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ABSTRACT: Perchlorate salts are widespread on Mars and are commonly
regarded as a potential barrier to organic preservation because ultraviolet (UV)
irradiation may activate perchlorate photochemistry and generate destructive
oxychlorine species. Despite this, multiple rover missions have identified
indigenous organic compounds in Martian sediments, indicating that
preservation pathways remain incompletely understood. Previous work showed
that Fe(IIl)-rich minerals such as goethite can promote oxidative coupling of
aromatic organic compounds under Mars-analog conditions, producing higher
molecular weight products that should be more resistant to degradation. Here,
we examine whether UV-irradiated perchlorate suppresses mineral-mediated
oxidative polymerization of 2-naphthol adsorbed onto goethite under those
same conditions. Across organic loadings of 0.5 to 10 wt %, oxidative coupling
proceeded in the presence of magnesium perchlorate, yielding dimers and
higher-order oligomers. Yields were not measurably suppressed on experimentally relevant hour time scales. Our results provide
experimental constraints on the competition between perchlorate photochemistry and mineral surface oxidative coupling under dry,
Mars-analog UV conditions. This may represent a potential preservation mechanism in perchlorate-bearing, iron-rich Martian
sediments.

KEYWORDS: goethite, 2-naphthol, BINOL, oxidative coupling, perchlorate photochemistry, UV irradiation, mineral-organic interactions,

Mars geochemistry

Bl INTRODUCTION

Perchlorate salts were first identified in Martian soils by the
Phoenix lander, which detected magnesium and calcium
perchlorate at concentrations of approximately 0.4 to 0.6 wt
% in the northern plains." Subsequent measurements by landed
missions and orbital observations have confirmed that
oxychlorine species are widespread components of the Martian
regolith rather than localized anomalies.” Atmospheric
modeling and terrestrial analogue studies suggest Martian
perchlorates likely form through UV-driven atmospheric
oxidation of chlorine-bearing species followed by dry
deposition and long-term accumulation under hyperarid
conditions.®

The recognition of perchlorates has had a profound impact
on interpretations of Martian organic chemistry. Pyrolysis
experiments conducted by the Viking landers failed to detect
indigenous organic compounds, a result long interpreted as
evidence for an absence of organics at the Martian surface.”® It
has been proposed that perchlorates were present at the Viking
landing sites and likely decomposed during thermal analysis,
generating reactive chlorine- and oxygen-bearing species
capable of oxidizing or chlorinating organic matter during
heating.”'’ Subsequent results from the Sample Analysis at
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Mars (SAM) instrument suite aboard the Curiosity rover,
including the detection of chlorinated hydrocarbons and
macromolecular organic carbon, have demonstrated both the
complicating influence of perchlorates during analysis and the
persistence of indigenous organic matter in Martian sedi-
ments.''~"?

Beyond analytical artifacts, perchlorates have also been
implicated as potential agents of organic degradation on the
Martian surface.'* Laboratory studies have shown that
perchlorate-bearing materials exposed to simulated Martian
ultraviolet (UV) radiation can exhibit enhanced oxidative or
bacteriocidal effects under specific irradiation regimes.'>"®
Other work has demonstrated that the effects of UV-irradiated
oxychlorine salts depend strongly on molecular structure and
local reaction environment rather than the mere presence of
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perchlorates. For example, Liu and Kounaves showed that
amino acid degradation under simulated Martian conditions
varied according to substrate identity, water availability and the
nature of the associated salt."® In combination with Mars thin
CO, atmosphere and limited ozone shielding, these findings
have reinforced concerns regarding long-term organic preser-
vation on the surface of Mars.">'”'® However, the published
studies primarily address bulk oxidative effects and do not
explicitly consider rapid mineral-surface reactions that may
sequester organic compounds at iron-rich interfaces. Further,
the coexistence of widespread perchlorates and preserved
indigenous organic matter on Mars presents an apparent
paradox.

