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Order-disorder phase transition in p-chloronitrobenzene studied by NQR and DTA
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A study of the temperature dependence of nuclear-quadrupolar resonance freGugnagd spin-lattice
relaxation timeT,) in p-chloronitrobenzene has revealed the existence of an order-disorder phase transition at
T.=282.6 K. Nitro groups reorient in the quenched disordered phase but such reorientations are not detected
in the ordered phase. The entropy chany&, associated with the phase transition has been measured by
differential thermal analysis and these results are discufSed63-18206)03534-5

I. INTRODUCTION range covered was between 80 K and room temperature.
DTA was carried out in a properly calibrated homemade
p-chloronitrobenzenéPCNB) provides a typical example systent
of rigid disorder since the molecules in the crystal occupy

well defined sites but they can have two possible orientations lIl. RESULTS
in order to generate a centrosymmetric crySt@éveral stud- _ _ _
ies have been carried out on this compduhdnd none of Two different phases were found in this compound as

them revealed the existence of a stable ordered phase. Seniilicated in Fig. 1 where the dependenceg{(T) for the
et al3 were able to induce order in PCNB by zone melt- 3°Cl nuclei is plotted as a function of temperature. The chro-
ing in mixtures with p-iodonitrobenzene (PINB) or nological order of the measurements is indicated by capital
p-bromonitrobenzenéPBNB). Nevertheless, we will show letters. First, the sample was cooled down to liquid nitrogen
that the ordered phase they obtained is affected by the impiemperature and the frequency we obtainég (vas that
rities they added. reported for this compound)hase) Then the sample was
The present work was undertaken primarily to measurdeated up till 250 K B) where it undergoes a phase transi-
the electric field gradient distribution in the disordered crys-tion to a new phaséphase 1) (C). The sample was cooled
tal and molecular dynamical properties by means of the temdown again and the temperature dependenceqoin this
perature dependence 81CI nuclear quadrupole resonance Nnew phase was measured from 80 B)(to 282 K (E). At
(NQR) parameters. The temperature dependenc@ ofe- this point, the sample undergoes a phase transition to phase |
vealed the existence of a phase transition to an orderedF). In this phasevg(T) was measured from this tempera-
phase. This phase, stable below 283 K, was also studied Byire to 300 K. After that, the sample was cooled down from
NQR. 300 to 260 K and contrary to expectation, phase | was still
Differential thermal analysi$DTA) was used to charac- present {). Phase Il was recovered at that temperature after
terize the phase transition to the disordered state. An experi-
mental value of entropy chang@d §) for the transition was
obtained and explained on the basis of configurational disor- T b
der.

Phase il
ordered

c

Il. EXPERIMENT 301 .
The PCNB used for the experiments was obtained from
Aldrich Chemical Co(N C5, 912-2 and used without fur- L
ther purification after three days of annealing. The sample T
container was a cylinder of 1 cm diameter; the amount of
sample used was 2.1 g. The measurements were taken using
a Fourier transform pulse spectrometefhe temperature
was controlled to within 0.1 K using a homemade cryogenic
system. Copper-constantan thermocouples were employed
for the temperature measurements. Due to the line broaden- r
ing in the disordered phase of this compound, measurements G
were made using the second half of the echo signal a®B00
after the second pulse. The line shape was obtained by re- 349 S S O B

Phase |
disordered

345

construction considering intervals up to 5 kHz. The spin- 50 100 150 200 250 300
lattice relaxation time was determined fromr#2-7/2 pulse Temperature [K]

sequence data synchronized at the central frequency. Pulses

of 30 us length were used in each case. The temperature FIG. 1. Temperature dependencergfin PCNB.
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FIG. 2. Line shape of PCNB at 80 K and closeTto. Intensities
have been normalized in each case.

FIG. 3. Temperature dependenceTgfin PCNB.

when phase Il(ordered is heated nothing is observed be-

tween 220 and 260 K. On the other hand, when phase |

some weeks. It is worth noting that the phase transition

disorderedlis heated there is a change AT as a function
f T similar to the typeG (glassliké transitions in solidg.

point (B) is extremely slow and that the two phases coexiStrne tq transitions observed in Fig.(Sampleb) are essen-
for about a day. On the other hand, phase transition at powﬁa"y those indicated b3—C andE—F in Fig. 1. The first

(E) occurs in a few minutes.

transition at 245 K is an exothermic one and it is related to a

In order to check that phase Il was not arising from im-gisorger-order transition. The second one is the order-
purity effects, another sample was purified and kept at 248 Kjisorder phase transition at 282.6 K also observed in sample
for a one month period, after which, phase Il was recovered, ¢ js worth noting that the area of both peaks is different.

at the expected frequency.

