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Electronic absorption spectra and Raman spectgdimethylp-nitroaniline (DMPNA) have been measured

in various fluids from the gaseous-like conditions in supercritical fluids (SCFs) to highly polar room-temperature
ionic liquids (RTILs). We found that the,SS; absorption band center of DMPNA in RTILs is mostly
determined by the molar concentrations of ions. On the other hand, the bandwidth of the absorption spectrum
does not follow the expectation from a simple dielectric continuum model. Especially in SCFs, the bandwidth
of the absorption spectrum decreases with increasing solvent density, suggesting that the intramolecular
reorganization energy is a decreasing function of the solvent density. The Raman shift of te&étiching

mode has been proven to be a good indicator of the solvent polarity; i.e., the vibrational frequency of the
NO, stretching mode changes from 1340 dnmn mostly nonpolar solvent such as ethane to 1300'cm

water. The linear relationship between the absorption band center and the vibrational frequency of the NO
mode, which was observed for conventional liquids in a previous paper (Fujisawa, T.; Terazima, M.; Kimura,
Y. J. Chem. Phys2006 124, 184503), holds almost well for all fluids including SCFs and RTILs. On the
other hand, the vibrational bandwidth does not show a simple relationship with the absorption band center.
The vibrational bandwidths in RTILs are generally larger in comparison with those in conventional liquids
with similar polarity scales. Among the RTILs we investigated, the vibrational bandwidth loosely correlates
with the molecular size of the anion. A similar dependence on the anion size is also observed for the bandwidth
of the absorption spectrum. We have also investigated the excitation wavelength dependence of the Raman
shift of the NQ stretching mode in RTILs. The extent of the dependence on the excitation wavelength in all
fluids is well correlated with the vibrational bandwidth.

1. Introduction RTILs, which are composed of cations and anions, belong
Solvatochromic shift of a molecule in solution has been tO @ new class of solvent fluidsTheir unique compositions
widely used to characterize the properties of solvents. Various attract much attention from chemists, and research in this field
kinds of probe molecules have been used to investigate solventiS how rapidly expanding. Solvatochromic shifts in RTILs have

properties, such as the polarity, the hydrogen-bonding ability, been studied extensively since an earlier stage of the reséaith.
and so ort. The solvatochromic shift occurs due to the energy The most widely studied solvatochromic propert§i30). The
shifts of the electronic ground and excited states induced by values ofEr(30) for typical RTILs such as 1,3-dialkylimid-
the solvent. Along with this solvent-induced change of the azolium salts are between 0.4 and 0.65, which are close to a
electronic state, the vibrational spectra of the solvatochromic typical value in polar solvents such as dimethyl sulfoxide
molecules are frequently altered. In fact, there are many studies(DMSO) and alcohol?*>Znamenskiy and Kobrak performed

on the Raman spectra of the solvatochromic molecules, espe-molecular dynamics simulations on the solvatochromic shift of
cially in relation to the intramolecular electron transfer reaction betaine in 1-butyl-3-methylimidazolium hexafluorophospttéte,
proces$—8 For example, the vibrational spectrum of betaine and discussed the effect of solttgolvent specific interaction
(2,6-diphenyl-4-(2,4,6-triphenyi-pyridino) phenolate), which  and the screening effect of the long-range interactions. Kamlet

is one of the most famous solvatochromic molecules for the Taft solvatochromic parameters such as the dipolarity/polariz-
Er(30) scale, has been studied by several researchers. Thebility parameter *), the hydrogen-bond-acceptor basicities
relationship between the band shift and the vibrational structure (8), and the hydrogen-bond-donor aciditie§ pave also been
change has been discussed in détallowever, most of the  jnvestigated for several classes of RTH4t has been reported
solvents used in these studies were limited to conventional liquid that the values oft* are generally close to 1, indicating the
so_lvents, ¢_and Raman spectroscopic study of these soIvatochroTarge dipolarity/polarizability of RTILs. The values ofands

mic dyes in new classes of solvents such as room-temperaturey o strongly dependent on the cations and anions, ranging from

ionic liquids (RTILS) is quite rare. nearly 0 to 1.
* Corresponding author. Telephone:81-75-753-4024. Fax:+81-75- Although studies on the vibrational spectra are expected to
753-4000. E-mail: ykimura@iic.kyoto-u.ac.jp. give us detailed insights into solvation in RTILs, approaches

