Open Access Article. Published on 12 March 2025. Downloaded on 3/9/2026 2:57:46 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

#® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

i '.) Check for updates ‘

Cite this: RSC Adv., 2025, 15, 7855

Received 9th January 2025
Accepted 17th February 2025

DOI: 10.1039/d5ra00205b

Role of metal(n) hexacyanocobaltate(i) surface
chemistry for prebiotic peptides synthesisT
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Double metal cyanide (DMC), a heterogeneous catalyst, provides a surface for the polymerization of amino
acids. Based on the hypothesis, the present study is designed to evaluate favorable environmental
conditions for the chemical evolution and origin of life, such as the effects of temperature and time on
the oligomerization of glycine and alanine on metal() hexacyanocobaltate(n), MHCCo. A series of
MHCCo complexes were synthesized and characterized by XRD and FT-IR techniques. The effect of
outer metal ions present in the MHCCo complexes on the condensation of glycine and alanine was
studied. Our results revealed that Zn?* ions in the outer sphere showed high catalytic activity compared
to other metal ions in the outer sphere. Manganese(i) hexacyanocobaltate(n) (MnHCCo), iron(n)
hexacyanocobaltate(n) (FeHCCo), nickel() hexacyanocobaltate(in) (NiIHCCo) complexes condense the
glycine up to trimer and the alanine up to dimer. At the same time, ZnHCCo showed the most valuable
catalytic properties that change glycine into a tetramer and alanine into a dimer with a high yield at
90 °C after four weeks. ZnHCCo showed high catalytic activity because of its high surface area
compared to other MHCCo complexes. High-Performance Liquid Chromatography (HPLC) and Electron
Spray lonization-Mass Spectroscopy (ESI-MS) techniques were used to confirm the oligomer products of
glycine and alanine formed on MHCCo complexes. The results also exposed the catalytic role of MHCCo

rsc.li/rsc-advances

1. Introduction

Amino acids are relevant to the formation of biopolymers which
eventually lead to life.** The monomers of proteins, amino
acids, are found both in terrestrial life as well as in
meteorites.>” In addition, it was further explored by Ikehara
and coworkers in the [GADV]-protein world hypothesis that
primitive peptides were composed of four amino acids
GADV—¢glycine/alanine/aspartic acid/valine.’ On primitive
Earth the first molecular oligopeptide informational replicator
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for the oligomerization of biomolecules, thus supporting chemical evolution.

has consisted of Glu-Gly-Gly-Ser-Val-Val-Ala-Ala-Asp;** similarly,
Gulik also reported Asp-Ala-Lys-Val-Gly-Asp-Gly-Asp chain as the
first oligopeptide informational replicator."”> GADV concentra-
tions of more than 10> M were found in Miller's “soup” as well
as in extraterrestrial meteorites.”*™® By activating an electric
discharge in a highly reducing gas mixture of CH,, NH;, and H,,
which at the time was believed to be representative of the
primitive atmosphere, Miller synthesized some amino acids,
including Gly, Ala, and Asp along with two non-proteinones, -
alanine and amino-n-butyric acid."”*® According to the Haden
Eon hypothesis for the prebiotic organic compound synthesis
and the emergence of life, volcanic island lighting is crucial.
The amount of exposed sub-aerial land was around 12%." A
volcanic island eruption released plumes of hot pebbles and
soot, as well as water vapors and other gases (e.g., H,, NH;3, CO,
CO,, CHy, SO,, H,S) at regular intervals, creating a reducing
atmosphere;* concurrently, electric discharge in the form of
high-intensity lightning was also rife within the plumes. The
exceptionally high temperature, together with the electrified
lightning within the plume, helped to break bonds of gases
generating unstable and highly charged free radicals (formyl,
HCO; and hydroxymethyl, CH;0 and CH,O; and hydroxyl, OH)
as well as ions (e.g., hydroxyl ions, OH ™ ; ammonium ion, NH,").
Highly unstable chemical radicals, upon recombining, within
the plume synthesized HCN, aldehydes, ketones, formic acid,
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etc.>* The prebiotic soup would likely have been extremely
diluting concerning amino acid concentrations varying from
4 x 107° M to 10”7 M.?>*® Amino acids and their condensation
products (dipeptides, tripeptides, all the way to oligopeptides)
are one of the key events during prebiotic chemistry.>* Thus, the
study of the key reactions is very important.>**

