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The novel salts [emim],[CoCI,] and [emim],[NiCI,] (emim = 1 -ethyl-3-methylimidazolium cation) have 
been prepared for use as crystallographic models in an extended X-ray absorption fine structure (EXAFS) 
study in ambient-temperature ionic liquids. The salts have been characterized both spectroscopically and 
crystallographically. The crystals are isomorphous, and contain t w o  distinct anions with differing 
interactions within the extended hydrogen-bonded structures. The implications of these results for the 
structure of ambient-temperature ionic liquids are discussed. 

The role and nature of cation-anion interactions in ambient- 
temperature ionic liquids are the subject of much current 
interest. Although the controversy over the existence of hydro- 
gen bonding in ionic liquids 1-3 is now essentially resolved, some 
workers still doubt its existence4 In N,N'-dialkylimidazolium 
systems, the combination of the crystal structures of l-ethyl-3- 
methylimidazolium iodide ([emim]I) and chloride ([emiml- 
C1),6 the IR spectra2 of the [emim]Cl-AlCI, ionic liquids, 
NMR solution studies of [emimlx (X = C1, Br or I) salts in 
conventional molecular  solvent^,^ and MNDO semi-empirical 
calculations ' has demonstrated unambiguously the importance 
of hydrogen-bonded interactions between all of the ring protons 
(H2, H4 and H5) of the cation and halide anions. In contrast, for 
the uranium salts [emim],[UCl,] and [emim]2[U02Cl,],8 and 
the ruthenium salt [ernim],[R~,Br,],~ the absence of such 
interactions has been noted. We present here the crystal struc- 
tures of [emim],[MCl,] (M = Co or Ni), which clearly demon- 
strate the involvement of all three ring protons in hydrogen 
bonds with the tetrachlorometalate(I1) anion, as well as IR data 
which support this view. In addition to the intrinsic interest in 
the salts themselves, these structures were used as the crystalline 
models for a recent extended X-ray absorption fine structure 
(EXAFS) study of the structure of chlorometalate(I1) solutes in 
ambient-temperature ionic liquids." 

Experimental 
Starting Materials and Solvents.-The preparation of 

[emim]CI has been described elsewhere. ' ' Anhydrous cobalt(I1) 
chloride and nickel(I1) chloride were prepared from the hydrates 
(FSA) by treatment with sulfinyl chloride (BDH).l2 Ethane- 
nitrile (Aldrich) and nitromethane (Aldrich) were dried by dis- 
tillation in uacuo from phosphorus(v) oxide. 

Preparation of 1 - Ethyl-3-methylimidazolium Tetrachloro- 
cobaltate(lr).-The compound [emim]C1(3.95 g, 27 mmol) was 
dissolved in dry ethanenitrile (1 5 cm3) and anhydrous cobalt(r1) 
chloride (1.96 g, 15 mmol) was added. The mixture was heated 
under reflux, under dry dinitrogen, for 2 h. The resulting hot 
solution was filtered under dry dinitrogen and the volume of the 
filtrate reduced by a half by continuous evacuation. The 

7 Supplementary data available: see Instructions for Authors, J. Chem. 
Soc., Dalton Trans., 1993, Issue 1, pp. xxiii-xxviii. 
Non-SIunit employed: ps x 9.274 02 x JT-'. 

2 

[emim] + 

solution was cooled, at - 13 OC, overnight and the resulting 
crystals were isolated by Schlenk filtration. The blue crystals 
were dried in vacuo for 48 h. Yield 2.95 g (46.4%), m.p. 100- 

H, 5.35; C1,33.00; N, 13.15. C,2H22C14CoN4 requires C, 34.05; 
H, 5.25; C1, 33.50; N, 13.25%). 

Preparation of 1 -Ethyl- 3 -me thy lim idazolium Te tr ach lor on ick - 
elate(rI).-The compound [emim]Cl (4.12 g, 28 mmol) was 
dissolved in dry ethanenitrile (1 5 cm3) and anhydrous nickel(I1) 
chloride (2.01 g, 16 mmol) was added. The mixture was treated 
as above and the resulting blue crystals were isolated by Schlenk 
filtration and dried in uacuo for 48 h. Yield 2.93 g (44.773, m.p. 

