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The electrochemistry of 1-butyl-3-methyHtimidazolium tetrafluoroborate (BmimBJ-ionic liquid was investigated by cyclic
voltammetry and Osteryoung square wave voltammetry. Impurity chloride was identified, its concentration was determined and a
way to eliminate it was demonstrated. Constant current electrolysis of Bmim@E performed and products were analyzed by

IH, ¥, and**F-NMR and gas chromatography-mass spectrometry, &t fluorocarbons are produced at the anode while
Bmim™* undergoes dimerization and dealkylation reactions at the cathode after reduction to a carbene.
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As more and more applications of air stable room temperatureBmimBF, ionic liquid (AgBF, solubility in BmimBF, is ca.0.2 M)
ionic liquids such as 1-ethyl-3-methyHLimidazolium tetrafluo-  as the reference electrode; the latter was immersed in the same ionic
roborate,  1-butyl-3-methylHl-imidazolium tetrafluoroborate liquid separated from the cell electrolyte by aubn porosity frit.
(BmimBF,), and hexafluorophosphate (PFare explored, itis im- ~ The working electrode was polished withydn diamond(Bioana-
portant to know the nature and amount of impurities in the ionic lytical Systems). The frit was soaked in the electrolyte prior to elec-
liquids. Tetrafluoroborates can be prepared by reacting imidazoliuntrochemical studies. Bulk electrolysiBE) was performed at a po-
chloride salts with NaBF,' NH,BF,,%> AgBF,,° HBF,,* or HF tential of 2 V until the current ratio reached 1%. A comparison
+ BF;3;° hexafluorophosphates can be prepared throughg KiPF cyclic voltammog_ram was obtained qfter the electrolysis. Constant
HPF,.° Among the reactants, NaBF NH,BF,, and AgBF, pro- current electrolysis was performed with a Sargent coylpmetrlc cur-
duce a saltj.e., NaCl, NHCI, and AgCl, respectively, which has a rent source quel IV and a 3466A Hewlett Packard (j|g|tal multlm.-
limited solubility in the ionic liquid, leaving some chloride impurity eter. Electrolysis was conducted at 9.2 mA for 12 h with large plati-

behind. This has become a concern in some ionic liquid applica?um electrodes (3< 4 cm) in 20 g of BmimBE, and the two

tions, especially in catalysis reactions because impurity chloride ha§ompartments were separated by a fine frit and stirred throughout.
complexing ability/ The HBF, method produces HCI as a by- GC-MS analysis.—Samples were analyzed by a HP 5890 capil-
product, which is volatile and easy to remove; this method is ex-lary gas chromatograph coupled with a Finnigan Incos 50 mass
pected to produce a high purity product and is easy to carry out. Thgpectrometer-quadrupole analyzer, which has a mass range of
HF + BF; method involves all volatile compounds which are also 0-1000 amu, electronic ionizatiqiEl) 70 eV, and a vacuum system
easily removed, but they are dangerous and toxic. Chloride concenreaching 10° Torr. For the GC part, a 15 m DB1 fused silica cap-

trations have been determined by potentiom®gyavimetry? titri- illary with i.d. = 0.25 mm, thicknesss 0.25um was used®
metry (Volhard’s method}° cathodic stripping voltammetry, or _
with an ion selective electrodé As both chloride and tetrafluorobo- 'H, 3¢, and 'F-nuclear magnetic resonance (NMRINMR

rate precipitate with silver and mercuric ions, tetrafluoroborate will spectra were obtained with a Bruker AC 200 MHz NMR spectrom-
interfere in some of the methods mentioned above. In this paper, aeter. DMSO-¢ was sealed into a capillary and used as the external
electrochemical method is described for the determination of thestandard°F-NMR was calibrated with CFEOOH.

chloride concentration in BmimBHonic liquid. Constant potential

electrolysis was used to oxidize residual chloride to eliminate it Results and Discussion
from the ionic liquid. When this ionic liquid is electrolyzed, reduc- ] _ S
tion of imidazolium cation takes place at the cathodic litibut the Cyclic voltammetry ofBmimBF, and the identification of

details of the reduction have tended to be neglected. Moreover thehloride. —BmimBF, with Pt electrodes yielded an electrochemical
oxidation reaction at the anodic limit has not been expldfédtdlis window of 4.9 V(+2.9 to —2.0 V vs. Ag/AgBF,) (Fig. 1), wider
the further intention of this paper to shed some light on the cathodicthan that of EmimBE (4.5 V, +2.5 to —2.0 V vs. Ag/AgCl).2
and anodic reactions at the electrochemical limits using platinumSweeping positively from 0 V there was no oxidation peak until
electrodes. Constant current electrolysis was utilized to investigat€000 mV (peak Il), and the anodic limit was at2.9 V. Sweeping
the reactions, and products were analyzed by NMR and gasegatively from 0 V, there was no reduction peak ust V but

chromatography-mass spectromef@C-MS). after reversal at-2 V, there appeared an oxidation peak-#1.13 V
) (peak I)which was dependent on the previous reduction potential.
Experimental Both the oxidation potential and oxidation current for peak | are
p p

