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Boson peak in the room-temperature molten salt tetrén-butyl)ammonium croconate
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Low-frequency(5—200 cn?) Raman spectra of the room-temperature molten salt,(tetnatyl)ammonium
croconatg TBCR), [ (n-C,4Hg)4sN1,Cs05- 4H,0, are reported. TBCR is a very viscous liquid with glass transi-
tion temperaturely=20°C. According to the temperature dependence of the viscosity, TBCR has been
classified as a fragile glass-forming liquid. Raman spectra of TBCR have been obtained from 360 K down to
a deep supercooled state at 77 K. The boson peak is observed in the Raman spectra as long as the system is
cooled belowT,. The spectra are discussed in terms of proposed theories for depolarized light scattering in
glass-forming liquids.

DOI: 10.1103/PhysRevB.63.104303 PACS nunier78.30.Cp

[. INTRODUCTION brational contributiongthe so-called boson peakominate
the spectr&-*?What is meant by high or low temperature is
Room-temperature molten salts, that is, ionic systemsletermined by thd, of the material. In fragile liquids, the
with low melting point, or justionic liquids have been in- boson peak is observed when the system is cooled down to
vestigated within the last 20 years due to the interest as atemperatures close or far beldliy, whereas in strong lig-
ternative solvents for many chemical process&e far the  yids it is observed already at temperatures far abhye?
most studied systems include the mixtures between alumiajthough the relation between the intensity of the boson
num (I11) chloride, AICE, and organic salts such as the de-peak and the strength of the liquid has been observed for
rivatives of imidazolium or pyridinum halides, for instance, many different systems, further corroboration of this finding
1-ethyl-3-methyl-imidazolium Ch|0l’|dle—3A|C§| and 1-butyl- s welcome. A recent counterexample of this scenario has
pyridinium chloride-AICk (see Fig. 1™ The glass transi- peen reported namely, arsenic trioxide, whose Raman
tion teomperatureTg n the.se systems.can .b¢ Sma"er thanspectra show the disappearance of the boson peak in the
—100°C. In_order to avoid the handling Q|ff|cultles due to intense relaxational contribution at temperatures cloSg;to
the hydrolysis of AIC}, efforts have been directed to prepare . . " .
ionic liquids in which AICL is not used, for instance, ionic In spite of the low fragility of this system.
o o A - The microscopic dynamics of ionic liquids has been in-
liquids based on quaternary ammonium catibfdviuch lit- . 16 .
erature is now available, so that some guidance emerges fgr;stlgated _by. NMR. spectroscopy:® Raman and mfraredl
good candidates for ionic liquids. Entropic effects prompt fors_pectra of ionic liquids have been rc_epor.ted only at Fhe high
alkylammonium salts as good candidates, however, the vidintramoleculas-frequency rgng7e_,21rna|qu in order to disclose
cosity of the melt would increase, and the conductivitiestN® Presence of AlGT species. *! As intense fluorescence
would decrease, for long alkyl chains so that the SyS»K__,m_g.ackgro_und seems to be commonplace in these ionic liquids,
would be useless for electrochemical applications. On théndeed it would preclude that good Raman spectra could
other hand, electronic delocalization seems to play a crucidte obtained at low frequencies. In this work, good Raman
role in lowering the melting point due to the softening of thespectra at the low-frequency range have been obtained
ionic interactions, so that most of the ionic liquids includefor the salt tetrén-butylammonium croconatg TBCR),
aromatic ions. [(n-C4Hg)4N],Cs0s-4H,0. The croconate anion 05>~
Despite the technological implications of a detailed know-(see Fig. 1 is one member of the oxocarbon series, which
ing on their microscopic dynamics, the common ionic liquidsare aromatic planar species with general formujgD&~
mentioned above have not yet been put in the perspective ¢h=3, 4, 5, §. Oxocarbon ions have been used in organic
a wide phenomenology of glass-forming liquftisSuper-  chemistry synthesi&, and their electronic and vibrational
cooled liquids are usually classified as strong or fragile acspectra have been studied in the last 20 years due to the high
cording to the temperature dependence of the viscogity ~ symmetry and the ability to form complexes with transition
In strong liquids (Si@ being the archetypic oneln(7)XT'  metals®?* Resonance Raman spectra of oxocarbons and
plots follow an Arrhenius curve, and in fragile ones a muchmany of their derivatives have been studied extensi¢eis/.
steeper behavior is observed closeTtp This phenomeno- Recently, a Raman band shape analysis of the lithium salts of
logical classification now plays the role of limiting behaviors C,0,2~ and GOs?>~ in aqueous solution has been
for glass-forming liquids. The scenario which emerges fromundertaker?® In this work, it is shown that by replacing the
inelastic neutron scattering and depolarized Raman specteample alkaly cation by the large tetrabutyllammonium
of glass-forming liquids is that relaxational contributions atcation, a very viscous ionic liquid with a glass transition
very low frequency are frozen at low temperatures, and vitemperaturel ;=20 °C is obtained. This system is used as a
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R 0 where the boson peak frequency is related to the correspond-
| oo L o ing sound velocities, Q=v/R., whereR, is the correla-
7o l\Nf:\\,N/R' \/ tion length of the spatial fluctuations.
@ A 7N\ The light spectra is the Fourier transform of the fluctua-
. ° 0 tion of the total polarizability’®° given by the time correla-
tion function(IT25(r t) TI%5'(r,0)), wherea and 8 denote
FIG. 1. The structures of the N-alkylpyridiniunil), the  any of the(x,y, z) direction, and is a shorthand notation for
N,N’-dialkylimidazolium(Il), and the croconatéll) ions. the coordinates of all the particles. Raman spectra have been
interpreted mainly in terms of the so-called dipole-induced-
prototype in order to Verify whether the ionic ||qU|dS follow d|p0|e (D|D) mechanismHDlD(r't), p|us the orientational

