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ABSTRACT
Raman spectroscopy is presently the subject of extensive exploration, as it
provides information about the composition and phase of a sample. The
successive measurement of Raman spectra at regular temperature intervals in
a dynamic thermal process has been referred to as thermo-Raman
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spectroscopy (TRS). It provides a better choice for in situ monitoring of the
composition changes and phase transformations during a thermal process. Its
in situ monitoring ability has been successfully demonstrated on many
compounds during thermal analysis. The intensity and its derivative for the
characteristic bands of each species can be plotted as thermo-Raman intensity
(TRI)

and

differential

thermo-Raman

intensity

(DTRI)

thermograms,

respectively. These thermograms indicate the amount of each appearing
species and its variation during the dynamic thermal process. In general, the
characteristic Raman spectrum contributes qualitative information and the
TRI and DTRI thermograms quantitative information. As a test attempt,
CaC 2 0 4 H 2 0 , the calibration standard for thermogravimetric analysis, was
studied and, subsequently, C u S 0 4 - 5 H 2 0 and C a S 0 4 - 2 H 2 0 for dehydration
studies. Its application for material study was probed during the sintering of
Ti02

in dynamic and static thermal processes. Owing to its possible

applications, versatility, simplicity and ease of operation, the advantages and
disadvantages are discussed further in detail.

INTRODUCTION
Thermal analysis is a well-established

technique l\l.

It is further

categorized based on the property of the sample under consideration as a
function of temperature or time, weight change [thermogravimetry (TG)],
temperature difference with respect to a reference [differential thermal
analysis (DTA)] and enthalpy change [differential scanning calorimetry
(DSC)]. These are commonly used modes of analysis in most analytical
laboratories.

Besides these, other properties, like mechanical

(thermo-

mechanical

analysis),

(thermo-

optical

(thermo-optometry),

magnetic

magnetometry) and electrical (thermo-electrometry), are also studied. In most
of these techniques, qualitative information is derived from the change
observed within a particular temperature range. But quantitative information
has to be deduced based on the relative changes in the property under
consideration during analysis. Thus it serves as an indirect source of
information. In a thermal process, however, the chemical composition and
phase of the sample are important for further technological application, which
cannot be identified in situ directly from those techniques and needs further
time-consuming analysis. In some cases, the effluent gases during the thermal
process can be detected by connecting to other instruments, such as a gas
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and

IR, which

may provide

some

information about the composition. But these setups require adequate
experimental conditions and sample preparation, ease of operation and lower
cost.
On the other hand, Raman spectroscopy has the advantage of identifying
the composition and phase with minimal sample preparation requirements
and it has been used earlier /2,3/. Phase transformation study by measuring
the Raman spectra in a small temperature range has also been reported in
previous works /4-10/. The kinetics of the phase transformation of N H 4 N 0 3
was studied from the variation in intensity of characteristic Raman bands
during the phase transformation in a static thermal process / l l / . But the
development of CCD broadened the applications of Raman spectroscopy to a
great extent, owing to its ability to measure the Raman spectra continuously
on a time scale of seconds.
A large number of spectra can be recorded in a dynamic thermal process.
This enabled microscopic understanding of compounds, as spectra could be
recorded at temperature intervals of one degree or even less. The efficiency
was further enhanced by fast data acquisition and manipulation of a large
amount of spectra collected using personal computers in a short period of
time. These features support Raman spectroscopy as an ideal tool compared
to other techniques for monitoring the variation in composition and phase of
species appearing in samples during a dynamic thermal process /12,13/.
However, the abilities of Raman spectroscopy were not fully utilized. In
thermo-Raman spectroscopy, the qualitative information about composition
and phase was derived from the characteristic bands and their intensity; band
shift and band width contribute additional qualitative and

quantitative

information. The intensity and its derivative for the characteristic bands
provide information about the amount of appearing species and its variation
during a dynamic thermal process. These are referred to as thermo-Raman
intensity

(TRI)

and

differential

thermo-Raman

intensity

(DTRI)

thermograms, respectively. The TRI and DTRI thermograms are comparable
to TG, DTG, DTA and DSC thermograms based on different physical
properties. The advantage of thermo-Raman spectroscopy is its ability to
monitor in situ the variation in composition and phase of each individual
species appearing in the sample and to provide direct information without
tedious sampling and data processing requirements.
This review gives a brief description of thermal analysis and Raman
spectroscopy, leading to the introduction of the concept of thermo-Raman
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spectroscopy. The application of thermo-Raman spectroscopy to
CaC 2 0 4 H 2 0 (a calibration standard for TGA) has been discussed in detail to
prove its ability l\AI. Dehydration of CuS0 4 -5H 2 0 /15/ and CaS0 4 -2H 2 0 and
C a S 0 4 0 . 5 H 2 0 /16/ has been cited to show its applicability, consistency and
comparability with other thermal techniques. Furthermore, the phase transformations of Ti0 2 /17,18/ during the preparation process, the use of which
depends on its structure or crystalline phase, in dynamic and static thermal
processes have been reviewed. Finally, the advantages and disadvantages of
this method conclude the discussion.

