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Abstract
A comparative study of vacuum versus ambient pressure inert gas thermogravimetry was performed on silver carboxylates 
compounds. Some of the complexes from this group have been previously successfully applied as precursors for both 
chemical vapour deposition and electron beam-induced deposition. Considerable differences were found between the ther-
mogravimetry methods, which we associate with changes in evaporation dynamics. Vacuum thermogravimetry sublimation 
onsets consistently occurred at lower temperatures than ambient pressure N2-flow thermogravimetry, where the differences 
reached up to 120 °C. Furthermore, compound sublimation during N2-TGA was suppressed to such an extent that significant 
thermal decomposition of the compounds into metal and volatile organic fragments was observed while at vacuum the same 
complexes sublimed as intact molecules. Moreover, thermal stability of silver complexes was investigated using isothermal 
thermogravimetry. These findings are interesting for the field of thin film synthesis and nanomanufacturing via chemical 
vapour deposition, atomic layer deposition and focused electron beam induced deposition. In all three methods, delivery of 
functional precursor over the substrate is crucial. The presented results prove that vacuum thermogravimetry can be used as 
fast method of pre-screening for novel, especially low-volatility precursors.
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Introduction

Thermogravimetry (TGA) is an analytical method, which 
allows to investigate heat-induced mass changes [1]. 
Depending on the atmosphere, it can be used to study dif-
ferent heat-related phenomena, such as evaporation, dry-
ing, sorption of gases [2], thermal decomposition [3, 4] 
(with formation of volatile species), oxidation [5] and/
or oxidative decomposition, as well as certain thermally 
induced chemical reactions [6, 7]. In some cases, vacuum 
is used, especially when analysing oxygen-sensitive spe-
cies [8], e.g. fuels [9]. In-vacuum TGA measurements have 
also been applied to study early stages of metal oxidation 
in low-pressure corrosive atmospheres [10].

Depending on the heating strategy, TGA experiments 
can be divided into two main groups: dynamic, where the 
sample is heated at a constant rate, and isothermal, where 
the temperature is constant. It is also possible to program 
nonlinear temperature changes, e.g. when the heating rate 
is controlled by the sample’s temperature [1].

TGA is frequently used to examine the thermal stabil-
ity, decomposition temperature, evaporation process and 
vapour pressure of potential chemical vapour deposition 
(CVD) precursors [11–14]. TGA (especially when paired 
with differential scanning calorimetry) allows to determine 
both the initiation of evaporation and thermal decomposi-
tion temperatures of the measured compound. Addition-
ally, it enables determining if the decomposition occurs in 
one or multiple steps, which is important from the purity 
viewpoint of the deposited film, particularly when using 
metalorganic precursors [12] (so-called MO-CVD).

Besides CVD, metalorganic compounds have 
found applications as precursors for focused electron 
beam induced deposition (FEBID), a direct and mask-
less method of manufacturing structures at the nanometre 
scale. Gaseous precursor molecules are introduced onto 
the surface of the substrate through a gas injection system 
(GIS) inside a scanning electron microscope’s (SEM) vac-
uum chamber. There, the applied focused electron beam 
locally dissociates the precursor, ideally leaving a pure 
metal deposit. The detached organic ligands desorb and 
are pumped out of the chamber [15].

In reality, the purity of the deposit is frequently com-
promised, mostly due to two unwanted processes, which 
may occur on the substrate during electron irradiation of 
adsorbed species, i.e. the co-deposition of ligands and/
or incomplete dissociation of precursor molecules. Co-
deposition of material from residual hydrocarbon gases is 
also a process deteriorating deposit purity, but supply of 
the functional precursor is typically chosen orders of mag-
nitude larger than the residual gases to avoid this. Men-
tioned processes limit possible applications of produced 

nanostructures [15–17]. For example, high purity is essen-
tial when producing components for plasmonic nanode-
vices, as usually a metallic character is required [18–20].