. . af
the above-mentioned phenomenology concerning the bosQ&ntribution, I1%,(€2,t), where () represents the molecular

peak. orientation tensor, that is,

I I

Il. THEORETICAL BACKGROUND IR ) =TI20(r, ) + TI4(Q,1). (7)

After Shuker and Gammofi, Raman spectré(w) have Both the DID and the orientational contributions imply a
been related to the vibrational density of stajé®) accord-  fully depolarized spectra, that is, the depolarization ratio
ing to should be 0.75. On the other hand, it has been obsgnasd
small as 0.10 in simpléhigh-temperatunemolten salts, such
()= [(n(w)+1]C(w)g(w), (1) as alkali halide4® In the model of Madderet al** for ionic
where (n(w)) is the Bose-Einstein population factor, systems, other interaction-induced mechanisms have been

(n(w))=[exphw/kT)—1]"%, andC(w) is the light-vibration = considered:

coupling. Depolarized Raman spectra have been rep8rted rytotal - 1~ 1190 r t)4 1TSR(r )+ 17 G
either in terms of the reduced Raman spetitg o), Hap (O =1eg (n O+ Hapr O + o (r. H“B(Q’tzé)

lred @) = (@) {w[{n(w))+1]}, (2 The IIJ5(r,t) term is the short-range contribution which

arise from first-neighbor electrostatic and overlap interac-

tions which change the compression potential on the ionic

X" (w)=1(w)/[{n(w))+1]. 3 charge density. ThHZﬁ(r,t) andﬂgﬁ'(r,t) terms grise from

, i the field and field gradient, respectively, experimented by a

The experimental Raman spectra can be fitted by a Lorentzg—iven ion due to the other ions. Trﬂasg(r t) and 12 4(r,t)

lah curve Ce_”tefed on the laser line, Wh'Ch gives the relaX‘Eerms contribute to the isotropic Raman spectra, so that this

ational contribution, plus another function for the boson peal?nodel is able to explain the low in molten saltél*

; ; = 31,32 B .

in the approximately 10—109—cn’1 range. Such an ap A unique feature of ionic liquids is that all of the above

proach has been called the “superposition mod&l 4s the five mechanisms may contribute:

spectra are considered as a simple superposition of the inde- '

pendent relaxational and vibrational contributions. Con- pptotal e )70 () t)+TIPP(r t)+ TISR(r,t) + 17 o(1 t

versely, in the “coupling models,??=3* both contributions ap (MO = Hap( QO+ g (1O Hepr O+ Hag(r.t)

are assumed to be strongly correlated, so that if one kmows +H23(r,t). 9

priori the band shape of the vibrational contribution, one_l_h fore it i tol iori what should be th | ¢

would be able to calculate the spectra in any temperature. ' €€ o_rel! 'S_d”(? Cheapo'rtI%n VIV at shou Ie ”f \I/aﬁel'((;
On the basis of the superposition model, the central line i# " 10NIC liquids: should 1t be low, as simple alkaly ?a| e

fitted by a Lorentzian function, and the Martin and Brenig MeltS, or should it be high, as a typical organic liquid? As it

(MB) theory® is used for the calculation of the shape of the Will be shown in Sec. VI, in the present case of TBCR the

boson peak, where emphasis is put on the coupling coeffiemperature d_epende_nce_of the depolarization ratio suggests
cient instead on the density of staf&s**3537|n the MB that the other interaction-induced mechanisms could be also

theory, the boson peak profile is due to spatial fluctuations ofélévant.

the wave vectors of the longitudindLA) and transverse

(TA) acoustic phonons and dielectric properties, and is given ll. EXPERIMENT
by

or in terms of the susceptibility’(w),

TBCR has been obtained by the reaction in aqueous solu-
| 0)=w[E W)+ E )], 4 tion between[ (n-C4Hg),N]I (Aldrich Co. with no further
bosof ) = | TAQTA( _) _LAgLA( )_] @ purification and the simple salt A€:0s, where the @02~
where Ery and E, are light-vibration couplings. In the anion has been obtained as reported previotisBy sepa-
original formulation, a Gaussian spatial fluctuation has beemating the Agl precipitate and slight warming of the solution

assumed, so that in vacuum, we obtained TBCR as a very viscous liquid,
22 which does not crystallize even after several months at rest.
gralw)=exp — o/Q7s), (5  Rather, the system goes to a glassy state at room tempera-
ture, and becomes fluid by slight warming. The salt is
gia(@)=(QralQ1a)° exp — w?/QF,), (6)  soluble in water and many other solvents, such as methanol,
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acetone and benzene. Elemental analysis has indicated four 0.4 — T . . .
water molecules per[(n-C,Hg),N],Cs05 unity [% C
=62.8(63.8), % H-10.8(11.5), and % N 4.3(4.0), where
the values in parentheses are the expected]|ohb#s is con-
sistent with a 10.0% loss of water at 40.0 °C. The thermo- ook
gravimetry of TBCR also indicates that the system is stable
up to 150.0 °C.

