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Abstract: Interesting ionic materials can be transformed into room temperature molten salts by combining
them with polyether-tailed counterions such as polyether-tailed 2-sulfobenzoate (MePEG-Bag{polyether-

tailed triethylammonium (MePEG-EN ™). Melts containing ruthenium hexamine, metal trisbipyridines, metal
trisphenanthrolines, and ionic forms of aluminum quinolate, anthraquinone, phthalocyanine, and porphyrins
are described. These melts exhibit ionic conductivities in the 05 to 7 x 10710 Q=1 cm™! range, which

permit microelectrode voltammetry in the undiluted materials, examples of which are presented.

Introduction
We describe an apparently general synthetic route to room

Scheme 1
II [Ru(bpy);2*|(MePEG-BzS0;"),

temperature melts of ionic substances that considerably enlarges V [TMPP*'|(MePEG-B2S057),

the available library of electrochemically active, semisolid,
polyether-based melts. Our previous investigafiafisnass and
charge transport in rigid media have relied on amorphous, highly
viscous, room temperature melts (terntgtbrid redox polyether
melt9 synthesized by covalently attaching polyether chains to

redox active molecules. This approach can be challenging and

is not applicable to many redox moeities. The new route follows
the very recent work of Ohnet al? and is based on using
polyether-tailed counterions

This paper describes new molten salts containing either
polyether-tailed 2-sulfobenzoate (MePEG-BzS(@r polyether-
tailed triethylammonium (MePEG-g{*) as counterions of
ruthenium hexamine, metal trisbipyridines, metal trisphenan-
throlines and ionic forms of aluminum quinolate, anthraquinone,
phthalocyanine, and porphyrins. These generally quite viscous
melts are prepared from readily available starting materials with
neutralization and precipitation reactions (Schemé The
MePEG-BzS@  anion was prepared by reacting 2-sulfobenzoic
acid cyclic anhydride with MePEG, and the MePEGMNEt
cation by reacting triethylamine with tosylated MePEG. The
melts are prepared by neutralizindj#he hydroxide of a redox
cation with (MePEG-BzS@)(H™) [I] or (#2) the acid form of
a redox anion with (MePEG-EN™)(OH™) [VI], by precipitating
(#3,4) AgCl from mixtures of silver and chloride salts of the
tailed counterions and redox species, or by using a “one pot”
reaction (%) of a metal salt, ligand, antd Examples of each
method are presented in the Experimental Section. Stoichio-
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metric proportions were used insofar as possible to facilitate
product isolation. The approach of Scheme 1 offers a convenient
synthetic generality in that the melting, or disorganizing, role
of the polyether tail is compartmentalized to the counterion and
thus readily extended to other interesting ionic moieties.

Experimental Section

Synthesis of (MePEG-BzS@)(H"), I. A modified literature
synthesis was usédTo a 15 mL CHC} mixture of 2-sulfobenzoic
acid cyclic anhydride (7.5 g; 41 mmol; Aldrich) was added, dropwise
over a 45 min period, a 25 mL CHgdolution of MePEG (12.95 g; 37
mmol; Aldrich), which had been dried at70 °C under vacuum for
~12 h. The anhydride dissolved, yielding a clear, light yellow-brown
solution. The solution was refluxed fer2 h, filtered, flash-evaporated,
and dried at~70 °C under vaccum for several days, yielding a sweet
smelling, pale yellow syrugH NMR in CDCls: 6 8.10 (m, 1H), 7.62
(m, 3H), 4.51 (t, 2H), 3.94 (t, 2H), 3.60 (m, 25H), 3.32 (s, 3H).

Synthesis of (MePEG-E{N*)(tosylate), VI. MePEG was con-
verted to its tosylate form according to a previously published

(4) Some differences in calculated versus found elemental analysis are
thought to arise either from water contaminant or from inaccuracy in the
manufacturer’s stated average 350 MePEG molecular weight, or both.