Mars is not only perchlorate-rich but also iron-rich. Iron
oxyhydroxide minerals such as goethite, hematite and
ferrihydrite are widespread and form through aqueous
alteration processes in environments that were plausibly
habitable in early Martian history."”™*" Iron(III)-bearing
mineral surfaces provide chemically active environments
capable of adsorbing organic molecules and mediating redox
reactions.””**** On Earth, such minerals have been shown to
promote oxidative coupling and polymerization of phenolic
and aromatic organic compounds, producing higher-molecular-
weight material that may exhibit greater kinetic persistence
over geological time.”*™”

For this study, 2-naphthol was selected as a model aromatic
compound because its Fe(IlI)-mediated oxidative coupling
chemistry is well characterized. Oxidative coupling of 2-
naphthol to 1,1’-bi-2-naphthol (BINOL) using FeCl; under
solid-state conditions was reported by Toda et al. in 1989.*
The reaction pathway is shown in Figure 1. Oxidation of 2-

Fe3+ — Fe2+
—_—
HO'

HO’ | I
HO OO

Figure 1. Fe(Ill)-mediated oxidative coupling of 2-naphthol to
BINOL, adapted from Toda et al. (1989).
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naphthol by Fe(Ill), with concomitant reduction to Fe(I),
generates a delocalized radical intermediate that undergoes C—
C coupling to form BINOL.”**” Previous work demonstrated
that Fe(III) in goethite can mediate this transformation under
Mars-analogue conditions, producing BINOL and higher-order
oligomeric and polymeric groducts through mineral surface-
associated redox processes.”> What remains unresolved is the
extent to which this oxidative coupling pathway persists in the
presence of perchlorate under UV irradiation or whether
perchlorate photochemistry suppresses mineral surface-medi-
ated organic transformation. The present study, therefore,

examines the competition between these processes under dry,
Mars-analog UV conditions.

B EXPERIMENTAL SECTION

Materials and Sample Preparation

2-Naphthol (C,,HgO; Acros Organics, 98%), goethite (a-FeO(OH);
Sigma-Aldrich; ~35 wt % Fe), and 1,1'-bi-2-naphthol (BINOL;
Sigma-Aldrich, 99%) were used as received. Perchlorate was added as
magnesium perchlorate (Mg(ClO,),; Sigma-Aldrich, ACS reagent
grade) to perchlorate-bearing samples at ~1 wt % relative to the total
solid mass. This concentration was selected to reflect reported
perchlorate abundances in Martian regolith while maintaining
consistency across experiments.1

To ensure consistency with previous oxidative polymerization
experiments, homogenized bulk mixtures were prepared for all
samples. Individual solid components were first ground separately
in a clean agate mortar and pestle. For perchlorate experiments,
goethite, 2-naphthol and perchlorate were then combined and gently
ground together before final homogenization with a clean micro-
spatula. Goethite—2-naphthol mixtures were prepared at 10, S, 2.5, 1,
and 0.5 wt % 2-naphthol, with perchlorate fixed at ~1 wt % in all
perchlorate-bearing samples.

Approximately 30 mg of each homogenized mixture was loaded
into clean borosilicate glass tubes (4.0 mm id.), including UV-
transparent Schott borosilicate 8347 for irradiation experiments.
Tubes were cooled in liquid nitrogen and flame-sealed under vacuum
(~1 Pa). For each experimental condition, triplicate tubes were
prepared.

Dark procedural controls were prepared by wrapping sealed tubes
in aluminum foil and storing them at ambient laboratory temperature
for 24 h to account for nonirradiative background reactions. UV
irradiation experiments were performed for 3 h using a Ushio Xenon
Short Arc Lamp (UXL-306) positioned approximately 20 cm from the
samples. A Newport 61945 water filter containing deionized water
was placed in the optical path to remove infrared radiation and
minimize thermal artifacts while approximating solar irradiation
conditions (Supporting Information (SI) Figure S1). The spectral
output of the complete irradiation system was measured over the
200—875 nm range (Figure S2). Preliminary monitoring of foil-
wrapped control tubes exposed within the irradiation chamber
indicated no substantial temperature increase attributable to lamp
heating. The 3 h irradiation period was selected as a short-duration
Mars analogue consistent with previous xenon lamp simulation
studies and designed to represent active irradiation intervals rather
than continuous surface exposure."®*® Following treatment, all tubes
were stored at 4 °C prior to extraction.

