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via localized atomic deformation functions;13 these can, in 
favorable cases, be handled to give a conventional orbital de­
scription. For the phthalocyanine complexes, the Fourier series 
indicates a total derealization of spin density onto the ligand 
of >20%, and we shall discuss these results in detail else­
where.13 

For the binuclear copper(II) complex, the copper atoms 
interact ferromagnetically with an exchange integral of 24 
cm"1;14 the observed density distribution shows no significant 
spin density between the copper atoms (Figure 2), whereas spin 
density is present on the bridging hydroxyl ligands, and this 
indicates that the mechanism of magnetic coupling is essen­
tially one of superexchange. 

Note Added in Proof. Further analysis of the data for 
Cs3CoCl5 to include refinement of the cobalt scattering curve 
shape and consideration of the bias introduced into the Fourier 
maps by an incomplete data set has led to d-orbital populations 
on the cobalt closer to the expected \\. 

Acknowledgments. We are grateful to the S.R.C. for sup­
port. B.N.F. acknowledges sabbatical leave from the University 
of Western Australia and G.A.W. thanks the University of 
Melbourne for a Travelling Scholarship. We are most grateful 
to Drs. P. J. Brown and J. B. Forsyth for very helpful discus­
sions. The neutron-diffraction data were obtained at the I.L.L., 
Grenoble. 

References and Notes 

(1) For example, the review papers in lsr. J. Chem., 16, 87-229 (1977). 
(2) B. C. Tofield, Struct. Bonding (Berlin). 21, 1 (1975). 
(3) For example, R. S. Perkins and P. J. Brown, J. Phys. F, 4, 906 (1974). 
(4) F. A. Wedgwood, Proc. R. Soc. London, Ser. A, 349, 447 (1976). 
(5) R. J. Weiss and A. J. Freeman, J. Phys. Chem. Solids, 10, 147 (1959). 
(6) "International Tables for X-ray Crystallography", Vol. 4, Kynoch Press, 

Birmingham, 1974, pp 103-146. 
(7) E. Clementi and C. Roetti, At. Data Nucl. Data Tables, 14, 177 (1974). 
(8) B. N. Figgis, M. Gerloch, and R. Mason, Proc. R. Soc. London, Ser. A, 279, 

210 (1964); R. P. van Stapele, H. G. Beljers, P. F. Bongers, and H. Zijlstra, 
J. Chem. Phys., 44, 3719 (1966); K. W. Mess, E. Lagendijk, D. A. Curtis, 
and W. J. Huiskamp, Physica, 34, 126 (1967). 

(9) B. N. Figgis, M. Gerloch, and R. Mason, Acta Crystallogr., 17, 506 
(1964). 

(10) I. H. Hillier, J. Kendrick, F. E. Mabbs, and C. D. Garner, J. Am. Chem. Soc, 
98, 395(1976). 

(11) B. N. Figgis, R. Mason, A. R. P. Smith, and G. A. Williams, submitted to Acta 
Crystallogr. 

(12) W. Marshall and S. W. Lovesey, "Theory of Thermal Neutron Scattering", 
Clarendon Press, Oxford, 1971, p 152. 

(13) B. N, Figgis, L. Leiserowitz, R. Mason, P. A. Reynolds, A. R. P. Smith, J. 
N. Varghese, and G. A. Williams, unpublished work. 

(14) V. H. Crawford, H. W. Richardson, J. R. Wasson.D. J. Hodgson, and W. E. 
Hatfield, lnorg. Chem., 15, 2107 (1976). 

(15) Authors to whom correspondence should be sent at the following address: 
School of Chemistry, University of Western Australia, Nedlands, 6009, 
Western Australia. 

Brian N. Figgis*15 

School of Chemistry, University of Western Australia 
Nedlands, 6009, Western Australia 

Ronald Mason, Andrew R. P. Smith, Geoffrey A. Williams*15 

School of Molecular Sciences, University of Sussex 
Brighton BNl 9QJ, United Kingdom 

Received November 27, 1978 

Photochemical Probes for Model Membrane Structures 

Sir: 

We have described the selective attack of benzophenone 
probes on rigid steroids1 and the more random attack on 
flexible chains. The latter, useful chiefly as evidence on con­
formations of the chain, was examined in homogeneous solu­
tion2 and in micelles.3 We concluded that a probe such as 
benzophenone-4-carboxylate (2) incorporates into a micelle 

Figure 1. Probes and bilayers. 

CARBON FUNCTIONALIZED 
Figure 2. Distribution of functionalized positions. A: probe 2 with bilayer 
1 as a vesicle (H—) and as a multilamellar system (©- - -). B: vesicles of 
1 with probe 3 (H—) and probe 4 (O- - -). 

such as that from sodium dodecyl sulfate (SDS) so that the 
probe orients largely perpendicular to the micelle surface. 
However, on photoexcitation it attacks a range of the CHi's 
of SDS because of the disorder of the SDS chains. 

