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Order-disorder phase-transformation kinetics in p-chloronitrobenzene
studied by nuclear quadrupole resonance
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p-chloronitrobenzene crystallizes in the centrosymmetric space gf@ypc. Since the molecule does not
possess an inversion point, the crystal exhibit orientational disorder. Recently, it was found that this compound
has an ordered phase stable below 282.6 K. In the present work, we study the order-disorder phase transfor-
mation kinetic using nuclear quadrupole resonance. Isothermal transformation curves for nine different tem-
peratures are analyzed following the theory developed by Cahn. In both the order-disorder and disorder-order
phase transformation, nucleation seems to take place at grain edges. The nucleatibhaategrowth ratey
for different temperatures have been determined. We have systematically observed a time dependence for
which only remains constant at an early stage of the reaction. This time behavior can be correctly described
assuming that the activation energy associated with growth process increases linearly when the nucleus radius
reaches a critical value. Experimental data also show that the ordering process is inhibited for temperatures
greater than~273 K (far below the phase-transition point at 282.%6. Khis behavior seems to be a conse-
guence of the existence of different microscopic environments in the disordered phase.
[S0163-182607)04445-1

I. INTRODUCTION product phase. Such an unstable minute region of the new
phase within the parent phase is known as an “embryo.”
In any crystal possessing a disordered molecular arrang&Vhen the size of an embryo exceeds a minimum critical size,
ment, the x-ray technique detects the “average molecule” byt is capable of continued existence and is called a “nucleus”
the superposition of all the molecules located in the samef the product phase. The second process requires transfer of
crystallographic position of the average unit ceA com-  atoms/molecules from the material in the interface on to
mon example of this kind of disorder is the formation of these nuclei of the product phase.
centrosymmetric crystals by molecules without a center of During the formation of nuclei, differences in shapes,
symmetry. This is the case fop-chloronitrobenzene sizes, and specific volumes create new surfaces, stresses, and
(PCNB). This compound crystallizes in the centrosymmetricstrains. Therefore, nuclei will form only if the net free energy
space groupgP2,/c with two molecules per unit cefl.The  change during their formation is negative. Otherwise, the
space lattice has an equal number of points with moleculegnstable embryo dissolves into the parent phase.
facing in opposite directions. So, the “average molecule” is The nucleation rate, i.e., the number of nuclei that appear
in this case obtained by the superposition of two moleculeper unit volume of the parent phase per unit time, is given by
with half-weight atoms.
Recently, it was found that PCNB has a different crystal- | = k. @ (AGe+E)/kT )
line phase stable below 282.6%@lhough no x-ray structure 1 '
analysis has been carried out, nuclear quadrupole resonance
(NQR),® and Ramahstudies show that this phase is ordered.WhereAG; is the potential barrier generated by the presence
The present work is concerned with the study of theof a surface free enerfandE, is the activation energy that
order=disorder phase transformation kinetics using thegoverns the jump of the atoms/molecules across the inter-
3CINQR technique. Section I briefly reviews nucleation face.k; is a constant.
and growth theory and gives Cahn’s expression for isother- Depending upon the nature of the material and the phase
mal reaction curves for nuclei forming at grain edges. Thechange involved, two types of nucleation may be distin-
application of NQR to the study of phase-transformation ki-guished, homogeneous and heterogeneous. Homogeneous
netics and the thermal treatment of the sample are explaingtHcleation takes place when all volume elements of the par-
in Sec. IIl. In Sec. IV, we present the measured isotherma@nt phase are chemically, energetically, and structurally iden-

transformation curves and propose an explanation for its pical. Since all solids contain a variety of defects such as
culiar time and temperature dependence. vacancies, impurities, grain boundaries, and so on, perfectly

homogeneous nucleation never occurs in practice. Instead,

preferred nucleation takes place at defect centers and it is

called heterogeneous nucleation. The calculation of the iso-
An order=disorder phase transformation goes throughthermal reaction curves for nuclei forming preferentially at

the mechanism of nucleation and growtfihe first process either grain boundarie@vhere two grains megbr at edges

is caused by fluctuations due to thermal agitations that bringr cornergthree and four grains meeting respectiyétydue

the atoms/molecules to new positions corresponding to th&® Cahn’