T International Innovation Center. . . -
* Faculty of Science. from the vibrational spectrum of the solute molecule in RTILs

8 Graduate School of Science. have been rare. In our previous paper, we have studied the
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SCHEME 1: Molecular Structures and Resonance is strongly dependent on the solvent: the vibrational frequency
Forms of PB and DMPNA becomes lower with increasing solvent polarity in accordance
0 o with the solvatochromic shift. Furthermore, we have also found

that the Raman shift of the NGstretching mode is dependent
| on the excitation wavelength in polar solvents, which is similar
PB N NG to the case of PB%2% the vibrational frequency of the NO
\Q\N_ \@ stretching mode once decreases from the nonresonant condition
| (647 nm excitation) to the resonant condition (452 nm excita-
w tion), and then increases again to the blue edge of the absorption
(355 nm) in methanol. The phenomenon was interpreted by

\N/ N
P solvation state selective excitation as in the case ofHR:.,
DMPNA by choosing a particular wavelength for excitation, a solute
N A
0" o 0" o

molecule with a specific vibrational frequency is selectively
excited from an inhomogeneously broadened absorption spec-
trum due to the coupling between fluctuations in the electronic
@ ® transition energy and the vibrational frequency. The study on
the Raman spectra in RTILs is expected to reveal the charac-
vibrational spectra of phenol blue (PB) in RTIESPB is a teristic fluctuation of the dipolar solute molecule in RTILS.
typical solvatochromic dye whose solvatochromic shifts have | the following section, the experimental methods will be
been studied by various authdfs®® The electronic states of  gescribed in detail. For comparison with the previous study of
the ground and excited states of PB are approximately written pg_ experiments not only in RTILs but also in SCFs have also
by the resonance forms between A and B in Scheme 1. Thepgen performed. By using SCFs, we can survey a region
neutral form (A) dominantly contributes to the ground state, extended to the gaseous region, in which the property will be a
and the charge-separated state to the excited state. Accordingeference state to see the solvent effect. Here we have chosen
to the resonance Raman study in conventional liquids and tpree typical SCFs, ethane £ds), carbon dioxide (C§), and
supercritical fluids (SCFs; it was found that the vibrational  trifluoromethane (CHE), whose critical temperatures are close
frequencies of the €N and C=0 stretching modes, which are {5 the room temperature, while the types of intermolecular
the characteristic modes related to the charge transfer, show anteractions are quite different from one another. In section 3,
good linear correlation with the absorption band center, indicat- {he experimental results are presented together with the discus-
ing the correlation between the vibrational frequency and the gjon, First, the absorption band center and shape are discussed
electronic transition energy. Further, the vibrational bandwidth, iy getail. Then the Raman spectra of the Nglretching mode
or the fluctuation of the vibrational frequency, is correlated with i various fluids are presented. The peaks and bandwidths are
the solvent reorganization energy, or the fluctuation of the giscussed in relation to the polarity scale determined by the

shift of the C=N stretching mode is dependent on the gependence in RTILs is presented.

wavelength of the Raman excitation under the resonant condition
as a result of these correlatioffs2® In the study on RTILs, we
found that the linear relationship between the absorption band
center and the vibrational frequencies of=8 and C=0 2.1. Materials. DMPNA was purchased from Lancaster and
stretching modes holds well in RTILs as is observed in used after recrystallization from ethanol before use. Conven-
conventional liquids and SCPF%.0On the other hand, the tional organic solvents (cyclohexanesty), benzene (gHs),
magnitude of the solvent fluctuation in RTILs shows a different dimethyl sulfoxide (DMSO), methanol (MeOH), dimethyl-
dependence on the solvent polarity from that in conventional formamide (DMF): spectroscopic grade) were purchased from
liquids, which was discussed in terms of the specific interaction Nacalai Tesque, and used as received. Gases of ethaldg, (C
in RTILs2! Sumitomo Seika,>99.0%), carbon dioxide (C£ Kyoto

