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Radiolysis of liquid 1-butyl-3-methylimidazolium (BM) salts leads to formation of several species with
similar absorption spectra. To identify and characterize these species, experiments were carried out with
BMI* in solution under various conditions. BMis reduced by g very rapidly k = 1.9 x 10° L mol~?*

s1) but not by (CH),CO™ radicals k < 1 x 10° L mol~* s71). The reduced species exhibits an absorption
peak at 323 nme(= 5.9 x 10° L mol~* cm™). It decays via radicatradical reactions but does not react with

0. or with methyl viologen. BMt reacts rapidly also with OH radical& & 3.7 x 10° L mol™t s1) to

produce a mixture of isomeric OH-adducts. The spectrum of these adducts is similar to that of the reduced
species, it exhibits a peak at 322 nen=f 2.5 x 10° L mol~* cm™?1) but with a pronounced shoulder at 380

to 420 nm. The adducts react with @d with OH . In the latter reaction they losetHo form a hydroxylated
analogue of the electron adduct. Irradiation of liquid BMhlts produces BMI BMI*2*, and various radical
adducts. In the presence of G@nd Q, CCLO-" radicals are formed and these radicals oxidize Trolox and
chlorpromazine with rate constants of (1 to8)10’ L mol~! s™1. Even after correcting for the effect of
viscosity, the rate constants are much lower than those determined in agueous solutions and close to those
measured in low-polarity organic solvents. The low rate constants in ByaRE BMIBF, probably indicate

a high degree of ion-association in these ionic liquids. On the other hand, the activation energy of the reaction
is close to that measured in aqueous solutions but higher than that in alcohols. This is discussed in terms of
highly structured solvent/solute domains.

Introduction roborate ion. BMIPEwas prepared by mixing equimolar am-
ounts of BMICI and KPE, each predissolved in a similar weight

lonic liquidst are a class of organic salts that are liquid at or g . . )
near room temperature. They serve as good solvents for variousOf water. BMIPF is insoluble in water and is readily separated,

thermal and electrochemical reactions, are nonvolatile andthoroughly washed with water, and dried in a vacuum at 70

nonflammable, and can be easily recycled. Therefore, they have C. BMIBF, is soluble in water and was prepared by the method

been proposed as “green solvents” for chemical reactions anddescrllqegl by Fuller et alby mixing BMICI and NHBF; in
separation processes. lonic liquids have been shown to enhancgc\e/tor."mle' d d b ducti d
the rates of certain reactions and to affect product distribution. _dartl_ous cortr_1pou.nbs were use dto probe re tutctlon t?]nl
To compare reaction rate constants in ionic liquids with those oxigation reactions. h (Ien_zolqumone, ) urorc:ullnone .( etramethyl-
in other solvents we chose to begin with the reactions o§QO£]I benzoguinone), methyl viologen (1:dimethyl-4,4-bipyridin-

radicals with Trolox and chlorpromazine, which have been ium dichloride), chlorpromazine (CIPz) (2-chloro-10-(3-dime-
studied in a wide variety of solventdt has been shown that thylaminopropyl)phenothiazinel,N.N',N'"-tetramethylp-phen-

. : . . . lenediamine (TMPD), and Trolox (6-hydroxy-2,5,7,8-tetra-
CChLO; radicals can be produced by radiolysis of practically Y S o

anyssozlvent or solvent miftures conta?/ning Gg:hd Q. IPlerein, y methylchroman-2-carboxylic acid, a Vitamin E analogue). These
we report on their production in ionic liquids, the rate constants compounds, the startlng .materlals for the syntheses, anq the
for some of their reactions, and the mechanism by which these Yarous st_)lvents and addltlvgs were of the purest grgde ava_ulable
radicals are produced. In this manuscript we describe first thefrom Aldrich, Baker, or Mallinckrodt. Water was purified with

radiolytic reactions of the 1-butyl-3-methylimidazolium cation, a Millipore Super-Q system.

to establish the mechanism by which the peroxyl radicals are racic?la;“sogsli(r:nerg‘;?nlln IBOI\r;III(I;Jl,:!q;]:g\?V\(,:Vgr:’Ie ggﬁ{g?jiﬁ%gﬁge
produced in this ionic liquid, while the rate constants for y 9 y ’ P P

reactions of the peroxyl radicals with solutes in the ionic liquid n BMI?F“ gave very S|m|Iar_re31_JIts. Th_e radlolyt_lc reactions
are presented and discussed in the last section. of BMI lons were also studied in solytloq by using BMyF
or BMICI in various solvents. Pulse radiolysis experiments were

Experimental Sectior? carried out with (0.1 to 1.5)s pulses of 6 MeV electrons from

