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Abstract

:

The thermal conductivity, κ, of solid triphenyl phosphite was measured by using the transient hot-wire method, and its temperature and pressure dependencies were analyzed to understand heat transfer processes in the solid polymorphic phases, as well as in the glass and the exotic glacial state. Phase transformations and the structural order of the phases are discussed, and a transitional pressure–temperature diagram of triphenyl phosphite is presented. The thermal conductivity of both the crystalline and disordered states is described within the theory of two-channel heat transfer by phonons and diffusons in dielectric solids. In the glass and glacial states, the weakly temperature-dependent (glass-like) κ is described well by the term associated with heat conduction of diffusons only, and it can be represented by an Arrhenius-type function. In the crystal phases, the strongly temperature-dependent (crystal-like) κ associated with heat transfer by phonons is weakened by significant heat transfer by diffusons, and the extent of the two contributions is reflected in the temperature dependence of κ. We find that the contribution of diffusons in the crystal phases depends on pressure in the same way as that in amorphous states, thus indicating that the same mechanism is responsible for this channel of heat transfer in crystals and amorphous states.
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1. Introduction


Thermal conductivity, κ, is a property that is very sensitive to the structure of a substance, making it so that phase transitions can be easily detected, and the structural order of phases can be qualitatively determined by κ measurements. It is known that the κ of monatomic and simple molecular orientationally ordered crystals normally shows a maximum at low temperatures and then decreases strongly with increasing temperature [1]. The value of κ can vary by several orders of magnitude depending on the temperature, and the dependence is determined by the processes of phonon scattering. At temperatures, T, well above the thermal conductivity maximum, κ, of well-ordered crystals typically decreases with a dependence close to ~1/T (Eucken law), which is therefore associated with the crystal-like behavior of κ. This temperature dependence is due to phonon–phonon (three-phonon) scattering processes. In complex orientationally ordered molecular crystals, with several molecules in the unit cell, κ typically deviates from the Eucken law in the “high-temperature region”. In these cases, κ can be approximately represented by a sum of two independent contributions: the first term is the contribution of phonons scattered in phonon–phonon scattering processes (A/T, where A is a constant), and the second term is a constant contribution (B), i.e., a temperature-independent contribution, which takes into account the weaker temperature dependence of κ in complex crystals. It is associated with heat transport mediated by vibrations other than those described by (propagating) phonons, and these are sometimes termed diffusons [2,3,4,5,6,7,8,9]. Analyses of experimental results within this theoretical framework suggest that the value of B is related to the number of molecules in the unit cell of a crystal [9,10,11].



In amorphous substances, such as glasses and liquids, the κ demonstrates a completely different temperature behavior. The characteristic κ behavior of glasses, or glass-like behavior, is a low κ that increases weakly with temperature [1,12]. The behavior of κ(T) of complex molecular crystals changes from crystal-like toward glass-like with an increasing degree of structural disorder or increasing number of molecules in the unit cell; in some cases, it fully mimics that of glasses, e.g., in the case of inclusion compounds such as clathrate hydrates. Glass-like behavior of κ(T) in crystals has been known for decades, but none of the numerous attempts to provide an explanation has found general acceptance. The recent advances in the theory for complex crystals and glasses may provide an explanation, but further evaluation is required. It is therefore of interest to study and analyze the behavior of κ and the mechanisms of heat transfer in complex crystals.



Triphenyl phosphite (P(OC6H5)3, TPP) is an intriguing glass-former which has been actively studied for two decades; it exhibits the phenomenon of polymorphism and, perhaps, polyamorphism. The molecule of TPP has a branched shape and can exist in five stable conformations [13]. Over 20 years ago, Ha et al. [14] reported an exotic amorphous state in TPP which they termed a glacial state. They produced the glacial state by heating the glass state formed by rapid cooling of the liquid, which suggests that TPP can exist in two distinct amorphous states. Since then, many studies have focused on establishing the nature of the glacial state (amorphous or nanocrystalline) and the possibility that TPP might exist in two distinct liquid phases, with one of these associated with the glacial state. Studies of the phenomenon include measurements by adiabatic and differential scanning calorimetry (DSC) [15,16,17,18,19,20,21], nuclear magnetic resonance [18,22,23,24], broadband dielectric spectroscopy [20,25], fixed frequency dielectrometry [19], X-ray diffraction [16,22,26,27], Raman scattering [20,26,28], thermal conductivity [17], and neutron diffraction [29]. A review by Tanaka [30] discusses the possible existence of two or more liquids (and glasses) for a single-component substance, in particular for TPP. As discussed previously, there are conflicting views on the nature of the glacial state [17]. In a paper by Hédoux et al. [31], the authors analyze the transformation into the glacial state, which is interpreted as a heavily nucleated state composed of nanocrystals of the stable crystalline phase embedded in a matrix of non-transformed supercooled liquid. Demirjian et al. [22] investigated TPP up to pressures of 0.6 GPa and have shown that the glacial phase is well described as a plastic crystal composed of nano-crystallites. The results in a previous study of the thermal conductivity and heat capacity of TPP [17] show that the sluggish liquid-to-glacial-state transformation occurs at temperatures about 15 K above the glass transition temperature, Tg, and suggest that the final state is a heterogeneous mixture of nanocrystals and a mostly amorphous solid.



The crystallization behavior of TPP was recently investigated by DSC and infrared spectroscopy [32,33]; the results show that TPP can crystallize in two different phases at atmospheric pressure: a stable phase and a metastable phase. DSC runs on heating show that the metastable crystal melts at ∼291.6 K, while the melting temperature of the stable phase is ∼299.1 K [32].



Here we present a comprehensive study and analysis of κ of the various phases and states of TPP under pressure, P; it supplements a previous study of κ during the supercooled-liquid-to-glacial-state transformation [17]. In particular, we report the κ(T, P) behavior and the mechanisms of heat transfer in the solid TPP phases, including the stable and metastable crystalline phases, the glass, and the exotic glacial state. The analysis in terms of two-channel heat transport provides an important extension—the pressure dependence of κ—compared to previous studies. Moreover, phase transformations and the structural order of the phases are discussed, and a transitional pressure–temperature diagram of TPP is provided.




2. Results


The glass state of the sample was produced by cooling the liquid at a rate of 1.5–2.0 K/min to a temperature below the glass transition temperature, Tg; κ results of the glass state are summarized in Section 2.1, in the Results.



The glacial state was produced by heating the glass state to a temperature slightly above Tg and waiting for a complete transformation of the supercooled liquid (SCL) at constant conditions: 220 K at 0.00 GPa, 227 K at 0.05 GPa, 237 K at 0.1 GPa, and 296 K at 0.48 GPa. The glacial state was also produced by pressuring the liquid up to P = 0.48 GPa at T = 330 K. At the transition, κ increases weakly by Δκ ≈ 0.007 W m−1 K−1, see details in Ref. [17]. When the glacial state is heated, the sample crystallizes into a metastable crystalline state, which we have designated as crystal*II, at the transition temperature T*; κ results of the glacial state are presented in Section 2.2.