Differential scanning calorimetry has been performed in a
DSC 10 of TA Instrument. Viscosities were determined by
using a rheometer CP-52 model RV-DVIII of Brookfield.
Raman spectra have been recorded with a U-1000 Jobin-
Yvon double monochromator spectrometer fitted with a pho-
tomultiplier tube and a photon counting electronics. The T
spectra were excited with the 647.1-nm line of a" Kaser " 60 40 20 0 20 40 60 80 100
(Coherent model 400 with approximately 150 mW of out- rCc)
put power. Both polarizedvV) and depolarizedVH) Ra-
man spectra in the usual 90° geometry were recorded from 5 g 2. psC curves of TBCR obtained by heating the system
to 300 cm?, each 1 cm'. The spectral resolution was 2 from —60 up to+100 °C at a 10 °C/min rate.
cm L. Depolarization ratio has been measured as the quotient
between depolarized and polarized spectra(w)  +70°C).* Hydrophobic ionic liquidgwith no halogenoalu-
=lyn(@)/1yy(w). Temperature control was achieved with a minates I1]] based on dialkylimidazolium cations have been
Optistab™ cryostat of Oxford Instruments. The spectra atprepared with triflate, trifluoroacetate, and other anions by
low temperature have been obtained by stepwise coolingonhae et al® The melting points or glass transition tem-
from room temperature and then resting approximately tWperatures reported by these authors range from well below
hours in each temperature, a period of time which includeq—50 °C) to far above(113°Q the T, of TBCR. More re-
one hour equilibration period plus one hour for data acquisicently, Sunetal’ prepared quaternary ammonium salts
tion. We stress that all of the spectra shown in the followingbased on the bigifluoromethylsulfonylimide anion,
have been obtained by using this cooling rate protocol, sinCeCF,S0,),N . The melting point of the tetrabutylammonium
we observed slight variation in the relative weight of thederivate is +96°C. Very low Ty(<—70°C) has been
relaxational and the vibrational contributions when the syszchieved in these systems either with asymmetrical cations
tem follows a different thermal hiStOI’y. Very I’ecently, this such as (|-C6H13)(CH3)3N+, or with |0nger a|ky| chains cat-
finding has been noted in the strong glass form@4$'® and ions, for instance, (- CgH12) (N-C4Hg)sN ™.
the fact that it is also observed in such a fragile IIqUId as A very interesting feature emerges in TBCR, that iS, the
TBCR deserves a further systematic investigation which iggw T, with a doublecharge anion. To the authors knowl-

heat flow (W/g)

beyond the scope of the present paper. edge, all of the reported ionic liquids are made of single
charge species, which is not a surprise since one would ex-
IV. CHARACTERIZING TETRA (n-BUTYL )AMMONIUM pect much stronger interactions between double charge ions.
CROCONATE Therefore the observed loWy, in TBCR points to the crucial

role of electronic delocalization in the oxocarbon anion in

Before discussing the low-frequency Raman spectra oprder to soften the ionic interactions. Since double charge
TBCR, we first put this system in the perspective of the mordons are better charge carries than single charge ions, an
common ionic liquids which have been mentioned in theionic liquid made of double charge ions should be techno-
Introduction? Figure 2 shows the DSC curves of TBCR, in |ogically relevant in electrochemical applications. Although
which a single event is observed, which is assigned to theéhe viscosity of TBCR is unfortunately too higbee belo,
glass transitionTy=20+4 °C, where the uncertainty comes it is promptly soluble in many solvents, and the present re-
from different samples which have been subjected to distingbort should motivate further search for less viscous deriva-
thermal history.T; of TBCR should be compared with the tives with lowerT,.
melting point of simple tetraalkylammonium salts, for in-  As the strength of a glass-forming liquid is very much
stance, tetramethy(420 °O, tetrapentyl{141°Q and tetra-  related to the network characteristics in the structure of the
hexylammonium chlorid¢112 °Q).3 T, of TBCR is smaller liquid, it is expected that the ionic liquids should be classi-
than the melting point of a longer alkyl chain alkylammo- fied as fragile ones. In fact, non-Arrhenius dependenceg of
nium chloride. Melting point or glass transition temperaturewith ~ temperature have been observed in the
in ionic liquids based on dialkylimidazolium chloride-AlCI [EtMelm]CI-AICI; mixtures?’ and, more recently, in the
mixtures are strongly dependent on the compositidn.the  ionic liquids based on N,N-dialkylimidazolium cations and
case of the well-known 1-ethyl-3-methyl-imidazolium chlo- several hydrofobic aniors.Interestingly, the viscosity of
ride ((EtMelm]CI)-AICI; mixtures, the smallefy(—90°C)  other well known ionic liquid, the N-alkylpyridinum
is achieved at a AlGlmole fraction equal to 0.6@Compare  chloride-AICL mixture, has been fitted with an Arrhenius
with the melting point of the simple saltsEtMelm]NO;, curve? However, one should not discard the possibility
+38°C; [EtMelm|NO,,+55°C; [EtMelm]SQ,-H,0, that the good fit achieved in the latter case might be due
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TABLE I. Glass transition temperaturg,, viscosity at 35 °C,
735, and the fragility indiceFq,,, of some ionic liquids.

