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Abstract

For the first time, for different organic and inorganic compounds possessing
the plastic crystalline phase, a new semiempirical equation describing depend-
ence of their fusion enthalpies on such physico-chemical quantities as normal
melting temperature, surface tension, molar volume and critical molar volume
is received on the base of the principle of corresponding states and the energy
equipartition theorem. Moreover, the proposed equation allows one to take
into account the particularities of one-particle molecular rotation in the plastic
crystalline phase.
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1. Introduction

Many organic and inorganic compounds with globular molecules form so-called
plastic crystals near their melting temperatures [1]. The definition of “globular”
implies that either the molecules (or atoms) of these compounds have high sym-
metry (2,2-dimethylpropane, CH4, SFs, Kr, Xe) or when molecular rotation
around one of the molecular axes of symmetry leads to some figure of rotation
whose shape is close spherical (for instance, cyclopentane, cyclohexane, 2,2,3-tri-
methylbutane, PH;, HCI). In addition, near the melting temperature, the plastic-
crystalline phase of plastic crystals is characterized by orientational disorder in the
direction of the axes of rotation of the molecules that form it, while long-range

order is still preserved in the time-averaged location of the centers of mass of its
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molecules [2]. Thus, the nature of the movement of molecules in plastic crystals
is similar to the movement of molecules in liquids: their molecules oscillate
around equilibrium positions due to interaction with neighboring molecules, and
also rotate, however, maintaining the long-range order of their mutual arrange-
ment, as in ordinary crystals.

It should be noted here that the characteristic of rotation of molecules in the
plastic crystalline phase is determined primarily by the absolute temperature T of
this phase, as well as the magnitude of the energy barriers caused by intermolec-
ular interactions between neighboring particles [3]. If the temperature T is suffi-
ciently high and the above energy barriers are small enough, then practically free
rotation of the molecules of the plastic phase (around any of the three possible
rotation axes for each molecule) takes place. The presence of the such free rota-
tions leads to the lower values of the fusion enthalpies for the solid chemical com-
pounds, existing in their plastic crystalline phase, than for compounds which do
not have the given phase (see the work [3]). As the examples of the plastic-crys-
talline chemical compounds whose molecules have practically free rotation near
their melting points, we can cite adamantane [4], octafluorocyclobutane [5], cam-
phor [6]. However, a more common case of molecular motion in the plastic phase
is the situation when the magnitude of the energy barriers that must be overcome
to realize free rotation slightly exceeds the time-averaged value of thermal kinetic
energy for each rotational degree of freedom of any molecules of the plastic phase
under consideration. In this case, the molecules of the plastic phase under consid-
eration undergo librational movements, which, due to fluctuations in kinetic en-
ergy caused by intermolecular interactions, can lead to their sudden spatial reori-
entation (molecular tumbling) and, accordingly, to their orientational disorder.
So, for example, a study of the plastic crystalline phase of sulfur hexafluoride (see
[7]) has shown that the average one-particle isotropic librational angle is equal to
14°. Obviously, the closer the absolute temperature T of the plastic phase is to the
melting temperature of the compound under study, the more often such jumps
(tumblings) occur. Upon reaching the appropriate melting temperature, these
molecular jumps transform into free one-particle rotations in the bulk of the cor-
responding liquid phase. So, for instance, for tetramethylsilane, cyclohexane, cy-
clopentane, and 2,3-dimethylpropane, the values of the energy barriers (required
for molecular tumbling in their plastic crystalline phases) are equal to 30.36, 9.63,
4.19 and 3.68 kJ/mol respectively [8]-[10].

Here it is to be noted that most often plastic crystals have cubic crystalline struc-
tures [11]. Also the plastic crystalline phase can appear in the case when non-
globular or elongated molecules possess degrees of rotational freedom about a
preferred axis. Then the free rotation around this axis may be excited in crystals
while still retaining three-dimensional positional order. Such structures are called
“hexagonal plastic crystals”. For example, the such situation takes place for near
melting solid phases of nitrogen and hydrogen (see [12] [13]). One can say that

plastic crystals possess weak intermolecular interactions and are liquid-like. So,
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the surface layer of the solid phase of hydrogen possesses the clear-cut quasi-liquid
nature, when the molecules of this layer can take part in their translational mo-
tion, which realizes in the form of their molecular jumps [14].

