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Four ionic liquid (IL) salts containing the 1-butyl-2,3-dimethylimidazolium (BDMIM) and 1-allyl-2,3-dimethylimidazolium
(ADMIM) cations have been prepared; the characterization was based on IR spectroscopy and single-crystal structure
determination. The compounds BDMIM[HSQ,], BDMIMCI, ADMIMBE, and (BDMIM),[Fe"Cl,][Fe"'Cl,], were chosen
to incorporate anions significantly differing in hydrogen-bond-acceptor strength in order to elucidate the influence
of directional bonding on crystal packing. The cations adopt different arrangements with respect to the counterions.
The role of hydrogen bonding in these compounds is discussed with respect to its general significance for lattice
energies of IL salts.

1. Introduction investigation, the existence of hydrogen bonds can be

unambiguously inferred from the-€X and the approximate
-+« X distances together with the-H+--X angle. Recently,

he C-H---Cl hydrogen bond has been investigated by

statistical analysis of bond lengths and angles of several

hundred CSD crystal structures by Aakgret al? The

authors found the most frequent abundance eHz-Cl~

Since the importance of medium and weak hydrogen
bonding in extended molecular networks has been recognize
and rationalized in terms of topology, bond strength, and its
predictive value for crystal engineering, the geometry of the
D—H---A (D, donor; A, acceptor) arrangement has gained

importance over pure distance critetflt was Taylor and contacts at distances greater than the conventional van der

;Zr:ln?{)%\l\g]:n?trjit dsZovsvfrﬂgﬁ;%ﬁg@i;ﬁgg&?nSELQE:ESWaaIs cutoff. An equation relating the charge density on each
9 atom in the anion to the total charge of the ion has been

determined by neutron diffraction that-Ei---X contacts (X . o . )
= O or CI) below the sum of the van der Waals radii previously derivedit is given in eq 1:
are found much more frequently than—@---H and Z

C—H:-++C contact$. They also found the distribution of p=p=1 @)

C—H---X angles to be indicative of a high preference for The charge density] is approximated by the square of
directional bonding. Th i tribution to the hyd - p
rectiona’ bonding. 'he Main contribtfion fo the nydrogen the total charge of the ionzj) divided by the number of

bond energy is Coulombic interaction between the positive i . . . .
and negative partial charges on the hydrogen atom and the2toms () on V\.’h'Ch this char_ge IS delocahzed._Wlth.chl_o-_
acceptor atom, respectively. This contribution will be rometalate anions, substantial hydrogen bonding with imi-

especially strong for charge-assisted hydrogen bonds Which?aéonu.r? riIT 9 r;)ydrog??hatorr]n S haj be?[n .previoltlj sl)f[r:‘ounld
are present in ionic liquid (IL) salts. Although there appears 0 be virtually absent It the charge density 1S smalier than L.

to be no case in the literature where IL model compounds This appears to be equally true for the anions{BHPF7],

15 )
have been submitted to neutron diffraction for structural and [SbE’].> The ab0\_/e equz_mo_n, hoyvever, does nOt
generally hold for oxo-anions which is obvious by comparing
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published by Wilkes and Zaworotko in 1992nd BDMIM- chemical similarity with the first and most extensively studied
[HSQ4], prepared in the course of this work. chloroaluminates. From the latter class of compounds, no
With three hydrogen atoms bound to the imidazolium ring, example of a crystal structure has yet been reported.
two or three resolved absorption bands are observed withHowever, Elaiwi et al. have communicated the crystal
1-alkyl-3-methylimidazolium salts in the IR spectral region structure of EMIM[AIBr].# The influence of hydrogen
between 3000 and 3200 cfa These can be attributed to  bonding exerted by the imidazolium cation on the endo/exo
coupled aromatic €H stretching vibrations. Several authors ~selectivity of Diels-Alder reaction¥ and the rate of neutral
have inferred the existence of strong hydrogen bonds betweerallylic substitution$’ carried out in BMIM ionic liquids have
these hydrogens and basic counterions such as halides froniecently been reported. In this work, hydrogen bonding is
red shifts of the aromatie(C—H) absorption bands, as clearly shown to be the dominating force which determines
compared to spectra with weakly basic counterions such aspacking of the ions in the crystal lattices and by far exceeds
[AICI ;7] and [AIBr,7].4” The existence of hydrogen bonding the contributions of Coulombic and dispersive forces. The
in ionic liquid salts has been unambiguously established in structural evidence is supported by t{€—H) infrared shift
the crystal structures of all EMIMX salts (% Cl, Br, or 1)* criterion in all cases.
and the compounds [EMIMIMCI 4] and [M&EtIm];[MCl 4]
(M = Co or Ni)&9 All these compounds have melting points 2. Experimental Section