In this paper, we will present studies on the Raman spectrum Teisan>99.9%), and trifluoromethane (ChlPaikin, > 99.999%)
of N,N-dimethyl{p-nitroaniline (DMPNA) (see Scheme 1) and were used as received. RTILs used in this study are listed in
the excitation wavelength dependence of the Raman Stokes shifiTable 1 (the abbreviations of the names of RTILs are given in
of the NQ stretching mode in various kinds of RTILs. DMPNA  Table 1). [AEIm]Br, [ABIm]Br, [EMIm][BF,], [BMIm][BF 4],
is also a typical solvatochromic molecule, and KamlEaft [AEIM][BF 4], [ABIM][BF 4], [BMIM][NTf 2], [N1,1,1 J[NTf], and
solvatochromic parameters have been determined by the absorpfPp.g[NTf2] were purchased from Kanto Kagaku. [EMIm]-
tion spectra of related compounds suclpastroaniline (PNA), [EtOSQGy] was kindly supplied by Solvent Innovation. [BM
N,N-diethyl-p-nitroaniline (DEPNA), andp-nitroanisole3l-35 Im][BF4], [BPY][BF4], and [HPY][BFs] were purchased from
The electronic states of DMPNA are also approximately Acros. [Re614[NTf2] was purchased from Merck. [EMIm]-
described by the superposition of the resonant forms like PB [(HF)2.3F] was kindly supplied by Prof. R. Hagiwara (Kyoto
(see Scheme 1). Due to this nature of the charge transferUniversity). [BMIm][PFs] was synthesized and purified accord-
transition between the ground and excited states, the absorptioring to ref 39.
peak of DMPNA is occasionally used to estimate #fevalue All measurements for conventional solvents and RTILs were
in the replacement op-nitroanisole®® While the vibrational performed at 25.0C. Since the melting point of [AEIm]Br was
spectra of PNA and DEPNA have also been studied extensivelyreported to be 55.4C° the solution was in the supercooled
using Raman spectroscopy®-3” DMPNA has been little state. The concentrations of DMPNA were typically less than
investigated. In our previous pap8ve have reported detailed 20 mM, and the solutions of RTILs were filtered by using a
studies of the Raman Stokes shifts of DMPNA at various membrane filter (5Qum) to remove undissolved solute. The
excitation wavelengths in conventional liquid solvents. We solutions were evacuated using a vacuum lind.@ x 1071
found that the Raman Stokes shift of the Ndbrational mode Pa) more tha 2 h before each experiment. The contents of water

2. Experimental Section
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TABLE 1: List of lonic Liquids Used for the Measurements and Parameters Obtained from the Absorption and Raman

Spectra at 488 nm Excitation

no. name p(gcm3) C(moldm?®) w2(cm™) Awd(cm™) polarity scalé T no,2 (M) Awno2 (cm?)
1 [AEImM]Br 1.342% 6.18 24760 3730 1.13 1299.1 31.7
2 [ABIm]Br b 24 950 3730 1.08 1300.6 32.3
3 [EMIM[(HF).sF]  1.130 6.42 25 240 3890 1.00 1.026 1305.0 28.6

4 [EMIM][EtOSOy] 1.23R 5.24 25030 3730 1.05 1304.8 25.5
5  [EMIm][BF] 1.280° 6.47 25210 3900 1.00 1305.3 29.0
6 [BMIM][BF 4] 1.208 5.33 25270 3830 0.99 1.047,.04 1305.5 29.1

7 [BMam][BF] 1.096 457 25 200 3770 1.01 1.083 1303.1 28.9

8 [AEIM][BF4] 1.23% 5.50 25180 3870 1.01 1304.8 30.3
9  [ABIm][BF,] 1.168 4.63 25 260 3830 0.99 1304.4 28.7
10 [BPy][BF] 1.22¢¢ 5.47 25290 3810 0.98 1304.1 28.6
11 [HPY][BF 1.154 4.60 25 350 3830 0.97 1305.1 30.6
12  [BMIm][PFg] 1.373 4.82 25310 3880 0.98 1.032,.02 1304.8 30.9
13 [BMIM][NTf,] 1.429' 3.43 25540 3970 0.92 0.984.964  1306.3 30.0
14 [Np11d[NTF] 1.440 3.77 25 640 4040 0.89 0.970 1306.3 31.8
15 [Ppg[NTfy] 1.410¢ 3.34 25630 4010 0.89 1305.6 31.5
16 [Pses1d[NTF] 1.066 1.40 25820 3850 0.84 1308.0 28.4

