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Chemical anafysis and monitoring of decomposition gases may be used to study 

the chemistry of degradation processes of solids and to provide a quantitative measure 

of the rate of decomposition. The Iatter serves as a measure of thermal stability. In 

the decomposition of many solids a single gaseous product is evoked, or just a few 

gases are evolved in weI1 separated stages. For many other substances, especialIy 

polymers, a number of different gaseous products are often given ofT, and in a large 

number of cases part of the evoIution is concurrent. One may expect to gain more 

or less insight into the chemistry of any given decomposition by matching the abiIity 

of the anaIytica1 method to differentiate, with the complexie of the gas evolution. 

Many examples of such methods may be found in several reviews’-‘. One that has 
been developed rather recently, but is coming into wider use is mass spectrometric 

therm& analysis (EGA-MS**). 

THEORY 

This articIe is limited to a discussion of methods s-here materials are pyrolyzed 

and where one, several, or all of the ions formed by ekctron bombardment of the 

pyrolysis gases are monitored continuaIIy with a mass spectrometer. EGA-MS systems 

z.re composed of such components as a furnace, a temperature regulator and monitor, 

a mass spectrometer with associated equipment, and a recorder. An auxiliary vacuum 

system is a usuaf component, and is used for such purposes as external vacuum 

pyrolysis, differential pumping, removal of excess gases from external pyroiysis in 

carrier gases, and introduction of calibration sampies. Perhaps the most straight 
forward use of the method incfudes linear promed heating of the sample in 

vacuum. The pyrolysis Gary are analyzed continually as the mass spectrometer 

continualIy scans the ionic mass range of interest. The results are recorded with an 

oscillograph or a sufficiently fast strip chart recorder. One may then plot ion signal 
intensity CS. time (or temperature) for each ionic mass observed. Ions arising from 

*Presented ai the Recent Advances in Tbcrmal AnaJysis Symposium, American Chemical Society 
Meeting Houston, Texas, U.S.A., February 22-27, 1970. 
**Evolved gas analysis by mass spectrometry; abbreviation recommended by Committee on Ec‘omen- 
clature crf the International Conf&eration for TbermaI AnaIysiss, Abb~~atio~ such as MTA and 
MSA are wed commonly. 
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tie same product would have the same contours in graphs where there are no inter- 

fering ions. This fact aids in the qualitative analysis of that component. One may 

refer to mass spectral listings or to calibration spectra run on ones own instrument 

in order to choose the most likely product. Since the quantity of each ionic fragment 

is nearly proportional to the quantity of that product entering the mass spectrometer, 

any graph without a direct interfering ion may be used for quantitative analysis of 

that component. Even with interference it is possibIe to account for the various ionic 

contributions in some cases, 

An alternative method of operation is to monitor a single ionic mass for the 
duration of pyrolysis and to cbserve the ion yield as a function of time with an 

oscihograph or suffici+ntfy fast strip chart recorder_ It is possible to plot ion intensity 
cr. temperature directly with an x-y recorder. It is sometimes possible to use a multi- 

channel system to monitor several ionic masses simuItaneousIy, but this is not 
practical if the number of products (producing non-interfering spectra) exceeds the 

number of channels avaiIabIe. 

SYsrEMs 

Akhough the instrumental capabilities at that time were somewhat limited, one 
of the first attempts of this type of analysis was carried out by %many6. A thin fiIm 

sample of polystyrene was deposited on quartz and was heated adjacent to the inlet 

leak of a magnetic mass spectrometer. Temperature was elevated slowly and over 

many individual steps. Mass spectra were recorded intermittently at each temperature. 
At &st the main spectra were attributed to solvent, unpolymerized monomer, and 

other impurities_ About 1% weight loss was observed during that stage of heating_ 

Evolution of d~omp~sition products started at about 230°C. Heating in small 

intervals was carried out :z 330°C over a period of ten days. The signals due to the 
main products, styrene, benzene, and toiuene, were found to be a function of tempera- 

ture onIy, and thus were thought to be proportional to their rates of formation. Plots 

of log intensity cr. l/T gave good straight lines and activation energies were evahi- 

ated from them. Other products were observed in smaller quantities, the most 

prevaIent of which was styrene dimer. The method was successfully extended to 
polymetbylmethacryIate. 

With the development of dependable temperature programmers and fast scan- 

ning mass spectrometers, it became possible to carry out such studies with much 
greater efficiency. The first modem use of EGA-MS was reported by Langer and 

Gohlke’, The sample holder shown in Fig. 1 was mounted on the temperature sensor 

shown in Fig. 2, The entire assembly was coupfed with a mounting flange and was 

inserted into t&e vacuum chamber of a time-of-Bight mass spectrometer, so that the 
sample holder was surrounded by the furnace and was near the electron beam of the 
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Fig. 1. Schematic of EGA-MS furnace (reprinted by permission from Langer and GohIke’). 

Fig_ 2. Schematic of EGA-MS furnace mounting 5ange (rqxintcd by permission from Langer and 
Gohlkea)_ 

mass spectrometer. fn the time-of-flight mass spectrometer, positive ions formed by 
electron bombardment are acceIerated through a comparatively field free flight path 
by strong negative potential- The ions with the smallest mass-to-charge ratio (ace) 
arrive at a distant electron multipiier detector earliest, and those with the highest m/e 
arrive last. Langer and Gohlke’s intrument repeated this event every 500 m, Le., its 
cycling frequency was 2,000 Hz. One may choose to utilize ah the data generated, or 
more usually, select only a portion of the data. The total data may be observed with 
an oscilloscope, although it is usual to just see the results of repetitive scans atop each 
other_ Most time-of-fright mass spectrometers are equipped with gated multipliers. 