To increase the purity, a novel class of a potential FEBID 
precursor has been proposed: silver carboxylates. Com-
pounds from this family have already been tested as potential 
CVD precursors [21–23]. Two of them: [Ag2(µ-O2CC(Me2)
Et)2] and [Ag2(µ-O2CC2F5)2] have already been used in 
FEBID to deposit structures with purity exceeding 70 at%. 
Despite having been successfully used during deposition, 
both [Ag2(µ-O2CC(Me2)Et)2] [24] and [Ag2(µ-O2CC2F5)2] 
[25, 26] have exhibited low volatility (compared to com-
mercial FEBID compounds) and had to be heated up to 
150 °C and 160–180 °C, respectively, to maintain sufficient 
molecular flux. As the heating occurs within the precursor 
reservoir, the compound is at risk of thermal decomposi-
tion before it reaches the substrate. TGA can be used as a 
form of pre-screening of potential precursors (same as for 
CVD) and could allow for determining compound thermal 
stability and estimating the optimal GIS temperature win-
dow prior to deposition. However, looking closer at the TGA 
results for fluorinated silver carboxylate [Ag2(µ-O2CC2F5)2], 
we can see significant discrepancies between the evapora-
tion temperatures given by TGA and the temperatures used 
in the FEBID process. During FEBID, the compound was 
sublimed at temperatures approx. 150 °C lower than initial 
evaporation temperatures derived from TGA [23–25, 27]. 
Such discrepancies limit the applicability of non-vacuum 
TGA as a pre-screening method for FEBID.

In this work, we propose using in-vacuum thermogravim-
etry (VTGA) in place of inert gas flow TGA, a method, as 
aforementioned applied for investigation of fuels, but only 
rarely used for organometallic compounds [30]. By using 
low vacuum, mass loss curves were obtained for each inves-
tigated compound, where their evaporation temperatures 
correspond considerably better to the temperatures used dur-
ing FEBID. Furthermore, the precursors’ thermal stability 
was tested by applying isothermal heating for a few hours, 
imitating FEBID experimental conditions. The method was 
tested on several potential silver precursors from the car-
boxylate family, whose structural formulas are presented in 
Fig. 1.

Experimental

Precursor synthesis

Silver precursors were synthesised according to previously 
reported procedures [29, 31]. In the case of non-fluori-
nated silver carboxylates, an aqueous AgNO3 solution was 
added dropwise to the aqueous solution of the sodium salt 
(obtained by neutralising the acid with a stoichiometric 
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amount of sodium base). A white, amorphous solid was 
immediately obtained.

Perfluorinated silver carboxylates were synthesised 
through the reaction of fluorinated carboxylic acid and sil-
ver carbonate in a water–ethanol environment. After solvent 
evaporation, a white solid formed.

Thermogravimetry equipment

VTGA experiments were carried out using Netzsch TG209 
F1 Libra TGA equipment, connected to Agilent Technolo-
gies SH110 dry scroll pump, providing a minimum pressure 
of 6.6 × 10−2 mbar. The precision of the mass readout was 
0.0001 mg. The sublimation experiments were performed in 
Al2O3 crucibles to avoid crucible/compound sample chemi-
cal reactions. The thermal contact between the furnace and 
crucible is reduced compared to standard TGA, due to the 
lack of proper atmosphere. Therefore, the temperature was 
measured and the heating process was controlled using the 
sample’s (crucible’s) thermocouple. Proportional, integral, 
derivative (PID) controller’s parameters were optimised to 
avoid signal oscillations caused by temperature feedback 
looping. However, the PID parameter settings were not ideal 
for the end of the main mass loss event and resulted in a 
small local minimum. This minimum is most probably only 

(1)
RCOOH + NaOH → RCOONa + H2O(R = Et(Me)2C,

tBu)

(2)2RCOONa + 2AgNO3 → [Ag2
(

� − O2CR)2
]

+ 2NaNO3(R = Et(Me)2C,
tBu)

Ag2CO3 + 2RFCOOH → [Ag2
(

� − O2CRF)2
]

+ H2O + CO2, (3)

RF = CF3,C2F5,C3F7

a measurement artefact and has no actual physical meaning. 
No inert gas flow was applied during process. Each TGA 
curve was corrected for signal overshooting using an empty 
crucible measurement curve. The heating rate selected for 
these tests was 5 K min−1. The initial compound sample 

masses ranged between 9 and 20 mg. Ambient pressure gas 
flow TGA experiments were performed using Netzsch STA 
449 F3 Jupiter, with an applied heating rate of 5 K min−1 and 
a N2 gas flow of 40 mL min−1, to avoid reactions between the 
compound and atmospheric gases. Initial compound sample 
masses ranged from 15 to 16 mg.

