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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. 

(10) P. W. Anderson in "Magnetism," Vol. 1, G. T. Rado and H. 
Suhl, Ed., Academic Press, New York, N. Y., 1963, Chapter 2. 

(11) See, for example, ref 1, where 90° Ni-O-Ni coupling is discussed. 
(12) A. S. Antsyshkina and M. A. Porai-Koshits, Dokl. Akad. Nauk 

SSSR, 143, 105 (1962). 
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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). 
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Figure 1. Circular dichroism (upper) and absorption spectrum 
(lower): ---, 6.3-,ufilmof 7V-(/7-methoxybenzy]idene)-/>-butylaniline 
(1) (52.5 mg) in 10.0 g of 27.7:72.3 wt % cholesteryl chloride (2)-
cholesteryl nonanoate (3) (right-hand helix); —, 11.7-/i film of 1 
(63.19 mg) in 10.0 g of 90.6:9.4 wt % 2:3 (left-hand helix). 

their electronic transitions, and that potentially chiral 
molecules show a helical stacking preference. 

Cholesteric liquid crystals are known to form macro
scopic helical structures by molecular association 
which can be either left or right handed.10 This helical 
sense can be deduced from the sense of optical rotation 
at a wavelength small in comparison to the critical 
inversion wavelength X0 in deVries' equation.11'12 

While investigating the optical activity associated with 
liquid crystalline mixtures of ^-(p-methoxybenzyli-
dene)-p-butylaniline (1), a room temperature nematic,13 

in cholesteryl chloride (2) with a polarizing microscope, 
anomalous wavelength behavior from that predicted by 
deVries was observed in the vicinity of the anil ab
sorption bands. We have extended our observations 
to clarify this behavior. Figure 1 shows the circular 
dichroism (CD) and absorption spectrum of left-
and right-handed cholesteric mesophases in which 1 
has been dissolved. Selective reflection of circularly 
polarized light of one sense at the cholesteric pitch 
band14 occurs between 500 and 600 m/x while anil 
absorption lies between 220 and 390 m/u. Spectros
copy was performed on thin films of the mesophases 
between 1 in. X Vs in. quartz disks using a Cary 60 
spectropolarimeter and a Cary 14 spectrophotometer 
for the circular dichroism and absorption spectra, 
respectively. It is apparent from Figure 1 that induced 
circular dichroism (ICD) is present, and that the sign 
of the ICD bands in the anil is opposite to that of the 
pitch-band CD of the cholesteric liquid crystal. The 
sign of the ICD bands has been found to be always 
opposite to the pitch-band CD and appears entirely 
independent of solute molecular structure. A variety 
of chemical structures (i.e., azo compounds, aromatic 
ketones, anils) all show this effect, even though the 
solutes are not liquid crystalline themselves. The sign 
of the ICD bands of 1 is dependent upon the sense of 
the cholesteric helix, being positive for a left-hand 
helix, and negative for a right-hand helix. When the 

(10) G. Friedel, Ann. Phys. (Paris), 18, 273 (1922). 
(11) R. Cano, Bull. Soc. Fr. Mineral. Crislallogr., 90, 333 (1967). 
(12) Hl. deVries, Acta Crystallogr., 4, 219 (1951). 
(13) H. Kelker and B. Scheurle, Angew. Chem., Int. Ed. Engl., 8, 

884 (1969). 
(14) J. L. Fergason, MoI. Cryst., 1, 293 (1966). 
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Figure 2. Plot of critical wavelength X0 (y.) vs. weight per cent chol
esteryl chloride (2) in mixture with N-(p-methoxybenzylidene)-/>-
butylaniline (1). 

cholesteric environment is converted to an inactive 
nematic mesophase either by use of a compensated 
mixture of cholesteryl compounds10 or by conversion 
to a nematic mesophase with an electric field,16 ICD no 
longer exists, indicating that a macroscopic helical 
structure, not just a chiral solvent, must be present 
for the induced effect. Molecular ellipticity [6] values 
for the 280-rmx electronic transition in 1 are +55,270 
and —89,421° for the solid and dashed lines. The 
difference in molecular ellipticity values is tentatively 
attributed to a variation in pitch of the cholesteric 
mesophase. This conclusion is supported by the 
observation that the ICD band intensity increased as the 
pitch of a cholesteric mesophase was increased by 
thermal means in a separate experiment. Such a 
relationship between pitch and ICD band intensity 
cannot continue indefinitely, however, since the intensity 
must go to zero when the pitch increases to infinity. 
This dependence requires further investigation. 

It was also observed that compound 1 prefers to 
stack in a right-hand helix, and when added to 2, which 
preferentially forms a left-hand helix, compensation 
results at approximately 70 wt % 2 (see Figure 2) and a 
nematic mesophase results. Preferential stacking of 1 
suggests that chiral conformations are important in 
their effect on the helical structure of cholesteric meso
phases. Interestingly, it was found that naphthalene 
which is not potentially chiral does not affect, in this 
fashion, the pitch of a cholesteric mesophase composed 
of cholesteryl-2-propyn-l-yl carbonate or cholesteryl 
bromide. This is another ramification of our work 
which we intend to pursue. This mechanism of 
induced optical activity could possibly have functional 
importance in biological processes. 

(15) J. J. Wysocki, J. Adams, and W. Haas, Phys. Rev. Lett., 20, 1024 
(1968). 
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