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Abstract

Experimental data on the hydrothermal reaction kinetics of a-alanine, glycine, and B-alanine were acquired using a cus-
tom-built spectrophotometric reaction cell which permits in situ observation under hydrothermal conditions. Quantitative
kinetic information, including rate constants, concentration versus time profiles, and calculations of the individual component
spectra, was obtained from the data using a self-modeling chemometric approach based on factor analysis which treats the
rate expressions simultaneously as a system of differential algebraic equations (DAE) of index 1. Experimental data collected
at 120-165 °C and 20 bar indicates that aqueous a-alanine, glycine and B-alanine will preferentially undergo dimerization and
subsequent cyclization when heated in an inert reactor. The results presented here lend further support to the roles of tem-
perature, exposed reactive surfaces, and matrix additives in the reaction kinetics of the structurally simple amino acids exam-

ined in this study.
© 2007 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

The discovery of the abiotic synthesis of amino acids in
1953 (Miller, 1953; Miller, 1955; Miller and Urey, 1959)
and the existence of deep-sea hydrothermal vents in 1977
(Corliss et al., 1979) moved amino acids and their hydro-
thermal behavior to the forefront of the discussion on the
relative feasibility of various geochemical environments
for the origin of life. Geologically relevant scenarios that
could give rise to the conditions necessary to produce and
maintain reasonable concentrations of amino acids, in addi-
tion to sustaining more complex arrangements and ulti-
mately life itself, have been a matter of some debate for
decades.

Understanding and quantifying the stability of amino
acids under hydrothermal conditions is of fundamental
importance to these questions, but has remained elusive
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due to an overall lack of experimental data. The difficulties
of experimentation under hydrothermal conditions and the
wide variety of experimental methods and materials em-
ployed in existing studies, coupled with the apparent sensi-
tivity of many amino acid systems to the experimental
environment, has kept the rate of progress slow and led
to confusion over inconsistent results.

The amino acids a-alanine and glycine are of particular
interest to the discussion of hydrothermal stability because
they are the simplest and smallest amino acids, as well as
being among the most common and pervasive in submarine
hydrothermal environments (Kohara et al., 1997; Horiuchi
et al., 2004). Although previous studies have been carried
out on the hydrothermal behavior of a-alanine, prior work
has generally either observed or simply assumed that the
preferred reaction pathway of a-alanine is decarboxylation.
In most studies where decarboxylation was established as
the preferred pathway, other possible pathways and prod-
ucts were not examined or conclusively eliminated. An
overview of published experimental studies is presented in
Table 1, with a focus on the details of the experimental
conditions.
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Table 1

Detailed overview of the experimental conditions and observations of studies presenting quantitative kinetic information on the aqueous stability of the a-alanine and glycine systems. See also Figs.

11 and 12

Reference
Range (°C)

Temperature Pressure
Range (bar)

pH Vessel

Material

Degass

Additives

Analysis
Method

Observations

Overview of studies presenting quantitative kinetic information on the aqueous stability of the a-alanine system

Abelson (1956) Up to 450

Andersson and Holm 200
(2000)

Bada et al. (1995) 240

Conway and Libby 25-153
(1958)

Li et al. (2002) 280-330

Li and Brill (2003a) 310-330

Qian et al. (1993) 120-220

Qian et al. (1993) 120-220

Sato et al. (2004) 200-340

Snider and Wolfenden 200
(2000)
Vallentyne (1964) 243

JR White, as cited in 253
Bernhardt et al. (1984)

Pwt

50

Pwt

Pmt

275

275

Pmt

268

200

Pmt

Ps'dt

260

nat.

nat.

nat.

nat.

6.8

nat.

glass?

teflon autoclave,
stainless steel tubes

glass tubes

. glass vessels

Grade 2 Ti reactor,
flow-through,
sapphire windows
Grade 2 Ti reactor,
flow-through,
sapphire windows
glass syringes

glass syringes
stainless steel 316
tube reactor, flow-
through

quartz tubes

Pyrex tubes

y, Ar

Yy,
vacuum

y, +CO,
added
y, Ar

¥, Na

¥, N2

Y,
ultrasonic

Yy,
vacuum
Yy,
vacuum

asp, leu, ser,
KCl1

phosphate
buffer, gly,
leu, ethyl-
amine
radio-labelled
CO,

none

none

none

none

none

phosphate
buffer
none

buffer?

sample filtered & frozen,
HPLC-OPA

HPLC-OPA

detection of radiolabelled
CO, exchanged

in situ observation of CO,
production in flow-through
mode by IR

in situ observation of CO,
production in flow-through
mode by IR

HPLC-OPA

HPLC-OPA

HPLC-postcolumn
fluorescence; organic acid
analyzer; ion
chromatography
'"H-NMR with pyrazine
standard

TLC/ninhydrin stain

Graph of alanine breakdown presented, but no
experimental details or data points are stated
explicitly in the publication.

Alanine disappearance was modeled using first-
order kinetics. Alanine possible breakdown
product of other amino acids present.

Alanine was unstable.

Alanine disappearance modeled by first-order
decarboxylation.

Alanine breakdown modeled by first-order
decarboxylation.

Alanine breakdown modeled by first-order or
pseudo-first order decarboxylation.

‘No breakdown observed.” 89.2% still present at
120 °C, 504 h; 99.3% still present at 160 °C, 148 h;
93.5% still present at 220 °C, 24 h.

Alanine disappearance modeled by first-order
decarboxylation.

Simultaneous decarboxylation and deamination
observed, primary and secondary product
formation.

Alanine disappearance modeled by first-order
decarboxylation.
First-order decarboxylation observed, only
ethylamine detected. Approx. 3% of ala remaining
after 20 d at 230 °C.
Dialanine was observed to undergo rapid
hydrolysis.

(continued on next page)
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Table 1 (continued)

Reference Temperature Pressure pH Vessel Degass Additives Analysis Observations
Range (°C) Range (bar) Material Method

Kawamura et al. (2005) 275 100-150 nat. silica fiber optic  ? none HPLC/HPLC-chiral/ Observed elongation of alanine oligomers. Back
tubing, flow- MALDI-MASS reactions (hydrolysis) consistent with pseudo-first-
through order processes. ‘Since the decarboxylation of
microreactor amino acids is slower than the formation of DKP,

the decarboxylation can be ignored in these
systems.’

