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Thermodynamic Properties of
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Thermodynamic properties of 1-butyl-3-methylimidazolium chloride (C,mim[Cl]) ionic liquid
were determined using thermogravimetric (TG) differential thermal analysis (DTA). A new
method called DTA mass-difference baseline, was used to measure the heat capacity and en-
thalpy change of phase transformation of ionic liquid from DTA curves. Based on this, the
changes in standard enthalpy, entropy, and Gibbs energy were determined. The results show
that standard enthalpy and entropy changes of C,mim[Cl] increase nonlinearly with increasing
temperature, while the standard Gibbs energy change decreases nonlinearly with increasing
temperature within the temperature range studied (298-453 K). The standard enthalpy of
melting and enthalpy of vaporization were determined to be 0.93 and 11.07 kJ/mol, respectively.

1. Introduction

Tonic liquids are a class of organic salts that are liquids in
their pure state at or near room temperature. They exhibit
many interesting properties such as negligible vapor pres-
sure, low melting point, and wide liquid range. Due to their
unique combination of properties, ionic liquids have been
studied for several electrochemical applications.!'! Evalua-
tion of physical and chemical properties of these ionic lig-
uids is essential for their commercial applications.'*! Only in
the recent years has significant literature on heat capacities
of ionic liquids become available.”®! However, to the best of
our knowledge, no literature is available on the measure-
ment of thermodynamic properties such as enthalpy, en-
tropy change with temperature, and enthalpy of phase trans-
formation of chloride ionic liquids.

The enthalpy change of ionic liquids with temperature
generally consists of three parts; enthalpy of melting or
glass transition, heat capacity, and enthalpy of vaporization
or pyrolysis. Studying the variation of overall enthalpy and
its three individual components with temperature will pro-
vide important information for the application of ionic lig-
uids in several electrochemical and energy conversion
fields.

Holbrey et al. have determined heat capacities of several
common ionic liquids containing 1-alkyl-3-methylimi-
dazolium cations from 303 to 453 K using modulated dif-
ferential scanning calorimetry (DSC)."*! It was reported that
heat capacity followed a linear relationship C, = k + aT.
However, enthalpy of melting or glass transition and en-
thalpy of vaporization (or pyrolysis) of these ionic liquids
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were not measured, mainly due to the limitation of DSC
system, which requires a constant sample mass throughout
the measurement.

One of the significant advantages of ionic liquids is their
high thermal stability, which enables their application over
a wide operating temperature range. Reddy et al. have re-
ported the long term thermal stability of several common
ionic liquids."*! They observed that 1-butyl-3-methylimid-
azolium chloride (C,mim[Cl]) starts to degrade at 523 K,
whereas decomposition of 1-butyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)imide (C,mim[Tf,N]) begins
at 723 K. Thermal stabilities of di-alkylimidazolium-based
salts were strongly dependent on salt structure and the rela-
tive anion stabilities were observed as Tf,N~ > PF,~ >
BF,” > CI".%

In the current study, heat capacity and standard enthalpy
change of C,mim[Cl] ionic liquid were determined using
the differential thermal analysis (DTA) mass-difference
baseline method.!®”! The theoretical correlation between
DTA signal, enthalpy change, and heat transfer process was
obtained by calibrating the DTA equipment using pure
o-sapphire as a standard material. The standard entropy and
Gibbs energy change of the ionic liquid was subsequently
calculated from enthalpy data in the temperature range of
298-453 K. The data generated in this study could be added
to the database of thermodynamic properties of ionic lig-
uids.

2. Experimental

2.1 Preparation of lonic Liquids

The ionic liquid C,mim[Cl] was synthesized according
to standard procedures described elsewhere.*®* Starting
materials, 1-methylimidazole (redistilled, 99+% pure), and
1-chlorobutane (99.5% pure, anhydrous), were obtained
from Sigma Aldrich (Milwaukee, WI). After synthesis, the
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Fig. 1 Schematic setup of TG/DTA furnace with horizontal bal-
ance beams

liquid was dried under vacuum at 70 °C for 24 h to remove
any unreacted chemicals and wash solvent.

2.2 Thermogravimetric DTA Measurements

A Perkin Elmer Pyris Diamond TG/DTA (Boston, MA)
was used in the current study for the DTA measurements.
Figure 1 illustrates the typical horizontal balance beam
setup of a thermogravimetric (TG)/DTA apparatus. A con-
stant heating rate of 10 °C/min and high-purity argon purge
(100 cm®/min) were used for all the measurements. Each
ionic liquid sample was dried under vacuum for two hours
before conducting the TG/DTA measurements. The refer-
ence material was sapphire (a-Al,05), and both reference
and sample pans were made of platinum. The standard ma-
terial used for calibrating the equipment was a-sapphire
powder (Perkin Elmer).