1-Butyl-3-methylimidazolium (BMt) chloride was prepared  a Varian linear accelerator; other details were as described
by reactingN-methylimidazole withn-butyl chloride, as de- before® The dose per pulse was determined by thiocyanate
scribed beforé.The product was purified by repeated extractions dosimetry and was varied between 2 and 20 Gy. Unless stated
of the remaining starting materials with ethyl acetate (until no otherwise, the measurements were performed at room temper-
N-methylimidazole was detected spectrophotometrically at 275 ature, (21+ 2) °C. Rate constants and molar absorption coef-
nm in the ethyl acetate fraction). After the last extraction, the ficients are reported with their estimated standard uncertainties.
remaining ethyl acetate was removed at®@under vacuum. Viscosity measurements at different temperatures were carried
The product was solid at room temperature. Two room-tem- out in steady shear between 50 mm diameter parallel plates using
perature ionic liquids were prepared from BMICI by replac- a Rheometric Scientific, Inc. ARES rheometer, with a nominal
ing the chloride ion with a hexafluorophosphate or a tetrafluo- gap of 0.7 mm. Tests were performed between shear rates of
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0.1 s!to 10 s, and the fluid showed no signs of non- 0.06 — 7
Newtonian behavior. The change in the gap with thermal ex-
pansion has been measured to be (1#78.10)um K1 and a
correction has been applied to the data taken above room tem-
perature to account for this change in the geometry. The reported
viscosity is the mean of 3 to 5 values determined at different 0.04 -
shear rates and the standard uncertainty of the mean varied from
about 1% at room temperature to about 3% at the higher tem-
peratures. Measurements were carried out with neat BMIPF
and after addition of 1% CGl The liquids were equilibrated
with air.

Absorbance

0.02 |

Results and Discussion

Preliminary pulse radiolysis experiments with neat liquid
BMIPFs showed production of transient species that exhibit
optical absorption with a peak at 325 nm. In the presence of
CCl, and Q, the organic reductants Trolox and chlorpromazine 0.00 IR S TR NN N BN Py
were oxidized to their respective radicals. To investigate the 250 300 350 400 450 500
mechanism of the radiolytic oxidation of these compounds and Wavelength, nm
to chara'cterlze the SPEecIes formed bY the fad'O'YS'S of BMIPF Figure 1. Transient absorption spectrum of the radical produced by
we carried out pulse radiolysis studies both with neat BMI  reaction of BMI with e . Determined by pulse radiolysis of
salts and with their solutions under various conditions. Essential deoxygenated aqueous solutions containing 1.3 mél2-PrOH and
information for understanding the radiation chemistry of the neat 2 mmol L™ BMICI at pH 7, buffered with 10 mmol t* phosphate,
ionic liquids was obtained from experiments in solution and monitored 0.2us after the pulse.
these are described first.

Pulse Radiolysis of BMI" Salts in Solution. Most experi- ~ 0Of BMI*; its peak is shifted to 335 nm. Therefore, we suggest
ments were carried out in aqueous solutions using BMICI, which that the reaction of the (CHCOH radicals with BMI" takes
is very soluble in water, and BMIRFwhich is much less sol-  place via addition, not via electron transfer, as reported before
uble. The radiolytic reactions of BMIwere studied under  for several other heterocyclésWhen the pH was raised to
conditions that the anion is unreactive (see below). 13, to convert (Ch),COH into the stronger reductant (gCO",

The radiolysis of water produces mainly hydrated electrons N0 reaction was observed. It is concluded, therefore, that the
and hydroxy! radicals with small amounts of hydrogen atoms addition reaction becomes slower when the radical is ionized
and molecular products. The rate constants for reactiongjof e and the electron-transfer reaction is still very sldws 1 x
were determined by following the decay of its optical absorption 10° L mol~* s™*. This indicates that the reduction potential of
at 600 nm in aqueous solutions containing 0.1 mdimethanol ~ BMI™ is more negative than that of (GHCO™~, which is—2.1
at pH 9. The methanol serves as a scavenger of tim#tOH V.12
radicals and the alkaline pH is used to prevent the reaction of BMI* radicals were found to decay by second-order processes
€ag With H™. The second-order rate constant for reaction of over 50 ms but did not react rapidly with,@k < 1 x 107 L
e.q with BMIT, determined from the dependencekgfs upon mol~1s™1), CCly (k <1 x 1 L mol~! s71), p-benzoquinone
[BMI*], wask; = (1.9 0.3) x 109L mol~1 s, identical to (k<< 1 x 10’ L mol~t s71), or methyl viologenk < 5 x 10

the value reported for 1-methylimidazolium fon L mol~t s1). Because the reduction potential of BMis
estimated to be neaf2 V, it is generally expected that its one-
BMIT + eaq‘ — BMI"® (1) electron reduction product will transfer an electron to oxygen

and quinones rapidly. The finding that such reactions are slow
determined that.g~ does not react with RF either. The rate possibility that the slow electron transfer is due to the presence
of e, decay was not changed upon addition of up to 0.1 mol Of @ dimeric (BMI}™" rather than a monomeric BMIs not

L1 KPFs, from which we estimaté& < 1 x 10° L mol-1 s L. likely because the spectrum remained unchanged between 1
The BMI radical exhibits an absorption spectrum withax 107* mol L™ and 0.1 mol L* BMI*.

