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Abstract

Glycine plays an essential role in a variety of biological and biochemical processes. As the smallest amino acid,
glycine is especially important in studies of prebiotic chemistry and chemical evolution. The behaviour of glycine
in aqueous solution under ionizing radiation fields is still not well understood. Understanding the reaction mech-
anism of glycine in an ionizing radiation environment may provide insights into the complex processes involved in
prebiotic chemical synthesis. Such reaction conditions could provide clues about the environmental conditions that
might favour the emergence of life. Numerical modelling based on reaction kinetics provides information on the
feasibility of the reaction mechanisms. In this work, we developed a numerical model in Python that describes the
behaviour of glycine, as prototype compound, in aqueous solution under gamma radiation. The model is based on
a variety of reaction kinetics pathways that have been proposed to describe the principal reactions between glycine
and the water radicals formed by ionizing radiation. The numerical results are consistent with the experiments of
other researchers. We obtained similar numerical solutions from different reaction mechanisms that share the same
initial reactions. The results suggest that the primary attack of water radicals on the glycine is the main factor that
controls the general decay of the molar concentration of glycine and the secondary reactions do not have a strong
influence, even at high doses of nearly 200 kGy. The numerical tests of the models indicate their stability with the
changing initial condition of the molar concentration of glycine. This work contributes to the advancement of
knowledge regarding the behaviour of glycine in aqueous solutions under ionizing radiation from a kinetic per-
spective. It also provides insights into their stability under conditions that are difficult to replicate in the laboratory.
Finally, this work contributes to the evaluation of appropriate numerical methods for solving the system of stiff
differential equations that describe the reaction mechanism of organic molecules under high radiation fields.
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Introduction

Glycine plays an essential role in biological processes. As the smallest amino acid, glycine allows for
flexible links in proteins and the formation of helices. It also has several important functions in
metabolic processes (Hall, 1998). The zwitterionic form of glycine (NHf CH,COO™) predominates
in neutral or near-neutral solutions (Fig. 1). Glycine was first detected in prebiotic experiments in
the famous Miller-Urey’s experiment, in which a gaseous mixture that simulated the atmosphere of
the primitive Earth was subjected to electrical discharges (Miller, 1953). Miller also found aspartic
acid, a and f-alanine and a-amino-n-butyric acid. This experiment was replicated and analysed with
modern techniques, resulting in the detection of glycine as well as several other amino acids (Bada
and Lazcano, 2003). Glycine is one of the most studied amino acids due to its physicochemical prop-
erties (Boldyreva, 2021; Rimola et al., 2022), polymerization capacities (Ohara et al., 2007; Kitadai,
2014), its interactions with minerals (Kitadai et al., 2017; Pedreira-Segade et al., 2019; Bau et al.,
2021), the formation of fluid inclusions during crystallization (Angeles-Camacho et al., 2020) and
applications in a range of fields in science and technology (Hall, 1998; Boldyreva, 2021).

Glycine and other organic molecules (including aromatic hydrocarbons, alcohols, ethers, amines
and amino acids) were detected in comets for the first time in the analysis of samples that impacted
in aerogel collected by the Stardust spacecraft on the Comet 81/Wild 2 (Sandford et al., 2006). The
detection of organic molecules on comets supports the theory that extraterrestrial bodies (e.g. comets
and asteroids) played an important role in prebiotic chemistry, potentially leading to the origin of life
(Chyba and Sagan, 1992).

The effects of ionizing radiation on glycine in aqueous solution systems have been studied by several
researchers since the mid-twentieth century (Dale et al., 1949; Stein and Weiss, 1949; Neta et al., 1969).
A wide variety of molecules are produced by irradiation, such as amino acids, carboxylic acids and poly-
mers (Maxwell et al., 1954; Weeks and Garrison, 1958; Dragani€ ef al., 1985). The reaction mechanism
that governs this process is not fully understood due to the many possible intermediate reactions. This
topic has been extensively studied by several researchers, with many proposed possible reaction pathways
(Maxwell et al., 1955; Garrison and Weeks, 1956; Weeks and Garrison, 1958; Dragani¢ ef al., 1985). In
any case, glycine in aqueous solution under ionizing radiation has many chain reactions and yields a large
variety of radiolysis products.
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Figure 1. Species diagram for glycine depending on pH. Zwitterionic form of glycine is present at
neutral and near-neutral pH.
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The numerical models have been developed as an alternative to understand different processes about
the radiation-induced reactions (Samuel and Magee, 1953; Dewhurst et al., 1954; Kuppermann and
Belford, 1962; Schwarz, 1969). The numerical approximations can be very complex, with many
variables such as the diffusion of the molecules, energy loss, the geometry, the total media volume,
biological damage, etc. (Barilla et al., 2008; Fasso et al., 2011; McMahon et al., 2013; Dobrzynski
et al., 2019). In addition, some of these types of models require specialized computing equipment
to obtain numerical solutions. In the case of a numerical method simpler and manageable with a
standard computer, some researchers have focused on the mass balance of the reactions with organic
molecules (Cruz-Castafieda et al., 2015; Rivera et al., 2018; Paredes-Arriaga et al., 2024a), at different
temperatures (Martinez et al., 2004; Sanchez-Mejorada et al., 2008; Rivera et al., 2017; Paredes
Arriaga et al., 2023), at different pH values (Home et al., 2020 Paredes-Arriaga et al., 2024b) or
using artificial intelligence methods (Rivera ef al., 2016, 2020).