Kawamura and Yukioka 275 100 7.0 teflon autoclave, ? NaCl, MgCl,, HPLC with chiral L-ala-L-alanine underwent cyclization to alanine

(2001) stainless steel HCI, NaOH separation anhydride (DKP).
tubes

QOverview of studies presenting quantitative kinetic information on the aqueous stability of the glycine system

Qian et al. (1993) 120-220 Pgay nat. glass syringes y, N none HPLC-OPA Only minor gly breakdown observed. 86.4% still

present at 120 °C, 504 h; 100% still present at
160 °C, 148 h; 80.1% still present at 220 °C, 24 h.
Qian et al. (1993) 120-220 268 nat. glass syringes y, No none HPLC-OPA Glycine disappearance modeled by first-order
decarboxylation. Gly-gly decomposition rates
several orders of magnitude faster than gly.
Sato et al. (2002) 260-340 300 Glycine both decarboxylated and deaminated,
with an overall first-order trend. Reference in
Japanese.

Sato et al. (2004) 200-340 200 nat. stainless steel 316 'y, none HPLC-postcolumn Simultaneous decarboxylation and deamination
tube reactor, ultrasonic fluorescence; organic acid observed, primary and secondary product
flow-through analyzer; ion formation.

chromatography

Snider and Wolfenden  170-260 Py 6.8 quartz tubes y, vacuum phosphate buffer 'H-NMR with pyrazine  Glycine disappearance modeled by first-order

(2000) standard. decarboxylation.

Cronin et al. (1971) 95 ? 5.6 ? ? 0.04 M Zn(II) Beckman Analyzer with  Observations of Zn catalysis of cyclic peptide

ninhydrin detection formation as well as hydrolysis. Rates in absence
of Zn were ‘very slow’ and not determined.

Fujii et al. (2002) 70 open air 8.1 glass no 0.075 M HEPES HPLC Pseudo first-order rate constant determined for

hydrolysis of gly-gly.

Haramaki and 119-167 ? ? ? ? ? ATR-IR spectroscopy Unpublished data in book chapter. Thermal

Nakashima and HPLC decomposition of gly-gly.

(2001)

Li and Brill (2003b) 310-330 275 nat. Grade 2 Ti ? none in situ observation of CO, Gly-gly disappearance modeled by first-order or
reactor, flow- production in flow- pseudo-first order decarboxylation.
through, sapphire through mode by IR
windows

Radzicka and 25-181 Py, 6.8 quartz tube y, vacuum 0.1 M phosphate '"H-NMR Gly-gly hydrolysis observed to follow first-order

Wolfenden
(1996)

or acetate buffer;
KCltoI=2.0

kinetics, and cyclization produced DKP product.
Equilibrium constant measured for gly-gly/DKP
interconversion.
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Fig. 1. Theoretically feasible reaction pathways of a-alanine, B-alanine, and glycine and their products under degassed aqueous conditions.

Pathways discussed in detail are indicated in black.

Several notable exceptions to the general observations
of breakdown of o-alanine have recently been published.
For example, Kawamura and Yukioka (2001) observed
a-alanine to preferentially dimerize and then rapidly cy-
clize at 275°C in a flow-through reactor, as part of a
quantitative study which originally intended to determine
thermal racemization kinetics. Ogata et al. (2000), and la-
ter Yokoyama et al. (2003) using a similar experimental
setup, qualitatively observed both alanine and glycine
dimerization and oligomerization up to tetrapeptides at
250 °C in a flow-through reactor designed to simulate a
hydrothermal vent. Alanine and glycine were also ob-
served to co-polymerize in solution. Sato et al. (2004) de-

spite observing mostly decarboxylation and deamination,
provide an unusually thorough attempt at product
characterization.

In the case of glycine, several other studies have reliably
observed the production of oligopeptides (up to 13 units)
and cyclic dimers (diketopiperazines) under hydrothermal
conditions. This is particularly true with glycine reactions
in ‘simulated hydrothermal vent’ type reactors (Imai
et al., 1999a,b; Ogata et al., 2000; Alargov et al., 2001; Alar-
gov et al., 2002; Tsukahara et al., 2002; Islam et al., 2003;
Yokoyama et al., 2003; Mitsuzawa and Yukawa, 2004; Fai-
sal et al., 2005; Goto et al., 2005; Kawamura et al., 2005;
Shiota and Nakashima, 2005). In the majority of cases,
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due to the number of products produced and the overall
complexity of the system, the authors were unable to deter-
mine quantitative kinetics and rate constants but provided
concentration versus time data.

The study presented here focuses on the acquisition of
basic experimental kinetic data on the hydrothermal behav-
ior of the amino acids a-alanine, glycine and B-alanine.
Quantitative experimental data on these amino acids were
determined, with an emphasis on acquiring the kinetic data
in situ and using an inert reaction vessel. These data are
among the first directly observed, real-time observations
of amino acids reacting under hydrothermal conditions
(Cox and Seward, 2007).

A diagram of the theoretically feasible breakdown
pathways of a-alanine, glycine and B-alanine is presented
in Fig. 1, along with the pathways of the major primary
and secondary reaction products. This diagram is in-
tended as a general overview presenting anticipated pos-
sibilities, since primary pathways are observed to vary
depending upon experimental conditions. Pathways spe-
cifically observed or discussed in this study are indicated
in bold.

2. EXPERIMENTAL PROCEDURE
2.1. Materials and methods

The high-temperature spectrophotometric cell built spe-
cifically for this project permitted in situ observation of
amino acid solutions under the chosen conditions of tem-
perature and pressure. The cell design and its flow-through
setup were previously described in Cox and Seward (2007).
The spectrophotometric reactor cell was constructed such
that the amino acid solutions were only in contact with
the pure gold liner and the high purity UV optical silica
windows. Gold-lined pressure tubing was used to interface
the cell to the inert polyetheretherketone polymer (PEEK)
high pressure flow-through lines, to ensure that the entire
flowpath seen by the solutions was as inert as possible.
The ultraviolet spectra themselves arise from electronic
transitions in the molecules and are characteristic of each
component present in the solution. The amino acid zwitter-
ions and their breakdown products (protonated or unprot-
onated) have unique electronic spectra which are intimately
related to the structure of the compound. Measured absor-
bance (A) is directly proportional to concentration (c) as
per the Beer—-Lambert Law, 4 = ¢bc, where ¢ is the molar
absorptivity coefficient, which is specific to a given mole-
cule, and b is the path length of the light through the
solution.

