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Abstract

Fourteen organic compounds, 1-pentene, 2-methylbutane, 2-methyl-1,3-butadiene (isopre-
ne), n-pentane, 2-chloropropane, ethyl alcohol, 2,2,4-trimethylpentane, n-hexane, n-heptane,
1,3-difluorobenzene, 1,2-dichloroethane, hexafluorobenzene, cyclohexane and diphenyl ether, as
new reference materials for energy and temperature calibrations of differential thermal analysers
(DTA) and differential scanning calorimeters (DSC) in the temperature range 100-300 K, were
investigated. The purities, triple point and transition temperatures, fusion and transition enthal-
pies of these compounds were measured using a low-temperature DTA apparatus developed by
the CTM of the CNRS in Marseille. The results obtained were compared with those produced by
adiabatic precision calorimetry. Our data are in good agreement with literature values. Enthal-
pies of fusion and transition, triple point and transition temperatures are reproduced within +1%
and 0.1 K, respectively.
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Introduction

Differential thermal analysis is one of the useful techniques for investigating
the thermal behaviour of materials and for determination of sample purity. Im-
provements in instrumentation and productivity have increased the popularity of
thermal analysers in both basic and applied research. In order to make good use
of the quantitative aspect of this technique to obtain reliable results with good
reproducibility and accuracy, it is necessary to carefully calibrate the appara-
tuses using standard reference materials.
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In the temperature interval 100-300 K and especially below 200 K, refer-
ence materials proposed by ICTA, IUPAC and ICWM [1-3] for energy and tem-
perature calibrations of DTA and DSC apparatuses are scarce. For this reason
and to satisfy the needs of the scientific community, we have carefully studied
a series of organic compounds by using the low temperature differential thermal
analyser developed by the CTM of the CNRS in Marseille [4].

Experimental

Substances

The majority of the substances investigated in this work are alkanes and
alkenes. These compounds include: 1-pentene (Fluka, purity >99 %), 2-methyl-
butane (Fluka, purity >99.7%), 2-methyl-1,3-butadiene (isoprene) (Fluka, pu-
rity >99.5%), n-pentane (Fluka, purity >99.8%), 2-chloropropane (Fluka,
purity >99.5%), ethyl alcohol (Fluka, purity >99.8%), 2,2,4-trimethylpentane
(Fluka, purity >99.7%), n-hexane (Fluka, purity >99.7%), n-heptane (Aldrich,
Gold Label, purity >99%), 1,3-difluorobenzene (Fluka, purity >99%), 1,2-di-
chloroethane (Aldrich, purity 99.8%), hexafluorobenzene (Aldrich, purity
99%), cyclohexane (Aldrich, Gold Label, purity >99.9%), diphenyl ether
(Aldrich, Gold Label, purity >99%). All the substances listed above were pur-
chased at the highest purity available and used directly for the DTA measure-
ments without further purification with the exception of ethyl alcohol.
Commercial ethyl alcohol was purified further by fractional distillation using a
spinning-band column under vacuum (70 Torr [1 Torr = 133.322 Pa], 303 K).
Traces of water remaining in the distilled ethanol were finally removed by using
molecular sieves SA.

Apparatus

The low-temperature differential thermal analyser used in this work has pre-
viously been described in detail in {[4]. The main features and some recent im-
provements are briefly described in this paper. The apparatus, which is housed
in a metallic Dewar vessel, consists of a cylindrical aluminium alloy (Al1-96%,
Cu-4%) furnace with two wells, each containing a chromel-alumel thermocou-
ple for temperature and temperature difference measurements. Heating of the
furnace was achieved through a resistance band wound around the cylinder. An
iridium resistance thermometer placed between the cylinder and the heating-
band is used for temperature regulation of the furnace. The furnace is mounted
on a massive aluminium pedestal above a layer of liquid nitrogen. The alu-
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minium pedestal serves as the major conduit for heat transfer from liquid nitro-
gen to the furnace.

The liquid nitrogen in the DTA Dewar vessel was manually maintained at a
constant level during the experimental runs. Liquid levels were monitored by
means of a float to which a thin metal rod was attached. The rod was maintained
in a vertical position and extended outside the apparatus. Liquid nitrogen was
transferred from an external metallic Dewar vessel by using the pressure from a
compressed nitrogen gas cylinder. The height of the rod could be kept constant
(5 mm) by controlling the pressure. A valve at the external Dewar flask al-
lowed for bleed of nitrogen gas when liquid was not being transferred.
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Fig. 1 Intrinsic cooling rate of the low-temperature differential thermal analyser