Il. THEORY
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3 edges nucleated reactions. It is related to an actual
{logio(IN[1/(1— &) 1)} —{log,t} plot by two additive con-
stants. Thus, the experimental curve for any reaction to
oL which the theory applies should fit this curve merely by
moving the origin.

The change in the slope is known as “site saturation.” It
occurs because of saturation of preferential nucleation sites.
After saturation, the later stages of the reaction effectively
correspond to zero nucleation rate.

Variations of from 0.03 to 0.97(our maximum observ-
able experimental rangeovers only a range of 2.7 in the
ordinates of Fig. 1. Therefore it is probable that the whole
observable range of reaction will correspond to only a small
-1 portion of the curve. Even if the constants are such that site
saturation occurs at half transformation, it will be difficult to
detect experimentally the change in the slope. Instead,
2 - straight lines of intermediate slope will be detected.

When nucleation occurs at grain boundaries or at grain
corners, the expressions férare formally equivalent to the
3 . | . | . expressions presented above. In the first case, the

-1 0 1 2 {log;o(IN[1/(1—¢) 1)} —{log,qt} plot takes the limiting form
log,.(a5) of two straight Iine§ of slopes four and. one. When nucleation
" takes place at grain corners, the straight lines have slopes 4

FIG. 1. Master curve for transformations which nucleate onand 3.

log,,(f5(aF))

grain edges.
lll. EXPERIMENT
In the particular case that nucleation occurs at edges, the Nuclear quadrupole resonand®QR) is a technique
transformed volume fraction at tinteis given by based on the interaction between the nuclear electric quadru-
_ polar moment and the electric field gradient at the nucleus
{=1-exp{—(b%) 5@}, 2) site® This fact enables to use nuclei as microscopic probes
where for exploring the electric fields prevailing in solids. In case
of first-order phase changes, involving change of crystal
E_( Yl EL27> 2 structure, the NQR frequency undergoes an abrupt change at
|\ 85 ' the transition temperature. These changes in frequency occur
because the electron distribution within the molecules are
v|EL4 affected by intermolecular forces, and therefore depend quite
bE=m sensitively upon the environment around each molecule. In
' the particular case of disordered systems, the NQR line shape
1 becomes broadened by the static electric field gradient
f&(@f)=(a")? f ¢[1—exp{—(a%)2(1-¢)*? distribution”
0 It is known that the area under the NQR line shape is
— N[+ (1- )Y/ £)}]dé. proportional to the number of nuclei being observed and its

central frequency is typical of the sample’s crystalline phase.
*|E is the grain edge nucleation rate per unit volume of theDue to the line broadening, the signal amplitude at the cen-
assembly,y is the isotropic growth rate, arld is the mean tral frequency of the disordered phase will be, in our case,

grain diameter. about twenty times lower than that observed in the ordered
When aF is very small, Eq.(2) approaches the limiting phase. Furthermore, since during the phase transition, no ap-
form preciable overlapping between the two lines is present in the
measured temperature range (230-283 K), the amplitude re-

{=1—exp{—km15y%%). (3 lated to the ordered phase will not contain any contribution

due to the disordered spectrum. In this way, the transformed
volume fraction(¢) will be proportional to the area of this
.57772)t2] signal. Since, the NQR line width does not change as a func-

WhenaF is very large, Eq(2) has another limiting form:
8
521—8XP[ |z (4)  tion of time, ¢ and the NQR amplitudel {, are proportional.

