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| sobaric Heat Capacities of the lonic Liquids [C,mim][Tf,N] (n = 6, 8) from (323

to 573) K at 10 MPa'

Sebastian Bochmann and Glenn Hefter*

Chemistry Department, Murdoch University, Murdoch WA 6150, Australia

Isobaric volumetric heat capacities (o) of the ionic liquids 1-hexyl (or octyl)-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide, [Csmim][Tf,N] and [Cgmim][Tf.N], have been measured in the temperature
range of 323 < T/K < 573 with a Tian-Calvet type differential calorimeter at a pressure of 10 MPa. Isobaric
massic (c,) and molar (C,) heat capacities were calculated from the o, values using densities estimated
from literature data. The present C, values increase approximately linearly with temperature over the
investigated range. Where comparison is possible, the present results are in excellent agreement with literature
data obtained by adiabatic calorimetry but disagree markedly (by up to 7 %) with those measured by
differential scanning calorimetry. Both compounds show evidence of decomposition at T = 535 K, which
is in approximate agreement with recent slow scan thermogravimetric measurements but is about 85 K

lower than suggested by previous fast scan data.

Introduction

In recent years room-temperature ionic liquids (ILs) have
attracted intense attention because of their many interesting
properties. Thisincludes their very low vapor pressure, thermal
stability,? ability to solubilize both polar and nonpolar sub-
stances,® and their large liquidus temperature range.* A key
feature of ILs is that their physical properties can be tailored
by judicious selection of cations, anions, and substituents.® This
makes them promising candidates for a variety of applications,
such as reaction and separation media, and for devices like
batteries, fuel cells, and solar cells.>° On the negative side,
the viscosity of ILs is high compared to that of conventional
molecular solvents, which is a disadvantage in industria
applications with respect to reaction rates and engineering design
(for example, in relation to pumping costs). The easiest way to
deal with such problemsis to reduce the viscosity by increasing
the temperature. The energy required to do thisis directly related
to the heat capacity. This quantity is also important for
characterizing the nature of these new materials.

Until now, relatively few heat capacities of ILs have been
determined, particularly at the higher temperaturesthat are likely
to be of practical importance. Furthermore, most of the reported
heat capacity measurements were obtained using commercial
differential scanning calorimeters (DSCs). While this technique
is convenient and rapid, the accuracy of the resultsis often hard
to determine. A good example of this is provided by the
extensive measurements that have been made on the IL 1-hexyl-
3-methylimidazolium bi s(trifluoromethylsulfonyl)imide,
[Cemim][Tf,N]. This compound has been adopted by IUPAC
as a useful reference material to establish the accuracy of
common physicochemical measurements on ILs. 2 It was
selected because it is stable, has a reasonably low viscosity and
alow water affinity, and is easily prepared and purified.™* While
most of the physical properties of this compound could be
satisfactorily reproduced in independent laboratories, the heat
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capacity data showed serious discrepancies.***~8 Two inde-
pendent determinations™** of the molar heat capacity of
[Cemim][Tf,N] using adiabatic calorimetry, which is usually
considered to be the most accurate method for determining the
heat capacities of condensed materials, produced values that
agreed to about + 0.5 % over a wide temperature range. On
the other hand, the numerous DSC measurements™ 2 differed
significantly, by up to &+ 7 %, from the adiabatic calorimetry
results and from each other. To resolve this unsatisfactory
situation the present paper reports the heat capacity of
[Cemim][Tf,N] over the range of 323 < T/K =< 573 using a
modified™® commercial Tian-Calvet calorimeter. In addition,
[Csmim][Tf,N] has aso been studied for comparison.

Experimental Section

Materials. A sample of [Cemim][Tf,N] was obtained from a
very well-characterized batch prepared by J. A. Widegren at
the University of Notre Dame, USA, and distributed through
the National Institute of Standards and Technology (NIST),
Boulder, USA, as a part of an IUPAC project.’®** For
convenience this material will be referred to as the “IUPAC
sample’. The IL [Csmim][Tf,N] was provided by K. N. Marsh,
University of Canterbury, Christchurch, New Zealand.