Oligomerization of amino acids was the next necessary step
in the emergence of life. The major challenges have to do with
the low concentration and the short half-life of amino acids. So,
how could this feat of oligomerization be accomplished? One
way is to understand the role played by minerals/metal oxides/
double metal cyanide (DMC) complex.?”?**' In addition, to
work out the effect of temperature, pH, concentration, salinity,
etc., the adsorption of amino acids on the surface of minerals/
metal oxides/DMC.>”32~4>

Clays (e.g:, kaolinite and montmorillonite) are composed of
various minerals, which are widely accepted to act as heteroge-
neous catalysts for the condensation of amino acids—i.e., peptide
bond formation. It is believed that such clay-minerals were
present on very early Earth approximately 4.3 billion years
ago.*" The principal thing about clay minerals is that they are
charged both on the external and internal surfaces and thus
could have acted as templates for specific adsorption of their
surfaces, allowing the condensation to proceed®™° i.e., allowing
oligomerization to take place. Egami (1975) and Hazen (2021)
reported that the concentration of minor transition elements
(Mo, Zn, Fe, Cu, Mn, and Co) in the primordial sea to be
7-100 nM.*”*® In addition, Fe**, Mg®", Mn**, Co®", Ni**, Cu®*, and
Zn”" are all metal ions very frequently present in enzymes of
extant biology.* Metal ions reduce the barrier of reaction involved
as compared to the case where no metal ions are involved.
Coordination of metal ions with the electronegative atoms in the
reactants polarizes the C=0 bond and thus enhances the attack
of nitrogen carrying molecules, thus results in effortless forma-
tion of the simplest peptide linkages in the interstellar medium.
Bond energy of metal oxygen and the charge on the metal ions are
the vital factors.®**? Similarly metal ions have played a role for
glycine and alanine polymerization.®* Cyanide has been reported
as a product in several simulated prebiotic experiments and is
supposed to have been readily available under primitive Earth
conditions.®** Miller estimated the HCN concentration in the
prebiotic oceans to be higher than ~4.00 pM; this concentration
depended on the rate of HCN formation at the early hydrothermal
vents; its stability in the early ocean-water; and then its eventual
degradation due to the sun's rays impinging on the surface water.
HCN is an important organic molecule for synthesizing many
prebiotic molecules, including amino acids and nucleobases.*
This is because the cyanide ions (CN™) stabilized due to the
formation of insoluble DMC complexes.®** The clay surface
absorbed DMC complexes help to concentrate monomers (in this
case amino acids), allowing oligomerization to proceed by acting
as a catalyst.”7° Similarly, a series of metal(n) hex-
acyanocobaltate(m) (MHCCo) complexes formed in the primor-
dial sea settle on the seashores, where they make their surfaces
available for further interaction, such as oxidation.*””*

In this paper, we evaluated the catalytic ability of MHCCo
complexes for the formation of prebiotic peptides. A series of
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MHCCo complexe syntheses are described in the current
work. The entire experiment is carried out at different
temperatures (60 °C to 120 °C) for five weeks. To the best of
our knowledge, the role of outer metal ions in MHCCo
complexes as catalyst for the oligomerization of amino acids
has not been studied in the literature pertaining to the
emergence of life on Earth.

2. Materials and method

2.1. Chemicals

Potassium hexacyanocobaltate(mr) (Fluka), Mn(NO;), (E. Merck),
Fe(NO3), (E. Merck), Ni(NOjy), (E. Merck), Zn(NO3), (E. Merck).
Sodium hexane sulphonate, H;PO,, CH;CN (HPLC grade), and
standard peptides were purchased from Sigma-Aldrich. During
the experimental studies, Millipore water was used.

2.2. Preparation of metal hexacyanocobaltate(m)

Kaye and Long, 2005 method,” was followed for the synthesis of
MHCCo complexes from potassium hexacyanocobaltate(m).
10 mmol of potassium hexacyanocobaltate(m) dissolved in
100 mL Millipore water, was added to the solution of 18 mmol
metal nitrate in100 mL Millipore water dropwise. The precipi-
tate formed was allowed to anneal in the mother liquor and
filtered through a bucker funnel. The formed precipitate was
washed with Millipore water, dried at 60 °C, powdered, and
sieved with a 100 mesh size.