aThis work. Polarity scale is given byf — wa(CeH12))/[wa(DMSO) — w4(CsH12)]. ° The solution was too viscous for the density to be measured
by the density meter of the vibrating tube oscillatoReference 48! Reference 10¢ Reference 47.Reference 49 Reference 507 Reference 11.
i Reference 46.AEIm, 1-allyl-3-ethylimidazolium; ABIm, 1-allyl-3-butylimidazolium; EMIm, 1-ethyl-3-methylimidazolium; BMIm, 1-butyl-3-
methylimidazolium; BMIm, 1-butyl-2,3-dimethylimidazolium; BPy, 1-butylpyridinium; HPy, 1-hexylpyridiniumzNs N,N,N-trimethyl-N-
propylammonium; Pgs, N-methyl-N-propylpiperidinium; B 6,14 trihexyl(tetradecyl)phosphonium; NI bis(trifluoromethanesulfonly)imide; EtOSO

ethyl sulfate.

in RTILs were examined by Karl Fischer titration (MKC-610-
DT, Kyoto Electronics Manufacturing Co. Ltd.) after the Raman
measurement. The hydrophobicity of RTILs is mostly deter-
mined by the species of aniTherefore, we checked the water
contents for typical RTILs with different species of anion.
Typical water contents (w/w) of [BMIM][NTA and [Ny 11 3-
[NTf,] were 100 and 250 ppm, respectively, and those of
[BMIm][BF 4] and [EMIm][BF4] were 200 and 500 ppm. In the
cases of very hydrophilic RTILs such as [EMIm][EtOg@nd
[AEImM]Br the water contents were 0.2%. The effect of the water
impurity on the experimental result will be discussed in section
3.2.

2.2. Apparatus. Raman spectra of DMPNA were measured
mostly at a 90 scattering geometry using a 64 cm monochro-
mator (Jobin Yvon, T6400, a 1800 lines/mm grating) equipped
with a CCD detector (Princeton Instrument, Spec-10:400BRXTE)
and suitable edge filters. An Ar ion laser (Coherent, Enterprise;
363.8 nm, 457.9 nm, 488.0 nm), a Kr ion laser (Omnichrome,
643-MRDN-AQO1; 568.2 nm, 647.1 nm), a pulsed Nd:YAG laser
(Continuum, Minilite, 355 nm, 15 Hz), and a pulsed dye laser
(Continuum, ND6000, 420 nm) pumped by a Nd:YAG laser
(Continuum, Surelite 11-10, 355 nm, 10 Hz) were used as the

equipped with four quartz windows was used for the Raman
measurements at 9@cattering geometry. The temperature of
the cell was regulated at 50.0tQ.2) °C by flowing the
thermostated water through the cell, and the pressure of the fluid
was monitored by a strain gauge (Kyowa, PGM-500KH). The
density of the solvent was calculated by empirical equations of
state?® In the measurement, a measured amount of DMPNA
was put in the cell, and the sample was dissolved by a magnetic
stirrer inside the cell after the introduction of the high-pressure
fluid from the reservoir. Measurements were generally per-
formed successively from a lower pressure to a higher pressure.

3. Results and Discussion

3.1. Solvatochromic Shift of DMPNA. Figure 1 shows
absorption spectra of DMPNA in (a) conventional liquids, (b)
RTILs, and (c) SCFs at various pressures. The absorption peak
position shows a very large shift from nearly 30 000 ¢érn
ethane at 6.29 MPa to 23 640 chin water. The peak positions
in RTILs are close to that in DMSO as was reported for a similar
kind of solvatochromic probe previously.No concentration
dependence of the absorption spectra was detected for the
solutions of RTILs in our study. As is shown in the figure, not

excitation lasers. For the measurements in RTILs under the opjy the absorption peak position but also the absorption band
strongly resonant conditions (355 or 363 nm excitation), a shape is dependent on the solvent. Therefore, we tried to
backscattering geometry was employed for the detection. In gstimate the absorption band centes) by fitting the absorption