The output to a recorder is blanked for all but a very short interval during each cycle 
of mass spectrometer operation, so that onfy the signai appearing during that interval 
is received by the recorder, Thus, one may select and read the signal for only one m/e 
value. SeveraI gates ahow as many signals as gates to be monitored continuahy. It is 
also possibfe to move the gate between two vafues of nz/e at a predetermined rate of 
speed, and to do this repetitively. Use of the gate tends to damp the instrument 
output, thus reducing the scatter from single ion pulses. Langer and Gohlke recorded 
total ion current, i.e., the totai signal generated by all ions formed during each cycle 
of operation, as the sample was subjected to a linear rate of temperature rise_ When 
gas evolution started, as shown by elevation of total ion current or by observing the 
oscilloscope, they switched to recording gated sweeps (in several seconds) or to 
monitoring a representative ion from a single product. Their results for BeSO,-4H,O 
are shown in Fig, 3, together with DTA from another instrument. Note evidence of 
the four stages of dehydration and later SO, evoIu~on_ Water was monitored at &z/e 18 
(El&‘), but a relatively strong signal could also have been observed at m/e 17 (OH+), 
and a much weaker one at m/e 16 (O+). Very weak ones could be observed at m/e I 
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@-I+), m/e 19 @DO*), and IT+ 20 (Hz ‘*O+) with s&icieotiy sensitive insfrumenta- 
tion. In using an oscilfographic recorder, it is rather common to use several channels, 
each set to different levels of sensitivity, thus increasing the range of the instrument to 
detect both strong and weak signals. They aLso studied decomposition of germanium 
ccv) (ethylenedinitrilo) tetraacetate dihydrate, (ethyIenedinitrilo) tetraacetic acid dihy- 
&-ate dihydrochloride and equimolar mixtures of &SO,-ZH,O and CuSO,-SH,O. 

Fig. 3. Co_mparison of EGA-MS and DTA curves from BeS044H20 (reprinted by permission from 
Lager and Golhke’). 

Friedman and coworkers originalfly planned to use EGA-MS to aid in the 
kinetic a.naIysis of TG data, but found the EGA-MS data to be of such good quality 
as to render the results of TG virtuahy useIess for complex gas evolution. These 
workers used remote pyrolysis (about a meter away from the electron beam of the 
mass spectrometer) by tube furnace, and eventualiy introduced the capability to 
pyroI_yze’the sampIe after the furnace tube had been baked-out at very high temper- 
atures. T&s was for the purpose of minimizing the gases added from the system. 
One such arrangement is shown in Fig_ 4 The sampIe is carried to the crucible, and 
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Fig. 4. %hcaatic of remote EGA-MS pyrolysis tube for bake-out in advance of pyro!ysis (reprinted 
by permission from Friedman, GoIdstein, and GrifEth93. 

dumped, after bake-out, through use of a difEerentiahy pumped gland. Most of 
IFriedman and coworkers” experiments are described in reports to the Air Force 
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_?/fateriaIs Laboratory’, Examples of polymers studied are po~ybenzirn%azolesgu’c~ ‘, 
polyesters9 d* ‘, polyamides' d* =, and bis benzimidazo henzophenathrohne poIymergd* =_ 
These studies have shown that it is possible to (I) differentiate between stages of 
evolution of different products, (2) sometimes merentiate between concurrent evo- 
lution of different products, (3) observe evolution of solvents and locsely bound 
water, and (4) differentiate between products of incomplete condensation and 
decomposition products. Most of their work has utilized the Mode1 141OCI Bendix 
Time-of-Flight Mass Spectrometer which generates mass spectral pulses every 
100 psec (10 kHz frequency). Linear programmed heating was regulated and moni- 
tored with a proportional control system, where the thermocouple served both as 
the detector and thermometer. fn their earliest experimen&‘~, full scan mass spectra 
were recorded in about IO seconds, every minute with an osciilograph, Later, oontinu- 
ous slower scanning was used, at a rate of about a minute per scan. StiiI later, an 
automatic data collecting system was introduced, and that wilI be described later. 
One example of -heir results is shown in Fi g. 5. Samples of untreated and heat treated 
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Fig. 5. EGA-MS at m/e 72 of untreated (A) and heat treated (B) sampIes of poly-2,2’-(m-phenyIene)- 
5,5’-bibenzimidazok (reprinted by permission from Friedman. Griffith, and Goldsteing3. 

poly-2,2’-(m-phenyIene)-S,S-bibenzirnidazole were subjected to EGA-MS at 10°,Imin_ 
Ionic spectra at m/e 72 showed that the heat treatment process successfully removed 
methy ethyl ketone solvent. In studying aliphatic poiyesters and polyamides, Fried- 
man and ooworkersgC-* found that many products were evolved conc*urrently in a 
single stage of reaction. WhiIe it was possible to differentiate between some of them, 
as one would in the more usual practice of mass spectrometry, the advantages of time 
resolution were lost. The authors felt that gas chromato_aphy would have been a 
groat help in such studies- 

Shulman and coworkers used a system similar to that of Friedman and co- 
workers’ earlier system. Their mass spectrometer was the Bendix Model 12401 Time- 
of-Flight unit, which inchtded a Knudsen celi cross. Polymer samples were heated 
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near the electron beam in a fashion simiku to that used by Jlanger and GohIke’, but 
a Knudsen celi with a pinhoIe orifice was u~eci’~ instead of Langer and G&Ike’s 
open cup, Spectra were reported for poI~e~uoro~~yl~ne, a phenoI-fo~dehyde 
polycondensate, and for poIy-2,2’-(m-phenylene)-5,5’-bibenzimidazole. A kinetic 

analysis was aiso applied to early degradation, assuming that the reactaut was rela- 
tivePy unchanged during that period and that the rate of formation of the component 
was proportional to its ion intensity.. Later, Shuhnan and Lochte’ ’ subjected the 

phenol-formaldehyde polycondensate to further studies. Fig. 6 shows the results of 
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IFi& 6. EGA-MS products from a phenol-formaldehyde polycondensate (reprinted by permission 
from Shulman and Lochte”). 

pyrolyzing a 14.9 mg sample at a rate of 29o/min, The ionic masses used for the 
assignments are listed in Table L Kinetic evaluations were made as described previ- 
ousIy from the plots shown in Fig. 7. Material balances obtained by integrating under 
the various curves were found to range from 70 to 110% of measured weight loss. 
These authors carried out isothermal EGA-MS on samples of the same resin, The 

results of an experiment at 4QYC axz shown in Fig. 8. Arrhenius plots were made 
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TABLE I 

CHARACTERmC KS %iMBERS FOR E&b-MS OF A PHENOL-FORMALDEHYDE POLYCCMJESUTE (RE- 

PRISTEDBY P&RMISIONFROH SHUL!!NAND~ACHTE’*). 

