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Abstrac t: Ten ha logen-free ion ic liqu ids ( IL s) based on 1, 3-dia lky lim ida zolium cations and m e thanesu lfonate [M S] - o r

p- to luenesulfonate [ TS] - an ions w ere synthesized v ia one-step reac tion, and the ir physicochem ica l properties such as ag-

g regation behav ior, sur face property, the rm al property, density, v iscosity, re frac tive index and e lec trochem ica l properties

have comparativ ely been stud ied. The resu lts showed tha t ion cluster behav iorw as observed fo r the m ethanesu lfona te an ion

ILs. The em ission spectra o f nea t [ BE im ]M S only gave relative lyw eak fluo rescence, whereas [ BE im ] TS exhibited strong

em ission behav io r under sam e conditions. T en studied IL s disp layed five different phase behav iors, o fw hich [ C12M im ]M S

exhibited a liquid c rysta l behav ior. The [ TS] - based IL s show ed h igh refractive indices o f > 1. 51.

K ey words: Su lfonate; Ion ic liqu ids; H a logen-free; Synthesis; Physico chem ica l proper ty

CLC num ber: O643. 32   Docum ent code: A

  In genera,l organ ic m o lten sa lts containing ions

( ion ic cluster) and w ith a m elting po int of below

100 e are defined as / ionic liqu ids0 ( ILs)
[ 1]

. D i-f

ferent from m o lecular liquids, ILs have m any pecu liar

properties, including w ide liquid range, neg lig ib le va-

por pressure, h igher therm al stab ility, and good ion ic

conductiv ity. H ence, over the past decade the po ten-

t ial app lications of ILs have spread rap idly to num erous

fields, such as catalysis
[ 2]

, electrochem istry
[ 3 ]

, sepa-

rat ion
[ 4]

, po lym er
[ 5 ]

, synthesis
[ 6]

, m ateria l
[ 7]

etc.

H ow ever, further developm ent o f the ILs. applications

w as encountered som e obstacles due to the difficulty in

acquiring the h ighly pure ILs, espec ially in those fields

sensitive to halogen ions. Presen tly, the m ost w ide ly

used route to prepare ILs st ill em ploys a two-step m eth-

od, .i e. , a quatern ization reaction w ith the aim of

form ing an IL precursor conta in ing a target cation, and

follow ed by a m etathesis process lead ing to the desired

product. Th ism ethod inev itably introduces the contam-

inat ion of trace amounts of ha lide ion
[ 8, 9]

, thereby re-

sulting in the uncleanness of the target ILs. Now it has

been recognized that in som e transition-m eta l cata lyzed

reactions, even ppm quantit ies of halide in ILs can po-i

son expensive catalysts, rendering them useless
[ 10]

.

On this accoun,t to develop halogen- free routes to ILs

has been one of the ho t topics in current IL synthesis.

To ach ieve the goal o f synthesizing ha logen- free

ILs, great endeavo r has been m ade and several ha lo-

gen- free synthetic approaches including one-step alky-

lat ion o f N-alky lim idazo le by using alky l su lfates
[ 11]

,

carbonates
[ 12]

, or phosphates
[ 13]

etc. as alky lating

agent have been deve loped. Among them, the m ethod

utilizing a lkyl sulfonates to target ILs, .i e. one-step

alkylat ion ofN-a lky lim idazo le w ith alky l sulfona tes ( e.

g. m ethanesu lfonate ester, p- to luenesulfonate ester,

etc. ), has attracting great interes.t Recently, Dupont
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et al reported that the anions of the alkanesulfonate-

based ILs can be easily substituted by a series of other

an ions such as [ BF4 ]
-
, [ PF6 ]

-
, and [ NT f2 ]

-

etc.
[ 14]

. That is, these m ethanesulfonate ( m esy late)

or p- toluenesu lfonate ( tosy late) based ILs can be used

as im portan t / interm ed iate ILs0 like [ BM im ] C l and

[ EM im ] B r to prepare the target ILs w ith other an ions,

w hich thereby supports an a lternative approach to syn-

thesize ha logen- free ILs based on conventional fluorina-

ted an ions. On this accoun,t these [ M S ]
-

and

[ TS ]
-

based ILs shou ld be g iven much m ore atten-

t ion, espec ially considering their im portance to som e

ha logen- free ILs. And, acquiring the detailed proper-

t ies o f these d ia lkylim idazolium salts based [M S]
-

and

[ TS]
-

an ions is a lso necessary. Up to now, how ever,

the studies on these [M S]
-

and [TS]
-

based ILs are

st ill re lative ly lim ited, and the in-depth exp lorat ions of

the ir properties and its com parative study w ith the

[ BF4 ]
-

ILs have been lacking ye.t In th is wo rk, an

attem pt w asm ade to system atically characterize a ser ies

o f 1, 3-d ia lkylim idazolium [M S ]
-

or [ TS ]
-

based

ILs and a deta iled study on the ir physicochem ica lprop-

erties such as ion aggregation, fluorescence, surface

property, therm a l property, density, v iscosity, refrac-

tive index and electrochem ical property.

