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Abstract: We describe the behavior of the conductivity, viscosity, and vapor pressure of various binary
liquid systems in which proton transfer occurs between neat Bronsted acids and bases to form salts with
melting points below ambient. Such liquids form an important subgroup of the ionic liquid (IL) class of
reaction media and electrolytes on which so much attention is currently being focused. Such “protic ionic
liquids” exhibit a wide range of thermal stabilities. We find a simple relation between the limit set by boiling,
when the total vapor pressure reaches one atm, and the difference in pK, value for the acid and base
determined in dilute aqueous solutions. For ApK, values above 10, the boiling point elevation becomes so
high (>300 °C) that preemptive decomposition prevents its measurement. The completeness of proton
transfer in such cases is suggested by the molten salt-like values of the Walden product, which is used to
distinguish good from poor ionic liquids. For the good ionic liquids, the hydrogen bonding of acid molecules
to the proton-transfer anion is strong enough that boiling points, but not melting points, may maximize at
the hydrogen-bonded dianion composition. High boiling liquids of this type constitute an interesting class
of high-temperature protonic acid that may have high-temperature fuel cell applications.

Introduction have tended to exclude protic salts, except where protonating
ability was specifically sougH€17” An outstanding example is
that of ref 17, which appeared in print after submission of this
article. In ref 17, Susan et al. showed for the first time that
protic ionic liquids can serve as the electrolytes of fuel cells,
and this is also the finding of studies in this own lab that were

motivated by the present papérThis promises a large new
field of application for ionic liquids.

Although protic ionic liquids are very easy to forthand
although they may have great thermal stabifitand high
fluidity,2° they may also be quite inferior with respect to the

Liquid salts, formed by transfer of protons from Bsted
acids to Bifmsted bases, form a “protic” subgroup of the class
of ambient temperature fluid systems now referred to as “ionic
liquids”. Research activity in ionic liquids has been increasing
exponentially over the past decade as new applications for these
vaporless phases continue to be discovér@dlost of the ionic
liquid systems under study have been of the “aprotic” class,
meaning that the cation is formed by transferring any group
other than a proton to a basic site on the parent base molecule
Though the first ionic liquid ever reported, ethylammonium
nitrate in 1914, was of the protic variety, and though protic  (11) (a) Sutter, E. J.; Angell, C. Al Phys. Chem1971, 75, 1826. (b) Angell,

ianie liAi i i i C. A,; Hodge, I. M.; Cheeseman, P. A. Molten Salts Proc. Int. Conf.
lonic !Iqullod_slsfeatureq heaV|Iy In early StUdle.s ny r.n0|.ten. salt Molten Salts Pemsler, J. P., Ed.; The Electrochemical Soc. Inc. 1976, p
chemists! the main developments of the ionic liquid field 138. (c) Shuppert, J. W.; Angell, C. A. Chem. Phys1977, 67, 3050.

(12) Pagni, R. M.Advances in Molten Salt Chemistry; 8amantov, G.,
Mamantov, C. B., Braunstein, J., Eds.; Elsevier: New York, 1987, pp-211

T Now at Department of Biotechnology, Tokyo University of Agriculture 346.
and Technology, Tokyo, Koganei, Japan. (13) Freemantle, M. “BASF's Smart lonic LiquidGC&E News 2003 March
(1) Wasserscheid, P., Welton, T., Edenic Liquids in SynthesjsWiley- 3L 9.
VCH: 2003. (14) Driver, G.; Johnson, K. E5reen Chem2003 5, 163.
(2) Welton, T.Chem. Re. 1999 99, 2071. (15) Johnson, K. ENATO Science Series I, Mathematics, Physics and Chemistry
(3) Rogers, R. D., Seddon, K R., Edsnic Liquids: Industrial Applications 2003 92, 419.
to Green ChemistryACS Symposium Series, Volume 818. (16) Noda, A.; Susan, A. B. H.; Kudo, K.; Mitsushima, S.; Hayamizu, K,
(4) Rogers, R. D., Seddon, K. R., Volkov, S., EGseen Industrial Applications Watanabe, MJ. Phys. Chem. R003 107, 4024.
of lonic Liquids Kluwer Academic Publisher: 2003. (17) Susan, A. B. H.; Noda, A.; Mitsushima, S.; WatanabeCkem. Commun.
(5) Carlin, R. T.; Wilkes, J. S. I€hemistry of Nonaqueous SolutionsCurrent 2003 938.
Progress Mamantov, G., Popov, A. |., Eds.; VCH: New York, 1994; pp (18) (a) Angell, C. A.; Xu, W.; Belieres, J.-P.; Yoshizawa, Rtovisional Patent
277-306. ApplicationFile No. 9138-0123, April 2003. (b) Yoshizawa, M.; Belieres,
(6) Papageorgiou, N.; Athanassov, Y.; Armand, M.; Baeh®.; Pettersson, J.-P.; Xu, W.; Angell, C. A. Abstracts of Papers, 226th ACS National
; Azam, A.; Gratzel, MJ. Electrochem. Sod.996 143 3099. Meeting, InSymposium on lonic LiquidSNovel Applications” session),
(7) Lu, W,; Fadeev, A. G.; Qi, B.; Smela, E.; Mattes, B. R.; Ding, J.; Spinks, New York, NY, September-711, 2003, IEC-083.
G. M.; Mazurkiewicz, J.; Zhou, D.; Wallace, G. G.; MacFarlane, D. R.;  (19) (a) Hirao, M.; Sugimoto, H.; Ohno, H. Electrochem. SoQ00Q 147,
Forsyth, S. A.; Forsyth, MScience2002 297, 983. 4168. (b) Yoshizawa, M.; Ogihara, W.; Ohno, Electrochem. Solid-State
(8) Sun, J.; Forsyth, M.; MacFarlane, D. R.Phys. Chem. B998 102 8858. Lett. 2001, 4, E25. (c) Ohno, H.; Yoshizawa, Msolid State lonic2002
(9) Walden, PBull. Acad. Imper. Sci. (St. Petersburg14 1800. 154, 303.
(10) Reinsborough, V. CRev. Pure Appl. Chem1968 18, 281. (20) Xu, W.; Angell, C. A.Science2003 302 422.
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properties for which ionic liquids are most valued. We have — aqueous KCI
earlier described a classification scheme by means of which - calibration point
certain protic ionic liquids are shown to provide examples of /é/
“poor” ionic liquids, in which low conductivity is found in good