(5) Ito, K.; Ohno, H.Solid State lonic4995 79, 300.
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Table 1. Glass Transition Temperatures and lonic Conductivities
of Hybrid Redox Polyethers with Polyether-Tailed Counterions

melt U|ON(25°C)
no. melt T (°C) (R7tcm™)
| (MePEG-BzS@)(H") —47 5.3x10°
Il [Ru(bpy)?|(MePEG-BzSQ), -13  1.1x10°8
1] [Co(bpy)k?T](MePEG-BzSQ@), —-10 1.5x10°%®
IV [Ru(NHs)e)(MePEG-BzSQ)s —-34  4.4x 107
V.  [TMPP*](MePEG-BzSQ ), —63 7.1x 10°®
VI (MePEG-E{N*)(tosylate) —65 7.6x 10°°
VIl (MePEG-E{N*)[TPP(SQ)4] -43  6.8x 10°®
VIl (MePEG-E{N*)Fe(phen(S@2):# 1> —26 6.9x 10
IX  (MePEG-EtN")[Ru(phen(SQ),)z* 1P -3 6.1x101
X (MePEG-EiN*)jCo(phen(S@2):#1° —20 7.4x 10710
Xl (MePEG-EfN™)3[Al(quin-SOs)3°7] —-40 2.6x 107
Xl (MePEG-E{N)[AQSOs] —46  4.7x 10769
Xl (MePEG-E{N')[PC(SQ)4*] 49  4.6x 107

aWith ~20% excess tailed counterion, relative to ideal 4:1 stoichi-
ometry.? With <2% excess tailed counteriohWith ~5% excess tailed
counterion.d Extrapolation to 25°C from activation plot over range
30-55°C.

proceduré. The tosylate was then refluxed in an excess of triethylamine
for ~48 h under nitrogen; removal of excess solvent by flash-
evaporation gave a clear, amber df NMR in CDClz: 6 7.65 (d,
2H), 7.05 (d, 2H), 3.95 (m, 2H), 3.53 (m, 33H), 3.3 (s, 3H), 2.3 (s,
3H), 1.3 (t, 9H).

The tosylate anion was replaced with either hydroxide or chloride
anions by using Dowex 1X8-400 ion-exchange resin (Aldrich) prepared
according to standard procedures. The (MePE{S(OH™) and
(MePEG-E{N")(CI~) were used as dilute solutions obtained directly
from the ion exchange column.

Synthesis of Electroactive Molten SaltsEach molten salt listed
in Table 1 was synthesized by combining the parent salt with a tailed-

Dickinson et al.

Synthesis of [Co(bpy)*T[(MePEG-BzSQ;7)y, lIl. Co(CGy)2+xH0
(0.1397 g; 1.065 mmot ~10% excess; Aldrich) was suspended in 5
mL of 25% HO in CH;OH and a solution of the acid form f(1.14
g; 2.134 mmol) in 5 mL of 25% KD in CHsOH was added. To this
mixture, with stirring under nitrogen, was added dropwise a solution
of 2,2-dipyridine (0.5 g; 3.201 mmol; Aldrich) in 2 mL of 25%J®
in CH3OH. Upon refluxing for~1 h, most of the solid dissolved and
the solution became brown. Filtering through Celite-545 (Fisher) and
washing with CHOH, the filtrate was flash-evaporated and dried at
~70 °C under vaccum for-24 h, yielding a viscous, clear brown oil.
Spectroscopic purity: MW calcd 1592, found 1597. Anal. Calcd for
CoGCraH94024N6S,: C, 56.42; H, 6.05; N, 5.28. Found: C, 54.43; H,
6.12; N, 5.058!

Additional Synthetic Information. H,O was purified by a Barnstead
Nanopure System Model 4754. Polyethylene glycol methyl etilgr (
= 350 g/mol, MePEG, Aldrich) was dried in a vacuum oven af60
immediately prior to use. Triethylamine (Aldrich) was dried through
an activated alumina columm-Toluene sulfonyl chloride (Aldrich)
was stored in a desiccator under nitrogen. Neutralizations were
monitored with an Orion Model 601A pH meter and a Corning Semi-
Micro Combination pH electrode or a Corning PS-30 pH Meter.
NMR spectra were obtained on a Bruker AC-200 MHz NMR.
Spectroscopic purities were determined with a Unicam UV-4 spec-
trometer fuaxry = 450 NM; AanaLco = 295 nm) with extinction
coefficients measured from methanol solutions of the respective metal
trisbipyridine chloride salts. Elemental analyses were provided by
Galbraith Laboratories (Knoxville, TN), with calculated analyses based
on vendor’s specification of average 350 MW of MePEG.

Differential Scanning Calorimetry (DSC). Thermal analyses of
15-20 mg melt samples (loaded undes Nto preweighed Al DSC
pans) were conducted using a Seiko DSC220-CU differential scanning
calorimeter at heating/cooling rates of 10/min, under a stream of
dry No. Samples were dried at70 °C under vacuum foe12 h. The
glass transition temperaturdg, taken as the average inflection

counterion as described in Scheme 1. An example of each reactiontemperatures on the DSC heating and cooling curves, varies substantially

type—precipitation (#,2), neutralization (8,4), and “one pot” (%)—is
described below; details concerning the remaining melts are given in
Supporting Information.

