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Abstract
Astatine (At, Z = 85) is the rarest naturally occurring element and exhibits unique chemical properties influenced by relativ-
istic effects. The short half-lives of its isotopes and its scarcity limits chemical experiments and methods to study and work 
with astatine. While some insight has been gained into its behavior in the liquid phase, substantial experimental challenges 
persist, and studies of its gas-phase chemistry remain scarce. Understanding its reactivity and volatility is important not only 
for optimizing the use of At in targeted alpha therapy but also a crucial step towards future investigations of its superheavy 
homolog, tennessine (Ts, Z = 117). Adsorption and interaction of At with a quartz surface were studied aiming at a conclu-
sive understanding of the interaction strength between At and fused silica surfaces of different reactivity. In our work, the 
isotopes 207,208At (T1/2 = 1.63 h and T1/2 = 1.81 h, respectively) were produced via fusion-evaporation reactions by irradiating 
Bi2O3-targets with 3He beams. We used gas–solid thermochromatography in various gas atmospheres and applied several 
temperature gradients ranging from Tmax = 1000 °C to Tmin =  − 170 °C. Silica surfaces with different degrees of hydroxyla-
tion were used. These experiments reveal the concentration of the hydroxyl groups on the surface, i.e. its reactivity, to play 
an important role in the chemical interaction of At with hot quartz surfaces. Advanced Monte Carlo simulations allowed 
determining the adsorption enthalpies of the At species, and thus, to elucidate the chemical interactions of At with quartz 
surfaces. The use of different carrier gases as well as surfaces of different reactivity allowed the production and observation 
of multiple chemical species. We assigned the most volatile species to elemental At, which was found to be chemically bound 
to the hydroxylated silica surface at temperatures between 300 and 500 °C.

Keywords  Homologs of superheavy elements · Adsorption studies · Astatine · Gas phase chromatography · Monte Carlo 
simulation · Activated chemisorption

Introduction

Astatine (At), discovered in 1940, is the rarest naturally 
occurring element on Earth and stands apart from other ele-
ments with its extraordinary scarcity and distinct properties 

[1–4]. All isotopes are short-lived with the most stable iso-
tope being 210At with a half-life of T1/2 = 8.1 h. Astatine is 
primarily produced by irradiating 209Bi targets with alpha-
particles. Following the production, elemental At is evapo-
rated from the Bi-targets and distilled in various gases or 
under vacuum conditions [5, 6]. The dissolution of irradiated 
targets in HNO3 with following wet chemistry purification 
provides another method for At extraction [7]. Due to its 
ideal decay properties, 211At is one of the best candidates for 
targeted alpha therapy [8–11]. Several Phase 1 clinical stud-
ies have been initiated in the past and are currently ongoing 
and additional studies are planned for the future [12]. Main 
challenges on the road to routine clinical use of 211At include 
its production and handling, and its short half-life. Also the 
stability of 211At-radioconjugates against in vivo deastatina-
tion remains a key point for the application in targeted alpha 
therapy. Despite being classified as a halogen and its wide 
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use similar to iodine in organic synthesis, At exhibits metal-
loid behavior due to the influence of relativistic effects on its 
electronic structure, as inferred from theoretical calculations 
and measurements of the ionization potential and electron 
affinity [13–17]. While significant progress has been made 
in understanding the behavior of At in its liquid phase [18, 
19], particularly in organic phase for radiopharmaceutical 
applications, its gas-phase interactions remain areas of active 
exploration [20–23]. Gas chromatography is known for its 
efficiency in studying the interactions of single, short-lived 
atoms with a stationary phase, and has been used in previ-
ous studies involving superheavy elements and their lighter 
homologs [24–26]. As a lighter homolog of the superheavy 
element tennessine (Ts, Z = 117), At also plays a crucial 
role in planning future superheavy element experiments. 
With moscovium (Mc, Z = 115) being the heaviest element 
chemically studied [27], technical developments progress 
toward even heavier nuclei. In the coming years, experi-
ments with Ts will come into focus, despite the short half-
life of even the most long-lived currently known isotope, 
294Ts (T1/2 = 51+38

−16
 ms [28]) and low production rate. Techni-

cal developments will enable rapid and efficient extraction 
into chemistry setups, bringing livermorium (Lv, Z = 116) 
as well as Ts within reach of chemical investigation [29, 30]. 
This advancement also underscores the importance of study-
ing the gas-phase chemistry of At to facilitate future experi-
ments with Ts and to provide a basis for comparison. In 
contrast to homologs of Fl and Mc, namely Pb and Bi, mac-
roscopic amounts for superheavy element homologs heavier 
than Bi do not exist, forcing researchers to use radiochemical 
methods to study the behavior of At and its compounds. It is 
crucial to note the strong interactions of elements from Hg 
to At with Au surfaces due to their metallic or semi-metallic 
nature [31–37], while quartz surfaces, which are generally 
less reactive, enable effective separation of elements and 

compounds during experiments. The known experimentally 
determined adsorption enthalpies of the 6p and 7p elements 
are summarized in Table 1.

Based on theoretical calculations [45, 46], as well as 
experiments listed in Table 1, no separation of the elements 
Hg, Tl, Pb, Bi, Mc, Po and At would be possible on Au sur-
faces at ambient temperature. All elements interact strongly 
enough with Au surfaces at room temperature for immediate 
immobilization, rather than multiple adsorption–desorption 
steps. For their separation, temperatures well above room 
temperature are needed. Since the positional detection inside 
the column is realized by capturing the alpha-decays with 
PIN diode detectors, which form the gas chromatography 
channel, the temperature is limited by the operating tem-
perature range of the PIN diodes. In contrast, less reactive 
quartz surfaces have been successfully utilized in separating 
and characterizing superheavy elements such copernicium 
(Cn, Z = 112) [38], Nh [27, 47, 48], Fl [42], and Mc [27] in 
addition to Au surfaces, even at low temperatures. While the 
surface structure of Au is well defined in theoretical models 
(less so in real experiments [42]), the interplay between the 
complex quartz surface and the atoms presents a challenge 
for both theoreticians and experimental chemists, leading to 
ongoing discussions and research using homologs to better 
understand its behavior [42]. Astatine, classified as a metal-
loid, is an ideal candidate for studying surface reactions on 
SiO2, as it exhibits both metallic and non-metallic chemical 
behavior.

