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Rate constants for several reduction and oxidation reactions were determined by pulse radiolysis in three
ionic liquids and compared with rate constants in other solvents. Radiolysis of the ionic liquids methyltribu-
tylammonium bis(trifluoromethylsulfonyl)imide ¢RINTf,), N-butylpyridinium tetrafluoroborate (BuPyBJ;

and N-butyl-4-methylpyridinium hexafluorophosphate (BuPigPlEads to formation of solvated electrons

and organic radicals. InJRINTf, the solvated electrons do not react rapidly with the solvent and were reacted
with several solutes, including C£benzophenone, and quinones. In the pyridinium ionic liquids the solvated
electrons react with the pyridinium moiety to produce a pyridinyl radical, which, in turn, can transfer an
electron to various acceptors. The rate constant for reduction of duroquinone by the benzophenone ketyl
radical in RNNTf, (k =2 x 10’ L mol~! s71) is much lower than that measured in watker={ 2 x 10° L

mol~! s71) due to the high viscosity of the ionic liquid. Rate constants for electron transfer from the solvent-
derived butylpyridinyl radicals in BuPyBFand BuPicPkto several compounds (of the order of 18 L

mol~* s71) also are lower than those measured in water and in 2-PrOH but are significantly higher than the
diffusion-controlled rate constants estimated from the viscosity, suggesting an electron hopping mechanism
through solvent cations. Electron transfer between methyl viologen and quinones takes place 3 or 4 orders of
magnitude more slowly in BuPyBRhan in water or 2-PrOH and the direction of the electron transfer is
solvent dependent. The driving force reverses direction on going from water to 2-PrOH and is intermediate
in the ionic liquid. Radiolysis of ionic liquid solutions containing G@hd Q leads to formation of CGD.*

radicals, which oxidize chlorpromazine (CIPz) with rate constants neal® L mol~!s™1, i.e., much lower

than in aqueous solutions and close to rate constants in alcohols. On the other hand, the experimental rate
constants in the ionic liquids and in water are close to the respective diffusion-controlled limits while the
values in alcohols are much slower than diffusion-controlled.

Introduction respect to electron-transfer reactions to other compounds. In
this study we utilize two other ionic liquids, one that does not
react with solvated electrons, thus permitting reduction of solutes
by eon, and one that does react with solvated electrons but
produces a radical that can reduce other solutes. The first ionic
liquid is based on a tetraalkylammonium cation, which is known
to be unreactive toward,g, and is a salt of the asymmetric
cation 1-C4Hg)sN(CHz)* and the anion (Cf50,).N~ (abbrevi-
ated as RNNTf,). The second type is based on tie
alkylpyridinium cation, which is known to react withyfg
rapidly, but produces a pyridinyl radical that can transfer an
electron to many solutes. Several ionic liquids of the second
type were prepared, witk-butylpyridinium (BuPy) andN-butyl-
4-methylpyridinium (BuPic) as the cations and withgPRnd
BF,~ as the anions. Rate constants were measured in these ionic
liquids for several oxidation and reduction reactions.

Room-temperature ionic liquids serve as good solvents for
various thermal and electrochemical reactions, are nonvolatile
and nonflammable, and have been proposed as “green solvents
for various processésRecently we have compared reaction rate
constants in ionic liquids with those in other solvents by studying
the reactions of CGOD, radicals with chlorpromazine and
Trolox in 1-butyl-3-methylimidazolium hexafluorophosphate
(BMIPFg) and tetrafluoroborate (BMIB.2 The rate constants
were found to be close to those measured in nonpolar organic
solvents and much lower than those determined in aqueous
solutions. The low rate constants in BMIRere only partially
due to the high viscosity of the solutions and were interpreted
to indicate a high degree of ion-association in this ionic liquid.
On the other hand, the activation energy was found to be closer
to that in water than in alcohols. The results were suggested to
be due to specific solvation of the reactants by different
components of the ionic liquid and the need for proton transfer
to occur along with the electron transfer in this particular Methyltributylammonium bis(trifluoromethylsulfonyl)imide
oxidation reaction. Reduction reactions could not be studied in (R{NNTf,) was prepared by reacting equimolar amounts of
BMIPFs because BMt reacts very rapidly with solvated methyltributylammonium chloride (MeBN™CI™) with lithium
electrons and the BMradical produced is very unreactive with  bis(trifluoromethylsulfonyl)imide ((CESQ,),N~Li*) in aqueous

Experimental Sectior?

10.1021/jp013808u CCC: $22.00 © 2002 American Chemical Society
Published on Web 03/08/2002



3140 J. Phys. Chem. A, Vol. 106, No. 13, 2002 Behar et al.

solutions at room temperature. The viscous ionic liquid separated(1.75+ 0.10)um K™%, and a correction has been applied to the
from the aqueous phase. The product was purified by repeateddata taken above room temperature to account for this change
extractions of the LiCl and the unreacted materials with water in the test geometry. The reported viscosity is the mean-df(8
and then dried at 70C under vacuum (yield 88%). values determined at different shear rates, and the relative
N-Butylpyridinium chloride was prepared by adding 1.1 equiv Standard uncertainty of the mean viscosity was less than 5%,
of 1-chlorobutane (HPLC grade, purity99.5%) to 1 equiv of except for BuPyBl with added water. For those fluids, the
pyridine (Biotech grade, purity-99.9%, packaged under)N viscosity decreases rapidly with added water, and the relative
and gently refluxing for 4 days under a dry atmosphere. The standard uncertainty of the mean viscosity increased from 2%
solid product was precipitated after cooling, filtered and washed t0 10% with increasing water volume fraction. Measurements
several times with ethyl acetate in a dry atmosphere (because itvere carried out with neat ionic liquids and after addition of

is highly hygroscopic), and then dried at 80 under vacuum
(vield 70%). TheN-butylpyridinium tetrafluroborate (BuPyBJ-
ionic liquid was prepared by mixing 1 equiv &f-butylpyri-
dinium chloride with 1.5 equiv of NEBF, in acetonitrile. The
compounds are not soluble, but after mixing for 5 days most of
the NH,ClI precipitated. This was filtered and the acetonitrile
was removed from the liquid phase by distillation under vacuum.
The ionic liquid product was passed through a column of neutral
alumina to remove opacity due to remaining X and then
dried in a vacuum at 10€C (yield >95%).