Our DTA apparatus can also be utilized in the cooling mode. The intrinsic
cooling rate of the calorimeter is affected by the vertical distance between the
thermocouples in the furnace and the liquid nitrogen level. The maximum cool-
ing rate of our apparatus, as estimated from Fig. 1, is approximately
5 deg'min~' when the temperature of the furnace is at 300 K and a level of liquid
nitrogen is maintained to achieve a minimum temperature of 90 K. As shown in
the cooling curve, approximately 6 hours were needed to reach the lowest tem-
perature from the ambient (Fig. 2).
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Fig. 2 Cooling curve of the low-temperature differential thermal analyser

The temperature of the sample, as mentioned in [4], was measured by using
a Keithley 196 digital multimeter at a sensitivity range of 300 mV and a resolu-
tion of H0.1 puV. The sensitivities of the thermocouple used are 40 pV K at
300 K and 18 pV K" at 100 K, respectively. The temperature of the sample,
correspondingly, could be measured to 0.0025 K at 300 K and 0.0056 K at
100 K, respectively, by the digital multimeter. The e.m.f. difference between
the sample and reference (an identical ampoule loaded with a-alumina) was
measured and amplified by a DC-microvoltmeter (AOIP type EVA, see Fig. 3)
using a sensitivity range of 100 pV. The amplified signal was then digitalized
by a Keithley 175 multimeter and both temperature and temperature differences
were continuously monitored and stored on a computer through a IEEE488 in-
terface. For experiments performed at smaller cooling rates than is intrinsic to
the thermal analyser, heat input to the apparatus was controlled by a progam-
mable device of the furnace temperature. Data processing was also performed
automatically and enthalpies of fusion (or transition), purity of the substance
and the triple point (or transition) temperature were calculated.
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Fig. 3 Schematic diagram of the DTA measurements.
Ay and Az: amplifiers; B: reference junctions; C: computer; D and Dj: digital volt-
meters (Keithley 196 and 175 respectively); E: recorder; F: furnace; P: programma-
ble control device of the furnace temperature; R: reference (a-alumina); S: sample;
T, and T,: thermocouples (chromel-alumel)

The thermocouple signals corresponding to the temperature and temperature
difference were also sent to a recorder (SEFRAM type Gépérac). The block
diagram of temperature measurements and record system is shown in Fig. 3.

Mode of operation

About 0.1 ml liquid sample of the investigated substance was carefully in-
jected by a long needle syringe into the bulb of the pyrex glass ampoule [4] and
connected to a vacuum line (107 Torr). Air was removed by pumping at ambi-
ent temperature until bubbling ceased. The sample was frozen in liquid nitrogen
and quickly sealed under evacuating conditions by means of a miniature weld-
ing torch (gas and oxygen flame welder). So, the pressure inside the ampoule is
approximately equal to the saturated vapour pressure of the substance. The mass
of the sample in the ampoule was determined by differential weighings of the
empty ampoule and the sealed ampoule plus sample together with the remaining
glass neck of the ampoule. Control experiments using empty ampoules demon-
strated that determination of the mass of both sealed and unsealed ampoules was
reproducible using this technique to within £5 pg. All weighings were per-
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formed on a Mettler M5 microbalance sensitive to 1 pg with an accuracy of
+2 pg.

The ampoule filled with sample was dropped into the sample well and
cooled down to a temperature approximately 10 K below the triple point tem-
perature of the substance. It took about 30 minutes to reach thermal equilib-
rium. The temperature was then increased at a rate sufficiently small to
maintain thermal equilibrium, 0.2 deg-min’l. In the sensitivity range used
(100 pV), only slight base line deviations were observed before and after melt-
ing. This enabled us to accurately evaluate the area of the peak corresponding
to the fusion or transition observed, the triple point or transition temperature
and the purity of the substance under investigation.

In order to prevent the condensation of water on the walls of the sample and
reference wells, we designed a moisture shielding system in which dry nitrogen
gas was continuously introduced into the sample and reference compartments by
means of tubes inserted into each well The compartments were flushed with ni-
trogen until the furnace was cooled down to the lowest temperature required by
the experiment. Condensation of water in the sample and reference compart-
ments seriously affected the accuracy and reproducibility of the peak area.

Results and discussion

The uncertainties associated with the experimental results in this work are
reported as standard deviations of the mean, usually, of ten experimental runs.
The temperatures reported in this work are in terms of the ITS-90 [5]. The mo-
lar masses of the substances are calculated in terms of the standard atomic
masses of the elements of 1989 (6] and the value of the gas constant, R =
8.314510 J-K "-mol ™, adopted by IUPAC {7}, is used.

