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Dibenzylimidazolium Halides: From Complex Molecular Network in Solid State to Simple

Dimer in Solution and in Gas Phase
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1,3-Dibenzylimidazolium bromide has been synthesized and the nature of the interactions between cations
and anions has been studied in the solid state, in solution and in the gas phase. The cohesion of the crystal
is ensured by a combination of hydrogen bonds, and aromatic stacking interactions. In solution and in the gas
phase, the supramolecular structural organization due to T-stacking is maintained to a great extent.

Introduction

Over the last years, organic chemists in academia and industry
have been excited about the prospect of a new green chemical
revolution based on ionic liquids (ILs) that could dramatically
reduce the use of hazardous and polluting organic solvents.!-?
ILs are defined as special “molten salts” with melting points
below 100 °C. Although these compounds have been known
since the end of the 19th century, it was only at the beginning
of the 1990s that this class of fluids entered the chemistry scene,
in particular 1,3-dialkylimidazolium halides that constitute one
of the most popular and best studied classes of ILs.? ILs are
generally used as solvents in organic synthesis and organome-
tallic catalysis, enzymatic catalysis, separation processes,
nanochemistry, electrochemistry and as new materials.?

Much of the interest in imidazolium salts is due to their unique
physicochemical properties.* In fact, they differ significantly
from “classical” dipolar organic solvents. Recent studies have
demonstrated that pure 1,3-disubstituted imidazolium ILs are
better described as hydrogen-bonded polymeric supramolecules.’
This illustrates the importance of studying the structures and
interactions developped in imidazolium-based ILs for both
fundamental and practical applications. Supramolecular orga-
nization is a general trend for imidazolium-based ILs in the solid
phase and is proposed to be maintained to a great extent in the
liquid or gas phase.’ Imidazolium-based ILs possess preorga-
nized structures mainly through hydrogen bonds that induce
structural directionality contrary to classical salts in which the
aggregates are mainly formed through ionic bonds (charge-
ordering structure).’> Further supramolecular interactions devel-
oped in imidazolium-based ILs are s-stacking interactions,
aliphatic interactions and dipolarizability/polarizability.® The
dilution of these fluids occurs with a partial disruption of the
hydrogen bonding network and generates supramolecular float-
ing aggregates of the type {[(1)x(X)xn]" T [(Di—n(X):]""} A =
imidazolium cation, X = anion).> Moreover, the mixture with
other compounds (a solvent for example) can be considered to
yield nanostructured materials. The existence of a critical
aggregation concentration (CAC) for imidazolium-based ILs has
been investigated in water and in organic solvent using several
experimental techniques, such as measurement of surface tension
or conductivity, small angle neutron scattering, mass spectros-
copy, calorimetry, potentiometry and NMR spectroscopy.’®
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Figure 1. Structure of dibenzylimidazolium halides (X~ = CI~, Br™,
).

Knowledge of the intimate nature, type and strength of non-
bonding interactions in these supramolecular assemblies is
therefore fundamental to understand the very unique properties
of ILs. Recently, the use of UV spectrophotometry demonstrated
that the aggregation process in water, occurs in the following
order: (i) the formation of a floating hydrogen bonded network
between hydrated imidazolium cations; (ii) interaction between
anions and imidazoliums cations; and (iii) st-stacking interaction
of imidazolium rings to form a IL quasi-structure.® On the basis
of this study, the s-stacking interactions seem to be a lesser
importance than hydrogen bonds in the aggregation process.®

ILs with halide anions are water-soluble and capable of self-
assembly in polar solutions. We report here the use of N,N-
dibenzyl substituents on the imidazolium ring to generate highly
complex structures with potential new and interesting properties.
These dibenzylimidazolium halide ILs present an increased
cohesion in the solid state (X-ray diffraction analysis) and self-
assemble by aromatic T-stacking of the imidazolium salts in
polar and nonpolar solutions (‘H NMR and HRMS) (Figure 1).

Results and Discussion

Design and Synthesis. Molecular networks in the solid state,
i.e., infinite molecular assemblies possessing translational sym-
metry, have attracted considerable interest over the last years.
The design of such molecular architectures may be based on
concepts developed in the area of molecular tectonics.? For the
design of molecular networks, the guiding concepts are (i)
molecular recognition processes between complementary tectons
leading to assembling cores; (ii) translation of the assembling
cores into one, two or three directions of space leading thus
the formation of 1-, 2- or 3-D molecular networks respectively.!”
In other words, the assembling cores which correspond to
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Figure 2. (a) Three T-stacking and H-bond donors of an imidazolium
ring and their directionality. (b) m-Stacking.

