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Thermodynamic Properties of Imidazolium-Based lonic Liquids: Densities, Heat
Capacities, and Enthalpies of Fusion of [bomim][Pk] and [bomim][NTf ;]
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Experimental densities, isobaric heat capacities, and enthalpies of fusion for one sample of 1-butyl-3-
methylimidazolium hexafluorophosphate, [bmim]gpFand two samples of 1-butyl-3-methylimidazolium bis-
(trifluoromethylsulfonyl)imide, [bomim][NT$], are reported. Data were obtained at atmospheric pressure and, in
the case of the density and the heat capacity, within the temperature intervals (283.15 to 323.15) K and (278.15
to 333.15) K for [bmim][Pk] and [bmim][NTf,], respectively. A critical analysis of the effect of impurities on

the measured thermodynamic properties is performed.

Introduction with a certified purity greater than 99.5 %. The Clontents of
L the studied samples were 20 ppm for [bmim]§RA.30 ppm
Room temperature ionic liquids (RTILs) have been proposed for the QUILL [bmim][NTf,] sample, and 20 ppm for the

?S alfernatlye er;wrotnmenga.llythenﬁly s_ubls_t|t(;Jt(§ts£ the tradi- Covalent Associates [bmim][N3ffsample. To reduce the water
lonaforganic solvents used in the chemical Industrysmaong content and any traces of volatile compounds, vacuum at

other advantages, their extremely low vapor presgufesan .
. . te t t A5K lied f f
decrease the costs and pollution caused by the use of volatllemoclera e temperature (333.15 K) was applied for 3 days before

. - “measurements.
solvents, and the very large number of possible combinations " .
of cations and anions allows one to fine-tune the physical Apparatus ano_l Prqcedurd)en&tlgs;) were measured using
properties for specific applications. In this context, the study a DMATSOOO vibrating-tube .dens[meter from Anton-Eaar.
of the thermodynamic properties of RTILs can provide very Calibration was performed using Milli-Q water and dry air as

useful information that could help to the design of efficient and o_Iensny sgan&j?rdsr.] ItFlesT:Tpor'tant trc: hote tu?.tr:IISCOSIIy ?orr_zc-
nonpolluting chemical processes. tions needed for the s, since they are high viscous liquids,

. . . . are automatically made by the apparatus. The estimated
The_synthe_5|s O.f hlg_h-pun_ty_ RTIL sample_s, glthou_gh continu- uncertainty for commonly used, high-purity organic solvents is
ously improving, is still a difficult task. This is an important

. .S " . +0. 1 gcm~3; however, a higher uncertainty is ex
shortcoming as chemical impurities are known to affect their 0.00001 gem however, & higher uncertainty is expected

thermodynamic properties in a nonusual, dramatic matné&t for thg_studied quuio[s due to Fhe apove-r.n.entioned. .high
L. ’ . : sensitivity of the physical properties to impurities. A critical

In fact, the existing literature data_s_howastrong scattering, mUChreview of the capabilities of this apparatus can be found

larger than that observed for traditional organic solvents. Further elsewherd5

analysis on the effect of impurities is, therefore, highly desirable. o . ) . )

For this purpose, (i) additional data for the historically most __ 'Sobaric molar heat capaciti€ were obtained using a Micro

studied RTIL, 1-butyl-3-methylimidazolium hexafluorophos- DSCIl differential scanning calorimeter from Setaram. This

phate, [bomim][PE], and (ii) data on two samples, obtained from apparatus as well as the e>.<perimental technique have pr?l/iously
different sources, of 1-butyl-3-methylimidazolium bis(trifluo- been describetf. The scanning method at a rate of 0.25rHn

romethylsulfonyl)imide, [bmim][NT4], were determined. The was used. Calibratio_n was performed _using tolue_ne and 1-bu-
properties under investigation were the density, the isobaric heatanol as heat capacity standar_ds, U@;rvalues being taken
from the literaturé” The uncertainty irC, for commonly used,

capacity, and the enthalpy of fusion. The obtained data were high-puri ic S0l ; . dtob LK1
compared to those found in the literature. Also, comparison "9 -purity organic solvents is estimated to-5@.2 Jmol™-K™.

