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Abstract

The low-temperature heat capacities of tri¯uoroacetamide were precisely determined with a small sample precision

automated adiabatic calorimeter over the temperature range from 78 to 404 K. A solid-to-solid phase transition, a fusion and a

phase transition from a liquid crystalline phase to fully liquid phase have been observed at the temperatures of

336.911�0.102, 347.622�0.094 and 388.896�0.160 K, respectively. The molar enthalpies of these phase transitions as well

as the chemical purity of the substance were determined to be 5.576�0.004, 11.496�0.007, 1.340�0.005 kJ molÿ1 and

99.30 mol%, respectively, on the basis of the heat capacity measurements. The molar entropies of the three phase transitions

were calculated to be 16.550�0.012, 33.071�0.029 and 3.447�0.027 J mo1ÿ1 Kÿ1, respectively. Further researches of the

thermochemical properties for this compound have been carried out by means of TG and DSC techniques. # 2000 Elsevier

Science B.V. All rights reserved.
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1. Introduction

Tri¯uoroacetamide (C2H2F3NO) is a kind of impor-

tant raw material used in the process of syntheses of

many medicines and insecticides. Recently, due to its

high enthalpies of phase transition, noncorrosiveness

and good thermal stability, it has begun to be con-

sidered as a kind of energy-storage material in the

aircraft. In 1923, B. Beim [1] used tri¯uoroacetic acid

and saturated ammonia water as reactants and suc-

cessfully synthesized the compound under the tem-

perature of 108C. He reported that the melting point

and boiling point of the compound were determined to

be 74.8 and 162.58C, respectively. Since then, the

reports about thermochemical properties of the sub-

stance were not found in the literature. For the appli-

cation of the compound, thermodynamic data of this

substance has urgently been required. In the present

work, low temperature heat capacity measurements

were carried out with adiabatic calorimetry, and the

basic thermodynamic parameters, such as molar

enthalpies and entropies of various phases transitions

as well as chemical purity and thermal stability of the

substance were determined on the basis of heat capa-

city measurements. Thermal stability of the compound

was also studied by thermogravimetry (TG) and dif-

ferential scanning calorimetry (DSC).
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2. Experimental

2.1. Sample

Tri¯uoroacetamide is a white crystal with a

sheet crystalline shape. Its molecular formula is

CF3CONH2. The sample used for the present calori-

metric study was produced by Koch±Light Limited

(Haverhill, Suffolk, UK). The labelled chemical purity

is >99.0%. Its actual purity was determined by HPLC

(Model: Simazu. 10A) analysis to be higher than

99.20 mol%. Its melting point was determined to be

74.2±74.98C with the microscopic melting point

device (Model: BY-1, Yazawa Co., Japan).

2.2. Adiabatic calorimetry

The heat capacity measurements were made by a

precision automatic adiabatic calorimetric system for

small sample over the temperature range from 78 to

404 K. The construction of the calorimeter has been

described previously in detail in the literature [2]. It

brie¯y consists of a sample cell, a thermometer, a

heater, two adiabatic shields, two sets of eight-junc-

tion chromelcopel thermocouples and a high vacuum

system. The calorimeter cell was made of gold-plated

copper with internal volume of 6 cm3. A miniature

platinum resistance thermometer made by the

Shanghai Institute of Industrial Automatic Meters,

China, was used to measure the temperature of the

calorimeter cell. The thermometer with an uncertainty

of <1 mK (absolutely) was calibrated on the basis of

the ITS-90 by the station of Low Temperature Metrol-

ogy, Chinese Academy of Sciences. The thermometer

was placed in the copper sheath at the bottom of the

sample cell. After loading the sample into the cell, the

upper cover and body of the cell were sealed together

with a special kind of cycleweld. The cell was evac-

uated to within 10ÿ3 Pa and then a small amount of

helium gas was introduced through a copper capillary

on the upper cover into the cell to improve the

heat transfer. The sample cell was sealed with the

tin solder after the copper capillary was pinched off

from the tube end. Two adiabatic shields surrounded

the cell and controlled its temperature. The whole

calorimetric system was kept in a high vacuum with

residual pressure of 10ÿ3 Pa to obtain good adiabatic

conditions.

