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Abstract 

Fundamentals and fields of application of time- and temperature-resolved diffraction me- 
thods are presented. X-ray diffraction and neutron diffraction will be considered. Dynamic dif- 
fraction methods are increasingly applied in different fields like solid state reactions, 
heterogeneous catalysis and biological sciences. New methods like synchrotron radiation and po- 
sition-sensitive detectors permit a considerable expansion of potential research areas. The dyna- 
mic diffraction methods are compared with the classical thermoanalytieal methods thermo- 
gravimetry and DSC. 

Keywords: solid state reactions, time- and temperature-resolved diffraction methods, X-ray 
diffraction 

Introduction 

Reactions involving solids, i.e., heterogenous reactions, are of great impor- 
tance in industrial processes. Major fields of application include areas like the 
roasting of sulphidic ores, decomposition reactions (e.g., burning of CaCO3), 
synthesis of ceramics from powders and heterogeneously catalyzed reactions. 
More sophisticated applications include the investigation of corrosion pro- 
cesses, optical and magnetic data storage and the stability of drugs and other 
compounds in tablets. 

For most of these processes thermodynamics as well as kinetics are impor- 
tant. While thermodynamics yield a general statement whether a process can 
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take place at all, it does not say how fast an allowed process will proceed. How- 
ever, for optimization of classical processes concerning selectivity, economy 
and pollution control as well as for the development of new processes, it is of 
major importance to gain knowledge about the different rates of the involved re- 
actions. Consequently, chemical reaction kinetics were developed early to 
quantify reaction rates. 

What is generally needed for a comprehensive description of a reaction is  
the knowledge of the amounts of substance of all reactants present in a reaction 
mixture at all times. Many experimental techniques are capable of yielding 
quantitative information for reaction mixtures and have therefore been em- 
ployed in chemical kinetics. In thermal analysis, the most frequently used tech- 
niques are thermogravimetry (TG) and differential scanning calorimetry (DSC). 
Their main advantages are fast measurements over a temperature range with 
constant heating rate and small required samples sizes. For suitable reactions, 
the reaction extent can be computed from the parameters mass change and en- 
thalpy change, respectively. As most solid state reactions include changes in 
these parameters, many of them can - at least in principle - be studied with 
these techniques. This has led to extensive investigations of reaction kinetics, 
which comprise a good part of the thermal analysis literature [ 1-3]. 

Unfortunately, reactions involving solid phases can usually not be compre- 
hensively described in terms of a reaction extent derived from mass change and 
enthalpy change. New aspects that are rarely of importance for reactions in 
fluid (homogeneous) phases become significant for solid state reactions, and 
often dominate the reaction rate. They comprise inter alia nucleation effects, 
diffusion processes, heat conduction processes, macroscopic factors like parti- 
cle size distribution and particle shape and crystal defects [4, 5]. Often the com- 
plexity of a solid state reaction is ignored, a fact that has spurred serious 
criticism of the classical approach to solid state phenomena [6-8]. 

Another important phenomenon is the occurrence of different polymorphic 
phases for the same chemical substance, which is due to .different packing of the 
molecules in the crystal. A good example is carbon, which can be obtained as 
graphite, as diamond, or in its 'third modification' C6o (Fullerenes). The three 
forms of carbon have different physical and chemical properties, and conse- 
quently behave differently concerning reactivity. Under suitable circumstances, 
a polymorphic phase can transform into another phase. Amorphous phases can 
recrystallize. Clearly, when studying kinetics, it is very important to know 
which phase of each reactant is present during the course of a reaction. 

Usually it is difficult or impossible to conclude from TG or DSC data alone 
which polymorphic phases are formed during a reaction. An examination of 
educts, products or quenched samples with static methods like chemical analy- 
sis of diffraction methods also does not necessarily yield the desired informa- 
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tion. It is therefore highly desirable to gain more insight into the reaction proc- 
ess, i.e., to have a more specific in situ method. 

Suitable methods for solid state processes are diffraction methods. Their ba- 
sis is the scattering of incident waves on regular crystal lattices. This is very 
characteristic for the investigated solid, because it is the crystal structure that 
determines the scattering behavior. Polymorphic phases are, of course, different 
regarding their structure. Contrary to TG and DSC, this method does not rely 
on difference information like TG (mass change) and DSC (enthalpy change). 
A sample can be fully characterized with a single diffractogram. Furthermore, 
the differences between single diffractograms can be evaluated to provide quan- 
titative information on dynamic processes, like solid state reactions. 

Diffraction methods are usually non-destructive and have become much 
faster in the last years because of the availability of brighter radiation sources 
and faster detectors. This has allowed the application of this technique as a dy- 
namic method, i.e., in the time- and/or temperature-resolved examination of 
chemical processes. The method thereby fits into the definition of a thermal 
analysis method established by the International Confederation of Ther- 
mal Analysis (ICTAC) [9]. Some investigators successfully combined X-ray dif- 
fraction with conventional thermoanalytical methods like DTA, DSC and TG. 

The mentioned new developments have led to an increasing number of appli- 
cations in different fields in the last 10-15 years. Investigations were performed 
inter alia on solid state reactions and phase transformations, in heterogeneous 
catalysis, on liquid crystals, on polymers and on organized biological materials. 
It is the aim of this article to demonstrate the broad scope of applicability of 
time- and temperature-resolved diffraction methods. After reviewing the funda- 
mentals of temperature-resolved diffraction methods, selected instructive appli- 
cations will be presented to illustrate this powerful method. Although it is not a 
diffraction technique, a section about dynamic X-ray absorption spectroscopy is 
included, a method capable of examining disordered samples. 

