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Abstract: This study is a continuation of our research on understanding the possible chemical routes
to the evolution of life on earth based on the “Selective Energy Transfer” (SET) theory. This theory
identifies the specific vibrational mode of the catalyst that is in energy-resonance with a suitable
vibrational mode of the reactant. In this way, energy is transferred from catalyst to reactant up to the
energy of activation, making possible a particular chemical outcome. Then, we extend this model
to the mostly unknown and highly complex environment of the hydrothermal vents, to speculate
how prebiotic chemicals, necessary for the evolution of life, could have formed. It is to the credit of
the SET theory that it can reflect the slight difference in the catalytic system that gives dramatically
very different chemical outcome. It is shown, here, how in model laboratory experiments, methanol
gives dimethyl ether (DME) in a 100% yield with Cu exchanged montmorillonite as the catalyst, or a
very different product methyl formate (MF) in lower yields, with another Cu2+ ion-exchanged clay
mineral (laponite) as the catalyst system. We also show, based on standard laboratory experiments,
how COS (carbonyl sulfide) with a strong absorption band at 2079 cm−1 by itself and/or catalyzed by
montmorillonite with strong Si-O-Si asymmetric vibration of 1040 cm−1 can react with alpha-amino
acids to form alpha-amino acid thiocarbamate (AATC), which we feel could represent the most
primitive analogue to coenzyme A (CoASH), a highly versatile bio-enzyme that is vital both for the
metabolism and the synthesis of biochemicals in the living system. AATC itself may have undergone
evolutionary developments through billions of years to transform itself into coenzyme A (CoASH)
and its acetyl ester analogue acetyl coenzyme A (ACoA).

Keywords: catalysis; vibrational resonance; montmorillonite; laponite; methanol; carbonyl sulfide;
alpha-amino acid thiocarbamate (AATC)

1. Introduction

It is now widely recognized that the undersea hydrothermal vents were the putative
locations where life in its most primitive form evolved. This notion is supported by
the recent discovery that the earliest life forms on earth, known so far, are fossilized
microorganisms [1] found in hydrothermal vent precipitates in Québec, Canada, and
dating from 3.77 to 4.28 billion years old. In the beginning of a somewhat cooled early earth
with a reducing atmosphere, undersea volcanos were spewing out primary gases such
as H2, CO, CO2, CH4, N2, NH3, HCN, H2CO, and COS, along with rocks and minerals
that deposited to form rising towers. Adsorption of the primary gases emanating from the
vents on the surfaces and in the pores of the minerals such as montmorillonite, or other
clay-related minerals, could provide active centers for further chemical transformations.
The pores in the rocks in the minerals, such as porous montmorillonite, could provide
temporary shelters for the accumulation and further catalytic transformation of the effluent

Appl. Sci. 2021, 11, 10125. https://doi.org/10.3390/app112110125 https://www.mdpi.com/journal/applsci

https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0003-2270-9849
https://doi.org/10.3390/app112110125
https://doi.org/10.3390/app112110125
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/app112110125
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app112110125?type=check_update&version=2


Appl. Sci. 2021, 11, 10125 2 of 13

primary chemicals. Thus, monomeric prebiotic chemicals such as alcohols and amino
acids were formed, similar to Miller’s [2,3] historic experiment. Later on, these substances
progressively underwent catalytic oligomerization. It might be that the constant supply of
fresh feed chemicals from the vents made sure that the processes mentioned above were
going on smoothly. Mediated by chance and necessity, they could give rise to the formation
of self-replicating biomolecules such as RNA and enzymatic proteins. From that time on
it was the formation of protocells that, through further evolutionary processes, could be
transformed into living and functional cells that made life proliferate with all its vitality.