1. THERMAL ANALYSIS
A thermogravimetric analyzer (TGA), a differential thermal analyser
(DTA) and a differential scanning calorimeter (DSC) are considered to be the
backbones of thermal analysis and are commonly used in research and
analytical laboratories. Calcium oxalate monohydrate ( C a C 2 0 4 H 2 0 ) serves
as a standard calibration sample for thermal analysis and was chosen as an
ideal sample for testing this thermo-Raman spectroscopy. The thermal
process of CaC 2 0 4 H 2 0 is well known, as it dehydrates to CaC 2 0 4 , oxidizes
to CaC0 3 and decomposes to CaO. The weight losses and the temperature
differences between sample and reference could be measured in TGA and
DTA, respectively, as shown in Fig. 1. The TG thermogram showed three
stages of weight loss, 12, 20 and 30%, corresponding to H 2 0, CO and C0 2 ,
around

168, 467 and 675°C, and a DTA thermogram

showed the

corresponding single peak and two dips that represent the exothermic and
endothermic reactions, respectively, in air atmosphere during a dynamic
thermal process. The thermograms thus contribute important information
during the thermal analysis.
In a TG thermogram, the weight loss in the respective temperature range
contributes to the qualitative information in identifying the sample, although
affected by heating rate and other factors. However, quantitative analysis is
based on the amounts of weight loss if the characteristic decomposition
temperatures of the species in the sample can be resolved. The effluent gas
can be detected by connecting to a gas Chromatograph, mass spectrometer or
infrared spectrometer, which may provide further structural information. In
order to identify the composition and phase of the species appearing during
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The thermograms of (a) T G A and (b) DTA for C a C 2 0 4 H 2 0 in air
(Ref. 14).

the thermal process, UV absorption or a reflected IR spectrum may be
measured for direct information.
Factors affecting the results are important and can be classified into two
types: sample properties and experimental conditions. In the first case,
characteristics of the sample, such as particle size, homogeneity, diffusion
coefficient, heat conductance and heat capacity, can be considered; they are
difficult to control as they are based on sample preparation. In the second
case, the experimental conditions, such as heating rate, atmosphere, flow rate,
sample cell geometry, sample amount and packing conditions, also have
serious effects on the analysis, but are controllable. Heating rate, atmosphere
and sample amounts are important and their effects have been discussed in
detail/l/.

2. RAMAN SPECTROSCOPY
Raman scattering describes the inelastic collision between a molecule and
a photon. Raman spectroscopy measures the intensities and the frequencies o f
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scattered

light.
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The

transitions

among

the

rotational,

vibrational

and

electronic energy levels of the molecules give Raman bands. The rotational
Raman bands are usually crowded together within 200 cm"1. The electronic
energy levels are always high and are not involved in Raman scattering. Only
vibrational energy levels are well separated and thus vibrational Raman
bands are obtained below 4000 cm"1. The shapes of the vibrational bands are
found to be sharp in gases and crystals and broad in liquids or amorphous
solids.
There are two methods for treatment of the vibrational motions in a
molecule: the normal mode and the local mode. Small and symmetric
molecules are always treated by the normal mode, as the atoms in the
molecule vibrate with the same frequency in the same phase, but with a
different amplitude

correspond

to their equilibrium

positions.

As

the

molecules are symmetric, group theory can be applied to analyze the
vibrational modes. Different vibrational modes are named after irreducible
representations. S0 4 2 ", for example, being tetrahedral, belongs to the T d
group. Besides three translational and three rotational motions, there are 3 χ
5-3-3 = 9 vibrational motions grouped into four vibrational modes, v h v 2 , v 3
and v 4 , with a symmetry of A,, E, T 2 and T 2 and a degeneracy of 1, 2, 3 and
3, respectively. Thus four corresponding vibrational Raman bands are
observed at 983, 454, 1106 and 622 cm"1.
For large and flexible molecules, particularly organic molecules, some
vibrational modes are attributed only to the relative motions among several
atoms in the molecule, such as the carbonyl group > C = Ο in ketone. As the
vibrational motions between C and Ο at around

1700 cm"' are almost

isolated, they are known as local modes and are attributed to stretching
motion. The band position shifts by various amounts for different R groups
bonded to C = O. Thus the local mode method has always been the source of
information in Raman spectroscopy for identification and detenuination of
the structures of organic compounds as in 1R.
In thermo-Raman spectroscopic studies, the samples are solids. Their
Raman spectra have some different characteristics compared with those in
gaseous and liquid phases. The vibrational modes within an
molecule

or

ion

are classified as intramolecular

modes

and

individual
are

the

characteristic bands for species used to identify the composition and phase.
The lowering of symmetry by a crystal field may result in a shift in the
vibrational frequencies and remove the degeneracy. The translational and
rotational motions of free molecules or ions act as a whole in space, but are
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limited on the sites in the crystal and become vibrational motions related to
each other. These are assigned as intermolecular modes or lattice modes,
which are always located below 400 cm"1 and are important for phase determination studies.
For Raman spectrum measurement, argon ion laser is usually used as the
light source. Its advantages are continuous wave, high power and visibility. A
one-meter double spectrometer with a photomultiplier detector is used for
high resolution Raman spectrum measurements. However, it takes time to
scan a range for a spectrum. Recently, a single spectrometer (0.5 in), notch
filter and charge coupled device (CCD) have been used. This enables
measurement of good Raman spectra covering a large spectral range within
seconds. A sketch of a Raman spectrometer is shown in Fig. 2.

Temperature controller

Laser

Filter

Lens

—---fr — - f t — [ - Q

Oven
Sample
Lens

Notch filter

Spectrograph
Charge coupled device
Fig. 2:

A typical setup for thermo-Raman spectrometer with a notch filter, a
single spectrometer and a CCD detector.

3. THERMO-RAMAN SPECTROSCOPY
To design a thermo-Raman spectrometer for monitoring of the variations
of a solid sample in a dynamic thermal process, a Raman spectrometer and an
oven with a temperature controller are the basic requirement. A stainless steel
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tubing surrounded by insulating materials and heated by electric resistors was
found good enough for the experiments in stagnant air to serve as the oven.
This homemade oven used in the laboratory is shown in Fig. 3. A transparent
glass window was used for the transmission of the incident laser beam in and
the scattered light out. A programmable controller was used to control the
temperature. The sample was in a sample-holder attached to the thermocouple for accurate temperature measurement. Airtight sample ovens are
preferred for samples studied under different atmospheric conditions other
than stagnant air. For a typical thermo-Raman spectroscopy experiment,
about 20 mg of sample is pressed lightly into a sample-holder to ensure a flat,
smooth surface. The heating rate is about 4°C min"1 or adjustable according
to the experimental design. The exposure time of CCD is adjustable too and
can be set at 15 s for 4°C min"' heating rate such that a spectrum is recorded
at every degree temperature interval. A higher temperature process up to
800°C or even higher can be used if long-wavelength cut-off filters are used
to block blackbody radiation, which becomes serious at high temperatures.
Recording of spectra is controlled by a computer, which enables fast processing of spectra.