4.90; N, 13.10. C,,H2,C14N4Ni requires C, 34.10; H, 5.25; N, 
13.25%). 

102 OC, p,ff 4.6 k 0.1 pg (lit.,I3 4.50-4.72 pg) (Found: C, 34.05; 

92-93 OC, p,ff 3.6 k 0.2 pg (lit.,I4 3.87 pg) (Found: C, 34.00; H, 

General Techniques.-Magnetic susceptibilities of the salts 
were measured using a Johnson Mathey magnetic susceptibility 
balance. Diamagnetic corrections were calculated using Pascals 
constants. Electronic absorption spectra were recorded using 
a Varian Cary 2300 spectrophotometer for solutions of the 
chlorometalate salts in ethanenitrile using 1 cm path length cells 
in the region 220-2100 nm (45 455-4762 cm-I). The IR spectra 
of [emim],[MCl,] (M = Co or Ni) in the region 4000-2000 
cm-' were recorded as hexachlorobutadiene mulls on CsI plates, 
whilst the spectra of the salts in the region 2000-200 cm-I were 
recorded as Nujol mulls on CsI plates. All IR spectra were 
recorded using a Perkin Elmer 598 infrared spectrophotometer 
controlled by a Perkin Elmer 3600 Data Station. 

Crystal-structure Determinations. -Crystals of [emim] [Co- 
Cl,] and [emim] , ~ i C l , ]  were prepared by recrystallization 
from solutions in dry nitromethane. The crystals were isolated 
by Schlenk filtration and dried in a stream of dry dinitrogen. 
Crystals were selected and mounted in Lindemann capillary 
tubes for structural analysis. Data for both crystals were 
collected on an Enraf-Nonius CAD4 diffractometer with a 
maximum scan time of 1 min. There was no crystal decay in 
either case. The structure of [emim],[CoCl,] was solved by a 

http://dx.doi.org/10.1039/DT9930002639


2640 J. CHEM. soc. DALTON TRANS. 1993 

Table 1 
[emim],[MCl,] (M = Co or Ni) 

Experimental conditions, data collection and refinements for 

Formula C, ,H,,CI,CoN, C1 ,H,,CI,N,Ni 
Mr 423.08 422.84 
Crystal sizelmm 
Crystal system Tetragonal Tetragonal 

a =  blnm 1.4128(3) 1.4112(6) 
c/nm 1.9491(1) 1.9436(16) 
U/nm3 3.8904 3.871 1 
Z 8 8 

2.0 x 0.4 x 0.4 0.3 x 0.3 x 0.3 

Space group 14,la 1 4 h  

1736 1744 
Dclg C m 3  1.45 1.47 
h (Mo-Kq)!nm 0.071 069 0.071 069 
hkl intensities + h + k + l  + h + k + l  
Scan mode 8-28 0-20 
Scan width, A0/" 
0 limits/" 2-25 2-25 
Total unique collected reflections 1930 1913 
p/cm-' 14.3 15.6 
Max. absorption correction 1.37 None 
Min. absorption correction 0.73 None 
No. of reflections I > o(1) 1304 1060 
in the least-squares refinement 
Final R a 0.057 0.051 
Final R' ' 0.074 0.066 

0.8 + 0.35 tan(0) 0.8 + 0.35 tan(0) 

a R = ~ I l F O I  - l~c l lP l~o l .  ' R' = P 4 F o I  - I ~ c I ) 2 ~ / w ~ o 1 2 .  