| Grotthus and other ionic
concert with increased vapor pressiuiett. is the purpose of mechaV liquids
this paper to clarify the issues involved. i low
The possibility of obtaining liquids with low vapor pressures L
by the proton-transfer mechanism has been utilized in military vapor T-denpendent

< jon-pairing

/poor ionic

liquids

superionic liquids

pressures

programs for some tim&:23In these applications, the combina-
tion of oxidizing anions with reducing cations in mobile liquids
such as hydroxylammonium nitrate (HAN) (containing small,
controlled, amounts of water) makes possible the controlled re-
dox energy release appropriate for artillery propellants. The ionic
liquids formed in these systems seem to have low viscosities,
judging by military report dat& for the partially hydrated -
practical formulations (that have been included in certain journal oy T
publicationd?), but no reports of viscosity or conductivity values
for the anhydrous ionic liquids have been found. ) S T )
Recently, the proton transfer from strong acid to base has C\’g‘l’é‘; :'rug'a;rs]g"ifg\'/‘i’;‘tgﬁsgrtf]r:ré?rro'r?]”'c liquids, based on the classical
been advanced as a general preparative technique for formation ' '
of ionic liquids but the issue of vapor pressures was left
unaddressed. Examples reported have had in common the ver
weakly basic anion bis(trifluoromethanesulfonyl)imide, TESI
The relation between the protic and aprotic versions of the ionic
liquid, and in particular the relation between their relative vapor
pressures, awaits systematic attention. It will be seen from the

following considerations that the ionic liquids reported by Ohno as true a salt as the aprotic ionic liquids formed by, e-GHs*

and co-workers probably sau_sfy the conditions for very '°V.V transfer, rather than by proton transfer, to the same basie Site
vapor pressure, though the existence of controversy concerning

the acidity of HTFSI means that direct measurements of the (example: a-methyl pyridinium nitrate as opposed to simple

R . : pyridinium nitrate). Indeed, we will see that protic ionic liquids
type we report in this paper will be needed to remove residual o - .
ambiguities formed from combinations of superacids such as trifluo-

. romethanesulfonic acid and even moderately strong base (to give
Low vapor pressures are the consequence of the dramatic

. . - . e.g., imidazolium triflate) can be more ideally ionic than some
lowering of the partial pressures characteristic of the pure acid .
aprotic case®?

and pure base due to the free energy lowering associated with o ; ing the ionicity of ionic liquids i

proton transfer. In any liquid, it is the arrival of the vapor h nle Wﬁ?_y ol as;_essmg the |on|_C|tI):/_o gni'zc ;]qur'] 'S Ibs to gse

pressure at 1 atm during heating that determines the “normal"t e classl |c§t|on lagram shown Iin Figure-Zwhich 1S a§e ]
on the classical Walden rufé The Walden rule relates the ionic

boiling point. A mixture of acid and base in which there is no il 4 by th al ductiv =
energy decrease obtained by transferring the proton, would boil mobilities (reprgsgnte Y tie equivalent con UCTIALYA B
F>uiz) to the fluidity ¢ (¢ = 1) of the medium through which

at a temperature between the boiling points of the components he i if the  liquid b I q
at the temperature at which the sum of their partial pressures ist'€ '0ns move. If the liquid can be well represented as an
ensemble of independent ions then the Walden plot will

one atm. . . . . .
When the free energy change in the proton transfer processcorrespond closely with the ideal line. Ideally, which means in

is large, the proton may become so firmly localized on the thg absence ‘?f, any iGI‘iO.n inte.racFions, thg slope ,ShOUId be
Brénsted base that the probability of reforming an acid molecule UNity- The position of the ideal line is established using aqueous
HA becomes negligible at ambient temperatures. This prob- KC! solutions at high dilution. o _

ability is measured by the Boltzmann function exp(kT), As argued elsewhefé;*>**a liquid system in which the ions
wheree = AG®/Na, andAG® is the molar free energy change &€ uniformly distributed with respect to ions of the opposite

in the process that reverses the original proton transfer

log (equivalent conductivity)

high vapor pressures

log (fluidity)

and products are used. Due to the strong coulomb interaction
Yetween ions, and the long range of the interaction, the vapor
pressure over the liquid is very low.