Ideally, the quartz surface is chemically inert and consists 
only of siloxane rings made up of [SiO4] tetrahedra, linked 
by flexible Si–O–Si bonds. However, the real fused silica 
surface is amorphous and contains reactive sites, such as 
oxygen vacancies or undercoordinated silicon atoms [49]. 
On non-reactive sites, the adsorption of H2 and O2 is unfa-
vorable, while H2O can adsorb on fused silica at standard 

Table 1   Summary of the 
adsorption enthalpy values for 
superheavy elements (Z = 112–
118) and their lighter homologs

Species − ΔHads(Au)/kJ/mol − ΔHads(SiO2)/kJ/mol References Comment

Hg 98 ± 3 43 ± 1 [31, 32] –
Cn 52

+4

−3
– [38] –

Tl 270 ± 10 158 ± 3 [33, 39] –
Nh – 58

+8

−3
[27] –

Pb – 222 ± 8, 207 ± 21 [40, 41] –
Fl – – [42, 43] Deposited on Au
Bi 269 ± 7 109 [35, 40] –
Mc – 54

+11

−5
[27] –

Po 250 ± 7 85
+3

−2
[35, 36] –

Lv – – – –
At 154 ± 5 123 ± 10 [37] –
Ts – – – –
Rn 27 ± 3 21 ± 4 [31, 44] Adsorption on ice
Og – – – –
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conditions and even dissociatively react with Si–O–Si bonds, 
leading to the formation of silanol groups (Si–OH). Treat-
ments with H2 also increases the degree of surface hydroxy-
lation [50]. Depending on the surface hydroxylation degree, 
multiple configurations for silanols are possible: Isolated 
silanols are single, terminal silanol groups. Vicinal silanol 
groups are neighboring SiOH groups (HO–Si–O–Si–OH). 
Two silanols that are in close range may form H-bonds, 
leading to the H-bonded or bridged configuration. Lastly, 
geminal silanols are two hydroxyl groups on one Si-atom 
[=Si-(OH)2]. The concentration of silanols of each configu-
ration varies with the thermal treatment and temperature. 
Temperatures higher than ~ 1200 °C result in the complete 
removal of silanol groups [51, 52]. O2 does not influence the 
fused silica surface, but can contain H2O impurities, which 
can cause adsorption of surface water or hydroxylation, as 
described above.

Past gas–solid chromatography experiments on Au, 
quartz and Se surfaces [37, 53] using inert or reactive gases 
have shown strong interactions of At species with Au sur-
faces, consistent with theoretical predictions [46, 53]. Sev-
eral deposition zones were observed in single-atom ther-
mochromatography studies of At on quartz surfaces [37]. 
However, in gas-chromatography setups, no information on 
the speciation can be obtained and thus it is not possible to 
differentiate between two species with similar adsorption 
properties. The deposition zones were tentatively assigned 
to originate from the deposition of different At species, such 
as elemental At, AtOH and AtO2 [37, 53].

In this study, we explore the volatility of At, its reactiv-
ity in the gas phase and the interaction with different fused 
silica surfaces. The present study focuses on the influence 
of surface chemical reactions on the adsorption properties 
and chemical forms of deposited At species. This research 
contributes to past and future experiments with superheavy 
elements and their homologs, as we study the processes 
occurring on the surface, which were neglected in previous 
experiments. To cope with the inherent absence of direct 
information on the speciation, we carefully choose different 
experimental conditions that allow us to formulate a well-
founded hypothesis on the chemical state of the At species 
in question.

Experimental

All experiments in this work were carried out at the 
U-120M cyclotron facility at the Nuclear Physics Institute 
of the Czech Academy of Sciences in Řež, Czech Repub-
lic (UJF). 3He beams with an energy of 45–50 MeV and a 
current of 300–500 μA irradiated thin Bi2O3 targets (areal 
density of Bi ≈ 420 µg/cm2), produced by the thermal dep-
osition on 5 µm-thick Ti backings. Astatine radioisotopes 

were produced in the nuclear fusion-evaporation reactions 
209Bi(3He, 4-5 n)207,208At with cross-sections of ~ 1 b for 
207At and ~ 500 mb for 208At [54]. The beam entered and 
penetrated the Ti-backing foil and then entered the Bi2O3 
target layer. The reaction products recoiling from the target 
were thermalized within the gas volume of the recoil cham-
ber (RC), utilizing He as the stopping and as carrier gas, or 
implanted in a Ti catcher foil (thickness = 2.5 µm) placed 
directly behind the target.

In case of on-line experiments, following the Recoil 
Chamber, the At atoms were flushed to the experimental 
setup through a 10 m long, polytetrafluoroethylene (PTFE) 
capillary (inner diameter, i.d. = 2 mm), using typical He flow 
rates of 30–50 mL/min. Pure He (Linde, 99.9999%), puri-
fied by purification cartridges (Spectromol Oxysorb® and 
Hydrosorb®), to reduce H2O and O2 content was used. Two 
mass flow controllers (1179 MKS) regulated the inlet of He 
into the recoil chamber and also the inlet of reactive gases 
into the experimental setup. The following reactive gases 
were added in front of the chromatographic column: O2 
(99.995%), He (99.996%)/H2(99.999%) 60:40. The gas flow 
rate and pressure were monitored after the column. Figure 1 
shows a schematic of the various setups used in this study.

An overview of all experimental parameters and the type 
of setup (A–D, see, Fig. 1) is given in Table 2.

In this study, we utilized five forms of quartz, summa-
rized in Table 3: quartz annealed in air at 1000 °C for 24 h 
1.5 years prior to the experiment (QAir); quartz annealed 
in air at 1000 °C for 24 h 1 month prior to the experiment 
(QAir2); untreated quartz stored in air (QUT); quartz annealed 
in humid He flow at 1000 °C (QH2O) and quartz produced 
through the electromelting of quartz granulate (QEM). The 
surface hydroxylation varies between the quartz types [51, 
55]. QAir and QAir2 are likely dehydroxylated due to the 
annealing at 1000 °C prior to the experiment. QEM should 
have the lowest concentration of hydroxyl-groups due to the 
electromelting process. QUT likely features an irregular and 
hydroxylated surface. The surface of QH2O is expected to 
be most hydroxylated due to the humid conditions during 
annealing.

