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Protic lonic Liquids: Preparation, Characterization, and Proton Free Energy Level
Representatiorl
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We give a perspective on the relations between inorganic and organic cation ionic liquids (ILs), including
members with melting points that overlap around the borderlin€ COOVe then present data on the synthesis

and properties (melting, boiling, glass temperatures, etc.) of a large number of an intermediate group of
liquids that cover the ground between equimolar molecular mixtures and ILs, depending on the energetics of
transfer of a proton from one member of the pair to the other. These proton-transfer ILs have interesting
properties, including the ability to serve as electrolytes in solvent-free fuel cell systems. We provide a basis
for assessing their relation to aprotic ILs by means of a Gurney-type proton-transfer free energy level diagram,
with approximate values of the energy levels based on free energy of formatiorkamthta. The energy

level scheme allows us to verify the relation between solvent-free acidic and basic electrolytes, and the familiar
aqueous variety, and to identify neutral protic electrolytes that are unavailable in the case of aqueous systems.

Introduction a) 137 »  ZiF,-BaF -LaF -AIF,(57-36-3-4) mol.%
T . 21 £« KNé)z-CafNO:,)z (60740) mol %

lonic liquids (ILs), and particularly room-temperature ILs, " § ° ZnCI-PyHCI(64.3.35.7) mol%h

have attracted much attention in recent years, and many new o] bt ooy o M

applications beyond green chemistry continue to be found. They ~ iy

are the low-melting relatives of molten salts whose place in s " = Bwico,

the history of chemical innovation goes back to the foundations 2 % o BMIBF,

of chemistry. Many of the elements of our periodic table were . .

first revealed by the electrolysis of one or other “ionic liquid” 24 .

in the form of molten halidesThe difference is only that, by ] " oo g

use of large compound cations to reduce the coulomb attractions 19 T e T L

to anions and complicated shapes to confuse the ion packing o 10 15 20 25 30 a5

problem, the crystalline state of the system is sufficiently 1000/T (K")

destabilized for melting to occur near to or below ambfent. b) ™7 substance T
Because of the differences in properties between the average ﬁ:; Ly BaF LaF AFy(§7.36.3-4) mol% ST7.15 _.-'

IL and the average high-temperature molten salt (e.g., 2 orders 10de an|jipfﬁ.hé?%éi.(§f’é§%Tnfi?}l et ,-'

of magnitude in conductivity and fluidity, non-Arrhenius vs 21e AsoLcit @osoymak e Bees .

Arrhenius temperature dependences of these properties, etc.), N v 263

and because of the differences in their applications in industrial & 6w BMmICIO, 194.8

chemistry (e.g., winning of aluminum vs solvent function for g: S Sm:gﬂ 1875

synthetic inorganic chemistry) there has developed some sort - 3

of schism between the different branches of the IL field. We f:

commence this article with a reminder of the essential artificial- o4

ity of this division and then draw attention to a further division by s . . . _ '

in the field, which is of a qualitatively different type. 03 04 05 08 07 08 09 10

In Figure 1a, we make an Arrhenius plot comparison of the Tg/T

viscosities of various members of the inorganic and organic Figure 1. (a) Arrhenius plot of viscosity data on molten salts and on
cation family of molten salts, and then in Figure 1b show the IITs.‘ (b)_Tg-scaIed Arrhenius plot of the same data, showing underlying
same data in scaled Arrhenius plot form using the calorimetric Smilarty.
glass temperaturdy, to scale the temperaturg, serves as a While applications of molecular cation ILs have been
cohesive energy parameteand Figure 1b shows that when  gominated by their solvent functidif there are now developing
scaled for cohesive energy it is no longer possible to tell the new applications in which the electrical charges on the ions
difference between the salts with inorganic cations and those g specifically employed. A good example is that of electrolytes
with molecular (organic) cations. The same type of scaling for photoelectrochemical (solar) cefisRecently a new and
(usingideal glass temperatures) was used long ago to relate potentially important application of ILs has been recognized
molten salt hydrates to anhydrous molten salts. that of the electrolyte in a fuel célf’8 This is an application

T Part of the special issue “Physical Chemistry of lonic Liquids”. Whlch rqulres the prgsence pf a speua] type of ionic liquid
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Figure 2. TG scans of a selection of PILs, showing their varying Temperature (*C)
thermal stabilities. Figure 3. DTA scans for some PILs from this study. Arrows indicate

successive thermal events, glass transition tempergjuceystallization

from a Bransted acid to a Bmsted base, i.e., by the method temperaturél’c',_melting pointTy,, and boiling p'ointh (endothermic)
used to make the first recorded ambient temperature ionic liquid ©" 6c0mposition temperature Td (exothermic).
nearly a century agdThese are ILs of a qualitatively different
type, because their ionicity is adjustable, by virtue of the
different driving forces for the proton-transfer that can be  Materials. Anhydrous trifluoromethanesulfonic acid (triflic
chosen. acid, HTf, 99%) was obtained from Alfa Aesar. Anhydrous

Protic ILs (PILs), such as pyridinium chlorid® have long difluorophosphoric acid was obtained from SynQuest Labs Inc.
been used as sources of highly basic chloride ions for spectro-Anhydrous formic acid (HFm, 98%) was obtained from Fluka.
scopic studie’s and also as a means of obtaining low-melting Analytical reagents phosphoric acid (85%, ACS grade) and
salt mixturesi? but such studies have been made mainly by sulfuric acid (95-98%, ACS grade) were obtained from
physical chemists interested in accessing the “low-temperatureMallinckrodt Chemicals. Nitric acid (6870%, GR ACS grade)
domain” of liquid behavior. Since “ILs” became attractive as was obtained from EMD Chemicals Inc. The acids methane-
synthetic media, many protic ILs have been reported, particularly sulfonic acid (70 wt.% in water), tetrafluoroboric acid (48 wt.%
by Ohno and co-workeS15 To provide ILs that were in water), and hydrofluoric acid (HF, 48%) and the bases
unequivocally ionic, Ohno and co-workers used proton transfer methylamine (MA, 40 wt.% in water), ethylamine (EA, 70 wt.%
from a very powerful acid, hydrogen bis-trimethylsulfonyl imide, in water), propylamine (PA, 98%), butylamine (BA, 99.5%),
HTFSI, the conjugate base of which is an anion that is well tert-butylamine (tBA, 99.5%), 2-methoxyethylamine (MOEA,
known for promoting low melting points. In a more recent study, 98%), 3-methoxypropylamine (MOPA, 99%), dimethylamine
our own group has explored the relationship between this proton-(DMA, 40 wt.% in water), diethylamine (DEA, 99%),
transfer process and the nature of the acid transferring thedibutylamine (DBA, 99.3-%), N-methylbutylamine (MBA,
proton617We have demonstrat&tthat the melting points and  96%), N-ethylbutylamine (EBA, 99%), trimethylamine (TMA,
glass transition temperatures tend to be lower, and the conduc-99.5%), triethylamine (TEA, 99.5%), tributylamine (TBA, 99%),
tivities tend to be higher, for the protic than for the aprotic ILs, N,N-dimethylethylamine (DMEA, 99%), aniline (An, ACS
even though the conductivity at a given viscosity tends to be reagent-99.5%), 2-fluoropyridine (FPy, 98%), imidazole (Im,
the same (Walden rule). 99+%), 1-methylimidazole (MIm, 99%), and 1,2-dimeth-