Ty (K)  7m35(cP Fyp

tetrgn-butyllammonium croconate 293 3257.0 0.68

~
2 [EtMelm]CI/AICI 3 (Xaci3=0.32) 214 1.197  0.89
§ [EtMelm]CI/AICI 3 (Xaci3= 0.42)° 193 0.328  0.80
b [EtMelm]CI/AICI 3 (Xaci3=0.61) 179 0.118  0.66
= [EtMelm]CI/AICI 3 (Xaci3=0.66)° 177 0.108  0.64

[ButMelm|CI/AICI ; (Xycz=0.66 195 0.145  0.70
[ButButim|C/AICI 5 (Xycz=0.66 173 0.176  0.78

2CaNO3),-3KNO; (CKN)® 335 0.92

T /T &This work.

g bF,,, has been calculated by using the experimental data given in
Ref. 47.

FIG. 3. Arrhenius plot of the viscosity of TBCR. The inset ¢z pas heen calculated by using the experimental data given in
shows the experimental dafzircles and the VFT fit, Eq(10), with Ref. 49

B=420 and T;=238K (full line). For comparison, a linear
(Arrheniug dependence is showotted ling. In the main figure,
the full line is the VFT fit and the dashed line is an exact Arrhenius
dependence in the full temperature range. The latter sets the stro
behavior limit. The construct to obtaiR,;,, which is twice the
distanceL, is shown as explained in the text.

mental data in Ref. 47. For comparison purposes, we calcu-
latedF 4/, as depicted above for the archetypic fragile liquid
%dNOg)z‘sKNO;g(CKN), by using the viscosity data of
Ref. 49.

Despite much literature about NMialkylimidazolium

to the smaller temperature rang25—75°Q of the avail- chloride-AICk mixtures, to our knowledge the decreasing in
able experimental data than in the case ofF 12 With increasing AIC} content has not been stated before

[EtMelm]CI-AICI 5(10—90 °C). Ag EtMelm]CI-AICI 5 is far because these systems had not been quantified by any fragil-

the most investigated system, we will compare the viscositfly indice. Since the strength of the liquid is related to its
of this system with TBCR. structure, this finding is fully in accordance with spectro-

An Arrhenius plot ofy for TBCR is shown in the inset of scopic and theoretical evidences for the structure of these
Fig. 3. The experimental data do not follow an Arrheniusionic liquids. On a microscopic view, the structure of fragile

curve, instead they have been fitted by a Vogel-Fulcherliduids, such as organic liquids, is dominated by packing
Tammann(VFT) equation: effects, whereas in strong ones there are directional or net-

worklike characteristics such as in SiGCombined usage of
n=1n0exdB/(T—Toy)]. (10 NMR, infrared and Rarzplasg 51spec_troscopies, and quantum
) . chemistry calculatiot$=21°%°! indicated that hydrogen
Since other formulas than the V'7:T equation have been useglngs are formed between any of the three hydrogens of the
to fit »(T) curves of ionic liquids!” we have chosen a given jmidazolium cation and the anions. In basic mixtures (0.33
fragility indice in order to compare TBCR with other ionic <Xne3<0.5) the dominant anion is AIGT, whereas in
liquids. Here we will follgw closely the fragility metri€,  acid solution kaici3>0.5) there are other species such as
proposed by Angelet al.™ The construct is shown in Fig. 3, a|.c|.~ and ALCI,. Molecular-dynamic simulations of pure
where the full line is the fit of the experimental data with the MX (high-temperatusemolten salt&*52 have corroborated
VFT equation. Note that the temperature axis is normalizeghat polarization effects on the anions play a crucial role in
by the glass transition temperature. Equatip) is used 10 gapilizing these structures, which are formed by shared po-
extrapolate to the whole range of temperaturesTQ/T  |jhedra. Therefore the structures which are formed at higher
<1, and a linea(dashed curve is drawn in order to repre- ajc|, content increases the strength of the liquid, giving
sent an exact Arrhenius dependence which would be the by 5iier F.» values. It is clear from Table | that
havior of a strong liquid. Then a verticedotted line at the  \ N'_gialkylimidazolium chloride-AIC} mixtures become
midpoint of the temperature axis is drawfy, is defined as 516 fragile as longer alkyl chains are present. Interestingly,
twice the distancd., as measured in the temperature axis,;p, spite of the presence of four butyl groups in TBCR, it is

between the strong liquid behavior curve and the actual syss, an stronger thafButButim]CI-AICI5, but of course it is
tem (Fy,=2L). In other wordsF,,, measures the departure ;| 4 fragile liquid.

of »(T) from an Arrhenius curve, and therefore from the
strong liquid behavior.

The Fy, values of TBCR and some N;MNlialkyl-
imidazolium chloride-AIC} mixtures are shown in Table I.
The F, values of these mixtures have been calculated as Figure 4 shows the low-frequency depolarized Raman
shown in Fig. 3 by using thgnot usual equation »  spectra of TBCR from above the room temperature down to
=ATY2exdk/(T—To)], which has been fitted to the experi- a deep supercooled state. The only data manipulation in Fig.

