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Summary. The previously reported inhibition of the
oligomerization of HCN by montmorillonite clays was
investigated. The inhibition is due to the oxidation o.
diaminomaleonitrile (DAMN) by the Fe3* in the clay
lattice. Fe?* and oxalic acid were shown to be the
reaction products. From these reaction products and
the previous report that two equivalents of HCN are
formed per equivalent of DAMN; it was established that
diiminosuccinonitrile (DISN) is the initial reaction
product, which is rapidly hydrolyzed to oxalic acid and
HCN. The same oxidative transformations are effected
by Fe3* bound to Dowex 50, Fe3* in solution and
Ni(NH3)g2*. The rate of reaction of DAMN decreased
in the order Fe3* > Fe3*-Dowex > montmorillonite
indicating no catalytic role for the clay in the oxida-
tion of DAMN. Little reaction of DAMN was observed
with montmorillonite in which the bulk of the iron was
in the Fe2* oxidation state. The possible significance
of these redox reactions to chemical evolution is
discussed.
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Introduction

HCN is formed readily in primitive earth simulation
experiments and may have had a central role in the
prebiotic synthesis of biomonomers (Oro and Kimball
1962; Ferris et al. 1978 and references therein). The
effect of clay minerals on the reactions of HCN was in-
vestigated (Ferris et al. 1979) because it has been pos-
tulated that clays may have catalyzed prebiotic poly-
merization reactions (Bernal 1951; Rao et al. 1980).
We were surprised by the observation that montmo-
rillonite clays inhibited HCN oligomerization (Ferris
et al. 1978). The key step in this inhibition is the de-
composition of diaminomaleonitrile (DAMN) (/) with
the formation of two equivalents of HCN. The mecha-
nism of the clay-mediated decomposition of DAMN
and the possible implications of this reaction to chemi-
cal evolution are the subjects of this paper.

Experimental

Materials and General Procedures

Montmorillonite 22A (Ward’s Natural Science Establishment),
which originated from approximately the same location (Amory
Miss.) as the clay mineral standard, montmorillonite 22A (Ame-
rican Petroleum Institute, 1951) (R.J. Holmes, personal commu-
nication), was used. 10g of the clay were pulverized just prior to
use. Diaminomaleonitrile (Aldrich) was recrystallized from boi-
ling water after treatment with Norite decolorizing charcoal.
Spectra were recorded on a Cary 219 UV-visible spectrometer
and centrifugations were performed on a Sorvall RC2-B refri-
gerated centrifuge.

Reaction of DAMN with Fe’*-Dowex 50

Dowex 50W-X8 (Biorad 20-50 mesh, HY, 10g) was converted
to the Fe3* form by washing in a 2 cm OD glass column with
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2 N HCI and then with distilled water. A 50 ml solution of 1
M Fe(NO3)3 (pH 3) was passed slowly through the column and
the column was washed with 200 ml of distilled water. It was
determined that 0.045g (0.8 mmol) of Fe3' was bound per g
of Dowex 50 by elution of the Fe3* with 300 ml of 2 N HCl
followed by 700 ml of distilled water. The Fe3" in the eluate
was determined by spectrophotometric analysis of its SCN-
complex at 480 nm (Sandell 1959). The Fe2* form of the Do-
wex 50 was prepared in the same way using Fe(NH3),(504);.
An average value of 0.021g (0.38 mmol) of Fe?* per g of Dowex
was determined by analysis of the Fe?* in the 2 N HCl eluate
of the FeZ'-Dowex as the o-phenanthroline complex (San-
dell 1959).

A. Disappearance of DAMN. Dowex 50 (2g) was washed with
2 N HCI followed by distilled watei. The desired amount of
Fe3' was bound to the Dowex 50 by stirring the resin with an
appropriate volume of 4x103 M Fe(NO3)3 followed by wa-
shing with distilled water. The voiume of the Fe3' Dowex
suspension was adjusted to 50 ml with distilled water and the
mixture was purged with nitrogen. To this stirred solution was
added 50 ml of 2x10"* M DAMN which had been purged with
nitrogen. Aliquots were removed periodicaily and the DAMN
content was assayed by its UV absorption at 295 nm.