Applications of nonaqueous protonated Bsted bases in fuel  ylimidazole (DMIm, 98%) were obtained from Aldrich Chemi-
cell technology have been focused on the imidazole molecule, cal Co. All chemicals were used as received.
the use of which as a carrier of protons in a fuel cell was PILs are formed by proton transfer between arted acid
introduced in 19988 In the latter studies the carrier was and a Bimsted base. An equimolar amount of acid and base,
incorporated with polymeric anions as a membrane. More either neat or in an aqueous solution, are reacted together. Since
recently’:1° neat protic ILs were shown to serve well in place these reactions are very exothermic, the dropwise addition of
of acid or base electrolytes in simple bubbler cells. The most the acid to the amine was carried out by cooling the amine
surprising finding?%21is that the polarization of the oxygen solution to—78°C, using an acetone/dry ice bath. The mixture
electrode, always a major problem for the efficiency of fuel was then stirred at room temperature for several hours. To ensure
cells, can be almost overcome in an ionic liquid fuel cell with a complete reaction, a slight excess of amine was used and then
high area catalyst surface cathodes when the right protic IL is removed along with the water by heating at ®D in vacuum
used. The slope of the Tafel plot (cell voltage vs log current) using a rotary evaporator. The same general process may be
that is proportional to the energy barrier opposing the electron- used for the synthesis of all PILs, but when amines of higher
transfer process proves to be almost zero. molecular weight are employed, there is a risk of contamination

This latter finding has stimulated a major synthetic and testing of the product by residual amines. When necessary, adequate
effort in our group, involving the preparation of protic salts purification procedures were applié& The product was then
utilizing a wide variety of acidt- base combinations in the effort  dried at 80°C for 2 days in a vacuum oven containing phos-
to find systematic trends in the properties of the resulting salts phorus pentoxide s to remove any excess water. For most
and particularly in the open-circuit voltages o$/8- fuel cells of our syntheses, the reactions were carried out without any
utilizing the salts as electrolytes. The results of the latter study solvent at all. The structure of each PIL was identified by NMR
will be reported elsewher®.Here we present and discuss the spectroscopy and/or by elemental analysis. The complete remo-
findings for the basic physical and electrochemical properties val of water and the absence of otheDH-containing species
of the protic salts, some 103 in total number. were confirmed by the absence of-@® stretching bands from

Experimental Section
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TABLE 1: Glass Transition Temperatures for Selected PILs of This Study

HCOOH HoF> HNO3 H,SOy HsPOy CH3SG:H HBF,4 CRSOH
cation (R=1.69) (R=1.72) (R=1.79) (R=1.90) (R=2.00) (R=2.24p (R=2.30) (R=2.70)
NH4 n.db n.d. —65.6 —23.3
MA —108.2 —-104.1 n.d. n.d. —28.8 n.d. n.d.

EA —-127.5 —100.3 —-91.5 —-96.4 —-31.3 n.d. n.d. n.d.
BA —-120.1 —63.4 —-33.3 —89.6 n.d.

DMA n.d. —-111 n.d. —36.8 —-95

DBA —-116.4 n.d. —15.6 —49 n.d.

TEA —100.1 —34.4 —96.5 n.d. n.d.
DMEA —-121.1 —-91.4 n.d.

Im n.de n.d. n.d.
Mim n.de n.d. 45.8

Eim n.dé —87 n.de
DMIm n.de —74.7 n.d®
EMIm n.de —88

a Anion radius in angstrom$.Reference 36° Not detected? Extrapolated from ref 38 Reference 37.

3400 to 3800 cmt! in the infrared spectra of the final melts. Impedance Analyzer with a frequency range of 5 Hz to 13 MHz.
The PILs were then stored in an argon atmosphere gloveboxHeating or cooling rates were controlled by a Barnant Company
(VAC, O, < 1 ppm and HO < 1 ppm)?3 In the case of EAN, Temperature Controller model 68900-11 at a standard rate of 1
a Karl Fisher water titration device was used to determine that °C/min. The dip-type conductivity cells for liquid electrolytes
the water content was less than 0.025 wt.%. were constructed with platinum electrodes sealed in soft glass.
The thermal transitions of interest to this work were deter- Cell constants of about 1 cthwere determined using a standard
mined using a simple home-made DTA instrund&éabmprising 0.1 N KCI solution. Approximately 0.5 to 1 mL of solution
a twin thermocouple setup employing twin digital voltmeters was needed to perform an experiment. During measurement,
with microvolt sensitivity, interfaced to a laboratory computer the temperature of the sample was monitored using a K-type
for readout and recording purposes. One reason for choosingthermocouple. The conductivity was determined from the initial
the DTA technique over the better-controlled differential part of the almost frequency-independent plateau of the log-
scanning calorimetry technique is that, with DTA, samples can (conductance) vs log plot. Values obtained were checked
be taken to their boiling points without endangering the against the data obtained by short extrapolation to the real axis
instrumentation. Boiling points, where the total pressure of all of the usual complex impedance plot.
species in the vapor-phase reaches 1 atm, provide a useful metric Density Values. Density values with an accuracy of 0.5%
of the energy of the proton-tran_sfer_ process ar_ld (_)f c_our_se_fix were measured in a VAC drybox simply by measuring the
the temperature range of application of the ionic liquid in \yeignt of the sample filling a 2-mL volumetric flask at different
guestion. The boiling points are signaled by a sharp e"dOtherm'Ctemperatures. Before each measurement, the flask was main-
effect as the enthalpy of vaporization (involving relocation of ineq in a heating block at the desired temperature for half an

proton on the acid) is absorbed. , , hour until the temperature was steady.
The DTA sample holder assembly consists of an aluminum . S . . S .
Kinematic Viscosity Measurements.Kinematic Viscosity

temperature-smoothing block with two wells to contain Pyrex . .
P g y JMeasurements were performed using Cannon-Ubbeholde vis-

glass sample and reference tubes (3 mm outside diameter) int . 2
which thermocouples could be inserted. The aluminum block cometers designed for transpar_ent liquids between 0 and 150
°C. For measurements at a higher temperature, we used a

hold heated from150 to+400°C by two 200-W heati
older was eated rom ° y WO caing specially designed aluminum block holder heated by two 200-W

cartridges, symmetrically disposed. The heating rate was . ; . . .

controlled by a Barnant Co. temperature controller, model N€aling cartridges symmetrically disposed. The heating was

