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ABSTRACT

Iodine, iodine chloride, tetraethylammonium iodide and
tetraethylammonium triiodide solutions in aluminum chloride -
N-(1-butyl)pyridinium chloride ambient temperature ionic liquids have
been studied by u.v. - visible spectrophotometry. The different oxidation
states of iodine shuw a distinct dependence on the solvent acidity.
Todine(+1) exists in the form of IC1 in acidic melts and in the form of
IC12'

strong complexes in acidic or neutral solutions. Triiodide ion is stable

in basic A1C13-BuPy61 mixtures. Molecular iodine does not form
in neutral butylpyridinium tetrachloroaluminate, but not in acidic melts.
In solutions of iodine or triiodide in basic A1C13-BuPyCI ionic Tiquids
equilibrium mixtures of 1261', 13', IC12' and 1”7 are formed.

The charge transfer band observed for iodide solutions in neutral and
basic melts reveal the formation of jodide ion -~ butvlipyridinium cation ion
pairs, Similar bands in pure basic A1C13-BuPyll mixtures indicate the

association of chloride ion and butylpyridinium cation,
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INTRODUCTION

Our electrochemical investigations of iodine in aluminum chloride-N-(1-
butyl) pyridinium chloride (BuPyCl) ambient temperature molten salts (1,2)
showed that in this solvent iodine and its compounds are involved in
extensive acid-base and redox equilibria. Variations in the A1C13:BuPyC}
mole ratio lead to wide changes in Lewis acidity of the medium., Neutral
equimolar mixture or AIC13 and BuPyCl can be made acidic by adding excess
A1C13 or basic with excess BuPyCl. The present study was undertaken to
obtain additional information on interactions of iodine in different
oxidiation states with the ionic solvent., The electrochemical experiments
did not directly identify all the iodine species formed in basic AICI13-
BuPyCl1 ionic liquid (2). They did not indicate the formation of Io* ion
in acidic ambient temperature melts although this ion has been postulated
on the basis of spectral results for mixtures of 12 and 17 dissolved
in high temperature A1C13-NaCl molten salts (3).

1t was also of interest to seek in this medium, containing high
concentration of butylpyridinium cation, charge transfer bands for iodide
and chloride ions. Charge transfer, (CT), transitions for alkylpyridinium
jodides have been observed in many different solvents (4-7). CT bands have
also been reported for myristylpyridinium chloride solutions in chloroform
(6). It was assumed (5-7) that these transitions occur for contact ion
pairs; a possible contribution of solvent separated ion pairs to ionic
association equilibria in these systems was however unclear (6-R), lonic
association equilibria in A1C13-BuPyC1 ionic liquids are different in
this respect in that in this medium only contact ion pairs should be
formed, Formationr of this type of ionic association between
Culy Ty et catron amt toutde @y Lnioitide 10ns 15 1nc1odtec by charuge

transfer bands reported herein.




EXPERIMENTAL

The procedures used for purification of A1C13 (Fluka), synthesis and
purification of N-(1-butyl)pyridinium chloride and preparation of the melts
were similar to those described previously (9). lodine (Malinckrodt AR),
jodine chloride (Eastman Kodak), and tetraethylammonium iodide (TEAI)
(Eastman Kodak) were used as received, Tetraethylammonium triiodide
(TEAI3) was prepared according to Chattaway and Hoyle (10) and dried
under vacuum,

Absorption specta were obtained with a Perkin Elmer Model Coleman 757
spectrophotometer using 0.1 cm matched quartz cells (Wilmad). Cells were
filled and sealed under a purified argon atmosphere in a Vacuum Atriosphere

dry box with an HE 493 Dri Train,




RESULTS

lodide and chloride ions.
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Todide jon, which in acidic melts does not exhibit any absorption in
the accessible u.v, region (1), shows a single absorption hand with a
maxima at ca 330 nm in neutral and basic solutions (Fioure 1). This bard
was found to obey C:er's law at iodide concentrations from 3 x 10-4 to 7
x 10-3 mol dm-3 and the apparent molar absorptivity at 230 nm was 3 x
103 dm3 mol-1 cm=1 in the neutra) as wel) as in basic 0.95:1 and
0.75:1 melts (Table 1).