Our hypothesis at the time of construction, later con-
firmed experimentally, was that the composition of the
reaction vessel materials can fundamentally affect the
behavior of the solutions being observed. Our results indi-
cate that the kinetics of aqueous amino acid solutions can
be significantly altered by the presence of traditional metal
alloys and other catalytic surfaces, as discussed in detail by
Cox and Seward (2007).

All  solutions (from 5.15x10™*moldm™ to
2.88 x 107> mol dm ™ + 0.1-0.2%) used in this study were

freshly prepared from 18 mQ 0.2 pm nylon-membrane fil-
tered high purity water, without the addition of buffers or
other components. The pH in these dilute, degassed solu-
tions was defined by the water and amino acid activity
and was close to neutral; a more detailed discussion of
speciation and pH with temperature is presented in Sec-
tion 3.1 below. The glycine, L-a-alanine and B-alanine
used in this study were either Fluka Microselect Grade
or SigmaUltra Grade (Sigma-Aldrich Chemical Group,
Germany), with purities of 99.0-99.5% depending on the
compound. After preparation, solutions were transferred
into a dry, sterile flask, and thoroughly degassed using
a combination of He (Pangas, 99.9995%, filtered) sparging
and an online vacuum degassing unit. The degassed solu-
tion was then pumped into the flow-through line con-
nected to the combination optical cell/reaction vessel
installed in the sample compartment of the spectropho-
tometer (Varian Cary 4E with WinUV 2.0 software).
The cell was heated in situ while in flow-through mode
until equilibration was reached at the chosen temperature
and pressure, and the reaction was allowed to proceed by
stopping the flow of solution to enable the observation of
one batch. UV absorption scans of 0.2 nm resolution were
taken at regular time intervals (2-10 min) and under
appropriate spectrophotometric instrumental conditions
in order to obtain kinetic information. When data collec-
tion and observation were completed, the system was
again set to flow-through mode and ultrapure water was
circulated until the cell was completely flushed. Once
thorough flushing had been assured, a set of background
blank spectra (windows + H,O) was taken under the same
conditions and instrumental parameters as the experi-
ment. Raw spectral data were later corrected by subtrac-
tion of blank spectra, as well as mathematically corrected
to take into account the changes in solution density (i.e.
water) with temperature and pressure. The number of
absorbing species, the chemical model, and individual
component spectra were determined using a mathematical
factor analysis based approach, with the kinetics of the
system being inherently determined as part of the mathe-
matical analysis procedure. Samples were also taken for
ion chromatographic analyses to confirm the identities
of the products, but due to the low concentrations in-
volved in the experiments, this approach was not always
conclusive.

2.2. Mathematical analysis

This study employed a chemometric approach based
on factor analysis (similar to principle component anal-
ysis, PCA) in order to obtain kinetic information from
the acquired data. Mathematical factor analysis can be
meaningfully applied to this study because the data rep-
resent the change in time of a chemical system, as
determined by the kinetic interrelation between the
chemical species, and the UV spectra taken at each
time interval thus have a mathematical relationship with
each other.

An overview of the mathematical analysis procedure,
together with the key equations, is presented in flowchart
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4 )
Experimental Data Acquisition

Absorption spectra are collected at
known time intervals, and corrected
for blanks and temperature effects.

Assumption of Beer-Lambert Law:

A =€cb (b is constant)

Decomposition into
Abstract Factors

A=TP
Data are decomposed into abstract
factors (eigenvectors) by single
value decomposition (SVD).

T will be correlated to c.

P will be correlated to €b.

Determination of the Number
of Absorbing Species

Number of absorbing species equals
the number of significant factors.
Significant factors are determined by
visual inspection of vectors in P
matrix, SFA function.

Creation of Chemical Model
eg. A % B+C

k3

re-evaluation of chemical model

final answer!
set of k, Az, CZ, Ez
(assume E,C, = true EC)

Optimization
of Solution

e Ay, Co, Es > 0 (soft constraint).

e set of k > 0 (hard constraint).

e A, = A within tolerance.

e A,, Cy, E, for each species at each time
is reasonable based on other
available information.

® analysis of chi-squared hyperspace

indicates the solution to be

the global minimum in
real space

Calculation of 'Theoretical'
Individual Spectra
Regeneration of absorbance spectra

for each species using A, = E>C, at
each time interval.

Calculation of 'Theoretical'
Molar Absorptivities

Matrix R, which rotates abstract vectors

B #m D
Model is based on chemical
knowledge of system, results from
ion chromatography, number of
species from factor analysis, etc.

Mathematical Expression
of the Model's Kinetics

Rate laws and mass balance are
written out as a system of differential
algebraic equations (DAE's), e.g.:

into real space, is determined by:

R =C,\T
Calculated E (and thus spectrum) for
each species, at each time, can now be

calculated: E, = (R*P)’

global optimization of rate constants k by iteration

Solve for 'Theoretical’
Concentrations
Solve the kinetic model using

MATLAB's "ode15" iterative
solver. Result is matrix Co(t)

dA/dt = -k1A + ...
dB/dt = ...
[Alp = [A] + [B] + [C] + [D]

for all species at all time intervals.

Rate constants k1, k2... will be
determined iteratively as part of
global optimization of model.

Fig. 2. Flowchart representing the mathematical analysis of spectrophotometric data in order to obtain kinetic information.
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form in Fig. 2. Unlike traditional deconvolution, this
method regenerates the spectra from a globally optimized
solution based on the data’s principle factors and a chem-
ical model; this type of ‘self-modeling’ approach does not
require any a priori information about the system. This
approach is more robust and removes the uncertainties
associated with ‘curve fitting’ and other deconvolution
procedures, from which it should be distinguished, where
the resulting assignment of the individual species’ spectra
are frequently arbitrary. The reader is referred to Mali-
nowski (1991) for a detailed overview and discussion of
this method as well as principle component analysis and
factor analysis in general, beyond what is presented in this
study, which follows the exact methodology of the related
study by Cox and Seward (2007). The mathematical anal-

ysis and calculations were performed on the Matlab 6
R12/R13 program platform (Mathworks, Inc., 2000),
using functions and scripts specifically developed for this
study.