In some cases to be clarified below, the probability of
reforming the acid and base remains negligible even at tem-
peratures as high as 300. The salt is then, by most measures,

(25) Wilkes, J. S.; Zaworotko, M. J. Chen}l. Soc., Chem. Comm@A92 965.
+ _ (26) Cooper, E. I.; O’'Sullivan, E. Proc. 8". Intern. Symp. Molten Salt3he
HB"+A =HA+B 1) Electrochemical Soc.: Pennington NJ, 1992, Proc. Vol-Bg, p 386.
(27) BonHhae, P.; Dias, A.-P.; Armand, M.; Papageorgiou, N.; Kalyanasundaram,
O ) K.; Graetzel, M.Inorg. Chem.1996 35, 1168.
Here, pure liquid (Raoult’'s law) standard states for reactants (28) () Bowles, C. J.: Bruce, D. W.. Seddon, K. Ghem. Commuri996
1625. (b) Holbrey, J. D.; Seddon, K. R.Chem. Soc., Dalton Tran999

(21) Angell, C. A.; Xu, W.; Yoshizawa, M.; Hayashi, A.; Belieres, J.-Pldnic 2133.

Liquids: The Front and Future of Material DelopmentOhno, H., Ed.; (29) McEwan, A. B.; Ngo, H. L.; LeCompte, K.; Goldman, S.J.Electrochem.

High Technol. Info.: Tokyo, 2003, pp 435 (in Japanese) (English version Soc.1999 146, 1687.

is available from the corresponding author upon request). (30) MacFarlane, D. R.; Golding, J.; Forsyth, S.; Forsyth, M.; Deacon, G. B.
(22) Klein, N. InProc. of the 19 JANNAF Combustion Meetinyol. 1, CPIA Chem. Commur001, 1430.

Publ. 366,1982 p 513, Chemical Propulsion Information Agency, Laurel,  (31) Mirzaei, Y. R.; Twamley, B.; Shreeve, J. N1.Org. Chem2002 67, 9340.

MD. (32) Xu, W.; Cooper, E. I.; Angell, C. Al. Phys. Chem. B2003 107, 6170,
(23) Messina, N. A. et al. ifProc. of the 21 JANNAF Propulsion Meeting (33) Walden, PZ. Physik Chem1906 55, 207 and 246.

Vol. 1, CPIA Publ. 4121984 p 515. (34) Angell, C. A. InMolten Salts: From Fundamentals to Applicatip@aune-
(24) Lee, Y. T.; Schroeder, J.; Dol, C. S.; FrankelJ.JChem. Phys199Q 92, Escarde, M., Ed.; NATO-ASI: Kluwer Academic Publishers: Netherlands,

3283. 2002, pp 305-320.
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charge develops a Madelung energy comparable to that of the 10
corresponding crystal. This is demonstrated by the absence of
anything unusual about the heats and entropies of fusion of
classical ionic systems, as would be the case if the Madelung
energy were lost on fusion. The vapor pressure of the “good”

ionic liquid is then necessarily very low because the Madelung T Sr

——PA-HFm 1:9 (mol)

energy as well as the dipotaipole interaction between ion
pairs must be overcome before an ion pair can pass into the L To
vapor state.
Salts formed by proton transfers that are weak will not form ol l
liquids with uniform charge distributions hence their Walden
plots will fall below the ideal line, and their vapor pressures
will not be very low. In such cases, the boiling that must occur r T
when the total vapor pressure reaches the external pressure will T, TT,
fall below decomposition temperatures, and the vapor will tend 5 P S T S S
to con_tain mc_)lecular species rather than ion pairs. In this_ work, 150 -100 50 0 50 100 150
we will provide experimental data on a number of binary,
solvent-free, Bfasted acie-base systems that will help test ) ) i . L
these notions Figure 2. Differential thermal analysis scans for characterization of glass
: temperatureTg), devitrification temperaturelg) and liquidus temperature
Not only does presentation of data in the Figure 1 form allow (T;) (left scan), and boiling temperatur&) (right scan). The DTA range
us to detect the existence of different forms of association of extends up to 500C.
cations with anions, but it also serves to display the presence
of abnormally high mobilities of one or other of the charge-
carrying species. Excess mobility on the part of protons is a
classical SUb]eCt,’ :?md mechanisms that permlt Its underStandlngEively used for glass transition and melting point determinations in the
date from the original work of Grotthus, as invoked by Bernal 5q;" its utility for the boiling point determinations of primary

and Fowler?> Not so commonly discussed, but phenomenologi- importance to the present work, has previously not been given much
cally indistinguishable, is the excess conductivity which is found attention. DTA has special advantages for the study of corrosive sys-
when species that are much larger than protons can slip throughtems because of its use of glass sample tubes, and the absence of
the structure via channels that present lower energy barriers tharexpensive components in proximity to the samples. In addition, the
those characterizing the viscous flow process. For these, theuse of unsealed sample containers makes possible the determination

scanning calorimetry DSC instruments. Our DTA setup, based on Al

heater blocks and Pyrex glass sample tubes, has temperature range of
—180 to+500 °C.

The determination of boiling points of liquids and solutions by DTA
whereo < 1. is very simple!®41 The boiling point has its own distinct signal in DTA.

