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The main features of the secondary emission mass spectrometry probing of condensed systems containing
compounds of biological significance at low temperatures are summarized. The possibilities of distinguishing
mass spectra of the solid and liquid phases of simple organic compounds and water as the medium for bio-
molecules, monitoring of phase transitions and nonequilibrium processes are illustrated. The peculiarities of a
model of sputtering of metastable liquids are described. On the basis of the evaluation of these findings, an idea
concerning the probable source of relatively large clusters of organic molecules and ions emerging on sputtering
of the liquid phase of organic matter condensed on dust grains in space is proposed and discussed.
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1. Introduction

Modern mass spectrometry provides much more research
opportunities than just mass measurement for the identifica-
tion of atoms and molecules. Various systems and processes
can be modeled under the conditions of mass spectrometric
experiments. In particular, a desorption/ionization step re-
quired for mass analysis supplies information on interac-
tions of ionizing agents (atoms, ions, nanoparticles, laser
irradiation) with the condensed matter. Creating conditions
favorable for clustering of molecules and ions allows ex-
ploration of noncovalent intermolecular interactions and
ion-molecule reactions. Variation of the sample tempera-
ture in a wide range permits to study the processes occur-
ring at high or low temperatures.

An original purpose of application of low-temperature
(LT) techniques in desorption mass spectrometry was to
keep in the condensed state the substances that are gaseous
or volatile under ambient conditions. Since mass spectro-
metric analysis is successfully performed for such com-
pounds in the gaseous state, from the point of view of for-
mal logic, a question may arise why it is necessary to
condense these compounds prior to their repeat transfer to
the gas phase. As mentioned above, the research interest
here goes beyond an ordinary analytical task of identifica-
tion but is aimed at probing some physical properties of

the condensed state of a given compound. Low tempera-
ture and pressure, together with ionizing irradiation present
in a mass spectrometric setup, are suitable for modeling
conditions in space and upper layers of the atmosphere.

As to terminology, two main methods of sputtering or
desorpting ions from the condensed state are traditionally
named secondary ion mass spectrometry (SIMS) when
solid or liquid (liquid SIMS) samples are subjected to irra-
diation by ions and fast atom bombardment (FAB) when
liquid samples are bombarded by neutral atoms.

The history of the development of LT secondary emis-
sion mass spectrometry can be found in Refs. 1-8. This
work summarizes the general principles of low-temperature
studies of systems containing compounds of biological
significance in the condensed state [9-18]. The objects of
research are not biomolecules per se, but the biomolecules
in environments occurring in nature or artificially created,
such as water, cryoprotector agents, organic solvents, and
inorganic components. Modeling of systems composed of
these compounds in the low-temperatures range is in de-
mand in research related to cryobiophysics, cryobiology,
and problems of organic matter in cosmic space.

Secondary emission mass spectrometric experiments at
low temperatures [1-6, 19-22] began long before present-day
soft ionization techniques for analysis of biomolecules were
developed. At that time, it was believed that the processes
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observed at LT SIMS are similar to those occurring under
common ambient SIMS of solid objects. In fact, the situa-
tion appeared to be more complicated, since the tempera-
tures of various phase transformations of volatile organic
compounds and water-containing systems fall into the rela-
tively wide subzero temperature range (accepted in cryobi-
ology as below 273 K). Long-term experience of low-
temperature physics research [23] helped to explain the main
features of LT FAB/SIMS mass spectra of organic com-
pounds. Let us consider such issues as distinguishing the
mass spectra of the solid and liquid phases of simple or-
ganic compounds, monitoring phase transitions and non-
equilibrium processes, probing the nanostructured surface
of frozen water solutions, crystallization of amorphous
solid water and a “bubble chamber” model [9] of sputtering
liquids under FAB/SIMS conditions. The possibilities pro-
vided by LT FAB/SIMS in cryobiophysical and cryobio-
logical research have been demonstrated. An idea of a pos-
sible mechanism of transfer of relatively large clusters of
organic molecules and ions to the gas phase by sputtering
the liquid phase of organic matter condensed on dust grains
in space, which provides an additional source of reagents
for the prebiotic chemical evolution, is discussed.

2. Methods

A general description of SIMS and FAB methods is
given in [24-28]. The LT version of SIMS is usually rea-
lized by the insertion of a cryogenic unit for sample cool-
ing into the secondary ion source [19]. This unit is kept at a
constant low temperature provided by cryogenic liquids
(liquid nitrogen as a rule or helium [29]), cooling, although
temperature control of the unit may be provided [21]. An
alternative approach is the spontaneous thawing of sample
holder being cooled initially in the vapors of liquid nitro-
gen [7, 30, 31]. In the routine LT FAB/SIMS experiments
with water and organic compounds, the lowest tempera-
tures available are usually limited by properties of liquid
nitrogen as a cryogenic agent, i.e., 77 K as the temperature
of its evaporation.

Two types of experimental setups were used in the ex-
periments. LT FAB experiments were carried out on an
MI1201E sector magnetic mass spectrometer (“SELMI”,
Sumy, Ukraine) equipped with a cryogenic block placed in
the secondary ion source [32]. The advantage of the LT ion
source design was the ability to the control and measure
temperature, which allowed us to obtain temperature de-
pendences of mass spectra both on thawing and freezing
(temperature cycling) of samples. Argon atoms with the
primary beam energy of 4-5 keV were used as a bombard-
ing agent. LT SIMS experiments were performed using
VG-ZAB-SEQ double-focusing mass spectrometer (“Micro-
mass”, Manchester, Great Britain). Cs* ions with an energy
of 30 keV were used. Freezing of liquid samples directly
on the sample holder and a spontaneous thawing mode
were used. Periodical recording of mass spectra during

programmed or a spontaneous warming permits the con-
struction of so-called ion thermograms (analog to chroma-
tograms), i.e., the dependence of the ion current of any ion
on time and temperature.

