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We previously introduced a non-isoeern@ technique &ing _TGA to study fhe 
kinetics of so&b&I transforxnations TGA can only be applied $0 systezns under- 
going weight change. _For this reason, ,a te$xni&e using Th&maI X-ray Analysis 
m) was deveioped. The technique i&ok% the dete@nation of the % &ystaUinity 
vs. temperature cur~$ &d its &t derivativF_ The folkking equation w& de&& an4 
found to be applicable. 

The KIug and AIexander technique for -the qnantitkion of a crystalline corn- _ 

pound in a powder mixture using an internal &ndard~~_~ to determine the 
crystaUinity of each sampIe stu4ied_ The technique was. applied to the p&e trans- 
formation for. a semicrystalline, 1Ow density,’ che&ca%y cro&nked pOlyettiylene 
polym& The enthalpy fat the crys~e-amorphous tran&ormatiOn was found to be 
13-2 kca!@&i~_ For a high density, n~n-crossbked po&&~lek, the ent+aIp$ was 
2Q.8 kca@quiv. A technique to caIcu@te the length $6 Crystalline segment fkom 

_ the kin&ic~dak was ako developed and showed that&e cry&l&e @g&s x&z& 
65 and 30 & respectively_ ..- -_ 
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amounts of each phase present. Powder X-ray diffraction analysis, on the other hand, 
is seemingly the perfkct technique for txysdine mixture analysis, since each com- 
ponent of the mixture produces its characteristic pattern independently of the others, 
making it possible to identify the various components. Moreover, the intensity of each 
component’s pattern is quaotitativeIy rehted to the amount present. Quantitative 
X-ray analysis provides the advantage of being specific, and no chemical isolation or 
trez&u~z~t of&e sample is necessary. -Tbercforc, it can be applied directIy to a complex 
mixture of different crystalline forms of the same compound and in the prcscnce of 
other dizuents”-“9. In addition, it provides an automatic mean5 for anaJy2ing any 
change occttrrin~ due to solid interactions or transformations in the mixture, 

Ihe application of the powder method to quantitative analysis has been rec- 
om ever since the discovery of this method, but practicahy no attempts at such 
analysis were made until 1936 when Clark and Reynolds’ published a description 
of a procedure for estimating the amount of siticon dioxide present in mine dust_ 
This work, and other work foilo&.ng was based upon microphotometric density 
measurements of X-ray film following exposure. This method of measuring the 
intensity of diffracted X-ray N= highly inaccurate and it was not until the advent of 
the Geiger Counter Spectrometer’ that truly quantitative dif%adons became possible. 
Alexandcr and KIug3 published an important fundamental paper in which the 
mathematical relation&ips pertinent to quantitative difEaction analys+s were derived. 
The paper also described conditions under which standard curves alone could be 
used!, and under which standard curves based on intcma1 standards were required, 
depending upon absorption effects. This pioneering work stimulated others to use the 
powder method for quantitative analysis with theresult that the hteraturenowabounds 
with descriptions of procedures and their application of quantitative diffraction to 
inor,eaic compounds but only a few to organic compounds. 

Christ et al.’ applied the quantitative diffraction technique to determine 
sodium peniciin G, while Kumano and Tamura’ applied it to anaIyse the z and j? 
forms of the CZ-JW& in chIoramphenicoi palmirate. Papa&ho et al.” investigated the 
possibility of using quantitative X-ray diffi-acti~n to analyse intact tablets. Kuroda 
and Hashizume“ ’ 1 anal>& the aLZive components in ointments and va&raI 
tablets. Shell’ 3 and Kuroda et al .I4 showed that the X-ray diffmction technique 
was useful for the assay of active components in suspensions. 

The purpose of this paper is to present a mathematical model derived to study 
the kinetics of phasz transf ormation from single crystai or pow&r and poIymer 
crystallization using thermal X-ray diffmctometry. The model is a non-isothermal one 
and involves the use of both the in- curve (of percentage crystaUi&y change as a 
func&ion of temperature) and the instantaneous first -derivative. 

THEORY 

A single crystal has a number of par&e1 planes, oriented diE&-en,~y from one 
another, each set habtig a constam d spacing between its pamhe planezz. DifIrztion 



from any single set of paraIfe1 planes is possibIe when the crystai is properIy oriented 
with reqxsx to an X-rai beam. If a sample consists, not of a single crystal, but of a 
large number of small crystals packed together with random orientation, aU possible 
orientations 9f singie crystals will be presented to a fixed X-ray bean When the 
diffraction occurs at a given 28 value, it does so because a sufiicient number of crystals 
have the same set of planes whose d spacings correspond to the X-ray beam_ The 
intensity of the diEracted ray is a function of the mount of material so oriented_ 
If truly random orientation is assumed (with miuimum preferred orientation), except 
for absorption effects, the diffracted intensity becomes proportional to what may be 
termed the specific iattice volume. It is Qhly s&G&ant that when the intensity of a 
single diffraction peak is measured at a Cxed 20 value, both additive and constructive 
effects are being measured- This unique fact is the basis for the specificity of quantitative 
difIi-action analysis. 