In the log-log plot of Figure 1, data for systems featuring when boiling occurs, the rapid growth of bubbles in the slightly
this sort of “decoupling® appear as straight lines of slope superheated liquid, combined with the large value of the heat of
In the case of solutions of strong mineral acid in aqueous protic vaporization, causes a sudden absorption of energy. This gives rise to
solvents, this decoupling appears to commence at a highera sharp pen displacement (see Figure 2). The error due to superheating
fluidity than in the case of silver ions in liquid halid&%3 In is minimized by adding a small amount of inert alumina powder to the
less well-known cases, such as mineral acids in glycerol, the SamPple container to promote bubble nucleation. S
departure occurs at lower fluidities. There is need for additional " Pure liquids, bubble growth is very rapid. In solutions in which
empirical information on this decoupling phenomenon. The only one component is volatile, bubble growth can be much slower

" P o - due to the need for diffusion of the volatile component to the bubble
identification of conditions needed for decoupled proton motion N . : X X

. . . surface. The need for diffusion, coupled with the higher viscosity of
in solvent-free systems, is very desirable.

the solutions in which ionic species provide electrostatic constriction,
leads to less striking, though still obvious, signals in the binary solutions.
Weaker signals, particularly near stoichiometric compositions, lead to
The liquid protonic acids, trifluoroacetic acid (HTFA, 99%), an increased uncertainty in the boiling point assignment in the
dichloroacetic acid (HDCA, 99%) and nitric acid (70%), the bases intermediate ranges, as will be seen in the scatter of binary solution
ethylamine EA (99-%), propylamine PA (99%), a-picoline @Pic, data presented in the next section.
i.e., 2-methylpyridine, 98%), and 1-methylimidazole (MIm, 99%) were In the case of-picoline+ triflic acid, the proton-transfer energy is
obtained from Aldrich Chemical Co. Anhydrous acetic acid (HAc, very large (see discussion section). Due to the large negAtdfethe
99+%) was obtained from Mallinckrodt, and anhydrous formic acid formation process (reverse of eq 1), the activity of the more volatile
(HFm, 98%) was obtained from Fluka. Anhydrous trifluoromethane- component (excess acid or excess base) is so reduced that a chemical
sulfonic acid (or triflic acid, HTf, purity unspecified) was obtained from  decomposition point is reached before boiling (which only involves

Exo
=
-

T /°C

The thermal transitions of interest to this work were determined using
a simple home-built differential thermal analysis DTA unit utilizing
the three-terminal system described elsewP#r&.Although exten-

An* = constant )

Experimental Section

Matrix Scientific. All chemicals were used as received. the reversible endothermic proton transfer) can be observed. In fact, it
(35) Bernal, J.; Fowler, R. El. Chem. Phys1933 1, 515. (39) Angell, C. A.; Sare, E. JI. Chem. Phys197Q 52, 1058.

(36) Angell, C. A.Solid State lonic4983 9 & 10, 3. (40) Sivaraman, A.; Senapati, H.; Angell, C. A.Phys. Chem. B999 103

(37) McLin, M.; Angell, C. A.J. Phys. Chem1988 92, 2083. 4159.

(38) Lucas, P.; Videa, M.; Angell, C. Al. Phys. Chemin preparation. (41) Velikov, V.; Senapati, H.; Angell, C. A. U.S. Patent No. 6, 155, G200
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is estimated below that, in the absence of chemical decomposition, the
boiling point for the stoichiometric composition in this case would lie
near 450°C!

When decomposition occurs, the direction of the thermal effect
changes from endothermic to exothermic, at least for the substances
of this study. The source of the energy release cannot be ascertained
without a detailed study of the (irreversible) decomposition process.

Reproducibility (precision) of boiling points is better tha K for
the single components. The accuracy and precision can be judged from
the results for-picoline (127 and 127C in successive runs, vs 128
°C (literature value)), and acetic acid 1@ (literature 117118°C).

The increased difference in the second case is attributable to the fact
that the reagent was only 989% pure.

A DTA trace, showing the sequence of transitions observed in a
formic acid+ propylamine solution is given in Figure 2. It shows how
the boiling point of the acid is raised from the normal value (10}
to 124°C by incorporation of 10mol % of the strong base, the boiling oPic ’ ’ ~ HTFA
point of which is only 53°C. The glass transition is seen-at23°C, Xutea
increased from that_ estimated for the pure pase,{b@?) °C. The Figure 3. System a-picoline + trifluoroacetic acid, showing glass
system then crystallizes at98 °C to yield a solid, the salt propylam-  {emperatures (open squares), devitrification temperatures (filled diamonds),

monium formate which subsequently redissolves & °C. The liquid liquidus temperatures or freezing points (open triangles), and boiling points
range (liquidus to boiling) is thus 14C. at 1 atm pressure (solid circles). Note that the maximum boiling point (at

It would be quite simple to repeat the boiling point measurement which the combined vapor pressure;_of acid and base components eq_uals
using an apparatus in which the external pressure is reduced to known® E’I‘mp]) Ocﬁuri it the ?'an'on compo?'t'on' ‘.N?].ereas the congruently melting
values well below ambient, and thereby to obtain the liquid/vapor salt has the 1:1 single proton-transier stoichiometry.

Temperature /°C

coexistence line (and the heats of vaporization), but this has not been 500
done so far. L
Conductivities were measured using dip type cells of cell constant 450 i WFFm (pKa=3.75) & [3?:':";9
about 0.1 cm? calibrated with a 0.1m KCI solution. The cell con- 400 | OHTFA (pKa=0.50) (OLKp =506
ductance was determined in the frequency range from 10 Hz to 1 MHz 3 pKa=5.96)
using an automated HP4192 LF frequency analyzer, as described many 350 [ 4 HTf (pKa=-14) ;
times before [e.g., ref 32]. The conductivity was determined from 300 F
the initial part of the almost frequency-independent plateauw (kg éj - :
logf plot). Values obtained were checked against the data obtained by a 250 i
short extrapolation to the real axis of the usual complex impedance = 200 L
plot. F
Kinematic viscosities of ionic liquids were measured using Cannon 150
Ubbelohde viscometers of appropriate viscometer constants, in the 100 }
temperature range between ambient and 4B0CaC} drying-tubes F
were used to protect the samples from moisture in the air. A uniform 50 i
temperature environment was provided by a tall, cartridge-heated 0 S T S S B
aluminum temperature-smoothing block with slots to permit meniscus 0 0.2 0.4 06 08 1
observation. The temperature of the sample was maintained for half
an hour before measurement. The precision of measurement with Xacid