Results and discussion

VTGA measurements were taken on different sil-
ver organometallic complexes: [Ag2(µ-O2CC(Me2)
Et)2], [Ag2(µ-O2CC2F5)2], already successfully applied 
as FEBID silver precursors, providing high purity 
deposits [24, 25], and three other fluorinated and non-
f luorinated silver carboxylates: [Ag2(µ-O2CCF3)2], 
[Ag2(µ-O2CC3F7)2], [Ag2(µ-O2

tBu)2]. The collected 
results are presented in Fig. 2. We can observe that both 
non-fluorinated carboxylates decompose partially, leav-
ing non-volatile species within the crucible at 45.0 ± 2% 
and 49 ± 1% of the initial masses of [Ag2(µ-O2CC(Me2)
Et)2] and [Ag2(µ-O2CtBu)2], respectively. The measure-
ment error was deduced from the slight mass increase 
after the local minimum (and main mass loss event) and 
amounted to 1.0% for [Ag2(µ-O2CC(Me2)Et)2 and 2.0% 
for [Ag2(µ-O2CtBu)2]. The mass reading error of the 
TGA equipment is negligible as it allows recording of 
mass changes with precision down to 0.0001 mg, which 

Fig. 1   Silver compounds ana-
lysed in this work. The dimetric 
structure was confirmed in gas 
phase for [Ag2(µ-O2CtBu)2] [28] 
and was postulated for the other 
compounds based on gas-phase 
studies [27, 29]
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is five orders of magnitude lower than masses of meas-
ured compounds (9–20 mg). The Ag contents in the pris-
tine compounds are 48.4 mass% for [Ag2(µ-O2CC(Me2)
Et)2] and 51.7 mass% for [Ag2(µ-O2CtBu)2]. The differ-
ences to the measured mass residuals are 3.4 ± 2 mass% 
and 1.7 ± 1 mass%, respectively, and points to sublima-
tion of a small amount of intact precursor molecules dur-
ing the temperature ramp. If sublimation occurred in a 
small temperature window before or simultaneously with 
thermal decomposition would be the subject of follow-up 
isothermal TGA measurements. A further observation is 
that both non-fluorinated silver complexes exhibited initial 
mass losses at lower temperatures than fluorinated silver 
carboxylates.

In contrast, all f luorinated compounds left much 
less residue in the crucibles: approx. 8.0% for 
[Ag2(µ-O2CCF3)2], 5.0% for [Ag2(µ-O2CC2F5)2] and 
4.0% for [Ag2(µ-O2CC3F7)2] with estimated errors smaller 
than ± 1% (estimated the same way as above for non-fluor-
inated silver complexes). These values are considerably 
lower than the Ag molar mass contents of each complex 
(48.9%, 39.9% and 33.6%, respectively), proving that sil-
ver carriers are present within the gas phase. Silver con-
taining vapour species were also observed previously, 
using variable temperature infrared spectrometry on the 
vapours of [Ag2(µ-O2CC2F5)2] and [Ag2(µ-O2CC3F7)2] 
[27]. The results indicate that not only [Ag2(µ-O2CC2F5)2], 
but also other fluorinated carboxylates could be potentially 
used as precursors for the deposition of silver via FEBID. 
When comparing the mass loss curves of all three fluori-
nated carboxylates, it can be seen that [Ag2(µ-O2CC2F5)2] 
exhibits the lowest sublimation temperature, so higher 
GIS temperatures will be needed for [Ag2(µ-O2CCF3)2] 
and [Ag2(µ-O2CC3F7)2] to achieve comparable molecule 
fluxes as for [Ag2(µ-O2CC2F5)2]. This VTGA information 

is very important in designing the experimental FEBID 
procedure.

In‑vacuum versus ambient pressure N2 flow TGA 
for selected silver carboxylates

To investigate the influence of low vacuum on the TGA 
results, [Ag2(µ-O2CC2F5)2], [Ag2(µ-O2CCF3)2] and 
[Ag2(µ-O2CC(Me2)Et)2] were examined using both VTGA 
and ambient pressure N2-flow TGA. The results are shown in 
Fig. 3a–c. As outlined in the previous section the error of the 
mass per cent values reported below are smaller ± 1 mass%.