The theory of quantitative X-ray diffraction analysis was authoritatively 
considered by AIexauder and Klug3. If we assume that the sample is a uniform 
mixture of n components with a particular size smaIl enough that microabsorption 
eff&zts are ne&ibIe, and the sample is weli packed in such a thickness as to give 
maximum diffracted intensities with minimum preferred orientation, the intensity 
of a diffracted beam shaii depend on Is the intensity and wavelength of the incident 
beam, the crystal structure, i.e. the arrangement of atoms within a unit cell, the volume 
of the dif&accing crystals, the diffraction a&e, the absorption of X-ray radiation by 
the crystals and the experimental arrangement used_ 

The relationship between the diffracted intensity and the above named factors 
call be written as 

where 1, is the direct-beam intensity, c an experimental constant having the same 
value for aII refiecting planes, f.4 tb& linear absorption coefficient, [F&J ihe structure 
fac?or, which depends on the atomic arrangement in a unit cell (constant for a 
constant set of planes), V the total volume of &he di&acting crystals, LP the L.orentz 
poIarization factor (constant for a coustant Set of planes), and m the muitipticity of 
the refiectiug planes, that is, the number of planes in a crystal haviug identical inter- 
planar spacings. 

Since the absorption coefficients of the constituents of the two phases are 
different, the intensity of a refraction from the (Mi) planes of compound A, I’, in 
such a mixture can be expressed by 

where p is the linear absorption coefficient of the mixture (which is qual m the 
average value of h aud pb for two component m&ures of A and B) and k, is a 
coustaut given by eqn. (3) where V, is the total volume.’ 
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k, = I,, cm[F‘&* Y& (3) 

Equation (2) predicts that if the linear absorption coefficient is negligabk, a plot of I, 

versus V, wili yield a straight Line, However, in most cases, the linear absorption 
coefikient is not negligible and the linearity of Z, versus V, cannot be obtained’“, 
Therefore, Alexander and Khig3 - xntroduced eqn, (4) to solve this problem by adding 
a &xxi amount of internal standard (S) to the mixture, 

(4) 

Where the subscripts indicates the internal standard (S) and the subscript a indicates 

the phase (component A)_ 
The internal standard has to be properly chosen in order for eqn (4) to give a 

straight line Even tbougb no one compound cillz meet aIi the q&cations of an 

ideal internal standard, one should try to use a standard with a maximum f&ding of 
the fohoting characteristics. The diffraction peak is not obscured by matrix peaks and 
does not interfere with the peaks of the materiais to be anaiysed_ Its Peaks are of 
relative beigbt and close to the usable peak of the analysed ingredient, It should be 

chemicahy stable and consist of eIements of low atomic numbers_ It has high crystal 
symmeb-y, preferably cubic so that strong but few diffraction peaks are produced 
and it &s a density not too fz atmy from &ose of the system in-dent in order co 

maintain the homo,oeneity in mixing and to use the weight percentage rather than 
volume Percentage in the construction of the calibration curve_ 

In the case of the use of X-ray to foilow the phase transformation 

and if phase, can be followed by measuring the crystalIine f&on, VI, [using 
exp (4)j as a function of temperature, then the rate of phase, disappearance can be 

writ&xl as 

Using eqns. (4) and (5), we get 

Therefore 

where k is the spedic first-order eOnstans (ZJZSp? is the.penxntage cqst&miq of 
pbaq in the preserux of phase, at time f, and temperature T IL A more useful 
tion of this equation for the studies reported in this communication can. be 
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obtained by converting the time derivative of the observed change in the phase to the 
temperature derivative_ The results are shown in the equation 

where a is the h-sting rate given by U’,dt. 
If the process is considered to be cmtinuou, = with the X-ray intensity as a 

function of temperature, and its iirst derivatives are_simultaneousIy traced on the 
same recorder, then, under non-isothermal conditions, the calculated % cxystallinity, 

GJWT, observed at time t, and temperature T, will be given by 

Taking the logarithm of eqn, (8) 

log 
- d(ZJI$~dT = log Z AH’ 

(IJ&y 1 a 2.303 RT 
(9) 

A plot of log{[- d(ZJZSyWr[a(ZJZJ’*T) versus I/T I( will yieId a linear function 
for a single process of slope - AH*/2303R and an intercept of iog(Zja). 