V. RAMAN SPECTRA OF TETRA (n-BUTYL )AMMONIUM
CROCONATE
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FIG. 4. Depolarized Raman spectra of TBCR. From top to bot- o ]
tom: 323, 293, 273, 250, 200, 150, 100, and 77 K. The inset high- FIG. 5. The Iow-frequer_wcy limit of the depolarlzed_Raman spec-
lights the spectra at low temperatures. tra in they"(w) representatiohEq. (3)] of TBCR at 77(circles and
100 K (triangles. The lines indicate the quadratic dependence of
4 is a subtraction of a linear baseline which has been fitted iff (@) & frequencies below the boson peak. The inset shows the full
the 200—300-cm* range. The figure promptly reminds us of X (@) SPectra at the indicated temperatures.

the known features of depolarized Raman spectra of gla eutron-scattering measurements have indicated, however
formers. In the case of TBCR, it is clear that the presence of 9 ' ’

. - o ; hat g(w) exceeds the Debye limfif although a quadratic
another band at approximately 60 chwhich is the micro- o
scopic peakl>3-*This band has been assigned to the libra-dépendence 0§(w) has been noted in SiCand BO; at

; ~161 ; .
tional motion of phenyl groups in case of aromatic systemsfrequenCIeS below-15 cni =™ Recently, a comparison be

which is also a reasonable assignment in TBCR. It is wortﬁWeen Raman- and neutron-scattering spectra of amorphous
mentioning that a previous Raman band shape analysis of t olycarbgnge |nd|cated. a .Debye behavior at low
high-frequency (intramolecular bands of the simple salt requencies. Computer simulations of moI'_[en 2”53“‘?“’9
Li,CsOs in aqueous solution indicated the librational motion also |nd|cate(_j thag(w)_ can follow a Debye-like behavior at
of the oxocarbon ring in approximately 80 ch® At high low frgquenmes despite the fact that the normal modes_ have
temperatures, the Raman spectra of TBCR are given by ah rmxedes Gghf”“aCter .Of . plane-wave a}nd localized
almost Lorentzian band whose center is located at zero fre\{'braf'ons' " Figure 5 highlights the quadlratlc dependence
guency. At low temperatures, the boson peak at approxi(—)f x"(w) for TBCR at low temperatu_res in the frequency
mately 20 cm* dominates the spectra. As discussed in Sectange below the bo_son peak. Inte_restmgly, a less steep qua-
I, these features have been assigned to the relaxational arff_(f.‘t'c _dependence Is observed ,Yv'th decreasing temperature.
the vibrational contributions, respectively, the full spectra IS f|n<.:i|n.g'cogld SUQQeSt that'(w)g(w), because the
being a simple superposition of thefithe superposition Debye limit is given by
mode), or, conversely, a strong coupling between them oc- Deb _ -1 2 3 3
curs (the coupling model®**31=34The most important ob- 9" w)=(27°) " (LUi +2M7), (19
servation related to Fig. 4 is that the boson peak is clearlynd the longitudinal and transverse sound velocitigsand
seen in TBCR only at temperatures beldy. At293 K, that  y;, should increase with decreasing temperature. The out-
is, right atTg, the boson peak is only a shoulder on the tailcome would beC(w) = w at such low frequencies. However,
of the relaxational contribution. This is consistent with thea more decisive evidence for that need comparisons between
fragile classification of TBCR as given by thgT) curve(in  Raman- and neutron-scattering spectra. The present paper
contrast with strong liquids, for instance,®;,°"® where  should motivate further investigations on TBCR, since it is a
the boson peak is well defined even at temperatures far aboysarticularly appropriate system for neutron-scattering mea-
Ty surements due to the high symmetry of the oxocarbon anion.
In order to obtain the density of statggw) from the Figure 6 shows the depolarization ratio of TBCR at tem-
Raman spectrum, the functional form 6fw) should be peratures close t6,. The depolarization ratio is shown only
known [see Eq.(1)]. Since distinct limiting behaviors for up to 100 cm? because the intensities of both the polarized
C(w) have been proposed, its exact frequency dependenceasd the depolarized spectra at high frequency are very small,
other unsettled issu&:**-%3In many glass formers, a simple and their quotient becomes very noisy. In line with observa-
linear dependence(w)xw, has been proposed. In such ations in other glass former83"®8 is constant in the fre-
case, they"(w) representation would bg(w) [see Eq(3)].  quency range including the relaxational and the vibrational
In the w-range below the boson peak, it has been found thatontributions. This is the strong argument in favor of the
x" ()= o® for various glass formers, and, were the densitypicture of a coupling between both of the contributidh&n
of states a Debye-like one in this low-range,g(w)> w?, the other hand, in a recent investigation of the low-frequency
the coupling coefficient would be insteal(w)xw?. Raman spectra of thelhigh-temperatuge molten salt
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FIG. 6. Depolarization ratigg=1,, /1 , of TBCR at tempera-
tures close to the glass transition.