2.3. CHN, TGA/DTA, XRD

The Elementar Vario ELHI CHNS analyzer was used for carbon,
hydrogen, and nitrogen percentages present in MHCCo
complexes. The water crystallization found in MHCCo
complexes was monitored by a thermal analyzer. A 10 °C min
heating rate was carried out throughout the measurement,
while Al,O; as a reference was used. The X-ray diffraction
technique was used for the authentication of MHCCo
complexes. The relative-intensity data and interplanar spacing
(d) were in good agreement with the reported values.

2.4. Infrared spectra

The vibration frequencies of synthesized MnHCCo, FeHCCo,
NiHCCo, and ZnHCCo complexes matched the previously re-
ported data.””® The FT-IR spectra of MHCCo complexes were
recorded on the KBr pallet on a Perkin Elmer FTIR
spectrophotometer.

2.5. Surface area measurement

The surface area of MHCCo complexes was analyzed by the
Brunauer-Emmett-Teller (BET) method on a surface area
analyzer.”®

2.6. Reaction method

Initially, 0.1 gram of MHCCo complexes and 0.1 mL of glycine
and alanine amino acid (0.01 M) were impregnated separately,
and the suspension was dried at 90 °C for 3 h. After drying, it

© 2025 The Author(s). Published by the Royal Society of Chemistry
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was kept at three different temperatures (60 °C, 90 °C, and
120 °C) separately for the analysis of peptide bond formation
and monitored for five weeks, i.e. 7, 14, 21, 28, and 35 days. The
sample was analyzed weekly. No fluctuating drying/wetting
conditions were simulated. Glycine and alanine were used
separately for the control experiment by heating at the
required temperature in an empty test tube of glass measuring
150 x 15 mm. After the first week, adsorbed amino acids and
related reaction products were released by treating peptide
condensation products obtained with 1 mL of a 0.1 M calcium
chloride solution. The reaction product obtained was centri-
fuged, and the supernatant was analyzed by HPLC and ESI-MS
analysis.

2.7. HPLC analysis

HPLC with a column (Spherisorp 5 pm ODS2 4.6 mm X
250 mm) was used for the product analysis. The product was
analyzed at 200 nm wavelength by a UV detector. Sodium
hexane sulphonate (10 mM) acidified with H;PO, at a pH of
~2.5 (solvent A) and CH3;CN(solvent B) was used as mobile
phase compositions at a 1 mL min~" flow rate. Identification of
the obtained products was done by retention times, and later
on, co-injection method was used for further elucidation. The
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Fig. 1 XRD data of (a) MnHCCo, (b) FeHCCo, (c) NiIHCCo, (d) ZnHCCo.
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yield of the peptide bond formation was calculated by the peak
area of the products and a standard comparison (Fig. S1-S47).

2.8. Electrospray ionization-mass spectrometry analysis

ESI-MS spectral data were recorded on a Bruker MicroTOF-Q II
mass spectrometer on positive mode using the direct injection
method in the range m/z 50-500. The mass analysis of the
product obtained was recorded by mass spectroscopy equipped
with an electrospray ionization (ESI) source. Product ionization
was done by following the ESI setting: 10 psi nebulizer gas flow,
300 °C temperature, 4000 V capillary voltage, and 5 L min~" dry
gas. In the presence of the ZnHCCo complex, glycine and
alanine were heated for four weeks at 90 °C, and the ESI MS
spectra of the product were analyzed.

2.9. Field emission scanning electron microscopy FE-SEM
The 2-D imaging, internal structure, and morphology of the
complexes MnHCCo, FeHCCo, NiHCCo, and ZnHCCo were
analyzed with the help of FE-SEM.

