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Introduction

The� imidazolium�salts� (Fig.�1)� are� representative� salts� as� ionic�
liquids.� � These� salts� can� liquefy� below� room� temperature� in�
dependence� on� the� counter� anion,� even� though� they� are�
composed� only� of� ions.� � For� 1-butyl-3-methylimidazolium�
halides�(bmimX:�X�=�Cl,�Br,�I),�the�structures�in�the�liquid�and�
in�the�crystal�have�been�studied�in�detail.��It�was�shown�that�the�
presence� of� two� crystalline� polymorphs� for� bmimCl1� and� the�
existence�of�two�conformers�of�bmim+�for�bmimI2�were�related�
to� their� low� melting� points.� � Furthermore,� the� cation-anion�
interaction�of�the�imidazolium�salt�has�been�extensively�studied�
by�X-ray�diffraction,1–3�NMR,4�electrochemical�studies,5�neutron�
diffraction,6� and� ESI-MS.7–11� �These� studies� analyzed� the� ionic�
liquid� itself,� and� have� showed� the� physical� properties� of� ionic�
liquids.��In�addition,�imidazolium�type�ionic�liquids�are�used�as�
reaction�media�or�catalyst12�for�Diels–Alder�reaction,13–15�Fischer�
esterification,16� and� Suzuki� cross-coupling� reaction.17,18� � Since�
these� reactions�were�carried�out� in�mixtures�of� the� ionic� liquid�
and� the� substrate,� the� microscopic� structure� in� the� solution� is�
also�important�to�understand�the�role�of�imidazolium�salts.

Here�we�would�like�to�focus�specially�on�the�cluster�structures�
of�1-butyl-3-methylimidazolium�halides�(bmimX)�with�X�=�Cl,�
Br,� and� I� dissolved� in� methanol.� � To� discuss� physicochemical�
properties�of�bmimX�as�an�electrolyte,� the�cluster�structures�of�
bmimX� in� methanol� were� compared� with� those� of� NaCl� in�
methanol� through� their� mass� spectrometric� analyses.� � The�
electrospray� mass� spectrometry� (ES-MS)� has� been� applied� to�
analysis�for�ionic�liquids.7–11��Neat�or�diluted�ionic�liquids�were�
analyzed� by� the� ES-MS,� and� formation� of� ion-pairs� was�

observed� as� depending� on� the� ion-counterion� interaction�
energies.��However,�it�has�been�difficult�to�observe�ionic�liquid-
solvent� interactions,� since� the� ion-solvent� interaction� energy� is�
lower�than�the�ion-counterion�interaction�energies.

We�have�designed�an�electrospray�mass�spectrometer�specially�
to� observe� clusters� reflecting� ion-solvent� interactions� in�
solution.19,20��Clusters�generated�through�fragmentation�of�liquid�
droplets�could�be�measured.� �By�using� this�mass�spectrometry,�
we�have�reported�the�cluster�structures�of�lithium�halides�(LiX:�
LiCl,� LiBr,� LiI)� in� methanol.21� � Interestingly,� the� number� of�
solvated�methanol�molecules�in�the�clusters�Li+(Li+X–)m(MeOH)n�
observed�through�the�mass�spectrometry�was�strongly�influenced�
by� the� Li+-X–� interaction.� � With� a� decrease� of� the� Li+-X–�
interaction�energy�from�X–�=�Cl–�to�I–,�the�number�of�methanol�
molecules� (n)� in� Li+(Li+X–)m(MeOH)n� increased� remarkably.��
This� suggested� the� “complementary� relationship”� between�
Li+-MeOH� and� Li+-X–� interaction.� � The� clusters� were� formed�
through� the� balance� of� interactions� between� Li+-MeOH� and�
Li+-X–�in�the�condensed�phase.21,22��Although�bmim+�looks�quite�
different� from� Li+,� there� is� one� common� physicochemical�
property� as� an� electrolyte� in� solution� that� their� clustering� in�
solution� is� controlled� by� the� balance� of� interactions� between�
ion-solvent�and�ion-counterion.
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Experimental

Chemicals
All� chemicals� were� purchased� from� commercial� sources�

(Wako� or� Aldrich)� and� used� without� further� purification.� � All�
ionic�liquids�used�here�were�prepared�according�to�the�reported�
procedures23,24�and�vacuum-dried�(10.3�Pa,�60˚C,�24�h).