Purity of the investigated substances

The determination of purity of a solid by thermal analysis is based on mea-
surements of the melting point depression of a substance in the presence of im-
purities. A plot of melting temperature against the reciprocal of the fraction of
melted usually results in a straight line. The concentration of the impurity in the
substance can be calculated from the slope of this line.

As stated in detail in [8], the Clausius-Clapeyron equation and Raoult’s law
are used for the determination of purity and the following is assumed: impuri-
ties are only soluble in the liquid phase (i.e. the impurity does not form a solid
solution with the solvent) and the impurity content is low enough to consider
the liquid phase as an ideal solution. Under these conditions, it was shown [8]
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that the following relationship exists between the melting temperature , 7, and
the fraction melted, F:

T=T, - (NMK)/F M

where
K = Asy Ho, / RT2 )

R is gas constant, T, is the triple point temperature of the pure substance and
At Hry is its molar enthalpy of fusion.

The triple point temperature of the pure substance can be determined by ex-
trapolation to 1/F = 0. The impurity content (N) can be calculated from the
slope (N/K) by using the molar enthalpy of fusion (Aws Hw) previously calcu-
lated from the peak area. For the heating rate used (0.2 deg-min "), the curve T
= f{1/F) is linear in a range of about 3<1/F<8.

Purities of the investigated samples are summarized in Tables 1 to 4. The im-
purity content is, in most cases, lower than 0.2 mol%. As previously noted [8],
the accuracy of the method depends to a certain extent on the purity of the sam-
ples studied: the higher the purity is, the smaller the uncertainty associated with
the content of the impurity is.

Temperature and energy calibrations

A differential thermal analyser is a dynamic measurement apparatus, and it
is generally used to make relative rather than absolute measurements. The in-
strument should be calibrated as near as possible to the experimental conditions
used to measure the samples, especially with regards to the temperature range
studied. Very few standards are available in the temperature range 100-300 K.
We have selected only three substances: diphenyl ether, n-heptane and 2-
methylbutane as reference materials to perform the temperature and energy cali-
brations of our low-temperature differential thermal analyser. The thermal data
of these three substances, reported in the literature and including triple point
temperature and enthalpy of fusion, were determined by adiabatic precision cal-
orimetry and hence are assumed known to a high level of accuracy. Diphenyl
ether is a standard reference material recommended by IUPAC for the determi-
nation of enthalpies of fusion [2b, 9]. n-Heptane is a reference substance rec-
ommended for low temperature heat capacity measurements [10]; the high
accuracy data of enthalpy of fusion of this compound were reported by Huffman
et al. [11], Douglas et al. [12] and Van Miltenburg [ 13]. The thermal behaviour
of 2-methylbutane was investigated in detail earlier by Guthrie and Huffman
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[14] and later by Sugisaki et al. [15]; the enthalpy of fusion and the melting
point temperature data obtained by them are in fair agreement with each other.

In Table 1, literature values of the triple point temperature (7, i) of diphenyl
ether, n-heptane and 2-methylbutane are summarized together with our values
(Ts op) determined with the aid of Eq. (1). A temperature calibration coeffi-
cient, o = T,1w/T, xp, is also listed in Table 1. The lack of other reference sub-
stances for low-temperature calibration prompted us to use values of a obtained
both by interpolation and extrapolation of the values listed in Table 1 for the
temperature range 100-300 K.

Energy calibration of our apparatus was also made with the same three sub-
stances (Table 2). An energy calibration coefficient (k) was determined using
the following relationship:

k= (AnaHla / )om / M) ®

where § is the area under the fusion peak, AnsHw is the molar enthalpy of fusion
of the sample under its saturated vapour pressure, and m and M are the mass
and the molar mass of the substance, respectively.

The energy calibration coefficient (k) of our calorimeter depends in a com-
plex manner on the heat transfer mechanisms. It has been found that for the
temperature range 100-300 K, the energy calibration coefficient is related to a
temperature by the following relation:

k/IuvVis™ = 1.479-10™ + 6.843-10%(T / K) + 2.163-10°(T / k)* 4
The molar enthalpy of fusion of an investigated substance is then equal to:

AfusHm = S'k'M / m (5)

Triple point and transition temperatures, enthalpies of fusion and transition
of the eleven investigated substances

The following eleven organic compounds are proposed as low-temperature
reference materials: 1-pentene, 2-methyl-1,3-butadiene (isoprene), n-pentane,
2-chloropropane, ethyl alcohol, 2,2,4-trimethylpentane (isooctane), n-hexane,
1,3-difluorobenzene, 1,2-dichloroethane, hexafluorobenzene and cyclohexane.
Triple point and transition temperatures, enthalpies of fusion and transition and
purities of these substances are given in Tables 3 and 4, together with some val-
ues taken from literature [16-33].