N-Butyl-4-methylpyridinium bromide was prepared by adding
1.1 equiv of 1-bromobutane (purity99%) to 1 equivalent of
4-picoline (freshly distilled under § in ethanol solution and
gently refluxing for 24 h. The solid product precipitated after
cooling, was filtered and washed several times with ethyl acetate
in a dry atmosphere, and then dried at @ under vacuum
(vield 50%). The PEsalts of the pyridinium ions are not liquid
at room temperature. Their melting points are-3® °C for
the N-butyl-4-picolinium and about 67C for the N-butylpyri-
dinium. They were prepared by mixing equimolar amounts of
the halide salt with KP§ each dissolved in water. The organic
PF salts immediately precipitated and were filtered, washed
several times with ethyl acetate, and dried in a vacuum at 100
°C (yield 86%).

Various compounds were used to probe reduction and
oxidation reactions: benzophenone (BP), benzoquinone (BQ),

duroquinone (DQ, tetramethylbenzoquinone), 9,10-anthraquinone-

2-sulfonate (AQS), methyl viologen (M\#*, 1,1-dimethyl-4,4-
bipyridinium dichloride),p-nitroacetophenonep{NAP), p-ni-
trobenzoic acid§-NBA), chlorpromazine (CIPz, 2-chloro-10-
(3-dimethylaminopropyl)phenothiazine), N,N,N -tetramethyl-
p-phenylenediamine (TMPD), and Trolox (6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid, a Vitamin E analogue).

These compounds, the starting materials for the syntheses, ang,

the various solvents and additives were of the purest grade
available from Aldrich, Baker, or Mallinckrodt. Water was
purified with a Millipore Super-Q system.

Reaction kinetics in ionic liquids were determined by pulse
radiolysis. Experiments were carried out with (0.1 to 1uS)
pulses of 6 MeV electrons from a Varian linear accelerator;
other details were as described befbiithe dose per pulse was
determined by thiocyanate dosimetrinless stated otherwise,
the measurements were performed at room temperature; (22
2) °C. Rate constants and molar absorption coefficients are
reported with their estimated standard uncertainties.

1% CClL, 1% TEA, or other major additives as used in the
kinetic measurements. The liquids were equilibrated with air
in the rheometer.

Results and Discussion

In general, radiolysis of a liquid leads initially to production
of solvated electrons and solvent radical cations. The solvated
electrons may react with the solvent and, if this reaction is slow,
they may react with solutes. The radical cations may oxidize
solutes or may undergo deprotonation or fragmentation and the
products then react with solutes differently. Geminate recom-
bination of the solvated electrons and radical cations can produce
excited species, which may undergo fragmentation to form
radicals. Despite this complexity it is often possible to observe
clean reduction or oxidation reactions in many solvents due to
rapid conversion of primary species and selective reactions.
Some of the mechanisms may be predicted on the basis of
reaction rates in other solvents. For the ionic liquids under study,
it is known that the B and Pk~ anions and tetrabutylam-
monium cations do not react with solvated electrons, whereas
the pyridine ring is quite reactiviein the next section we discuss
the radiolysis of each ionic liquid more specifically.

Radiolysis of the Neat lonic Liquids. RyNNT%. Radiolysis
of neat RNNTf, leads to production of solvated electrons,
protons, radical cations, and neutral radicals.

(RN)(NTF,)” ww—e, ", H, RN, NTE,, R (1)

The solvated electrons do not react witi\R.® Their reactivity
with NTf,~ is unknown and was, therefore, examined in aqueous
solutions. We found no effect of up to 27 mmotLLIN(SO»-
CRs), on the lifetime of g5~ in deoxygenated aqueous alcohol
solutions at pH 10.1,from which we estimate an upper limit

r the rate constant of NTf with e, of k < 1 x 10° L mol~*

s 1. Therefore, the solvated electrons in this ionic liquid are
expected to react with the protons and with other reactive
solutes, as demonstrated in a later section.

The oxidized species formed in reaction 1, and excited species
formed by geminate recombination, may undergo fragmentation
or deprotonation. Concerning the quaternary ammonium ion, it
is known that hydrogen abstraction reactions byatkbms and
*OH radicals are very slow for (G4N™ but the rate constant
increases with chain lengthand it appears that only the
hydrogens at the:-position are highly deactivated by the™N
site. The rate constant for reaction @H radicals with (-

Viscosity measurements at different temperatures were carriedC4Hg)sN™ was reported to be very high,’6 10° L mol~1 s71.8
out in steady shear between 50 mm diameter parallel plates usingTherefore, BN*2* is likely to deprotonate at one of the more

a Rheometric Scientific, Inc. ARES rheometer. Tests were
performed at shear rates between 0.1 and t@rsferenced to

the outer radius of the plates), and none of the fluids tested
showed any signs of non-Newtonian behavior. Small gaps of

remote C-H bonds of the butyl groups to form alkyl radicals
with a tetraalkylammonium moietyQ;HsNRs™). Fragmentation
of an excited state may lead to-© bond rupture as well and
thus to alkyl radicals with and without the ammonium moiety.

0.7 mm or less were used to minimize the sample size and theConcerning the species formed from the bis(trifluoromethyl-
rate of rotation needed to achieve higher shear rates. The changsulfonyl)imide anion, we examined the reaction of this anion
in the gap with thermal expansion has been measured to bewith *OH radicals in NO-saturated aqueous solutions at pH 7



Reaction Kinetics in lonic Liquids J. Phys. Chem. A, Vol. 106, No. 13, 2002141

a

and detected a transient species with a weak absorption at 330
nm (¢ = 450 L mol! cm™1, assumingG = 0.58 umol J1)
formed with a rate constant 6¢1.2 x 10’ L mol~1 s1. The

most likely reaction is oxidation of NEf with *OH to form
NTf2.? This product may have a finite lifetime and may react
by accepting an electron or a hydrogen aténin addition,
fragmentation of excited states may fon@F; or CRSO
fragments. The various fragments formed from the anion and
the cation are represented by iR reaction 1. Most of these
radicals are neither oxidants nor reductants but some of them 0.01
can react with @to form oxidizing peroxyl radicals.