(b)

Figure 3. Schematic representation of the 2-D network form via
stacking interactions between dibenzylimidazolium bromide salts.

recognition patterns become structural nodes of the network
upon translation. This second requirement imposes that all
tectons engaged in the formation of the network must possess
interaction sites oriented in a divergent fashion. It is worth noting
that the assembled system is the most stable situation under
given conditions (temperature, pressure, concentration, solvent,
etc.). The recognition event may be set up through a variety of
reversible attractive intermolecular interactions such as van der
Waals, electrostatic, s7-stacking or H-bonding. The imidazolium
cation can be considered as a tecton because it is a three H-bond
donor, bearing three acid protons localized on the imidazolium
ring, oriented in a divergent fashion. In 3D, 7z-stacking can also
occur (Figure 2).

An overview of the X-ray studies reported in the last years
on the structure of 1,3-dialkylimidazolium salts'! reveals a
typical trend: in the solid state they form an extended network
of cations and anions connected together by hydrogen bonds.
The unimeric unit is always constituted of one imidazolium
cation surrounded by at least three anions, and each anion is
surrounded by at least three imidazolium cations.'> The strongest
hydrogen bond always involves the most acidic H, (pK, = 23.0
for the 1,3-dimethylimidazolium cation)!3 followed by Hy and
Hs of the imidazolium ring. These hydrogen bonds are weak to
moderate (H+++X bond lengths > 2.2 A; C—H---X bond angles
between 100—180°).14 The number of anions that surround the
cation (and vice-versa) vary according to the anion size and
the nature of the N-imidazolium substituents.

Herein, we designed imidazolium salts to maximize the
stacking interaction by the introduction of benzyl groups on
the imidazolium moiety. With this methodology, we impose
additional 7z-stacking interactions between the electron-rich and
electron-poor rings. Principally, two geometries can be obtained
by the stacking of similar or different aromatics rings. Figure
3a shows the classical aromatic face-to-face stacking interaction
and Figure 3b illustrates aromatic stacking (T or ), described
as the partially positively charged hydrogen atom of one
aromatic system that points perpendicular to the center of the
aromatic plane of the other aromatic system.!>

The synthesis of the salts are extremely simple and are
prepared according to previously reported procedures.!® The
substitution on (bromomethyl)benzene by 1-benzylimidazole is
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TABLE 1: Distances (A) and Angles (deg) of Y—H---X
Hydrogen Bonds in Dibenzylimidazolium Bromide

symmetry operators
Ye*H He*X Y+ X Y—H-*-X for X

Cy—Hy-++0p  0.95(0) 2.78(5) 3.61(3)  146(2)
Ci—Hy++0p  0.95(0) 2.299) 3.17(2) 152(5) 2—x, 1 —y, —2
Op—Hja-++Bre 0.90(5) 248(2) 3354) 1619) x.% —y, 'h+z
Oy—Hyp---Br¢ 1.03(0) 2.39(7) 3.40(8) 166(9) x. y.z

x3h =y, h+z

@ Symmetry operators: Oy, x, 3> — y, 'o + z; Hia, x, 3% — v, '/
+zHp xh—y h+te

realized in a dry flask under positive nitrogen pressure in toluene.
The reaction proceeds in 95% yield. The halide salts are air
stable.

Solid State Analysis. Crystallization of the bromide imida-
zolium synthesized here was carried out efficiently from hot
water. Aqueous solution of the imidazolium salt (33 wt %) was
heated until homogenization and then left at room temperature.
Relatively big crystals (3.2 x 3.0 x 1.0 mm) suitable for X-ray
analysis were obtained. The single crystals crystallized in a
monoclinic system with a P2/c space group. It is worth
mentioning that for this imidazolium salt water molecules are
present in the lattice implying that the cohesion of the crystal
is ensured not only by the two ions (see Figures S1 and S2 in
Supporting Information).

The crystal structure reveals an atypical organization com-
pared to previously observed for other ILs, i.e., an extended
3-D network of cations and anions connected together by
hydrogen bonds.!! In the present system, the hydrogen bond
network is formed via water molecules between the cations and
the anions. Each imidazolium is surrounded closely to two water
molecules each one connected with two anions (see Figure S3
in Supporting Information). Very weak to moderate hydrogen
bonds (H+++X > 2.2 A; Y—H---X between 140 and 170°) take
place in the crystal (Table 1).

