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This application handbook presents selected application examples. The experiments were conducted
with the utmost care using the instruments specified in the description of each application at
METTLER TOLED(O Themal Analysis Lab in Switzerland. The results have been evaluated
according to the current state of our knowledge.

This does not however absolve you from personally testing the suitability of the examples for your
own methods, instruments and purposes. Since the transfer and use of an application is beyond our

control, we cannot of course accept any responsibility,

When chemicals, solvents and gases are used, general safety rules and the

instructions given by the manufacturer or supplier must be observed.
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Preface

Over the past decades, the development and characterization of materials has become
increasingly specialized due to the ever-increasing demands placed on quality. In addition, the
widespread use of products such as blends, composites, new stabilizers and additives has
resulted in relatively complex chemical systems. The great interest in material sciences has
created a need for specific analytical tools to characterize the constituent inorganic and organic
molecules. One particularly important development has been to combine well-established
separation and identification techniques into one instrument system. This drastically increases
the amount of specific information that can be obtained and shortens analysis times.

This booklet provides an insight into two such so-called hyphenated techniques, TGA-
FTIR and TGA-MS. The first part of the booklet focuses on basic principles and describes the
techniques. It also includes a practical section and an introduction to the interpretation of
spectra. The second part discusses some 15 different applications performed in our applications
laboratory using TGA-MS and/or TGA-FTIR. Two additional applications illustrate the use of
the rather unusual combination of TMA with MS,

I would like to thank the Materials Characterization Section of the Market Support Group
in Schwerzenbach, Switzerland for their helpful discussions, Mrs. Helga Judex for preparing

the layout and Dudley May for checking the text.

Cyril Darribére
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425 N FR Abbreviations and Acronyms

k% & Chemicals

BHET % F# 2 BB bis-Hydroxylethyl terephthalate
BR T 4 Butadiene rubber
EG Z, B Ethylene glycol
ETFE Z 1% B 2, 3 B4 Ethylene tetrafluoroethylene
MF R PR Melamine {formaldehyde
NBR B TR B Acrylonitrile butadiene rubber
NR KR F R B Natural isoprene rubber
PDMS B~ B E 5 Poly(dimethylsiloxane)
PET B Xt % B 8 Z, — BE#S Poly(ethylene terephthalate)
PVC B % 7,1 Poly(viny! chloride)
TPA St % — M # Terephthalic acid
¥ AR /4B E Techniques / Quantities
DTG 1% 7 & 3k Derivative thermogravimetry
EGA & H S 497 Evolved gas analysis
EGP B EEER Evolved gas profile
FGP ‘& #2 F 2 1 B Functional group profile
FTIR 8 57 i AF #4140 3% ¥ Fourier transform infrared
GS WIEW — M EHF Gram-Schmidt
IR #1 4P 4% Indrared
MID £ 3 F 4 M Multiple ion detection
MS ik /6% Mass spectrometry / spectrometer
MW 43 F 8 [ g/mol] Molecular weight [g/mol]
m/z ;| A I Mass-to-charge ratio of the ion
SDTA H-EMAHT Single differential thermal analysis
SEM TR F I Secondary electron multiplier
SIM PP F Wi Selected ion monitoring
TGA I E AT/ E 4374 Thermogravimetry analysis / analyzer
TMA PHLBE A BT/ B 4 H7 X Thermomechanical analysis / analyzer
. BHESHsAERHER G o
Number of charges times the charge on one electron (n. e)
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Evolved gas analysis, EGA, is the term used to describe the
analysis of gases or volatile components that are evolved from a
sample undergoing thermal analysis.

Thermogravimetric analysis (TGA) is a quantitative technique
used to measure the change in weight of a sample as a function of
temperature ( dynamically) or time (isothermally) under a
controlled atmosphere. The simultanecusly recorded SDTA
signal (single differential thermal analysis) provides additional
information on thermal effects such as evaporation, endothermic
and exothermic chemical reactions, and phase transitions.

TGA alone, however, is not an identification technique. It cannot
identify or characterize the nature of the gaseous products evolved
during a thermogrévimetric measurement. The combination of TGA
with a mass spectrometer (MS) or a Fourier transform infrared
(FTIR) spectrometer however makes this possible. The two
techniques provide complimentary information and the data obtained

can be correlated directly with the measured weight losses.