The objects of studies were systems composed of water,
organic solvents with antifreeze and cryoprotective proper-
ties, such as primary alcohols (methanol, ethanol, propanol,
butanol), polyatomic alcohols (ethylene glycol, glycerol),
solutions of small biomolecules (amino acids, nitrogen
bases) subjected to low temperatures in the 77-273 K range.

3. Manifestations of phase state and phase transitions
in the LT FAB/SIMS mass spectra

In the early works on LT secondary emission mass spec-
trometry, some straightforward predictions concerning the
outcome of matter sputtering from the cooled samples were
not justified. The first successes with the production of
large sets of water clusters (H,0); by LT FAB [33-36] and
LT SIMS [2, 20, 37] from water ice have raised expectations
for sputtering of large hydrated clusters of biomolecules
from the frozen aqueous solutions. However, such hydrate
clusters have not been obtained, although molecular ions of
simple organic compounds have been produced [38-41].
Further, in the relevant LT SIMS investigations [19], a direct
correlation of the type of LT mass spectrum of primary al-
cohol methanol with its reference melting temperature
(solid-liquid transition) was not observed.

According to the experimental data [15, 42-47], the LT
FABJ/SIMS technique is sensitive to changes of the physical
state of the samples in the temperatures range of 77-273 K.
Knowledge of these features will allow correct interpreta-
tion of the obtained experimental data. Let us briefly list
the known features of the phase behavior and structure of
solid water, water-organic mixtures, and organic solvents,
which are essential for understanding of secondary emis-
sion process and the resulting mass spectra [7] of samples
kept at low temperatures and low pressure (characteristics of
a mass spectrometric setup).

The cooling and freezing of macroscopic quantities of
liquid water unequivocally leads to the crystalline (poly-
crystalline) form of the solid. The formation of noncrystal-
line amorphous solid is prevented by the fact that the rate
of homogeneous nucleation of the ice crystals in the liquid
water noticeably exceeds the cooling rate of 10° K/s re-
quired for water amorphization. The formation of layers of
so-called amorphous solid water (ASW) is possible only
by slow deposition of separate water molecules on a cryo-
genically cooled substrate below the glass transition tem-
perature of water (136 K) under vacuum conditions. The
allowed phase transition of water ice under low-pressure
conditions is sublimation. The melting of ice is not achiev-
able in a vacuum, since the temperature-dependent subli-
mation rates of ice provide complete exhaustion of the
sample (of typical size used in mass spectrometric analysis)
at a temperature of about (218 + 5) K [10].
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In binary and more complex systems, water does not
co-crystallize with the most organic and inorganic com-
pounds. Thus, it is impossible to obtain “amorphous water
with homogeneously embedded organic molecules” by
ordinary (at a rate of 100-200 K/min) or even “very rapid”
(but slower than 10° K/s) cooling of aqueous solutions.
The exception may be the formation of crystallohydrates,
but they are considered as new separate compounds having
a crystalline structure. Phase separation takes place on the
cooling of water solutions of both inorganic and organic
compounds, which is quantitatively described by phase
diagram schematically presented in Fig. 1(a). An essential
feature of such binary systems is the possibility of the exis-
tence of the liquid phase up to the so-called eutectic tem-
perature T, which may be much lower than the solidifica-
tion/melting temperature of individual components. This
type of diagrams is typical for water mixtures with organic
solvents such as alcohols [15]. An important consequence
is that when the frozen mixture is thawed, the liquid phase
will appear at T, which is lower than the melting tempera-
ture of the pure organic solvent. Another point is that it is
problematic to measure concentration dependences for
such a binary system using LT FAB/SIMS, since the first
portion of the liquid that appears during thawing of the
frozen sample will have an eutectic composition independ-
ently on the initial ratio of the components.

One should take into account not only equilibrium, but
nonequilibrium processes and metastable states of the ob-
jects under study [Fig. 1(b)]. It is difficult to obtain super-
cooled water without special precautions, but some organic
solvents are prone to supercooling (which is the basis of
cryopreservation in cryobiology). Antifreezes or cryopro-
tectors can stay liquid at temperatures well below their
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melting point and solidify in amorphous form. It is also
possible to obtain superheated organic liquids [Fig. 1(b)].
The melting points of volatile organic compounds such as
alcohols and ethers fall into subzero temperature range.
After their melting, the liquid phase can survive in vacuum
for a definite time due to a low rate of evaporation (e.g., in
the case of glycerol matrix at room temperature). Low rates
of homogeneous nucleation permit to avoid spontaneous
boiling and to preserve such liquids in a metastable super-
heated state. This point was essential for the development of
the model FAB of liquids [9], described in the Sec. 5.

Frozen samples of dilute water solutions of organic mo-
lecules usually have a polycrystalline structure with or-
ganic and inorganic solutes displaced into the intercrystal-
line (eutectic) channels. On the contrary, those organic
solvents, which undergo supercooling and amorphization,
can retain dissolved biomolecules homogeneously distri-
buted within the amorphous solid.