above 350 K. Nonetheless, hydrogen bonding céan also be 3 1 preparations BDMIMCI was obtained fromm-chlorobutane
identified in the crystal structure of EMIM[NQ® This and 1,2-dimethylimidazole (Aldrich 98%) as previously repo#ed.
compound has a reported melting point of only 311 K, but 1-Allyl-2,3-dimethylimidazolium bromide was synthesized from
three short contacts of the type discussed before are foundallyl bromide and 1,2-dimethylimidazole using the same procedure.
in the structure. The highly hygroscopic compounds were characterized by NMR
Additional evidence for hydrogen bonding in neat liquid and IR spectroscopy and elemental analysis. Colorless crystals
salts, and solutions of these in organic solvents, comes fromswtable for X-ray single-crystal diffraction were obtained from
investigations of NMR chemical shifts of the ring protons supersaturated solutions of the salts in dry acetone. The melting
where downfield shifts are indicative of hydrogen bonding. point was dete”lmn'ad tl?l be 1G8() °C. -
The situation in the liquid state is, however, complicated by an(rFB:\cA)L'\g) éﬁf(iidcéﬂ[ggl\zkﬂ)kl Vﬁ;;ﬁp;éecjmbi mn:)ll);l:]?atitge
concomitant ion pairing and-stacking of the aromatic rings, y ’

. ] . A of 4:2:1 and stirring at 50C for some time until a homogeneous
which causes an upfield shift for protons extending into the \ait had formed. The yellow-green, nonhygroscopic compound

shielding region of the neighboring catigh'! solidifies upon cooling to ambient temperature. The compound was

Suarez et al. claimed the existence ofld---F hydrogen characterized by IR spectroscopy and elemental analysis. Large
bonds in liquid BMIM[BF] and BMIM[PF] from observed single crystals suitable for X-ray single-crystal diffraction were
red shifts of the aromatic €H stretching bands in the IR obtained from the melt. The melting point was determined to be
spectra? This conclusion has been corroborated by Huang 38@1) °C.

et al. and Mele et al. in NMR studies of liquid EMIM[BF The preparation and properties of IL hydrogen sulfates have been
and has been attributed to the formation of C(R)--F previously describe#; a different preparative protocol was em-
bondsl3 .14 ployed in the present work. BDMIM[HS£) was prepared by

In this work. we demonstrate how hvdrogen bonding is reacting an equimolar mixture of sulfuric acid and silver sulfate in
’ ydrog 9 agueous solution with a stoichiometric amount of BDMIMCI. After

effective in three different IL compounds containing anions 12 h of stirring at ambient temperature, silver chloride was filtered

of substantially different hydrogen-bond-acceptor strength. fom the solution and water was removed under reduced pressure
IL chlorides and bromides have been used as solvents ingt 110°C. The remaining extremely viscous oil was recrystallized

some applications at rather high temperatures around 100rom MeCN/E$O (5:1) to yield colorless, slightly hygroscopic
°C. IL hydrogen sulfates and alkyl sulfates are currently crystals suitable for X-ray single-crystal diffraction. The compound
explored as alternative solvents to potentially corrosive fluoro was characterized by NMR and IR spectroscopy and elemental

anions!® IL chloroferrates are investigated due to their analysis. The melting point was determined to bet7§(°C.
2.2. Elemental Analysis and Melting Points.The analysis of

(6) Wilkes, J. S.; Zaworotko, MJ. Chem. Soc., Chem. Commu®92, the metal contents was done by atomic absorption spectroscopy
- 9|_6_5t- S Ot A Chem 1084 23, 4352 (AAS) using a Shimadzu 330 spectrometer. Carbon, hydrogen, and
ait, S.; Osteryoung, R. Anorg. Chem. , . ; : ;

(8) Abdul-Sada, A K.: Al-Juaid, S. Greenway, A. M.: Hitchcock, P. B.: nlt_rogen contents were determined by standard glemental ana!y3|s
Howells, M. J.: Seddon, K. R.: Welton, Struct. Chem199Q 1, using a CHNO-rapid analyzer (Heraeus). Chloride and bromide
391. contents were determined by titration using the Volhard method.