= 323 nm (Figure 1). From thiocyanate dosimétrgnd as- Electron adducts of nitroaromatic compounds have been

suming that the radiolytic yield of BMis equal to that of g~ found to transfer an electron to,@nd other compounds much

and that G(g;") in 1.3 mol L™ 2-PrOH solution is 3.2 1077 more slowly than is expected on the basis of their reduction

mol J1, we calculate its molar absorption coefficiernt= (5.9 potentialst® This behavior was ascribed to a large difference

+ 0.7) x 103 L mol~t cmL. This spectrum was monitoredl in geometry between the radical anion, in which the ring and

us after the pulse with a deoxygenated aqueous solutionthe nitro group are locked in the same plane, and the neutral
containing 2 mmol £ BMICI and 1.3 mol L1 2-PrOH at pH compound, where the nitro group can rotate freely. This is also
72 No further buildup of absorption was detected at longer expressed as a very slow self-exchange rate for AfNG
times. However, when [BMT] was increased above 10 mmol NO2~.}* We speculate that addition of an electron to BMI
L-1, a slower buildup step was observed that may be due to also results in considerable change in geometry, i.e., that BMI
reaction of BMI" with the (CH),COH radicals. The rate con-  cannot be formulated as a planar structir®ossibly, the two
stant for this second reaction was determined from experimentsnitrogens and gform an allylic structure that is not conjugated
with [BMI+] = (0.05 to 0.1) mol £ at pH 10 and found to be ~ with the G=Cs double bond (structur®) and the ring is
(2.7 + 0.7) x 10° L mol~! s71. This rate constant is in the  puckered.

same range as those reported for other imidazoliumi®hke Another possibility is that the unpaired electron density is
spectrum of the product radical, however, is different from that located mainly on the nitrogens, because nitrogen-centered
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TABLE 1: Geometrical Parameters® Optimized at the
Bu—N@N-Me BeNF N e B3LYP/6-31G* Level of Theory
\&J \—/ .
2 g
1 2
R1§N1/r.'§N3/R2
radicals are generally unreactive toward. ®lowever, such \
radicals are oxidants rather than reductants, but we found that Cs—=c¢,
BMI* does not oxidize TMPD rapidlyk(< 1 x 10’ L mol?! Hs/ N,

s™1) and, thus, conclude that it is a very weak oxidant, if at all.

To examine these suggestions we carried out ab initio __Parametet  Ri—H, R—H Ri—CHs Ry—H Ri—CHs R=CHs

i i imi - imi- R(C:—Ng) 1.429 1.430 1.424

molecular orbital calculathn:_s on the |m|c_1lazolyl, 1-methylimi R(Ni—ci) T a6a 14085 1367

dazolyl, and 1,3-dimethylimidazolyl radicals. Full geometry Rr(c,—Cs) 1.347 1.349 1.351

optimizations were performed with density functional theory, R(Cs—Naj) 1.404 1.397 1.398

DFT, using B_ecke's three-paramete_r hybrid e_xchange functional ggm;gg i:ggg }:ésg }:gsg

and the gradient corrected correlation functional developed by R(Hs—Cs) 1.081 1.081 1.081

i g R(H4—Ca) 1.081 1.081 1.081

Lee, Yang, and Parr, B:?LYFS,together WI.'[h the doublé-plus R(Rf—Ni) 1015 1449 1a45

polarization 6-31G* basis sé&tAnalytical vibrational frequency R(R—N3) 1.015 1.015 1.449
calculations carried out at the same level of theory confirmed O(Cs—N3—C5) 107.7 107.5 107.7
that the optimized structures are minima, characterized by Bgﬁi:%;:'(\‘:ig }8;:; 1882‘15 18223
exhibiting 3N-6 positive vibrational frequencies, whétés the 0(C2—N31—Cs) 107.7 107.9 107.7
i i i 0O(Ha—Co—Na) 116.6 116.9 116.6
total numper of atoms. All calculations were carried out with I:I(Rf—Ni—C:) 1176 208 1203
the Gaussian 98 suite of prpgraﬁﬁhe_optlmlzed geometrical  G(R,—N3—C)) 117.6 117.4 120.4
parameters (Table 1) indicate that indeed all structures are O(Hs—Cs—Ca) 129.6 129.7 129.7
_nonplan_ar and that they e_xhibit a s_izable degree of puckering 'T]((C"Z"‘__Ncl“__éS_)CA) 1%8:2 123_'6‘35 128?'97
in the ring (9 to 1C°). This puckering does not seem to be  7(C,—N3—C4—Cs) 10.3 10.4 8.9
ituti i i 7(Ri—N;—Cs—Cs)  147.0 156.3 155.4
dependent on substitution on the nitrogen atoms given that even R N GG 1470 1263 =3
in thg imidazolyl radical a puckering angle of approxmgtely 7(Ho—C,—N3—Cs)  146.0 144.9 144.4
10° is observed. The central carbon and the two adjacent 7(Hs—Cs—Cs—Nz)  174.4 174.8 175.7
nitrogen atoms seem to form an allylic structure that does not "(He=Ca=Cs=Ny)  174.4 1753 s

conjugate with the €&C double bond (see Table 1). From the 2 Some redundant coordinates have been included for sake of clarity.
spin density results (Table 2) it is clear that the unpaired electron ® Distances R(XY) in A, and angles1(X—Y—Z) and torsiong(X —

is localized in the region comprised by central carbon and the Y ~ZK) in degress.

