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The fusion temperature as a function of pressure for carbon tetrachloride, chloroform, bromoform and silicon

tetrachloride at pressures up to 3500MPa has been determined. The experimental data were fitted by the equation

Trus = To(1 + Ap/ai)*2exp(—azAp) and the changes of the molar enthalpy and molar internal energy on fusion were

calculated using the parameters of the fitted equation. Comparisons with the data from the literature show that the

experimental data, parameters of fitted equations, changes of the molar enthalpy and molar internal energy are reliable.
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1. Introduction

Some substances show unusual physical proper-
ties at high pressures, therefore the studies on the
properties of substance at high pressure are attracting
increasing interest. Theoretical calculation indicates
that, at sufficiently high pressures, all matter is con-
verted to a metallic form. This has been verified for
I, and CsL.[

Fusion transition can be useful for calibration of
pressure devices since the transition is quite sharp
(small hysteresis) and can be detected easily by using
Methods used to
detect phase transition include measurement of elec-

either direct or indirect methods.

trical resistance, volume, refractive index, absorption
reflectance, x-ray diffraction, neutron diffraction, dif-
ferential thermal analysis, magnetic properties and
capacitance. Bridgman[>~4 investigated the melting
curves of a number of organic substances at pres-
sures up to 1200MPa.
the high pressure liquid—solid transitions of benzene,

Osugi et all® determined

chlorobenzene and toluene at 298K. Crawford and
Daniel,l% Strong and Bundy,!”) Akella and Kennedy!®!
determined the melting curves of Kr, Ne, He and some
metallic elements such as copper, gold, silver and iron,
etc.

fusion curve, molar entropy change, molar internal energy change, high pressure

This paper describes the experimental method
which was developed for determining fusion tempera-
tures and pressures of carbon tetrachloride, chloro-
form, bromoform and silicon tetrachloride between
226 and 915K at pressures up to 3500MPa. Equa-
tions for the pressure dependence of the fusion tem-
perature, based on thermodynamic principles, were
obtained. Changes of the molar entropy and molar
internal energy during freezing were calculated using
the parameters of fitted equations and changes of the
molar volume.

2. Theoretical models

There are two basically different approaches used
to solve the fusion problem.

(i) Fusion is considered as an ordinary first-order
phase transition (the two-phase approach to melting).
In accordance with the thermodynamic theory, the fu-
sion occurs when the Gibbs free energies of the liquid
and solid are equal at a given temperature and pres-
sure. The thermodynamic relationship for liquid—solid
equilibrium is given by the Clapeyron equation:[°]

dlanus o Afus‘/ (1)
dpfus B AfusI{7
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where Tf,o is the absolute fusion temperature and
ApusH = TrsQDsusS is the fusion enthalpy, AgeS is
the entropy change during fusion. AgsV = Viig — Vsol
is the volume change during fusion. This approach can
be used in thermodynamic calculation through differ-
ent approximations of the equation of state for the
solid and liquid phases.[19:11]

(ii) Another widespread theory for fusion based
on the lattice instability is the Lindemann criterion of
fusion.['?] In differential form, the Lindemann equa-

tion of fusion can be written as
dinTrys  Ius
s Brus’
Here I'tys = —(dInT/dInV)gus = 2(veus — 1/3), Yeus =
—(dln ©/dIn V) is the Griineisen fusion parame-

(2)

ter, © is the characteristic temperature of solid on
fusion. By is the bulk modulus of solid along the fu-
sion curves, Bys = —(dP/d1In V)ps = Br[l + 2(7eus —
1/3)aTtys), with @ = —(dIn V/dT') p being the volume
coefficient of thermal expansion and Bt the isother-
mal bulk modulus at melting temperature. For the
rising fusion curves By,s > Br, for the falling curve
Biys < Br, and at the curve maximum Byg,s = Br.

Since it is evident that the dependence of the
right-hand-side parts of Egs.(1) and (2) on pressure
are identical, this dependence can be written as a frac-
tional form function performing Padé [L/M] approx-
imation. The fractional form function approximates
a very wide class of functions. Hence Eqs.(1) and (2)
can be written in a unified form as

dInTrs  co+cAp+---+ cr(Ap)F
dp bo + biAp+ - - + by (Ap)M’

(3)

where Ap = p — po, po is some reference (for exam-
ple, triple point) pressure; co, c1, ..., ¢, and bg, by,
..., by are constants. Equation (3) combines both
one-phase and two-phase approaches to fusion. Inte-
gration of Eq.(3) with respect to pressure leads to the

fusion curve equation Trus = Fiz/ar (7).