Visible or near u.v. absorption bands observed for alkylpyridinium
iodides in many different solvents (4-7) have been assianed to charge
transfer transitions (4-7) and taken as an evidence for contact ion pair
formation (5-7). The observed independence of the apparent molar
absorptivity on iodide concentration in butylpyridinium
tetrachloroaluminates indicates full association of iodide ions with
butylpyridinium cations, It is also interesting to note that the molar
absorptivity in the ionic liquid is distinctly higher than in the other
solvents where its value varied between 300 and 1600 dm3 mol-1 cm-1
(4-7). Since in the ionic liquid only contact ion pairs are formed, the
measured value can be regarded as the molar absorptivity of the contact
BuPy*I- ion pair. Lower values of apparent molar absorptivity observed
in the other solvents (4-7) suggest that solvent separated ion pairs are a
significant fraction of ionic associations formed there,

Spectra recorded for pure melts at different AIC13:BuPyCl mole
ratios revealed a dependence of the short wavelength "cut off" on the melt

caorpes e Ctoes Do ac e aee aeutogl o we Tl the Clut ofts’ were essentially




the same; an absorbance equal to 1 at 284 nm for 1.5:1 and at 295 nm for

the neutral A1C13:BuPyCY mole ratios (1.0:1.0) melt (at 0.1 cm
pathlengths, the spectra recorded versus air). For basic melt compositions
these "cut offs" shifted to 313 nm for 0.95:1, 319 nm for 0.9:1 and to 325
nm for 0.75:1 A1C13:BuPyCl mole ratios. In acidic and neutral melts the
"cut offs" are due to butylpyridinium cation s-m* transitions (2). 1In
aqueous solutions, maxima of alkylpyridinium cation absorption bands were
observed at ca 260 nm (5). The slight difference between 1.5:1 and 1:1
melts results from an increase in BuPy* concentration which is 2.5 mo’
dm-3 in 1.5:1 and 4.1 mol dm-3 in 1:1 melt. In basic melts, however,
the BuPy* concentration increase cannot account for the observed shift of
the cut off; BuPy* concentration in the 0.75:1 melt is 4.45 mo! dm-3,
On the other hand, an absorbance edge observed between 28% and 31N nm
increased when excess RuPyCl was added to the neutral butylpyridirium
tetrachloroaluminate (Figure 2)}. The absorbance at constant wavelength
varied linearly with the concentration of "free" chloride (in excess over
A1C13) (Figure 3). This shows that the absorption at these wavelengths is
due to charge transfer transitions for a butylpyridinium cation-chlo~ide
ion pair, similar to the BuPy*...l1- association. The proportionality
between the absorbance and excess chloride concentration (at 305 nm Reer's
law was obeyed in the chloride ion concentration range from § x 10-3 to
0.1 mol dm-3) indicates full association of butylpyridinium cation and
chloride ion under the conditions employed (large excess of RuPy*).

The charge transfer band observed in the u.,v. spectrum of AIC13.
BuPyCl! fonic liquid is a good indication of basic melt composition, It is

especially useful at very low chloride concentrations, close to the neutral
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butylpyridinium tetrachloroaluminate. It was found, that at concentrations

below ~ 5 x 10-3 mol dm’3, neither chloride nor heptachliorcaluminate

ions effect the electrochemical window of the molten butylpyridiniun
tetracnloroaluminate (2) which can be used as a criterion of the neutrality
of the solvent (11). However, in u.v. spectra analogous toc those shown in
Figure 2, 1 x 10-3 mo) dm-3 excess chloride could be detectec (at 290

nm tne absorbance v:'ue correspondiny to 1 x 10-3 mol dm-3 chloride was
0.043). This method did not require the preparation of an ideally equimoiar
neutral melt as the reference solution. Since, as discussed above, spectre
of neutral and acidic melts were esentially the same, an acidic melt could
be used as the reference.

lodine, iodine chloride and triiodide ion.

