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Heat transport mechanisms present in 2-adamantanone and 1-cyanoadamantane crystals were investigated 
in a broad temperature range. To characterize scattering processes, thermal conductivity and heat capacity meas-
urements were carried out. A particular care was paid to the cooling rate of specimen which influenced the ther-
mal history of the samples. The experimental results led to a conclusion that under slow cooling the thermal con-
ductivity reaches the highest values and resembles the behavior of ordered molecular crystals. As for fast 
cooling, the “quenching” resulted in changes in both the structure and the temperature dependence of the thermal 
conductivity, the latter resembling that of amorphous solids. In heat capacity measurements the thermal history 
made on samples did not reflect the preliminary findings known from thermal conductivity results, which could 
imply that the observed mechanisms are more complex. 

PACS: 44.35.+c Heat flow in multiphase systems; 
61.43.–j Disorder solids; 
65.60.+a Thermal properties of amorphous solids and glasses: heat capacity, thermal expansion, etc. 
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Introduction 

Plastic crystals have been already recognized [1] 
as crystals that exhibit unique properties intermediate be-
tween the systems in which the long-range positional and 
orientational order/disorder exists. In this kind of materials 
the molecules are dynamically disordered while their cen-
ters of mass form a regular lattice with respect to their ori-
entational degrees of freedom. Most of the plastic crystals 
consist of molecules with close to globular shape, behav-
ing like spherical entities rotating about molecular axes [2]. 
Because these materials show many features of the glassy 
dynamics they could serve as model systems for amor-
phous solids. One of the reasons for studying the glassy 
state behavior in plastic crystals is that these systems retain 

translational symmetry, and this property could provide 
insight into the metastability of molecular systems. Let us 
consider a glassy crystal, which is obtained by sufficiently 
fast cooling from an orientationally disordered phase (the 
so-called plastic phase). By this kind of thermal treatment 
the high-temperature dynamically disordered state can be 
supercooled, thereby avoiding a complete orientational or-
der typical of low-temperature phases. As a result, an ori-
entationally disordered state is reached below the glass 
transition temperature. Actually, the dynamics of the ori-
entational relaxation in plastic crystals resembles in many 
respects that in conventional glass formers [3]. 

One of the best known plastic crystals is adamantane 
C10H16. This material has become a parent molecule for a 
large number of derivatives, obtained by substituting one 
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or two hydrogen atoms. Unsubstituted adamantane shows 
a series thermally induced solid-to-solid phase transitions 
below melting. Another characteristic feature is that it shows 
deviations from the exponential relaxation and a non-Arrhe-
nius behavior. Up to now, for many of adamantane deriva-
tives, like 2-adamantanone, 1-cyanoadamantane, 1-chloro-
adamantane, a glassy freezing has been reported [4–6]. All 
those materials have been already studied by a wide variety 
of experimental methods, but for the first time we will fo-
cus on the thermal transport mechanisms. We believe that 
thermal conductivity measurements and heat capacity (in 
an expanded temperature range) may provide a better in-
sight into thermal behavior of these disordered molecular 
systems. For our measurements we have chosen 2-adaman-
tanone, C10H14O, and 1-cyanoadamantane, C10H15CN. 

2-adamantaone [2-one-tricycle[3,3,1,1]-decane] is ob-
tained from adamantane by substitution of two hydrogen 
atoms with oxygen. Below the melting point (Tm = 529 K) 
this compound has an orientationally disordered high-
temperature phase with face-centered-cubic (Fm3m) sym-
metry, where the molecules exhibit reorientational motions 
of the dipolar axis along the six four-fold <001> directions. 
The low-temperature ordered phase has been recently de-
termined and it is orthorhombic with Cmc21 space group. 
Additionally a metastable monoclinic phase of P21/c space 
group was found just below the transition temperature [7]. 
This monoclinic phase displays an intrinsic disorder related 
with the site occupancy of oxygen atoms along three dif-
ferent sites. Such a disorder gives rise to a glass transition 
at ca. 130 K. 

Compared to 2-adamantanone, in 1-cyanoadamantane 
[1-cyano-tricylo[3,3,1,1]decane] the oxygen atom is re-
placed by the cyano group. Between the melting tempera-
ture Tm = 458 K and T ≈ 280 K the plastic phase exists, 
with the same symmetry as in the former compound, 
namely, fcc symmetry with space group Fm3m. At room 
temperature the molecular long axes are randomly distrib-
uted among the six orientations corresponding to the six 
crystallographic directions <001>. Below 280 K the orien-
tational order appears as monoclinic phase with space 
group C2/m. But the glassy state is observable only below 
ca. 170 K. From our previous examination we could con-
clude that more than one metastable state is present [8,9]. 

Many calorimetric studies performed on these materials 
have marked the importance of the previous thermal histo-
ry of the sample on the phase transition proper, which 
prompted us to examine this phenomenon [4,10]. 

