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Adsorption of Fe(phen),(CN), (phen 1, IO-phenanthroline) on colloidally dispersed sodium montmorillonite has been 
compared between the racemic and enantiomeric solutions of the metal complex. Binding capacity of a clay is almost 2 
times larger for the racemic solution than for the enantiomeric one. It indicates that any site already occupied by a given 
enantiomer can further accept the binding of an opposite enantiomer. The tendency for racemic adsorption has been utilized 
to improve the optical purity of a solution as well as to resolve racemic Fe(phen),(CN), at  the expense of enantiomeric 
[Ni(phen)J ,+. 

Binding of an inorganic metal ion with a clay usually occurs 
within the amount of the cation-exchange capacity (CEC). 
A certain metal complex is, however, adsorbed on a clay in 
excess of CEC.'., It is believed that a screening of the 
electrostatic charge by the complex cation permits the pene- 
tration of more of the complex cation into the interlamellar 
space. Studying the adsorption of an optically active metal 
complex, we recently revealed that the stereospecific regulation 
was operative in forming such a superstr~cture.~,~ For ex- 
ample, when an enantiomer of [ F e ( ~ h e n ) ~ ] ~ +  (phen = 1,lO- 
phenanthroline) or [Ni(phen)J2+ was adsorbed by colloidally 
dispersed sodium montmorillonite, the complex occupied two 
cation-exchange sites per chelate to neutralize its dipositive 
charge. On the other hand, the maximum amount of adsorbed 
complex was doubled when the complex was added as a ra- 
cemic mixture. In the latter case, the extra charge was neu- 
tralized by the binding of an anion. Thus any site already 
occupied by a given enantiomer can further accept the binding 
of a different enantiomer. 

In the present work, the above racemic adsorption has been 
observed also, when a central Fe" ion is coordinated with two 
bulky and two small ligands. The investigated complexes were 

(bpy = 2,2'-bipyridyl). Although the binding strength of a clay 
is dependent on the kinds of metal complexes, the binding 
capacity is always higher for racemic mixtures than for the 
corresponding enantiomers. From equilibrium and kinetic 
studies, it has been concluded that such a preference for ra- 
cemic adsorption is realized by stereoregular stacking due to 
the van der Waals interaction between the bulky ligands. 
Experimental Section 

A-Fe(phen),(CN), was prepared by adding KCN into a A-[Fe- 
(phen)3](C104)2 solution at 0 O C 5  A-Fe(pher~),(CN)~ was synthesized 
similarly from A-[Fe(~hen)~]  (Sb-d-tart),. The molecular rotation 
at  490 nm was found to be [MI4% = 4.0 X lo4 and -4.1 X lo4 for 
A- and A-Fe(phen),(CN),, respectively. Optically active [ Fe- 
(phen),(CN),]+ was obtained by oxidizing Fe(phen),(CN), with 
concentrated HN03;6 = 2.8 X lo4 and -2.9 X lo4 for A- and 
A-[Fe(phen),(CN),]+, respectively. A-Fe(bpy),(CN), was prepared 
from A-[Fe(bpy)3](Sb-d-tart)z; = -3.5 X lo4. Sodium 
montmorillonite (Na+M-) was purchased from Kunimine Ind. Co. 
(Japan) (Kunipia-G). An 87-mg quantity of Na+M- was dispersed 
in 100 mL of distilled water. The resultant solution contained 
M of cation-exchange site.' 

Electronic spectra were recorded on a Hitachi EPS-3T spectro- 
photometer at 20 O C .  Optical rotatory dispersion (ORD) was 
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Fe(phen),(CN)z, [Wphen)2(("1+, and WbPY),(CN), 

measured with a JEOL Model ORD/UV-5 ORD spectrophotometer 
at room temperature. The transient electric dichroism was measured 
at 20 OC by use of a high-electric-field pulse of a temperature-jump 
apparatus8 The details of the instruments were described elsewhere? 
X-ray diffraction lines were measured with a Toshiba XC-40H X-ray 
diffraction apparatus at room temperature. The rate of adsorption 
was followed at 20 OC with a stopped-flow apparatus, a Union Giken 
RA 1300 stopped-flow spectrophotometer.1° A membrane filter had 
a maximum passage of 0.45 Mm (Toyo (Japan) TM-2). 