Table 2 
region 4000-400 cm-' 

Infrared data for [emim],[MCI,] (M = Co or Ni) in the 

[CoC1,]2 - 

3145m 
3 105s 
3083s 
2993m 
2957m 
1572s 

1342m 
1328w 
1260w 
1173s 
1103w 
1087w 
1023w 
857m 
787m 
721w 
634w 
623m 

- 

~ i C I , ]  - 
3 145m 
3 104s 
308 1 s 
2982w 
2954w 
1572s 

1342m 

1259w 
1173s 

1088w 

858m 
786m 
721w 
634w 
623m 

- 

- 

- 

- 

c1- * 
3 137m 

3078s 
3000m 

1572s 
1421m 
1339w 

1252w 
1172s 
l l l l m  
1096w 
103Ow 
850m 
775m 
723m 
644m 
619m 

- 

- 

- 

Assignment 
Aromatic C-H str. 
Aromatic C-H str. 
Aromatic C-H X str. 
Aliphatic C-H str. 
Aliphatic C-H str. 
Ring str. (sym.) 
Me C-H str. (sym.) 
Me C-H bend (sym.) 
Ring str. (sym.) 
Ring C-H bend (sym.) 
Ring str. (sym.) 
Ring C-H in-plane bend 
Ring C-H in-plane bend 
Combination 
C-H in-plane bend 

C-H in-plane bend 
Ring bend (asym.) 
Ring bend (asym.) 

* Data for [emim]Cl for comparison from ref. 2. 

combination of MULTAN l 6  (Co and C1 atoms) and difference 
maps (C and N atoms). For [emim12DiC14], the coordinates 
from the structure of the [CoC1,I2- salt were used as the 
starting values. For both structures, refinement was by full- 
matrix least squares with w = c 2 ( F )  and with anisotropic 
thermal parameters for the non-hydrogen atoms. For [emim],- 
[CoCl,], the hydrogen atoms bonded to the imidazolium ring, 
which were identifiable on the difference map, were included at 
fixed idealized geometry with Biso of 1.3 Be, for the carbon atoms 
to which they were bonded. For [emim],~iCl,], the ring 
hydrogen atoms were located on the difference map and refined 
isotropically. Other details of the methods used are summarized 
in Table 1. 

Results and Discussion 
Infrared Spectra.-The IR data for the chlorometalate salts, 

Table 3 Electronic spectral data for [emim],[CoCl,] in MeCN 

Transition Vmax/Cm-' &/dm3 mol-' cm-' 
,A, - 4T1 (P) 16 230 shoulder 

15 800 254 
15 610 shoulder 
14 960 360 
14 380 414 

,A, - ,T1 (F) 6 100 
5 510 
5 210 
4 880 

46 
45 
43 
40 

Table 4 Electronic spectral data for [emim],~iCI,] in MeCN 

Transition vmax/~- '  4dm3 mol-' m-' 

3T1 - 3T1 (P) 15 200 222 

3T, - 'T, (D) 11 600 7 
14 200 228 

3T1 - 3A, 7 500 26 

in the region 4000-400 cm-', are presented in Table 2. Com- 
parison is made with the spectrum of [emim]Cl.2 

The IR spectra of the salts in the region 4000-2000 cm-I are 
dominated by both aromatic and aliphatic C-H stretching. The 
presence of a strong broad peak in the region 3100-3000 cm-' 
has been used to infer the formation of hydrogen bonds in ionic 
liquids.2 This peak is present in the spectra of [emim],[MCl,] 
(M = Co or Ni), for which hydrogen bonds are clearly demon- 
strated in their crystal structures. The region 2000-400 cm-' 
shows internal vibrations of the imidazolium ring and is used as 
the 'fingerprint' region for the presence of the planar 
imidazolium ring. 

The spectra in the region 400-200 cm-' are dominated by the 
metal-chlorine vibrations of [CoC1,I2 - [294, 287(sh) cm-'1 
and miC1,I2- [291(sh), 284 cm-'1. These results compare well 
with the spectra of mEt,],[MCl,] (M = Co or Ni),', and are 
characteristic of slightly distorted Td symmetry. 

Electronic Absorption Spectra. -The electronic spectral data 
for [emim],[CoClJ are presented in Table 3. The spectrum 
exhibits a strong band at ca. 15 040 cm-' containing a shoulder 
and three well defined peaks, giving rise to the intense blue 
colour of the salt, and a weaker band at ca. 5420 cm-'. This 
agrees well with the spectrum of mBu,],[CoCl,] in CH2C12.13 
The Orgel diagram17 for a d7 (ground term ,F) ion in a 
tetrahedral field predicts three bands: v l ,  ,A2 --+ ,T2; v2, 
,A2 4T1 (F); and v3, ,A2 - ,T, (P). Of these, v2 and v3 
are observed in this spectrum; the band v1 lies outside the range 
of the spectrum recorded here. 