For solutions of iodine in neutral butylpyridinium

tetrachloroaluminate a broad absorption band with a maxima at ca 480 nm
480 3 1

(e

2

solutions containing iodine (1), was found. A difference between the

= 80U dm mol'1 cm ©), identical to one previously observed in acidic

position of this band for iodine solution in liquid butylpyridinium

1

tetrachloroaluminate and in CC]4 (smax

= 517 nm (12)) reflects some weax
intermolecular interactions between iodine molecules and soivent 1ons;
nevertheless iodine in neutral as well as acidic A1C13-BuPyCl mixtures
does not form strong complexes and is dissolved in the form of I
molecules,

Spectra obtained for iodine solutions in basic A1C13-BuPyCl donic
liquids (Figure 4) indicated the formation of polyhalogen ions; the

uncomplexed iodine band at 480 nm was not observed. The dependence of the

spectra on concentration ot iodine and melt composition indicated
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equilibria involving chloride ion. The solvent “cut off" did not allow a
direct observation of polyhalogen ion absorption maxima at wavelengths
shorter than 320 nm. Only the band at ca 365 nm due to triiodice ion (vide
infra) could be observed (Figure 4). Its formation ir solutions of iodine
dissolved in basic A1CI3-BuPyCl melts shows that Iy is involved in some
redgox reaction, Reversible changes of the spectra at varying melt
compositions, an independence of the spectra on time, and the fact that
more than 90% of the amount of iodine initially addec to a basic melt could
be observea by rotating disc voltammetry after the melt was made acidic by
A1Cl3 addition (2), showed that the possible reactions ot iodine,
reduction by chloride ion and/or solvent impurities as well as the reaction
with the oryenic cation could not account for the observea reaction. On the
other hand, electrochemical experiments showed the presence of iodine (+1)
as well as iodide in tne solutions of iodine in basic melts (2), thus
ingicating that the redox reaction involving iodine is the
disproportionation equilibrium

I,C17 + €17 = 10,7 + 17 (1)
Triiodide ion is formed in the consecutive equilibrium:

IZCI' + 17 = 13' + C17 (2)
Stmilar equilibria have been reported for [2Ci- solutions in
acetonitrile (13), and in water (14) and recertly for I2/CsCl1-LiCl
melts (15). Since in the acidic melts the iodine disproportionation
equilibrium is shifted far to the left (1), the addition of AIC13 to the

equilibrium mixture of polyhalogen ions existing in the solution of 10dine

in basic AIC13-BuPyCl melt causes the formation ot molecular iodine,

lodine chloride reacts with the aciaic melt and is partly reducecd tou




ioaine (1), so the spectra obtained for IC1 solutions in acidic AlC13-
BuPy(1 melts consisted of bands due to IC1 as well as l,. Since the molar
absorptivity of i1oaine is five times larger than the absorptivity of ioaine
chloride (16), and the two bands appear in the same wavelength range (the
IC1 band maximum was reported to be at 343 to 466 nm depenging on solvent
used {16)), only one very broad band was observea. The maximun of this bang
shitted from ca 450 to 490 nm (in 2:1 AIC13:BuPyCl melt) over a period
of 24 nours reflecting the progress of the reaction

2 IC1 = I, + CIZ (3)
The spectra recurded for ICi solutions in acidic AIC13-BuPyCl mixtures
were different than the spectrum reported for equimolar mixture of
iodine and chlorine dissolved in the 2:1 A1C13-NeCl melt (3). No band in
the 6UU-800 nm region was observed; thus there was no evidence for the
1% ion formation under the employed conditions. For 1Clp~ ion two

absorption bands were reported (12,13,14,15), the main one at ca. 230 nn

PR . .
(eZBL_ = ¢ca. 5.5 x lu4 dm3 mo! 1 cm l) and the second, much less intense
1C12
band at ca 34U nm (534U = ca. 300 cm3 moI'ICm'l). The spectra obtainea for
11,
2

iodine chloride solutions in basic AlC13-BuPyCl melts indicatea the
formation ot 1C1;7; however only the less intense band at 338 nn
could be observed. Additionally, for the latter solutions a small maximun
at ca. 420 nm was evident, This band decreased at higher chloride
concentrations; it probably reflected the presence of the small equilib~ium
concentrations of molecular IC! in the solution.