Sample preparation 

2-adamantanone and 1-cyanoadamantane samples were 
purchased as powders from Sigma-Aldrich® with purity of 
99 and 97%, respectively, and were used without further 
purification. The primary form of the sample did not allow 
us to conduct any intended experiments and therefore 

needed to be transformed into a solids of a certain size. 
The final cylindrical shape of the sample was obtained 
by mechanical pressing at a pressure of approximately 
1500 kg/cm2. As far as thermal conductivity measurements 
are concerned, the whole compressed sample was used, 
whereas for heat capacity measurements a sufficient amo-
unt of sample was cut off for a better accuracy. 

Experiment 

In this work the thermal conductivity measurements 
were performed using the uniaxial stationary heat flux 
method in the specially designed bath cryostat [11]. This 
technique allows us to measure thermal conductivities to a 
great accuracy as a function of temperature. The stationary 
conditions are obtained by applying a fixed amount of 
power to the upper end of the sample by means of a resis-
tive heater, while the other end is anchored to the so-called 
cold finger. The experimental setup is shown schematically 
in Fig. 1. The heater is glued upon by adhesive BF-2 and 
so is the sample to the cryostat. The temperature inside the 
experimental chamber was controlled with two Cernox™ 
thermometers, but the gradient of the temperature along the 
sample was measured with constantan-manganese thermo-
couples. The data collection process is carried out in high 
vacuum conditions obtained by rotary and turbo-molecular 
pumping systems. In addition, to avoid parasitic heat trans-
fer, several isolating screens were distributed inside the 
cryostat maintaining the temperature distribution of the 
sample. In order to obtain the thermal conductivity the 
temperature drop along the sample was recorded and the 
formula below was used 

  ,s

s

P l
T A

κ =
∆

  

where l is the distance between thermocouples, A is the 
cross-section of the sample, Ps is the input power, ∆Ts is 
the resulting temperature difference. 

The heat capacity measurements were carried out using 
the physical property measurement system (PPMS) from 
Quantum Design Inc in heat capacity option. The main 

Fig. 1. Thermal connections of an idealized sample. 
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feature of the thermal relaxation method used by PPMS is 
to measure the heat capacity at constant pressure and to 
control the heat added and removed from a sample while 
simultaneously monitoring the resulting change in tempe-
rature [12]. After each cycle the system fits the tempera-
ture response of the sample platform with a thermal analy-
sis model that comprises both the thermal relaxation of the 
sample platform to the bath (puck) temperature and the 
relaxation between the sample platform and the sample. 
The technique of measurement is simple, a certain amount 
of heat P(t) is applied at constant power for a fixed time 
period, which is followed by cooling process of the same 
time (power off). For samples with imperfect thermal at-
tachment to the sample platform the value of the heat ca-
pacity is determined by the resulting temperature differ-
ence according to the two tau model [13]: 

 platform [ ( ) ] [ ( ) ( )( ) ]p
w p b g p s

dT
C P t tt K T T K T T

dt
t−= − − + , 

sample  [ ( ) ( )]s
g p s

dT
T tC K T

dt
t−= − , 

where Cplatform is the heat capacity of the sample platform, 
Csample is the heat capacity of the sample, Kw is the ther-
mal conductance of the wires and Kg 

is the grease-related 
thermal conductance between the sample and the platform. 
The respective temperatures of the platform and sample are 
Tp(t) and Ts(t). 

The draft of thermal connections in PPMS heat capacity 
option is shown of Fig. 2. During measurements the sam-
ple is located on the platform with little grease coating to 
improve the thermal contact. These conditions necessitate 
extraction of the heat capacity of apiezon grease from the 
gross results and, hence, performing a preliminary meas-
urements of the grease coating alone. The electrical con-
nection between the system and the sample is provided 
with the platform heater and thermometer located on the 
bottom side of the sample platform. The high-vacuum con-
ditions were ensured by the PPMS turbo pump or the cryo-
pump high-vacuum option. Those circumstances ensured 
sufficient thermal equilibrium necessary for the mea-
surements. 

Results 

The results of thermal conductivity measurements of 
2-adamantanone samples obtained with different cooling 
rates are presented in Fig. 3 in a double logarithm scale. 