3. RESULTS
3.1. The a-alanine system

3.1.1. Experimental data

Ultraviolet spectrophotometric data of the real-time,
in situ thermal evolution of aqueous o-alanine solutions
with time were collected at 5 min intervals over periods of
several hours. This was repeated at various temperatures
between 120 and 183 °C. It was not possible to quantita-

T T T

8.25 x 10 mol dm3,121°C, 20 bar, 5 min scans, 4.2 h total

absorbance

T T T

200 210 220

230 240 250 260

T T T

absorbance

5.26 x 10 mol dm3,164°C, 20 bar, 5 min scans, 1.8 h total

T T T

200 210 220
wavelength / nm

230 240 250 260

Fig. 3. Two examples of UV absorption data sets collected in situ of the thermal evolution of a-alanine solutions in an ‘inert’ reactor: 121 °C

(top) and 164 °C (bottom).
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tively solve data at the higher end of the temperature range
because only slight changes with time were recorded, which
led to the mathematical system becoming ill-defined. Two
examples of spectrophotometric data sets are presented in
Fig. 3. All of the sets exhibit the same general behavior of
a slow increase in absorption over all wavelengths with
time, with a significant increase occurring in the 190-
240 nm region. This was contrary to the initial expectations
of the behavior of this system, since a-alanine has been gen-
erally considered to decarboxylate, which produces smaller
molecules with lower absorbances in the observed range.
Breakdown, in general, is expected to produce smaller
and less electronically conjugated molecules, and to be ob-
served as a decreasing absorption with time which ap-
proaches zero baseline. In this study the opposite trend,
increasing absorption, was observed to be true. Addition-
ally, three absorbing species were determined by factor
analysis to be present, indicating that two separate products
were produced in statistically significant quantities.

Secondary analyses by ion chromatographic amino acid
analysis (High Pressure Anion Exchange Chromatography
with Pulsed Amperometric Detection (HPAEC-PAD) using
a Dionex instrument and AminoPAC column) were not
conclusive in this case and detected only the presence of
the a-alanine monomer. Several obstacles existed to the
analyses, in particular the overlapping elution times of a-
alanine, dialanine, and cyclic dialanine (a diketopiperazine).
This not only made resolution difficult, but in the case
where one compound is present in much larger quantities
than the others (as is the case here for a-alanine), the larger
peak signal swamps the other signals entirely. Additionally,
this analytical method has a low sensitivity to cyclic diala-
nine because it does not have amine or carboxylic func-
tional groups. It was not possible to build up enough
products, even in flow-through mode, to be able to fully
overcome these issues.

3.1.2. Mathematical factor analysis

Mathematical factor analysis was employed to extract
quantitative kinetic information from the UV absorption
scans. Factor analysis/singular value decomposition indi-
cated the definite presence of three absorbing factors in
all data sets for the a-alanine system. The first factor could
be clearly attributed to a-alanine, which is the dominant
species. The remaining factors were determined through
model testing and chemical reasoning.

The first step towards building relevant possible chemi-
cal models was to determine the speciation of a-alanine, gi-
ven the possibility that different species might react at
different rates (thus the significance of examining rate ver-
sus pH) as well as exhibit different absorption spectra. An
estimation of the expected speciation of aqueous a-alanine
at zero ionic strength from 25 to 200 °C was made based on
isocoulombic extrapolations (Lindsay, 1980) of ionization
constant data up to 50 °C (Nims and Smith, 1933; Smith
et al., 1937; and Christensen et al., 1968) and more recent
data up to 125°C (Gillespie et al., 1995; Wang et al.,
1996). This well-defined trend can be extrapolated with con-
fidence to estimate the higher temperature ionization
behavior of a-alanine. Based on this method, at neutral

pH and 25 °C, a-alanine exists solely as the Hala™" zwitter-
ion, where the carboxylic group is deprotonated and the
amino group is protonated. With increasing temperature,
the Hala~ " zwitterion region of o-alanine shifts mostly in
tandem with pK,, and up to 185 °C the fraction of Hala~*
present at neutral pH is estimated to be consistently greater
than 97.5%. Solutions of dilute a-alanine, unadjusted with
respect to pH, are therefore expected to contain a-alanine
in almost entirely the Hala™" zwitterionic form up to
185 °C.

Relevant chemical models which included three absorb-
ing species and were based on polymerization, decomposi-
tion, or a combination of the two, were tested on each
data set such that the correct model could be determined
by both ‘goodness of fit’ criteria and by a process of elimi-
nation. The models tested, the chemical systems they repre-
sent, and their resulting kinetic information are presented in
Table 2. Every chemically reasonable model was tested
against each data set.

Of all 14 chemically reasonable models tested, only
Model 1 was capable of providing a good fit to the data
(System of Equations 1). This model also fitted every data
set, implying that the nature of the kinetic system is con-
stant across temperature. Model 1 is based on a “2 ala-
nine — primary products — secondary products” type
system. Model 1 (System of Equations 1)

dfala]/dr = —2k [ala]’
dlala,]/dr = +k [ala]® — k[ala,]
dlcyclic ala,]/dt = +k,[ala,]
[ala] = [ala], — 2[ala,] — 2[cyclic ala,]

The other tested models were all found to be insufficient.
Models having reversible reactions were found to have opti-
mum convergence at the limit where they reduced to the
same behavior as Model 1; this is likely due to the timescale
of the experiments presented here, as one would expect
reversibility and attainment of equilibrium over longer
timescales. Models 8-14 either did not converge, or con-
verged in the limit where they reduced to the same behavior
as Model 1. Models 2 and 3 were tested to eliminate the pos-
sibility of other reaction orders. These models included a
scenario in which the “2 alanine — dialanine” reaction is
first order or 4/3 order with respect to alanine according
to Permyakov et al. (2002), who recently showed evidence
suggesting that the dimerization of amino acids may pro-
ceed by non-integral orders and that this effect is pair-spe-
cific. The second reaction is generally held to progress by
first order or pseudo-first order (i.e. solvent assisted) kinet-
ics (e.g. Capasso et al., 1998). Models 2 and 3 fitted poorly
compared to Model 1 in which the same reaction is second
order with respect to a-alanine.