Mass spectrometry
To� obtain� information� on� the� microscopic� structures� in�

solutions,� we� measured� the� mass� spectra� of� clusters� isolated�
through� fragmentation� of� liquid� droplets� by� the� specially�
designed� mass� spectrometry.19–22� � As� shown� in� Fig.� 2�
schematically,� the� mass� spectrometer� is� composed� of� a� five-
stage� differentially� pumped� vacuum� system,� a� homemade�
electrospray�interface�and�a�quadrupole�mass�filter�(Extral�C50).��
For� the� electrospray,� electric� voltages� were� supplied� to� the�
nozzle� and� to� three� skimmers� (E1� –� E4),� and� nitrogen� gas� was�
flowing� to� maintain� an� appropriate� pressure� balance� (P1� –� P5).��
When�an�ionic�solution�was�injected�into�the�high�electric�field�
between�the�nozzle�and�the�first�skimmer�through�a�fused�silica�
capillary� tube� (i.d.,� 0.1� mm)� at� a� flow� rate� 0.03� cm3/min,�
positively�or�negatively�multi-charged� liquid�droplets� including�
excess� cations� or� anions� were� generated� according� to� the�
polarity�of� the�electric� field� through� the�electrospray�principle.��
The� resulting� multi-charged� liquid� droplets� were� fragmented�
into�clusters�via�adiabatic�expansion�and�electrostatic�repulsion�
during� the� flight.� � The� clusters� charged� by� the� included� ions�
were�analyzed�by�the�quadrupole�mass�filter�without�using�any�
external� ionization.� � By� measuring� both� positively� and�
negatively�charged�clusters,�we�obtained�results�based�on�which�
the� microscopic� structures� in� electrolyte� solutions� could� be�
discussed�more�precisely.��The�typical�conditions�for�the�electric�
potentials� (E1� –�E4)� and� the�pressure�balance� (P1� –�P5)�were� as�
follows:�(i)�positive�ion�mode:�(E1,�E2,�E3,�E4)�=�(+2.90�kV,�+212�
V,�+224�V,�+188�V),�(P1,�P2,�P3,�P4,�P5)�=�(85.7�kPa,�1.27�kPa,�
1.07� Pa,� 1.3� ¥� 10–3� Pa,� 9.3� ¥� 10–5� Pa);� (ii)� negative� ion� mode:�
(E1� –� E4)� =� (–2.56� kV,� –224�V,� –227�V,� –186�V),� (P1� –� P5)� =�
(97.2�kPa,�1.73�kPa,�1.73�Pa,�2.0�¥�10–3�Pa,�4.0�¥�10–4�Pa).

Results and Discussion

The comparison of bmimCl and NaCl in methanol
Figure� 3� shows� the� mass� spectra� of� positive� ion� clusters�

generated� from� methanol� solutions� including� bmimCl� (5� mM)�
and�NaCl�(5�mM).��Results�clearly�demonstrated�that�the�behavior�
of�bmim+�in�methanol�shows�a�great�contrast�to�that�of�Na+.��Na+�
ions�exist�mainly�as�solvated�ions,�Na+(MeOH)n:�n�=�1�–�5,�and�
few� naked� Na+� ions� are� observed.� � This� indicates� that� Na+� is�
solvated�strongly.��On�the�other�hand,�naked�bmim+�is�observed�
predominantly,� and� solvated� bmim+,� bmim+(MeOH),� is� rarely�
observed.� � Instead,� an� ion-pair� cluster,� bmim+(bmim+Cl–)� is�
observed.� �Since� the� charge�density�of�bmim+� is�much� smaller�
than� Na+,� bmim+� is� not� solvated� as� much� as� Na+� is.� � From�
the� peak-intensity� ratio� between� bmim+(bmim+Cl–)� and�
bmim+(MeOH)� in� Fig.� 3,� it� is� found� that� the� formation� of� the�
ion-pair�is�more�favorable�rather�than�the�solvation�of�bmim+�for�
bmimCl� in�methanol.� �However,� the� ratio�between� the� ion-pair�
cluster�and�the�solvated�bmim+�cluster�formation�was�dependent�
on� the� balance� of� interactions� between� ion-solvent� and� ion-
counterion,�as�observed�for�lithium�halides�in�methanol.21

The clusters of imidazolium halide
In� order� to� evaluate� the� effect� of� the� balance� of� interactions�

between� ion-solvent� and� ion-counterion,� we� compared� the�
cluster� structures� of� bmimCl,� bmimBr,� and� bmimI� in� their�
methanol� solutions.� �Figures�4a� –�4c� show� the�mass� spectra�of�
positive� ion� clusters� generated� from� these� solutions� including�
bmim+� salts� (5� mM)� with� halide� anions:� Cl–,� Br–� and� I–,�
respectively.��For�bmimCl,�the�solvated�bmim+,�bmim+(MeOH),�
is� not� easily� observed� (Fig.� 4a),� but� the� ion-pair� clusters,�
bmim+(bmim+Cl–)m:� m� =� 1� –� 5,� are� observed� clearly.� � For�
bmimBr�and�bmimI�with�the�bigger�anions,�the�solvated�bmim+�
cluster,�bmim+(MeOH)n:�n�=�1�–�4�increased�considerably�(Figs.�
4b�and�4c)� in�comparison�with� the�case�for�bmimCl.� �The�ion-
pair�clusters�interacting�with�MeOH,�bmim+(bmim+X–)(MeOH)n:�
n�=�1�–�2,�X�=�Br,�I,�were�also�observed,�while�the�numbers�of�
ion-pair�clusters,�bmim+(bmim+X–)m:�X�=�Br,�I,�were�remarkably�
decreased.��The�bmim+(bmim+X–)m�with�m�≥3�are�not�formed�for�
X�=�Br�and�I.

Fig. 2 Schematic�picture�of�a�mass�spectrometer�specially�designed�
for� the� analysis� of� clusters.� � E� and� P� denote� electric� potential� and�
pressure,� respectively.� � Pt� represents� a� platinum� electrode� to� supply�
the�electric�potential�E1.��RP�and�TMP�correspond�to�rotary�pump�and�
turbo� molecular� pump,� respectively.� � The� positively� or� negatively�
multi-charged�liquid�droplets�were�generated�between�the�nozzle�and�
the�first�skimmer.

Fig. 3 Mass� spectra� of� positively� charged� clusters� isolated� from�
methanol� solutions� including� bmimCl� (5� mM)� and� NaCl� (5� mM).��
Solvated� Na+,� Na+(MeOH)n:� n� =� 1,� 2,� 3,� 4;� solvated� bmim+,�
bmim+(MeOH);�ion-pair�cluster�of�bmim+�salt,�bmim+(bmim+Cl–).
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Solvation of halide ion
To�understand�the�effect�of�counter�anion�on�the�clustering,�we�

measured�the�mass�spectra�of�negatively�charged�clusters.��Since�
the� stability� of� negative� ion� clusters� is� sensitive� to� the� electric�
potential�for�the�electrospray,�E1�–�E4�in�Fig.�2,�each�measurement�
was� carried� out� at� similar� conditions.� � In� Fig.� 5,� the� solvated-
anions,�X–(MeOH)n:�X–�=�Cl–,�Br–,�I–,�and�the�naked�anion,�Cl–,�
Br–,� I–� are�observed.� �The� solvation� for�Br–�by� the�methanol� is�
found�to�be�the�most�prominent�among�those�for�Cl–,�Br–�and�I–.��
This� cannot� be� explained� by� the� charge� density� of� the� anions,�

but� can� be� reasonably� explained� in� consideration� with� the�
balance� between� the� anion-MeOH� and� the� anion-bmim+�
interaction,�as�shown�in�Fig.�6.��Please�note�that�the�solvation�for�
the�anions�is�determined�by�the�balance�of�interactions�between�
anion-cation� and� anion-solvent.� � In� the� case� of� Cl–,� the� charge�
density� is� relatively� high,� which� makes� the� interaction� with�
bmim+�strong.��Due�to�the�complementary�relationship�between�
Cl–-MeOH�and�Cl–-bmim+�interactions,�the�solvation�for�Cl–�by�
MeOH� would� be� reduced.� � In� the� case� of� Br–,� the� interaction�
with�bmim+�is�decreased.��This�would�be�complemented�by�the�
increase� of� solvation� by� MeOH.� � For� I–,� the� interaction� with�

Fig. 4 Mass� spectra� of� positively� charged� clusters� isolated� from�
methanol� solutions� including� imidazolium� halides� (5� mM).� � The�
observed� clusters� are� solvated� bmim+,� bmim+(MeOH);� ion-pair�
clusters,� bmim+(bmim+X–)m;� and� solvated� ion-pair� clusters,�
bmim+(bmim+X–)(MeOH)n.��(a)�bmimCl,�(b)�bmimBr,�(c)�bmimI.

Fig. 5 Mass� spectra� of� negatively� charged� clusters� isolated� from�
methanol� solutions� including� imidazolium� halides� (5� mM).� � (a)�
bmimCl,�(b)�bmimBr,�(c)�bmimI.
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bmim+� should� be� further� decreased.� � However,� the� charge�
density�of�I–�will�be�too�low�to�have�interaction�with�MeOH.

Conclusion

For�bmimCl,�bmim+�is�not�much�solvated�by�MeOH,�but�forms�
ion-pair� clusters� efficiently� (Fig.� 4a).� � On� the� other� hand,� for�
bmimBr� and� bmimI,� the� formation� of� ion-pair� clusters� is�
decreased,�and� the� solvation� for�bmim+� is�obviously� increased.��
Therefore,� the� solvation� for� bmim+� is� also� controlled� by� the�
balance�of�interactions�between�bmim+-anion�and�bmim+-MeOH.

This�complementary�relation�between�ion-counterion�and�ion-
solvent�interaction�was�also�observed�in�lithium�halide–methanol�
solutions.� � The� number� of� methanol� molecules� around� Li+,�
especially� in� Li+(Li+X–)m(MeOH)n� clusters,� increased� with�
changing� the� anions� from� Cl–� to� I–.21� � Ion-pairs� and� solvated�
clusters�of�bmim+�was�fewer�than�those�of�Li+.��The�low�charge�
density�of�bmim+�would�decrease� in�clustering�of�bmim+.� �The�
weak�interaction�of�the�bmim+�with�the�counterion�will�correlate�
with�low�melting�point�of�the�bmim+�salt.
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Fig. 6 Schematic�illustration�for�the�possible�interactions�of�bmimX�
in�MeOH.��(a)�bmimCl�in�MeOH:�since�the�charge�density�of�Cl–� is�
relatively� high,� Cl–-bmim+� interaction� becomes� dominant.� � (b)�
bmimBr�in�MeOH:�the�solvations�for�Br–�and�bmim+�with�MeOH�are�
increased�and�the�electrostatic�interaction�between�bmim+�and�Br–�is�
decreased.��(c)�bmimI�in�MeOH:�I–�is�difficult�to�combine�the�cation�
and�the�solvent,�since�the�charge�density�is�very�small.


