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Beyond the (quasi)stable and abundant elements lead and bismuth, all elements are radioactive, with

polonium being the first of a series of radioelements up to primordial uranium. Interest in understanding

its chemical behavior is increasing, not least due to its co-production in accelerator-driven systems and

high radiotoxicity. Polonium is also the lighter homologue of the superheavy element livermorium,

which has not been studied chemically to date. Polonium therefore acts as a benchmark to verify the

structure of the periodic table at the heavy-element frontier. Here, we report on gas–solid thermochro-

matography studies of polonium in the atom-at-a-time regime under helium and hydrogen gas

atmospheres. Quartz surfaces with different degrees of hydroxylation were used as a stationary phase.

On quartz glass with low OH-concentrations, a volatile species interacting with an adsorption enthalpy

of �85+3
�2 kJ mol�1 was found and assigned to elemental polonium. On more highly hydroxylated quartz

glass, an additional deposition zone due to a species with an adsorption enthalpy of �139+6
�5 kJ mol�1

was observed and attributed to a polonium species formed by chemical reactions with the surface.

Under our experimental conditions, chemical reactions of polonium in the solid phase dominate over

reactions in the gas phase. Thus, the nature of the surface should be considered as an important

parameter in future gas chromatography studies.

Introduction

The discovery of polonium was the first time that non-visible
quantities of an element were detected solely by its character-
istic radiation.1 Besides the quasi-stable bismuth, polonium is
the first radioelement of the periodic table which occurs
naturally through the a decay of thorium or uranium.2 Studies
of the element have, due to its high radiotoxicity, often been
limited to characterizing it in the environment and to studying
its uptake in living organisms.2,3 The development of so-called
accelerator-driven systems,4 which aim for the transmutation
of long-lived, radiotoxic actinides in spent nuclear fuel, has
moved polonium further into focus. In these systems, polo-
nium is produced by the interaction of protons or neutrons
with bismuth, which is used in the form of lead-bismuth
eutectic as a reactor coolant or a spallation target. Thus, the

gas phase chemistry of polonium is of particular interest for the
safe operation and the safe handling of target materials in
these systems.5–7

In addition, the chemistry of polonium is now also moving
further into focus from the perspective of superheavy element
studies. Since the first investigations of rutherfordium in the
1960s, chemical investigations of transactinides have pro-
gressed to moscovium (atomic number Z = 115).8–12 The study
of these superheavy elements (SHE) contributed to a better
understanding of the influence of relativistic effects on
chemistry.13 Due to the complex production of SHE in nuclear
heavy ion fusion reactions and their short half-lives, the
chemical study of SHE requires highly efficient techniques.
Often, automated experiments are performed that enable the
study of single atoms.10,14,15 A first step towards the chemical
investigation of the still experimentally uncharacterized and
very short-lived (t1/2(293Lv) = 95+63

�27 ms)16 element livermorium
(Z = 116) is the analysis of its lighter homologue polonium
(Z = 84).

Macroscopic amounts of polonium crystallize at room tem-
perature in an exceptionally rare, simple cubic structure (a-Po).
At higher temperatures (above 36 1C), polonium crystallizes
rhombohedrally (b-Po). The melting point of the element is
254 1C, and its boiling point is 962 1C.17 Polonium occurs in the
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oxidation states �2 (as polonide), 0, +2, +4 and +6, with the +4
oxidation state being the most stable.1,17 The high specific
activity of any macroscopic polonium sample poses not only a
hazard when handling polonium but also leads to self-heating
of specimens under investigation, affecting temperature-
dependent measurements. Due to the positive temperature
resistance coefficient, and the decreasing electronegativity
and first ionization energy from tellurium to polonium, the
element can be classified as a metal.18 Polonium has mainly
been studied in the liquid phase, whereas relatively few studies
in the gas phase have been reported. It is known from classical
chemical studies of polonium that the metal can be slowly
oxidized at room temperature in air to form the dioxide. The
reaction is most rapid at 250 1C.19,20 In addition to the
polonium dioxide, both the monoxide and the trioxide have
been isolated; however both these oxides could not previously
be obtained directly from the elements.18,21 Also, polonium
hydride cannot be produced directly from the elements.20

Instead, it could previously only be obtained in trace amounts
by reduction with nascent hydrogen under light and oxygen
exclusion.1,17,20 The stability of the hydrides decreases within
the group of chalcogens with Z due to the increasing atom size
and thus increasing bond length. Polonium hydride is known
to be volatile.20,22

To investigate the gas phase chemistry of (short-lived) super-
heavy elements and their homologues, gas chromatography
(GC) experiments have proven to be particularly useful.10,11 In
thermochromatography,10 a negative temperature gradient is
applied along the column. In a simple picture, the element to
be analysed is transported through the column by the gas flow,
interacts with the column and is adsorbed at a certain deposi-
tion temperature determined by its adsorption enthalpy.23