(9) Hitchcock, P. B.; Seddon, K. R.; Welton, J. Chem. Soc., Dalton ; ; ; iantifi
Trans. 1993 2630, The melting points were measured using a Stuart Scientific SMP3

(10) BonHde, P.; Dias, A.-P.; Papageorgiou, N.; Kalyanasundaram, K.; melting point apparatus.

Grézel, M. Inorg. Chem.1996 35, 1168. 2.3. Crystal Growth. Growing crystals of (BDMIM)[Fe'-
(11) Avent, A. G.; Chaloner, P. A.; Day, M. P.; Seddon, K. R.; Welton, T. Il i

3 Chem. Soc.. Dalton Tran$a94 3405, Cly][Fe"'Cly], from the melt was performed in Schlenk tubeslQ
(12) Suarez, S. E. P. A. Z.; Dullius, J. E. L.; de Souza, R. F.; Dupont, J.

J. Chim. Phys. Phys.-Chim. Bidl998 95, 1626. (15) Wasserscheid, P.; Sesing, M.; Korth, Bteen Chem2002 4, 134.
(13) Huang, J.-F.; Chen, P.-Y.; Sun, |.-W.; Wang, Slriérg. Chim. Acta (16) Aggarwal, A.; Lancaster, N. L.; Sethi, A. R.; Welton,Green Chem.
2001 320, 7. 2002 4 (5), 517.
(14) Mele, A.; Tran, C. D.; De Paoli Lacerda, S. Angew. Chem., Int. (17) Ross, J.; Xiao, lhem—Eur. J.2003 9 (20), 4900.
Ed. 2003 36, 4364. (18) Dzyuba, S. V.; Bartsch, R. Al. Heterocycl. Chen2001, 38, 265.
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cm in length and~1 cm in diameter) equipped with a septum
through which a wire ending in a loop with seed crystals was
immersed into the melt. The tubes were kept in a water bath
maintained~1 °C below the melting point. The crystals started
growing at the loop, where they were separated from the melt
typically after a couple of hours by slowly lifting the wire out of
the liquid.
2.4. NMR and IR SpectroscopyH NMR and*3C NMR spectra

were recorded at ambient temperature using a Varian Mercury 200 fy (g/mol)

spectrometer (200 MHz), with thé3C spectralH-decoupled.

Chemical shifts where measured with respect to external standard Trec (K)

tetramethylsilane (TMS).
IR spectra were recorded using a Nicolet FTIR spectrometer
(model Avatar). The samples were diluted with thoroughly dried

Table 1. Crystallographic Parameters for CompoumnédsV

| 1l ] v
space group Pbca P2i/n P2i1/n C2lc
a(pm) 1360.2(3)  838.0(2) 783.4(2) 4060.0(8)
b (pm) 1052.5(2) 1171.02) 1113.7(2)  788.0(2)
¢ (pm) 1733.6(3) 1076.0(2) 1789.3(2)  1849.0(4)
S (deg) 90.74(3) 90.71(3) 102.69(3)
V (A3) 2481.8(1) 1055.8(2) 1037.5(3) 5771.0(5)
8 4 4 4
249.31 188.69 217.99 1716.12
D (g/cr?) 1.334 1.187 1.390 1.975
213(1) 213(1) 295(3) 213(1)
Ri (F > 40(F))  0.054 0.064 0.045 0.054
WR; (all data) 0.145 0.176 0.125 0.181
GOF (F? 1.056 0.964 0.943 1.022

KBr and pressed into pellets or measured as liquids between KBr2848vS(C—H) aliphatic; 1586 (my«{C=C/C=N) ring: 1422 (m)

windows against a KBr background in the range from 600 to 4000
cm L,

2.4.1. 1-Butyl-2,3-dimethylimidazolium Chloride (BDMIMCI).