The temperature (and pressure) dependence and size of κ in polycrystalline phases depend on both the crystalline structure and the quality of the crystals, i.e., crystal sizes and disorder such as dislocations and stacking faults. Here we use κ(T) to identify two distinct (poly)crystalline phases, crystal I and crystal II, as well as a relatively stable pre-state of crystal II with significant disorder (crystal*II). Crystal I is a stable equilibrium polymorph with a high κ that strongly increases with decreasing T. Crystal II is a metastable polymorph that is easily distinguished from crystal I by its different κ characteristics, specifically the magnitude and temperature dependence of κ (see Section 2.3). Based on the transition and κ behaviors, we assert that crystal*II is the same polymorph as crystal II, but with many crystal defects that reduce the magnitude and temperature dependence of κ. (XRD studies were not carried out.) The phases were produced by several different P–T paths. Crystal*II was obtained by (i) liquid–solid transformation by heating from SCL, bypassing the sluggish SCL-glacial transformation, (ii) solid–solid transformation by heating from the glacial state, and (iii) liquid–solid transformation by compressing the SCL at quasi-isothermal conditions. In all of these cases, the transformation of the sample occurred while passing through the transition temperature, T*, without annealing; the κ of crystal*II shows only a weak temperature dependence (see Section 2.3). A sample that was annealed or slowly heated near T* showed gradually, and irreversibly, increasing values of κ with time due to an improved degree of crystallinity. This shows that phase II* is not a well-defined state, yet the changes are sufficiently small so that it is relevant to describe the general properties of phase II*. Upon further heating above T*, crystal*II transforms irreversibly and distinctly into crystal II. Polycrystalline samples of crystal II were also obtained at atmospheric pressure by cooling the liquid from 300 K to T ≈ 248 K and subsequent heating to T ≈ 270 K. When crystal II is heated above the transition temperature TI and annealed near the melting point under isobaric condition, it transforms irreversibly into crystal I. The stable polymorph crystal I was also obtained by liquid–solid transformation by cooling the liquid state and annealing just below the melting point at isobaric conditions.



2.1. The Thermal Conductivity of the Glass State


The results in Figure 1a show the isobaric κ(T) of TPP glasses. Cyan symbols are for cooling, and magenta symbols are for heating. The results differ slightly between heating and cooling, and this is due to slightly different pressures caused by the reversal of frictional forces [17] and temperature gradients caused by high cooling rates. The values of κ of the glass are low and only weakly temperature dependent, as is consistent with the general behavior of glasses and previously reported results for TPP [17]. For example, at 0.05 GPa, κ increases only 7.5% at a temperature increase of 110 K (run 04); likewise, at 0.48 GPa, κ increases 9.2% at a temperature increase of 150 K (run 11). The pressure variation of κ (=Δ ln κ/ΔP), calculated from the isobaric data at 150 K (Figure 1a), is 65% GPa−1, which is a typical variation for glasses; for example, it is the same as that for the glassy polymer poly(methyl methacrylate) [34]. The dashed line in Figure 1a shows the increase of the glass transition temperature, Tg, with increasing pressure.



The isobaric temperature behavior of the κ of glasses is well described by an Arrhenius-type function:


κ(T, P) = κ0(P) exp(−E/T),



(1)




where E is the activation energy expressed in K, and κ0 is a pre-exponential factor; it corresponds to the maximum (limiting) κ that the state attains at high temperatures. The solid lines in Figure 1a show the fitted Arrhenius functions, κ(T, P); the fitted functions and the experimental results agree within about 1%.



In order to determine the values of E and κ0, we have ln(κ) versus 1/T in Figure 1b (same symbols as in Figure 1a). The experimental data are well described by straight lines with the slope equal to −E (Equation (1)). The values of the two fitting parameters, the pre-exponential factor, κ0, and activation energy, E, are summarized in Table 1; E shows no systematic pressure variation, whereas, as expected, κ0 increases with increasing pressure.



Figure 2 shows the pre-exponential factor, κ0, as a function of pressure for TPP glass. Red symbols correspond to heating and cyan symbols correspond to cooling; see Table 1 for details. The results show that κ0 varies linearly with pressure:


κ0(P) = a + bP,



(2)




where a = 0.148 Wm−1K−1, and b = 0.113 Wm−1K−1GPa−1 is the rate of change of κ0(P) with pressure. The value of b is close to the value obtained for the isothermal pressure dependence of κ of the glass state: (Δκ/ΔP)T = 0.108 Wm−1K−1GPa−1, which was reported in a previous study of TPP [17]. For comparison, in Figure 2, we show the κ of liquid TPP as a function of pressure (solid black line, T = 332 K) and a fitted function: κ(P) = 0.136 Wm−1K−1 + 0.108 P Wm−1K−1GPa−1 (dashed black line). As shown, the pressure variations of κ0 of the glass (blue line) and the liquid (dashed black line) are almost identical; this is a consequence of the close structural relationship between the two states and shows that the kinetic unfreezing of molecular motions at the glass–liquid transition does not significantly affect the pressure dependence of κ.




2.2. The Thermal Conductivity of the Glacial State


The isobaric κ(T) values of the glacial state of TPP are shown in Figure 3; blue and cyan symbols are for cooling, and red and magenta symbols are for heating. (As discussed in Section 2.1, the results differ slightly between measurements on heating and cooling.) The thermal conductivity of the glacial state is low, about the same as that of the glass; as in the glass, the κ increases only weakly with temperature. For example, at 0.49 GPa, κ increases only 8.1% at a temperature increase of 150 K (run 104). Upon isothermal pressurization at 150 K, κ increases 47% GPa−1, as derived from the isobaric data at 0.05 and 0.5 GPa in Figure 3.



The temperature behavior of κ of the glacial state is similar to that of the glass, and the same function, Equation (1), was used to model the data. The solid lines in Figure 3 represent fits of Equation (1) to data for the κ(T) at 0.0 GPa, 0.10 GPa, 0.49 GPa, and 0.5 GPa. The values for E and κ0 were determined by the same procedure as that used for the glass, i.e., in plots of ln (κ) versus 1/T; as depicted in Figure 4, the linear variation of the plots, with the slope equal to −E, shows that Equation (1) also provides a good description of the κ(T) of the glacial state. Table 2 lists the two fitting parameters, E and κ0, for the κ(T) of the glacial state.



As in the case of the glass state, the value of the pre-exponential factor, κ0, increases with increasing pressure. Figure 5 shows the pressure variation of κ0 of the glacial state. Red symbols correspond to the results upon heating, and cyan symbols correspond to those upon cooling (see Table 2). The larger scatter in the κ0 of the glacial state compared to that of the glass state (see Figure 2) suggests that the κ of the glacial state is more thermal-history-dependent than the κ of the glass [17]. As depicted in Figure 5, κ0 changes about linearly with pressure and the fits of Equation (2) yield: a = 0.157 Wm−1K−1, b = 0.1 Wm−1K−1GPa−1 (red line, heating), and a = 0.147 Wm−1K−1, b = 0.1 Wm−1K−1GPa−1 (blue line, cooling). As found for the glass state, the value of b is close to the value reported previously for the pressure dependence of κ, (Δκ/ΔP)T = 0.114 Wm−1K−1GPa−1 [17].