2.10. Statistical analysis

All the experiments were performed in triplicate and the results
were recorded as the mean of the triplicate measurements.
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3. Results and discussion

The first step of material characterization is to identify the
purity of the complexes. Fig. 1(a-d) represents MnHCCo,
FeHCCo, NiHCCo, and ZnHCCo complex XRD patterns. JCPDS
diffraction files are used for analyzing the XRD pattern of
MHCCo complexes. The diffraction peaks obtained are carefully
matched with the relative intensities of the MHCCo complexes,
JCPDS file no. for MnHCCo (22-1167), JCPDS file no. for FeHCCo
(89-3736), JCPDS file no. for NiHCCo (22-1184), and JCPDS file
no. for ZnHCCo (32-1468). The FT-IR spectrum (depicted in ESI
Fig. S51) of MHCCo complexes showed four significant peaks.
In the case of ZnHCCo, the band occurs at 2181 cm ™" corre-
sponds to a strong CN stretching frequency; at 1607 cm ™" peak
represents the O-H bending of interstitial water molecules;
700 cm ! occurs due to the bending of metal-carbon; and at
451 cm ™', it represents the metal-cyanide bending. The broad
band appears and ranges from 3382 cm ™" to 3430 cm™ ' which
corresponds to coordinated water in MHCCo complexes. The
bands that occur due to other MHCCo complexes are indicated
in Table 1.

The MHCCo complexes were further characterized by TG/DT
analysis. Fig. S6(a-d)f represents the obtained thermograms.
With the help of the TG curve of MHCCo complexes, the degree
of hydration was calculated. Fig. S6(a)t represents the thermo-
gram for MnHCCo complexes that indicated mass loss which
corresponds to nearly two water molecules, the FeHCCo
complex showed a mass loss of three water molecules
(Fig. S6(b)t), NiHCCo complex showed a mass loss, of three
water molecules (Fig. S6(c)1), ZnHCCo complex showed a mass
loss of four water molecules (Fig. S6(d)f). The percentages of C,
H, and N in the MHCCo complexes were analyzed by CHNS
analysis and are depicted in Table S1.1 The experimental results
obtained by elemental analysis matched the theoretical value.
The synthesized MHCCo complexes were analyzed by XRD,
CHN analysis, and TG/DTA, as follows:

(1) Mn;[Co(CN)s],-2H,0 (brown);

(2) Fe3[Co(CN)s],* 3H,0 (blue);

(3) Ni3[Co(CN)¢],-3H,O (sky blue);

(4) Zn3[Co(CN)g],-4H,0 (white)

Fig. 2(a)-(d) present the FE-SEM images and EDX spectra of
MnHCCo, FeHCCo, NiHCCo, and ZnHCCo, respectively.

The structural morphology of FeHCCo, NiHCCo, and
ZnHCCo particles appeared spherical and uniform; whereas
that of MnHCCo particles appeared to be polygon in shape (the
square shape was mostly observed). The particle size of
FeHCCo, NiHCCo, and ZnHCCo was found to be uniform,
suggesting a narrow size distribution, and that of the MnHCCo

Table 1 Infrared spectral frequencies (cm™) of MHCCocomplexes

MHCCo VeN Oon Om-c OM-CN
MnHCCo 2170 1610 707 445
FeHCCo 2169 1607 695 456
NiHCCo 2175 1610 699 461
ZnHCCo 2181 1607 700 451
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particle was found to be non-uniform, suggesting a wide size
distribution. Similar morphological characteristics for these
complexes have been reported in the literature.”” The energy
dispersive X-ray (EDX) spectra indicate the presence of the
corresponding metal in the MHCCo complexes. FeHCCo
complexes with spherical morphology are also suggested by
Zhang et al. (2019).7

To find the catalyzing properties of the MHCCo complexes,
the oligomerization reaction of glycine and alanine was carried
out at various temperatures (60, 90, and 120 °C) over a period of
five weeks (7, 14, 21, 28, and 35 days) in the presence of MHCCo
complexes. We analyzed the effects of temperature and reaction
time on the oligomerization of glycine and alanine. The cata-
Iytic efficiency of tested MHCCo complexes varied significantly
with time and temperature, as shown in Fig. 3(a—c)-6(a-c).

The yields of MHCCo-catalyzed glycine and alanine oligo-
merization at 60, 90, and 120 °C after five weeks are summa-
rized in Tables 2 and 3. The relationship between product yield
and time as a function of temperature follows sigmoidal trend,
with yield increasing over time as temperature rises. The yields
obtained in the presence of MHCCo complexes were signifi-
cantly higher than those from the blank experiment. After five
weeks, diketopiperazine (DKP) of glycine [DKP (Gly)] and
a dimer of glycine, Glycyl-glycine (gly), was detected in glycine
experiments without catalyst, whereas no peptide formation
was obtained in alanine experiments without catalyst. The
formation of DKP(Gly), and (gly), along with the absence of
alanine condensation in control experiments, aligns with
previous studies.”® this suggested that MHCCo complexes
provide a catalytic surface for the thermal condensation of
glycine and alanine, facilitating oligomerization within a rela-
tively short time at temperature below 100 °C.