The upper panel shows the values of thermal conductivity 
after slow cooling at a rate of about 1.5 K/min, i.e., for 
the low-temperature monoclinic phase. The κ(T) curve re-
sembles the characteristic behavior of ordered molecular 
crystals [14]. However, at low temperatures the thermal 
conductivity seems to follow the T2 dependence instead 
of the typical T3. The reason for that could be the fact that 
samples are not “perfect crystals”. They may contain a 
substantial amount of point defects or dislocations that 
decrease the exponent in the temperature dependency and 
also make the following maximum of thermal conductivity 
shift to higher temperatures. The highest value of 
0.78 W/(m·K) is reached at ca. 20 K. The Umklapp pro-
cesses limit the conductivity and thus contribute to the 
emergence of the maximum in κ(T), dominate the phonon 
scattering mechanisms at higher temperatures. Therefore, 
in this temperature domain we can approximate our data 
with the Leibried–Schlömann 1/T law [15]. However, not 
the entire temperature range up to the phase transition 
point at about 202 K could be approximated with the same 
law. We must consider the presence of another mechanism 
responsible for the deviation. The lower panel shows the 
results obtained after quenching the sample. From our 

Fig. 2. Draft of the thermal connection between the sample and 
the sample platform in PPMS heat capacity option [12]. 
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Fig. 3. Thermal conductivity κ of 2-adamantanone after different 
thermal treatments. 
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measurement we concluded that the rate of cooling of about 
7 K/min is sufficient to freeze the metastable state [8,9] 
and to observe an atypical glass-like behavior of our mate-
rial. At the lowest temperatures, κ(T) follows the T2 de-
pendence, expected for amorphous materials [16]. The stan-
dard consequence is the appearance of a plateau, but in our 
compound it emerges just above 20 K. 

Figure 4 presents results for the molar heat capacity 
measurement in 2-adamantaone. Although the experiment 
was carried out in the temperature range 1.8–300 K, for 
discussion purposes we present the results in a very narrow 
temperature range. These data exhibit no essential distinc-
tion compared to the curves obtained for a different ther-
mal history. Generally, the heat capacity at low tempera-
tures should follow the T3 dependence according to the De-
bye law [17]. Even though one could expect to witness 
some differences after quenching the metastable state [8,9] 
(with the cooling rate of 10 K/min), there was no signifi-
cant influence on the structure of our specimen at low tem-
peratures. The slight change of the temperature depend-
ence from T3.08 to T3.28 reflects only the natural scatter 
between particular samples. 

For 1-cyanoadamantane samples similar measurements 
were also performed. The results of thermal conductivity 

are summarized in Fig. 5. During data collection we ob-
served a few metastable states, some of them are shown in 
the right hand inset, the left one resembling the measuring 
procedure of the preceding material. After cooling slowly 
the sample we obtained the highest conductivity values. 
The maximum appears at about 24 K yielding 1.32 W/(m·K) 

for the thermal conductivity. The low-temperature depend-
ence is closer to T3 as for 2-adamantanone, which suggests 
that crystallization in 1-cyanoadamantane does not give rise 
to a high number of nanocrystals in which a strong phonon 
scattering takes place. The results for the quenched sample 
are shown in the lower left panel. Here also, the recorded 
data resembles the temperature response of amorphous 
solids: we observe a disordered crystal behavior with a 
small anomaly. Above the plateau the thermal conductivity 
increases, implying that the reported ferroelectric structure 
of 1-cyanoadamantane has a predominant contribution [8]. 

Similar heat capacity measurements were carried out 
for 1-cyanoadamantane samples; the results are presented 
on Fig. 6. Except for the differentiating of the cooling rate 
of the specimen — repeating the cooling procedure of 
the 2-adamantanone, additionally guided by the work of 
Yamamuro et al. [18] we submitted the samples to 20 h 
annealing just below the transition point. As an outcome 
we manage to measure the heat capacity of a completely 
ordered state of 1-cyanodamantane. The tendency of hav-
ing no significant distinction at low temperatures observed 
in 2-adamantaone in this case remained. For both samples 
we could see a difference in results of thermal conductivity 
measurement after changing the rate of cooling, but when 
we repeated the cooling procedure for the heat capacity 
experiments, there was no change in the response of the 
samples. This kind of behavior is unusual as for amor-
phous solids [19]. 

Conclusions 

By analyzing the thermal conductivity and the heat ca-
pacity of 2-adamantanone and 1-cyanoadamantane we 
could make some preliminary assumptions about thermal 
transport mechanisms involved in these materials. The most 

Fig. 5. Thermal conductivity κ results for 1-cyanoadamantane samples for different cooling rates: after the first cooling by 1.5 K/min 
from room temperature to 2 K (1); the second (2), third (3), fourth (4), and fifth (5) cooling by 0.5 K/min from 250 to 2 K. 
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striking conclusion is that thermal treatment, in our case 
specifically the cooling rate, has an significant impact 
on the behavior of the materials. For both: 2-adamantanone 
and 1-cyanoadamantane we could investigate the low-
temperature ordered phase as well as the frozen-in meta-
stable state. The singularity observed in our heat capacity 
measurements, that there was no pursuit of the system re-
sponse observed in thermal conductivity results deriving 
from particular cooling processes, should be carefully ad-
dressed in our next works. There are still a lot of experi-
ments left to be carried out and we hope they will bring us 
closer to the understanding of the processes present in the-
se plastic crystals. 
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