Cannon—_UbbeIohde wscomet_ers is controlled by the reprodL_JC|b|I_|ty Figure 4. Boiling points (see Figure 3 caption) in binary systems of
of flow times, and accuracy is controlled by accuracy of calibration the same base-picoline, with protic acids of different strengths as indi-
constants and by temperature measurement. Precision was limited atated by jK, values determined in aqueous solutions (see legend). The
the highest temperatures (above 2@) by the short flow times<10 open triangle at the 1:1 stoichiometry is the value predicted using the
s) consequent on our using only a single viscometer for each Samp|e.correlat_|0n obtained in a later figure. Prior chemical decomposition pre-
The flow times were reproducible: the standard deviation #8< s. vents direct measurements. The extrapolation is drawn sharply peaked, for

: the same reason that, in binary phase diagrams, stoichiometric com-
For temperatures below 4, the run times are often 200 s or longer pounds at which there are very rapid changes of chemical activity

hence the reading error is only 0.1% of the efflux time. Data were show sharply peaked liquidus temperatures (see ref 1, Chapter 3, Figure

converted to normal viscosities, here reported in poisep(3¥01 Pa 3.1-3).
s), to maintain the simplicity of the Walden plot (Figure 1, and the
more detailed version given below). the formation of the dianion H(TFA), is reached. Evidently
this hydrogen-bonded species has a very high stability in this
Results
system.
The temperatures of the various transition poifig Tc, Ti, In Figure 4, we show the boiling points of several binary

andTy) obtained from scans such as those in Figure 2, are shownsystems in which the strength of the acid is increased while
for the case of the systen-picoline + trifluroacetic acid in the basep.-picoline, is kept common to each. In the case of

Figure 3. We note that the glass temperature and liquidus tem-the strongest acid of the study, trifluoromethanesulfonic acid,
perature both reach maximum values at the stoichiometry of the boiling point lies above the decomposition temperature of
the simple proton-transfer compouagpicolinium trifluoroac- the aromatic base. An extrapolation of the data obtained for
etate. On the other hand, the boiling point continues to rise with compositions where boiling occurred before decomposition
excess acid until the composition 67% acid, corresponding to (solid symbols), suggests near the 1:1 composition, the vapor

15414 J. AM. CHEM. SOC. = VOL. 125, NO. 50, 2003
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250
| [——HFm
(pKa=3.75)
200 | |—o—HTFA
I (pKa=0.50)
o 150
«“
" 100 ‘
50 Base = n-Propylamine
(pKa=10.57)
0 1 1 1 1 1 1 1 1 1
0 0.2 04 06 0.8 1
Xacid

Figure 5. Boiling point maxima in systems of strong basepfopylamine)
with different acids.

-1

2 o
[ PicTf ’
16 | |oPic-TFA .
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— 12 r -“' ,’d:
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04 + -~ . o~
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.0
ok o
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2 24 2.8 3.2 36 4
1000/T /K"

Figure 7. Arrhenius plot of the viscosities of the ionic liquids of Figure 5,
showing that the IL formed from the strongest acid (triflic acid) is much
the most viscous. Dashed lines are extrapolations based on-Viegieher-
Tammann equation fitting, see text. (In the legend, Ric-picolinium.)

" OP?C'Fm Table 1. VFT Equation Parameters of Viscosity Data for
2t A Pic-Tf o-Picolinium Salt?
L o Pic-TFA 7olcP b) TJK 4K R?

— 3 o aPic-Fm 0.04 7.66 103 154 0.999
‘e e} o aPic-TFA 0.14 3.11 187 196 0.999
é,’ i o) aPic-Tf 0.16 4.09 181 186 0.999
-~ 4 | o

o i aVFT equationy = 57,expDTo/(T—To)] P Interpolated from data on the
k=3 HTf/a-Picoline system.
2 5L
Table 2. Linear Density Equations for a-Picolinium Salts
6 L plgem=2 (tin °C)
aPic-Fm 1.05-4.39x 1074t
i aPic-TFA 1.315.26x 1074t
-7 TN TN T TN T N ST YT T T T WO TN T NN M A N BN oPic-Tf 1.46-7.16 x 1U4t
24 28 32 36 4 44 438
-1 . .
1000/T /K Discussion

Figure 6. Arrhenius plot of specific conductivities of different proton
transfer ionic liquids (stoichiometric 1:1 compositions). Note that the
conductivity behavior contrasts strongly with the viscosity behavior seen
in the next figure. (In the legend, Pie a-picolinium.)

pressures of acid or base species would be very low, even
250°C.

Figure 5 contains data analogous to those of Figure 4 for the
case in which the stronger, nonaromatic baggopylamine is
used as the common component. In this case, even formic aci
yields a proton-transfer salt with a boiling point elevation of
some 100 K above the additive value.

