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Detailed accounts are given on the simultaneous application of a themm- 
bakmce and a quadrupole mass spectrometer with chemical ionization (Cl), in- 
vestigating thermal decomposition reactions under normal pressure most efficiently_ 

In the combined dynamic system the purge gas of the thermoanalyzer is 
simuhaneously used as reaction gas in the chemical ionization source. The use of CI, 
a type of bigb pressure mass spectrometry, has the advantage of avoiding all interface 
problems and of restricting the fmentation of released volatile compounds- 
Therefore, this technique allows the identification of volatiks and the determination 
of their sequence of release even in complex decomposition reactions_ 

The capability of the tandem system is demonstrated by the thermal decom- 

position of some selected compounds. 

fHTRODUCITON 

Quite a lot has been written about the mass spectrometric identification of 
volatile decomposition products in thermogravimetric anaIysis’-6. In combination 
with a thermobalance a mass spectrometer with rapid scan capability represents the 
most powerful analytical tool for indentitjing volatiies, released during thermai 
decomposition reactions. For-merry time-of-flight mass spectrometers were used being 
nowadays replaced by quadrupofe mass spectrometers_ 

Instrumental problems, which are reported, lie mainly in the interfkce-systems, 
caused bjr the di&rence in the working pressure of the two apparatus_ In recent 
papers two ways are suggested for solving these interface probiems, 

(I) Systems in which the mass spectrometer is included in the high vacuum- 
sytem of the thermobalance-. This method has the disadvantage that thermolysis 
cau only be carried out in vacuum_ 

(2) Systems in which the thermobalance works under normal pressure, using 
complicated pressure reducing systems (seperators. capillary) between the thermo- 
analyzer and the mass spectrometer in order not to exceed the maximal working 
pressure of the Iatter instrnment’-2_ 

l Paxtly presented at the 1st Ekqean Symposium on Thermal Analysis, &Iford, E&znd, September 
W-24.1976- 
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The aim of this paper is to present a combined TG-MS system, in which the 
thnmobalana works undu 110d pnss~re, conneded to the mass spectrometer in 
averysimplemauuer by u&g a chemical iouktion (CIMS) so- working at 
ekvatedpressure, The TG-CIMS system offers the great advantage in using the purge 
gas of the thcrmobalance as rtaction gas in the chemical iouization source, in addition 
to the dual function of controlling the atmosphere in the furnace ceII and of keeping 
thevdadicsintothemassspectrometu_InCIMS,a~ofhighpressnrtmass 
~ometry’, the ion source can be charged with a pressure up to I Torr- A com- 
plicated pressme reduction system between thermobaIance and mass spectrometer is 
therefore avoid The purge gas flow from the themrobalauce is simpIy split by a 
three-Way metering valvz% 

Aaxxding to the reaction gas used a suitable working pressure between 0.4 and 
I Torr can bt estahhshed in the ion source_ Up to a flow-rate of 20 ml min-’ the 
purge g;y i,c, reaction gas may ke injected directiy into the ion source without any 
pressure reduction- 

The ionization of the volatiks by CI results in ion-moIecuIe reactions, which 
mr between the ionized reaction _eas mokcnks and the sample molecuks. The 
amount of en- involved in these reactions tends to be low, therefore, fragmen- 
tation of SampIe mokcuks is greatly reduced_ 

Chemical iouization offers the advantage of simpler cracking patterns, intense 
molecular ions (or quasimolecular ions in case of hydrocarbous used as reaction -gas) 
and the&ore easy-tointerpret spectra, espe&Ily useful in the analysis of mixtures, 
which often mr in the course of thermal decompositioe 

TG-CIMS should be performed, whenever one is interested in a detailed 
simuhaneous ana.Iysis of the compIex mixture of volatiks, evolved during thermal 
degwktion reactions, The combined use of TG and CIMS promises to be a powerful 
aualytical tool- Not ouly cau we expect higher system sensitivity but we can also get 
additional information, not obtainable by use of a mass spectrometer in EI mode_ 

The application of TG-CIMS is only Iimited by the sensitivity of both 
‘kstrumeu~ The mutual adjustment of the sensitivities of both apparatus in the 
tan&m sy!5tem is easily pcrformecl. 