Results 
Binding Equilibria. When sodium montmorillonite (Na+M-) 

was added to a solution of Fe(phen),(CN),, the solution was 
pale pink. Since the radius of a colloidal particle of a clay 
was less than 2 ~ m , ~  the absorption spectrum of a solution was 
measured without serious interference of light scattering. 
Figure 1 shows such a spectrum when the clay-to-metal chelate 
ratio was varied at constant F e ( ~ h e n ) ~ ( C N ) ~  concentration. 
The results were interpreted in terms of the binding equilib- 
rium 

nFe(~hen)~(CN), + M- + [Fe(phen)2(CN)2],.M- (1) 

where n denotes the number of metal chelates adsorbed on one 
cation-exchange site. If there were no cooperativity operative 
among the bound metal chelates, the simple mass-action law 
held for reaction 1 would be 

[bound metal chelate] 
Kb = (2) [free metal chelate] X n[free clay site] 

where [free clay site] was measured in terms of cation-ex- 
change sites. With use of the absorbance increase at 530 nm 
in Figure 1, the degree of binding ( X )  defined by 

X = [bound metal chelate]/[total metal chelate] 

was expressed by 

= aA530/ (aA530) -  (3) 

where and (aA530).. were the increases of absorbance 
at the given and infinite clay-to-metal chelate ratios, respec- 
tively. Equation 2 was rearranged into a linear form as 

Y = a - $ X  (2') 
with Y = [total Na+M-] ([bound metal chelate]-' - [total metal 
chelate]-'), LY = (1 /n)( 1 -I- Kb-' [total metal chelate]-'), and 
/3 = 1 /n. In Figure 2, Y was plotted against X for both the 
enantiomeric and the racemic solutions of Fe(phen),(CN),. 

In a comparison of the results for A-, A-, and rac-Fe- 
(phen),(CN),, the following points were noteworthy: (i) For 
the racemic solution, Y decreases almost linearly with X as  
predicted from eq 2'. n and Kd were found to be 1.75 and 4.1 
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F i  1. Electronic spectra of a solution containing Fe(phen)2(CN)2 
and sodium montmorillonite: (A) A-Fe(phen)2(CN)2 (6.8 X IO-' M) 
and [Na+M-]/[Fe(phen)z(CN)z] = (a) 0, (b) 0.25, (c) 0.60, (d) 0.98, 
(e) 2.34; (B) ruc-Fe(phen),(CN)z (7.0 X M) and [Na+M-]/ 
[Fe(phen),(CN)2] = (a) 0, (b) 0.23, (c) 0.46, (d) 0.69, (e) 1.10. 
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Figure 2. Plot of Y against X according to eq 2': (0) A-Fe- 
(phen)z(CN)z + Na+M-; (0) ruc-Fe(phen),(CN), + Na+M-. 

X lo5 M-', respectively. (ii) On the other hand, the bindings 
from the enantiomeric solutions give the curved Y-X plots. 
From the initial slope (X << l ) ,  n and Kd were found to be 
1.3 and 3.1 X 104 M-l, respectively, while from the final slope 
(X = l) ,  n and Kd were 0.74 and 1.3 X lo5 M-I, respectively. 
(iii) There was no meaningful difference in n and Kd between 
the A and A enantiomers. 

The obtained n for the racemic solution was about 2 times 
larger than the value for the enantiomeric solution. Thus the 
results have demonstrated that Fe(~hen) , (CN)~ tends to be 
adsorbed by a colloidal clay as a racemic pair rather than as 
a single enantiomer. This tendency is in accord with the 
adsorption of [ F e ( ~ h e n ) ~ ] ~ +  and [Ni(~hen)~],+,  for which n 
was found to be 1 and 0.5 for the racemic and enantiomeric 
solutions, re~pectively.~.~ 

Similar measurements were performed for other iron com- 
plexes like Fe(bpy),(CN), and [Fe(phen),(CN),]+. The 
equilibrium results of these complexes are summarized in Table 
I. 