Taking all these features into account helps to interpret
the LT FAB/SIMS data. First, the principal impossibility of
producing large hydrate clusters of organic and bio-
molecules (M) of the Me(H,0),*H*-type from the frozen
water solutions is substantiated [7, 8, 13, 43, 46]. The esti-
mates show that the dimensions of the structural elements of
the surface of frozen water solutions — ice crystallites (on
average 10 m) and intercrystalline channels (~10° m) —
are larger than the diameter of the spot excited by the im-
pact of a bombarding particle (~10° m) [7]. As a result, the
sputtering of the material proceeds independently from the
surface regions of different compositions, and the resulting
mass spectrum is a superposition of water clusters sput-
tered from the ice crystallites and solutes originating from
the intercrystalline spaces.

solid

Fig. 1. Typical phase diagrams, essential for interpretation of LT FAB/SIMS data [7, 9]. (a) The phase composition of a binary system
(A+B) in dependence of the components ratio and temperature, typical for water solutions of some inorganic and organic compounds.
(b) P-T dependence, typical for organic solvents: Ty is the triple point, T, is the critical point; the dotted line shows continuation of the
liquid—gas equilibrium line to the metastable area of supercooled liquid; dashed line shows the boundary of the maximal achievable

superheating of the liquid.
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As to temperature dependences of the LT FAB/SIMS
mass spectra of frozen samples of primary alcohols (me-
thanol, ethanol, propanol, butanol), an abrupt change from
the low abundant featureless so-called “peak-at-every-mass”
or “chemical noise” spectrum to the abundant clean and the
reproducible cluster-type spectrum is observed at some tem-
perature on the thawing of the sample, reported both in
[19, 31] and our publications [12, 15-18]. We have proved
that the temperature of this change correlates with the ap-
pearance of the liquid phase in the sample, which may happen
below the melting temperature of pure alcohol in the cases
of analysis of as-purchased non-dehydrated substances [15].
The eutectic of an alcohol-water binary system, formed
even at a very small water content in the initial sample, first
melts at T, [see Fig. 1(a)]. Alcohol-water clusters are sput-
tered from the liquid of eutectic composition. For example,
the temperature of the appearance of the cluster-type spec-
trum of methanol being about 138 K reported in [19] is close
to T, of methanol-water system, being 135 K, which is 40 K
lower than the melting temperature of pure methanol,
T, =174 K. Other constituents of the system may melt (or
sublimate) as the temperature rises further. An increase in the
rate of evaporation of the liquid with increasing temperature
leads to exhaustion of the sample at a predictable temperature.

The directions of liquid alcohols transformations at low
temperatures and pressure are similar to those observed at
ambient conditions. As an example, let us show how the
effect of fractioning for a mixture of liquids with different
volatilities (different saturated vapor pressures at a given
temperature) can be observed in the low-temperatures
range by means of LT SIMS. Figure 2 shows the transfor-
mations of the cluster pattern of the mixture of three primary
alcohols — methanol (M), ethanol (E), and propanol (P)
(the volatility of which decreases in the row) — with in-
creasing temperature. Just after the appearance of the liquid
phase during the thawing of the frozen sample, a number of
sets of clusters are recorded [Fig. 2(a)], which incorporat-
ing the molecules of all components of the E sMpy*P,sH"
system. The cluster sets of ethanol E,eH" and mixed etha-
nol-methanol clusters E,sMeH* and E,sM,sH* dominate
the spectrum. Evaporation of methanol with increasing
temperature [Fig. 2(b)] is reflected in the suppression of
methanol-containing clusters. An increase in the share of
propanol remaining in the liquid is reflected in growth of
E.*P+H" propanol-containing set. Upon complete evapora-
tion of methanol and partial evaporation of ethanol, propa-
nol-containing E,sPsH" and E,sP,sH" clusters noticeably
increase [Fig. 2(c)]. In another case of a binary methanol-
ethanol mixture, a variety of methanol-ethanol mixed clusters
recorded after the melting of the sample is gradually substi-
tuted by pure ethanol cluster set in the course of methanol
evaporation. Interestingly, since ethanol forms an azeotrope
with water (i.e., a mixture which cannot be separated by boil-
ing), ethanol-water clusters are observed in LT FAB/SIMS
mass spectra of ethanol up to its exhaustion [16-18].
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Fig. 2. Transformation of the cluster pattern in the LT SIMS mass
spectra of the mixture of three alcohols [methanol:ethanol:pro-
panol (M:E:P)], recorded with gradual increase in the temperature
of the liquid sample. The peaks of the cluster sets of various com-
position (E,*M*PsH") are marked as: EsH" (@), EsM*H" (V¥),
EqeMeH" (O), Ep*MpeH" (), EjoPeH" (%), E oPosH" (II).

Note that the production of alcohol clusters from the
liquid phase was observed with other configurations of mass
spectrometric experiments. In works [48, 49], liquid ioniza-
tion mass spectrometry method was applied to obtain etha-
nol and mixed ethanol-water clusters from the liquid sam-
ples (deposited on the needle tip of chromatography
syringe at atmospheric pressure) affected by excited Ar’
atoms (produced by a corona discharge). Abundant sets of
multicomponent clusters (ROH),(H,0),H" (where R = CH;
or C,Hs) were produced from aqueous solution of ethanol
and methanol by the same technique [50]. Positive and
negative cluster ions of ethanol were sputtered by 2.0 MeV
He" ions bombardment of liquid beam target [51].

In the case of polyatomic alcohols prone to supercoolig
(ethylene glycol, glycerol), the cluster-type spectrum starts
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Fig. 3. lon chromatograms/thermograms recorded by means of LT SIMS during thawing of the frozen sample of amino acid valine (M)
solution in ethylene glycol (Eg). Total ion current (TIC) reflects melting of the solid sample, the existence of the liquid phase in a tem-
perature range of approximately 70 °C during about 12 min, and exhaustion of the liquid phase. The signal of valine as protonated
molecule MeH", m/z 118, is present in the spectra during the whole span of the liquid phase existence. (Reproduced from [14] with permis-

sion of RSMS).