Materials such as gold or SiO2 (quartz) are chosen for the solid
phase, as they are mostly unreactive towards the mobile phase
and reactive towards the analysed elements. The strength of an
atom’s interaction with metal surfaces, such as gold, can
indicate whether the element should be classified as a metal.
This is because metals are capable of forming strong metallic
bonds with the surface, resulting in a higher measured deposi-
tion temperature. This technique has been successfully imple-
mented to study the superheavy elements copernicium (Z = 112)
to moscovium.10–12 Through the addition of reactive gases such
as oxygen or hydrogen, the formation and volatility of different
chemical compounds can be investigated. Gas chromato-
graphic analysis of the long-lived radioisotopes of homologues
of SHE is usually possible with simple open quartz glass tubes,
possibly lined with metal foils.24 For the chemical investigation of
SHE, the use of the narrow channel formed by arrays of silicon
detectors as a chromatography column became established.10 To
allow a better comparability of homologue studies with the
chemistry of their corresponding SHE, homologue experiments
are often also performed at the atom-at-a-time scale. In such
experiments, the homologues are mostly produced in nuclear
reactions at accelerator facilities in single-atom quantities.11

Since a majority of the 6p-elements exhibit a metallic
behavior,25–28 the resulting high affinity to metal surfaces

renders the separation of the elements on gold at room
temperature challenging.5,24,29 As an alternative, SiO2-coated
detectors were successfully used in past experiments to chemi-
cally analyse the superheavy elements nihonium (Z = 113) and
moscovium.12 Due to the unpaired 7p3/2-electrons, a similar
reactivity to that of nihonium and moscovium is expected for
livermorium.30 Thus, studying the interaction of its homologue
polonium with quartz is of interest.

The primary functional groups on the surface of quartz are
siloxane (Si–O–Si bridges) and silanol (Si–OH) groups.31–33 The
reactivity of the quartz surface is primarily determined by the
density of silanol groups on the surface.34 The initial silanol
concentration varies for different quartz glass production
methods. If a hydrogen–oxygen flame is used to melt the quartz
granulate, the hydroxyl content on the surface is higher,
whereas electro-melting the quartz in a vacuum results in a
comparatively low hydroxyl concentration.35,36 The concen-
tration of silanol groups on the surface can be reduced by
annealing the quartz glass under an inert gas atmosphere at
high temperatures (1000 1C).34–36 Heating the quartz glass in an
atmosphere with sufficient water or hydrogen concentration
increases the amount of silanol groups and therefore the
reactivity of the surface.37–40 Knowledge of the surface structure
is crucial for gas chromatography experiments, as the inter-
action strength can vary significantly depending on the local
site reactivity.41,42

In GC experiments with SHE and homologues, the deposi-
tion profile of the element of interest is measured. The adsorp-
tion enthalpy �DHads, a measure of the volatility of a species,
can be extracted from the deposition temperature using the
Monte Carlo method by Zvára based on reversible adsorption.43 In
this method, the migration of an atom or a molecule downstream
the column is simulated by a series of displacements and
adsorption–desorption cycles. By simulating multiple thousand
atoms or molecules, a deposition pattern is obtained. The only
free parameter in the simulation is the adsorption enthalpy. The
adsorption enthalpy is varied, until the best match of the experi-
mental deposition profile with the simulated deposition profile is
obtained. In contrast to the deposition temperature, the enthalpy
of adsorption is independent of effects due to variations in
experimental parameters such as the gas flow rate. It is thus
solely defined by the adsorption interaction with the surface.

The Monte Carlo method by Zvára has proven to be a highly
valuable tool due to its advantages such as the easy adaptability
of the simulation to experimental conditions.42,44,45 However,
the simulation is based on several assumptions and approx-
imations that do not always hold true. One example is the
assumption of simple reversible adsorption of unchanged
molecules which is only correct if no chemical reactions are
involved in the interaction of the analysed species with the
surface. However, especially for inhomogeneous surfaces with
sites of different reactivities such as on quartz, the possibility
that the desorbed species is different to the adsorbed one
cannot be neglected.33

Here, we investigate the chemistry of polonium by thermo-
chromatography on quartz glass under helium and hydrogen
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atmospheres. In previous work, the adsorption enthalpy of
polonium on quartz was found to be around 85 kJ mol�1 by
Eichler,46 Vogt et al.47 and Gärtner.48 However, a more recent
publication by Maugeri et al. suggests a significantly higher
adsorption enthalpy of 120–140 kJ mol�1.49 While previous
work has mostly focused on the influence of different reactive
gases on the deposition profile of polonium,49 we also take the
influence of the quartz surface into account. In this paper, we
show that a reaction of polonium with the quartz surface
depends on the degree of hydroxylation, which itself is a
function of the surface temperature and the composition of
the carrier gas.