Fig. 3:

A simple homemade oven of stainless steel tubing, insulator with
heater and thermocouple. The laser light was reflected by a mirror to
the sample in the oven and the scattered light was collected by a
camera lens to the spectrometer.
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During a dynamic thermal process, the composition and the phase may
change at several temperatures. Composition change caused by a chemical
reaction occurs in a quite wide temperature range and the corresponding
change in the Raman spectrum provides evidence for a composition change
or completion of a chemical reaction as one species changes to another
species. On the other hand, phase transformation occurs in a narrow
temperature range and may induce shifts in band positions, splitting of bands
and variations in band intensities. The pattern of the spectrum in intramolecular modes may not change much; however, the intermolecular modes
change distinctly, due to different positions of molecules in the lattice. These
spectra provide qualitative information on the composition and phase of the
species appearing in the sample during a thermal process.
The intensity of the characteristic bands can be obtained by taking the
difference between the band intensity and the background, where the band
intensity represents the amount of the species. During a dynamic thermal
process, the composition changes or phase transformations show several
species appearing successively in the sample. Each species has its own
characteristic bands and thus measuring its intensity provides the amount of
that species present at a particular temperature, unlike other thermal
techniques (weight in TGA) where only the bulk property is considered. The
derivative of the band intensity implies the variation rate in the amount of
that species. The intensity and its derivative are referred to as thermo-Raman
intensity

(TRI)

and

the

differential thermo-Raman

intensity

(DTRI)

thermograms, respectively. The increase or decrease in intensity appears as a
stage specified by the initial and final temperatures in the TRI thermogram.
In a DTRI thermogram, humps and pits appear for corresponding increases
and decreases in intensity. The maximum rates of change are depicted by the
peaks and dips, respectively. The pattern corresponding to the thermograms
is shown in Fig. 4. These thermograms provide quantitative information.
Naturally, the hump of the product and the pit of the reactant should be
coincident in temperature. This correlates the reactant with the product in a
chemical reaction or two phases during phase transformation.
The characteristic band indicates the presence of the corresponding
species; therefore, the band position as a function of temperature adds to the
information and can be plotted as a figure, which shows where the band
begins to appear and disappear when its intensity is above noise. This can be
referred to

as the thermo-Raman

position

(TRP) thermogram.

That

thermogram indicates the presence of each species and also the temperature
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Initial temperature

Final temperature

M a x i m u m rate

M a x i m u m rate

Temperature

temperature

Final temperature

Initial temperature

i(a) Thermo-Raman Intensity (TRI) thermogram

Pit

Hump
Peak

(b) Differential thermo-Raman Intensity (DTRI) thermogram
Fig. 4:

Two

typical

patterns

for

(a)

thermo-Raman

intensity

(TRI)

thermograms and (b) differential thermo-Raman intensity (DTRI)
thermograms.

range for its existence. However, during chemical reaction or

phase

transformation, as one species is transformed into another, the characteristic
band shifts from one position to another. At that moment, bands for both
species are present and suggest the coexistence of the two species.
The characteristic bands are sharp in a perfect crystal at low temperature,
but with increase in temperature the bands broaden due to thermal motions.
At a low resolution, the band widths may not show any significant change
due to thermal motion. However, it also represents the environment or relates
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to the order of the molecules in the crystal. For example, in the case of orderdisorder phase transformation, the bandwidth shows a considerable increase
during the transformation and can be seen in the plot of band width against
temperature.
The background is annoying in a Raman spectrum measurement. It makes
the measurement difficult, although it is found to decay exponentially under
irradiation. In thermo-Raman spectroscopy, the background may change
dramatically during the formation of new species and relax after the
formation in a thermal process. The reason is yet to be known. This might
also add some information in a dynamic thermal process.
Solids are complicated. The effects of the properties of the sample and the
experimental conditions are also important and known to affect the results.
The effects have been investigated in detail for TGA, DTA and DSC, etc. Ill;
they also affect the thermo-Raman spectroscopy results in a similar way.
Thermo-Raman spectroscopy is an important tool for study of the
variations in a solid induced during a dynamic thermal process. Raman
spectroscopy can also be used to monitor variations in the sample induced by
other methods. The decomposition of Ba 2 Cu0 3 and HgBa 2 Cu0 4 + 5 by the
heating effect, induced by varying the laser irradiation power, was studied by
Raman spectroscopy. It was found that Ba 2 Cu0 3 decomposed to Ba 2 Cu 3 0 5
and further to B a C u 0 2 /19/, whereas HgBa 2 Cu0 4 . 5 decomposed to B a 2 C u 0 3
and then to B a C u 0 2 /20/. The response of the molecules to the applied
potential could also be studied by Raman spectroscopy. The adsorption and
desorption of cyanopyridine on an Ag electrode was monitored by the
stretching mode of CN at 2260 and 2240 cm"', respectively, on a time scale
of 0.1 s as an example /21,22/. The formation of C a H g 0 2 from HgO and CaO
could be a model reaction for the synthesis of Hg-superconductors and was
monitored at 500°C for 800 s in a static thermal process /13/. The amount of
C a H g 0 2 formed was found to increase with time. The reaction between
Ba 2 Cu0 3 and HgO to form HgBa 2 Cu0 4 . 5 was also monitored as a function of
time at 600°C.