Pulse radiolysis of neat/RINTf, produced species with only
a weak tail of absorption from 300 to 400 nm. This absorption 0.00 } } } } ; f
is due to a mixture of the radicals discussed above. We cannot
identify these radicals from the present results, but we can
examine the outcome of their reactions with solutes. Radiolytic
reduction and oxidation of various reactants dissolved 4n R
NNTf, are discussed in later sections.

BuPyBR, and BuPicPFk. Radiolysis ofN-butylpyridinium
tetrafluoroborate (BuPyBjf and N-butyl-4-methylpyridinium
hexafluorophosphate (BuPic§)feads to production of solvated
electrons, protons, radical cations, and neutral radicals, e.g., 0.01

0.03

0.02

Absorbance

0.03

0.02

Absorbance

(BuPy)'(BF,)  w— e, , H", (BuPy)*", BF,” (2)

000 1 1 Ll L 1 i 1
(BuPyy?" and BR* (or BuPic?" and PE*) may act as oxidants 300 350 400 450
or undergo fragmentation. (BuP%) is likely to lose a proton

. . Wavelength, nm
from the butyl group to form a pyridylalkyl radical.

Figure 1. Transient absorption spectra monitored by pulse radiolysis
of (a) deoxygenated aqueous solution containing 0.1 mékHBuUOH

and 1 mmol ! BuPyBFR, recorded 5us after the pulse, and (b)
deoxygenated neat BuPyBF4, recordedu%0after the pulse.

(CiHgPY)*" — "CHgPY" + H" ®)

The most likely product is the benzylic radical, although other
isomers cannot be ruled out. Such radicals are not oxidants butof these compounds by solvated electrons and by organic

can react with @to form oxidizing peroxyl radicals. radicals derived from the solvent. From the absorption maxima
of the radicals produced«(410 and 420 nm, respectively) we
'C4H8Py+ +0,— 'OOC4H8Py+ (4) conclude that the semiquinone radicals were protonated under

these condition&! the proton being produced by the radiolysis
The solvated electrons formed in reaction 2 react very rapidly (reaction 1).
with the pyridinium cation to form the neutral butylpyridinyl
radical. BQ+e,, +H —BQH (6)

BuPy" + €,q — BUPYy (5) Addition of 0.07 mol L1 triethylamine (TEA), to capture the
protons, led to production of the semiquinone radical anions,

We measured the rate constant for this reaction in deoxygenatedwith absorption maxima at 420 and 445 nm for BQ and DQ,
aqueous solutions containing 0.2 mol'tMeOH’ at pH 11 and respectivelyt!
found ks = (4 & 1) x 109 L mol~t s7%, in line with rate
constants for similar compoun@isThe spectrum of the N- BQ+e,, —BQ" (7
butylpyridinyl radical, BuP$; was recorded by pulse radiolysis
of a deoxygenated aqueous solution containing 0.1 mél L  The vyields of both radical anions were much higher in the
t-BUOH’ and shows a weak absorption at 340 ram=(850 L presence of TEA because TEA quenches excited states and
mol~t cm~%, assumingG = 0.29 umol J1) (Figure 1a). The oxidizing radicals to produce additional reducing radicals:BQ
spectrum recorded upon irradiation of neat BuPyBRows a was produced in two distinct steps; approximately half the
similar weak peak (Figure 1b), as expected if the main absorbing absorbance was formed immediately after the putse (L x
species is the same pyridinyl radical. This radical is expected 10° L mol~! s71) and the other half within 20s k~ 1 x 10’
to transfer an electron to compounds with higher electron L mol~! s71). The fast step is due to reaction 7 as well as
affinity, such as quinones, as demonstrated in the next section.reaction 8 of BQ with the reducing radical derived from TEA.

Radiolytic Reduction in the lonic Liquids. In this section
we discuss the radiolytic reduction of quinones, benzophenone, BQ + (C,H,),NCHCH, —~ BQ"~ + (C,H),N"=CHCH,
methyl viologen, and nitroaromatic compounds in various ionic (8)
liquids, the electron transfer from the benzophenone ketyl
radicals to duroquinone, and the electron transfer betweenBoth reactions 7 and 8 are known to have very high rate
quinones and methyl viologen, and compare the rate constantsconstants in aqueous solutiodsX 3 x 10° L mol~1 s71).612
with values measured in other solvents. The slower step may be due to reaction of BQ with various

Reduction Reactions iyRNT#%. Irradiation of deoxygenated  alkyl radicals formed from the solvent. Such reactions have been
R4NNTf; containing BQ or DQ# 6 mmol L™1) led to reduction observed in aqueous solutions and found to occur via addition
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of the radical to the ring of BQ and subsequent electron transfer TABLE 1: Rate Constant for Reduction of DQ by BPH*

from the adduct to another B&. (Reaction 11) in Various Solvents at Room Temperature
solvent Kexp L Mol s71 Kaitr,2L mol~t st
BQ+ R — R-BQ ) RANNTF, 2.0+ 0.3) x 107 1.5x 107
2-PrOH (1.7£0.2) x 10° ~3 x 10°
R-BQ + BQ— [R—BQ+] +BQ~ (10) H,0/2-PrOH (3/1) (2.0 0.4) x 10° ~3 x 10°°
glycerol (4£1) x 1¢° ~5x 10°

A slightly different pattern was observed in the reduction of  aThe values of the diffusion-controlled rate constatktg; were
duroquinone. The DQ radical anion was produced in three estimated from the viscosity by using eq 12 and are considered to be
distinct steps, a very rapid step due to reaction with solvated lower limits. They may be higher by up to 50% depending on the exact
electrons, a slower steg £ 6 x 10’ L mol~! s1) presumably shapes of the reactants (Edwards, JJ.TChem. Ed197Q 47, 261).
due to reaction with the TEA radical, and a much slower step f;hizsg%“: ‘;"S""So%%izmgtgdsb%;as‘gggotr?iglijggs”?’vg;V‘i’r?tfr:ewiit:‘erzaiu‘;e