Equation 9 requires that both the integral curve, of the X-ray intensity, as a 
function of temperzre, and the instantaneous fkt derivahe are available_ The 

integral curve couid be obtained either by a continuous tracing of the X-ray intensity, 
at constant 26, at a particular heating rate as a function of temperature, or by 
measuring X-ray intensity of a particular percentage crystalIinity at a constant 
temperature (for the same 20) and then plotted to give the integral me_ The integml 

curve is then differentiated to give its simuItaneous derivative. The differentiation 
could be done simultaneously by speci& instrumentation as we measure the X-ray 
intensity as a function of temperature, by computer fitting, or by glass rod diffracti& 
technique_ Care should be taken in the case of computer fitting as a slight deviation 
could Iead into a sign&ant effect on the calculated diffe_x@ial curve, In the case of 
the construction-of the integral curve, the heating rate, a, is a constant value which 
does not a&ct the calculated enthalpy, but affects the intercept of the obtained non- 
isothermal plot, 

The equation is not limited to studying the phase transformation but can aIso 
be used to study interaction in the solid states- 

For the isothemal condition, the integration of eqn, (5) gives eq~ (IO)_ 

ln(I&j= -ki-+jxl(Fgq (W 

From eqn- (IO>l a plot of ln(ZJZs) versustime will yield a straight line with a slope 
*-to the rate constant, - k_ This procws sho-Jld be repeated at diEkr&nt tempera- 

aueS The van% Gaff plot (log k versus I/TIC) should be constructed to obtain the 
enth&py‘ for- the phase- transformations involved in the temperature region.of the 
is&d &u&s_ : . : ~ _, -- 



Fig- I- RfzfTection intcosicy of the Ia_yc!r IiRc (h&l) M tanpcrahm inasin&aystaIofIxariumariumsodiun 
niOb~Tk~abOYC3oo=CSIlOWSthcCb28gCi8tramlationalsymmtry~ooEun 
aIoog (001) at the faroebnic transition- 

Tie ktietics of the fermdastic transition of burizun sodium nibbate from single cry& 

using thermai X-ray cliiraction 

Burgent and T01edano’~ studied the fernMastic transformation of barium 
sodium niobate from a sin& crystal_ mounted in a goneometer para.lIeI to the (001) 
plane using a Weiss4znbex-g camera, as a function of tempeti The same-was 
heated by dry nitrogen gas and the temperature was probed by a cop~woqtzht 
thermocouple positionedabout 1 mm Corn thecrystaL TIE f&&astictrarMormation 
of barium sodium niobate from orthorhombic to tetragonal in+oIvhg the z@mmetry 

change 4mm + mm2 is given in Fig. 1, Figure-1 shows the reMti~inttns;ty’~o~ 
the (001) plane versus temperature in a sing& ciystal of barium ti@oha5e;lXis 
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integral curve was differentiated by the difkction giass rod technique and from the 
integral curve, its instantaneous derivative and eqn, (9), Fig. 2 was obtained, Figure 2 

shows the non-isothermal plot of the ferroelastic transformation of barium sodium 
niobate obtained according to eqn, (9)_ The plot shows a linearity between the IeR- 

Jzand side logarithmic form of eqn, (9) and l/Tat low temperatures (up to 270°C)_ 
Above thaf, deviation fkom linearity was observed, The calculated enthaIpy for the 

phase transformation of the first segment was 14.5 kcal/mole which agrees with the 
value obtained from data by ToIedano and 5chneck”, analyzed by a hybrid form” of 
eqn. (9)* for the same phase transformation using optical measurement. 

Kinetics of poijmer crysfalZzation 
Low density chemically cross-linked polyethylene (XLPE) and high density 

poIyethyIene were used as model compounds to study this system_ ‘I&e percentage 

cryst&Wty of XLPE was determined at temperatures from 35 to 95fC by X-ray 
crystailography with a Philips X-ray diffradometex and copper radiation. The 110 
and 200 crystaSne &iectious and amorphous scatter were recorded_ The reflectious 

were resolved, into.-Gaussian peaks and conserted to intensities. The data weie 
- then computerfitte&according t6 a_polynomial regresion program and the@- 

skmarwo+ difkrimtiti curve Was obtained. Figures 3 -shows a plot of- percentage 
aystalrinity as a_function of temperature, its computer St, ,and the f&t&rivative of 

:~eprockidcwe,~~~eisconsidered&bethetiul tanems derivative. 
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line to amorphons phase transformation obtained from Fig. 4 is equal to 13.2 kcal/ 
tryst equiv_ :- --. 