Data on the conductivities of the systems of Figure 4 are
shown in Figure 6, and viscosity data are shown in Figure 7.
Conductivity and viscosity data for the remaining systems are
available, but are subsumed into the more economic form of

Figure 1, and presented in the Discussion section. The data hav<$

been reduced to VogeFulcher-Tammann (VFT) equation

at

d

1. Proton-Transfer Salts. The data of Figures 4 and 5
provide an opportunity to quantify what would be expected from
the concept of acidbase processes. We expect that the activities
of the individual components will be lowered from the ideal
solution values very strongly when there is a large driving force
to transfer the proton from acid to base, thereby forming the
salt. In aqueous solutions, the free energy driving the transfer
may be obtained from data on the work of transfer of protons
from acid to water, and from water to base, respectively. These
are extensively catalogued in terms of th&,walues and K,
values. For a given substance acting alternatively as an acid or
as a base, these are related I p- pKp = 14. The value 14
is determined by the properties of the solvent water and is the
base 10 logarithm of its auto-dissociation constaht,.pThe
Kw is related to the work-tRTInK,,) of transferring a proton
rom one water molecule to a distant one within the solution
medium provided by water itself, as has been described in great

parameters, presented in Table 1. These are valid only in thedetail in the book by Gurne$? The sum of Kz and [Ks for the
. a

range of the data, but the dashed lines of Figure 7 show what
they predict for the extended range. Finally, data for the densities
that are needed to convert specific conductivities into equivalent
conductivities, are summarized in Table 2 by the linear
equations.

acid and base that form the anion and cation of a given salt,
allow us to obtain a measure of the free energy of formation of

(42) Gurney, R. Wlonic Processes in Solutipidover Scientific Pub. Co.: New
York, N. Y., 1962.
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Figure 8. Correlation of the excess boiling point (determined at the 1:1
composition) with the difference in aqueous solutidf, palues for the

the decomposition temperature, as indeed the correlation plot
Figure 8 would predict. If we use the plot to estimate the
(immeasurable) boiling point, then it seems compatible with
the extrapolations in Figure 4 of the two arms of the solution
boiling points measured on either side of the stoichiometric ratio.
These suggest that in the absence of decomposition, boiling
would not occur before 45TC. Clearly, the salt oft-picolinium
triflate should be regarded unequivocally as an ionic liquid.
Turning to another measure, we examine the conductivity of
the ionic liquid formed by the proton transfer, relative to its
fluidity, as in Figure 1. We recall that the ideal line is obtained
on the basis that ions have mobilities that are determined only
by the viscosity of the medium, and that the number of ions
present in the equivalent volume is that indicated by salt
composition (i.e., all ions contribute equalffy**The ideal line
position is fixed from dilute solution data where the ions are
remote from one another and the Stok&snstein and Nernst
Einstein relations are well obeyé##> Due to the inevitability
of inter-ionic friction in an ionic liquid some degree of departure
must be expected. The deviations from the NetrfShstein

component Biosted acids and bases of the respective ionic liquids. The equation predicted by thedfywill cause experimental points
ATy value is determined as the difference between the measured boiling to fall below the dilute solution limit. The closer to the ideal
point and the value, at 1:1, of the linear connection between pure acid and .. . ) . . .
pure base boiling points. Note the very large excess boiling points lIN€ the data _for a given salt are found to lie, the more ideal it
extrapolated for the ionic liquids formed from the superacid HTf (open may be considered.

triangles). These values could not be determined experimentally because After conversion of the specific conductivitydata of Figure

of prior decomposition. 4 to equivalent conductivitied, and the kinematic viscosity
data (in centistokes) of Figure 5 to dynamic viscosjtylata

the salt from its ions in the 1.0 molar aqueous soluti@, = (in centipoises), using

— RTIn(ApKy).*2

It is of interest to see if the wealth of information available A=Vgo (3)
for these interactions in aqueous solutions has any relevance to
the behavior of the same acids and bases interacting in theand
absence of water, or of any other solvent. The dielectric constant
of water, through which the transfer of the proton in aqueous n=vp (4)

systems occurs, is very large, about 80. The work of transfer to . . . .

restore the original molecular acid and base components fromWhereve Is the eguwalent volume anlis the deq5|ty, the data
the salt should therefore be much greater in the absence of an;fOr the .two.senes of salts (formed at 1:1 stoichiometry) are
dielectric, particularly a medium with the dielectric constant of plotted_ in Figure 9. . . . .

water. Thus, the driving force for salt formation in the systems Aga‘f‘ we see that, |_n a glven_ series with com_mon base, the
we have studied could be very different from that measured in salts with the !arge;t difference in agueous ;olutlbﬂ_g\mlues,
water. Whether any correlations can survive such a drastic propylammonium trifluoroacetate awdpicolinium triflate, are

change of proton transfer environment can only be determined.the onesitlhat conform most clolsely. to.t.he Walden rule with
by experiment. ideal A/y~* value. Indeed, they lie significantly closer to the

- N . ideal line than those data for one member of the collection of
We test the possibility of correlation first by comparing the aprotic salts we recently describ&dlhis is the tetrafluoroborate
increases in boiling point, over the additive values, for each P y

acid/base pair studied (Figures 4 and 5) as a function of the _salt of a quaternary ammonium séltypical of more recent

C oL 849 ; ) .
frence . vles of h skt an bas componers . i 148 e On e b of o cprte hactr,
water#® We use [K, = 14 — pK;, values for the base, when P y d

only pK, values have been tabulated. Thé,values for the than the proton transfer salts, yet this evidently not always the

R . : . case.
individual components are given in the figure legends. . . . I .
: p - 9 R g g We test the Walden ideality relation more quantitatively in
This correlation is shown in Figure 8. It uses data for all

acid/base combinations studied in this work for which the boiling |'9ure 10- There we plot the interval between the experimental
. . - I Walden plot for each liquid and the ideal lin&W, measured
points at 1:1 acid: base fall below any decomposition temper-