Thus, taking into account the circumstances mentioned above, such as the
proximity of the plastic crystalline phase of chemical compounds to their liquid
one (considered at their corresponding melting points) and the small values of
their fusion enthalpies AH, the aim of the present work is to find an equation
relating AH to the physicochemical quantities of the liquid phase of these com-

pounds, which arises as a result of the melting of their plastic-crystalline phase.

2. Theory

In order to find the sought equation for the quantity AH let us consider a system
consisting of a mole of some chemical compound having a plastic crystalline
phase. We shall also assume that, firstly, this phase is at its melting point; and,
secondly, that the process of its melting is incomplete. In this case the system will
contain both: its solid phase and its liquid one along with the interface between
these two phases. Further, it was shown in the work [15] that for different liquids
considered at their normal freezing points, their liquid phase contains the so-
called “hot” (exited) molecules. Unlike the other molecules of the considered
near-freezing liquid phase these “hot” molecules can move throughout the entire
volume of the given phase. At the same time (see [15]) any of these “hot” mole-
cules is situated and moves within some its spherical cavity (cage), whose radius
is proportional to the quantity Ve (where Vcis the critical volume of the chemical
compound under study. It was also shown in [15] that for one mole of any non-
associated near-freezing liquid the total number N of such “hot” molecules can be

defined by means of the following equations:
N=¢&N, (1)

where N, is Avogadro’s number, and the coefficient of proportionality £is defined

as:
&=exp(-goV > /T) )

In Equation (2) ois surface tension of a liquid, V'and T are, respectively, its
molar volume and its freezing point, and &is the constant, whose numerical value
is equal to 9.35 x 10¢ (J"-K-mol*?). The constant £does not depend on 7 or on the
nature of the liquid phase [15].

It is to be noted here that the presence of these “hot” moving molecules in the
above-mentioned cavities is the first (and the main) difference between the melt
of the plastic crystalline phase and the corresponding solid plastic crystalline
phase. The second difference is connected with the fact, that the considered “hot”
molecules (unlike the molecules of the solid plastic crystalline phase) take part in
their translational and free rotational motions within the limits of their one-par-
ticle spherical cavities. In their turn, all the molecules of the solid plastic crystalline

phase take part only in their vibrational and librational motions. Nevertheless,
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their librations can be accompanied with the corresponding (jump-like) one-par-
ticle reorientations, creating the orientational disorder, which is characteristic for
the plastic crystalline phase.

Thus, bearing in mind all the above-mentioned, we shall consider that the pro-
cess of the melting of the investigated plastic crystalline phase is being realized on
the interface between the solid and liquid phases and is reduced to the appearance
on this surface the above considered “hot” molecules. Then the newly formed
“hot” molecules along with those molecules of this interface (which have kept
their vibrational and librational motions) pass into the liquid phase. It is clear that
the formation of any of these “hot” molecules requires both the conditions: the
overcoming of the potential energy barriers, describing its three-dimensional vi-
brations (and librations) and the formation in the liquid phase (near the interface)
the mentioned spherical cavities which will contain the “hot” molecules under
study. Further, we shall consider only the liquid phase of the studied two-phases
melting system. Obviously, during the process of the melting, the amount of the
liquid phase will increase. Let, further, some number dN; of the molecules have
passed from the above-considered interface into the liquid phase. We can write
the number dV as:

dN; =dN,, +dN,,; (3)

Here dN; are dN, are, respectively, the number of the passed “hot” mole-
cules and that of the vibrating ones (which have kept their vibrational motion by
passing from the solid phase to the liquid one). Now we can writhe the following
expression for the enthalpy changing dN,; which accompanies the above molec-

ular passing of the number dN; molecules:
dH, =TdS; +VdP + zdN,; + 2,dN,,. (4)

In Equation (4) dS; is the change (the differential) of the entropy of the con-
sidered liquid phase which is caused by the passing of the above dN; molecules
from the solid phase to the liquid one. The quantity Vis the volume of the liquid
phase under study; and Pis the external (normal) atmospheric pressure (P= const
= 0.1 MPa). As P is constant, so the second term in Equation (4) is equal to zero.
The chemical potentials 4 and g are, respectively, the one-particle chemical po-
tentials of the “hot” molecules and the vibrating (see above) ones.