1 Experim ental Section

M aterials. M ost of the chem icals used in this wo rk

w ere o f analyt ical grade and w ere used w ithout further

purificat ion. p-To luenesu lfony l ch loride or m e thanesu-l

fonyl chloride and a ll a lcohols w ere purchased from

Shangha i R eagent Co rp. L td. and T ianjin R eagent

C orp. L td. , respect ive ly. N-M ethylim idazole ( 99% )

and N-ethy lim idazo le ( 99% ) w ere purchased from

A ldrich, N-hexy lim idazo le w as prepared according to

the approach reported prev iously
[ 8]

. For the purpose o f

com parison, [ BM im ] BF4 and [ BM im ] PF6 w ith high

purity were purchased from M erck.

Schem e 1 Structure and abbrev iations o f cations and anions em ployed in th is work

1. 1 Synthesis and Characterization

A ll a lkyl m ethanesulfonates, alky l p- toluenesu-l

fonates and the ILs ( Schem e 1) w ere prepared accord-

ing to the literature procedures w ith slight m odif ica-

t ion
[ 15]

. For exam ple, 1-bu ty-l 3-m ethy lim idazo lium

m esylate ( [ BM im ]M S ) w as prepared w ith high y ield

from the react ion o fN-m e thylim idazole and bu tylm eth-

anesulfonte in an appropriate so lvent such as aceton-i

trile under m ild cond itions. [ EM im ] M S, [ HM im ]

M S, [ OM im ] M S, [ DM im ] M S, [ C12 M im ] M S,

[ BE im ]M S, [ HB im ] MS, [ BE im ] TS, [ H B im ] TS

w ere prepared sim ilarly v ia the quatern ization reactions

of co rresponding N-a lkylim idazole w ith a lkyl su lfonate

or alky lp- to luenesu lfonate. W e used them ethod wh ich

w as described in literature
[ 16]

to m on itor the end-point

of the a lky lation reaction and determ ine the levels of

unreacted N-m ethylim idazole to < 0. 2 m o%l . A ll the

samp les w ere w ashed w ith diethyl ether for five t im es

and then treated under reduced pressure ( 10
- 2

~ 10
- 3

mbar) at 80 e fo r 12 h to rem ove the organic im pur-i

ties or w ater. The purif ied ILs w ere stored in a desic-

cator w rapped by a lum inum fo ils under dry n itrogen. In

order to ensure that the ILs w ere free from volat ile im-

purit ies such as w ater, they w ere purified aga in before

physicochem ica l property testing. The w ater content in

ILs w as determ ined bym eans of aKar-l F ischer titration

(M itsubishi CA-06 M o isturem eter) to be less than 400

ppm.
1
H NMR spectra w ere recorded on a Bruker

AMX FT 400MH z NMR spectrom eter. E lectrospray -i

onization ( ES I) m ass spectrom etry w as recorded on a

Bruker Dalton ics APEX II 47e Fourier transform m ass

spectrom eter. The fluorescence spectra w ere recorded

at 25 e on aH itach im ode lF-7000 FL spectrophotom-

eter at a scan speed of 1 200 nm /m in and PMT voltage

700 V. The excitation and em ission slit w idth w ere

kept at 5. 0 nm and 2. 5 nm, respectively. The X-ray
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photoe lectron spectroscopy ( XPS) analyses w ere per-

fo rm ed w ith aVG ESCALAB 210 instrum ent (M g KA,

150 eV) by depositing IL on the Au substrate. M eas-

urem en ts o f phase-transition tem peratures, m e lting and

freezing po intsw ere carr ied out on aM ett ler-Toledo d i-f

ferential scann ing calorim eter, m odel DSC822
e
, and

the data w ere evaluated using the M ettler-To ledo

STARe so ftw are version 7. 01. The sam ples w ere hea-t

ed up to 120 e and m ain tained 30 m in for further pur-

if ication because o f their strong hydroph ilic propert ies.