Experimental

Thermochromatography experiments involving radioactive
nuclei can only be carried out in licensed laboratories under
appropriate radiation protection regulations. Here, the experi-
ments were carried out at the U-120M cyclotron facility at the
Nuclear Physics Institute of the Czech Academy of Sciences in
Řež (Czech Republic) using the MARGE (Modular Robotic Gas-
Jet Target System) beamline and a recoil transfer chamber.50

Single-atom quantities of 204Po and 205Po were produced in the
nuclear reaction 206Pb(3He, 4–5n)204,205Po through bombard-
ment of an enriched 206Pb target with a 48-MeV 3He beam. The
target material was deposited on a titanium backing (2.3 mm or
5 mm). Recoiling nuclei were collected in 2.5 mm-thick titanium
or 75 mm-thick carbon catcher foils mounted about 1 mm
behind the target. The target chamber was kept at 1 bar in
helium. This nuclear reaction allows higher beam energies
compared to a-induced reactions and allows for comparatively
short irradiation times due to the shorter half-life of the
produced polonium isotopes. We estimate that a few million
polonium atoms are produced by this reaction per hour, not
taking the radioactive decay of the atoms into account. The

experimental setup used for thermochromatography is illu-
strated in Fig. 1. The abbreviations for experiments used in
the following discussions indicate the gas and the type of
quartz (surface) used. Here, He describes a gas atmosphere of
100% helium and H2 an atmosphere of 10% hydrogen and 90%
helium. The different types of quartz Q1, Q2 and Q3 are
indicated as an index. Technical details on the devices and
materials used in this work can be found in the SI.

For thermochromatography experiments, quartz glass tubes
(length 82 or 90 cm) with different densities of silanol groups
and thus different surface reactivities were employed. The
tubes, arranged by increasing reactivity of the inner surface,
include (i) tubes produced recently by electromelting of a
quartz granulate in a vacuum (Q1), (ii) older quartz glass that
was heat-treated at 1000 1C for multiple hours under an inert
gas atmosphere by us prior to the experiment (Q2), and (iii)
older, thermally untreated quartz glass which was stored under
standard laboratory atmosphere (no water-free conditions, Q3).

The temperature gradient applied along the column was
established using three tube furnaces at the beginning and
copper coils with flowing cooling water at the end of the
column. The temperature of the tube furnaces could be regu-
lated individually by applying different voltages to the ovens.
The catcher foil containing the produced polonium atoms was
placed inside the quartz column in the middle of the first
furnace, corresponding to the hottest zone (400 to 1030 1C, see
Table S1 of the SI) of the column. In experiments HeQ2 and
H2Q3 (column length: 82 cm), a greater distance was chosen
between the first furnace used for heating the catcher foil and
the second furnace. In this case, the temperature gradient
relevant to chromatography starts at the second furnace; in
all other experiments, it starts in the first furnace for baking-
out the catcher foil. The efficiencies to evaporate polonium
from the catcher foil, as well as the irradiation time, the time
that elapsed between the end of irradiation and the beginning
of the experiment, and the extraction efficiencies into the

Fig. 1 Schematic of the thermochromatography setup used in this work. Helium flushes through the gas purification system and into the quartz column.
Reactive gases are mixed with helium before the column. The gas flow rate of both gases is regulated using mass flow controllers. The column is heated
by three furnaces, the first of which is used to evaporate the polonium atoms from the catcher foil. A copper and a ceramic tube as well as a water-
cooling system help to establish the temperature gradient. An activated charcoal filter traps the activity passing through the column. After the filter, the
gas flow and the pressure are monitored with a mass flow meter and a pressure indicator (PI). The gas passed through the experimental setup is
exhausted into a fume hood.
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chromatography column in experiments HeQ2 and H2Q3 are
given in Table S1 of the SI. Before the irradiated catcher foil was
inserted in the experiment, its g spectrum was measured to
identify the nuclide inventory.

To smoothen the temperature gradient, the quartz tube was
partially inserted into a 78.5 cm-long copper and a 42 cm-long
ceramic tube of which the outer diameter matched the inner
diameter of the tube furnaces, as shown in Fig. 1. The helium
carrier gas was purified by using several cartridges (see the SI)
to reduce water and oxygen impurities before it passed through
the experimental setup. Hydrogen pre-mixed with helium (60%
helium/40% hydrogen) could be added to the carrier gas via a
ball valve. The gas was led to the experiment using polytetra-
fluoroethylene (PTFE) or stainless-steel capillaries. The helium
and the helium/hydrogen mixture flow rates (100 sccm min�1

in experiment HeQ1 II and 50 sccm min�1 in all other experi-
ments) were controlled with two mass flow controllers. To
monitor possible gas leaks in the experiment, a mass flow
meter was employed to measure the gas flow rate after the
column. In addition to the gas flow rate, the pressure behind
the column was measured using a pressure indicator. Radio-
isotopes passing through the column were collected in an
activated charcoal filter inside a Teflon tube with the same
dimensions as the quartz tube. All connections were made from
stainless steel Swagelok compression fittings or push-in fittings
made from polybutylene terephthalate.