Fundamentals of diffractometry 

When an electromagnetic wave falls on an ordered crystal lattice, it will be 
diffracted according to scattering rules. In fact, every single atom in the lattice 
scatters the wave, but constructive and destructive interferences permit only dis- 
crete scattering angles for an ordered lattice. These angles depend on the re- 
spective lattice geometry, the wavelength of the incident beam and the angle 
between the incident beam and the crystal lattice. For monochromatic waves 
Bragg's equation gives the relationship between these parameters: 

n.k = 2.d.sin0 (1) 
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Here k is'the incident beam wavelength, d is the distance between the given set 
of lattice planes, 0 is the angle between the incident beam and the lattice plane 
and n is the order of diffraction (an integer number). The fundamentals of dif- 
fractometry and crystallography can be found in numerous textbooks (see, e.g., 
[10-12]) to which the interested reader is referred. 

X-ray diffractometry can be performed on powdered samples as well as on 
single crystals. Single crystal methods yield the complete structure of a particu- 
lar crystal but are time-consuming. Powder methods are generally much faster 
but the extractable information is limited. However, it is sufficient to permit ex- 
tensive statements about structural changes and to quantify present compounds, 
so most time-resolved experiments are carried out with powdered samples. A 
further drawback of single crystal methods is the requirement for a well grown 
single crystal, which is sometimes not easy to fulfill. 

Traditionally, X-ray tubes served as radiation sources. Unfortunately, their 
intensity is too low to study fast processes or weakly scattering samples (like 
biomaterials). Consequently, after the more intense synchrotron X-radiation 
was employed for scattering experiments, the number of applications increased 
tremendously (for reviews see [13-20]). Excellent overviews for different re- 
search areas in chemistry and biology can be found in three monographs 
[21-23]. Due to the limited accessibility of synchrotron light sources, most re- 
search groups (except in biological sciences) still employ X-ray tubes for time- 
resolved experiments, which are often sufficient for processes taking place on a 
time-scale of minutes. 

Synchrotron radiation is emitted when charged particles (usually electrons) 
are accelerated to relativistic speed in a circular path. The main advantages of 
synchrotron radiation are its high intensity and its spectral tunability. Typically, 
synchrotron radiation photons come with a broad frequency spectrum, which 
allows one to select the wavelength according to the experimental requirements 
[20]. Remember that conventional X-ray tubes usually emit a broad background 
of bremsstrahlung with few strong X-ray peaks due to the characteristic X-ra- 
diation of the anode material (e.g., CuI~, Z. = 154.18 pm), so that the wave- 
length is not variable. Consequently, diffraction experiments using X-ray tubes 
are carried out with monochromatic X-radiation, and so are most experiments 
using synchrotron X-radiation. However, experiments have been carried out by 
diffraction of polychromatic ('white') synchrotron X-radiation, a technique 
known as the Laue method. This can reduce the measuring time considerably, 
although the interpretation of results is more difficult [24-27]. 

The polychromatic synchrotron X-ray spectrum is also successfully used in 
X-ray absorption spectroscopy (XAS) which monitors the dependence of the ab- 
sorption coefficient from the wavelength over a spectral range. The evaluation 
of absorption spectra near absorption edges allows the determination of radial 
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distributions functions, i.e., important structural information. Because this 
method does not require a crystalline material, it is finding numerous applica- 
tions in many different fields. Due to the growing importance of time- and tem- 
perature-resolved applications, X-ray absorption spectroscopy will be discussed 
in a separate section. 

Position-sensitive detectors which were developed ca. 20 years ago are able 
to decrease the time per X-ray diffractogram to a 100th or a 1000th of the time 
needed with conventional detectors like proportional counters [28-30]. The ba- 
sic principle is the simultaneous recording of scattered X-ray photons over a 
wide angular range. This considerably enhances the performance compared to 
the 'old' detectors which scanned an angular range. Besides these linear detec- 
tors, some groups also developed two-dimensional area detectors based on im- 
aging plates [31-34]. An alternative is the use of energy-dispersive X-ray 
scattering, in which the detector also remains fixed, allowing a decrease in 
measuring time [35]. 

The diffraction of neutrons is increasingly used in solid state chemistry 
[20, 36-39]. Neutron diffraction is fundamentally different from X-ray diffrac- 
tion in some aspects, which opens new experimental possibilities. Contrary to 
X-rays which are scattered by electrons, neutrons are scattered by atom nuclei. 
This leads to special applications in solid state chemistry like the localization of 
hydrogen atoms and discrimination between neighboring elements. The mag- 
netic moment of neutrons results in interaction with magnetic structures; there- 
fore this effect can be employed to investigate ordered magnetic materials. The 
main drawback of neutron scattering experiments is the comparatively low in- 
tensity of neutron sources which usually requires longer data acquisition times 
and larger sample volumes compared to X-ray diffraction. However, the fact 
that many materials only weakly absorb neutrons facilitates the construction of 
heatable sample holders for time- and temperature-resolved experiments. The 
application of neutron and synchrotron X-ray diffraction in solid state chemistry 
has recently been reviewed [20]. 

Evaluation of diffractograms 

Extensivestructural and compositional information can be extracted from a 
diffractogram. Because most time-resolved diffraction experiments are carried 
out with powders, we shall demonstrate the evaluation of a powder diffracto- 
gram. With minor corrections, all considerations may also be applied to single 
crystal experiments. Figure 1 shows a typical diffractogram and the potentially 
extractable information. A powder diffractogram is usually plotted as scattering 
intensity vs. diffraction angle 2| 

Both intensity and position of the diffraction peaks are characteristic for the 
crystal structure of a given solid phase. While the peak positions depend only 
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diffractogram 
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Fig. 1 The structural and compositional information extractable from a diffraetogram 

on the unit cell parameters (i.e., the three lengths a, b, c and the three angles 
eL, 13, ?), the relative peak intensities are determined by the positions of all at- 
oms in the unit cell. This knowledge is often used to calculate the unit cell pa- 
rameters from X-ray patterns. The Rietveld refinement method even permits 
determination of the positions of all atoms in the unit cell [40-42].  