From Table 3, it can be seen that for the triple point temperature, our values
coincide within about +0.1 K with literature data for all the substances studied.

J. Thermal Anal., 41, 1994
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Similarly for the solid-solid phase transition temperature of cyclohexane, our
corrected peak onset temperature (186.2530.01) K is nearly identical with the
value reported by Ruehrwein and Huffman (186.10+0.05) K [31], and within
the uncertainty limits of the extrapolated onset temperature (187.1+3.5) K
given by Garn and Menis {33]. For 1,3-difluorobenzene, the value of our tran-
sition temperature (187.8240.08) K is slightly higher than the value 186.80 K
observed by Messerly and Finke [2b, 28]. Concerning the transition in 1,3-di-
fluorobenzene, two crystalline forms were observed by Messerly and Finke
[28]: crystals II stable from 11 K to the transition temperature and crystals I sta-
ble from this temperature to its triple point. We have further observed that the
transition from crystal I to crystal II is initiated by a cooling rate of about
2 deg-min!; the sample invariably supercooled to some extent when cooled
faster than this rate. Therefore, it is significant to carefully control the cooling
rate in order to realize the transition from crystal I to II without supercooling in
1,3-difluorobenzene. Knauth and Sabbah also observed a higher transition tem-
perature for 1,3-difluorobenzene (191.310.2) K [4]..

The enthalpies of fusion (Table 4) of all the substances studied are in agree-
ment within +1% with literature values obtained by adiabatic precision cal-
orimetry.

The enthalpy of transition of 1,3-difluorobenzene (829+2) J-mol™ is in ex-
cellent agreement with the value 827.1 J-mol™ reported by Messerly and Finke
[28].

For cyclohexane, our values of the enthalpy of fusion (2677+25) J-mol™' and
transition (6792+8) J-mol™" are identical with the values (267742) J-mol™' and
(67401£2) J -mol ™, respectively, found by Ruehrwein and Huffman [31].

Among the substances studied in present work, 1,3-difluorobenzene and
hexafluorobenzene are the standard reference materials for enthalpy measure-
ments recommended by IUPAC [2b]. The enthalpies of fusion and transition of
these two substances obtained in this work are in very good agreement with the
recommended values. This confirms the reliability of our low-temperature DTA
apparatus.

Conclusion

The fourteen substances proposed as reference materials for energy and tem-
perature calibrations of DTA and DSC complement the few reference materials
previously recommended as standards in the low-temperature range 100-300 K
by IUPAC and ICTA. These substances satisfy the following criteria:

—they are available in high purity, at least 99.8 mol%;
—they are thermally stable up to and above their melting temperature;
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—they are chemically inert;

—most of the compounds do not exhibit polymorphism particularly near the
melting point;

—except for cyclohexane, they possess a suitable cryoscopic constant:

A =RT? / AwsHn < 100 K (6)

Therefore, it can be concluded that the majority of the substances studied in
this work would be acceptable as reference materials for energy and tempera-
ture calibrations of DTA and DSC apparatuses between 100-300 K.

* * *

Zhi-Cheng Tan gratefully acknowledges the CNRS and the K. C. Wong organizations for a
postdoctoral fellowship which permitted him to stay in the CTM of the CNRS in Marseille for
one year.
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Zusammenfassung — Als neue Bezugssubstanzen fiir Energie- und Temperaturkalibrierung von
DTA-Geriten und DSC-Kalorimetern im Temperaturbereich 100-300 K wurden vierzehn
Verbindungen untersucht: 1-Penter:, 2-Methylbutan, 2-Methyl-1,3-butadien (Isopropen), n-Pen-
tan, 2-Chlorpropan, Ethylalkohol, 2,2,4-Trimethylpentan, n-Hexan, n-Heptan, 1,3-Difluor-
benzol, 1,2-Dichlorethan, Hexafluorbenzol, Cyclohexan und Diphenylether. Mittels einer von
CTM der CNRS in Marseille entwickelten Tieftemperatur DTA-Apparatur wurde die Reinheit,
der Tripelpunkt und die Umwandlungstemperaturen sowie die Schmelz- und Umwandlungs-
enthalpien dieser Verbindungen gemessen. Die erhaltenen Ergebnisse wurden mit denen aus
adiabatischer Prizisionskalorimetrie verglichen. Unsere Angaben stehen in guter Ubereinstim-
mung mit den Literaturangaben. Schmelz- und Umwandlungsenthalpien, Tripelpunkt und Um-
wandlungstemperaturen wurden innerhalb 1% und 0.1K reproduziert.
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