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• 
The thermal conductivity κ(Т) of molecular polycrystals have been investigated. 

• 
The materials studied were para-chloronitrobenzene, pentachloronitrobenzene, and freons. 

• 
The κ(Т) increases abnormally with temperature in the high-temperature region. 
• 
The anomaly is connected to the thermal activation mechanism of heat transfer.  

 

 

Abstract  

 The temperature dependence of thermal conductivity κ(Т) of selected molecular 

polycrystals consisting of flexible molecules have been investigated between 20 – 260 K. The 

materials were para-chloronitrobenzene, pentachloronitrobenzene, freon F-112 and freon-113.  It 

is found that the κ(Т) of these crystals increases with temperature in the interval where the 

processes of phonon – phonon scattering are dominant. The increase is observed both in the 

orientationally-ordered and orientationally-disordered phases and is typical of the thermally 

activated heat transfer by low-energy localized molecular excitations [M. A. Strzhemechny et al., 

Chem. Phys. Lett. 647 (2016) 55]. In a wide interval of temperatures, irrespective the glass 
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transition temperature, the κ(Т) can be described by a sum of three components:  κ(Т) = А/Т + В 

+ κТА(Т). The term (A/T) accounts for phonon-phonon scattering processes, the term (B) is 

temperature – independent and accounts for the diffuse phonon scattering. The third contribution 

is described by the Arrhenius equation: κТА(Т) = κ0 ехр(-Е/kBТ),  where E is the activation 

energy and κ0 is the pre-exponential factor characterizing the intensity of the heat transfer 

process. A comparative analysis of anomalous thermal conductivities of some other molecular 

crystals was carried out. It is found that κ0 depends linearly on the activation energy. Similar 

correlation is found for a series of quasicrystals.  

 

PACS:  66.70.–f  Non-electron thermal conductivity and propagation of a thermal pulse in 

solids; thermal waves; 

63.20.kk  Interaction of phonons with other quasiparticles. 

Keywords: thermal conductivity, polymorphism, phonons, diffusive modes, hybridization, 

locons.  



 
1. Introduction 

 The thermal conductivity κ(T) in fully ordered phases of atomic noble gas cryocrystals 

and simple molecular cryocrystals is determined by phonon-phonon scattering processes [1], and 

can be approximated by the universal dependence κ(T) ~ T-1 (the Eucken law) in a wide 

temperature interval, in the high-temperature region, where the influence of other crystal defects 

(dislocations, point defects, etc.) can be neglected. The extensive experimental evidence 

currently available on isochoric and isobaric thermal conductivities of molecular crystals shows 

that the dependence κ(T) is also influenced by crystal lattice anharmonicities [2] and intensive 

hybridization (coupling) of acoustic phonons and low-frequency optical excitations (e.g., see [3-

13]). It has been found that for many molecular crystals the high-temperature thermal 

conductivity can be approximated as a sum of two terms κ(T) = А/Т + В, where A/T refers to the 

effect of propagating phonons (Eucken law) and В = const refers to an additional  temperature-

independent contribution of localized or diffusive short-wavelength vibrational modes.  

 On the contrary, in canonical structural glasses, whose molecules are devoid of positional 

and orientational order, the thermal conductivity is much lower than the crystalline counterparts 

and its temperature dependence behaves quite differently: in the low temperature region (< 2 K) 

κ(T) ~ Т 2, then, on increasing temperature the thermal conductivity flattens first, grows 

monotonically afterwards and finally forms another “plateau” [9, 14, 15]. 

 In more complex structures (see experimental and modeling data [16]) the heat exchange 

processes are more intricate involving energy hopping between non-propagating localized 

vibrational modes (predicted in [17]). In fact, anharmonic coupling between localized modes and 

between localized and delocalized modes controls the heat conduction, the effect being enhanced 

with temperature.  

Within the world of molecular crystals there is a broad group of substances whose 

constituent molecules possess a set of internal low-energy local modes. These localized states 

influence the heat capacity, and some of them are involved in heat transfer processes as well. 

Under a temperature gradient, the flow of such energy states are highly temperature dependent 

and the dependence increases with increasing the number of excited states migrating between the 

neighboring molecules. The new type of heat transfer was detected in a single crystal of para-

bromobenzophenone (4-BrBP C13H9BrO) [11]. Such a contribution to the total thermal 

conductivity can be described by the Arrhenius equation: κТА(Т) = κ0 ехр(-Е/kBТ), where E is the 

activation energy and κ0 is the pre – exponential factor characterizing the intensity of the 

thermally activated heat transfer. The thermally activated heat transfer was also observed in a 



monoclinic modification of this substance [12], benzophenone (BP, (C6H5)2CO) [13] and 

2-adamantanone (C10H14O) [18].  