4. EXAMPLES
In a dynamic thermal process, phase transformation, dehydration and
decomposition are commonly studied. Phase transformation occurs in a
narrow temperature range, thus the variations in spectra are observed around
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the transformation temperature only. The intramolecular bands show minimal
change, but the intermolecular bands add to the information. Dehydration
occurs in a wider temperature range. The Raman bands of hydrated H 2 0 are
broad in the range from 3000 to 3400 cm' 1 . Their intensity shows decrease
during dehydration in each dehydration step and a plateau on completion. At
the same time the intramolecular bands in the range from 300 to 1500 cm"1
show some shift and split. The composition change due to chemical reaction
occurs in an even wider temperature range and the Raman spectrum changes
completely.
Thermo-Raman spectroscopy is applied in thermal studies on a sample
(1) to monitor the variation of the species appearing in the sample, (2) to
determine the structure of the species appearing at different temperatures by
their Raman spectra, (3) to determine the temperature range for composition
changes, the phase transformations and the existence of each species, (4) to
determine the amount of each species and its variation from band intensity,
(5) to determine the temperature of the maximum rate of variation, (6) to
observe the shifts in band positions and (7) to determine the variation in band
widths. In the following C a C 2 0 4 H 2 0 /14/, C u S 0 4 - 5 H 2 0 /15/, C a S 0 4 - 2 H 2 0
/16/ and T i 0 2 /17,18/ serve as examples illustrating the information obtained
from thermo-Raman spectroscopy. The variations in spectra, band intensities,
derivative of the band intensities, band positions and band widths are shown
in detail for C a C 2 0 4 H 2 0 .

(a) C a C 2 0 4 H 2 0 / 1 4 /
Calcium oxalate monohydrate (CaC 2 0 4 H 2 0 ) was chosen for the study as
it forms the calibration standard for thermogravimetry.

Thermo-Raman

spectra were recorded in a temperature range from 25 to 750°C at a heating
rate of 4°C min"1 in stagnant air and the exposure time of CCD 15 s to cover
one degree by a spectrum. CaC 2 0 4 H 2 0 in a thermal process was known to
lose H 2 0 , CO and C 0 2 at around 168, 497 and 675°C, respectively, as shown
in the TG and DTA thermograms of Fig. 1. In the three composition changes,
the spectrum changed completely from C a C 2 0 4 H 2 0 to CaC 2 0 4 , C a C 2 0 4 to
C a C 0 3 and then to CaO, successively. In addition, four phase transformations
were observed based on the variation in intermolecular modes. The following
equations represent the composition changes and phase transformations:
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phase transformation
composition change
(dehydration)

C a C 2 0 4 (a)-> CaC 2 0 4 (β)

phase transformation

C a C 2 0 4 (ß)-> CaC 2 0 4 (γ)

phase transformation

C a C 2 0 4 (γ)-> C a C 0 3 (aragonite) + C O

composition change (oxidation)

C a C 0 3 (aragonite) -> C a C 0 3 (calcite)

phase transformation

C a C 0 3 (calcite)

composition change

CaO + C 0 2

(decomposition)
During heating, the spectrum showed changes in seven temperature
intervals. The changes in the spectra were the result of either composition
change or phase transformation. It was possible to plot the spectra in 3-D
diagram or in sequence to illustrate the change as shown in our earlier work
/14/.
Among all 725 spectra recorded, eight characteristic spectra were found
and they represented eight species appearing in this dynamic thermal process,
as shown in Fig. 5. The eight spectra could be grouped into four different
patterns, (a) and (b) for C a C 2 0 4 H 2 0 , (c), (d) and (e) for CaC 2 0 4 , (f) and (g)
for C a C 0 3 and (h) for CaO. The spectra in each group showed changes in
intermolecular bands and small shifts in intramolecular bands. Thus the
spectra obtained indicated the phase transformation of the species. The
spectra in different groups showed a complete difference revealing change of
composition or occurrence of a chemical reaction. C 2 0 4 2 " was intact in both
C a C 2 0 4 - H 2 0 and CaC 2 0 4 so the first two groups of spectra were similar.
However, the doublet of CaC 2 0 4 H 2 0 around 1046 cm"1 before dehydration
became a singlet for C a C 2 0 4 after dehydration and the intensity dropped
dramatically. The structures of C 2 0 4 2 ' and C0 3 2 " were completely different
and thus the spectra too were different during the oxidation reaction. The
spectrum of C0 3 2 " further disappeared in the decomposition reaction. CaO
had very weak bands, but these were not observed in this experiment. This
contributes to qualitative information.
Apparently, the intensity of the characteristic bands gave quantitative
information. Among the 725 spectra recorded, two strong bands around 1465
and 1070 cm"1 were distinctly detected for C 2 0 4 2 " and C0 3 2 ", respectively.

219

Vol. 20. No. 3, 2001

Fig. 5:

Thermo-Raman Spectroscopy

The eight Raman spectra observed for C a C 2 0 4 H 2 0 in the thermoRaman spectroscopy from 25 to 750°C. Different spectra of various
forms appeared as the temperature rose (Ref. 14).

The intensity of the two bands at 1465 and 1070 cm"1, representing the
amounts of the two species C 2 0 4 2 " and C0 3 2 ", are shown in Fig. 6 as a
thermo-Raman intensity (TRI) thermogram. Compared with the spectral
change, the first drop in intensity of the band at 1465 cm"'.was in the
temperature range from 160 to 170°C due to dehydration and the second drop
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T e m p e r a t u r e (°C)
Fig. 6:

The thermo-Raman intensity (TRI) thermogram for the Raman
bands at 1465 and 1070 cm"1 for C 2 0 4 2 " and C0 3 2 ", respectively (Ref.
14).

was from 454 to 515°C, caused by oxidation to C a C 0 3 . Beyond that, the
band of C 2 0 4 2 " disappeared or C 2 0 4 2 " did not continue to exist. The decrease
in intensity from 63 to 98°C was attributed to the phase transformation of
C a C 2 0 4 H 2 0 from phase I to phase II. A bend in the intensity was observed
around 306°C for the phase transformation of C a C 2 0 4 from the α phase to
the β phase. The phase transformation from β phase to γ phase was not
distinct in intensity. On the other hand, the band at 1070 cm' 1 appeared at
454°C when C0 3 2 " began to form from the oxidation of C 2 0 4 2 " and started to
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decrease when it began to decompose at 696°C and vanished at 725°C with
the complete decomposition of C0 3 2 ". The increase in intensity from 602 to
622°C revealed phase transformation of CaC0 3 from aragonite to calcite.
Finally, the Raman band disappeared due to the lack of a strong signal from
CaO.
Derivatives of these characteristic intensity curves are shown in Fig. 7,
referred to as the differential thermo-Raman intensity (DTRI) thermograms.