Raman intensity (arbitrary units)

2BiCl3-KClI, Kirillov and Yannopoulo&® concluded that the
superposition model should be preferred on the basis of the
frequency dependence of the depolarization rat®). The
same group has found frequency-dependent depolarization
ratio in other glass formerd.In the case of TBCRp is equal

to 0.75 atT, (and higher temperaturgsvhereas at tempera-
tures belowT a slight drop inp has been found. This find-
ing should be contrasted with the temperature-independent
p(w) reported recently in the case of A% and
2BiClz-KCI. " The decrease ip follows the abrupt decrease

in the intensity of the relaxational contribution acrdgs as
noted from the fitting procedure shown in Fig. 7. The tem-
perature dependence pfin TBCR suggests that the other
interaction-induced mechanisms have increased weight with ”
decreasing temperatufsee Eq(9)]. In such a case, distinct wavenumber (cm )

mechanisms would dominate the relaxational or the vibra- £ 7. Best fit of the reduced depolarized Raman spééa
tional contributions, what weakens the argument in favor of2)] of TBCR by using Eqs(4) and (5). At each temperature, we
the coupling models. On the basis of distinct mechanismssnow the experimental dataircles, the best fit(old line super-
however, one would expect @light) frequency-dependent imposed on the experimental datahe relaxational contribution

depolarization ratio in a temperature range where both th@jashed ling the microscopic peakdotted ling, and the boson
contributions are comparable, sfiy-273 K as suggested by peak(full line).

Fig. 7. As an alternative explanation for the not usual tem-
perature dependence pfin TBCR is that an anisotropic frequency Raman spectta®226%%which we did not attempt
environment develops in glassy TBCR due to the particulato use due to the increasing number of adjustable parameters.
planar symmetry of the oxocarbon anion. This unsettled isVery recently®® these fitting procedures have been applied to
sue is a further motivation for neutron-scattering measureboth the polarized and the depolarized Raman spectra, so
ments or computer simulations of TBCR. that the depolarization ratio of each of the contributions have
Figure 7 shows examples of the fit of the boson peak bypeen obtained. In the present case of TBCR, the same set of
using Egs(4) and(5) [since() , is typically twiceQ1p, the  parameters, except by a scale factor, gives reasonable fitting
fitting is usually done considering only the first term in Eq. of both the polarized and the depolarized Raman spectra, so
(4)]. In some system¥:6it has been found that a Gaussian that the depolarization ratio is the same for the relaxational
shape is not able to represent a long tail at high frequenciesind the vibrational contributions.
In such case, an exponential dependence of the spatial fluc- The frequency of the microscopic peak decreases
tuations has been assumed, so thai{ w) would be Lorent-  smoothly with temperaturésee Fig. 8 but its width (45
zian. Despite the presence of the microscopic peak at am ) is almost unchanged in all temperatures. In line with
proximately 60 cm?, which has been fitted with an previous findings, the width of the central Lorentzian line
additional Gaussian function, we have found that the Lorent{20.0 cm'}) is almost unchanged at different temperatures,
zian model gives a poor fit to the high-frequency tail. Otherwhereas the boson peak frequency decreases only slightly
more general expressions have been also proposed to fit lowwth cooling (Fig. 8). Therefore the only parameter which

50 100 150 200 250
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x1BF o T T T g ] new system with othe_r well-known Iow-t(_—:-mperatu_re molten
B ] salts. In comparison with the more usual ionic liquids, TBCR
2 I ; is a much more viscous liquid, what is an obstacle for its
g 4x10°r aao e ’ application as an alternative solvent in organic synthesis.
g " i However, its prompt solubility in organic solvents should be
% 205 © -:;D“ - = 1 stressed, since ionic liquids have been used either in a pure
= form or in solution, typically in aromatic solvents. TBCR has
h 0} @ @ @ @ “ = been used here as a representative example of ionic liquids in
sof &6t R order to investigate whether the competition of relaxational
R oS 1 versus vibrational contributions in Raman spectra of glass-
_ 4of ' O . forming liquids is also observed in these systems. We have
T "0--0-0 T found that the boson peak is observed in the low-frequency
8 30 0"0 o ] range of the Raman spectra as long as the system is cooled
S] 20'_ A A A AA i below its glass transition temperaturd@y¢20°C). This
L L . e AA—-A."A ) finding follows previously proposed correlations between the
50 100 150 200 250 300 350 intensity of the boson peak and the strength of the liquid,
T(K) since the boson peak has been observed in fragile liquids

. only in a deep supercooled state. The superposition model

FIG. 8. Temperature dependence of the best-fit parameters. Tqpag heen used in order to fit the experimental spectra from
panel: the intensity of the central Lorentzian contributitme dot- the liquid down to glassy TBCR. It has been found that the
ted line is a guide to the eyeThe inset highlights the temperature oq0|arization ratio is constant in the whole low-frequency
dependence up to the glass transition temperdtheedotted line is 5046 "however, its value decreases with decreasing tempera-
an exponential fit Bottom panel: frequency of the microscopic .o aqdition to the DID and the reorientational contribu-
pﬁ%';(igctfjeald the boson pealtriangles. The dotted line is a tions, other interaction-induced mechanisms can contribute
¢ ye. in the fluctuation of the polarizability in ionic liquids. The

suffers a substantial temperature dependence is the imensﬁynperature dependen.ce of the dgpolanzaﬂon ratio could be
of the central linel. As shown in Fig. 8, has a smooth Ifterpreted by the dominance of different mechanisms as the

) . . relaxational contribution decrease or by an orientational or-
increase in a temperature range upTlp, above which a y

sharp increase is observed. This discontinuitygmas been der which develops in TBCR at low temperatures.
also observed in other glass-forming liquitds® and seems

s i ACKNOWLEDGMENTS
to be a rather general signature of the prompt domain of the
relaxational contributions at temperatures right ab®ye The authors acknowledge the help of Professor M. R. Al-
cantara and E. G. Fernandes, Jr. for the viscosity measure-
VI. CONCLUDING REMARKS ments, Professor Y. Kawano and L. G. Lage for the DSC

measurements, and Professor O. Sala for the cryostat setup.
We have shown that TBCR is a fragile glass-forming lig- The financial support of CNPq, FAPEMIG, and FAPESP is
uid. A fragility indice has been used in order to compare thisalso acknowledged.