RTILs, DMPNA showed degradation when it was excited at pand shape to a sum of log-normal functions as is described in

the resonant condition. Therefore, the measurements at 363 NMpe previous pape*4 The absorption band center is defined

were performed by usga 1 cmquartz cell with continuous
stirring of the sample solution using a magnetic stirrer. For the

other experiments, the measurements were performed without

any stirring of the solution. The Raman shift calibration was
performed by the Raman spectra ogHg and GHi,. The

spectrum sensitivity of the system was corrected by using the

fluorescence spectra of reference samples (quimmnreitrodi-
methylaniline, 2-aminopyriziné.42 The absorption spectra
were measured using a UWis spectrometer (Shimazu UV-
2400). The densities of RTILs were measured by a vibrating
tube oscillator at 25.00C (Anton Paar, DMA4500).

as

w,= [vg(v) dv [g(v) dv 1)

where
e(v) Dvg(v) 2)

Here ¢(v) and g(v) are the absorption coefficient and the
absorption line shape function, respectively. The line shape
functiong(v) in the fluid studied here was fit well by at most

For the measurements in SCFs, a high-pressure optical celltwo components of log-normal functions as was described in
and a high-pressure system were used, the details of which arghe previous pape€ The uncertainty of the band center was

described elsewheré*344Briefly, a high-pressure optical cell

estimated to be:100 cntl.
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TABLE 2: List of Conventional Liquids Used for the Measurements and Parameters Obtained from the Absorption and
Raman Spectra at 488 nm Excitation

namé walcmt AwdJcmt polarity scalé P Vo Jemt AvnoJemt
CeH12 28870 3840 0 0 1330.0 16.1
CeHe 26 960 3760 0.52 0.55 1321.2 19.6
BuOH 26 470 4440 0.66 0.48 1314.7 30.3
ProH 26 390 4450 0.68 0.54 1314.3 30.6
EtOH 26 340 4480 0.69 0.54 1314.4 311
MeOH 26 080 4320 0.77 0.60 1312.4 311
ACN 25970 3940 0.80 0.66 1313.0 22.2
DMF 25630 3750 0.89 0.88 1308.5 22.9
DMSO 25230 3710 1 1 1304.6 30.2
water 24 230 4460 1.28 1.09 1299.9 30.0

a Polarity scale is given byufa — wa(CeH12)]/[ wa(DMSO) — wi(CeHi2)]. P Reference 1¢ This work. ¢ CsH», cyclohexane; €Hg, benzene; BUuOH,
1-butanol; PrOH, 1-propanol; EtOH, ethanol; MeOH, methanol; ACN, acetonitrile; DMF, dimethylformamide; DMSO, dimethyl sulfoxide. The
results except for DMSO were taken from ref 38.
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Figure 2. Molar concentration dependence of the polarity scale of
DMPNA in RTILs at 25.0°C.

As shown in Table 1, the polarity scales of RTILs are around
1, similar to the reported* values!11.46However, the detailed
examination indicates that there is a variation of the polarity
scales from the minimum value (0.84) ofs[§%14[NTf ] to the
maximum value (1.13) of [AEIm]Br. The solvent species
dependence of this value is similar to the reported valueg of
as is shown in Table 1. We believe the main factor that
determines the spectrum shift of DMPNA is the ionic concen-
tration. Figure 2 plots the polarity scale against the molar
concentrations of RTILs which are calculated from def&ft>°
and molecular weight. As is shown in the figure, there is a trend
Figure 1. Absorption spectra of DMPNA in various fluids. (a) In  that the polarity scale increases with increasing the molar
conventional liquids at room temperature. From left to right: water, concentration of RTIL. This correlation is similar to the previous
DMSO, DMF, MeOH, and €Hz.. (b) In RTILs at 25.0°C. The numbers  case of PB! The molar concentration reflects the charge
in the figures are the substance indexes given in Table 1. From left to concentration within a unit volume of the solution. Therefore,
lr:'?:;] It’ﬂGE Olc:’i’gﬁﬁ‘ %nﬁﬁlf_'(ec)_l)n a?(ézss,atzf?g) 2&1\&&28%51%8;:?;;8 it_ is rgasonab_le t_h_at _the solvatoch_romic shift due to the
(---)at8.92, 11.58, and 17.02 MPasHG; (—) at 6.29, 7.29, and 26.87  dipolarity/polarizability is related to this property. _