CaC2C>4-H20
Cfi

DTRI theraiogram
(b)

614 o c

1070 cm-1

CT,
C
ο

503 °C
"Λ/—

D
>
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'α;
Κ
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709 o c
(a)

<υ
>
• ι—ί

1465 cm-'l

70 °C

CS
r-4

Ο
Ω

495 °C
167 o c

100

250

400

550

700

T e m p e r a t u r e (ÖC)
Fig. 7: The differential thermo-Raman intensity (DTRI) thermogram for the
2
2
Raman bands at 1465 and 1070 cm" for C 2 0 4 " and C0 3 ',
respectively (Ref. 14).
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Two thermograms were obtained for C 2 0 4 2 " and C0 3 2 ". The humps and pits
showed the formation and vanishing of the species and the peaks and dips,
indicating the maximum rates of formation and loss of that species, respectively. The band at 1465 cm"1 showed two dips at 167 and 495°C for
dehydration of C a C 2 0 4 H 2 0 and oxidation of CaC 2 0 4 , respectively. The
small dip at 70°C revealed the phase transformation of CaC 2 0 4 H 2 0 . Two
phase transformations of CaC 2 0 4 failed to appear in this thermogram. The
peaks at 503 and 614°C and a dip at 709°C for the band at 1070 cm' 1
indicated the formation of CaC0 3 , phase transformation and decomposition,
respectively. The dip at 495°C of the band at 1465 cm' 1 and the peak at
503°C of the band at 1070 cm"' revealed the simultaneous occurrence of
oxidation of C a C 2 0 4 and formation of C a C 0 3 , respectively. However, there
was a difference of 8°C for the maximum rates in this reaction.
The band position was determined at the maximum intensity of the band
and was marked in a figure when the intensity was above noise level. The
appearance of new bands and the disappearance of old bands indicate a
composition change or chemical reaction. Bands between 800 to 1700 cm"'
are shown in Fig. 8 as thermo-Raman position (TRP) thermograms. The
collapse of the doublet at 1459 and 1492 cm"' into a single band at 1465 cm"'
at 165°C revealed dehydration. The band at 1631 cm"' also showed a shift at
164°C, but the band at 895 cm"' did not shift at all. Between 454 and 515°C,
both C a C 2 0 4 and C a C 0 3 were found coexistent from the presence of both
Raman bands. Of course, CaC 2 0 4 was oxidizing in that temperature range.
After 725°C, the vanishing of the band at 1070 cm"' indicated that C a C 0 3
had decomposed completely to CaO. Owing to the small shift in band
position during the phase transformation, it was difficult to detect it from the
figure.
The background always decays under laser irradiation. This was noticed
in resonance Raman studies on biochemical samples. However, in thermoRaman spectroscopy, the background showed a dramatic variation as shown
in Fig. 9 in the range from 1100 to 1200 cm' 1 where no Raman band
appeared. Three times of increase and decrease of the background coincided
with the intensity variation of the bands at 1465 and 1070 cm"'. The increase
in background from 160 to 170°C was attributed to the dehydration process.
Further increase was observed up to 258°C, but decrease was observed as the
temperature approached 454°C. The second background increment occurred
from 454 to 515°C, representing oxidation of C 2 0 4 2 " to C0 3 2 ", and can be
correlated with spectral and intensity variation. The decrease was slow
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Fig. 8:

T h e variation of band positions in the range from 800 to 1800 cm"1
for C a C 2 0 4 H 2 0 in the dynamic thermal process (Ref. 14).

beyond that, but dropped sharply till 622°C. In contrast, the b a c k g r o u n d
decayed in the temperature range from 696 to 725°C when C a O was formed
and then increased up to 750°C. The p h e n o m e n o n of background variation is
yet to be understood as regards its relevance during the thermal process. This
m a y throw s o m e light on the molecular rearrangement in the solid caused by
the reaction when the old species changed to the new one.
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A comparison between the thermograms of TG and DTA and that of
thermo-Raman intensity (TRI) and the differential thermo-Raman intensity
(DTRI) thermograms was made. Analogy between the thermograms was
found although they represented different physical properties. TG and TRI
thermograms were similar: the weight changes in TG correspond to the
intensity changes in TRI and both indicate a change in the amount of the
sample. DTA and DTRI thermograms also looked similar. However, DTA
showed a temperature difference between the sample and a reference;
therefore, phase transformation may not be observed as the temperature
difference is too small. DTRI showed the change rate of a species, thus the
phase transformation might not be observable resulting from lack of a distinct
intensity

change

in

intramolecular

bands.

However,

TRI

and

DTRI

thermograms had the advantage of indicating the variation in each species
instead of the variation in the whole sample as in TG and DTA thermograms.
In fact, DTRI was derived from TRI by taking the derivative and thus no
extra information could be obtained. On the other hand, TG and DTA showed
two different properties of the sample, the weight change and the temperature
difference.

