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The reactions of trifluoromethyl radicals with pyrene, phenanthrene, crotonic acid, and 2-propanol (2-PrOH)
in the ionic liquid methyltributylammonium bis(trifluoromethylsulfonyl)imide,fNTf,) are studied by pulse
radiolysis. Radiolysis of RNNTf, leads to formation of solvated electrons and organic radicals, including
*CFs. The solvated electrons do not react rapidly with the solvent and are reacted wBin ©Fproduce
additional*CF; radicals. The rate constants for addition*@F; radicals to pyrene and phenanthrene are
determined to be (1.4 0.1) x 10’ L mol~*s*and (2.6£ 0.4) x 1L mol~s™%, respectively. By competition
kinetics, the rate constant for reaction*@f radicals with crotonic acid is determined to be (27.4) x

10° L mol~* s1, and the reaction is predominantly addition to the double bond. Competition kinetics with
2-PrOH in the absence of GBr gives a rate constant of @ 1) x 10* L mol~! s~ for H-abstraction from
2-PrOH, but in the presence of €8+, the rate constant cannot be determined because a chain reaction develops
through the reduction of GBr by the (CH),COH radical. The rate constants for reactions®f; radicals

in acetonitrile solutions are slightly higher, by a factor of 2.3 for pyrene and phenanthrene and a factor of 1.3
for crotonic acid. The rate constant for pyrene in aqueous acetonitrile (30% water) solutions is 4 times higher
than that in the ionic liquid. Rate constants for H-abstraction and addition reactio@$-ofadicals in the

ionic liquid are of the same order of magnitude as in water and acetonitrile, whereas electron-transfer reactions
were reported to be one or more orders of magnitude slower in ionic liquids than in water or alcohols.

Introduction and compare the rate constants in the ionic liquid with those in

o acetonitrile and in agueous acetonitrile solutions.
Room-temperature ionic liquidiserve as good solvents for

various thermal and electrochemical reactions, are nonvolatile
and nonflammable, and have been proposed as “green solvents

for various industrial processes. To understand the effects of  pethyltributylammonium bis(trifluoromethylsulfonyl)imide
these solvents on rates of chemical reactions, we have begunr,NNTf,) was prepared by reacting equimolar amounts of
to study the rate constants for several elementary reactions inmethyltributylammonium chloride (MeBN*CI-) with lithium

ionic liquids and to compare them with those in other solvents. pjs(trifluoromethylsulfonyl)imide ((CESOy),N-Li*) in aqueous

We have determined the rate constants for several electron-solutions at room temperature. The viscous ionic liquid separated
transfer reactions in a number of ionic liquids: 1-butyl-3- from the aqueous phase. The product was purified by repeated
methylimidazolium hexafluorophosphate (BMIgFand tet- extractions of the LiCl and the unreacted materials with water
rafluoroborate (BMIBE),? N-butylpyridinium tetrafluoroborate  and then dried at 76C under vacuum (yield 88%). The starting
(BuPyBF), N-butyl-4-methylpyridinium hexafluorophosphate materials for this synthesis were obtained from Aldrich. Phenan-
(BuPicPF), and methyltributylammonium bis(trifluoromethyl-  threne, crotonic acid (C4€H=CHCQ,H), valeric acid (CH-
sulfonyl)imide (RNNTf,).2 The rate constants were generally CH,CH,CH,CO,H), and triethylamine (TEA) were also from
lower in the ionic liquids than in water or alcohols, mainly Aldrich, pyrene from Eastman, and acetonitrile and 2-propanol
because of the high viscosity of the ionic liquids. Some of the from Mallinckrodt. Ultrahigh purity nitrogen and bromotrifluo-
rate constants in the ionic liquids were close to the diffusion- romethane were obtained from Matheson. Water was purified
controlled limit in those solvents, and in the case of electron with a Millipore Super-Q system.