The scanning rate w as 10 e /m in. M elting points and

glass- transition tem peratures w ere obta ined from the

second heat ing curve. The samp les fo r TG /DTA m eas-

urem en ts w ere sea led tight ly in A l2O 3 pans and ana-

lyzed w ith a BeijingW CT-2C TG /DTA ana lyzer. The

therm a l decom position tem perature ( T d ) w ith 5%

w e ight loss w as obta ined w ith a heating rate of 10 e /

m in under n itrogen atm osphere. The density ( Q) w as

m easured at 25 e using a 10 mL volum etric flask ca l-i

bra ted w ith w ater by m ass m ethod. The v iscosity w as

m easured on a B rook field DV-III ULTRA Prog ramm a-

b le Rheom eter. M easurem ent of refractive index w as

conducted w ith aWAY-2s Abbe refractom eter. The ion

conductiv ity w as m easured using aM ettler-To ledo Sev-

en M ulit im eter. The cyclic vo ltamm etry w as conducted

using a CH I 660A E lectrochem icalW ork S tation w ith a

GC w orking electrode and an A g w ire pseudoreference

electrode.

2 Results and D iscussion

Ten [M S]
-

and [ TS]
-

based ILs w ere prepared

acco rd ing to the sim ilar m ethod reported prev iously, .i

e. , one-step alky lation o f N-alky lim idazo le w ith o rga-

nic sulfonate ester. The purity of each treated IL w as

ver ified by NMR spectroscopy to check for residues of

unreacted reactants or residual so lvents, and the analy-

sis results ind icated that these com pounds had been

com p le tely e lim inated. Among the ten ILs, seven of

them ( i. e. , [ EM im ]M S, [HM im ]M S, [ OM im ]M S,

[ BE im ]M S, [H B im ]M S, [ BE im ] TS and [H B im ]

TS) are liquids at room tem perature ( 25 e ), wh ilst

the other ILs ( i. e. , [ BM im ] MS, [ DM im ] M S and

[ C12M im ] M S ) are wh ite solids. Except that [ C12

M im ]M S is partly soluble in w ater, all o ther ILs are

m iscib le w ith w ater and the hydrophilicity g radua lly de-

creased as the alky l cha in length on the cat ion in-

creased. Ow ing to their hyg roscopic ities, the ILs still

contained w ater conten t of 200~ 400 ppm, even after

rigorous drying. For exam ple, the w ater content in

[ EM im ] M S w as 380 ppm, that in [ BE im ] M S w as

388 ppm, that in [ HB im ] M S w as 300 ppm, respec-

tively. Dup licate m easurem en ts were perform ed on

each sam plew ith resu lts agreeing tow ith in 5% . Before

each physicochem ica l property testing, the ILs w ere

purified aga in.

2. 1 Ion aggregation behavior

E lectrospray ionization ( ES I) m ass spectrom e try

in both positive and negative m odes has been success-

fully applied to characte-rize the behav ior of cat ion ic or

anion ic supram o lecu lar agg regates of ILs
[ 17~ 19 ]

. The

acqu ired inform ation is of great va lue for understanding

intrinsically ion nature o f ILs, and there fo re, it is help-

ful to understand som e un ique properties. H ere the ion

cluster behav ior of these [M S]
-

and [ TS]
-

based ILs

w ere also estim ated by posit ive ESI-m ass spectrom etry,

and tw o representative posit ive ion spectra w ere prov id-

ed in Fig. 1.

F ig. 1 The positiv e ion ES Im ass spectra

o f [ EM im ] M S and [ HM im ] M S

A ll the peaks co rresponding to the aggrega tes o f

cations and an ions confo rm very favorab ly w ith the the-

oret ica l va lues, thus confirm ing the ir identit ies. For

the [ EM im ] MS, in addition to observ ing the parent

cation [ EM im ]
+

( m /z 111 ), the positively charged

ion clusters ( [ A
+
n B

-
n- 1 ] , 2 [ n [ 6, A is the ca-t

ion, B is the an ion) and the isotope patterns can also
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be detected clearly. The cluster [ ( EM im ) 7 (MS ) 6 ]
+

(m /z 1347) w as a lso found clearly from F ig. 1, and

no larger clusters w as observed perhaps because their

signa ls w ere toow eak to be detected. Additiona lly, the

re lative abundances of posit ively charged ion c lusters

indica ted that the dim er cluster in [ EM im ]M S is easier

to form than other larger c luster, even m uch richer

than the parent cation [ EM im ]
+
. As to [HM im ]M S,

its spectrum w as sim ilar to that of [ EM im ] M S. For

[ DM im ]M S and [ C12M im ]M S, only parent cat ion w as

detected, wh ich w as caused m a in ly by the d ifficu lty of

both ILs in form ing larger c lusters along w ith increasing

the cation size.