Figure 2 shows the line shape of both phases at two dif-
ferent temperatures. Linewidth in phase Il is of the order of
10 kHz while in phase | is about 200 kHz. This shows that
phase Il represents a crystallographically ordered phase
while phase | represents a crystallographically disordered
one. The linewidth in both phases is constant with tempera-
ture.

The temperature dependence Bf for both phases is
shown in Fig. 3. In phase I[;T~*, but this is not the case
for phase I. Above 140 KT, begins to decrease more rap-
idly with temperature showing a local minimum around 170
K. This suggests the existence of an extra relaxation mecha-
nism besides the torsional oscillations.

Differential thermal analysi§DTA) was carried out in
order to characterize the phase transition. Two different
samplesa andb were used. Sample was kept at 248 K for
a month while samplb was kept at that temperature for only
two weeks. Sampla completely transformed to the ordered
phase Il, while such transformation was only partial in
sampleb. Figure 4a) shows a DTA scan of sample re-
corded while heating the sample. It is possible to observe an
endothermic transformation at 282.6 K indicating an order-
disorder phase transition. On the other hand, Filg) ghows
a second DTA scan heating samplence the sample was
disordered after heating to 300 K in scan 1. In this graph no
order-disorder phase transition at 282.6 K was observed. The
onsets in Fig. @) and 4b) are drawn in order to show that

The area of order-disorder transition corresponds to 300 mg
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. 4. Differential thermal analysis in PCNB, sample
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by Seminet al. in mixtures(vo=35.412 MH2 shows a dif-

ference of 350 kHz. This indicates that the ordered phase
0.08 - obtained by them depends on the impurities they added.
L The line shape and linewidth remained nearly the same in
3 0.04 the temperature range measufede Fig. 2
— 0.
<
I Spin-lattice relaxation time
0.00 |- The temperature dependenceTof in the ordered phase
(phase I} has a normal behavior due to torsional oscillations:
280
13 1
o I —=ATM
3 260 - T
o
g i A least square fit of data gives the following parameters:
5 240 -
= I A=7.3x10"8, A=2.21.
: | s | :
2200 1 2 3 On the other handT; in the disordered phase | is ob-

served not to be proportional I * (see Fig. 3 From 80 to

140 K the dominant relaxation mechanism is associated with
) _ o torsional oscillation. Above 140 K, another relaxation
FIG. 5. Differential thermal analysis in PCNB, samjle mechanism becomes important. Based on studies previously

. i ~ reported'®~*2jt is possible to associate this extra contribu-
of sample while the first one represents 150 mg of materiakjon with the reorientation of nitro groups. Therefore,
Since we hd 1 g of sample, this means that part of the

Time [105 secs]

sample(150 mg was ordered, previous to quenching, and 1 N wST
acted as a seed to induce the incomplete disorder-order tran- —=AT+ = Q"D /=2,
where @'/q) and 7 denote the fluctuating fraction of electric
IV. ANALYSIS AND DISCUSSION field gradient and the correlation time for the reorientation of
_ the NG, group, respectively. The correlation time follows the
NQR frequency and line shape Arrhenius law, 7= 17, exp(E,/KgT), whereE, is the activa-
The temperature dependencesgfin both phases shows a tion energy for this motion. From a least square fit of the
normal Bayer behavifr data, the following results are obtained:
352 ho A=5.78x10"°% A=1.72,
vo(T)=v (1——00'{]'(— )
ol =ro[ 1757, 2kT (q'/q)=1.8x107%, 7,=2.2x10" % s,

In this expressionv=wy(1—gT) is an average torsional E,=17.1 KJ/mol.
frequency, v, is the limiting static value of the resonance
frequency, and is an average moment of inertia of the mol- ~ These values of activation energy’(q) and 7, are in
ecule. A least square fit of this equation to the experimentajood agreement with previously reported valtfes?