The mass of the sample loaded in sample cell of the

adiabatic calorimeter amounted to 4.0316 g, which

was equivalent to 0.03567 mol based on its molar

mass of 113.0395 g/mol.

The molar heat capacities of a-Al2O3 used as the

standard substance were measured in the same tem-

perature range as that of the sample measurement in

order to con®rm the reliability of the calorimeter.

Deviations of the experimental results from those of

the smoothed curve lie within �0.2%, while the

inaccuracy is within �0.5%, as compared with those

of the National Bureau of Standards [3] over the whole

temperature range.

2.3. Differential scanning calorimetry (DSC)

A V4.0B DU Pont TA 2000 Thermal Analysis

System coupled with a personal computer loaded with

the program for processing the obtained results was

used. The DSC measurements were carried out by a

differential scanning calorimeter with aluminium

sample pans and sapphire reference material. Both

the sample and sapphire were scanned at a heating rate

of 5 K minÿ1 under nitrogen atmosphere with a ¯ow

rate of 35 ml minÿ1. The mass of the sample used for

experiment was 4.3620 mg.

2.4. Thermogravimetry (TG)

A thermal analysis system equipped with a JF-2

thermobalance, a platinum wire furnace and two

sets of platinum±rhodium thermocouples was used

for the thermogravimetric measurements. The experi-

ment was carried out in a nitrogen atmosphere with

a sample of 11.9036 mg, a nitrogen ¯ow rate of

25 ml minÿ1 and a linear heating rate of 10 K minÿ1,

respectively.

3. Results and discussion

3.1. Heat capacity

The low-temperature experimental molar heat

capacities for tri¯uroacetamine are shown in Fig. 1

and listed in Table 1. The CpÿT curve in Fig. 1

indicates that there is no thermal anomaly over the

temperature range from 78 to 326 K, which means that
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Fig. 1. Relation curve of heat capacities vs. temperature (Cp�T) of tri¯uoroacetamide (C2H2F3NO) obtained by adiabatic calorimetry. The

®rst series of heat capacity measurements represents (*); the second series of heat capacity measurements (D); the third series of heat

capacity measurements (�).

Table 1

Experimental molar heat capacities of tri¯uoroacetamide (C2H2F3NO) crystal (M�113.0395 g molÿ1)

T/K Cp,m/J Kÿ1 molÿ1 T/K Cp,m/J Kÿ1 molÿ1 T/K Cp,m/J Kÿ1 molÿ1

Series 1

78.281 49.306 191.285 67.168 336.137 2507.4

80.236 49.486 193.518 67.792 336.578 2987.2

82.251 49.827 195.825 68.391 336.801 3485.9

84.125 50.015 198.132 68.991 336.942 4076.8

86.176 50.065 200.413 69.633 337.031 5065.7

88.198 50.213 202.624 70.232 337.208 4233.0

90.399 50.336 205.587 70.875 337.553 3548.0

92.491 5 1.035 208.493 72.116 337.943 2592.9

94.668 51.122 211.405 72.716 338.481 1835.5

96.787 51.593 214.422 73.957 339.043 1002.8

98.803 52.064 217.384 75.199 340.440 666.82

100.987 52.800 220.239 76.440 341.990 857.65

103.019 52.957 223.045 76.879 343.443 1350.6

105.023 53.157 226.085 77.181 344.563 1811.8

107.006 53.526 229.136 77.682 345.378 2304.7

109.252 53.994 233.075 78.924 345.928 2795.7

111.342 54.124 236.974 80.165 346.478 3171.4

113.469 54.393 240.851 82.675 346.963 3692.2

115.355 54.709 244.797 84.174 347.397 4125.5

117.145 54.827 248.537 85.731 347.543 4763.6

118.857 54.991 252.377 87.572 347.569 5224.8

120.573 55.264 256.169 89.456 347.628 5445.6

122.215 55.575 259.933 90.889 348.178 3016.5

124.081 55.816 263.755 91.988 349.298 1311.8

125.856 56.069 267.591 93.486 350.898 587.46

127.785 56.334 271.299 95.514 353.945 202.35

130.048 56.441 274.019 97.376 356.617 192.06

132.248 56.461 277.201 99.239 359.795 193.53
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Table 1 (Continued )

