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The reactions of pyridinyl and alkylpyridinyl radicals with duroquinone involve an electron transfer to produce
the durosemiquinone radical in a diffusion-controlled process. The rate constants for such reactions in several
ionic liquids and molecular organic solvents are determined by pulse radiolysis. The ionic liquids used are
N-butylpyridinium tetrafluoroborate (BuPyBJFand the following tetraalkylammonium ¢(R*) salts of bis-
(trifluoromethylsulfonyl)imide (NTf;): methyltributylammonium (MeBsNNTf,), hexyltributylammonium
(HXBusNNTT,), methyltrioctylammonium (MeQ&INTTf,), and methylbutylpyrrolidinium (MeBuPyrNEf. The
molecular solvents used are triethanolamine (TEOA) and cyclohexandk@H). The experimental rate
constants in the molecular solvents are only slightly higher than the diffusion-controlled rate constants estimated
from the viscosity. On the other hand, the experimental values in the ionic liquids are about an order of
magnitude higher than the values estimated from the measured viscosity. The reason for this difference is
suggested to be due to the voids that exist in ionic liquids and the possibility that diffusion of reacting species
takes place through movement of segments of the ions while the viscosity is related to movement of the
whole ions.

Introduction the viscosity for reactions that cannot involve such a mechanism,
) S i.e., quenching of triplet benzophenone by naphth&lemel
Room-temperature ionic liquidshave been proposed as eaction of the solvated electron with aromatic compounds.

solvents for green processing because they are nonvolatile andrherefore it was decided to measure the rate constant for
nonflammable, can dissolve different types of compounds - ! L -
reaction 2 under conditions that the solvent is not solely

simultaneously, and their physical properties may be tuned by . o T
varying the structures of their ions. To understand the effects BuPyBF, but a mixture of this W'th other ionic Ilqwd_s or
molecular solvents. The results indicate that the experimental

f ionic liqui n chemical reactions, the rat nstants for . . :
of ionic liquids on chemical reactions, the rate constants fo rate constants in molecular solvents are only slightly higher that

several elementary reactions in ionic liquids have been stédied those predicted from the viscosity. whereas the experimental
by the pulse radiolysis technique and compared with those in predicted 1 1Y, >XP
values in ionic liquids are much higher than the predicted values.

other solvents. In many cases the rate constants in ionic liquids
were lower than those in water and common organic solvents.

For diffusion-controlled reactions, the lower rate constants in Experimental Sectior?

ionic liquids were clearly due to their high viscos#/It was The ionic liquids N-butylpyridinium tetrafluoroborate
assumed that the diffusion-controlled limit can be estimated from (BuPyBF,) and methyltributylammonium bis(trifluoromethyl-
eq 1, which is commonly used for molecular solvents. sulfonyl)imide (MeBuNNTf,;) were prepared as described
before?® N-Methyl-N-butylpyrrolidinium bis(trifluoromethyl-
Kyt = 800@RT/3n 1) sulfonyl)imide (MeBuPyrNT§) was prepared by a method

o o similar to that described befofeN-Methylpyrrolidine (1 mol)
For the ionic _Ilqum_i N-butylpyridinium tetrafluoroborate 54 1-bromobutane (1.1 mol) in anhydrous EtOH (130 mL) were
(BuPyBF) the viscosity was r_nleasured tohe=0.14Pasand  refiyxed fa 4 h to 5 hwith continuous stirring. After cooling,
thuskgir = 5 > 10" L mol™ s™* was estimated. However, the  {he solvent and excess of 1-bromobutane were removed in a
rate constants for electron transfer from theoutylpyridinyl rotary evaporator under vacuum at 70 and theN-methylN-
radical (BuPy) to methyl viologen, 4-nitrobenzoic acid, and  pytyipyrrolidinium bromide product was recrystallized with
duroquinone (DQ) were measured to be considerably higher than,cetone/methanol, filtered and washed with cool acetone, taking

this estimated limit? care to avoid exposure of the hygroscopic product to humidity.
" - The remaining liquid contained additional amounts of the
BuPy + DQ— BuPy" + DQ ) product, which were recovered after evaporation and recrystal-

lized in the same manner. The total yield after recrystallization

one-electron reduction, it was speculated that the increased rat as 66%. Th.|s br.om|Qe.saIt was qonverted into the lonic I!qwd
of reaction was due to electron hopping through solvent y metat_he3|s with Ilthlum_ b|s(tr|fluoromethylgglfonyl)mlde
cations? More recent studies, however, found experimental rate (LINTf2) in water, as described for MeBNNTTf,,*> washed 6

constants that are higher than the diffusion limit estimated from times \.N|thlwater to remove LIBr and unreacted compounds,
and dried in a vacuum at 8.