MPa, respectively. Figure 3 shows the relationship between the polarity scale
and the full width at half-maximum (fwhm) of the absorption

The polarity scales, which correspond to the traditiomal spectrum Awy). As is shown in the previous pap&mo clear
values, were determined by the relative shifugffrom that in correlation was observed betweegandAw, in conventional
CeHi12 assuming that the polarity scale is 1 for DMSO and 0 liquids. Generally speaking\w, is determined by two factors:
for CgH1o, respectively. The values of the polarity scale defined 52 one is the solvent reorganization energy, which is directly
here in the conventional liquid solvents are close to the reportedrelated to the solvent polarity scale, and the other is the
values ofz* (Table 2)}! although our estimated values are intramolecular vibrational reorganization energy, which is
slightly larger than the traditionat* values. We consider that  determined by the difference of the vibrational structure between
this difference is caused by the band shape changes due to théhe electronic ground and excited states. Theoretically,
solvent: i.e., the FraneckCondon progression which is weakly increases with increases of the solvent reorganization energy
observed in the nonpolar solvent is smeared out in the polarand the intramolecular vibrational reorganization energy. The
solvents, and the contribution of the higher energy region of apparent absence of the correlation between the polarity scale
the absorption spectrum becomes smaller. (or the solvent reorganization energy) aftid, in the present

OD (a.u.)

20
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case (Figure 3) means that the intramolecular reorganization Raman Shift (cm )
energy, or the molecular structure of the solute, is expected to Figure 4. Raman spectra of DMPNA in various RTILs at 250
be strongly dependent on the solvent. This point is clearly seenobte:uned by 488 nm excitation. The numbers in the figure are the
in the density dependence Afv, in SCFs. The values of the substance indexes given in Table 1.
polarity scale of SCFs determined here are close tarthalues 1306
of SCFs determined previousl§>*In SCFs Aw, decreases with
increasing solvent density, as is observed foPBthe solvent 1304,

T T
reorganization energy in the solvents dominates, Aw, is 1304 %){) C‘F% i

expected to increase with increasing solvent density, since the —

solvent reorganization energy increases with an increase of the § 1803 7
solvent density as is represented by the solvent density S 1302} % i
dependence of the polarity sc&feThe decrease ofAw, >

indicates that the intramolecular reorganization energy, which 1301 A
is another factor to determinkw, decreases with increasing 1300 -

solvent density. This means that the displacement of the T
intramolecular vibrational coordinate in the ground state com- 1299 ! ! ! !

pared with that in the excited state becomes smaller with 00 02 o4 06 08 10

increasing solvent density or, equivalently, polarity. This is Xwater

reasonable considering that the contribution of the charge- Figure 5. I_Effect of water concentration on the Raman shift of the
separated state in the electronic ground state increases witVQz Strétching mode in [BMIm][BE] (O) and [BMIM][NTf,] (O). The

. - . result in pure water is also show®@);

increasing solvent polarity (see Scheme 1).

It is also to be noted that the lower density limits of both by subtracting the Raman spectra of the solvents. The Raman
Aw, and the polarity scale in all SCFs should take the same spectra in RTILs are quite similar to one another, although there
values. Therefore, a very large density effect is expected in theare small differences in the peak positions and bandwidths of
lower density region especially for CHRnd CQ; e.g., Aw, the NG stretching mode depending on the cations and anions.
will decrease with decreasing solvent density in the lower The band shape of the NGstretching mode is mostly ap-
density region. This complexity of the density dependence is proximated by a Gaussian function, although there is a slight
due to the competitive effect of the intramolecular reorganization asymmetry in the band shape: i.e., there is a tail in the smaller
energy and solvent reorganization energy. frequency region. Therefore we determined the fwhm of the