transfer from the butylpyridinyl radical to various solutes in  Reaction kinetics and transient spectra in ionic liquids were
BuPyBF, the rate constants were higher than the diffusion limit, determined by pulse radiolysis. Experiments were carried out
suggesting electron hopping through solvent cations. In this with 0.1—1.5us pulses of 6 MeV electrons from a Varian linear
study, we examine two other types of reaction, addition and accelerator; other details were as described béfdiee dose
hydrogen abstraction. For this purpose, we chose the ionic liquid per pulse was determined by thiocyanate dosinfetall
R4sNNTf,. Solvated electrons produced by the radiolysis of measurements were performed at room temperaturet 22
RJsNNTf, do not react rapidly with this solvent and can be °C. Rate constants and molar absorption coefficients are reported
scavenged by alkyl halides to produce alkyl radicals. In the with their estimated overall standard uncertainties, taking into
present study, we examine the reactionsGff; radicals with account the standard deviation of the kinetic measurements and
pyrene, phenanthrene, crotonic acid, and 2-propanol (2-PrOH)estimated uncertainties in the values of the concentrations.

Experimental Sectiorf
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% 0.02 ] The 450 nm peak is partly due also to the pyrene radical &Hion
§ and partly to the pyrene radical catiéht? the latter species
oot ] decaying probably via hydroxylation by traces of water or

reduction by other transient species. The 405 nm peak is ascribed
to the pyrene H-adduct (i.e., the protonated pyrene radical
anion), part of which is produced rapidly and part of which is
produced during the protonation of the radical anion (reaction
4). In addition, it is expected thaCF; radicals formed from

the solvent would add to pyrene and produce g-@fduct with

a spectrum that may be similar to that of the H-adduct. This
suggestion is confirmed below.

Pulse radiolysis of a similar pyrene solution satur&tedth
CFRsBr (Figure 1c) does not produce the radical anion absorption
at 495 nm because the solvated electrons are captured y CF
Br (reaction 2). The absorption peak at 450 nm is observed
(Figure 1c) but is less intense than that in the absence gf CF
Br (Figure 1a), indicating that both the radical anion and the
cation contribute to the 450 nm absorption. The final absorption
peak at 405 nm, however, remains as intense in the presence of
CRsBr (Figure 1c), indicating thatCF; radicals indeed react
with pyrene to produce an adduct that absorbs at 405 nm.
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Figure 1. Transient absorption spectra monitored by pulse radiolysis |n support of these assignments, we found that the 495 nm peak
:’:\)”]I(rgglmliygepr;/?é?]ig\(”k;l)T;_%C?nnr;aé?lggppf?(;relgﬁtﬁ:ee]lgng:?tgr?ri:ol(’? 18 ascribed to the pyrene radical anion was greatly diminished in
; ; 8
pyrene saturated with GBr; (d) 16 mmol L"! phenanthrene saturated the presence of other electron scavengers, sucty @ N0
with CF:Br; (€) 20 mmol L2 pyrene with 0.2 mol £ HCIO, added: but was not affected by 2-PrOH or TEA. The 450 nm peak,

(f) 19 mmol L phenanthrene with 0.2 molt HCIO, added. The which is due in part to the radical cation, was diminished by

spectra were recorded-2 (®) and 50-90 us (O) after the pulse. TEA as well as by @
The spectrum recorded by pulse radiolysis of a deoxygenated
Results and Discussion pyrene solution containing 0.2 mol£ HCIO, lacks the 495

nm absorption (Figure 1e). This result may be due either to a
very rapid protonation of the anion radical by the acid (reaction
4) or to competition of the acid for the solvated electrdnayich
prevents formation of the pyrene radical anion. In either case,
Pyr~ is replaced byPyrH, and this is evident from the intense
initial absorbance at 405 nm due*RyrH (Figure 1e). Additional

) ) absorbance at 405 nm is formed more slowly due to reaction
The solvated electrons do not react with the splvent ionN,'R of *CF; radicals with pyrene (reaction 5). It should be pointed
and NT%", and can be scavenged by reactive 59'9%9 ~ out that addition of 0.2 mol t* HCIO, does not result in 0.2
oxidized species formed in reaction 1, and excited Species mo| -1 of H* in the solution. Because the anion of this ionic

formed by geminate recombination, may undergo fragmentation liquid is a weaker acid (6. = 1.7)14 most of the added H

Pulse Radiolysis of Pyrene and Phenanthrendkadiolysis
of neat RNNTf, leads to production of solvated electrons,
protons, radical cations, and neutral radicals.