According to ICTAC (International Confederation of Thermal
Analysis and Calorimetry), Evolved Gas Analysis (EGA) is
defined as “a technique in which the nature and/or the amount of
gas or vapor evolved from a sample is monitored against time or
temperature while the temperature of the sample, in a specified
atmosphere, is programmed (...). This technique involves a
furnace and a gas analyzer or detector. Most commonly, the
evolved gases are analyzed using mass spectrometry (MS) or

Fourier transform infrared spectroscopy (FTIR)”.

& BB Interpretation of results

X F B (B TGA f1 MS

5 TGA #1 FTIR) 3 i i [8] & #£ 7]

Time is the parameter common to the instruments making up the

combination (i. e. TGA and MS, or TGA and FTIR). An
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interpretation of a measurement first of all requires a detailed
study of the TGA curve. In addition to the quantification of the
weight loss steps, the DTG curve, i. e. the first derivative of the
TGA curve, allows the data obtained from the TGA to be
correlated with that from the spectrometer. When the sample
undergoes a change in weight, a peak maximum in the DTG
curve (max. rate of change of weight) should correspond closely
to a maximum in the signal intensity curve measured by the gas
analyzer. ldeally, both MS and FTIR require the support of

vapor phase spectral databases.
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Mass spectrometry is an extremely sensitive method for the
detection and identification of traces of gaseous substances. The
technique can quantify atoms or molecules and provide chemical
and structural information (functional groups and side chains) on
the compounds analyzed.

In the mass spectrometers typically used for hyphenatéd techniques,
sample molecules enter the mass spectrometer through an ion source
where they are bombarded with a beam of high-energy electrons
(usually about 70 eV). This energy is greater than the ionization
potentials and bond strengths of organic substances. It is in fact
sufficient to remove one (or more) electrons from molecules to form
positively charged molecular ions. The excess energy also causes
extensive fragmentation of the molecule with the formation of many
different positively charged fragment ions according to complex
pathways. The fragment ions formed are, however, directly related

to the structure of the molecule under investigation, e. g.

ABC+e  — ABC* -+2e”
AB* +C+2e

BC* +A+2e”

AT +BC+2e”

At +B+C+2¢

The mass spectrometer separates the ions according to their
mass-to-charge ratio m/z. With hyphenated techniques we are
normally only interested in the singly charged molecule and
fragment ions. For a number of reasons, quadrupole mass
spectrometers have been widely used over the past twenty-five years
in preference to conventional magnetic field sector analyzers in
instrument combinations. A quadrupole mass analyzer consists of two
pairs of parallel rod electrodes located between an ion source and a
detector. The four rods are mounted opposite to each another and are
connected in pairs (see diagram), Mass separation is achieved by the
combination of a continuous electrostatic field and a high-frequency
alternating field. The ions transmitted through the system are
recorded at the SEM detector. Steadily increasing (scanning) the field

strength causes ions of increasing m/z value to arrive at the detector
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- deflected m/z ions
- transmitted m/z ions

Source

and thereby produce a mass spectrum.

Mass spectrometers operate under high vacuum (typically 10°
mbar). This is necessary to prevent ions colliding with residual
gas molecules along their path from the ion source to the

detector, which would prevent them from reaching the detector,

Detector

. Continuous and
. alternating field

VO A% FF R B 0B AR IR

Schematic diagram of a quadrupole mass filter

Wik B K Measurement modes

WRARE: EEW B FHIMYE  Scan analog : The ion current is continuously measured as a function
B (RP BB FRIABIAME  of the mass-to-charge ratio (i. e. for singly charged ions, the mass).
WXHFR, HBRENRABFHMAE  The intensity and mass of the fragment ions provide information on
R R EHERNER . the nature of the material under investigation.
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Scan pargraph: Only those masses are displayed whose signal
intensity exceeds a particular value (i. e. that are above a certain
threshold). The increment in m/z is therefore not continuous.