The uniqueness of the diffraction pattern allows the identification of a par- 
ticular compound. Furthermore, as polymorphic phases have different crystal 
structures, they can usually be readily distinguished. If the diffractogram of the 
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main component is known, impurities can be detected by unassigned peaks. It 
shall be mentioned here that the knowledge of the six unit cell parameters alone 
is sufficient to calculate all possible peak positions. With that knowledge, the 
detection of peaks resulting from impurities is often easy. 

An X-ray peak can be described by three parameters: the angular position of 
its maximum, its width, usually taken at the half-height (full width at half maxi- 
mum, FWHM), and its height (intensity). Each of them yields specific informa- 
tion. As discussed, the peak position can be used to determine the structure, 
especially the unit cell parameters. Except for cubic crystals, more than one 
peak position is needed to determine the unit cell parameters. In temperature- 
resolved experiments, the unit cell parameters at different temperatures can be 
used for temperature calibration, provided that the expansion coefficient of the 
material is known. Discontinuities correspond to phase transitions. 

The peak width depends on the crystallinity of the material [10-12]. Badly 
crystallized samples show broad peaks. The extreme is an amorphous phase, 
which may show only a very broad, fiat peak. For well crystallized samples, the 
peak width can be used to calculate the particle or domain size. The relationship 
is given by the Scherrer equation: 

D - (2 )  
13cos0 

with D the average crystallite size (in A); ~ the wavelength (in A); 13 the peak 
width (FWHM, in radians); 0 the diffraction angle and K a crystal shape con- 
stant near unity. 

The peak width is also influenced by instrumental broadening, therefore this 
equation should be applied with care. 

The most important parameter for solid state reactivity is the peak intensity, 
expressed either as peak height or peak integral. Usually there is a proportion- 
ality between these quantities, so both can be used. The peak integral is more 
accurate because more data points are included. However, sometimes it is diffi- 
cult to determine the correct integral because of baseline uncertainties and 
broad peak tails. We found a good alternative by fitting an appropriate function 
to the peak and taking the maximum of this function as intensity value [43, 44]. 
This combines the advantages of including many data points and not being 
forced to integrate over the long tails. It also allows separation of overlapping 
peaks. Suitable peak functions are Gaussians, Lorentzians, Pearson functions 
and Voigt functions (for a comprehensive discussion see [45]). Note that the 
background must always be subtracted, often approximated as a linear function 
of the diffraction angle. 
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The intensity of a peak is approximately proportional to the amount of a par- 
ticular phase in a mixture. To calculate the weight fraction, the different absorp- 
tion coefficients for X-rays must be taken into account. The full expression for 
a multicomponent mixture is [10, 46]. 

llj - Kir~ _ KIj -~  (3) 
pj '~t r  l.tX 

with lii the intensity of the i-th peak of component j ;  Kij a constant characteristic 
for this peak; wj the mass fraction of componentj in the mixture; pj the density 
of the pure component j ;  Ix~- the mass absorption coefficient of the mixture. 

We see that for those solid state reactions for which no mass change occurs, 
the intensity is directly proportional to the mass fraction of each compound. 
The composition remains constant, and so does p.~-. This is also true for solid- 
solid phase transformations. 

However, during processes which involve a mass change the absorption co- 
efficient also changes, i.e., this proportionality does not hold anymore. There 
are two methods to obtain the composition in these cases [10, 11, 46]. The first 
is to add an inert internal standard and to correct the sample reflex intensities. 
The second is to compute the mass absorption coefficient of the mixture by us- 
ing an iterative procedure taking the reduced intensity I/Io as the starting value 
for the mass fraction [44, 47]. This procedure works as long as the mass ab- 
sorption coefficient does not change too much during a reaction. 

The second important thing is that the mass fraction of a compound is ob- 
tained. For kinetic evaluations usually the mole fraction is required, wh ich  
means that an additional computation is necessary. To relate mass and mole 
fractions, assumptions are necessary about the stoichiometry of the reaction, 
and inert components must be known. 

Not all authors pay attention to these two corrections, i.e., often a direct pro- 
portionality between reduced intensity and mole fraction is assumed. This is 
only true for the case of a monomolecular reaction of the type A---~B without 
intermediates and without mass loss, e.g., a molecular rearrangement or a 
solid-solid phase transformation. The necessary steps for the two corrections 
can be found in I44]. 

A last correction must be applied in temperature-resolved experiments, i.e., 
when the sample temperature is not constant during the experiment but raised 
or lowered with a constant rate. In this case a possible temperature dependence 
of the constant Kii must be taken into account. It is usually only small for lim- 
ited temperature intervals (ca. 100 K), but can lead to some distortions in the 
o~/T-curve. The best way to include this variation is to determine peak intensity 
variations of the reaction product in a subsequent run and correct the initial val- 
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ues. Educt peak intensities must be corrected by extrapolating the peak intensi- 
ties of the unreacted educt (temperature interval before the reaction) to higher 
temperatures. 

An alternative way for evaluating series of subsequent X-ray diffractograms 
was proposed by Engel and Eisenreich [48-50]. Here the differences between 
the single angular data points are computed and their absolute values are added. 
This reduces the huge data amount to one number per diffractogram. The evalu- 
ation is possible in a differential and an integral way, producing DSC- and TG- 
like curves, respectively ('difference spectra'). In favorable cases (isothermal 
experiments, single step reaction) the reaction extent can be directly computed 
from the difference spectra. 

Figure 2 demonstrates how temperature-resolved experiments (here with a 
constant heating rate) can be evaluated. In the upper left part five diffracto- 
grams taken at different temperatures are shown. Two educt peaks decrease as 
the reaction proceeds, and one product peak appears. By analyzing the variation 
of the intensity of one peak (diagram below) one can compute the temperature- 
dependent mole fraction which subsequently yields the reaction extent or. The 
knowledge of r at different temperatures with a constant heating rate is enough 
to calculate the reaction kinetics. This analysis can be performed with all three 
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Fig. 3 Temperature dependence of the unit cell parameters of phcnanthrcnc during a solid- 

solid phase transition. Both a and c exhibit discontinuities at the transition tempera- 
ture of 72-74~ The scattering in b is too strong to conclude safely that a discontinu- 
ity exists. The monoelinic angle J~ also shows a distinct step. Additionally the tem- 
pcratur~ dependence of a characteristic reflex which disappears in the high-tempera- 
ture phase is shown. (From Ref. [441, with permission) 
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peaks, thereby tripling the database. Of course, one can also perform isother- 
mal experiments ('time-resolved'), obtaining tt-t curves. 