(RIN)"(NTF,) ™ = e, H, RN NTE, R (1)

or deprotonation. These fragment ra.dicale‘,.incItEIIég.7 In the will protonate the solvent anion to form HN(SOFs),, and it
present study, we saturate the solutions withBfo produce g the reactions of this acid with the pyrene radical anion or
additional*CF; radicals via reaction 2. with solvated electrons that will determine the outcome of this
system. The results of the present study, however, are indepen-
eyt CRBr—'CF,+ Br- (2) dent of the relative importance of these two reactions.

Several additional findings support the assignments of the
The rate constant for reaction 2 is diffusion-controlled in 405 nm peak toPyrH: (a) The H-adduct of pyrenesulfonic acid,
aqueous solutiodsind is expected to be high in the ionic liquid observed by pulse radiolysis in acidic aqueous solutions
as well. The reactions o€F; radicals with several solutes were  containingt-BuOH, has an absorption peak at 415 nm, close to
studied by pulse radiolysis. that found for the H-adduct of pyrene in the ionic liquid. (b)
Pulse irradiation of deoxygenatedNRNTf, containing pyrene The H-adduct of pyrene in acetonitrile solutions containing 0.1
leads to rapid production of several species with optical mol L~ HCIO, exhibits a peak at 405 nm, exactly as the peak
absorption peaks at 405, 450, and 495 nm, and aftais5ihly observed in the ionic liquid. In the absence of acid, the 495 nm
the 405 nm peak remains and is more intense (Figure 1a). Thepeak of Pyt was observed. The H-adduct of pyrene in
495 nm peak is clearly ascribable to the pyrene radical &dfon  methanolic solutions was reported to have a peak at 40&nm.
and its decay may be due to protonatiloy traces of water or  (c) Addition of propene to the acidic ionic liquid pyrene solution
oxidation by other transient species. greatly diminishes the intensity of the 405 nm peak. Because
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TABLE 1: Rate Constants for Reactions of*CF; Radicals Competition kinetics with crotonic acid were performed using
reactant medium k, L mol-tst both pyrene and phenanthrene as the reference reactagt in R
Dyrene RNNTT,, CRBr (112 0.15)x 107 NNTf; solytlons saturated with GBr. After varying the
RNNT,. acidic (1.3+ 0.25) x 107 concentration of pyrene from 0 to 5.5 mmolLand the
phenanthrene RINTf,, CRBr 2.6+ 0.4) x 10P concentration of crotonic acid from 0 to 26 mmofiand
RsNNTf,, acidic (3.2 0.6) x 10° monitoring the absorbance at 405 nm, we plotted the competition
crotonic acid  RNNTf,, CRBr (2.9+0.5) x 10°2 in a manner that takes into account the contribution of the
(2.5+£0.5) x 1(°P solvent:
valeric acid RNNTf,, CRBr <1x 102
2-propanol RNNTf,, acidic (4+ 1) x 10*2 —
pyrene acetonitrile, GBr (2.7:& 0.4) x 107 AO/A (ksolv + kref[ref] + kcrot[crOt])/(kref[reﬂ) (6)
henanthrene acetonitrile, 71+1.2)x 10° . — .
Erotonic acid  acetonitrile, Cg; E3-4i ojgi 102 whereA is the limiting absorbance at high pyrene concentra-
acetonitrile acetonitrile, GBr <5x 103 tions in the absence of crotonic acid, is the absorbance
pyrene acetonitrile/water (7/3), g8 (5.0+ 0.8) x 10 measured at the experimental concentrations of pyrene, [ref],
2-propanal  water, GBr 9.2x 10¢¢ and crotonic acid, [crotkes andkeor are the second-order rate
a Determined by competition with pyrengDetermined by competi- constants for reaction o€F; radicals with pyrene and crotonic
tion with phenanthrene.From ref 19. acid, andksoy stands for the first-order rate constant of the

solvent and other side reactions. The limiting valiewas
propene is a good H-atom scavenger but does not react withdetermined from extrapolation of the results obtained with

solvated electrons, this finding indicates thRyrH in acidic various concentrations of pyrene in the absence of crotonic acid.
solutions is formed mainly by reaction of pyrene withatoms, The values ofkso, and ker were also determined from those
not by protonation of Pyr. results. By plotting A//A — ksond (Kredref]) — 1) vs [crot]/[ref],