For thermochromatography experiments, open quartz 
tubes (i.d. = 4 mm, length L = 82–90 cm) were employed. 
Astatine was transported through the 10-m long PTFE 
capillary from the recoil chamber at room temperature 
with pure He gas. It was then flushed through the chro-
matography column, which was maintained at different 
temperatures in different experiments to investigate the 
thermochromatographic behavior of the present At. In off-
line experiments, the Ti catcher foil was placed inside the 
hottest part of the chromatography column to evaporate At 
at temperatures between 680 and 1030 °C. In experiments 
involving reactive gases, these gases were introduced into 
the system 4 cm before the entrance of the quartz column, 
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regulated to 10% of the total gas flow rate via a valve. 
H2O vapor was added to the carrier gas by flushing He 
gas through a T-part connected to a cylinder heated to 
50–60 °C filled with H2O. The whole transport line and the 
setup were designed such that fused silica was the first sur-
face, which At encountered after passing the PTFE capil-
lary. In experiments #4-8 (Table 2), a second cooled quartz 
column (L = 50 cm) was added, connected to the primary 
column by a PTFE capillary (L = 40 cm, i.d. = 4 mm). The 

At, which was not adsorbed in the chromatographic col-
umn was trapped in a charcoal filter.

A defined temperature gradient was established along the 
chromatographic column by a set of tubular furnaces. Cop-
per tubes around the silica chromatography columns were 
used to establish a smooth temperature profile along both 
columns. For the hot part of the column, the copper tube was 
inserted in a ceramic tube, fitting the diameter of the tubu-
lar furnaces. In the thermochromatography experiments, the 

Fig. 1   Schematic of the thermochromatography setup used in this 
work. The parts marked with red letters were used in specific experi-
ments (cf. Table 2). Other parts of the experimental setup were used 
in all experiments. He flushes through the gas purification system 
and into the recoil chamber, where the Bi2O3-target is irradiated with 
a3He beam. In on-line experiments, the recoil products were thermal-
ized in the recoil chamber and transported via a 10  m PTFE capil-
lary to the chromatography setup. Reactive gases were admixed to He 
before the chromatography column. The column is heated by three 

ovens. In off-line experiments the first oven serves as evaporation 
oven for the isotopes in the catcher foil. A copper and a ceramic tube, 
as well as water cooling help to establish a smooth temperature gradi-
ent along the column. Optionally, a cooled column was installed after 
the hot column (range T = 17–173  °C). A charcoal filter trapped At 
species not adsorbed in the column(s). The mass flow rates were con-
trolled by mass flow controllers. The gas flow rates and pressure were 
monitored at the exit of the experimental setup by a mass flow meter 
and a pressure indicator (PI). (Color figure online)

Table 2   Overview of all 
experiments, including 
experimental conditions and 
setup as pictured in Fig. 1

Small numbers indicate only a minor change in the setup, e.g. a different cooling solution or insertion of 
the quartz wool plug
*Similar to setup A, but with positive gradient (T = 20–515 °C)

# Chromatogram 
displayed in

Setup (Fig. 1) He/sccm/min Reactive gas Quartz Time/min Method

1 Figure 2a A 50 – QAir 91 On-line
2 Figure 2b A 45 H2: 5 mL QAir 122 On-line
3 Figure 3a A 45 O2: 5 mL QAir 141 On-line
4 Figure 3b B 45 H2O QEM 104 On-line
5 Figure 4a B1 30 – QUT 117 On-line
6 Figure 4b B2 50 – QUT 131 On-line
7 Figure 5a C 50 – QEM 60 Off-line
8 Figure 5b C1 50 – QEM 122 Off-line
9 Figure 6 D 50 – QH2O 89 Off-line
10 – A* 500 – QAir2 180 On-line
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cold end of the copper tube was cooled by water (cf. Fig. 1). 
In experiments where the temperature gradient extended to 
temperatures below room temperature, the columns were fit 
inside a copper tube, which was held at room temperature by 
water at the entrance. The end of the column was placed in a 
bath filled either with ethanol/dry ice or with liquid nitrogen.

In one experiment (#8), a quartz wool plug was placed in 
the quartz column in the hottest area to enlarge the quartz 
surface, acting as a reaction zone. To determine if any aero-
sol particles are present, which would lead to non-chroma-
tographic transport of any attached radionuclide through 
the column, the charcoal filter was replaced by a tube lined 
inside with Au foil. Astatine, not attached to aerosols, would 
deposit on the Au surface, while aerosol particles with At 
would pass the surface without deposition. In two experi-
ments (#10), At was fed through the column, along which a 
positive temperature gradient from 20 to 515 °C was estab-
lished (not depicted in Fig. 1).

The chromatography column was pre-heated to estab-
lish the temperature gradient and flushed with the desired 
carrier gas prior to the experiments, which then lasted for 
1–2 h. In on-line experiments, the At isotopes produced by 
irradiation were continuously transported to the column. In 
off-line experiments, the catcher foil was first transferred to 
the setup and then heated to release At at the beginning of 
the column with the gas-flow for the duration of the experi-
ment. At the end of the chromatography experiment, the 
gas flow was stopped, and the column was cooled down by 
removing the column from the ovens through the cold end. 
To prevent desorption of volatile At species adsorbed in the 
cooled column, all columns were frozen by liquid nitrogen 
before segmentation. Subsequently, the tube was cut into 
pieces and sealed in either plastic tubes or bags. Depending 
on the specific activity and the position of the deposition 
peaks, which were roughly identified with a Geiger-Müller-
counter before cutting the column, a different segment length 
was selected: (2.0 ± 0.2) cm, (4.0 ± 0.2) cm or (8.0 ± 0.2) cm. 
Gamma spectra of each segment and of the charcoal filter 
were obtained using a germanium detector GMX20P4-70 
from ORTEC. A 3D-printed sample holder ensured that seg-
ments of various length and the filter were measured in the 
same detector geometry. Each sample was measured for 1–5 
min. Representative gamma spectra can be found in the sup-
plementary materials.