Electric Dichroism Measurements. The orientation of ad- 
sorbed Fe(phen),(CN), was determined by transient electric 
dichroism measurements. Under the electric field pulse, a 
colloidal flake of monimorillonite was aligned in the direction 
of the electric field (E)." Accompanying this orientational 
motion, a bound chelate directed its trysition moment (Z) 
at some definite angle with respect to E. The amplitude of 
the dichroism induced by such an alignment gave a value for 
the angle (I)) between E and 2. 

M Na+M- showed the transient transmittance change, when 
the electric field pulse was applied at 34-62 kV cm-I with the 

A solution of 5 X lod M Fe(~hen),(CN)~ and 1.0 X 

( 1  1) Shah, M. J.; Thompson, D. C.; Hart, C. M. J .  Phys. Chem. 1963,67, 
1170. 

Table 1. Binding Equilibria of Iron Complexes with Colloidally 
Dispersed Sodium Montmorillonite at 20 "C 

complex na Kb1hf-I 

Fe(phen), (CN), racemic 1.75 4.1 x 105 

[ Fe(phen), (CN), ] * racemic 0.9oc > l o 6  

enantiomeric O S c  > l o 6  

enantiomeric 1 -105 

enantiomeric 1.33-0.74 (0.31-1.3) X l o5  

Fe(bpy), (CN), racemic 2.2 1.8 X lo6 

Number of adsorbed metal chelates per cation-exchange site. 
n and K b  were obtained from the Binding constant of eq 1. 

decrease of free metal complex by centrifuging a solution. 

half-life time of about 400 ws. The-amplitude of the signal 
depended on the angle (e) between E and the polarization of 
incident light as 

(4) 

where AAIA denoted the relative absorbance change under 
the electric field. Equation 4 agreed with the theoretical 
expression for M I A  when the buildup of orientational di- 
chroism was monitored by linearly polarized light. p in eq 4 
was reduced linear dichroism defined by 

(5) 

with t = isotropic molar extinction coefficient at I? = 0, c,, = 
molar extinction coefficient at 0 = Oo, and tl = molar ex- 
tinction coefficient at B = 90°. 

The electronic absorption at 400-600 nm for Fe(phen),- 
(CN), may arise from the charge-transfer transition from Fe" 
to phenanthroline ligands.12 Accordingly ,Z has the two 
components ,Z1 and Z2 along the straight lines connecting Fe" 
with the short axes of two phenanthroline ligands. Any com- 
bination of ji = upl + b,Z2 (a,  b = constants) can be the 
observed transition moment if the excited states of the tran- 
sition concerned are doubly degenerate. Within this approx- 
imation, the vector, 3, lies in a plane made by a, and Z2, 
directing its arrow from Fe". In this case, p is expressed by 

(6) 

where rl, denotes th_e angle between I? and the plane-sparing 
by Z1, Z2 and @(E) ,  the orientation function at E .  @(E)  
represents the degree of orientation of a clay flake and takes 
a value from 0 to 1. 

For a solution of Na+M; and racemic Fe(phen),(CN),, p 
was foundJo be +0.45 at E = 34 kV cm-'. p increased only 
5% when E was raised from 34 to 62 kV cm-', indicating that 
a clay flake oriented @most completely. With the insertion 
of p = +0.45 and @(E) = 1 in eq 6, rc/ was calculated to be 
21O. For a solution of Ya'M-and ~i-Fe(phen)~(CN),, p was 
found to be +0.40 at E = 34 kV cm-', leading to rl, = 23O. 
Thus in both racemic and enantiomeric cases, Fe(ph~m)~(CN), 
had its transition moment roughly parallel with_ E. Since a 
clay flake is aligned with its surface parallel with E," the above 
results imply that the transition moment is parallel with a clay 
surface itself. The results are similar for [Fe(phen),12+, in 
which the iron chelate directed its C3 axis perpendicular to 
a clay surface.13 