For M=1
Trus = F[O/l] (I) = TO(l + I>a25 (4)
Trus = Fij1)(z) = Foj1)(z)exp(—asz), (5)

L
Tfus = F[L/l] (CL‘) = F[O/l] (w)exp( — Z ak+2xk). (6)
k=1

For M=2

Trus = F[O/Q] (CL‘) = F[O/l] (CL‘)(l + a3x)*“2, (7)
Tfus = F[1/2] (:E) = F[O/l] (x)(l + agx)_‘“, (8)

Trus = Fio/2)(z) = Fj1/2)(z)exp(—asz), 9)

L
Ttus = F[L/2] (I) = F[1/2] (a:)exp (—Z Qk+317k_1> (10)
k=2

Here x = Ap/a; is the reduced pressure, a; has the
dimensionality of pressure, and the other parameters
are dimensionless. The parameters ay, in Eqs.(4)—(11)
can be expressed in term of ¢; and b, and vice versa.

Similar to Egs.(5)—(10), the fusion equations have
the same structure

Trus = Fjo/1) (%) Drus(z). (11)

Function Fjg/qj(x) is the Simon-Glatzel empiri-
cal equation for fusion, which can be written in the

form[13]

T’fus = TO(l + Ap/a)l/ca (12)

where Tp is the temperature at the triple point and
Ap =p — po.

Expanding Eq.(3) at point Ap = p — pg up to the
second order, one obtains

dIn Thys 1
T =y g+ udp 4 oug (A) L (13)

p 2
where single and double primes denote the first- and
second-order derivatives, respectively, with respect to

pressure. Performing the Padé approximation to the
right-hand side of Eq.(13) we obtain

dInThs 1 —[BAp
dp ola+Ap)

(14)
where the parameters «, 0 and o are given by

= _yé/yg’
Y0 /240 — Yo/ Yo,
—¥0/2Y0Y0- (15)

«
g
g

By integrating Eq.(14) with respect to pressure,
one obtains the equation for pressure dependence of
fusion temperature in the following form:

Tfus - TO(l + Ap/al)a2exp(—a3Ap), (16)

where a1 = «a, as = (1 + af)/o = ypa® and a3 =
Blo =~y — yo.

Note that the fusion curves can be predicted if
the thermodynamic values at the reference pressure

are known.
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3. Experiment

3.1. Materials and their purities

Since impurities lower the freezing temperature
of a solvent, all reagents were purified. Carbon tetra-
chloride, chloroform, bromoform and silicon tetrachlo-
ride were fractionally recrystallized 5 times. A mass-
spectroscopic analysis of all reagents showed that all
the purified ones can reach above 99.99 mass percent-
age. The samples used were degassed for 4h at a tem-
perature of 1 or 2K below their respective normal fu-
sion temperatures.

3.2. Experimental apparatus and accu-
racy

Since pressure transfer in solids is very slow and
difficult and the determination of a freezing curve
is fairly straightforward, the fusion temperatures of
a pure material are obtained by measurement of its
freezing temperatures. Experiments were performed
in a high-pressure autoclave with a movable piston
which has been described previously.['¥) The tube-like
autoclave was made of austenitic manganese steel,
which a length of 300mm and the outer and inner
The pis-
ton was modified for high pressure and operated with

diameters of 120 and 20mm, respectively.

a 3rd-order multiplying pressure function. After the
samples were introduced into the autoclave, the tem-
perature was changed while maintaining a constant
pressure, which was achieved by adjusting the mov-
able piston. Temperatures were decreased stepwise at
a rate of 2K /h until the estimated freezing tempera-
ture was reached.

The system pressures were measured with a strain
A de-
tailed description had been reported by Jager and

gauge dilating-cylinder pressure transducer.

Wanninger.['®! For this device, the ratio of the exter-
nal to internal diameters of the cylinder, x, is equal to
5.0. The output, I(p), from the gauge for either rising
or falling pressure showed a reproducibility of 0.03%
of full scale. The estimated maximum uncertainty
for high pressure was about +2.0MPa. In order to
achieve isothermal condition for this dilating cylinder,
a water jacket (at 273K) was used to stabilize the cas-
ing temperature and great care was exercised to avoid
pressure-induced temperature change in the pressure
transmitting fluid. The I — —p curve was calibrated
using the mercury melting-point curve. For this gauge

the maximum deviation of pressure from linearity was

2.67MPa due to hysteresis effect.
of the vessel was measured with a platinum resistance

The temperature

thermometer with an estimated maximum uncertainty
of + 0.02K.