  The present work discusses the thermal conductivity of some selected substances 

consisting of flexible molecules whose thermal conductivities behave anomalously in a high 

temperature region, more specifically, above the maximum of κ(Т). The experimental selected 

compounds were two apparently rigid molecules, para-chloronitrobenzene C6H4ClNO2 

(hereinafter p-CNB), pentachloronitrobenzene C6Cl5NO2 (hereinafter PCNB), and two clearly 

flexible molecules with conformational disorder, as the halogen-ethane derivatives CFCl2-CFCl2 

(hereinafter freon F-112) and CCl2F-CClF2 (hereinafter freon F-113), both of them displaying 

different conformational isomers. The results obtained were analyzed and compared with data 

for other crystals exhibiting similar anomalies at high temperatures. Our purpose here is to reveal 

similarities and differences in the anomalous behavior of κ(T) of the aforementioned molecular 

crystals in the “high-temperature” region and to elucidate the physical factors responsible for 

such a behavior.  

  

2. Materials 

 The substance p-CNB is orientationally disordered in the solid state, melting point is 

Tm = 355 K. The cyclic molecules occupy distinct positions in the crystal, but they can have two 

possible orientations to generate a centrosymmetrical crystal (P21/c). Besides, there is a 

complementary type of disorder in p-CNB induced by reorientation (“tilting”) of the nitro-group 

relative to the aromatic ring. According to X-ray diffraction data [19], the p-CNB molecule 

exhibits a two-fold orientational disorder of the NO2/Cl substituents, the center of the molecule 

being a center of inversion. It was found [20, 21] that at T ≈ 282.6 K p-CNB undergoes a first-

order phase transition. According to NQR (nuclear quadrupole resonance) and DTA (differential 

thermal analysis) data [20], above T ≈ 282.6 K the crystal is a dynamically disordered 

monoclinic structure, space group P21/c (Z = 2), (phase I) [21], where Z is the number of 

molecules in the unit cell. When cooled to low temperature, supercooled state of phase I 

transforms into an orientational glass (Tg = 245 K [22, 23]), in which the molecular reorientation 

is kinetically frozen in. Then, on annealing the supercooled state of phase I transforms at T ≈ 250 

K into the stable phase II as a result of an irreversible first-order phase transition [20]. The 

investigation by means of X-ray diffraction study of polycrystalline p-chloronitrobenzene phase 

II revealed a monoclinic ordered structure of space group P21 (Z = 2) [21]. An schematic 

representation of the ordered and disordered molecular arrangements is shown in Fig. 3 of 

reference [21]. The material shows quite intensive thermal motion with strong constrains 



concerning the motion of the oxygen atoms relative to each other, which causes asymmetric 

libration of the nitro-group in the whole temperature interval [19].  

 PCNB (pentachloronitrobenzene, C6Cl5NO2) is another example of hexasubstituted 

benzene molecule displaying well-defined disorder in the solid state involving exclusively 

orientational disorder while the molecular centers of mass form an ordered lattice (Tm = 415 K, 

Tg = 191 K [24]). DSC (differential scanning calorimeter) and TSDC (thermally stimulated 

depolarization currents) investigations [25] showed that the reorientational motion of the 

molecule proceeds in the plane of the aromatic ring – about the axis perpendicular to the ring. 

PCNB has a layered rhombohedral structure, space group 3R  (Z = 3) [26]. It may be 

considered as a strongly anisotropic crystal with low-dimensional orientational disorder [27]. 

Monte Carlo computer simulations [26] show that each site of the rhombohedral lattice 3R  in 

PCNB contains a molecule with six different equally probable orientations, which ensures the 

existence of a six-fold like symmetry around an axis perpendicular to the benzene ring. Besides, 

in the interval from room temperature to 5 K the dynamic disorder does not change essentially, 

except for a possible attenuation of the nitro-group libration (out-of-plane librations). It is found 

that the potential energy profile has six equal minima corresponding to the six-fold rotation of 

the molecules. Recent dielectric studies as a function of pressure and temperature probe that the 

orientational dynamics of PCNB is highly anisotropic and the system exhibits a double primary 

relaxation feature associated with the in-plane and out-of-plane molecular dipole reorientations 

[28].  

 Freons F-112 (CFCl2-CFCl2) and F-113 (CCl2F-CClF2) are materials displaying 

orientationally disordered phases (plastic phases) below the melting temperature [29]. In 

addition, both materials display internal molecular degrees of freedom, in particular rotation 

about the chemical C–C bond, which allows the existence of several conformers. The molecules 

of F-112 and F-113 have a dumb-bell shape and can exist in gauche or trans conformational 

states (F-112) [30] or in the states Cl and CS (F-113). Freons F-112 and F-113 are mixtures of 

conformers, the proportion of which being temperature dependent. 

 F-112 displays a complex thermal behavior as revealed by different thermal anomalies. 

On cooling from the liquid state, a body-centered cubic phase appears at ca. 300 K. Such a phase 

displays, as the liquid state, a mixture of gauche and trans conformers [30].  On further cooling, 

the conformational degree of freedom is arrested at ca. 130 K, in such a way that proportion of 

conformers is stuck, but molecules can still reorient as a whole within the plastic phase. At lower 

temperature, the orientational disorder of the plastic phase is frozen at Tg = 90 K [29] and thus an 



orientational glass appears. Finally, at 60 K a thermal anomaly was described and attributed to a 

secondary relaxation. 