two r_1itrc_>gen atoms and that the major f_rac_tion of th_e spin TABLE 2: Spin Density on Atomic Centers on the Ring

density is on the central carbon. These findings confirm the Computed at the B3LYP/6-31G* Level of Theory

above suggestion that BMtan be represented more closely

L L H

by structure? rather tharl and explain its lack of reactivity as v

an electron donor. Ce R

. e . . R N, T2

Hydroxyl radicals react with imidazoles very rapidly via 1§N1{/‘\N3

addition18 Addition of *OH to BMI™ is expected to take place \ _

at all three carbon atoms to produce three isomeric adducts, /05_04\

whereas H-abstraction from the alkyl side chains should make Hs He

a minor contribution. The spectrum of the OH-adducts, moni- ~zi5m center R=H, R=H R:=CHs, R=H R;=CHas, R;=CHs
tored by pulse radiolysis of XD-saturated agueous solutions

e N 0.1408 0.1501 0.1504
containing 2 mmol £ BMICI and 10 mmol ! phosphate czl 0.6646 0.6378 0.6127
buffer at pH 7, exhibits a peak at 322 nm, similar to that of the N3 0.1407 0.1411 0.1503
: C 0.0048 0.0221 0.0048
electrpn adduct but with a prqnoynped shoulder at 360 to 440 C;‘ 0.0046 —0.0110 0.0058
nm (Figure 2a). The spectrum is similar to those observed before R1 0.0112 —0.0056 —0.0056
for OH-adducts of other imidazolé$8 The effective molar Ei 9.3 9.0 000
absorption coefficient of this isomeric mixture ds= (2.5 + Ha 0.0016 0.0008 0.0012
0.3) x 1C*L mol~* cm™1, assuming that atOH radicals reacted Hs 0.0016 0.0020 0.0012
via addition and correcting for the contribution of H-adducts ) ) )
(see below). the reaction probably yields peroxyl radicals. In the absence of

The rate constant for reaction ¢®H radicals with BMI O, the OH-adducts undergo further reactions and then second-

was determined in pO-saturated aqueous solutions at pH 7 (5 °rder decay.

mmol L-* phosphate buffer) from the rate of absorption buildup 1 "€ initial spectrum of the OH-adducts monitored at pH 7
at 325 nm as a function of [BM] (Figure 2a) and pH 3.2 undergoes slight changes ovets’5

before it decays. In alkaline solutions, however, as the pH was
BMIT + *OH — HO—BMI"® ) gradually increased from 8 to 12, the spectral changes became

increasingly more pronounced and occurred more rapidly. A

We measured, = (3.74 0.5) x 10° L mol~1 s, only slightly sample spectrum at pH 9.8 is shown in Figure 2b, where the
lower than the value reported for tHé-methylimidazolium initial absorbance is seen to increase in intensity by more than
cation (5x 10° L mol~1s71).8 a factor of 2 and to change in shape, though still retaining the
The OH-adducts react rapidly with,OThe rate constant, peak at nearly the same position. The rate constant of this
estimated from the decay of the transient absorption in solutionsspectral change, determined at 330 nm between pH 8.4 and pH