Organic Extraction

Organic compounds from both perchlorate-bearing and nonper-
chlorate samples used for quantitative analysis were extracted directly
with dichloromethane (DCM) which separates the organic fraction
from the inorganic mineral and salt residue.’' 3

After treatment, sealed tubes were cracked open and the contents
rinsed three times into clean glass test tubes with dichloromethane
(DCM). Each extraction step consisted of vortex mixing (30 s),
sonication (3 min), and centrifugation (4 min at 400 relative
centrifugal force, hereafter rcf). The solvent was decanted through
quartz wool packed Pasteur pipettes to remove mineral particulates.

Combined extracts were evaporated under a gentle stream of dry
nitrogen at 40 °C using a block heater. The residue was transferred to
a S mL measuring cylinder and brought to volume with DCM.
Aliquots were transferred to 2 mL autosampler vials and adjusted to a
final volume of 0.5 mL, targeting an organic concentration of
approximately 80 ng uL™" prior to analysis.

Immediately prior to GC-FID analysis, a deuterated internal
standard consisting of equal masses of eicosane-d,, and naphthalene-
dg was added to each sample vial. Quantification of 2-naphthol loss
and oxidative coupling products was achieved by comparison of peak-
area ratios between compounds of interest and the internal standard.
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A liquid—liquid extraction procedure was used separately for
independently prepared UV-irradiated goethite—2-naphthol—magne-
sium perchlorate samples to remove soluble perchlorate from mineral
residues prior to Py-GC-MS analysis. Mineral residues from 0.5 and
10 wt % samples were prepared using this procedure. This approach
addresses analytical challenges previously encountered during Viking
and SAM pyrolysis experiments on Mars where oxychlorine-driven
oxidation and chlorination reactions can artificially modify detected
organic product distributions.”"*

After treatment, the sealed tubes were cracked open and the solid
contents transferred into large, clean glass test tubes fitted with
ground-glass stoppers. To recover any organic material adhering to
the inner walls of the original reaction tubes, each cracked tube was
rinsed three times with DCM and the rinsates were added to the
corresponding stoppered test tube.

Subsequently, 20 mL of deionized (DI) water was added to each
stoppered tube. Tubes were gently agitated by hand and allowed to
settle, promoting dissolution of perchlorate salts into the aqueous
phase. Owing to the low aqueous solubility and hydrophobicity of
both 2-naphthol and BINOL relative to magnesium perchlorate,
significant partitioning of target organic compounds into the aqueous
phase was considered minimal.

Following phase separation, 10 mL of DCM was added to each
tube. The mixture was gently agitated by hand and allowed to settle to
permit partitioning of organic compounds into the organic solvent.
The DCM subnatant was withdrawn using a clean, long glass pipet
and transferred to a round-bottom flask (RBF) via a glass syringe
packed with DCM-cleaned quartz wool, topped with anhydrous
sodium sulfate (Na,SO,) to remove residual water. This extraction
procedure was repeated three times for each sample. Following the
final extraction, the aqueous and DCM phases were removed and the
washed mineral residue was dried at 25 °C under a gentle stream of
nitrogen prior to Py-GC-MS analysis.

Gas Chromatography Analysis

Quantitative analysis was performed using gas chromatography—flame
ionization detection (GC-FID) on an Agilent 6890N GC system.
Samples were injected splitless (1 L) at an injector temperature of
270 °C. Separation was achieved using a ZB-S capillary column (30 m
X 0.25 mm X 0.25 ym). The GC oven temperature program was: 40
°C (2 min), ramp at 5 °C min~" to 310 °C, hold for 14 min.

To assess the presence of higher-molecular-weight products
(trimers or polymers), selected samples were analyzed using a high-
temperature GC-FID method. A DB-SHT column (15 m X 0.25 mm
X 0.10 pm) was used with splitless injection at 280 °C. The oven
temperature program was: 40 °C (2 min), ramp at 10 °C min™" to
330 °C, hold for 11 min.

The shorter column length and elevated maximum temperature
enabled elution of less volatile macromolecular products that may not
elute under standard GC conditions.

Compound identification was confirmed by gas chromatography—
mass spectrometry (GC-MS) using an Agilent 7890 GC coupled to a
5975 MSD operating in electron ionization mode (70 V). Injection
was splitless at 270 °C, using a DB-SMS ultrainert column (30 m X
0.25 mm X 0.25 pm). The oven temperature program matched that
used for standard GC-FID analyses.