By examining the temperature-dependent peak positions (upper scale and 
diagrams on the right) it is possible to obtain the corresponding din-values 
(Bragg's equation (1)). By choosing and combining suitable peaks, one gets the 
temperature dependence of the unit cell parameters. These gives the expansion 
coefficients and, more interestingly, phase transformations show up as disconti- 
nuities. 

This has been demonstrated numerous times in the literature. As an example 
the phase transition of solid phenanthrene shall be presented. Phenanthrene un- 
dergoes an order-disorder transition at 72-74~ [44, 51, 52]. In Fig. 3 the tem- 
perature dependence of the unit cell parameters of phenanthrene is shown. Two 
unit cell lengths show distinct discontinuities while the scattering in the third 
one is too strong to make a definite conclusion. The monoclinic angle 13 experi- 
ences a similar step (note that the two other angles ~t and ~/are 90~ Addition- 
ally the temperature dependence of a characteristic reflex is shown which 
vanishes in the high-temperature phase. From this temperature dependence the 
expansion coefficients can be calculated. 

One of the main strengths of temperature-resolved diffraction techniques is 
the possibility to detect all present compounds simultaneously. As long as the 
compounds are crystalline, the evaluation of their corresponding peaks yields 
their relative amounts in the reaction mixture. This clearly distinguishes the 
method from 'overall methods' like DSC or thermogravimetry. Withe these it is 
not possible to split up a mass or enthalpy change between two or more over- 
lapping processes. 

This chapter should demonstrate the wealth of information which can be ob- 
tained from time- and temperature-resolved diffraction experiments. Figure 4 
comprises the necessary steps to perform kinetic experiments. The conditions 
shown apply mainly to X-ray powder diffractometers, however, they can be eas- 
ily adapted for other types of experiments. 

Applications 
Applications of time- and temperature-resolved diffraction methods are 

found in many fields of the physical, chemical and biological sciences. In this 
chapter, instructive examples will be presented to illustrate the experimental 
possibilities. 

There is no commonly accepted abbreviation for temperature-resolved dif- 
fraction methods. Most investigators give their method a new name, usually 
with an 'XRD' or 'XD' (common short for X-ray diffraction) in the abbrevia- 
tion. In my opinion, the form 'TXRD' is best suited, because it is close to 
'XRD',  and because the 'T' immediately implies 'temperature' or 'time'. 
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Fig. 4 The necessary steps for a kinetic experiment with temperature-resolved X-ray diffrac- 
tome, try. The statements are designed for powder experiments, but apply also mainly 
to other types of temperature-resolved diffraction experiments 
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Therefore this abbreviation may serve for both time- and temperature-resolved 
methods. In this article, 'TXRD' is used throughout, even when referring to 
other work, for the sake of uniformity. 

Solid state reactions 

Numerous methods are employed for the investigation of solid state reac- 
tions. Probably the most important techniques are structure-solving methods 
(single crystal diffraction, powder diffraction, solid state NMR, etc.) and ther- 
mal analysis methods (thermogravimetry, DSC, thermomechanical analysis, 
etc.), the first ones mainly static methods, the second ones dynamic methods. 

Temperature-resolved diffraction techniques combine both kinds of meth- 
ods. They allow the determination of structural information in a dynamic way. 
One of the first to apply this to solid state reactions was G~rard in the 1960's 
and 1970's [53-64]. He constructed heatable sample holders for X-ray diffrac- 
tometry and combined the method with DTA and thermogravimetry. An exam- 
ple is shown in Fig. 5. 
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Fi R. 5 The dehydration of copper sulphate trihydrate to copper sulphate monohydrate, re- 
corded on a TG-TXRD combination. The continuous line denotes the sample mass, 
the dots are intensity values of a trihydrate peak (d = 4.40 A). The dehydration was 
carried out at 71"C at 7 tort. (From Ref. 164l, with permission) 

Here the thermal dehydration of copper sulphate trihydrate to the monohy- 
drate is studied with a TG-TXRD combination. There is complete simultaneity 
between the mass loss and the disappearance of an educt phase peak. This is be- 
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cause the mass absorption coefficient of both reactants is nearly equal, so only 
minor corrections apply for the intensity to reaction extent conversion. How- 
ever, no quantitative evaluation of the intensity values was made, because the 
main aim was to check for amorphous phases'during the dehydration [64], 

While this was a single-step reaction with no intermediates, multicomponent 
reactions were investigated by Thomson et al. [65-67]. They examined the for- 
mation process of the 123 superconductor YBa2Cu3OT-x from an amorphous cit- 
rate precursor containing yttrium, barium and copper. The precursor was burnt 
prior to the experiment by holding in air for 10 minutes at 850 K. In Fig. 6 the 
results of the high-temperature X-ray analysis are shown. The main peaks of the 
reactants were recorded. When heating in helium, the 123 superconductor 
forms readily in a tetragonal phase (labeled 'TET 123') above 890 K. However, 
it decomposes at higher temperatures, forming other mixed oxides. When 
switching from helium to air, BaCueO2 decomposes quickly to BaCuO2, CUO, 
BaO and BaCO3 (the latter three not shown). 
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I00 >-. 
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bJ 
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<[ 
..j 2O 
uJ 
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TEMPERATURE (K) 82s 