Therefore, the time dependencel ah the ordered phase is a

The{log,o(In[1/(1— &)} —{log,qt} plot thus consists of two good parameter to describe the kinetics of the transforma-

straight lines with slopes 4 and 2, separated by an intermeion. This amplitude is obtained from the fast Fourier trans-

diate region over which the slope decreases from 4 tdorm of the second half of the eco signal usingmé2— 7

2. Equation(2) also shows that dlog;of5(af)}—{log;;@"}  — 7 pulse sequence with=200 us.*°

plot is equivalent to a{log;o(IN[1/(1—¢)])+log,obF} The sample used for these measurements was obtained by

—{logy¢t+1/2 logo(*1EL2y/8.5)} plot. This curve, part of spontaneous crystallization of the melt at room temperature

which is shown in Fig. 1, is thus a master curve for all grainand was kept al ~250 K for a one year period. Due to the
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long time involved, we assumed that the sample was com
pletely ordered. For normalization sake, we measured th
NQR signal amplitude as a function of temperature Tor
=200 K. We reached the disordered state by keeping thi
sample at 284 K for 2 h. Then, we quenched the sample to .
lower temperature and, immediately after temperature stabi
lization, we measured the evolution with time of the NQR
signal amplitude. This procedure was repeated for each ten:
perature reported.

The PCNB used for the experiments was obtained fro
Aldrich Chemical Co.(N C5, 912-2 and used without fur-
ther purification. The sample container was a cylinder of 1
cm diameter; the amount of sample used was about 2 g. Th
measurements were taken using a Fourier transform puls
spectrometet! The temperature stability was controlled to
within 0.1 K using a homemade cryogenic system. Copper-
constantan thermocouples were employed for the temper¢
ture measurements.
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IV. RESULTS AND DISCUSSION
A. Order-disorder transformation kinetics

At 282.6 K the order-disorder transformation process
takes place. It is represented in FigbR The fact that the
disordered phase has a broad line width300 kHz) and
consequently a low amplitude, makes imposible to measur
the time evolution of the disordered signal during the transi-
tion. Instead, the evolution of the ordered phase signal wa
measured and the disordered volume fraction has been ce
culated as

Vi
Ldis= V_: =

©)

whereV, indicates the sample volume ahg, represents the

NQR signal amplitude of the ordered phakgindicates the

NQR amplitude at the very beginning of the phase transition
Figure 2b) is a plot of{log;¢(In[1/(1—¢)])} vs {log;qt}.

We observe a linear dependence of slope two. This could b

explained assuming grain edge nucleation under the sit

saturation condition.

B. Disorder-order transformation kinetics

(b)

Figure Za) shows the time dependence of the transformed
fraction for six different temperatures. It is observed that the
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waiting time necessary to detect the signal has a minimum FIG. 2. Kinetics of the transformation from the disordered to the
near 250 K. At the same time, the transformation rateordered phase in PCNRa) Transformed volume fractiod as a
(dZ/dt) has a maximum close to this temperature. A|thoughfunction oft. (b) The master curve for grain edge nucleated reac-
the sample does not transform completely in the time obtions is related to thess data plot by two additive constants.

served, the limiting transformed fraction in each case grows
with temperature.

Using the scale representation of FigbR the time de-
pendence is linear for fractions lower than25%. Then a
change in behavior is observed. After fitting the linear be-
havior, the slopes of these curves are 3 for 230, 233, 237,
and 240 K, 2.7 for 250 K, and 2 for 260 and 265 K. These
values of slope are also compatible with grain edge nucle-
ation.

According to the Cahn formalism, the experimental data
are related to the master curve by two additive constants
which, in turn, can be unambiguously determined only in the

105\—B/2L
Y= (2m8 52

(277) 1/2(8.93/210A+ B/2
L3

UIE:

case that the data do not show asymptotic behagiope 4
or 2). These additive constants allow us to calculate indi-
rectly y and *IE from the following expressions:
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lower than 5%, we assume that the strain energy involved in
the nucleation process is loW®.Then Eq.(1) applies and, as
is expected, the behavior 6fF for T<250 K is exponential
(see Fig. 3.