For each experiment, the chromatography column with
catcher foil was heated for 1–2 h with the gas flow
running. During this time, polonium atoms were thermally
released from the catcher foil and transported with the
gas flow into the chromatography column where they would
form a distinct deposition pattern. To ensure a constant
temperature gradient and gas flow during the experiment, the
temperature of the ovens and the gas flow rate were continu-
ously monitored.

After the experiment, the gas flow was stopped, and the
column was removed from the furnaces through the cold end
and sealed with septum caps. After cooling down to room
temperature, the column was cut into (2.0 � 0.2) cm or (4.0 �
0.2) cm pieces from the end back to the position of the catcher
foil. Each piece was sealed in a plastic sample container.
Subsequently, g spectra of the samples of the column contain-
ing the polonium activity, the activated charcoal filter, and the
catcher foil were measured with a HPGe-detector (see the SI for
technical details). A 3D-printed sample holder was used on the
detector to ensure consistent measurement geometry. The
distance between the samples and the detector was kept at
about 1 cm.

The temperature gradient was measured after each experi-
ment, in 2-cm or 4-cm steps depending on the steepness of the
gradient, using a 100 cm-long type-K thermocouple attached to a
read-out unit. The temperature error was estimated from the
uncertainty of the read-out unit (0.05%) and the thermocouple
(�2 1C) as specified by the manufactures and from the uncertainty
of the placement of the thermocouple (�5 mm). As the tempera-
ture gradient became steeper towards higher temperatures, the

uncertainty of the placement of the thermocouple causes a larger
temperature error at higher temperatures.

To obtain the thermochromatograms, the g lines of 204Po
(884 keV, Ig = 29.9%; 1016 keV, Ig = 24.1%) and 205Po (872 keV,
Ig = 37.0%; 1001 keV, Ig = 28.8%) were integrated in all g spectra
of the individual column segments. They were then baseline-,
dead time- and decay-corrected, and normalized to the
measurement time. To obtain the relative deposition yields
per 2 cm or 4 cm, the obtained net peak areas were normalized
to the total activity (sum of all corrected integrals) in the
column. The uncertainty in the length of the column segments
resulting from the cutting of the chromatography column was
added to the error of the net peak area. The deposition patterns
obtained from the evaluation of the different g lines of the same
radioisotope were compared to each other to ensure that the
evaluated deposition was not influenced by any other radio-
isotopes. In the thermochromatograms shown in this work, the
deposition pattern evaluated from the strongest g line of the
longer-lived and more abundantly produced 204Po is displayed,
as this g line proved to be undisturbed. In the experiment HeQ1

II, the deposition between centimetres 42 and 50 was only
measured in 4-cm steps. To obtain the deposition per 2 cm, it
was assumed that the activity is equally distributed over
the 4 cm.

The adsorption enthalpy was estimated by comparing the
experimental results with distributions obtained from Monte
Carlo simulations (MCS). Here, the original model based on
reversible adsorption by Zvára was employed.43 The most
probable adsorption enthalpy value was obtained from the
simulated distribution with the best fit to the experi-
mental results. For the very broad deposition pattern in the
experiment HeQ3, the maximum of the simulated deposition
peak was aligned with the maximum of the experimental
deposition peak.

An important parameter in the Monte Carlo simulation is
the lifetime of the atoms in the column. For online measure-
ments, this time can be calculated from the half-life of the
nuclide. In offline measurements as carried out here however,
the ‘‘lifetime’’ (in the following replaced by the more appro-
priate term ‘‘sojourn time’’) is not determined by the half-life,
but by the experiment time and the time at which the atoms are
released from the catcher foil.51 Based on the different implan-
tation depths and the distribution of the diffusion velocities of
the polonium atoms in the catcher foil, the individual polo-
nium atoms are most probably not released from the catcher
foil at the same time. Thus, a distribution of sojourn times results.
Based on separate experiments studying the release of polonium
from the catcher foil, it was assumed that all atoms leave the foil
within a few minutes (between 5 and 10 min, depending on the
temperature) after the start of the experiment. To take into
account atoms which leave the foil directly at the beginning of
the experiment or later during the experiment, the adsorption
enthalpy was also determined for the upper and lower limits of
the sojourn time. The deviation of this adsorption enthalpy from
the enthalpy obtained with the most probable sojourn time was
added to the error of the adsorption enthalpy.
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In addition to the distribution of sojourn times of atoms in
the column, fluctuations and errors of experimental parameters
such as the gas flow rate or the temperature were taken into
account in the error analysis of the adsorption enthalpy.