saturated with BO/O, mixtures, is~1 x 10° L mol~1s%, and 12, was found to increase with [Ofbut not linearly. Linear
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I 7] 0.02 - -
0.00 T E
250 300 350 400 450 500 | ]
0.10 0.00 I 1 1 1 1 1 1 1 1
B 250 300 350 400 450 500
0.08 |- Wavelength, nm
= Figure 3. Transient absorption spectra of the radicals produced by
§ 0.06 L reaction of BMIF with *OH radicals and Hatoms in acidic solutions.
& Determined in deoxygenated aqueous solution containing 1.1 mmol
'g B L~ BMIPFg and 0.1 mol Lt HCIO,4, monitored 0.2@) and 20 Q) us
2 o0} after the pulse. The early spectrum is mainly that of the OH-adducts,
< the final spectrum is the sum of the OH-and H-adducts and the middle
B line is the spectrum of the H-adducts obtained from the difference
0.02 | between the two spectra. The insert shows a typical trace taken at 325
N nm demonstrating the fast formation step followed by the slow
formation step.
0.00
250 This mechanism leads to the dependence
\ ' Kons = KeK[OH J/(1+K,[OH]) (5)
A and a linear plot of [OH]/kopsVvs [OH] permits the calculation
4 i of k; from the slope ands from the intercept. From such a
E ) ] plot (Figure 2c¢) we calculatk; = (7.5+ 0.8) x 10* s and
R estimate K3 ~ 1.7 x 10°. The latter value is a rough
°f<:_> | approximation due to a large uncertainty in the value of the
x small intercept. From this value, we estimate that the OH-
Ag 1 | adducts havepK, ~ 8 and the ionized forms undergo a first-
= order reaction to form different products. The spectrum of these
— ] products haslmax = 330 nm withe = (5.8 £ 0.8) x 1 L
% mol~t cm™! (after correcting for the small contribution of the
= 0 ] H-adducts, see below). We propose that these products are
formed by the following process, where the radicglgl, and
5 represent one of three possible isomers
[OH], mmoi L™
+/\ +/\ + N
Figure 2. Transient absorption spectra and kinetics of the radicals B“'N\/_/N'Me _0_H>B“'N_/ Ne o Bk T Nve N @N'M°
produced by reaction of BMlwith *OH radicals. (a) Spectra monitored — oH — . o-
with N,O-saturated aqueous solution containing 2 mmal BMICI H H H
at pH 7, buffered with 10 mmol t* phosphate, monitored 0.®) and BMI 3 4 5
75 (O) us after the pulse. (b) Spectra monitored under similar conditions
but at pH 9.8 (unbuffered), 0.2 and 80 Q) us after the pulse. (c) Thus, the sum of reactions 2, 3, and 4 is to convert Bl

Dependence of the rate of spectral transformation on the concentrationy|kaline solutions into radicab, which is a hydroxylated

of OH™ according to the equatiokius = KiKJOH /(1 + KOHT]). analogue of BMi. This mechanism is plausible in view of the

great stability of BMf. The main peak of radic&lis red shifted

rPy 7 nm as compared with that of BMind the molar absorption

coefficients of the two radicals are practically identical.
Further experiments were carried out in acidic solutions to

observe the H-adducts and the radical cation of BMRulse

radiolysis of deoxygenated solutions of BMiP4 pH 1 showed

. — - . a rapid formation of the OH-adducts and then a slower formation

HO—BMI"+OH = O-BMI"+ H,0 (3) of the H-adduct (Figure 3). The spectrum of the OH-adduct,

monitored<1 us after the pulse, is identical to that recorded at
“O—BMI® — Product 4 pH 3.2 and pH 7 (Figure 2a). The spectrum of the H-adducts is

dependence was found when [Otko,ps Was plotted vs [OH]
(Figure 2c). Such dependence suggests an equilibrium reactio
of the initial radical with OH followed by a first-order process.
We propose, therefore, that the OH-adducts undergo ionization
followed by rearrangement
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Figure 4. Transient absorption spectrum of the radical cation produced Figure 5. Transient absorption spectra recorded upon pulse irradiation
by reaction of BMF with SQOr~ radicals. Monitored with deoxygenated  of deoxygenated neat BMIRFmonitored 1 @), 4 (O), and 90 §) us
aqueous solution containing 0.025 motlN&S;0s, 0.16 mol L after the pulse.

t-BuOH, and 2 mmol £ BMIPF; at pH 4.7, 5us after the pulse. A
normalized spectrum of the OH-adducts (faint line) is shown for

comparison. in the radical cation ofN-methylimidazole only one of the

nitrogens is quaternary.

different in the shape of the shoulder at 380 nm but has a similar Because BMf was not oxidized by Gt~ radicals, an attempt
peak at 322 nm and a higher absorption coefficiert, (4.1 + was made to oxidize it by Chatoms, which are known to be
0.7) x 10® L mol~* cm. The rate constant for reaction of H  formed as one of the primary species in irradiated,Cli*
atoms with BMI*, determined from the rate of formation at 322 Pulse radiolysis experiments with 0.1 motBMICI in CH-
nm as a function of [BMt], was found to bés = (2.5 + 0.4) Cl indicated that Clatoms reacted preferentially with Cto

x 108 L mol~ts? produces Gt—, which was identified through its spectrum at
350 nm and which decayed without producing any BMIWith
BMIT + H — H—BMI" (6) 0.04 mol L't BMIPFg in CH,Cl,, where Cj)*~ is not formed

(due to the absence of QI we observed only a tail of
The above experiments were carried out with BMJRTot with absorption extending from 270 to 400 nm with no apparent peak

BMICI, because Cl ions react rapidly withOH radicals atlow ~ Near 320 nm, indicating that Gitoms did not react with BM
pH to form Cb*~ radicals. C}*~ absorb strongly at 340 nm and under these conditions. It was not possible to increase the degree

can mask the absorbance of the BMroducts. The possibility ~ ©f scavenging of Clatoms by BMI because the concentration
that Cb~ oxidize BMI* rapidly was ruled out in separate Of BMIPFg in CH,Cl, was near its limit. Therefore, from the

experiments with excess Glwhich gave an upper limit df < known lifetime of Ct atoms in this solverd? we can only

2 x 10P L mol~1 s for reaction of G}~ with BMI+. estimate an upper limit of 1 x 10° L mol~* s~ for the reaction
To produce the radical cation of BNMiwe used the stronger ~ f BMI™ with Cl3|'- Because BMT is oxidized rapidly by S@~

oxidant SQ*~ (produced by reaction of,g with S,0¢2") (E = 2.43 VF! and less rapidly, if at all, by Clatoms E =

2.41 V)22 we estimate that the oxidation potential of BMies
within this range. Thus, BMiis electrochemically inactive from
—2.1 V to +2.4 V vs. NHE in water and the ionic liquids
BMIPFs and BMIBF, can serve as inert electrolytes or
electrochemical solvents over this wide rardge.

