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DedlcaMd to Professor Dr. G. Klages on Ihe occasion of his 75th Mrlhday.

We review rCCcnt work and present new results on the liquid and solid fluorocarbons
CMF3 with M = H. F. Cl, Br. CH3. and CF3. The purr compounds as well as several
series of bin
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mixtures were investigated using dielectric measurements. The

pumittivitics o the non-hydrogenated non-polar and polar liquids could be described
using the Clausius-Mosoni and the OnsagTr equation. respectively. In CHF3 and
C2H3F3 hydrogen bridging leads to deviations from this simple behavior. The trends in
the miscibility of four scrics of fluorocarbon mixtures are in qualitative accord with
regular solution theory.

The eomctrical shapes of the compounds dominate the degrees of order below
their me ting point. Onentational liquid states (or lastic crystalline phases) areP
exhibited by the qlrasi-globular halomethanes CF4 and E ~~ whcrcas complete dipolar
order is found for the aspherical compounds CHF3 and CBrF3. Tbc dielectric results
for solid C2H3F3 indicate a phase transition several degrees below the fusion
temperature probably being due to the onset of intramolecular rotation. CClF3 exhibits
thermally activated dipole dynamics in the solid state. In alloys of CClF3 with CF4 and
CzFg the dielectric loss spectra have signaled single particle reorientations and glassy
excitations.

I, lNTRODUCTlON
The investigation of orientationally disordered crystals has attracted

considerable attention Cl]. Part of the interest in thie subject stems from the
fact that some families of these crystals, like the spin glasses or orientatianal
glasses, in many respects behave like ordinary glass. In these crystalline
systems magnetic, electric, and other spins are diluted to a sufFicient extent on
a background lattice which 5s built up by non orient-able species. In the past
much of the experimental work in this field has focused on ionic crystals 123
and metals 131. Van der Waals solids on the other hand have been studied
much less intensively. Only recently low temperature disordered [4, 51 or
orientational glass [S] states in inorganic binary systems have been

                                                                                



investigated in detail. Structurally simple organic mixed crystals have 
remained almost unexplored [7] with the exception of the much studied 
methane-rare gas solid solutions. The dynamic behavior of the proto- and 
deuteromethanes is however largely obscured by quantum effects [8, 91. 
Consequently their classical analogs the halomethanes may appear more 
suitable to study possible low temperature glass states in simple organic 
solids. 

An effort was undertaken to study particularly the fluoromethanes in more 
detail [lo - 141. Although this class of chemicals is technically still rather 
important, little is known about their physical propertiea below the critical 
point. This is not only true for mixtures of these chemicals but also for the pure 
compounds (with CF4 as an exception [Xi]). Therefore their liquid and solid 
phases had to be studied first. To characterize a large number of pure and 
mixed fluoromethane derivatives we mainly used dielectric spectroscopy_ This 
experimental technique has proven to be a powerful tool for the study of 
dynamical phenomena in molecular solids. As was shown in previous papers 
this method can elucidate overlapping [ES] and non overlapping [ll] single 
particle dipole reorientations as well as their glassy excitations on center of 
mass ordered lattices [14] and in amorphous solids [12]. 

In the following, we first review some details of the experimental set up. 
Then, we illustrate the dielectric properties of some liquid and solid 
fluorocarbons and discuss several molecular alloys which exhibit interesting 
low temperature phenomena. We conclude by briefly summ arizing the various 
forms of disorder found in the solid fluorocarbons and alloys investigated so 
far. 

IL EXPERIMENTAL 
Various aspects associated with the preparation and measurements of 

condensed gases have been discussed before [S, 9 - 141. It is suitable to make 
some additional comments here. 