In this work, we studied the possible and probable pathways of reaction mechanisms for the first
stages of glycine in aqueous solution under ionizing radiation, as a prototype molecule that can be
extended to other compounds relevant in prebiotic chemistry. We developed a numerical model
based on two chemical reaction mechanisms to approximate a solution that reproduces the behaviour
of glycine based on the experimental work of Dragani¢ et al. (1985). Our numerical model is based on
a system of coupled differential equations, which are more difficult to solve the more variables there
are. In a system based on reaction kinetics, a larger number of molecules implies greater difficulty find-
ing a numerical solution. Solving a reaction involving more than 15 molecules is a substantial numer-
ical challenge. This work has three main objectives: (1) Validate the feasibility of the proposed reaction
mechanisms using numerical methods with previous experimental results. An infeasible reaction mech-
anism could not ever be simulated in agreement with experimental data. (2) Selection of a parametric
configuration of an appropriate numerical method for solving the system of stiff differential equations
describing the proposed reaction mechanism. (3) Developing new numerical methods is an alternative
approach to problems in prebiotic chemistry, astrobiology, and radiation chemistry. Providing insights
into the complex processes of organic molecules under extreme environments with high radiation doses
and offering hints about the environmental conditions that might favour the emergence of life.

Methods

The experimental samples modelled were an aqueous solution of 0.1 molL™" glycine at pH 6.2,
oxygen-free, exposed to radioactive cobalt sources and dose rates of 0.1 Mradh™', equivalent to
1000 Gy h™". The higher-dose irradiation was 200 kGy. All experimental values are determined from
the work by Dragani¢ et al. (1985). Standard temperature and pressure conditions are used for all
the experiments.

Each reaction mechanism was ensembled based on a literature review of experiments involving
aqueous glycine irradiated with gamma-radiation. The reaction mechanisms were reinterpreted as a sys-
tem of nonlinear differential equations, with one equation for each molecule in the chemical reactions.
For example, if the reaction mechanism has 15 chemical species, then the system of nonlinear differ-
ential equations comprises 15 differential equations that are solved simultaneously (Paredes-Arriaga
et al., 2024a). Equation (1) has three terms: the positive part represents the formation of molecules
by this reaction, the negative part represents the destruction of molecules for the reaction, and f;(Id)
is a function that simulates the radiation source (Martinez et al., 2004), developed in equation (2).

) _ f-+iik(")){ )X, (t)—X-(t)ik(i)X-(t) (1)
dr —Ji . 0 mpm n 1 s 1j < I\")>
m=uU n=| Jj=
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where X;, X}, X,, and X,, are the molar concentrations of i-species at time ¢, kg-) and k,(,fn are the rate
constants between the i and j species, and m and n species, respectively. In the source term [f;(Id)],
AN is Avogadro’s number, M; is the molecular mass of i chemical species, My, is the molecular
mass of water, G; is the radiochemical yield of the i species and Id is the dose intensity in Gy
min~'. The radiochemical yields (number of molecules formed or destroyed by 100eV, or 1 mol-
ecule/100 eV =0.1036 pmol I™') of water radicals produced by gamma radiation are: *OH=0.28
umol J™', H* =0.28 yumol J ', €aq = 0.062 pmol J' (Spinks and Woods, 1990; Le Caér, 2011). The
source terms apply only to the simulation of the water radicals formed by gamma radiation. Thus,
they are written only for *OH, H® and e,

To compute the coupled nonlinear differential equation system, we built a program in Python (3.7.9)
using the SciPy library (Virtanen et al., 2020), the solve ivp module, with the Radau method and the
BDF method. The Radau method uses an implicit Runge—Kutta method of fifth-order from of the
Radau ITA family (Hairer and Wanner, 1996). The error is controlled with a third-order accurate embed-
ded formula. A cubic polynomial that satisfies the collocation conditions is used for the dense output.
The BDF method uses an implicit multistep method of variable order (1-5) with a backward differen-
tiation formula for the derivative approximation (Harris et al., 2020). The general algorithm and full
code are available at https:/github.com/A-Paredes-Arriaga/Chemical-kinetics EDOs 2-Glycine.
Finally, the root mean square error (RMSE) and the R? between numerical model and the experimental
data were calculated for statistical support. The sum and mean of the residuals between the experimen-
tal data and numerical solutions were also calculated.

Reaction mechanisms

We use two reaction mechanisms that structure the numerical model on the behaviour of glycine aque-
ous solution under gamma radiation.

Short reaction mechanism: This mechanism was proposed on the descriptions of Spinks and Woods
(1990) based on previous work (Dale et al., 1949; Stein and Weiss, 1949; Maxwell et al., 1954;
Garrison and Weeks, 1956; Weeks and Garrison, 1958; Willix and Garrison, 1967). Table 1 describes
the primary attack of the water radicals on glycine and Table 2 describes some secondary reactions.

Long reaction mechanism: This mechanism was taken from the work of Dragani¢ et al. (1985); they
proposed it to explain the formation of different products detected. Consequently, this mechanism has
more reactions and products (Table 3).

Results and discussion

Two reaction mechanisms were modelled. The aim was to compare the general computational solu-
tions for mechanisms with different numbers of reactions: A short one with seven reactions and a

Table 1. Initial attack of water radicals on the glycine in aqueous solution at neutral and near-neutral pH

Reactives Products k(™ Reaction number
—rad

H,0 ’k—> "OH, ¢, H° (1}
NH{CH,COO +°OH -  NH{C°HCOO™ +H,0 k=88x10° {2}

(glycine) b
NH7{CH,COO~+H* - NH$ C*HCOO™ +H, k=177 {3}

(glycine) "
NHQFCHQCOO‘—i—e;1 - NH{ +C*H,CO0~ ky=1.7x10* {4a}

(glycine) (ammonia) (acetoxyl™ rad)

— *NH; CH,COO~ {4b}
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Table 2. Secondary reactions of the primary glycine products

Reaction

Reactives Products number
2°NH; CH,COO~ & (NHf =CHCOO™) + NHf CH,COO~ {5}

. (intermediate iminoacetic acid) (glycine)
NH{C*HCOO™+C*H,COO~ - (NHf=CHCOO™) + CH;COO~ {6}

(acetoxyl™ rad) . (intermediate iminoacetic acid) (acetic acid)
(NH; =CHCOO™) + H,0 = NH; +HC(= 0)COO~ {7a}
(intermediate iminoacetic acid) L (ammonium cation) (glyoxylic acid)
= NH{+HCHO + CO, {7b}

(ammonia) (formaldehyde) (carbon dioxide)

long one with 18 reactions. Both systems only modelled the first stage of the radiation-induced gly-
cine reactions.