To obtain chromatograms, the net areas of peaks in 
the gamma spectra at 178, 236, 301, 588, 660, 686, 814, 
992 keV (if present) from the isotopes 207,208At were inte-
grated. The specific activities per column length unit, 
obtained for each individual column segment were corrected 
for radioactive decay and normalized to the total deposited 
and measured activity by the live time of the measurement. 
By comparing the experimental distributions with the results 
of Monte Carlo simulations [56, 57], using experimental 

parameters as input values and adjusting the adsorption 
enthalpy for the best agreement, the adsorption enthalpy 
values of the deposited species were determined. The Monte 
Carlo simulations took the continuous production of astatine 
in on-line experiments into account. The simulations were 
also adapted to include a single-step process, representing a 
change in interaction strength with the quartz surface [57]. 
Invoking such a mechanism was necessary to reproduce the 
absence of deposition in the cold zone at the beginning of 
the columns. Since this model only accounts for a single 
reaction of species A to species B, the deposition peaks 
of experiments with more than two deposition peaks and 
the additional activity in the filter were simulated using the 
standard mobile adsorption model [56]. For some simulated 
deposition peaks, the activity was normalized to fit the dis-
tinct peak in the experiment, since in some experiments, 
multiple peaks were observed. The sum of the simulated 
relative activity can therefore be lower than 100%, which 
does not interfere with the further evaluation. The error 
margin was defined as the range of enthalpies for which the 
simulated deposition peak overlapped with at least 50% of 
the experimentally observed peak. This approach reflects a 
physically meaningful uncertainty based on peak position 
and thus deposition temperature, rather than a purely statisti-
cal 1σ standard deviation.

Results and discussion

The results of the experiments are presented as thermochro-
matograms, in which the temperature gradient, the measured 
deposition and the simulated deposition along the column 
are overlaid. Figure 2 shows the deposition of At on a quartz 
column, which had been annealed at 1000 °C in air 1.5 years 
prior to the experiments (QAir).

Furthermore, experiments with oxidizing carrier gases 
were performed. The results of measurements in He/O2 
atmosphere and moist He are shown in Fig. 3.

In experiments #1–3, the gap between the two ovens at 
the beginning of the column resulted in a v-shaped tem-
perature profile. The drop in temperature did not inter-
fere with the evaluation, as no activity was detected in 
this area. In further experiments, better insulation was 
achieved, and the temperature gradient was smoothed. In 
the experiment conducted in He (Fig. 2a), 60% of the At 
activity reached the charcoal filter, while the remaining 
40% deposited in the last 2 cm-segment of the quartz col-
umn. Under a H2-containing atmosphere (Fig. 2b), approx-
imately 50% of the At passed through the entire column, 
with only minor deposition observed at room temperature 
and around 28% of activity detected in the final 2 cm of 
the column. Since the temperature profile is flat over the 
last 14 cm and room temperature is thus established well 
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before the last segment, this deposition is likely due to 
some gas flow turbulence in front of the charcoal filter. 
In contrast, the experiment with O2 (Fig. 3a) resulted in 
only 20% of the At reaching the charcoal filter, with the 
majority (about 80%) depositing in the last 12 cm of the 
column, at temperatures ranging from 40 to 20 °C. It can-
not be excluded that the last segment suffered from the 
same increased deposition due to the same turbulences as 
observed in #1 and #2. In moist He atmosphere (Fig. 3b), 
At deposited at temperatures below 50 °C, with a minor 
fraction being deposited at the beginning of the ice-cooled 
column (17–3  °C, cm 100–124). No At passed to the 

charcoal filter. Condensation of water was observed in the 
region of the deposition, leading to the conclusion that 
At might not have been deposited, but rather dissolved 
in H2O on the surface. Two additional control experi-
ments, where a positive temperature gradient from 20 to 
515 °C was established, were performed to confirm the 
previously observed high volatility of At. 100% of the At 
activity passed through the column into the filter with-
out any detectable deposition on the quartz surface (Exp. 
#10, setup A*). In the experiment using a 10 cm-long Au 
column, ~ 96% of the total measured activity deposited in 

Fig. 2   Experiment #1 (panel a) and #2 (panel b): Thermochromato-
grams of 207,208At in a He and b He/H2 atmospheres on quartz glass 
QAir. The experimental deposition is shown in grey, the simulated 
deposition using the Monte Carlo method with − ΔH

sim

ads2
(At) = 73 kJ/

mol is shown in blue and the temperature is shown in red. Monte 
Carlo simulations with − ΔH

sim

ads2
(At) < 64 kJ/mol lead to 100% deposi-

tion in the filter. White deposition peaks were excluded from evalua-
tion (discussed below). (Color figure online)

Fig. 3   Experiment #3 (panel a) and #4 (panel b): Thermochroma-
togram of 207,208At in O2 atmosphere on quartz glass annealed at 
1000 °C (a) and in moist He on electromelted quartz glass QEM (b). 
The experimental deposition is shown in grey, the simulated deposi-

tion using the advanced Monte Carlo method including chemical 
reaction with the surface is shown in blue and the temperature is 
shown in red. (Color figure online)
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the Au surface, which contradicts the presence of aerosol 
transport.

The absence of At deposition above 50 °C in all experi-
ments #1–4 indicates that At does not form any non-vola-
tile species in the gas phase, even in the presence of reduc-
ing gases (H₂) or oxidizing gases (O2, H2O) at elevated 
temperatures up to 1000 °C. In all experiments on surface 
QAir (Fig. 2), the At was found in the last segment of the 
column. However, in H2O-containing atmosphere, approx-
imately 80% of the At deposited before reaching the last 
4 cm-long segment, with significant deposition occurring 
between 88 and 96 cm. If At entered the column in the 
same state in which it ultimately deposited, one would 
expect deposition at the very beginning of the column at 
room temperature, before reaching the first oven set. How-
ever, no substantial deposition was observed in the cold 
zone at the start of the column during any of the on-line 
experiments. This strongly suggests that the deposited spe-
cies is different from the species entering the column.

