpart, which make them less

A diradical is a molecule with two weakly interacting
unpaired electrons centered on different sites within the
molecule! Apart from their high reactivity and usual occurrence
as intermediates in many organic reactions, diradicals draw
substantial degrees of attention owing to their many amazing
and versatility features. They served as building blocks for high-
spin polyradicals, molecular magnets and plastic magnetic
materials?~® In his review article, Rajc# highlighted the spin
coupling in various stable diradicals as well as polyradicals,
the understanding of which is of great significance in the design
of new and novel magnetic materi&lBiradicals play a crucial
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acquiescent to experimental studies. Second is the weaker spin a R R
interaction between the radical centers that are separated by

saturated carbon atoms in nonconjugated radical systems.

However, Chiarelli et a}° reported a significant intramolecular R =-(CHp)4CHy n = 1-10
spin interactions between the nonconjugated radical sites in b
Dupeyredioxyl crystals. Nonconjugated radicals are of interest

in the “ferrocarbon” model for organic ferromagnétsSpin

interactions in some nonconjugated organic di- and multiradical

systems using semiempirical quantum chemical methods have

also been carried odt. Their results indicate a strong depen- R = (CH RCH h = 1410

dence of the spin coupling on relative disposition of spin-bearing _. | REACHCHin=1- _

orbitals. To highlight this dependency, cyclohexane-1,3-diyl was Figure 1. Schematic representation of (a) alkyl substituted cyclohex-
chosen as the model system, which is an interesting prototypeane'1’3'd'yls and (b) alkyl substituted cyclohexane-1,4-diyls.

for experimental studies. In another work, Datta et“al. At this point it is highly instructive to mention that, of the

performed some ab initio calculations on nine organic diradicals yarigus spin flip methods, we used the methodology adopted

to find out their ground state spin multiplicities. One of the by Neesé&? which is quite similar to that adopted by the group

diradicals is 2,3-bis(methylene) cyclohexane-1,4-diyl with the of Agren24 The SF-DFT technique for generating the BS

cyclohexane framework where the unpaired electrons are locatedsqg|ytion is implemented in the ORCAsuite of programs. All

at 1 and 4 positions of cyclohexane ring system. calculations related to magnetic interaction studies have been
Although the diradical community is enriched with several performed using the B3LY82type hybrid functional with 20%

high-level investigations based on their reactivity and lifetime HF exchange and 6-311® basis set.

and ground state stability (singlet or triplet), the evaluation of

magnetic interaction strength is very limitédin the present Results and Discussion

study, we focus our attention on how the introduction of alkyl

groups on the two radical centers in cyclohexane-1,3-diyl and

cyclohexane-1,4-diyl affect their magnetic interactions. To find

out the strength of magnetic interactions, we have taken up spin

flip density functional theory (SF-DFT) as prime investigating

tool.

R

A schematic representation of the alkptR = —(CHy)n-1-
CHs, wheren = 1-10) substituted cyclohexane-1,3-diyl and
cyclohexane-1,4-diyl are given in Figure 1a,b, respectively. The
optimized coordinates for each of these systems are given in
the Supporting Information.

In general, the exchange coupling constantcan well be
. . explained by the famous Heisenbeifgirac—van Vleck Hamil-
Computational Details tonian as

The geometry optimization for all the alkyl substituted N PP
cyclohexane diradical systems (with the diradical centers at 1,3 Hiow = —218Ss 1)
and 1,4 positions) have been carried out using semiempirical
(AM1) methods implemented in GAME%%program package
at the spin polarized level. As the system size became larger
with higher alkyl substituted diradicals, we confined ourselves
to the semiempirical level of theory for their optimization.

Evaluation of magnetic coupling constadi,is one of the

whereS, and & are the spin operators of the two interacting
sites A and B, respectively. In the BS formalism, Noodleman
et al3%31 estimated this coupling constant after obtaining the
unrestricted solutions for the determinants of high-spin (HS)
(Ms = Sy + ) and BS spin stateMs = |Sa — Ss]) as

ways to measure ferromagnetic or antiferromagnetic interactions E.s — Eas
in a system. A positive] value indicates a ferromagnetic JNooDLEMAN = — 5 2
interaction whereas systems with antiferromagnetic interaction Snax

show negative value af. To calculate the coupling constait,

along with other parameters of interest including those of overlap WhereEns andEgs are the energies of the HS and BS spin states,

integral between magnetic orbitals and diradical character, we respectively. Noodleman’s equation (eq 2) is valid only for the