Parallel experiments were carried out with phenanthrene in we obtained a straight line with a slope equakdeykier = 0.267
RsNNTf,, and the results (Figure 1b,d,f) are very similar to those (Figure 3, solid circles). FromMpyrene= (1.1 + 0.15) x 107 L
obtained with pyrene. The phenanthrene H-add&ttgnH) and mol~* s7, determined under similar conditions, we calculate
CFs-adduct (PhenCE) exhibit an absorption peak at 395 nm, keot = (2.9 + 0.5) x 10° L mol~ s71. Similar experiments
while the radical anion (Pher) has a peak at 445 nm and Wwith phenanthrene as the reference (Figure 3, open circles) gave
additional absorptions over most of the range recof8é#The a slope of 0.964 ankkyot = (2.54 0.5) x 10° L mol=1s7%, in
H-adduct of phenanthrene, with a peak at 395 nm, was alsoreasonable agreement.
observed by pulse radiolysis in methanolic solutions, both  Because crotonic acid can react witF; radicals via addition
neutral (formed by protonation of the radical anion) and acidic to the double bond and via H-abstraction from the methyl group,
(formed also by reaction with +htoms). The H-adduct in acidic ~ we carried out similar measurements with the saturated valeric

acetonitrile solutions exhibited a peak at 375 nm. acid to estimate the contribution of H-abstraction. By using
Rate Constants for Reactions ofCF3 Radicals. The rate pyrene as the reference compound and adding 0.46 mbl L

constant for reaction oCF; radicals with pyrene in RNNTf, valeric acid, we found only a small decrease in absorbance and

was determined in neutral solutions saturated withBERas increase in rate constant (5% to 10%). To observe a substantial

in Figure 1c) and in acidic solutions without ¢8¥ (as in Figure degree of competition, it is necessary to increase the valeric
1e). The results in the former case are more precise becausécid concentration to much higher values, and this will lead to
the change in absorbance is greater than in the latter case. Bya considerable change in the nature of the solvent. Therefore,
following the rate of formation of the 405 nm absorption at we only estimateka < 1 x 10* L mol™* s™'. Because
three or four pyrene concentrations between 2 mmaéldnd 8 abstraction from the Cigroup is generally much slower than
mmol L=, we derive a second-order rate constéat: (1.14+ that from CH, groups, we conclude that crotonic acid reacts at
0.15) x 10" L mol~1 s1 from experiments in the presence of least 99% via addition to form two isomeric radicals.

CRsBr and (1.34+ 0.25) x 107 L mol~ s71 from experiments )

in the presence of acid (Table 1). The rate constant for reaction CH;CH=CHCO,H + *CF; — CH;CH(CF,)CHCO,H +

of phenanthrene wittCF; radicals was determined in a similar CH,CHCH(CF,)COH (7)
manner and found to be (2:6 0.4) x 10° L mol~! s from
experiments in the presence of 48F (Figure 2a,c) and (3.2 Further competition experiments were carried out with

0.6) x 10° L mol~* s7* from experiments in the presence of 2-PrOH, in which H-abstraction from the CH group, further
acid (Figure 2b,d). The similarity of the rate constants deter- activated by the OH group, is known to occur more rapidly
mined in the presence of GBr and in the presence of acid than that from saturated carboxylic acfti€ompetition experi-
also indicates that the slow reaction observed in acidic solutionsments were attempted both in neutral ionic liquid solutions
is due mainly toCF; radicals. The intercepts of the linear plots  saturated with C§Br and in deoxygenated acidic solutions. In
in Figure 2c,d and similar plots obtained for pyrene are due to solutions saturated with GBr, however, the absorbance did

reaction ofCF; radicals with the solvent and to radieahdical not decrease in relation to the concentration of 2-PrOH and the
reactions. From these intercepts, we estimate that the raterate of formation became lower rather than higher. This is
constant for reaction with the solventfRN\Tf,) is <2 x 10* interpreted to be the result of a chain reaction, propagated by