68900-11 interfaced to a computer. For reproducibility purposes, controlled by the same Barnant Co. system referred to above.
The temperature of the sample was maintained for half an hour

it is important to ensure that the thermocouple and container A
are consistently located at the same depth in the block. ThePefore measurement. CaGlrying tubes were used to protect
t the samples from moisture. The precision of measurement with

two K-type thermocouples are connected in opposition so tha A - ;
the ~uV voltage differences between the sample and the Cannon-Ubbeholde viscometers is determined by the reproduc-

reference can be read out. The output of the referencePility of the flow time. Because we were using a single
thermocouple was used separately to determine the temperatur¥iscometer for each sample, the precision was limited at the
at which any thermal event of interest occurred. Anhydrous Nighest temperatures by the short flow times.( s). The flow
alumina was used as reference material. About 0.2 mL of the times were reproducible and the standard deviation #@<
solution was loaded into the DTA sample cell. The thermo- S FOr temperatures below 4C, the run times are typically
couples, protected by fine glass capillary tubes, were immersed200 s or longer, hence the reading error is only 0.1% of the
to 50% depth in the sample and reference material, respectively.€fflux time.
A plug was made by wrapping Teflon tape around the capillary ~ Thermogravimetric Analysis (TGA). TGA experiments
tube. Samples were quenched in liquid nitrogen, inspected for were performed using a TA Instruments high-resolution TGA
state of vitrification, and then scanned during warm-up at 10 2950 thermogravimetric analyzer. The samples were weighed
K/min. After appropriate calibration with melting point stan- and placed in a platinum crucible. They were then heated from
dards, this simple instrument is able to define melting points room temperature to 700 with a heating rate usually of 10
with an accuracy and precision &fl °C. °C/min. The sample chamber had a controllable environment
lonic Conductivities. lonic conductivities were determined  to allow monitoring of the degradation under various conditions
from complex impedance data from an automated HP 4192A (air, oxygen, or dry nitrogen).
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TABLE 2: Melting Point, Ty, (°C) of Some PILs of This Study
HCOOH HNOs HoSO4 HsPOy CHsSGH HBF,4 CRSGH
cation (R=1.69) (R=1.72) (R=1.79) (R=1.90) (R=2.00) (R=2.24p (R=2.30) (R=2.70)
NH,4 120 163.5 116.3 193.3 225
MA —-21.7 104.7 73.2 96.8 91 77.1
EA —72.9 13 31.9 109.5 112.5 152.4 172.1
BA —46.8 335 113.3 131.8 198.2
DMA n.d.c 75 40.1 117.3 122.1
DBA n.d. 130.9 98 42.7 212.8
TEA 84.2 n.d. 21.6 104.3 n.d.
DMEA n.d. 3.3 94.7
Im 131.2 122.9
MIm 704 35.8 92
Elm 31 n.dd 8d
DMIm 844 31.3 119
EMIm 75 n.dd 33
2 Anion radius in angstrom$.Reference 36 Not detected? Reference 37.
TABLE 3: Thermal Transition Temperatures for Formates
IL cation symbol Ty (°C) Tc (°C) Tm (°C) Ty (°C) ApKa
ammonium AFmM 120 5.5
methylammonium MAFmM —108.2 n.ck —21.7 162.1 6.9
ethylammonium EAFm —-127.5 n.d. —-72.9 176.1 6.9
propylammonium PAFm —124.7 n.d. —55.4 2131 6.8
butylammonium BAFm —-120.1 —89.8 —46.8 2245 6.9
hydroxyethylammonium HOEAFmM —88.3 n.d. n.d. 9.1
methoxyethylammonium MOEAFmM —-103 —63.5 —22.4 209.1 5.7
methoxypropylammonium MOPAFmM —-116.4 n.d. n.d. 6.0
dimethylammonium DMAFmM n.d. n.d. n.d. 152 7.1
dibutylammonium DBAFmM —-116.4 n.d. n.d. 234.7 7.5
dimethylethylammonium DMEAFmM —-121.1 n.d. n.d. 187.4 6.2
ethylbutylammonium EBAFmM —-119.6 n.d. n.d. 207.3 7.1
hydraziniunt —87 44.3 4.2
2 Not detected® Reference 27.
TABLE 4: Thermal Transition Temperatures for Nitrates
IL cation symbol Ty (°C) Te (°C) Ts,—s, (°C) Tm (°C) T (°C) ApKa
ammonium n.d® n.d. 46.7 163.5 223.8 10.5
methylammonium MAN n.d. n.d. 73.5 104.7 206.8 11.9
ethylammonium EAN -91.5 —59.1 —43.8 13 240 11.9
hydroxyethylammonium HOEAN —87.4 —52.6 n.d. —25.2 255.4 14.2
methoxypropylammonium MOPAN —82.7 n.d. n.d. n.d. 11.0
dimethylammonium DMAN n.d. 22.4 75 explosive 12.1
methylbutylammonium MBAN explosive 12.2

aFrom differential scanning calorimetry dafaNot detected® Extrapolated from ref 38.

TABLE 5: Thermal Transition Temperatures for

Perchlorates

IL cation

symbol Ty (°C) Tc(°C) Twm(°C) T»(°C) ApKa

ethylammonium EACIQ n.d2

a Not detected.

Results

n.d.

151.9

20.6

a two-step process, with the initial loss corresponding to the
excess of acid or base in the syst&m.

Thermophysical Properties.Some representative DTA scans
for protic ILs of this study are shown in Figure 3 to indicate
the variety of signals that can be obtained for different cases
and the manner in which the transition temperatures are defined
from these signals.

In Tables 12, we record data for the various transition
temperatures that can be observed: glass temperatures (if the

TGA. The thermogravimetric analysis curves of several protic liquids can vitrify), solid-state transition temperatures,(%,,
ILs are shown in Figure 2. The thermal stability is seen to vary ...), melting points, and “boiling points”, respectively. Tables 1
with the catior-anion combination under study, being highest and 2 show a single property (glass temperaliyra Table 1,
when the cation is aromatic in character (methylimidazolium) and melting pointTy, in Table 2) for a variety of cations
and the anion a very weak base (triflate). The weight loss begins (descending), one column for each anion type, so that the trends
at the boiling point for low-energy proton transfers (methylam- in these two most important properties can be seen. Then, Tables
monium nitrate). For PILS formed with large proton-transfer 3—12 record the data on all transitions for all the cations studied,
energies (see Discussion section), boiling would only occur at one table for each anion, the tables being ordered by increasing
very high temperatures and is pre-empted by chemical decom-anion complexity, as follows:

position.

These TGA curves confirm the formation of protic neutral
salts since we have one-step weight loss processes. In case of Table 5, perchlorates (4 oxygens);
acid or base excess compositions, the TGA curve would show Table 6, tetrafluoroborates (4 fluorines);

Table 3, formates (2 oxygens);
Table 4, nitrates (3 oxygens);
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TABLE 6: Thermal Transition Temperatures for Tetrafluoroborates

Belieres and Angell

IL cation symbol Ty (°C) T (°C) Ts—s, (°C) Tm (°C) Taec(°C) ApKa
ammonium NHBF, dec 8.7
methylammonium MA BE —24.9 187.8 10.1
ethylammonium EABK 152.4 10.1
butylammonium BABR n.da n.d. —55.9 198.2 310.5 10.1
tert-butylammonium tBABF n.d. n.d. —53.8 118.3 243.6 10.2
hydroxyethylammonium HOEABF 0.5 12.4
methoxyethylammonium MOEABF n.d. 206.9 9.0
dibutylammonium DBABE n.d. n.d. —13 212.8 330.1 10.8
methylbutylammonium MBABK n.d. n.d. —83.9 77.1 350.3 104
triethylammonium TEABE n.d. n.d. —56.8 104.3 286.7 10.2
imidazolium ImBR n.d. n.d. —86.3 131.2 363.2 6.5
1-methylimidazolium MImBEg n.d. n.d. —25.7 35.8 387 6.6
1,2-dimethylimidazolium DMImBE —74.7 —-1.3 n.d. 31.3 365.2 7.9
aNot detected.