For the identification and quantification of reaction prod-
ucts, the mixtures were analyzed using HPLC and ESI-MS
techniques. HPLC and ESI-MS analysis confirmed that glycine
oligomerized into peptides up to tetramers, while alanine
primarily formed dimers. Fig. 7(a-d) and 8(a-d) represent the
HPLC chromatogram showing the separation of DKP, oligomers
of glycine, and alanine at optimal conditions. The reaction was
conducted at temperatures ranging from 60 to 120 °C over five
weeks without applying a dry/wetting cycle, and progress was
monitored weekly. The formation of DKP(Gly) and DKP(Ala) on
MHCCo complexes was found to be thermodynamically and
kinetically favorable. DKP(Gly) and DKP(Ala) showed high
yields, due to the low concentration of the aqua layer on the
MHCCo surface as compared to the surrounding temperature at
120 °C, which does not favor elongation but instead supports
the removal of water molecules from the dimeric glycine and
alanine. Our findings indicated that higher temperatures favor
DKP formation, consistent with previous studies.*****' Addi-
tionally, under hydrothermal conditions, the reaction rates for
dimer and DKP formation were studied by Kawamura and co-
workers.?>%

DKP played a crucial role in prebiotic chemistry in the
formation and deformation of oligopeptides. It was also found
that the formation of DKP is considered a dead end. The acti-
vation of dipeptides was studied from the perspective of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 FE-SEM images and EDX spectra of (a) MnHCCo; (b) FeHCCo; (c) NiIHCCo; (d) ZnHCCo.

abiotic formation of oligopeptides of significant length as
a requirement for secondary structure formation. When acti-
vating free dipeptides, it was shown in this work to be efficiently
suppressed.® Thomas (2018) reported that the K" ion promoted
the breakdown of DKP into linear dipeptides and slows down

© 2025 The Author(s). Published by the Royal Society of Chemistry

the conversion of linear dipeptide into free amino acids when
compared to Na'.®> Sakhno et al. (2019) found a very interesting
study showing that the formation of linear oligopeptides occurs
at a high yield in the presence of a mixture of amino acid (Glu +
Leu/SiO,) rather than single AA systems, (Glu/SiO,, Leu/SiO,,
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and Val/SiO,). While the formation of peptide bonds in these
conditions has already been demonstrated many times, the
main product is generally the rather uninteresting cyclic dimer
DKP*® while Bedoin et al. (2020) reported that at moderate
temperatures, activation of leucine + glutamic acid mixtures
occurs.®”

Double metal cyanide (DMC), with general formula
M, [M"(CN),],-xH,0, is an inorganic coordinated complex
featuring a three dimensional network. In DMC, the inner metal

7860 | RSC Adv, 2025, 15, 7855-7868

M" is connected to the external metal M' through cyano-bridges
(M"-C=N-M") where M" = divalent metal ions such as Zn>",
Fe**, cd**, Co?", Cu®', Ni**, Mn*', etc. while M" includes tran-
sition metal like Fe?', Fe*', Co*', Ni**, cr**, Mo*", etc. The
catalytic activity of DMC primarily depends on the external
metal M', which serves as the active site. It was examined that
DMC having various inner and outer sphere metals exhibited
different catalytic properties. When zinc is the external metal in
octacyanomolybdate(iv), the complex exhibited enhanced

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Oligomerization of amino acid on ZnHCCo complexes at [a] 60 °C, [b] 90 °C, [c] 120 °C.