B. Formation of HCN. A 5 ml solution of 5.5x10% M DAMN
was added to a 3"x3/4” column of Fe3*-Dowex. The column
was eluted with 25 ml of H,O after 20 min. To 4 ml aliquots
of the eluate was added 0, 0.3, 0.5 and 0.7 ml portions of
3x103 M CN and the solutions were analyzed spectrophoto-
metrically for cyanide (Scoggins 1972). From a plot of absor-
bance vs. concentration of added cyanide it was determined
that 2.1% 0.2 moles of HCN are formed per mole of DAMN de-
composed.

C. Formation of Fe?*. To 10g of Fe3* Dowex 50 were added
100 ml of 1x10™% M DAMN and the mixture was stirred at
room temperature for 30 min. All the DAMN reacted as shown
by the absence of absorption at 296 nm. The supernant was
decanted from the resin and the resin was washed 5 times with
degassed water. The iron bound to the resin was then eluted
by allowing the resin to stand with 100 ml of 4 N HCl for 1 h.
Aliquots of the acid eluate were added to 2 ml of 25% sodium
citrate and 1 ml of 0.25% o-phenanthroline. Aliquots (0, 0.2,
0.5, 0.9 and 1.0 ml) of a 5.36x10~4 M Fe(II) solution were
added to the reaction solution and the absorbance of the so-
lutions was measured at 508 nm (Sandeil, 1959). From a plot
of the absorbance vs. concentration of added Fe(ll) it was cal-
culated that 2.070.1 equivalents of Fe(II) are formed per mole
of diaminomaleonitrile decomposed.

D. Formation of Oxalic Acid. To 5g of Fe3t-Dowex 50-X8 was
added 5 ml of a 5x10°3 M solution of DAMN. Controls contai-
ning 1, 2, 4 and 5 ml aliquots of 5%10~3 M oxalic acid were also
mixed with 5g portions of the Fe3*-Dowex. The reactions
were allowed to proceed at room temperature for 24 h and then
a 1 ml aliquot was taken from each flask and added to a test
tube containing 20 mg of magnesium turnings (Feigl 1954). To
each test tube was added 1 ml of 2 N H5SO,4 and the mixture
was allowed to stand at room temperature until the Mg reacted.
Then 2 ml of freshiy prepared solution of 0.01% 2,7-dihydro-
xynaphthalene in conc. HySOy was added to each tube and it
was heated at 100°C for 20 min. The absorbance of the solutions
were measured at the peak of the broad maximum for the red-
violet dye at 530 nm. The .intensity of the absorption observed
for the DAMN reaction and oxalic acid standard were identical,
indicating a 100% conversion of DAMN to oxalic acid by the
Fe3*-Dowex. Two control experiments were negative: one in
which magnesium was omitted and the second in which the sul-
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furic acid was not added with the 2,7-dihydroxynaphthalene.
The first control established that no formaldehyde was present
in the reaction solution before reduction with magnesium and
the second control established that no formic acid was present
before the magnesium reduction.

Reaction of DAMN with Fe(N03}3

Aliquots of a 1.0x1072 M solution of Fe(NO3)3 were added to
a 100 ml volumetric flask containing 20 mi of a 5.0x10~4 M
stock solution of DAMN and the mixture was diluted to 100
ml with distilled water (all solutions purged with nitrogen be-
fore mixing). The reaction of the DAMN was monitored by
the decrease in its UV absorption at 295 nm. The concentration
of Fe2¥ in the solution was determined using phenanthroline
(Sandell 1959) after there was no further change in the absor-
bance at 295 nm. The results are given in Table 1.