Model 1 was therefore the chosen model for all a-alanine
data because it met the necessary criteria on several levels.
It provides an excellent fit with low residuals, molar absorp-
tivities and spectra which are consistent with known stan-
dards, and the produced rate constants are consistent
with the small amount of a-alanine literature data to date
on dimerization and cyclization (Kawamura and Yukioka,
2001; Cox and Seward, 2007). Lastly, in addition to being
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Table 2
Models tested for the ‘inert reactor’ aqueous a-alanine acid system, and the rate constants and kinetic information derived from Model 1 for
o-alanine
Model Model description (speciation not indicated) Reaction order Result Acceptable
1 n=3 2 ala —k1— ala, + H,O ki1—second order excellent fit, low residuals yes
ala, —kr— cyclic ala, + H,O ky—first order
2 n=3 2 ala —k1— ala, + H,O k—first order poor fit no
ala, —kr— cyclic ala, + H,O ky—first order
3 n=3 2 ala —k—= ala, + H,O k1—4/3 order poor fit no
ala, —kr— cyclic ala, + H,O k>—first order
4 n=3 2 ala —ki— ala, + H,O k1—second order converges at limit where no
ala, —kr— cyclic ala, + H,O kr—first order model 4 approaches model 1
—ky— k3—pseudo first order
5 n=3 2 ala —k1— ala, + H,O k1—second order converges at limit where no
—kr— ko—pseudo first order model 5 approaches model 1
ala, —k3— cyclic ala, + H,O ks—first order
6 n=3 2 ala —k1— ala, + H,O k1—second order converges at limit where no
—hkr— ko—pseudo first order model 6 approaches model 1
ala, —k3— cyclic ala, + H,O ks—first order
—ky— k4—pseudo first order
7 n=3 2 ala —ki— ala, + H,O ki—second order does not converge no
ala, = cyclic ala, + H,O K.q = equilibrium const.
8 n=3 2 ala —k1—> ala, + H,O k1—second order converges at limit where no
ala, —kr— cyclic ala, + H,O ky—first order model 8 approaches model 1
ala+ H,O —k3— ethylamine + CO, + OH™ k3;—pseudo first order
9 n=3 2 ala —k1—> ala, + H,O k1—second order converges at limit where no
ala, —kr—> cyclic ala, + H,O ky—first order model 9 approaches model 1
—k3— ks—pseudo first order
ala+H,O —k4— ethylamine + CO, + OH~ k4—pseudo first order
10 n=3 2 ala —k1— ala, + H,O ki1—second order converges at limit where no
—kr— ko—pseudo first order model 10 approaches model 1
ala, —k3— cyclic ala, + H,O ks—first order
ala+ H,O —ku4— ethylamine + CO, + OH™ k4—pseudo first order
11 n=3 2 ala —k1—> ala, + H,O k1—second order converges at limit where no
—hkr— ko—pseudo first order model 11 approaches model 1
ala, —k3— cyclic ala, + H,O ks—first order
—ky4— k4—pseudo first order
ala+ H,O —ks— ethylamine + CO, + OH™ ks—pseudo first order
12 n=3 2 ala —k1—> ala, + H,O k1—second order does not converge no
ala+ala, —k,— ala; + H,O ky—second order
13 n=3 2 ala —ki— ala, + H,O k1—second order does not converge no
ala+ala, —k,— alaz + H,O k>—second order
ala+H,O —k3— ethylamine + CO, + OH™ ks;—pseudo first order
14 n=3 2 ala —ki— ala, + H,O ki1—second order does not converge no
—kr— k>—first order
ala+H,O —k3;— acrylate + NH4* ks—pseudo first order
Temp (°C) No. of Factors Model  Rate constant k; Rate constant k» Instrumental  Standard
scans used (mol~! dm? s71)? (s7hH? error deviation
of model ®
1209+04 51 3 1 54x10724£02x1072 445x107*40.01x107*  20x107* 49%x107*
131.6 53 3 1 6.8x1072+£0.2x 1072 560x1074£0.01x107*  2.0x107* 3.6x107*
145.1 46 3 1 1.07x107' £ 0.01x 107" 1.053x 1072 +£0.002x 107> 2.1x107* 3.6x107*

(continued on next page)
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Table 2 (continued)

Temp (°C) No. of Factors Model Rate constant k; Rate constant k, Instrumental Standard
scans used (mol~! dm? s71)? (s7hy? error deviation
of model ®
154.7 30 3 1 3.42x 1071 £0.05x 107" 1.224x 107 +0.008 x 107> 2.1x107* 6.3x107°
162.3 30 3 1 4.79x 107" +0.02x 107" 53x107°+£02x1073 2.1x107* 20x107*
164.0 23 3 1 8.05x 107" £0.04x 107" 230x 1077 4£0.06x 1077 2.0x107* 2.5x 1074
183.1 Spectra from each scan were too close together to solve mathematically

% Error shown is derived from an estimated experimental error margin (5%). In all cases the 3¢ confidence limit of the model convergence
was very narrow, so the experimental error is taken to be more accurate.
® Estimated from the sum of squares of the residuals divided by the number of scans.

one of the most chemically reasonable models and one of
the most simple, all other reasonable potential models were
conclusively eliminated.

Although secondary confirmation of the identity of the
products was inconclusive, certain important conclusions
can still be inferred from the experimental data which are
consistent with the choice of Model 1:

(1) The absorption envelope increases with time,
which would only be possible if species of higher
molar absorptivity were being produced. Given
that the structure of a-alanine (Fig. 1) has only
one carboxylic and one amine functional group,
and no double bonds or aromatic groups, the
most likely explanation for the higher molar
absorptivity products is that alanine is dimerizing
or polymerizing and forming species that are elec-
tronically more conjugated.