2.3 Theory of DTA Mass-Difference Baseline Method

DTA measures the temperature difference between the
sample (T,) and the reference (7,) materials, AT = T, - T,
which is then converted to enthalpy change (AH) using a
conversion factor. DTA signal represents the change in tem-
perature difference between the sample and the reference
material. The relationship between a DTA signal and en-
thalpy change can be determined from the theory developed
by Vold."'"

The energy balance on the sample side is given by the
following equation:

dr, dr,

m,Cp ——+mCp_ .

p P,p dr s E + my E = OLsAs(Too - Ts)

(Eq 1)

where 7 is time; m, and Cp , are mass and heat capacity of
pan for both the reference and sample sides; m, and Cp  are
mass and heat capacity of the sample; Q is the transition
heat produced by phase change or chemical reaction; o is
the overall heat transfer coefficients from furnace to sample
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side; A, is the surface area of the sample; and T, is the
furnace temperature. Now, with an empty reference pan, the
energy balance on reference side is given by Eq 2:

m,Cp — =, A, (T, —T)) (Eq 2)

Pp dr

where o, is the overall heat transfer coefficients from fur-
nace to reference side, and A, is the surface area of refer-
ence. Subtracting Eq 2 from Eq 1 and substituting the fol-
lowing relations AT = T, — T, and dH/dt = Cp,, (dT/dr) +
dQ/dt, we arrive at:

mdH mPCp,pd(AT)
dr * dr

= OLsAs(Too - Ts) - 0‘rAr(Tao - Tr)
(Eq3)

By assuming A = A, = A, the right hand side of the
above equation can be simplified to Eq 4:

0 AT, ~ T) ~ AT, ~ T) = (o, ~ @ )A(T.. ~ T))

- O"SA(TS - Tr) (Eq 4)

Substitution of Eq 4 into Eq 3 with further simplification
yields Eq 5:

- mdH mPCP’pd(AT)
— (I.-T)- -
a o Adt o Adt

S S

(Eq5)

The last term on the right hand side of the above equation
can be omitted since it is much smaller than the other two
terms, and Eq 5 can be transformed to Eq 6:

AT (as - Oi'r) T T msdH
o« (T.-T)- aAds

S

(Eq 6)

From Eq 6, temperature difference (AT) can be deter-
mined by enthalpy change AH, and heat transfer difference
between sample and reference (o, — o )(T,, — T,). It was
reported that heat transfer influence can be eliminated by a
simple assumption that (o, — o) equals zero,''! which is
impractical for a measurement over a wide range of tem-
peratures.

To quantitatively determine enthalpy change over a wide
temperature range, the DTA mass-difference baseline
method was selected.'>”! This method uses the DTA curve
of the sample, the mass of which is in the lower limit for the
equipment, as baseline for DTA measurements. Asymmet-
ric heat transfer influence on both sample and reference
sides can be minimized by subtracting a baseline con-
structed by a smaller weight sample under similar condi-
tions. This method improves the linearity between DTA
signal and enthalpy change. Figure 2 illustrates the heat
capacity measurements of o-sapphire obtained using the
above method. Curve (a) (m = 5.0 mg) was used as base-
line for curve (b) (;m = 21.0 mg). A similar trend for both
curves during temperature evolution indicates a similar heat
transfer coefficient o,. The DTA signal for curve (a) was
more intense than that for curve (b). Hence, with similar
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Fig. 2 Heat capacity measurement of a-sapphire using the mass difference baseline method. Curve (a): DTA curve of a-sapphire with
m = 5.0 mg. Curve (b): DTA curve of a-sapphire with m = 21.0 mg. Curve (c): area between curves (a) and (b)

heat transfer coefficient (o) for both baseline and sample
DTA signals, the temperature difference between them can
be expressed as follows:

(o = o) (o= t,)
AT, - AT, = ( sl 1) Qs 2
O 1 L%

mg dH ) mg,dH

)(Toc -T)

o, Adt o Adt (Eq7)
(ms,z - ms,l)dH
AL -AL=""a (Eq 8)

where AT, and AT, are temperature differences between the
sample and the reference material for different samples of
masses mg | and mg, (m, | < m,), respectively. For a DTA
measurement, the heating rate is usually fixed, d7" = Kdz,
AT = K,D, where D refers to a DTA signal and it is
assumed that K; = aA. On simplification (Eq 8) yields:

dH K1K2 (Dl - DZ)
dr - K (ms,Z - ms,l)

(Eq9)

where (D, — D,) is the difference between two DTA signals;
(m,, — my ;) is the mass difference between two samples; K
is the heating rate constant; K, is the heat transfer constant,
which depends on the sample properties and the operating
conditions; and K, is the apparatus related parameter, which
is only a function of temperature. In this work, the enthalpy
change of a-sapphire powder was measured over the tem-
perature range 300-720 K and was compared with the lit-
erature data for determining the conversion factor for re-

lating the DTA signal and enthalpy change over the tem-
perature range studied.