The rate of adsorption of Fe- 
(~hen)~(CN) ,  was followed by mixing a solution of the metal 
chelate with a Na+M- solution. The progress of reaction was 
monitored by the absorbance increase at 530 nm when Fe- 
(phen),(CN), was bound with a clay (Figure 1). The following 
three runs were studied. (i) Na+M- was mixed with racemic 

A A / A  = (p/6)(i + 3 cos 28) 

P = (e,, - El)/€ 

p = -3/g(l - 3 cos 2*)(@(E)) 

Adsorption Kinetics. 

(12) Cf.: McCaffery, A. J.; Mason, S. F.; Norman, B. J. J .  Chem. SOC. A 
1969, 1428. 

(13) Yamagishi, A. J .  Phys. Chem., in press. 
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Table 11. Initial Rates of Absorbance Change at 530 nm (Vsm) 
When Solutions I and I1 Were Mixed in a Stopped-Flow Apparatus 

run s o h  I soln IIb v530 a 

Figure 3. Transient change of absorbance at 530 nm, when two 
solutions were mixed in a stopped-flow apparatus: (A) rac-Fe- 
(phen),(CN), (3.6 X M); (B) A- 
Fe(phen)(CN), (3.6 X M) + NatM- (3.6 X M); (C) 
A-Fe(phen),(CN), (1.8 X M)-NatM- (1.8 X M) + A- 
Fe(phen),(CN), (1.8 X M)-Na+M- (1.8 X M). 

Fe(phen),(CN), (racemic adsorption). (ii) Na'M- was mixed 
with A-Fe(phen),(CN), (enantiomeric adsorption). And fi- 
nally, (iii) a solution of Na+M- and A-Fe(phen),(CN), was 
mixed with a solution of Na'M- and A-Fe(phen),(CN), 
(buildup of racemic adsorbate layer from the different enan- 
tiomeric solutions). 

In a comparison of the results in Figure 3, it was concluded 
that the signal due to run (i) was roughly the overlap of the 
signals due to runs (ii) and (iii). The absorbance change due 
to run (ii) was almost complete at 0.5 s after mixing, at which 
stage the absorbance change due to run (iii) only attained 
about 50% of the total change. These results implied that the 
racemic adsorption took place by way of the succeeding steps 
of enantiomeric and racemic adsorptions 
(n/2)A- or (n/2)A-Fe(phen),(CN), + M- == 

followed by 
(n/2)A- or (n/2)A-Fe(phen),(CN), + 

M) + NatM- (3.6 X 

[A- or A-Fe(phen)2(CN)2] n/2.M- (7) 

[A- or A-Fe(phen)2(CN),]n/2-M- + 
[r~c-Fe(phen)~(CN)~],,-M- (8) 

If the above adsorption mechanisms hold even between 
different kinds of enantiomers, a clay surface already occupied 
by an enantiomer of one kind will be stereoselective toward 
the adsorption of an enantiomer of another kind. This ex- 
pectation was ascertained by measuring the adsorption rates 
of A- or A-Fe(phen),(CN), on such a surface already occupied 
by A-[Ni(phen),l2+. As is given in Table 11, the adsorption 
rate of A-Fe(~hen),(cN)~ was 0.6 times slower than that of 
A-Fe(phen),(CN),. I n  other words, a surface modified by 
A-[Ni(phen),],' became stereoselective toward the adsorption 
of Fe(phen),(CN),. The same surface, however, can no longer 
recognize the chirality of Fe(bpy),(CN), (runs 3 and 4 in 
Table 11), indicating that there exists a rigorous steric regu- 
lation for racemic pairing. 