Synthesis of [Ru(bpy)}**](MePEG-BzSG;7),, Il. Literature syn-
thesig was followed to prepare [Ru(bp§l.. The chloride salt (0.2258
g; 0.3 mmol) was dissolved in a minimum amount ofCH and AgO
(0.0695 g, 0.3 mmot ~15% excess, Aldrich) was added. The mixture
was stirred for~2 h and passed through a Gelman PTFE@2syringe
filter. The clear red-orange filtrate was neutralized with a 10 mL
aqueous solution of the acid formo0.3205 g, 0.6 mmol), the solution

was flash-evaporated, and the resulting melt was redissolved in acetone

causing unreacted Ru(bp@). to precipitate. Filtering off the solid,
the solution was flash-evaporated and dried-@0 °C under vaccum
for ~12 h to yield a clear, viscous red-orange oil. Spectroscopic
purity: MW calcd 1634, found 1666H NMR in CDCls: 6 8.60 (d,
6H), 7.95 (t, 8H), 7.70 (d, 6H), 7.35 (m, 12H), 4.42 (t, 4H), 3.82 (t,
4H), 3.60 (m, 48H), 3.35 (s, 6H). Anal. calcd for RuBg4O24N6S;:
C, 54.97; H, 5.90; N, 5.14. Found: C, 52.98; H, 6.03; N, 3.00.
Synthesis of (MePEG-E{N")[AQSO;7], XIl. To a boiling 40 mL
aqueous solution of anthraquinone-5-sulfonic acid sodium salt mono-
hydrate (1.0 g, 3.0 mmol, Aldrich) was added AgNQ.52 g, 3.4 mmol,
Aldrich). After being stirred for~1 h, the pale yellow solution was
slowly cooled to room temperature, and then té@in an ice bath,
precipitating the silver salt. Converting a 25 mL aqueous solution of
(MePEG-EtN")(tosylate’) (1.7 g, 2.8 mmol) to its chloride salt as

(from —3 to —65 °C) in Table 1, contrary to previous resélt less
structurally diverse materials.

lonic Conductivity. lonic conductivities of thin, drop-cast melt films
were measured (Solartron Model SI 1260 Impedance Analyzer and 1267
electrochemical interface) on microlithographically fabricated Pt in-
terdigitated array (IDA) electrodes, generously donated by O. Niwa of
Nippon Telephone and Telegraph. The IDA, consisting of 50 “finger”
pairs, each 3m wide and 2«m apart, was mounted on a temperature
controlled stage (Lakeshore 330 Autotuning Temperature Controller)
with heat conductive paste (Buehler 0.05 alumnia suspended in
Dow-Corning high vacuum grease) and placed under vacuum. Imped-
ance measurements from 2 MHz to 1 Hz were perforntedl 4 DC
bias and 10 to 100 mV AC amplitude. Film resistance was taken from
the real axis of the complex impedance semicircle and converted to
oon by using the calibrated IDA cell constant.

Viscosity Measurements.Temperature-dependent viscosities are
measured orca. 1 g of dried material, under N using a cone-plate
rheometer (Brookfield Model DV-Ill, CP52 cone) and a constant
temperature circulator bath (Brookfield Model EX-100/FTC-350A).

Electrochemical MeasurementsCyclic voltammetry and potential
step chronoamperometry of the undiluted melts were performed with
use of a locally built low-current potentiostat interfaced to an IBM-
compatible computer through a Keithly DAS-HRES 16-bit A/D board.

A thin film of each melt was drop-cast onto a three-electrode assembly,

described above, an excess of insoluble anthraquinone silver salt wasconsisting of a 10 or 2xm diameter Pt working, 24 gauge wire Pt

added and the mixture heated to boiling with stirring for 30 min. The
mixture was filtered hot to remove the precipitate, then cooled® 0

counter electrode, and a 0.5 mm wire Ag quasireference electrode,
enclosed in a cylindrical epoxy housing with polished tip exposing the

and again filtered to remove AgCl and unreacted anthraguinone silver €lectrode surfaces. Temperature-dependent measurements were made
salt, leaving a pale yellow solution. Flash-evaporation gave a viscous Possible with a Brookfield Model EX-100/ FTC-350A circulating bath

yellow oil. IH NMR in CDClz: 6 8.75 (s, 1H), 8.25 (m, 4H), 7.75 (m,
2H), 3.95 (m, 2H), 3.55 (m, 32H), 3.3 (s, 3H), 1.35 (t, 9H).