Firstly,  when compar ing these methods for 
[Ag2(µ-O2CC2F5)2], it is visible that at lower pressure, 
sublimation begins at lower temperatures. During VTGA, 
the compound was fully sublimated from 250 °C onwards, 
whereas under ambient pressure N2 flow TGA, the mass loss 
stopped at approx. 370 °C. Secondly, under vacuum only 
5.0% of the initial mass remained in the crucible. For ambi-
ent pressure N2 flow TGA, the amount of remnants reached 
approx. 37.0% of initial mass. Silver accounts for 39.8% of 
the molar mass of this complex.

This compound has been used as FEBID precursor in 
other studies and is known to produce high purity deposits 
of Ag 76.0 at%. In reported cases, the gas injection system 
reached temperatures up to 180 °C [25, 26]. It can be seen 
that the results from FEBID support those from VTGA. 
Attaining high purity silver deposits is only possible when 
silver-containing species are present within the gas phase.

Similar results were obtained for another fluorinated sil-
ver carboxylate, [Ag2(µ-O2CCF3)2] (Fig. 3b). At low vac-
uum, this precursor starts sublimating at lower temperatures 
than at atmospheric pressure and leaves significantly less 
residues in the crucible (8.0% in vacuum vs. 54.0% atmos-
pheric pressure, N2 flow).

A different behaviour was observed for non-fluorinated 
[Ag2(µ-O2CC(Me2)Et)2] (Fig. 3c). Under both vacuum and 
ambient pressure N2 flow conditions, the compound left 
approx. 45.0% and 49.0%, respectively, of its initial mass in 
the crucible. The expected leftover mass for silver from ther-
mal decomposition was 48.4% (the mass percentage of Ag in 
compound’s molar mass), which is in line with the observed 
leftover mass for the ambient pressure experiment. However, 
the remaining mass obtained from VTGA was lower, indi-
cating that thermal decomposition and evaporation occur 
concurrently.

Nex t ,  compounds  [Ag 2(µ -O 2CC 2F 5) 2]  and 
[Ag2(µ-O2CCF3)2] were kept for 8 h at 180 °C (highest GIS 
temperature used for deposition of the first one) to determine 
their stability during long time isothermal heating (imitat-
ing FEBID conditions). The results are presented in Fig. 3d. 
On the one hand, [Ag2(µ-O2CC2F5)2] fully sublimed within 
the first 100 min of the experiment, leaving only 2.0% of 
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its initial mass in the crucible. We can attribute this value 
of remnants to possible impurities (e.g. silver coming from 
photodecomposition), which may be present in the com-
pound or to the slight thermal decomposition of the pre-
cursor. On the other hand, [Ag2(µ-O2CCF3)2] sublimed at 
a much lower rate, stabilising at around 9.0% of mass loss 
after 450 min. Similarly to [Ag2(µ-O2CC2F5)2], the mass 
residues can be attributed to possible impurities; however, 
they are significantly higher than in the previous case, and 
therefore, we cannot exclude the possibility of thermal 
decomposition occurring alongside sublimation. Neverthe-
less, both compounds have proven to be rather stable during 
long time heating at low vacuum, which is an important 
aspect for FEBID experiments. As the initial masses of the 
compounds were different, we can only compare the relative 
mass losses versus time. However, it can be observed that the 
rate of sublimation for [Ag2(µ-O2CC2F5)2] is faster and that 

this compound will give higher molecular fluxes due to GIS 
heating, which is important from the viewpoint of deposition 
growth rate during FEBID.

To simplify comparing ambient pressure N2 flow and 
VTGA measurements, the results are summarised in Table 1, 
for mass losses of 10.0% and end of mass loss. One can 
clearly see that non-fluorinated compound decomposition 
and sublimation occurs at lower temperatures, both in-
vacuum and at ambient pressure. For both TGA methods, 
decomposition plays a significant role, as relatively high 
percentages of residues were obtained in the crucible after 
the mass loss process ended. Nevertheless, for all meas-
ured carboxylates, the mass loss starts at lower tempera-
tures during VTGA. For fluorinated compounds, the tem-
peratures at which mass loss reached 10.0% were approx. 
90–120 °C lower than during gas flow experiments. For 
[Ag2(µ-O2CC(Me2)Et)2], the difference was around 40 °C. 