HZ 2 HZ * None 
CH, 15 CH*+ CH3’ (cresol, xylenoI) 

60 I8 H20* None 
co 28 co+ CO+ (COXz. phenol, cresol, xylenol) 
CO 12 c* C’ (CO3 
CHIO 29 CHO” COH + (xylenol) 
CHIO 31 CHIOH + None 

44 cot+ 
2, 78 C6H6+ 

None 
&H6* (cresol. xylenol) 

ToIlrene 91 C,H,+ None 
Phenol 94 C6H,0H+ None 
cresoi IO? c&&o+ None 
XyIenof 122 C8~xoO2* None 

Fig. 7. Temperature dependence of formation rate of EGA-MS products from a phenol-formaldehyde 
polycondcnsatc (reprinted by permission from Shulman and Lochte”). 

from results at several temperatures. A similar isothermal kinetic treatment was 

demonstrated for po~~~~u~roe~y~ene~ where t.bir results were in good agreement 
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Fis 8- fsothertnal EGA-MS of a phenoLformaldehyde poIycondensate st 405°C (reprinted by 
permission from Shuiman and Lochtelf). 

with th:: Iitera?xmz. Using the results of EGA-MS, infrared spectrophotometry of 
heated films, pyrol+s~ chromatography, and elemental analysis of residues 
from TG, the authors were able to offer a very comprehensive mechanism of thermal 
de_=dation of phenol-formaldehyde polycondensates. It is extremely tedious to 
carry out this type of experiment_ First, the recorder output must be read, corrected 
for background, and plotted on graphs as a function of temperature. Even mass 
assipments may be tedious, depending on the use of standards, and instrument 
resoiution. The graphs must then be compared to each other, and with reference 
standards in order to make reasonable qualitative choices. Instrument sensitivity 
must also be Mated to daily runs to the calibration standards library in order to put 
both on the same basis. Onty then can quantitative evaluations be made. 

ShuEman and Lochte carried out similar studies for poly-2,2’-(m-phenyfene)- 
5,5’_PibenzimidazoIe’ ‘. This was another extremely comprehensive study. Shulman” 
developed an open cell pyrolysis system similar to that of Langer and Gohlke (Figs. 1. 
and 2), but was to heat it at rates up to 12OO”/min. A sketch of that system is shown 
in Fig- 9. Some results on a silicone polymer were also reported in that reference. 

Austin et aLI recently carried out study of gases desorbed from graphite and 
from rutiIe using pro _med heating and an Associated Electrical Industries (AEI) 
iMode1 iMSI0 Mass Spectrometer, a magnetic instrument. These authors allowed 
evolved gases from the p>ToIysis &amber to expand into a larger volume before 
sampling witi the mass spectrometer, ResuIts of EGA-MS were compared with 
those from TG_ 

Conventiona? systems have been used to study reactions, e.g., Gray ez al_” 
studied the reaction of diphenyl isophthalate and 2,2’,3,3’-tetraaminobiphenyl to form 
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Fig 9_ Schematic of EGA-MS system for heating rates to IZOO”,fmin- Xear efectron beam of time- 
of-flight mass spectrometer (reprinted by permission from ShuIman*3). 

poly-2,2’-(m-phenylene)-5,5’-bibenzimidazole. The evolution of phenol and water as 

shown in Fig. 10 gave valuable insight on the mechanism of polymerization. 

Fig. IO. EGA-MS of reaction products from diphznyl isophthalate-tetraarninobiphenyl mixture 
(reprinted by permission from Gray, Shulmm, and Conieyx5). 

Very recently high resolution mass spectrometers have been used in EGA-MS 

systems . “* I7 The hi-h resolution mass spectrometer has the advantages of being 0 
able to provide the exact atomic composition of the ionic fragment, and to dserentiate 

betlveen two or more mofecules of extremeIy close atomic masses. For exanipfe, 

CO, Nz, and C?H, have masses of 27.9949,25.0061, and 28.0313, respectively, These 

are readily separated with a high resolution mass spectrometer, Goshgarian16 used 

a Consolidated Electrodynamics Corp. (CEC) &fodel 21-110 double focusskg mass 

spectrometer to study the thermal decomposition of hydroxylamineand methoxyamine 
perchlorates. Gaulin e? al.” used a similar mass spectrometer, but coupled it with 

a DTA system. Their work win be described in the following section. 

Si~~ir~e~~s ~e~re~e~~s i~c~~~~illg EGA-MS 
The earkst simultaneous measurements combining EGA-MS with other 

thermoanaiytical methods were reported by Langer et ai_ Is, and by Wendlandt and 

Southern tg, the former combining it with DTA and the latter with EGA by thermal 
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conductivity_ titer workers added TG and severaI have combined three methods. 
Coupling of different systems may give more information than one can obtain from 
a single measurement, e.g., DTA is sensitive to physical and chemical changes where 
no weight is lost, in contrast to TG and the various EGA methods. 

