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manner as to reduce the stabilizing influence of the 
methyl group. For these reactions the energy threshold 
for C-C bond cleavage is apparently below that for 
C-H bond cleavage.18 

An intriguing feature of the induced fragmentations 
exemplified in reactions 1, 4, and 7 is that they provide a 
convenient and facile means of generating proton-
bound dimers for further investigation, including 
particularly displacement reactions. Hence it is of 
interest to note that even though the basicity of form­
aldehyde (as measured by its proton affinity) is 
greater than that of either methyl fluoride or water, 
ethanol preferentially displaces methyl fluoride in 
reaction 2 and formaldehyde in reaction 5 . u Inter­
mediate I would provide a particularly favorable (and 
noncompetitive) pathway for the displacement of 
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formaldehyde from the proton-bound dimer of formal­
dehyde and water. 

It is apparent from these observations that the strong 
hydrogen bond plays an important role in bimolecular 
reactions. Decomposition processes are rendered exo­
thermic by virtue of the unusual stability gained in the 
product ions by the formation of a strong hydrogen 
bond. We are currently investigating the generality 
of these processes as well as the chemistry of the proton-
bound dimers which they produce. 
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Parallel Spin Coupling via a Three-Atom 
Covalent Bridge in 
Di-M-thiocyanato-tetrakis(ethyIenediamine)dinickel(II) 
Iodide 

Sir: 

In all of the known cases of parallel (i.e., ferromag­
netic) spin coupling in cluster complexes, e.g., [Ni3-
(acac)e]1 and [Ni4(OCH8MaCaC)4(CH3OH)4J,2 the ex-
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Figure 1. Schematic illustration of the structure of [Ni2(en)4-
(SCN)2]I2. 

change interaction takes place between two metal atoms 
linked by monatomic bridges and separated by ~ 3 A. 
In the present communication we report the remarkable 
finding of ferromagnetic coupling, with an exchange 
integral J = 5 cm -1 , between two Ni atoms in di-
M-thiocyanato-tetrakis(ethylenediamine)dinickel(II) io­
dide. The two Ni atoms are separated by 5.8 A and 
are linked by two three-atom covalent bridges (NCS -),3 

as illustrated schematically in Figure 1. Not only is 
this result unique for cluster complexes, but we believe 
that it is also novel for lattice ferromagnets. The 
closest analogy we are aware of for the latter class of 
compounds is the ferromagnetic interlayer interactions 
in CrBr3,

4 and the intermolecular interactions in bis-
(Ar,Af-diethyldithiocarbamato)iron(III) chloride.5 The 
former act via two intervening Br - ions over a distance 
of 7.05 A, but the coupling parameters are only ~0.08 
cm -1, two orders of magnitude smaller than the effect 
we report here. The latter act between iron atoms 
about 7 A apart over the path Fe—S • • • S—Fe with J ~ 
0.5°. 

[Ni2(en)4(SCN)2]I2 was prepared6 by crystallization 
from an aqueous ethanolic solution (50% v/v) contain­
ing equimolar amounts of [Ni(en)2(SCN)2] and NaI. The 
product was twice crystallized from aqueous ethanol 
and found to analyze correctly. Magnetic susceptibility 
measurements were made between 1.5 and 30O0K with a 
null-coil pendulum magnetometer7 on three different 
samples contained in gelatin capsules. A magnetiza­
tion curve determined at 1.650K over the range 1-15.3 
kOe showed the susceptibility to be field indepen­
dent. A typical set of results is shown in Figure 2 
in the form of plots of jueff = 2 . 8 2 7 3 ( X A T ) and 1/XA'-
XA' IS the susceptibility per gram atom of Ni and in­
cludes a diamagnetic correction8 (xa = —157 X 1O-6 

cm3 g atom -1). The estimated uncertainty in ^eff, 
indicated by the error bars in the figure, is ± 0.05 BM. 

At 292°K, MeS = 3.04 BM. As the temperature is 
decreased, êff gradually increases until a maximum 
value of —3.3 BM is reached at ~20°K. Below 70K, 
Hett decreases rapidly, reaching 2.37 BM at 1.650K. 
An S' = 2 state of a nickel dimer, in which all four eg 
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TEMPERATURE (0K) 

Figure 2. Temperature dependence of Meff (BM) per Ni atom and 
l/XA'for[Ni2(en)4(SCN)2]I2. 

spins are coupled parallel, corresponds to a ij.eS of 
3.46 BM per Ni atom for g = 2. Our results suggest 
that the dimer molecules are in a state of total spin S' 
= 2 below ~20°K, but the full value of yueff is not 
observed because of a lattice antiferromagnetic inter­
action which causes the observed decrease in moment 
at low temperatures. This conclusion is supported 
by comparison of the experimental results with the 
susceptibility equation for a nickel dimer 

3 * r 1 + 5e"<kT 1 
XA - T _ 0|_3 + 5eu/kT + e-2J/krJ + ^v« 

where J is the exchange integral, Na is the temperature-
independent paramagnetism, K = g2N(32/3k, and 8 
is an effective Weiss constant included to take account 
of weak lattice interactions. The three sets of data 
were treated separately; the least-squares best fit to 
the susceptibility equation is obtained for J = 7.4-8.1° 
(=5.1-5.6 cm-1), g = 2.08-2.13, and 0 = - 2 . 2 to 
-2 .0° with Na fixed at 200 X lO"6 cm3 g-atom-1. 
Figure 2 shows the comparison between experiment 
and theory; the agreement is satisfactory. 