T/K Cp,m/J Kÿ1 molÿ1 T/K Cp,m/J Kÿ1 molÿ1 T/K Cp,m/J Kÿ1 molÿ1

134.561 56.578 281.413 101.11 362.851 194.49

136.962 56.601 284.549 102.96 368.082 195.86

139.388 56.942 287.679 104.84 372.238 197.06

141.780 57.446 290.879 105.72 376.394 200.01

144.110 57.917 294.080 107.59 379.753 201.94

146.699 58.938 297.280 109.45 383.066 204.77

149.118 59.364 301.152 111.35 384.647 210.82

151.518 59.734 303.924 113.17 386.312 290.26

153.815 60.276 307.298 114.89 387.563 407.49

156.179 61.044 310.611 116.73 388.309 554.88

158.558 61.644 313.545 118.50 388.805 800.01

160.887 61.315 316.478 120.28 388.916 1030.6

163.132 61.819 320.201 122.40 388.997 1378.4

165.355 62.291 322.750 124.99 389.187 829.82

167.699 62.795 325.281 127.58 389.743 581.39

170.097 63.318 327.837 134.63 390.232 437.64

172.327 63.573 330.293 159.63 391.209 312.87

174.731 63.771 332.012 205.69 392.929 225.79

177.101 64.242 333.099 312.84 395.205 213.73

179.505 64.904 333.568 444.95 397.406 215.84

181.909 65.090 334.081 604.59 399.252 218.13

184.367 65.217 334.549 782.11 401.452 219.96

186.674 65.688 335.109 1328.7 403.652 221.74

188.982 66.664 335.674 1897.5

Series 2

275.176 98.431 336.670 5290.6 357.109 210.69

277.692 99.313 336.709 5508.2 359.503 195.93

280.109 100.89 336.784 5003.0 361.991 196.02

282.503 101.74 336.902 4502.5 364.209 197.90

284.997 102.28 337.218 2047.1 366.681 198.76

287.392 104.63 337.708 1683.4 369.010 199.01

289.703 105.07 338.286 1105.1 371.557 199.72

291.103 105.88 340.054 503.07 374.019 199.97

293.478 106.73 341.889 571.69 376.437 200.91

295.793 107.71 343.178 696.46 378.724 202.08

297.880 108.91 343.912 843.85 380.793 203.21

300.013 109.78 344.644 1002.9 382.280 205.47

303.507 111.90 345.279 1240.8 384.112 213.58

306.993 115.01 345.745 1445.4 385.614 235.09

310.402 117.47 346.112 1626.0 387.129 295.20

313.689 118.09 346.557 1905.4 388.015 450.09

316.172 119.32 346.958 2185.8 388.593 780.23

318.687 121.52 346.751 2797.2 388.787 1023.4

321.109 124.79 346.964 3047.9 388.964 1247.7

323.501 126.46 347.041 3502.5 389.108 1749.3

325.891 127.96 347.223 4070.3 389.324 1149.1

328.109 135.23 347.325 4579.6 389.695 837.31

330.493 165.19 347.403 5059.7 390.221 573.19

331.719 223.90 347.457 5374.7 391.091 482.05

332.907 449.01 347.674 4842.0 392.127 350.37

334.108 823.05 348.159 3109.5 393.325 247.03

335.101 1309.1 348.694 2398.7 395.233 215.07

335.659 1880.5 349.184 1680.1 397.109 214.49
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the thermochemical properties of this compound is

stable at temperatures below 326 K. However, there

are three phase transitions over the temperature range

from 326 to 393 K. The CpÿT curves in the range of

three phase transitions are also plotted in Fig. 1.

Since melting point of this compound is about

74.508C (�347.65 K) according to the results

obtained with the microscopic melting point device

and from the literature [1], this temperature agrees

with the peak temperature of the second peak in CpÿT

curve. Therefore, the second peak (Tm�347.622 K) is

caused by the fusion of tri¯uroacetamide. Hence, it is

obvious that the ®rst peak corresponds to the solid±

solid phase transition between two kinds of different

crystal structures of the substance. The third peak

occurring after melting may correspond to a phase

transition from a kind of liquid crystalline phase to

fully liquid phase. In accordance with the concept of

liquid crystal phase [4], the liquid crystal may be

produced from relatively long rod-shaped molecules

with polar groups. Tri¯uroacetamide belongs to this

kind of molecules. This phase transition is a kind of a

transition from mesomorphic state to normal liquid

state. In addition, this kind of liquid crystalline phase

is formed partly because strong intermolecular hydro-

gen bonds between F, O or N atoms with large

electronegativity and H atoms with small electrone-

gativity exist among molecules of this kind of material

and enhance the orderly degree of the molecules. So,

the state of the substance over the temperature range

from 350 to 388 K may belong to that of liquid

crystalline phase.