X-ray Diffraction Measurements. Sodium montmorillonite 
has a lamellar structure of 2:l SiO,-Al,O, sheets.I4 The basal 
spacing of the neighboring sheets in a clay-metal chelate 
adduct was determined by X-ray diffraction measurements. 
A 2:l solution of Fe(phen),(CN), and Na'M- was filtered 
through a membrane filter. The resultant precipitates were 

(14) Cowley, J. M.; Goswami, A. Acta Crystallogr. 1961, 24, 1071. 

1 A-Fe(phen),(CN), Na+M- (4.0 X M) + 0.28 
(4.0 X M) A-[Ni(phen),] *+ 

(8.0 x 10-5 M) 

(8.0 x 10-5 M) 

(8.0 x 10-5 M) 

(8.0 x 10-5 M) 

2 A-Fe(phen),(CN), Na+M' (4.0 X M) + 0.16 
(4.0 X M) A-[Ni(phen),]'+ 

3 A-Fe(bpy),(CN), Na+M- (4.0 X M) + 0.45 
(6.7 X M) A-[Ni(phen),12+ 

4 A-Fe(bpy),(CN), Na+M- (4.0 X M) + 0.44 
(6.7 X M) A-[Ni(phen),] '+ 

V,,, indicates the adsorption rate of Fe(phen),(CN), on the 

A-[Ni(phen),] I +  was added as the bis(antimonous d-  
clay and was measured in terms of optical density change per sec- 
ond. 
tartrate) salt, and A-[Ni(phen),] I* was added as the perchlorate 
salt. 

Table 111. Improvement of the Optical Purity of the 
Fe(phen), (CN), Solution 

init concn/ final concn/ 
% optical 
purityb 

10-5 M 10-5 ~a 

h A A A -  
run isomer isomer isomer isomer before after 

1 4.1 1.8 1.8 0.0 70 100 
2 5.7 1.8 3.3 0.0 76 100 
3 8.2 1.8 4.8 0.4 82 92 
4 1.7 4.2 0.5 2.0 71  80 
5 1.7 5.6 0.9 2.8 76 85 
6 1.7 7.0 0.4 4.3 80 92 

the initial solution was centrifuged after the addition of 3.7 x 

before or after elimination of a clay-metal chelate adduct. 

The concentrations of A and A isomers in a supernatant when 

M Na'M-. The percentage of excess isomer in a solution 

dried over silica gel for 2 days. At that stage, a clay-rac- 
Fe(phen),(CN), adduct was a deep red film, while a clay-A- 
Fe(phen),(CN), adduct was reddish brown. The basal spacing 
(d) was calculated from the (001) diffraction line at the 
smallest angle (e ) :  

d = 1.54(2 sin e)- I  A (9 )  

d was determined to be 23.6 and 18.2 A for clay-rac-Fe- 
(phen),(CN), and clay-A-Fe(phen),(CN), films, respectively. 
By subtraction of the thickness of 2:l SiO2-Al20, (9.0 A) from 
d, the height of interlamellar space was obtained to be 14.6 
and 9.2 8, for racemic and enantiomeric adducts, respectively. 
The latter value was almost identical with the height of Fe- 
(phen),(CN), with their f i ,  and fi2 parallel with a clay surface 
(-9 A). On the other hand, the layer of rac-Fe(phen),(CN), 
in an interlamellar space was about 5.5 8, higher than Fe- 
(phen),(CN), itself. Thus in a combination of these data with 
the stopped-flow results (eq 7 and 8), it is suspected that the 
racemic layer is composed of such a double layer as is the 
overlap of A and A enantiomeric layers. 