The electronic spectral data for [emim],~iCl,] are pre- 
sented in Table 4. The spectrum reveals a strong band at ca. 
14 700 cm-', consisting of two well resolved components, a 
much weaker absorption at 11 600 cm-' and a third band at ca. 
7490 cm-'. The spectrum is in good agreement with that of 
[PMePh,],~iCl,] in ethanenitrile." The Orgel diagram I 7  for 
a d8 (ground term 3F) ion in a tetrahedral ligand field predicts 
three bands: vl, 3T1---+3T2; v2, 3T1-3A2; v3, 3T1 - 3T, (P). Of these v3 and v2 are observed in the spectral 
region reported here. The weak band at 11 600 cm-' can be 
attributed to a spin-forbidden transition to an upper state 
arising from the 'D state of the free ion (3T1 - IT2).' 

Crystal Structures of[emim],[MCl,] (M = Co or Ni).-The 
crystals of [emim],[MCl,] (M = Co or Ni) are isomorphous, 
and the data are presented in Tables 5-9. The individual atoms 
are given two labels: those derived from the systematic ring- 
numbering nomenclature of the compounds, and crystallo- 
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Table 5 Fractional atomic coordinates ( x  lo4, except H x lo3) for 
[emim], [CoCI,] with estimated standard deviations in parentheses 

Atom 
CO(l) 
c o w  
CK 1) 
CK2) 

C(1) cz 
C(2) c4 
C(3) c5 

N(I) N3 
N(2) N' 

C(4) NCH, 

C(6) CH2CH, 
H(l) H2 
H(2) H4 
H(3) H5 

C(5) CHZCH3 

X 

0 
5000 
1306.8(9) 
4230.9(8) 
2886(3) 
3266(3) 
3601(4) 
20 5 8(4) 
23 15(4) 
2960(5) 
38 16(6) 
4734(7) 
424 
144 
191 

Y 
5000 
5000 
4897.3(9) 
3907.4(9) 
6906(3) 
8036(3) 
73 13(4) 
740 l(4) 
81 1 l(4) 
6075(5) 
8751(7) 
8527(8) 
71 1 
727 
858 

Z 

2500 
0 
3 1 78.1(6) 
65 1.1(6) 

1009(2) 
326(2) 
670(2) 
878(3) 
450(3) 

1458(3) 
- 96(4) 
- 242(6) 

68 
105 
27 

Table 6 Intramolecular distances (nm) and angles (") for [emim],- 
[CoCl,] with estimated standard deviations in parentheses 

Co( 1 t C l (  1 ) 0.2275( 1) Co(2)-C1(2) 0.2275( 1) 
N( 1 )-C( 1 ) 0.1337(7) N( 1 W ( 2 )  0.1386(7) 

0.1 3 1 O(7) 
0.1 5 1 7( 1 0) 

C(2)-C( 3) 0.1355(8) C(5tC(6) 0.1364( 1 3) 

N( 1 FC(4) 0.1468(8) N(2tC(1) 
W F C ( 3 )  0.1370(7) N(2tC(5) 

Cl(ltCo(l)-Cl(l) 108.97(5) C1( 1 t C o (  1 )-Cl( 1) 109.72(4) 
C1(2tCo(2tC1(2) 112.18(4) C1(2)-Co(2)-C1(2) 108.13(4) 
C(l)-N( 1)-C(2) 109.3(4) C( 1 )-N( 1 )-C(4) 1 25.7(5) 
C(2)-N( 1)-C(4) 124.9(5) C(l)-N(2tC(3) 108.9(5) 
C(l)-N(2)-C(5) 127.7(5) C(3)-N(2)-C(5) 123.2(5) 
N(1)-C( 1)-N(2) 108.3(4) N(2 )-C(5)-C(6) 116.5(8) 