Results and discussion

In all the described experiments with different surface proper-
ties and gas compositions, thermochromatograms of polonium
were obtained. In all experiments, no polonium was measured
in the charcoal filter above the detection limit. Table 1 sum-
marizes the most important experimental parameters and
results for all conducted thermochromatography experiments
in this work and assigns the measured depositions to the most
probable species. The reasoning for these assignments is dis-
cussed in the following. In experiments HeQ1 and HeQ2, the
deposition of polonium under low reactive conditions was
examined. Fig. 2 shows the deposition of polonium on quartz
glass Q1 (HeQ1, left) and Q2 (HeQ2, right) in helium. On both
quartz surfaces, a single deposition peak was found at Tdep =
(82 � 5) 1C and Tdep = (77 � 7) 1C, respectively. Obviously, only
one species was present in the column during each experiment.
From the deposition temperature in the column, the adsorp-
tion enthalpy of polonium on the quartz surfaces was extracted
using the Monte Carlo method by Zvára. This led to the
adsorption enthalpy values of �DHads(Po) = 85+3

�2 kJ mol�1 for
experiment HeQ1 and �DHads(Po) = (86 � 5) kJ mol�1 for
experiment HeQ2, respectively.

For determining the adsorption enthalpy of the deposition
in the experiment HeQ2, two different sojourn times were
adopted as input parameters for the simulation to assess the
impact on the adsorption enthalpy. In the simulation which
resulted in the distribution shown in blue, it was assumed that
all atoms were released from the foil five minutes after the start
of the experiment. In the simulation which resulted in the
green distribution, it was assumed that atoms are continuously
released from the catcher foil during the experiment. As can be
seen in Fig. 2 (green simulation), this leads to significantly
broader peaks and an adsorption enthalpy that is slightly
(2 kJ mol�1) less negative. In reality, the distribution of sojourn
times in the column lies between these two extremes, but
probably closer to the first simulation approach, which was

therefore adopted for evaluating other experiments. However,
as described in the Experimental section, this approach cannot
correctly represent the peak form, as it does not cover the
complete distribution of sojourn times.

Due to the purification of the inert carrier gas, we assume
that reactive impurities were not present in sufficient concen-
trations to react with the polonium during the experiment. The
quartz glass materials used in both experiments are expected to
have a low concentration of silanol groups on the surface due to
their production method (Q1, experiment HeQ1) or the pre-
treatment of the quartz at 1000 1C under an inert gas atmo-
sphere (Q2, experiment HeQ2). Therefore, the quartz glass
materials are classified as less reactive and reactions of polo-
nium with the quartz surface are considered less likely. This
would indicate a deposition of elemental polonium on the less-
reactive quartz surfaces in experiments HeQ1 and HeQ2. How-
ever, oxygen impurities can easily adsorb on or react with the
hot titanium catcher foil thus forming titanium oxide. Thus, a
reaction between polonium and oxygen atoms present on or in
the catcher foil cannot be excluded. For this reason, the
experiment HeQ1 II was carried out in helium with quartz Q1,
but with a carbon catcher foil. A significantly lower oxygen
concentration on the catcher foil in the gas phase can be
assumed due to the formation of volatile carbon dioxide in
the potential reaction between impurities and the carbon
catcher foil. To further reduce the probability of a reaction
with impurities, the temperature at the beginning of the
temperature gradient was reduced significantly.

Fig. 3 shows the deposition of polonium evaporated from
the carbon catcher foil on quartz Q1 in helium. In the experi-
ment HeQ1 II, only one deposition peak at Tdep = (73 � 5) 1C can
be detected in the chromatography column. The adsorption
enthalpy extracted from the deposition temperature using
the Monte Carlo simulation was found to be �DHads(Po) =
86+3
�4 kJ mol�1. The determined adsorption enthalpy is thus in

agreement with the adsorption enthalpies found in experi-
ments HeQ1 and HeQ2. Since in this experiment not only
reactions with the gas phase and with the quartz glass, but
also with oxygen residues in/on the catcher foil seem unlikely,
the deposition peaks in experiments HeQ1, HeQ2 and HeQ1 II are
assigned to elemental polonium. This value of �DHads and the
assignment to elemental polonium agree well with the results
of studies by Eichler (average 85.2 � 8.9 kJ mol�1 in

Table 1 Summary of adsorption enthalpies �DHads determined with the Monte Carlo simulation from the deposition temperatures Tdep in all
experiments, as well as the most important experimental parameters and the species to which the deposition is assigned

Experiment Reactive gas Quartz type Tdep/1C �DHads/kJ mol�1 Assigned speciesa

HeQ1 — Q1 82 � 5 85+3
�2 Po

HeQ2 — Q2 77 � 7 86 � 5 Po
HeQ1 II — Q1 73 � 5 86+4

�3 Po
HeQ3 — Q3 277 � 5 139+6

�5 Pochem.