TABLE 7: Thermal Transition Temperatures for Triflates

IL cation symbol Ty (°C) T. (°C) Ts—s, (°C) Tm (°C) Ty (°C) ApKa
ammonium AT 225 23.2
anilinium ANTf n.d® n.d 71.3 n.d 250 18.6
ethylammonium EATH n.d n.d —-12.9 172.1 312a 24.6
tert-butylammonium tBATF n.d n.d n.d 11.6 2434 24.7
2-fluoropyridinium FPyTf n.d n.d n.d 58.3 286 13.6
hydronium HOTf n.d n.d n.d 27.4 212.7 12.3
hydroxyethylammonium HOEATf n.d —66 -1.6 74.8 26.9
methoxyethylammonium MOEATf nd nd nd n.d 283.5 23.5
triethylammonium TEATf n.d n.d n.d nd 3125 24.7
1,2-dimethylimidazolium DMImTf n.d n.d n.d 115.3 298.9 22.4
imidazolium ImTf n.d n.d 34 122.9 308.4 21.0
1-methylimidazolium MImTf 45.8 56.7 78.6 92 3285 21.1

2 Decomposes’ Not detected® From differential scanning calorimetry data.

TABLE 8: Thermal Transition Temperatures for Methane during cooling. In these cases the liquid is apparently very

Sulfonates mobile at its melting point and has no problem in generating

IL cation symbol Ty (°C) Tm(°C) Tuec(°C) ApKa nuclei that then grow during cooling. For the majority of cases,
methylammonium MAMS nd 91 2602 11.2 both glass transitions and melting points can be measured. In
ethylammonium EAMS nd. 1125 2886 11.2 these cases the two are approximately related by¥hdsiv”,
butylammonium BAMS  -50 131.8 2922 112 as will be detailed in the discussion section.

methoxyethylammonium MOEAMS n.d. 62.6 282.4 10.1
dimethylammonium DMAMS -95 122.1 278 114
dibutylammonium DBAMS —49 42.7 3319 119
triethylammonium TEAMS —-96.5 21.6 269.7 113
dimethylethylammonium DMEAMS n.d. 947 2958 10.6

a Not detected.

The relation between these properties, the anion and cation
structures, and thApK, values in Tables 312 will also be
taken up in the Discussion section.

Densities.Although densities can be measured very precisely,
high precision was not sought in this study. Rather, we used
simple rapid techniques that yielded data of precision compa-
rable to that of the log(conductivity) for the sole purpose of
obtaining equivalent conductivities to construct Walden plots.
Density and molar volume data are therefore not recorded here,
but are available in Supporting Information and ref 26.

lonic Conductivities. lonic conductivity data are collected
in Figures 4 and 5, which are representative rather than
exhaustive.

The conductivities can be extremely high, from150
mScm-tat 25°C up to 470 m&m~1 at 100°C, as previously

In the final column of each of Tables-32 we record the  reportedi® A variety of behavior is to be seen, which will be
differences in &, values for the cationanion combination discussed below. Among the highest are some data from a 1970
ApK,, based on aqueous solution measurements. These valuestudy, which have previously only been available in a th€sis.
are later used (in the Discussion section) for the construction The system in question is the monoprotonated salt of hydrazine
of Gurney diagrams. and formic acid.

There are a small number of cases in which a glass Viscosities.The viscosities measured on these liquids, shown
temperature was recorded, but no subsequent crystallization andn Figure 6 for the same representative series as in Figures 4
remelting was observed, suggesting that the liquid state is theand 5 are generally high compared to water as reference
stable state to very low temperatures relative to the glasssubstance, though several cases approach waterlike values,
temperature and hence is too viscous, when supercooled, to bespecially at high temperatures. Some of the highest conductivi-
able to nucleate any crystals. There are a much larger numbetties are clearly related to exceptionally low viscosities, but this
of cases in which a melting point can be observed, but no glassrelation is not clarified until the data are compared in a Walden
transition is observed, because the liquid crystallized completely plot (see Discussion section).

Table 7, triflates (3 oxygens perfluorinated methyl radical);

Table 8, methane sulfonates (3 oxygensnethyl radical);

Table 9, hydrogen sulfates (4 oxygetisH-bonders);

Table 10, fluorohydrogenphosphates (3 oxygérkfluorine
+ 1 hydrogen bonder);

Table 11, dihydrogen phosphates (4 oxygehstwo H-
bonders);

Table 12, dianions:difluorides.
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TABLE 9: Thermal Transition Temperatures for Hydrogen Sulfates

IL cation symbol Ty (°C) T (°C) Ts—s, (°C) Tm (°C) Tw (°C) ApKa
hydronium HOHSQ —91.2 8.3 223 7.3
ammonium NHHSO, —65.6 -33 31.4 116.3 3588 18.2
methylammonium MAHS® n.d¢ n.d. n.d. 73.2 3023 19.6
ethylammonium EAHSQ —96.4 —54 n.d. 31.9 2965 19.6
propylammonium PAHSO n.d. n.d. n.d. 33.9 30405 19.6
butylammonium BAHS® —63.4 -19 n.d. 33.5 3079 19.6
tert-butylammonium tBAHSQ n.d. n.d. n.d. 130.6 2439 19.7
dimethylammonium DMAHS® n.d. n.d. —61.1 40.1 3109 19.8
diethylammonium DEAHSQ n.d. n.d. —43.3 77.3 3015 19.8
dibutylammonium DBAHSQ®Q n.d. n.d. 16.7 130.9 2835 20.3
methylbutylammonium MBAHSQ —79.6 —-34.4 n.d. 42.2 285% 19.9
ethylbutylammonium EBAHSO n.d. n.d. —85.5 54.4 2951 19.8
trimethylammonium TMAHSQ n.d. n.d. —-77.7 72.9 3089 18.8
triethylammonium TEAHS® n.d. n.d. n.d. 84.2 26208 19.7
tributylammonium TBAHSQ —-57.1 -3.3 36.7 86.6 2503 19.0
dimethylethylammonium DMEAHSO —91.4 —-34.1 n.d. 3.3 302% 19.0
aReference 3% Decomposes® Not detected.