For a direct comparison between the κ0(P) derived from isobaric measurements and values derived from isothermal measurements, we calculated the κ0 from datasets of κ(P) at constant temperatures. Direct measurements of κ(P) of the glacial state were carried out by pressurization at 237 K and depressurization at 295 K; Equation (1), with the average value of E (=15 K), yields the κ0(P), and the results are depicted in Figure 5. A fit of Equation (2) to the dataset at 295 K yields a = 0.176 Wm−1K−1 and b = 0.083 Wm−1K−1GPa−1 (black dashed line). As shown in Figure 5, the pressure dependence is essentially the same for the different datasets, whereas the magnitudes differ slightly. The latter suggests that the magnitude of the κ0 of the glacial state depends slightly on the thermal history.



Comparing the κ(T, P) values of the glass and glacial states of TPP, it is obvious that the behavior is remarkably similar with low values for κ, which increases only weakly with increasing temperature and pressure. This similarity, which suggests a structural relationship between the glass and glacial states, is demonstrated quantitatively by the similar values of the parameters of Equations (1) and (2), i.e., E, κ0, a, and b. We note, however, that although the κ of a glass is known to be dependent on thermal history, this dependence is smaller than that for the glacial state [17].




2.3. The Thermal Conductivity of Crystal I, Crystal II, and Crystal*II


The temperature behavior of the κ of crystals in the region where phonon–phonon scattering processes predominate is depicted in Figure 6. Figure 6a shows the κ(T) of the stable crystal I phase of TPP at 0.48 GPa (run 14b) and κ(T) of the metastable crystal II phase at 0.45 GPa (run 8c). At these relatively high temperatures, phonon–phonon scattering is the dominant phonon-scattering mechanism in crystalline phases. As a consequence, both the magnitude of the κ and its temperature dependence differ radically from the κ(T) of the glass and glacial states (see Figure 1a and Figure 3). In particular, in this temperature range, the κ of crystals decreases with increasing temperature. We also note that the κ of crystal I is about 10% higher at 340 K and more dependent on temperature than that of crystal II. These features are indicative of higher crystalline order or fewer molecules per unit cell in crystal I than in crystal II.



In the temperature range where phonon–phonon-scattering processes predominate, the κ(T) of molecular crystals follows a model that includes two additive independent contributions (see, for example, refs. [2,3,4,5,6,7,8,9]. In this model, κ(T) can be expressed as follows:


κ(T) = A/T + B,



(3)




where A/T is the contribution from phonons (propagating phonons), which are scattered in phonon–phonon processes, with A being a parameter that depends on, for example, lattice anharmonicity and phonon velocity; the second term, B, is a temperature-independent contribution associated with diffusons [3,4,5,35]. The thermal conductivity of all crystalline phases of TPP is well described by Expression (3), as shown by the solid lines in Figure 6a. To determine the contributions from phonons (A/T) and diffusons (B) in Equation (3), κ(T) ·T is plotted against temperature in Figure 6b; the slope determines the contribution of diffusons B, and A is the intercept. Table 3 shows the A and B values of crystal I and crystal II at various pressures.



Figure 7 depicts the κ(T) of crystal*II of TPP at various pressures, and the black solid lines are the fits of Equation (3). The fitting parameters (A and B) were determined in the same way as for crystals I and II and are listed in Table 3. The good agreement between the fitted lines and the experimental data shows that the model (Equation (3)) provides a good description of the κ(T), at least up to the range indicated by the shaded zone in Figure 7, which we refer to as the annealing region.



In the low-temperature range of the shaded zone, the κ of TPP remains almost constant in a narrow range of about 17 K (see runs 62b, 27b, 32, and 50a); however, upon further heating toward the crystal*II to crystal II transition temperature, TII, we note an annealing effect in the κ(T) of crystal*II. This is manifested by an irreversible increase of the κ upon heating, where the irreversibility is observed through a slight time-dependence in κ, as well as a higher κ upon subsequent cooling than upon first heating. This is demonstrated by temperature cycling at 0.48 GPa: first heating, run 49a → subsequent cooling, run 49b; second heating, run 50a → second cooling, run 50b → third heating, run 50c. The irreversibility is likely due to sluggish growth and reformation of crystals that increase the crystal quality on annealing to temperatures in the upper range of the shaded zone in Figure 7.



The results in Figure 7 also show that the κ increases with pressure. The arrow in Figure 7 indicates the direction of the increasing pressure. For example, at T = 200 K, the κ of TPP at 0.48 GPa (run 49a) is 1.3 times higher than that at 0.05 GPa (run 05).



Table 3 shows the results of fitting Equation (3) to the κ(T) of the crystalline phases I, II, and *II; the three phases can be clearly distinguished because of their different κ(T) behavior, which is quantified in the parameter values of A and B. The stable polymorph crystal I shows the highest value for A; the A value of metastable polymorph crystal II is about 2–3 times less, and crystal*II shows the lowest A value, about 20 times less than that of crystal I. The contribution of diffusons, as specified by B, shows the opposite behavior. That is, it is largest in phase *II and least in phase I; the difference is about 30% at atmospheric pressure. These differences typically reflect the effect of a changing crystalline structure.



Figure 8 depicts the pressure dependence of the parameters A and B in Equation (3) for crystal phases I, II, and *II. Figure 8a shows the pressure dependence of A, which is proportional to the pressure dependence of the phonon contribution to the κ at constant temperature. Symbols are experimental values, and straight lines (1, 2, and 3) are linear approximations for crystal I, crystal II, and crystal*II, respectively.



The relatively weak pressure dependence of A can be described by linear functions and shows that the κ associated with phonons increases roughly linearly with pressure; thus, the parameter A varies as follows:


A(P) = Aav + (dAav/dP)·P,



(4)




where Aav is an average value at atmospheric pressure, and dAav/dP is the constant rate of change with pressure. The values of Aav and dAav/dP for crystal I, crystal II, and crystal*II are shown in Table 4. Crystal I shows the largest increase of A with increasing pressure, crystal*II shows the least growth, and crystal II shows an intermediate behavior.



Figure 8b shows the pressure dependence of B, which is the diffuson contribution to the κ. Experimental values are represented by symbols, straight lines (1, 2, and 3) are linear approximations for the cases of crystal I, crystal II, and crystal*II, respectively. Lines (1, 2, and 3) show that the contribution of diffusons, B, increases roughly linearly with a pressure like that for the glass and glacial states:


B(P) = Bav + (dBav/dP)·P,



(5)




where Bav is an average value at atmospheric pressure, and dBav/dP is the rate of change with pressure. The values of Bav and dBav/dP for the crystal phases are shown in Table 4, together with the parameters a and b in Equation (2) for the glass and glacial states.




2.4. Phase Transformations


Triphenyl phosphite exists in two different crystalline polymorphous structures and two solid polyamorphous states: a glass state and a glacial state, which are vitrified states of the supercooled liquid phase or, in the two-liquid model, vitrified states of two different liquid phases. The transformations between these were detected during measurements of the κ(T, P) of TPP. Liquid-to-glass transitions occurred upon cooling and pressurization, and glass-to-liquid transitions upon heating and depressurization. The transformation from the (supercooled) liquid to the glacial state was detected upon very slow heating and long-time annealing at temperatures slightly above the glass transition [15,16,31]. Moreover, glacial-to-crystal and liquid-to-crystal transitions, as well as crystal–crystal transitions, were also detected upon further heating. Figure 9 shows typical examples of transition sequences. The arrows indicate the direction of temperature and κ change. The transition temperatures are indicated by dashed lines: the transition temperature of glass to (supercooled) liquid, Tg (black); the crystallization temperature crystal*II, T* (cyan), the transition temperature of crystal*II to crystal II, TII (gray); and the transition temperature of crystal II to crystal I TI (green). The red line indicates the melting temperature.