The nominal purity of CzH3F3 (obtained from Messer-Griesheim) was about 
99%_ The purities of the other chemicals were stated by the supplier (Linde Co.) 
to be either 99.8% (CIIF3, CBrF3) or 99.999% (CF4, C2F6, CClF3). All gases were 
used without further purification. They were mixed (in the case of the alloys) 
and condensed through a heated capillary into a dielectric cell. The cell, 
shown in Fig. 1, is of cylindric design which combines good mechanical 
stability with a high but slightly temperature dependent empty cell capacitance 
Co of about 51 pF. The long term stability of Co(T) over a period of 3 years was 
excellent. The major disadvantage of the cell is that below 4 K spurious 
dielectric losses show up for frequencies larger than 20 kHz. These were 
ascribed to the Stycast epoxy which was used as a spacer material (see Fig_ 1). 
This effect is of little concern here since only measurements for temperatures 
T > 10 K are reported. The cell was manufactured mainly from brass to ensure 
rapid thermalization. The cell temperature was measured with a silicon 
diode_ Usually the dielectric data were sampled while the temperature of the 
capacitor was ramped with a rate of 0.8 Wmin. It is noted that a ccmplete 
frequency scan typically took half a minute. Thermal gradients within the cell 
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were not a problem_ Tbis was confirmed by the excellent reproduction of phase 
transition temperatures as reported in the literature_ 

hoalad 
/ - coplllary 

capacllw gap 

A h  coblan lo bridw 

FIG. 1. Schematic cross sectional drawing of the cylindric capacitor used for the dielectic 
studies. 

The complex dielectric constant E = E’ - i&’ was recorded using the LCR- 
meter 4274A from Hewlett-Packard_ This instrument operates at eleven 
frequencies between 100 Hz and 100 kHz and is able to resolve the dissipation 
E”/E’ down to 1O-4_ The main error in the determination of the dielectric 
constants of the solidified gases arises from the incomplete filling of the 
samnle holder_ These effects are due to the different thermal expansivities of 
bras\ and the solidified gases and havo been discussed earlier 19 - III. 

III. RL~JLTS AND DISCUSSION 
A. Liquids 

The temperature dependence of the dielectric constant of nonpolar liquids is 
dominated by density variations according to the Clausius-Mosotti equation. In 
most cases this leads to a permittivity which is linearly increasing with 
decreasing temperature_ Such a behavior is well known for rare gas liquids 
and other inorganic fluids 116, 53 but ha8 also been documented for simple 
organic compounds like the methane8 CXq with X = H, D 116. 91 aud the 
fluoroalkanes CF4 [ 17, 101 and C2F6 1131. 
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A stronger temperature dependence is usually found for the dielectric 
constantofpolarliquids_ThemajorproblemincomputingthepermittivityE'of 
polar lquide is the calculation of the local electric fields from macroscopic 
quantities such as external electric field,the high frequency dielectric constant 
n2,thetemparature T, and densityp. By properly solvingthemajorpartofthe 
problem, Onsager derived an equation which was modified by Kirkwood to 
havethefhllowingfbrm t18], 

(d- n2)(2d+n2) / [~?W+2)1 = 4ngpp2/19kdfI. (1) 

The Kirkwood factorg can account for strong correlations among the polar 
moleculea which may be produced by a large dipole moment fl or by other 
forms of association like e. g. hydrogen bridging. The Onsager-Kirkwood 
equation has been applied successfully to a great number of liquids [19] 
includingthefluoromethanes CClF3 andCBrF3 ClOl. However,deviations from 
thissimplebehaviorshowedupforthepartlyhydrogenatedcompoundsCHF3 
[lo] andC&HBF3_ Figure2 depicts the permittivityofthelattercompoundas a 
functionoftemperature. Thesolidlineis afitusinga modificationofequation 
(l),where the Curie term on the right hand side hasbeenreplacedbya Curie- 
Weiss term l/(T- e). This is a particular way to introduce a temperature 
dependentfactorg(T) and has worked quite well for CEfF3 [lo]. It. is however 
not completely satisfying for C2HsF3 (see Fig. 2). The parameters used to 
calculate the solidlineshowninFig.2 aregiveninthefigure caption. 