catalytic activity for the oligomerization of glycine and alanine
compared to other metals such as Mn**, Fe**, Co**, Ni**, Cu*",
and Cd*".** Similarly, hexacyanocobaltate complexes with zinc
as the external metal also demonstrate superior catalytic effi-
ciency in forming glycine and alanine oligomers compared to
those containing Mn**, Fe*", or Ni*" in the outer sphere.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Tables 2 and 3 present the percentage yield of Cyclic (Gly)s,
di-, tri-, a tetramer forms of glycine, and Cyclic (Ala),, a dimer of
alanine on the surface of MHCCo complexes. It was observed
that ZnHCCo and MnHCCo facilitate glycine oligomerization
up to tetramer stage, whereas NiHCCo supports oligomeriza-
tion up to the trimer, and FeHCCo only up to the dimer.
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Table 2 Percent yield (%) of obtained products from glycine
Percent yield of obtained products from glycine at different temperatures after five weeks
Cyc(Gly). (Gly), (Gly)s (Gly)a
Catalyst 60° 90° 120° 60° 90° 120° 60° 90° 120° 60° 90° 120°
No catalyst 0.04 0.06 0.10 Trace 0.02 0.03 — — — — — —
MnHCCo 17.11 20.55 20.58 4.79 9.73 9.92 0.12 0.81 0.76 — 0.32 0.35
FeHCCo 3.31 40.50 44.11 0.10 0.20 0.22 — — — — — —
NiHCCo 3.64 22.08 30.29 0.59 4.26 4.94 — 0.47 0.58 — — —
ZnHCCo 13.01 15.73 18.85 5.81 11.97 11.87 0.14 1.19 1.09 — 0.36 0.34
0, 0,
Table 3 Percent yield (%) of obtained products from alanine ZnHCCo  complex formed (Gly), (0.36 /(?)’ (GI.Y)3(1'19./°)’
(Gly),(11.97%), DKP(Gly)(15.73%) from glycine while alanine
Percent yield of obtained products from alanine at different oligomerization  resulted in  (Ala), (6.27%), and
temperatures after five weeks Cyclic(Ala),(8.31%) after 35 days at 90 °C. Kitadai et al. (2016)
Cyc(Ala), (Ala), observed the oligomerization of glycine on nine oxide minerals,
out of which rutile showed the maximum catalytic activity for
Catalyst 60° 90° 120° 60° 90° 120°  the formation of (Gly)s form glycine at 80 °C within 10 days.*
Similarly, McKee evaluated the production of amide/ester-
No catalyst 0.02 0.04 0.06 — — — . . .
MnHCCo 1.94 7,90 .93 071 1.96 101 linked oligomers under simple low temperature (85 °C) evapo-
FeHCCo 1.70 22.76 90,47 _ _ _ rative conditions in silica using the a-hydroxy acids r-lactic acid
NiHCCo 0.95 12.78 19.96 0.10 1.22 1.32 and either r1-alanine or glycine. AA-enriched oligomers
ZnHCCo 1.83 8.31 8.91 0.82 6.27 5.98  exceeding 10 glycine residues and up to 7 alanine residues were
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Fig.7 HPLC chromatogram showing the products formed on the surface of (a) MNHCCo, (b) FeHCCo, (c) NiHCCo, (d) ZnHCCo when glycine was
heated at 90 °C after four weeks. Retention times of analyzed products (min): Cyc (Gly), (1.94), Gly (3.04), (Gly), (7.12), (Gly)s (10.17), (Gly)4 (12.35).

7862 | RSC Adv, 2025, 15, 7855-7868

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra00205b

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 12 March 2025. Downloaded on 3/9/2026 2:57:46 PM.

(cc)

Paper

View Article Online

RSC Advances

(a)
DKP (Ala)
(Ala) (Ala),
\ l, l.‘.
| SIEEIY |, e o |
It e e L M L C e L i
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00
-
DKP (Ala)
(b)
(Ala)
’«_ '
= i
< l \
— | 1
b | s S e
& LAt I I I L i
ﬂ 0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00
(=%
—
=
L |
DKP (Ala) (©)
] (Ala)
| | (Ala),
\
J ‘\ jl\ B O - e e
s L L L et Ly
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00
(d)
DKP (Ala)
‘ (Ala),
H (Ala) 0
e R _jl\ 3
T A1 LAAR LAl A LA T T L s L L e T S e
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00

Retention Time (min)

Fig. 8 HPLC chromatogram showing the products formed on the surface of (a) MNHCCo, (b) FeHCCo, (c) NiHCCo, (d) ZnHCCo when alanine
was heated at 90 °C after four weeks. Retention times of analyzed products (min): Cyc (ala), (1.95), ala (2.91), (ala), (6.74).