Figure 9a shows the κ measured upon heating at 0.3 K/min at 0.05 GPa (run 04) after it had been cooled from the liquid phase at 1.9 K/min at 0.05 GPa. The results show that the sample is initially in the glass state and that it passes through the Tg at about 219 K, which produces an artificial peak in the κ due to the time-dependent heat capacity in the glass-to-liquid transition range [36]. On further heating, the supercooled liquid phase crystallizes into crystal*II at T*, and the κ increases approximately 1.3 times. With this thermal treatment, i.e., heating at a constant rate of 0.3 K/min, the supercooled-liquid-to-glacial transformation does not occur because of its requirement of a dwell time of about an hour or longer before initiation, and thereafter a transformation process that lasts for several hours. Upon the subsequent cooling of crystal *II at 0.05 GPa (run 05), the κ increases with decreasing temperature, in sharp contrast to the decreasing κ of the glass state.



The results of κ(T) measured upon heating at 0.4 K/min rate at 0.15 GPa, which are depicted in Figure 9b, show identical transition behavior as at 0.05 GPa; that is, the glass state of TPP (run 27a) undergoes a glass transition at Tg prior to crystallization into crystal *II at T* (run 27b). The glass–liquid transition peak in the κ and the crystallization-induced increase of the κ (Δκ ≈ 0.039 Wm−1K−1) are, however, shifted to higher temperatures than those at 0.05 GPa.



Figure 9c shows the κ(T) of the glacial state measured upon heating at 0.10 GPa. (The glacial state was obtained after a long time of annealing of the supercooled liquid at temperatures slightly above Tg [17].) The results show that the glacial state (run 62a) crystallizes, initially slowly and then more rapidly, into crystal *II at T* (run 62b). During this transition, the κ increases by Δκ ≈ 0.023 Wm−1K−1, and the temperature dependence of the κ changes from weakly positive in the glacial state to constant in crystal *II. Since the κ of crystal *II increases upon cooling (Figure 9a), it suggests that the microstructure of crystal *II changes gradually, increasing the crystallinity, upon heating. As a consequence, the increase in phonon–phonon scattering upon heating is compensated by a decrease in phonon scattering against structural defects, and the κ(T) remains constant.



Figure 9d shows the κ(T) measured upon heating of the glacial state at a higher pressure (run 14a), and the transition behavior differs slightly from that at 0.1 GPa. At 0.48 GPa, the glacial state transforms into crystal I through a series of transitions with no obvious (meta)stable temperature range of the intermediate phases. First, there is a solid–solid transition from the glacial state to crystal*II at temperature T*; then crystal*II transforms into crystal II at TII; and finally, crystal II transforms into crystal I at TI. Upon heating and passing through the temperatures T* and TII, a jump in κ occurs. With further heating and passing through the temperature TI, a kink occurs in the κ(T) curve. This behavior of the κ(T) indicates that the transitions at T*, TI, and TII are first-order transitions. As a rule, first-order transitions form a single phase, but not a mixture of two phases. Upon the slow heating of crystal I, annealing occurs with an improvement in the quality of the crystals, and a consequential increase in the κ takes place. At each transition, the magnitude of the κ increases. The overall change in the κ during the transition sequence is large; for example, at 300 K, the κ of crystal I is approximately one and a half times greater than that of the glacial state. Moreover, upon a subsequent temperature decrease of the stable equilibrium crystal I (run 14b), the κ(T) increases, which further distinguishes its κ from that of the glacial (and glass) state.




2.5. Transitional Pressure–Temperature Diagram


A (P–T) pressure–temperature phase diagram of TPP was constructed based on the phase-transition observations in the κ(T). Figure 10 shows the (meta)stable ranges of the glass and crystal states and the crystalline phases. Closed symbols are the experimental data of the present work. The straight black line 1 is the Tg(P) drawn according to the data in ref. [17], where the glass transition temperature is Tg = 218 and 276 K at 0.1 and 0.48 GPa, respectively, and (∂Tg/∂P) ≈150 K GPa−1. The values for Tg reported here correspond to a structural relaxation time of 0.3 s [36]. In an earlier study, Mizukami et al. [16] reported that Tg = (200 ± 2) K from adiabatic calorimetry results (slow heating) at atmospheric pressure (not shown in Figure 10), which is in good agreement with line 1. The values of Tg measured upon heating are several degrees (≈ 7–8 K) higher than those obtained during cooling; this is mainly due to the difference in pressure caused by the reversal of frictional forces, but also due to changes in the temperature gradients in the sample cell. The Tg also depends on the heating rate; Wiedersich et al. [18] reported a value of 205 K upon heating at 10 K/min rate at atmospheric pressure. Mierzwa et al. [25] reported that Tg = 204 K at ambient pressure, and 266 K at 0.5 GPa from broadband dielectric spectroscopy; these results are consistent with our data.



The area bounded by lines 1 and 2 in Figure 10 corresponds to the existence of supercooled liquid. However, because of the sluggish supercooled liquid-to-glacial transformation, and the requirement here of a dwell time at a constant temperature to detect the onset, the coordinates of line 2 are somewhat arbitrary; but the pink dashed line 2 provides a suitable temperature Tgl for obtaining the glacial state by long-time annealing of the supercooled liquid phase at elevated pressures, and it is given by Tgl(P) = 220.5 K + 153.4·P K/GPa. For comparison, Wiedersich et al. [18] obtained a transition temperature of 224 K upon heating at a rate of 0.5 K/min at atmospheric pressure, and this is in good agreement with our data despite the differences in experimental conditions. NMR data at 0 GPa and 0.4 GPa show supercooled-liquid–glacial-state transformations at temperatures that are in fair agreement with line 2 [22].



If the supercooled liquid was heated at a constant rate, then the supercooled-liquid-to-glacial transformation was not detected in κ(T). This can be seen in the examples depicted in Figure 9a (run 04) and Figure 9b (run 27a,b). In these cases, the supercooled liquid was heated at a rate of about 0.3 K/min and 0.4 K/min, respectively; the crystallization of the sample into crystal*II immediately occurred from the supercooled liquid, without any signs of a supercooled-liquid-to-glacial transformation.



Cyan line 3 in Figure 10 corresponds to irreversible crystallization into the metastable crystal*II polymorph upon heating, T*(P) = 236.7 K + 178.3·P K/GPa. The transition occurred either from the glacial state (see Figure 9c,d) or from the supercooled liquid state, bypassing the glacial state, depending on the thermal history. Cohen et al. [37] and Wiedersich et al. [18] reported a transition temperature of 237 K for the transition from the glacial state to the crystalline phase at atmospheric pressure. This is in good agreement with our transition temperatures measured at slightly lower rates than the 0.5 K/min heating rate employed by Wiedersich et al. [18]. Crystal*II remains (meta)stable upon subsequent cooling and heating up to line 4; that is, the region bounded by lines 3 and 4 is the region of existence of metastable crystal*II upon continuous heating from either the glacial or the glass state.