Using advanced Monte Carlo simulations [57] and con-
sidering the continuous production and injection of At in 
on-line experiments, the adsorption enthalpy of the At spe-
cies in the column was determined to be − ΔHads = 71+5

−3
 kJ/

mol and 73+6
−5

 kJ/mol for experiments with O2-containing 
atmosphere and moist He (#3 and #4, Fig. 3). Note, that 
the Monte Carlo simulation does not account for the con-
densated water that formed during experiment #4 and was 
performed assuming dry conditions and a clean surface. 
The value for the adsorption enthalpy (which would be an 
upper limit in case of dissolution of the astatine species in 
water) is thus excluded from further evaluation.

The volatile species, which passed through the column 
and was retained by the charcoal filter, was studied in low 
temperature experiments on quartz QUT (#5 and #6, Fig. 4). 
Using pure He as carrier gas and a cooling solution of dry-
ice/ethanol (with the lowest temperature in the column 
being − 57 °C) resulted in deposition of the At species at 
(15 ± 6) °C, while 30% of At still passed the column and was 
detected in the filter (Fig. 4a). While in #5 (Fig. 4a) ~ 30% 
of the activity still passed through the column cooled down 
to − 57 °C, even the most volatile species ultimately depos-
ited when the column was cooled down to − 173 °C in #6 
(Fig. 4b). Deposition was observed in a wide temperature 
range between − 40 and − 135 °C. No At was detected in the 
charcoal filter, indicating complete deposition of the most 
volatile species within the column (Fig. 4b).

During experiment #5, a leak occurred in the Recoil 
Chamber, possibly leading to H2O and O2 contamination 
of the gas phase. The deposition of the species at 15 °C 
is best fit by Monte Carlo simulations with an adsorption 
enthalpy of − ΔHads = 68+4

−2
 kJ/mol, and is thus assigned to 

the same species observed in the experiments with O2 (cf. 
Fig. 3a), − ΔHads=73

+6

−5
 kJ/mol and H2O, − ΔHads = 71+5

−3
 kJ/

mol (Fig. 3b). In experiment #5 (Fig. 4a), the most vola-
tile species passed over surfaces held at temperatures down 
to − 57  °C without deposition, yielding an upper limit 
of − ΔHads of 43+2

−2
 kJ/mol, derived from the Monte Carlo 

simulation based on the relative At yield of 30% found 
in the filter. However, the results shown in Fig. 4b (#6) 
indicate a more complex behavior. Here, over 50% of the 
activity was deposited at a temperature of approximately 
Tdep =  − 60 ± 9  °C, leading to an estimated adsorption 
enthalpy − ΔHads = 54+4

−4
 kJ/mol. This is notably higher than 

the values suggested by the results of Fig. 4a, where no 

Fig. 4   Experiment #5 (panel a) and #6 (panel b): Thermochromato-
grams of 207,208At in He on quartz glass (QUT) and gradient reaching 
from ambient temperature to − 57 °C (a) and − 173 °C (b). The exper-

imental deposition is shown as grey bars, the simulated deposition 
using the Monte Carlo method is shown by the stepped lines and the 
temperature profile is shown as red line. (Color figure online)
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deposition occurred at − 57 °C. The discrepancy between 
these two experiments indicated that additional factors may 
have influenced the deposition process. We hypothesize that 
the divergence in the deposition behavior starting at − 40 °C 
is explicable by the assumption of the formation of ice on 
the SiO2 surface. According to the estimated dew point 
of − 50 °C (based on previous experiments using similar 
gases and cleaning cartridges) and experimental conditions, 
we suspect that a small amount of water vapor present in 
the system deposited at this temperature, forming a thin ice 
layer. The ice formation alters the surface properties, and 
provides additional deposition sites for At, leading to the 
increased deposition observed at − 60 ± 9 °C. Additionally, 
the continuous ice formation during the experiment can 
cause incorporation of deposited At into the ice layer.

At even lower temperatures, Fig. 4b shows another depo-
sition peak. Assuming that the main amount of water was 
deposited between − 60 and − 90 °C, partially incorporat-
ing At during the formation of ice, the water concentration 
at lower temperatures is much smaller, leading only to a 
very thin layer of ice.At − 100 to − 130 °C, At is reversibly 
adsorbed on the ice-covered surface and not incorporated 
into the ice. Given that no hot surfaces or reactive gases 
were employed in these experiments, and the species passed 
through a cold zone prior to any reaction (Figs. 2 and 3), we 
assign the most volatile species to elemental At(0). Based 
on simulations of the low-temperature part of the deposition 
peak, the adsorption enthalpy of At on ice is estimated to 
be − Δ Hice

ads.
(At) = 41+6

−5
 kJ/mol, while its adsorption enthalpy 

on bare SiO2 remains lower than − Δ HSiO2

ads.
(At) < 43 kJ/

mol, as indicated by the lack of deposition at − 57 °C in 
#5, Fig. 4a. Our findings align with theoretical calculations, 
which propose that elemental At is the most volatile species 
with smaller interaction strength on both vicinal and geminal 
quartz with predicted − ΔH

SiO2

ads.
(At) = 20 kJ/mol and 26 kJ/

mol, respectively [58], but also with experimental findings 
from the production and separation of At [5, 59, 60].