IH NMR (200 MHz, CDQCl; solvent, ppm vs TMS): 1.0t, C(11)-
Hs; 1.4 t/t, C(10)H; 1.8 t/t, C(9)H; 2.8 s, C(8)H; 4.0 s, C(7)H;
4.2 t, C(6)H; 7.55 d, C(4)H; 7.9 d, C(5)H.

13C NMR: 10.0, C(8); 14.0, C(11); 20.0, C(10); 33.0, C(9); 36.0,
C(7); 49.0, C(6); 122.0, C(4); 124.0, C(5); 145.8, C(2).

IR (600—4000 cn1?, KBr pellets): 3162, 3036, 3014 aromatic
v(C—H); 2964-2860 aliphaticvs(C—H); 1586 (s)v{(C=C/C=N)
ring; 1420 (m)»(C—H) Me; 1338 (w)d.{C—H) Me; 1244 (w)
0adC—H) ring; 1188vsring; 1115 (m), 1057 (w(C—H) in-plane
ring; 822 (m)d(C—H) in-plane; 758 (m),sout-of-plane ring; 669
Oas ring.

Elemental analysis. C: calcd, 57.3%; found, 57.3%. H: calcd,
9.0%; found, 9.2%. N: calcd, 14.8%; found, 14.1%.

2.4.2. 1-Allyl-2,3-dimethylimidazolium Bromide (ADMIMBY).
1H NMR (500 MHz, CDCl; solvent, ppm vs TMS): 2.58 s, C(8)-
Hs; 3.79 s, C(7)H; 4.95 d/t, C(6)H; 5.28 d/m, C(10)H-E; 5.38
d/m, C(10)H-Z; 5.98 m, C(9)H; 7.61 d, C(4)H; 7.73 d, C(5)H.

13C NMR: 11.08, C(8); 27.69, C(6); 36.30, C(7); 120.65, C(9);
121.77, C(4); 123.22, C(5); 130.4, C(10); 144.66, C(2).

IR (600-4000 cnt?, KBr pellets): 3169 (w), 3106 (m), 3056
(3014) (s),v(C—H) aromatic/allyl; 2929-2860v{C—H) aliphatic;
1587 (s)v(C=C/C=N) ring/allyl; 1411 v(C—H) Me; 1344 (w)
0.{C—H) Me; 1253 (S)da{C—H) ring; 1170vs ring; 1102 (m)
0(C—H) in-plane ring; 809 (sP(C—H) in-plane; 762 (m),sout-
of-plane ring; 67%),s ring.

Elemental analysis. C: calcd, 43.5%; found, 43.2%. H: calcd,
5.9%; found, 6.2%. N: calcd, 12.7%; found, 12.2%.

2.4.3. 1-Butyl-2,3-dimethylimidazolium Hydrogen Sulfate
(BDMIM [HSO 4]). *H NMR (200 MHz, CQCl; solvent, ppm vs
TMS): 1.0t, C(11)H; 1.4 t/t, C(10)H; 1.8 t/t, C(9)H; 2.6 s, C(8)-
Hs; 3.9 s, C(7)H; 4.1t, C(6)H; 7.3 d, C(4)H; 7.5 d, C(5)H; 10.1
s, HSQ™.

13C NMR: 10.0, C(8); 14.0, C(11); 20.0, C(10); 32.0, C(9); 36.0,
C(7); 49.0, C(6); 122.0, C(4); 124.0, C(5); 144.0, C(2).

IR (600-4000 cn1?, KBr pellets): 3135 (s), 3107 (s), 3061 (s),
3040 (s)v(C—H) aromatic; 2966-2870v{C—H) aliphatic;~2550
(broad) v([HSO,12); 1589 (s) v(C=C/C=N) ring; 1421 (m)
v(C—H) Me; 1236 (W)da{C—H) ring; 1167 (s)vsring; 1115 (m),
1062 (w) 6(C—H) in-plane ring; 849 (sp(C—H) in-plane; 775
(m) a5 out-of-plane ring; 671, ring; 583 v3(SO2).

Elemental analysis. C: calcd, 43.4%; found 42.9%. H: calcd,
6.8%; found, 7.0%. N: calcd, 11.2%; found, 11.0%.