67 � 5 85+5
�3 Po

H2Q3 Hydrogen Q3 320 � 10 149+4
�6 Pochem.

70 � 7 84+4
�5 Po

a Pochem. indicates species formed via the reaction with the surface.
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hydrogen),46 Vogt et al. (85 kJ mol�1 in helium),47 and Gärtner
(85 � 3 kJ mol�1 in He/N2 and 88 � 3 kJ mol�1 in Ar/H2).48 It is
known that the lighter chalcogenides form molecules of the
form Sn, Sen and Ten.17 Also, polonium can form the dimer
Po2.20 Due to the single-atom concentrations in our experi-
ments, the formation of this molecule is however excluded, as
the chances of two polonium atoms meeting are very low. Thus,
a direct comparison of the obtained adsorption enthalpy with
the volatility of macroscopic samples of the lighter homologues
is not possible. To our knowledge, only the adsorption enthalpy
values of single-atom quantities of tellurium on quartz have
been reported as (163 � 10) kJ mol�1 and (171 � 10) kJ mol�1 in

two separate experiments.52 These values point to a lower
volatility of tellurium on quartz compared to polonium. The
obtained deposition peak in experiment HeQ1 II is much
broader than in the previously discussed experiments. This
might point to different volatilization rates of polonium from
the carbon catcher foil compared to the titanium catcher foils
used in the remaining experiments.

In the experiment HeQ3, the deposition of polonium on
untreated quartz glass Q3 in helium was evaluated. The result-
ing thermochromatogram is shown in Fig. 4. Two deposition

Fig. 2 Thermochromatograms of 204Po in helium on quartz glass Q1 (panel (a), experiment HeQ1) and on quartz glass Q2 (panel (b), experiment HeQ2).
The experimental deposition is shown in grey, the simulated deposition using the Monte Carlo simulation (MCS) is shown in blue and the temperature
gradient is shown in red. Experiment HeQ2 shows another simulation approach in green, in which different sojourn times of the atoms in the column were
selected as input values (for more information, see the main text). Here, �DHads is the adsorption enthalpy and Tdep is the deposition temperature at the
peak maximum.

Fig. 3 Thermochromatogram of 204Po evaporated from a carbon catcher
foil in helium on quartz glass Q1. The experimental depositions are shown
in grey, the simulated deposition using the Monte Carlo simulation (MCS) is
shown in blue and the temperature gradient is shown in red. Here, �DHads

is the adsorption enthalpy and Tdep is the deposition temperature at the
peak maximum.

Fig. 4 Thermochromatogram of 204Po in helium on quartz glass Q3. The
experimental depositions are shown in grey, the simulated deposition
using the Monte Carlo simulation (MCS) is shown in blue and the tem-
perature gradient is shown in red. The relative area of the simulated
deposition was scaled to the relative area of the experimental peaks. Here,
�DHads is the adsorption enthalpy and Tdep is the deposition temperature
at the peak maximum.
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peaks were observed in the column: the main deposition peak
at (277 � 5) 1C comprising (97 � 8)% of the activity, and a
minor one at (67 � 5) 1C. An adsorption enthalpy of
�DHads(Pochem) = 139+6

�5 kJ mol�1 was obtained for the species
deposited at the higher temperature using the Monte Carlo
method. For the minor peak, the adsorption enthalpy of
�DHads(Po) = 85+5

�3 kJ mol�1 was found. The latter is identical
to the values obtained in experiments HeQ1, HeQ2 and HeQ1 II
within the range of the uncertainty. The observed difference in
the deposition temperature can be attributed to the different
binning of data (deposition per 2 cm vs. deposition per 4 cm).
The adsorption enthalpy assigned to the species deposited at
(277 � 5) 1C agrees with similar thermochromatography mea-
surements of polonium on quartz in helium and hydrogen
published by Maugeri et al.49 The only experimental parameter
changed in experiment HeQ3 in comparison to experiments
HeQ1, HeQ2 and HeQ1 II is the quartz surface. Since no reactive
gases were added to the mobile phase, a reaction of polonium
with the gas phase is unlikely. Otherwise, such a reaction would
be expected to have also occurred in the previously discussed
experiments. If the same interaction of polonium and the
surface would occur as in experiments HeQ1, HeQ2 and HeQ1