1 . 0 2- . ,
(k < 2 x 10°L mol~* s7%) .prObany due to reactions parallel .to Landolt-Bdrnstein. Numerical Data and Functio%al Relationships in
reactions 9 and 10. The increase of absorbance produced in th&cience and Technologgpringer-Verlag: Berlin, 1969; Vol. 2, Part
last step was very small, and the process was probablysa, pp 366-367) for water/EtOH and water/1-PrOH mixtures (the
incomplete because of radiealadical reactions. Therefore, its  viscosity of water/alcohol mixtures is higher than that of either solvent
observed rate constant is considered to be an upper limit. If alone).
this last step indeed involves addition of radicals to the ring (as
in reaction 9), it is not surprising that its rate constant is much
lower for DQ than for BQ because of the steric hindrance of
the four methyl groups on the ring.

Reduction of benzophenone (0.04 to 0.09 moibLin
deoxygenated RINTf, solutions containing TEA produced
initially the radical anion BP", which has an absorption peak
in water at 610 niif-15 and in the ionic liquid atz 700 nm.
This species was converted within &8 into BPH, which has
an absorption peak at 545 nm both in watéfand in the ionic
liquid. After this rapid initial production of the radical, a slower
increase in absorbance, wikh~ 1 x 10° L mol~! s71, was
observed, probably due to reduction of BP by the TEA radical.
The finding that BP~ undergoes protonation under these
conditions while BQ™ and DQ~ are not protonated is in line
with the higher K, value in aqueous solution of BPKD.2)1415
as compared with those of the semiquinones (reactions 4 and
5)11 From the measured absorbance of BRit545 nm we 1000/T
can estimate the yield of solvated electrons in this ionic liquid Figure 2. Viscosities of the neat ionic liquids at different temperatures
by assuming that the molar absorption coefficient of BRH (between 20°C and 75°C), shown as Arrhenius plots, for,RNTf,
RsNNTf, is similar to that in aqueous solutions (5510° L S/gl)ﬁgsup(%BEé.l) B:r';@jg ’\(ﬁ%v_anod%M;TEZ(OAO)CS%";F;E;U?S@N
mol* cm ). By using thiocyanate dosimetry and correcting g \oonc" 017 ot 20°C, 0.13 at 25C. BUPICcPR: 0.14 at 45°C.
for the difference in electron density between the aqueous
thiocyanate solution and the ionic liquid (646/556), we estimate
that the radiolytic yield of solvated electrons captured by BP
in the absence of TEA is 0.9 10-” mol J™1 and approximately
twice as high as that in the presence of TEA.

Electron transfer from BPHto DQ (reaction 11) was

Viscosity, Pa s
o

001 1 o 0 1w
28 29 30 31 32 33 34 35

These measured values should be compared to the diffusion-
controlled rate constants, which can be estimated from the
viscosities.

The viscosity of the neat ionic liquid was determined at

examined in RNNTF, solutions containing 70 mmol: TEA various temperatures and the results are presented in the form

90 mmol L-! BP, and various concentrations of DQ between of an Arrhenius plot (Figure 2). From the viscosity we can
0.15 and 1.2 mn,10I il estimate the diffusion-controlled rate constak:) by using

the approximatio®
. + o—

BPH + DQ—BP+H" + DQ (12) ks = 800RTI3y (12)
The rate constant was determined at room temperature by
following the formation of D@ at 445 nm and found to be  whereRis the gas constant (8.3144 J¥Xmol™?), T the absolute
(2.0 £ 0.3) x 10’ L mol™! s71. Similar measurements were temperature, ang the viscosity (in Pa s). The values kf
carried out in alcohol and aqueous solutions for comparison for the respective conditions (Table 1) were estimated from the
(Table 1). The rate constant determined in 2-PrOH solutions viscosity measured under those conditions (i.e., with solutions
containing similar concentrations of TEA, BP, and DQ was (1.7 containing all the main components, not just with neat solvents).
+ 0.2) x 1® L mol~! s and the rate constant in aqueous It is seen that the rate constant for reaction 11 measureg-in R
solutions, containing 25% 2-PrOH to permit sufficient solubility, NNTf, is approximately the same as the estimdtgg. The
was (2.24 0.3) x 10° L mol~! s%. Thus, the measured rate measured values in glycerol and in water/2-PrOH are also close
constant of this electron-transfer reaction in the ionic liquid is to the corresponding value df;s. On the other hand, the
much lower than that in alcohol or aqueous solutions. This effect measured rate constant in 2-PrOHNR0 times lower thamkyis.
must be due in part to the high viscosity of the ionic liquid. This comparison suggests thaiN®NTf, behaves in this case
For comparison, we measured the same rate constant in glycerols a polar solvent, which facilitates electron transfer, similar to
and found it to be even lower, (& 1) x 10° L mol~? s™%, water or glycerol and more polar than 2-PrOH.
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Figure 3. Arrhenius plots for the rate constants for reduction by the
pyridinyl radicals in the ionic liquids. In BuPyBF BuPy + DQ (@),
BuPy + MV2* (O), BuPy + p-NBA (O). In BuPicPk: BuPic +

DQ (a).

Reduction Reactions in BuPicRBnd BuPyBE. Solutes in
these ionic liquids are not reduced by the radiolytically produced
solvated electrons sincesg~ is rapidly scavenged by the
pyridinium cations (reaction 5). Therefore, the main reducing
species in these ionic liquids is the butylpyridinyl radical. This
radical does not reduce benzophenone (an upper linkit<oflL
x 10° L mol~1 s71 was estimated in 2-PrOH/water solutions),
and we could not measure the rate of reduction of quinones by
the benzophenone ketyl radical in these ionic liquids as we did
in RsNNTf,. We measured, however, the rate constants for
reduction of various compounds by the butylpyridinyl radical
(e.g., reaction 13).