Table 1. Reduction of Fe** to Fe?™ with DAMN

Fe(lll):DAMN  Fe(Il) Formed: Determinations pH

ratio DAMN ratio

20:1 2.16:1 2 2.7+0.3
15:1 2.01:1 1

10:1 2.04:1 4 3.0+0.2
5:1 1.98:1 4 3.2:0.1

Reaction of DAMN with Montmorillonite 224

The total iron in the clay was determined by a modification of
the method of Kolthoff and Sandell (1967). Freshly ground clay
(0.5g), 5 ml conc. HCl and 5 ml 48% HF were mixed in a poly-
carbonate centrifuge tube. The mixture was heated in a water
bath at just below boiling for 20 min and 15 ml of a saturated
solution of boric acid were added to the cooled solution. The
solution was transferred to a 250 ml beaker and the polycar-
bonate tube was washed with 5 ml 1:1 HCl, which was also ad-
ded to the beaker. The solution was then heated to just below
boiling, during which time a yellow color developed. A solution
of stannous chloride was freshly prepared by diluting 1.5g
SnC12~2H20 to 10 ml with 1:2 HCL The SnCl, was added
dropwise to the sample solution while it was still hot; 2 drops
excess were added beyond the decolorization point. The solu-
tion was cooled to room temperature, and 10 ml 5% HgCly
were added; formation of a small amount of white precipitate
(Hg2C12) ensured that an excess of SnCly had been added. A
solution of Zimmerman-Reinhardt reagent was prepared by
weighing 13.3g MnSO,4-H,O into a 250 ml volumetric flask,
adding 30 ml conc. HySOy4 and 30 ml 85% H3PO,4 and diluting
to the mark with water. Twentyfive mlof the Zimmerman-Rein-
hardt reagent were added to the sample solution. After 1 min,
the sample solution was titrated with 0.01 M KMnOy that had
been standardized with NayC,04 by the method of Fowler
and Bright (1935). A blank was determined by performing all
the above steps in the absence of clay and the results of the
iron analyses reported in Table 2 were corrected for the blank.
The Fe?' content of montmorillonite 22A was determined by
a modification of the procedure of Kolthoff and Sandell (1967).
1g of clay was weighed into a polycarbonate centrifuge tube.
Five ml of 1:1 HySO,4 were added and the mixture was heated
in a water bath to just below boiling. Five ml of 45% HF were



306

added and the mixture was heated for 10 min. A nitrogen atmo-
sphere was maintained above the liquid during degradation of
the clay. The hot solution was added to a chilled beaker con-
taining 150 ml double-distilled Ny-purged H20, 10 mi 1:1
H2504, 25 ml saturated H3BO3 and 10 ml 85% H3POy. Nitro-
gen was bubbled through the solution as it was stirred and war-
med to room temperature. Five drops 0.3% diphenylaminesul-
fonic acid sodium salt were added and the solution was imme-
diately titrated with standardized 0.001 M KMnOy. The end
point was taken as the point at which a purple color was obser-
ved to last for longer than 30 s. A blank was determined in the
absence of clay, and the Fe2™ analyses given in Table 2 were
corrected for this factor. A check on the accuracy of the ana-
lysis, using Fe(NH),(804)5-6H,0, yielded values for Fe2*
that were within 1% of the theoretical value.

Table 2. Iron content of Montmorillonite 22A

min followed by an 18 h treatment with 5% hydrazine. The
clay was again suspended in 20 ml H5O and dilute HCL was ad-
ded until a constant pH = 6 was obtained. Immediately prior to
use, the clay was centrifuged and the supernant was decanted
from the clay.

In the comparison of the rate of reaction of the reduced and
unreduced clay with DAMN, 0.25g montmorillonite 22A was re-
duced and washed as described above. A second sample of 0.25 g
montmorillonite was not treated with hydrazine but received the
same number of washes. A 0.71 x 16* M DAMN solution was
prepared using distilled nitrogen-purged water and adjusted to
pH = 6. 30 ml were added to each of the clays; 30 ml served as a
control. The solutions were stirred for 1 1/4 h, centrifuged at
18,000 rpm for 15 min, and the absorbance at 295 nm was mea-
sured to determine the extent of decomposition of DAMN. The
results are given in Table 4.