Fig. 3   Results of both in-vacuum (black) and gas flow (red) TGA for [Ag2(µ-O2CC2F5)2] (a), [Ag2(µ-O2CCF3)2] (b), [Ag2(µ-O2CC(Me2)Et)2] (c) 
and comparison of isothermal TGA curves for two fluorinated compounds (d)
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Furthermore, for all measured complexes, mass loss stops at 
lower temperatures under vacuum conditions than at ambient 
pressure N2-flow.

Discussion

The difference in initial sublimation temperature between in-
vacuum and N2-gas flow TGA can be explained by different 
pressure levels during both experiments. VTGA was per-
formed with a background pressure level of 10−1–10−2 mbar, 
which is 4–5 orders of magnitude lower than 1 bar of atmos-
pheric pressure used for N2-flow TGA. The sublimation pro-
cess in the system containing the compound in solid and gas 
phase is driven by the chemical potentials of both phases. 
The chemical potential generally rises with pressure and 
temperature with different rates for gases and solid materials. 
As the chemical potential of a gas generally increases more 
than the chemical potential of a solid [32], more energy is 
needed to sublimate the precursor, i.e. for ambient pressure 
(N2 flow TGA) we need to increase the temperature to sub-
limate the same amount of the substance as for VTGA. This 
explains why the same level of mass loss during ambient 
pressure N2 flow TGA was observed at lower temperatures 
using VTGA. Of note is that the vapour pressure of a meas-
ured gas increases slightly with increasing pressure of inert 
gas. However, this effect is small. For example, for water at 
25 °C the vapour pressure would increase by 0.074% when 
adding 1 atm. of inert gas [32]. Furthermore, the N2-flow 
and VTGA experiments are not performed in closed systems 
and not at thermal equilibrium (temperature continuously 
changes). Considering this, even though vapour pressure is 
frequently used as a measure of volatility of a compound, 
this concept does not correctly apply here. Evaporation at 
low temperatures is industrially used as vacuum distillation 
in the oil refinery industry [33] or in at laboratory scale for 
purification of organometallic compounds during synthesis 

[34, 35]. However, for precursors used in chemical vapour 
deposition, atomic layer deposition, and FEBID vacuum 
TGA curves are generally not at hand although they would 
be of great help to design the deposition process with respect 
to precursor reservoir temperatures, carrier gas pressures, 
substrate temperature and reproducibility of the deposition 
rate.

The difference in the amount of mass left in the crucible 
for fluorinated complexes can be explained by the at least 
partial thermal decomposition of these compounds during 
TGA measurements, especially at ambient pressure with N2 
flow. For all compounds, silver is the heaviest element. Con-
sidering the fluorinated complexes measured with both meth-
ods, silver mass corresponds to around 39.8% of the molar 
mass of [Ag2(µ-O2CC2F5)2] and 48.9% of the molar mass of 
[Ag2(µ-O2CCF3)2]. The mass left in the crucible during ambi-
ent pressure N2 flow TGA was on the level of 37.0% for the 
first and 54.0% of the latter compound. This indicates that 
the precursor partially thermally decomposes, also in vacuum 
experiments, leaving silver-containing species in the cruci-
ble. The presence of metallic silver, along with some organic 
impurities, (result of thermal decomposition), has also been 
reported in previously published ambient pressure N2 flow 
thermal analysis of [Ag2(µ-O2CC2F5)2] [27]. In the case of 
VTGA, where the mass remnants are much lower (5.0% for 
[Ag2(µ-O2CC2F5)2] and 8.0% [Ag2(µ-O2CCF3)2]) there is 
probably only very limited thermal decomposition and mostly 
intact molecules of the precursors are present in the gas phase.

[Ag2(µ-O2CC(Me2)Et)2] thermally decomposed during 
both VTGA and N2-flow measurements. The mass percent-
age of silver in the precursor molecule [Ag2(µ-O2CC(Me2)
Et)2] amounts to 48.4%. The ambient pressure N2 gas flow 
TGA showed 49.0% of mass remaining after the measure-
ment, which hints that mostly silver, as the heaviest ele-
ment, stayed in the crucible. Literature sources also indicate 
thermal decomposition of the precursor to metallic silver at 
temperatures between 195 and 250 ℃ [23]. The remaining 
mass present after VTGA was slightly lower, reaching 45.0% 
of initial mass, which indicates the sublimation of at least 
some part of silver-containing species. The exact amount is 
hard to estimate, as we do not know the exact pathway of 
thermal decomposition occurring in the crucible. Interest-
ingly, this compound has been used as a silver FEBID pre-
cursor and has been reported to give high purity deposits, i.e. 
approx. 74.0 at% of Ag [24]. This means that at high vacuum 
there must be silver containing species within gas phase. 
As volatile silver-containing ions were detected using the 
electron ionisation mass spectrometry (EI MS) technique in 
high vacuum [29], we can assume that lowering background 
pressure would facilitate sublimation over decomposition.