BuPy + DQ— BuPy" + DQ"~ (13)

Rate constants were measured for the reduction of duro-
quinone, methyl viologemp-nitrobenzoic acid, ang-nitroac-
etophenone by the butylpyridinyl radical in these ionic liquids.
Since the absorption of BuPjs weak, the rate constants for
its reactions with these reactants were determined by following
the buildup of absorption of the radicals produced from the other
reactants: 445 nm for D&,400 and 605 nm for M¥*,17 330
nm for p-NBA,*® and 370 nm fop-NAP 14 For each reactant,
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those of water and 2-PrOH were taken from the literature. In
water and 2-PrOH, the electron-transfer rate constants are
somewhat lower than the valueslqQfit, as observed before for
many other reactions. In contrast, all the rate constants measured
in the ionic liquids are about an order of magnitudgherthan

the calculatedkgi. This unexpected observation may be
explained by an electron-transfer mechanism that involves
hopping of the electron between solvent cations so that the
unpaired electron of BuPycan reach the organic substrate
without the need for complete diffusion of a specific BuPy
radical to the substrate. This is particularly facilitated when the
neutral substrate is solvated by the pyridinium cations, which
can channel the electron. The positively charged methyl viologen
is expected to be solvated partly by the BRnions and thus

the rate of electron transfer, although higher tkag is not as

high as with the neutral solutes (Table 2).

The measured electron-transfer rate constants in the ionic
liquids were found to increase with temperature as shown by
Arrhenius plots (Figure 3) and their activation energies are
summarized in Table 2. For comparison, we calcul&tgdat
the different temperatures and derived the activation energy for
kaii: 43.6 kJ mot? for BuPicPR and 37.6 kJ mol for
BuPyBF,. These values are very close to the activation energies
for the reactions of DQ anpg-NBA in both ionic liquids (Table
2). This finding is in line with the hopping mechanism suggested
above if we assume that increased diffusion rate (a) facilitates
encounters between solvent cations by faster repositioning of
the solvent ions, thus enhancing the electron hopping, and (b)
increases the probability of encounters between the radical and
the solute, thus requiring fewer hopping steps. The activation
energy for the reaction of M& is slightly lower due to its
solvation with anions as discussed above.

The radiolytic yield for production of M¥ was determined
by measuring the absorbance of this radical at 605 nm in
deoxygenated BuPyBFsolutions containing 0.8 mmol 1t
MV 2+ and using aqueous thiocyanate dosimeétBy. assuming
that the molar absorption coefficient of MVin BuPyBF, is
similar to that in water (1.3x 10* L mol™! cm 1)’ and
correcting for the differences in electron densities between water
and BuPyBE (668/556) we find G(MV*) = (1.8 £ 0.2) x
1077 mol J1. The radiolytic yield in BuPyBEF was also
determined by measuring the yield of reductiorpefAP and
assuming that the absorption coefficient of its radical anion is
similar to that in water. The molar absorption coefficient of
p-NAP*~ in aqueous solutions was reported to be 17600 Lol
cm at 350 nm and 2900 L mot cm™ at 545 nmt* We

rate constants were measured at several concentrations a”?nonitored the absorbance at 545 nm to avoid interference by

several temperatures, between 22 and°Z5 Reactions in
BuPicPFk were measured only between 43 and°T5since the
melting point of this ionic liquid is 3839 °C. Second-order

the absorbance of the solvent radicals. To ascertaiptN&P*~

does not undergo protonation to fopiNAPH", which has lower
absorbance, we added TEOA as a base. From the absorbance

rate constants were derived from the concentration dependencey; gas nm observed with deoxygenated BuPyBBntaining

of keps The values at the different temperatures give good 0.06 mol -t TEOA and 0.6 mmol X

Arrhenius plots (Figure 3) and the results are summarized in
Table 2.

The rate constants for the same reactions were also determine
in aqueous solutions and the rate constants are compared i
Table 2. In all cases, the rate constants are about an order o
magnitude higher in water than in the ionic liquid. In the case
of DQ the rate constant was also measured in 2-PrOH and found
to have an intermediate value between those in water and in
the ionic liquid.

p-NAP, we estimate

the total yield of radicalss = (4.8 & 0.5) x 1077 mol J1.

his value is much higher than that determined with M\h
he absence of TEOA and indicates that most of the initial

Exidizing species are converted into reducing radicals by the

EOA, as discussed above for TEA. TherefoeNAP is
reduced by both BuPyand by the radicals derived from TEOA.

BuPy + p-NAP — BuPy" + p-NAP"~ (14)

Table 2 also shows the values of the diffusion-controlled rate (HOCH,CH,),NCHCH,OH + p-NAP —

constants estimated from the viscosities by using eq 12. The
viscosities of the ionic liquids were measured (Figure 2) and

(HOCH,CH,),N"=CHCH,OH + p-NAP"~ (15)
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TABLE 2: Rate Constants for Reduction Reactions in Various Solvents

reaction solvent T,°C Kexp L Mol 571 Ea? kJ mol? log A kaitr,> L mol~t st
BuPic + DQ BuPicPk 43 (4.1+0.6) x 1¢° 42 15.6 5x 107
BuPy + DQ BuPyBR 24 (4.440.7) x 108 34.9 14.8 5x 107
BuPy + MV 2+ BUPyBF, 23 (2.3+0.7) x 10° 29.5 13.6 5x 107
BuPy + p-NBA® BuPyBF, 24 (4.740.8) x 10° 39.8 15.6 5x 107
BuPic + DQ 2-PrOH! 22 (1.3+0.3) x 1@ 3x 10
BuPic + DQ H,0° 22 (3.3£0.5) x 10° 7 x 10°
BuPy + DQ H.0° 22 (3.1+ 0.5) x 10° 7 x 10°
BuPy + MV 2+ H,Of 22 (4.0£0.5) x 10° 7 x 10°
BUPy + p-NBA® H,0e 22 (5.44 0.8) x 10° 7 x 10°

a Activation energies have been determined with an overall estimated standard uncertainties of leskOtahSee footnote a in Table 1.
¢ The rate constant in the ionic liquid was determined vpithitrobenzoic acid but in water witp-nitrobenzoate anion since the acid is insoluble
in water.4 1% TEA was added as a base to prevent protonation of o DQH. €0.2 mol L-! t-BuOH was added as an OH radical scavenger.
f1 mol L™ t-BuOH was added as an OH radical scavenger.