(I) EGA -t- EGA-MS 
Wend~dt and Southem’9 used the Associated EIeetrieaI Industries Model 

LMS-IO Mass Spectrometer, a magnetic instrument, for their system, which is shown 
in Fig. I I_ The EGA system comprises a programma ble pyrolysis tube followed by a 

Fig. I I. (a) Schcm2tic diagram of apparatus for simuItzneous determination of EGA by tIxm& 
conductivity and EGA-MS; (b) schematic of the pyrolysis &amber (reprinted by permission from 
Wendhndt and Southeml~. 

thermoconductivity cell. Helium or another carrier gas transports the sample through 
tie detector, and then to the mass spectrometer inlet. Only a small portion of the 
total gases enter the mass spectrometer, as regulated by dserentiaI pumping and a 
capillary tube. The mass spectrometer was able to sweep the mass range of 12 to 45 
or 18 to 100 in 3.5 min, siow by T-G-F standards, but fast enough to handle cerQin 
situations, Newer versions of this instrument and many other types of mass spectro- 



meters provide much faster scanning than in the past, especially those designed to 
handle gas chromatograph effluents. The EGA and EGA-MS curves for decomposi- 
tion of Cu(NH&O,- Hz0 are shown in Fig. 12. The authors postuIated the following 
mechanism 

[Cu(NH,),] SO,* H,O(s) -= [Cu(NH,),] SO,(s) + H,O(g) 

~WH,PWs) 
310-38O~C 

b CuSO,(s) + NH,(g) 

2 CuSO,(s) 370-500+ *= P CuOCuSO,(s)tso,(g)t 3/z O,(g) 

Fig. 12. EGA and EGA-MS curves from Cu(T9H~f~SO~*H~O; SO-n% sampk heated at 6”lmin in 
helium at flow rate of 50 ml/min (reprinted by permission from Wendlandt and Southern% 

AU stages of gas evohnion showed up by both methods. The superiority of EGA-MS 
in resolving the different products is obvious. 

Gohlke and Langer20 employed their conventional system’ to investigate the 
decomposition of CuS04*5H20 and Cu(NH,), S04-H&I. From these experiments 
and mass spectrometry of fuming sulfuric acid, they concluded that the fast step of 
Wendlandt and Southern’s mechanism was not justified, and that SC,‘, ma; be a 
primary product from decomposition of CuSO,, rather than SO, _ They demonstrakd 
tha$ under Wendiaxrdt and Southern’s experimental conditions it would ‘be difficult 
to differentiate between SO2 and SU3. Further arguments were presented in Ref- 8. 
Thus it may be seen that EGA-MS may not necessarily be a panacea for all gas 
analysis, as confusions may result. Other methods have had to be used to clarify 
information in several cases, 
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(2) DT,sl f EGA-MS 
.lan~er et al. I8 replaced the furnace used by Lanzer and Gohlke (F&s_ I and 2) 

with a modified DuPont DTA celf (Fig, f3), and obtained simultaneous DTA and 
gas analysis thermograms. The valve shown in Fig. 14 was developed by Langer and 
Gohlkezu” and was used to reduce gas pressure entering the mass spectrometer. This 
system was used to study the thermal decomposition of t~~h~ny~tin hydroxide” and 
MgC& - 6Hz0. Langer and coworkersZoa* ” used essentiahy the same system with 
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Fig. 13. Modified DuPont DTA celi for simultaneous DTA and EGA-MS (reprinted by permission 
from Langer, Gollhke, and SmithIs). 

Fig. 14, SampIi~g drive for s~rnuIt~n~~ DTA and EGA-MS system (reprinted by permission from 
tinges and Goh!S&Y_ 

automatic data processing to study decomposition of many compounds and some gas- 
sofid reactions. Au example of a gas-solid reaction studied by Langer and Gotike”‘” 
is the thermal decomposition of C&OS in inert and Hz0 atmospheres. Their 
EGA-MS results are shown in Fig. 15. Note that dry CaC03 does not begin to 
deczuboxylate until &O*C, whiIe decarboxylation starts at about 200°C in a water 
atmosphere, as shown by masses 18 and 44, due to the reaction 

CaCO, + Hz0 --, Ca(OH& f COz 
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The data processing system used by Langer and coworkers wiIl be described below. 
Langer and Brady” added an internaf DTA cell for high vacuum operation and 
demonstrated its 11x for cyclopentadienyl nickei chIoride-triphenyi phospine compfex. 
They also used the earlier system ’ ’ for ~viny1~~ hydroxide. Redfern et al, 23 recently 
coupled a Stanton Model 671 compact differential thermai analyzer with an AEI 
Model MS-10 mzs spectrometer and applied them to inorganic hydrates and orgzuxic 

materidls. Spectra were recorded by scanning accelerating voltage or by monitoring 
selected peaks. 

Fig. I5. EGA-MS from C&O3 in inert and Hz0 atmospheres (reprinted by pcmission from JAnger 
and Gohlke2~_ 

Gauiin er al. I7 used high vacuum DTA based on the 1200 “C DuPont DTA 
cell as shown in Fig. 16. The effluent was coupled with a CEC Model 21-1lOB high 
resolution mass spectrometer through the molecular beam former shown in Fig. 17. 
Afthough the instrument was capabfe of resoIving I: 39,000 AMU at m/e 142, 1: 3000 

Fig. 16. Modified DuPont RTA cell for high vacuum EGA-MS by high resoktion mass spxtro- 
metry (reprinted by permission from Gaufin, Wachi, and 3ohnstons7). 

TherrrwJiim. Actu, 1 (1970) 199-227 
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was suEicier& for t5e reported studies. Two modes of recording were used. The mass 
range 12-200 AMU co&d be scanned in 3 min by varying magnetic fieId (a slow 
process due to hysteresis), or a single peak could be monitored_ These authors studied 
Che thermal decomposition of polystyrene and a poIyimide. 

Fig, 17, Qrusi-mofe.cuIar beam former for DTA-high 
permission from GsuIin. Wachi, and fohnston’3. 

resolution EGA-MS system ireprinted by 

Fig, IS. Pyrolysis chamber for simultaneous EGA, DTA, EGA-MS system (reprinted by permission 
.from Wendfandt, Southern, and WiIIiamsz~}. 