to emerge upon reaching the glass transition temperature
and increases in abundance gradually with decrease in vis-
cosity of the liquid. The time of survival of the liquid phase
(which permits to record cluster-type spectra) is predeter-
mined by the rate of evaporation of the liquid at a given
temperature and can last from hours and tens of minutes to
several seconds. In contrast to aqueous solutions, inorganic
and organic solutes dissolved in antifreeze or cryoprotector
solvents are trapped in the amorphous solid and are trans-
ferred back to the liquid phase on liquefaction of the solid.
Due to this, the solutes can be sputtered together with the
solvent from the liquid sample during the whole time of the
liquid phase existence. Solute-solvent clusters are formed.
These features can be illustrated by an example of the LT
SIMS study of the solution of amino acid valine in ethyl-
ene glycol [14]. In Fig. 3, the ion thermograms of total ion
current, ethylene glycol dimer 2EgeH*, m/z 125, and proto-
nated amino acid MeH", m/z 118, are shown. It can be seen
that the ethylene glycol-related cluster appears at the glass
transition temperature, its ion current gradually increases
with temperature increase, when viscosity of the sample de-
creases, and declines when the liquid evaporates. It is notice-
able that the signal of amino acid valine MsH" is present
starting from the melting of the sample and is persist during
the whole time span of liquid phase existence. This reflects
a positive function of ethylene glycol as an antifreeze (cryo-
protector), consisting in preservation of biomolecules in
the liquid solution down to low temperatures. In the tem-
perature range of the liquid phase existence, abundant sets
of valine clusters solvated by ethylene glycol molecules are
recorded both in the positive and negative ion modes. At the
temperature of rapid ethylene glycol evaporation, the relative
concentration of valine in the remaining liquid increases,
which is reflected in noticeable increase in MsH" abundance.
On drying of the sample over about —20 °C, the solid-state
SIMS signal of valine becomes weak and unstable.

Low Temperature Physics/Fizika Nizkikh Temperatur, 2021, vol. 47, No. 4

Similar results were obtained for some other amino acids
in organic solvents with antifreeze properties. In particular,
the preservation of the amino acid proline in the liquid phase
of ethanol at low temperatures was reported [12].

In terms of the FAB technique, organic solvents can be
treated as “liquid matrices” which can be kept in liquid state
at low temperatures. For example, volatile solvents suitable
for certain compounds were applied in LT FAB studies in
the binary pairs methanol-y-cyclodextrin, dichloromethane—
porphyrins [31], toluene—fullerene [52].

Note that similar behavior is observed for those cryopro-
tector solvents whose saturated vapor pressure values allow
them to survive at low pressure at “room” temperature [53].
For example, solvate clusters of biomolecules with poly-
meric cryoprotectors were obtained for amino acids [54, 55]
and nitrogen bases [56] with oxyethylated glycerol oligo-
mers. It may be noted that the whole pool of data accumu-
lated for glycerol can be treated from the point of view of
cryoprotector solvents [42], since glycerol is both a popu-
lar FAB matrix compound and a popular cryoprotector.

The described features correlate with the useful func-
tions of cryoprotector compounds, consisting in the preser-
vation of biomolecules in the liquid phase to relatively low
temperatures and the preservation of the solvation shell of
biomolecules [57]. Mass spectrometry permits evaluation of
these phenomena at the molecular level. More applications
of LT FAB/SIMS to problems of cryobiophysics and cryo-
biology can be found in our previous reviews [7, 8, 58].

4. Variety of water clusters produced
at low temperatures

In the early days of SIMS, a myth has arisen about the
insensitivity of the sputtering results to the structure of the
solid surface, which is now refuted. Due to lack of experi-
mental information, it was supposed that after the energetic
sputtering of some share of material, further events, such
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as interaction and clustering of the sputtered species, would
be governed by gas-phase chemistry. Later it was revealed
that, at least for solid water, the pattern of sputtered clus-
ters has some distinctive features for its dif-ferent forms,
crystalline or ASW, in particular, [10]. Moreover, a phe-
nomenon of ASW crystallization was reflected in the pecu-
liar changes in the LT FAB mass spectra [10].

Evaluation of the ice sublimation rates based on the da-
ta of investigations conducted earlier [23] shows that for an
ice sample of 10 mg on average (usually required for LT
mass spectrometric experiments) the rate becomes sufficient
for rapid sublimation of the whole sample at (218 + 5) K
[10]. Thus, it is practically impossible to obtain water clus-
ters from pure water ice at temperatures higher this value.

The properties of amorphous and crystalline water and
the transition between these two forms are a great interest
not only for physics fundamentals [59], but in connection with
the modeling of the related processes in outer space [60-62].
Therefore, various complementary experimental techniques
are applied to this subject, including temperature-programmed
desorption mass spectrometry used to identify the gaseous
products released from the ASW layers during their crys-
tallization [63-65] (the process was called the “molecular
volcano” due to its abundance [66]).

In our LT FAB experiments, it was shown that the set of
protonated water clusters (H,O),*H" sputtered from ASW
layers is characterized by a continuous decrease in the abun-
dance with increasing n (for n > 1) [10], while a similar set
sputtered from crystalline water ice systematically had a
peculiarity of the decrease in abundance of the cluster with
n = 2 and the increase in abundance for n = 4 [44].

The remarkable phenomenon was observed during
the heating of the ASW sample [10]: on reaching the tem-
peratures of ASW crystallization, denoted in Ref. 67 as
140-166 K, the sputtering of water clusters was terminated,

while the spectra retained the peaks H;O*, m/z 19, and
H,O"™, m/z 18, correspondings to water monomer. This
change was followed by an abundant spectrum of the
“peak-at-every-mass” type (Fig. 4), which reflected the re-
lease of residual gasses trapped within ASW during its de-
positin. Such a spectrum can be misinterpreted as a failure
of the experiment on water clusters production; in fact, it
reflects the real process of “molecular volcano” gases re-
lease during the ASW crystallization.