To explain a temperature dependent Kirkwood factor or a variation of 
mutual dipolar correlations one has to bear in mind that the strength ofthe 
hydrogen bondis dete rminedbyits effectivelength whichinturn depends on 
the density. The fact that the non-hydrogenated fluoromethanes could be 
describedbyaconstantvalueofg,butnottheCHF3andC2H3F3hydrocarbona, 
suggests that the thermalenergieein the liquid state ofthelatter compounds 
andtheenergyofthe H- - -Fbridges are ofthe same order ofmagnitude. Then 
the increase ofg upon cooling reflects the increasing number of unbroken 
hydrogen bonds which tend to align the molecules in parallel and are 
responsible for correlated or super-paraelectric reorientations_ Super- 
paraelectric effects have also been observed in the electrically disordered 
phases of some ferroelectrice. [20]. The fluoro-hydrocarbons crystallize at 
temperaturesfarabovetheir Curie-Weiss temperatures.Hence ferroelectricity 
hereseeIIlsunlikelytooccurandhasnotbeenreportedsofar_ 

Fromthelarge correlationfactorgwecanexpect clusteringtobeeff'ective 
in several ofthe polar flurlmcarbonliquids.Thie expectation is confirmed by 
the limited solubility ofthe polar CHF3 molecule in the nonpolar CF4 solvent 
liquid[21]_ For Bolid CF4-CHF3completeimmiecibilitywas foundandtogether 
with the data of the liquid state provides evidence for a monotectic phase 
diagram IlO]. A diagram with the same topology was found for CF4-CBrF3 
wheredipolarattractionforces arelessimportant aa indicatedbythe relatively 
smell Kirkwood factorg = 1.2 and a vanishing Curie-Weiss temperature ElOl. 



Here apparently the size mismatch of the CF4 and the CBrFs molecules makes 
solubility unfavorable. 

i kM 
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FIG. 2. Dielectric constant of liquid C2H3F3 measured at 1 kHz_ The solid line is calculated 
using equation (1) extended by a Curie-Weiss temperature 8 as described in the text. For the 
dipole moment cc= 2.32 D [36] and the number density p = 8.34~102~ cm-3 1301 literature 
values were used_ A least square fit to the experimental data yielded n2 = 1.63. g = 1.9. and 8 
=70K. 

To put these observations on a semi-empirical basis simple arguments 
from regular solution 1221 theory can be used. This thermodynamic model 
predicts phase separations whenever the difkrence in the cohesive energy 
densities of eolute and solvent exceed a certain threshold. Due to the 
appro ximations made in the theory 1221, it is not expected to yield quantitatively 
accurate results. SurpriGngly and possibly fortuitously so [2Sl. it is able to 
predict the phase separation temperature of CHF’~ and CF4 correctly 1241. 
Applying this theory to other fluorocarbon mixtures indicated [263 that the 
volubility of CF4-CClF~ and C2Fs-CClFs may be better than that of the binary 
systems CF4-CHFa and CF4-CBrFs as is indeed the case (see Sec. IILC). 

B_ Pure solids 
The pure and mixed fluorocarbons show a faknating variety of order and 

disorder phenomena at low temperatures. In the crystalline phases, the 
rotational degree of freedom is governed by the shape of the constituent 
molecules. The quasi-globular shapes of CF4 and C2Fs favor plaetically 
cryatallin~ states below their melting points Cl]. This phase is characterized by 



loo 

almost free molecular reorientation. On the other end of the spectrum we find 
oblate and prolate molecules like CHFs and CBrFa [IO]. Here only jumps 
around the threefold molecular Ca axes are detectable [26, 271. Apparently the 
&rain energy neceeaary to reorient the dipolar Ca axis is larger than the 
thermal energy available in the solid state. Consequently the dielectric audio- 
frequency response of these compounds ie devoid of orientational polarization 
effecta and dominated by the lattice vibrations [lOI. 