Fig. 19. Results of (A) DT’A; (B) EGA by tbcrmaf conductivity; (C) EGA-MS of KC&SO4 in a 
helium atmosphere (reprinted by permission from Wendlandt. Southern, and WiIfiamsz4~). 
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(3) DTA -f- EGA i- EGA-MS 
Wendlandt er QI-‘~ modified the system of Wendlandt and Southern” by 

incorporating a DTA system for pyrolysis. The p_vrofysis chamber is shown in Fig_ 18, 
and resuhs for potassium methyl sulfate are shown in Fig. 19. The results were 
explained by the foIlowing transitions 

a-KCH,SO,(s) a /I-KCH,SO, 

8_KCH$O,(s) = KCH,SO,(l) 

KCH,SO,fl) >250aC K&&(s) +(CH,),O@ 

Note that aJJ three transitions were detected by DT’A, while only the last one was 
observed by the EGA methods. EGA-MS, however, was able to identify the gaseous 
product as (CH,),O. 

(4) 2-G i- EGA-MS 
The direct combination of a thermobalance and EGA-MS was f?rst reported 

by Zitomerz5, who coupled a DuPont Thermobalance with a Bendix -Model 12 
Time-of-Flight -Mass Spectrometer or a CEC Model 21-104 Magnetic Mass Spectro- 
meter. Gaseous atmospheres are used, and a diaphragm valve controls the quantity of 
gas reaching the mass spectrometer- Background mass spectra are recorded and the 
thermobalance is activated. Mass spectra are scanned periodically during heating, 
especially after weight loss is indicated by the thermobafance, The Bendix mass 
spectrometer is able to sweep m/e 12,300 in approximately 5 set, whiie the CEC 
instrument sweeps an octave in 3-l/3 sec. Sweep activation tends to be somewhat 
irregular. Zitomer studied thermal decomposition of poIymethy1ene sulfide and maleic 
hydrazide-methyl vinyl ether copolymer. l&fore recently, Haddon et aZ.26 reported 
on the use of the same system with other polymers, in&ding aliphatic polyamides, 
poIybenzimidazoles, and the oxidation of pclystyrene. 

Wilson and Hamakert7 developed a system based on an ultra-high vacuum, 
semimicro, automatic recording balance coupred to a Varian Quadrupole Residuai 
Gas Analyzer (mass range 1-250 AMU), as shown in Fig. 20. They used quartz lamp 
heaters at a rate of i”/min to 435°C. The mass range 5-120 AMU was scanned at a 
rate of 2 sec/AMU. Studies were made of poIymethyhnethacryIate, poiyoxymethylene, 
polystyrene, polyvinylchioride, and a mixture of polymethyImetha~.zylate and 
polyvinylchloride. Results for poIymethylmethacry1ate are shown in Fig. 21. There is 
obviously reasonable agreement between the derivative TG curve and the ion currect 
curve for m/e 41 (C2H5i), the principal fragment of methylmethacrylate monomer. 
The formation of pure monomer from t.hermaI depdation of this po1ymer is we11 
established. Kinetic analysis was carried out using the assumption that the signal at 
any time is propo~ion~ to the rate of formation of the product, and that the remaining 
area under the curve is propo~ionai to the quantity of reactant remaining at that 
time. These assumptions were used earlier by se\-eraI workers, including Friedman’= 
and Shulman and Lochte270. The area under the total curve was assumed to be 

i%rmvchim. Acru, 1 (1970) 199-227 
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Fig. 20. Apparatus for simultaneous TG and EGA-MS (reprinted by permission from Wilson &d 
Hamakefi’). 

- TC - - $Pr/dT 
---- m/e=41 

Fig. 21. Rru1t.s of simuItancous TG and EGA-MS for polymethylmethacrylate (reprinted by 
permission from Wikm and Hamake57). 

proportionaI to initial quantity of reactant, Activation energies obtained by use of 
weIl known methods yielded answers in reasonable agreement with literature values, 
For a review of applicable kinetic treatments see Ref. 4, which also lists other reviews. 

Vaughan2* also described the combination of a mass spectrometer and a sacuum 
TG system applied to inorganic and organic reaction systems. 

While TG weight Iosses ate not as informative as EGA-MS resuIts, it is impor- 
tant to determine sampIe weight at the various stages of decomposition, including the 
*Ltart of the experiment and final residue weights. Such weights may be used to check 
if the qualitative and quantitative analyses obtained from EGA-MS are reasonabIe, 
and serve as an aid to kinetic analysis. 

Three papers have recently appeared where the three methods, DTA, I%, and 
EGA-MS were combin& in a single system. Smith and Johnsonz9 used the thin pan 
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sample holder shown in Fig. 22. The hotder was attached to a Calm Model RA 

Ekxtrobalance enclosed in a bell jar_ Temperature signals were obtained from junc- 
tions at the center of the balance beam. A Deltatherm system was used for recording 
DTA and TG signals, and the derivative of either one, and for controlling heating rate. 

Fig 22. Sample holder for simultaneous DTA, TG, and EGA-MS (reprinted &jr permission from 
Smith and fohnsonz9). 

A Cal-m Model Mark II Derivative Computer obtained a derivative TG for separate re- 

cording. The mass spectrometer was a Quad Model 150 Residual Gas Analyzer. The 

mass range of I-I 50 a.m.u. could be swept from 130 msec to 10 min. It is also possible 

to monitor singIe peaks. The carrier gas is maintained at I atm pressure, but is reduced 

by a Granville-Phillips Automatic Tressure Controller before entering the mass 

spectrometer. The controller regulated by a signal from a Bayard AIpert ionization 

gauge at the low pressure side to within I x IO- ’ torr. This system was designed for 

natural fuels, but was tested with nahcolite and clay. 
Wiedemann’1° described a system based on the MettIer Thermoanalyzer and a 

Balzers Quadrupole Mass Spectrometer, A sketch of the system is shown in Fig. 23, 

The usual way of operating is in vacuum, but gaseous z&mospheres may be used with 

the usual reduction of pressure to the mass spectrometer. The sketch does not show 

a DTA sample system at R, but such an accessory is available. The system A, B, C is 

for admission of cahbration gases under operating conditions, and M, N, P is for 

venting after a test. The mass range of the instrument is l-100 and IO-400 a.m.u. The 

scan rate for an oscilloscope is 1 msec/a,m.u. or slower. Single mass peaks may be 
monitored. In a sense, the ionization gauge, S, acts as a pressure sensor, and adds 

EGA capability to the other three measurements. Wiedemann studied thermodecom- 

position of CaC;O, - Ha0 and ZnCaO~-2Hz0. Fig. 24 shows the influence of packing 

on diffusion of water from 7 mg samples of I50 mesh CaCaOa- II@ heated at fO”/min. 