The novelty of our interpretation of the results of LT FAB
investigations of ASW crystallization [10] was in account
of the phenomenon of so-called explosive crystallization
described in Refs. 67-69, which demonstrated that the re-
laxation of the metastable state of the ASW can be shaken
by some external action, which will cause very rapid explo-
sive crystallization. An important feature of this explosive
process, often neglected in the routine studies, is the rapid
release of the heat of crystallization, which, in contrast to
crystallization at equilibrium conditions, can raise the sam-
ple surface temperature in 60-80 K. In our LT FAB experi-
ments, accelerated Ar atoms were such an external source of
energy able to initiate the crystallization process. As men-
tioned above, the sputtering of water clusters was terminated
at temperatures in the range of the ASW crystallization. It
was proposed that all the energy supplied to the sample by
bombarding atoms should be spent on the initiating the crys-
tallization process, but not on sputtering the solid. While the
sample temperature was kept around 150 K, the thermal
spike (in 60—80 K) on its crystallizing surface provided the
local surface temperature of ~210-230 K, sufficient for
intense ice sublimation. The effect was reflected in the
mass spectra by the appearance of molecular ion-radical of
water H,O"*, which, as is known, is produced by gas-phase
FAB ionization [70]. Note that under the described condi-
tions, the amount of heat required for ice sublimation is not
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Fig. 4. LT FAB mass spectrum, recorded on warming of ASW sample to the temperature of about 170 K, related to crystallization of
ASW. The “peak-at-every-mass” pattern corresponds to volatile compounds trapped within ASW during its deposition and released due
to structural rearrangement during the crystallization of the ASW. H,O™ ion-radical is produced from the sublimating water molecules

by the gas-phase FAB mechanism.
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supplied by bombarding particles, but is generated within
the sample as the heat of ASW crystallization. The self-
heating of the surface, along with structural rearrangement,
facilitated the release of gases initially trapped within
ASW. After the completion of these transformations and
the cooling of the surface caused by active sublimation, the
regular sputtering of water clusters with a distribution
characteristic of crystalline ice (if it remained or initially
presented as the substrate) was restored and lasted until the
warming of the sample up to the temperature of complete
sublimation of the ice sample [(218 £ 5) K].

Consideration of the possibility of active sublimation
of water molecules due to “self-heating” of the surface to
60-80 K higher than the underneath substrate in the course
of ASW layers explosive crystallization may fill the gap in
the estimates of the rates of matter transfer from solid ice
mantles of dust grains to the gas phase in model space re-
search. To the best of our knowledge, the contribution of
the explosive heat release during the ASW crystallization
as a source of local temperature rise sufficient for the no-
ticeable acceleration of ice sublimation was not taken into
account in the model experiments on the bombardment of
ice by energetic particles. In the framework of the thermal
explosion mechanism proposed in [71], the energy con-
sumption of bombarding particles on local heating (thermal
spike) of ice was estimated. An additional source of heat-
ing was envisaged in exothermic reactions between reac-
tive radical species frozen in ice or exothermic surface
reactions [72].

The sensitivity of secondary ion emission to phase tran-
sitions in ice was reported for vapor-deposited water ice
bombarded by 0.5-1.7 MeV N ions in 10-130 K tempera-
ture range [73]. A decrease in the total yield of the water
cluster ions (H,0),H;O" (n up to 30) was observed in the
range 38-78 K and was attributed by change of amorphous
ice phases from high-density to low-density form [73].
Mixing of residual gaseous organic compounds with amor-
phous ice was addressed by this technique as well [74].
The features of the water clusters sputtering from ice by
various ionizing agents were summarized in Refs. 75, 76.

Another source of water under LT conditions is crystal-
line hydrates [77]. Correlations of LT FAB/SIMS mass
spectra with phase diagrams of binary systems composed
of water and some inorganic compounds are presented in
[44-47, 58, 78-81]. Let us list the main features of water-
containing clusters production. The water-acid H,O—HCI
system [78] is characterized by the existence of a number of
crystalline hydrates HClenH,O (n=1, 2, 3, 6). A set of pro-
tonated water clusters (H,0),sH" (n = 1-12), sputtered by
FAB from the frozen HCI aqueous solutions, has abun-
dances noticeably higher than those in the set produced from
pure water ice, which is explained by the proton H* origina-
tion from the acid molecules in the crystalline hydrates.

In the H,O-HNO; system [79], mono and trihydrates
HNOzenH,O can be formed on cooling. In the LT FAB

mass spectra of the frozen system, a set of water clusters
with monotonously decreasing abundance is present along
with a number of bell-shape sets of hydrate clusters with
various combinations of the components: (H,0),*NO",
(H,0),*NO,", (HNO3)*(H,0)eH" (m =1-6, n=1-15).
The formation of the same type of crystalline hydrate on
freezing of the HNO; solution independently on its initial
concentration (in some range defined by the phase dia-
gram) hinders determination of the concentration depend-
ences based on of LT FAB mass spectra [82].

The most interesting conclusion, derived from the LT
FAB study of the H,O-HNO; system [79], relates to the
interpretation of the results of in situ mass spectrometric
recording of cluster composition of the upper layers of at-
mosphere near the noctilucent clouds [83]. One of the re-
corded there bell-shaped set of clusters was attributed to
water. However, the pattern of the supposed set (H,0),eH"
was quite unusual, since the n values were in the range of
9-20 only and the maximum of the “bell” was at n = 15, 16,
which was never observed for neat water ice. Our data for
the H,O—-HNO; system [79] show that the masses and distri-
bution in this set may correspond to (HNO3),*(H,O)neH"
(n =6-12) series, originating from the frozen nitric acid
trihydrate. This allowed us to suggest the presence of nitric
acid in the composition of the noctilucent clouds [79].