In this paper the use of TG-CIMS is demonstrated by the investigation of the 
wdi-known thermal decomposition of calcium oxalate hydrate and copper tetram- 
mine tiphate hydrate- The thermal decomposition of potassium trifiuoroacetate is 
chosen as an example for demonstratk g the special advantages of TG-CIMS, 

MPERMEWFU 

Figare 1 shows the schematic diagram of the used tandem instrument, which 
amsists of a Me%tier thermoanalyzr TA 5 coupled toa FItigan Quadrupolemass- 
spectrometer 3200, with a combined EI-CI source_ 

The line from the thermobalance to the mass spectrometer is l/8 ia o-d_ 
ms?.?. tribingThe qnartzfnrnace isco~ected to the coupbng fine by means of 
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Fig. 1, Schematic diagram ofthe combined wstcm TA-QMS with Chemical Ionization. 1 = Thetmo- 
balance; 2 = furnace; 3 = 3-way valve-e; 4 = reaction gzs cylinder; 5 = rotary pumps; 6 = coupling 
line; 7 =quadtupole mass spectrometer; 8 = C&ion source; 9 = metering valve; 10 = ionization 
gauge; 11 = anzIyzcr diffusion primp; 12 = CI diffusion pump- 

a glass connection, NS 14, which extends into a l/4 in_ glass tube- This glass tube is 
joined to the coupling line by a l/4 in_ Swagelock nut with a reducing (l/4-1/8 in.) 
port connector_ In case of condensable gases the coupling tinecan be baked by heating 

tapes- 
The distance between the outlet from the quartz furnace and the mass spec- 

trometer inlet is about 60 cm. This is the minimum distance between the two apparatus. 
Close to the mass spectrometer inlet a three-way metering valve (Nupro cross pattern 
series S model with vernier handle) is used for adjusting the reaction gas pressure in 

the ion source- This pressure lies between 0.4 and I Torr and depends on the gas used_ 
The best Cl-reagent gas for the problem being studied is selected as purge _eas 

for the thermoanalyzer, Besides the rare gases, such as helium and argon, also 
nitrogen and methane were tested in our investigations. The applicability of methane 
is limited by the fact., that it may react with the e xamilled substances especially at 
higher temperatures_ The Bow-rate of the purge gas lies between 60 and 80 ml min-‘. 
This rate baa no infhrence on the stability of the thermobalance and enables the 
response time of the mass spectrometer to be less than 1 set- For the invest&Con of 
special problems purge gas with a flow-rate of up to 20 ml min- ’ can be introduced 
into the mass spectrometer witbout splitting. 

Procedure 

The crucible vr;itb the sample is put on the sampIe holder of the TA_ According 
to the special characteristic of the TG-CIMS system, the sample size is independent 
of the rate of gas evolution and is only Iimited by the instrumentaI sensitivities_ In our 
investigations sample weights between 20 and 40 mg were used After the thermo- 
balance system is dosed, it is evacuated by a mechan.ical pump. The whole system is 
filled with the reagent gas- whereafkr the flow-rate is tijusted by a flow meter. The 
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aMm+ioIl tnbing between the thermobalaooe and the mass spectrometer is attached 
to the outlet of the quartz furnace. Now the pressure of the reagent gas in the ion 

source is adjnsted by the metering valve- 
The thcrmoad~ was programmed for a heating rate of 4°C min- * and the 

MG-sensitivity was adjusted to 5 mgmin-‘, After the QMS was programmed for 
the dcsh-u3 mass range, the ionization cnetr~ for chemiczd ionization was adjnsted to 
100 eV_ 

The mass spectra were recorded at regular temperature intervals or alternately 
a sin& mass of intcrcst was monitored continuously by an extemaf strip chart 
recorder_ After compktion of the analysis, a plot of the gas evolution as a function of 
temperature was made for the voIatiIw of interest. 

The decomposition of calcium o&ate has been extensively investigated and 
was considered suitable to test the efkctiveness of the TG-CIMS system_ The TG- and 
DTG-curves as we11 as the _eas release patterus of a 38.2 mg sample of calcium oxalate 
hydrate are shown as a function of temperature in Fig_ 2 Helium was used as reaction 
gas- The optimal ion source pressure was 0.4Torr_ 

Comparing the curves in Fig. 2 an extremeIy short response time of the QMS is 
ohserved. This is due to the high sensitivity of the QMS on the one hand and on the 
other to the lamiuar gas flow through the connection line, which cnahlcs a rapid 
transport of the voktiie decomposition products from the thermobalance to the mass 
spectrometer- The slope of the DTG curve and the m rekase patttxns show an 
almost ideutkaJ increase up to the top, which is a result of the optimal adjustment of 
the sensitivities of both apparatus_ A slight tailing, which is ohserved in the gas 
release patteny depends on the actual dead volume within the furnace and the 
interface system- 