Fig. 6 Reaction sequencing during the formation of YBa2Cu3OT-x from an amorphous citrate 
precursor. The temperature was raised with a heating rate of 5 deg.min -1 from 840 to 
1100 K and lowered again to 825 K. The atmosphere was then switched from helium 
to air, and the sample was held at 825 K for 30 minutes. 'TET 123' denotes the 
123 superconductor YBa2Cu3OT-x in its fully developed tetragonal phase. (From 
Ref. [67], with permission. Copyright 1989 by the American Ceramic Society) 

The diffraction method here not only provided detailed information about 
reaction products and intermediates, allowing to formulate the reaction se- 
quences of the occurring processes, it also distinguished between the tetragonal 
and the orthorhombic phases of the 123 superconductor. This type of informa- 
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dehydration. (From Ref. [72], with permission) 
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tion would have been difficult to obtain with classical thermoanalytical meth- 
ods. The classical method of annealing and rapid cooling to room temperature 
for X-ray investigations would also have shortcomings, as one could not exclude 
fast reactions taking place during the quenching step. 

The quantitative evaluation of X-ray diffractograms allows the determination 
of the reaction kinetics, as discussed earlier. An example is shown in Fig. 7. 
Here 14 X-ray diffractograms are shown which were recorded during the dehy- 
dration of silver dimesylamide quarter hydrate AgN(SO2CH3)2.1/4H20. This 
salt is interesting as an intermediate reagent in inorganic synthesis and because 
it is one of the few examples of silver salt hydrates. The water is released at tem- 
peratures well above 100~ i.e., the bonding is strong [68, 69] which is un- 
usual for silver salt hydrates. This prompted us to determine the dehydration 
kinetics. A part of the X-ray diffractogram containing strong educt and product 
peaks was selected, and during heating with a constant rate (here: 
+0.25 deg.min -~) the angular range was continuously scanned. Note that the 
temperature is really raised with a constant rate, not stepwise. 

During the dehydration two groups of hydrate peaks are vanishing and one 
strong anhydrate peak is formed. A diffractogram of the pure anhydrate phase 
at 171~ is shown in diffractogram 14. The shrinking educt peaks showed ir- 
regular behavior, i.e., splitting (scans 6-9) or sudden, short-lived growth 
(scan 3). These only qualitatively reproducible effects are most likely due to a 
short-lived intermediate with a hydrate-like structure and to lattice distortions in 
the course of the dehydration. Similar effects were observed during the dehydra- 
tion of lithium sulphate monohydrate [70] and the decomposition of calcium hy- 
droxide [71]. These processes prevented a quantitative evaluation of the hydrate 
peaks. Nevertheless, the anhydrate peak could be used to determine the reaction 
extent. 

Using both isothermal and non-isothermal data, the decomposition mecha- 
nism for a fine powder seems to be an initial nucleation phase, describable by 
an A, mechanism, followed by a deceleratory D3 mechanism (diffusion con- 
trol). The activation energy and the preexponential factor could be calculated 
[72]. The values for isothermal TXRD experiments, isothermal thermo- 
gravimetric experiments and non-isothermal TXRD experiments with different 
heating rates agree well. It can thus be concluded that TXRD can be employed 
like a thermoanalytical method, i.e., experiments with a constant heating rate 
can be evaluated using the formalism of non-isothermal reaction kinetics 
[1, 73]. In this case the integral method of Kassman [74] was employed (a 
modification of the Coats-Redfern method). 

The applicability was also demonstrated for caffeine hydrate [43, 44] and 
lithium sulphate monohydrate [70]. Other experiments with a kinetic evaluation 
of the diffraction data can be found in [35, 47, 50, 75-90]. 
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Synchrotron radiation was necessary to investigate the solid state combustion 
synthesis of TiC-NiTi. In this type of reactions, a mixture of solid reactants is 
ignited, e.g., by an electrically heated tungsten coil or a laser. The reaction then 
propagates through the whole pellet within seconds, and a great amount of heat 
is generated, raising the temperature well above 2000~ These fast reactions, 
denoted as self-propagating high temperature synthesis (SHS) or solid combus- 
tion synthesis (SCS), can be employed to synthesize ceramics, composites, etc. 

Because of the rapid combustion reaction, synchrotron radiation and a posi- 
tion-sensitive detector had to be employed. This allowed a time resolution of 
200 ms. An intimate mixture of Ti, Ni and carbon powder was pressed to a 
19 mm cube. After ignition on one edge, the reaction front propagated through 
the pellet. A thermocouple was used to trigger the detector a few seconds before 
the wave front had reached the illuminated sample area. By this method the re- 
action at a particular area of the pellet could be conveniently observed in a time- 
resolved way. 

The results of two combustion experiments are shown in Fig. 8. Two angular 
regions are scanned in two subsequent experiments. The first observations are 
the melting of both metals and the formation of TiC, starting at 3.4..3.6 s. At 
this time the wave front has reached the illuminated sample region. At 4.0 s the 
formation of TiC is complete. The sample now begins to cool after the com- 
pleted reaction, visible by the shift of all peaks to higher 2| values (lattice con- 
traction). At 13.4 s a peak of a Ti-Ni alloy appears which broadens with time. 
These observations allowed important insights into the steps of this fast reac- 
tion. Details on the method and further experiments can be found in [91-93]. 

Polymorphic phases 

Many solids occur in different polymorphic phases. Their proper identifica- 
tion and preparation are often crucial for solid state reactivity. Solid-solid phase 
transformations may also occur during reactions, thereby strongly influencing 
the reactivity (known as the Hedvall effect). If the different phases are suffi- 
ciently stable at room temperature, an investigation may be performed with 
classical X-ray diffractometry on a quenched sample. However, often polymor- 
phic phases are not stable enough, so they must be investigated in situ. Investi- 
gations at higher temperatures are also important for estimating the stability of 
pharmaceuticals which are often desired in a special polymorphic phase, f re-  
quently a metastable one. 