TABLE 10: Thermal Transition Temperatures for The scatter would be considerably worse if we were to include
Fluorohydrogen Phosphates data on samples of the easily crystallizing liquids, when they
IL cation symbol  T4(°C) T.(°C) Tm(°C) ApKa have been vitrified by hyperquenching or by small sample
methylammonium MAHPGF —47.8 n.d. n.d. 9.7 techniques.
propylammonium  PAHPEF 9.8 The imprecision of thé/; law stems from the circumstance
butylammonium  BAHPGF  —50.1  nd. nd. 107  that the “law” is not due to any link between glass relaxation
dimethylammonium DMAHPGF —515  nd.  n.d. 98 and melting mechanisms and is not a law for glass temperatures
diethylammonium - DEAHPGF nd.nd - 98 bt rather, is a way of predicting which members of a series of
dibutylammonium  DBAHPGF —-395 nd. 757 103 ut, er, Isaway of pre 9 ch members of a series o
dipropylammonium DPAHPF —31.5 nd. n.d. 9.9 systems for which botfg z_ind Tm are known,_ will be slow to
trimethylammonium TMAHPGF —445 nd. n.d. 8.8 crystallize at normal cooling rates. They will be those whose
triethylammonium ~ TEAHPEF  —59.7  n.d. RTIIE; 9.8 melting points are less than 50% above their glass temperatures.
tr!butylalmmomu_m TI'E’QEEQ: _gglelso n-g- F;c")'”- 9-900 If their melting points are too low, then the liquids will never
tripropylammonium & -6 n.c. : crystallize and we will not find out what those melting points
2 Not detected? RTIL = room temperature ionic liquid. are. We will only know that they are much less than Ty&and
that special efforts, involving possibly high-pressure methods,
Discussion will be needed to find their crystalline states. The formate of

In this section we will comment on the relation of the propylammonium cationTe, = —75 °C) must have one of the

observed physical properties to those measured in the widerlOWESt melting points ye-t measurgd for a.m lonic !qu|d. )

fields of (i) aprotic ILs and (ii) glass-forming liquids in general. What are the 'factors involved in causing meltlng points to
To commence, we consider the first-order phase changes melbe so low, relative to the forces that determine the viscosity
ting point and boiling point, and their relation to the internal and glass temperature? These have been discussed by many
cohesion indicatoiT,. This leads us to propose an energy level guthors, and the present results are consistent with many of the
scheme within which the properties of these interesting liquids /deas that have been presented. Shape factors that lead to low
can be interpreted and which will lafébe shown important pa_ckmg eff|C|enC|es are prevalent among these ideas, the concept
for the interpretation of the properties of fuel cells containing P€ing thatirregular packing can sometimes have advantages over
these fluids as electrolytes. We discuss the transport propertiesCrdered packing for minimizing the energy. This seems to be

viscosity and conductivity, and their relationship to the ionicity Particularly true when there is more that one type of interaction
of the liquids and to the possibility of “free” proton motion in  t0 deal with. For instance when both hydrogen bonding and

electrolytes. The latter are all of importance to the possible ap- Shape accommodation must simultaneously be satisfied, then it
plications of these liquids in such devices as fuel cells and photo- IS 9enerally more difficult to optimize in ordered arrangements.
voltaic converters. Finally we will examine how the protic IL Thus, the cases for which no crystals form, according to the
fit into the overall “strong/ fragile” pattern of liquid viscosities, DTA scans, often have-OH groups on the asymmetric cations
and how this may relate to the matter of “free” proton motion. (nydroxypropylaminium cation, for example, does not yield
Melting Point —Glass Temperature Relationsltis common ~ CTyStals with any anions of our study). Empirically, the more
to relate the glass temperatures of glass-forming liquids to the ViScous the liquid is at melting point, the higher the o%‘l?riss-
melting points of the crystalline phase and obtain a linear relation f0'ming tendency. A current study on a monatomic glassfoter
with a slope close to 0.66 that has become known as e reveals that glass-forming propensities are maximized when the
law” for glass transition temperatures. This rule seems to apply competing crystqllm'e pha;eg have the same energy and the
quite well to the present study when a limited group of salts structure of the liquid is distinct from that of either possible
related by cation type, is considered (as illustrated in Figure CyStal N
7). However, when all salts, for which we have both glass  That the glass transition temperatures for PILs are generally
temperatures and melting points, are examined without dis- lower than those of aprotic ILs of the same nominal charge
crimination, the scatter around the ratigbecomes rather large, ~ concentration (L/equiv) was demonstrated in an earlier p&per,
see Figure 8, and it becomes apparent thagthlaw is not at and this rule seems to be upheld in this more extensive study.
all precise. Indeed, such imprecision is expected on general Boiling Points and Tp/Ty, Relations. The implication that
grounds. the cohesive energy of the PILs is below that of the corre-
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TABLE 11: Thermal Transition Temperatures for Dihdrogen Phosphates

Belieres and Angell

IL cation symbol Ty (°C) T (°C) Tm (°C) Ts (°C) ApKa
Hydronium HOH,PO, 21 158 -3.9
ammonium NHHPO, —23.3 10 193.3 37621 7.1
methylammonium MAHPO, —28.8 225 96.8 25422 8.5
ethylammonium EABPO, —31.3 —5.8 109.5 3464 8.5
propylammonium PARPO, n.dP n.d. 145.6 3153 8.4
butylammonium BAHPO, —-33.3 2.2 113.3 27587 8.5
methoxyethylammonium MOEAPO, —-20.3 44.3 90.5 278% 7.3
dimethylammonium DMAHPO, —36.8 15.1 117.3 24533 8.7
diethylammonium DEAHPO, -16.7 13.3 159 33020 8.7
dibutylammonium DBAHPO, —15.6 n.d. 98 316% 9.1
methylbutylammonium MBAKPO, —36 n.d. 38.7 3204 8.8
trimethylammonium TMAHPO, —36.7 n.d. n.d. 2744 7.7
triethylammonium TEAHPO, —-32.2 n.d. n.d. 3492 8.6
tributylammonium TBAHPO, —18.8 n.d. n.d. 337% 7.9

aDecomposes? Not detected.
TABLE 12: Thermal Transition Temperatures for Difluorides
IL cation symbol Ty (°C) T (°C) Ts—s, (°C) Tm (°C) Ty (°C) ApKa ApKe?
ammonium NHHF; n.db n.d. —-33.1 125.6 249 6.0 24.3
methylammonium MAHE —104.1 —-72.5 —29.9 —11.8 174.5 7.4 25.7
ethylammonium EA HE —-100.3 —67 -16 35 176.4 7.4 25.7
dimethylammonium DMA HE —111 —64.6 —-37.2 —22.9 178.4 7.6 25.9

2The pKa value for hydrofluoric acid is taken as its Hammett acidity function vadges —15.1.P Not detected® Decomposes.
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study. In some cases, obvious from the breaks in the data, the(ethylammonium_). _The form_ate, with the weakest proton-transfer
conductivities of the crystalline states are included in the plot, as they €N€rgy, shows distinct behavior.

have interesting high values.

Thus the expected enhancement of the GFA for these cases is

sponding aprotic cases is supported by the boiling point data in not borne out in practice. On the other hand, the same small

Tables 3-12. Low Ty values generally correlate with loW,
values. Most of the salts that have highvalues decompose
before they can be observed boiling.