Mass spectra were compared against the NIST mass spectral library
with peak identities confirmed by comparison with 1,1’-bi-2-naphthol
(BINOL) authentic standard (Sigma-Aldrich > 99% purity).

Control experiments lacking either goethite or perchlorate,
together with nonirradiated controls, were performed under identical
experimental conditions. Additional control experiments and
chromatographic data are presented in the SI.

B RESULTS

Under Mars-analogue UV irradiation, mixtures of goethite and
2-naphthol exhibit transformation of the parent compound to
higher-molecular-weight products. Gas chromatographic anal-
yses show a decrease in the 2-naphthol monomer signal

accompanied by the appearance of peaks corresponding to the
2-naphthol dimer following UV exposure. GC-FID quantitative
monomer recovery and dimer yields for all experimental
conditions are summarized in Table 1. The GC-FID

Table 1. Comparison of Oxidative Polymerization of 2-
Naphthol on Goethite under Mars-Analog UV Irradiation in
the Absence and Presence of Magnesium Perchlorate”

no perchlorate perchlorate added

BINOL BINOL
2-naphthol 2-naphthol produced 2-naphthol produced
(wt %) recovered (%) (%) recovered (%) (%)

10 30 S 33 6
S 52 13 35 10
2.5 21 28 13 25
1 3 31 25 32
0.5 1 20 0.2 36

“Values are taken after GC-FID analysis using an internal standard
and represent the percentage of 2-naphthol recovered after irradiation
and the percentage converted to the BINOL dimer.

measurements quantify the extractable 2-naphthol recovered
and BINOL produced relative to the initial 2-naphthol loading.
Higher-order products may not be quantitatively represented
where they remain associated with the mineral residue or do
not elute under the GC-FID conditions used.

Across the range of organic loadings investigated (0.5 to 10
wt %), goethite—2-naphthol systems irradiated in the presence
of magnesium perchlorate yield monomer recoveries and
dimer signals comparable to those observed in perchlorate-free
systems. Figures 2 and SS present GC-MS chromatograms for
direct comparison of perchlorate-bearing and perchlorate-free
samples subjected to identical conditions. Table 1 shows no
systematic difference in monomer recovery or dimer yield
attributable to perchlorate addition across the experimental
conditions investigated.

In perchlorate—2-naphthol mixtures lacking goethite, no
BINOL dimer peak or higher-order oxidative coupling
products were detected following UV irradiation at any loading
investigated (Figure S3). The chromatograms are dominated
by the parent 2-naphthol peak and no new peaks attributable
to oxidative coupling products are observed under these
conditions.

Recovery of 2-naphthol was below 100% across the
experimental conditions and the combined quantities of
recovered 2-naphthol and BINOL therefore do not constitute
a complete organic mass balance. Pyrolysis-GC-MS analysis of
postextraction goethite residues identified aromatic degrada-
tion products (Figure S6). We do not identify specific intact
higher-molecular-weight structures but these products provide
qualitative evidence for retained nonextractable organic
material.

Control experiments showed that UV irradiation of 2-
naphthol alone produced no detectable BINOL. UV irradiation
of 2-naphthol in the presence of magnesium perchlorate but
without goethite similarly produced no detectable BINOL,
with 2-naphthol remaining substantially recovered. Non-
irradiated goethite—2-naphthol—perchlorate controls produced
detectable BINOL. Results from the nonirradiated controls are
presented in Figure S4.
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Figure 2. Representative GC-MS total ion chromatograms of mixtures of goethite and 2-naphthol at 10, 2.5, and 0.5 wt % following UV irradiation
(3 h) in the absence (left column) and presence (right column) of magnesium perchlorate. Chromatograms show the parent 2-naphthol peak and
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Figure 2. continued

formation of the 1,1’-bi-2-naphthol (BINOL) dimer under both conditions. These plots illustrate product identity and qualitative similarity
between systems; quantitative comparisons of 2-naphthol recovery and BINOL yield are provided in Table 1.

Bl DISCUSSION

The assumption that perchlorate photochemistry may control
the fate of organic compounds on the Martian surface arises
from the widespread detection of oxychlorine salts, the intense
ultraviolet (UV) radiation environment of the red planet and
laboratory demonstrations of enhanced oxidative or bacter-
icidal effects in perchlorate-bearing materials exposed to UV
irradiation.”'>'%**3% The results presented here do not
contradict these observations. Rather they place quantitative
constraints on the conditions and time scales under which
perchlorate-derived pathways dominate aromatic organic
transformation under UV Martian conditions.