2.4.4. 1-Butyl-2,3-dimethylimidazolium Chloroferrate(ll,!11)
((BDMIM) 4Fe'' Cly][Fe" Cly],). IR (600-4000 cnt?, KBr pel-
lets): 3169 (w), 3129/3109 (s), 3078 (w()C—H) aromatic; 2966

»(C—H) Me; 1239 (M)dadC—H) ring; 1139 (M), 1105 (w)(C—H)
in-plane ring; 757 (sPas out-of-plane ring; 674 ring.

Elemental analysis. C: calcd, 35.8%; found, 35.5%. H: calcd,
5.6%; found, 6.8%. N: calcd, 9.3%; found, 8.8%.

2.5. X-ray Structure Determinations. Single-crystal diffraction
was performed on a Bruker diffractometer equipped with a graphite
monochromator, a Smart-Apex CCD detector (Siemens), and Mo
Ko radiation. A complete hemisphere was generally recorded in
600, 435, and 230 frames at angles of 0, 90, and 180
respectively. Indexing was done using the program SMART, and
frame integration and data reduction were done using the SAINT-
PLUS suite. Absorption correction was performed using the
program SADABS (all Bruker AXS). Sample crystals were filled
into glass capillaries and sealed under argon atmosphere. Recording
temperatures and crystallographic parameters for compduitiys
are summarized in Table 1. Details of the structure determinations
may be obtained from the Cambridge Crystallographic Database
by quoting the depository numbers 221 798 (BDMIM[H$O
221756 (BDMIMCI), 221755 (ADMIMBr), and 221757
((BDMIM g)[Fe(Il)Clg][Fe(ll)Cl 4] ).

3. Results and Discussion

Compound! (BDMIM[HSO,]) crystallizes in the ortho-
rhombic space groupbcawith eight formula units per unit
cell. The structure is built from double slices extending in
the (100) plane, with orientations of the imidazolium cations
alternating along thea axis such that it results in an
antiparallel arrangement of butyl chains (Figure 1). The
shortest contacts between the butyl chains are 390 pm
(C(11)-C(6)) and 417 pm (C(9C(10)).

Two [HSO,] ions, related by an inversion center, are
connected by two short hydrogen bonds (261 pm) to form
dimers with a cyclic [H-O—S—0-:-H—0—S—-0---] charge-
assisted hydrogen-bond arrangement. These dimers are also
found along with hydrogen-bonded chains (HS) in the
structure of KHSQ (do-o = 262 pm)!®2° In addition,
hydrogen bonding is also found between the HS@imer
and the two aromatic hydrogen atoms of the imidazolium
ring (Figure 2). The doneracceptor distances are 336 pm
(C(5)—0(5)) and 323 pm (C(4)0O(3)), which results in
H---O distances of 241 pm (H(3)O(3)) and 245 pm
(H(5):--O(5)) for the idealized hydrogen positions. Both

(19) Cotton, F. H.; Frenz, B. A.; Hunter, D. |Acta Crystallogr.1975
B31, 302.
(20) Payan, F.; Haser, Rcta Crystallogr.1976 B32 1875.
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Figure 1. View into the crystal structure of BDMIM[HSg) along theb

axis. [HSQ] ions are shown as tetrahedra; the mode of dimer intercon-
nection is indicated with dotted lines. All hydrogen atoms have been omitted
for clarity.

Figure 2. Surroundings of the [HS©], dimer in the structure of BDMIM-
[HSO4] with hydrogen bonds to the cations marked as dotted lines. All
hydrogen atoms not involved in hydrogen bonding have been omitted for
clarity.

contacts are well within the sum of the van der Waals radii
(ru + ro = 270 pm); also, the EH—0 angles of 147
(C(4)-H(4)—0(3)) and 166 (C(5)—H(5)—0O(5)) are indica-
tive of strongly directional rather than purely electrostatic
interaction.

2806 Inorganic Chemistry, Vol. 43, No. 9, 2004
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Figure 3. View into the crystal structure of BDMIMCI along the (101)
direction. Chains of cations connected by chloride ions through hydrogen
bonds run along the view direction. All hydrogen atoms have been omitted
for clarity.