As is now known, life is functioning through the specialized chemistry of a limited
number of elements, such as hydrogen, carbon, nitrogen, oxygen, sulfur, phosphorous,
and a few transition metals and their compounds. Aside from water, the physicochemical
processes of life are largely based upon five key families of chemicals: lipids (fatty cell
walls), carbohydrates such as sugars and cellulose (energy source and structure elements),
amino acids (protein metabolism), nucleic acids (self-replicating DNA and RNA), and some
minerals. However, how the primary gases through chemical and catalytic processes over
billions of years could evolve to give rise to a highly organized and immensely versatile
and self-replicating living cell, will probably never be known with any degree of certainty.
After Miller’s seminal experiment [2,3], great interest was generated to replicate at least
some aspects of this evolutionary process in standard laboratory experiments. Therefore,
for example, Christian de Duve speculated on a primitive “thioester world” [4,5] necessary
for the evolution of life. We show in this and related publications [6,7] how SET theory,
developed by one of us (R.L.) [8–10], can be a useful guide for understanding the prebiotic
chemical evolution leading to the origin of life.

Earlier Studies on the Catalytic Force of Montmorillonite

The study of montmorillonite was introduced by J.P. Ferrris [11], who showed that this
catalyst governed the formation of RNA oligomers, “It catalyses the formation of oligomers
of RNA that contain monomer units from 2 to 30–50”. The formation of biologically
significant prebiotic chemicals under standard laboratory scale experiments have been
reviewed [12,13].

2. Clay Versus Gas

Now, after this exposition of the powerful ability of montmorillonite to trigger the
same reactions that the COS molecule mastered, is it possible to find some physical property
that is common to both systems?

The Search for a Suitable Vibration

Since the ν3 of COS (2079 cm−1) has the ability to activate the ρw(NH2) out-of-
plane bending of an amino acid [9], we started to search for possible analogues in the
montmorillonite system.

Table 1 gives a first attempt to find such a parallel to the ν3 of COS.
One finds that the IR data for a series of montmorillonite substances gives one common

vibration with a mean value of 1040 ± 9 cm−1. It is of great interest that this frequency is
very similar to the value attributed to the frequency of the catalyst that could facilitate many
of the reactions treated in [10]. Even more so, twice this value, i.e., 2 × 1040 = 2080 cm−1,
is very near to that of ν3 of COS (2079 cm−1). This might mean that two quanta of the
montmorillonite vibration would be able to perform the same actions that one quantum of
COS could do.
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Table 1. Stray example of the Si-O-Si asymmetric stretch. vibration in montmorillonite.

Ref. V cm−1 Locality/Notification

[14] 1030 SAZ−1 Cheto AZ. USA

[15] 1054 Milos Island/Greece (alkali treated)

[16] 1032 Tomsk (educational sample)

[17] 1035 Kremnica mountains, Slovakia

[18] 1048 Süd-Chemie Clay Processing Plants,
Balikesir, Turkey

Mean value 1040 ± 9

The vibration frequency of the montmorillonite system is attributed to the asymmetric
stretch of the Si-O-Si group [19,20]. One might then ask why the catalytic ability of solids
(for the reactions presently discussed) seems to dwell only in the montmorillonite structure.

Perhaps the inner surfaces of the montmorillonite layers are best fit for the purpose.
However, there are examples of both silicon-containing as well as silicon-free solids

that can act as catalysts in the same or similar types of reactions [21,22]. Therefore, for
example, [22] described the formation of dipeptides from amino acids, catalyzed by hy-
droxyapatite, Ca10(PO4)6(OH)2, whereas [21], among other things, described the infrared
spectrum of hydroxyapatite.

Of greatest interest, here, is that the strongest absorption peak, in the range 400–2000 cm−1,
that appears at 1038 cm−1, and which value relates to the phosphate group.

Additionally, what factors might exist that make the gas system dissimilar to the
solid-phase catalysts? One such factor is obvious, i.e., the reaction temperature. Whereas
the COS catalyst comes streaming from the hot atmosphere of a volcano outlet, and thus is
highly activated from the start, the reactions catalyzed by montmorillonite occur at modest
temperatures and each separate vibration is probably not activated to more than one or
possibly two quantum numbers. Instead, there are many such separate vibrators in the
montmorillonite substance that can join efforts to achieve the desired high activation of the
vibration of the reactant.