Because there is no mass loss during a phase transition, thermogravimetry 
cannot be applied. DSC requires a minimum heating rate and is often not ap- 
propriate for slow processes. Furthermore, transition enthalpies are often small. 
TXRD requires only a structural change and can be run isothermally as well as 
non-isothermally and is therefore ideally suited for this kind of investigations 

J. Thermal Anal., 42, 1994 



576 EPPLE: TEMPERATURE-RESOLVED DIFFRACTION METHODS 

m 
( D  ~ . .~ 

~ o  ~ ~. ~ ;~~ 
- ~ o ~  . ~  

: ~.,~ 

o ~ cd ~: tn c~ ~ o 

~.) 

~ "  .~ . 

0 
tfl 

slunoo 

0 

(D 

~t 

0 

o ~ . ~  

"= "g e 

~ N , ~  xA ._. 

J. Thermal ~na/., 42, 1994 



EPPLE: TEMPERATURE-RESOLVED DIFFRACTION METHODS 577 

[94]. No corrections are needed for absorption and weight fractions, so that the 
intensity directly yields the reaction extent. An application illustrates these 
statements. In Fig. 9 the relative amounts of low- and high-temperature phases 
during the phase transition in anhydrous silver dimesylamide are shown. This 
transition is accompanied by a very low enthalpy change which allows merely 
the detection of a thermal event in the temperature range of 147-153~ with 
DSC. No discontinuities in the expansion coefficient could be found by ther- 
modilatometry. A detection was possible by thermoelectroconductometry with 
a transition temperature of 142~ However, only TXRD allowed the quantita- 
tive evaluation of the process. It is a higher-order transformation, taking place 
over a wide temperature range. It is not terminated at room temperature and 
shows a moderate hysteresis. The signals seen in DSC and electroconduc- 
tometry are obviously only the 'tip of iceberg', showing up when the transition 
completes near 140.. 150~ [72]. 
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Fig. 9 X-ray investigation of the phase transition in anhydrous silver dimesylamide. From 
the peak intensities the relative amounts of the high- and the low-temperature phase 
could be computed. The low-temperature phase is denoted ~, the high-temperature 
phase c~. Both heating runs (heating rates 0.3 and 0.9 deg.min -t) and cooling runs 
(cooling rate -0.9 deg.min -1) were performed. Note the hysteresis. For comparison, 
the transition temperatures determined by DSC (147-153~ and thermoeleetroeon- 
duetometry (EC; 142~ are also plotted. (From Ref. 172], wit permission) 

This example is typical for many cases. Often phase transitions are accom- 
panied only by small signals in DSC: so probably many remain undiscovered. 
In this case, the different hygroscopicity of the two phases led us to the assump- 
tion of a phase transition. Final evidence was gained only after the TXRD ex- 
periments. It is suggested that temperature-resolved diffraction methods be 
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curve, recorded with a modified Mcttlcr FP80/84 cell. (From Ref. [95], with permis- 
sion. Copyright 1990 by Gordon and Breach, Science Publishers S.A.) 
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more frequently employed on solid samples showing unexplainable behavior. 
Phase transitions often seem not to show up with conventional techniques. Be- 
cause many phase transitions do not involve drastic structure changes a close 
look is recommended. 

Organic molecules often exhibit a number of polymorphic phases, among 
them frequently liquid crystalline phases. A good example of a simultaneous 
DSC-TXRD investigation was reported by Ungar and Feijoo [95]. They studied 
the phase behavior of N,N'-bis(4-n-heptyloxybenzal)-l,4-phenylenediamine 
(HEPTOBPD) with a diffractometer cell which allowed them to measure simul- 
taneously the heat flux and the X-ray diffractogram. Synchrotron radiation was 
employed. 

A heating scan is shown in Fig. 10. The left part of the figure shows the re- 
corded X-ray diffractograms during a heating program from 120 to 190~ with 
5 deg.min -~. A number of different phases is observed: two conventional crystal 
phases (C~ and C2) and four fluid phases (crystal K and J; smectic 1 and C). 
These results compare well with the heat flux diagram, shown on the right. All 
phase transformations show up as endothermic peaks. Near 180~ an additional 
transition is observed which could not be assigned to the TXRD curve. Here it 
would be possible to carry out time- and temperature-resolved experiments to 
investigate thermodynamic (transition temperatures) and kinetic parameters 
(transition rate) of the numerous transitions. 

Solid-gas reactions 

TXRD has been successfully applied in the study of solid-gas reactions. One 
major application is the investigation of solid catalysts, either supported or un- 
supported. As still much 'art' is involved in designing efficient catalysts [96], 
research to understand the basic properties of a catalyst is of high importance. 

Two examples will be reported. At first we discuss experiments performed 
by Thomas et al. on different catalysts with combined X-ray absorption/X-ray 
diffraction, operating with synchrotron radiation [97]. The long-range order (by 
X-ray diffractometry) and the short range order (by X-ray absorption spectros- 
copy, EXAFS) were obtained simultaneously. They studied the conversion of 
the mineral aurichalcite Cus-xZnx(OH)~(CO3)2 to a mixture of ZnO and Cue 
during heating in air to 450~ [98]. While the crystal structure changed mark- 
edly during this process, the short range order around the copper ions and the 
zinc ions remained largely unchanged. This mixture was then reduced with 
H2/N2 to an active catalyst consisting of metallic copper on ZnO. Now distinct 
changes could be observed in the crystal structure as well as in the local envi- 
ronment of the copper. The zinc oxide remained unchanged. From the absorp- 
tion spectra it was postulated that a small amount of zinc was incorporated in 
the copper structure, forming a brass phase. The authors also determined the 
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activity of this catalyst in the reverse water-gas shift reaction ( C O 2 + H 2 - - ' >  

CO+H20). Further experiments with this technique were reported on mixed- 
metal oxides which catalyze the oxidation of carbon monoxide and hydrocar- 
bons [99]. 