(b) C u S 0 4 - 5 H 2 0 / 1 5 /
Dehydration and hydration processes are important in many solids.
Hydrated water might be lost in several stages, as depicted using copper
sulfate pentahydrate (CuS0 4 -5H 2 0). It was already studied intensively by TG
in 1940. It loses 2, 2 and 1 molecules of H 2 0 in 3 stages around 83, 105 and
228°C, respectively. Four Raman spectra were observed for various hydrates
of C u S 0 4 . The strongest band of S0 4 2 " was the A, vibrational mode around
1000 cm' 1 and its intensity could be used to represent the amounts of each
species: C u S 0 4 - 5 H 2 0 (at 982 cm"1), C u S 0 4 - 3 H 2 0 (at 1006 cm"1), C u S 0 4 H 2 0
(at 1042 cm"1) and C u S 0 4 (at 932 cm"1). Fortunately, they did not overlap,
which made it possible to measure the intensity on a TRI thermogram as
shown in Fig. 10. It clearly showed that C u S 0 4 - 5 H 2 0 dehydrated

to

CUS0 4 -3H 2 0, CUS0 4 H 2 0 and finally to C u S 0 4 in three separate stages.
Furthermore, it also showed that the decay of one species was followed by
the formation of another one. It was expected to have a phase transformation
around 180°C where a bend in intensity was observed, but this could not be
supported by a spectral variation.
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T e m p e r a t u r e (°C)
Fig. 9: The variation of the background from 1100 to 1200 cm"1 for
C a C 2 0 4 H 2 0 in the dynamic thermal process (Ref. 14).

The

derivative

of

band

intensity

on

the

DTRI

thermogram

of

CuS0 4 -5H 2 0 had a pit for its dehydration and both CuS0 4 -3H 2 0 and
CUS04 H 2 0 showed a hump and a pit for their formation and dehydration, as
shown in Fig. 11. CuS0 4 had only a peak for its formation. Of course, the
hump and the pit appeared around the same temperature.
The band intensity around 3300 cm"' represented the amount of hydrated
H 2 0 which was also measured. It resembled the TG thermogram as the
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Chemistry

/°C

The thermo-Raman intensity (TRI) thermogram of the Raman
bands at 982 cm"1 (CuS0 4 -5H 2 0), at 1006 cm"1 (CuS0 4 -3H 2 0), at
1042 cm"1 (CUS0 4 H 2 0 ) and at 932 cm' 1 (CuS0 4 ) in the dynamic
thermal process (Ref. 15).

intensity was reduced completely in three stages around 97, 130 and 213°C
with the intensity ratio of 5:3:1 corresponding to the amount of hydrated

H2O.
The band positions for the bands in the range from 900 to 1200 cm"1 were
also measured. Four regions of band shifts were found, corresponding to the
existence of CuS0 4 -5H 2 0, CuS0 4 3H 2 0, C u S 0 4 H 2 0 and CuS0 4 .

227

Vol. 20, No. 3, 2001

Thermo-Raman Spectroscopy

CUS04-5H20
cη

79 oc

<u

53
c
OJ

DTRI thermogram

95 oc

982

cm

-1

V87 oc
ν

88 oc λ

d
C
>J

128

Λ .

y

73 oc

JJ
a

°c

-1

1006

cm

1042

cm

<u
PS

121 oc

ο
aj
>

' " yX

-r-«

cd

110 °C

'Π
<u
Ο

120 0C

209 oc
208 oc

^ 9 3 2

|

1

120

220

Temperature
Fig. 11:

cm

-1

237 oc

194 oc

20

-i

320

/°C

The differential thermo-Raman intensity (DTRI) thermogram of
the Raman bands at 982 cm"1 (CuS0 4 -5H 2 0), at 1006 cm"1
(CUS0 4 -3H 2 0),

at

1042 cm"1 ( C u S 0 4 H 2 0 )
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(CuS0 4 ) in the dynamic thermal process (Ref. 15).

(c) C a S 0 4 - 2 H 2 0 and C a S 0 4 0 . 5 H 2 0 /16/
Dehydration of CaS0 4 -2H 2 0 and CaS0 4 0.5H 2 0 has been studied
extensively by TG and was reviewed using thermo-Raman spectroscopy.
Dehydration of CaS0 4 -2H 2 0 to CaS0 4 was a two-step process with an
intermediate CaS0 4 0.5H 2 0. The study of kinetics by TG was found to be
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difficult as the TG data could provide information pertaining to the total
weight loss only, but was unable to distinguish between CaS0 4 -2H 2 0,
C a S 0 4 0 . 5 H 2 0 and CaS0 4 .
In the thermo-Raman spectra, the strongest band of S0 4 2 " was the A)
mode at 1010, 1017 and 1024 cm"1 for CaS0 4 -2H 2 0, C a S 0 4 0 . 5 H 2 0 and
CaS0 4 , respectively. The bands at 1010, 1017 and 1024 cm' 1 for the three
species partially overlapped. They could be resolved by the deconvolution
method into three components at 1010, 1017 and 1024 cm"1, corresponding to
the three species. In humid air with the partial pressure of H 2 0 about 11.9
torr (50% humidity at 25°C), the thermo-Raman spectra indicated that the
band was at first at 1010 cm"1, then replaced by the band at 1017 cm"1 and
finally

by the band at 1024 cm"1. This indicated that dehydration of

C a S 0 4 2 H 2 0 followed via CaS0 4 0.5H 2 0 as an intermediate species to
CaS0 4 . Thus the two-step consecutive dehydration process was confirmed.
The intensity variations of these three Raman bands from 100 to 160°C
are shown in Fig. 12 as TRI thermograms. The amount of CaS0 4 -2H 2 0 began
to decrease around 104°C and vanished at around 140°C. CaS0 4 0.5H 2 0
began to appear at 110°C and reached a maximum at 132°C, followed by
decrease to vanishing around 140°C. On the other hand, the appearance of
CaS0 4 was observed at 124°C, increasing to a maximum around 140°C with
a lag of only 1 or 2 °C to CaS0 4 0.5H 2 0 as dehydration of C a S 0 4 O . 5 H 2 0
occurred at a lower temperature than that of CaS0 4 -2H 2 0, as shown in TG.
However, some CaS0 4 -2H 2 0 and CaS0 4 0.5H 2 0 species did persist, probably due to the equilibrium among these species with the moisture in the air.
The TRI thermogram showed that dehydration of CaS0 4 -2H 2 0 took place
typically in two consecutive steps. The kinetics of the dehydration was
studied, but could not provide promising results as the process occurred only
in a narrow temperature range and besides was due to a complicated
mechanism in the solid.