Possibly, each of the vibrational parts of montmorillonite give one quantum each to
the reactant receptor, until a number N has been reached. Here, N = Ea/1040, where Ea
represents the activation energy (in cm−1).

3. Copper Induced Reactivity

In an interesting paper by [23], the effect on the 1040 cm−1 vibration of montmoril-
lonite from substituting the counter-ions by Cu2+ is discussed together with some other
minerals [23]. The data from this report are reproduced in Tables 2 and 3. It is worth-
while noting that for one of the two investigated montmorillonite systems no change in
vibration frequency is observed. For the other system, however, a small but significant
change appears, see Table 3. Of the two observed sets of data, one gets 1037 and 1035 cm−1

somewhat decreased from the original value of 1040 cm−1. What is interesting is that the
mean value of the mentioned copper-promoted vibrations is 1036 cm−1 and the methanol
C-O stretching is ν4 = 1034 cm−1 (As described in Table 97 of Ref. [24]).
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Table 2. Activities and selectivity of Cu-exchanged clay catalysts (from Table 1, reference [23]).

Catalyst Cu/Lapo Cu/Sapo Cu/Mont Cu/TSM

Conversion of methanol (%) 35.8 9.9 3.3 19.7

Selectivity (%)

MF 82.2 12.4 - 89.3

DME - 80.4 100 -

CO 17,8 - - 10.7

CO2 - 7.5 - -

Copper content (mmol/gcat) 0.60 0.64 064 0.60

Surface area (m2/g) 313 233 80 56

Vibration of
Si-O-Si cm−1 970 1036 ± 1

Reaction conditions: temperature 200 ◦C; W/F, 700 mol/gcat/min. Designations used in Table 2: Lapo, laponite;
Sapo, saponite; Mont, montmorillonite; TSM, fluoro-tetrasilicic mica.

Table 3. Extract from Table 1 of [25] on the influence of Si-O-Si vibrations from exchange with Cu2+,
only a few of the lines of the primary table are reproduced.

No Cu No Cu Series A Series A Series B Series B Assignment

Cheto Miles Cheto Miles Cheto Miles

1090 1100 1086 1105 1088 1108 Si-O-Si str.

1040 1050 1037 1050 1035 1050 Si-O-Si str.

It was reported by [20] that when montmorillonites and other clay minerals are cation
exchanged with copper (II) ions, a certain change in the catalytic response appears. Thus,
when most of these species catalyze the reaction of methanol to methyl formate, at least
some montmorillonites direct the reaction towards formation of dimethyl ether (DME),
see Table 2. The 100% DME formation from one system of montmorillonite, as discussed
above, is a strong verification of the SET model for catalysis via resonance, as 1036 and
1034 are not differing within the experimental accuracy (Table 3).

Series A means that the copper exchange was performed (using Cu(NO3)2) in an acidic
environment, whereas Series B means that the copper nitrate was treated with ammonia
and the resulting solution (at pH = 12) was used for the exchange.

Cheto means that the montmorillonite originated from the Clay Minerals Repository,
University of Missouri-Columbia, and Miles was from Integrated Mineral Technology,
Australia. Further information can be obtained from [25].

3.1. Some Results from the Copper-Exchanged Clay Minerals
3.1.1. Montmorillonite

The most striking effect is the 100% DME from the interaction of methanol and Cu-
exchanged montmorillonite (Tables 2 and 3). The close agreement between the Si-O-Si
stretch at about 1036 ± 1 cm−1 of the montmorillonite (Table 3) and the 1034 cm−1 of the
C-O stretch of methanol [24] is a beautiful example of SET resonance, see Figures 1 and 2.
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Figure 1. Resonance between the catalyst vibration (1036 ± 1 cm−1) and the C-O stretch of methanol (1034 cm−1) [24]
resulting in a repulsion of a water molecule and the formation of dimethyl ether. Note that the C-O distance is increased in
the activated state. NB, all figures treated in the same way.