(2) The breakdown of a-alanine to any significant
degree was not indicated in this study, since (a)
any significant breakdown would lead to an over-
all decrease of absorption with time due to the
production of even smaller and less conjugated
molecules, and (b) flow-through sampling over
several hours and subsequent ion chromatographic
analyses did not indicate any significant disappear-
ance of o-alanine.

(3) Oligomerization and cyclization are established
pathways for glycine (e.g. Radzicka and Wolfenden,
1996; Imai et al, 1999a,b; Ogata et al., 2000;
Faisal et al., 2005), which differs from ao-alanine only
by the replacement of a methyl group with
hydrogen.

(4) Previous studies indicate that o-alanine can be
quite stable under certain hydrothermal condi-
tions (Qian et al., 1993), that polymerization of
a-alanine is highly favored at much higher tem-
peratures such as 275 °C (Kawamura and Yukio-
ka, 2001), and that dimerization, cyclization and
oligomerization have been previously observed
for o-alanine but not quantified (Ogata et al.,
2000; Yokoyama et al., 2003; Kawamura et al.,
2005).

The rate constants derived from the application of Mod-
el 1 to the experimental data are presented in Table 2 and

Fig. 4. The application of weighted linear least squares
regression to the data was used to obtain the Arrhenius
parameters E, and In 4, where E, is the apparent activation
energy in kJ mol™! and A4 is the pre-exponential factor in
units of mol™! dm? s7! (ky) or s ! (k>). For the k; data,
E,=114kImol™! and 1Ind=31 were obtained
(R,=0.88), and for the k, data, E,=74kJmol™' and
In4 = 15 were obtained (R, = 0.78). There were no litera-
ture values available for comparison, since only two
previous studies have quantitatively examined dimerization
or cyclization in a-alanine or glycine (Radzicka and
Wolfenden, 1996; Kawamura and Yukioka, 2001) and
neither of these studies had enough information to derive
Arrhenius parameters. Cronin et al. (1971) present
glycylglycine and glycylalanine data, but these were
acquired in the presence of 0.04 M Zn (II), a catalyst.
Kawamura and Yukioka (2001) did however derive an
apparent activation energy for the racemization of a-ala-
nine, which was determined to be 124 kJ mol™". This indi-
cated that dimerization and cyclization are pathways which
are very competitive with racemization since the activation
energies are very similar within experimental error. This
observation is further consistent with their observation that
the formation of cyclic dialanine was faster than
racemization.

The calculated molar absorptivity spectra for Model 1
are presented for four data sets in Fig. 5. An example of
a calculated concentration profile and calculated individual
species absorbance spectra are presented for 145 °C in
Fig. 6. A comparison between an experimental data set
and the calculated overall absorbances, including residuals,
is presented for 155 °C in Fig. 7.

3.2. The glycine and B-alanine systems

3.2.1. Experimental data

Several ultraviolet spectrophotometric kinetic data sets
for glycine and B-alanine were acquired in a similar manner
as for a-alanine, in order to provide a basis for comparison
among these structurally similar compounds. Examples of
spectrophotometric data sets for glycine and B-alanine are
presented in Fig. 8. These data also exhibited increasing
absorbance with time, similarly to a-alanine. This was par-
ticularly true of the B-alanine system, which exhibited the
largest increase in absorbance of the three amino acids
studied.
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Fig. 4. Graphical representation of the rate constants, k, derived from the application of Model 1 to the experimental data for a-alanine.
Model errors and experimental errors yielded error bars no larger than the symbols; overall error is best represented by the 95% confidence

interval (dotted lines). Rate constants are in units of mol™! dm?s™!

3.2.2. Mathematical factor analysis

Mathematical factor analysis was applied to the data in
the manner previously described for a-alanine. The pres-
ence of three absorbing factors in all data sets was also ob-
served. Analogous models to the o-alanine system were
tested, and the best fitting models were equivalent to a-ala-
nine Model 1. Other models were eliminated in a similar
way as for a-alanine. Quantitative kinetic information de-
rived from the application of Model 1 to the experimental
data for glycine and B-alanine is presented in Table 3.
Examples of their respective molar absorptivities and con-
centration profiles are presented in Fig. 9. A comparison
between the experimental data set for B-alanine and its cal-
culated overall absorbances, including residuals, is pre-
sented in Fig. 10.

4. DISCUSSION

Comparisons of the kinetic data derived in this study
with the published data on a-alanine, glycine, B-alanine,
and their respective oligomers, are presented as van’t Hoff
plots in Figs. 11 and 12.

Several previous studies have observed the polymeriza-
tion of a-alanine, although only Kawamura and Yukioka
(2001) were able to derive quantitative kinetic information.
Their observations on the hydrothermal behavior of a-ala-
nine in stainless steel tubing indicated that it rapidly dimer-
ized to dialanine and then cyclized to cyclic dialanine, along
with the formation of additional unidentified polymers. A
rate constant for the dimerization of a-alanine at 275 °C
and 200 bar was provided, however, it was not strictly con-
sidered by the authors to be a dimerization constant; as a
result of the rapidity of the formation of cyclic dialanine

(ky) and s7! (ky).

(‘alanine anhydride’) from o-alanine, dialanine was an
intermediate and was not directly detected. They modeled
the reaction as ala + ala — alanine anhydride (kpp), and
since dimerization was considered to be the rate determin-
ing step, kpi, was ‘considered to be approximately equal
to’ kgim. The fact that their rate constant was inferred
may account for the discrepancy between their value and
the values presented here in this study. Conversely, their va-
lue for the cyclization of the dialanine dipeptide was deter-
mined by directly and separately measuring the reaction
dialanine — alanine anhydride, and is in good agreement
with the trend of the data presented here. No additional lit-
erature values for dimerization or cyclization rate constants
were located for a-alanine.