- . . —~ at a fixed value of log;~1, against the differences in aqueous
ature. It is seen that four points fall precisely on the same line, 9 - ag q

within the uncertainty of determination, whereas a fifth falls (43) The . values were taken from (a) Covington, A. K.; Davison, BRC
i i - i i i Handbook of Chemistry and Physi@&" ed.; Lide, D. R., Editor-in-chief;
Close. to the Im.e' (The flfj[h case, EA-Fm, is the one .In W.hICh Chemical Rubber Co. Press: Boston,p48; and (b)Lange’s Handbook
the difference in pure acid and pure base boiling points is the of Chemistry 13" ed.; Dean, J. A., Ed.; McGraw-Hill, Inc.: New York, p
i i iti i i 5—18. For the case of triflic acid, we adopted thé,palue —14 suggested
largest, hence' that in which thle additive baseline for assessing by Ripin. D.: Evans, D. (see htip-/idaecrl harvard eeuifK. htm).
the AT, value is the most dubious). As noted already, for the (44) Bockris, J. O'M.; Reddy, A. K. NModern Electrochemistry2nd ed.;
case in which the value oApK, is largest, involving the Plenum Press: New York, 1998.

; _ 9 . (45) Mills, R.; Godbole, E. WJ. Am. Chem. S0d.96Q 82, 2395,
strongest acid of all (Figure 4), the boiling point falls above (46) Berne, B.; Rice, S. Al. Chem. Phys1964 40, 1347.
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'°9(n'1 IPoise'1) Figure 11. Poor correlation of excess glass transition temperatiiges

) o ) ~ (determined at the 1:1 composition) with theK, values for the acid base
Figure 9. Walden plots for the various ionic liquids obtained by in this  combination. TheAT, value is determined as the difference between the

work, as indicated in the legend. The vertical line at log(¥ 1, is used measured Tg and the value at 1:1 of the linear connection between pure
to define the deviations from “ideal” Walden behavior used to construct acid and pure base glass temperatures ATgvalue foraPic-Tf is obtained
the next figure. EAN is ethylammonium nitrate. by interpolations.
4 scatter than the others, implying that other important factors
I 1 aPic-Ac enter into the determination of the glass temperature, as is known
350 2 gPic-Fm from earlier work32
r®1 3 Mim-Ac o
3 | 4 MimEm Comparable increasesTy due to proton transfer, 57 K, were
- - 5 4Pic-DCA reported long ago for the case of hydrazine (8:Ifprmic acid
_'" 25 6 oPic-TFA (3.75)12for which ApKj, is 4.35. The conductivity of the 1:1
5 - N solution in this system (which is liquid at 3€, indeed it does
f 2 i 9 EAN not exist as a distinct crystalline solid), was until very recéftly
; 15 L 10 oPic-Tf the highest ever measured for an ionic ligBficorobably due
< L to the very low value offy for this case {115 °C).12
1 F 2. Thermodynamics of lonic Liquid Formation. From the
r comparisons in Figures 8 and 9, it can be seen that the Walden
05 r 10 rule criterion is less discriminating between ionic liquids formed
0 L by proton transfer, than the vapor pressure criterion. Two liquids

that appear equally ionic by the Walden rule criterion can be
distinguished one from the other by the boiling point elevation

ApK, criterion. In this section, we discuss briefly the thermodynamic
Figure 10. Deviations from the “ideal” Walden behavior for ionic liquids  reason for this distinction, and note that it also provides a basis
plotted againspK, values for the component Brsted acids and bases  for distinguishing aprotic from protic salts.

O e e e i Sl carnol“The fonic iuid can be thought of as the result of a profon
can be observed between proton-transfer ionic liquids and aprotic ionic “falling” from a quantized energy level on the acid molecule
liquids by their transport behavior. (called an “occupied” level, after Gurn#y into a previously
unoccupied, or “vacant”, level (also quantized) on the base, to
solution acid and bas&pKa values, as used in Figure 8. Here  form the protonated cationic species, as illustrated in Figure
again, we find a surprisingly good (inverse) correlation. Figure 12,
9 and Figure 10 together tell us that, when the aqueiquis, The fact that the reverse proton transfer can yield two new
value is greater than about 10, the difference between thespecies within the ionic liquid provides a thermodynamic
positions of the Walden plot for the proton-transfer salt and for (entropic) drive to generate vapor. This must ultimately win
salts where proton transfer is not a possibility, has vanished. out as temperature increases because of Acomponent of
Above, we have made successful correlations of the salt-like the total free energy change. The question is only whether the
character of proton-transfer salts at two rather different boiling point (at which the sum of the two molecular partial
temperaturesthe boiling point in the first instance (in Figure  pressures reaches 1 atm.) will be reached before chemical
8) and a midrange isoviscous point, in the second (Figure 10). decomposition, as opposed to reformation of the molecular acid
There remains the evaluation at low temperatures that can beand base reactants by eq 1, renders it irrelevant. The equilibrium
made tentatively in terms of the excess glass temperaitifgs

H i i (47) Cooper, E. I.; Angell, C. ASolid State lonic4983 9 & 10, 617.
ATg' like ATp, is assessed as the difference between the (48) Matsumoto, H.; Yanagida, M.; Tanimoto, K.; Nomura, M.; Kitagawa, Y.;

0 4 8 12 16 20 24

measuredly at the stoichiometric salt composition, and the Miyazaki, Y. Chem. Lett200Q 922. .
additive value at the same composition. The exdgss shown (49) ggéiyzhé $3Solding, J.; MacFarlane, D. R.; ForsythBléctrochim. Acta
as a function oApK, in Figure 11. It is subject to much larger  (50) Sutter, J. Ph.D. Thesis, Purdue University, 1970.
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Occupied Vacant groups such as CHz and—C;Hs, rather than protons. Because
levels (acids) levels (bases) this is @ much more energetic process, involving the rupture of

covalent bonds, it will not be observed. Rather it will be pre-
G HCOOH HCOO" empted by, or combined with, other irreversible chemical

.