Semiconductor grade HCI was supplied by Matheson gas proddirectly related to the previous reduction potential. When the ca-
ucts, Inc. BmimBE was synthesized by reacting equal moles of thodic end potential moved from2 to —1.5V, peak | was reduced
BmimCl with NaBF, in acetoné, stirring at room temperature for N size from 150 to 8.A, and the peak potential shifted from0.2
24 h, filtering and vacuum drying overnight at 50°C; a yield of over t0 —0.13 V. From the above observation, it is concluded that peak |
90% was obtained routinely. is due to the oxidation of the reduction product at the low potential

Cyclic voltammetry(CV) and Osteryoung square wave voltam- limit, i.e., the oxidation of the reduction product of 1-butyl-3-
metry (OSWV) experiments were performed on a BAS 100 W sta- methyl-1H-imidazolium cation, which is in accordance with previ-
tion system. The three electrodes were a Pt counter electrode arfis reports:** However, the electrochemical window reported by

working electrode, and a Ag wire immersed in AgBFaturated ~ Katayamaet al’ was only 4.3 V, from+1.3 to—3.0 V, their oxida-
tion potential limit probably being peak Il in Fig. 1. The oxidation

potentials for the reduction product of imidazolifinappeared
* Electrochemical Society Student Member at _—1.5 and —0.9 V; this _mgy be_ attributed to the different
* Electrochemical Society Active Member. cation: 1-ethyl-3-methyl-H-imidazolium vs. 1-butyl-3-methyl-
Z E-mail: kejohnso@cas.uregina.ca 1H-imidazolium.
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Figure 1. Cyclic voltammograms of BmimBfon 1 mm Pt electrode at

room temperature, scan rate: 100 mV/s. E(V) vs. Ag/Ag"

o . . Figure 2. OSWV profiles of BmimBf (1) blank, (2) with HCI and(3) with
~ The oxidation peak ata. 2 V (peak Il)is due to the chloride  more HCI, square wave amplitude 25 mV, step voltage 4 mV, frequency 15
impurity in the ionic liquid, which is confirmed by the dissolution of Hz.

either 1-butyl-3-methyl-H-imidazolium chloride or HCI gas in the

ionic liquid. OSWYV indicated that the magnitude of peak Il in-

creases with increasing BmimCl added. Change in initial potentialWVs before and after the electrolysis indicated that this was an

and potential limits had no effect on peak II, but adding HCI to effective way of reducing Cl, to a level lower than the detection

BmimBF, also showed an increased current at peak Il in the OSWVIimit of OSWV.

voltammogram(Fig. 2), confirming that peak Il was related to chlo-

ride. OSWV profiles of BmimBJ showed two small peaks at2 8 i

and-+2.3 V with current density of 0.1 mA/cfnAfter bubbling HCI trolysis of ca. 20 g of BmimBF, some gas bubbles appeared at the

through, both peaks increased, especially the peak2aV (Fig. 2). cathode, then gradually two layers formed, the upper one clear and

Adding HCI to the ionic liquid resulted in a narrowed electrochemi- "€d, the lower one opaque and red. The anode compartment changed

cal window at the reduction limit presumably due to the electrodecolor to dark brown; no gas bubbles were noticed on the anode, but

reaction of HCJ 16 aftgr some time white fumes were observed in the h_omogeneous
Sweeping negatively from 0 mV, there was no peak-ato V, ionic liquid. These fumes could be removed by evacuation and 1.4 g

but upon reversal at the second cycle there was a reduction peak 8{ product was collected in a liquid nitrogen trap contair_1in_g diethyl
~0.9 V (peak Ill). This showed that peak Il was related to the ether. The weights of Pt electrodes were unchanged within 0.1 mg.

oxidation limit, but did not originate from the original ionic liquid. The products after electrolysis were separated as anodic electro-
The higher the oxidation potential, the larger the reduction current oljyte' lower and upper layer cathodic electrolyte, and ether Bconden-
peak Ill. Hence it was the reduction of either the oxidation product satelgrom the anode compartment. They were analyzethby“C,
of BF,- or the Pt electrode. ancig F-NMR and GC-MS. ,