Improvement of Optical Purity and Optical Resolution. The 
optical purity of a Fe(phen),(CN), solution was improved by 
use of the preference for racemic adsorption as below. An 
appropriate amount of Na'M- was added to a solution con- 
taining A-Fe(phen),(CN), in excess over A-Fe(phen),(CN),. 
The adduct of clay-metal complex was eliminated by cen- 
trifuging the solution. By means of measurements of the 
absorbance and ORD of a supernatant, the amount of A- and 
A-Fe(phen),(CN), in the bulk solution was determined. The 
results are given in Table 111. It was confirmed that the 
optical purity of a solution was enhanced due to the elimination 
of racemic mixture from the solution. The same conclusions 
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Table IV. Optical Resolution of Racemic Fe(phen), (CN), at the Expense of A-[Ni(phen),] (ClO,)," 
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initial soh  final sohb 

Fe(phen),(CN), / A-[Ni(phen),] '+/ A-Fe(phen),(CN),/ A-Fe(phen),(CN),/ A-[Ni(phen),] zt/  
run 10-4 M 10-4 M 10-4 M 10-4 M 10-4 M 
1 1.8 1.3 0.85 0.35 0.80 
2 1.8 1 .o 0.90 0.40 0.50 
3 1.8 0.70 0.90 0.40 0.25 
4 1.8 0.40 0.80 0.50 0.0 
SC 7.0 10.0 0.50 0.50 0.0 

The solvent contained 10-30% methanol for all runs. The concentrations in a supernatant when the initial solution was centrifuged 
after addition of 1.0 x M Na'M- to it. A solid of A-[Ni(phen),] '+-montmorillonite was added to a Fe@hen),(CN), solution. 

were derived for a solution containing the A isomer as an excess 
enantiomer. 

Next it was shown that the racemic adsorption of Fe- 
(~hen) , (CN)~  with [Ni(~hen)~],+ led to the resolution of 
Fe(phen),(CN),. Na+M- was added to a solution of rac- 
F e ( ~ h e n ) ~ ( C N ) ~  and A-[Ni(~hen)~] (ClO,),. The solution was 
centrifuged, and the ORD and electronic spectra were mea- 
sured for a supernatant. The results are given in Table IV. 
Evidently, the supernatant contained A-Fe(phen),(CN), as 
an excess enantiomer. This arose from the formation of 
"pseudo" racemic pairs on a clay surface: 

~i-[Ni(phen)~],+ + A-Fe(phen),(CN)* - 2NatM- 

(A- [ Ni (phen) 3] A- Fe( phen) ( CN) ,).2 M- ( 1 0) 

It should be noted that the addition of solid A-[Ni- 
(~hen)~],+.2M- into a racemic solution of Fe(phen),(CN)* did 
not resolve F e ( ~ h e n ) ~ ( C N ) ~ ,  although most of the Fe- 
(phen),(CN), was adsorbed on the solid (run 5 in Table IV). 
The results indicated that the column chromatographic reso- 
lution of Fe(phen),(CN), on a A- [Ni (~hen)~]  ,+-2M- column 
was imp0ssib1e.l~ 

Solubility of Fe(~hen),(CN)~ By visual observation, it was 
noted that the racemic mixture precipitated when A- and 
A-Fe(phen),(CN), were mixed at low temperature. Thus the 
solubility of Fe(phen),(CN), was determined in the temper- 
ature range of 4-25 OC. An aqueous suspension of Fe- 
(phen),(CN), was incubated at constant temperature for 6 
h. The racemization of an enantiomer was negligible under 
these conditions.s After the suspension was centrifuged, the 
concentration in the supernatant was determined from its 
optical density of the electronic spectrum. Since both racemic 
and enantiomeric solutions gave identical spectra, the same 
molar extinction coefficient was used for a dissolved chelate 
(e 5.1 X lo4 at 267 nm and 4.1 X lo3 at 510 nm). At 15 OC, 
the solubility was 7.0 X or 7.9 X lo-" M for rac- or 
A-Fe(phen),(CN),, respectively. From the dependence of the 
solubility on temperature (4-25 "C), the enthalpy change of 
solvation was determined to be -AH = 3.9 f 0.5 or 1.1 f 0.3 
kcal mol-' for rac- or ~i-Fe(phen)~(CN),, respectively. The 
above solubility data imply that Fe(phen),(CN), tends to form 
a racemic crystal even in the absence of a clay. 
Discussion 

A montmorillonite layer consists of triple sheets of SO2- 
A1203-Si02.14 When an outer silicate sheet is overviewed, the 
surface is filled with hexagonal holes, each of which is sur- 
rounded by six siO4,- tetrahedrons (Figure 4A). A cation- 
exchange site is usually generated by replacing an A13+ ion 
with a MgZ+ ion. From the stated elemental composition of 
the present clay sample,I6 about three hexagonal holes are 
allotted to one cation-exchange site. 