The IR spectrum of also corroborates the presence of
strong hydrogen bonds. Apart from a broad absorption with
a maximum at~2550 cnt?, originating from the [HSQ']
dimer, the two principal bands due to H(4) and H(5) are
split into double bands with maxima at 3135/3107 ¢mnd
3061/3040 cm?t, respectively. These bands are shifted to
lower wavenumbers by~100 cnt! with respect to the
compound BDMIM[BF].

The single-crystal diffraction data ¢f (BDMIMCI) was
sucessfully solved and refined with a monoclinic cell
containing four formula units and space groBp/n. The
structure is most conveniently described as being of the
double-layer type with ring planes of the cations extending
parallel to the (10)Lplane and the butyl chains stacked in
an antiparallel arrangement perpendicular to this plane
(Figure 3). The chloride ions are arranged in rows along the
(101) direction, connecting the cations to form infinite
hydrogen-bonded double chains. Each chloride is bound to
two hydrogen atoms with (idealized)-+ClI---H angles of
157 and 168 respectively, as shown in Figure 4a. Polariza-
tion by the chloride may cause deviations in the actual
positions of the protons which cannot be accurately deter-
mined from the corresponding difference electron density
maps.

A striking feature of the structure is shown in both Figures
3 and 4b. The ring planes are stacked pairwise alongpthe
axis, with an interplanar distance of only 335 pm even though
chlorides arenotinterconnecting cations of adjacent layers.
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Figure 4. (a) Hydrogen-bonded double chain in the structure of BDMIMCI. Chloride ions are shown as gray spheres. All hydrogen atoms not participating
in hydrogen bonding are omitted for clarity. (b) Stacking of the aromatic rings with an interplanar distance of 335 pm.

of twice the van der Waals radius of carbon. IR absorption
bands of the aromatic hydrogens are found at 3036 and 3015
cm%; that is, the red shift by more than 150 wavenumbers
with respect to that of the reference compound BDMIM-
[BF4] is more pronounced than it is for

The same packing mode is observed in the structure of
[l (ADMIMBY), which possesses an allyl instead of a butyl
chain at the imidazolium ring. The interplanar distance of
the cation dimers is 345 pm, slightly larger than thatlin

Crystals oflV (BDMIM chloroferrate(ll,IIl)) have been
obtained from the melt using the experimental setup de-
scribed above. Most of them are obtained as very brittle
yellow rods and can be grown several centimeters in length
under favorable conditions. Diffraction data were recorded
at 213 K and at ambient temperature. The monoclinic cell
found from indexing single crystals has a volume of 5771
A3, contains four formula units, and corresponds to space
group C2/c. Most non-hydrogen atoms were located by
difference Fourier synthesis. In two regions of the structure,
however, the occurrence of disordered sites was evident. The
first type of disorder is associated with the chloro-
ferrate(lll) ion and could be resolved at both 213 and
295 K.

Figure 5. Surroundings of the [Fe@'] ion in (BDMIM) J[Fe/ Cli[Fe!"- The second type of disorder is associated with the butyl

Cl4]2. All hydrogens not involved in hydrogen bonding are omitted for . . .

clarity. chain of one of the two crystallographically independent
cations. This disorder has been resolved and corresponds to

three different orientations of the chain at 213 K and also

The molecular dipoles in the direction of the ring plane are . . ) .
P gp three orientations at 295 K, respectively. The region of butyl

arranged in an antiparallel orientation. The structure could oo , i
thus be regarded as being composed of ion-pair dimers Ofcha|n disorder can be located .from F|gure 6ina Iayer of 'Fhe
crystal chemical formula [ImGh],. Stacking of this type has strqcture where _only one orlentat|o_n of th(_a chains _W|th
apparently been observed before in the structure of EMIMCI a_nt|parallel stz_;lckmg is shown_. A sectlo_n _of this layer Wlth a
H,O by Welton but the structural data was not published. VIEW Perpendicular to the axis, comprising three cations
The authors also found evidence for the existence of tightly With different orientations of the butyl chain, is shown in
hydrogen-bonded, quasi-molecular EMIMX species %X Figure 7 for the low and ambient temperature structure.
halide) from NMR spectra and conductivity measurements  The crystal structure can be rationalized from Figure 6 as
of EMIM halide solutions in organic solvents. In these being built from triple layers (bab) The chloroferrate(ll)
solutions, the cations showstacking interactions similar ~ ion is involved in hydrogen bonding tall cations with