* Corresponding author. Hexyltributylammonium  bis(trifluoromethylsulfonyl)imide
tOn leave from Poznan University of Technology, Poland. (HxBusNNTf,) was prepared by a similar method. Tributylamine
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Since the BuPyradical is derived from the solvent cation by
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(0.1 mol) and 1-bromohexane (0.11 mol) in 150 mL of a gap of<0.1 mm, using a Rheometric Scientific, Inc. SR-
anhydrous EtOH were refluxed for 48 h with continuous stirring. 5000 rheometet Tests were performed at shear rates between
After cooling, the solvent and excess 1-bromohexane were 1 st and 100 s? (referenced to the outer radius of the plates),
removed in a rotary evaporator under vacuum at°80to and none of the fluids tested showed any signs of non-
produce a yellow solution of hexyltributylammonium bromide Newtonian behavior. The reported viscosity is the mean of 6 to
containing small amounts of unreacted tributylamine, which 11 values determined at different shear rates, and the relative
could not be removed by extraction. The yellow product was standard uncertainty of the mean viscosity was less than 5%.
dissolved in water (100 mL) and passed through activated

carbon. The resulting colorless solution was ion-exchanged into Results and Discussion

hexyltributylammonium hydroxide, the remaining tributylamine . )
was removed by extraction with dichloromethane, and the Reaction 2 was chosen as a representative electron-transfer

hydroxide was then converted into the ionic liquid by metathesis '€action between two neutral reactants that is expected to take
with LINTf,, washed 6 times with water, and dried. place with a diffusion-controlled rate constant in most solvents.
The reduction potential of the DQ/DQcouple is—0.24 V vs

NHE in aqueous solutions. The reduction potential of the
BuPy*/BuPy couple in water is unknown but is expected to
be more negative than the value-60.94 V reported for NAD

and 1-methylnicotinamid&. Thus, the driving force for reaction

2 in aqueous solutions i80.7 V. With such a high driving
force, the high self-exchange rate for DQ/DQ@~1C L mol~!

s 1in water and organic solvent®and since pyridinyl radicals

§ are also known to engage in very rapid electron-transfer
reactions, reaction 2 is expected to be diffusion-controlled in
aqueous solutions. In organic solvents and ionic liquids, the
driving force of the reaction is expected to be somewhat smaller
than that in water because the solvation energies of the charged

Cyclohexanol ¢HxOH) was Reagent Grade from Fisher products are expected to be lower. The reduction potentials of
Y "1 duroquinone antl-methylpyridinium iodide in acetonitrile are

triethanolamine (TEOA) was Baker Analyzed Reagent, and all — 2 . ) .
the other solvents and starting materials for the syntheses were 0.84 and-1.21 V vs SCE, respectively,i.e., the difference

of the purest grade available from AldriéWater was purified IS _redl_Jcec_I 004 V. Frof" our results, it appears that reaction
with a Millipores Super-Q system. 2is dlffusmn-_controlled in all solvents examined. _

Fresh solutions were prepared containing various concentra—m n th? grﬁlvt'gusnsuﬁﬁfhi raitg (éonst%nﬁt fc\>ArI rltlaactlicr)anZ tW ?s
tions of duroquinone in a solvent mixture composed of an ionic easure € neationic iquid, Buryy|s wetl as in water
liquid or molecular solvent along with BuPyBEs the source and 2-PrOH solutions, where a sm_aII fraction of the ionic liquid
of the BuPy radicals. Inc-HxOH it was not possible to dissolve was u_s_ed as the source of radicals. By assuming that the
sufficient BuPyBE (or other pyridinium salts) and we have used viscosities of the solutions were the same as those of the neat

pyridine instead. Solvated and dry electrons produced by the solvents;, using the viscosity values given in the IiteraFure, and
radiolysis react rapidly with the butylpyridinium cation to calculatingkgis from eq 1, it was found that the experimental

-7 ob rate constants in water (3¢ 10° L mol~! s1) and 2-PrOH
produce the BuPyradical (1.3 x 10° L mol~1 s71) were approximately half the estimated
B n values ofkgi. In contrast, the experimental rate constant for
e + BuPy — BuPy 3 reaction 2 in BUPyBF (4.4 x 10° L mol~! s71) was an order

of magnitude higher thakyis estimated from the viscosity. The

Electrons also react rapidly with pyridifio produce a radical  |atter result led to a speculation of electron hopping through
anion, which undergoes very rapid protonation to form the*HPY ggjvent cations.