2. 2 F luorescence behavior

A lthough fluorescence behav ior ofm any im idazo l-i

um-based ILs has been ex tensively studied
[ 20, 21]

, the

reports on fluorescence behav ior of [MS]
-

and [ TS]
-

an ions based dialky lim idazo lium ILs have been not a-

va ilable ye.t In th is work, fluo rescence propert ies of

neat [ BE im ]M S and [ BE im ] TS w ere stud ied, F ig. 2

F ig. 2 Exc itation wave leng th-dependent em ission

behav io r o f nea t [ BE im ]M S

and Fig. 3. The results show ed that the fluorescence

behav ior o f both ILs w as strong ly dependent on the ex-

citation w avelength. For [ BE im ]M S, itsm ax im um ex-

cited w aveleng th w as 334 nm, and the fluorescence be-

cam e very w eak ( intensity < 100 ) when exc ited

w ave leng ths w ere be low 250 nm or over 470 nm. S im -i

lar to [ BE im ] M S, the fluorescence behavior of

[ BE im ] TS w as also dependent on the excitation w ave-

length ( F ig. 3) , and its m ax imum exc ited w aveleng th

w as 397 nm. D ifferent from [ BE im ]M S, the intensity

of [ BE im ] TS ( in tensity > 2600) w as much stronger

than the form er. A ccording to prev ious report by our

group, the [M S]
-

based ILs from capro lactam have no

F ig. 3 Exc itation w ave length-dependen t

em ission behav ior of neat [ BE im ] TS

fluorescencew hile the [TS]
-

based ILs from capro lac-

tam exhib ited w eak fluorescence behav io r
[ 15]

. That is,

the w eak fluorescence behav ior o f [ BE im ] M S shou ld

be attributed to the im idazo lium m oiety, and for the

[ BE im ] TS both [ BE im ]
+

cation and [ TS]
-

anion

m ade the respective con tributions, and the an ion m ade

greater contribution to the wholly fluorescence behav-

ior.

2. 3 Surface property

In comparison w ith the w idely stud ied / bulk0

propert ies such as therm a,l soluble, and e lectrochem -i

cal properties, etc. , the study o f the surface propert ies

for ILs are st ill very lim ited, it has attracted m ore and

m ore atten tion ow ing to its g reat value for understand-

ing the surface sc ience o f ILs. H ere the surface stud ies

o f these [M S]
-

and [ TS ]
-

based ILs ut ilizing XPS

w ere perform ed. The survey scan XPS spectra fo r the

five ILs ( [ EM im ] MS, [ BM im ] M S, [ OM im ] M S,

[ BE im ]M S, [ BE im ] TS) showed that the expected e-l

em en ts O, N, C, S w ere detected, no ev idence of im-

purit ies by other elem ents ( such as ha logen, m etal )

and any substrate ( Au) re lated spectral features w as

found. The h igh reso lution spectra of [ BE im ] TS

show ed that all the O1s or N1s core level spectrum

w ere fitted w ith on ly one sharp peak, and the S2p core

transition curve can be fitted w ith two components due

to the contribution of 2p1 /2 and 2p3 /2, respective-

ly
[ 22]

. The electron em issions from O1s, N 1s and S2p

w ere w ell reso lved for all ILs and the h igh resolution
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spectra didn t' change w ith a lky l chain length
[ 23]

, the

binding energ ies ( B. E. ) w ere 531. 0 ? 0. 2 ( O1s) ,

401. 6 ? 0. 2 ( N1s), 167. 5 ? 0. 2 ( S2p 3 /2) , re-

spective ly. Due to the presence o f C in various chem -i

ca l env ironm ents, the structure of C1s w as, as expec-

ted, m ore com plicated. The spectrum for C1s core lev-

e l can be fitted w ith at least three different curves
[ 24]

.

The atom ic ratio (A. R. ) for each elem ent in the ILs

w as listed in Tab le 1. The experim en tal A. R. O /S,

N /S, C /S for a ll m esylate ILs w as higher than the

Tab le 1 The B. E. ( eV) and A. R. for each elem en t in the stud ied ILs

[ EM im ] M S [ BM im ]M S [ OM im ]M S [ BE im ] M S [ BE im] TS

B. E. A. R. ( Ca.l ) B. E. A. R. ( Ca.l ) B. E. A. R. ( Ca .l ) B. E. A. R. ( C a.l ) B. E. A. R. ( Ca.l )

O 530. 9 3. 9( 3. 0) 530. 9 3. 7( 3. 0) 531. 1 4. 1( 3. 0) 530. 8 3. 7( 3. 0) 531. 2 3. 85( 3. 0)

N 401. 5 2. 2( 2. 0) 401. 4 2. 2( 2. 0) 401. 6 2. 0( 2. 0) 401. 4 2. 2( 2. 0) 401. 8 2. 2( 2. 0)

C 285. 0 9. 4( 7. 0) 285. 0 9. 6( 9. 0) 285. 0 14. 6( 13. 0) 285. 0 11. 0( 10. 0) 285. 0 15. 8( 16. 0)

S 167. 4 1. 0( 1. 0) 167. 4 1. 0( 1. 0) 167. 5 1. 0( 1. 0) 167. 3 1. 0( 1. 0) 167. 7 1. 0( 1. 0)

A. R. : a tom ic ra tio O /S, N /S, C /S.

corresponding theoret ica l value, th is resu lt suggested

that som e O- and C-containing contam inations should

ex ist in these ILs, wh ich m ay be in troduced during the

synthesis and purification procedures
[ 22, 24]

or during

XPS ana lysis.