When an aqueous solution of glycine is irradiated with ionizing radiation, the zwitterion glycine
reacts with the primary water radicals (*OH, H® and e;4) to form ammonia, glycine radicals and
other unstable species (reactions 1-4) (Spinks and Woods, 1990). In the short reaction mechanism,
after the primary attack of water radicals, each species of glycine radical can undergo secondary reac-
tions to form acids, such as acetic acid and glyoxylic acid (reactions 6 and 7a). The interaction of two
*NHJ CH,COO™ radicals results in the regeneration of glycine and the formation of the intermediate
iminoacetic acid (reaction 5) (Spinks and Woods, 1990). For reaction 4, which does not have a dom-
inant product, we assumed that half of the reactions formed ammonia and acetoxyl™ radical, and the
other half formed the intermediate *NH} CH,COO™ radical. Reaction 7 has two probable pathways,
with the dominant reaction (reaction 7a) producing ammonium cation and glyoxylic acid, while a sec-
ondary reaction (reaction 7b) produces ammonia, formaldehyde and carbon dioxide. In this case, reac-
tion 7a occurs 80% of the time and 7b 20% of the time.

The complete reaction mechanism was rewritten as a system of coupled differential equations
according to equations (1) and (2). It used the notation £, for the unknown rate constants. Glycine
is abbreviated as ‘Gly’.

LN _ 3t — b Xery (o000 3

WO _ v — koo 0% 4)

T — oy 020 9

LD o Xy 0-00) — kX (i (1) ©
— kaXaty (0WXes, ) + kKo cncoo- (0/2

w = +hki Xay (OX-on(?) + kaXay (6)Xure (£) o

— knXxnt crncoo (DXcw,co0- (1)
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Table 3. Reaction mechanism of glycine under gamma radiation

Reaction
Reactives Products number
H,0 Vk_—iad *OH, ¢, H" (n
NH{ CH,COO™+°*OH - NH{ C*HCOO™+H,0 {2}
(glycine) 2 *NH; CH,COO™ +H,0 {8}
NH7{CH,COO~+H"* = NH{C*HCOO™ +H, {3}
(glycine) > *NH; CH,COO™+H, {9}
NH{ CH,COO ™ +¢;, = NH; +C°"H,COO~ {4a}
(glycine) (ammonia) (acetoxyl™ rad)
- H + NH; CH,COO~ {4b}
e H+ OH +NH{ CH,C*O {10}
2 NHf C*HCOO~ - (NHf=CHCOO™) + NH{ CH,COO~ {l1a}
. (int. iminoacetic acid)  (glycine)
— NHi CHCOO™ {11b}
\
NH{ CHCOO™
. (Diaminosuccinic acid)
NH{C*HCOO™+C*H,COO™~ - (NHf=CHCOO™) + CH;COO~ {12a}
(acetoxyl™ rad) . (intermediate iminoacetic acid) (acetic acid)
— NHi CHCOO™ {12b}
\
CH,COO™
. (aspartic acid)
NHF =CHCOO™ +H,0 - NH; +HC(= 0)COO~ {13a}
(intermediate iminoacetic acid) . (ammonium cation) (glyoxylic acid)
— NH7 +HC*(OH)COO~ {13b}
. (ammonia)
= NH; +HCHO + CO, {13c}
. (ammonium cation) (formaldehyde)
C*H,COO™ +°*NH; CH,COO™~ - NHJ (CH,COO™), {14}
(acetoxyl™ rad) . (iminodiacetic acid)
HC*(OH)COO™ +NH{ C*HCOO~ — NHi CHCOO™ {15}
\
HC(OH)COO™
‘ (OH aspartic acid)
HC*(OH)COO~ +NH{ CH,COO~ — CH,(OH)COO~+NH7 C*HCOO~ {16}
(glycine) .
NH7{C*H, + NHf CH,COO~ - CH;NH7 +NH; C*HCOO~ {17}
(glycine) . (methylamine)
NH{C*H, + C*H,COO~ = NH7 CH,CH,COO~ {18}
(acetoxyl™ rad) (Alanine)

Adapted from the work of Dragani¢ et al. (1985).

dXHz 0(t )
dr

dXu, (1)
dt

= +kiXary (DX-0u(?) — knXnut =cncoo- ) X,0(7)

= +ky Xaly (HXu- (2)
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dXyn; (1)

- ks Xary (DX, (6)]%0.5 + [k,,X(NH; —crcoo)(DXn,0(1).]x0.2 (10)

dXc- (¢

0000 1k Xy (e (0] % 0.5 — s coicoo (Weerscoo () (n

dX.nut cn,coo- (0
de

= +[k:Xaiy (f)Xe;q(t)] x 0.5 — an'NH;CHZCOO’ U] (12)

dXnmt =ccoo)(®)

= +knXexut cnycoo- (/2 + knXxut o ncoo- (0 Xcrm,coo- (1)

dt (13)
— knXnu: =crcoo ) (DXn,0(2)
dX -(t
%O() = +hkn Xzt e neoo- (DXcwyco0- (1) (14)
dXnu (1)
T F kX onms =crcoo ) (DXm,0(0)] % 0.8 (15)
dXuc= -(t
%OO() = +knX oy =ccoo ) (D Xm,0(1)] x 0.8 (16)
dX; t
%o() = kX =cricoo (DXino(1)] x 0.2 (17)
dXco,(?)
Cd? = +knXnr =cncoo) (O X,0(1)] x 0.2 (18)

The long reaction mechanism starts with the primary attack of water radicals (*OH, H*®) and sol-
vated electron (e,q) but has more proposed products (reactions 8-10) than reaction 2—4. Each reaction
intermediary will react to form new chemical species of acids and amino acids.