& is known, in the first step of the decomposition of calcium ox.aIate hydrate 
the water is rekasezd. During the next step the formation of CO corresponds 
to the transformation of the o&ate to carbonate, The simuItan~us appearance of 
mmmaI quantities of CO, is explained by a partial oxidation of CO caused by tracts 
of oxygen, stilI present within the system- This phenomenon was aiso observed by the 
tkrmaI decomposition of strontium oxalate ‘_ In the last decomposition stage the 
formation of CO, ikrstrates the conversion of carbonate to oxide_ 

The resuhs of the thermolysis of copper-tetrammine sulphate hydrate (29_7mg) 
and the mass spcctrometric investigations of the released voIatiIes are shown in Fig 3, 
The thermaI decomposition of this compound was se&ted to demonstrate the 
applicability of the combined system introduced in this paper_ A lot of experiments, 
carried out with dif%rent apparatus, are reported about the thermal decomposition of 
copper Wranlmine suiphate~‘1 These investigations led to difkent resuhs, 
particuiarly, regardmg the decomposition of the anhydrous copper sulphate, as an 
intermediate compound in the formation of copper oxide, 
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Fig. 2. TG/DTG curves and MSprofiIe of cakium oxalate hydrate, 383 mg sample- 
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Fig_ 3_ TGIDTG - and MS-profile of copper tdrammine sulphate hydrazq W-7 mg sample. 
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~~_selcdedasff~ongaswitbanionsomceprrssnrc of 0.5 Torr. 
Tbc kst decomposition stage starts at 108°C with the Ioss of water, whereafter 
at 152OC w&x and ammonia are evolved simuIrancously_~ 

The use of chemicaI ionization restricts the fventation of the mokcuks in 
gc==.k Thus, the rcgfstratr’on of the mokular ion peak of ammonia, m!e 17 is not 

_ 
dstmbai by the occurrence of the OH+-fragment of water. In spite of the Iow 
resohxtion of the qnadrqoIe mass fiIter, the simu&aneons release of water and 
kmmonia can be pursued with exactness. At this stage besides the waf.er two of 
the four ammonia mokcuks in the compIex are volatilized, as coufkmed by cakulating 
the TG-curwz 

Two remainin g ammonia mokcuks are released in the second and third 
decomposition stage, heghming at a temperature of 240 and 326”C, reqectiveiy. 
The& copper suIphate remains in the crucible aud is stable up to 626°C Above 
this temperature it gradually begins to decompose_ As shown in Fis 3 the dezom- 
position of copper sr.dphate occurs in a two-stage process, which aaxxding to 
Borchard and DauieIs’* takes its course via the themud unstable basic copper 
SnJphate CuO-CuSO&_ The residue of the thermorysis is pure copper oxide in cor- 
rc5poudeua: to the cakuktion on the weightloss CuTye. 

By the use of TG-CIMS it was attempted to prove, whether S& or SO, is to 
be considered as the primary decomposition product of anhydrous copper suJphate- 

In this in~gation nitrogen was used as purge and reaction gas in the CI-source_ 
Argon could not be used according to the appearance of the A$-peak at m/e SO, 
which is in coincidence sith the molecular ion peak of SO, _ 

Mass spectra of the volatik were recorded at intervals of 10°C bctwcen 600 
and 830°C 

The pIot of the inteusities of m/e 64 and m/e 80 against temperature is illustrated 
in Fig 4 and shows the simultaneous appearance of SO, and SO,. According to the 

go- 

mo- 
* 

I3oe 
* 

6o-x 
m-? u 

5 
20-- 

600 XJO 800 900 



9 

thermodynamic dataIs for the exothefmic gas reaction 

so,+1/20, * so,+91.7 kJ (1) 

the resuks prove that during the thermal decomposition of copper dphate SO, and 
SO, must occur simultaneously in a ratio corresponding to the state of equilibrium 
at any given temjwWu.re. 

Figure 5 shows the thermogravimetric curve of a 34.2 mg sample of potassium 
trilluoroaceztate. During the complex decomposition a large number of reaction 
products occur_ Therefore mass spectra were performed in a mass range of m/e 40-400 
at cbaraderistic temperatures shown on the TG-curve. The most interesting mass 
spectra of this series are given in Fig. 6. 