2.4 Calibration of DTA Equipment for
Enthalpy Measurement

Since the heating rate is constant throughout the mea-
surement, K is constant, and when the sample properties and
operating conditions are fixed for each test, K, can be as-
sumed to be constant. Based on the above assumptions, Eq
9 can be simplified to yield the following correlation'®!!l;

K !
<—?) e (Eq 10)
K; D (dH/dT")
where (K,/K,") is a function of temperature, which can be
determined for a standard material, and is subsequently used
for DTA tests of other materials. The enthalpy change can
be calculated from the DTA signal by simplifying the above
equation as:

dH K, (dH/dT)' b Ea 11
diT " K; D' (Eq 1D

Expressions (dH/dT, D) with primes (") refer to standard
material, and those without primes refer to the sample ma-
terial. If all the quantities are substituted into Eq 11, dH/dT
of the sample material can be determined.

2.5 Determination of Conversion Factor (K,/K,')

Pure a-sapphire was used as a standard material to cal-
culate the conversion factor (K,/K,'). Table 1 shows the
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Table 1 Conversion factor [K,/K,' = f(T)]
determined using a-sapphire as standard

DTA,

T,K C,, Jmol - K@@ C,/C,/(b) pnV DTADTA(c) K K,

300 79.41 1.00 -2.82 1.00 1.00
320 83.46 1.05 -3.24 1.15 0.91
330 85.09 1.07 -3.57 1.27 0.83
340 87.16 1.10 -3.73 1.32 0.83
360 90.45 1.14 -4.20 1.49 0.76
370 91.97 1.16 -4.36 1.55 0.75
380 93.41 1.18 -4.56 1.62 0.73
400 96.08 1.21 -4.94 1.75 0.69
420 98.49 1.24 -5.23 1.85 0.67
440 100.69 1.27 -5.48 1.94 0.65
460 102.67 1.29 -5.68 2.01 0.64
480 104.48 1.32 -5.81 2.06 0.64
500 106.12 1.34 -5.96 2.11 0.63
520 107.63 1.36 -6.08 2.16 0.63
540 109.02 1.37 -6.21 2.20 0.62
560 110.28 1.39 —6.37 2.26 0.61
580 111.45 1.40 —6.58 2.33 0.60
600 112.54 1.42 —6.66 2.36 0.60
620 113.54 1.43 —6.86 2.43 0.59
640 114.47 1.44 -7.05 2.50 0.58
660 115.35 1.45 -7.03 2.49 0.58
680 116.15 1.46 -7.12 2.52 0.58
700 116.92 1.47 -7.25 2.57 0.57
720 117.63 1.48 -7.33 2.60 0.57

(a) Standard material, a-sapphire. (b) C,,’ is the heat capacity of a-sapphire
at T = 300 K. (c) DTA’ is the measured DTA value at 7 = 300 K.

measured DTA data, the heat capacity data from the litera-
ture,"?! and the conversion factor calculated from Eq 10.
Considering the thermal stability of a-sapphire, 300 K was
chosen as the starting point for conversion factor determi-
nation. DTA measurements were made for two samples of
different mass using the same reference material (Al,O5)
from 300 K to 720 K. Figure 2 shows the DTA curves for
samples (a) (m, = 5.0 mg) and (b) (m, = 21.0 mg), and it
can be seen that both curves increase in a similar manner
with increasing temperature. However, the two DTA signals
have different magnitudes due to the mass difference (Fig.
2). Curves (a) and (b) refer to positive DTA signals in the
temperature range of study, indicating a heat transfer on the
sample side larger than that on the reference side. Moreover,
they vary nonlinearly with temperature, implying a complex
relationship between the heat transfer coefficient and the
environmental conditions. The enthalpy change of a sample
of mass (m, —m, = 16.0 mg) is represented by curve (c) in
Fig. 2. Apparently, the subtracted DTA curve shows a
nearly linear variation with temperature as a result of elimi-
nation of heat transfer influences between the sample and
reference sides.