The values ofAw, in RTILs are similar to those of DMSO  vibrational band Avno,) from the observed signal directly, and
and DMF: rather smaller than those in the solvents which have the peak positionio,) was determined by the fitting to a
hydrogen-bonding ability. It seems thAty, becomes smaller  Gaussian function around the peak position.
with increasing polarity scale, and thAw, is dependent on Before a detailed discussion on the Raman signal in RTILs,
the anion rather than on the cation. These points will be we examined the effect of the water contamination in RTILs
discussed again in terms of the bandwidth of the Raman on the Raman shift. Figure 5 shows how the Raman shift of
spectrum. the NG stretching mode changes with the mole faction of water

3.2. Raman Spectra of DMPNAFigure 4 shows the Raman  (Xwate) in @ hydrophilic RTIL ([BMIm][BF4]) and a hydrophobic
spectra of DMPNA in various RTILs obtained at 488 nm RTIL ([BMIM][NTf ;]). In the case of [BMIm][BRE], we
excitation. The very strong band around 1300 ¢€mas assigned  gradually added a measured amount of water to the solution of
to the NQ stretching modé8 For several RTILs (e.g., [BMm]- DMPNA, where the concentration of water in the original
[BF4], [BPY][BF4], [HPY][BF4], and [ABIM]Br), weak fluores- solution was determined by Karl Fischer titration. In the case
cence signals were detected, probably due to the contaminationsof [BMIM][NTf ;], we compared two solutions: one was the
These background fluorescence signals together with the solvendried solution and the other was the ionic liquid phase solution
signals were removed from the Raman spectra of the solutionextracted after mixing with water. The water concentrations of
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The concentration of water in the latter solution (13 700 ppm)
was somewhat smaller than in the water-saturated solution o
(19 900 ppm¥® As is shown in the figure, the vibrational 151 Ay .
frequency of the N@ stretching mode is almost linearly ! 1 I 1
dependent on the mole fraction of water, although the depen- 05 00 05 10 15
dence seems smaller neXpaer = 0. Since most of our Polarity Scale

eXperlmepts were performed for RTILs V\,”th the contents of Figure 7. (a) Correlation between the vibrational frequency of the
water typically less than 500 ppm (e.g., this value corresponds NQ, stretching modesgo,) and the polarity scale determined by the
to 0.006 mole fraction in the case of [BMIm][BF and the absorption band centen§) in various fluids: ©) conventional liquids
experimental accuracy of the wavenumber at 488 nm excitation (488 nm excitation), M) RTILs (488 nm excitation), £) C,Hs (355
was within40.6 cnT?, the effect on the Raman shift by such hm excitation), #) CHF; (355 nm excitation), andX) CHF; (488 nm
a small amount of water can be ignored in the present study. ex0|tat|_on), respectively. (t_)) Correlation between the_wbratlonal

Figure 6 shows the Raman spectra around the region of thebandw'dth- of the N@stretching modeAvno,) and the polarity scale.

g : p g The meanings of the symbols are the same as in (a). Typical error bars

NO; stretching mode of DMPNA in &1 and CHF at different are shown.
pressures obtained at 355 nm excitation under the resonant
condition. The solubilities of DMPNA in SCFs were not enough - ye|| including the data in ethane and RTILs. The clear deviation
to measure the nonresonant Raman signal at 488 nm excitationyom the linear relation in the case of CHIB mainly due to
with enough signal-to-noise ratio (S/N), except for the highest {he gifference of the wavelength of the excitation laser, because
density of CH (the signal is also plotted in Figure 6). The e Raman Stokes shift of the N€tretching mode is dependent
solvent bands were subtracted from the spectra of the solutiong e excitation wavelength in polar solvents as is reported
by comparing the Raman spectra obtained for the sol_vent fluids. previously® and will be shown later in this paper: i.e., in a polar
In CO,, we could not observe the Ra.”.‘a” spectrum with enough solvent, the value obno, obtained at 488 nm excitation is
S/N even under the resonant condition, probably because the,