 As far as the Freon F-113 is concerned, the heat capacity measurements in the interval 

6 K - 300 K revealed also the existence of ordered and orientationally disordered phases [31, 32]. 

The phase with dynamic orientational disorder forms below the melting point, Tm = 238 K. This 

body-centered cubic phase can be easily supercooled to form an orientational glass at Tg ≈ 72 К 

[30]. Above 120 K the molecules can undergo large-angle fluctuations as well as C1 - CS or CS - 

C1 conformational transitions; below 120 K the molecular motion reduces to reorientation and 

small-angle torsional fluctuations [33]. Both F-113 and F-112 are known to be very fragile 

systems, i.e. systems in which the reorientational relaxation time changes strongly with 

temperature when approaching the glass transition temperature [34, 35].  

  

3. Experimental technique 

The starting materials p-CNB and PCNB were powders purchased from Sigma Aldrich 

with of chemical purity over 99%. The polycrystalline p-CNB and PCNB samples for 

measurements of thermal conductivity were prepared by mechanical compression (1500 kg/cm2) 

at room temperature, so both of them in the orientationally disordered phase. Geometrically, the 

samples were cylinders of 5 mm in diameter and 12 mm in length. The thermal conductivities of 

p-CNB and PCNB were measured in the setup using the method of a steady-state linear heat 

flow [36, 37]. Initially, the thermal conductivity was measured in the orientationally disordered 

phase (T = 30 K - 220 K). As for the orientationally ordered phase of p-CNB, it was obtained in 

the setup by a non-equilibrium solid - state first order phase transition in the sample through 

annealing 72 hours at T ≈ 250 K [20]. The phase transformation was controlled by measuring the 

thermal conductivity changes.   

The measurements on freons were made using the following materials: 1,1,2,2-

tetrachloro-1,2,-difluoroethane (CCl2F–CCl2F, F-112) purchased from ABCR GmbH& Co. KG 

with purity better than 99% and 1,2,2-trichloro-1,1,2- trifluoroethane (CCl2F–CClF2, F-113) 

purchased from Sigma-Aldrich with purity higher than 99.9%. The thermal conductivities of F-

112 and F-113 were measured under equilibrium vapor pressure in the setups using the method 

of a steady-state linear heat flow. Two samples of Freon F-112 were measured at two different 

setups. The thermal conductivity of sample 1 of Freon F-112 in the temperature range 20 K -200 

K and the F-113 freon sample in the temperature range 14 K -123 K was measured at the setup 

[38, 39] in which the sample container was stainless steel tube. In this setup, a copper thermal 

shield is used to compensate radiation heat-losses effects during measurements of thermal 

conductivity. It surrounds the container with the sample. The measuring container is separated 



from the outer helium bath by a vacuum jacket. The vacuum in the jacket is maintained at a level 

of 10-5 – 10-4 Pa during the measurement of thermal conductivity. However, in order to be sure 

of the accuracy of the experimental data at temperatures where radiation effects may be 

significant, the thermal conductivity of sample 2 of F-112 was measured in the temperature 

range 110 К – 290 К at the setup [36, 37]. Measurements were performed under high vacuum 

and with four shields mounted around the sample, thus reducing the heat losses due to radiation. 

The experimental data of two samples of Freon F-112, obtained with two different setups 

perfectly match.  Samples of freons F-112 and F-113 were liquids at room temperature. 

Polycrystalline sample 2 of F-112 was grown in a cylindrical polyethylene ampoule (I.D. 8.7 mm 

and O.D. 10.0 mm). The temperature gradient was measured with thermocouple temperature 

sensors [36, 37]. The growth of samples and the obtaining of their different states occurred 

identically at two different setups. Orientational glass state was prepared by very fast cooling 

(above 50 K min−1) of the orientationally disordered crystal sample through the glass-transition 

region to the boiling temperature of liquid N2. The thermal conductivity of the orientational  

glass  state of freons  was  measured  at  gradually  decreasing  temperature from the temperature 

of liquid N2 to 20 K (for F-112) and from the temperature of liquid N2 to 14 K (for F-113) and 

then increasing temperature up to the maximum temperature of the experiment. During the 

measurements of the thermal conductivity in the high-temperature region (above 100 K) and at 

the transition from one experimental point to another, the change in the sample temperature by 

10 K and the establishment of the steady-state regime were 5-6 hours. At temperatures on the 

order of 14 K, the change in the sample temperature by 2 K and the establishment of the steady-

state regime amounted to about 2 hours. The experimental data did not depend on the rate of 

heating or cooling of the sample inside the obtained phase.  

The thermal conductivity of the empty polyethylene ampoule in the setup [36, 37] was 

measured previously in a wide temperature range. The thermal conductivity of solid sample 2 

freon F-112 was obtained by separating the heat flows over the ampoule walls and the solid 

freon sample. The temperature gradient along the sample was typically 0.2-0.3 K in steady-state 

regime, at measuring the thermal conductivity at a specific temperature. The maximum 

experimental systematic error was below 15% (caused mainly by the uncertainties in the sample 

geometry). The error estimated from the dispersion of the experimental points did not exceed 

±2% [36]. In the experiments with sample 1 of F-112 and F-113, the thermal conductivity of the 

empty stainless steel container also was measured previously. The thermal conductivity of solid 

sample was obtained by separating the heat flows over the sample container and the sample [38, 

39]. The random error in measuring the thermal conductivity did not exceed 3%. The total 



measurement error was ~ 10% and was mainly related to the systematic error, which was 

determined by measuring the geometric parameters of the container.   