Gray line 4 describes the irreversible transition from crystal*II to crystal II upon continuous heating at about 0.3 K/min, TII(P) = 275 K + 155·P K/GPa; Figure 9d (run 14a) shows an example of the transition at 0.48 GPa. Baran et al. [32] established polymorphism in TPP by differential scanning calorimeter studies of TPP at atmospheric pressure. They showed that a new polymorph is obtained directly from the liquid phase by cooling from room temperature down to 245 K and reheating after 15 min dwell time at 245 K; upon heating, crystallization of the new polymorph occurred at 270 K. This temperature agrees reasonably well with the value of line 4 at atmospheric pressure. The P–T region of the phase diagram between lines 4 and 5 indicates the region of existence of metastable crystal II. Upon further heating, metastable crystal II irreversibly transforms into the stable equilibrium crystal I at temperatures indicated by the olive line 5, TI(P) = 286 K + 163·P K/GPa. Figure 9d shows such a transformation at P = 0.48 GPa (run 14a). This transition behavior is different from that at atmospheric pressure, at which the metastable polymorph melted directly at Tm = 291.6 K without transformation to the stable crystal I [32]. Transitions through lines 3, 4, and 5 are transitions of the first order, as indicated by jumps or kinks in κ(T) (see, for example, Figure 9d). Accordingly, one phase passes into another as a whole, without forming a mixture of crystalline phases.



Red line 6 in Figure 10 shows the melting conditions of TPP, Tm(P) = 298 K + 178·P K/GPa. At atmospheric pressure, Mizukami et al. obtained Tm = 297.8 ± 0.2 K from their heat-capacity data [16], whereas DSC data yielded Tm = 299.1 K [32]; both results are in good agreement with our data.





3. Discussion


The results of both the temperature and pressure dependence of κ of the amorphous glass and glacial states and of the crystalline phases of TPP provide a new possibility to evaluate the theory of two-channel heat transfer by phonons and diffusons and the recently published unified theory of thermal transport in crystals and glasses [38]. We note that the magnitude and pressure dependence of B(P) in Equation (5) for the crystal phases and the corresponding results for κ0(P) in Equation (2) for the glass and glacial states are of similar sizes. This is a key finding which suggests that the same mechanism determines the κ(T, P) of glass and glacial states and the contribution of diffusons B(T,P) to the κ of crystals.



In the unified theory [38], the κ of crystals and glasses is described as the sum of two independent contributions: the first is the standard Peierls contribution to the κ, which is associated with particle-like propagation of phonon wave packets (Eucken law), and the second is a ‘coherences’ contribution, related to wave-like tunneling phenomena. In the case of κ of the glass and glacial states of TPP, the standard Peierls contribution to κ is absent or negligible, and the κ is described only by the second term, which is written as Equation (1). In this case, the activation energy, E, is the energy of the dominant excitations, which mainly determine the heat transfer channel associated with tunneling. In the high-temperature limit, when E << T, expressed in K, exp(−E/T) → 1, the κ of the glass and glacial states ceases to depend on temperature and reaches its maximum value, κ0(P), which is roughly the contribution of diffusons B(P) in crystals. The theoretical basis for this deduction is as follows.



In dielectric solids, two types of collective excitations contribute additively in two-channel heat transfer, propagons, κp (T), and diffusons κdiff (T), in the terminology of Allen et al. [5]:


κ (T) = κp (T) + κdiff (T).



(6)







Propagons are identical to acoustic phonons in ordered crystalline materials and are considered to be low-frequency excitations of the phonon type in disordered solids.



In the general case, the contribution of propagons to κ determines the entire ensemble of propagons, as quantum excitations of the boson type with a density of vibration states, g(ω):


   κ p   T  =   ∫  0   ω  m a x     g  ω  C    ω T     D p    ω , T   d ω ,  



(7)




where ω is phonon angular frequency, C (ω/T) is the spectral volumetric heat capacity. In the harmonic approximation, it depends on the relationship between frequency and temperature:


  C    ω T    =  k B        ℏ ω / 2  k B  T   sinh ( ℏ ω / 2  k B  T )      2  .  



(8)







Low-frequency propagons have a large diffusivity Dp (ω, T), which rapidly decreases with increasing excitation frequency; in the case of crystals, their intensity also decreases with increasing temperature due to an increase in the intensity of Umklapp processes as a result of three-phonon interactions (U—processes). This factor determines various high-temperature approximations of κp (T); crystal-like for ordered and glass-like for disordered solids (see Table 5).



A new channel of thermal conductivity, κdiff (T), was proposed in Refs. [3,5] and developed in refs. [38,39]; it is realized by means of diffusons, and is the same contribution as the ‘coherences’ contributions, which is related to the wave-like tunneling and loss of coherence between different vibrational eigenstates [38]. It follows that the temperature dependence of κdiff has the same functional dependence; it can be approximated by using the minimum thermal conductivity model [35,40,41] or calculated theoretically, using complex computer calculations of the density of vibrational states, g (ω), and the diffusivity, Ddiff (ω), of diffusons for some substances [41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56].



In the general case, the diffuson contribution to κ is determined by the entire ensemble of diffusons as quantum excitations of the boson type with a density of frequency state (DOS) g (ω):


   κ  d i f f    T  =   ∫  0   ω  m a x     g ( ω ) C   ω / T    D  d i f f    ω  d ω .  



(9)







The diffusivity, Ddiff (ω), of this thermal conductivity component is determined by interactions between closely spaced branches in the dispersion spectrum for both ordered and disordered solids. A characteristic feature of this function is that it decreases inversely with frequency. This feature, combined with the Debye model assumption that DOS g (ω)~ω2, is fundamental to the minimum thermal conductivity model [35]. The thermal conductivity due to one longitudinal and two transverse acoustic excitations can be written as the sum of three integrals:


   κ  m i n    T  =        π 6      1 / 3    k B   n  2 / 3     ∑  i   v i       T   Θ i       2    ∫  0     Θ i   T       x 3         e x  − 1    2    d x .  



(10)







The model of minimum thermal conductivity, κmin(T), qualitatively describes the increase in κ with increasing temperature and well predicts the saturation of the κmin(T) curve. The exponential dependence of κdiff (T) that was observed in this work is possibly due to the fact that the diffuson thermal conductivity, κdiff (T), is determined by the diffusivity of diffusons of dominant low-energy excitations, Ddiff (ω)~ω−1, in the frequency range where the ratio g (ω)/Ddiff (ω) becomes maximum. The average energy of such excitations is approximately equal to the value of the parameter E expressed in K of the exponential approximation of the dependence κdiff (T) = κ0(T) exp(−E/T). We note that such an approximation is the result of the universal behavior of both the real DOS g (ω), taking into account its characteristic feature (the boson peak in g (ω)/ω2), and the approximation Ddiff (ω)~ω−1.



To summarize the main features of κ of TPP above 100 K, we note that the temperature dependence in the crystalline phases differs sharply from that in the glass and glacial states. In particular, the κ of the crystalline phases decreases with temperature, whereas that of the glass and glacial states increases or remains constant. The decreasing κ(T) of the crystalline phases is typical for heat conduction by phonons, which are mainly scattered in three phonon Umklapp processes. The extent of phonon heat conduction (and phonon–phonon scattering) is reflected in the size of A in Equation (3). However, the simplistic model of κ(T) of the crystalline phases also requires a temperature-independent contribution, B. The magnitude of B differs between the crystal phases, and an increasing B is associated with a change in the crystal structure during polymorphic transformations, namely with the number of molecules in the unit cell [9,10,11]. As shown here, the κ(T) of fully amorphous states, such as that of the glass, is described well by the term associated with heat conduction of diffusons only, and in the case of crystals, κ(T) is associated with the two-channel heat transfer by phonons and diffusons. The observation that the diffusons’ contribution shows the same pressure dependence in crystalline phases as in amorphous phases indicates that the same mechanism is responsible for this channel of heat transfer in crystals and amorphous states.