The reduction of iron oxide on an alumina support was studied by Jung and 
Thomson [87]. Iron catalysts are used widely in industrial practice, e.g., in Fi- 
scher-Tropsch synthesis, ammonia synthesis and water-gas shift reaction. Re- 
duction experiments (with H2) and oxidation experiments (with CO2) were 
performed. During the reduction, the reaction sequence of iron(Ill) oxide to 
iron(II, Ill)oxide and iron metal could be monitored, and vice versa for the oxi- 
dation. An interaction between the iron catalyst and the support was found 
which strongly influences the catalytic performance. Other results comprise the 
formation of iron carbides during the Fischer-Tropsch synthesis using iron 
[100] and unreduced iron oxide [101]. In all cases the catalyst composition 
could be monitored in situ during the experiments. Results of other groups can 
be found in [102-1041. 

Polymers 

Although polymers are generally not well crystallized, they can often be 
studied with diffraction methods. In Fig. 11, the melting of polyethylene is fol- 
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Fig. 11 The melting of polyethylene, followed with a DSC-TXRD combination. The angular 

range scanned was 12-32~ with one diffractogram every 5 rain. The heating rate 
was 1.25 deg.min -n. The X-ray peaks begin to shrink well below the melting tem- 
perature, which was determined to 125~ with DSC (From [105], with permission) 
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lowed with a DSC-TXRD combination, using a conventional X-ray source 
[105]. The sample was heated with 1.25 deg-min -1 to 140~ Every 5 minutes 
an X-ray scan was recorded in the angular range of 12-32~174 While the peak 
intensity started to decrease around 70~ in TXRD, indicating a decline in crys- 
tallinity before the melting, the DSC curve showed only a single peak at 125~ 
This clearly demonstrates that premelting processes occur well below the melt- 
ing temperature; a fact DSC was not able to detect. This knowledge is impor- 
tant, because integrated DSC peaks are often used for the determination of 
polymer crystallinity. Obviously, the peak integration must start below the melt- 
ing point. Analogous results were obtained for the cooling process of molten 
polyethylene. The recrystallization persisted to lower temperatures after the so- 
lidification, invisible in DSC. Applications of synchrotron radiation on poly- 
mers are reviewed in [106]. X-ray scattering combined with DSC was also used 
for investigation of polymer transformations in [95, 107, 108]. 

Biological materials 

The structural and kinetic investigation of ordered biological materials like 
membranes, enzymes, cell constituents, etc., is an intensively studied field in 
which biologists, chemists and physicists combine their efforts to gain better in- 
sight into processes occurring in living organisms. The applications of diffrac- 
tion methods can be roughly divided into the investigation of lipids, i.e., 
long-chain organic molecules, the study of reactions of enzymes, proteins, etc., 
and the investigation of biological material like muscles and cell constituents. 
The field has been reviewed in a number of articles and monographs [21-23, 
109-114] where a large number of examples can be found. 

Because biomaterials are generally weak X-ray scatterers due to an imper- 
fect crystal structure, practically all time- and/or temperature-resolved experi- 
ments are performed with synchrotron X-radiation, making use of its high 
intensity. In fact, researchers in biology and biophysics constitute a major part 
of the user group of synchrotron radiation. The applicability of TXRD shall be 
demonstrated in the following by using examples from the study of lipids which 
serve as models for biological membranes. 

The many possible phases encountered in lipid systems make investigations 
complicated. An in situ investigation of phases forming at different tempera- 
tures is therefore necessary, and the time dependence of transition processes 
must be investigated. X-ray diffractometry is a suitable tool for phase identifi- 
cation, because it yields structural information. With the often employed DSC 
method quick information about phase changes can also be obtained; however, 
overlapping peaks and metastable phases make the conclusions sometimes du- 
bious. It was also observed that the recorded thermogram depends on the ther- 
mal sample history [111, 113]. 
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With these facts, it is no wonder that time- and temperature-resolved diffrac- 
tion techniques were applied early (beginning of the 1980's) in the study of lipid 
systems. Two recent examples will be presented. 

Fully hydrated dipalmitoylphosphatidylcholine ('DPPC') is a standard lipid 
which has been extensively investigated by static [115, 116] and dynamic 
[117-122] methods. A temperature-resolved experiment is displayed in Fig. 12. 
A sample was subjected to a fast temperature jump from 10 to 47~ to study the 
kinetics of the phase transitions. Using synchrotron radiation and a position- 
sensitive detector a time resolution of 0.25 s per diffractogram was achieved. 
The section from 30 to 47~ is displayed in Fig. 12a in a number of diffracto- 
grams. In Fig. 12b, the data has been reduced to a two-dimensional contour plot 
displaying the temperature range from 24 to 47~ Both the pretransition around 
35~ and the main transition around 43~ are clearly visible. The investigators 
found that the transition kinetics were limited by the heat conductivity of the 
aqueous sample [123]. The authors reported in later publications about a laser- 
induced heating method capable of heating the sample in milliseconds [122, 
124, 125]. 

A combination of TXRD and DSC was described by Chung and Caffrey 
[ 126]. Synchrotron radiation was employed in transmission mode, and modified 
aluminum sample holders were used in a vertically turned Mettler FP80/84 
calorimeter. In Fig. 13 a set of experimental data is shown. The authors studied 
the L~-to-L~ transition in monoelaidin in water which occurs around 23~ The 
data were recorded with a video-based detector system and digitized after the 
experiment. In Fig. 13a the height of the respective (001) peak is shown, in 
Fig. 13b the width (half width at half maximum), in Fig. 13c the position, in 
Fig. 13d the computed d-spacing and in Fig. 13e the integrated peak area. Fig- 
ure 13f displays the DSC curve. The discontinuities all take place in the same 
temperature range, nicely illustrating the phase transition. The authors found 
good agreement in the transition temperature ranges between DSC and TXRD 
for a heating rate of 1 deg.min -1 but report discrepancies for heating rates of 5 
and 10 deg.min -1. These were assigned to temperature gradients within the sam- 
ple holder. 