Under the dry, vacuum-sealed configuration investigated
here perchlorate alone does not produce detectable trans-
formation of 2-naphthol on hour time scales under Mars-
analogue UV irradiation. In contrast, oxidative polymerization
of 2-naphthol proceeds readily when the organic compound is
associated with iron-rich goethite. The presence of perchlorate
does not measurably alter monomer recovery or BINOL dimer
yield across the experimental conditions investigated.

However, extractable BINOL abundance (Table 1) likely
represents only a partial measure of total organic trans-
formation. Higher-molecular-weight products may resist
solvent extraction and remain strongly mineral-associated. As
well, larger oligomeric or macromolecular products may be
retained within the chromatographic column and therefore fail
to elute during the analytical runtime employed here.
Pyrolysis—GC—MS analysis of DCM-exhausted mineral
residues further supports the presence of retained higher
molecular weight organic material within the goethite matrix
(Figure S6). Incomplete recovery reflects the use of nominal
starting loadings and losses during sample handling, transfer
and extraction. The experiments were not designed to provide
a complete organic mass balance and GC-FID quantifies the
solvent-extractable compounds recovered by the analytical
procedure rather than the total organic carbon present in each
sample.

We employ 2-naphthol as a model compound rather than as
a proxy for the behavior of all aromatic organics. 2-naphthol is
particularly amenable to Fe(III)-mediated oxidative coupling
and forms the readily identifiable BINOL product.”* Reactivity
depends on molecular structure and reaction conditions, and
other aromatic compounds may therefore undergo coupling at
different rates. Magnesium perchlorate is also hygroscopic and
perchlorate deliquescence has been proposed as a plausible
mechanism for transient brine formation on Mars.*® Although
the samples investigated here were nominally dry, some uptake
of ambient moisture cannot be excluded. Importantly,
oxidative coupling persisted in the presence of magnesium
perchlorate under these conditions. The behavior of other
organic substrates and more extensively hydrated or brine-
forming systems remains an area for future investigation.

The control experiments further constrain the origin of the
observed transformation. UV irradiation of 2-naphthol alone
produced no detectable BINOL while irradiation of 2-naphthol
with magnesium perchlorate in the absence of goethite
produced no detectable transformation of the organic

compound. In contrast, oxidative coupling occurred when
goethite was present and was not discernibly suppressed by the
addition of perchlorate. Thus, whatever photochemical trans-
formation of perchlorate may occur under these irradiation
conditions, its effects are insufficient over the 3 h experimental
period either to produce detectable transformation of 2-
naphthol in the absence of goethite or to measurably inhibit its
goethite-mediated oxidative coupling.

In principle, Mars-relevant UV photons are energetically
capable of driving perchlorate photochemistry.'>*” However,
transmission of UV to the Martian surface is selective. CO,
absorbs strongly below ~200 nm, with attenuation extending
into the 200—250 nm range even in Mars’ thin atmosphere,
whereas longer wavelength near-UV radiation (=250 nm) is
transmitted more efficiently and constitutes a substantial
fraction of surface UV flux.”*~*

Order-of-magnitude calculations and justification of UV flux
assumptions are provided in Section S1. As discussed there,
perchlorate is a weak chromophore at longer wavelengths and
exhibits low single-photon quantum yields above ~200-250
nm. Even under conservative upper-bound assumptions,
radical production is therefore expected to remain kinetically
constrained on hour time scales."’ These constraints are
amplified further in regolith-like materials where UV
penetration is limited by grain size, mineralogy and packing
geometry. Estimated clear-sky Martian surface UV fluxes across
the 200—400 nm range are approximately ~50 W m™> (~§
mW cm™2) but effective attenuation occurs over micrometer-
to millimeter-scale depths in granular materials.'**** Only a
small fraction of perchlorate present in bulk regolith is directly
exposed to incident UV flux at any given time.