*Corresponding author. Email address: mccribei@quim.ig.usp.br °C. A. Angell, Science267, 1924(1995.
1see the recent reviews: K. R. Seddon, J. Chem. Technol. BiotecH®D. Quitmann and M. Soltwisch, Philos. Mag. &, 287 (1999.
nol. 68, 351 (1997; Y. Zhao and T. J. V. Noot, Electrochim. !F. J. Bermejo, A. Criado, and J. L. Martinez, Phys. Lett196,

Acta 42, 3 (1997; T. Welton, Chem. Rew9, 2071(1999. 236 (1994).
ZR. A. Carpio, L. A. King, R. E. Lindstrom, J. C. Nardi, and C. L. 12p_ Benassi, M. Krisch, C. Masciovecchio, V. Mazzacurati, G.

Hussey, J. Electrochem. Sat26, 1644(1979. Monaco, G. Ruocco, F. Sette, and R. Verbeni, Phys. Rev. Lett.
3s. D. Jones and G. E. Blomgren, J. Electrochem. 386, 424 77, 3835(1996.

(1989. B3A. K. Hassan, L. Bgesson, and L. M. Torrel, J. Non-Cryst. Sol-
4J. S. Wilkes and M. J. Zaworotko, J. Chem. Soc. Chem. Com- ids 172-174 154 (1994.

mun. 13, 965 (1992. 143, N. Yannopoulos, G. N. Papatheodorou, and G. Fytas, J. Chem.
5p. Bonhte, A.-P. Dias, N. Papageorgiou, K. Kalyanasundaram, Phys.107, 1341(1997.

and M. Grazel, Inorg. Chem35, 1168(1996. 15C. E. Keller and W. R. Carper, Inorg. Chim. Ac288 115
6D. R. MacFarlane, P. Meakin, J. Sun, N. Amini, and M. Forsyth,  (1995.

J. Phys. Chem103 4164(1999. 1w, R. Carper, G. J. Mains, B. J. Piersma, S. L. Mansfield, and C.
73. Sun, M. Forsyth, and D. R. MacFarlane, J. Phys. Ched0B K. Larive, J. Phys. Chenil00, 4724(1996.

8858(1998. 7R, J. Gale, B. Gilbert, and R. A. Osteryoung, Inorg. Chdm.
8See the special issues: Philos. Mag7B No. 2(1998; J. Non- 2728(1978.

Cryst. Solids235-237(1998; J. Phys.: Condens. Mattéd, No. ~ 8S. Tait and R. A. Osteryoung, Inorg. Chef8, 4352(1984.
10A (1999; J. Phys. Chem103 No. 20(1999; J. Phys.: Con- 19¢. M. Dieter, C. J. Dymek, Jr., N. E. Heimer, J. W. Rovang, and
dens. Matterl2, No. 8A (2000. J. S. Wilkes, J. Am. Chem. Sot10 2722(1988.

104303-7



RIBEIRO, de OLIVEIRA, AND GONQALVES PHYSICAL REVIEW B 63 104303

20y, s, Fung and S. M. Chau, Inorg. CheB4#, 2371(1995. Piersma, D. J. Stech, R. L. Vaughn, J. S. Wilkes, and J. L.
213, Takashi, L. A. Curtis, D. Gosztola, N. Koura, and M.-L. Sab-  Williams, J. Phys. Chen88, 2614(1984.

oungi, Inorg. Chem34, 2990(1995. 48C. A. Angell, B. E. Richards, and V. Velikov, J. Phys.: Condens.
22p_ V. Schleyer, K. Najafian, B. Kiran, and H. J. Jiao, J. Org.  Matter11, A75 (1999.

Chem.65, 426 (2000. 49€. Veliyulin, E. Shasha, A. Voronel, V. S. Machavariani, S. Sei-
2W. C. Herndon, J. Mol. Struct.: THEOCHENIO3 219 (1983. fer, Y. Rosenberg, and M. G. Shumsky, J. Phys.: Condens. Mat-
244, Torii and M. Tasumi, J. Mol. Struct.: THEOCHENI34, 15 ter 11, 8773(1999. _ _

(1995. OW. R. Carper, J. L. Pflug, A. M. Elias, and J. S. Wilkes, J. Phys.

P, S. Santos, J. H. Amaral, and L. F. C. de Oliveira, J. Mol., Chem.96, 3828(1992.
Struct. 243 223 (1991, A. G. Avent, P. A. Chaloner, M. P. Day, K. R. Seddon, and T.

26 o Welton, J. Chem. Soc. Dalton Trar3, 3405(1994).
L. F. C. de Ol d P. S. Sant J. Mol. Struzh9, 85 . .
(1992 € Lilvelra an antos, 0 ' ' 52E Hutchinson, A. J. Rowley, M. K. Walters, M. Wilson, P. A.

27L. K. Noda, N. S. Gonalves, P. S. Santos, and O. Sala, J. Braz. Madden, J. C. Wasse, and P. S. Salmon, J. Chem. Ris.