Since the one-particle chemical potential is equal to a certain amount of energy
that must be spent in order to add one new molecule of a chemical compound to
the system under study, we shall further consider the values of u separately for
“hot” and vibrating molecules which abandon the interface between the two
phases and enter the liquid phase. Besides, the character of molecular motion of
the vibrating molecules is not changed by the above passing, so, hereafter, we shall
suppose that their transition into the considered liquid phase does not require any
energy consumption; and therefore, the quantity s is equal to zero. Thus, we can

rewrite Equation (4) in the form:

dH, =TdS, + z4dN,,. (5)
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Considering that all the solid phase is transformed into the liquid one (the melt-
ing process is over) and bearing in mind that enthalpy and entropy are additive
quantities, we can do the summation over the index 7 for all the quantities dH;.
Since the volume concentration of the “hot” molecules in the studied liquid phase
remains constant, therefore we consider that the quantity g4 remains also con-

stant. Then, for the total sum of all dH; the following equation holds:
AH =TAS + 4 N. (6)

In Equation (6) AHand ASare, respectively, the molar fusion enthalpy and the
molar fusion entropy which accompany the melting of the compound under
study. Here we have also taken into account that the sum of dN; equals to N,
where the number Nis being defined by means of Equations (1) and (2).

Now, we have to find the quantity g4 for the “hot” molecules which appear in
the liquid phase during the investigated melting process. For this purpose, let us
firstly define the average one-particle energy which is required for the formation
in the liquid phase (near the interface) of the above mentioned one-particle spher-
ical cavity. It was shown in the work [16] that the following equation holds for the

radius R of this cavity:
R=(3v,/4nN,)". (7)

In Equation (7) V.isthe molar critical volume of the chemical compound under
study.

Then the internal surface area Q of the cavity will be 47 /2. As it was also shown
in the work [16] the energy E required for the formation of such cavity is propor-
tional to the given area Q and the quantity o of the surface tension of the studied

liquid phase. Thus, we can write the following equation for E:
E=x0Q. (8)

Further, basing on the results received in the works [15]-[17], in the present
work we shall consider that the coefficient of proportionality y between Eand the
product o x Q does not depend on 7"and is constant for different near-freezing
liquids. Now, using Equation (7), we can write the expression for £ as:

E = 2(367)° (N,)*° oV = pov 2. 9)

-2/3

In Equation (9) the coefficient of proportionality go(q): ;((367;)1/3 (N A)_2/3)
does depend on 7"and is constant for various near freezing liquids. However, the
value of E defined by means of Equation (9) presents only some part of the total
energy which is required for entering of one separate molecule from the solid
phase into the liquid one. Really, for any considered molecule some additional
one-particle energy is required for the overcoming of the potential energy barriers
which are connected with its three oscillatory motions and one librational move-
ment.

In the present work we shall suppose that all these motions are harmonic, Ze.
the total energy of any of them can be described by means of the two correspond-

ing quadratic terms. In this case (see [18]) the average one-particle kinetic energy
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for any of the above-mentioned motions will be numerically equal to the corre-
sponding potential well. Further, basing on the energy equipartition theorem, one
can suppose (see [18] [19]) that for any of the given motions its kinetic energy
equals to 47" (where kis Boltzmann’s constant, and 7'is the melting temperature).
Therefore, for any of the molecules of the solid phase, the one-particle energy
value required for the overcoming of all its potential energy barriers (in order to
make it free and put it into its cavity) will be 4 k7. However, there are a number
of cases, when the value of the given one-particle energy is less than 4 k7. First of
all, it is about the melting of the solid plastic phase of the inert gases. Since the
molecules of these gases are monatomic, so we can consider only their vibrational
motions because their librational motion is absent. So, for these chemical com-
pounds the above-mentioned one-particle energy value will be equal to 3 k7. The
similar situation takes place for the high-temperature melting of the chemical
compounds, whose molecules have the practically free rotation in their solid plas-
tic phase. For instance, it occurs for the melting of such compounds as adaman-
tane or camphor (see the Introduction). Therefore, for the such compounds the
above-mentioned one-particle energy value is also 3 £7. Thus, hereafter, we shall
consider that for any molecule passing from the solid phase into the liquid one,
the thermal energy spent for this process is associated with overcoming four or
three of its energy barriers and is equal to 4 kT or 3 k7, respectively.
Further, using Equation (9), we can write the expression for 4 in the following
final form:
1 = KT + oV, (10)

In Equation (10) the number 7 is the coefficient at 7' which may be equal to 3
or 4; it is the total number of overcome one-particle potential energy barriers re-
lated to one-particle vibrational and librational motions.