The observed formation @ENAP*~, however, appeared to take TABLE 3. Rate Constants for Electron Transfer between
place in one step, with a rate constant of (22.4) x 108 L Quinones and Methyl Viologen
mol~t s, reaction solvent T,°C  Kexp L mol2s?

In an attempt to clarify the role of TEOA in the reduction of  py++ 4+ pQ BuPyBR 25  (1.440.3)x 10°
p-NAP, we conducted experiments in aqueous solutions. The MV*+ + DQ BuPyBR, 2 v % HO 25 (7.1£11)x 10°
rate constant for reduction @gENAP by the BuPy radical in MV +DQ BUPyBR,5v% HO 25 (3.0+0.5)x 10°
deoxygenated aqueous solutions containing 0.2 mdl t MV-" +DQ BuPyBR, 9v %0 25 (2.0+0.3)x 100
BUOH, 11 mmol L'* BuPyBF;, 5 mmol L% phosphate buffer M. 88 e v [tg o2 %gi 8§§§ e
at pH 7, and between 0.07 and 0.2 mmGIllp-NAP, but no MV + DQ BUP;BE: 50 v % HO 25 (1:1:|: O:l)>< 10°
TEOA, was determined to Ha, = (6.24 0.9) x 1(° L mol~1 MV + DQ H,0, 10 v % 2-PrOH 25 (3.20.5)x 1°
s L In the absence afBuOH but with 0.07 mol £ TEOA in DQ~ +MV2"  2-PrOH5v%TEOA 25 (1.7+0.4)x 1¢°
N,O-saturated aqueous solutions (to convest éto *OH so AQS® + MV2" BUPYBR, 2v %O 22 (4.0+0.8)x 10
that all the primary species are converted into TEOA radicals), ngzf f‘f\gﬂ?/H ;'j?r ,osz g’%’;{ S/)v:;ef %3 E?éi 8'2& 1%
at pH 9.4, the reduction gf-NAP took place withk;s = (3.2 ' ' '

+ 0.6) x 10° L mol~1s7%, i.e., about half the value d64.2° In ~#A small amount of water was necessary to permit sufficient
the ionic liquid, reactions 14 and 15 took place in parallel and dissolution of AQS. *2-PrOH was used as a scavenger foraid
it was not possible to distinguish two steps of reduction. OH radicals; the solution was neutral, unbuffered.

Electron Transfer between Methyl Viologen and Quinones. 1010
In addition to the electron transfer from the solvent butylpy-
ridinyl radicals to various solutes, we studied secondary electron
transfer from a solute radical to a different solute. First, we 100 o ¢
measured the rate constant for reaction 16 by pulse radiolysis
of deoxygenated BuPyBFsolutions containing M%" (0.7 to
4 mmol L™1) and duroquinone (0.05 to 5 mmol#).
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From the rate of decay of the MV absorption at 400 nm as a
function of DQ concentration we derivigs = (1.4 £ 0.2) x

1 L mol~! s7L. This rate constant is 2 orders of magnitude
lower thankgi, unlike the rate constant for reaction 13, which
was an order of magnitudeigher than kgir. For comparison,
we also determined the rate constant for reaction 16 in aqueous 40 60 80 100
solutions containing 10% 2-PrOH and foukd = (3.3 + 0.5) V% H.O

x 10° L mol~t s, i.e., kg is 4 orders of magnitude lower in Rk

the ionic liquid than in water. We then measuteglin several Figure 4. Rate constant for electron transfer from MVto DQ
BuPyBFR/water mixtures. The results (Table 3) show a large Measured in different BuPyBkvater mixtures®) and the correspond-
increase in rate constant upon addition of small amounts of water9 values ok (O) estimated from the measured viscosities by using
and then a slower approach to the aqueous solution value (Figure

4). From comparing with the values kfi; estimated from the reaction 16 has a driving force of about0.21 V22 but in
viscosities (Figure 4), it is seen that in predominantly aqueous 2-PrOH the reaction is driven in the opposite direcidi.o
solutions the experimentéls is about 50% okgir but as the confirm this trend we followed reaction 16 in 2-PrOH solutions,
fraction of ionic liquid approaches 1 the valuelg§ decreases and indeed, we found it to proceed to the left, wkithg = (1.7
below 1% ofkgi. This comparison suggests that additional 4 0.4) x 10° L mol~! s™! (Table 3). We also attempted to
factors contribute to the decreasekig, most likely a change  determine the equilibrium constant for reaction 16 in 2-PrOH
in the equilibrium constari¢ due to the change in the nature but could only estimat& > 10* at the most extreme concentra-
of the solvent. It is known that the reduction potential of RV tion ratio that was experimentally practical. Thus the driving
is considerably more positive in alcohol solutions than in force for reaction 16 changes frorD.21 V in water to at least
water2 while the reduction potentials of quinones are more 0.2 V in 2-PrOH. Therefore, we suggest that the driving force
negative in alcohold! It is also known that in aqueous solutions  in BUPyBF, is intermediate between these values and thus the

108

T
[
!

