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Titan, the moon of Saturn with a thick atmosphere and an active hydrocarbon-based weather cycle,
is considered the best target in the solar system for the study of organic chemistry on a planetary
scale. Microfluidic devices that employ liquid phase techniques such as capillary electrophoresis with
ultrasensitive laser-induced fluorescence detection offer a unique solution for in situ analysis of complex
organics on Titan. We previously reported a protocol for nonaqueous microfluidic analysis of primary
aliphatic amines in ethanol, and demonstrated separations of short- and long-chain amines down to
Keywords: —20°C. We have optimized this protocol further, and used it to analyze Titan aerosol analogues (tholins)
Titan generated in two separate laboratories under a variety of different conditions. Ethylamine was a major
microfluidics product in all samples, though significant differences in amine content were observed, in particular for

ethanol long-chain amines (C12-C27). This work validates microfluidic chemical analysis of complex organics
letgylamm;_ with relevance to Titan, and represents a significant first step in understanding tholin composition via
ab-on-a-chip

targeted functional group analysis.

© 2014 Published by Elsevier B.V.

1. Introduction

Titan has intrigued astronomers since its discovery, and with
the recent insights and images from the Cassini-Huygens mission
(Brown et al., 2009), this moon of Saturn has captivated both the
scientific community and the general public. The presence of equa-
torial dunes and polar lakes is undeniably interesting, but what is
more fascinating from a chemistry standpoint is what these dunes
are composed of, and what molecules may be dissolved in the
hydrocarbon lakes. Titan is host to an impressively complex chem-
ical inventory, and by understanding the types and distribution of
these organics, we may begin to understand prebiotic chemistry on
a planetary scale.

Titan’s thick (1.5 bar) atmosphere, composed of ~2% CH4 and
98% N (Cui et al., 2009; Flasar et al., 2005), is exposed to en-
ergetic inputs from solar radiation, cosmic radiation and energetic
particles from Saturn’s magnetosphere (Lavvas et al., 2011). The re-
sulting activation of nitrogen and methane leads to a plethora of
chemical reactions, generating complex organic aerosols that form
haze layers and continue to grow through various processes as
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they fall to the surface (Lavvas et al., 2013, 2008). This veneer of
organic material coating the surface is most likely composed of
both large and small molecules containing carbon, hydrogen and
nitrogen, though the degree of saturation, extent of nitrogen incor-
poration and types of exposed functional groups present are un-
known. Further, putative cryovolcanism (Lopes et al., 2013) and the
occasional meteoritic impact (Artemieva and Lunine, 2003) could
generate liquid melt pools and induce active chemistry on the sur-
face (Neish et al., 2008; Poch et al., 2012).

To better understand Titan aerosol composition and reactivity,
simulants of these organics have been generated in the laboratory.
Termed ‘tholins’, these simulated Titan aerosols are highly varied
in their production methods, which is reflected in their chemical
composition (Table 1). Due to this variability in properties, there
is some discussion in the literature as to which tholins are the
most ‘Titan-like’, i.e., the closest physically and chemically to the
aerosols on Titan (Cable et al., 2012; Dalba et al., 2012). Due to the
complexity of these samples, most analytical techniques can only
provide information on bulk properties (C/N ratio, refractive index)
or the presence of particular chemical bonds (C-H, C=N, etc.). De-
tailed structural information is limited to small molecular species
where NMR and MS data can be easily deconvoluted. Unequivocal
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Table 1

Compounds generated by different tholin production methods starting with N, and CHy, as reported in over 70
publications from 1975 to present. Percentage values and gray shading refer to the fraction of publications that
report each compound class for a given production method. Reproduced in part from Cable et al. (2012) (see
references therein) and updated with the following recent work: Carrasco et al. (2012), Derenne et al. (2012),
Gautier et al., (2011, 2012a, 2012b), He et al. (2012a, 2012b), Hérst et al. (2012), Mahjoub et al. (2012), Peng et
al. (2013), Somogyi et al. (2012), Thejaswini et al. (2011), Trainer et al. (2012).
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identification of specific functional groups in tholins would provide
greatly needed information on the chemical makeup of these sam-
ples, thereby clarifying formation mechanisms and helping to de-
termine tholin reactive potential. Moreover, functional group char-
acterization could elucidate key differences in tholins generated
under different conditions, perhaps helping to answer the ques-
tion of which tholin is the most ‘Titan-like’. We aim to tackle this
daunting problem one functional group at a time, starting with
primary amines.