Here we have to clarify some details connected with involving of two boundary
solid molecular layers into the corresponding liquid phase. Let the first of the
above two layers coincide with the interface between two phases, and the second
one be the corresponding solid neighboring layer. Obviously, there is some den-
sity gradient whose direction is normal to the interface and whose magnitude
changes in time. Now we shall consider motion of the molecules in the second
solid layer. If the density change of the first surface layer is small enough to affect
one-particle vibrational movements in the second layer and at the same time it is
sufficient to transform one of the one-particle librational modes into the corre-
sponding free rotation of molecules belonging to this second layer, then these
molecules will have also free rotation. That’s why the number n for the molecules
that initially did not have free rotation is equal to four.

Now we have to define the quantity AS entering Equation (6). It can be done
basing on the following reasons. First of all, it should be noted that for the studied
liquid system, 7.e. one mole of some chemical compound at its freezing point, not
all N4 molecules belong to the above near-freezing liquid phase. Really, it was

shown in the works [20] [21] that the molecular layers situated near the surface of
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the given liquid form the so-called quasi-crystalline phase. This phase contains
only vibrating molecules [20]-[22]. The thickness of this phase equals to zero at
the corresponding critical temperature of the studied compound. At the same
time, the thickness of the considered phase reaches its maximum when 7°goes to
the normal freezing point of the compound.

Further we can note that the real liquid phase includes only some number N,
molecules (but not all the N, ones). Hereafter, basing on the principle of the cor-
responding states, we shall suppose that the number Ny equals to /Ny, where the
coefficient » does not depend on the nature of a liquid. Thus, among the above N;
molecules there are the number &N, of the “hot” molecules (see Equations (1)
and (2)) and the number (%N, - éxN,) of the vibrating ones.

Nevertheless, the spatial positions for all the NL molecules remain practically
the same as they were in the corresponding solid phase. Even for the above con-
sidered “hot” molecules their time-average positions remain in the centers of their
molecular cavities (cages). Here it is to be noted, that the results of the work [23]
indicate that the maximum possible displacements, describing one-particle jumps
of the “hot” molecules within their cavities are essentially less than average inter-
molecular distances. Further, as it was found in [24], the molecular structure of
any liquid phase (taken near its normal freezing point) can be considered as some
lattice system, which is constructed from the two sub-lattices: the first is formed
by the vibrating molecules, and the second includes the above “hot” ones. More-
over, the vibrating molecules are being transformed into the new “hot” ones after
passing of some impulse from the former “hot” molecules, which, obviously, be-
come the newly formed vibrating ones (see [24]). It means that we can suppose
that there is some movement of one-particle molecular cavities (whose number
equals ¢V, or &N, and any of these cavities is occupied only by one molecule)
involving all the NL molecules. In the other words, the given cavities may be con-
sidered as some quasi-particles, which can move through the studied bulk liquid
phase. Then the new microstates of the investigated liquid system will arise due to
the movement of these cavities among the N; knots of the two above mentioned
sub-lattices.

Now we can write the following expression for the thermodynamic probability

W, describing the macro-state of the system:
W =TI[N_ —i+1]=TI[~#N,—i+1]. (11)

Here the symbol IT denotes the product of the corresponding multipliers, whose
index 7 changes from 1 up to &N, Using Equation (1), Equation (11) can be also

rewritten in the following form:
W=NL!/(NL—§%NA)!=(;{NA)!/(%NA—§J{NA)! (12)

«p»

Here the symbol “!” means the corresponding factorial. Now, considering that
in the solid state there are none of the above-considered one-particle cavities, in-
cluding the “hot” molecules, and using the well-known Boltzmann’s entropy for-

mula (5= An W) we can write the following equation for the quantity AS:
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AS =S, —S; =S, =kIn[ (=N, )l/(2N,—ExN,)I] (13)

In Equation (13) S; and Ssare, respectively, the entropy values connected with
distribution of the above one-particle cavities in the liquid and solid phases of the

system under study. Further, using Stirling’s formula, one can easily show that:
AS =kéxN,In(«N,/e)=ExRIn(«N,Je). (14)

Here the product of the constants kand N, is denoted as R (R1is the universal gas
constant), and e is the base of the natural logarithm. Denoting RIn(~N,/e)

as o, we receive the simple final expression for AS

AS =5 . (15)

In Equation (15) the coefficient of proportionality ¢ does not depend on tem-
perature and is constant for various near-freezing liquids.