 

4. Experimental results  

 The temperature dependence of the thermal conductivity measured on p-CNB crystals in 

the orientationally ordered and disordered phases and on the orientationally disordered PCNB 

(T = 30 К – 260 К) are shown in Fig. 1 in log-log scale.  Previously, the thermal conductivity of 

orientationally disordered PCNB was measured at lower temperatures (4 K - 110 K) [27], which 

are also indicated in the figure, for comparison. It is seen that in the case of PCNB our data are in 

good agreement with the literature data in the temperature range 30 - 110 К. The Fig. 1 also 

shows the glass transition temperatures Tg for p-CNB and PCNB (vertical dotted lines). The κ(T) 

of orientationally ordered p-CNB displays a bell-shaped curve, which is typical of orientationally 

ordered crystals below 100 K. As the temperature increases, the thermal conductivity grows too 

and reaches a maximum (κmax=3.3 W m-1 K-1) at Tmax =14 K. Usually, in molecular crystals, this 

increase is due to the scattering of long-wave phonons by defects (grain boundaries, dislocations) 

[40]. Then it falls to a minimum (κmin≈ 0.4 W m-1 K-1) at Tmin≈ 188 K and from there it continues 

to grow anomalously up to κ ≈ 0.5 W m-1 K-1 at the highest temperature of measurement (≈ 260 

K). 

The thermal conductivity κ(T) of the orientationally disordered p-CNB is much lower and 

than for the ordered counterpart phase, as typically found in glasses. From 30 K to 77 K, the 

thermal conductivity grows slightly and flattens out within the temperature range between  77 K 

and 100 K. Above T = 100 K, κ(T) increases anomalously up to κ ≈ 0.17 W m-1 K-1 at the 

highest temperature of measurement (≈ 220 K < Tg = 245 K).  

The thermal conductivity of the orientationally disordered PCNB shows a similar glass-

like behavior. However, the temperature interval of the plateau was found to be much broader, 

ranging between 30 К and 110 K. The value of κ(T) was low but about 2.5 times higher in the 

plateau region as compared to p-CNB. Similarly, when temperature increases from 110 K till the 

highest temperature of the measurements, ca. 260 K (> Tg = 191 K), κ(T) exhibits an anomalous 

growth. 
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Fig.1. The temperature dependence of the thermal conductivity of the investigated crystals: 

p-CNB – orientationally ordered (○); orientationally disordered  ();  PCNB – orientationally 

disordered (▲). Lines: (1) - κ1(Т) = А/Т + В; (2, 3, 4) - κ(Т) = κ1(Т) + κТА(Т), where 

κТА(Т) = κ0 ехр(-Е/kBТ). The parameters A, B, E and κ0 are shown in Table 1. Pink solid line (5) 

is smoothed data of PCNB [27]. Vertical dotted lines are the glass transition temperatures for 

p-CNB (blue line) and PCNB (pink line). 

 

The measured thermal conductivities of freons in the orientational glass state and in the 

orientationally disordered phase are illustrated in Fig. 2 in log-log scale. The values of the 

thermal conductivity of two F-112 samples, obtained with two different setups are virtually the 

same within the temperature range 110 - 200 К. The values measured on sample 1 of F-112 in 

the temperature range 20-140 К are virtually the same as those previously reported below 100 K 

[41] and 140 K [33], these data are also shown in Fig. 2, for comparison. The figure also shows 

the glass transition temperatures Tg for F-112 and F-113 (vertical dotted lines).  



 

 

κ,
 W

 m
-1
K-1

T, K

1

F-113

F-112
2

3

4

10 100

1

0.1

TgTg

 

Fig. 2.  The temperature dependence of the thermal conductivity of freon crystals. F-112:  this 

work, samples 1 (◊), and 2 (▼), ∗ is data from [33]. F-113: this work (stars). ■ is data [42] for 

freon HFC-134a. Lines: (1, 3) - κ1(Т) = А/Т + В; (2, 4) - κ(Т) = κ1(Т) + κТА(Т), where 

κТА(Т) = κ0 ехр(-Е/kBТ). The parameters A, B, E and κ0 are given in Table 1. Color solid lines are 

smoothed data of F-112 [41] (red line) and F-113 [33] (green line). Straight dotted lines are the 

glass transition temperatures for F-112 (red line) and F-113 (green line). 

 

At low temperatures in case of F-112 κ(T) displays the typical glasslike behavior: on 

increasing temperature from 20 K to 60 K, κ(T) has a plateau and then decreases to a minimum, 

κmin ≈ 0.08 W m-1 K-1, at T min ≈ 112 K (> Tg = 90 K).  The thermal conductivity of F-112 

increases anomalously above Tmin up to the highest temperature of measurement, T = 290 K, 

reaching a value of ca. 0.3 W m-1 K-1. The experimental findings for F-113 across the 

temperature range 14 К - 123 K (> Tg = 72 K) coincide with earlier measurements at low 

temperature [33] (smoothed values are shown in Fig. 2 solid color line). When increasing 

temperature from 14 K to 77 K, the thermal conductivity first drops to its minimum 

κmin ≈ 0.16 W m-1 K-1, i.e. exhibits a crystal-like behavior, as in F-112, and then starts to grow 



anomalously with temperature. Here it must be emphasized that in [42] also the growth of κ(T) 

of freons HFC-32, HFC-125, and HFC-134a in the temperature region near the melting was 

noted. For comparison, Fig. 2 shows the literature data [42] for freon HFC-134a. In freons F-112 

and F-113 at temperatures above the low-temperature plateau, a feature is observed in the form 

of a shoulder-like abrupt change in the slope of the curve κ(T). This feature can be associated 

with thermal activation jumps between orientational states similar to those in C60 crystals [43]. 