2.21 

I CBrF, 

2.11 
0 25 50 75 14 

tamerature 00 

FIG. 3. Real part of the diclcctric constant of solid CBrF3 as a function of temperature. 

As an example, Fig. 3 depicts the dielectric constant of solid CBrFs. The 
magnitude of the permittivity of this compound is typical for van der Waale 
solids. JZ’ shows no dependence on the measuring frequencies employed in the 
present study. The overall increase of E’ from lowest temperatures to roughly 
90 K amounts to only a few percent. Close to the melting point the dielectric 
constant rises more rapidly. This steep increase in E’ is only partly caused by 
the thermal expansion of the solid within the cell. A considerable part of the 
increase is probably due to large angle molecular librations C281. A quantitative 
ELssessment of these efXects awaits density measurements on solid CBrFs. On 
melting, the dielectric con&ant of CBrFs more than doubles indicating the 
release of ah orientational degrees of freedom [lo]. Similar behavior was found 
for other dipolar fluoromethanes [lo, 291. 

For molecules with internal degrees of rotational freedom, like e. g. 
CaHaFs, the dielectric behavior is more complicated. In solid CzHsFs a 
discontinuity in the permittivity could be detected several degrees below the 
melting point Tm = (161.6 f 2) K 1263 and confirmed earlier calorimetric 
investigations by Russell et al. [30]_ These solid state anomalies are possibly 
due to an intramolecular rotational transition. Although the strongly hindered 
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internal torsion ofthe CiH3F3 molecule hasbeen studied extensively[31] more 
work is needed to understand the nature ofthe phase transition. Finally we 
notethatatlowtemperature(T=10K) the dielectricconstantofC2l&F3isE'= 
2.45. 

Among the simple fluorocarbons studied here, the asymmetric top CClFa 
turned out to be the moatinteresting one-Earlier dielectricmeasurements on 
this rigid molecule suggeeted a solid-solid phase transition a few degrees 
below Tm [29]. Such abehaviorcouldnotbe confirmedin subsequentworkC32. 
10,2q_ Ourowndielectricexperimentsindicatehoweverthatachange ofthe 
dynamical behavior of solid CClF3 0ccu.r~ at around 60 K 1111. Above this 
temperature single particle excitations dominate. These can probably be 
characterized by jumps around the threefold C-Cl molecular axis. The 
reorientation are associated with the crossing ofa large energy barrier 1263 
whichre&ctsthestericalhindrance withinthelocal elastic fields.Oncooling 
the jump slow down rapidly and below 60 F another dipolar excitation 
becomea predtiant 1111. Among the signature8 of this process are an 
extraordinary low apparent activation energy (135 K) and an electric 
susceptibility which decreases with temperature. The latter observation 
indicates that either an mg number ofthe CClFs molecules statically 
freezea on cooling or that the amplitude of the collective small angle 
reorientations. which are thought to drive the dynamic8 below 60 K 1113, 
decrease with temperature.Clearlymore work is needed to unravel details of 
the molecular motion ofCClF3 at low temperat.ures.Itie however pointed out 
that the investigation of thie molecular solid ie impeded by a partial 
irreproducibility of experimental result.8 [ll, 261, the microscopic basis of 
whicbisnotyetunderstood. 

c_ Molecular alloys 
Aa mentioned in Sec. 111-A. two of the binary fluoromethane systema are 

practically immiecible in the solid state. For the other systems, (CF4)1-x 
(CC1F9),and(C2Fs)l,(CClF3),,partial mixedcryatal formation wan foundand 
enabled the study ofinterestinglow temperature phenomena_ In particular 
the dynamics ofCClF3 probe moleculesinthermally equilibrated CF4Clll and 
C2Fe Cl31 ho&lattices was explored in detail for dipole concentrations up to 
about 1% and 20%,respectively_Itwas found thatthelow temperature phase 
Beparationcouldbe euppreseedby rapidcooling(30Wmin)ofthe high Tliquid 
Cl21 and plastic [14] phases. In this article we will focus on the latter case 
whichisparticularlyinteresGng.eince aupercooled(CaFe)l,(CClFs), crystals 
couldbe obtainedforalarge range ofconcentrationsr. 