Figure 2. Layer structure of montmorillonite [26] indicating that positive ions, including Cu2+, are positioned between the
layers building up the solid phase. These positive ions are schematically depicted as “+” in the figure above. Because of
their relatively high charge, the Cu2+ ions are attracted to neighboring oxygen atoms, especially those that form the bridge
between two Si atoms: Si-O-Si. This constellation gives rise to a strong asymmetric vibration which gives rise to a strong IR
radiation (at about 1040 cm−1) reaching, most probably, within or even outside the interlayer space.

3.1.2. Laponite

Considering the distribution of products in Table 2, it can be observed that two of the
investigated species do not produce DME, but rather MF (methyl formate) together with
a smaller amount of carbon monoxide. This observation calls for an explanation of the
reaction mechanism, different from that described for the montmorillonite catalysis. Here,
we concentrate our discussion on laponite as the catalyst, as this system shows a ten-fold
conversion of the methanol as compared with montmorillonite.

In Table 4 we have collected data for the Si-O-Si stretching vibration of the four systems
presented in Table 2. Wishfully these data should report on the effect of Cu(II) treatment. (It



Appl. Sci. 2021, 11, 10125 6 of 13

is, however, not always clear in the presentation of the various authors if such a treatment
has been performed.)

Table 4. Collation of vibration frequencies (cm−1) of one of the species stated in Table 2 and one of
the vibrations of methanol.

Catalyst Cu/Lapo Cu/Sapo Cu/Mont Cu/TSM

νas Si-O-Si 970 1010 1036 ± 1

Reference [27] [28] (Figure 3 of
that Ref.) [25]

Catalyst Lapo Sapo Mont TSM

νas Si-O-Si without
Cu 1000 1058 1040

Methanol

ν3 + ν6” (-CH3) 2914

Reference 24

Ratio
ν3 + ν6”/νas
Si-O-Si(Cu)

2914/970 = 3.004 2914/1010 = 2.885 2914/1036 = 2.813

In Table 4 and Figure 3 we also report on the relevant C-H vibration that will tear the
methyl group to pieces if activated enough.

Figure 3. The part to the left of the first arrow indicates how a C-H vibration at 2914 cm−1 (see
Table 4) is activated by resonance with a vibration from the catalyst (970 cm−1). One notes that
2914/970 = 3.004, indicating a good possibility of energy transfer from three quanta of catalyst to one
quantum of reactant. The part in the middle shows the destructive force of the 2914 cm−1 vibration,
resulting in two molecules of H2 and leaving the rest of the molecule as a > C=O group.

4. Solubilized COS Acting in Solution

As a compromise between the gas-formed COS, which is difficult to handle when
forming part of a protocell, and the solid catalyst, montmorillonite, one might consider a
reaction by COS with another substance, so that the reaction product could be dissolved in
water or any other liquid. In this way the catalytic power from the sulfur atom could be
stored and utilized in a proper way.

One should note that the C-S vibration is the most important part in the ν3 vibration
of COS, or rather OCS, (see Figure 4 below and Tables 42 and 67 as well as Figure 61 as
they are given in Ref. [24]).
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Figure 4. The N-H stretching vibration borrows energy from the COS molecule, resulting in a transfer of one H atom from
the NH2 group to the S atom. This invokes a bending of the previously linear OCS molecule.

4.1. AATC (Alfa-Amino Acid Thiocarbamate)

It has been suggested by Orgel et al. [27–29] that alfa-amino acids might be such
substances that would make it possible to restore the catalytic activity of COS in a liquid
phase by forming an alfa-amino acid S-thiocarbamate, AATC, see Figure 4. In Figures 4–6,
the formula representing AATC is marked with red-colored atoms:

Figure 5. The decomposition of AATC to hydrogen sulfide and NCA.

Figure 6. Cont.
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Figure 6. (a) Indicates the reaction between the H- atom of the SH- group of the AATC with the
OH-group of the first amino acid, liberating a molecule of H2O; (b) shows that the remains of COS,
now clad in the multi-atom product of reaction 4, uses what is left of its catalytic power to excite the
N-H bonds in the second amino acid.