ZZefmmzhim. Ada, 1 (I970) 199-227 
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Fig. 23. System for simultaneous DTA (sampIe holder not show& TG, and EGA-MS (reprinted 
by permission from Wiedemarm30]_ 

Fig. 24. Infiwnu: of sample pzcking on evolution of Hz0 from 7-mg sampIes of CaCz04-Hz0 
heated at lO”~min (zqxinted by permission from Wieckmann3c). 

Miiller-Vonmoos aud Bach3 ’ used the same type of system to study an oil sbaIe 

containing Dawsonite, A 30-mg sample was pyroIyzed at 6”/min. The range m/e I-50 
was scanned in !%I sec. Some of the results of this complicated reaction are shown in 
fig. 25. 

Filament heating systems have mainly been used for pyrofysis-gas &rornato~- 

phy studies, but have been appfied to EGA-MS in several laboratories. These studies 
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Fis 25. Results of simultaneous DTA, TG, and EGA-MS of 30-mg sample of extracted shale heated 
in cacuo at 6”jm.h (reprinted by permission from Miillcr-Vonmoos and BacP). 

generally utilize very fast heating, thus requiring some special components. Friedman 
et aZ 32 electrically heated polymeric samples that are deposited in a groove that is . 

machined in a graphite rod of 0.030 in (diameter), in the apparatus shown in Fig. 26. 
The electrodes are spring-loaded and water-cooled. The assembly is attached to a 
modified Bendix Model 12-101 Time-of-Flight Mass Spectrometer so that the groove 
is in line with a slit that Ieads to the electron beam, in a fashion similar to the Knudsen 
cell arrangement of Shuhnan lo Differential pumping is used to reduce gas pressure. _ 

Sampte temperature is measured with a thermocouple in contact with the sample. 
Temperature signals are recorded with an oscillograph together with scanned mass 
spectra_ The electrometer of the Bendix Analog Output unit is replaced with a high 
speed recording picoammeter. Typical scan rates are m/e I-200 in 0.2 sec. An 
example of an oscillograph scan is shown in Fig. 27. Very stable D. C. power supplies 
are used for heating. Experiments are carried out in two ways. One is partly controlled 
rapid linear heating rate studies, where rates up to about lOOW/sec have been achieved. 
The other is isothermal heating, where sample temperature is elevated to a constant 
value as rapidly as possible; usually a few seconds. Some of the resuhs of pyrolyzing 

Tiienno&im_ km, I (1970) 199-227 
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Fis 26_ Fihrrzcnt hater assembSy for EGA-MSf39- 

Fig, 27. Reprcsatative o~i~o~~~ scan for f&ment heater EGA-MS poI_vmer pyrolysiP% 

a phenol-formaldehyde sampIe at a rate of 930”/scc are shown in Figs. 28 and 29. 
The products were much the same as observed for this poIymer by other methods. 



Goldstein has used this method to study a polyimide, poly-2,2’+-phenylene)-S,S’- 
bibenzimidazole, and polymethyl si10xanes~~~ and several other polymers 3’b. In the 

latter study, filament heating was compared with Knudsen cefi pyrolysis of simi!ar 

polymers. The results showed that polymer heterogeneie could be as serious as 

changes in heating method for the polymers tested, and coufd make resd.s difficult 

to interpret. 
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Fig. 28, Representative EGA-MS results from fifaxnent heating of phenol-fo~Idehyde at 93W/sec. 
Part 133. 

Fig. 29. Representative EGA-MS results from fikment heating of phenoi-fo~~dehyde at 93O*fsx, 
Part 232) * 
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A very recent filament heating study of solid rocket propellants was carried 
out by Stapleton34 The system uses a Bendix Time-of-Flight Mass Spectrometer 
equipped with a Bendix Filament Heater System. Samples weighing 5-20 /lg are 
coated on a resistive platinum ribbon which is Iocated 2 mm from the ionizing electron 
beam. Battery and capacitor discharges are used for slow and fast heating rates, 
respectively. The ribbon forms one arm of a Wheatstone bridge for the purpose of 
measuring f&ment temperature_ For sfow heating rates, the mass spectra are dispfayed 
on an oscilIoscope face and are recorded ~ne~to~ap~~~y at a rate of 200 frames/ 
sec. For fast heating rates, the mass spectra are recorded photographically utillizing 
z-axis moduiation of the oscilloscope delay. The z-axis modulation method was 
developed by 3Lirtcoln 35_ An example is shown for flash pyroIysis of glycolaldehyde 
in Fig. 30. Mass num*ber is displayed as the z-value, and the pvalue is time. The 
- 

Fig- 3O.T%t1e-rcsohzd rastercecilfo~~pedispIayofma~~ spectra from flash-freated glycoiaidehyde 
(reprinted by permission from LincoIds). 

x-axis represents the time of the flash. The flash triggers a series of sweeps, each being 
a!bove the preceding one. Whenever an ionic p&e occurs, a spot on the OscilIoscope 
face. The greater the ionic signal, the brighter the spot, as regulated by z-axis modula- 
tion. Thus one obtains a series of vertical lines of varying brightness, and appearing 
at various times. Semi-quantitative evahtation may be obtained with a densitometer_ 

A number of mass spectrometric studies have been carried out in connection 
with f&h lamp discharges and laser heating, but these will not be discussed here. 
They ark reviewed in Ref. 4, 

Aumma?ic data gwocesshg 

If mass spectraf piks appear for many ionic masses, and if one scans many 
times, a fcrmidable number of data points are generated. In addition, one needs to 
r&ate the points to time and temperature, and to account for background and 
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instrument sensitivity. Lastly, one would desire to compare the spectra with a library 

of calibration compounds to accomplish a complete time-resolved qualitative and 

quantitative analysis. It would be delightful to be able to carry out all of these opera- 
tions automatically, but this has not yet been accompiished- Two groups, however, 

have made some progress in these areas for time-of-flight mass spectrometers, as will 
be described below. 

