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Thermal analysis, like most mature 
technologies, sees mostly incremen-
tal increases in its capabilities, such 

as the introduction of modulated tempera-
ture techniques1 in the early 1990s or the 
development of fast scan DSC in 2002.2 
Both of these techniques addressed issues 
in materials characterization and were 
widely adopted in various forms. The latter 
showed exceptional promise since it allows 
tremendous increases in throughput for 
the working laboratory.

Another set of enhancements to thermal 
techniques has been awaiting commercial-
ization. The ability to hyphenate various 
thermal instruments to improve the quality 
and quantity of information from a sample 
has been discussed for awhile,3 but these 
systems were cobbled together by the user. 
Hyphenated systems can be looked at as 
three types: 1) sample modification systems, 
in which a sample in one instrument is some-
how altered while it is measured (dynamic 
mechanical analysis [DMA] with a UV light 
source applied to the sample);4 2) evolved 
gas analysis, in which the gas released from 
the sample is examined (thermogravimet-
ric analysis-infrared spectrometry [TG-IR], 
for example3); and 3) simultaneous analysis, 
where two or more methods are applied to 
the same sample (differential scanning calo-
rimetry [DSC]-Raman5).

All three systems are becoming more widely 
available. No longer is it necessary for users to 

buy the parts and build their own TG-IR or 
TG-MS system. Systems can now be supplied 
that are installed like a GC-MS. In addition, 
evolved gas analysis (EGA) and simultaneous 
analysis systems are becoming available that 
greatly improve our ability to understand the 
problems of modern analysis. Two examples 
are TG-GC-MS and DSC-Raman.

EGA: TG-GC-MS
Both TG-IR and TG-MS6 have the advan-
tage of being real-time methods, but they 
also have the same weaknesses. Because 
they are real time, both techniques show 
what has evolved from a sample in the 
thermogravimetric analyzer (TGA) at a 
specific time or temperature. However, in 
many cases, a complex mixture of products 
is released or generated at the same time. 
This can make identification difficult, 
because overlapping peaks or mass ranges 
confuse the issue, and very low concen-
trations of materials can be missed. This 
becomes important with issues like leach-
ables in food or drug packaging. Coupling 
a TGA to a GC-MS (Figure 1) can allow 
very low levels of materials to be trapped 

and isolated, and components to be identi-
fied in very complex mixtures.

An example of this can be seen with gases 
evolved from a green coffee bean on heating 
in the TGA.7 Burning beans of various types 
gives distinctive fingerprints in the TGA 
derivative, but IR or MS of the evolved gases 
provides very complex results. Analyzing a 
sample of green coffee beans stored in plas-
tic containers in the TG-GC-MS and trap-
ping the volatized materials on a Carbopak 
C™ filled precolumn (Supelco, Bellefonte, 
PA) show clear evidence of low levels of a 
diethylphthalate in the sample that is not 
seen in beans stored in metal (Figure 2).

Another example is the combustion of 
switchgrass, a potential biofuel. When switch-
grass is burned in the TGA, both TG-IR and 
TG-MS show very complex mixtures of acids 
and alcohols in the off-gas. The mixtures are 
complicated enough that identification of the 
compounds is nearly impossible. Using a TG-
GC-MS system with a cooled furnace and a 
Swafer™ switching device (PerkinElmer), 
the gases resulting from the major burn of the 
material were collected on the head of a thick 

Figure 1	 The Pyris 1 TGA couples to the 
Clarus 600 C GCMS (both from PerkinElmer, 
Shelton, CT) using a temperature-controlled trans-
fer line.

Figure 2	 a) The TGA curves for two types of coffee beans. Coffee beans can often be sorted by region 
of production by the derivative curve of the TGA. The peak in the GC scan in (b) corresponds to diethyl
phthalate as identified by MS.
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film polar wax column and then run.8 Results 
clearly show separation of the material and 
identification of specific materials such as for-
mic acid (Figure 3).

Simultaneous analysis: DSC-Raman
Differential scanning calorimetery is a pow-
erful technique for studying transitions in 
materials from polymers to foods to pharma-
ceuticals, but the information is often incom-
plete in that structural or chemical informa-
tion is inferred from the thermogram. For 
example, DSC allows users to see the transi-
tions between crystalline forms in a drug or 
a food, but the forms must be determined by 
another method. Similarly, DSC can provide 
the energy and temperature of a cure that 
occurs by either heating or photoinitiation, 
but other information, such as the degree of 
consumption of the initiator as a function of 
cure, must be inferred.