3.3. Experimental procedure

One way to experimentally determine a solid—
liquid equilibrium temperature (fusion temperature)
at constant pressure is to use thermal analysis. The
temperature of a system will remain constant at the
freezing temperature, although slight dip below the
freezing temperature can occur due to supercooling.
In order to reduce the supercooling effect, nanometre-
sized SiO2 were added to the samples. Prior to intro-
ducing the sample into the autoclave, the equipment
was dried, evacuated and flushed with pure sample.
For temperatures below 173K, the cooling medium in
the autoclave jacket was liquid nitrogen. In the range
of 173 to 273K, the cooling medium was ethanol cooled
by a mixture of liquid nitrogen and dry ice. For 273—
353K, water was used. For temperatures greater than
353K, anhydrous glycerine was used.

During the cooling process, the volume decreased,
therefore a movable piston was used to keep the pres-
sure constant. The above procedure was repeated at
other pressures to obtain the p — —T fusion curves.

4. Results and discussion

Most substances freeze at a higher temperature
when subject to pressure, as if the pressure is prevent-
ing the formation of solid phase from the less dense
liquid phase. Exceptions to this behaviour include
water, for which the liquid is denser than the solid.
We can rationalize the response of fusion temperature
to pressure as follows. The variation of the chemical

potential with pressure is expressed as

This equation shows that the slope of chemical
potential against pressure is equal to the molar vol-
ume of the substance. An increase in pressure raises
the chemical potential of any pure substance (because
Vin > 0). In most cases, Vi, (1) > Vin(s) and the equa-
tion predicts that an increase in pressure increases the
chemical potential of the liquid more than that of the
solid. The effect of pressure in such a case is to raise
the freezing temperature slightly.
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Table 1 gives the fusion temperatures (Ttus),
changes of molar volume (AgsViy) from references,
changes of molar enthalpy (AfsHpm) and changes of
molar internal energy (Ag,sUn) on fusion at pressures
up to 3500MPa for carbon tetrachloride, chloroform,
bromoform and silicon tetrachloride. Changes of mo-
lar enthalpy are computed from Clapeyron’s equa-
tion. Change of molar internal energy differs from that

of molar fusion enthalpy only by the external work
(pAtysVim) on fusion. Changes of the molar volume on
fusion become less with increasing pressure because
of the intrinsic shapes of the molecules at high pres-
sures. As pressure rises, the unoccupied space left by
the uncoordinated motion of the molecules of the lig-
uid would be expected to become smaller.

Table 1. The fusion temperatures (Ttys), molar volume changes (Ag,sVm), taken from Refs.[3, 4],

molar enthalpy changes (AgysHm), molar internal energy changes (Agy,sUm) on fusion for carbon

tetrachloride, chloroform, bromoform and silicon tetrachloride.

carbon tetrachloride chloroform
p/MPa | Trys/K AtysVim AtysHm ApysUm Trs / K AtysVim AtysHm ApysUm
/(em®-mol™1)  /(kJ-mol™!)  /(kJ-mol~1) /(em®-mol™1)  /(kJ-mol~')  /(kJ-mol~1)
100 289.05 3.0764 2.5451 2.2374 226.40
200 321.45 2.5508 2.6447 2.1345 243.03
300 352.45 2.1496 2.6803 2.0354 263.46 5.9443 10.2789 8.3876
400 380.05 1.8248 2.6596 1.9297 278.44 5.5807 10.7255 8.3580
500 403.55 1.5465 2.5807 1.8074 291.03 5.2273 11.0717 8.2998
600 428.15 1.3055 2.4549 1.6716 305.62 4.8997 11.3566 8.2387
700 450.25 1.1034 2.3091 1.5367 322.56 4.6048 11.6098 8.1912
800 470.85 0.9417 2.1712 1.4179 331.87 4.3437 11.8514 8.1661
900 490.75 0.8081 2.0356 1.3084 348.81 4.1096 12.0801 8.1576
1000 505.85 354.76 3.9058 12.3214 8.1790
1500 590.05 413.44
2000 666.67 460.81
2500 730.22 502.28
3000 788.94 535.63
3500 837.21 570.87
bromoform silicon tetrachloride
p/MPa | Trys/K AfusVim Afus Hm AfusUm Tres / K AfusVim Afus Hm AfusUm
/(cm3-mol~1)  /(kJ-mol™1)  /(kJ-mol~1) /(cm3-mol=1)  /(kJmol™')  /(kJ-mol~1)
100 302.74 8.9517 11.6316 10.7364 238.44
200 326.77 8.1177 12.1693 10.5458 265.93 4.0596 3.8124 3.0005
300 345.02 7.3519 12.5107 10.3051 291.25 3.6620 3.9539 2.8553
400 365.41 6.6872 12.7537 10.0788 320.85 3.3316 4.0681 2.7355
500 385.61 6.0908 12.8857 9.8403 345.07 3.0464 4.1531 2.6299
600 408.90 5.5449 12.9033 9.5763 369.15 2.8598 4.3076 2.5917
700 420.30 5.0875 12.9303 9.3690 393.25 2.6957 4.4482 2.5612
800 437.24 4.7109 12.9987 9.2300 417.52 2.5653 4.6040 2.5518
900 452.98 4.4076 13.1357 9.1688 440.06 2.4629 4.7787 2.5620
1000 465.60 4.1473 13.2898 9.1425 465.96 2.3770 4.9598 2.5828
1500 538.38 568.73
2000 595.62 666.85
2500 645.88 752.73
3000 684.38 833.67
3500 723.65 915.32
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Figure 1 presents experimental data points of this  the experimental data.
work, previously published data and the least-squares