to those observed in the crystal structure in Figure 3. The (idealized) H--Cl distances of 271, 279, and 282 pm, as
strongly polarizing chloride ions obviously induce a shift of depicted in Figure 5. The [F€I,>7] ions are at the center
positive charge toward the aromatic hydrogens, thereby of hydrogen-bonded sheets extending in the (001) plane. One
reducing the positive partial charges on the other atoms of of the imidazolium ring planes, of which both hydrogen
the ring. The Coulombic repulsion between the cation is thus atoms are found to be involved in hydrogen bonding, is found
reduced, and the ring planes approach each other to a distanceith orientation parallel to this plane. Only one hydrogen

Inorganic Chemistry, Vol. 43, No. 9, 2004 2807
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be supposed to exist in a semimolten state and somewhat
schematically described as being composed of BDMIMFFe
Clg], which is liquid down to low temperatures, and
(BDMIM) 5[F€e'Cly4], which is a solid at ambient temperature
(mp 334(1) K).

The IR spectrum of the compound is in accordance with
those reported by Hitchcock et al., who distinguished three
aromatic C-H vibrational bands in EMIMCoCl,] and
EMIM[NiCl,4]. Four aromatic C-H stretching vibrations of
very different intensity are found at 3169 (w), 3129 (s), 3109
(s), and 3094 (w) cnt in the present compound. The red
shift caused by hydrogen bonding, although much smaller
than it is for the chloride compound, is evident as compared
to the absorption bands observed in the vibrational spectrum
of BDMIM[BF 4.5 The spectrum is distinctly different from
liqguid BDMIM[Fe'" Cl4] which shows one strong absorption
at 3145 cm? and two weak absorptions at 3176 and 3085

cmtin the region of aromatic €H stretching vibrations.
Figure 6. The structure of butyldimethylimidazolium chloroferrate(ll,lIl)
viewed along theb axis. Triple layers with the sequence BDMIM[Ke 4. Conclusion
Clg)/(BDMIM) 5[F€'Cls)/BDMIM[Fe" Cly] can be distinguished, with '
[Fe'CL2"] shown as light gray tetrahedra and @, ] shown as dark The three compounds discussed in this work elucidate the
gray tetrahedra. Only one of three orientations of the butyl chains is shown . _ . .
in the region between the triple layers. influence of C-H---X (X = O or CI) hydrogen bonding in
low temperature ionic liquid crystals. The topology of these

) ) ) bonds with respect to their contribution to lattice energies
bond is found with the second cation, namely, the one that (reflected in the melting points) can be located in all

has its ring plane oriented roughly perpendicular to the (001) gy ctures and largely correlated with the acceptor strength
direction. . ~ of the anions. However, simple correlations between melting

The voids between the ring planes of the second cation points, the charge density of the anions, and the number of
are occupied by [FéCl,] ions, whereas the disordered butyl  c_...x contacts cannot be devised. This is evident from
chains extend to the margin of two adjacent triple layers. tne structures of EMIM[NG], including three short
The pronounced anisotropy perpendicular to these triple cH...0 contacts per formula unit, mp 311 K, and BDMIM-
layers, in terms of the molecular packing as well as the [HSOy], with two short CH--O contacts per formula unit,
intermolecular forces, translates into the properties of the mp 351 K. The formal charge density on the oxygen atoms
material. There is successively weaker intralayer bonding js the same for both anions, and no significant hydrogen
from the hydrogen-bonded region through the largely Cou- ponding with the cations is expected for either case, applying
lombic [Fe"'Cl,"] region to the van der Waals layer of the g 1. The trend is similar for the respective chloride salts
butyl chains. The low melting point 311 K can be correlated containing much stronger hydrogen bonds, with the differ-
with the regions of the low binding energy. Efficient packing ence in melting points, however, being only 16 K (EMIMCI
of the butyl chainsbetweenthe triple layers is obviously  meits at 357 K and BDMIMCI at 373 K). The higher melting
inhibited, as indicated by the pronounced disorder. The points of the BDMIM salts in the previous two examples
orientation of the outer cation is determined from its cannot be solely attributed to the cation, since the order is
participation in strong hydrogen bonding to the '[E&*"] reversed in the respective hexafluorophosphate salts, with
ion, which obviously precludes and energetically outweighs EMIM[PF¢] melting at 331 K and BDMIM[PF] at 313 K.
efficient packing of its butyl chains. The point is stressed consequently, thermodynamic properties of ionic liquids are
with reference to a series of very low melting IL compounds strongly dependent on the degreenaditual fitof the cation
with the BDMIM cation and fluoro anions, where disorder gnd the anion, in terms of size, geometry, and charge
of the butyl chains has never been observ@€dnsequently, gistribution. Strong hydrogen bonding in BDMIMCI to some
van der Waals bonding in those compounds is comparatively extent compensates for the Coulombic repulsion between
strong, whereas it is rather weak as compared to the case Oftacked, coplanar aromatic cations such that they approach
hydrogen bonds in the present case. each other to a distance of 335 pm. This is below the