Pulse Radiolysis of BMIPF; as an lonic Liquid. The spectra
recorded upon pulse irradiation of deoxygenated liquid BMIPF
by taking into account the small contributions of the reactions €Xhibit @ peak at 325 nm and a shoulder near 370 nm. The
of H atoms with persulfate and with BMI Although the peak absorbance at 325 nm increases with time in two distinct steps
of the radical cation absorption is similar to that of the OH- and the exact shape of the spectrum also changes. The changes

adducts, careful comparison of the spectra (Figure 4) shows clea®cCUmNg over 4us and 9Qus are shown in Figure 5. On the
differences. basis of the results obtained in solution, the species produced

The spectra of the OH-adducts at pH 7 and pH 1 are identical N n(?2a+t BMIPF and absorbing at 325 nm may include BMI
but the spectrum of the radical cation is quite different. BMI*", and various radical adducts. In the radiolysis of

Therefore, we conclude that the OH-adducts are not convertedBMIPFe, the energy deposited in the liquid will be absorbed in
into the radical cation at pH 1. The radical cation Igf BMI™ (~53%) and PE" (~47%) according to their relative
methylimidazole has been reported to be converted into the OH-€lectron densities. In both cases, the first step is expected to be
adduct at pH>9.1° The spectrum of BME*, however, remained ionization, forming a thermalized electron and the remaining
unchanged up to pH 11. This lack of reaction with Okhay radical

be due to an increased stability of Bf®M by charge delocal-

ization over two nearly equivalent quaternary nitrogens, whereas BMIT wa— BMI?" + &~ (8)

BMIT + SO, — BMI'*" + SO~ 7

The rate constant for reaction 7 was estimated from the rate of
absorption buildup to be-1 x 10° L mol~! s™1. The spectrum
of the species formed by reaction 7 (Figure 4) has a peak at
320 nm withe = (4.9+ 0.7) x 1 L mol~t cm™?, calculated
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PR, w— PR +e (9) of *CCls radicals to BMI'. At the concentrations used in these
experiments, CGlwas found to be a more effective radical
Geminate recombination of the primary species leads to scavenger thanQsuggesting that in air-saturated 0.1 mof'L
formation of excited states and consequently to various bond CCls solutions most reducing radicals will react preferentially
dissociations. The most likely bond dissociations in excited With CCls and subsequently a reaction @Cl; radicals with
BMI* may occur at the benzylic type-@H bonds on the methyl Oz Will produce CC}O;" radicals. The reactions of these species
and buty| groups, forming t+htoms and the remainder radicals with other additives are discussed in the next section.

(‘R—MI™). In addition, G-C bond dissociation may produce Pulse radioly_sis of liquid B_MIPEconta_ining chlqrpr_omazine_‘
various alkyl radicals (fromCHs to *C4Hg), and additionalR— (CIPz) was carried out to estimate the yield of oxidizing species.
MI* of different structures. From the BPFmoiety one can Production of the CIPZ radical cation was monitored at 525
envision formation of PfFand F, and from excited PE one nm. With 0.01 mol L CIPz, the absorbance was quite low
may expect PEand F. and it increased with [CIPz] by a factor of3, leveling off at

After these primary steps, in which the thermal electron may 0.1 mol L™%. From thiocyanate dosimetry in aqueous solutions,
or may not be solvated, the @nd H will react rapidly with after correcting for the higher energy absorption by BMJBS

BMI+, according to reactions 1 and 6, antlif expected to ~ compared with dilute aqueous thiocyanate (by a ratio of 743/
react very rapidly, possibly via addition to the ring or oxidation. 556 from the electron density), and by assuming that the molar
These processes will be Comp|ete withi#titO ns and their abSOl’ptlon coefficient of CIPz in BMIPFsis similar to that in
products are observed immediately at the end of the microsecondvater (1.07x 10* L mol~* cm™),% the yield of CIPz" is
pulse (Figure 5). These species include BNBMI*2*, and the ~ calculated to be G= (1.8 0.2) x 107" mol J™*. This oxidation
three isomeric H-adducts, all of which are known to exhibit a Of CIPz to its radical cation took place within the pulse. The
peak near 325 nm, and possibly some F-adducts, which mayrate of oxidation could not be determined because when [CIPz]
have a similar absorption. The increase in absorbance occurringvas decreased below 0.02 motithe yield of CIPz" was
over 4us (Figure 5) is ascribed to the reactions of various alkyl dramatically decreased. This indicates that CIPz is oxidized by
radicals (Ras well asR-MI*) with BMI*, which are estimated @ very short-lived species that is practically absent after the end