Prior to measurement, the ILs were degassed and dried under
vacuum (< 107° MPa) with stirring at room temperature for
about 24 h. They were then sealed in Schlenk tubes which were
stored under vacuum over freshly dried silicagel in adesiccator.
The mass fraction (w) of water in the samples, measured by
coulometric Karl Fischer titration was w(H,O) = 1.1-10™*
before and 6.5-107* after the heat capacity measurement
for [Cemim][Tf,N] and 1.4-10~* before and 3.5-10* after for
[Cemim][Tf,N].

Experimental Setup

A Tian-Calvet type differential microcalorimeter (Setaram,
Lyon, France, model C-80, sensitivity = 5 uW, resolution =
0.1 uW) was used to determine the isobaric volumetric heat
capacities (op) of the ILs between (323 and 573) K at a pressure
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of 10 MPa. The modifications and experimental protocol have
been described in detail by Schrodie et a.,*° so only brief
comments are made here. The pressure within the sample cell
was kept constant by a connection to a large (~ 1 L) buffer
volume filled with high-purity N, (BOC, > 99.9 %) at the target
pressure. The pressure was arbitrarily fixed at 10 MPa to
facilitate the use of liquid water as a calorimetric reference up
to 573 K. Temperature fluctuations in the laboratory, which was
thermostatted to + 3 K, resulted in relative pressure changes
of £ 0.3 % during atypical experimental run (due to the thermal
mass of the apparatus). This variation has an insignificant effect
on the measured heat capacities. Nitrogen (N,) and water were
used as the heat capacity standards.?®#* Matched nickel cells
(low carbon, Ni-201) were used throughout. A preheater was
fitted above the calorimetric block to minimize heat loss from
the cells through the filling tubes and to reduce convective
phenomena within the cal orimeter.?223

SamplePreparation and Calorimetric Measurements. Polypro-
pylene syringes and the calorimeter cell were dried at 50 °C
and flushed with N, before use. The selected sample was drawn
slowly from its Schlenk tube into a syringe under a flowing N,
atmosphere and immediately injected into the cell, which was
then pressurized to 10 MPa with Na.

The calorimetric measurements were performed using the step
method. Following initial stabilization for 5 h a 323 K,
successive temperature increments (AT) were made, followed
by isothermal equilibration for (1.5 to 2) h between each step.
Alternating increments of (5 and 20) K with scan rates of (0.25
and 1.0) K-min~! were used throughout except for the two
highest temperature steps which were of 10K at 0.50 K -min™2,
A complete temperature scan therefore required about two days.
High purity water and nitrogen were used as calibrants as
described below. This method has a reproducibility and
uncertainty of + 0.3 % in o, over the entire temperature range.™

Results and Discussion

Volumetric Heat Capacities. The volumetric heat capacities
were evaluated from temperature T(t) and heat flow Q(t) data
recorded as function of time (t). As described previously,™ the
average isobaric volumetric heat capacity of a sample, o7, at
the average temperature of the increment, T, = V2(T/ + T)),
where T; = T(t;), and T = T(t]) are respectively the temperature
of the sample before and after each temperature increment, was
calculated assuming a linear response for the calorimeter as

w N
o — O
7= 4wt @

j j
where g are instrument-specific volumetric heat capacities. The
superscripts W and N indicate values for liquid water and
gaseous nitrogen, respectively, which were obtained from
calibration experiments performed under identical conditions.
Volumetric heat capacities for water and nitrogen at the
appropriate conditions were taken from standard literature
sources.?>% | sobaric volumetric heat capacities obtained in this
way are summarized in Tables 1 and 2.

Density Estimation. Conversion of the experimental isobaric
volumetric heat capacities (o) into the more useful massic values
(cp) requires knowledge of the density of the sample under
identical conditions of temperature and pressure. Densities of
liquid [Csmim][Tf,N] have been reported for the IUPAC
sample'®?426 and for other preparations®” =* A critical
examination of the data, especially those for the IUPAC sample,
has been given by Chirico et a.** The recommended values
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Table 1. Experimental Volumetric, Massic, and Molar Heat
Capacities of [Cemim][Tf,N] in the Liquid State at Constant
Pressure (p = 10 MPa)?