between the data for the two [bm|m][Nﬂ'gamp|es was carried The Micro DSCII calorimeter was also used to determine

out. the enthalpies of fusioAgsH. In these experiments, the liquid
heat capacity cells, used @, measurements, were replaced by

Experimental Section batch cells. The value afs,H is obtained from the analysis of

. ) ) the heat flow versus temperature curve produced during the
Materials. [bmim][PFs] and one of the [bmim][NTf samples  gqjig—liquid transition. For this purpose, the measuring cell was
were synthesized and purified in the QUILL laboratories fjled with an amount of RTIL, whose mass was determined
(Belfast) according to procedues found elsewHéfé Purities using a Mettler AE-240 balance with an uncertaintytof-10-5
were greater than 99.8 % as judged %y NMR. The other ¢ Then the sample was solidified by submersing it in liquid
[bmim][NTf,] sample was purchased from Covalent Associates, pitrogen. This has been done because of the metastability of
_ , o RTILs.*® The sample was stored in a dry cold chamber for 24
;C(’_rfggoggég%;“z“zh?‘”- E-mail: romani@uvigo.es. TeB4-988387213.  n yjith a view to ensure that spontaneous evolution of heat due
t S):{iversi;jad de Vigo. to crystallization had ceased. Once placed into the calorimeter,
*Universidade Nova de Lishoa. the sample was heated at a scanning rate of 0.076irK?.
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Table 1. Experimental Densitiesp at Temperature T for the Studied 0.6 — T ——
RTILs a b
p/g.cm73 | v (e} 1 o] ]
TK [bmim][PFg] [bMIm][NTf ]2 [bmim][NTF,]° 04 M v T .
[e]
278.15 1.45333 1.45498 I Vo
283.15 1.37914 1.44852 1.45016 o
288.15 1.37483 1.44369 1.44533 02 F 1 ° 4
293.15 1.37043 1.43889 1.44051 z )
298.15 1.36612 1.43410 1.43573 /\Q\- o i o
303.15 1.36176 1.42931 1.43094 = * .
308.15 1.35752 1.42454 1.42617 S‘ 0 N : T a— -
313.15 1.35335 1.41978 1.42140 a o S o
318.15 1.34916 1.41504 1.41666 = S TR DUUUA AU
323.15 1.34502 1.41031 1.41194 < © ° “ ©
328.15 1.40560 1.40723 02 F + o, o ° A
333.15 1.40092 1.40255 * tew3FLI Y
aQUILL Centre sample? Covalent Associates sample. ® e ® e * R
04 r T ®ee, oo
Table 2. Densities: Fitting CoefficientsA; of Equation 1 and ¢
Standard Deviation s
[bmim][PFe] [bmim][NTf ]2 [bmim] [NTf]P 0.6 P T T P S T
Ao 0.499047 0.55974 0.56072
A —0.0006273 —0.0006682 —0.0006676 285300 315 280 300 320 340
s/10°6 6 12 8 T/K T/K

Figure 1. Percentage deviations 1gp™ — plit)/p™ from the density data
of this work (tw) with respect to literature (lit) values. (a) [bmim]gpF

- : . . . @, ref 21;0, ref 22; a, ref 18; v, ref 23; M, ref 24,0, ref 25; x, ref 26;
The enthalpy of fusion was obtained by numerical integration . ref 12. (b) [bmim][NT6] QUILL sample: ®, ref 21: O, ref 22: a,

of the peak thus obtained. Signal _calibration was perfprmed bY covalent Associates sample, ref 27; W, ref 2400, ref 28; #, ref 12.
means of a Joule effect cell, and it was checked agaipgt

literature values of cyclohexar&.Using this procedure, the  Table 3. Experimental Heat CapacitiesC, at Temperature T for the
uncertainty inAwsH was estimated to be about 1 %. The Studied RTILs

aQUILL Centre sample? Covalent Associates sample.

temperature of fusioffys was determined as the onset of the Cp/dK~-mol-1
transitiorf® with an uncertainty not worse thah 0.1 K. TIK [bmim][PFq] [bmim][NTf ]2 [bmim][NTF]°
: : 283.15 400.90 559.63 558.99
Results and Discussion 288.15 402.32 562.05 561.29
Density. Data have been obtained at atmospheric pressure 293.15 404.97 564.58 564.02
and within (283.15 to 323.15) K for [bmim][RFand within 2981 e 20033 oo
(27875 to 33315) K for the two [bmlm][NHS&mples In StepS 308.15 413.14 572.82 572.11
of 1 K. For simplicity, we only show here (in Table 1) values 313.15 415.98 575.56 575.03
at some temperatures, the whole amount of data being available g%gg igi-gé g;i-gg ggz-gg
as Supporting Information. Data were treated according to 32818 : 584 82 £84.35
Inp=A,+AT (1)

aQUILL Centre sampleb Covalent Associates sample.

whereA; are fitting coefficients whose values can be found in
Table 2.