108 1 ) 1 L 1 . |

o e
N
=]



Reaction Kinetics in lonic Liquids J. Phys. Chem. A, Vol. 106, No. 13, 2002145

reaction occurs much more slowly. It is also possible that total yield of oxidation under air was only 0:910~7 mol J-1.25
reaction 16 in neat BuPyBFs near equilibrium and that itis  The different oxidation yields of these two compounds indicate
pulled to the right due to protonation of DQ Irradiation of that some radicals formed in this solvent can oxidize TMPD
the solution produces protons (reaction 2), which are not (E = 0.26 V vs NHE¥? but do not react rapidly with CIPz=(
neutralized under these conditions and can react with D = 0.8 V)22 Alkylperoxyl radicals are known to exhibit such
form DQH. Since DQH has a shorter lifetime than DQand behavior and they are produced in the present system when
cannot transfer an electron to MY, reaction 16 can be driven irradiated under air. The radicals produced in deoxygenated
to the right. In confirmation of this suggestion we found that solutions include TAN°®, which is probably the strong oxidant
addition of 2 v% pyridine to neutralize part of the protons led that leads to the rapid oxidation step, and various fragments
to reversal of the direction of reaction 16. Electron transfer from that are weaker oxidants. In oxygenated solutions, it is possible
DQ~ to MV2" was observed in the presence of pyridine, with that the peroxyl radicals, such as 4 and RNTCR,0", are

a rate constark_1~ 10° L mol~1s1, and the decay of MV formed and these can oxidize CIPz..

occurred much more slowly than in the absence of pyridine. Irradiation of various solvents containing GGind Q is
Thus reaction 16 proceeds in BuPyBR the same direction  known to produce CGO-* radicals, which are strong oxidants.

as in 2-PrOH and in opposite direction to that in water. This is due to the fact that C&£tan form*CCl; radicals when
This reversal of the reaction driving force was demonstrated it reacts with solvated electrons as well as with various organic

more clearly in similar experiments with MV and AQS.. radicals. Recentfy we have studied the rate constant for

oxidation of CIPz by CGO* radicals in another ionic liquid,
MV + AQS” =MV?" + AQS? (17) BMIPFs.

In aqueous solutions reaction 17 proceeds to the right kyith CCLO," + CIPz— CClLO, + clpz* (18)

= (6.1£ 0.9) x 10° L mol~1 s~ while in 2-PrOH the direction

is reverse® andk_17 = (1.54 0.3) x 10° L mol~t s71 (Table In the present study we determined the rate constant for the

3). In BuPyBFR the reaction proceeds to the left as in 2-PrOH, same reaction in RINTf, by pulse radiolysis of oxygenated
with k_y7 = (4.0 & 0.8) x 10° L mol~1 s71 (Table 3). Upon solutions containing 1% Cgland various concentrations of
addition of 2 v% pyridine, to minimize the extent of protonation CIPz. The rate of formation of CIPz was monitored at 525
of AQS?™ to AQSH™, k_17 increased to (2.7 0.5) x 10" L nm as a function of CIPz concentration, and the valud;gf
mol~! s™1. These results clearly indicate the reversal of the was derived from a linear plot é§psVvs [CIPz]. However, unlike
driving force upon going from water to BuPyB&nd emphasize  the earlier case of BMIR§-where oxidation of CIPz took place
the similarity between the ionic liquid and the alcohol. to a significant extent only in the presence of ¢&hd Q, in

Most of the reactions discussed in this study involve at least R,NNTf, there was oxidation of CIPz even in the absence of
one uncharged species and thus their rates are not affected by>Cl;, as discussed above. Therefore, we measured the rate
the ionic strength of the medium to any appreciable extent. Only constant for oxidation of CIPz in oxygenated solutions @f R
reaction 17 involves two charged species in both directions. The NNTf, both in the presence and absence of £The absor-
reverse direction, involving two doubly charged species with bance observed in the presence of S&Zis about twice as high
opposite signs, is decelerated at increased ionic strength.as that observed in the absence of CBUt the rate constants
Althoughk-17 measured in the ionic liquid is much smaller than were similar, and it was not possible to determine different rate
that measured in 2-PrOH, this decrease is due to at least in partconstants for different processes. This is not surprising if the
to changes in reduction potentials and it is not possible to assessolvent derived radicals include the strong oxid#h@&R0,*
whether the ionic liquid exerts the ionic strength effect expected and RNTCH(R)O,*. By assuming that the rate constant
from ~ 3 mol L~ salt concentration. measured in the presence of 4.3 x 10° L mol~t s7%) is

Radiolytic Oxidation in the lonic Liquids. In this section the weighted average for the reactions with €1 and with
we discuss the oxidation of TMPD and CIPz in the neat ionic the other radicals (measured separately asx310° L mol~1
liquids, from which we estimate the total oxidation yields, and s-1), we estimate that the rate constant for reaction 18 is 5
the rate constants for oxidation of CIPz and Trolox by the 10f L mol~!s%
CCl30;* radicals produced in the presence of ¢Cl We also measured the rate constants as a function of

Oxidation Reactions in RINTE. The radiolytic yield of temperature from 21 to 78C and found slightly different
oxidation in RNNTf, was determined by using TMPD and temperature dependences in the presence and absence,of CCl
ClIPz. These compounds are oxidized to produce long-lived The activation energies are summarized in Table 4. The
radical cations, which have strong absorption peaks with known experimental rate constanti.,;) were then corrected for the
molar absorption coefficients in various solvents. Pulse radi- effect of the diffusion-controlled limit ky¢) to derive the

olysis of deoxygenatedRINTf, containing 6 mmol £ TMPD activation-controlled rate constants,d).*

produced TMPD" with two absorption peaks at 565 and 613

nm. The absorbance at 565 nm was produced in two steps, one kam_1 = kexp_l — kdiﬁ_l (29)
part was formed within s after the pulse and an additional

absorbance was formed within 106, indicating the existence The values okgi as a function of temperature were estimated

of at least two oxidizing species. The radiolytic yield of the from the viscosity measured at different temperatures (Figure
fast oxidation step was 1.4 10~7 mol J™%, and the total yield 2) according to eq 12. Arrhenius plots for the calculakegd