4. Materials and Methods


Triphenyl phosphite was supplied by Fisher Scientific. The material, with a stated purity better than 99 %, was used without further purification. The molecule of triphenyl phosphite P(OC6H5)3 is highly flexible, and as many as six torsion angles can be identified. Triphenyl phosphite has a glass transition at (200 ± 2) K, and the stable crystalline phase melts at 299.1 K at 1 atm; it has a trigonal lattice with the hexagonal space group R3 (Z = 18) and one molecule in the asymmetric unit [57,58]. The lattice parameters at 200 K were determined to be a = 37.887(1) Å and c = 5.7567(2) Å (V = 7156(1) Å3). Another monoclinic polymorphic modification of triphenyl phosphite, which crystallizes in the P21/n space group with one independent molecule in the unit cell [59], melts at 291.6 K.



The thermal conductivity, κ, was measured under pressure, using the transition hot-wire method [60,61]. Figure 11 shows the chemical structure of the triphenyl phosphite molecule and the custom-made sample cell with hot-wire used for the measurements of κ triphenyl phosphite.



The hot-wire probe was a 40 mm long Ni-wire that was mounted in a Teflon sample cell. The cell was thereafter filled with the sample and sealed with a Teflon lid before being inserted in a piston-cylinder device of 45 mm internal diameter. A 200-ton hydraulic press supplied the load, and the pressure was kept constant to within ±0.5 MPa during isobaric measurements by a proportional–integral–derivative controller (Eurotherm 2408). The pressure was determined from the load by using an empirical correction for friction, which was established in a separate experiment, using the pressure dependence of a manganin resistance; the inaccuracy in pressure is estimated to be 40 MPa at 1 GPa. The temperature was varied by heating or cooling the whole piston-cylinder device, using an external electric heater or liquid nitrogen; it was measured by a Chromel–Alumel thermocouple placed inside the cell, with an inaccuracy of ±0.5 K. The maximum cooling and heating rates were 2 K/min and 0.5 K/min, respectively. The results on heating and cooling differ slightly due to the reversal of frictional forces between the piston (and cell) and the cylinder, and changes in thermal gradients. Due to the relatively fast cooling rate employed here, these effects caused differences in κ of up to 1–2% between results on cooling and heating.



In each measurement of κ, the hot-wire probe is heated by 3–4 K by a 1.4 s long current pulse of nominally constant power. Its temperature rise versus time is determined by 29 electrical resistance measurements during the pulse, which are transformed to temperatures via the resistance–temperature relation of the Ni-wire. Subsequently, the value of κ is obtained by fitting the analytical solution for the temperature rise versus time to the measured values with an estimated inaccuracy of ±2%.



The thermal conductivity typically changes discontinuously between different phases, and, because of the transition enthalpy, the method gives anomalous values for κ in phase-transition ranges. This makes it straightforward to detect phase transitions and determine the stability ranges of phases. Moreover, an artificial peak arises in κ in glass-transition ranges due to the time dependence of the heat capacity. This feature has been analyzed and discussed in detail: the peak is superimposed on the (real) change in the slope of κ, which is caused by the increase in the thermal expansion coefficient at the glass transition temperature [36]. The most significant results of the analysis are that the anomalous peak maximum in κ occurs at a relaxation time of 0.3 s, and the peak is observed in the approximate relaxation time range of 10−3–103 s.




5. Conclusions


This work provides a comprehensive study and analysis of the thermal conductivity of the various phases and states of solid triphenyl phosphite at a pressure up to 0.5 GPa for temperatures in the 90–380 K range. In particular, we analyzed the heat transfer processes in the stable and metastable crystalline phases and in the amorphous glass and glacial states. Both the magnitude and temperature dependence of κ change at the transitions between the states and phases, and this is due to changes in structural order and crystal structure; the transition coordinates provide a transitional pressure–temperature diagram of the states of triphenyl phosphite, which is presented. We find three crystalline phases, designated as phase I, II, and *II, where the thermal conductivity behavior suggests that phase *II is a poorly crystalline version of the metastable phase II. The numerous phases and states of triphenyl phosphite, as well as the results for both the pressure and temperature dependence of the thermal conductivity, provide good possibilities to evaluate theory for thermal conductivity. The thermal conductivity of the glass and glacial states is described well by a term associated with the heat conduction of diffusons only, which is one of the heat-transfer channels of the two-channel heat-transfer theory of dielectric solids; the thermal conductivity can be represented by an Arrhenius-type function: κ(T, P) = κ0(P) exp(−E/T), where E is the activation energy expressed in K, and κ0 is a pre-exponential factor, which varies linearly with pressure. In the case of the crystalline phases, the thermal conductivity is associated with two-channel heat transfer by phonons and diffusons, and it is well described by the expression κ(T) = A/T + B, where A/T is the contribution from propagating phonons, and the second term, B, is the contribution associated with diffusons. We find that the contribution of diffusons B in the crystalline phases, where phonon–phonon scattering processes predominate, shows the same pressure dependence as that in the amorphous phases, suggesting that the contributions have the same origin. However, this study appears to be the first that provides such a comparison; a systematic comparison of many crystalline and amorphous solids is required before we can conclude that this result is universal. The results for the thermal conductivity of triphenyl phosphite are well-described within the framework of the unified theory of two-channel heat transfer in dielectric solids, including both complex and simple crystalline phases and amorphous states [38,39].
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Figure 1. Thermal conductivity of TPP in glass state: (a) thermal conductivity plotted against temperature; (b) natural logarithm of thermal conductivity plotted against inverse temperature. Cyan symbols are for cooling, and magenta symbols are for heating. Black solid lines represent fitted functions of Equation (1). The dashed line shows the change of the glass transition temperature, Tg, with pressure. 