Figure 1 shows percentage deviations between aata and
those from literature; in the case of [omim][N].fdeviations
are plotted with respect to the QUILL sample values (obtained
from eq 1). For both liquids, very large deviations are observed
(note that typical deviations for commonly used organic solvents
range around 0.02 %). As for [bmim][EJFit is worth noting
the excellent agreement with the data of Kabo é€and of
Jacquemin et d@ (within 0.02 %). As for [bmim][NTf], a
systematic deviation of 0.1 % between the data of the two
studied samples in this work is observed, which can be
considered a good result as compared to typical deviations for

RTILs but it is poor as compared to typical deviations for pressure and within (283.15 to 323.15) K for [omim]gp&nd

commonly used organic solvents. As both data sets were™ . "~ . -
obtained using the same experimental methodology (i.e., the\é\{'éh'g 5?881'7}? tgofzs;?ﬁﬁ?cﬁ fovrvéhgnﬁbrzm]v[erE rsea(rirr]]p#.e;b'lg 3)
same apparatus with the same calibration), it is reasonable to P T plicity, Y

ascribe the observed differences to different degrees of purity.valu.es at some temperatures, thg whole amount (.)f data being
In that sense, it is now believed that the main impurity sources avallablg as Supporting Information. Data were fitted to the
in RTILs are the water content and the~Giontent. Taking expression

into account that the effect of water pris milder than that of )

Cl-11.29and assuming that most water is eliminated by means Cpy =By + BT+ B,T 2

of the purification procedure previously described (see Experi-
mental Section), it is reasonable to explain the differences to
different CI- contents. More specifically, the sample with higher
Cl~ content (i.e., the QUILL sample) has lower density (see
Table 1). This result is in agreement with the well-established
fact that CI lowers density-!

The isobaric thermal expansivity, can be directly obtained
from eq 1 (note thaty, = —(9 In p/dT)y). The fact that Inp
versusT data are described by eq 1 clearly indicates thas
almost temperature-independent for the studied liquids. This
behavior has been discussed previod&f,and it seems to be
a common feature of RTILs.

Heat Capacity.Data have been obtained at atmospheric
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Table 4. Heat Capacities: Fitting CoefficientsB; of Equation 2 and 50 T T T T T T —
Standard Deviation s a b
[bmim][PFg]*  [bmim][NTf2]®  [omim][NTf2° ] :", ]
Bo/J-K1-mol-1 388.01 569.47 590.56 40 + + N
B1/10 1K ~2-mol-1 —4.0162 —5.4697 —6.9083 | ‘,
B,/10733-K~3-mol~t 1.5676 1.8088 2.0469 !
3K~ tmol™t 0.09 0.10 0.11 I
30 | T .
aThe fitting starting temperature is 285.15 'KQUILL center sample. [
¢ Covalent Associates sample. = :
1
T T T T T T T T T T T T g 20 I~ T : -1
a a b < |I
6L 1 !
. 10 T b
I
1
T |
1
s . L
=4r AT
;a
é’l _] 0 n 1 n 1 n 1 1 " 1 " 1
= A 276 280 284 260 265 270
S 5 L 1
- T/K T/K
Figure 3. Heat flow ¢ against temperatur€ for the studied samples. (a)
[bmim][PFg]; (b) [omim][NTf2]: QUILL sample (solid line) and Covalent
Associates sample (dashed line).
0 %53 o ___ _____ 3 Table 5. EnthalpiesAqsH and Temperatures Trs of Fusion of the
...\ Studied RTILs
1 N 1 N 1 1 1 N 1 N AfusH/kJ'morl Trd/K
285 300 3 1 5 280 300 320 340 this work literature this work literature
. 19.6018 280.03 283.5182847
T/K T/K (omim][PFe] 1991 1g.ggn 285.020276.431
Figure 2. Percentage deviations 149G, — Cp)/C, from the heat [bmim][NTf]* 2243 ) o 267.61 2672271
capacity data of this work (tw) with respect to literature (lit) values. (a) [omIm][NTf]®  24.53 ' 268.51  27®271.7
[bmim][PFs]: ®, ref 18; a, ref 27. (b) [omim][NTH] QUILL sample: @,
Covalent Associates sample; ref 27. aQUILL Centre sampleb Covalent Associates sample.