was 1.7 x 1077 mol J12* When a similar solution was values are shown in Figure 5 and the results from these plots
irradiated under air, an additional formation step took place over are also summarized in Table 4. It is seen that the experimental
2 ms and the total yield increased to 2110~7 mol J™1. This rate constants are approximately the same nedC4&nd that
increase is due to oxidation of TMPD by peroxyl radicals. the Arrhenius plots diverge from there, giving an activation
Similar experiments with CIPz gave lower yields. The initial energy and a preexponential factor that are lower in the presence
step of rapid formation of CIPz, monitored at 525 nm, was  of CCl, than those in its absence. Although the activation energy
very small, corresponding to only 03 10~7 mol J™%, and the for reaction 18 derived in this complex manner is approximate,
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TABLE 4: Rate Constants for Oxidation Reactions in lonic Liquids
reaction solvent T,°C KexpL mol~t st E? logA kgL mol™tst Kyl molts E2 log A
CCkLOz + CIPZ RsNNTf, 21 (4.3£0.6) x 1C° 29 11.8 1.1x 10/ 7.2x 10° 22.6 10.8
RO + CIPZA RsNNTf, 21 (3.7£0.6) x 1C° 34 12.7 9.2x 108 6.2x 10° 28.8 11.9
CClOz + CIPz BuPicPk 45 (1.9£0.3) x 107 30.8 12.3 5.2« 107 3.0x 107 25.0 11.6
CCl;02 + CIPz BuPyBR 23 (2.4+0.4) x 107 25.2 11.9 4.8< 107 4.8x 10 18.2 10.9
CClOz + CIPz BMIPR® 22 (1.2+0.2) x 10/ 30.3 12.4 2.2 107 2.6 x 10’ 22.7 11.4
CCl;02 + CIPz BMIPFef 22 (2.9+0.4) x 107 6.1x 10 5.5 x 10°
CClOz + Trolox BMIPFgef 22 (9.6£1.6) x 10° 6.1x 10 1.1x 10
CCl;02° + Trolox BMIBF 4 22 6+ 1) x 1¢° 6.7 x 10/ 6.6 x 10°
CClOz + Trolox BuPyBR 23 9+ 1) x 1¢° 24.2 111 4.8x 107 1.1x 10 22.8 11.0
CCkLOz + CIPz HO9 25 1.2x 10° 23.7 13.2 7> 10°
CClOz + CIPz 2-PrOH 22 3. 107" 8.7 9.4 3x 10

a Activation energies (in kJ mot) have been determined with an overall estimated standard uncertainties of lessl®bfan® Estimated from
the viscosities that were measured with identical soluti®ii$iis reaction took place in parallel with reactions of solvent derived peroxyl radicals
with CIPz (see text) and the processes could not be sepaf@eaction involving several solvent radicals but excludings:OC(see text) ¢ Results
from ref 2. These solutions also contained 10 v% 2-Pr@Bolution contained 10% 2-PrOH; results from ref 2From ref 28." From ref 27 for

2-PrOH solutions containing 9% water.
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Figure 5. Arrhenius plots for the rate constants for reaction of Ozl
radicals with CIPz in ionic liquids. The solid symbols are for the
measuredy, and the open symbols are for the calculakegd The
solvents are BuPyBREO), ByPicPF (®0), R\NNTf, with CCl, (a4),
and RNNTf, without CCL (vV).

its value is within the range of the activation energies determined
in a more direct manner in the other ionic liquids (see below).

Oxidation Reactions in BuPicRFand BuPyBE. The radi-
olytic oxidation yield in BuPyBEk was determined by using
TMPD solutions, as described above withiNRITf,. The yield
was 1.5x 1077 mol J, slightly lower than the yield in R
NNTf>.

The rate constants for oxidation of CIPz and Trolox by the
CCl30; radicals were determined in oxygenated ionic liquid
solutions containing 1% CgIlNo significant oxidation was
detected in these ionic liquids in the absence of LGl all

s~1. The diffusion-controlled rate constants estimated from the
viscosities measured under the same conditions are about twice
as high, as listed in Table 4, or possibly as much as three times
as high (see footnote a in Table 1). The valuek.gf estimated
from keyp andkgisr, are higher thaikey, by a factor of 1.5-2 and
remain close to x 10° L mol~! s™%. These values are clearly
lower than the rate constant measured for this reaction in
watef”-28 and close to the values measured in alcofbldn

the other hand, the activation energies are closer to those
measured in aqueous solutions and higher than those in alcohols
(Table 4). On this basis, we cannot equate the solvent effect of
the ionic liquids on reaction 18 with that of either alcohols or
water. Furthermore, if we compare the rate constants for reaction
18 in the different solvents not on an absolute basis but as a
fraction of the diffusion-controlled limit, we find that this
fraction is~0.5 in the ionic liquids~0.2 in water, and only
~0.01 in 2-PrOH (Table 4) and other less polar organic
solvents?® This comparison indicates that the correctiorkgf

to derivekyctis small for water and negligible for alcohols but
very large for the ionic liquids, wherk,, andkgr are close.

As a result, the calculated valuesl@g;in the ionic liquids are
extremely sensitive to the exact value kfi. The above
comparison shows, however, that encounters between reactants
in water and ionic liquids are much more likely to result in
reaction than encounters in alcohols and nonpolar organic
solvents. Possibly, encounters in ionic liquids take place in more
organized microenvironments, where the reactants remain in the
same domain for longer periods and have a higher probability
of reacting. The reactions of C{),* radicals have been
suggested to involve an electron transfer and a proton transfer
occurring in concer so that the insipient C@D,~ anion is
immediately converted to the more stable €UH. If the proton

is supplied from the ammonium tail of CIPz (or from the
phenolic OH of Trolox), lengthening the time of encounter
between the reactants will also increase the probability for the

cases examined the rate constants at room temperature (Tableroton transfer.

4) are close to 10L mol~! s%. The rate constants were also

measured at different temperatures to derive the activation . .
b Ol(Table 4) are slightly lower than those for oxidation of CIPz,

energies (Table 4). The experimental data were then correcte
for the effect ofkyir to derivekae. Arrhenius plots ofk, are

The rate constants for oxidation of Trolox in the ionic liquids

as noted before for the same reactions in other soléags.

shown in Figure 5, and the results calculated from these plots This is due to the fact that Trolox is a neutral phenol and only

are also summarized in Table 4.

Oxidation Rate Constant3.he experimental rate constants
for oxidation of CIPz by CGO,* radicals in the various ionic
liquids (Table 4) are all within a factor of 2 of & 10" L mol~?!

the deprotonated form undergoes rapid oxidation. Therefore,

the solvent effect on reaction with Trolox includes as an

additional parameter the ability of the solvent to remove a proton

from Trolox. This point was discussed in detail previouSly.
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