2028(1999.
”s Chem. So.c.7,. 385(1996. o 53, Patkowski, W. Steffen, G. Meier, and E. W. Fischer, J. Non-
M. C. C. Ribeiro, L. F. C. de Oliveira, and P. S. Santos, Chem.

Cryst. Solids172-174 52 (1994.

” Phys.217, 71 (1997. 54C. Alba-Simionesco and M. Krauzman, J. Chem. Phg, 6574
R. Shuker and R. W. Gammon, Phys. Rev. L2§. 222 (1970. (1995.
A, P Sokolov, A. Kisliuk,. D. Quitmann, A. Kudlik, and E. 55c_ Alpa-Simionesco, V. Krakoviack, M. Krauzman, P. Migliardo,
Rossler, J. Non-Cryst. Solids72-174, 138(1994. and F. Romain, J. Raman Spectrog¢, 715 (1996.

1S, A. Kirillov, T. S. Perova, O. F. Nielsen, E. Praestgaard, U.56A, Hédoux, Y. Guinet, and M. Descamps, Phys. Rev5® 31
Rasmussen, T. M. Kolomiyets, G. A. Voyiatzis, and S. H. Anas-  (1998.

tasiadis, J. Mol. Struc#79, 271 (1999. STA. P. Sokolov, E. Rossler, A. Kisliuk, and D. Quitmann, Phys.

325, A. Kirillov, J. Mol. Struct.479, 279(1999. Rev. Lett.71, 2062(1993.

33F. Terki, C. Levelut, J. L. Prat, M. Boissier, and J. Pelous, J.58A. Brodin, L. Bajesson, D. Engberg, L. M. Torell, and A. P.
Phys.: Condens. Matté, 3955(1997). Sokolov, Phys. Rev. B3, 11511(1996.

34y, Z. Goshiyaev, V. K. Malinowsky, V. N. Novikov, and A. P. S9F. L. Galeener, A. J. Leadbetter, and M. W. Stringfellow, Phys.
Sokolov, Philos. Mag63, 777 (199J. Rev. B27, 1052(1983.

35A. J. Martin and W. Brenig, Phys. Status SolideB, 163(1974.  %°A. P. Sokolov, A. Kisliuk, M. Soltwisch, and D. Quitmann, Phys.
36M. Kriiger, M. Soltwisch, I. Petscherizin, and D. Quitmann, J.  Rev. Lett.69, 1540(1992.

Chem. Phys96, 7352(1992. 5IA. P. Sokolov, A. Kisliuk, D. Quitmann, and E. Duval, Phys.
373, Lorcsch, M. Couzi, J. Pelous, R. Vacher, and A. Levasseur, J. Rev. B48, 7692(1993.
Non-Cryst. Solids69, 1 (1984. 623 Wuttke, J. Hernandez, G. Li, G. Coddens, H. Z. Cummins, F.
38H. 7. Cummins, G. Li, W. Du, R. M. Pick, and C. Dreyfus, Phys.  Fujara, W. Petry, and H. Sillescu, Phys. Rev. L&® 3052
Rev. E53, 896(1996. (1994.
39A. Patkowski, W. Steffen, H. Nilgens, E. W. Fischer, and R.53A. P. Sokolov, U. Buchenau, W. Steffen, B. Frick, and A.
Pecora, J. Chem. Phy%06, 8401(1997. Wischnewski, Phys. Rev. B2, R9815(1995.
R, K. McGreevy, Solid State Phyd0, 247 (1987). 64| . saviot, E. Duval, N. Surovtsev, J. F. Jal, and A. J. Dianoux,
41p_ A. Madden, K. O'Sullivan, J. A. Board, and P. W. Fowler, J.  Phys. Rev. B50, 18 (1999.
Chem. Phys94, 918(1991). 55M. C. C. Ribeiro, M. Wilson, and P. A. Madden, J. Chem. Phys.
42p. A. Madden and K. F. O’Sullivan, J. Chem. Ph@&, 1980 108 9027(1998.
(1992). %M. C. C. Ribeiro, M. Wilson, and P. A. Madden, J. Chem. Phys.
43M. C. C. Ribeiro, M. Wilson, and P. A. Madden, J. Chem. Phys. 109 9859(1998.
110, 4803(1999. 673. S. Blakemore Solid State Physic§Cambridge University
44M. J. Castiglione, M. C. C. Ribeiro, M. Wilson, and P. A. Mad-  Press, Cambridge, 1985
den, Z. Naturforsch., A: Phys. S&4, 605(1999. 683, Kojima and V. N. Novikov, Phys. Rev. B4, 222 (1996.
“*N. S. Gonalves, P. S. Santos, and I. Vencato, Acta Crystallogr.%°S. A. Kirillov and S. N. Yannopoulos, Phys. Rev.@, 11 391
Sect. C: Cryst. Struct. CommuBb2, 622 (1996. (2000.
46N, V. Surovtsev, J. Wiedersich, A. E. Batalov, V. N. Novikov, M. 7°S. N. Yannopoulos and G. N. Papatheodorou, Phys. Ret2,B
A. Ramos, and E. Rssler, J. Chem. Phy413 5891(2000. 3728(2000.

4TA. A. Fannin, Jr., D. A. Floreani, L. A. King, J. S. Landers, B. J. "*S. N. Yannopoulos, J. Chem. Phylsl3 5868(2000.

104303-8