The low vapor pressure of sulfuric acid H,SO,4 permits
to study it by means of FAB at room temperature and to
obtain hydrate clusters reported in [84]; they were also ob-
tained at low temperatures [85-87].

Hydrate clusters were observed in the LT FAB mass
spectra of water-inorganic salts systems in the case of the
formation of crystalline hydrates of salts in the low-tem-
perature range. The formation of NaCle2H,O crystalline
hydrate in H,O-NaCl system was reflected in sputtering of
(H,0),sNa* and (H,0),*NaCleNa" clusters [44, 45]. The
observation of similar types of clusters for D,O-NaCl sys-
tem allowed us to suggest the existence of NaCl crystalline
hydrate with heavy water [46], which was not reported earlier
in the literature. Hydrate clusters of salt cations were re-
corded in LT FAB mass spectra of frozen water solutions of
a number of divalent metal salts MgCl,, CaCl,, MnCl,, CuCl,,
ZnCl,, BaCl, [80, 81], the phase diagrams of which indicate
the formation of crystalline hydrates. By now, we failed to
find crystalline hydrates of organic compounds, which can
serve as a source of hydrate clusters under LT FAB.

5. “Bubble chamber” model of FAB of liquids

Analysis of the FAB/SIMS mass spectral information
obtained in the temperature range widened to low tempera-
tures, in particular, allowed us to formulate a model of the
processes occurring under the conditions of energetic par-
ticles bombardment of liquids, called the “bubble chamber”
model [9].

The starting points for the development of this model
were as follows. First, the qualitative difference between

Low Temperature Physics/Fizika Nizkikh Temperatur, 2021, vol. 47, No. 4 371



Marina V. Kosevich, Oleg A. Boryak, and Vadim S. Shelkovsky

secondary emission mass spectra obtained for solid and
liquid phases of the same compound was proved. Second,
on the example of alcohols, it was shown that the pattern
of clusters sputtered from the liquid does not depend on
the type, energy, and charge state of bombarding particles
and is qualitatively the same, e.g., for the bombardment of
4-5 keV argon atoms [16], 8 keV Ar* [19], 6-8 keV Xe
[6, 31], and 30 keV Cs" ions [17, 18], as well as 2.0 MeV
He" ions applied in liquid-beam technique [51]. This may
mean that all bombarding agents of any type and energy
initiate the same process in the liquid, which gives the same
result. Third, our estimates of the pressure-temperature de-
pendences of the organic compounds under study [9, 11]
and the evaluation of their phase state have shown that the
liquid phase of all studied alcohols and diethyl ether appear
in the superheated state under vacuum conditions. This is
the crucial point for our model, since it is known that an
external energetic effect on the metastable superheated
liquid initiates its boiling, that is, the formation of the gas
phase in the form of growing bubbles. This property of
superheated liquids was employed in the bubble chamber
devices which, along with Wilson chambers utilizing over-
saturated vapor, were designed in the early days of nuclear
physics and space research for the recording of ionizing
radiation and cosmic rays. The effect was the same for all
types of the recorded energetic particles and consisted in the
initiation of the phase transition in the metastable medium
visualized by a trace of bubbles along the particle track.

We have proposed that a similar process of boiling is
initiated by bombarding particles under FAB and liquid
SIMS conditions [9]. In such a case, the formation and
burst of microscopic bubbles grown near the surface of the
liquid sample, result in the release of gas, clusters, and tiny
droplets of the analyte. The role of bombarding agents,
independently of their type and energy, is the initiation of
boiling of the superheated liquid in the particle impact
zone. Further events are determined by the properties of the
liquid per se. Note that the boiling of alcohols proceeds at
low temperatures, i.e., the temperature of the whole sample
remains low. This process may be called the “nonthermal”
mechanism of the matter transfer from the liquid to the gas
phase. Such a process is allowed only for the liquid phase
and, consequently, does not realized in the solid phase of the
same compound. Thus, the sputtering of matter from the
solid organic sample at temperatures only a several degrees
below their melting point will proceed via common solid
phase SIMS and, as a rule, will result in comparatively low-
abundant products of direct sputtering and thermal damage.

To verify this model, we have performed the LT SIMS
experiment for the liquid utilized in real bubble chambers,
i.e., diethyl ether [11]. Preliminary calculations have shown
that the liquid phase of this highly volatile compound will
survive under low-pressure conditions for a several seconds
only. Indeed, about one minute after the melting of the
frozen diethyl ether sample was available for very rapid

recording of the cluster-type spectra characteristic of the
liquid phase.

Thus, the “bubble chamber” model permits to explain
abundant production of various ionized species on the sput-
tering of liquids under FAB/SIMS conditions.

6. Miscellaneous

For completeness, we briefly list some other ioniza-
tion/desorption techniques applied to the study of frozen
water and organic samples.

In the course of development of laser desorption/ioni-
zation (LDI) technigues suitable for biomolecules analysis
crowned by matrix-assisted LDI (MALDI), water ice was
tested as a possible matrix [88-99]. The main difficulties
in solving this task were the low efficiency of ice-contain-
ing samples sputtering by UV lasers and low efficiency of
ionization of biomolecules by IR lasers. Combinations of
the sample material (ice) desorption by IR laser followed by
ionization of the desorbed material by UV laser [100, 101],
single [88] or multiphoton [92] ionization were developed.
Mass spectra of biopolymers, such as polypeptides and pro-
teins [91, 93, 94, 96], nucleic acids [89, 90], polysaccharides
glycosaminoglycans [97], carbohydrates, and glycolipids [95],
were obtained by LDI from frozen water solutions.