C:HNH;Y € C3H;NH,

Figure 12. Free energy level& for protons on acid/conjugate base pairs,
following Gurney*2 The gap between levels measures the free energy of

decomposition modes.

3. High-Temperature Protonic Acids. A potentially impor-
tant aspect of this study concerns the demonstrated general
existence of high-temperature-stable, proton-rich, ionic liquids.
First, we note that the stabilization of proton-carrying dianions

proton transfer at the stoichiometric composition. The larger the gap the in the presence of weak field cations has been reported before.

smaller the Boltzmann probability of reformation of the original molecular

pair at any given temperature, hence the smaller the vapor pressure ovey

the ionic liquid at ambient pressure. At the boiling point the sum of the

two molecular partial pressures, and whatever paired species might form

in the vapor, reaches 1 atm.

-1
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—e—HTFA (323K)
r —a—HTFA (298K)
-5 L 1 ! Il L N \ N X
0 0.2 0.4 06 0.8 1
XAcid

Figure 13. Conductivity isotherms for binary solutions of the two a¢id
base pairs showing conductivity minima at the stoichiometric compositions

The existence of HGI as a stable anionic species with lifetime
ong with respect to the NMR time scale was demonstrated
spectroscopically in some of the early ionic liquid wétiore
recently, the difluoride anion which is well-known in inorganic
chemistry, has been the subject of several ionic liquid stud-
ies5253 In principle, such anions could serve as the proton-
transporting media in high-temperature fuel cells. The stability
of dianion stoichiometries is best seen in Figure 4 in which the
maximum boiling point is exhibited not at the 1:1 composition
but at the 2:1 acid: base composition. The stability of the AHA
anion derives from the existence of a strong hydrogen bond
between the anion and the additional molecule of acid. This
bond is strong enough in the case of HEhat the anion forms
even in the presence of alkali cations. With anions less
electronegative thant-the bond can form only when the cation
exerts too weak an electric field to control the anion orientation,
as in ionic liquids.

In future work, we will characterize these species by their
proton NMR spectra and their-€H vibration frequencies. For
the moment, we wish only to comment on the properties of the
solutions containing them, and the properties they exhibit
relative to those of the stoichiometric salt compositions.

In Figure 13 we show the conductivities of the solutions of

at which the glass temperatures maximize (see Figure 3). High conductivities two of these systems. Both have the same bag@coline, but
are realized in acid and base-rich compositions until decreasing ionic the acids differ greatly in strength. In one case, trifluoroacetic

concentrations become dominant.

involved in the boiling is of the simple “two-state” variety, and
should be preceded by a rise in heat capacity. The excess he
capacity of a two-state system is given by
AC, = R(AH/RT)? X(1 — X) (5)
whereX is the fraction of protons that have been excited into

high energy sites at temperatufeand AH is the enthalpic
component of the free energy g& = AH — TAS X itself

depends on both the enthalpy and entropy terms in the free
energy of proton transfer represented in Figure 12 by the free
energy gap between the two levels. Whether or not the rise in

heat capacity will be easily detected will depend on the value
of the AScomponent of the free energy of proton transfer. The
value of ASdetermines the temperature interval over which the
system passes from the ionic liquid to the molecular stag.

itself is determined largely by differences in vibration frequen-
cies in the molecules and ions, and in the liquid quasi-lattice,

when the proton transfer occurs. Generally, the heat capacity
increase will occur over too wide a temperature range to be
detected without quantitative heat capacity measurements, and(51)

may be swamped by other effects.

For aprotic ionic liquids, the corresponding exchange between

anion and cation species would involve the transfer of alkyl
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acid, theApK; value is 7.3 units and the boiling point at the
1:1 stoichiometry is easily measured, Ifh In the second case,
Aiflic acid, the ApKa value is ca. 20 and the boiling point cannot
be observed. The conductivities however are not so different
because, although the ionicity of the triflate salt is high in
consequence of its stronger proton transfer, the concomitantly
higher Ty renders the ion mobilities smaller. The former is
evidently the more important because the triflate salt has the
higher conductivity. Because it also has the lower vapor pressure
it is, of the two, the ionic liquid of preference if conductivity is
an important consideration. However, if fluidity should be an
important consideration, then the trifluoroacetate IL may be the
more desirable medium.

Passing to the acid-rich compositions, it is noted that the
conductivity has increased strongly because of the decreasing
Ty value (Figure 3). The conductivity of the involatile proton-
rich liquid reaches 11 mScrh at ambient temperature, which
is higher than that of most 1M solutions of salts in molecular
solvents. The conductivities of more favorable solutions,
published in ref 20 since this paper was submitted, reach values
characteristic of aqueous solutions, and prove to have valuable

Shuppert, J. W.; Angell, C. Al. Chem. Phys1977, 67, 3050.

(52) Tsuda, T.; Nohira, T.; Nakamori, Y.; Matsumoto, K.; Higawara, R.; Ito.
Y. Solid State lonic2002 149 295.

(53) Matsumoto, H.; Matsuda, T.; Tsuda, T.; Hagiwara, R.; Ito, Y.; Miyazaki,

Y. Chem. Lett2001, 26.
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applications in fuel cells of a novel tyé Despite their high Acknowledgment. This work was supported bya research
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