adopted the spin flip (SF) approach. weak coupling region. To solve this problem and to generalize
The SF technique is a very useful and efficient way for the above equation over the entire coupling regime, Yamaguchi

generating the broken symmetry (BS) solution in systems with €t al****obtained the following expression for

unpaired electrons. In this approa@#?the spin up (e.g.q)

and spin down (e.gf) densities of a converged high-spin (HS) Iy avacucH = — M (3)
state are combined to yield total density and spin density s — Flds

matrices. The obtained spin density matrix is then modified by

changing the sign of the matrix elements (theand 5 spin where the spin expectation values for the HS and BS determi-

blocks of densities are exchanged) of any one of the radical nants appear in the denominator. The Yamaguchi equation (eq
centers. Using this modified spin density matrix and the total 3) reduces to Noodleman’s equation (eq 2) in the weak coupling
density matrix obtained, initial guesses for batandg densities limit.

for the BS state are generated. It is also to be noted that Krylov  In the present investigation, to evaluate the magnetic coupling
and co-workers?526adopted another approach (spin flip time constant,J, in these alkyl substituted diradical systems, we
dependent DFT: SF-TDDFT) that is capable of treating follow both the above-mentioned formalisms of Noodleman and
multiconfigurational situations without invoking BS solutions. Yamaguchi via the method of SF-DFT. Figure 2 illustrates the
In thei SF-TDDFT method, a reference HS stath & 1) is variation ofJ with the side chain length for alkyl substituted
taken and the target singlet and triplet statds € 0) are then cylcohexane-1,3-diyls. A ferromagnetic (FM) interaction (posi-
described in terms of the reference HS state and an excitationtive J value) is observed for all these systems; however, the
operator which flips the spin of an electron. interaction gradually decreases up to the butyl umit(4) and
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750 TABLE 1: Values of Different Parameters of Interest for
] Alkyl (—R = —(CH2)n-1CH3, Where n = 1—-10) Substituted
] - Cyclohexane-1,3-diyls
7004 \_ Y Y
i Lo d Cion2 CT2 RBS
- ] substituent{R)  n Sar (%) (%) (%)
] R R methyl (—Me) 1 002125 0.02 49.98 99.95
] ethyl (—Et) 2 0.05043 0.13 49.87 99.74
600 \ propyl (—Pr) 3 0.05443 0.15 49.85 99.70
o 1 butyl (—Bu) 4 0.05670 0.16 49.84 99.68
£ - » S— pentyl (—Pen) 5 0.05556 0.15 49.84 99.69
g 550 ,ﬁ\ -R=+(CH,),,CH;; n=1-10 hexyl (—Hex) 6 005188 0.13 49.86 99.73
=l ] heptyl (—Hept) 7 0.05254 0.14 49.86 99.72
500 2 \\ octyl (—Oct) 8 005352 0.14 4986 99.71
] \ nonyl (—Non) 9 0.05109 0.13 49.87 99.74
450 ] \ decyl (—Dec) 10 0.04909 0.12 49.88 99.76
] \
] ) e TABLE 2. Values of Different Parameters of Interest for
400] ——1_ R g t——2 Alkyl (—R = —(CHJ),-1CH3, Where n = 1-10) Substituted
1 J-‘"U”LE“-"-" Cyclohexane-1,4-diyls
350 ] YAMAGUCHI Cion2 CTZ RBS
: ) ) ! : , J : ! : substituent{R n ar % % %
0 1 2 3 4 5 6 7 8 9 10 11 R) S G660 G
methyl (—Me) 1 0.06984 0.24 49.76 99.51
n ethyl (—Et) 2 0.07056 0.25 49.75 99.50
Figure 2. Variation of the magnetic coupling constadtin both the propyl (—Pr) 3 0.07290 0.26 49.73 99.47
Noodleman and Yamaguchi formalisms with increasing the side chain  butyl (—Bu) 4 0.06614 0.22 49.78 99.56
length of alkyl substituted cyclohexane-1,3-diyls. pentyl (—Pen) 5 0.06628 0.22 49.78 99.56
hexyl (—Hex) 6 0.06586 0.22 49.78 99.57
then a saturation in thé value is observed up to the decyl heptyl (—Hept) 7 0.06652 0.22 49.78 99.56
substituted unit. Interestingly, the FM interaction reduces to gg‘g’)‘/l((__oN?n) S 8-822?3 8-%% ig;g gg-gg
almost half the value in higher alkyl substituted systems, i.e., decyl (-Dec) 10 006658 022 4978 9955