With molecular liquids, the boiling point/melting point ratio
provides a reliable guide to glass-forming ability (GFA).
Molecular liquids that boil at more than twice their melting
points prove always to vitrify easily on cooling at normal rates.

ratio (1.79) correctly predicts the weak GFA in the case of
ethylammonium nitrate, for which thi could only be obtained

by extrapolation of binary solution data. The failure of the
fluoroacetates to yield GF liquids is also consistent with the
low Ty/Tr, ratios found for these compounds. Overall, then, the
ionicities of these liquids do not seem to have led to failures of
the common phenomenological rules for glass formers. Perhaps

The present systems present an interesting test case here becauske extent of proton transfer needs to be greater than it is in
although the acid and base components are molecular liquids these cases for the rules to break down as they do, for instance,

their combination, on proton transfer, yields an ionic liquid in

with the alkali halides. (The eutectic temperature in the EiCl

which the long-range coulomb forces might be expected to raise KCI system, 685 K, is much less than half the boiling point,

the boiling points sufficiently to invalidate the normal guide
rule. TheTy/ Ty, ratio would then tend to exaggerate the GFA.

Although the majority of compounds reported here decom-

but there is no GFA at all.) For the cases of more energetic
proton transfer, we cannot test the rule because decomposition
occurs before the boiling point is reached.

pose before they boil, there are a number of cases in the Tables Boiling Points and Proton-Transfer Free Energy Rela-
3—5 where both boiling and melting points are available. For tions. The boiling point of a protic IL is strongly dependent on
the formates, in which the proton transfer is not strongly driven the extent of transfer of the proton from the acid to the base. In
(see below), the GFA is quite strong. This is predicted by the earlier work® we linked the boiling point excess (excess over
high Ty/Tr, ratios, in some cases, but glasses also form in two the value expected from simple additivity of the boiling points

cases where they are counterindicated by sma#.0Q) ratios.

of acid and base components) to the differenceKg yalues
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Figure 6. Viscosities of a selection of the PILs studied in this work.
Data on others are available as Supporting Information.
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boiling point in an acid+ base binary system will correspond to a
maximum deviation from ideal mixing in an isothermal vapor pressure
vs composition plot for each of the acid and the base at that composition.

for the acid and base of the proton-transfer couple. Each This can be converted_to ameasure of the_ free energy (_:hange on transfer
of the proton from acid to base in the dielectric medium established

individual pa value relates to the free energy of transfer of a p yhe neat ILAG? = —RTS In p/2p°) assuming this occurs at mole
proton from the Brasted acid to the water molecule by the fraction = /,. The quantity 2.30BTApK, measures the free energy
expression for the same process when the transfer occurs é1thM agqueous
solutions. For strong monoprotic acids this will usually occur at the
AG? = —RTIn K, (1) equimolar composition, though it may occur at higher X (acid) in cases
where a strongly hydrogen-bonded dianion can form, as seen in an
earlier study®.

Figure 7. Melting point in relation to glass temperature for PILs in
the ethylammonium family.

whereK, is the acid dissociation constant.
So the free energy of transfer of the proton from acid to base,

in an aqueous environment, is the sum of the two free energies,acqu"ed in the present study. The new data reinforce the earlier

thus plot—so long as we restrict attention to proton transfers from
acids to nitrogenous bases (which comprise the great majority
AG’ (acid-to-basey —RTAIn K, of new data acquired in this study).
As seen beforé when the energy gap becomes larger than
= —2.30RTApK, ) about 1 eV at 298 K, the boiling point becomes inaccessible

because chemical decomposition (pyrolysis) occurs first. For
Below, we will use this relation oApK, value to the free energy ~ those with less energetic proton transfers, the PILs can be
of formation of the salt from the original acid and base by proton evaporated under reduced pressure, and thereby purified or
transfer (after rationalizing its use in the absence of water) to separated. They, and some unusual, strongly ion-paired aprotic
construct a free energy level diagram for the acids and bases oflL cousins, have been called “distillable” ionic liquié*°On
this work. From such a diagram, many properties of yet- the other hand, protic ILs formed by proton transfers from
unsynthesized proton-transfer IL can be predicted. First, how- superacids to strong bases behave like aprotic ILs.
ever, we reinforce its relevance to the boiling process, i.e., to It would be useful, in the future, to make direct vapor pressure
the process in which the original proton transfer is thermally measurements at lower temperatures (low vapor pressures) to
reversed to restore the original acid and base molecules at aclarify this domain of behavior (see also Figure 9 caption).
total vapor pressure of 1 atm. In Figure 9, we reproduce the Gurney-Type Proton Free Energy Level Diagram for
figure from ref 8 to which we have now added new data Proton-Transfer SystemsAs indicated in the caption of Figure
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9., the free energy change O!ue to transfer of the proton from Occupicd Vacant K EEW
acid to base could be obtained from the appropriate vapor -
pressure measurements and a detailed comparison could then f CFIOOOH CEio00- Pl
be made with the value estimated from the aqueous environ- *
mental data. Until this is done, however, the only comparison HO — 2 g
we can make is for the isolated cases where the appropriate s | saseooi 2z 0
free energy of formatiodAG° data for acid, base, and proton- 1241H ttiazoleH* | 1 24-1H-wiazole 300 018
transfer salt, are available in the literature. Let us check one . . Fra o
case to see how serious the difference is. We take the case of *”*V pulincHl e w0 ox
ammonium nitrate for which the free energies of formation for Eliﬂml pysidineH’ pyridine 523 031
NHs, HNOs, and NHNO; are tabulated in standard references. olyies |t m 5% o4
In such a case the free energy of formation of the proton-transfer bydrazineH * hydrazine 796 047
salt from the acid and base components at 298 K can be obtained Meslul* Mezlm 838 030
simply as e = B
t  ENH,' E(NH; 10.63 063
* . 063
AG® = AGY(NH,NO,) — AG(HNO,) — AG(NH.,) Eont,® EexE e 064
i BugNHz * BuyNH 1125 067
which proves to be-86.7 kJ/moF! We convert the proton-
HyO OH" 14 0.83

transfer energy to units of electron volts= —AGYF (0.90
eV, only one proton is transferred) as used by Gurney in Figure 10. The proton free energy level diagram for ILs formed from
construction of the proton free energy level diagrams in his moderately strong acid and moderately strong bases to yield neutral

. . - . ionic liquid products. Arrows indicate the gap across which the proton
classic 1953 booklonic Processes in Soluticit The proton falls in forming ethylammonium nitrate. Note that the value 0.71 eV

energy gap is thgreforg 0.90 eV. . is based on tabulatep data and differs from the lower value0.52
Since ammonium nitrate, for which the free energy of ev, suggested by free energy data for NIs (aq).

formation is tabulated, is a solid, and since we are interested

primarily in cases in which the product is a liquid, the above excess boiling points and ionicities but also performance as
value should be corrected to one appropriate for the less stableelectrolytes in hydrogen/oxygen fuel cells. The energy level
supercooled liquid. The correct gap must therefore be smaller diagram is closely related to that constructed by Gurney for 1
than 0.90 V. By knowledge of the entropy of fusion of M aqueous solution®.In Gurney's case, the only approximation

ammonium nitrate (which we have measuféd:13.2 J/ mol involved was that of treating a one molar solution as a standard
K at 443 K), we can assess the difference in free energy of state.
liguid and crystal at the lower temperature, 298 K. It is small, ~ The diagram is presented in two versions, one in which the

amounting to only 1900 J. Corrected, the free energy changelevels are quantitative with respect ti4 but of limited range,

per mole of transferred protons is85 kJ, and the “proton  and a second one in which the total range of energies is much
energy gap” that is crossed in forming the IL becomes 0.88 larger and the relative placement of levels less precise. The
eV. These values are to be compared with those obtained fromadvantage of the larger scale diagram is that it allows us to see
the thermodynamic data available for the free energies of how the commonly discussed acid electrolytes and also basic

formation of ammonium and nitrate ions from Rdg) and electrolytes, that have been used for two common types of fuel