Table 1 (Continued )

T/K Cp,m/J Kÿ1 molÿ1 T/K Cp,m/J Kÿ1 molÿ1 T/K Cp,m/J Kÿ1 molÿ1

336.101 2406.8 349.803 1392.9 398.940 216.86

336.490 3202.4 351.301 1002.3 400.796 219.38

336.504 3901.5 352.901 701.93 402.507 221.09

336.596 4802.1 354.890 333.09

Series 3

293.311 106.87 336.993 4899.7 361.693 195.08

296.672 108.06 337.093 4109.2 364.209 195.67

299.901 109.39 337.446 3580.1 366.809 195.94

303.402 112.36 337.992 2667.3 369.458 196.36

306.830 114.45 338.840 1805.9 372.019 198.01

310.193 116.46 340.327 992.05 374.694 199.80

313.492 118.78 341.899 620.91 377.198 201.06

316.708 119.18 343.441 854.01 379.609 203.10

320.192 120.49 345.009 1109.2 38l.993 205.11

322.013 125.80 345.901 1800.4 384.209 208.89

324.019 127.07 346.599 2290.7 386.103 276.38

326.091 139.32 346.992 2749.3 387.464 322.99

327.902 152.35 347.147 3152.3 388.095 497.01

329.706 201.57 347.390 3663.8 388.303 672.39

331.292 245.09 347.599 4094.3 388.492 990.20

332.689 314.37 347.690 4592.4 388.582 1499.2

333.672 447.34 347.782 5402.9 388.695 1034.0

334.303 580.32 347.889 4302.1 388.994 703.86

334.990 780.33 348.022 3441.7 389.477 412.09

335.404 1052.7 348.380 1752.3 390.390 332.49

335.874 1347.9 348.779 1105.9 391.562 245.26

336.208 1679.0 349.591 750.92 393.493 211.03

336.398 2047.8 350.693 448.04 395.494 213.88

336.532 2563.4 352.219 315.99 397.508 215.68

336.653 3019.5 354.345 278.02 399.604 217.99

336.779 3673.4 356.577 200.89 401.692 218.98

336.910 4126.2 359.103 194.70 403.589 220.82
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It is noted from the above analysis that there are

three stable phase stages in CpÿT curve, which are

fully solid phase interval from 78 to 326 K, meso-

morphic liquid crystalline phase stage from 362

to 385 K and fully liquid phase interval from 395

to 404 K, respectively, in the sequence of tempera-

ture increment. The values of experimental heat

capacities in the three regions can be ®tted to the

following polynomial equations with least squares

method:

1. For fully solid phase

Cp;m

J K molÿ1
� 70:043� 33:178X � 22:484X2

� 5:229X3 ÿ 8:076X4 � 0:516X5

� 3:628X6

in which X�[(T/K)ÿ202]/124. The equation is

valid from 78 to 326 K with an accuracy of

�0.25%.

2. For mesomorphic liquid crystalline phase

Cp;m

J K molÿ1
� 196:517� 7:137X � 1:973X2

ÿ 6:134X3 � 2:437X4 � 9:916X5

in which X�[(T/K)ÿ370]/15. The equation is

valid from 355 to 385 K with an accuracy of

�0.2%.

3. For fully liquid phase

Cp;m

J K molÿ1
� 218:391� 4:597X ÿ 2:504X2

ÿ 0:333X3 � 2:071X4

in which X�[(T/K)ÿ399.5]/4.5. The equation is

valid from 395 to 404 K with an accuracy of

�0.2%.