Friedman and coworkers gb-r* “* 36-3g have developed an on-line analog-to- 

digital converter for recording EGA-MS data on perforated paper tape. Other 

components of their systems were described in the section on conventional systems. 

The system is based on a very stable programmed power supply that steps the gate to 
preselected discrete ionic mass peak locations_ Mass peak locations have also been 

rendered stable and adjustable by appropriate ins*%umental modifications. In actual 

operation, analog gate voltages (time delay following ionization) are determined for 

about 20 peak centers from m/e I to about 203 for hydrogen and hexachloroethane, 

as monitored by a digital voltmeter. These are then analyzed by a least squares 

shared-time computer program using a polynomial equation that includes 5 constants. 

If all of the calcuiated points are within values equivalent to 10 nanosec of the observed 
time deiay, the fit is accepted and a print-out is obtained for ah analog gate voltages 

TESlPERATLTlE 

PARALLEL TO 

COSVERTER 

Fig 31. Schematic of automatic data cokcting system for EGA-MS (reprinted by permission from 
Friedman, Griffith, and GoIdstein3*). 



as a function of mass number, by interpolation and extrapolation. Mass peaks get 
closer as the mass incr~es. Separation at m/e 100 is about 130 nanosec, Peaks tend 
to range in duration from about 30 to 80 nanosec, depending on composition and 
signal htensity. Square wave @e pulses last for about 110 nanosec. The set of com- 
puted gate voltage vaIucs has been found to hold for many months, with minor 
adjustments, but first: it is necessay to establish each discrete value on a very stable 
potentiometer, as monitored by the digital voltmeter. The three parameters, sample 
tempcratmrc, gate voftage, and ion intensity are recorded for each data point. They 
are selected, in turn, by a crossbar switch_ The temperature originates from the 
thermocouple in the sample, and is generated from a retransmitting slidewire. The 
gate voltage originates in the programmed power supply, and ion intensity comes 
from the ~lldss spectrometer, The system is synchronized by a pulse generator that 
acts as a clock. The digitat vohmeter acts as the analog-to-digital converter_ The 
serializer converts the data from binary code to paper tape code. The system currently 
scans 200 discrete masses in about 2 min. but is able to work more rapidly when 
everything is in best order. At a heating rate of lO”fmin, it returns to each mass peak 
every 20°C The mass range can be limIted to give better time resolution. A Bow 
c&art of the automatic data-collecting system is shown in Fig. 31. The perforated 
paper tapes geueErated during a run arc then cut appropriately for conversion to 

25 ?%Y 67 TR112 NBS=30.9 r,ASS= I. 463 HG. 

Fig. 32. Typic& graphic output from automatic data processing of EGA-MS. Some IXZSUI~S 
pyrolysis of 1.48Emg sampk of aromatic polyamide at IO”/min (reprinted by permission 
Friedman, Griffith, ar?d Gotdsteir?). 

from 
from 
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digital magnetic tape by a small computer equipped with an optical reader. A large 

computer sorts the data by mass number and then prepares a magnetic tape for the 
Stromberg-Carlson Model 4020 Automatic Graph Plotter. The plotted data are 

corrected fcr background, instrumer: sensitivity, editorial corrections, and are 

normalized to 1 mginitial sample weight. A typical graphplotforanaromaticpolyamide 

is shown in Fig. 32. Eighteen products were observed for this polymer, as listed in 
Table II. A quantitavie analysis computer program is in a pan tial state of development, 

TABLE II 

TENiATIVZ QUALITATIVE ANALYSIS OF EGA-MS PRODUCTS FROM AS AROMATIC POLYA!!IDE (RFZPRMTED 

BY PE~LHISSION FROM FRIEDSW, GRIFFITH. AMJ GoLD~~EIN~~). 

Product Mol. cot Temperature, ‘C 

Dimethyl acetamide 87 so 
Carbon dioxide’ 44 340 
Watef i8 350 
Unidentified ix&122 400 
Phenylenediamines IO8 400 
Aniline= 93 400 
Benzene’ 78 400 
Eknzonitrikf 103 440 
Phenyl isocyanate 119 450 
Carbon monoxide? 28 450 
Cyanoanilines 118 470 
Acetykne 26 475 
Dicyanobenrenes 128 490 
Diphenyl Is4 500 
Ammonia8 17 -500 
Hydrogen cyanide? 27 490 
Hydrogen’ 2 510 
Methane 16 ~580 

I90 
460-510 
46cL5_w 

575 
572 
580 
575 
540 
550 

-580 
550 
650 
650 

750 
740 
615 

so0 
650 
800 
950 
950 
950 
725 
800 
650 
650 
800 
800 
96Of 
960+ 
900 
950+ 
950+ 

~650 

Present in sizeable quantities. 