There are large differences between both reaction mechanisms; most significantly, the number of
reactions and chemical species involved. The short mechanism with seven reactions and 17 molecules
is challenging from a numerical point of view because this type of problem (stiff problem) is very sen-
sitive to initial conditions. Hence, the long reaction mechanism with 12 reactions, some with multiple
probable pathways and more than 30 molecules, can easily generate unstable solutions, giving a smaller
stability window. It is important to note that this long reaction mechanism is the largest system solved
compared to previous work (Martinez et al., 2004; Negron-Mendoza et al., 2012; Rivera et al., 2017,
2018; Paredes Arriaga et al., 2023; Paredes-Arriaga et al., 2024a, 2024b). The numerical solutions of
both reaction mechanisms show the continuous decay of the molar concentration of glycine, which
agrees with the experimental data (Fig. 2).

The difference between the molar concentration of glycine from the numerical solutions of the two
reaction mechanisms is less than 1%, equivalent to 0.001 mol L™ (Fig. 2 and Table 1). The statistical
analysis of the experimental results of Dragani¢ et al. (1985), and each reaction mechanism shows good
agreement, with Pearson and R? coefficients greater than 0.96. Reaction mechanisms short and long
have small RMSEs, equivalent to 3.28 and 3.46%, respectively. Long mechanism presents a larger
residual sum (5.41%) and residual mean (1.35%) than mechanism short for variations generated by
differences in the reaction mechanism. Also, each parameter was under the acceptable value
(Table 4). The numerical results are similar but not identical, indicating that the behaviour of the
two mechanisms presented is different (Table 5).

https://doi.org/10.1017/51473550425000035 Published online by Cambridge University Press


https://doi.org/10.1017/S1473550425000035

8 Alejandro Paredes-Arriaga et al.

—
1]

_—
—
(=2
=

0.10 1 0.10
Q 0.09 1 : 0.09 1
° °
E o8 E 0.081
s s
-@ 0.07 g 0.07
3 0.06 T 0.06
o o
s s
J 0.05 Glycine numerical model J 0.05 4 Glycine numerical model
(short reaction mechanism) (long reaction mechanism)
0.04 ® Experimental data 0.04 ® Experimental data
0 50 100 150 200 0 50 100 150 200
Dose [kGy] Dose [kGy]

Figure 2. Glycine aqueous solution under high gamma radiation fields, from 0 to 200 kGy. (A) Green
line is the numerical solution based on the chemical reactions compiled by Spinks and Woods (1990).
(B) Pink line is the numerical solution based on the chemical reaction mechanism proposed by
Draganic et al. (1985). The dots are the experimental data obtained by Draganic et al. (1985).

Table 4. Decay data of the molar concentration of glycine in aqueous solution under gamma radiation

Draganic et. al. (1985) Mechanism 1 (short) Mechanism 2 (long)
Dose (kGy) Gly [mol L™'] Gly [mol L™'] Gly [mol L™']
0 0.1 0.1 0.1
20 0.098 0.0956 0.0954
40 0.094 0.0911 0.0908
100 0.073 0.0778 0.0771
200 0.058 0.0556 0.0542

Experimental data and both reaction mechanisms exhibit a constant decay, as plotted in Fig. 2(A) and (B).

Table 5. Statistical analysis of the experimental results and their relationship to each numerically
computed solution, as well as their percentage equivalent

Mechanism 1 % Mechanism 2 %
Pearson 0.9806 0.9805
R? 0.9615 0.9615
RMSE 0.0033 3.28 0.0035 3.46
Residual sum 0.0029 2.94 0.0054 5.41
Residual mean 0.0007 0.74 0.0014 1.35

Only the three initial rate constants are known, corresponding to the primary attack of water radicals.
With these rate constants, it is possible to model the most general behaviour of glycine in an aqueous
solution. However, it is impossible to give information about the behaviour of any product of the sys-
tem, because the primary products are unstable chemical species.

Given the construction of the nonlinear differential equations system, it is necessary to assign a rate
constant as a part of the initial conditions. The numerical model cannot begin to compute a solution
without a rate constant associated for each reaction. The three known constants have an order of mag-
nitude between 1.0 x 10" and 1.0 x 10*s™'; thus, in radiation chemistry they can be considered slow
reactions. We assumed that the secondary reactions are equally slow, around ~k,=1.0 x 10*s™", and
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have the same rate constant. The results in Fig. 2(A) and (B) and Table 4 were calculated using this
constant as the initial condition for reactions 5-7.

To study the sensitivity of the model to changes in the initial conditions (k,), we vary the order
of magnitude of %, in a wide range. The BDF method provides the most stable numerical solution.
In the model of the short reaction mechanism, the rate constant (k,) can vary between 1.0 x 10" and
1.0 x 10'"°s™! without causing significant changes in the numerical calculation of the decay of the
molar concentration of glycine; indeed, they give the same result to the seventh decimal. This suggests
that the primary attack of water radicals lead the decay of the molar concentration of glycine by gamma
radiation. The model of the long reaction mechanism has a small stability window for the rate constant and
shows the same solutions from k,=1.0 x 10 to k,=1.0 x 10’ s~'. The solutions with a lower constant
become unstable, and the system shows no solution with a higher constant. With the Radau method it
is not possible to get numerical solutions of the short reaction mechanism when &, > 1.0 x 10°s™".