Table 7 H - - C1 contacts < 0.295 nm for [emim],[MCl,] 

M = C o  M = N i  
H( 1) * - * Cl(2) 0.259 0.256(7) 
H(2) * C1( 1) 0.277 0.284(6) 
H(3) - - C1( 1) 0.275 0.263(6) 

Table 8 
with estimated standard deviations in parentheses 

Fractional atomic coordinates ( x  lo4) for [emim],~iCl,] 

Atom 
Ni( 1) 
Ni(2) 
CK1) 
Cl(2) 

C(1) c2 
C(2) c4 
C(3) c5 

N(1) N3 
N(2) N' 

C(4) NCH, 
C(5) CH,CH3 
C(6) CH,CH, 
H(1) H2 
H(2) H4 
H(3) H5 

X 

0 
5000 
1294(1) 
4232(1) 
2876(4) 
3263(4) 
3598(4) 
2074(4) 
2312(5) 
2953( 6) 
38 13(7) 
4723(8) 
42 1 O ( 5  1) 
1497(38) 
19 18(4 1) 

Y 
5000 
5000 
4899( 1) 
3906( 1) 
6896(4) 
8048(4) 
7320(4) 
7406(5) 
8 122( 5) 
6060( 5) 
8753(9) 
85 50( 9) 
701 l(50) 
7242(39) 
8662(4 1) 

Z 

2500 
0 
3 176( 1) 
633(1) 

101 9(3) 
337(3) 
670(4) 
879(4) 
45 l(4) 

1467(5) 
- 83(5) 

-214(8) 
7 19(45) 

103 l(30) 
232(34) 

graphic labels in the form X ( n )  [e.g. H2 is equivalent to H(l)]. 
The parallel labels are defined in Tables 5 and 8. 

Short H Cl contacts are presented in Table 7. In a survey 
of neutron diffraction data, Taylor and Kennardlg have 
demonstrated, using the values of 0.12 and 0.175 nm for the van 
der Waals radii of hydrogen and chlorine atoms respectively, 
that a contact shorter than 0.295 nm reliably indicates the 
presence of a C-H C1 hydrogen bond. The local structure 
around a single cation is shown in Fig. 1. The shortest 

Table 9 
~ i C I , ]  with estimated standard deviations in parentheses 

Ni(l)-Cl(l) 0.2254(2) Ni(2tC1(2) 0.225 3( 2) 
0.1364(8) N( 1 tC(2 )  0.1369(9) 

0.1303(9) 
0.1503( 13) 

0.097(7) C(2tC(3) 0.1 350( 10) 
0.104(6) 

Intramolecular distances (nm) and angles (") of [emim],- 

N(1 F ( 1 )  
0.1470(10) N(2tC( 1) N(l)-C(4) 
0.1365(9) N(2t-C(5) W t C ( 3 )  

C(ltH(1) 
C(2tW2) 0.090( 5 )  C(3FW3) 
C(5tC(6) 0.134(2) 

108.66(7) 
113.73(6) 
117.0(10) 
106.7( 5) 
127.0(6) 
1 27.2( 6) 
1 15.0(50) 
108.1(6) 
1 28.0(40) 
12 1 .O( 30) 

109.88(6) 
107.38(6) 
108.8( 5) 
1 26.3( 6) 
1 09.7( 6) 
123.1(6) 
136.0(50) 
123.0(4O) 
106.7(6) 
132.0(30) 

Fig. 1 
Co or Ni) 

Local structure around a single cation in [emim],[MCl,] (M = 

contacts CH(1) Cl(2); H2 Cl] of 0.259 nm for the 
[CoC1,I2- salt and 0.256(7) nm for the ~ i C 1 4 1 2 -  salt indicate 
that a strong, discrete hydrogen bond is formed between the H2 
proton of the imidazolium ring and a chlorine atom of the 
anion. In addition, the contacts H(2) Cl(1) (H4 C1) and 
H(3) Cl(1) (H5 Cl) (0.263-0.284 nm) show that there are 
significant hydrogen-bonding interactions between the anions 
and the H4 and H5 protons of the imidazolium rings. 