Coupling of diffractometric methods with other thermoanalytical techniques 
(simultaneous methods) 

A number of researchers successfully coupled temperature-resolved diffrac- 
tometry with other techniques like thermogravimetry and DTA/DSC. This fur- 
ther enhances the potential of the method, as generally with simultaneous 
methods: the coupled method generates more information then the sum of the 
individual methods. 
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In Table 1, examples of investigators are presented. The first combination 
methods date back to the 1960's. 

Time-resolved experiments using X-ray absorption spectroscopy 

Although it is not a diffraction technique, a short chapter shall be dedicated 
to X-ray absorption spectroscopy which has gained increasing popularity in the 
last years. The availability of X-ray synchrotron radiation with a broad fre- 
quency spectrum has allowed the routine use of this method today. Especially 
interesting are absorption spectra near absorption edges of elements present in 
the sample, the two methods being known as Extended X-ray Absorp- 
tion Fine Structure (EXAFS) and X-ray Absorption Near Edge Structure 
(XANES). These two methods evaluate the specific form of the absorption sec- 
tra near absorption edges, especially oscillations in the absorption coefficient 
above the absorption edge. These results from scattering of the emitted photo- 
electron on the neighboring atoms in the lattice. A Fourier evaluation permits 
determination of the radial distribution functions around the particular element 
whose absorption edge was investigated. Because each element's adsorption 
edge can be examined, the method yields the radial distribution functions 
around each sort of atoms in a given material. No regular structure is required 
as in diffractometry, therefore the method ideally supplements diffractometric 
methods. It is possible to apply it in a time-resolved way [93, 134, 135]. Con- 
sequently, a combination of X-ray diffractometry and EXAFS was reported by 
Thomas et al. [97-99] and successfully applied to catalysts. 

Time- and temperature-resolved X-ray absorption experiments were also 
performed by Bazin et al. on catalysts [136, 137] and by Fontaine et al. in elec- 
trochemistry [138-140], high-temperature superconductors [ 138, 139, 141] 
and solid-solid phase transformations [139, 140]. The latter group denotes its 
technique 'QEXAFS' for Quick-EXAFS, and reports time resolutions down to 
2.7 ms per spectrum. The higher intensity of new synchrotron radiation sources 
will allow a further decrease in measuring time. 

Conclusion 

I hope to have demonstrated the wide field of application possibilities for 
time- and temperature-resolved diffraction methods. Rather than merely report- 
ing a summary of our work, the aim of this article was to present examples out 
of different research areas where these techniques are applied to a wide variety 
of samples. 

The availability of position-sensitive detectors with enhanced spatial and 
time resolutions permits one to lower the time needed to record one diffracto: 
gram when using conventional X-ray tubes. As the principal applicability of X- 
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ray diffractometry to solid state reactions has been extensively demonstrated, 
this will probably lead to more research groups entering this field. 

The advantages of TXRD over conventional thermoanalytical techniques are 
summarized in Table 2, where the performance of three techniques is com- 
pared. Even when using conventional X-ray tubes equipped with 'old fash- 
ioned' detectors (i.e., without position-sensitive detectors) the technique is well 
suited to study solid state processes occurring not too fast. For the lucky re- 
searchers who have access to a synchrotron radiation source, intensity is usually 
not a problem. Nevertheless, even brighter radiation sources and improved de- 
tectors will bring the time resolution further down into the range of milli- and 
microseconds. This is especially interesting for the biological sciences, where 
time-dependent studies on enzyme-substrate reactions, lipid phases and protein 
crystals could then be performed in greater detail than today. 

However, more solid state chemists will probably enter the user group of 
synchrotrons when the number and accessibility of those facilities will have in- 
creased. Today, however, solid state chemistry still seems to be underrepre- 
sented in the time-dependent studies using synchrotron radiation. The amazing 
results obtained by some groups, e.g., a concentration detection down to 
0.01 mol-% [13], a protein crystal structure determination in 3 s [24], crystal 
structure determinations on crystals with dimensions of the order of microns 
[25, 142, 143], nanosecond resolved X-ray diffraction on silicon crystals 
[144-146], sub-nanosecond X-ray diffraction on LiF [147], and dynamic dif- 
fraction experiments on lipid monolayers [148] should stimulate more re- 
searchers to apply this technique to their specific problems. The theoretical 
limit for time resolution lies probably at a few hundred picoseconds, the typical 
length of an electron bundle in the storage ring. 

More combinations of TXRD with classical thermoanalytical methods ap- 
pear desirable. The examples given in Table 1 show that it is possible to develop 
these methods, and more researchers will probably build DTA-TXRD instru- 
ments which seem to be the easiest to realize. In my impression a true, i.e., 
quantitative, DSC-TXRD cell still has to be build. The quantitative evaluation 
of TXRD and DSC curves should be very helpful in the interpretation of solid 
state reactions, especially in the proper assignment of structure changes to en- 
thalpy changes. 

:g :g :g 
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Zusammenfassung - -  Grundlagen und Anwcndungsm6glichkeiten zeit- und/oder temperature 
aufgel6ster Beugungsmethoden wcrden vorgcsteUt. Dabei wird auf R6ntgen- und Neutronenbeu- 
gung eingegangen. Dynamische Beugungsmethoden wcrden zunehmend in verschiexiencn Bcrci- 
chert wie dcr Festk6rpcrreaktionskinetik, der hctemgenen Katalysc und den Biowissenschaften 
eingcsetzt. Der Einsatz neuer Methoden wie der Synchrotronstrahlung und der Ortsempfindli- 
ehen Detektorcn erlaubt eine erhcbliche Erweiterung der Anwendungsgebictc. An ausgcwghlten 
Beispielen wcrden Einsatzmfglichkeiten demonstfiert. Die dynamischen Beugungsmcthoden 
werden mit den klassischen thermoanalytischen Tcchniken Thermogravimctrie und DSC vergli- 
chert. 
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