Amphiphiles with two chains per charged head group, such 
as didodecyldimethylammonium cation,4 dicetylphosphate 
anion,5 and the lecithin of biomembranes6 tend to form bi­
layers, not micelles, in which the chains are presumably more 
ordered than those in simple micelles. Such bilayers can exist 
as flat sheets, as in multilamellar structures, or instead as the 
curved surface of a spherical vesicle.6 NMR evidence has been 
interpreted7 to indicate that the bilayers of small spherical 
vesicles are more disordered than are the bilayers of multila­
mellar structures, although this interpretation has been dis­
puted.8 Thus it was of interest to apply our benzophenone probe 
method to the study of bilayers.9 With this technique we have 
been able to explore the amount of disorder in such structures, 
and to demonstrate a striking difference between the disorder 
in spherical vesicles (5) and that in flat multilamellar systems 
(6) (Figure 1). 

Our bilayers were constructed from didodecyl phosphate 
( I ) . ' 0 When this was sonicated1'• at iomivi with 8 m M 2 i n 5 0 
mM Tris buffer at pH 8.0, a clear stable solution was formed 
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Table I. Randomness Ratios (RT) for Reactions of Benzophenone 
Probes with Surfactant Micelles and Bilayers 

probe, 
concn 
(uiM) 

2,5.0 

2,50 
2* 
2,8.0 
2,8.0 
3,2.6 
4, 1.3 

surfactant, concn 
(mM) 

SDS, 10 

SDS, 100 
SDS/dodecanol* 
1, 16 
1, 16 
1, 16 
1, 16 

phase 

micelle/prem-
icelle 

micelle 
multilamellar 
vesicle 
multilamellar 
vesicle 
vesicle 

RT (positions 
compared) 

3.73° (11/6) 

1.00° (11/6) 
0.35°'* (11/6) 
4.29^(11/6) 
0.27^ (11/6) 
1.72c(ll/9) 
1.55c(ll/9) 

" Taken from ref 3. * Ratio of SDS/dodecanol/H20/2, 6:6:15:2. 
' Vesicles prepared in 50 mM Tris HCl, pH 8.0. d Multilamellar bi­
layers prepared in 100 mM sodium borate, pH 8.9. 

indicating the production of vesicles." The solution was pho-
tolyzed, degraded,12 and analyzed by mass spectrometry as we 
have described previously.2-3 The distribution of functionalized 
positions in the dodecyl chain is shown in Figure 2. We have 
also described3 a parameter RT, the randomness ratio, which 
can be used to quantitate the disorder revealed in such distri­
butions: Rr = attack at penultimate carbon/attack for perfect 
orientation. The Rr from this curve, the ratio of attack at C-Il 
resulting from disorder to the attack at C-6 expected, from 
models, if the head groups of 1 and 2 are aligned and the chains 
of 1 are fully extended, is 4.29. This value is listed in Table 
I. 

The curve and the RT reveal considerable disorder in this 
bilayer. For comparison, our data3 for a micelle of SDS with 
probe 2 had an Rr of only 1.0 at a 2:1 SDS to probe ratio.'3 At 
~ 3 0 0 C in this system, 1 is certainly above its transition tem­
perature to a more fluid state,14-15 as are biomembranes. As 
we found with micelles,3 the absence of significant attack on 
carbons 1-5 indicates that the probe is indeed correctly ori­
ented largely perpendicular to the vesicle surface. The possi­
bility that we are seeing significant misalignment of the head 
groups of 1 and 3 is also made unlikely by this fact, and by the 
data on other systems described below. 

When 1 and 2 were sonicated in a sodium borate buffer, the 
result was an almost opaque dispersion characteristic of 
multilamellar systems.'6 The ability of Na + to promote the 
formation of such structures has been noted previously.5 In this 
system, the functionalization profile (Figure 2) is now grossly-
different from that with the vesicles, and the Rr (Table I) has 
the remarkably low value of 0.27, the lowest value we have ever 
observed. The ordering observed is even greater than that we 
have seen3 in a dodecanol/SDS system (Table I) which also 
is known17 to form bilayer structures. Thus it seems that such 
multilamellar bilayers are indeed much more ordered than are 
curved vesicles. 

Two other probes were examined in the study of spherical 
vesicles. With probe 3, the longer chain moves the probe deeper 
into the bilayer, leading to the profile in Figure 2 and an Rr 

(Table I) of 1.72. Probe 4 was synthesized18 since models 
suggest that its length is correct to span the bilayer and anchor 
its orientation with two charged groups at the bilayer surface.19 

The similar profile of 3 and 4 (Figure 2) and the similar Rr 

values (Table I) support the idea that the principal contributor 
to these profiles is disorder of the bilayer, rather than disorder 
of probe orientation. 

Of course, all such chemical probe techniques carry the 
hazard that the observed disorder is to some extent induced by 
the probe, or that the probe is selectively taken up into disor­
dered regions. Thus such data should be used in conjunction 
with that from other physical methods to give a complete 
picture of the unperturbed structure. However, even with such 
caveats it seems clear from our data that vesicles derived from 

1 show disorder comparable with that in simple micelles, but 
that multilamellar bilayers derived from 1 are much more 
ordered in structure. 
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