T oL PoiL Cp Co
K JKtecm3 g-cm3 JK gt J-K™temol*
325.02 1.9518 1.357 1.438 644
337.38 1.9648 1.346 1.460 653
349.75 1.9710 1.335 1.476 661
362.12 1.9813 1.324 1.496 670
374.48 1.9879 1.313 1514 677
386.84 2.0029 1.302 1.538 688
399.19 2.0088 1.291 1.556 696
411.56 2.0192 1.280 1.578 706
423.91 2.0322 1.269 1.601 717
436.27 2.0346 1.258 1.617 724
448.63 2.0488 1.248 1.642 735
460.99 2.0446 1.237 1.653 740
473.35 2.0450 1.226 1.668 746
485.72 2.0469 1.216 1.683 753
498.09 2.0562 1.205 1.706 763
510.46 2.0535 1.195 1.718 769
522.84 2.0653 1.185 1.743 780
535.20 2.0619 1.175 1.755 785
547.56 (2.0762) 1.166 (1.781) (797)
554.97 (2.0997) 1.160 (1.810) (810)
564.85 (2.0326) 1.153 (1.763) (789)

2 Densities p. were estimated from literature data as described in the
text. Parentheses indicate that the result is probably affected by
decomposition.

Table 2. Experimental Volumetric, Massic, and Molar Heat
Capacities of [Cgmim][Tf,N] in the Liquid State at Constant
Pressure (p = 10 MPa)?

T oL pIL Co G
K J-Kt-cm™ g-cm3 J-K gt J-K™temol~*
325.02 1.9479 1.304 1.494 710
337.38 1.9625 1.292 1.519 722
349.75 1.9722 1.279 1542 733
362.12 1.9829 1.267 1.565 744
374.48 1.9920 1.255 1.587 755
386.84 2.0025 1.242 1.612 767
399.19 2.0104 1.230 1.634 77
411.56 2.0164 1.218 1.656 787
423.91 2.0267 1.206 1.681 799
436.27 2.0326 1.194 1.702 809
448.63 2.0453 1.182 1.730 823
460.99 2.0439 1.170 1.747 831
473.35 2.0462 1.159 1.765 839
485.72 2.0479 1.147 1.785 849
498.09 2.0574 1.135 1.813 862
510.46 2.0563 1.124 1.829 870
522.84 2.0685 1.113 1.858 884
535.2 2.0647 1.102 1.874 891
547.51 (2.0791) 1.091 (1.906) (906)
554.94 (2.0771) 1.085 (1.914) (910)
564.84 (2.0755) 1.076 (1.929) (917)

2 Densities p. were estimated from literature data as described in the
text. Parentheses indicate result is probably affected by decomposition.

for p~ 0.1 MPaand 258 < T/K < 373 were expressed by the
linear equation, eq 2.

pl(orem3) = 1.64095 — 0.9012:10 (T/K) (2

As no experimental density data were available for
[Comim][Tf,N] at T > 423 K, eg 2 was used to caculate the
densitiesup to T = 570 K.

The pressure dependency of the density of [Cemim][Tf,N]
was studied on the I[UPAC sample for pressures up to 65 MPa
at temperatures up to 423 K.»2® All data were fit to the
following form of the Tait equation:*?
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p = p°l[1 — cIn{(b + p/kPa)/(b + 101.3)}]  (3)

where p° is the density at the reference pressure (101.3 kPa)
calculated with eq 2. The calculation of parameters b and c as
afunction of temperature is described in Chirico et a.*2 Equation
3 was used to transform the calculated densities of
[Comim][Tf,N] at p ~ 0.1 MPa into values applicable at p =
10 MPa.