from butyl (n = 4) to decyl unit o = 10), compared to that of
the lower homologues up to propy! unit € 3). In the case of
alkyl substituted cylcohexane-1,3-diyl, bodhoopLeman and
Jvamacuchi Values are almost same. For the pristine species,

however, lies in the fact that¢"Ois antisymmetric whereas
|2 s symmetric with respect to the exchange of the electrons.
The diradical characteRgs, is another important parameter

i.e., cylcohexane-1,3 diyl (wherR = —H), the interaction that is defined as
between the spins is ferromagnetigdopLeman = 414.85 cn1t
and JyavacucH = 407.37 cnm?) in nature, which was also Res = 1001+ |S,,)(1 — [S,]) (6)

reported in the literaturé!*® This FM coupling of the spins
can easily be understood from the spin polarization picture that
well describes the nature of spin interactions between the two
radical sites in a diradical separated by saturated carbon atom
involving o electron frameworks3

Apart from the calculation af value, several other parameters
of interest, including that of the overlap integr@ly; (=[¢al@sD),
and diradical characteRgs, have also been determined. In
general, the BS wavefunction takes the form as showh in

It is quite clear from eq 6 that fdB,, = O, the percentage of
Rss becomes 100% whereas it drops down gradually to zero as
Ihe value of the overlap integral increases to one. The role of
this overlap integralS,a, is thus of great significance. When it
approaches zero, i.e., in the limit of zero interaction, the BS
state is found to be an equal mixture of both singlet and triplet
states whereas in the strong coupling region, i.e., wBgn
approaches the value of unity, the BS state represents a pure
closed shell state. In an intermediate situation, the BS state is
a variationally determined mixture of ionic and neutral contribu-
tions and the proportions of the individual contributions are
reflected in the value 084
The different parameters, VifSan, Con?, Cr%, andRgas of alkyl
c c=— cr=41-c,2—C (5) substituted cycIohexane_—l,B-dins are given in Table 1. The
o2 "2 onm parametersgion2 and cr? gives the percent character 3§
and|®¢"Clcomponents respectively of the BS wave function. It
The schematic representations of each of the above-mentioneds quite clear from Table 1 that as the value of the overlap
components of the BS wave function, i.B¢°"[] |1¢"Cand|3T0 integral,S,ar increases, the diradical charactBgs along with
(right-hand side of eq 4), are represented in Figure 3a,b for the triplet characteigi? decreases with increase in the side chain
cyclohexane-1,3-diyl and cyclohexane-1,4-diyl respectively. The length. This decrease iRgs values lead to a decrease in the
first componentig°"[is a superposition of two orbitals where  FM interaction and thus can well explain the nature of variation
both electrons are centered on one radical site only and it mayin J values obtained in Figure 2 for the alkyl substituted
be considered as negatively charged, and the other site that i<yclohexane-1,3-diyls.
electron deficient in nature may be considered as positively  Similar kinds of investigations as mentioned above have also
charged. This term accounts for the ionic nature of the speciesbeen performed for the other diradical systems, alkyl-substituted
considered. Within the BS formalism, the other two components, cyclohexane-1,4-diyls. The variation dfobtained from both
namely, neutral singletl¢"() and the triplet componenEs'D) Noodleman and Yamaguchi formalisms are plotted with the side
is pure diradical in nature having each of the two electrons chain length of the alkyl groups in Figure 4. Likewise, for
located on separate sites but with opposite spins. The difference cyclohexane-1,3-diyl, here also a ferromagnetic (FM) interaction

10°°0= |@aBg| = Conl '¢°"0F Col"0" T "0 (4)
with the coefficients

_ Sar 1 2_ 2
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Figure 3. Schematic diagrams o¢f¢°"[] |*¢"and |*¢TClcomponents of the magnetic BS wavefunctigfSfor (a) cyclohexane-1,3-diyl and (b)
cyclohexane-1,4-diyl. Large spheres forming the ring represents carbon atoms and the small ones represent hydrogen atoms.