Table 4. Decomposition of DAMN with reduced clay

Total Fe Fet Fe ¥ (difference) Reaction system* Decomposition after 1.5 h
Trial 1 5.77% 0.32% Control (no clay) 0.8%
Trial 2 5.82% 0.31% Unreduced mont 22A >90.0%
Average 5.80% 0.32% 5.48% Reduced mont 22A 2.0%

A. Increase in Fe?* after Reaction with DAMN. A solution of
0.001-0.005 M diaminomaleonitrile was prepared using dou-
ble distilled water that had been purged with nitrogen for 1 h;
the concentration of DAMN was checked by its absorbance at
295 nm (e=13,500) (Sanchez et al. 1967). 10 ml of DAMN so-
lution were added to 1 g of the clay and the mixture was stir-
red under nitrogen for 1 h. The clay was then centrifuged at
18,000 rpm for 15 min and the concentration of DAMN in the
supernant was determined by its absorbance at 295 nm. The
concentration of DAMN in a control solution without clay
was also measured after 1 h, and the difference between the
two concentrations was used to calculate the change in DAMN
concentration due to the clay. After centrifugation, the super-
nant was decanted and the clay was resuspended in 10 m!
double-distilied, nitrogen-purged HoO and again centrifuged.
The supernant was decanted and the clay was analyzed for
Fe2* as described previously. The increase in ferrous iron was
obtained by subtracting the ferrous iron content of a sample
of untreated clay (cf. Table 2). The molar increase in ferrous
iron was calculated and divided by the molar decrease in DAMN
to give the results shown in Table 3.

Table 3. Molar increase in Fe?™ per

DAMN
[DAMN] Fe?*/DAMN
0.001 M 1.72
0.002M 1.74
0.005 M 1.72

B. Reaction of Reduced Montmorillonite with Diaminomaleo-
nitrile. The procedure of Solomon et al. (1968) was used to
reduce 0.1-0.25g portions of clay by stirring first for 1h with
5% aqueous hydrazine, centrifugation at 18,000 rpm for 15

(.25 g clay + 30 ml 7.1 x 10> M DAMN (pH = 6)

The reaction of 1.0 ml of 0.89 x 10~*M DAMN with 0.1g
reduced montmorillonite at pH 6 was studied for an extended
time period under a nitrogen atmosphere. Nitrogen was conti-
nuously passed through the solution at a rate of one bubble per
10 s. At intervals, the reaction mixture was removed and centri-
fuged at 18,000 rpm for 15 min. The absorbance of the solution
at 295 nm was used to calculate the decomposition of DAMN.
The clay was then resuspended in the supernant and the mixture
was returned to the reaction flask. The results are given in Table
5.

Table 5. Decomposition of DAMN with reduced montmoril-
lonite

Time (h) DAMN decomposition
15 2.2%
40 2.3%
62 2.5%

A 4.0 x 10~% M solution of DAMN was prepared using dou-
ble-distilled water which had been purged with nitrogen. The
reduced clay was suspended in 25 ml DAMN and transferred to
a round bottom flask connected to a water-cooled reflux con-
densor.The top of the condensor was sealed with a glass tube
leading into a flask containing 10 ml 2 M NaOH. The hydroxide
solution both prevented air from entering the apparatus and pro-
vided a trap for volatile HCN that passed through the conden-
sor. The apparatus was purged with nitrogen and the flask con-
taining the clay suspension was heated with stirring in an oil
bath at 80° C for 12—28 days. The apparatus was then cooled
to room temperature and the clay suspension was centrifuged.
There was no DAMN in the supernant as shown by the absence
of UV absorption at 295 nm. There was strong absorption at



245 nm suggesting extensive decomposition of the clay (Banin
and Lahav 1968; Chen et al. 1979). The amount of cyanide trap-
ped in the NaOH solution was determined by the method of
Scoggins (1972). Values of 2.3 and 1.9 moles of HCN formed
per mole of DAMN reacted were obtained after reaction times
of 12 and 28 days respectively.