II, only one deposition peak, corresponding to the adsorption
enthalpy of about 85 kJ mol�1 would be expected. An increased
concentration of silanol groups and thus a more reactive sur-
face than in experiments HeQ1, HeQ2 and HeQ1 II can be
assumed in experiment HeQ3, since quartz Q3 was not annealed
under an inert gas atmosphere. Fig. 5 shows the chemical
composition of quartz (panel (a)) and the main surface groups
(siloxane and silanol, panel (b)) schematically. As already
shown for other oxide materials (e.g. Al2O3), the presence of
hydroxide groups leads to significant changes in the properties
(such as reactivity, structure or polarity) of the surface.53,54 It is
therefore very likely that the concentration of silanol groups on
the surface also plays a decisive role for the deposition of
polonium. In addition, the main deposition peak in the experi-
ment HeQ3 occurred at a significantly higher temperature than
in experiments HeQ1, HeQ2 and HeQ1 II. Considering the
aspects discussed above, we attribute the deposition to a
chemical reaction of polonium with the surface. The main

deposition peak is also significantly broader than both the
pattern obtained from the Monte Carlo simulation and the
peaks observed in the previous experiments. This broadened
peak cannot be explained by the distribution of the sojourn
times of the atoms in the column alone and is therefore
another sign that the observed adsorption process deviates
from that of the model of (reversible) mobile adsorption. It is
not trivial to infer exactly which reactions took place on the
surface. Hydroxyl groups on the surface of alumina have proven
to be a mediator for a strong interaction between a metal and
the aluminium oxide surface.55 Redox reactions on the surface
of a-Al2O3 have already been demonstrated at room tempera-
ture for the deposition of elemental cobalt, resulting in Co2+ in
between two O2�-ions and the release of H2.56 It was deemed
likely by the authors of that study that such a reaction is also
possible for other elements and surfaces. Thus, the assumption
that the polonium is oxidized and bound to the surface via
oxygen atoms is reasonable in view of the reactive groups on the
quartz surface. Such a chemical reaction with the surface
should be favoured at higher temperatures due to the likely
energy barrier of the reaction. If the polonium would be
irreversibly bound to the surface, a typical deposition peak of
mobile adsorption would not be expected in the thermochro-
matogram due to the exponential temperature dependence of
the reaction. Instead, a rather sharp increase and then a
roughly exponential decline in the deposition would result with
decreasing temperature. Since this exponential pattern is not
observed, it is plausible that the polonium species formed on
the surface was again desorbed from the surface after the
reaction and transported further through the column to the
final deposition zone. On the basis of the previous experiments,
a lower deposition temperature would be expected for the
deposition of elemental polonium. Thus, it is plausible that
an oxidized polonium compound formed via the reaction with
the quartz surface was deposited at (277 � 5) 1C. However, the
employed thermochromatography method does not allow a
direct speciation of the formed polonium species. Further
speciation with classical spectroscopy or microscopy techni-
ques was also not possible due to the single-atom nature of the
experiments. Accordingly, we cannot infer a reaction mecha-
nism from our measurements. The adsorption enthalpy of the
low-temperature species coincides with the adsorption
enthalpy assigned to elemental polonium in experiments
HeQ1, HeQ2 and HeQ1 II. Consequently, the minor deposition
at (67 � 5) 1C is assigned to elemental polonium. This may
indicate that some of the polonium has not reacted with the
quartz surface.

To study the influence of a reducing environment on the
polonium deposition, a mixture of 10% hydrogen and 90%
helium was used in experiment H2Q3. The quartz surface
remained untreated (Q3) as in experiment HeQ3 (Fig. 4). The
resulting distribution of activity is shown in Fig. 6. Two
depositions peaks were detected at Tdep = (320 � 10) 1C
((48 � 2)% of the total activity) and Tdep = (70 � 7) 1C ((37 � 2)%
of the total activity). The remaining activity was deposited at the
very beginning of the chromatography column as a tail starting at

Fig. 5 Basic building block of quartz (panel (a)) and functional groups on
the quartz surface (panel (b)).
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the highest temperature of (560� 10) 1C. The deposition upstream
of the column part relevant for chromatography and downstream
of the oven for baking-out the catcher foil is also shown. A
significant deposition was measured in the transport line from
the catcher foil oven to the column part relevant for chromatogra-
phy. In this section, the minimum temperature of (360 � 20) 1C is
similar to the deposition temperature of Tdep = (320� 10) 1C in the
column. Thus, both depositions are assigned to the same species.
Using the Monte Carlo simulation, the adsorption enthalpy of
�DHads(Pochem) = 149+4

�6 kJ mol�1 was obtained from the deposition
temperature for the high-temperature deposition and the adsorp-
tion enthalpy of �DHads(Po) = 84+4

�5 kJ mol�1 for the deposition at
(70 � 7) 1C in experiment H2Q3. The adsorption enthalpy of the
high-temperature deposition agrees within the error bar with that
of the main deposition peak in experiment HeQ3. The adsorption
enthalpy of the low-temperature species corresponds to the adsorp-
tion enthalpies obtained in experiments HeQ1, HeQ2 and HeQ1 II,
which were assigned to elemental polonium. Thus, elemental
polonium was deposited at (70 � 7) 1C in this experiment. This
supports the assignment of previous low-temperature depositions
to elemental polonium, as oxidized species formed in the gas phase
are unlikely to be present in this experiment due to the reducing
atmosphere. Since two species were observed in the experiment
H2Q3, the assumption quickly arises that polonium could have
reacted with the added hydrogen to form H2Po. However, as already
discussed in the introduction, polonium hydride would be expected
to be more volatile than elemental polonium.1,22 Thus, the higher
absolute value of the adsorption enthalpy of �DHads(Pochem) =
149+4
�6 kJ mol�1 does not match the properties of the hydride.