2. 4 Thermal property

The phase behav ior of ten ILs based [M S]
-

and

[ TS ]
-

an ions such as m elting and freezing po in ts

( Tm, T f ) , crysta-l crystal transition ( Tc ), g lass phase

transition ( T g ), m elting entropy change ( $Sm ) w ere

investigated w ith DSC ( Tab le 2) .

  S im ilar to those [ BF4 ]
-

and [ PF6 ]
-

ILs, re la-

tively com plicated phase behavior w ere exh ib ited for

these [M S]
-

and [ TS]
-

based salts, and four types

Tab le 2 Therm al properties of dialkylim idazolium organ ic su lfonate ILs.

Entry IL s T f Tm Tg T c $Cp $Hm $Sm Td

1 [ EM im ] M S 37. 9 - 62. 6 - 9. 2 0. 373 7. 81 25. 1 342

2 [ BM im ] M S - 22. 4 76. 6 - 55. 0 - 17. 8 0. 420 24. 03 68. 7 330

3 [ HM im ]M S 44. 3 - 52. 5 10. 1 0. 348 11. 87 37. 4 325

4 [ OM im ]M S 40. 4 - 54. 0 - 7. 9 0. 431 28. 82 91. 9 322

5 [ DM im ]M S 6. 3 62. 3 38. 28 114. 1 330

6 [ C12M im ] M S 23. 2 69. 8 48. 67 141. 9 323

7 [ BE im ]M S - 62. 3 0. 358 318

8 [ BE im ] TS - 43. 9 0. 335 328

9 [ HB im ]M S - 52. 4 0. 308 324

10 [ HB im ] TS - 42. 3 0. 413 343

   T f ( e ) : freezing po int; Tg ( e ): g lass trans ition; Tm ( e ): m e lting po int; Td ( e ):

decom position tem perature; T c ( e ): cold crysta l tem pera ture; $Cp ( J g- 1 K - 1 ) : heat capac ity

change dur ing the g lass trans ition; $Hm ( kJ mo l- 1 ): m e lting enthalpy change; $Sm ( J K - 1 m o l- 1 ):

ca lcu la ted from $Hm /Tm is the entropy change dur ing the m elting.

of DSC therm ogram s and phase d iagram s w ere observed

( F ig. 4) . Am ong them, except tha t [ DM im ]M S and

[ C12M im ]M S have on ly a Tm and T f in a heat ing and

coo ling cycle, other ILs all exh ib it a g lass transition in

bo th heating and coo ling processes. For [ EM im ]M S,

[ HM im ]M S and [OM im ]M S in the heating process, a

phase transition from the g lass state to a co ld crysta l

occurred at - 9. 2 e , 10. 1 e and - 7. 9 e , respec-
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tive ly. The transit ions ofm e lting entha lpy ( $Hm ) and

entropy ( $Sm ) have been calcu lated over those ILs

w ith a m e lting poin.t Obv iously, both $Hm and $Sm

values w ere rem arkably a ffected by chang ing the

leng th o falky lchain for the ILs. For examp le, except for

F ig. 4 DSC curves of five IL s ( a~ e) and POM picture o f

[ C
12

M im ]M S ( ,f magnification: 40 @ )

[ BM im ]M S, the $Hm and $Sm va lues of other ILs in-

creased w ith increasing the alky l chain length of the

cations. And, a ll the [M S]
-

and [ TS]
-

based sa lts

w hich have the g lass transitions gave the heat capacity

changes ( $Cp ) of 0. 308-0. 431 J g
- 1

K
- 1

, wh ich

w ere slightly low er than [ BM im ] BF4 ( 1. 66 J g
- 1

K
- 1

)
[ 15 ]

. Therm odynam ic properties o f these sa lts

w ere ind icated that the ab ility to v itrify and to crysta-l

lize am ong the studied ILs strong ly depends on the a-l

kyl cha in length in the im idazo lium ring and an ions.