As a rest& of the high inductive efEct of fluorine, the mass spectra of fluorinated 
organic compounds show extended fragmentation. In order to keep this fragmentation 
as low as possible, methane was used as the C&reaction gas. The ion source pressure 
was adjusted at 1 Torr. 

The great difference in the use between noble gases and hydrocarbons, such as 
methane, as a reaction gas for CI iies in the ionization mode. While the sample 
moIe.cuIes using a noble gas were ionized by charge exchange reactions, 

A+e- + A++2e- (2) 

A+-+S + A+S+ . fzla) 

Ar = noble gas atom; 
s = sample mole&e; 

the ionization in the case of methane is pe&orme$ by proton transfer (or in special 
cases by hydride abstraction). This leads to a lowering in the energy evolved for 
ionization of the sample molecule so that fiagmehtation is greatly rtzstricted_~Th~ 



fig. 6. MassspazuaatviaQtdtanpuatum duringthe thcmm!~ysisofpotassmm tl-itlUOrOWCtdtC 

reaction5 may be written as follows: Primary Ekeaction: 

CH4-ie- + CHZ, CHZ, CH,f. CH* +2e- 

AI1 cf the primary ion5 of methane react rapidly with methane to give product ion5 
which are either non-reactive or only slightly reactive with the reaction ga5 itself, but 
which can react with the 5ampIe mokcukx 

Sccodary ion-mokde reactioxs 

CH;+cH, + CHf+CH, (4) 

CHf+CH, --, GHf+H, Q 

CHf+cH, --, &H;+H,+H (6) 

CHf and C,Hf are the major sccondaxy ions, which comprise about !lO%‘of tke 
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total ionization, ionizing sampIe molecules by proton mnsfer reactions: 

CHf+S + CH,+SH* (7) 

GHf+S + &H,+SH+ (8) 

As can be seen in eqns (7) and (8) the ionization of the sample molecules by CI with 
methane leads to quasimolecular ions at m/e (M + l)+. 

In former investigations on the thermal decomposition of trifluoroacetates’ ‘.I ’ 
the attempt was made to identify the released volatiles by IR-analysis. But only the 
major decomposition compounds were identified and no data could be given about 
the sequence of appearance and disappearance of each major and minor component. 
TG-CIMS enables the identification of the total number of the released volatiles, 
gaining a complete insight in the decomposition reaction OF the compound under 
investigation. 

The decomposition starts at 185 “C and is complete at 254 “C, leaving potassium 
fluoride as a residue. Although the TG and DTG curves show a one-step process, no 
simultaneous evolution of every volatile was confirmed by the mass spectrometric 
investigations. Between 185 and 220°C only m/e 45 CO,H and the fragments m/e 51 
CF,H and m/e 69 CF, occurred with increasing intensity. 

At 220°C peaks at m/e 167 and m/e I17 indicate the occurrence of hexafluoro- 
acetone and triliuoroacetyl fluoride as quasi-molecular peaks, respectively. It should 
be said, that by use of argon as reaction ,eas, peaks of the molecular ions of the 
above-named molecules did not occur in the spectra. 

According to the bcginnin g decomposition of trifluoroacetic anhydride at 
216”C, yielding CF,-COF, CO= and CO’*, onIy the small peak at m/e I 13 CF,-COz 
indicates the presence of an insignificant amount of trifluoroacetic anhydride in our 
spectra Above 220°C a series of homologous fluorinated olefines and their fmgments, 
starting with tetrafiuoroethylene are identified in the mass spectra. At- 242°C the 
decomposition reaches its maximum. At this temperature m/e 331 C7FE3 and m/e 381 

Ca3K8 are recognized as fmgments with the highest molecular weight. Up till now 
only in the thermoIysis of salts of long-chain perfiuorocarboxylic acids fluorinated 
olefines have been obtained as decomposition products”. 

In our opinion, secondary reactions of the high reactive carbon-fluorine 
fragments, especially the diradical CF, account for the occurrence of the large number 
of fluorinated olefines as well as the oxygen containing decomposition compounds. 

Further investigations on the thermal degradation of trifl uoroacetates, especially 
with regard to primary and secondary reactions during this complex decomposition 
process will be carried out in the future. 
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