(6) Long, J. W.; Kim, I. K.; Murray, R. W.J. Am. Chem. Sod.997,
119 11510.

(7) Meyer, T. J.; Salmon, D. J.; Sullivan, B. Porg. Chem.1978 17,
334.

and cooler and a thermocouple-monitored jacketed cell. The electrode

(8) Masui, H.; Williams, M. E.; Long, J. W.; Troutman, M.; Murray, R.
W. Solid State lonic4998 107, 175.

(9) Applied potential manipulated via in-house software developed by
R. Terrill; picostat [measures currentd pA] designed by S. Woodward,
UNC—-CH.
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¢ b d Dapp = Dprys + kex0°CI6 (1)

whered (cm) is the center-to-center spacing between donor and
acceptor sites of total concentrati@ (M). On the basis of
potential step chronoamperometry of the Co(lll/Il) reaction in
a melt Il , Dppys of the Co complex is ca. & 10733 cn? st at
b 25 °C. For comparison, thBpyys value for a comparable Co
— complex containing an equal number of ethylene oxide units
but attached to the ligaftlis 3 x 10713 cn? st at 25°C. The
Dpnys value for another Co complex (two tri(propylene oxide)
chains per bpy ligand) is 4 10714 cn? s™1 at 25°C.12 These
small Dpyys values reflect the large viscosities (cax4108, 2
x 1P, and 1.5x 107 cP at 25°C, respectively) of these molten
salts.

20 15 10 05 00 05 a0 s a0 Combining, as beforéDpyyswith the Dapp values measured

) for the Co(Il/I) and Ru(lll/ll) couples in their bipyridine melts
Potential (V'vs. AgQRE) [l andll] (5.8 x 10-%and 3.9x 10-1°cn? L, respectively)
Figure 1. Cyclic voltammetry (potential scan rat¢ at Pt microdisk giveskex = 2.6 x 10° and 1.8x 10° M~1 s for these semisolid
electrode (radius) in undiluted melts: () [Ru(bpy)'J(MePEG-Bz-  gstate electron transfer reactions, respectively. As mentioned

SO;7),; (b) [Co(bpy}?T](MePEG-BzSQ@ )z (c) (MePEG-E{NY)-

[AQSO;7]; (d) (MePEG-EtNT)3[Al(quin-S0s)s%~]. Current scale bar . .
= 0.3, 0.6, 20, 2 nAT = 5.6, 5.6, 13.5:m: temperature= 65, 65, 60, Co(llI/11) couple. ThisDpyysis used to represeiipyys of the

60°C: v = 2, 5, 2, 25 mV/s, for curves-ad, respectively. Ag wire Ru complex in the calculation of the Ru(lll/IRex value, since
quasi-reference electrode; exact comparisons of potentials betweerfn® metal complexet$ andlll are isostructural. These measure-

above,Dpuys for the Co complexll is determined from its

different melts should not be attempted from these data. AtEe= ments demonstrate a capacity f0f mass transport and electron
1.28 V separation between the Co(ll/lll) and Co(ll/l) couples is the transfer dynamics measurements in the new melts, and also show
same as observed in a dilute acetonitrile solution. that comparisons should be possible with dynamics for metal

trisbipyridiné@b-13and porphyrif®4 melts in which the poly-
and each prepared sample were maintained under vacuum for severakther chains are attached to the ligands of the redox moiety

days prior to, and during, measurements. (i.e., ligand-tailed melts).
) ) Voltammetry of meltXIl (Figure 1c) shows two chemically
Results and Discussion reversible reductions, the second of which gives a smaller

current and seems to also be electrochemically quasireversible
(larger AEpgak). This unusual behavior has been observed for
other species reduced in sequential, nominally one electron steps,
in both dilute solutio® and meltst the complex combination

of ionic and electronic migration and ion pairing influences
apparently operating will be analyzed in a future publication.