to take place with rate constarrsl(® L mol~! 51 of the pulse. Because the B¥If radical cation was found to
be relatively long-lived in water, this cannot be the species that
BMIT+R — R-BMI*" (10) is oxidizing CIPz. The other primary species formed by the

radiolysis of BMIPF is formed from the P& moiety and is

The finding that the increase in absorbance in the 300 to 350 probably PR. This is expected to be a short-lived, strongly
nm region is accompanied by a decrease in the 400 to 450 nmoxidizing radical, which may oxidize CIPz within the duration
region indicates that the latter absorbance may be due to benzyliof the pulse. Alternatively, RFdecays rapidly to produce BF
type radicals, which decay during this process (because simpleand F and the latter also is a short-lived strong oxidant that
R* and nonbenzylicR-MI* are not expected to absorb in this  may oxidize CIPz. Thus, th& value of 1.8x 107 mol J!
range). The second increase of absorbance occu2gtimes probably represents only the oxidizing species formed from
more slowly (Figure 5) may be ascribed to slower reactions of PR;~. Because energy absorption by the BNtoiety is slightly
BMI* with certain radicals, for example, the H-adducts, which higher (by a factor of 77/69) than that by thegPfnoiety, the
may lead to dimeric radicals absorbing in the same range. initial yield of BMI*2* radical cations is expected to l& =
Finally, all the radicals decay by various second-order processes(2.0+ 0.3) x 10~ mol J™%. Thus, the sum of primary yields is
leading to products that do not absorb at 325 nm. estimated to be 3.& 107 mol J' oxidizing species and a

Pulse Radiolysis of Liquid BMIPFg Containing Additives. similar amount of solvated electrons, close to the primary yields
Irradiation of Q-saturated BMIPE leads to production of in water24
species with a lower absorbance at 325 nm and a rapid decrease |n an attempt to determine the total yield of oxidizing species,
in absorbance over s after the pulse. The spectrum remaining we carried out pulse radiolysis experiments with TMPD in
after 5us is similar to that in Figure 5 but the absorbance at BMIPFs because TMPD has a much lower oxidation potential
325 nm was lower (42%). £cannot compete with the large  than CIPz. Indeed, at low concentrations of TMPD (2 to 7 mmol
excess of BMt for the primary radicals. As shown from the | -1) we observed formation of TMPD, with its typical peaks
results in agueous solutionsp @oes not react with BMland at 565 and 610 nm, in two steps. A very small initial absorbance
BMI*2*. On the other hand, it is known to react rapidly with was found immediately after the pulse, and was followed by a
carbon-centered radicals. It is suggested, therefore, that theslow formation process. The rate constant for the slow reaction
observed decay, much of it occurring during the pulse, is due was determined to be (& 1) x 10’ L mol~* s71 and may be
to reaction of @ with the various alkyl radicals and adducts, ascribed to oxidation of TMPD by BNMA*
whereas the remaining absorbance is due to*Bit BMF2T,
A very small increase in absorbance was observed over the next BMI*?" + TMPD — BMI™ + TMPD"*" (11)
50 us, which may be due to addition of some of the peroxyl
radicals to BMI", and this process was followed by radieal Such a reaction was not observed with CIPz. From the increase
radical decay. in absorbance during the slow formation process, we estimate

Irradiation of liquid BMIPFR containing 0.1 mol £t CCly the yield of BMF2" that escape the spur and reach the
leads to production of species which also absorb at 325 nm buthomogeneous phase as (0:69.1) x 10~7 mol J™ (assuming
with a lower absorbance (34% as compared with that in the that the molar absorption coefficient of TMPDin BMIPF; is
absence of CG) and with no subsequent decrease of absor- similar to that in water). This yield is onfy of the total primary
bance. Some of the radicals, probably the carbon-centeredyield of BMI*2* estimated above and suggests that a major
radicals, react with CGland this reaction is completed within  fraction of the primary BM£+ recombine with electrons within
the pulse to produce the nonabsorbt@fl; radicals. Subse-  the spur to produce excited states and subsequently carbon-
quently, a considerable (40%) increase in absorbance wascentered radicals. When the concentration of TMPD was
observed to take place over 86, which may be due to addition  increased, the initial absorbance after the pulse increased and
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reached values 0.1, which correspond to a yiel2 x 1077

mol J 1. However, the maximum vyield of oxidizing species
could not be determined in this system because the small
amounts of TMPDB" produced from TMPD during the experi-
ment became significant at high TMPD concentrations and an
additional process of a rapid decrease in [TMPObecame
apparent.