Addit iona lly, during the cooling process from 150 e to

- 100 e , a phase transit ion of [ C12M im ] M S firstly

occurred from a liqu id to a an isotrop ic liqu id ( liquid

crysta l) at 42. 2 e , fo llow ed by a crysta llization from

an isotrop ic liqu id to a so lid at 23. 2 e . H ow ever, no

liqu id crysta l phenom enon w as observed dur ing the

heating process, w hich suggested that [ C12M im ] M S

w as mono trop ic liqu id crystal
[ 25]

. F ig. 4f gave the

POM ( Polarizing Opt icalM icroscopy) p icture o f [ C12

M im ]M S under conditions o f anisotropic crysta l phase

at 42. 2 e . Except for [ C12M im ] MS, no liquid crys-

talline phase w as observed for other nine ILs.

F ig. 5 show ed the change trend o f the m elt ing

po ints for ten [ CnM im ] BF4 and [ CnM im ]M S salts w ith

increasing the alky l chain lengths. It can be seen tha,t

d ifferent from the trend exh ib ited by the [ BF4 ]
-

salts

( i. e. the ILs. Tm va lues the decreased w ith increasing

the alky l cha in from C2 to C4 and C6 )
[ 26]

, the Tm va-l

ues obv iously increased from 37. 9 e of [ EM im ]MS to

76. 6 e o f [ BM im ] M S when the alky l cha in length

w as increased from the ethy l to the bu ty.l If further

increasing the alky l from buty l to hexy l or octy,l theTm

va lues of [HM im ] M S and [ OM im ] MS decreased to

44. 3 e and 40. 4 e , respective ly. Anyw ay, it w as

d ifficu lt to conclude a regular rule since the phase be-

hav iors of the ILs depend on m any facto rs. For these

F ig. 5 Tm change trends o f [ CnM im ] + w ith [ BF4 ] - [ 26]

( c irc le) and [M S] - as an ions ( square)

ten ILs, obv ious character istic w as that all those ILs

based [ CnM im ]
+

cation have a m e lting po in t and all

those ILs based [ BE im ]
+

or [H B im ]
+

on ly exh ib it a

g lass transition in their heat ing and coo ling cycles,

m ost o f these ILs show ed a strong trend to be

supercoo-l ing.

According to the therm ograv im etric curves of these

ILs, the therm al decom position tem peratures ( w hich

w ere listed in Tab le 2) o f ten ILsw ere ranged o f 318~

343 e , wh ich w as slight ly affected by the carbon num-

ber of the alky l cha in and an ions, [ TS]
-

an ion based

ILs gave h igher therm a l stab ility than that of corre-

sponding [M S]
-

ILs. A lthough itw as low er than those

im idazo lium [ BF4 ]
-

or [ PF6 ]
-

salts ( ca. 400 e )
[ 26]

, it is stab le enough for norm al usage, i. e. as so-l

ven,t extract and cata lys,t etc. Am ong a ll the studied

ILs, [H B im ] TS exh ib ited the highest therm a l stab ility

( Td = 343 e ) and [ BE im ]M S gave the low est ther-
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m a l stab ility ( Td = 318 e ) .

2. 5 Density, V iscosity, and Refractive Index

The densities (Q) of seven ILs wh ich are liquids

at 25 e w erem easured ( Tab le 3) , and the Qva lues

w ere ranged o f 1. 069~ 1. 242 g /cm
3
. The Qva lues of

[ EM im ] M S and [ BE im ] M S obtained in our exper-i

m ents are approx im ately in agreem ent w ith prev iously

reported resu lts
[ 27]

, wh ich show ed that our experim ent

results w ere reliable. For a g iven an ion, w ith increa-

sing the a lky l cha in length, the ILs exh ib ited low er

Table 3 Density, v iscosity, refractive index and ionic conduct ivity of selected ILs at 25 e

IL s Density( g / cm3 ) V isco sity( cp) Refractive index
Conductiv ity

(LS /cm )

[ EM im ]M S 1. 242 173 1. 4922 2280

[HM im ] M S 1. 119 906 1. 4828 234

[ OM im ]M S 1. 084 1236 1. 4797 134

[ BE im ]M S 1. 141 456 1. 4844 586

[ BE im ] TS 1. 156 2819 1. 5300 97

[H B im ]M S 1. 069 1474 1. 4776 103

[H B im ] TS 1. 089 4394 1. 5159 25

density. For exam ple, when the alky l cha in leng th w as

increased from the ethy l to hexy l and octy,l the dens-i

t ies of [ EM im ] M S, [ HM im ] MS and [ OM im ] M S

w ere 11242 g /cm
3

to 1. 119 g /cm
3

and 1. 084g /cm
3
,

respective ly. On the other hand, when the cat ion is

sam e, the ILs w ith a [ TS]
-

an ion show ed a sligh tly

higher densit ies than those ILs w ith a [MS]
-

an ion.