However, our work is aimed at studying the anomalous behavior of κ(T) in the temperature 

region above Tg.  

Note that κ(T) of the orientationally ordered crystal p-CNB and orientational glasses 

F-112 and F-113 exhibits a normal behavior in the temperature regions T = 15 К -115 K, 60 К -

112 K and 18 К-60 K, respectively, but changes anomalously at higher temperatures (see Figs. 1 

and 2). The normal behavior is mainly governed by phonon - phonon scattering and the 

anomalous changes are attributed to a new mechanism of heat transfer by high-energy 

excitations [11].  

The high temperature behavior of κ(T) in molecular crystals within the temperature 

interval where phonon-phonon scattering is dominant is currently approximated by a sum of two 

independent contributions, phonons and diffusons [2, 6, 8, 10-13]: 

κ1(Т) = А/Т + В.                                                               (1) 

The term A/T is the contribution of the three-phonon processes of scattering (propagating 

phonons), while the term B, temperature-independent, describes additional heat transfer by 

localized excitations (diffusons).  The contributions A (phonon) and B (diffusive) can readily be 

determined by plotting the product Т·κ(T) as a function of temperature (not shown). Table 1 

collects the obtained A and B values for the studied phases through eq. (1)  for the orientationally 

ordered crystal p-CNB and orientational glasses F-112, F-113 in the temperature regions 15 К-

115 K, 60 К-112 K and 18 К-60 K, respectively. The dependence κ1(Т) is shown in Figs. 1 and 2 

(dashed lines). The parameter A describes the intensity of the processes of phonon scattering. In 

the orientationally ordered p-CNB the phonon processes, described by the A parameter, are much 

more relevant than in freons F-112 and F-113 (see Table 1). In F-112 and F-113 these processes 

are close in magnitude and fully agree with previous published data [33]. Eq. (1) is also suitable 

to describe the behavior of the thermal conductivity in orientationally disordered phases of p-

CNB and PCNB in the temperature interval in which the κ(T) “plateau” extends. However, in 

this case the first term is A = 0 W m-1 because phonon-phonon scattering is absent in those 

orientationally disordered phases for which such a disorder concerns exclusively rotations 

around one axis (in both cases perpendicular to the benzene ring).   



The increase of κ(T) with temperature was for the first time observed in triclinic para-

bromobenzophenone polymorph [11]. It was attributed to a new mechanism of heat transfer due 

to intramolecular modes which are thermally activated in the temperature interval where phonon-

phonon scattering is dominant. Later on, a similar effect was observed in monoclinic para-

bromobenzophenone polymorph [12]. A slight thermally activated increase of thermal 

conductivity in the high temperature region has also been observed in non-bromizated 

benzophenone compound in its stable orthorhombic α-form [13].  

 The contribution of intramolecular modes can be described within a simple model in 

which a thermally activated contribution κTA(T) to the thermal conductivity is approximated by 

an Arrhenius law with activation energy E [11-13]: 

κТА(Т) = κ0 ехр(-Е/kBТ),                                                          (2) 

where κ0 is the pre-exponential factor characterizing the intensity of the thermally activated heat 

transfer and kB is the Boltzmann constant. The pre-exponential factor κ0 and the activation 

energy E of the studied samples were determined following the same procedure as that used in 

[11-13]. Thermal conductivity, neglecting the contribution of low temperature defects, can be 

described as: 

κ(Т) = κ1(Т) + κТА(Т).                                                          (3) 

Thus, by subtracting the κ1(T) contribution to the total thermal conductivity, κ(T), the 

temperature dependence of κTA(T) can be analyzed by plotting ln(κTA(T)) vs 1/T. The results 

obtained were approximated by a straight line of ln(κTA) vs T -1, regardless the glass transition 

temperature value. The slope of the straight line contains the activation energy E in Eq. (2). As 

an example, such a plot is illustrated for freon F-112 in Fig. 3. It clearly shows that the function 

provides a good description of the experimental results in the high temperature region 135 K – 

290 K.  
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Fig. 3.  The semi-logarithmic plot of the thermally activated contribution for two F-112 samples. 

Symbols (identical to those in Fig. 2) – experimental results. The straight line is the dependence 

ln(κTA) versus T -1, E=690 K is the activation energy, κ0 = 2.8 W m-1K-1. 

  

Following the described procedure, the dependences κ(T) are illustrated as solid lines in 

Fig. 1 for the orientationally ordered crystal p-CNB (T > 15 K), the orientationally disordered 

p-CNB and PCNB (T > 77 K and T > 30 K, respectively), and Fig. 2 for F-112 (T > 60 K) and F-

113 (T > 18 K); the parameters A, B, E and κ0 are gathered in Table 1.   