3.2. Molar enthalpies and entropies of phase

transitions

The heat capacity measurements in the phase tran-

sition range were repeated three times in order to

verify the truth of the three phase transitions. Before

every series of experiment was carried out, the sample

was cooled from 404 K to lower than 293 K with

different cooling rates respectively, which included

liquid-nitrogen (for ®rst series, about 20 K minÿ1),

natural (for second series, about 0.2 K minÿ1) and ice-

water (for third series, about 5 K minÿ1) cooling. The

results of three series of repeated measurements have

shown that all the three phase transitions possessed

good repeatability and reversibility, no supercooled

and other thermal anomaly phenomena caused by

different cooling rates were observed in the course

of heat capacity measurements. A satisfactory agree-

ment in temperatures and Cp values of each series of

repeated experiment was obtained. The results of three

phase transitions obtained from every series of

repeated experiments have been listed in Table 2.

The molar enthalpies DHm of the ®rst and second

phase transitions in Cp,mÿT curve were calculated

with the method of diagrammatic area integration

because the two peaks were partly folded together.

The molar enthalpy DHm of the third phase transition

was evaluated in terms of Eq. (1), and molar entropies

DSm of all three phase transitions were calculated with

the following thermodynamic Eq. (2):

DHm �
Qÿ n

Z Tm

Ti

CP�LC� ÿ n

Z Tf

Tm

CP�L� dT ÿ
Z Tf

Ti

H0 dT

� �
n

� �kJ molÿ1� (1)

DSm � DHm

Tm

�kJ molÿ1 Kÿ1� (2)

Where Ti in Eq. (1) is a temperature slightly below the

starting phase transition temperature; Tf a temperature

slightly higher than the ®nishing phase transition

temperature; CP(C) the average heat capacity at the

temperature (Ti�Tm)/2; CP(L) the average heat capa-

city at the temperature (Tm�Tf)/2; Q the total heat

quantity introduced to the calorimeter from tempera-

ture Ti to Tf; Tm the melting point of the sample

measured; n the mole number of the sample; H0 the

heat capacity of the empty sample cell.

Values of Q and H0 were calculated with the

program stored in the computer linked with the adia-

batic calorimetric system, and printed along with

experimental results of heat capacities. Molar

enthalpy DHm and entropy DSm of third phase transi-

tion calculated from Eqs. (1) and (2) are basically

identical with those (1.338�0.004 kJ molÿ1 and

3.441�0.020 J molÿ1 Kÿ1, respectively) obtained

with the method of diagrammatic area integration.
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3.3. Melting point and purity

The purity of the sample was evaluated from a set of

equilibrium melting temperatures and melting frac-

tions corresponding to these temperatures [4,5].

According to the ideal solution law, the relation

between the mole fraction N (N�1) of a small amount

of impurities in the sample and its melting point can be

expressed as follows:

N � DfusHm�T0 ÿ T1�
RT2

0

(3)

in which T0 is the melting point of an absolutely pure

substance; T1 the melting point of the given sample

(strictly speaking, T0 and T1 should be the triple points

under the experimental adiabatic condition); DfusHm

the mole enthalpy of fusion; R the molar gas constant.

As for the liquid solution formed by a part of the

sample melted, given that N0 is the mole fraction of the

impurities and T melting point of the solution, then

N 0 � DfusHm�T0 ÿ T1�
RT2

0

: (4)

Assuming that the impurities are solid-insoluble,

namely, no solid-solution would be formed and all

of the impurities can transfer completely into the

liquid phase when the melting started, the relative

amount of the sample in the liquid phase will increase

in the process of the melting. On the other hand, since

the total amount of the impurities is constant, the

mole fraction of the impurities in the liquid phase

will gradually decrease. Given that F is the ratio of the

sample in the liquid phase to the total amount, then

F � q

Q
(5)

in which F is also designed as the melting fraction and

its value is the ratio of the partial heat (q) required to

melt a part of the sample to the total heat (Q) required

melting the whole sample. Obviously, F is inversely

proportional to the mole fraction of the impurities in

the liquid phase, that is,

N 0 � 1

F
N: (6)

Substituting Eqs. (4) and (5) into Eq. (6), the following

equation can be obtained

T0 ÿ T � 1

F
�T0 ÿ T1� (7)