produced.®® In the present study, we also revealed that the yield
of the glycine oligomer in the presence of MHCCo complexes is
much higher than that of the oligomer of alanine, due to the
high activation energy required for alanine oligomerization.*®
The lower amount and efficiency of catalytic sites is the another
factor that can be responsible for the lower oligomerization of
alanine on MHCCo complexes.”* Greenstein reported that the
stability constants of coordination complexes with amino acids
are higher than the peptides that support the formation of an
oligomer of glycine and alanine.”” This mechanism revealed
that as the chain length of amino acids elongates, oligomer
concentration decreases (Tables 2 and 3).

© 2025 The Author(s). Published by the Royal Society of Chemistry

Sakhno et al. (2019) showed the three mechanisms involved
in adsorption and oligomerization processes: (i) competitive
adsorption; (ii) independent adsorption; (iii) cooperative
adsorption. They found that in a single amino acid (AA) system,
competitive and independent adsorption mechanisms domi-
nate, resulting in a lower yield of linear oligopeptides and
a higheryield of DKP. The cooperative adsorption mechanism is
likely more effective in the Glu + Leu/SiO, and Asp + Val/SiO, i.e.
in different AA systems. MHCCo complexes follow the
competitive adsorption and independent adsorption mecha-
nisms as they involved a single AA system and give oligomers up
to tetramers only and a high DKP yield.*® The basis of the
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Table 4 Surface area of MHCCo complexes

MHCCo complexes Surface area (m* g~ )

Mn;[Co(CN),],- 2H,0 615.26
Fe;[Co(CN)gl,-3H,0 167.91
Ni3[Co(CN)g],-3H,0 572.39
Zn;[Co(CN)g], - 4H,0 683.17

% yield of glycine and alanine oligomers in the presence of
MHCCo complexes shows the following catalytic activity trend:

ZnHCCo > MnHCCo > NiHCCo > FeHCCo.

The surface area of MHCCo complexes (Table 4) and the yield
of peptide bond formation (Tables 2 and 3), suggested that the
surface area of MHCCo complexes plays an important parameter
for the polymerization of amino acids. Among MHCCo, ZnHCCo
has the highest surface area (683 m”> g™ ') and showed high
catalytic activity for peptide bond formation, while FeHCCo has
a lower surface area (S. A = 167 m> g~ ') and exhibited minimum
catalytic activity for the formation of linear oligopeptides.

The ESI-MS technique provides an additional analytical
technique for the detection of oligomers of glycine and alanine
in terms of mass, m/z = (M + H)" ions, where M indicates the

Intens

View Article Online

Paper

amino acid or oligomers to be analyzed. Fig. 9(a) and (b)
represent the ESI-MS spectrum of the formation of oligomers of
glycine and alanine, respectively, on the surface of ZnHCCo at
the optimal temperature after four weeks. The ESI-MS (Fig. 9(a))
confirmed the formation of DKP (glycine), dimer, trimer, and
tetramer of glycine. The mass peaks observed include 76.1 of
[Gly + H]", 115 for [CycGly, + H]", 132.9 for [Gly, + H]', 189.9 for
[Gly; + H]", and 246.6 for [Gly, + H]". Similarly, Fig. 9(b) presents
the ESI-MS spectrum for alanine oligomerization on ZnHCCo,
confirming the formation of DKP (alanine), a dimer of alanine
at the optimum temperature after four weeks. The observed
mass includes 90.1 for [Ala + H]", 143 for [CycAla, + H]" and
160.9 for [ala, + H]'. Both ESI-MS and HPLC data matched the
results obtained throughout the experiments.