IR optical parametric oscillator laser resonant desorption
technique permitted the production of large water clusters
H;0"(H,0), (n=100) from ice at 90 K [98] and hydrate
clusters of organic and biomolecules [99]. In particular,
clusters of tryptophan amino acid with up to 20 water mo-
lecules were generated from the frozen water solution
(at 90 K) [99], that differentiates the LDI results from
those of LT FAB [7, 43, 46]. This effect is predetermined
by the differences in sample sputtering by laser irradiation
and particle bombardment and is in agreement with the
model of sputtering, which accounts the structure of the
frozen water solutions formed due to phase separation dur-
ing freezing [7]. Namely, the diameter of a spot excited by
a single bombarding particle being 10 m provides an in-
dependent sputtering of water clusters from ice crystallites
(10~ m) and ions of the solute expelled to the intercrystal-
lite channels (~107° m). At the same time, the spot diame-
ter of ~3-10* m affected by a laser impulse [99] is suffi-
cient for material desorption from a number of the surface
structural elements simultaneously resulting in the mixing
and subsequent clustering of water and analyte molecules
in the gas phase.

Water ice is also applied as a matrix in emerging imag-
ing techniques including LDI for proteins imaging [102],
IR-MALDESI (MALDI combined with electrospray ioni-
zation) for biological tissues imaging [103, 104], and in
vivo water-assisted LDI (WALDI) [105].

Freezing of biological materials is used in imaging
techniques based on SIMS combined with time-of-flight
(TOF) mass analyzers [106, 107], in particular, cryo-TOF-
SIMS [108]. Harnessing of novel “cluster or polyatomic

372 Low Temperature Physics/Fizika Nizkikh Temperatur, 2021, vol. 47, No. 4



Low-temperature secondary emission mass spectrometric investigations

ion beams primary ion sources” [109] permits molecular
depth profiling and 3-dimensional rendering of the frozen
objects [110].

The hazard of the plasma desorption mass spectrometry
(PDMS) method, which utilizes bombardment by fission
products of *°Cf, developed at the end of the last century,
caused its rapid substitution by other ionization techniques
in the biomedical research area. However, the possibility
of affecting a sample by MeV particles secured its success-
ful application in basic physics research, for example, the
use ®*Cf-PDMS-TOF applications to MeV bombardment
of space-related ices, including reports on 65-MeV heavy
ion bombardment of methanol frozen at 55 K [111] and
formic acid [112], which is in relevant for the solid state
astrochemistry.

In connection with studies of frozen water, it is worth
to mention investigations of practical importance aimed at
the determination of contaminants and ecological pollutants
in natural snows of various origin, performed by advanced
two-dimensional gas chromatography with high-resolution
mass spectrometry [113-115] and FT-ICR [116] techniques.

7. Implications of LT FAB/SIMS data for space science

Based on the LT FAB/SIMS information, we enunciate
and substantiate an idea concerning the involvement of
the liquid phase of simple organic compounds sputtered by
energetic particles as a lacking source of reactive species
for chemical transformations considered in the framework
of astrochemistry and astrophysics.

Chemical evolution in the Universe, resulting in the emer-
gence of complex organic molecules and further biomole-
cules, is of interest to multidisciplinary scientists [117-120]
and stimulates numerous experiments [121, 122], including
mass spectrometric approaches [123-127]. The low-pressure
and low-temperature conditions created in mass spectro-
metric experiments, together with the irradiation of samples
by energetic particles in the frame of secondary emission
techniques, are suitable for imitating the space environ-
ment.

The initial concepts of the outer space as a cold and air-
less medium justified model experiments with objects in the
solid phase which is characteristic for simple organic com-
pounds and water under such conditions. Various experi-
ments have provided precious information on the chemical
transformations occurring in the ices composed of water and
organic molecules adsorbed at the surface of inorganic dust
grains under the effect of their collisions with energetic
particles, and on solid-gas transitions of the reactions’
products [117-119]. However, a number of essential issues
within this problem still wait for their clarification. First, the
quantitative and qualitative composition of the gas-phase
species sputtered from the solid ice mantles of dust grains,
determined in such experiments, is insufficient to match to
the quantity and variety of gas-phase reactive species de-
tected in the corresponding space regions. Second, the search

continues for the so-called nonthermal mechanisms of the
matter transfer from the condensed to the gas phase as an
alternative to thermal desorption. To the best of our knowl-
edge, the liquid phase of the organic compounds in question
and liquid—gas transitions were not considered in this context.

In the proposed model, we are trying to reproduce only
one essential “chain link” of condensed phase-gas phase
transition, which is missing now. We proceed from the as-
sumption that some amount of organic compounds has al-
ready formed and exists in the adsorbed state on the surface
of interstellar dust grains or at the particles in the comet
tails. The main events in our “chain link” are as follows:

(i) The liquid phase of simple organic compounds pre-
sent in the mantle of dust grains can emerge when such
grains get into the zone with temperature and pressure pa-
rameters required for the existence of the liquid phase. The
undisturbed liquid phase can survive in a definite low-tem-
peratures range under vacuum conditions being in the su-
perheated state.

(ii) The impact of an energetic particle of any kind on
such a metastable liquid initiates its explosive boiling, i.e.,
the formation and burst of gas bubbles described in our
“bubble chamber model” for FAB/SIMS of liquids [9]. The
boiling at a given low temperature agrees with the precon-
ditions of the “nonthermal” mechanism.

(iii) As shown earlier, the amount of matter transferred
to the gas phase from the liquid by means of particle bom-
bardment is one-two orders of magnitude larger than the
amount sputtered from the solid phase of the same com-
pound. This solves the above-mentioned problem concern-
ing the quantity of organic-related species in the gas phase
in space.

(iv) As to qualitative composition, a plethora of neu-
trals, positively and negatively charged ions, radical cations
and anions, fragments, and cluster ions built of up to several
tens of molecules are transferred from the liquid to the gas
phase. This solves the problem of the origin of some types
of relatively large reactive species, emitted to the gas phase,
which cannot be produced by destructive sputtering of solids.