350 TABLE 3: Calculated Singlet—Triplet Gaps for Alkyl ( —R
] R = —(CH2)n-1CH3, Where n = 1—-10) Substituted
1 Cyclohexane-1,3-diyls and Cyclohexane-1,4-diyls
300 7 Ecyclohexanel ,3—diyls Ecyclohexanel4 diyls
] 1“( substituent £ R) n (kcal/mol) (kcal/mol)
250 ) methyl (—-Me) 1 2.0362 0.9524
1 ethyl (—Et) 2 1.9532 0.8163
. 1 .. R propyl (—Pr) 3 1.5450 0.3643
22004 -R =-(CH,),.,CH;; n=1-10 butyl (—Bu) 4 1.1945 0.1776
=t i pentyl (—Pen) 5 1.1645 0.1476
L ] hexyl (—Hex) 6 1.1830 0.1545
— 150+ heptyl (—Hept) 7 1.1853 0.1499
] 1:‘; B ']M}ODLEMAN octyl (—OCt) 8 1.1922 0.1660
1 SANiEGaR nonyl (—Non) 9 1.1968 0.1591
100 - ' ' decyl (—Dec) 10 1.2038 0.1591
] .{:;.__5___1}_ e andJyamacuch = 226.70 cn1?) is observed. At this point, it
50 is highly instructive to mention that the spin polarization picture
] predicts the unsubsituted cyclohexane-1,4-diyl to be antiferro-
e = magnetic (triplet instability) in naturf®.However, experimental
0 1 2 3 4 5 6 7 8 9 10 11 result$® indicate that cyclohexane-1,4-diyl have triplet stability,
n i.e., ferromagnetic ground state. The experimental result is well

Figure 4. Variation of the magnetic coupling constadtin both the

Noodleman and Yamaguchi formalisms with increasing the side chain

length of alkyl substituted cyclohexane-1,4-diyls.

is observed. The trend observed in the variationl afalues

hexane-1,3-diyls, the ferromagnetic (FM) interaction here
reduced appreciably (almostb times) for higher homologues,

supported by the use of SF-DFT technique in the present

investigation.

Table 2 presents the variation of the parameters, $g,
Cion%, €4, andRgs, respectively, with side chain length of alkyl
substituted cyclohexane-1,4-diyls. The values indicate that as
determined by the above-mentioned formalisms are almost theS,sr increases, both the diradical charactys, and the triplet
same as that of cyclohexane-1,3-diyls. However, unlike cyclo- contribution,cr?, decrease.

Apart from the calculations of all these above-mentioned

parameters, we have also calculated the singtgilet gaps for

i.e., from butyl to decyl substituted unit, compared to that of both alkyl substituted cyclohexane diradical systems, i.e.,
its lower homologues (methyl and ethyl substituted unit). cyclohexane-1,3-diyls and cyclohexane-1,4-diyls. The energy
Beyond butyl units, the effect of side chain length on the change values are determined by taking the difference of BS state and
in magnetic coupling constand, is very small and saturation  high-spin state, i.eEs-t = Egs — Ens. The singlet-triplet gaps

in theJ value is observed. For the unsubstituted diradical (when given in Table 3 clearly indicate the stability of the triplet state
—R = —H), an FM interaction JyoopLeman = 228.37 cntt relative to the singlet for each of these diradicals. A close
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inspection of Table 3 also reveals the fact that as one approachesé . 3 I(a) FE%gjclaégAa.;3\/7V01n§255ira(1:)a)m2kgl, J; R?é'cak S.E;) Cerr?yARggw.A
i i i i em, Int. s . nderson, K. K.; Dougherty, D. A.
higher alkyl substituted system (largk: the singlet tripletgap - f/ "0 5 05e™1 0 585 (¢) Sato, K.: Yano, M.: Furtichi. M.. Shiomi.
at first rapidly decreases gnq beyond bu'FyI substituted unit, the p . Takui, T.; Abe, K.; Itoh, K.; Higuchi, A.; Katsuma, K.; Shirota, 3.
energy gaps are almost similar irrespective of the length of the Am. Chem. S0d 997 119, 6607. (d) Rajca, AChem. Re. 1994 94, 871.

side chain; i.e., saturation is observed. It is well-known that ~ (4) Iwamura, H.; Inoue, K.; Kaga, N\New J. Chem1998 201

(5) Magnetic Properties of Organic Materialsahti, P. M., Ed.; Marcel

alkyl groups/substituents impart positive inductive effect on a popiar New York. 1999,

system (here on the cyclohexane ring). Usually this effect is

(6) (a) Dougherty, D. AAcc. Chem. Red991, 24, 88. (b) lwamura,

more pronounced if the alkyl groups consisting of carbon atoms H.; Koga, N.Acc. Chem. Red.993 26, 346. (c) Miller, J. S.; Epstein, A.

three or four. The initial rapid decrease in the singkeiplet
energy gap andvalue up ton = 4 for both the diradical systems
is mainly attributed to this inductive effect due to which the
triplet state is relatively destabilized. Beyond= 4, however,
the inductive effect of the alkyl groups is very negligible and,
as a consequence, the singl#iplet energy gap as well a¥

J.Angew. Chem., Int. Ed. Endl994 106, 385. (d) Baumgarten, M.; Mien,
K. Top. Curr. Chem1994 169 1.