No density data for [Cgmim][Tf,N] at high pressures or
temperatures were found in the literature. Densities reported
by Tokuda et a.? at p ~ 0.1 MPaand 288 < T/K < 313 were
linear with respect to T and could be expressed by eq 4:

pl(grem ) = 1.62 — 1.00-10 ¥(T/K) (4)

This equation was used to calculate the densities (pg) of
[Csmim][Tf,N] at p ~ 0.1 MPa over the temperature range of
325 < T/K =< 570. Assuming that the differences in densities,
Ap = p — p°, between those at ambient (p°) and elevated (p)
pressures of [Cgmim][Tf,N] (B) and [Csmim][Tf,N] (A) are
identical, the densities of [Cgmim][Tf,N] were adjusted to 10
MPa according to:

ps = pg + Apy ®)

The densities of the two ILs estimated in these ways are shown
in Tables 1 and 2. Note that the relative density differences
between p = 0.1 MPaand p = 10 MPaarerather small, varying
from 0.6 % at 323 K to 1.6 % at 550 K (Figure 1), but large
enough to have a significant effect on the massic and molar
heat capacities.

Massic and Molar Heat Capacities. The measured isobaric
volumetric molar heat capacities of [Csmim][Tf,N] and
[Csmim][Tf,N] were converted to the corresponding isobaric,
massic (¢y/J-K1-g™1), and molar (Cy/J-K~*-mol %) quantities,
al at 10 MPa, in the usual way with ¢, = op/p and C, = ¢,* M,
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Figure 1. Effect of pressure on densties (p, left-hand scale) of [Csmim][TfN]:
hollow symbols, p = 0.1 MPg; filled symbols, p = 10 MPa. Data from: O,
@, Kandil et d.;* 0, Marsh et d ;1 O, @, Esperancaet a.;?° A, A, Azevedo
et al.?® Lines are the recommended values from Chirico et al.*? for p at:
blue line, p = 0.1 MPa and red line, p = 10 MPa. Right-hand scale, full
black line: the relative difference in p (Ap = piomra — Poimpra). Dashed
lines indicate values extrapolated to higher T.
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Figure 2. Isobaric molar heat capacities of [Cemim][Tf,N] in the liquid
state as a function of temperature: @, this work (Tian-Calvet); O, Blokhin
et al.*® (adiabatic); x, Shimizu et a.** (adiabatic); A, Ge et a.*® (DSC);
@, Crosthwaite et al.*® (DSC); +, ®, v, Diedrichs and Gmehling*” (DSC,
MDSC, Tian—Calvet, respectively); %, Archer'® (DSC). All data at p =
0.1 MPaexcept for the present measurements at p = 10 MPa (but see text).
Note present dataat T 2 535 K (O) are probably unreliable due to partial
sample decomposition.
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Figure 3. Isobaric molar heat capacities of [Camim][Tf,N] in the liquid
state as a function of temperature: @, thiswork (Tian-Calvet); O, Paulechka
et al.%® (adiabatic); A, Ge et a.*® (DSC); O, Crosthwaite et a.*> (DSC).
All data at p = 0.1 MPa except for the present measurements at p = 10
MPa (but see text). Note present data at T = 535 K (O) are probably
unreliable due to partia sample decomposition.

where M is the molar mass of the sample and p its density at
the appropriate temperature and pressure.

The pressure dependence of C, was not determined in this
work. However, it can be estimated from the following standard
thermodynamic relationship, eq 6.3

aC 2
(), = -1 ©
ap /t aT?)p
As the densities of both the present ILs are linear functions
of temperature (egs 2 and 4), the right-hand side of eq 6 is zero,
and thus Cy(T) is independent of pressure over the present
experimental range. Hence, the heat capacities determined at
10 MPa can be assumed to be valid also a 0.1 MPa. The C,
values so obtained are summarized in Tables 1 and 2 and are
plotted as a function of temperature in Figures 2 and 3, together
with the literature data. The experimental methods used to obtain
each data set are listed in the captions of Figures 2 and 3.
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Figure 4. Relative deviation of reported molar heat capacities C, of
[Cemim][Tf,N] in the liquid state from the recommended values of Chirico
et a.,'? Cy(rec): @, this work; W, Blokhin et a.;*® x, Shimizu et a.;** A,
Geet d.;'® +, #, v, Diedrichs and Gmehling;'” %, Archer.*® The values
reported by Crosthwaite et al.,*> which are about 7 % lower, are not shown.
All data at p = 0.1 MPa except for the present measurements at p = 10
MPa (but see text). The dashed lines show the combined expanded
uncertainties for Cy(rec).™