(v) Water may be present in the melted eutectic of
the water-organic systems. Mixed water-containing clusters
are released from the liquids of eutectic composition. Small
biomolecules, if present, are incorporated into the liquid
phase created, e.g., by alcohols, and are sputtered within
the solvate clusters.

Further involvement of the sputtered species in chemi-
cal reactions is not predetermined by the proposed model
but depends on the characteristics of the surrounding me-
dium. The sputtered particles can either participate in the
gas-phase transformations and ion-molecule reactions, or be
adsorbed at the neighboring cold surfaces providing a re-
novated composition of the adsorbed films. Note that while
liquid water is required for life processes, the ordinary
chemical reaction required for chemical synthesis can pro-
ceed in organic solvents.
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All the data accumulated in LT FAB and liquid SIMS
studies of organic liquids and their mixtures with water and
small biomolecules provides “ready-made” sets of reactive
species that may be applied in theoretical modeling of the
feasible reactions in space. An example of such species can be
the constituents of the LT SIMS mass spectra of the primary
alcohols mixture presented in Fig. 3 and Refs. 16, 18. Posi-
tively and negatively charged protonated and deprotonated
clusters [M, + H]* and [M,—H] (M is for any alcohol mole-
cule, n up to several tens) make the main contribution. Pro-
ducts of fragmentation of excited clusters [M, + H — H,0]",
[M, + H - X]%, [M, - X] (where X is any functional group)
are recorded. It is known that M, neutrals must also be
abundantly produced, but they are “invisible” for a given
technique. In the case of organic-water-containing systems
(eutectic, azeotropes), hydrate clusters [M,, + H,O, + H]",
[M, + H,O,, - H] are transferred to the gas phase [17, 18].
Other organic molecules and metal ions that may get into
the melted solvent may be transferred to the gas phase to-
gether with the sputtered solvent. Formaldehyde aldehyde
deserves special attention, since it produces large sets of
polymerization products and hydrates [8, 46]. Here we do
not touch one more special issue concerning the irradiation
damage products generated in the liquid through energetic
particle impact [128, 129].

A natural question arises about the occurrence in the
outer space of temperature sufficient for melting of organic
compounds adsorbed on dust grains. The estimates of the
temperatures in various regions of the Universe available
in reviews [117-119] indicate the existence of suitable con-
ditions. In particular, it was established that the surface
temperatures of the ice-dust particle in the comets tails when
the comets travel near stars can reach 170 K and even
220 K [130]. The estimates of temperatures characteristic
of various phases of space evolution are accepted: 10 K in-
herent to the cold phase undergo rise to ~100 K during the
warm-up phase and reach 200-300 K during the hot core
phase [118, 131]. Dust grains may be subjected to tempera-
ture rise in the event of their entering the upper layers of
the planets atmosphere, where the pressure is still low and
there is ionizing radiation.

Thus, the explosive boiling of the superheated liquid
phase of simple organic compounds, initiated by energetic
particle bombardment in the low-temperature range, may
comprise the sought-for nonthermal mechanism of the
condensed phase—gas phase transition. As a result, there
was an abundant release of ions and clusters, the composi-
tion of which has already established in the framework of
LT FAB/SIMS experiments.

Conclusions

The application of low-temperature techniques in sec-
ondary emission mass spectrometry permits to investigate
physical transformations in the samples of water, organic
solvents, and their multicomponent mixtures with biomole-

cules. The characteristic patterns of LT FAB/SIMS mass
spectra reflect the physical state of the samples and corre-
late with phase transitions which occur in the range from
ambient to liquid nitrogen temperatures. The impact of
bombarding particles initiates a phase transition allowed by
a phase diagram of the probed system at a given temperature
and pressure. Most interesting is the case of metastable
states of the systems: particle bombardment initiates explo-
sive crystallization of the amorphous solid water and ex-
plosive boiling of the superheated liquids. The process of
gas-phase bubbles formation in the liquid organic, being in
the superheated state at low temperatures, similar to that
utilized in the bubble chambers, comprise a possible mecha-
nism of sample sputtering accompanied by abundant cluster
ion formation. It is important that the temperature of the
liquid remains low during such an explosive boiling process.

Effects of interest for cryobiophysics and cryobiology
can be observed under LT FAB/SIMS conditions. The ab-
sence of production of hydrate clusters of small biomolecules
from frozen water solution reflects crystallization of ice,
phase separation, and dehydration of the biomolecules, while
abundant production of solvate clusters of biomolecules
from the liquid phase of solvents possessing antifreeze prop-
erties reflects the positive function of cryoprotectors.

Analysis of the up-to-date data on the temperature of
various objects in space permits to distinguish a circle of
conditions analog to those created in LT FAB/SIMS ex-
periments. These conditions enable the existence of the liquid
phase of simple organic compounds in predictable tempe-
rature ranges. This information allowed us to propose an idea
concerning the additional source of reagents for prebiotic
chemical evolution in space, simulated by LT FAB/SIMS.
Namely, positively and negatively charged clusters, radi-
cal-ions, fragment ions, and water-containing clusters are
generated from the liquid phase of the organic compounds
on energetic particles impact with abundances at least two
orders of magnitude higher than the abundances of species
sputtered from the solid phase. It is also necessary to take
into account the initiation of explosive ASW crystallization
by particle bombardment and the active sublimation of water
molecules due to local heating of the surface by the heat ge-
nerated in the course of crystallization. These LT FAB/SIMS
observations help to fill a gap in model astrophysical and
astrochemical research formulated as a shortage of know-
ledge on so-called nonthermal desorption mechanisms lead-
ing to the transfer of preformed organic from solid grains
to the gas phase in space.
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