If we consider the growth to be achieved through an
atom-by-atom transfer across the interface between the two

phases, the expected behavior fors given by the expres-
sion

_ AHAT e Fa/kT 6
v= KT, T (6)

where k;~10° m/s is independent of the sample studied.
AH is the transformation enthalpy and its value for
p-Chloronitrobenzene was reported by Merikssal® T, is
the transition temperature.

The solid line shows a least square fit of Ef) to the
experimental data with the following parameters:

210 220 230 240 250 260

270 k;=5000 m/s,
Temperature [K] E,=11.7 K cal/mole,
FIG. 3. Plot of nucleation rates as a function of temperature.
T9=265.7 K.
whereA andB satisfy

log o +B=log,ofE(af),

(1
|nr§

log; ot + A=log; sat.

E, has a value as expected for a 180° reorientation of an
aromatic moleculé!* This reorientation has necessarily to
be present in an ordering process of the crystal. The obtained
value for T, is lower than the transition temperature deter-
mined by differential thermal analysi®TA).2 This is not
surprising since the isothermal transformation curves show

that at 270 K the transformation is very sldaee Fig. 29)].
When the slope has the limiting valug&fter site saturation  This fact can be explained considering the following ideas.
it is possible to determine only from expression 4. Figures In a crystal, the internal energy is given by
3 and 4 show the temperature dependencél bfand y cal-
culated assuming a mean grain diameter of o U= } Z E
Since we observed a small shift of the NQR central fre- 244 &ij»
qguency -2 kHz) when the transformed volume fraction is

Growth rate v, [nm/sec]

8

whereg;; is the interaction energy between tith molecule

with the jth molecule. The interaction energy of tite mol-

ecule isZs;;=¢;. If the crystal is orderedg; does not
depend ori and, disregarding size effects, one obtains

U=N

N ™

whereN is the number of molecules in the crystal. But if the
crystal is disordered

&i
u=> —.
23

In this way, an interaction energy distribution results which,
averaged overall the possible configurations, determines the
internal energy of the sample. In the present case, this distri-
buti?r)1 has a width of approximately 3 K cal/mole or more at

0 K™

220 240 260

Temperature [K]

FIG. 4. Plot of growth rates as a function of temperature.

Since the Gibbs free energy @ K equals the internal
energy, it is expected that, at higher temperatu@syill be
also the average value of a distribution that contemplates the
existence of different environments. This distribution will
have a finite width probably reduced by thermal agitations.
This is schematically represented in Fig. 5. As stated previ-
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FIG. 5. Schematic representation of the Gibbs free energy as a Thlslgjfitgzn |shstho¥]vn in Fig. 6 foﬂ'=2|60 K. In Itf:e 1
function of temperature. range s, h(t) has an average value equal to 1,

showing thaty has a constant value equal4g. For longer

ously, in order for the nucleus to form and grow, it is neces-imes; ¥ has values progressively smaller than. There-
sary to have a local thermal fluctuation with a negative nef0'®: N(t) decreases gradually with time. This behavior can

free energy. The existence of an energy distribution due (&€ interpreted considering that the activation enefgy
different environments makes possible that some of the needed to cross the interface and associated to the molecular

will not prematurely satisfy this condition. As a result, an reorientation depends on the radius of the nucleus and there-
effective T}, value lower than the expected one will occur. fqre ont. In fact, fqr a cry;tal with ori_entational disorder, a
Figure 2b) showed that for volume fractions greater thandlstnbunon of possible environments is present and therefore
25%, the time behavior is not linear. Particularly, at 260 and® distribution ofE, va]ues%5 I thg 'nucleus grows initially
265 K, where site saturation is present, one can describe thfl!e 0 favorable environmentsninimum E,), then a pro-
change in behavior if one considers a time dependence of tfessive segregation of the environments with I?S.S favorable
growth ratey. Under sites saturation condition, the growth energy for the reorientation results. This condition occurs