Amines (R-NHj) are believed to be present in aerosols on Ti-
tan (Mahjoub et al., 2012; Raulin et al., 2012), though they have
not yet been unambiguously identified. Ammonia (Cui et al., 2009;
Yelle et al., 2010) and methanimine (Vuitton et al., 2006; Yelle et
al., 2010) have been positively identified on Titan by the Cassini
Ion and Neutral Mass Spectrometer (INMS). In tholins, primary
and secondary amine IR absorption signatures have been observed
in aerosols generated using inductively coupled cold plasma dis-
charge (Imanaka et al., 2004; Khare et al., 2002; McDonald et al.,
1994), capacitively coupled RF cold plasma discharge (Gautier et
al., 2012a; Mahjoub et al., 2012; Quirico et al., 2008), and A/C
spark discharge (Sarker et al., 2003). Small amines have also been
detected using mass spectrometry in capacitively coupled RF cold
plasma tholins (Carrasco et al., 2012), A/C spark discharge tholins
(Somogyi et al., 2005, 2012), microwave plasma discharge tholins
(Fujii and Kareev, 2001; Kareev et al., 2000), and in those gener-
ated using EUV/VUV irradiation (Imanaka and Smith, 2010). Solid-
state NMR analysis of capacitively coupled RF cold plasma tholins
also found evidence of C-N single bonds, most likely due to amines
in heterocyclic structures (Derenne et al., 2012), and solution-state
NMR analysis of A/C cold plasma discharge tholins identified amino
groups as well (He et al., 2012b). However, with these methods it
is difficult to measure and quantify amine distributions as a func-
tion of chain length. A technique that could add this level of detail
to analysis of tholins would provide significant insight into the for-
mation mechanisms of Titan’s aerosols. Such a technique could also
provide powerful in situ data if included on the next Titan probe.

Microchip capillary electrophoresis (uCE) is a liquid-based in
situ technique that can be used to separate complex mixtures
of both charged and neutral species (Landers, 2008). When cou-

pled to laser-induced fluorescence (LIF), this method is capable of
ultrasensitive detection of many classes of organic molecules in-
cluding amino acids, amines, carboxylic acids, aldehydes, ketones,
thiols and PAHs (Mora et al., 2012). We recently reported a proto-
col to detect primary amines using microchip nonaqueous capillary
electrophoresis (UNACE) in ethanol; the nonaqueous solvent allows
solubilization of both short- and long-chain amines, as well as the
capability to perform analyses at subzero temperatures (Cable et
al., 2013). The technique is based on a highly selective chemical re-
action in which a fluorescent dye is covalently bound to a primary
amine. We can therefore identify primary amines specifically, and
provide quantitative information on these amines down to the sub-
parts-per-billion level. We have improved this technique to include
detection of ammonia and applied it to the analysis of simulated
Titan aerosol (tholin) samples from two different laboratories. We
comment on observed correlations between primary amine con-
tent and tholin formation conditions, in particular chamber pres-
sure and energy source (UV irradiation, cold plasma discharge and
spark discharge).

2. Experimental
2.1. Materials

Methylamine (C1) hydrochloride, ethylamine (C2) hydrochlo-
ride, propylamine (C3), amylamine (C5), hexylamine (C6), nony-
lamine (C9), hexadecylamine (C16) and octadecylamine (C18) were
purchased from Sigma-Aldrich; 1-dodecylamine (C12) was pur-
chased from Alfa Aesar. All amines were 97% purity or greater, with
the exception of hexadecylamine (90%). Ethyl alcohol (99.5%, ACS
reagent, absolute) was purchased from Acros Organics. Ammonium
acetate (99.99%), tetrabutylammonium acetate (TBAOAc, 97%), tri-
ethylamine (EtsN, 99.5%) and N,N-diisopropylethylamine (DIEA,
99.5%) were purchased from Sigma-Aldrich. Acetic acid (glacial,
174 N, 99.9%), dimethylsulfoxide (DMSO, ACS reagent grade) and
N,N-dimethylformamide (DMF, ACS reagent grade) were purchased
from Fisher Scientific. Pacific Blue succinimidyl ester (PB) was pur-
chased from Invitrogen (Life Technologies Corp.) and stored at
—20°C as a 20 mM solution in DMF. All reagents were used with-
out further purification. All solutions were filtered prior to use
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