The less volatile non-elemental species, deposited at 
around room temperature, has an adsorption enthalpy of 
71 ± 5 kJ/mol, based on the average of two experiments 
(Figs.  3a and 4a). The minor deposition in Fig.  2b at 
around 80–85 cm and the measurement with condensed 
water (Fig. 3b) were not taken into account, but yield iden-
tical adsorption enthalpies within error bars. In our exper-
imental setup, no information on the speciation can be 
obtained and thus it is not possible to differentiate between 
AtH, At(I)OH, At(III)OOH or At(V)O2OH. According to 
[58], At(III)OOH, At(V)O2OH as well as further oxides 
are expected to exhibit significantly stronger adsorption 
and should adsorb well above room temperature on vici-
nal quartz. Since a minor deposition of the species was 
observed in He/H2 atmosphere at room temperature, we 

exclude species with oxidation states of greater than (+ I), 
since those species would easily be reduced in the given 
conditions [46] and deposit already at much higher tem-
peratures. The formation of AtH from At + H2O is energet-
ically not favored and unlikely under oxidizing conditions 
[46]. The presence of the species was prominent in experi-
ments with O2 and H2O, the oxidized species At(I)OH/
HAt(I)O is assigned (further referred to as AtOH) Thus, 
only AtOH remains as the possible species. The presence 
of AtOH in experiments with H2, O2 and H2O atmospheres 
points to the formation of AtOH through surface-mediated 
oxidation. We propose, that AtOH was not formed in the 
gas-phase but rather by At reacting with hydroxyl groups 
in surface-mediated oxidation. Results of theoretical cal-
culations show, that AtOH along with AtH is predicted 
to be the second most volatile species after elemental At, 
with the adsorption enthalpy being about 20 kJ/mol larger 
than that of elemental At [58], which matches our findings. 
Other sources also report deposition of some At species 
around room temperature [59, 60].

These findings suggest that the interplay of surface 
hydroxylation and gas composition plays a key role in the 
formation of AtOH, which presumably formed in reactions 
on the quartz surface at higher temperatures in presence of 
reactive gases (H2, O2 and H2O). The presence of H2 or H2O 
(including trace impurities) enhance surface hydroxylation 
at elevated temperatures. Since silanol groups act as reactive 
sites that promotes the adsorption and oxidation of elemental 
At, their presence facilitates the formation of AtOH. In both 
experiments, depositions of AtOH were observed, while ele-
mental At was trapped in the charcoal filter. However, the 
fraction of AtOH was significantly lower in H2-containing 
atmosphere compared to the O2-containing atmosphere. 
This behavior is consistent with the fact that hydroxyla-
tion of quartz using H2 is thermally activated and kineti-
cally slow. Given the short experimental timescale, surface 
hydroxylation is limited under H2, resulting in only minor 
deposition of AtOH in experiment #2. In contrast, even 
small amounts of water impurities from the Recoil Cham-
ber can rapidly hydroxylate the surface, causing the more 
efficient formation of AtOH in #3, Fig. 3a. Based on these 
observations we report the adsorption enthalpy as − ΔH

SiO2

ads.

(AtOH) = 71 ± 5 kJ/mol.
In off-line experiments, further chromatograms were 

acquired to study the formation of At (hydr)oxides (Fig. 4) 
and compare the reactivity of different quartz surfaces, 
namely electromelted quartz and quartz previously treated 
with water vapors, cf. Table 1. Additionally, in experiment 
#8, a quartz wool plug was introduced into the column just 
behind the catcher foil to increase the retention time and 
thus the time available for a potential chemical interac-
tion between At species and the quartz surface. For these 
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off-line experiments (#7–9, Table 2), Ti catcher foils were 
placed inside a column at a position of 12–14 cm, where 
the temperature maximum occurred. This position was 
also set as the starting point for atoms in the Monte Carlo 
simulation.

On QEM (electromelted quartz, #7, cf. Fig. 5a), no depo-
sition was observed in the column from 700 to 20 °C. In 
the adjacent section, cooled by an ice-bath down to about 
0 °C, 20% of the activity was deposited as AtOH, while 
80% passed to the filter. Figure 5a indicates that the At cap-
tured in experiment #1–2 (QAir, He, Fig. 2a) at the end of 
the column is indeed a contamination. As no differences are 
observed when comparing experiment #7 to #1, we conclude 
that the species evaporated from the Ti catcher foil is identi-
cal to the species transported from the Recoil Chamber.

In experiment #8 (cf. Fig. 5b), a hot quartz wool plug was 
inserted into a QEM column, acting as a reaction zone with 
increased surface. In Fig. 5b, a large deposition peak at room 
temperature is visible, while no significant At deposition 
occurred in the 50 cm long cooled column, in the quartz 
wool plug or in the charcoal filter, as all At was oxidized to 
AtOH. The quartz wool plug, held at 800 °C, offers chemi-
cally reactive sites, on which AtOH is formed. In contrast, 
the electromelted quartz surface of the column is not reac-
tive (Fig. 5a) so that only At compounds formed in the hot 
reaction zone deposited. The reaction products formed in 
the hot quartz wool plug desorb from its surface and deposit 
fully at temperatures slightly above room temperature in the 
column. Thus, the observed deposition corresponding to the 
adsorption enthalpy of 69+2

−3
 kJ/mol is once more assigned 

to AtOH, formed in the reaction with quartz wool plug at 
800 °C and transported to this deposition zone.

Fig. 5   Experiment #7 (panel a) and #8 (panel b): Thermochromato-
grams of 207,208At in He on electromelted quartz glass QEM without 
quartz wool plug (a) and with quartz wool plug inserted behind the 

catcher foil (b). The experimental deposition is shown in grey, the 
simulated deposition using the Monte Carlo method is shown in blue 
and the temperature is shown in red. (Color figure online)

Fig. 6   Experiment #9: Thermochromatogram of 207,208At in He on 
quartz previously treated with H2O (QH2O). The experimental depo-
sition is shown in grey, the simulated deposition using the advanced 
Monte Carlo method including chemical reaction with the surface 
is shown in blue and the temperature is shown in red. (Color figure 
online)

Table 3   Description of quartz columns used in the experiments

Name Annealed In gas Comments

QAir 1000 °C, 24 h Air Ilmasil®, annealed 
1.5 years prior to the 
experiments

QAir2 1000 °C, 24 h Air Annealed 1 month prior 
to the experiments

QUT Untreated – –
QEM Electromelted – –
QH2O 1000 °C He/H2O Treated with H2O for 20 h
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Annealing the quartz surface in moist He gas and thus 
increasing the concentration of reactive hydroxyl groups 
on the surface led to the highest deposition temperature 
of At, not only in this series of experiments (#1–#10), but 
in all yet reported thermochromatography studies (Fig. 6).