In terrestrial hyperarid analogues such as the Atacama
Desert, natural perchlorate accumulations occur through
analogous atmospheric processes. These coexist with mineral
refuges and preserved organic material despite prolonged UV
exposure.”">** These systems demonstrate that perchlorate
presence alone does not inevitably preclude long-term
preservation in dry surface environments. The present
experiments represent a short-time scale snapshot. They
demonstrate that oxidative coupling proceeds in the presence
of perchlorate during the 3 h irradiation period. The behavior
of the system during prolonged Martian surface exposure was
beyond the scope of the present study.

Iron(III)-bearing minerals such as goethite may also provide
localized chemical environments that strongly favor mineral-
surface reactions.”” Aromatic compounds readily adsorb to Fe-
oxyhydroxide surfaces, forming strong mineral—organic
associations at redox-active surface sites.””*> Previous exper-
imental work has shown that phenolic compounds adsorb
directly to Fe oxide surfaces, where oxidation rates increase
with surface area and proceed via surface-controlled electron
transfer pathways.*>*” Under irradiation, surface-associated
Fe(III)/Fe(II) cycling may further accelerate oxidative
coupling.”® UV irradiation in these systems likely acts primarily
as an energetic trigger that facilitates electron transfer within
preorganized mineral—organic complexes rather than generat-
ing large fluxes of oxidizing radicals.*"*’
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Concern over the influence of perchlorates on Martian
organic detection arose during thermal extraction experiments
performed by instruments such as the Viking lander’s GC-MS
and the Sample Analysis at Mars (SAM) suite aboard the
Curiosity rover where perchlorate decomposition generated
reactive chlorine species that were capable of chlorinating and
fragmenting organic molecules.”'"'* These high-temperature
analytical effects should not be conflated with near-ambient
surface processes. Instead, the present experiments isolate a
nonthermal regime in which UV irradiation and mineral-
surface chemistry govern the fate of organic compounds.
Previous studies have demonstrated that the effects of UV-
irradiated oxychlorine salts depend strongly on the nature of
the organic substrate and local reaction environment. For
example, UV irradiation of amino acids in perchlorate-bearing
systems can produce markedly different degradation outcomes
depending on molecular structure and matrix composition.'®
The present study extends this concept to Fe(Ill)-mediated
oxidative coupling at mineral surfaces, where mineral—organic
interactions may favor preservation pathways over detectable
perchlorate-driven degradation on hour time scales. Previous
studies also suggest that chlorate may represent an important
oxychlorine oxidant on Mars,”” although chlorate was not
directly examined here and warrants future investigation.

Organic compounds found on Mars may derive from
multiple sources including exogenous infall, endogenous
geochemical synthesis and ancient sedimentary environments
like those identified in Gale and Jezero craters.'”***
Interplanetary dust particles (IDPs) and micrometeorites are
estimated to deliver ~200—300 tonnes yr' of organic carbon
to the Martian surface.””™>> A large proportion of this infall
material already exists as insoluble macromolecular organic
matter, although smaller soluble fractions composed of
aromatic and functionalized compounds are also present and
remain susceptible to mineral-surface transformation.>*~>° The
oxidative coupling pathways examined here are therefore most
relevant to lower-molecular-weight fractions and may contrib-
ute to the gradual accumulation of kerogen-like, mineral-
associated macromolecular carbon within iron-rich Martian
sediments.”>>*¢

This study builds on previous experimental work demon-
strating iron(Ill)-mediated oxidative polymerization of ar-
omatic compounds under Mars-relevant conditions.”” The
results presented here demonstrate a plausible pathway by
which aromatic material could be transformed into more
kinetically persistent macromolecular material upon contact
with iron(III)-rich minerals even in the presence of perchlorate
salts on the UV irradiated surface of Mars. Preserved organic
assemblages recovered from iron-rich, perchlorate-bearing
environments may, therefore, contain signatures of dimeric,
oligomeric or otherwise mineral-associated aromatic products.
The present work provides a testable hypothesis for future in
situ investigations and returned-sample analyses.

B CONCLUSION

The characterization of perchlorates as either chemically
“inert” or universally destructive oversimplifies the complexity
of Martian surface organic chemistry. Instead, this study
indicates the behavior of perchlorate under Mars-relevant UV
radiation must be considered within the context of activation
pathways, reaction kinetics, mineralogical environment and
competing organic transformation processes. Our findings
challenge simplified models of a uniformly “self-sterilizing”

Martian surface in which photochemistry dominates the fate of
organic compounds.
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