stor=7 x 10°L mol~* s™L The rate constants determined in electron transfer from the (GHCOH radical to CEBr,
the present study are summarized in Table 1. .
By using the absolute rate constants for reactionsCég ‘CF; + (CH,),CHOH— CHF; + (CH,),COH  (8)
radicals with pyrene and phenanthrene, we can determine by
competition kinetics the rate constants for other reactants that (CH3)2COH + CF;Br — (CH,),CO + HT + ‘CF;+ Br-
do not form readily observable species. We examined 2-PrOH Q)
and valeric acid, which react via H-abstraction, and crotonic
acid, which reacts mainly via addition. whereby theCF; radicals produced by reaction 9 react either
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Figure 2. Reaction ofCF; radicals with phenanthrene. Kinetic traces at 395 nm were recorded by pulse radiolygi\dffRsolutions containing
(a) 0.016 mol ! phenanthrene saturated with 48F (0.1-0.2 mol L™%) and (b) 0.019 mol Lt phenanthrene and 0.2 mofitacid (see text).
Dependence of the observed rate constant on phenanthrene concentration in the presegie(oj &fd in the presence of acid (d) are shown.
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monitoring the absorbance at 405 nm. Because at this wave-
length the absorbance is formed in two steps, it is necessary to
determine the partial absorbance that is formed in the second
step only, which is due to reaction t€F; radicals. When we
kept the pyrene concentration near 7 mmot and added 10%
2-PrOH (1.17 mol 1), we found that the absorbance decreased
by about 60%. However, addition of only 2% 2-PrOH did not
decrease the absorbance at all, and addition of a smaller
concentration actually increased the absorbance. This effect must
be due to scavenging by 2-PrOH of other radicals formed in
the pulse, thus preventing their reactions wi@tt; radicals.
Because of this effect and because great variations in 2-PrOH
concentrations change the nature of the solvent and its radiolytic
yields, we performed the competition experiment by using a
constant concentration of 2-PrOH and varying the concentration

Figure 3. Competition plot to determine the rate constant for reaction of pyrene. The results calculated from the absorbance suffer
of "CF; radicals with crotonic acid by using pyrene and phenanthrene from large uncertainties due to the need to subtract the initial

as reference compounds. The results are plotted according to eq 6 (segpsorbance from the final absorbance and the uncertainty in
text), where ref stands for pyren®) or phenanthrenel).

with pyrene (reaction 5) or with 2-PrOH (reaction'8)The
rate constant for reaction 9 is unknown, but we can assume Better results were obtained from the kinetic data, which are

that it will be in the same range as the rate constants for the Not affected by the value of the initial absorbance. The rate of
parallel reactions with GJEHCIBr (~6 x 10’ L mol~1 s71)
and CC} (~1® L mol~! s™1) in aqueous solution$. When
2-PrOH was replaced with methanol, where both reaction 8 and (Figure 4a). In these linear plots, the slope gives the rate constant
reaction 9 are expected to be sloWw&competition with pyrene

also indicated a chain reaction.

the value of the initial absorbance. From these results, the rate
constant varied between 2:6 10* and 7 x 10* L mol=1 s™1.

formation at 405 nm was determined as a function of pyrene
concentration in the presence of 0%, 3%, and 5% 2-PrOH

for reaction of pyrene and the intercept represents the reaction
of *CRs radicals with 2-PrOH and with any other species except

To avoid the chain reaction described above, competition pyrene. The slopes indicate an increase of approximately 7%
experiments between pyrene and 2-PrOH were carried out inand 15% inkgyrene upon addition of 3% and 5% 2-PrOH,
acidic RINNTf, solutions (in the absence of gBY) by

respectively, probably due to solvent effect on the rate constant.
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Figure 4. Kinetic experiments to determine the rate constant for
reaction of'CF; radicals with 2-PrOH: (a) observed rate constant for
the slower formation step at 405 nm as a function of [pyrene] in the
presence of varying [2-PrOH] of (8), 0.39 (1), and 0.65 ©) mol

L% (b) plot of the intercepts from panel a vs [2-PrOH].