(15) Fe(phen)*(CN), was recovered neither by water nor by methanol when 
it was placed on a A-[Ni(phen)3]2+-montmorillonite column. 

(16) 58.0% SiOz, 21.9% A1203, 1.9% Fez03, 3.4% MgO, and 3.0% Na20. 

Figure 4. (A) Ideal surface of a silicate sheet. A hexagon denotes 
the hexagonal hole surrounded by six SiOde tetrahedrons. (B) 
Schematic drawing for the enantiomeric adsorption of F e ( ~ h e n ) ~ ( C N ) ~  
0 denotes the three bottoms of two 1,lO-phenanthroline ligands and 
one CN- in ~ i - F e ( p h e n ) ~ ( C N ) ~ .  (C) Schematic drawing for the 
racemic adsorption of Fe(phen)*(CN)> 0 denotes the three bottoms 
of two l,l0-phenanthroline ligands and one CN- in A - F e ( ~ h e n ) ~ ( c N ) ~  

For the enantiomeric adsorption of Fe(~hen),(CN)~, one 
metal chelate occupies one cation-exchange site approximately 
(Table I). When Fe(phen),(CN), is placed with its p1 and 
ji2 parallel with the surface, the bottoms of two phenanthroline 
molecules and CN- almost fit into the three hexagonal holes 
(Figure 4B). Thus the enantiomeric adsorption at n = 1 
corresponds to the saturated coverage of the surface by Fe- 
(phen),(CN),. Contrary to this, the maximum amount of 
adsorbed complex is almost doubled for racemic adsorption 
(n - 1.75 from Table I). Thus a pair of A and A isomers 
should be located over three hexagonal holes. Such a high 
degree of stacking seems to be impossible, as long as the whole 
adsorbates are in contact with the surface. However, the 
racemic pair achieves the stacking of n = 1.5, if the neigh- 
boring two phenanthroline ligands are overlapped closely 
(Figure 4C). n can be even higher if either component of the 
racemic pair is displaced upward from the surface. As a result, 
a double layer of racemic adsorbates may attain the observed 
degree of stacking (n - 1.75). The situations are consistent 
with the X-ray diffraction data (d  = 23.6 A). An important 
point is that the enantiomeric pairing cannot attain a stacking 
higher than n = 1 because the neighboring phenanthroline 
ligands interfere with each other. Thus it is concluded that 
the racemic stacking is realized by the highest stacking of 
phenanthroline ligands in which the van der Waals interaction 
between the large aromatic rings may be responsible. 

On the basis of the above considerations, it is reasonable 
to expect that [Fe(phen),(CN),]+ and Fe(bpy),(CN), are also 
adsorbed racemically since these complexes have two bulky 
planar ligands. On the other hand, a complex with no bulky 
ligand like [Co(en),13+ (en ethylenediamine) will show no 
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tendency for racemic adsorption. In fact, both enantiomeric 
and racemic [Co(en),13+ are adsorbed, occupying three cat- 
ion-exchange sites per ~he1ate.I~ 

The resolution of Fe(phen),(CN), at the expense of A- 
[Ni(phen),]*+ (Table IV) shows promise for the use of a clay 
as a material for optical resolution. Although column chro- 
matography was impossible in the present systems, other chiral 

(17) This was ascertained by measuring the decrease of [C~(en)~]'+ after 
centrifuging a clay-metal complex solution. 