HNOs(aq). cells in the past, relate to the “neutral” electrolytes that we are
For the process now able to synthesize in great variety. What we will show
separatel§f is that when the electrolyte is formed by dropping

NH,(aq)+ HNOy(aq)— NH4+(aq)+ NO; (aq) the proton across a specially favorable “gap,” the properties of

the electrolyte may be optimal from the point of view of

the data yield a free energy chand&® of —50.3 kJ/mol, or maximizing the open circuit voltage of the fuel cell near the
0.52 eV per transferred proton, rather different from those for theoretical value.
the “dry” process. The 0.36 eV difference is due to differences  Gurney’s basic approach of pairing occupied and vacant
in free energies of solutiondtl M in water) of the three proton energy levels was introduced in our earlier paper on
components of the above reaction, starting from their standard proton-transfer II$,and now we utilize it here without duplicate
states. explanation. Figure 10 shows the energy levels for the EINO

The Kybased relation, eq 2 above, should give the latter NO3~ and NH;*/NH3 conjugate pairs separated by the energy
value, but use of I§, values for acids and basesi M aqueous gap based on the difference in Hy@nd NH,™ pK, values
solution tabulated in standard sourfegields a larger value,  tabulated in the CRC Handbook+ 2.30RTApK,). The values
68.1 kJ/mol or 0.71 eV. There seems to be some uncertaintyassigned to each level are based on an assignmentdf eV
about the &, value to be assigned to HNCHNO; dissociation to the HKO™/H,0 level. The other common level, that fop®/
was discussed in detail by Gurney and if we use his value of OH™, lies at—0.83 eV from the reference level, based on the
pKa in the assessment we obtain a proton gap of 0.57 eV. relation Ka(H3O™) + pKy(OH") = 14 (thuse = AGYF =

The differences in “wet” and “dry” values for the proton- —2.303RT(14/96 500)= —0.83 eV).
transfer gap warn us that, irrespective of correlations such as Between these levels are placed others for the couples
that of Figure 9, the estimation of proton-transfer gaps from HCOOH/HCOO, ethylammonium/ethylamine, triethylammo-
pKa data is only semiguantitative. Because we lack direct nium/triethylamine, etc., while shortly above the®t/H,O
measurements based on thermodynamic data such as vapdevel we place the levels for medium strong acids, HNND;~
pressures, we will proceed semiquantitatively, using tkg p and CRCOOH/CRCOO, using in every case the tabulated
values available in the standard sources and also in SciFindemK, values to quantify the levels.
Scholar, to construct a free energy level diagram for proton-  With these levels assigned, and subject to the above “wet”
transfer salts which will prove useful for predicting not only vs “dry” free energy provisos, we can now immediately obtain
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the proton-transfer energy involved in the formation of any ionic

. = Sy Ocenpied Vacant oA E (V)

liquid that can result from combination of an acid in the left- TS T

hand column (an occupied proton level) with a base in the right- % ?1,9;:

hand column (a vacant proton level), the proton-transfer resulting HIf T -4 083

in the stable combination of anion and cation represented by HSOF SO

the conjugate base and acid, respectively. [This uncertainty g Helo, Clo,” -l .39

- T H:50, HSO, T 0.53

would be a much smaller value if th&Kpvalues could have ZE .

been determined in an ideal solution state (a Henry's law E"§ HEOF PO

;tandard state) in some part?cular ion_ic quuid solvent ra_ther than RO e o o

in the usual aqueous solutions. This will be the subject of a 2-fincropyridineH " 2-finorogyridine 043 003

separate publication (N. Byrne, J.-P. Belieres and C. A. Angell).] CRCOgH CRO00° B o

Thus we see that the formation of ethylammonium nitrate is HO" HO o 0

accomplished by a proton falling across a gap of 0.71 eV or HyPO, HPO; 212 13

thereabout, which is close to the gap energy involved in the LI azclat ™ L2HE izl EE- S

neutralization of HO* anql OH. Ip the e@hylammo'nium nitratg E% aﬁfggoﬂl{ aioggo ﬂg gg;

case, however, the resulting liquid consists of cations and anions, | § & | } IoH*® Im 5.9 D41

while in the case of water formation the product is a molecular Zm“ Tydractuett Fdrecine s had

liguid and an insulator. o0 Y A o
Neutral Electrolytes vs Basic and Acidic Electrolytes. BughlH, Bu,NH .25 087

Ethylammonium nitrate, while highly ionic and conducting, has ] OH" 1+ 083

no acid or base properties, and relative to 1 molar acid or 1

molar base, it is a benign fluid. We call it a “neutral electrolyte”

to distinguish it from a basic electrolyte, which is formed by " 2

transferring a proton from water to a strong base, e.g., t#Na 5’ E

to give the ionic product NaOH, which is highly corrosive when é NHs NH:

wet. Interestingly enough, according to the free energy change

in the reaction HO + NaO — 2NaOH, —143 kJ/mol, the

proton crosses almost the same energy gap in forming “dry” OH- & () B -186

NaOH as it does in the case of neutralizatidnloM strong Figure 11. Full proton free energy level diagram, showing the levels

acid with 1 M strong base, viz. 0.76 e\V-(AG%2F because 2 between which the proton falls in forming acid electrolytes as well as
mol of NaOH are produced). On the other hand, for NaOH(aq) those between which it falls in yielding the basic electrolytes of familiar
the AG® value is more negative and the gap increases to 1.17 fuel cells.

eV. For our purposes the “dry” value is the more appropriate.

. . ion. tual is likely | , based on boaili int
Thus the OH/O?" level lies roughly the same distance below formation. The actual gap is likely lower, based on boiling poin

. ; observations (see below). It is a remarkable observation, though,
thg H?O/OH Ieyel as the latter I|e§ below thegEl*/HZO level. that NaOH concentrated agueous solutions, hydronium triflate
This is shown in the extended diagram, Figure 11. . and its solutions in excess water, and ethylammonium nitrate,
We must note that the position of the OK?~ level onthis  \yhen used as electrolytes in fuel cells, all yield cells that have
diagram depends on how polarizing is the charge-compensatingihe theoretical open circuit voltage for the,/B, reaction
cation. By use of free energy of formation data, we obtain three producing water. In a separate paper we will examine the
levels for the three alkali metal cations®,iNa", and KF. With guestion of whether or not this is just coincidence.
Li, it falls at—0.54 eV, while for the less polarizing*kcation, Nitrogenous vs Oxygenous Basek.might be expected from
itis lower, —1.03 eV. The properties of hydroxide solutions in  the |atter observations concerning the proton gap that the excess
which the alkali cations have been exchanged for weak field pojling point for hydronium triflate would be similar to that
organic cations have not yet been explored to the best of ourfound for ethylammonium nitrate and its cousins. To our surprise
knowledge. lonic liquid hydroxides presumably exist and they thjs proves not to be the case. In the four studied instances of
deserve study. proton transfers to the water molecule, the excess boiling point
To understand the occurrence of decomposition before boiling can be measured, and the increase in boiling point is smaller
in the case of PILs formed from superacids and strong bases,than for the nitrogenous base cases of edipd, values. With
we need to add levels for the superacids to the energy diagram.only four points and considerable scatter, a figure is unwar-
To assign a level for triflic acid/triflate, we note that Kof ranted, but whatever the reason, it is clear that the stabilization
—14 has been assigned to triflic acid, based on the Hammettof the liquid against reversion to the original base and acid
acidity function3® This leads us to place the HTf/Tfevel 0.83 molecular liquids is much smaller with oxygenous bases than
eV above the BHO/H,O level. Thus when ethylammonium s indicated by the tabulatedipK, values.
triflate is formed, the proton drops 1.46 eV. The thermal energy
required to place this proton back on the triflate ion to reform Transport Properties and lonicity