The spectrum can be transformed into time-dependent intensities
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MID. £ FRB (tLFR%EHEEF  MID: Multiple Ion Detection (also known as Selected Ion
Wil ,SIM) AT A4 Ws W %% 5 m/z  Monitoring, SIM) enables you to continuously monitor the
B FHERE, WM TEEARM  intensity of ions at defined m/z values, e. g. as shown in the
m/zh 78 F1 148 %, following diagram at m/z 78 and 148.
EXMEART,HAHBHEKREE, In this technique the whole mass spectrum is not scanned, only a
Hk#E iR E m/z [ HHNE Fi#fT  selected number of ions with particular m/z values are analyzed
AW URERBNE F2EHE  and the instrument rapidly switches between the selected ions
Pk, EARREER. S NESL  until the measurements are completed, The amount of time (the
EW m/z HREHEE (BriE 84  so-called dwell time) that the analyzer remains at a given m/z
Bt Ak, XHEi3KkE|HB  value is thereby greatly increased. This in turn increases the
TEHRLRBHE FROHE, NN fraction of these ions that reach the detector and results in a
HREETAKE. FFUL.BMRM  major improvement in sensitivity. Thus while subnanogram
AR F g EET LB (10" to 10° g) quantities of compounds can normally be detected

FAR 0 E 10° ) BLED,
HREAEZHMWHER T MID & SIM
AT LA P A X 1 BR ), BB 65 A ) B B¢
FA0HH 10" KWEE. MID &%

NABEYHBREHEER

BUEMS T

using full-scan quadrupole mass spectra, MID or SIM can in
favorable cases lower the limit of detection to the picogram (1072
to 10" g) range. MID is often applied to mixtures of compounds

where sensitive quantitative or qualitative analysis is required.
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A mass spectrum consists of a large number of signals of

different intensity corresponding to the abundance of the
molecular ion and the different fragment ions. It is therefore
characteristic of the particular substance under investigation.
Some important elements have more than one isotope with
significant abundance (e. g. C, Si, Cl, Br). These isotope peaks
are also recorded and often yield valuable additional information.

the the

spectrometers used for hyphenated techniques is not sufficient to

Unfortunately, in general, resolving power of
distinguish between ions of the same nominal m/z ratio (e. g.

N?* and CO" , both appear at m/z 28).

TGA-MS %4 TGA-MS system

TGA/SDTA851 it —-RAEE
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R 200°C, LIBF S AR =¥ v k.
TGAGE®E R RA )M MS(E E
45, p<<10" mbar) 2 i i) FE J7 F&f#
S4& M TGA Hilm MS,

The TGA/SDTAS851° is coupled to the MS via a fused silica
MS

operates at high vacuum, only about 1% of the effluent gas from

capillary enclosed in a heated transfer line. Since the
the TGA is allowed to pass to the mass spectrometer (otherwise
the vacuum would collapse). This small amount is however
perfectly adequate because the sensitivity of the MS is extremely
high. The remaining gas from the TGA is vented (to a collection
tube). The transfer capillary is usually maintained at about
200°C to prevent condensation of the gaseous products. The
pressure drop between the TGA (usually atmospheric pressure)
and the MS (under high vacuum, p<C10® mbar) causes the

effluent from the TGA to be sucked into the MS,

*[\ TG Analyzer Purge Capillary J\ Gas Analyzer

Purge

as gas +

g“/ Balance Furnace products Heater # Quadrupole Pump
Computer

TGA-MS RE R RE
Block diagram of a TGA-MS system
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As mentioned above, a mass spectrum is often displayed as a
bargraph, where the abscissa is the m/z ratio and the ordinate is
the intensity of each ion. In addition, the signal intensities of
selected fragment ions with particular m/z ratios (MID/SIM)
can be also displayed as function of time (this aids correlation
with a TGA or DTG curve). It is of course of the utmost
importance that the masses assigned in the spectrum are correct-
an error of just one mass unit would seriously confuse the

interpretation.

The following guidelines are useful for the interpretation of mass
spectra;

1. The abundance (intensity) of peaks often indicates whether
the compound is aromatic ( stable molecular ion, M' ) or
aliphatic.