F-NMR showed two peaks for BmimBFat —145.96 and

Determination of chloride concentration and its removal from —146.01 ppm, one large, one small without fine structure. Theoreti-

BmimBF,.—After the chloride peak was identified, the standard
addition method with OSWV was applied to the determination of
the chloride concentration: in 1.5 mL BmimBFthe current for
impurity is 4.9pA, adding 20 mg of BmimCl increased the current

Constant current electrolysis dmimBF,.—During the elec-

Table I. °F-NMR data for electrolysis of BmimBF,.2

to 56 nA, the current reached 26¥A when 96 mg of BmimCl was Substrate Chemical shifts(reference CGF)
added, a linear relationship between current and five additions of
BmimCl added was obtained at 2.8 mM was obtained for the chlo- BmimBF, —145.96(s)  —146.01()

—147.15(1), —143.7(s), —144.0(s),
—144.37(s) —135(s), —115(m), —82 (m)
—145.7 (trace)

—146.0(1)

—149.0(1), —146.49(s), —146.43(s)

ride concentration in the ionic liquid prepared by metathesis using BmimBF, at anode

NaBF,. The reproducibility of the data was satisfactory, with a stan-
dard deviation of 0.54.A relative to 10.5pnA. Compared to Sed-
don’s method of determining the concentration of chlofdelhard
wet chemical method and chloride selective electrode methbe
detection limit of OSWV method is much lower. They reported 516
or 12 mMY (if using chilled water-extraction preparatjoaf chlo-

Upper layer at cathode
Lower layer at cathode
C,H;0C,H5 condensate

Literature values: Bf, 132.7 ppm; BE, 149.5 ppm; BF; , 144.2
ppm?® BF;, 131.3 ppm; BE-O(CH,CHs),, 153 = 3 ppm; BF,,

ride in BmimBF; ionic liquid.
Constant potential electrolysis was applied to oxidize chloride to
make the ionic liquid free of this complexing ligand. CVs and OS-
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Table Il. *H-NMR data for electrolysis of BmimBF,. \ g aﬂ Em 5”{
i ) 2 22 Rs
Substrate Chemical shifts: ppm) @ Cs G5 2' EN ] § Eﬂ' §
; = =
BmimBF, 8.04 6.91 6.86 3.53 3.25 1.14 0.58 0.15 \ Lm‘)“ ;} Q é’ﬂ
BmimBF, at anode 7.86 6.78 3.453.152(5) 1.1050.1 3|5 5|3
Upper layer at cathode 4.99 3.46 2.54 2.23 2.09 1.12 0.67
lower layer at cathode 8.30 7.00 6.94 4.81 3.58 3.29 1.80
1.70 1.16 0.61 0.19 C,
C,HsOC,Hs 3.59 1.32
HsOC,H5 condensate 3.69 1.15 \J
CQ 5 CZ 5 *-—-JJ Lw.. Moty J L-wj L»wwmm

160

cally fluorine should show two sets of peaks, one split into a quartet
due to coupling betweelB (I = 3/2) and*°F, the other split into
a septet due to coupling betwet and'B (1 = 3).%8 The inten-
sity of the resonance is due to the different natural abundance of the
two isotopes of boron. The reason the splitting was not observed in
this system may be due to the viscous nature of the ionic liquid. The

140

®)

160 80 60

PPM

chemical shift value agrees with the literature vaftf@within 1.5
to 3.5 ppm.

For the ether condensate of the anodic prodt¥esNMR (Table
I) showed a large peak at149 ppm, which indicated that it was a

BF; ether condensate. The anodic electrolyte showed a whole rangq

of small peaks from—60 to —150 ppm, presumably due to the

fluorinated cation. Therefore the anodic reaction is the oxidation of
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Figure 3. 'H-NMR of (a) BmimBF, and (b) upper cathodic product after
electrolysis.
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Figure 4. 3C-NMR of (a) BmimBF, and (b) upper cathodic product after
electrolysis.

the anion in the ionic liquid to BfFand fluorocarbon$: The litera-
ture value of*°F-NMR for F, itself is at 422.92 ppm? which is out

of the scale of our NMR machinéH-NMR of the ether condensate
(containing free ether(Table 1) moved the chemical shift upfield
for the CH; group and downfield for the CHgroup compared to
neat ether. This phenomenon is similar to ti@-DNMR behavior
observed for the same systéAt> All this showed that BE was
produced at the anode. It is likely that the fluorinated cation de-
graded to Clf and other fluorocarborfé.