whereB; are fitting coefficients, whose values are listed in Table for AnsH and Trs are listed in Table 5 together with their
4. reported counterparts. In contrast to the well-behaved curves
Figure 2 shows percentage deviations between our data andi.e., single-peaked) that commonly used organic solvents show,
those from literature; again, in the case of [bmim][MTf the shape of the curve for [bmim][EJHs nonregular. Similar
deviations with respect to the QUILL values (obtained from eq behavior was observed by Domanska and Marciftakho
2) are plotted. It must be noted that, for this property, the interpreted it as a summary effect of melting and a sesidlid
literature data are scarce; specifically, two sources are availabletransition. In contrast, Kabo et #.made no reference to this
for [bmim][PFe] and one for [omim][NT%]. As for [bmim][PFg], hypothetical solig-solid transition. In any case, thg,H values
good agreement is found with the data of Kabo efdl.must  from the three sources (note that the reported value from the
be emphasized that this study contains data for pathd C, study of Domanska and Marciniikis the sum of the values
that are in very good agreement with ours. This fact may be a ¢4responding of what they consider two different transitions)

direct consequence of similar purity levels for the studied ;.o highiy consistent (see Table 5). Although the possibility of
samples. As for [bmim][NT4, excellent agreement is observed a solid-solid transition cannot be excluded, the observed

tbhez;\tNgEZethZ(th?orSt;Jhdelegesr?sriTt];lev?/.hzm,s |ert;:tlgi?f:g:(r;zztswvglrtg agreement could b(_e interpreted on the basis of similar purity
encountered. It is reasonable to think that €bntent, which Ie_ve!; for the studied samples. In regard to [bmim][¥Tf
was regarded as the main source of discrepancies in the case 0§|gn|f|cant dlfferences'have been observe@ betwgemmbl
density, has little influence oB,. A previous estimation of the ~ Values of the two studied samples. In addition, ne;';her of them
effect of CI on theC, of [bmim][BF4] supports this stateme#t, ~ 29rées with the literature data of Tokuda et™alMore
Finally, it must be noted that the deviations from the data of Significantly, the behavior is markedly different in that the
Fredlake et a¥7 are significantly large and systematic for both QUILL sample shows a regular, single-peakedersusT curve,
liquids. whereas a nonregular curve is observed for the Covalent
A further conclusion from the study qf and C, has to do Associates sample. The single-peaked shape of the curve of the
with the storage heat capaciB-V-L. From the data of Tables ~QUILL sample excludes the possibility of a sotidolid
1 and 3, it is deduced that both liquids have simiGrV1 transition near melting. The irregularities observed for the
(around 1.9510° J:-m~3-K~1 at 298.15 K). Covalent Associates sample can, therefore, be seen as a purity
Enthalpy of Fusion. Figure 3 shows the heat flogy versus effect. This could be an indication that the nonregular behavior
temperaturd curves for the studied samples, while the results found for [bmim][PF] comes form impurities too.
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Conclusion

1-butyl-3-methylimidazolium hexafluorophosphate in the condensed
state.J. Chem. Eng. Dat2004 49, 453-461.

This study corroborates that, as a consequence of impurities,(19) Riddick, J. A.; Bunger, W. A.; Sakano, T. KOrganic Solents.

the data on the thermodynamic properties of RTILs still lack

of the accuracy that those of traditional organic solvents possess.

In particular, this work shows that the Cktontent plays an
important role, especially in the case of the density. A more
detailed, quantitative analysis of the effect of impurities on
thermodynamic properties appears to be highly desirable.

Supporting Information Available:

Additional spreadsheets of density and heat capacity data. This

material is available free of charge via the Internet at http://
pubs.acs.org.
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