Typically, the distances observed are within van der Waals
distance thus more than Coulombic interactions are clearly
present. It is important to notice that the hydrogen bond between
the proton-donor group C—H, and a proton-acceptor oxygen
atom of a water molecule is very weak (C—H+-+X > 2.78 10%;
C—H-++-X = 146°). In this crystalline structure, the hydrogen
bonds seem unusual: (i) the protons of the imidazolium ring
are not connecting directly with the anions but via weak
interaction with water molecules (H,*++Oy and Hy*++Oy), and
(ii) the Hy proton forms a weak hydrogen bond with a water
molecule (Hs+++Oy). In the previously reported crystalline
structures, even for noncoordinating and nonsymmetrical anions,
such as triflate, weak to moderate interactions were observed
between the cations and the anions, especially for the most acidic
proton.!”

We can partially describe our 2D structure by the formation
of chains of water molecules and bromide ions by hydrogen
bonds (Figure 4). The distance between two adjacent phenyl
rings is 3.68(5) A and the orbital overlap is quasi-inexistent.
However, the distance between an imidazolium (7z-deficient)
and a phenyl ring (7z-rich) is approximately 3.4 A, indicative
of a strong z-stacking interaction between the two rings. As in
classical stacking, the two rings are not totally parallel, to obtain
better orbital overlapping without steric hindrance.

Another important stacking interaction was observed in the
crystalline structure: T-stacking occurs between the Hs proton
(a partially positively charged hydrogen atom) and the phenyl
ring. In fact, the Hs proton points perpendicularly to the center
of the phenyl plane (the distance is approximately 2.75 A)
(Figure 4).
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Figure 4. Network and dimer in [1][Br] (Hs in green, H-bonds in blue and T-stacking in red). (Another view is shown in S4, Supporting Information.)
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Figure 5. '"H NMR spectra in CDCl; at 25 °C of (a) 60 mM [1][CI]; (b) 30 mM [1][Cl]; (¢) 60 mM [1][Br]; (d) 30 mM [1][Br]; (¢) 60 mM [1][I];

(f) 30 mM [1][I].

Indeed, the 3D arrangement of the molecules in the crystal
structure is formed by two 2D networks, the first network being
composed by the bromide anions via water molecules and the
second one occurring by T-stacking between the imidazolium
and the phenyl rings. The principal interaction (the T-stacking)
governs the formation of a dimer, included in the bromide/water
network (Figure 4). Hydrogen bonds and aromatic stacking
interactions play the key role in the assembly of this ordered
structure.

Solution Analysis. The self-assembly of the imidazolium salts
in a dimeric structure, observed in the solid state, was also
observed in solution. In fact, we observed changes in '"H NMR
chemical shifts that were dependent on the concentration of the
imidazolium salt (Figure 5).

Different observations were done for the 'H NMR study of
bromide, chloride and the iodide salts (Figure 5) in D,O or
CDCl;. (i) First, 'H NMR chemical shifts in CDCl; vary for
H,, depending on the anion (the H, proton exchange at
approximately 90% with deuterium in D,O solution, see Figure

TABLE 2: Dimerization Constant (Kgi,, M™!) and 'TH NMR
Chemical Shifs (ppm) in D,O (Hg) and CDCl; (H;) Solution
for Dibenzylimidazolium Halide®

D,O CDCl;
anion 6free édimer Kdim (Mi]) 6free 6dimer Kdim (Mi])
[CI"] 5.51 533 640 1270 1091 500
[Bri] 5.63 5.30 790 12.45  10.36 700
[I7] 12.00 10.14 2100

@ Calculated using eq 1 with '"H NMR parameters; O measured
at 0.1 mM; Ogimer measured at 120 mM.

5 and Table 2). H; shifts to high field values for chloride,
bromide and iodide anion. We can reasonably deduce that the
force of hydrogen bonds between the cation and the anion
decrease following the order: [CI7] > [Br~] > [I7] (i.e., the
acidity, Table 2). (ii) Second, the 'H NMR chemical shifts
are concentration-dependent. It is the case for the most acidic
protons (H,), for the aromatics (Hys), for the methylene
protons (He) and for the phenyl ring (the values are reported
in Table 2).
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Figure 6. Binding isotherms for the H» of imidazolium in CDCl; (red)
and for Hg of the benzyl substituant in D,O (black) of [1][Br]. The
solid lines show the best fitted curve for a 1:1 dimerization process.