Taking into consideration studies which were only qual-
itative, several other studies have also made observations
on the polymerization of a-alanine. Clarke and Tremaine
(1999) qualitatively observed that the primary hydrother-
mal reaction pathways of a-alanine were polymerization
and decarboxylation. Li and Brill (2003a), using a grade 2
titanium reactor, observed cyclic dialanine to be stable on
the time scales accessible by their experimental method,
and were therefore unable to observe hydrolysis or break-
down as for cyclic diglycine. Bernhardt et al. (1984), look-
ing specifically at degradation, estimated the half-life of
dialanine as approximately 6 min, although this informa-
tion was cited as having originated from a personal commu-
nication of RL White and the experimental conditions are
unknown. Kawamura et al. (2005) deliberately chose to
study the kinetics of larger oligomers of a-alanine (up to
alas) precisely because of the tendency for a-alanine mono-
mers and dimers to quickly form cyclic dialanine. They
found strong evidence to support the production of larger
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Fig. 5. Calculated molar absorptivities of a-alanine, dialanine, and cyclic dialanine at four temperatures at 20 bar. The calculated alanine
spectra match those of the time zero spectra. There is an increased uncertainty at 164 °C due to the similarity of the individual molar

absorptivities, causing the model to be ill-defined.

oligomers, up to ala;s, in the simulated hydrothermal vent
reactor which was employed in their study. The process ap-
peared to be most efficient (>10%) when starting with a tet-
rapeptide or larger, in the presence of an excess of
monomer. Kawamura et al. (2005) also stated that decar-
boxylation could be ignored in their system since it was
much slower than the formation of diketopiperazines.
Unfortunately, no attempts at calculating rate constants
for dimerization, oligomerization or cyclization were made.

The rate constants derived for dimerization in this study,
as well as those of Kawamura and Yukioka (2001), were sig-
nificantly higher than those for other reactions such as decar-
boxylation as determined by other published studies. This is
consistent with the hypothesis that dimerization can be the
favored pathway under certain subsets of conditions, as dis-
cussed below, as well as certain initial concentrations, given
that these are second order constants. Similarly, rate con-
stants for cyclization were higher than those for hydrolysis,
supporting evidence that cyclization can also be competitive
with hydrolysis and exhibit a ‘protective’ effect.

The question remains as to why other studies have
tended to observe decomposition reactions instead of poly-
merization (Table 1). As previously discussed above, impor-
tant uncertainties may have resulted from aspects of the
experimental methods used in previous studies. Perhaps
most significantly, many studies have measured the stability
of alanine and glycine monomers or dimers without looking
for, or being able to detect, polymeric products, according
the analytical methodologies employed. Accurate determi-
nation of all major products, as well as mass balances, re-
mains elusive in general. Also notable is the use of
reactors or apparatus constructed from transition metal al-
loys (such as stainless steels or titanium alloys) or other
materials which are known to have catalytic effects (e.g. Bell
and Palmer, 1994; Bell et al., 1994). It is possible that at
higher temperatures, these effects are reduced or the poly-
merization becomes much more favorable, which may ac-
count for why Kawamura and Yukioka (2001) were able
to observe polymerization. Pressure may also play an
important role in these systems; Qian et al. (1993) observed



2276

1.S. Cox, T.M. Seward / Geochimica et Cosmochimica Acta 71 (2007) 22642284

x1073

0.9}

concentration / mol L™

T

— o-alanine
- = alay
-=== cyclic ala, 7

0 100 150 200
time / min
0.8 0.8
\ — calc o-alanine
0.7 \ 1 0.7 \ —— calcalap ]
\ -=== calc cyclic alaz
0.6 1 06 \ - - exptdata |
sum of calc
[0} \
205 1 05 \ R
© \
Q \ .
g 04 1 o4 \ 55 min :
Q
© 0.3 1 03
0.2 1 02
0.1 i1 041
0 0
190 200 210 220 230 240 250 260 190 200 210 220 230 240 250 260
0.8 0.8
\ \
0.7 \ 1 071 R
\ \
0.6 \ 1 o6} . \‘ i
\ }
[0 W\
S 05 \ 1 o5f i\ 1
I \ . A .
504f %\ 95 min 1 o4p A\ 220 min 1
8 \ \
@ 0.3
0.2
0.1
0
190 200 210 220 230 240 250 260 190 200 210 220 230 240 250 260

wavelength / nm

wavelength / nm

Fig. 6. Calculated concentration profiles versus time (top) and calculated individual absorption spectra at four times (bottom) for the
reactions of a 1.01 x 107> mol dm~> aqueous o-alanine solution at 145 °C and 20 bar.

that a-alanine decomposed only very negligibly in the
experiments performed at saturated vapour pressure, in
contrast to experiments performed at 268 bar in which there

was considerable breakdown. The decomposition under
‘low pressure’ conditions (up to 160 °C and 504 h) was slow
enough for glycine and a-alanine that it was not possible for
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Fig. 7. Comparison between the experimental data for a 7.03 x 10~* mol dm ™ a-alanine solution under hydrothermal conditions in an ‘inert’
reactor at 155 °C and 20 bar, the calculated data generated from Model 1, and the model accuracy and residuals.

them to determine kinetic information, so this data set does
not appear in Figs. 11 and 12. Similarly, hydrolysis of di-
mers was found to have a much lower activation at higher
pressures versus the lower saturated vapour pressure. Un-
der both pressure regions, diglycine was found to rapidly
cyclize to cyclic diglycine.

The close similarity of o-alanine and glycine (which
differ only by one methyl group) and between o-alanine
and B-alanine (structural isomers) make it worthwhile
to briefly compare these systems. Data on the ionization
and speciation of glycine with temperature (Gillespie
et al., 1995; Wang et al., 1996; Clarke et al., 2005) exists
to a comparable degree as for a-alanine, and provides us
with a reasonable assumption that glycine will similarly
be present almost entirely as the zwitterion Hgly™" in di-
lute aqueous solution conditions up to at least 250 °C.
The comparisons in Figs. 11 and 12 support the idea
that o-alanine, f-alanine and glycine exhibit similar
behavior.