(d) T i 0 2 / 1 7 , 1 8 /
T i 0 2 has a wide range of industrial and technological applications. Its
preparation method affects its properties and usage. Sol-gel methods had
always been preferred to prepare microparticles for its application. In the solgel process, the gel becomes amorphous, then turns into anatase and rutile in
a sintering process up to 800°C.
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Fig. 12:

The thermo-Raman intensity (TRI) thermogram of the Raman
bands at 1010 cm"1 (CaS0 4 -2H 2 0), at 1017 cm· 1 (CaS0 4 0.5H 2 0)
and at 1024 cm' 1 (CaS0 4 ) in the temperature range from 100 to
140°C in air of 50% humidity (Ref. 16).

Many instruments that are able to measure the crystal forms are difficult
to use at high temperature. The TG thermogram of Ti0 2 gel showed a single
weight loss of the organic residue below 180°C and DTA revealed two extra
weak peaks for two phase transformations at 382 and 573°C, but no detailed
in situ information on the structure could be obtained. In thermo-Raman
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spectroscopic studies on a freshly prepared sample, a triplet was found
around 2938 cm"1, which was attributed to the organic residue - CH from
Ti(0-Pr) 4 (O-Pr: isopropoxyl) in the gel which vanished around 160°C in
correspondence with the weight loss in the TG and the dip at 82°C in the
DTA.
Anatase and rutile showed strong bands at 151 and 612 cm"', respectively,
but amorphous T i 0 2 had very weak and broad bands. In thermo-Raman
studies, the band at 151 cm' 1 could be used for indicating the existence of
anatase. For a freshly prepared gel, the intensity of the band at 151 cm"1 was
measured in the TRI thermogram shown in Fig. 13. The gel or the amorphous
T i 0 2 appearing below 380°C for the band around 151 cm"1 was not detected.

• Band at 1 5 1 c m
Fresh T i O

573 C
381 °C

400

T e m p e r a t u r e //
Fig. 13:

°

30

C

The thermo-Raman intensity (TRI) thermogram for a fresh T i 0 2
gel in a dynamic thermal process from 30 to 800°C and back to
30°C (Ref. 18).
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It appeared around 381°C and b e c a m e sharp and strong as a result of the
formation of good anatase around 573°C. Beyond 573°C, the intensity of the
band at 151 cm' 1 was f o u n d to weaken. This might be due to the loss of
oxygen.

During cooling, the oxygen

might have d i f f u s e d into

anatase

retrieving good spectra of anatase around 380°C. However, n o trace of rutile
w a s found. For aged samples, almost all the organic residue was lost.
T h e r m o - R a m a n spectra of an aged sample showed the appearance of anatase
at 122°C and a good spectrum of anatase was found around 630°C. A f t e r
630°C, the band at 151 cm' 1 became w e a k and finally weak spectra of rutile
appeared around 738°C. During cooling, a weak spectrum of rutile persisted
and b e c a m e stronger instead of that of anatase. Of course, the diffusion of
oxygen into the crystal displayed good spectra of rutile around 240°C. The
corresponding TRI thermogram is shown in Fig. 14. For pure anatase and

Fig. 14:

T h e thermo-Raman intensity (TRI) thermogram for an aged T i 0 2
gel in a d y n a m i c thermal process f r o m 30 to 800°C and back to
30°C (Ref. 18).
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rutile, the thermo-Raman spectra of anatase and rutile showed that the
intensities became weak at a high temperature in air and recovered in the
cooling process.
The sintering process of T i 0 2 has been studied by measuring Raman
spectra at room temperature after sintering at different temperatures from 300
to 700°C for 2 h 151. Similarly, the sintering phenomenon was studied by
thermo-Raman spectroscopy for the static thermal process. The samples were
heated to various temperatures from 100 to 700°C, kept at that temperature
for 2 h and then cooled down in oven. The intensity of the band at 151
cm"1 for anatase in the processes was monitored, as shown in Fig. 15.

100

200
Time

Fig. 15:

/

300

min

The thermo-Raman intensity (TRI) thermograms for T i 0 2 gel in a
static thermal sintering process at different temperatures from 100
to 700°C and oven-cooling (Ref. 18).
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spectra showed that it was amorphous at

100°C and

formation of anatase took place at a higher sintering temperature. At 550°C,
the Raman spectrum showed a very strong band at 151 cm"1 with weak bands
at 612 and 448 cm' 1 , indicating a good quantity of anatase, but with a small
amount of rutile. At 600°C, anatase was formed first and then transformed
into rutile after 30 min of sintering. The transformation to rutile was fast at
700°C, forming anatase first. The phase transformation during the sintering
process has been revealed successfully by thermo-Raman spectroscopy.

DISCUSSION
According to our experience in applying thermo-Raman spectroscopy to
several samples, it was found that this technique provides information
beyond that obtained by TG, DTA and DSC. Thus the following advantages
can be stated:
1.

Both the composition and the phase of each species appearing in a
sample during a thermal process can be identified from the Raman spectra
up to 4000 cm' 1 from intramolecular and intermolecular

modes. Other

methods cannot provide such qualitative information for the identification
of composition and phase for each species appearing in the sample.
2.

The variation of the sample can be monitored in situ at regular
temperature intervals of 1°C or less from room temperature up to 800°C
in both heating and cooling processes. The attachment of a suitable
cooling system can drag the temperature well below the room temperature
for study.