We varied the initial concentration of both reaction mechanisms to evaluate the numerical stability
of the calculated solutions. Each model reached stable solutions when the initial concentration was
increased to 1 mol L™". The short reaction mechanism generates stable solutions when the initial con-
centration is less than 0.01 mol L™" (Fig. 3(Aa—¢)), however, the longer reaction mechanism quickly
becomes unstable and collapses before 500 Gy (Fig. 3(Ba—e)). This behaviour is likely due to the
extensive amount of chains reaction in this reaction mechanism.

(a) (b)

0 1000 2000 3000 4000 0 1000 2000 3000 4000

1le—2 1e—2
1 1
\ N
0 } ; : 0 . ' ; ;
0 10 20 30 40 0 10 20 30 40
Dose [kGy] Dose [kGy]
= 1le-3 jor) le-3
E 1 s 1
= £
; I c
2 0 1000 2000 3000 4000 5 0 1000 2000 3000 4000
c W
S - 5 le-4
O 1 le-4 S 1+
d M
0 ! 04
0 100 200 300 400 0 100 200 300 400
le-5 le-5
1 =]
e 1 \/‘\ 5
0 ; : : 5 0 ]
0 30 60 a0 120 0 100 200 300 400
Dose [Gy] Dose [Gy]

Figure 3. The tolerance of numerical model to variations in initial concentration. (4) The short reac-
tion mechanism generates stable solutions even when the initial concentration is varied by +1 order of
magnitude (a, b). The solutions continue to be stable when the initial glycine concentration is reduced
to1x 107 1x 107 and 1 x 107> mol L™ (¢, d, e). (B) The long reaction mechanisms generate stable
solutions when the initial glycine concentration is increased to 1 mol L™ (a) and decreased to 1 x 1072
and 1 x 107> mol L™" (b, ¢); however, the solutions become unstable at 1 x 107> mol L' (e). Note that
the doses for stable solutions are from 0 to 4000 kGy, and when the system becomes unstable occurs at
less than 500 Gy.
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Figure 4. Dose constant calculation for glycine in aqueous solution (0.1 mol L™").

Given the stability and relative simplicity of short reaction mechanism, the numerical model allowed
the calculation of solutions for low-concentration systems. Glycine tolerance was reduced proportion-
ally from its initial concentration. At 1x 107> mol L™, the glycine is completely lost before 5 kGy
(Fig. 3(Ac)); with 1 x 107*mol L™, the glycine is completely lost before 500 Gy (Fig. 4(Ad)); and
with 1x 107> molL™', its molar concentration decreases to almost zero at 150 Gy (Fig. 3(Ae)).
These approximations assumed that the reaction mechanism is the same as that of a system with an
initial concentration of 0.1 mol L™'. These results are only a numerical approximation; the experimental
comparison will be a future work.

We wish to emphasize that, based on the results shown here, models based on a system on coupled
differential equations should aim to work with as few variables as possible, keeping the model simple
but not simplistic. Here, we recommend working with the short reaction pathway if allowed by the
research question; this is because the stability window in terms of the initial conditions is higher,
the total number of known and unknown variables is fewer, and the system requires less computational
resources to generate solutions.

From the experimental data, the dose constant (k) of this molecule can be calculated as:

C N N C
1n(co> =—kD=k=— ln(co>/D, (19)

where C is the concentration, Cj is the initial concentration, D is the applied dose (in Gy) and & is the
dose constant (Gy ™). The dose constant for glycine in aqueous solution (0.1 mol L™!) is k=3.0 x 107°
(Fig. 4). This constant gives insight into the degradation of the molecule and expresses the reaction
kinetics as a pseudo-first-order reaction, but it is only descriptive (Criquet and Karpel Vel Leitner,
2011, 2012). The experimental behaviour of glycine degradation under gamma radiation as a
pseudo-first-order reaction allows our numerical model to express the reactions as pseudo-first-order
equations. For this reason, the model based on a coupled differential equation system has only reactions
of this rate order (equations (3)—(18)).

Comments and conclusions

The radiolysis of glycine in aqueous solutions yields many products, including carboxylic acids and
amino acids. Computational models based on two reaction mechanisms presented in this work provide
insights into the main factors that control the general behaviour of glycine under gamma radiation. In
this case, the primary attack of the water radicals dominates the decay of molar concentration of gly-
cine. We can give information about the molar concentration of glycine at different doses and concen-
trations, but we cannot give information about the products or reaction intermediates because these rate
constants are unknown.
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It is important to note that the results presented only reproduce the first stages of radiolysis.
High-dose irradiation also produces high-molecular-weight molecules, for which the reaction mechan-
isms are not defined. In addition, all reaction mechanisms and numerical solutions compiled in this
work are valid only at near-neutral pH. The rate constants and reaction mechanisms may be altered
in strongly acidic or strongly basic solutions (Stein and Weiss, 1949). All results presented were devel-
oped at a near-neutral pH and at standard temperature and pressure conditions, these conditions have
been defined in advance by the experimental part. The variation of these parameters or the initial con-
centration may change the experimental results in terms of the molar concentration of reactants and
products. The change in environmental conditions would imply a change of the simulation. For
example, the species formed by water radiolysis act as acid/base pair, such as H®/ €,q> Which are regu-
lated by the proton concentration; this change is contemplated in the source term of equation (2). In
addition, in an acidic or basic simulation, glycine is converted to glycinium or glycinate, respectively.
The reaction mechanism and the radiolysis products would change. The acid/base pair of formic acid
and formate ion shows this behaviour. The radiolysis products are different for irradiation of pure for-
mic acid, pure formate or a mixture of both molecules. The products also change with the concentration
(Paredes-Arriaga et al., 2024b). On the other hand, the temperature affects qualitatively the yields of
the reaction due to the diffusion of the species at low temperature. At higher temperatures up to 75°
C there is not a notable effect in other molecules, like succinic acid (Negron-Mendoza and
Ponnamperuma, 1982), and probably this is also for glycine. It would be part of future work, both
in the experimental part and in the numerical part.