(7) Adam, W.; Grabowski, S.; Wilson, R. Micc. Chem. Red.990Q
23, 165.

(8) Rajca, A.; Shiraishi, K.; Pink, M.; Rajca, S. Am. Chem. Soc.
2007, 129, 7232.

(9) Koivisto, B. D.; Ichimura, A. S.; McDonald, R.; Lemaire, M. T.;
Thompson, L. K.; Hicks, R. GJ. Am. Chem. So2006 128 690.

values are almost unchanged. Interestingly, the trends observed (10) Adam, W.; Baumgarten, M.; Maas, W. Am. Chem. So200Q

in the singlet-triplet gaps almost exactly match with the trend
observed in the) values given in Figures 2 and 4 for alkyl

6735.
(11) Borden, W. T.; Davidson, E. RAcc. Chem. Red.98], 14, 69.
(12) Prasad, B. L. V.; Radhakrishnan, T.P.Phys. Chem1992 96,

substituted cyclohexane-1,3-diyls and clyclohexane-1,4-diyls, 9232.

respectively.

Conclusions
In summary, we have implemented the SF-DFT appr&ach

(13) Prasad, B. L. V.; Radhakrishnan, T. P.Phys. Chem. A997,
101, 2973.

(14) Datta, S. N.; Mukherjee, P.; Jha, P. P.Phys. Chem. 2003
107, 5049.

(15) Ohta, S.; Nakano, M.; Kubo, T.; Kamada, K.; Ohta, K.; Kishi, R.;
Nakagawa, N.; Champagne, B.; Botek, E.; Takebe, A.; Umezaki, S.-ya;

to generate broken symmetry solution and to interpret the natureNate, M.; Takahashi, H.; Furukawa, S.-ichi; Morita, Y.; Nakasuji, K.;
of magnetic interactions in alkyl substituted cyclohexane Yamaguchi, K.J. Phys. Chem 2007 111, 3633.

(16) Nakano, M.; Kishi, R.; Ohta, S.; Takahashi, H.; Kubo, T.; Kamada,

diradical systems. Ferromagnetic (FM) interactions are observedK.; Ohta, K. Botek. E.; Champagne, Bhys. Re. Lett. 2007, 99, 033001.

for both the alkyl substituted cyclohexane-1,3-diyls and cyclo-

(17) Rinkevicius, Z.; Jha, P. C.; Oprea, C. |.; Vahtras, O.; Agren].H.

hexane-1,4-diyls. However, the FM interaction observed is much Chem. Phys2007 127, 114101.

stronger in the case of 1,3-diradicals than for its 1,4 analogue. , .

(18) Kishi, R.; Nakano, M.; Ohta, S.; Takebe, A.; Nate, M.; Takahashi,
Kubo, T.; Kamada, K.; Ohta, K.; Champagne, B.; BotekJEChem.

Interesting is the observation that although the FM interaction, Theory Comput2007, 3, 1699.

in the case of alkyl substituted cyclohexane-1,3-diyl, is reduced

to almost half the value from the butyl up to the decyl unit

relative to their lower homologues up to the propyl substituted

(19) (a) Chiarelli, R.; Novak, M. A.; Rassat, A.; Tholence, JNature
1993 363 147. (b) Chiarelli, R.; Rassat, A.; Dromzee, Y.; Jeannin, Y.;
Novak, M. A.; Tholence, J. LPhys. Scr1993 T49 706.

(20) Ovchinnikov, A. A.; Shamovsky, I. L1. Mol. Struct(THEOCHEM)

unit, the interactions for alkyl substituted cylcohexane-1,4-diyls 1991 251, 133.

is almost 5-6 times stronger for the lower homologues. Beyond
the butyl unit, there is a negligible effect of side chain length

(21) Mattar, S. M.Chem. Phys. Let2006 427, 438.
(22) Schmidt, M. W.; Baldridge, K. K.; Boatz, J. A.; Elbert, S. T.;
Gordon, M. S.; Jensen, J. H.; Koseki, S.; Matsunaga, N.; Nguyen, K. A;;

on the magnetic interactions for both the alkyl substituted su, S.J.; Windus, T. L.; Dupuis, M.; Montgomery, J.JAComput. Chem.
cyclohexane diradical systems and saturation is observed. Thel993 14, 1347.

rapid change inJ and its saturation beyond = 4 may be
attributed to positive inductive effect of the alkyl substituent.
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of all the alkyl (—R = —(CHy)n—1CHs, wheren = 1-10)
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pubs.acs.org.
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