By plotting the value of the intercept as a function of 2-PrOH
concentration (Figure 4b), we obtained a straight line. The slope
of this line gives the rate constant for 2-PrOdon= (4 + 1)

x 10* L mol~t s71 (Table 1).

For comparison with the rate constants determined in the ionic
liquid, there are several values reported for reactionsCé%
radicals in aqueous solutiof%and we have determined several
values in acetonitrile solutions. We chose acetonitrile because
CR3Br can be reduced by radiolysis in this solvent with a
substantial radiolytic yield and becau€d=; radicals do not react
rapidly with this solvent. Very few solvents fulfill both of these
requirements.

Pulse radiolysis of pyrene and phenanthrene insBEF

Grodkowski and Neta

of the compound but also the fact that the solubility of;BF
in water is much lower than that in organic solvents and, at the
concentrations of reactants necessary to observe*Glig
reaction, the reactant will compete for the solvated electrons
and prevent the formation oCFs. For this reason, it is not
possible to determine the rate constant for reaction of pyrene-
sulfonic acid or crotonic acid wittCF; radicals in water because
these compounds react rapidly witfy.€The rate constant for
2-PrOH can be measured in agueous solutions, and this was
reported to be 9.2 10* L mol~! s71,19 about twice the value
in the ionic liquid. The rate constant for MeOH in aqueous
solutions was estimated to be an order of magnitude lower than
that of 2-PrOH!®

lonic liquids generally are much more viscous than water or
organic solvents, and thus, reaction rates in ionic liquids may
be restricted by the rate of diffusion. The diffusion-controlled
rate constantdx) in RyNNTf, was estimated from the measured
viscosity to be~1.5 x 10’ L mol~! s71 or slightly higher®
The experimental rate constant for the reactiorG$%; radicals
with pyrene (Table 1) is close to the estimalg@ and may be
affected by this limit. The rate constant for phenanthrene is 4
times slower and thus would be affected ky; to a much
smaller extent. The same reactions have experimental rate
constants that are 2.3 times higher in acetonitrile than in the
ionic liquid. The rate constants in acetonitrile clearly are not
affected by the diffusion limit becausgs in acetonitrile is~2
x 10'° L mol~t s, that is, 3 orders of magnitude higher than
that in RNNTTf,. The finding that the ratidgy/Kpnenis 4.0 =
0.2 both in acetonitrile and in the ionic liquid suggests that the
measured rate constants in the ionic liquid are not significantly
restricted by the diffusion. If one accepts this suggestion, the
rate constants for addition ¢€F; radicals to the aromatic ring
are nearly twice as high in acetonitrile and four times as high
in aqueous acetonitrile solutions than in the ionic liquid. Because
the radical adduct produced in this reaction and its transition
state are more polar than the reactants and because rate constants
for such reactions are expected to increase with solvent polarity,
it may be concluded that /RINTf, behaves as a solvent of
slightly lower polarity than water and acetonitrile. However,
the effect is small in the present case, and the reaction cannot
be examined in a wide variety of solvents because of the
restrictions mentioned above (solubilities of reactants and
reactivity of solvent towardCF; radicals). For crotonic acid,
where the reactant also is polar, the rate constant in acetonitrile
is only slightly higher than that in RINTf,. For 2-PrOH, where
the reaction is via H-abstraction, the rate constant repbrted
for agueous solutions is twice as high as that measured in the
ionic liquid (Table 1). In summary, experimental rate constants
for the H-abstraction and addition reactions©F; radicals in
the ionic liquid examined in this study are slightly lower than

saturated acetonitrile solutions led to production of transient those in water or acetonitrile, while rate constants for electron-
species with optical absorption spectra practically identical to transfer reactions were reported to be one or more orders of
those observed in the ionic |IqUId, |nd|Cat|ng prOdUCtIOI’I of the magr"tude lower in ionic ||qu|ds than in water or alcoh’b’[ﬂ'ﬂs
same CE'addUCt radicals. The rate constants for the formation is probably a general trend for these types of reactions. Other
reactions for pyrene and phenanthrene, determined in the sam@xamples of H-abstraction and addition reactions are currently
manner, are shown in Table 1 and are a factor@f3 higher  ynder study to examine the generality of this trend.

than in the ionic liquid. The rate constant for crotonic acid was
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