The v iscosities o f the stud ied ILsw ere ranged from

173 cP to 4394 cP at 25 e , wh ich w ere obviously

higher than that o f [ BF4 ]
-

saltsw ith the sam e cation.

Am ong them, [ EM im ]M S had the low est v iscosity of

173 cp, wh ile [H B im ] TS exhibited the highest v iscos-

ity of 4394 cP. Obv iously, bo th the cation and the an-i

on have som e effect on the ILs. viscosit ies. For a

g iven an ion, the v iscosit ies of ILs increased obviously

w hen the a lkyl cha in increased ( e. g. from 173 cP of

[ EM im ]M S to 906 cP o f [ HM im ] M S to 1236 cP of

[ OM im ]M S) . W hen the cation w as sam e, the [ TS]
-

based ILs exh ib ited higher v iscosities than those

[M S ]
-

based ILs, for exam ple, the v iscosities of

[H B im ]M S and [ HB im ] TS w ere 1474 cP and 4394

cP, respectively. Additionally, the v iscosity ( G )

m easurem ent under varied tem peratures show ed that

the v iscosities of all ILsw ere strong ly dependent on the

temperature. For exam ple, the viscosity o f [ HM im ]

M S w as 906 cp at 25 e and 45 cp at 80 e , respec-

t ive ly. And it shou ld be noted that the ILs. v iscosities

w erem ore a ffected at low temperature than that at high

tem perature.

The re fractive indices ( n ) of seven [M S ]
-

or

[ TS]
-

based ILs w ere ranged from 1. 4776 to 1. 5300

at 25 e ( Table 3 ) , and am ong the stud ied ILs

[ BE im ] TS had the h ighest re fractive index of 1. 5300.

S im ilar to the viscosity, the types o f cation and anion

also have obv ious effect on the ILs. re fractive ind ices.

W ith increasing the a lkyl cha in o f the cat ion, the

refract ive ind ices obv iously decreased. For exam ple,

the refractive index of [ EM im ]M S w as 1. 4922 at 25

e , and for [ OM im ] M S this value decreased to 1.

4797. Add it iona lly, the refract ive indices o f the

[ TS]
-

based ILsw asm uch h igher than that o f [M S]
-

anion ILs. For exam ple, the n va lue of [ H B im ] M S

w as 1. 4776 wh ile the va lue of [ H B im ] TS w as 1.

5159. Furtherm ore, the effect o f tem perature on the

refract ive index w as also studied, and the n values de-

creased linearly w ith the increased tem peratures.

2. 6 Electrochem ical Property

E lectrochem ical stab ilities of the se lected ILs such

as [ EM im ]MS and [ BE im ]M S ( wh ich have the low er

v iscosities in our stud ied ILs) w ere evaluated by cyclic

vo ltamm etry at 25 e . In order to test the accuracy and

reliab ility of the electrochem ical stat ion, comm ercially

available ILs [ BM im ] BF4 and [ BM im ] PF6w ere firstly

investigated. The data w ere consistent w ith the repor-
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ted results
[ 28, 29]

. A typica l curve of cyclic vo ltamm etry

for [ EM im ]M S show ed that it w as high ly pure accord-

ing to the absence o f o ther reduction or ox idat ion

peaks, and its electrochem ica l w indow ( EW ) is ca.

3. 3 V. In com par ison w ith [ BM im ] BF4 ( EW = 4. 7

V ) and [ BM im ] PF6 ( EW = 4. 8 V )
[ 25 ]

, decreased

electrochem ica l stab ilities w ere m a in ly caused by the

reduced ox idat ive vo ltages ( < 1. 8 V ) of the e lectro-

active anion [M S]
-

and [TS]
-

.

The conductivity o f an IL is of vital importance if

it is to be considered as a supporting electro ly te in

electrochem ica l devices. According to the conc lu-

sions
[ 8]

, the ionic conductiv ity ( J) of an IL should be

re lated to its v iscosity ( G ) , form u la we ight ( FW ),

and density ( Q) , and the rad ii o f its cat ion and an ion

( ra and rc ) , as described by Equat ion ( 1) , in wh ich

0< y< 1 is the degree of d issociat ion, F is the Faraday

constan,t Fa and Fc are the anion and cat ion m icrov is-

cosity factors, respectively.