The numerical solutions validate the reaction mechanism of the primary reactions of glycine with
water radicals. The possibility of approximating the glycine decomposition rate in extreme scenarios
with different molar concentrations, radiation doses and dose rates will help to support hypotheses
about the behaviour of organic molecules under primitive or extraterrestrial environments, especially
since glycine is a precursor of other biologically important molecules. This work contributes to the
understanding of the possible and probable pathways that glycine can follow in a variety of prebiotic
environments with water near-neutral pH and exposed to ionizing radiation, such as near-neutral lakes,
some parts of hydrothermal spring systems, glacial brines or shallow freshwater.

Finally, the numerical models presented in this work can have a wide scope for future applications in
various fields of science and technology. The solutions of systems of strongly coupled nonlinear dif-
ferential equations, specifically designed to simulate the behaviour of organic and inorganic chemical
species under ionizing radiation, could have many applications beyond prebiotic chemistry. Some
potential examples would be: in topics of radiation chemistry and radiochemistry, astrobiology and
planetary science; in environmental chemistry to predict the degradation of pollutants in water bodies
or in nuclear waste management; in climate change to simulate the effects of cosmic radiation on
atmospheric chemical species.

Acknowledgements. A. P.-A. acknowledges CONAHCyT (CVU 929149) for the PhD fellowship and Posgrado en Ciencias de
la Tierra — UNAM for the support of the PhD studies. The authors acknowledge the PAPIIT IN114122 and CONAHCyT 319118
projects. The authors express their gratitude to C. Camargo-Raya for her technical help in the Laboratorio de Evolucién Quimica,
ICN-UNAM; and to Dr B. Leal-Acevedo, Phys. J. Gutiérrez-Romero and M.Sc. M. J. Rodriguez Albarran for the irradiation of
the samples, and E. Palacios-Boneta, M. Cruz-Villafafie and J. Rangel-Gutiérrez for technical support. Finally, the authors would
like to thank the anonymous reviewers for their comments and suggestions, which helped to improve the paper. This work was
conducted at and supported by the Instituto de Ciencias Nucleares, UNAM.

Author contributions. Alejandro Paredes-Arriaga: conceptualization, formal analysis, investigation, methodology, writing —
original draft. D. Frias: conceptualization, formal analysis, supervision, writing — review and editing. A. L. Rivera: conceptual-
ization, formal analysis, writing — review and editing. S. Ramos-Bernal: conceptualization, supervision, funding acquisition,
resources. Alicia Negron-Mendoza: conceptualization, formal analysis, funding acquisition, resources, supervision, writing — ori-
ginal draft.

Competing interest. The authors declare that they have no known competing financial interests or personal relationships that
could have appeared to influence the work reported in this paper.

https://doi.org/10.1017/51473550425000035 Published online by Cambridge University Press


https://doi.org/10.1017/S1473550425000035

12 Alejandro Paredes-Arriaga et al.

References

Angeles-Camacho E, Cruz-Castaiieda J, Meléndez A, Colin-Garcia M, Cruz KCDL, Ramos-Bernal S, Negron-Mendoza A,
Garza-Ramos G, Rodriguez-Zamora P, Camargo-Raya C and Heredia A (2020) Potential prebiotic relevance of glycine single
crystals enclosing fluid inclusions: an experimental and computer simulation with static magnetic fields. Advances in
Biological Chemistry 10, 140-156.

Bada JL and Lazcano A (2003) Prebiotic soup — revisiting the Miller experiment. Science 300, 745-746.

Barilla J, Lokajicek M and Simr P (2008) Mathematical model of DSB formation by ionizing radiation. arXiv:0801.4880
[Physics] [Preprint], 1-14. Available at http:/arxiv.org/abs/0801.4880 (Accessed 8 June 2021).

Bau JPT, Carneiro CEA, Da Costa ACS, Valezi DF, Di Mauro E, Pilau E and Zaia DAM (2021) The effect of goethites on the
polymerization of glycine and alanine under prebiotic chemistry conditions. Origins of Life and Evolution of Biospheres 51,
299-320.

Boldyreva E (2021) Glycine: the gift that keeps on giving. Israel Journal of Chemistry 61, 828-850.

Chyba C and Sagan C (1992) Endogenous production, exogenous delivery and impact-shock synthesis of organic molecules: an
inventory for the origins of life. Nature 355, 125-132.

Criquet J and Karpel Vel Leitner N (2011) Radiolysis of acetic acid aqueous solutions — effect of pH and persulfate addition.
Chemical Engineering Journal 174, 504-509.

Criquet J and Karpel Vel Leitner N (2012) Electron beam irradiation of citric acid aqueous solutions containing persulfate.
Separation and Purification Technology 88, 168—173.

Cruz-Castafieda J, Negron-Mendoza A, Frias D, Colin-Garcia M, Heredia A, Ramos-Bernal S and Villafafie-Barajas S (2015)
Chemical evolution studies: the radiolysis and thermal decomposition of malonic acid. Journal of Radioanalytical and
Nuclear Chemistry 304, 219-225.

Dale WM, Davies JV and Gilbert CW (1949) The kinetics and specificities of deamination of nitrogenous compounds by
X-radiation. Biochemical Journal 45, 93-99.