On this activated surface, 48% of At deposited at tem-
peratures between 300 and 500 °C, as well as at room 
temperature (32%), with ~ 20% passing into the filter. This 
high-temperature deposition in Fig. 6 can be explained by 
either of the following two possible mechanisms:

1.	 Deposition of an At species: On the surface At likely 
reacts with silanol groups (Si–OH), forming oxidized 
species such as AtOx(OH) (x = 0–2). The resulting reac-
tion products might be non-volatile at temperatures of 
300–500 °C, preventing further transport in the column. 
However, the theoretically predicted adsorption enthalpy 
values of At oxo-hydrides (− ΔH

theo.

ads.
(AtO(OH)) = 99 kJ/

mol [58]) suggest that oxidized At species should desorb 
and be available for further transport at these tempera-
tures. Furthermore, comparing the adsorption enthalpy 
of the species responsible for this high-temperature 
deposition with theoretical and experimental studies 
indicates that At species typically exhibit weaker inter-
actions with the surface. Thus, we consider adsorption 
alone to be insufficient to fully explain this phenomenon.

2.	 Chemical bonding to the surface: After reacting with 
the surface’s functional groups, At is chemically bound 
via At–O–Si or At–Si bonds. At temperatures between 
300 and 500 °C all types of silanols (isolated, vicinal, 
H-bridged, geminal) coexist. This leaves a variety of 
possible reaction sites for At. The formed bonds are 
apparently sufficiently strong that they are not broken at 
temperatures below 400 °C. This implies that At is not 
simply adsorbed but is chemically bound to the surface. 
The formation of such chemical bonding likely involves 
overcoming an activation energy barrier. Additionally, 
the desorption enthalpy may differ from the adsorption 
enthalpy due to variations in surface composition and 
specific adsorption positions of the atom. This could 
account for the broad deposition range observed between 
500 and 300 °C.

This high-temperature deposition is strongly pro-
nounced on QH2O, while it is completely absent on the 
electromelted quartz QEM, even when a quartz wool plug 
is added to the column. This indicates a dependence of the 
formation of the high-temperature deposition zone and the 
concentration of hydroxyl groups on the surface. Two key 
observations support this conclusion:

1.	 The deposition occurs only on hydroxylated surfaces 
(QH2O), not on the dehydroxylated QEM.

2.	 A previous study (which does not give specific informa-
tion on the used quartz surface) reports no deposition in 
this temperature range [37], rendering simple adsorption 
of oxidized species unlikely.

Likewise, theoretical predictions of values of the adsorp-
tion enthalpy for oxidized species are not consistent with 
the deposition in this temperature range [58]. Instead, our 
results suggest that the high-temperature deposition is best 
explained by chemical bonding of At to the surface via 
At–O–Si or At–Si, rather than adsorption of any oxidized 
At species. Thus, for desorption to occur, a chemical bond 
must be broken, requiring significantly more energy than 
that needed to desorb At oxo-hydrides.

In the experiment #8 (Fig. 5b) with the quartz wool plug 
in the high temperature zone (800 °C) only one deposition 
zone with − ΔH

SiO2

ads.
= 69+2

−3
 kJ/mol was observed. In the reac-

tion of At with the reactive quartz surface, two outcomes are 
possible: a chemical bonding of At to quartz and possibly 
the desorption by bond breaking leading to AtOH or At. 
Obviously, AtOH was quantitatively formed in the reaction 
between hydroxylated quartz and At on the large, reactive 
surface of the quartz wool plug. This deposition aligns with 
the deposition of At species in experiments with reactive 
gases (He + O2, He + H2 and He + H2O) and is assigned to 
AtOH. However, in experiment #8, the temperature was 
high enough (800 °C) to desorb AtOH by the breaking of 
the chemical bond between this At species and the quartz 
surface, in contrast to the situation in experiment #9, where 
the high temperature deposition was observed (cf. Fig. 6). 
This supports our hypothesis that chemical reactions of At 
with surface hydroxyl groups occurred. In this specific case, 
approximately 80% of all At reacted chemically with these 
groups, forming an oxidized species that is less volatile than 
elemental At, and which deposited around room tempera-
ture, rather than passing the column.

As the height of the energy barrier for the reaction of 
species A to species B is unknown [61, 62], a nominal value 
of 100 kJ/mol was specified in the Monte Carlo simulation, 
as this led to complete conversion of species A–B in the hot 
zone of the column. The adsorption enthalpy of the initial 
species A (elemental At) was set to − ΔH

sim

ads1
= 43 kJ/mol, 

the lowest limit for the adsorption value determined in this 
work (see Fig. 4). These parameters produced simulated 
chromatograms, in which species A (− ΔH

sim

ads1
=43 kJ/mol) 

completely passed over the cold zone at the beginning of the 
column, reacted in the hot zone and deposited as AtOH at 
lower temperatures.

The deposition observed between 500 and 300 °C in 
experiment #9 in Fig. 6 was absent in exp. #8, Fig. 5b, sug-
gesting that this deposition does not result from reversible 
physisorption of a highly oxidized species but rather from 
strong chemisorption of At with the surface. This further 
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indicates that once an oxidized At species detaches, it does 
no longer undergo reactions with the surface. During the 
experiment #4 (Fig. 3b) with water vapor, the H2O content 
in the carrier gas increased the hydroxylation of the surface 
at high temperatures, creating more reactive sites and thus 
promoting the formation of oxidized species.

The sublimation enthalpy Δ H◦

subl.
 of a species can be 

estimated from the adsorption enthalpy using a correlation 
described in Steinegger et al. [63]. However, this correlation 
is only valid for cases of mobile adsorption, where no chemi-
cal transformation occurs on the surface and the species des-
orbs in its original chemical state. Since our results indicate 
transformation of the species by reaction with the surface, 
we refrain from the direct application of this correlation.