A simultaneous technique like DSC-NIR 
(near-infrared) or DSC-Raman solves these 
problems. In Raman spectroscopy, it is easy 
to track a band associated with a specific 
bond, such as the sulfur bond in an epoxy 
initiator, so that DSC-Raman can be used 
to track both the degree of cure from the 
enthalpy change as well as the disappear-
ance of a bond associated with the initiator.
However, one of the great strengths of DSC-

Raman (Figure 4) is that a spectroscopist is 
able to determine structural information 
from the spectra. For example, in semicrys-
talline polymer, where the material exists in 
mixtures of crystalline and amorphous forms, 
the ability to understand crystallinity is an 
obvious advantage. Semicrystalline and crys-
talline polymers are of great economic impor-
tance, and understanding their behavior is 
critical. For the case of polyethylene (PE) 
in a series of isothermal studies,9 the samples 
of a “good” and “bad” material were used. 
Both materials were blown films used as bags. 
Bags made from the “bad” material failed 
under mechanical testing, while the “good” 
material produced an acceptable product. 
Samples were heated to above the melt as 
before, but then cooled at 200 ºC/min to a 
temperature at which polyethylene is known 
to recrystallize. The Raman spectrometer 
can collect data during the rapid heating of 
the material to the melt, although the fast 
heating will limit the number of spectra col-
lected, and then on both the cooling and iso-
thermal hold stages. After this experiment, 
the data are more conclusive in the Raman 
and in the DSC.

The scores for the two samples show crystal-
lization for both samples. For the starting 
materials and the high-temperature form, 
the scores are similar for both samples. 
After recrystallization, it appears that the 

degree of crystallization is greater for the 
“bad” sample than for the “good.” The final 
spectra clearly show that the “bad” sample 
ends up more crystalline. The sharp bands 
are stronger relative to the broad bands from 
the amorphous material. Taking the melt as 
a starting point, a value of about 50% more 
amorphous was obtained in the “good” sam-
ple, confirmed by subtracting the melt spec-
trum from the final spectra of each.

There is an isolated band from crystalline 
material at 1125 cm–1 that can be used to 
normalize between the two samples. The 
normalization limits quantitative inter-
pretation, but on a relative scale it appears 
that the final crystalline content of the 
“bad” sample is about 30% higher than 
that of the “good” one. In addition, the 
material recrystallizes faster, as seen in Fig-
ure 5. Looking at the enthalpy of crystal-
lization, the “bad” material has a higher 
value of –71.00 mJ/g, while the “good” is 
much lower at –44.96 mJ/g. This is roughly 
a 35% difference in crystallinity between 
the two materials. Interestingly, neither 
sample comes close to the crystallinity of 
the material at the start. Some of this is 
probably due to orientation in the mate-
rial, but a large part is a result of the higher 
cooling rates used to make the films that 
were used here. Together, the DSC and 
Raman data explain that the problems 
with the “bad” sample are due to the mate-
rial responding differently to cooling and 
becoming more crystalline.

For pharmaceuticals, combining the two 
techniques allows us to apply the precise 
temperature control of the DSC with the 
ability of Raman to detect the different 
polymorphic structures, and obtain pre-

Figure 3	 The burning of switchgrass releases the majority of its components at about 400 °C, as seen in 
the TGA run. The GC-MS on the off-gas allows identification of small amounts of material like the formic 
acid seen here.

Figure 4	 The RamanStation 400 connects to 
the DSC 8500 (both from PerkinElmer) using a 
three-axis positioning adapter with optics to allow 
precise positioning of the Raman probe over the 
sample.



cise characterization of the material. As an 
example, consider the common painkiller, 
acetaminophen. Raman spectroscopy has 
identified the three solid-state forms of this 
material found under these experimen-
tal conditions (Figure 6) (note: there is 
also a fourth form not seen here). Com-
bining this technique with DSC allows 
us to measure precisely the temperatures 
at which they occur. Figure 6 shows the 
DSC run on a sample of acetaminophen. 
The thermogram shows two exothermic 
events believed to correspond to polymor-
phic changes in the material as well as the 
endothermic melt. When DSC-Raman is 
performed, the Raman spectra show the 
conversion to form II at ~90 ºC and then 
to form III at ~151 ºC before melting. This 
greatly simplifies our understanding of the 
thermal behavior of the material and is 
much more conclusive than attempting to 
draw this information out of either con-
ventional and/or modulated temperature 
DSC or Raman spectroscopy alone.

While the transitions here are exothermic, 
other polymorphic materials show changes 
caused by the loss of water or some other 
solvate from the molecule that appears as 
an endothermic transition. While Raman 
spectroscopy with a hot stage might deter-
mine the changes in the material accu-
rately, without understanding the ther-

mal data and the energy of transition, it 
is possible for a water loss to be seen as a 
polymorphic transition. In DSC, this can 
be detected as an endothermic event and 
hence become suspect. Other DSC meth-
ods can then be used to clarify the issue.

Conclusion
Hyphenated thermal techniques are more 
widely available to scientists studying mate-
rial behavior. In addition to older approaches 
like TG-IR and TG-MS becoming simpler to 
obtain and use, newer methods like TG-GC-
MS and DSC-Raman are also more com-
mercially available. These techniques enable 
users to become familiar with the materials 
being studied, providing the laboratory with 
more information in less time.
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Figure 5	 “Bad” and “good” PE materials 
shown as an overlay of the temperature program in 
the DSC and the principal component analysis in 
the Raman. See text for discussion.

Figure 6	 DSC-Raman trace for the DSC run and selected spectra corresponding to various structures of 
acetaminophen.