Dewhurst HA, Samuel AH and Magee JL (1954) A theoretical survey of the radiation chemistry of water and aqueous solutions.
Radiation Research 1, 62.

Dobrzynski L, Fornalski KW, Reszczynska J and Janiak MK (2019) Modeling cell reactions to ionizing radiation: from a lesion to
a cancer. Dose-Response 17, 1559325819838434.

Draganic¢ ZD, Niketi¢ Vand Vujosevi¢ SI (1985) Radiation chemistry of an aqueous solution of glycine: compounds of interest to
chemical evolution studies. Journal of Molecular Evolution 22, 82-90.

Fasso A, Ferrari A, Smirnov G, Sommerer F and Vlachoudis V (2011) FLUKA realistic modeling of radiation induced damage.
Progress in Nuclear Science and Technology 2, 769-775.

Garrison WM and Weeks BM (1956) Mechanism in the radiolysis of aqueous glycine solutions. The Journal of Chemical Physics
24, 616-617.

Hairer E and Wanner G (1996) Solving Ordinary Differential Equations II. Berlin, Heidelberg: Springer Berlin Heidelberg
(Springer Series in Computational Mathematics). Available at https:/doi.org/10.1007/978-3-642-05221-7.

Hall JC (1998) Review: glycine. Journal of Parenteral and Enteral Nutrition 22, 393-398.

Harris CR, Millman KJ, Van Der Walt SJ, Gommers R, Virtanen P, Cournapeau D, Wieser E, Taylor J, Berg S, Smith NJ, Kern R,
Picus M, Hoyer S, Van Kerkwijk MH, Brett M, Haldane A, Del Rio JF, Wiebe M, Peterson P, Gérard-Marchant P, Sheppard
K, Reddy T, Weckesser W, Abbasi H, Gohlke C and Oliphant TE (2020) Array programming with NumPy. Nature 585,
357-362.

Horne GP, Zalupski PR, Daubaras DL, Rae C, Mezyk SP and Mincher BJ (2020) Radiolytic degradation of formic acid and for-
mate in aqueous solution: modeling the final stages of organic mineralization under advanced oxidation process conditions.
Water Research 186, 116314.

Kitadai N (2014) Thermodynamic prediction of glycine polymerization as a function of temperature and pH consistent with
experimentally obtained results. Journal of Molecular Evolution 78, 171-187.

Kitadai N, Oonishi H, Umemoto K, Usui T, Fukushi K and Nakashima S (2017) Glycine polymerization on oxide minerals.
Origins of Life and Evolution of Biospheres 47, 123—143.

Kuppermann A and Belford GG (1962) Diffusion kinetics in radiation chemistry. I. Generalized formulation and criticism of
diffusion model. The Journal of Chemical Physics 36, 1412-1426.

Le Caér S (2011) Water radiolysis: influence of oxide surfaces on H2 production under ionizing radiation. Water 3, 235-253.

Martinez T, Lartigue J, Frias D, Sanchez-Mejorada G, Negron-Mendoza A and Ramos-Bernal S (2004) Dependence of irradi-
ation temperature in the response of iron salts. Radiation Measurements 38, 455-458.

Maxwell CR, Peterson DC and Sharpless NE (1954) The effect of ionizing radiation on amino acids: 1. The effect of X-rays on
aqueous solutions of glycine. Radiation Research 1, 530.

Maxwell CR, Peterson DC and White WC (1955) The effect of ionizing radiation on amino acids: III. The effect of electron
irradiation on aqueous solutions of glycine. Radiation Research 2, 431.

McMahon SJ, Butterworth KT, Trainor C, McGarry CK, O’Sullivan JM, Schettino G, Hounsell AR and Prise KM (2013) A
kinetic-based model of radiation-induced intercellular signalling. PLoS ONE 8, €54526.

Miller SL (1953) A production of amino acids under possible primitive earth conditions. Science 117, 528-529.

Negron-Mendoza A and Ponnamperuma C (1982) Role of succinic acid in chemical evolution. Origins of Life 12, 427-431.

https://doi.org/10.1017/51473550425000035 Published online by Cambridge University Press


http://arxiv.org/abs/0801.4880
http://arxiv.org/abs/0801.4880
https://doi.org/10.1007/978-3-642-05221-7
https://doi.org/10.1007/978-3-642-05221-7
https://doi.org/10.1017/S1473550425000035

International Journal of Astrobiology 13

Negron-Mendoza A, Ramos S and Frias-Suarez D (2012) On the numerical simulation of reactions induced by radiation. In 2012
Computing, Communications and Applications Conference. 2012 Computing, Communications and Applications Conference
(ComComAp). Hong Kong, China: IEEE, pp. 365-369. Available at https:/doi.org/10.1109/ComComAp.2012.6154873.

Neta P, Simic M and Hayon E (1969) Pulse radiolysis of aliphatic acids in aqueous solutions. I. Simple monocarboxylic acids.
The Journal of Physical Chemistry 13, 4207-4213.

Ohara S, Kakegawa T and Nakazawa H (2007) Pressure effects on the abiotic polymerization of glycine. Origins of Life and
Evolution of Biospheres 37, 215-223.

Paredes-Arriaga A, Negron-Mendoza A, Frias D, Rivera AL and Ramos-Bernal S (2024a) An experimental and numerical model
of the behavior of cytosine in aqueous solution under gamma radiation. Relevance in prebiotic chemistry. Heliyon 10, ¢33288.

Paredes-Arriaga A, Lopez-Islas A, Frias D, Rivera AL, Cordero-Tercero G, Ramos-Bernal S and Negron-Mendoza A (2024b)
Numerical modeling vs experiment of formic acid and formate ion behavior under gamma radiation at several pH values:
implications on prebiotic chemistry. PLoS ONE 19, ¢0315409.