Methyltrioctylammonium bis(trifluoromethylsulfonyl)imide
(MeOgNNTf;) was prepared from the commercial chloride salt,
Aligquat 336 (Aldrich), which contains a mixture of octyl and
decyl chains, with predominantly octyl chains. The light orange
commercial liquid was mixed with EtOH and passed through a
column of activated carbon until it became colorless. Evapora-
tion of the alcohol in a rotary evaporator and then drying in a
vacuum at 80C produced a white solid. This chloride salt was
dissolved in water and mixed with an equimolar amount o
LiNTf,. The ionic liquid was separated, washed 6 times with
water, and then dried in a vacuum at®n Although it is named
methyltrioctyl, it does contain a small unknown fraction of decyl
chains.

radical? In the present study the rate constants were measured in
mixtures of BuPyBE with other ionic liquids and organic
e +Py—Py" (4) solvents. Samples of kinetic plots are shown in Figure 1 and
the results are summarized in Table 1. In the three mixtures of
Py~ + ROH—HPY + RO" 5) BuPyBFR, with MeBusNNTTf,, the rate constant decreases with

decreasing fraction of the former ionic liquid. These results may

Rate constants for reaction 2 and for the similar reaction be due to the increase in the viscosity of the medium and a
involving HPy were determined by pulse radiolysis using (0.1 decrease in the probability of electron hopping. In the mixtures
to 1.5) us pulses of 6 MeV electrons from a Varian linear containing only small fractions of BuPyBFthe hopping
accelerator and following the formation of the durosemiquinone mechanism may be ruled out. Nevertheless, the experimental
optical absorption at 440 nm; other details were as describedrate constants are about 8 times higher than the valukggof
before? The dose per pulse was determined by thiocyanate estimated from the measured viscosities (Table 1). When
dosimetry!® The measurements were performed at room tem- MeBuNNTf, was replaced with the more viscous HxBINT,
perature, (22t 2) °C. Rate constants are reported with their and MeOgNNTTf,, the ratiokexy/Kqir increased to 11 and 13,
estimated standard uncertainties, which include the standardrespectively, and when it was replaced with the less viscous
deviation of the kinetic fits and estimated uncertainties in the MeBuPyrNT# the ratio decreased to 5. In contrast, the ratios
concentrations. in the molecular solvents TEOA aredHxOH were both only

Viscosity measurements of the irradiated mixtures were slightly above 1 despite the wide difference in viscosity, with
carried out at 24C in steady shear between a 40 mm diameter the TEOA solution having a measured viscosity near the upper
plate and a 40 mm diameter cone with an angle of 0.04 rad andrange of the ionic liquid mixtures and-HxOH having a



7802 J. Phys. Chem. A, Vol. 107, No. 39, 2003

Skrzypczak and Neta

TABLE 1: Rate Constants for Electron Transfer from Pyridinyl Radical to Duroquinone in Different Media

mediunt Kexg? /e Kaite Kexpf Kitt
BuPyBF: 4.4+ 0.7) x 1P 0.14 47x 10 9.4
MeBuNNT/BUPyBFR (2.1) (1.9+0.3) x 10° 0.354 1.9 107 10.0
MeBuNNT»/BuPYBF, (8.9) (1.0+ 0.2) x 10P 0.509 1.3x 107 77
MeBWNNTf/BUPYBF, (41) (8.6+ 1.3) x 107 0573 1.1x 107 7.8
HxBusNNTf,/BUPYBF, (14.6) (1.1+ 0.2) x 1P 0.663 9.9x 10F 11.0
MeOGNNTF,/BUPYBF, (12) (1.6+ 0.3) x 10° 0.556 1.2x 107 133
MeBuPyrNTH/BUPYBF, (14.6) 4.1+ 0.7) x 10° 0.082 8.0x 107 5.1
TEOA/BuPyBHR (11.5) 1.6+ 0.3) x 107 0.532 1.3x 107 1.2
c-HXOH/Py (99) (2.4+ 0.4) x 10° 0.041 16x 10P 15
2-PrOH/BUPICPE(99F (1.3+023)x 1¢° 0.0022 3.0x 10° 0.43
H,0/t-BUOH/BUPYBE, (50¢ (3.1+ 0.5)x 1C° 0.00108 6.1x 1C° 0.51