J = yF
2
Q/ ( 6PNA FWG) [ ( Fa ra )

- 1
+ (Fc rc )

- 1
) ] ( 1)

In this w ork, the ion ic conductivities ( J) of sev-

en ILs w hich are liqu ids at 25 e w ere also m easured

and the J values w ere ranged from 25 LS /cm to 2. 28

m S /cm. A t 25 e , [ EM im ] MS exh ib ited the highest

conductiv ity o f2. 28 m S /cm, wh ich w as obv iously low-

er than that o f [ EM im ] BF4 ( 14 mS /cm ) or [ EM im ]

PF6 ( 5. 2 m S /cm )
[ 1 ]

, but h igher than that o f [ BM im ]

BF4 ( 1. 73 mS / cm ) or [ BM im ] PF6 ( 1. 46 mS /

cm )
[ 30]

. For a g iven anion, w ith increasing the a lkyl

chain, the J va lue of [ CnM im ]M S decreased obv ious-

ly, wh ich w as sim ilar to the change trend o f the

[ CnM im ] BF4 salts. Fo r examp le, the J values of

[ EM im ]M S, [HM im ]M S and [ OM im ]M S w ere 2. 28

m S /cm, 234 LS /cm and 134 LS /cm, respect ive ly.

Addit iona lly, the [ M S]
-

based ILs had h igher con-

duct iv it ies than those ILsw ith a [ TS]
-

anion. For ex-

amp le, the J values o f [ BE im ]MS, [H B im ]M S w ere

586 LS /cm and 103 LS / cm at 25 e , respect ive ly,

w hile only 97 LS / cm o f [ BE im ] TS and 25 LS /cm of

[H B im ] TS were obta ined. The reason m ight be attrib-

u ted to the larger bulk of [ TS]
-

. S im ilar to the v is-

cosity and refractive index, the tem perature had great

effects on the ILs conductiv it ies. Fo r exam ple, the

conductiv ities o f [HM im ]M S increased from 234 LS /

cm at 25 e to 3. 79 mS / cm at 80 e . The conductiv-i

ties of these ILs based [M S]
-

and [TS]
-

anionsw ere

m ore affected at h igh temperature than that at low tem-

perature, a possib le explanation w as that the J value

w as strong ly affected by its v iscosity at low tem pera-

tures, and the intrinsic structure and characteristics o f

the ILs m ay determ ine J value at h igher tem peratures.

3 Conclusions

As an im portan t type o f / interm ed iates0 for syn-

thesis of m any halogen- free ILs, a series of [M S ]
-

and [ TS]
-

based ILs w ere synthesized and character-

ized, and their physicochem ica l propert ies such as ag-

gregation behav io r, fluorescence, surface property,

therm al property, density, v iscosity, refractive index

and electrochem ica l property w ere com prehensively

studied. Am ong ten deve loped ILs, seven o f them are

liquids at room tem perature ( 25 e ), in w hich

[ EM im ]M S show ed the low est viscosity of 173 cP and

the h ighest conductivity of 2. 28 mS /cm. Ten studied

ILs displayed five d ifferen t phase behav iors, of w hich

[ C12M im ]M S exh ib ited a liquid crystalw hen coo led to

42. 2 e . The [ TS]
-

based ILs ( .i e. , [ BE im ] TS

and [ H B im ] TS) show ed the refractive ind ices o f >

1. 51, w hich are h igher than that o f d ialky lim idazo lium

[ BF4 ]
-

and [ PF6 ]
-

sa lts. Addit iona lly, agg regation

behavior in those sho rt a lky l cha in [ M S]
-

based ILs

w as observed by ESI m ass spectrom etry, wh ich m ight

be expla ined by the reason resulting in higher v iscos-i

ties and low er conduct iv it ies of these salts than that o f

those dia lky lim idazo lium [ BF4 ]
-

and [ PF6 ]
-

sa lts.

Anyw ay, the detailed study on these [ M S ]
-

and

[ TS]
-

ILs w ill be in favor of im prov ing understanding

concerning the ILs properties and the ir applications,

especially considering their im portant ro le as / interm e-

d iate ILs0 like [ BM im ] C ,l [ BM im ] B r, and [ EM im ]

Br.
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烷基磺酸阴离子无卤素离子液体的物理化学性质研究
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摘  要: 通过一步法合成了基于 1, 3-二烷基咪唑阳离子和甲烷磺酸或对甲苯磺酸阴离子的无卤素离子液体, 并

对它们的物理化学性质如聚集行为、表面性质、热性质、密度、黏度、折光率和电化学性质等进行了详细研究. 结

果表明在甲烷磺酸阴离子基离子液体中观察到离子液体中普遍存在的离子簇行为; 同等条件下 [ BE im ]M S的荧光

光谱强度较 [ BE im ] TS弱; [ C12M im ]M S展现出液晶行为; [ TS] -基离子液体有着较高的折光率, 大于 1. 51.

关  键  词: 磺酸根; 离子液体; 无卤素; 合成; 物理化学性质
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