3.

Since species with different compositions and phases can be identified,
each species can be monitored from the moment it forms till it vanishes.
Knowing the existence temperature of each species, it can be easily
isolated.

4.

It is possible to measure the Raman spectra of the species appearing at a
high temperature.

5.

The intensity of the characteristic band represents the amount of that
species; therefore, the amount can be monitored as in the thermo-Raman
intensity (TRI) thermogram. Furthermore, its derivative shows the rate of
variation in the amount of that species as in the differential thermoRaman intensity (DTR1) thermogram. Based on the variation in the
amount, the kinetics of the reaction can be deduced.
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A small amount of sample is required, as the focusing spot of the laser
beam is about 50 μιτι in diameter. Both a pure substance and a mixture
can be used without special preparation.

7.

For non-transparent samples, Raman spectroscopy turns out to be a good
method for characterization of the surface properties as the penetration
depth of light into the sample is only of the order of 100 μιτι. Thus,
thermo-Raman spectroscopy is an excellent method for studying the
thermal properties of the surface layer.
Raman spectroscopy has some disadvantages. These disadvantages are

passed to the thermo-Raman spectroscopy. They are as follows:
1.

Laser radiation carrying energy focussed on a small spot of the sample
induces a heating effect. The composition changes and phase transformations of the sample may start at lower temperatures owing to the
heating effect induced. However, the laser power can be reduced to about
10 mW or even less to minimize the heating effect. Colorless samples do
not absorb green light from argon ion laser and thus the heating effect is
not important.

2.

The Raman signal is weak. Fortunately, the exposure time of CCD can
be set longer such that good spectra can be obtained. If the sample has a
strong background under laser irradiation it may not be possible to obtain
good Raman spectra. In this case, IR laser, i.e., YAG laser, should be a
good choice. Some ionic compounds give very weak signals or are even
unobservable.

3.

A black sample can absorb laser light and scattered light such that only a
weak Raman signal is detected. Sometimes colored samples that absorb
the laser light may give a resonance Raman effect and the signals may be
enhanced. Since different substances have a different scattering ability,
the intensity has to be normalized.

4.

Raman spectroscopy probes only a small spot. If the sample is not
homogeneous, then the spectra cannot be representative of the bulk
property.

5.

Raman spectroscopy monitors the surface layer only. The results from
thermo-Raman spectroscopy may not be entirely consistent with other
methods.

6.

At high temperatures, e.g., 800°C, blackbody radiation becomes strong
and extends into the visible region; thus, the Raman signal becomes
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relatively weak and difficult to detect. This m a y set an upper temperature
limit.
7.

T h e surface of the sample should be smooth, but it may swell or contract
due to thermal expansion or decomposition during the thermal process.
This m a y affect focussing of the laser light, collecting efficiency of the
scattered light, and ultimately the intensity of the R a m a n signals.
In general, thermo-Ramar. spectroscopy ( T R S ) extracts the ability of

R a m a n spectroscopy, such as identification of composition and phase by the
characteristic

Raman

spectrum. The amount and its variation

for each

individual species by the intensity of the characteristic band are developed as
TRI and D T R I t h e r m o g r a m s to analyze the thermal properties o f a solid
sample. T h e shifts and band widths of the R a m a n bands also give some
physical information about the structure of the species. Even the background
provides a certain clue for the composition changes.

CONCLUSION
Thermal analysis techniques, like TG, D T G , D T A and DSC, have been
used widely for qualitative and quantitative analysis of solids. Unfortunately,
the variations in composition and phase cannot be monitored in situ in a
d y n a m i c or static thermal process by these techniques. But the d e m a n d for
materials treated at a high temperature to achieve desired properties, which
were difficult to monitor, led to the idea of t h e r m o - R a m a n spectroscopy. The
need to understand the variation in composition and phase in a thermal
process in preparing the material for some special application with particular
properties can be satisfied.
In t h e r m o - R a m a n spectroscopy, the ability o f the R a m a n spectrum is
utilized to its m a x i m u m extent. The R a m a n spectrum provides qualitative
identification

for

composition

and

phase

for

each

individual

species

appearing in a thermal process. The intensity and intensity variation illustrate
the quantitative variation for each species and can be plotted as TRI and
DTRI

thermograms.

TG, D T G , D T A and

D S C can only provide

the

quantitative variation for the whole sample, not for each appearing species.
Band position and band width reveal s o m e physical properties of each
species, too. O f course, the most important feature of this t h e r m o - R a m a n
spectroscopy is the in situ monitoring of each appearing and vanishing
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species in a dynamic or static thermal process, which is not possible using
other thermal analysis techniques.
Thermo-Raman

spectroscopy

(TRS)

has

been

applied

to

many

compounds to demonstrate its ability in thermal analysis. For C a C 2 0 4 H 2 0 , a
calibration standard in TGA, thermo-Raman spectra showed not only three
composition changes, but also four phase transformations. TRI and DTRI
thermograms were similar to the thermograms from TGA and DSC, but could
provide information for each distinct species, e.g., CaC 2 0 4 H 2 0, CaC 2 0 4 and
CaC0 3

in

the

study

of

CaC 2 0 4 H 2 0.

The

dehydration

process

of

CuS0 4 5 H 2 0 and CaS0 4 -2H 2 0 in successive steps could be studied separately. TG could not resolve the steps involved, but this could be achieved and
confirmed by thermo-Raman

spectroscopy. Ti0 2 , being important

for

industrial applications based on the crystal forms in which it exists, was
monitored for the phase transformations from gel to anatase and rutile by
thermo-Raman spectroscopy up to a high temperature (700°C) in both static
and dynamic thermal processes. It should be helpful in designing the
preparation process.
Based on experience with thermo-Raman spectroscopy, the advantages
and disadvantages of the techniques are discussed in detail. It will be helpful
for those who would like to apply this technique for their research or as
online monitoring of an industrial process.
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