The many parameters that were varied in the experiments, 
namely temperature gradient, gas mixture and surface prop-
erties, allow to clearly observe and understand the influence 
of those parameters on the deposition behavior of At. In 
low temperature experiments, surface reactions are kineti-
cally hindered, rendering them unlikely. Instead, elemental 
At is deposited on quartz, water or ice. Our findings and the 
assignment of the species, and the chemisorption respec-
tively agree well with theoretical calculations. While the 
nature of the quartz surface is inhomogeneous, amorphous 
and difficult to model, the theoretical calculations still help 
to estimate a trend in volatility and reactivity. Calculations 
in [58] use a modeled quartz slab in the vicinal and geminal 
configuration. In reality, at temperatures between 500 and 
300 °C, the state of the surface cannot be broken down to 
one configuration; rather it is a mixture of isolated, geminal 
and H-bonded silanol groups [51, 52]. Our interpretation 
and the general trend of volatility still confirm the calcu-
lations. The finding of AtOH deposited around room tem-
perature confirms the results of [59, 60], where a deposition 
of an At species at 42 °C without gas-flow is reported in 
a nitrogen filled tube. Serov et al. [37] conclude that ele-
mental At deposits at approximately 270 °C, assigning an 
adsorption enthalpy of − ΔH

SiO2

ads.
(At) = 123 kJ/mol. Further-

more, deposition peaks at Tdep (AtO2) = 63–73 °C (− ΔH
SiO2

ads.

(AtO2) = 80 kJ/mol) and Tdep (AtOH) =  − 79 °C (− ΔH
SiO2

ads.

(AtOH) = 47 ± 5 kJ/mol) were assigned to oxidized species. 
Throughout our experimental work, we aimed to reproduce 
the deposition peak at 270 °C and understand the assignment 
of the species, but we were unable to observe a comparable 
deposition of elemental At or in fact any At-containing spe-
cies under our conditions. The deposition at highest temper-
atures (300–500 °C) observed in this work is chemisorbed 
At, most likely bound to the surface via At-O-Si or At-Si 
bonds. Taking surface hydroxylation and chemisorption into 
account, we argue that the 123 kJ/mol species observed by 
Serov et al. is not elemental At but rather chemisorbed At. 
Our experiments in pure conditions and without any hot and 

reactive surfaces yield the most volatile species, which we 
assigned to elemental At. Our measured deposition tempera-
ture and the determined limit of − ΔH

SiO2

ads.
(At) < 43+2

−2
 kJ/mol 

agree well with the observation of Serov et al. While we 
report similar values, we must conclude that this deposi-
tion is elemental At, not AtOH. In our experiments, AtOH 
adsorbed at around room temperature and was formed by 
surface reaction and with traces of H2O in the harsh condi-
tions inside the Recoil Chamber. The adsorption enthalpy 
of − ΔH

SiO2

ads.
(AtOH) = 71+8

−5
 kJ/mol falls into the range of the 

reported − ΔH
SiO2

ads.
 (AtO2) = 80 kJ/mol. Both deposition peaks 

could be caused by the same species (AtOH). Similarly, Chi-
era et al. reported the most volatile species to be AtOH [53], 
purely based on the speciation of Serov et al., which we 
showed here to be incorrect.

In summary, the variety of the experimental conditions 
in this work and in the literature and the consideration of 
surface reactions lead us to different conclusions, compared 
to the works of Serov et al. and Chiera et al.: elemental At 
is the most volatile species, followed by the oxidized AtOH 
and lastly At chemically bound to the silanol groups of the 
surface.

Summary of experimental results 
and conclusion

In this study, we performed a systematic investigation of 
the gas-phase and surface chemistry of At using thermo-
chromatography with carrier gases and quartz surfaces of 
different reactivity. Advanced Monte Carlo simulations 
including an activated chemisorption mechanism were 
used to determine the adsorption enthalpy and to model 
chemical reactions within the column. As an initial step, 
the reactivity of At in the gas-phase was analyzed using 
pure He as a rare gas as well as He doped with H2, O2 and 
H2O that were added as reactive gases. The deposition of 
At in He and He/H2 at room temperature differs in peak 
height from that in oxidizing atmospheres, indicating a 
reaction of At with the present traces of H2O in O2. Fur-
thermore, the most volatile species was adsorbed in a dedi-
cated low temperature experiment for which simulations 
yield a value of − ΔH

ice

ads.
(At) = 41+6

−5
 kJ/mol and a limit 

of − ΔH
SiO2

ads.
(At) < 43 kJ/mol. The species was assigned to 

elemental At, in agreement with theoretical predictions 
of − ΔH

SiO2

ads.
(At) = 26 kJ/mol [58] and elemental At being 

the most volatile species. For the oxidized species AtOH, 
an adsorption enthalpy of − ΔHads(AtOH)  =  71+8

−5
  kJ/

mol was obtained. The interaction of At with the fused 
silica surface was analyzed by varying the surface reac-
tivity, using electromelted, heat-treated and H2O-treated 
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surfaces, as well as inserting a quartz wool plug into the 
column. The results underline the importance of the con-
sideration of surface reactions: while predominatly ele-
mental At was observed on the less reactive electromelted 
quartz, At reacted with the quartz wool plug to form 
AtOH, which deposited in the same temperature regime 
as the species observed in experiments with O2/H2O. On 
hydroxylated surfaces pre-treated with H2O vapor, At 
formed a chemical bond with the quartz surface. These 
results demonstrate that surface properties—such as those 
induced by annealing in H2O vapor, producing quartz via 
vacuum-melting or introducing a quartz wool plug—can 
significantly impact the reactivity and adsorption behav-
ior of At. This dataset also acts as a basis for comparison 
with future experiments with the superheavy element Ts. 
It contributes to all gas-chromatography experiments with 
superheavy elements and their lighter homologs with a 
better description of the complex processes that can occur 
in gas–solid-chromatography. Theoretical calculations 
suggest that Ts exhibits a similar reactivity towards O2, 
H2O and H2 as At [46]. Based on our findings, we propose 
a chemical system employing an inert helium atmosphere 
to preserve Ts in its elemental state and to avoid oxidation. 
A chromatography setup combining quartz and gold sur-
faces is suggested to probe the volatility range of Ts from 
halogen-like to metallic species. The quartz surface should 
be de-hydroxylated to avoid the formation of TsOH in high 
temperatures. Alternatively, lower temperatures must be 
employed to suppress the reaction with the surface. Given 
that elemental At is volatile on quartz in temperatures 
down to − 57 °C and strongly interacts with Au surfaces a 
similar behavior is expected from elemental Ts, according 
to theoretical predications [46, 58]. Ts should pass over 
quartz surfaces at ambient temperature and adsorb only in 
cold temperature regimes or on a Au surface.
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