Summarising, we can state that thermal decomposition 
and sublimation are two competing processes that occur dur-
ing heating of the silver carboxylates. By using low vacuum, 

Table 1   Temperatures measured during TGA for 10% of mass loss 
and at the end of mass loss for all examined silver compounds in vac-
uum and with N2 gas flow

*In the brackets are given the values of the mass residues in the cruci-
ble after the mass loss stopped

Compound Mass loss

10% End of mass loss

VTGA​ N2-TGA​ VTGA​ N2-TGA​

Temperatures/°C VTGA versus N2-TGA​
 Ag2(µ-O2CC(Me2)

Et)2

189 230 241 (45.0%)* 270 (49.0%)*

 Ag2(µ-O2CCF3)2 221 311 263 (8.0%)* 355 (54.0%)*
 Ag2(µ-O2CC2F5)2 203 321 249 (5.0%)* 371 (37.0%)*
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we decrease the work necessary for the molecule to over-
come the ambient pressure and join the gas phase, making 
sublimation the more energetically preferable process. That 
is the reason why for VTGA intact molecules can subli-
mate at temperatures lower than the thermal decomposition 
threshold, leaving less mass in the crucible. Quantification 
of sublimation and decomposition rates will be subject of 
follow-up studies.

Stable low-temperature sublimation would explain the 
feasibility of FEBID with silver carboxylates as FEBID is 
usually performed in high vacuum. With background pres-
sures 2–3 orders of magnitude lower than used in VTGA, the 
sublimation could start at even lower temperatures, allowing 
for more silver-containing species to sublimate and reach 
the substrate surface. There, it can be locally decomposed 
to high silver content material by the focused electron beam. 
As was previously mentioned, intact precursor molecules 
of [Ag2(µ-O2CC(Me2)Et)2] were detected within gas phase 
in high vacuum with EI MS [29], with similar results for 
[Ag2(µ-O2CCF3)2] [36].

Conclusions

VTGA was applied to measure mass loss during heating of 
known and potential CVD and FEBID silver carboxylate 
precursors. In all presented cases, under low vacuum the 
compounds sublimed at lower temperatures, leaving less 
remnants in the crucible than during N2-gas flow measure-
ments. By lowering the ambient pressure during TGA, it 
was possible to create thermodynamic conditions facilitating 
the sublimation of more molecules at temperatures below 
the thermal decomposition threshold. The sublimation tem-
peratures determined using VTGA stand in better agreement 
with the temperature ranges used during FEBID than those 
obtained by means of ambient pressure N2-gas flow TGA.

Based on compound thermal stability analysis, it was 
determined that the fluorinated carboxylates are more 
promising as silver FEBID precursors. However, as shown 
for [Ag2(µ-O2CC(Me2)Et)2], it may still be possible to 
deposit silver when using non-perfluorinated precursors. 
In this sense, the VTGA technique proved to be an attrac-
tive method for confirming the suitability of precursors for 
FEBID. The temperature window for the sublimation of 
low volatility precursors was determined using the ramp-
ing temperature mode. The isothermal mode was used to 
check the thermal stability and sublimation rate at a given 
temperature for two compounds [Ag2(µ-O2CCF3)2] and 
[Ag2(µ-O2CC2F5)2].

We found evidence that the lower temperature onset for 
sublimation (mass change) favours the entire sublimation of 
certain carboxylates during the TGA programmed tempera-
ture rise before the temperature of thermal decomposition is 
reached. Further details of the temperature-dependent com-
petition of sublimation and decomposition processes could 
be obtained by extended isothermal TGA investigations and 
FTIR or mass spectrometric studies performed in situ dur-
ing temperature ramp TGA. We hope to initiate these kind 
of measurements in the field of thermal investigations with 
our present manuscript.
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