process along a saturated edge is radial. In this way for ¥N€n the nucleus reaches a critical radRgs= yolo -
Consequently, the following dependence Bf(R) and

small radius
v(R) results:
8.5mR(t
sz()’ @ E(R)=| 2 R=Ro (10
a p(R_ Ro)+Ea, RZRo,
where
foe 1, R=sRy, 11
R(t)=yoth(1), VY07 | e P R-RIKT - R=R,, D
1 Since y= dR/dt, one obtains
h(t)=7 fogu )dt', KT I ove
g(t,): V(I')/?’o- Flnally
If impingement is included, then
1, t<t,,
gz1_e—8.5n(R/|_)2:1_e—8.5n[yoth(t)/|_]2_ (8) h(t)=1 1 KT KT
n [t0+—ln(—(t—to)+1 , =t
The h(t) function can be obtained from the difference PYo \PYo (12)

[D(t)] between the linear behavior established by Cahn and
the experimental data: In Fig. 6, the solid line, shows a least squares fit to the

experimental data offi(t). The fit yieldst,=8380 s andp
h(t)=10 PV’ (9)  =13.7 Kjum.
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1.5 TABLE I. Temperature dependence of the fitted parameters in
Eq. (13).
F Temperature Ro[ wm] p[ K/ um]
230 41 24
1.0 - 240 42 21
260 44 12
T L
= 265 52 13
0.5 - smooth decrease occurs. The fitted valueRgpandp for all
temperatures are summarized in Table I. Ryevalue in-
creases slowly with temperature. On the other hand a
I monotonously decreasing function of temperature; this
shows that the segregation process due to unfavorable envi-
ronments is more efficient as the temperature increases.
0.0 1 | | | |
0 20 40 60 80 100 120

V. CONCLUSION
R [um]

_ , ) Even though the kinetic studies are not concluding respect
FIG. 7. h as a function of the nucleus radius for three dlfferent,[0 the type of nucleation involved, in the oreedisorder
temperatures. phase-transformation process of PCNB the process seems to
. take place at grain edges. For fractions lower than 25% the

heIlgflj)lr?:rp:Zsuenndtethéigilmg |F; hésr';]asl gfroFcr(ca)Srr? gc\ll(zg;e?t’ It ISgrovvth rate in the disorder-order transformation is constant.

: ible t lculat ) tal valudRadt timet Its temperature dependence is the expected one, except that it
IS _posil] € 1o calculate an experimental valu ime goes to zero at a lower temperature than that determined by
using the expression DTA. For fractions higher than 25% it depends on the size of

2 1 12 the nucleus. This behavior can be explained if, for a radius

R[Z(t)]= 8571 0010 17t ) greater than a critical oneRg= y,ty), we assume a linear

-7 10910€ ¢ dependence of the activation energy on the radius.

Plottingh(t) vs R(t) for each timet, one obtains experimen- The ordering process is inhibited for temperatures above
tal values forh(R) (Fig. 7). Simultaneusly, from the model 273 K. This behavior could be a consequence of the exis-
for E4(R), it follows that tence of different microscopic environments in the disor-
dered phase. The volume fraction transformed grows pro-
1, R=<R,, gressively with temperature without transforming completely

for the time range observed.

h(R)= R/R
0

The solid line in Fig. 7 shows the least squares fit to experi- The authors wish to express their thanks to Robin L. Arm-
mental data foth(R) for three different temperatures. It is strong for helpfully reviewing the manuscript. This research
seen thath(R) [and consequently(R)] remains constant was supported in part by the CONICET of Argentina and in
until the radius reaches a critical vally, after which a  part by the SeCyT-UNC.

kT -1
1+—(epAR/kT—1)} , R=R,.
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