It is not possible to estimate the yield of solvated electrons
in BMIPFs by adding an electron scavenger because the
electrons react with BMl very rapidly, as determined above
in aqueous solutions. We added millimolar concentrations of
duroquinone to detect other reducing species in irradiated
BMIPFs. We detected the characteristic spectrum of durosemi-
quinone at 445 nm formed with a second-order rate constant
~1 x 10 L mol~t s71, which may be ascribed to reaction with
some of the carbon-centered radicals produced in BMIPie
typical absorption of the other radicals at 325 nm was also
present and no reduction of duroquinone by Bilexpected
(based on the above results in aqueous solutions).

Kinetics of Oxidation in Liquid BMIPF ¢. From the above
experiments with CGland Q, it was concluded that CeD,*
radicals can be formed in irradiated BMIP€ontaining both
of these solutes. Addition of millimolar concentrations of CIPz
to air-saturated BMIPgcontaining 0.1 mol £t CCl, resulted
in the slow formation of CIPZ radical cations after the radiation
pulse. At the same concentrations, practically no €iReas
detected in the absence of GCindicating that the observed
formation is due to reaction 12

CClLO," + CIPz— CCLO, + CIPZ" (12)
The rate of formation was monitored at 525 nm as a function
of CIPz concentration and from the linear plotkgfsvs [CIPZ]
we derivedky; = (1.2 4+ 0.2) x 10’ L mol=t s71,

An attempt to determine the rate of oxidation of Trolox by
the same method failed because of limited solubility in neat
BMIPFs. Sufficient solubility was obtained in BMIRFontain-
ing 10% 2-PrOH (1.3 mol t') and 0.1 mol ! CCl,.
Therefore, we determined the rate constants for oxidation of
both CIPz and Trolox by C@D;" in this solvent mixture and
found (2.9+ 0.4) x 10" and (9.4 1.6) x 10f L mol~t s 4,
respectively. The rate constant for Trolox was also determined
in BMIBF 4 under similar conditions and found to be£61) x
1f L mol~t s

Rate constants for oxidation of CIPz and Trolox have been
determined before in a wide variety of solveAtShey were
found to be close to ¥ 10° L mol~t s~ in water and decreased
to ~1 x 10’ L mol~! s71 as the solvent polarity decreased.
The present results in the ionic liquids suggest that these solvent
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Figure 6. Rate constant for oxidation of chlorpromazine by &

Sadicals in BMIPK and solvent viscosity as a function of temperature.

are closer in behavior to al(_:ohols than to water, despite t_he fa(_:t(a) Arrhenius plots of the observed rate constants determined by pulse
that they are composed of ions. However, before accepting thisradiolysis of BMIPF containing 0.1 mol £ CCl,, air saturated, and

conclusion we have to consider the high viscosity of the ionic
liquids, which may be the cause of the low rate constants.
We measured the viscosity of BMIPEontaining a volume
fraction of 1% CCJ at 22°C to be (0.298t 0.003) Pa s (0.319
Pa s without CCJ). From this value we estimate the diffusion-
controlled rate constankds) by using the approximatiéh

Kqir = B800RT/3n (13)
whereRis the gas constant (8.3144 J¥mol™1), T the absolute
temperature, ang the viscosity (in Pa s). The value &fj;
was found to be 2.2< 10’ L mol™t st at 22 °C. The
experimental rate constant of reaction 1&.{ was then
corrected for the effect of the diffusion-controlled limkg)

3 concentrations of chlorpromazine, [CIPZ] 3.3 ©), 5.6 @), 9.6
(v) mmol L% (b) Arrhenius plot of the calculated. (see text). (c)
Viscosity of BMIPF; neat @) and containing 0.1 mol t* CCl, (O) as
a function of temperature, measured under air.

to derive the activation-controlled rate constamtg)e>

-1 __ -1 -1
kact — Rexp _kdiff

The value ofkas Was found to be 2.6< 10’ L mol~1 s71.

The viscosity and rate constant were also determined as a
function of temperature (Figure 6). The experimental rate
constants at three CIPz concentrations give linear Arrhenius plots
(Figure 6a). The second-order rate constant for reactiokela}, (

(14)
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derived from the results in Figure 6a, varies from .20 to effect describes the medium in the immediate vicinity of the
7.9 x 107 L mol~! s1 upon increasing the temperature from dye molecule but not necessarily the bulk med&fm.

22 to 75°C. The values okgi at the different temperatures o
were estimated (using eq 13) from the viscosity measurements_ Acknowledgment. We thank Dr. Joan Fuller for her insights

between 22 and 75C (Figure 6¢) and vary from 2.2 10 to into the preparation of ionic liquids and both her and Drs. Robert
2.7 % 108L mol~1s™L. The values oky, calculated from these ~ Huie and Thomas Welton for helpful discussions. We are also
results according to eq 14, varied from %6L0 to 1.12x 108 grateful to Dr. Carl Schultheisz for the use of his rheometer

L mol~! 571 in the same temperature range and give a linear @nd for his help and advice with the viscosity measurements.

Arrhenius plot (Figure 6b) from which we calculate an activation
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