complexes like Co(acac), (acac acetylacetonato) are actually 
resolved on a A-[Ni(phen)3]2+-montmorillonite column.l8Jg 

F e ( ~ h e n ) ~ ( C N ) ~ ,  racemic, 15362-08-0; A-Fe- 
(~hen) , (CN)~,  30872-77-6; A-Fe(phen),(CN),, 80875-80-5; Fe- 
(bpy)z(CN),, racemic, 2901 3-6 1-4; A-Fe(bpy),(CN),, 55 101 -89-8; 
(Na'M-), 1318-93-0; A-[Ni(phen),] [bis(antimonous d-tartrate)], 
80822-39-5; A-[Ni(phen),] [C1O4I2, 14282-09-8. 
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The spectrum of Cu-H+(aq), formed via Cu+ + H - Cu-H+(aq) in aqueous solutions, is reported. In neutral solutions 
it decomposes via Cu-H+(aq) + H 2 0  - Cu2+(aq) + H2 + OH-(aq) with a rate of 4 X IO3 s-'. The properties of Cu-H+(aq) 
are discussed and compared with those of similar Cu"-R compounds. 

The formation of CuH+(aq) ions as intermediates in cata- 
lytic reductions by hydrogen in the presence of copper(I1) ions 
was proposed long ago., The mechanism of formation of 
CuH+(aq) was suggested to be 

Cu2+(aq) + H2 
kl 

Cu-H+(aq) + H30+(aq) 
k-1 (1) 

kl  = 9.5 X M-' s-I at 110 "C 
where this reaction is followed, in the absence of other oxidants, 

Cu-H+(aq) + Cu2+(aq) - 2Cu+(aq) + H,O+(aq) ( 2 )  
We decided to try to study, using the pulse radiolytic technique, 
the properties of Cu-H+(aq) by following the reaction 

by3 

H + Cu+(aq) - Cu-H+(aq) 

.RH + Cu+(aq) - Cu-RH+(aq) 

(3) 

(4) 
which were recently Some of the latter reactions 
were suggested to be equilibrium proces~es.~,~ 

Recently, Ferraudi reported the observation of CuHClj2- 
formed via an analogous mechanism in the photolysis of 
CUC~,~-.* HCUCI,~-, HCuCl,-, HCu2C13-, or similar com- 

in parallel to the reactions 
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plexes have also been shown to be intermediates in the pro- 
duction of hydrogen from the UV photolysis of chloro- 
cuprate(1) ions.8b It is of interest to compare the properties 
of Cu-H+(aq) with those of CUHC~,~- .  
Experimental Section 

Deaerated solutions containing (2-10) X lo4 M CuS04 at pH 
3.2-6.0 were irradiated by short pulses from the electron linear ac- 
celerator at  Argonne National Laboratory. The solutions were ir- 
radiated in Suprasil cells which were contained in specially designed 
high-pressure c e k 9  After deaeration the solutions were always 
saturated with hydrogen, usually at 100 atm pressure, and for blank 
experiments, at atmospheric pressure. No observable reaction between 
Cu2+ and H2 occurs under these conditions at room temperatures 
within several hours. 

The spectra of the transients were recorded with use of the streak 
camera;I0 Le., the total spectrum was recorded at desired times with 
application of a single pulse. The kinetics of reaction were followed 
with the regular photomultiplier setup.I' 

Dosimetry was carried out by measuring the yield of (NCS),. at 
475 nm formed by identical pulses in the same cells containing 
N20-saturated solutions of 1 X lo-, M NaNCS." 

Results and Discussion 

summed up by12 

H20 - ea;, H, OH, H202, H2, H30+(aq), OH-(aq) 

The radiolysis of water or dilute aqueous solutions may be 

(5) 

where the yields, G, of these primary products are G%- = 2.65, 

3.65, and GOH-(aq) = 1.00 in units of molecules per 100 eV 
absorbed in the solution.I2 

G H  = 0.60, GOH = 2.65, GH202 = 0.75, G H ~  = 0.45, GH30+ = 
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