aThe second solvent was used as the source of pyridinyl radicals, the values in parentheses are w/w ratios between the first and second solvent.
b Experimental rate constant, in L méls™. ¢ Viscosity, in Pa s, of the irradiated mixture measured in this work, except for the last three values.
d Diffusion-controlled rate constant calculated from the viscosiBesults from ref 2b' The viscosity of neat cyclohexanol from Lange’s Handbook
of Chemistry; the value for the mixture with pyridine is expected to be slightly lot@imnce the viscosity is expected to be slightly lower, this
value is expected to be correspondingly loweFhe viscosity of neat 2-PrOH from Viswanath, D. S.; NatarajanD&@ta Book on the Viscosity
of Liquids Hemisphere Publishing: New York, 1989The viscosity of aqueousBuOH (2%) solution estimated from Herskovits, T. T.; Kelly,

T. M. J. Phys. Chem1973 77, 381.

0.000 0.002 0.004

[DQ], mol L™
Figure 1. First-order rate constant for formation of DQat 440 nm
as a function of the concentration of duroquinone in cyclohexanpl (
BuPyBR/MeBWwNNTf, (1/8.9) (1), and BuPyBE/MeBwNNTf, (1/
41) @).

k, 10° L mol™s™

1M

Figure 2. Dependence of the rate constant for reaction 2 on the
viscosity of the medium. The solid circles are for the ionic liquids except
MeBuPyrNT%, which is given by the open triangle. The insert is for
the molecular solvents. The slope of the line in the insert is also given
as the lower line in the main figure.

viscosity near that of the ionic liquid mixture with the lowest

deviations due to the differences discussed above. The value
for MeBuPyrNT% (triangle) shows a strong deviation from this
line. The values for the molecular solvents measured in this
study and in the previous study are also fit with a straight line
(insert), but the slope of this line is about 20 times lower than
that for the ionic liquids.

Reaction 2 involves the reaction of two neutral reactants to
produce two charged products. The cation BURy stable,
whereas the radical anion DQmay subsequently equilibrate
with its protonated form DQHM Electron transfer reactions in
general take place more slowly in solvents of lower polarity,
and ionic liquids have been found to behave as solvents of lower
polarity than water, closer to ethanol or acetonitrile, as suggested
from solvatochromic measurements.Electron-transfer reac-
tions may be affected by the solvent also through the change in
energy of solvation of the charged species, which may affect
the driving force of the reaction. In this respect, ionic liquids
behave like organic solvents, with the energy of solvation of
small ions being lower than that in water and alcol#&Ehese
effects can only decrease the rate constant of reaction 2 in ionic
liquids and cannot explain the finding that the values are much
higher tharkg. It is suggested, therefore, that the viscosity of
the liquid, which represents the diffusion of whole molecules
or ions, does not adequately represent the diffusion of reactants
within ionic liquids. This conclusion is in line with previous
findings on the reactions of solvated electrons with aromatic
compound$and on the quenching of triplet benzophenone by
naphthalenéwhere the experimental rate constants were higher
than those estimated from the viscosity.

Experimental rate constants for diffusion-controlled reactions
higher than predicted from eq 1 have been observed also with
polymer matrixed® The effect was ascribed to the difference
between the measured “macroviscosity” of the medium and the
“microviscosity” in the immediate surroundings of the reactants.

It was suggested that rapid movement of flexible aliphatic chains
enables rapid diffusion of small reactants without diffusion of
whole polymer molecules. As suggested befbtiee situation

in ionic liquids is somewhat similar. First, these salts are liquid
because their large anions and cations cannot form an ordered

viscosity. This comparison suggests that, although eq 1 gives acrystal and must contain voids that can accommodate small

reasonable estimate kfi in molecular solvent$! it underes-
timateskg in ionic liquids by as much as an order of magnitude
or more. Graphic representationkgf, vs the reciprocal viscosity
(1/n) (Figure 2) shows a reasonable line for the ionic liquids
(solid circles) for which the ratidey/kairr iS near 10, with the

solute molecules. Second, the butyl, hexyl, and octyl chains are
flexible and can move more rapidly than the whole cation, which
permits rapid diffusion of solutes from one void to another. In
support of these suggestions it is found that, while the ratio
Kexe/Kaitt is about 8 with the MeBgN* cation, it is 11 and 13
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