Now, uniting Equations (6), (10), (15) and bearing in mind that N=¢&-N,
(see Equation (1)), we can write for the quantity A A the following final equation:

AH = &(nRT +yoV?® +6T). (16)

Here the quantity ¢ is defined by means of Equation (2) and the constant y
(which does not depend on 7"and on the chemical nature of the melting plastic

crystalline phase under study) equalsto ¢-N,.

3. Results and Discussion

The practical usage of Equation (16) requires the numerical values of the constants
wand d. In order to determine their values, the six chemical compounds presented
in Table 1 were considered at their normal freezing points 7. The values of V, V;

and o for these compounds were taken from [25]-[32].

Table 1. To the definition of the constants yand Jin Equation (16).

e Compound: . - Vx10°  Vex10° o 10° AH (KJ/mol)
(m*/mol)  (m*/mol) (N/m) Exp. Calc.
1 Argon 3 83.78 27.97 75.26 13.39 1.178 1.173
2 Nitrogen 3 63.15 32.20 89.47 11.15 0.723 0.722
3 Hexafluoroethane 4 173.15 81.8 224 14.06 2.69 2.69
4 Arsine 4 157.15 43.69 128 32.20 1.1962 1.1962
5 2-Chloro-2-methylpropane 4 247.15 116.0 295 24.82 2.01 2.02
6 Tetramethylsilane 4 165.92 113.9 361 23.59 0.705 0.711

It should be noted that the compounds given in Table 1 were chosen for the
following reasons: firstly, they are well studied experimentally and, secondly, they
have various chemical structures, which differ significantly. A part of them be-

longs to organic compounds, another one is presented by inorganic substances.
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For nitrogen the number z equals to 3. It follows from the experimental fact that
for the high-temperature S-phase of solid nitrogen (near its melting point) the
reorientation motion of its molecules becomes practically free (see [33]).
Further, the numerical values of the constants y and ¢ were defined by means
of the multiple regression analysis applied to the data set of Table 1. The found
values of yand dare equal to 7.7035 x 107 (J/mol) and 8.6087 (J/[mol-K]), respec-
tively. The results of the usage of Eq. (16) with the above found values of yand &
are presents in Table 2 for the large number of various organic and inorganic
compounds. The experimental values of V,, V, o needed for these calculations
were taken from the works [13] [15] [27]-[32] [34]-[53]. The comparison of the
values AH calculated by means of Equation (16) and the corresponding experi-
mental ones [13] [15] [27]-[32] [34]-[53] shows that this equation describes the
fusion enthalpies of all the studied compounds adequately. Here it should be
noted that the numbers 1 equal to 3 for the following cases. Firstly, for the com-
pounds, whose molecules rotate practically free within their high-temperature
solid plastic phases considered near their normal melting points (see the Intro-
duction) and, secondly, for the mono-atomic inert gases. The rest compounds of
Table 2 have n = 4. The only exception is hydrogen, which has n = 2. It is due to
the mentioned in the Introduction fact that the solid phase of hydrogen (which is
near the interface between its solid and liquid phases) can be considered as some
quasi-liquid phase [14]. The molecules, belonging to this phase, have both the
types of their molecular motion, namely, the free rotation and the one-dimen-
sional molecular jumps. It means, that for any of these molecules one of its three
vibrational potential barriers has been overcome. Thus, for hydrogen the number

nis equal to two.