2. The fragment ion with the highest m/z generally corresponds
to the ionized molecule, i. e. the molecular ion so that m/z is
equal to M, the molecular weight of the compound. The ion

peaks resulting from the loss of neutral fragments from the

FPHERNEFEBILEETEY. molecular ion peak are summarized in the {ollowing table;
M FEFHREPERR R PR R
Loss of neutral fragment from molecular ion Common neutral {ragments
M-15 + CH,
M-16 + NH,
M-17 « OH
M-26 * CN
M-27 « HC=CH,
M-28 CO, C, H,
M-29 - CH,CH,, - CHO
M-30 NO, NH,CH, -
M-31 + OCH,, - CH,OH
M-35 « Cl
M-41 CH,=CHCH, -
M-43 CH;C+ =0
M-45 + OCH,CHj;
M-49 - CH,Cl
M-91 CeH;-C « H;




3. mE-MEEYNEEF C H,
O.S M Si,IAEH 7T B FHbR iR
m/z WRABEG IR - MeEaMaE
HERFAEE. B> FEF
9 m/ 2 B— A EECRUEND .

4. R E AR F 8 IR 7B R,
{BIEF RN fH x5 2 4
AWMER. Bl C MERME"C
BIARRT S BE R 1000 1. 1, I8 —AMk
BEYEAR n MRS, Hor 738 71
Beid—14k K 100, R AM+ 1 7 & 1§
HL1IMnfs. AL MBRAKET
", — PRI CRFERNE
KAE AT AR

5. FIEMAL X F L7 &H M
R EWERAEH. |A RN
ECCLAYCLENMERER R PR
SHEE R 75X M 25%(3: 1), X &
WEEMEE - 1THEFHLE
o, Bl — R G R R R A
07 7R — Xt e, TR LL 3t 1,

6. fE— B, — R m/z
{8 3 A e 4 3ot 5 51— AN o0 F 8RR A
B, Hum.m/z 18, K4+ 8
K18, HEE FdaE =4 R A
BIFRFR m/= LRI B T Bl N & 7
[NH4]' . XRRTEEEZHNER,
Ban . J5 e E oL % A M R F
N HINH]' #m/= 14 F 15(EJE
T8 R 14) i,

7. THEMY B X AT LA TR A,
FURME . X BRI L IX AT A %
1S

m/z 17. OH and NH,

m/z 28: N, and CO

m/z 29, “"N"N 1 C,H. (Z.8)
m/z 36: **Ar and HCI

m/z 44 . CO, and N, O
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3. If a compound contains only C, H, O, S and Si, the nominal
m/z ratio of its molecular ion will be an even number; if a
compound contains an even number of nitrogen atoms, the m/z

of its molecular ion is an even number (nitrogen rule).

4. The relative intensities of isotopes (two atoms having the
same atomic number but different atomic masses) can be very
informative. For example, the relative abundance of "“C
compared to its isotope *C is 100:1. 1, If a compound contains n
carbon atoms and the molecular ion peak is normalized to 100,
then the M+1 isotope peak is n times 1. 1. It follows from this,
that if no interferences occur, the maximum number of C atoms

that an unknown molecule can contain can be calculated.

5. Isotopic effects are very helpful for identifying compounds
containing chlorine and bromine. Chlorine has isotopes of *Cl
and *’Cl. Their relative natural abundances are 75% and 25%
(3:1). This means that any compound containing one chlorine
atom, e. g. chloromethane, shows a pair of peaks separated by

two mass units with a 3:1 peak height ratio.

6. The m/z ratio of a peak in a spectrum does not exclusively
identify a molecule or fragment ion, e. g. m/z 18. Water has a
molecular weight of 18, but ionization can also produce ions that
have the same nominal m/z ratio, e. g. the ammonium ion
[NH4]". Further information is required, e. g. in the latter case
there should be peaks at m/z 14 and 15 corresponding to N and

[NH]" (atomic mass of nitrogen is 14),

7. The following pairs should be checked to avoid possible

confusion in interpretation. This also means that careful
consideration should be given to the choice of the purge gas:
m/z 17: OH and NH;

m/z 28: N, and CO

m/z29: "N"N and C, H; (alcohol)

m/z 36 * Ar and HCI

m/z 44 . CO, and N,O

8. The mass spectrum of an unknown compound consists of a
number of peaks of different m/z ratios arising from the
fragmentation of the initial molecule. The fragmentation
processes can be classified as direct cleavage (ABCD™ — AB* +

CD) or rearrangement (ABCD"™ — AD" + B=C). When an