  

5. Discussion 

 The anomalous behavior of thermal conductivity can be attributed to an additional effect, 

thermally activated, of some intramolecular modes. According to the model of thermally 

stimulated hopping [11], not only standard phonons and diffusons, but also high-frequency 

localized modes (e.g., intramolecular modes of flexible molecules and other localized 

excitations) can act as heat transfer agents. The heat transport is generated through the 

interaction of ordinary vibrational modes of the acoustic branch and localized vibrational 

excitations [3]. 



 In terms of the new approach based on the analysis of the Green – Kubo modes, it is 

shown for simple systems [44, 45] that the contribution of intramolecular modes to thermal 

conductivity depends on a great variety of factors, such as crystal structure, anharmonicity of 

molecular interactions, degrees of coupling (hybridization) of vibrational, rotational, 

intramolecular modes and so on. 

 The anomalous behavior of high-temperature thermal conductivity in para- 

bromobenzophenone polymorphs [11, 12] and orthorhombic benzophenone (α - form) [13] was 

interpreted on the basis of thermally stimulated hopping of excitations. It was assumed that the 

heat transport in these materials was performed through intramolecular vibrations of the flexible 

molecules of benzophenone and its derivatives. 

 A thermally activated contribution (activation energy E = 700 K) to the thermal 

conductivity was also detected in the stable orientationally ordered orthorhombic phase of 

2-adamantanone (C10H14O) [18]. The effect was attributed to the thermally stimulated hopping of 

low-energy excitations. 

 In this study the measured thermal conductivity is described using Eq. (3) for the 

monoclinic disordered phase of 2-adamantanone (Tg = 132 K [46]). Eq. (3) was also used to 

describe the thermal conductivities of orthorhombic and monoclinic phases of 2-adamantanone 

[18] (see the parameters A, B, κ0 and E in Table 1).  The parameter A = 15 W m-1 accounts for 

the intensity of phonon-phonon scattering in the monoclinic disordered phase. In the 

orthorhombic ordered phase, most likely, the phonon-phonon interaction is completely masked 

by scattering of phonons by defects, which is not surprising:  the monoclinic sample was a good-

quality coarse-grained polycrystal, while the orthorhombic ordered phase prepared by a thermal 

cycling procedure gave rise to a highly defected structure, especially at the grain boundaries and 

dislocations [18]. This may be the reason why the diffuse contribution (parameter B) in the 

monoclinic disordered phase exceeds by three times that of the orthorhombic one. In the 

monoclinic phase the activation energy E is about 1.3 times higher and the pre-exponential factor 

κ0 is 2.2 times lower than the corresponding value in the orthorhombic phase. The anomalous 

increase in the thermal conductivities of the two 2-adamantanone polymorphs is evidenced by 

the increase of their heat capacities with temperature [18]. Although the polymorphs have 

different thermoconducting properties, the temperature dependences of their heat capacities are 

close in behavior and value. In the high temperature region the heat capacity increases linearly 

with temperature, which is reasonable since the heat capacity contributions come from all kinds 

of excitations, including the local excitations inherent in the molecule itself. 

 The activation energy of the orientationally ordered crystal p-CNB is E = 550±40 K 

(382±36 cm-1). In the orientationally disordered p-CNB E = 650±50 K (451±35 cm-1). The 



values of the activation energy E in the orientationally ordered and the orientationally disordered 

p-CNB crystals differ only slightly (within the accuracy of measurements). Apparently, in the 

case of p-CNB, the activation energy can be associated with closely spaced modes: either with 

torsion mode (E = 401 cm-1) or with wagging mode (E = 468 cm-1) of the nitro-group of the 

flexible molecule p-CNB [47].  

 In the case of an orientationally disordered PCNB crystal, the value of the activation 

energy is E = 900 ± 50 K, quite different from the activation energy of crystal p-CNB. This is 

probably due to the fact that the replacement of four hydrogen atoms in the p-CNB molecule by 

four chlorine atoms leads to an increase in the strength of the bonds between the nearest 

neighbors in the crystal. This can effectively make the PCNB molecule more rigid than the 

p-CNB molecule.  

 The activation energy in freon F-112 is E ≈ 690 K (≈ 480 cm-1). Our value is close to the 

absorption frequencies corresponding to lines 471 cm-1 and 482 cm-1 in the IR transmission 

spectra taken on liquid and solid F-112 [48]. 

 As for the activation energy in freon F-113 a value of E ≈ 300 K (≈ 208 cm-1) is obtained. 

The harmonic frequencies and intensities of bond vibrations for such a molecule were calculated 

in terms of the density functional theory for two F-113 conformers [49]. It was shown that the 

vibrational frequencies corresponding to rocking of the CFCl2 and CF2Cl groups and bending of 

the Cl–C–C–Cl bonds in the F-113 molecule are close to our values. The activation energy in 

F-112 is greater than for F-113. We draw attention to the fact that the activation energy of a 

group of similar substances is higher the higher the melting point.   For example, E and Tm for F-

112 is greater than for F-113 and the same relationship holds for PCNB and p-CNB. 