The abovementioned authors [29], however, regarded the essential catalyst to be a
decomposition product of the AATC. In that substance (NCA = N-carboxyanhydride),
however, the sulfur was completely lost, see Figure 5. Hence, the immense catalytic power
stored in COS is gone, not supporting the interpretation of using NCA as the prime catalyst
(intermediate).

In order to judge the possibilities of an alfa-amino acid to take part in such a scheme,
we report, in Table 5, some data from a recent paper on the subject [30].

Table 5. NH2 vibrations from Mohamed and Mohammed [31]. All data are in cm−1. Only a selection
of the calculations by the authors is used here.

Amino Acid Empirical Data Calculated Ab Initio Mean Value VNH2

l-Alanine 3094 3310 3205

l-Phenyl-alanine 3436 3187 3312

l-Aspartic acidid 3141 3189 3165

l-Glutamic acid 3020 3130 3075

Mean value 3174 ± 131 3204 ± 53 3189 ± 69

In the following, we consider a reaction between an alfa-amino acid and a molecule of
carbonyl sulfide according to Figure 4: In this combination of species, we regard COS to
be a reaction partner as well as a catalyst. Then, calculating the ratio between ν NH2 of
the amino acid (3189 ± 69 cm−1) and ν3 of the COS molecule (2079 cm−1, [2]), we obtain
3189/2079 = 1.534 ± 0.033.

This means a ratio = 3:2, indicating that three vibrational quanta from the COS source
(catalyst) are needed to activate the N-H vibration with two quanta of the NH2 vibration.
Considering the relatively large experimental error in Table 5, we can state that Reaction (1)
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follows the conditions of SET: When 2 (or 4 or 6) ν NH2 quanta are activated, the molecule
might react.

In a similar way, the other reactant (bending of COS, ν 2 = 527 cm−1, [24]) might be
activated by quanta from the catalyst, its sister molecule (COS). Here, the relevant ratio
is 2079/527 = 3.945, with an error of 0.055, corresponding to 1.4%. Although the two
frequency values of COS used here are supposed to be “correct” [19], the difference is of the
order of the errors quoted for the amino acids. Thus, we can conclude that one quantum of
the 2079 cm−1 vibration corresponds to four quanta of the bending vibration of COS.

Furthermore, there might be a slight change of size between quantum nr 1 and
quantum nr 4 of the COS bending vibration. Hence, we can be allowed to infer that
Reaction (1) is following the basic principles of SET.

4.2. Further Reactions of AATC

In order to test the catalytic capacity of the AATC molecule we concentrated on the
condensation of two identical amino acids, which, here, we call CH(R2)NH2-COOH.

Formally this reaction is expressed as:

2CH(R2)NH2-COOH→ HOOC-CH (R2)-NH-CO-CH (R2) NH2 (1)

It follows from Figure 6 that the catalytic reaction occurs in a two-step process includ-
ing a simultaneous formation of a molecule of water.

As we have no IR data on the AATC compound (because of its existence in water
solution) we will seek the explanation for this remaining catalytic power in other thiocar-
bamates. In Figure 7, we show the structure of “carbamothioic acid, butylethyl-, S-propyl
ester” or “pebulate” [32–34], where the S-C-O group is clearly visible. In Figure 8, the in-
frared spectrum of this substance [34] is displayed. One notices a single, strongly absorbing
band at 1678 cm−1 (read from the figure) in addition to the alkyl bands. In a SET approach,
we multiply this frequency by a factor 2, resulting in 3360 cm−1. This corresponds to
an asymmetric NH2 stretching vibration [31,35], indicating that the 1678 cm−1 vibration,
seen in spectrum [34] is in resonance with the mentioned N-H vibration. Thus, because
of the asymmetric vibration, one hydrogen atom, borrowing energy from the “pebulate”
molecule, might be expelled from the incoming amino acid in reaction and can attack the
C-S bond as indicated in Figure 6.

In this way AATC is restored to its full, free shape as a proper catalyst should. Further-
more, one notes that a peptide group (CO-NH) has been formed, keeping the two amino
acids together.