Table 2. To the calculation of AH by means of Equation (16).

e Compound: . VX Vex10r ox10° AH (k/mol)
(m*/mol) (m*mol) (N/m) Exp. Calec. LOOCY
1 Adamantane 3 541 166.8 458 9.41 13.80 13.72 12.95
2 (d,])-Camphor 3 451.6 183.9 503 19.38 6.79 6.72 6.66
3 Norbornene 3 315.15 120.3 314.4 22.13 3.54 3.73 3.73
4 Octafluorocyclobutane 3 231.75 116.0 325 16.49 2.77 2.83 2.84
5 2-Methyl-2-butanol 3 261.15 105.5 319 28.15 2.24 2.22 2.02
6 Acetylene 4 192.15 42.08 113.2 19.11 3.760 3.730 3.68
7 Methane 4 90.67 35.6 99.5 17.78 0.939 0.926 0.938
8 Camphene 4 317.6 161.8 482 25.57 2.7 2.7 2.8
9 2,2,3-Trimethylbutane 4 248.57 137.2 398 22.27 2.20 2.12 2.16
10 2,2-Dimethylpropane 4 256.58 114.4 307 15.11 4.370 4.382 4.349
DOI: 10.4236/ijoc.2024.143005 101 International Journal of Organic Chemistry


https://doi.org/10.4236/ijoc.2024.143005

M. Yu. Gorbachev, N. N. Gorinchoy

Continued
11 Cyclobutane 4 182.4 71.5 210 30.0 1.090 1.117 1.154
12 Cyclopentane 4 179.7 80.2 260 37.0 0.57 0.53 0.55
13 Cyclohexane 4 279.4 106.4 308 27.23 2.73 2.75 2.79
14 Cycloheptane 4 265.15 116.7 390 30.5 1.88 1.81 1.86
15 Carbon monoxide 4 68.13 32.7 92.17 12.45 0.8386 0.8381 0.8440
16 Helium 3 1.76 27.53 57.53 0.317 0.021 0.021 0.020
17 Neon 3 24.55 16.17 41.8 5.68 0.339 0.339 0.336
18 Krypton 3 115.78 34.13 92.3 16.10 1.634 1.634 1.624
19 Xenon 3 161.35 44.28 1194 18.7 2.29 2.29 2.28
20 Radon 3 202.15 50.45 139 23.0 2.7 2.7 2.69
21 Hydrogen chloride 4 158.97 28.5 87.6 32.1 1.993 1.981 2.000
22 Hydrogen bromide 4 185.15 36.3 100 29.42 2.408 2.478 2.489
23 Hydrogen iodide 4 222.50 48.2 130.0 29.9 2.873 2.883 2.894
24 Hydrogen sulfide 4 187.61 34.8 99.7 324 2.3781 2.3650 2.3804
25 Hydrogen selenide 4 207.43 39.6 115 33.38 2.5167 2.5708 2.5932
26 Phosphine 4 139.41 41.7 113.3 28.1 1.13 1.13 1.15
27 Sulfur hexafluoride 4 222.65 79.0 200.4 11.67 5.02 5.03 491
28 Rhenium hexafluoride 4 291.65 86.7 230 22.48 4.60 4.56 4.54
29 Hydrogen 2 13.96 26.11 63.8 3.02 0.117 0.117 0.123

The values of AH calculated by means of Equation (16) are given in Table 2
along with the values of AH obtained by the so-called “Leave-one-out” Cross-Val-
idation Scheme (LOOCYV). The given statistical method consists in consequent
removal of one of the studied compounds from the regression analysis and the
following calculation of the predicted quantity for the removed compound. It can
be seen that the values of the fusion enthalpies in the last two columns of Table 2
are very close to each other and to the corresponding experimental ones.

It should be noted that the mechanism described above for the occurrence of
one-particle free rotation at the interface in the presence of a density gradient nor-
mal to it can occur not only for molecular, but also for ionic crystals. So, for ex-
ample, as the temperature increases, free rotation of ions can appear both in sin-
gle-crystalline samples at the boundaries between ionic layers [54] and in poly-
crystalline samples [55] on the outer boundary surface of polycrystals (see [56],
[57]). That is, in principle, an equation similar to Equation (16) can also hold for

ionic plastic crystals.
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4. Conclusion

The following conclusions can be drawn. Equation (16) allows one to perform the
adequate calculation of the fusion enthalpy for various organic and inorganic
compounds possessing the high-temperature plastic crystalline phase. The ob-
tained equation may also be used to determine the possibility of free one-particle
molecular rotations in the plastic crystalline phase for other substances with the
same crystalline phase. In addition, our preliminary results indicate that the func-
tional dependence similar to Equation (16) can hold also for organic compounds

whose high-temperature crystalline phases differ from the plastic one.
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