 The recent data on the thermal conductivity of crystalline 1-F-adamantane, Tg = 92 K [50, 

51] also evidence a thermally activated increase of thermal conductivity in the high temperature 

region. Experimental results on thermal conductivity can be also described by Eq. (3) (see A, B, 

κ0 and E for 1-F-adamantane in Table 1).   

 Of interest is the correlation between the pre-exponential factor κ0 and the activation 

energy E. Fig. 4 illustrates the dependence κ0(E): circles are the experimental results taken from 

the substances analyzed here and the solid red straight line is the dependence κ0(E) = β(E/Emin -

1), where β = 0.98±0.05 W m-1K-1 and Emin=165±10 K is the threshold energy, below which the 

thermal activation mechanism does not appear due to hopping of excitations. This means that for 

the thermoactivation mechanism to take place it is necessary that the energy of localized 

excitations be greater than the limiting energy of the phonon spectrum. The pre-exponential 

factors κ0 of two 4-BrBP polymorphs and two phases of p-CNB are shown in Fig.4 (different 

symbols). It is seen that κ0 is positive above the threshold energy Emin, which suggests that the 



thermal activation process is launched by the non-propagating locon vibrations [45, 52] whose 

frequencies are beyond the threshold frequency and above the Debye phonon spectrum. The 

vibrations at frequencies below the threshold frequency (propagons, diffusons) do not contribute 

to the thermal activation process. This is also evident from the very low Debye temperature 

ΘD < Emin of some analyzed substances (see Table 1). It has recently been demonstrated that 

localized modes (locons) are the responsible of the thermal conductivity increase at high 

temperature for amorphous SiO2 [52].  
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Fig.4. The pre-exponential factor κ0 versus the activation energy E for molecular compounds 

studied by us, and for quasicrystals according to the literature data. Symbols: circles are the 

experimental results of molecular substances, () – orientationally ordered p-CNB, (▲) – 

triclinic 4-BrBP polymorph. The stars correspond to the data for quasicrystals, the numbers in 

the figure indicate the chemical composition:  1 – i-Al72Pd19.5Mn8.5 [5]; 2 – Al73Mn27 [54]; 3 – 

APFe7 [55]; 4 – APCo15.5 [55]; 5 – ARh24 [55]; 6 – T-Al73Mn27 [56]; 7 – T-Al73Mn25Pd2 [56]; 8 – 

T-Al73Mn23Pd4 [56]; 9 – T-Al73Mn21Pd6 [56];  10 – T-Al73Mn25Fe2 [57]; 11 – T-Al73Mn23Fe4 

[57]; 12 – d-Al73Mn21Fe6 [57]; 13 – APFe2 [55]; 14 – Al64Cu23Fe13 [58]. The straight lines are 

the dependencies κ0(E) = β(E/Emin - 1). Meaning ofof parameters Emin  and β  are given in the 

text.  

  



 The dependence of κ0 on Emin is unexpected, but the fact that this dependence does not 

exist in the whole energy range, but beginning with some threshold energy, most likely, is 

determined by the interaction of isolated localized excitations of soft molecules with excitations 

of continuous acoustic spectrum. Apparently, such an interaction is associated with strong 

anharmonicity of some modes of vibrational motion of soft molecules in a crystal. It should be 

emphasized that the linear approximation κ0(E) describes well the experimental data of the 

studied substances at small values of the activation energy. In the case of orthorhombic 

2-adamantanone and PCNB, a deviation from the linear dependence is observed.  

Note that the modes which do not interact with one another or other vibrational modes 

have no noticeable effect on thermal conductivity. The anomalous increase of thermal 

conductivity was also observed in the anisotropic crystal CsDy(MoO4)2 [53] and in quasi-

crystals [4, 5, 7, 54-58]. Such increase was explained qualitatively by the process of 

hybridization between different types of excitations. Figure 4 shows the dependence κ0(E) for a 

group of quasicrystals: stars are the experimental results taken from [5, 54-58]. These 

experimental data are well described by a linear dependence κ0(E) = β(E/Emin - 1), dash black 

line, where β = 1.4±0.1 W m-1K-1 and Emin = 46.7±3 K is the threshold energy for quasicrystals. 

It can be seen that in the region of low activation energies, both for molecular substances and for 

the case of quasicrystals, a linear dependence of the pre-exponential factor on the activation 

energy of the same type is observed. 

  

6. Conclusions 

 The temperature dependence of thermal conductivity has been investigated by the steady-

state linear heat flow method. The materials were specially selected as molecular polycrystals 

consisting of flexible molecules: p-CNB in orientationally disordered (T = 30 K – 220 K, 

Tg = 245 K) and orientationally ordered (T = 9 K – 260 K) phases, PCNB in an orientationally 

disordered phase (T = 30 K – 260 K, Tg = 191 K) and in an orientational glass and plastic phases 

of freons F-112 (T = 20 K – 290 K, Tg =90 K) and F-113 (T = 14 K – 123 K, Tg = 72 K) in the 

high-temperature dynamic disordered phase as well as in the orientational glass domain. The 

new results show that along with its usual behavior at low-temperature, the thermal conductivity 

of the investigated substances exhibits an anomalous increase at high temperatures. In a wide 

interval of temperatures the thermal conductivity of ordered p-CNB (16 K – 260 K), disordered 

p-CNB (75 K – 218 K, Tg = 245 K), disordered PCNB (30 K – 259 K, Tg = 191 K), F-112 