Figure 1. Thermal conductivity of TPP in glass state: (a) thermal conductivity plotted against temperature; (b) natural logarithm of thermal conductivity plotted against inverse temperature. Cyan symbols are for cooling, and magenta symbols are for heating. Black solid lines represent fitted functions of Equation (1). The dashed line shows the change of the glass transition temperature, Tg, with pressure.
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Figure 2. Pre-exponential factor, κ0, of the glass state plotted against pressure. Red and cyan symbols correspond to results measured on heating and cooling, respectively. The blue line represents a fit of Equation (2). The black solid line shows κ(P) for the liquid at 332 K; the dashed black line represents a linear fit: κ(P) = 0.136 Wm−1K−1 + 0.108 P Wm−1K−1GPa−1. 
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Figure 3. Thermal conductivity of TPP in the glacial state plotted against temperature. Blue and cyan symbols are for cooling. Red and magenta symbols are for heating. Black solid lines represent fitted functions of Equation (1). 
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Figure 4. Thermal conductivity of TPP in the glacial state: (a) natural logarithm of thermal conductivity measured upon cooling is plotted against inverse temperature; (b) natural logarithm of thermal conductivity measured upon heating is plotted against inverse temperature. Black solid lines represent fitted functions of Equation (1). 
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Figure 5. Pre-exponential factor κ0 of the glacial state plotted against pressure. Red and cyan symbols correspond to results measured upon heating and cooling, respectively (see Table 2). The red and blue straight lines represent the fits of Equation (2). Magenta, purple, green, and black lines show κ0(P) calculated from the experimental values of κ(T, P) via Equation (1), with E = 15 K (for runs 38, 71, 87, and 97). The arrows indicate the direction of pressure change. The black straight dashed line is a fit of Equation (2), with parameters a = 0.176 Wm−1K−1 and b = 0.083 Wm−1K−1GPa−1 (for run 97). 
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Figure 6. Temperature behavior of thermal conductivity of the stable crystal I and metastable crystal II phases: (a) Thermal conductivity of TPP plotted against temperature: crystal I (green circles, run 14b) and crystal II (gray triangles, run 8c). Solid lines represent fits of Equation (3). (b) The product κ(T)·T plotted against temperature: crystal I (green circles, run 14b) and crystal II (gray triangles, run 8c). Parameters A and B in Equation (3) are determined by straight line fits: κ(T)·T = A + B ·T (black solid lines). 
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Figure 7. Thermal conductivity of crystal*II plotted against temperature at 0.05 GPa run 05 (▲) and run 06a (○); 0.10 GPa run 62b (●); 0.15 GPa run 27b (♦); 0.3 GPa run 32 (◁); 0.47 GPa run 48 (►), run 49a,b (✳), and run 50a,b,c (□). Black solid lines represent fits of Equation (3), with parameters A and B, which are listed in Table 3. The arrow indicates the direction of increasing pressure and temperature of the sluggish ordering transformation of crystal *II (gray dash line). The shaded area indicates the annealing region. 
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Figure 8. Pressure dependence of parameters A and B for crystal I, II, and *II: (a) Pressure dependence of the parameter A for (■) crystal I, (◊) crystal II, and (star) crystal*II. Solid lines (1, 2, and 3) represent fits of Equation (4). (b) Thermal conductivity contribution from diffusons, B, are plotted against pressure for (■) crystal I, (◊) crystal II, and (star) crystal*II. Solid lines (1, 2, and 3) represent fits of Equation (5). 
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Figure 9. Transformations detected in κ of TPP measured at isobaric conditions. Arrows indicate the directions of temperature and κ changes. Dashed lines correspond to transition temperatures: glacial → crystal*II at T* (cyan), crystal*II→ crystal II at TII (gray), crystal II→ crystal I at TI (green). Red dashed line indicates the melting temperature. In panels (a–d), (○) corresponds to either a transition process or a supercooled liquid state. Solid black lines represent fits of Equation (1) to κ(T) of the glass and glacial states, and fits of Equation (3) to κ(T) of the crystalline phases: (a) The sample, initially in a glass state (run 04, ●), transforms into the supercooled liquid phase that crystallizes into crystal*II (▲), (▲) κ(T) of crystal*II measured on subsequent cooling (run 05). Dashed lines correspond to transition temperatures: Tg glass–liquid (black) and T* supercooled liquid to crystal*II (cyan). (b) The glass state (run 27a, ▼) transforms to supercooled liquid at Tg (black), which crystallizes into crystal*II (run 27b, ♦) at T* (cyan); (c) The glacial state (run 62a, ◄) crystallizes into crystal*II (run 62b, ♦) at T* (cyan); (d) The glacial state (run 14a, ■) crystallizes into crystal I through a series of transitions; (●) κ(T) of crystal I measured upon cooling (run 14b). 






Figure 9. Transformations detected in κ of TPP measured at isobaric conditions. Arrows indicate the directions of temperature and κ changes. Dashed lines correspond to transition temperatures: glacial → crystal*II at T* (cyan), crystal*II→ crystal II at TII (gray), crystal II→ crystal I at TI (green). Red dashed line indicates the melting temperature. In panels (a–d), (○) corresponds to either a transition process or a supercooled liquid state. Solid black lines represent fits of Equation (1) to κ(T) of the glass and glacial states, and fits of Equation (3) to κ(T) of the crystalline phases: (a) The sample, initially in a glass state (run 04, ●), transforms into the supercooled liquid phase that crystallizes into crystal*II (▲), (▲) κ(T) of crystal*II measured on subsequent cooling (run 05). Dashed lines correspond to transition temperatures: Tg glass–liquid (black) and T* supercooled liquid to crystal*II (cyan). (b) The glass state (run 27a, ▼) transforms to supercooled liquid at Tg (black), which crystallizes into crystal*II (run 27b, ♦) at T* (cyan); (c) The glacial state (run 62a, ◄) crystallizes into crystal*II (run 62b, ♦) at T* (cyan); (d) The glacial state (run 14a, ■) crystallizes into crystal I through a series of transitions; (●) κ(T) of crystal I measured upon cooling (run 14b).
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Figure 10. Transitional pressure–temperature diagram of stable and metastable states. Symbols (●, ■, ♦, stars, and *) are experimental data of this work, and symbol (○) refers to experimental data from [17] for the SCL-to-glacial-state transition. Lines: Black line 1 shows Tg [17]; pink dashed line 2 corresponds to the irreversible transition from the SCL to the glacial state, Tgl(P) = 220.5 K + 153.4·P K/GPa; dark cyan line 3 corresponds to an irreversible transition from the glacial state to crystal*II, T*(P) = 236.7 K + 178.3·P K/GPa; gray line 4 corresponds to an irreversible transformation from crystal*II to crystal II, TII(P) = 275 K + 155·P K/GPa; olive line 5 corresponds to an irreversible transition from crystal II to crystal I, TI(P) = 286 K + 163·P K/GPa; and red line 6 is the melting temperature, Tm(P) = 298 K + 178·P K/GPa. The vertical bars show the inaccuracy (standard error) in the transition temperatures based on the scatter in the data. 
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Figure 11. Illustration of the chemical structure of triphenyl phosphite and the custom-made sample cell with hot-wire: (a) the chemical structure of a triphenyl phosphite molecule (P(OC6H5)3; (b) Illustration of the custom-made sample cell with hot-wire. 
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Table 1. Parameters E (expressed in K) and κ0 of the fitted function, Equation (1), of the glass state. ΔT is the temperature interval of the experimental data. The right column shows the conditions for obtaining the glass and for measurements of its κ.
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	P,

GPa
	run
	κ0,

Wm−1K−1
	E,

K
	ΔT,

K
	Experimental Conditions





	0
	43
	0.149
	14
	166–206
	Cooling from liquid (to glass) at −1.7 K/min. Measurements of κ on heating at 0.46 K/min.



	0.05
	03
	0.148
	11.1
	175–96
	Cooling from liquid at −2 K/min, and (simultaneous) measurements of κ on cooling.



	0.05
	04
	0.153
	13.6
	98–210
	Continued run 03, measurements of κ on heating at 0.3 K/min.



	0.05
	18
	0.153
	13.8
	183–203
	Cooling from liquid at −1.6 K/min, measurements of κ on heating at 0.4 K/min



	0.10
	36
	0.166
	25
	190–214
	Cooling from liquid −1.3 K/min, measurements of κ on heating at 0.58 K/min.