The spectra obtained for TEAI3 solutions at melt compositions close
to the neutral (as judyed by the electrochemical window of the solvent

(11)), were qualitatively similar to the spectra recorded in acetonitrile,

L S . 0 A O = o 0 o ¢




with two absorption maxima at 295 and 365 nm. However, apparent molar

absorptivities were found to be very sensitive to small additions of

A1C13 and BuPy(Cl to the solution. These variations reflect changes in the

conditional stability of [3~ ion, which result from acia-base

interactions of 10dide with AIC13(1) or iovdine with chloride 1on (vide

supra). Even at concentrations of C1~ or AlzCl7” ions below 5 x

10-3 mol am-3, which did not affect the electrochemical wincow of the

solvent, the apparent molar absorptivity of I3~ aistinctly changed.

Wnen the melt composition was adjusted to a true "neutral" state, however,

the molar absorptivity of 13~ in neutral butylpyridinium

tetracnloroaluminate (e36§ 3 017! cm'l) ayreea well with
I3

literature data (5,13). The value ot the 13~ ion molar absorptivity

= 2.25 x 10° an

in neutral butylpyridinium tetrachloroaluainate confirmea the high
stability of I3~ i1on observed 1n electrochemical experiments (Z).

Shapes of the spectra recorded for TEAI3™ solutions ir basic
solvent compositions were dependent on triiodide and/or chloride ion
concentrations (Figure 5). These variations were consistent with the
reaction described by equilibrium 2. Thus reactions 1 and 2 lead to
the formation of the equilibrium mixtures of all the 1ons: I2C17,
lClz', 13-, 17 and C1” in basic AIC]3—BuPyCI ionic liquids. In triiodide
solutions reaction 2 is followed by reaction 1 (the presence of IClZ'
and 17 ions in triiodide solutions in basic A1C13-BuFyCl melts was
observed 1n electrochemical experiments (2)). Un the other hand, in iodine

solutions ijodide ion formed in reaction 1 reacts with Iz2Cl- .,

according to equilibrium 2.




DISCUSSION

U.v.-visible spectrophotometric studies characterized the species
formed by iodine in different oxidation states at widely varied acidities
of the A1C13-BuPy(Cl ionic liquid. The summary of these results, which are
in agreement with electrochemical experiments (1,2), is shown in Table 1.
The variety of species formed at different solvent acidities reflects
characteristic features of the acid-base interactions in chloroaluminate
molten salts. The ionic nature of the solvent promotes stronyg interactions
between Lewis acids and chloride ion in basic melt compositions and between
Lewis bases and heptachloroaluminate ion present in acidic melts., At the
same time the high stability of triiodide ion in neutral butylpyridinium
tetrachloroaluminate indicates relatively weak intermolecular interactions
in this solvent,

Charge transfer transitions observed for butylpyridinium cation -
iodide and butylpyridinium cation - chloride ion pairs indicate a high
deyree ot association between these ions in basic AICI3-BuPyCl ionic
}iquids. The results obtained in the solutions containing a large excess of
buPy+ over (17 and 1~ did not allow a quantitative analysis of the
association equilibria. Qualitatively, however, the results observed for
basic A1C13-BuPyCl mixtures agreed with the conclusions drawn from the
analysis of the conductivity measurements tor ambient temperature
chloroaluminate ionic liquids (18). The proportionality between the
absorbance at 305 nm and chloride ion concentration observed up to 0.1 mol
am-3 ingicates that at forma) concentrations of butylpyridinium cation up
to 4 mol dm-3, at least 90% of the chloride is involved in the charge