Eq. (7) suggests that the relationship between the

equilibrium melting temperature T and the reciprocal

of melting fraction 1/F is linear. Plotting T versus 1/F,

and extrapolating the straight line to 1/F�1 and 1/

F�0, T1 and T0 can be derived (Fig. 2). The results are

Table 2

Thermodynamic properties of three phase transitions obtained from three series of repeated heat capacity measurements of tri¯uoroacetamide

(C2H2F3NO)a

Thermodynamic properties Series 1 Series 2 Series 3 Mean value Standard deviation

x1 x2 x3 x sa
b

Ttr,1/K 337.031 336.709 336.993 336.911 0.102

Tm/K 347.628 347.457 347.782 347.622 0.094

Ttr,2/K 388.997 389.108 388.582 388.896 0.160

DtrHm,1/kJ molÿ1 5.582 5.577 5.569 5.576 0.004

DfusHm/kJ molÿ1 11.494 11.509 11.486 11.496 0.007

DtrHm,2/kJ molÿ1 1.338 1.349 1.334 1.340 0.005

DtrSm,1/J Kÿ1 molÿ1 16.562 16.563 16.526 16.550 0.012

DfusSm/J Kÿ1 molÿ1 33.064 33.124 33.026 33.071 0.029

DtrSm,2/J Kÿ1 molÿ1 3.440 3.467 3.433 3.447 0.027

a`Ttr,1/K, Tm/K and Ttr,2/K', `DtrHm,1/kJ molÿ1, DfusHm/kJ molÿ1 and DtrHm,2/kJ molÿ1', `DtrSm,1/J molÿ1 Kÿ1, DfusSm/J molÿ1 Kÿ1 and

DfusSm,2/J molÿ1 Kÿ1' are the peak temperatures, molar enthalpies and molar entropies of the ®rst, second and third phase transitions,

respectively.

bsa �
�����������������������������������������������Pn

i�1�xi ÿ x�2=n�nÿ 1�
q

in which n is experimental number (n�3); xi experimental value of each series of repeated measurement;

x mean value.
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tabulated in Table 3 and plotted in Fig. 2, where

T1�347.631 K and T0�348.247 K are obtained. The

melting point (T1�347.631 K) agrees well with that

(Tm�347.622�0.102 K) obtained from the heat capa-

city measurements as described earlier. In terms of

Eq. (3), N�7.02�10ÿ3 mol is evaluated. The purity of

the sample is 1ÿN�99.30 mol%.

3.4. DSC and thermogravimetric analysis

It can be seen from the DSC curve (Fig. 4) that there

are three endothermic processes in the temperature

range from 320 to 395 K. The temperature ranges and

peak values of the three endothermic processes cor-

respond to those of the three phase transitions in CpÿT

curve obtained from the heat capacity measurements.

This result also con®rms that there are three phase

transitions in the temperature range from 320 to 395 K

for the compound, which include a solid-to-solid

phase transition, a fusion and a phase transition from

liquid crystalline phase to fully liquid phase.

The curve of thermogravimetric analysis is shown

in Fig. 3. It shows that no mass-loss process takes

place before the temperature reaches about 1558C.

Over the temperature range from 155 to 1858C, there

is a single mass-loss stage. It is clear from DTG curve

that the temperature corresponding to the maximum

differential mass-loss percentage is about 164.78C. In

accordance with the literature [1], the boiling point of

tri¯uroacetamide is about 162.48C. Therefore, the

mass-loss process is really due to the evaporation of

the sample.
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Fig. 2. Melting curve (T�1/F) of tri¯uoroacetamide (C2H2F3NO).

Table 3

The experimental results of melting fractions (F) and equilibrium

temperature (T) of tri¯uoroacetamide (C2H2F3NO) F�[q/(DHmn)]

q/J F 1/F T/K

39.993 0.0975 10.2532 341.990

54.193 0.1322 7.5667 343.443

67.519 0.1647 6.0733 344.563

85.311 0.2081 4.8066 345.378

115.446 0.2815 3.5520 345.928

204.882 0.4996 2.00 14 346.963

315.196 0.7687 1.3001 347.543

Fig. 4. DSC curve of tri¯uoroacetamide (C2H2F3NO).

Fig. 3. TG and DTG curves of tri¯uoroacetamide (C2H2F3NO).
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