Where comparison is possible (325 < T/K < 375), the heat
capacities determined in this work are in excellent agreement
with those obtained by adiabatic calorimetry.*>14353 Thus, for
[Cemim][Tf,N] in the overlapping temperature range, the present
C, vauesare < 0.3 % lower than the adiabatic results of Blokhin
et al.*® and Shimizu et a.** (Figure 2). Such differences lie
within the probable combined uncertainties of the two tech-
niques. In contrast, as noted in the Introduction, the molar heat
capacities obtained by DSC for this very well-characterized,
stable liquid are in poor agreement with each other and, more
importantly, with the present and adiabatic values (Figure 2).
The differences between the various independent determinations
of C, for [Cemim][Tf,N] are plotted relative to the recommended
(reference) values of Chirico et a., which were based on the
adiabatic data,">** in Figure 4. With one exception,*® the DSC
values are all more positive than the recommended data,
averaging about + 3.5 % (but rising to as much as 6.5 %) higher.
These deviations are well outside of the claimed accuracies. In
addition, the strong curvature in the C, values as a function of
temperature, observed in some DSC studies (Figure 2), contrasts
markedly with the almost linear behavior of the present and
adiabatic data. Both of these effects are possibly indicative of
inadequate thermal equilibration in the dynamic DSC measure-
ments, perhaps as a result of the relatively high viscosity (7 =
0.0694 Pa-s at 298.15 K)*2 and low thermal conductivity (A =
0.125 W-m™1-K~* a 353 K)*' of [Cemim][Tf,N].

The results obtained for [Cgmim][Tf,N] were broadly similar.
While the agreement between the present and the adiabatic
data®® was again very satisfactory, ranging from 0.5 % low to
0.7 % high (Figure 3), the available DSC data*>'® are in poor
agreement with each other and differ markedly from the present
results. The more comprehensive DSC data set'® is, as for
[Cemim][Tf,N], much higher than the present values and shows
a much stronger dependence on temperature (Figure 3).
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Table 3. Comparison of Reported Molar Heat Capacities (Cp) at
298.15 K and p = 0.1 MPa for the ILs [Csmim][Tf,N] and
[Csmim][TfN]

CP
IL J-K~t-mol~t method® ref
[Csmim][Tf,N] 626 + 2° TC this work
631.6 + 0.5 AC 14, 42
629.2 + 25 AC 13
640.7 + 7.0 DSC 16
583 + 30 DSC 15
667 DSC 18
[Cemim][Tf,N] 687 + 2° TC this work
692.7 + 2.8 AC 36
654 DSC 15
733 DSC 18

2 Abbreviations: TC, Tian-Calvet caorimetry; AC, adiabatic
calorimetry; DSC, differential scanning calorimetry. ® At p = 10 MPa
(but see text).

The temperature dependencies of the molar heat capacities
of both ILs at p = 10 MPa were approximately linear and
therefore could be expressed satisfactorily by eq 7 over therange
of 325 < T/K < 535.

C/(FKmol™) = d + e{[T/K] — 298.15}  (7)

with adjustable parameters d = 626 + 2 and e = 0.706 + 0.015
for [Cemim][Tf,N] and d = 687 + 2 and e = 0.898 + 0.012
for [Cgmim][Tf,N], where the uncertainties are 95 % confidence
intervals and the maximum relative deviation between the
experimental and the calculated values of C, was 0.5 %.

The extrapolated values of C, at 298.15 K are compared with
the literature valuesin Table 3. Aswould be expected (Figures
2 and 3), the present results for both ILs are in excellent
agreement with those obtained by adiabatic calorimetry, 3146
differing within or just outside the stated limits of accuracy.
Again as expected, the DSC values are very poor in agreement
with the present and adiabatic results and differ by up to about
13 % from each other.