Further support for the conclusion that the two Ni 
atoms in [Ni2(en)4(SCN)2]I2 are ferromagnetically cou­
pled to give an S' = 2 molecular ground state, and that 
the dimer molecules in this ground state engage in a 
lattice antiferromagnetic interaction, is provided by 
the magnetization curve ((n) dimer vs. H) determined 
at 1.650K. The curve is linear and may be fitted to 
the molecular field theory equation 

g'/SS'QS" + DH 
Wdimer - ^ j , _ ^ 

for g = 2.10, 9 = - 2 .7 ° , and S' = 2, in agreement 
with the results described above. 

In view of the long Ni-Ni distance in [Ni2(en)4-
(SCN)2]I2, it is clear that the exchange coupling must 
take place via the bridging thiocyanate groups. By 
analogy with the molecular orbital description of the 
isoelectronic molecule CO2,

9 the ground state of N C S -

may be written as (2sN)2(3ss)
2(o-s

b)2(OV:^b)4(>z,v)4, 
where the w orbitals are of the form irj° = Ci2p„N + 
c22paC + c33psS and irv = c42pj,N — c53pyS, and the a 
orbitals are <rs

b = c62sc + c72pzN + c83pzS and az
h = 

Cg2pZN + Ci02pzC + Cn3pzS. From the point of view 
of Anderson's expanded-orbital theory,10 assuming an 

(9) R. S. Mulliken, J. Chetn. Phys., 3, 720 (1935). For a simplified 
description see H. B. Gray, "Electrons and Chemical Bonding," W. A. 
Benjamin, New York, N. Y., 1964, pp 95-100. 

idealized geometry with linear thiocyanate bridges and 
90° N-Ni-S angles, the pathways for ferromagnetic 
coupling may be written eg(NiI)||o-3

b_L7ri/
b||eg(Nin), eg-

(Ni1)Uo-^J.7r„|Ie8(Nin), Cg(Ni1)Ho-S15J.Tr^j)eg(Nin), and 
eg(Nii)||o-s

b.l7rj,||eg(Nin), where || symbolizes overlap 
and _L represents orthogonality. The first of these path­
ways is exactly analogous to the principal pathway 
for ferromagnetic coupling in a monatomic 90° Ni-
X-Ni bridge where a 2pj, atomic orbital is used instead 
of the three-center 7r„b orbital.11 The other pathways 
are not present in a monatomic bridge, but occur here 
because the thiocyanate bridge is polynuclear. 

It is particularly interesting to compare the exchange 
coupling in [Ni2(en)4(SCN)2]I2 with that in [Ni2(en)4-
Cl2]Cl2. The latter compound has a dimeric cation12 

with two Cl bridging atoms. The Ni-Cl-Ni angle 
was not reported in ref 12, but is not likely to deviate 
much from 90°. As expected, magnetic measure­
ments show the molecular ground state to have S' = 2. 
From the susceptibility vs. temperature curve we find J 
= 13° ( = 9 c m - 1Ig = 2.15, and6 = - 2 .2° . 

We conclude that the essential requirement for ferro­
magnetic coupling between Ni atoms is the availability 
of connecting orbitals of proper symmetry. If the 
connecting orbitals are multicenter molecular orbitals, 
the coupling can take place over long distances and 
through polyatomic bridges. 
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Induced Circular Dichroism in Cholesteric 
Liquid Crystals 

Sir: 

During the past decade or so, there have been several 
reports of induced optical activity in inactive molecules 
either complexed to polypeptides while in a helical 
conformation1-4 or noncomplexed in chiral solvents,56 

or as aggregated dyes.7 This phenomenon has also 
been used for determining optical purities and absolute 
configurations.8,9 

We wish to report that optically inactive mole­
cules become chiral when dissolved in cholesteric 
liquid crystals, as detected by circular dichroism in 

(1) E. R. Blout and L. Stryer, Proc. Nat. Acad. Sci. U. S., 45, 1591 
(1959). 

(2) L. Stryer and E. R. Blout, J. Amer. Chem. Soc, 83, 1411 (1961). 
(3) E. R. Blout, Biopolym. Symp., No. 1, 397 (1964). 
(4) S. F. Mason and A. J. McCaffery, Nature {London), 204, 468 

(1964). 
(5) B. Bosnich, / . Amer. Chem. Soc, 89, 6143 (1967). 
(6) L. D. Hayward and R. N. Totty, Chem. Commun., 616 (1969). 
(7) R. A, Berg and B. A. Haxby, MoI. Cryst. Liquid Cryst., 12, 93 

(1970). 
(8) W. H. Pirkle, J. Amer. Chem. Soc, 88, 1837 (1966). 
(9) W. H. Pirkle and S. D. Beare, ibid., 90, 6250 (1968). 

Journal of the American Chemical Society / 93:22 / November 3, 1971 