(i) Variation of the Halide. The '"H NMR spectra of the
imidazolium salts at submillimolar concentrations in D,O or
CDClI; (0.1 mM at 298 K) is consistent with a noninteracting
species.'® In a 60 mM solution, the signals for H, protons shifted
from 6 12.70 to 10.91 ppm for the chloride salt, from 0 12.45
to 10.36 ppm for the bromide salt and from ¢ 12.00 to 10.14
ppm for the iodide salt in CDCIl;. The signals for Hg protons
shifted from 0 5.51 to 5.33 ppm for the chloride salt and from
5.63 to 5.30 ppm for the bromide salt in D,0O. These concentra-
tion-dependent shifts are indicative of an intermolecular interac-
tion that is more pronounced in more concentrated solutions.
Because addition of NaCl, NaBr or Nal to a diluted solution of
chloride, bromide and iodide imidazolium salts (0.5 mM) did
not induce any 'H NMR chemical shift variation, ion pair
formation of the imidazolium cation with the anion can be
eliminated. Hence, self-association of the imidazolium cation
may be the origin of the observed chemical shift variation.
However, the anion probably also interacts with these dimers
once formed by reducing their overall charge.

(ii) Variation of the Imidazolium’s Concentration. The self-
assembly of the imidazolium cations in a dimeric structure is
supported by the fact that all "H NMR signals shift: the aromatic
protons of the phenyl ring, the H, and the Hg are upfielded,
whereas only the Hs and Hs protons are downfielded when the
concentration increases (Figure 5). This can be related to the
geometry of the complex, caused by a T-stacking interaction
and appears to be general for the studied salts. These observa-
tions are an indication that the dimeric structure observed in
the solid state is conserved in D,O and CDClj solutions (Hy,
H-bonds with solvent or with anion; Hs, T-stacking; and other
aromatic protons sr-stacking between imidazolium and phenyl
rings). To determine the binding constant for the self-assembly
of the imidazolium cations in solution, we performed 'H NMR
studies at different imidazolium concentrations, ranging from
1 to 60 mM.!° A plot of the observed chemical shift versus
concentration gives an isothermic binding curve (Figure 6 and
S5—S9 in Supporting Information). As the complexation is fast
on the NMR time scale, the observed chemical shift dgps is the
weighted average of the shifts for the complexed (Ogimer) and
the uncomplexed molecule (Ogee). According to the method of
Bangerter and Chan,”® for a dimerization equilibrium, the
observed chemical shift d,ps depends on the total concentration
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C and the association constant Kgm, as expressed by the
following equation:

1+4K

dim

C—1+8K,,C
4K, C

obs — Yfree

(o2

dimer 6free)

ey

The dimerization constant of the imidazolium cations is
provided in Table 2; chemical shift variation of H, was used
for the calculation of the dimerization constant in CDCl; solution
and Hg in D,O solution. Because the dimerization constants have
similar values in D,O and CDCI; for the chloride and the
bromide salts, the dimer seems to exist equally in water or
chloroform solution. Chemical shift variation of the imidazolium
Hu/s protons has also been observed in both CDCl3 and D-O.
Moreover, an interesting observation was made: the iodide salt
is water insoluble, whereas the other salts are slightly soluble.
Two reasons could be responsible for this fact: (i) the organic
nature of the salt, and (ii) weaker or no hydrogen bonds between
the imidazolium cation and the iodide anion, as proposed above.
In other words, the weak interactions between the imidazolium
cations and the halide anions promote the dimeric association
of two imidazoium cations. This assertion is proved by the high
association constant calculated for the iodide IL in CDCls
solution (2100 M1 at 25 °C).

In addition to the '"H NMR titration presented above, a high
resolution mass spectrometry (HRMS) study has been carried
out to demonstrate the presence of the dimer. Recently,
information on the ability of ILs to give supramolecules has
been obtained for the gas phase by tandem mass spectrometric
experiments and molecular modeling.?! The HRMS was used
with an electrospray ionization (ESI), in positive mode, to “fish”
loosely bonded supramolecules of ILs in solution and transfer
them to a mass spectrometer to investigate their assemblies. The
positive ions are formed in solution and then transferred by ESI
directly to the gas phase. ESI is characterized by the gentleness
by which the gaseous ions are formed, being able to transfer to
the gas phase very labile, loosely bonded supramolecules such
as, for instance, hydrogen-bonded amino-acid and assemblies.??
ESI-HRMS has becomed the major technique to study salt
cluster ion formation and properties.?* The ESI mass spectrum
of [1][Br], in water, at 30 mM, and in the positive ion mode
give a signal at m/z 249 correspond to unimer but also a signal
at m/z 577, 578, 579, 580, 581, 582, 584, 586 (Figure 7). This
last is due to the isotopic distribution of a dimer adduct with a
bromide.