Relative Reaction Rates of Different Forms ofFe3+

Fe3% (3.8 x 1073 mol) bound to 200 mg Dowex 50, 39 mg of
montmorillonite 22A (3.8 x 105 mol of Fe3*) and Fe3*
{4 x 107° mol) dissolved as FeCly were reacted in 50 ml with
5 x 10~ mol of DAMN at pH 2.5 7 0.2. The extent of reaction
was determined from the absorption of DAMN at 295 nm. The
half life for DAMN decomposition for FeCl3, Fe3*-Dowex and
montmorillonite 22A was found to be <1 min, 8 h and 25 h
respectively.

Results and Discussion

Previously we established that the exchangeable cations
in the montmorillonite were not responsible for the de-
composition of DAMN (1) (Ferris et al. 1979), and
therefore we undertook an investigation of the reaction
of DAMN with the non-exchangeable cations which re-
place the aluminum and silicon in the aluminosilicate
clay lattice. Ferric iron was investigated first, since it is
one of the most abundant non-exchangeable metal ions
present in montmorillonite 22A based on the analysis of
closely related montmorillonite 22 (American Petroleum
Institute, 1951).

Ferric iron bound to a Dowex 50 ion exchange resin
was used as a simple model for Fe3* within the octahe-
dral layer of the clay lattice. An aqueous solution of
DAMN was decomposed rapidly by Fe3* bound to Do-
wex 50, but a much slower reaction of DAMN was ob-
served with Fe?*-Dowex (experiment not described).
The similarity in reactivity of the Fe3¥-Dowex and
montmorillonite clay systems was demonstrated by the
formation of two moles of HCN per mole of DAMN re-
acted in both. It was established that Fe3* is serving as
an oxidizing agent in the Fe3*-Dowex system by the
formation of two equivalents of Fe2* per mole of
DAMN reacting. Subsequently it was observed that
aqueous solutions of Fe3* effected the oxidation of
DAMN with formation of two equivalents of FeZ*. A
preliminary report which indicated that less than two
equivalents of Fe2¥ are formed has since been found
to be incorrect (Ferris et al. 1981). ,

That Fe3* is the principal oxidizing agent in the
montmorillonite was established by the observation
that 1.7 equivalents of Fe2* are formed per mole of
DAMN oxidizied. Since it had been previously demon-
strated that two equivalents of Fe2* were formed per
DAMN in the Fe3*-Dowex and aqueous Fe3™ systems
the formation of only 1.7 equivalents of Fe2* with
montmorillonite was an unexpected result. We are un-
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able to account for the oxidative loss of the remaining
15% of the DAMN. There does not appear to be any
other metal ion present in sufficient quantity in the
montmorillonite 22A to act as the oxidant for the re-
maining DAMN (American Petroleum Institute, 1951).
One other possible oxidant is the “‘crystal edges” of
the clay. It has been postulated that coordinatively-
unsaturated aluminum ions act as electron acceptors
(Solomon et al. 1968). This effect has been postulated
to account in part for the oxidation of benzidine by
montmorillonite.

DAMN undergoes a very slow decomposition in
the presence of montmorillonite that had been reduced
with hydrazine. The reaction is accelerated at higher
temperatures and an oxidative pathway is suggested
by the observation that two moles of cyanide are formed
per DAMN, This slow oxidative reaction is understand-
able in terms of the incomplete reduction of montmo-
rillonite by hydrazine (Tennakoon et al. 1974) and the
gradual decomposition of the montmorillonite with the
release of Fe3* from the aluminosilicate lattice (Gerstl
and Banin 1980; Bar-On and Shainberg 1970). No elec-
tron-transfer polymerization of DAMN was observed in
aqueous solution with the hydrazine-reduced montmo-
rillonite (Solomon and Loft 1968). This polymerization
reaction may be observed in the solid state where there
are no competing hydrolytic processes.

The relative rates of DAMN oxidation were measured
to test for catalysis of the reaction by the clay surfaces.
The absence of surface catalysis was dramatically shown
by the 103 fold greater rate of DAMN oxidation by an
aqueous solution of Fe3* than by a comparable amount
of Fe3* in montmorillonite 22A. The observed 3 fold
faster reaction of DAMN with Fe3*-Dowex than with
montmorillonite is probably due to the unavailability
of some of the iron in the clay to react with the DAMN
(Tennakoon et al. 1974). The unreactive Fe3* in the
montmorillonite is located in sites which are shielded
on the top and bottom by silicon-oxygen tetrahedral
layers.