Figure 7. The structural formula of carbamothioic acid, butylethyl-, S-propyl ester or pebulate [34].
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Figure 8. The infrared spectrum of carbamothioic acid, butylethyl-, S-propyl ester or pebulate [34].

5. Present-Day Sulfur-Containing Coenzymes

The most important compounds that have a slight similarity to AATC (Figure 3) are
coenzyme A (Figure 9a) and its acetyl form (Figure 9b) which have an essential biological
importance [35–37]. Whether the structures in Figure 9 are related to a prebiotic evolution
of the AATC structure is not known with certainty.

Figure 9. (a) Coenzyme A (CoASH); (b) acetyl coenzyme A (ACoA).

What is known [36] is that in all living organisms, CoASH is formed in a five-step
reaction from cysteine (Figure 10a), pantothenate (i.e., vitamin B5 (Figure 10b)), and ATP
(adenosine triphosphate (Figure 11)).

Cysteine is one of the two naturally appearing amino acids containing sulfur, therefore,
one should expect some time-related connection with AATC. However, no such relation
can be detected, nor in the full-grown coenzyme A. It is of some interest to note that in the
acetyl form of coenzyme A, the O-C-S structure is recreated, somewhat like the situation in
AATC. This might explain the high capacity of acetyl coenzyme A as an acyl transfer agent
and as catalyst in general.
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Figure 10. The structural formula of (a) cysteine and (b) pantothenate.

Figure 11. The structural formula of ATP.

6. Conclusions

Previously, the role of a solid-phase catalyst has been to present a large surface
where the reactants could be adsorbed and crowding together. In this way, the reactants
were supposed to influence and steer the reaction in a desirable direction. However, the
SET model for catalysis [10] has shown that, for a solid-phase catalyst as well as the
homogeneous, the critical parameters are the frequencies of two vibrations, the catalyst as
well as reactant, acting in resonance with each other.

The observations of the present paper are in full support of this model. Especially,
one notes that all the reactions treated here are of the kind that catalyst and reactant are in
resonance at a specific frequency, different from one case to another. This means a kind of
guidance for incoming molecules in processes of replication and complexification, alluding
to the work of Addy Pross [13].

Our first objects in this study are the layered structure of the well-known mineral
montmorillonite and the nearly related (but synthetic) substance of laponite [38]. What
is interesting with montmorillonite is not, primarily, that it is a solid substance. The most
interesting trait of montmorillonite is its light absorption/emission at about 1040 cm−1,
which makes it as good a catalyst as was COS in the previous studies, where we found
that the 2079 cm−1 vibration could activate many reactions where the critical vibration was
1040 cm−1. Thus, for example, montmorillonite can catalyze the formation of RNA [11].

Another interesting trait of the abovementioned compounds is their catalytic function
when interacting with copper (II) ions. This interaction results in a decrease in the Si-O-Si
vibration (from 1040 to about 1036 cm−1 for montmorillonite and from about 1000 to
970 cm−1 for laponite). Such a decrease caused, in the case of montmorillonite, the catalyst
to transform methanol to dimethyl ether with 100% yield. In the case of laponite, a similar
treatment resulted in the formation of methyl formate, together with some parts of carbon
monoxide. These reactions were both in agreement with the SET model.

Furthermore, in this study, we have investigated the possibility of finding the building
stones of molecules that we now know are necessary for life. We have found catalysts
that can transform simple compounds of only a few atoms to larger units of a complex
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structure. Thus, for example, COS can catalyze the formation of all the molecules that
together form the bioactive chains of RNA. COS can also combine with other molecules
such as amino acids to act in a liquid state to build bioactive substances, and last but not
the least, montmorillonite can act as a solid catalyst in aqueous media, to form molecules
that seem to be of a life creating kind.

Since COS originates from volcanic eruptions and montmorillonite is formed from
petrified lava, eroded by rainwater [11], we can state that many catalysts, shaped in
nature, are related to the volcanic activity of the young planet. Now, these catalysts
seem to be necessary for life, and we suggest that life as we know it has had a volcanic
background. This is in perfect agreement with the considerations of Orgel et al. [30] and of
M. Schirber [39,40].
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