Qualitatively speaking, glycine has been the focus of
numerous hydrothermal stability studies, particularly in
the context of the thermal reactions of food such as the

Maillard type reactions. Diglycine and cyclic diglycine
(2,5-diketopiperazine) have long been observed to polymer-
ize and became a focus of early amino acid hydrothermal
studies (Meggy, 1953; Meggy, 1956; Vallentyne, 1964). Val-
lentyne (1964) also noted that glycine produced various
products including polymers, in contrast to alanine which
in his study had only been observed to decarboxylate. More
recently, Kohara et al. (1997) proposed polymerization of
glycine at elevated temperatures to best explain their obser-
vations, and Clarke and Tremaine (1999) found glycine to
be less stable than alanine and to form an insoluble precip-
itate, presumably the result of uncontrolled polymerization.
Imai et al. (1999a) and Alargov et al. (2001) were able to
form diglycine, triglycine and cyclic diglycine (2,5-diketo-
piperazine) from aqueous glycine, using a flow reactor at
temperatures up to 350 °C which mimicked aspects of a
hydrothermal system. Both Qian et al. (1993) and Snider
and Wolfenden (2000) observed glycine to be more stable
than its polymers in terms of breakdown and/or polymeri-
zation. Shiota and Nakashima (2002, 2005) observed the
polymerization of glycine that had been produced second-
arily from the decomposition of threonine. Faisal et al.
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Fig. 8. Examples of UV absorption data sets collected in situ of the thermal evolution of glycine at 151 °C (top) and B-alanine at 164 °C
(bottom) aqueous solutions in an ‘inert’ reactor. Note the greatly expanded absorption scale of B-alanine relative to a-alanine and glycine.

(2005) found clear evidence for the dimerization and cycli-
zation of both glycine and alanine in a simulated hydrother-
mal vent reactor at 250 °C, and were able to directly
confirm the presence of these products in solution, but were
unfortunately not able to obtain rate constants due to the
complexity of their system. Other observations of polymer-
ization of glycine, using ‘simulated hydrothermal vent’ type
reactors, include Alargov et al. (2002), Goto et al. (2005),
Imai et al. (1999b), Islam et al. (2003), Mitsuzawa and Yuk-
awa (2004), Ogata et al. (2000), and Yokoyama et al.
(2003).

Although many studies have observed the polymeriza-
tion of glycine, few have been quantitative with respect to
glycine oligomerization and rate constants. No previous
measurements of the dimerization of glycine were available.
However, the rate constants derived here for glycine are
similar to those for a-alanine, which is logical given the sim-
ilarity of the two amino acids. Regarding the cyclization of
diglycine, only the data of Radzicka and Wolfenden (1996)
were available, and the data point reproduced here was
quoted by the authors as “>107>"" because they also had
trouble accurately measuring the rate of cyclization. They
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Table 3
Rate constants and kinetic information derived from Model 1 for glycine and B-alanine
Temp (°C) No. of Factors Model Rate constant k; Rate constant k, Instrumental ~ Standard
scans used (mol~! dm?® s~ (s7h? error deviation
of model®
glycine
1512+04 38 3 1 1.79%x 107" £0.03x 107" 654x107*+£0.05x107* 20x10°* 42x107*
151.2 38 3 1 9.8x 1072+ 03x1072  338x107*+0.05x107* 24x107* 44x107*
B-alanine
163.8+04 50 3 1 LI1x107' 4 0.03x 107" 270x 1074 £0.04x107*  2.0x107* 47x107*

# Error shown is derived from an estimated experimental error margin (5%). In all cases the 3o confidence limit of the model convergence
was very narrow, so the experimental error is taken to be more accurate.
® Estimated from the sum of squares of the residuals divided by the number of scans.

alternatively provide an equilibrium constant for the reac-
tion, which at 150 °C was found to be K= 0.4. The rate
constants presented here for cyclization are in good agree-
ment with their estimated value. Cronin et al. (1971) also
present cyclization and hydrolysis data on diglycine and
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‘inert’ reactor at 164 °C and 20 bar, the calculated data generated from Model 1, and the model accuracy and residuals.

rate constants presented here are in a similar range to those
for glycine and o-alanine, as expected, since f-alanine
(although somewhat different in structure) is an isomer of
a-alanine.

5. CONCLUSIONS

This study provides evidence that under certain types
of hydrothermal conditions, a-alanine, glycine and B-ala-
nine can preferentially undergo dimerization and cycliza-
tion reaction pathways. For a-alanine, the previous work
of Radzicka and Wolfenden (1996), Kawamura and Yu-
kioka (2001) and Faisal et al. (2005) similarly point to
this conclusion, although the majority of previous stud-
ies have observed or assumed decarboxylation as the pri-
mary pathway. In the case of glycine there has been
long-standing evidence of polymerization (e.g. Meggy,
1953; Meggy, 1956; and Vallentyne, 1964), which has
been further supported by recent studies, some of them
quantitative (Radzicka and Wolfenden, 1996; Bujdak
and Rode, 1997; Clarke and Tremaine, 1999; Imai
et al., 1999a; Imai et al, 1999b; Ogata et al., 2000;

Alargov et al., 2001; Alargov et al., 2002; Tsukahara
et al., 2002; Islam et al., 2003; Yokoyama et al., 2003;
Mitsuzawa and Yukawa, 2004; Faisal et al., 2005; Goto
et al., 2005; Kawamura et al., 2005; Shiota and Naka-
shima, 2005).

These differences are principally attributable to vari-
ability in experimental conditions. The nature of the sur-
faces exposed to the analyte solutions surely plays a role
(Cox and Seward, 2007), although polymerization has also
been observed in stainless steel reactors which were set up
as flow-through or cycling systems (e.g. Kawamura and
Yukioka, 2001; Faisal et al.,, 2005; Kawamura et al.,
2005). Clearly, factors such as reactor surfaces, tempera-
ture, residence time, and matrix components can all play
an important role in determining the primary reaction
pathways taken by a given system. It is also apparent that
more than one combination of factors can lead to poly-
merization pathways being favored. The collective data
available for these systems indicate that polymerization
can be a competitive or preferred pathway for small ami-
no acids under a variety of possible conditions. This has
important implications for the formation of peptides and
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other larger molecules under the extreme conditions of
seafloor hydrothermal systems. Cyclization to diketopiper-
azines appears to inhibit further oligomerization to larger
peptides, but on the other hand provides a protective
effect for small amino acids under high-temperature condi-

tions and acts to stabilize them. It follows that even small
amino acids are potentially more stable to breakdown
than previously understood, and that polymerization
may play an important role under a range of hydrother-
mal conditions.
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The glycine and B-alanine systems - first or pseudo first order rate constants
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