It was previously reported that {[(I).(X),—,]"" and
[(Dx—n(X)x]""} loosely bound IL aggregates can be detected and
isolated via mass selection.”! However, in our case, no higher
aggregates were observed at this concentration by mass spec-
trometry. This result can be rationalized as the loosely hydrogen-
bonded supramolecular networks for ILs and is not conserved
during the ESI evaporation, and only the strongest dibenzylimi-
dazolium dimer complex is maintained in the gas phase.
Moreover, the dimer was not detected by MS analysis at a
concentration below 0.1 mM. This observation is consistent with
submillimolar concentrations of [1][Br], being considered as a
noninteracting species for the calculation of the association
constant (see below).

Gas Phase Analysis. To confirm the MS results and to gain
further insights into the binding interactions in the gas phase,
we performed a computational study of the 1,3-dibenzylimida-
zolium salts using semiempirical PM3 energy minimization
calculation (Gaussian 03W 6.0, restricted shell). In the energy
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Figure 7. Partial HRMS spectra of a [1][Br] solution in water at 30 mM. Only the four significant digits of the HRMS-ESI spectra are shown.

Figure 8. Dimer structure obtained after PM3 calculation (restricted
shell) in [1][Br] (Hs in green, H-bonds in blue and T-stacking in red).

TABLE 3: Enthalpy Variations (kcal.mol™!) for the
Dimerization of Dibenzylimidazolium Halide”

anion AH (with 2 H,0) AH (without H,0)
[CI7] —48 -35
[Br] —-29 —-32
[17] —-29 —-22

@ Calculated using Gaussian 03W 6.0 with PM3 geometry optimi-
zation, restricted shell.

minimized dimeric structure the dimer is held together by
T-stacking interactions (distance 2.72 A, in crystalline structure
2.75 A; see Figure 8 and Table 3). At least two anions are bound
to the opposite sides of this dimer by H-bonds with water
molecules in aqueous solution (distance 1.85(2) A, in crystalline
structure 2.29(9) A).

For many reactions entropy effect is small and it is the
enthalpy change (AH) that mainly determines whether the
reaction can take place spontaneously.?* The enthalpy change
is essentially due to the difference in the bond energies
(including resonance and strain energies) between the mono-
meric and the dimeric species. Because the calculated enthalpy
variation is very negative, the dimerization process may take
place spontaneously (Table 3).

Moreover, the dimerization process is more enthalpy-driven
when calculations are performed in the presence of water
molecules. The anions’ solvation seems to be an important

parameter to consider in the dimerization process. In fact, the
stacking is weaker when the Hy form a hydrogen bond directly
with a halide anion (see Figure S10 in Supporting Information).

Conclusions

In conclusion, we have presented here the possibility to
maximize the stacking of aromatic rings in imidazolium halide
salts. This stacking was demonstrated in the solid state by X-ray
analysis and in solution by 'H NMR. Contrary to classical crystal
structures of imidazolium salts, the H-bond network is unex-
pected. The understanding of such supramolecular properties
may lay the basis for a more rational design of switchable self-
aggregating systems in the future. This can by useful to obtain
switchable self-aggregating systems by inducing a competition
between the dimer self-assembly and classical complexation of
host molecules.

Experimental Section

General Procedure for the Synthesis of 1,3-Dibenzylimi-
dazolium Halides [1][X]. A dry flask (250 mL), equipped with
a magnetic stir bar and a septum-inlet for nitrogen, was charged
with a solution of (halogenomethyl)benzene (8.42 mmol) in
toluene (50 mL). In a Schlenk, a solution of 1-benzylimidazole
in toluene (10.1 mmol) was added to the other flask in a
dropwise fashion by cannulation at 0 °C. The reaction mixture
was stirred for 20 min to 0 °C at room temperature and then
filtered under gravity. The solid is washed with diethyl ether to
remove unreacted 1-benzylimidazole. The white solid is dried
overnight at 120 °C in a vacuum. The product is stored under
dry nitrogen.

1,3-Dibenzylimidazolium Bromide [1][Br]. (2.6g, 95%). 'H
NMR (300 MHz, CDCl3, 20 °C, TMS): 6 = 5.5 ppm (s, 4H,
6), 7.2—7.3 ppm (m, 2H, 4, 5), 7.3—7.4 ppm (m, 10H; Hy,),
10.5 ppm (s, 1H; 2). 3C NMR (75 MHz, CDCl3, 20 °C): 6 =
53.2 ppm (6), 121.8 ppm (4/5), 128.9 ppm (Cp),129.3 ppm (C,),
129.3 ppm (C,), 132.7 ppm (2), 136.6 ppm (Cyo—CH>). Anal.
Calc for C;7H7BrN,*2H,0: C, 55.90; H, 5.79; N, 7.67. Found:
C, 54.84; H, 5.77; N, 7.87. MP: 85 °C.
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