2.6 Enthalpy Measurement

Figure 3 shows the TG/DTA curves for C,mim[CI] with
an argon (ultra-high purity [UHP], 100 cm*/min) flow. In
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Fig. 3, two distinct endothermic peaks can be seen at 330
and 588 K, which correspond to melting and vaporization
phase changes (or pyrolysis), respectively. With standard
analysis software (Muse V.2.5U, Seiko Instruments Inc.,
Mihama-Ku, Chiba-Shim Chiba, Japan) common tangents
are constructed at each distinct peak for the enthalpy cal-
culation. Qualitatively, the enthalpy change during the
transformation can be related to the area under the tangent
of the DTA peak. However, a conversion factor is necessary
to convert the DTA peak area to enthalpy of transformation.
As mentioned in the previous section, the conversion factor
was determined using a-sapphire as a standard material.

Figure 4 illustrates the DTA curves of C,mim[CI] for
two different masses (20.56 and 14.38 mg). The mass dif-
ference DTA curve is also plotted in Fig. 4. The common
tangent drawn to the mass difference curve can also be seen
in Fig. 4. From Fig. 4, a small difference in melting peaks
and a large difference in vaporization peaks can be observed
in the DTA curves obtained for different masses. As men-
tioned in the above paragraph, the three distinct regions
observed in each DTA curve can be related to their corre-
sponding enthalpy changes, e.g., enthalpy of melting, heat
capacity change, and enthalpy of vaporization (or pyroly-
sis).

3. Thermodynamic Calculations

Evaluation of thermodynamic properties of ionic liquids
is essential for their application in thermal storage and heat
transfer industry. Based on the heat capacity and standard
enthalpy change data, the changes in standard entropy and
Gibbs energy of ionic liquid over a temperature range of
298-453 K can be calculated. The changes in standard en-
thalpy and entropy of C,mim[Cl] take into consideration the
phase changes, i.e., melting (or glass transition) and evapo-
ration, Eq 12 and 13:

o o 330 o 588 ,
HY — HSy = f - C,dT + AH jying + f 0 CydT
T
+ AH? + crdar

evaporation 558 P
0w f330 G, JAVZ S J’sss G,
St — S508 = s\ T dT + 330 + T dr

AHgvaporation fT Cg dT
TTsss s\ T

The standard Gibbs energy change can be determined
from the measured standard enthalpy and entropy changes
using Eq 14!"31:

(Eq 12)

(Eq 13)

Gt — Glog = (Hy — H3og) — T(ST — S305) (Eq 14)

The enthalpy of melting and evaporation can be calcu-
lated from the corresponding DTA peak area, since DTA
peak area is proportional to enthalpy change of phase tran-
sition.'" The area under DTA curve can be represented as
A = |DdT and the enthalpy change (AH) can be determined
using Eq 15:
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Fig. 3 TG and DTA curves for C;mim[Cl] with dynamic argon purge at 100 cm*/min and 10 °C/min temperature scan
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Fig. 4 Heat capacity measurements of C,mim[Cl] using the mass difference baseline method

K, (dH/dT)' K, €2 o
f f dT Angelung <F Dp—Amelting (Eq 16)
K (dH/dT)’ K (C,) 2/ 380K /380K
2 _ 23\ p
Ky D UKD (Eq 15)

Here, (K,/K,)3g0k s the conversion factor of a-sapphire
at 380 K, C 350k is the heat capacity of C,mim[Cl] deter-

The enthalpy of phase changes such as melting mined previously, D;gok is the numerical value of the DTA
(AH;,c1iing) and evaporation (AHg, ,poraion) €an be deter- signal, and A, jin, 18 the area of the endothermic peak at the
mined from Eq 15. The enthalpy of melting of C,mim[Cl] melting point of C,;mim[Cl]. From Fig. 4, the area of the

ionic liquid is given by Eq 16: DTA peak at the melting point was found to be 41.4 pv
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s/mg, and the corresponding enthalpy of melting was deter-
mined as 0.93 kJ/mol. Similarly, the enthalpy of evapora-
tion was calculated as 11.07 kJ/mol from the DTA peak area
of 496 wv s/mg at the evaporation temperature.