data, in the temperature range 80—300 K usingltivalue The discrepancy in the behavior &(T) permits us to
calculated from the molecular structure yielded the followingmake the following analysis: detection by NQR of reorienta-
parameters: tions of nitro groups requires

Phase ll(ordered Phase I(disordered quOeXp( %) ~1

1,=35.2939 MHz 1p=35.093 MHz _ o _

0o=95.3 cm* w,=88.6 cni’? whereT, is the temperature at which this relaxation mecha-
g=6x10"* g=9x10"* nism has maximum efficiencglocal minimum inT, plot)

andT,=E_,/kg. Then

These values ofw, and g are typical for substituted
benzené. Ta

The phase transition is of first order as it is shown by the TO:In(l/quO) '
abrupt change in the NQR frequency. From Fig. 2 it is ob-
served that phase | is a disordered one since line widths of If it is assumed that the crystalline potential a nitro group
200 kHz represent a wide distribution of electric field gradi-sees is the same in both phases, the shift in frequency cannot
ents. On the other hand, linewidths of 10 kHz for phase llaccount for an appreciable variationTg. If this were true,
correspond to an ordered phase. This phase represents a dife should be able to observe the local minimum in the or-
ferent crystallographic structure of PCNB. A comparison ofdered phase. As this is not the case, it is possible to conclude
v value at 80 K of pure ordered PCNB with that obtainedthat the potential barrier has to be at least twice that of the
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disordered phase. In this way, the activation of the nitro V,
group would remain hindered for NQR studies. V= (1-cog26)),

Differential thermal analysis .
where 0 represents the torsion angle.

With the aim to measure the enthalpy change in the order- |, the disordered case, it was assignedvtothe value
disorder phase transition and to calculate the entropy changshtained froniT, data for the potential barrig¥,=17.1 K J/

associated with it, DTA was carried out. mol). In order to explain the excess of entropy change with
The peak area in Fig.(d gives the value oAH=3.8  yespect to the configurational contribution, a potential barrier
K J/mol. This impliesAS=AH/T;=13.6 J/mol/K. of approximately eight time¥, must be considered for the

The total increase in entropy in an order-disorder transizg|culations in the ordered case, resulting AS,;,~6
tion is made up of electronic, vibrational, rotational and con-j/mol/K.
figurational contributions: It is important to remark that if the potential shape for the
_ _ disordered phase is changed in a way to give an effective
AS=ASgject ASip+ ASiort AScons- well width greater than the one considered previously, then
ASge can be ignored because it is only important inthe potential height in the ordered phase could be decreased

metal-insulator or similar transitiond S,,, becomes impor-  9iving the same contribution tA S, .
tant if free rotation occurs in the disordered phase. This is
not the case herd\ S, s is the truly dominant term in most

order-disorder transitions. If in the ordered and disordered V. CONCLUSIONS

phases, the total number of configuratidhe it positional or A stable ordered phase of pure PCNB is found with an
orientational in origin is N; andN,, respectively, thelt order-disorder phase transition Bf=282.6 K. This transi-
N tion is of first order and the entropy change associated with it
AS.. =R Inl =2 is AS=13.6 J/mol/K.
conf n . . . . .
Ny This value ofAS can be explained considering two con-

I S tributions:  configurational and vibrational in origin. Each
The vibrational entropy changaS,,, which is deter- ¢4 000 is of the order oR In(2). The vibrational contribu-

gg?:g Zﬁéhedi\gg:ggfg;l Sﬁggggmiff égﬁsrigaetgé?émv\m:notﬁion has been calculated considering the change in the poten-
. phases, 1S . Il energy of the nitro groupd.; data reveals the existence
change in volume at the transition, is very high and when th

disordered state has a different crystal symmry. %f reorientations of these groups in the disordered phase with

SR : . an activation energy oE,=17.1 K J/mol. This value is in
Having in mind the kind of disorder proposed by Mak and good agreement with values report&d*? Furthermore be-
Trotter for this compound, the expected value 8.,

o tween 240 and 250 K, disordered PCNB undergoes a pos-
should be not less thf"m In(2)=5.76 ,J/mo_I/K. . ible typeG transition, the exact nature of which remains to
Clearly, the experimental value obtained in the presen

) ; ) S e established.

work is approximately twice the minimum expected one.
This is an indication of an extra contribution to entropy
change probably related withS,;, . ACKNOWLEDGMENTS
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