	0.15
	27a
	0.16
	11.5
	204–225
	Cooling from liquid at −1.6 K/min, measurements of κ on heating at 0.4 K/min.



	0.48
	10
	0.196
	10
	237–89
	Cooling from liquid at −2.0 K/min, measurements of κ on cooling.



	0.48
	11
	0.204
	14.6
	89–267
	Continued run 10, measurements on heating at 0.08 K/min.
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Table 2. Parameters E (expressed in K) and κ0 of the fitted function, Equation (1), of the glacial state: ΔT is the temperature interval of the experimental data. The right column shows the conditions of the measurements.
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	P,

GPa
	run
	κ0,

Wm−1K−1
	E,

K
	ΔT,

K
	Experimental Conditions





	0
	110
	0.137
	12.0
	169–126
	Cooling



	0
	110
	0.141
	16.6
	128–204
	Heating



	0
	120
	0.149
	8.8
	187–133
	Cooling



	0
	120
	0.157
	15.5
	133–197
	Heating



	0.05
	20
	0.152
	7.0
	191–100
	Cooling



	0.05
	21
	0.16
	11.5
	98–182
	Heating



	0.10
	107
	0.167
	7.0
	217–98
	Cooling



	0.10
	108
	0.174
	12.0
	97–213
	Heating



	0.10
	59
	0.156
	8.0
	223–159
	Cooling



	0.10
	60
	0.169
	21.0
	156–227
	Continued run 59, heating



	0.10
	61
	0.154
	6.0
	160–100
	Cooling



	0.10
	62a
	0.167
	15.4
	100–250
	Continued run 60, heating



	0.48
	13
	0.212
	13.3
	297–89
	Cooling



	0.48
	14a
	0.214
	14.1
	87–260
	Continued run 13, heating



	0.49
	103
	0.199
	9.7
	255–105
	Cooling



	0.49
	104
	0.21
	15.4
	106–260
	Continued run 103, heating



	0.5
	39a
	0.199
	18.1
	235–171
	Cooling



	0.5
	39b
	0.204
	21.0
	171–230
	Continued run 39a, heating



	0.5
	72
	0.193
	14.0
	236–82
	Cooling



	0.5
	73
	0.2
	17.3
	82–236
	Continued run 72, heating



	0.5
	75
	0.201
	17.0
	220–260
	Cooling



	0.5
	76
	0.211
	28.0
	220–272
	Continued run 75, heating



	0.5
	79
	0.202
	14.5
	270–198
	Cooling



	0.5
	80
	0.207
	19.0
	200–256
	Continued run 79, heating



	0.5
	81
	0.205
	17.0
	277–222
	Continued run 80, cooling



	0.5
	82
	0.213
	25.0
	222–270
	Continued run 81, heating



	0.5
	94a
	0.196
	11.0
	270–105
	Cooling



	0.5
	94b
	0.203
	14.5
	105–230
	Heating after cooling



	0.5
	96
	0.215
	14.0
	160–274
	Heating
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Table 3. Thermal conductivity contribution of propagating phonons, A/T, and diffusons, B, in Equation (3), which describes the thermal conductivity of TPP crystals within ±1.5% in the specified temperature interval. The right column shows the conditions for measurements of κ(T).
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P, GPa

	
run

	
A, Wm−1

	
B, Wm−1K−1

	
Temperature Interval, K

	
Experimental Conditions






	
Crystal I




	
0.05

	
23a

	
26.8

	
0.129

	
296–106

	
Cooling, −1.4 K/min




	
0.05

	
23b

	
28.8

	
0.127

	
106–290

	
Heating, 0.5 K/min




	
0.48

	
14b

	
34.2

	
0.185

	
380–306

	
Cooling, −0.15 K/min




	
Crystal II




	
0

	
42a

	
12.5

	
0.13

	
273–197

	
Cooling, −1.4 K/min,




	
0

	
42b

	
12.5

	
0.13

	
197–270

	
Continued run 42a; heating, 0.4 K/min




	
0

	
43

	
10.5

	
0.13

	
231–255

	
Heating, 0.46 K/min




	
0.45

	
08c

	
16.3

	
0.21

	
357–330

	
Cooling, −0.2 K/min




	
0.47

	
50e

	
15.3

	
0.218

	
300–200

	
Cooling




	
0.47

	
51a

	
15.2

	
0.22

	
183–348

	
Heating




	
0.47

	
51b

	
14

	
0.22

	
351–298

	
Cooling




	
Crystal*II




	
0.05

	
05

	
2.76

	
0.17

	
260–102

	
Cooling, −1.4 K/min




	
0.05

	
06a

	
3.94

	
0.165

	
100–270

	
continued run 05; heating, 0.2 K/min




	
0.10

	
62b

	
0

	
0.182

	
264–286

	
Heating, 0.4 K/min




	
0.15

	
27b

	
0

	
0.192

	
265–299

	
Heating, 0.4 K/min




	
0.3

	
32

	
0

	
0.213

	
296–317

	
Heating, 0.37 K/min




	
0.45

	
08b

	
0

	
0.254

	
297–356

	
Heating, 0.46 K/min




	
0.47

	
48

	
3.3

	
0. 22

	
267–116

	
Cooling, −1.6 K/min




	
0.47

	
49a

	
1.7

	
0.232

	
113–322

	
Continued run 48; heating




	
0.47

	
49b

	
5.2

	
0.227

	
322–296

	
Continued run 49a; cooling




	
0.47

	
50a

	
0

	
0.245

	
297–323

	
Continued run 49b; heating




	
0.47

	
50b

	
8

	
0.227

	
341–297

	
Cooling




	
0.47

	
50c

	
3.3

	
0.243

	
297–356

	
Heating
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Table 4. Values of Aav and dAav/dP in Equation (4), Bav and dBav/dP in Equation (5), and a and b in Equation (2) for the crystal phases I, II, and *II, and the glass and glacial states.
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	Aav,

Wm−1
	dAav/dP,

Wm−1GPa−1
	Bav,

Wm−1K−1
	dBav/dP,

Wm−1K−1GPa−1
	a,

Wm−1K−1
	b,

Wm−1K−1GPa−1





	crystal I
	27
	14.9
	0.121
	0.132
	
	



	crystal II
	11.9
	7.17
	0.13
	0.187
	
	



	crystal*II
	1.27
	3.28
	0.164
	0.153
	
	



	glacial
	-
	-
	
	
	0.147 (cooling)

0.157 (heating)
	0.1

0.1



	glass
	-
	-
	
	
	0.148
	0.113
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Table 5. High-temperature approximations of contributions to thermal conductivity for two-channel heat transfer by propagons, κp (T), and by diffusons, κdiff (T). Dp (ω, T) is diffusivity of propagons, and Ddiff (ω) is the diffusivity of diffusons in the case of crystal-like behavior and glass-like behavior of thermal conductivity of solids, respectively.
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	Contributions
	Glass-like Behavior
	Crystal-like Behavior





	Dp (ω, T)
	ω−4
	T−1ω−1



	Ddiff (ω)
	ω−1
	ω−1



	κp (T), high-temperature limit
	T0
	T−1



	κdiff (T), high-temperature limit
	exp(−E/T)
	exp(−E/T)
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