In each of the structures, two crystallographically distinct 
anions are found, which hydrogen bond with either H2 protons 
(Fig. 2) or H4 and H5 (Fig. 3) protons of the imidazolium ring, 
but not both. Nevertheless, all of the chlorine atoms of the anion 
are involved in a complex three-dimensional hydrogen- bonding 
network. It is interesting to note that a hydrogen-bonded ring 
structure, reminiscent of that in 1 -ethyl-2,3-dimethylimidaz- 
olium chloride,20 is found (Fig. 4). 

It can be seen (Tables 6 and 9) that the [MC1412- (M = Co 
or Ni) anion is approximately tetrahedral with mean Co-Cl and 
Ni-Cl bond lengths of 0.2275(1) and 0.2254(2) nm respectively. 
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Fig. 2 Local structure around a single anion [M(2)] in [emim],[MCI,] (M = Co or Ni) 

Fig. 3 Local structure around a single anion [M(l)] in [emim]2[MC14] (M = Co or Ni) 

A survey of 14 crystal structures2' containing the [CoCl,]*- 
ion reveals that when it is claimed that the chlorine atom is 
hydrogen bonded to a cation, the mean C o x 1  bond length is 
0.2284(25) nm and that when no such interaction is claimed, the 
mean Co-Cl bond length is 0.2253(22) nm. Unfortunately, with 

the data sets currently available, these differences cannot be 
considered as statistically significant. Similarly, the paucity of 
crystallographic data in the literature for salts of the ~ i C l , ] * -  
ion 2 2  precludes a similar analysis for the [emim],[NiCl,] salt. 
However, the M-Cl bond lengths in our salts are significantly 
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Fig. 4 
or Ni) 

Hydrogen-bonded ring structure in [emim],[MCl,] (M = Co 

longer than the mean bond lengths in the corresponding tetra- 
methylammonium salts, of 0.2254( 14) and 0.2234(8) nm,," for 
which no hydrogen bonding is either claimed or expected. 

Conclusion 
The structures presented here clearly demonstrate that the 1- 
ethyl-3-methylimidazolium cation forms discrete hydrogen 
bonds with the [MC1,I2- ions (M = Co or Ni). The strongest 
interaction ( ie .  the shortest C-H C1 bond length) occurs at 
the H2 proton of the imidazolium ring; weaker, yet still 
significant, hydrogen bonds are formed at the H4 and H5 
protons of the ring. This observation, together with that of 
crystallographically distinct anions, bound to either the H2 or 
the H4 and H5 protons of the imidazolium ring, demonstrates 
that the salts cannot be described as a simple collection of ion 
pairs. All ring protons and all chlorine atoms of the anions are 
involved in an extended three-dimensional hydrogen-bonded 
network. 

From data now a ~ a i l a b l e , ~ * ~ . ~ . ~  it can be seen for the simple 
halide salts CemimlX (X = C1 or I) and the complex salts 
[emim], [MCl,] that hydrogen bonding makes an important 
contribution to the structure of the salt, whilst for the salts 
[emim],[UCl,] and [emim],[UO,Cl,], there is no hydrogen 
bonding present. Clearly the nature of the potential hydrogen- 
bond acceptor site is important in determining whether hydro- 
gen bonds will form. Combining this information with unpub- 
lished IR data on a number of transition-metal halide salts23 
has allowed this observation to be rationalized. If the charge 
density (p) of each halide atom within the complex ion is 
approximated to the square of the overall charge of the ion, z ,  
divided by the number of halide atoms in the complex, x, as in 
equation ( I ) ,  then if p 2 1, hydrogen bonds will form; if p < 1 
hydrogen bonds will not form. This rule leads to the prediction 
that hydrogen bonding is not likely in salts with a singly charged 
tetrahedral anion, such as [AlCl,] - . 

ZL p = -  
X 

The implications of these results are that hydrogen-bonding 
interactions are important in determining the structure of the 

[emirnlCl-AlCl, ionic liquids, in compositions with an excess of 
[emimlCl, but are unlikely in compositions containing an excess 
of aluminium(rr1) chloride. 
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