The aluminum quinolate molten salXI[] exhibits two,
incompletely reversible, one electron reduction steps separated
by ca. 350 mV (Figure 1d), and a third step (not shown) more
negative by 350 mV. A dilute acetonitrile solution also gives
three equally spaced (by 350 mV) reduction steps. Aluminum
quinolate is a promising constituent of organic light-emitting
diodes!® and further study of the physical, electron transfer,

The Scheme 1 reactions produce molten salts that are ionically
conductive at or slightly above room temperature. Table 1 lists
their ionic conductivitiesdion) and glass transition temperatures
(Te). AboveTg, all are amorphous melts excegll , which is
partially crystalline and melts at 27C. Values ofoion vary
widely, reflecting combined effects of ionic bulk and charge,
as well as sample purityron is highest for the native melis
andVI, so that preparations containing more than stoichiometric
amounts of these counterions exhibit higlwgsy (and lower
Te), as illustrated by the metal phenanthrolingdl[ —X] melt
data (compare Fe, R&.Comparing melts/I andXll shows
that increasing anion bulk depressesy and increase$s. Data
for the other melts probably reflect some combination of redox . . .
ion bulk and charge effects. Similarity of ion bulk and charge and Iumln_esc_ent properties of the melt and glassy versions of
leads to almost identical ionic conductivities in the pairs of metal this ma.ter_lal is underway. o ) )
trisbipyridine and porphyrin melts. The ionic melts presented herein illustrate the wide variety
of interesting organic, inorganic, and organometallic ions that
we believe will be accessiditin a molten salt form by reactions
such as those in Scheme 1. The target ions need not be

Microelectrode voltammetry has been shéwmyield insights
into electron transfer dynamics in semisolid electroactive melts.
Figure 1 shows illustrative microelectrode voltammograms in
several of th? new molten _salts (undiluted). Excgpt for_the (12) Measurements of material with5% excess ligand as determined
Co(Il/n) reaction (more positive wave of Curve b; this reaction py NMR. Crooker, J. C. Unpublished results, UNCH, 1998.
has a very small electron self-exchange rate), all of the currentsM (13) Dickinson, E.; -Masllji' HH Vl\/gggms, M. E.; Murray, R. W.

: H anuscrlpt n preparatlon, NCECH, .
a_re e_xpected to be enhance_d by coupling between physical (14) Hendrickson, S. M. Unpublished results, UNCH, 1998.
d|ffu§|on (Dpuys) of the redox ion apd electron self-exchange (15) (a) Norton, J. D.; Benson, W. E.; White, H. S.: Pendley, B. D.:
reactions (rate constakgx, M~1 s71) in the mixed valent melt ~ Abrufia, H. D.Anal. Chem1991, 63, 1909. (b) Amatore, C.; Paulson, S.

i i .; White, H. S.J. Electroanal. Chem1997, 439, 173.
layers next to the electrode. Expressed as an apparent diffusiorf (16) Willame. M. E.: Murray R. W.Chem. Mater1998 11 3603-

coefficient, Dapp, this enhancement is givEnas 3610.
(17) Williams, M. E. Unpublished results, UNGCH, 1998.

(10) Excess tailed counterion determined fréitiNMR by comparing (18) (a) Schmidt, A.; Anderson, M. L.; Armstrong, N. R.Appl. Phys.
integrations of the phenanthroline aromatic protons to that of the ethylene 1995 78, 5619. (b) Hopkins, T. A.; Meerholz, K.; Shaheen, S.; Anderson,
oxide protons (42:115 stoichiometric ratio). M. L.; Schmidt, A.; Kippelen, B.; Padias, A. B.; Hall, H. K.; Peyghambarian,

(11) (a) Dahms, 1J. Phys. Chenil968 72, 362. (b) Ruff, I.; Friedrich, N.; Armstrong, N. RChem. Mater1996 8, 344. (c) Ballardini, R.; Vavani,

V. J.J. Phys. Cheml971 75, 3297. G.; Indelli, M. T.; Scandola, Finorg. Chem.1986 25, 3858.
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electroactive ones. Further variations in the polyether chain semisolid, amorphous materials with a predictive handle on
length and the nature of the counterion headgroup and indeeddesired physical, electronic, and optical properties.

that of the oligomeric tail offer the flexibility for adjusting melt Acknowledgment. This research was supported in part by

properties over an even wider range than shown here. Dev_elop-a grant from the Department of Energy, Division of Basic

ing the relationships between melt structure and physical/ ggjences.

electrochemical properties may ultimately permit synthesis of . . . .

prop y yp y Supporting Information Available: Synthetic schemes,

(19) (a) Other than the derivatized counterion work presented here and elemental analyse_S' S_pectroscoplc purity, and ZOO_NH'MMR

in the works of Itoet al.2 other routes to organic molten salts appear to be ~spectral characterization for Scheme 1 melts not discussed above

limited to imidazolium® and butylpyridinium® based materials. For  (PDF). This material is available free of charge via the Internet

example: (b) Sun, I. W.; Hussey, C. Inorg. Chem.1989 28, 2731. (c) at htto://oubs.acs.or
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