the molecule greatly exceeds the thermal stability of the \we now turn to the transport properties, conductivity, and
ethylammonium group, so no boiling is observable. This PIL flyidity. Generally speaking the liquids with high conductivities
is as ionic as any aprotic IL. For the case of transfer to the are also those with high fluidities, indeed this would be expected
weak base fluoropyridine, however, the proton gap is only 0.90 from the Walden rule connecting the charge mobility to the
eV, and a boiling point is observable. frictional resistance to its motion offered by the liquid viscosity,
Note that the protic ionic liquid generated by the proton #.We have used the plot of lo§ vs —log 7 (i.e., log @, where

transfer from triflic acid to water is hydronium triflate. On the @ is the fluidity) in a number of previous papers to classify ILs
basis of theApKj, values, the proton gap is 0.83 eV, coinci- into ideal, subionic, and superionic cases, with most interest
dentally the same as for J@ formation and for NaOH residing in the latter.
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“subionic” conductivity is abundantly illustrated. For any case

* HySOy - 4M . N X N X
® HzPO,-98% — L in which the proton-transfer energy, according to Figure 11, is
2 & HP0a-so% __S“pe”on'c = less than 0.5 eV, we find conductivities well below the ideal
v DM:HSO4 e == line of Figure 12. They did not yield the conductivity expected
£ 1o X BAHSO, e ey from their high fluidities because on average the proton transfer
Ke] e EAN .- ..
g o BAHSO, M -’M is incomplete.
N% o4 ° ;g'm 00> o They behave as if there is only a small population of ions
2 X EAFm vk " and the “ionicity” of the liquid is therefore reduced, i.e., the
S B Pehe - liquid is subionic. Data from a subset of the cases studied are
S P @ shown in Figure 12 to illustrate this point. It was shown in

Figure 10 of our previous pagehat the deviation from Walden
ideality varies very strongly witk at low € but then flattens
out and becomes insignificantly different from the ideal value
for any ApKa > 8 (¢ > 0.5 eV). The present study confirms
this finding but adds little to it. It is confirmed, then, that for
purposes of electrical conductivity, any moderately laege
(>0.6, suffices to give IL conductivity) but low vapor pressure
requires the largest possible proton energy gap. The volatility
of low-gap PILs has been noted in other recent publicati®#s.
The present article provides a basis for predicting the volatility
in individual cases.

Fragility of PILs. Finally we return to the starting point of
this article to ask where the liquids of this study fall in relation
to the simple molten salts, including many aprotic ILs, with
respect to the important liquid-state property, fragility, i.e., where
do they fall in the overall hierarchy of configurational excit-
ability. Although we have not made viscosity measurements
over a very wide range, there are enough data to provide an
adequate idea of their range of behavior.

In Figure 13, we plot the data for the present liquids within

-3 T T T T T
-3 2 -1 0 1 2 3

Logn” (P")
Figure 12. Walden plot for a selection of ILs of this study, for
o-picolinium acetate from ref 8 and for a silver ion superionic from
ref 16.

PO SCOOD O w

Log (n / Poise)

ST a frame provided by the most, and least, fragile of the aprotic
00 01 02 03 04 05 06 07 08 08 1.0 . N .

. ILs. We include one “intermediate” case, that of the dense (as

J opposed to open) network liquid, zinc chloride. It can be seen

Figure 13. Fragility plot for a selection of ILs of this study. Note the  that the PILs cover the spectrum from intermediate to very
presence of the dihydrogen phosphates, which support superprotonicfragile, with strong representation in the intermediate range from
copductivity, in the intermediate fragility domain. Hydrated phosphoyic the cases with acid anions.
ia_lcw_l, the best free proton conductor, is however, not an intermediate These are the cases which have greatest hydrogen-bonding
iquid in this scheme. . o . . . . .
contributions to their interparticle interactions and which will
therefore tend to have most extended intermediate range order.
One of the hopes for this study was that, by covering a broad Intermediate range order is a characteristic associated with low
enough range of systems, cases in which the transferred protonsragility. Perhaps not surprisingly, the dihydrogen phosphates
would find ways of moving through the fluid independently of  are also the cases in which evidence for superprotonic behavior
the bulkier anions and cations might emerge. Certainly a “dry” is strongest (see Figure 12).
proton conductivity mechanism is one of “holy grails” of
electrolyte science. Such cases could be revealed by means ofoncluding Remarks
the classical Walden plot, “dry” proton motion being indicated
by data points in the “superionic” domain of the diagram above  The protic subclass of ILs is enormously broad, and we have
the diagonal line of unit slope. So far we have little indication ©only touched on the most obvious examples. There is a very
of such a mechanism, though it does seem to be significantly large group of PILs with benign and even edible cations, and
present in the case of phosphoric acid, especially at very high complimentary anions, with biologically interesting possibilities
concentrations where the standard Grotthus mechanism that act¥aiting to be explored. It is common knowledge that many
in the case of dilute aqueous acids has been largely suppressegharmaceutical preparations are marketed as “hydrochlorides”.
by breakdown of the water network. These are proton transfer salts chosen for their high melting
Walden plots for a number of cases from the present study points. Many would become PILs if the chloride anion was
are shown in Figure 12. Some data for phosphoric acid of high replaced by thiocyanate or trifluoroacetate. On the other hand,
concentration and sulfuric acid at low concentration are included there is a smaller field of inorganic protic ILs some members
as examples of superionic behavior. We note that the mole ratioof which have proven of great interest as electrolytes for fuel
of water to phosphoric acid is very close to unity in the 85 wt cells*® While examples of single component inorganic protic
% HsPQy solution. If there were a substantial proton energy Salts with melting points below 10 (like hydrazinium nitrate
level gap between H@#PO,)/H,PO,~ and HO™/H,O, then 85%  (Tm = 70 °C)?"4* may be rare, mixtures of such salts are
H3PO, would be hydronium dihydrogen phosphate, but in fact frequently liquid in the IL range, and their stabilities, in the
the gap is negative. The subject of such acidic solutions, ascase of large proton transfer energies, may be impoffant.
opposed to PILs, will be dealt with in a separate paper.
While superionic conductivity is regrettably not in evidence Acknowledgment. This work has been carried out under
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