Effects of Substituent Chain Length. The molar heat capacity
of aliquid isameasure of its ability to store energy. Compounds
containing polyatomic ions or molecules mostly store energy
in their bonds. The heat capacity per bond (i.e., C, divided by
the total number of covaent bonds in the salt, regardless of
their nature) of the present ILsis approximately constant at 13.9
J-K~t-mol~* for the Cs and Cg compounds, respectively. As
might be expected from the strong interionic interactionsin ILs,
these values are somewhat, but not greatly, different from, for
example, the Cy and Cg 1-akanols (= 12 J-K~t-mol™* per
bond)*® or even the Cs and Cg n-alkanes (=~ 10 J-K~t+mol !
per bond).* Thus, the relatively high C, values observed for
the present ILs (Tables 1 and 2) mostly just reflect their size
(number of bonds).

The effect of increasing the chain length of the 1-alkyl
substituent of the cation from [Cgmim]™ to [Cgmim]* was to
increase the isobaric molar heat capacity per CH, group,
AC{ —CHy}, by 34 J-K~*-mol~* at 325 K, rising to almost 54
J-K~t-mol~* at 535 K (Figure 5). The extrapolated difference
of AC,{ —CH} ~ 31 J-K~%-mol~* at 298.15 K for the present
ILs is similar to those reported at 298.15 K for other 1-alkyl-
3-methylimidazolium ILs by Holbrey et al.,*® Archer et a.,**
Paulechka et a.,*® and Ge et a.,"® who found AC,{ —CH,} =
40 J-K~t-mol~t for [Cymim][PFg], 30 J-K~t-mol~? for [C
mim][BF,], and (31 and 35) J-K ':mol™! both for
[Comim][Tf,N], respectively. Similar results regarding the
methylene group contribution to C, at 298.15 K have been
reported by Shimizu et al.*?
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Figure 5. Change in isobaric molar heat capacities per —CH, group,
ACy{ —CH,}, for various substances upon increasing the chain length from
Cs to Cg: thiswork, ILs[C;mim][Tf,N] at ®, p= 10 MPg; red line, assumed
linear fit; dashed line, 1-alkanols® at p = 10 MPa; black line, n-alkanes™
at p = Ps.

Figure 5 also includes for comparison the AC,{ —CH,} values
that can be calculated from the C, values reported for Cg and
Cs 1-alkanols (at p = 10 MPa)® and for Cs and Cg n-alkanes®
(at saturation pressure). While there is some similarity between
the present results and the 1-alkanol values at T < 450 K, they
diverge at higher temperatures. The behavior of the n-alkanes
appears to be rather different probably due to the much weaker
interactions between the n-alkane molecules.

Thermal Stability. Following temperature scans, the samples
were removed from the calorimeter by syringe. The originally
dlightly yellow ILs had darkened a little ([Cgmim][Tf,N]) or a
lot ([Cemim][Tf,N]). This decomposition is consistent with their
erratic thermal behavior at high temperatures (T = 535 K).

The thermal stability of a range of ILs has been studied by
Crosthwaite et al.**® using thermogravimetric analysis (TGA).
They reported detectable decomposition starting at about 620
K for both [Csmim][Tf,N] and [Csmim][Tf,N], which is about
85 K higher than the present calorimetric data suggest. Thisis
almost certainly due to the difference in operating conditions
since the TGA was performed in a “dynamic’ mode with
continuous heating rates > 10 K-min~! without the lengthy
equilibration periods used in the present procedure (Section 3.1).
This is confirmed by recent TGA measurements* at a low
heating rate (1 K-min%) which showed a decomposition
temperature (Tq) ~ 538 K for [Comim][Tf,N] and ~ 485 K for
[Cemim][Tf,N]. In contrast, for TGA scans at 10 K-min™?t it
was found that Ty ~ 574 K and Ty ~ 513 K respectively which
are broadly consistent with the earlier measurements of Crosth-
waite et al.***> TGA measurements are of course sensitive only
to decomposition involving mass change, which in the context
of ILs would probably mean formation of gaseous products.

The present data suggest that the true thermal stability of the
present (and by implication many other) ILsis much lower than
the apparent decomposition temperatures obtained from fast scan
TGA measurements.**® Such considerations may be important
in possible industrial applications of ILs at high temperatures.
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