Divalent transition metal hexacyanocobaltates(u), in which
the central metal atom and carbon of the cyanide group are
bonded through the coordinate bond. It is found that these
porous, water-insoluble, mixed valency octahedral coordinated
complexes are a part of the Fm3m and Pm3m space groups.”*
The mixed metal hexacyanides usually have Fm3m and Pm3m
space groups. Mixed (Fe** and Cu®") double metal hex-
acyanocobaltates as solid catalysts for the aerobic oxidation of
oximes to carbonyl compounds.® It has also been observed that
generally mixed metal hexacyanides show high catalytic activity,
which promoted by reduced size.”>*>*”
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4.0~
= (Gly)2
= 132.9
2.0 (Gly)3
- 189.9
- (Gly)
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1.0 (Giy)}e
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Fig. 9 ESI MS spectra of obtained products on surface of ZnHCCo complexes when (a) glycine and (b) alanine were heated at 90 °C after four

weeks.
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MHCCo complexes provide active sites for the adsorption of
amino acids due to the presence of divalent metal ions (M>"),
which act as Lewis acids. The adsorption process primarily
involves the formation of coordination bonds between these
M** ions and the functional groups of amino acids, particularly
the carboxylate (-COO™) group. This interaction stabilizes the

+ AA | —AA

View Article Online

RSC Advances

amino acid on the catalyst surface, orienting it in a way that
facilitates subsequent chemical reactions.

Upon coordination, the electronic environment of the amino
acid is significantly altered. The metal ion polarizes the
carboxylate group, increasing the electrophilicity of the
carbonyl carbon. Simultaneously, the electron-withdrawing

R

MHCCo

Fig. 10 Proposed pathway for the oligomerization of glycine and alanine in the presence of MHCCo complexes.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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effect of the metal ion coordination enhances the nucleophi-
licity of the amino group (-NH,) by reducing electron density
around the carboxyl group, thereby making the lone pair of
electrons on the nitrogen more available for nucleophilic attack.
This activation leads to a key step in the oligomerization
mechanism: the nucleophilic attack of the amino group from
one amino acid molecule on the carbonyl carbon of another
amino acid molecule's carboxyl group. The reaction proceeds
through the formation of a intermediate complex, where the
metal ion continues to stabilize the developing negative charge
on the oxygen atom of the carbonyl group.

Following the formation of this intermediate, a condensa-
tion reaction occurs, resulting in the formation of a peptide
bond (-CO-NH-) and the release of a water molecule. The metal
ion not only facilitates the nucleophilic attack but also stabilizes
transition states and intermediates, lowering the activation
energy required for peptide bond formation. This mechanism
enables the stepwise formation of oligopeptides, with the
MHCCo complexes acting as heterogeneous catalysts. The
ability of these complexes to repeatedly adsorb, activate, and
facilitate reactions between amino acid molecules underpins
their efficiency in promoting oligomerization reactions.

The proposed mechanism for the oligomerization of amino
acids catalyzed by MHCCo complexes is depicted in Fig. 10,
illustrating the adsorption, activation, nucleophilic attack,
intermediate formation, and eventual peptide bond creation.

In the present study, MHCCo complexes also showed cata-
lytic activity for the production of peptide bond formations
because of their mixed valency and high surface area. The
evidence summarized above suggested the catalytic activity of
MHCCo complexes for the condensation of amino acids and
thus supports the chemical evolution of life.

4. Conclusion

The present results support the catalytic behavior of MHCCo for
amino acid oligomerization. This is the first time that MHCCo
has been investigated for the oligomerization of glycine and
alanine along with parameters such as time duration and
temperature. It is found that hexacyanocobalte having zinc as
an outer sphere metal i.e. ZnHCCo acts as the most effective for
adsorption and forms considerable amount of up to (0.36%)
(Gly), along with (1.19%) (Gly)s, (11.97%) (Gly), and (15.75%)
Cyclic (Gly), while in case of alanine (6.27%) (Ala), and (8.31%)
Cyclic(Ala), while the hexacyanocobalte having iron as an outer
sphere metal i.e. FeHCCo exhibited the least catalytic activity for
the oligomerization process, only form (Gly) with the yield of
0.20% at moderate temperature ie. at 90 °C after four weeks.
High surface area is the main parameter, which provides more
area for chain elongation of glycine and alanine thus a high
yield of oligomers of amino acids on the surface of ZnHCCo
compared to other MHCCo complexes. Al MHCCo complexes
give a high yield of DKP because of competitive and indepen-
dent adsorption mechanisms, as it contains a single AA system.
The findings showed that MHCCo in the early oceans created
a surface that helped protect and stabilize amino acids. This
made it easier for these amino acids to link together and form
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prebiotic peptide bond, which is one of the important steps in
the development of life.
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