Paredes Arriaga A, Rivera AL, Frias D, Ramos S and Negron Mendoza A (2023) Numerical modeling of radiation-induced reac-
tions: Fricke dosimeter at 298 K, 198 K, and 77 K. Suplemento de la Revista Mexicana de Fisica 4, 1-4. https:/doi.org/10.
31349/SuplRevMexFis.4.011001

Pedreira-Segade U, Hao J, Montagnac G, Cardon H and Daniel I (2019) Spontaneous polymerization of glycine under hydro-
thermal conditions. ACS Earth and Space Chemistry 3, 1669-1677.

Rimola A, Balucani N, Ceccarelli C and Ugliengo P (2022) Tracing the primordial chemical life of glycine: a review from quan-
tum chemical simulations. International Journal of Molecular Sciences 23, 4252.

Rivera AL, Ramos-Bernal AS and Negron-Mendoza A (2016) Agent-based model of oxidation reactions of ferrous ions. Journal
of Nuclear Physics, Material Sciences, Radiation and Applications 4, 149-157.

Rivera AL, Ramos-Bernal S and Negron-Mendoza A (2017) Radiation induced oxidation reactions of ferrous ions: an agent-
based model. Journal of Nuclear Physics, Material Sciences, Radiation and Applications 5, 15-23.

Rivera AL, Ramos-Bernal S and Negron-Mendoza A (2020) Radiation induced reactions of succinic acid in aqueous solution: an
agent-based model. Journal of Nuclear Physics, Material Sciences, Radiation and Applications 7, 117-121.

Rivera AL, Ramos-Bernal S, Paredes-Arriaga A and Negron-Mendoza A (2018) Agent based model of the cytosine radiation
induced reaction. Journal of Nuclear Physics, Material Sciences, Radiation and Applications 6, 93-97.

Samuel AH and Magee JL (1953) Theory of radiation chemistry. II. Track effects in radiolysis of water. The Journal of Chemical
Physics 21, 1080-1087.

Sanchez-Mejorada G, Frias D, Negron-Mendoza A and Ramos-Bernal S (2008) A comparison between experimental results and
a mathematical model of the oxidation reactions induced by radiation of ferrous ions. Radiation Measurements 43, 287-290.

Sandford SA, Aléon J, Alexander CMO, Araki T, Bajt S, Baratta GA, Borg J, Bradley JP, Brownlee DE, Brucato JR, Burchell MJ,
Busemann H, Butterworth A, Clemett SJ, Cody G, Colangeli L, Cooper G, D’Hendecourt L, Djouadi Z, Dworkin JP, Ferrini
G, Fleckenstein H, Flynn GJ, Franchi IA, Fries M, Gilles MK, Glavin DP, Gounelle M, Grossemy F, Jacobsen C, Keller LP,
Kilcoyne ALD, Leitner J, Matrajt G, Meibom A, Mennella V, Mostefaoui S, Nittler LR, Palumbo ME, Papanastassiou DA,
Robert F, Rotundi A, Snead CJ, Spencer MK, Stadermann FJ, Steele A, Stephan T, Tsou P, Tyliszczak T, Westphal AJ, Wirick
S, Wopenka B, Yabuta H, Zare RN and Zolensky ME (2006) Organics captured from Comet 81P/Wild 2 by the Stardust
spacecraft. Science 314, 1720-1724.

Schwarz HA (1969) Applications of the spur diffusion model to the radiation chemistry of aqueous solutions. The Journal of
Physical Chemistry 73, 1928-1937.

Spinks JWT and Woods RJ (1990) 4n Introduction to Radiation Chemistry, 3rd Edn. New York: Wiley.

Stein G and Weiss J (1949) 683. Chemical actions of ionising radiations on aqueous solutions. Part IV. The action of X-rays on
some amino-acids. Journal of the Chemical Society (Resumed), 3256. https:/doi.org/10.1039/jr9490003256 .

Virtanen P, Gommers R, Oliphant TE, Haberland M, Reddy T, Cournapeau D, Burovski E, Peterson P, Weckesser W, Bright J, van
der Walt SJ, Brett M, Wilson J, Millman KJ, Mayorov N, Nelson ARJ, Jones E, Kern R, Larson E, Carey CJ, Polat I, Feng Y,
Moore EW, VanderPlas J, Laxalde D, Perktold J, Cimrman R, Henriksen I, Quintero EA, Harris CR, Archibald AM, Ribeiro
AH, Pedregosa F and van Mulbregt P (2020) Scipy 1.0: fundamental algorithms for scientific computing in Python. Nature
Methods 17, 261-272.

Weeks BM and Garrison WM (1958) Radiolysis of aqueous solutions of glycine. Radiation Research 9, 291.

Willix RLS and Garrison WM (1967) Chemistry of the hydrated electron in oxygen-free solutions of amino acids, peptides, and
related compounds. Radiation Research 32, 452.

https://doi.org/10.1017/51473550425000035 Published online by Cambridge University Press


https://doi.org/10.1109/ComComAp.2012.6154873
https://doi.org/10.1109/ComComAp.2012.6154873
https://doi.org/10.31349/SuplRevMexFis.4.011001
https://doi.org/10.31349/SuplRevMexFis.4.011001
https://doi.org/10.31349/SuplRevMexFis.4.011001
https://doi.org/10.1039/jr9490003256
https://doi.org/10.1039/jr9490003256
https://doi.org/10.1017/S1473550425000035

	Behaviour of glycine aqueous solution exposed to ionizing radiation: numerical model based on chemical kinetics
	Introduction
	Methods
	Reaction mechanisms

	Results and discussion
	Comments and conclusions
	Acknowledgements
	References