The crystals oflV are very brittle, in accord with a interplanar distance 340 pm observed in soligHECsFs,
sheetlike structure. Moreover, rapid cooling of the melt \where ther—x interaction is strongly attractiv.lon pairing
results in a polycrystalline material, which shows texture gnd formation of ion-pair dimers is usually observed in
reminiscent of liquid crystalline (LC) mesophases. The nature spjutions of IL salts in solvents of medium polarity like
of this texture has not been investigated in detail, but LC dichloromethane. The packing scheme of the ioni$ iand

behavior of long-chain imidazolium hexafluorophosphates ||| s reminiscent of such quasi-molecular building blocks.
at higher temperatures has been attributed to melting of the

alkyl-chain sublattice. The present compound could indeed (21) Overell, J. S.; Pawley, G. ®cta Crystallogr.1982 B38, 1966.
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Figure 7. Section of the structure of butyldimethylimidazolium chloroferrate(ll,lll) showing the disordered butyl chains at 213 K (left) and 298 K (right).
Each of the three crystallographically equivalent cations is shown with a different conformation of the butyl chain. The site occupation feetdisder
conformations have been refined.

The strong hydrogen bonds with chloride and bromide units. If present, hydrogen bonding is by far the most
constitute a special case as compared to those of otheimportant contribution to the lattice energy in IL compounds.
hydrogen-bond-acceptor ions. Mixing of appropriate constituents in tailor-made ionic
Experiments reported by Seddon et al. demonstrated aliquids could involve hydrogen-bonding species (if these are
large increase in the viscosity of various ionic liquid melts desirable for a certain application) and non-hydrogen-bonding
containing the BMIM cation upon addition of small quantities species in order to lower the melting point of the mixture.
of chloride?? Investigations of analogous compounds con- Furthermore, the chloroferrate example might suggest a
taining the even stronger hydrogen-bond acceptor, fluoride, guideline for designing the propertiesarisotropicmaterials
should be a worthwhile issue in this respect. Although eq 1 by combining tight binding molecular components (hydrogen-
clearly does not hold for oxo-anion acceptors ([¢€Onight bond-donor/acceptor pairs) with considerably weaker Cou-
be an exception), its validation for chlorometalates is strongly lombic and dispersive interactions. If the constituents of those
supported by the structure of BDMIM chloroferrate(ll,lll). materials are ions rather than molecules, largely employed
The compound may be regarded as a true intermediatein crystal engineering, properties such as ionic conductivity
between liquid and solid IL salts, highlighting some of the and possibly even intercalation of guest molecules could be
features that superficially govern lattice energy. The effect selectively addressed.
of one hydrogen bond in the central part of the constituent ] ) )
triple layer energetically outperforms the disfavorable effect _ Acknowledgment. The financial support provided by the
on alkyl packing at the periphery. The exceptional energetic Fonds der Chemischen Industrie is gratefully acknowledged.
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and dispersive forces is reflected in the sheet structurej, cir format for the structure determinations of BDMIM[HgO

comprising alterna.ting layers of strongly interconnected gpmimcl, ADMIMBr, and (BDMIM 4)[F€'Cl[Fe" Cly],. This
BDMIM j[Fe'Cly] units and weakly bound BDMIM[P&CI,] material is available free of charge via the Internet at http://
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