Friedman and coworkers32m 38 have carried some pyrolytic studies on washed 

and lyophilized bacteria samples with the system described above. Although only 

limited work has been done, it is possible to discuss certain aspects of extension of 

EGA-MS to this application. In working with about six different specimens, few 
qualitative differences have been observed, Le., they produce very much the same 
products in the same temperature range. It is difficult to achiev!e reproducible results, 

probably because it is hard to eliminate nutrients completely. A further problem 

associated with reproducibility is that some products arise and decay so rapidly that 

more points are required for accurate evduation, than may be handled by the present 

data processing system, as it is used. In. only one case, Sarctiea Iurea 272, a yeliow 

pigmented bacterium, have distinctly characteristic peaks appeared. The results at 

m/e 44 (carbon dioxide) for this bacterium, ficherichia coli 1485 and SeGatia mar- 

i%ermochim. Ada, 1 (1970) 199-227 
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escens 80K are shown in Fig. 33. S. marescens would normally be red, but its pigment 

was washed out during preparation. Thus it appears that EGA-MS may be expected 

to have some success in aerentiating between certain bacteria, but that sampIe 

preparation may well present some great difficulties. 
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Fig. 33. EGA-MS rcsuIts for three bacteria at m/e 44. Samples of ~1 mg. Heated at IO”[min 
(reprinted by permission from Friedman, Griffith, and GoI&tcin3’). 

Langer and coworkers 2uu*21.22~40 have deveIoped an automatic data processing 

system for their DT’A + EGA-MS system described earlier. A sketch of this system 
is shown in Fig. 34. The mass spectrometer signal from the eiectron multiplier is 

fed into a sampling osciIIoscope equipped with a dispIay scanner which is swept by 

Fig. 34. Schematic of automatic data processing system for simultaneous DTA and EGA-MS (re- 
printed by permission from Lager and 3rady**). 

a wave form generator. These act as an external gate. The scanned mass range and 

rate of scan (3-10 scans/set) are adjusted for the needs of the experiment, and the 

gated data are recorded on a muitichannel magnetic analog tape recorder, together 

with the DTA signal and a timing pulse. The signal from the tape can be played back 

in many ways, but the most interesting is to feed it back into the oscilloscope with 

the gate adjusted to operate only for the time of 3ppezuance of 3 single ionic mass. 

This can be repeated a nnmber of times for,diEerent masses, and a series of ion yield 
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curves may be recorded as a function of time (proportional to temperature) on a 

single X-ray recorder tracing. Some of their results for Cu(NHi,),SO, - Hz0 are shown 

in Fig. 35. These shouid be compared to the resuhs obtained by ‘Wendiandt and 

Fig 35. Selected EGA-MS resuIts from automatic data process ing of Cu(NH3)&04- Hz0 pyrolysis 
as obtained by use of simultaneous DTA and EGA-MS (reprinted by permission from Langer and 
Brady”). 

southern 19, as shown in Fig. 12, and discussed in the section on EGA + EGA-MS. 

Langer and Brady” agreed that 1 mole of Hz0 was evolved hrst, followed almost 

concurrently by 2 moles of NHs. They also agreed that 1 moIe of NH3 was given off 

in the next reaction stage. They felt that a complicated redox reaction occurred in 

the next stage, with formation of SOz, N2, and H20. Cu,O was thought to be the 

residue. This was quite a drastic difference from the conclusions of the earlier workers. 

The signals at m/e 20 and 40 are for argon carrier gas. Note the small negative signals 

at m/e 20 concurrent with evolution of major products. This was attributed to electron 

depletion, and would influence quantitative evaluation of results. No important ions 

from SO2 were shown in Fig. 33. 

It is possible to accomplish much more in data processing than has already 
been done. It seems reasonable to expect that it would be beneficial to combine 

EGA-MS with a small computer for much greater accuracy and efliciency. While the 

data processing systems described above were for time-of-flight mass spectrometers, 

it seems that the concepts could well apply for other mass spectrometers. Stepped scan- 

ning would probably work better for quadrupole or monopole mass spectrometers than 

for most time-of-flight or magnetic units, because the polar mass spectrometers 

achieve linear mass separation. The Iatter two types tend to have parabolic separation, 

with resolution falling at the higher masses. 

CONCX.U!ZONS 

Mass spectrometic thermal analysis has been applied to a number of problems 

Zkumochim. Acta, 1 (1970) I-227 
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with great success. Its current popularity is attested to by the fact that eight papers 
using such methods were presented at both the Second IntemationaI Conference on 

Thermal Analysis (August 1968), and the 17th Annual Conference on Mass Spectro- 

metry and Allied Topics (May 1969) It has been possible to determine gaseous product 

evolution at various stages of decomposition for polymeric, inorganic, organic, 
metaho-organic, and napJral products. Evaluation of the rest&s, comparing them 

with results from other measurements, and kinetic analysis have allowed improved 
understanding of mechanisms of thermal degradation. Simultaneous measurements, 

which incorporate various combinations of evolved gas analysis, differentid thermal 

analysis, and thermogravimetry have also been very helpful. The method has been 
useful for detecting impurities, differentiating between vaporization of solvents and 

decomposition products, in observing condensation products in polymerization 

reactions, and in observing products of other reactions such as solid-gas reactions 
and desorption studies. Various types of heating have been used, as well as many 

t~vpes of mass spectrometers, and methods of recording_ 

In seIecting or designing a system, it is important to keep in mind what informa- 

tion is desired. In choosing the mass spectrometer it is important to consider mass 

range, resolution, sensitivity, scanning rate, and structure of the inlet system. If 
gaseous atmospheres are importar?t, or if excessive quantities of gas are generated, 

then one must have a way to remove the excess and yet obtain a representative 

sample. If a transient product is important, then heating should occur close to the 

electron beam of the mass spectrometer_ Otherwise, remote heating may suffice. 

Close heating is probably better than remote heating for kinetic studies. The recording 

system is dependent on the speed of data acquisition. Automatic data processing 
systems should be considered for acquisition and evaluation of large quantities of data_ 

It is often valuable to examine the various ionic spectra in order to make quah- 

tative ident&ation using fragmentation patterns from calibration compounds. It is 

also possible to obtain exact qualitative information using high resolution mass spec- 

trometers Once qualitative analysis is established, it could be useful to simplify (or 

even ehminate) fragmentation- Various methods are possible, such as photoionization, 

chemical ionization, fieId ionization, or the use of Iow energy electrons. Smith and 

Johnson” mentioned the last method, in connection with their studies. 
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