Figtare 5 shows the change in the percentage cry~ty OT high density 
polyethylene as a function of temperature and its computer fit as well as its instan- 
taneous M derivative_ obtained by differentiating the produced rzth polynomial 
equation. The change in the percentage crystalKnit+ as a function of temperafxre was 
obtained Corn Richardson’g using dilatometric measurem em. From both the int.cg& 
cmveandthei nstamaneous first derivative curve in Fig 5 and eqn, (9), the non- 
isothermal plot was obtained as shown in Fig 6. The cakulated enthalpy of trans- 
formation in this case was found to be 20.8 kca&ryst equiv_ 

It should be noted that, in the case of polymer decrystallization or crystalliza- 
tion, we are following the change in the configuration of the crystalline polymer to the 
amorphous form and the crystalhne equivalent in our term will refer to the weight (g) 
of the stretched, linear, planar, crystalline segment. The ability to foilow the 
aystaU&ty of the polymer can be important in characterizing the physical properties 
of that polymer as it will yield the kinetic parameters of these phase transformations- 
In addition, it wiil give insight to the length of the crystahine segment which can be .- 
an important parameter for the rate of polymer breakdown for a crystalline, bio- 
degradable polymer. 

A model for the defenninarion of the length of the crysttallint? segment 
The kinetic method we descrii before, which follows the phase transforma-- 

tion of crystaUine to amorphous polymer system, provides a cqsta&ne equivalent 
enthalpy, AH,, o-e- the enthaipy per crystaEne equivaXent in which the cxyst&ke 
equivalent can be defined as the effective ayst&ne Iengtb within the polymer). On 
the other hand, adiabatic calorimetry provides the specific enthalpy, AH2, for this 

5 
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transformation (cal/& merefore, using these two enthalpies, one could d.etermine 
the weight of the crystalline segment, W,, as given in eqn_ (I I). 

WS = AHJAH, (W 
From the morpholoa of polyethyIene”, it is well understood that the polymer 

is present in ftiy extended, pIanar, zigzag conformation and crystahixs from melt 
either in fringed micehe”, Iamehae sharp folds, switch-board mode& Ioose loops with 
adjacent reentry or a combination of several featuresz2* Is_ Ah these mod& have 
one thing in common, that the poImer chains are precisely aIike over distances 
correspondin,o to the dimensions of the crystallites. Fi,oure 7 presents a sketch of one 
of these crystahities to develop our mode1 which accounts for the lengths of the 
crystalline segments_ As shown in Fi, 0 7, for every nd A length increase or decrease, 
n (Equiv_ wt.) will crystahize or decxystallize (where d is the distance between every 
two alternating carbon atoms within poIyethylene and n is the number of d’s in the 
crystalline segment)_ From eqn- (1 I), the number of the equivaIent weights; R, in the 
crystahirxz equivalent is given in zqn- (12) and the Iength of the crystalline segment is 
given in eqn. (13). 

n = (A&IA&l 
Equiv, wt, 

icngth of cry% segment = 
(AHEIAH~d 

Equiv- wt. 

(12) 

(13) 

Table I sho*s the summary of the kinetic enthaipy and spezific enthafpy for 
both Iow density XLPE and high density poIyethylene obta.&d from Figs. 4 and 6. 
Using these data and eqn_ (13), it u-as found that for XLPE 

kngth of the cqst_ segment = 2.9122(13200) = 6_A 
28 (21) 

and for polyethyhzne 

length of the cry& segment = 2g1220800) = u)A_ 
28 G’3 
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The value of d was calculated from the geometry of polyethylene, assumiug 
that the Iength of the C-C bond is 1.54 A and the angle between CC-C is 109”. 

It is apparent that eqn. (13) will provide the determination of the l&gt.h of the 
crystaEne segment and therefore we could monitor the length as a function of the 

experimental condition. This, in tuti will provide a good way for characterizing the 
physicochemical properties of the polymer. 

In summary, we have extended our mathematical approach introduced23-26 
to follow thekinetics of polymcrcrystallizationand phasetransforrnkionusingthermal 
X-ray analysis. In addition, we were able to introduce a new technique to calculate 
the length of the crystalline segment in a polymer. This is important as we f&e1 thaw 
not only will it be used as a physicochemical parameter, but also it will provide (from 
the phar_.aaceutical point of view) a control of the drug rekase from a drug-bio- 
degradable polymer system. 
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