fitting curves using Eq.(16) for carbon tetrachloride, 1000 i
chloroform, bromoform and silicon tetrachloride. The 00l e
equation provides a good description for the exper- [ o
imental results and the data from Refs.[3] and [4]. % 600 L A
The four fusion curves show in a striking way that the & L o -
shapes of curves are with no maximum temperatures 400
as Tammann!'® had supported. I
Table 2 lists the parameters Ty, a1, as and a3 in 2000 ! 10'00 ! 20'00 30'00 1000
Eq.(16) obtained using a nonlinear least-squares fit- p/MPa
ting procedure as well as the average deviations be-
tween the measured and calculated values. For the Fig.1. The fusion curves of carbon tetrachloride, chloro-
four substances, p is on the order of magnitude of bil- form, bromoform and silicon tetrachloride. Lines are the fitted

curves. Silicon tetrachloride: ¥, this work; Vv, Ref.[3]. Bromo-

form: v, this work; ¥, Ref.[3]; Carbon tetrachloride: e, this
could be neglected. In all cases the fits are as good as work; o, Ref.[4]; Chloroform: 4, this work; A, Ref.[4].

lions of Pa and pg is hundred of Pa, and hence, pg

Table 2. The least-squares fitting parameters used in Eq.(16).

substance To /K17 a1/GPa as a3/GPa o/K?
carbon tetrachloride 250.61 0.2975 0.4830 0.0064 2.03
chloroform 209.70 0.6846 0.6567 0.0536 1.79
bromoform 280.91 0.58661 0.5538 0.0370 2.43
silicon tetrachloride 205.02 0.4829 0.7412 0.0206 2.10

aAverage deviation: § = |Tys(exp) — Trys(cal)]

Figures 2 and 3 show the computed values of
ApusHn and AggsUpn. Agys Hyn increases slightly with

increasing pressure, but Ag,sUp, slightly decreases and 0 R

would be constant at high pressures. AgsUn of T:\ "/L/Q/A/kﬂk_/A/"}_,‘
chloroform is close to 8.16kJ-mol~!, that of silicon g 10 ¢ T

tetrachloride 2.56kJ-mol~!, and that of bromoform '\3/

9.14kJ-mol~!. For carbon tetrachloride, however, E

there is no consistent value of AgUn. Hence, more K 5T ﬁ_.ﬂv—v/*w
experimental data are necessary. This phenomenon 4 e Sy

may be related to the intrinsic shapes of the molecules, 0 . . , . ,

which will limit the motion of the molecules. For car- 0 400 800 1200
bon tetrachloride, chloroform, bromoform and silicon p/MPa

tetrachloride, the computed AgsHpy and AgsUpn and

values reported in the literature are basically consis- Fig.2. The computed molar enthalpy changes on fusion

of silicon tetrachloride (V¥), bromoform (%), carbon tetra-

tent. So these computed data of ApsHym and AgqisUmn

. . chloride (o) and chloroform (A). Lines show values from
on fusion are reliable.

Refs.[3] and [4]. Data points show computed values.
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Fig.3. The computed molar internal energy changes on fusion
of silicon tetrachloride (V¥), bromoform (%), carbon tetrachlo-
ride (o) and chloroform (A). Lines show the values reported
in Refs.[3] and [4]. Data points show the computed values.

5. Conclusions

We have described a method of measuring the fu-
sion temperatures at high pressures and reported the

fusion curves of carbon tetrachloride, chloroform, bro-
moform and silicon tetrachloride at pressures up to
3500MPa. The data of the four substances point con-
clusively to only one conclusion, namely the four fu-
sion curves have no maximum temperatures as Tam-
mann had supposed. The fusion equations based on
the two- and one-phase approaches were used to fit the
experimental data. The changes of the molar enthalpy
and molar internal energy on fusion were calculated
using the parameters of the fitted equation. Compar-
isons with previously published data show that exper-
imental and calculated results are in reasonable agree-

ment.
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