(55 K – 290 K, Tg = 90 K) and F-113 (18 K – 123 K, Tg = 72 K) can be described as the result of 

two terms,  κ(Т) = κ1(Т) + κТА(Т). The first term κ1(Т) = А/Т + В accounts for the contributions 

of phonon-phonon scattering (A/T) and the temperature-independent B presents an additional 



mechanism of heat transfer induced by diffuse phonon scattering. Phonon-phonon scattering is 

absent in disordered p-CNB and PCNB. The term κТА(Т) is a thermally activated contribution 

with activation energy E. It is described by the Arrhenius equation κТА(Т) = κ0 ехр(-Е/kBТ). The 

results obtained are compared with the data taken for other crystals exhibiting an anomalous 

increase in thermal conductivity with temperature. It has been found that in molecular crystals 

(in orientationally ordered, orientationally disordered, with different structures) formed by 

flexible molecules, an increase of κ(Т) with increasing temperature is observed in the high-

temperature region. This increasing is typical for the thermal activation mechanism of heat 

transfer by low-energy localized molecular excitations.  In addition, it is found that the pre-

exponential factor κ0 is linearly dependent on the activation energy, an experimental fact that 

reveals the existence of an energy threshold for the thermally activated new mechanism of heat 

transport.   

 The new mechanism is initiated by thermally stimulated hopping of excitations, 

presumably related to intramolecular vibrations of the group NO2 in p-CNB, rocking of the 

groups CFCl2 and CF2Cl in F-113 and/or strongly anharmonic excitations. The results obtained 

are compared with literature data on intramolecular vibrational energy. The information derived 

extends our knowledge of the nature of thermally stimulated heat transfer in molecular crystals, 

especially those displaying some kind of disorder for which straightforward calculations from 

first principles cannot provide phonon velocities and thus prediction of thermal conductivity is 

not possible. 



Table 1. The parameters A, B, E and κ0 in Eqs. (1), (2) and (3) used to describe the temperature 

dependence of the thermal conductivity coefficient in the investigated substances: ΔТ is the 

temperature interval in which the experimental results are well described by Eq. (3); ΘD is the 

Debye temperature; Tg is the glass transition temperature; Tmin is the temperature at the thermal 

conductivity minimum. For comparison, see the corresponding parameters for two 

4-bromobenzophenone polymorphs [11, 12], benzophenone [13], two 2-adamantanone 

polymorphs [18, 46] and 1-F-adamantane [51].  

Substance ΔТ, К 

κ1(Т) κТА(Т) 

ΘD,  

К 

Tg, 

K 

Tmin, 

K 

А,  

W m-1 

В, 

 W m-1К-1 

κ0,  

W m-1К-1 

Е, 

 К 

p-CNB, 

orientationally 

ordered 

16 - 260 52±1 0.02±0.005 1.9±0.3 550±40   

- 

 

≈ 188 

p-CNB, 

orientationally 

disordered 

75 - 218 0 0.0688±0.005 2±0.5 650±50  245  

[22, 

23] 

 

- 

PCNB, 

orientationally 

disordered 

30 - 259 0 0.181±0.005 8.5±1.5 900±50 66  

[27] 

≈ 191 

[24]  

 

- 

F-112 
 

55 - 290 7.8±0.3 

[33] 

0.02±0.003 

[33] 

2.8±0.5 690±50 76 

[41] 

≈ 90 

[29] 

≈ 112 

F-113 18 - 123 5.0±0.2 

[33] 

0.085±0.005 

[33] 

0.9±0.2 300±30 80 

[33] 

≈ 72 

[33] 

 

≈ 75 

4-BrBP, triclinic  8 - 303 29.5±1.0 

[11] 

0.21±0.05 

[11] 

4.2±0.5 

[11] 

715±50 

[11]  

 

- 

≈ 150 

 [11] 

4-BrBP, 

monoclinic  

30 - 320 15±1.0 

[12] 

0.15±0.05 

[12] 

4.2±0.5 

[12] 

755±50 

[12]  

 

- 

≈ 120 

[12] 

Benzophenone 

[13] 

11 - 270 12±1.5 

[13] 

0.16±0.06 

[13] 

0.43±0.02 

[13] 

220±20 

[13]  

 

- 

≈ 100 

[13] 

2-adamantanone, 

monoclinic [18] 

35 - 200 15±0.5 0.355±0.01 4±0.5 900±50 124.4 

[18] 

 

≈ 132 

≈ 160 

[18] 

2-adamantanone, 

orthorhombic [18] 

29 - 185 0 0.12±0.003 9±0.5 700 

[18] 

124.4 

[18] 

 

- 

 

- 



1-F-adamantane 

[51] 

20-210 4.5±0.1 0.19±0.005 1.65±0.3 450±30 

 

92.3 

[50] 

≈ 90 

[51] 
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	F-112 displays a complex thermal behavior as revealed by different thermal anomalies. On cooling from the liquid state, a body-centered cubic phase appears at ca. 300 K. Such a phase displays, as the liquid state, a mixture of gauche and trans confor...