Table 2 Heat capacity of C,mim[Cl] calculated using
DTA (this study) and DSC methods (literature)

T,K Cp, (DTA), J/mol K C5 (DSO)™, J/mol K
298 275.98 275.98(a)
313 285.07 283.08(a)
323 291.14 288.15(a)
330 295.17 291.43(a)
340 306.57 296.66
343 307.95 297.14
353 312.55 303.55
360 315.73 307.42
370 320.37 312.15
380 329.86 317.90
393 330.95 323.79
400 336.17 326.63
413 340.15 333.91
420 340.37 337.11
423 344.75 338.19
433 349.35 344.03
440 352.57 347.59
453 358.55 354.15

(a) Extrapolated from higher temperature data.
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4. Results and Discussion

The heat capacities of C,mim[Cl], determined by the
DTA mass difference baseline method in this study and that
determined using DSC obtained from the literature®! are
listed in Table 2. The heat capacity data determined in the
current study varied by about +3% from the literature
data.®! The disparity in heat capacities may be attributed to
different measuring techniques and the purity of ionic lig-
uid. Generally, DSC measurement requires a constant
sample mass and is encapsulated in a sample holder; how-
ever, in the case of DTA, the sample is uncovered and its
mass changes with temperature.

The heat capacity of C,mim[CIl] was found to increase
linearly on either sides of the melting point. Thus, the heat
capacity data was modeled to a linear expression of the form
o + 2BT; the regression constants a, (3 are shown in Table
3 for two temperature ranges. However, the changes in stan-
dard enthalpy, entropy and Gibbs energy of C,mim[Cl]
were derived from the heat capacity. The deduced expres-
sions and regression constants for the standard thermody-
namic quantities are listed in Table 3.

Kabo et al. have studied thermodynamic properties of
1-butyl-3-methylimidazolium hexafluorophosphate in con-
densed phases using adiabatic calorimetry.''> Heat capaci-
ties for C,mim[PF¢] were reported in the range of 5-550 K
and were fitted to a polynomial equation of the form C, =
a + bT + cT? in contrast to a linear relationship y = k + aT
reported by Holbrey."*! In the current study, the heat capaci-

Table 3 Thermodynamic properties of C,nim[Cl] ionic liquid in the temperature range of 298-453 K

T, K Cp, J/mol K H° — H®,94, J/mol S® = 898, J/mol K G° — G°,98, J/mol

298 275.98 0.00 0.00 0.00

313 285.07 4202.25 13.76 —-104.56

323 291.14 7078.75 22.81 —287.47

330 295.17 9128.00 29.08 —469.10

330 301.97 10,054.00 31.88 -466.32

340 306.57 13,096.70 40.96 —830.64

343 307.95 14,018.48 43.66 —957.58

353 312.55 17,120.98 52.58 —1438.88

360 315.73 19,320.10 58.75 —1828.55

370 320.37 22,500.80 67.46 —2459.68

380 329.86 25,727.50 76.07 -3177.40

393 330.95 29,990.98 87.10 —4238.14

400 336.17 32,318.90 92.97 -4868.39

413 340.15 36,701.98 103.75 —6147.23

420 340.37 39,094.30 109.50 —6893.62

423 344.75 40,126.48 111.94 —7225.78

433 349.35 43,596.98 120.05 —8385.83

440 352.57 46,053.70 125.68 —9245.92

453 358.55 50,675.98 136.03 —-10,947.20

Fitted equation o +2BT N +al + BT 0+alnT+2BT N+ (=0T —-allnT-BT>

AT 298 - 330 K 96.85 + 0.60T —55,502.50 + 96.85T -730.56 +96.85In T —55,502.50 + 827.41 T—96.85TIn T
+0.3077 +0.60T -0.3077

330-453 K 150.17 + 0.46T —64,549.10 + 150.17T -990.77 + 150.17In T —64,549.10 + 1140.94T - 150.17TIn T

+0.2377 +046 T -0.23717

Phase change: 330 K, melting point of Cymim[Cl]; AH ;. =0.93 kJ/mol
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ties of C,mim[Cl] exhibited linear relationship with tem-
perature on either sides of melting point. However, the
standard enthalpy, entropy, and Gibbs energy changes cal-
culated from heat capacity varied nonlinearly with tempera-
ture.

5. Conclusions

The heat capacity and enthalpy change of phase trans-
formation for C,mim[Cl] ionic liquid were measured over
the temperature range 298-453 K using the DTA mass dif-
ference baseline method. The heat capacity of C,mim[Cl]
measured in this study compared well with that reported in
the literature. Thermodynamic properties such as standard
enthalpy, entropy, and Gibbs energy change were then de-
termined from the heat capacity data over the measured
range of 298-453 K. The heat capacities of C,mim[C]] ex-
hibited linear behavior on either sides of the melting point.
However, the standard enthalpy, entropy and the standard
Gibbs energy changes exhibited nonlinear behavior. The
enthalpy of melting and the enthalpy of vaporization were
determined as 0.93 and 11.07 kJ/mol, respectively.
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