transfer transition, thus is associated with Buby* cation (accuracy of
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the measurements was arbitrarily assumed to be =*10%), This gave an

estimated value for the association constant

K = [RuP ;"c]_ > 2.3, which favorably compares with the value of
[BuPy ]{C17]
the association constant for a similar low temperature chloroaluminate

system, aluminum chloride - imidazolium chloride, which was estimated as 2
(18). The ionic assnciation of butylpyridinium cation with chloride ion has
been indicated by NMR (19,70,21) and FTIR (22) studies of A1C13:RuPy(C]
melts.

For solutions of iodine and TEAI3 in basic A1C13-BuPyl1 ionic
liquids the spectrophotometric studies confirmed polyhalogen equilib-ia
deduced from the electrochemical results (2). In particular, the
formation of I3~ in iodine solution, expected from the values of
equilibrium constant for reactions 1 and 2 estimated in the electrochemical
studies (2), was directly observed. Attempts to obtain more accurate
estimates of the equilibrium constants for reactions 1 and 2 from the
spectral data were unfortunately unsuccessful. Spectra recorded fcr 12
and TEAI3 solutions in basic A1C13-BuPyCl mixtures were limited to a
narrow range of wavelengths and consisted of overlapping bands of all ions
2C1', 13'
Additionally a spectrum for IZC]' ion could not be obtained separately,

involved in the polyhalogen equation, i.e., ICYZ', 1 and 17,

thus molar absorptivity values for this ion were uncertain. However, the
spectra obtained for iodine and triiodide solutions at low chloride
concentrations (Figures 4 and 5) confirmed the approximate values of the

equilibrium constants for reactions 1 and ?. Concentrations of 13'

ions calculated from these equilibria agreed reasonably well with the 1

3
concentrations estimated from the absorbance measured of 365 nm,

e 2 il N A R A i e s
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Table 1

Apparent molar absorptivity of TEAI band at 330 nm in Alf)3-PuPyCI melt,

Melt composition TEAT concentration «x 103 € X lﬂ'3
NA/NB mo? l:!m'3 dm3 mo1.'l cm'1
1:1 3.7 ?2.97
0.95:1 0.85 2.85
0,95:1 1.99 3.04
0.95:1 4,65 2.99
0.95:1 7.7 2.08
0.75 1.8 2.95
0.75 5.9 3.05

NA - Number of moles of A1C13

Ng - Number of moles of RuPyCl
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TABLE 2

lodine species at different A)C13-BuPyC1 jonic liquid compositions.

Iodine oxidation

Melt composition

state Acidic Neutral Basic
+1 IC1 101 IClE
0 12 I? IZC1
‘0.33 -~ - T3 I3
-1 17, AL, 1" (Bupyt...17) “(8upyt. . 1T)
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FIGURE CAPTIONS

Fig. 1. Absorption spectra of tetraethylammonium iodide solution in

0.95:1 A1C13:BuPyf) melt., Cypar: (1) 4.65; (2) 1,99; (3) 0.85
mM.

Fig. 7. Absorption spectra of butylpyridinium chloride added to neutral
butylpyridinium tetrachloroaluminate. Excess of RuPyCl; (1) 18;
(2) 11; (3) 5.4 mM,

Fig. 3. Absorbances at constant wavelength measured for spectra shown in

Fig. 2 plotted against chloride concentration, Wavelenoth: (1)

290; (2) 295; (3) 300; (4) 305 nm,

Fig. 4. Absorption spectra of iodine in 0,95:1 A1C13-BuPyCl melt. Cp:
(1) 3.5; (2) 1.68; (3) 0.85 mM,

Fig. 5. Absorption specta of tetraethylammonium triiodide in 0,95:1
A1C13-BuPyCl melt. Crearz: (1) 1.89; (2) 1.42; (3) 0.85;
(4) 0.35mM,
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