Adding to this, the hydride would not be stable under the selected
conditions (high temperatures and exposure to light).1 Therefore,
the presence of polonium hydride in the column is excluded. This

is in agreement with interpretations of previous thermochromato-
graphic studies of polonium under a hydrogen atmosphere.46,48,49

As the same quartz glass was used in experiment H2Q3 as in
experiment HeQ3, it is most likely that a chemical reaction of
polonium with the quartz surface was the cause for this deposition
also in experiment H2Q3. This is further sustained by the known
fact that hydrogen can react with siloxane groups on the quartz
surface. Although the exact reaction mechanism is debated, silanol
groups are formed in all suggested reaction pathways.35,36 Such a
modification of the quartz surface due to a reaction with hydrogen
during the experiment would make the surface even more reactive
and a reaction of polonium with the silanol groups would be even
more favoured. As discussed above, desorption of polonium as an
oxidized species after the reaction with the surface seems likely. It is
possible that the desorbed oxygen-containing species is subse-
quently reduced again to elemental polonium by hydrogen in the
gas phase. This would explain that the fraction of polonium
deposited at (70 � 7) 1C is larger in experiment H2Q3 than in
experiment HeQ3.

Various studies of the reactivity of polonium on quartz have
already been carried out. The adsorption enthalpy values of
elemental polonium determined in ref. 46–48 all agree with the
adsorption enthalpy determined for elemental polonium in this
work. Isothermal chromatography was used in these literature
works in contrast to thermochromatography used in the pre-
sent work. In isothermal chromatography, the temperature of
the column is changed with each measurement. With this
method, reactions with the surface at lower column tempera-
tures (below 300 1C) are less likely, as polonium does not come
into contact with a hot (and therefore more reactive) quartz
surface immediately after entering the column. In thermochro-
matography where a negative temperature gradient is applied,
the hottest area is located directly at the beginning of the
column, which makes reactions with the quartz surface more
probable. The adsorption enthalpy values published in ref. 49
and 57 agree with or are similar to the adsorption enthalpies
determined for the deposition of polonium on more reactive
quartz surfaces as used in this work. As in our study, thermo-
chromatography was used in ref. 49. Thus, we were able to
confirm the adsorption enthalpies of polonium on quartz
determined in several past experiments. Our data indicate that
the differences in the published enthalpies are due to differ-
ences in the reactivity of the employed quartz types.

Conclusions

Thermochromatography experiments in pure helium allowed
the adsorption enthalpy of elemental polonium on weakly
reactive quartz surfaces (Q1 and Q2, respectively) to be deter-
mined as �DHads(Po) = 85+3

�2 kJ mol�1, which agrees with the
literature.46–48 On a more hydroxylated quartz surface (Q3), a
higher absolute value of the adsorption enthalpy of
�DHads(Pochem) = 139+6

�5 kJ mol�1 was obtained and attributed
to a different species formed by the chemical reaction of
polonium with the quartz surface. This species is most likely

Fig. 6 Thermochromatogram of 204Po under helium/hydrogen atmo-
spheres on quartz glass Q3. The experimental depositions are shown in
grey, the simulated deposition using the Monte Carlo simulation (MCS) is
shown in blue and the temperature gradient is shown in red. The relative
area of the simulated deposition was scaled to the relative area of the
experimental peaks. Here, �DHads is the adsorption enthalpy and Tdep is
the deposition temperature at the peak maximum. Depositions upstream
of the chromatography column and downstream of the oven to bake-out
the catcher foil are shown on a gray background.
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an oxygen-containing species. It was found that polonium does
not react with hydrogen in the gas phase which is in agreement
with previous experiments.46,48,49

Consequently, we show that a surface reaction can be as
decisive for the observed deposition pattern as reactions in the
gas phase in gas chromatography experiments with homolo-
gues of superheavy elements and thus potentially also with
SHE. In the future, more attention should therefore be paid to
the exact structure of the surface. The thermal history and type
of production should always be known, especially in the case of
quartz. In addition, analytical methods should be established
with which the density of silanol groups on the surface can be
determined.

Author contributions

Katharina Hermainski: conceptualization, formal analysis,
investigation, and writing – original draft; Alexander Yakushev:
conceptualization, investigation, methodology, supervision,
validation, and writing – review and editing; Dominik Dietzel:
conceptualization, investigation, and writing – review and edit-
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