At the cathode, the ionic liquid displayed two layet¥-NMR
of the viscous upper layer showed virtually no resonance peaks,
which means BmimBFwas reduced to neutral molecules without
the anion present. The lower layer from the cathodic compartment
showed a peak at the same position as, Bhich may indicate
that this is the starting material.

TH-NMR of the cathode upper layer showed the disappearance of
resonance above 5 ppm completéfig. 3), which indicates reduc-
tion occurred at the imidazole ring. The anolyte showed little change
in the proton NMR.23C-NMR also supports the idea that the 18
reduced into a carbene or saturated carbon, as evidenced by the
disappearance of resonance at 134 fpig. 4, Table IlI).

The upper layer cathodic electrolyte was analyzed by GC-MS
(Fig. 5, Table IV). The BmimBEF (Mw 226) mass spectrum was
obtained to get insight on the fragmentation pattern of this molecule
and the molecules obtained after electrolysis. The base peak is 82,
which resulted from the fragmentation of butyl moiety from Briiim
cation. The molecular ion is not observed, the largekt value is
124, which is the result of losing the methyl group from Briim
cation. The anion BF (Mw 87) did not appear. The 97 peak is the
result of losing HCN based on the 124 peak, 68 is due to the imi-
dazolium ion, and 55 is due to losing HCN based ort'82.

An iminium salt (C=N") can undergo two-electron electrore-
duction producing an aniof?;?’ which can couple with an electro-
phile; it can also be involved in a one-electron reduction reaction,
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Table Ill. **C-NMR data for electrolysis of BmimBF,.

Substrate Chemical shifts: ppm)

BmimBF, 134.05, 121.66, 120.43, 47.48, 33.91, 29.51, 16.99, 10.94
Upper layer at cathode 121.21, 120.98, 120.78, 120.54, 120.37, 120.24
118.02, 117.70, 93.03, 90.75, 90.61, 90.35, 79.23, 55.48, 55.38, 55.27,
53.40, 43.47, 43.38, 43.25, 43.10, 39.56, 30.10, 28.84, 28.74, 19.85,
19.80, 19.58, 13.52, 13.78

which then undergoes a free-radical process. In the Bmirds/s-
tem, there are no free protons available, so no proton uptake it
possible. However after the first radical is produced, it can attack the
starting material to afford the dimeric radical. In aprotic media, a
C=N-Y functional group can undergo cleavage at the N-Y bond,
which is the usual reactio®f.In the cathodic electrolysis of Bmim

(Y is carbon in this case), the alkyl group may thus be cleaved. If a
carbene is produced, coupling between the same or different car
benes may occur producing different dimers, or even oligomers con-
sidering the viscous nature of the upper layer product. Askhand

3C-NMR showed the carbon-carbon double bond is intact, there

still exists the G=Cs group in the dimers.

There is considerable evidence for the formation of carbenes

from dialkylimidazolium salts. Treatment withBuOK has been
shown to producé-butanol, the K salt of the anion and the liquid
carben&® while reaction with selected zero-valent metal complexes
can lead to metal-carbene complex®s.

Electrode reactions.—Based on the above analysis, the following

solvent electrode reactions are proposed. At the anode

BF, — e — BF; + 1/2F, [1]
BF; + BF, — B,F; [2]
F, + Bmim* — fluorocarbons [3]
At the cathode
— . —
we e — e Man o nHe 4
H
u H
/—\ . N H
N e NN — ] ﬁ)\N)V‘
Me . N\B Me \(
Y TBu N \—/
H H \
Me
(5]
N/_\+ +e /N/—N\\ e N_
N, — M . -
Me N By € Y Bu Me YN\BU
H
H
(6]

Table IV. GC-MS analysis of the upper layer cathodic electro-
lyte.

Retention  Highest
time (min) m/z Base peak Possible structure
5.00 112 112 Carbon lost from butylimidazole
6.37 168 125 ?
7.50 154 98 Coupling of methylimidazole
and imidazole
8.77 172 72 Dimer of methylimidazole
12.49 281 238 Dimer of butylmethylimidazole
14.52 254 143 ?
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Figure 5. TIC of upper layer cathodic electrolyte of BmimBR&fter elec-
trolysis.
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In conclusion, BE oxidizes to BR and fluorocarbons at the
anode while Bmini undergoes dimerization and dealkylation reac-
tions at the cathode after being reduced to a carbene.
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