There are other examples of the oxidation of organic
compounds by the Fe3* in clays. The oxidation of ben-
zidine to the radical cation benzidine blue (Solomon
et al. 1968) is analogous to the first electron transfer
step in the oxidation of DAMN. Iron rich clays on Mars
are probably responsible for the oxidation of formic
acid to CO2 in the Viking Labeled Release experiment
(Banin and Rishpon 1979).

The first step in the reaction of DAMN must be its
oxidation to diiminosuccinonitrile (DISN) (2) (reac-
tion i) (Webster et al. 1972). DISN reacts rapidly with
water and other nucleophiles to form oxalic acid or
oxalic acid derivatives and two equivalents of cyanide
(reaction ii) (Begland et al. 1972; Ferris and Ryan
1973). The formation of one mole of oxalic acid per
mole of DAMN was established by the reduction of the
oxalic acid to glycolic acid and the subsequent conver-
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sion of the glycolic acid to formaldehyde (Feigl 1954a).
This finding together with the detection of two equiva-
lents of cyanide establishes the stoichiometry outlined
in reaction ii.

The facile decomposition of DAMN in the presence
of Ni(NH3)g2* (Ferris and Edelson 1978) can be under-
stood on the basis of the reaction pathway outlined in
equations i and ii. The NiZ*-catalyzed reaction was
originally believed to be simply a hydrolytic reaction
because an oxidative process requires the reduction of
nickel to a less common Nit or Ni0 oxidation state
(Huheey 1972). However, the formation of two equi-
valents of HCN per molecule of DAMN decomposed
is good evidence for the oxidation of DAMN to DISN
(2) which in tum is hydrolyzed to two equivalents of
HCN. Lower valence states of Ni are indicated by our
observation that DAMN is decomposed only by Ni
(NH3)62+ and not uncoordinated Ni*2 ions. The lower
(less than +2) oxidation states of nickel are stabilized by
coordinating ligands (Huheey 1972). In addition, it
has been reported that hydrazine reduces the tetra-
cyano complex of nickel from the +2 to the +1 oxi-
dation state (Nast and von Krakkay 1954). Since both
hydrazine and DAMN reduce Fe3™ it is likely that
DAMN will also be able to reduce Ni2* and be oxidized
to DISN in the process. The lower oxidation states of
nickel formed in the reaction with DAMN would be
readily oxidized back to NiZ*¥ by atmospheric oxygen
(Nast and von Krakkay 1954). _

Our experiments demonstrate that the oxidation state
of the metal ions in the clay used in prebiotic simulation
experiments can have a profound effect on the course of
a reaction. The ratio of Fe3* to Fe2* in clays increased
as the atmosphere of the primitive earth became more
oxidizing. Clays in which the Fe2* oxidation state pre-
dominated were probably formed initially. The release
of O, by the photolysis of water (Walker 1977) led to
the oxidation of some of the Fe?" in the clays to the
Fe3* oxidation level. These iron-containing clays may
have served as electron transfer agents in primitive forms

of life, a process which was eventually taken over by
iron porphyrins. The redox properties of the iron in
both systems would have provided the bridge (conti-
nuity) in the evolution of the clay system to the por-
phyrin redox systems (Rao et al, 1980).

A mixture of both the Fe*' and Fe3* oxidation
states in clays may have been even more effective than
Fe2* alone in catalyzing the formation of biopolymers
on the early earth. The Fe2¥ clays may have initiated
polymerization reactions by electron donation to ole-
fins (Solomon and Loft, 1968). The Fe3* clays may
have effected peptide and nucleotide synthesis and
condensation reactions by the formation of high ener-
gy intermediates such as DISN - a process similar to the
oxidative phosphorylation observed in contemporary
biochemical systems (Lehninger 1975). The use of DISN
as a condensing agent is currently under investigation
in this laboratory.
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