Figure 4 depicts some representative results for quenched crystals withr= 
0.32, 0.61, and 0.92. Here the dielectric loss E'* as measured on heating is 
plotted a8 a function oflo&fiequency) for several temperatures. The loss 
cmeE are broadened almostsymmetriMlly and their widthincreaaes rapidly 
with decreasing temperatures. Similar effects have been observed in 
orientationalglasses[33]. Theareaunderthelosscurvesisproportionaltothe 
static susceptibility. This quantity was eatimated for the fluorocarbon 
supercooledcrystiueingthe Cole-Cole formula C34land was shown to scale 
properly with concentration and temperature [14].This analysis also showed 
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that cooling rates of30 K/min are notsuBicientto euppreae unmixing for 
dipole concentrations larger than 61% C143. This is the reason why_ the 
susceptibility of the (CzF~)o_oa(CClFs)o.~a aample is more than ten tunes 
6ukllerthanthatofthe6196crydal. 

(C,F,l,_, ICCIF,lx 

a025 
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FIG. 4. Frequency dependent dielectric loss spectra of supercooled (C2F6)1_x(CC1F3)x alloys 
for various temperatures T and concentrations x. The solid lines were calculated using the 
Cole-Cole funchon 1341. 
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The temperature dependence of the average reorientation time z(T) of the 
crystal with x = 0.32 has previously been described using a Vogel-Fulcber law 
(143. Since the dielectric loss m axima are rather broad and the frequency 
range of the present expernnents relatively limited it was also possible [25] to 
parametrize z(T) for ~c = 0.32 and other concentrations in terms of an 
Arrhenius law Z= r0 exp ( E / kgT ). The energy barriers used to calculate the 
solid lines in Fig. 4 turned out to be strongly concentration dependent. For the 
three samples with 3c -z 0.50 Oc = 0.23, 0.32, and 0.46) E increased almost 
linearly with x reaching a value of about 3500 K for the 46% sample; the 
activation energyfor(C2F&~8(CClF~)o_~2was even slightly higher [25].The 
rapid increase ofE with the CClF3 concentration indicates that the long 
ranged dipolarinteraction forces play animportantrole in the orientational 
freezing process. 

IV. CONCLUSIONS 
The investigation of some simple fluoroalkanes and their alloys have 

revealed a surprising variety of degrees of dynamical disorder in the solid 
state. Thermally activated single particle reorientations could be detected in 
the pure solids CHF3 [27] and CBrF3 [26] as well as in CF4 doped with CClF3 
molecules [ll]. The relaxation dynamics of the (C2F6)1,(CCLF3), alloys were 
found to be more complex. Here the dielectric loss spectra could be interpreted 
as being due to the uncorrelated relaxation of CClF3 molecules through clearly 
distinguishable relaxation channels [13]. In pure solid CClF3 indications for 
both single particle and collective reorientations were found [ll. 261. The 
supercooled <CF&,(CClF3), and (C2Fs)1,(CClF3), alloys exhibit a sequence of 
two dipolar active relaxation processes [12. 141 which bear close resemblance to 
the a- and &relmations observed in canonical glasses C351. Consequently, the 
main relaxation peaks found for the quenched fluorocarbons were taken as a 
manifestation ofthe glass transition. 

It remains to be seen whether this analogy betweerr the supercooled 
fluorocarbon alloys and the conventional glasses can be confirmed further by 
structural and thermodynamic investigations. 
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