. . ; maller than that obtain t nm excitation. In fact, th
degradation of DMPNA occurs in GOThe band in GHg was smatier tha at obtained at 355 exciiatio ac €

i . ) L - value ofvno, in CHF; for 488 nm excitation lies near the linear
fit v_veII by a I__orent2|an f“”C“O_” (the br(_)ken line in the figure), correlation. The existence of the excitation wavelength depen-
while the fitting to the Lorentzian function becomes somewhat

worse in CHE, The specira for the nonresonant condition was dence ofvno, indicates that the linear correlation between the
well fit by a Géussian function, although the S/N ratio is much polarity scale ando, is dependent on the excitation wavelength

worse than those obtained under the resonant condition. The\?ift;fpz;iSr?gripemlf::gizmoet?;higng?r dﬁjljf(:fe?; tzfc?tlgf:l\r/‘v%ve-
different vibrational line shape in#&s is probably because the d

inhomogeneity of the solvent environment igHg is quite small lengths (355 and 647 nm) against the polarity scale are given

and the Raman band shape is predominantly determined by thd" the S_upportlng Information. AS is sho.wn. there, the linear
dephasing time. correlation holds well for the other excitation Wavelqngths,
Now we discuss the relation between the absorption spectra@tiough the slopes (the extent of the changengj, against
(polarity scales) and the vibrational frequency of the ;NO the polarity scale) are different.
stretching mode. As is shown in the previous paBenere is The correlation between the polarity scale amgb, is
a good linear correlation between the absorption band centerunderstandable, if we consider that the vibrational mode of NO
(wa) and the NQ vibrational frequencyuo,) excited at 488 is strongly coupled to the electronic state (see the resonance
nm in conventional liquids. Figure 7a shows the same plot forms in Scheme 1). The solvent field which affects the charge
including these values in RTILs and in SCFs, although most of distribution of the electronic states induces a similar change in
the values in SCFs were obtained at 355 nm excitation. Here vno,, irrespective of the source of the solutlvent interaction,
the horizontal scale is the polarity scale, which is equivalent to e.g., the ioa-dipole interaction in RTILs, hydrogen bonding in
wa As is shown in the figure, the linear relation holds almost alcoholic solvent, or dipoledipole interaction. In this sense,
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VNo, IS an indicator of the dipolarity/polarizability parameter T T T T ' ' '
as well as the absorption peak. @)

On the other hand\vno, Seems more sensitive to the kinds 363.8 nm
of solute-solvent interactions. Figure 7b shows the relation 420.0nm___|

457.9nm

488.0 nm

between the polarity scale andno,. One may notice thakvo,
increases with increasing solvent polarity scale. This is under-

standable if a major origin ahvyo, is the local inhomogeneity M
around the solute molecule and this inhomogeneity increases 647 1 nm
with increasing solvent polarity scaté>> However, if we see . . ! ! ! I I

the details, there are some features of the interaction dependence 1260 1280 1300 1320 1340 1360 1380 1400
of Avno,. First, Avno, is large in hydrogen-bonded solvents, as Rlaman Shift (cm )

T T T T
mentioned in the previous pap&This is considered to reflect

Intensity (a.u.)

- (b)

the ability of a NQ group as a hydrogen-bonding acceptor. - N
SecondAwno, values in RTILs are generally larger than those S M
in conventional solvent fluids with similar absorption shifts, and > M
comparable to those in the hydrogen-bonding solvents. Before @ “
the detailed discussion on the dependence of the cations or £ M
anions, we will discuss this general trend of the larger fluctuation - 568.2 nm
of the vibrational bandwidth. _’/w

As is shown in the previous pap&rAwvno, reflects the 12'60 12'80 13'00 13'20 13'40 13'60 13'80 1400
fluctuation of the solvent field responsible for the change in Raman Shift (cm™)
the dipole moment of the solute molecule; e4uno, was Figure 8. Raman spectra of DMPNA in RTILs obtained at various

almost linearly correlated with the fluorescence Stokes shift of excitation wavelengths. (a) [BMIm][NEF and (b) [EMIM][BE].

a dipolar molecule such as Coumarin 153 (C133§Until now,

a number of studies have been performed on the static andsplvation time of C153 in alkylphosphonium is different from
dynamic fluorescence Stokes shiftin RTR®S®? Accordingto  those in other RTILs; i.e., the solvation time is slower in
these studies, a significant part of the solvent fluctuation in comparison with other RTILs with similar viscositi&¥. This
RTILs comes from configuration or the correlated translational s ascribed to the larger molecular size of the alkylphosphonium
movement of cations and anions, and the relaxation process iscation. In the present case, due to the bulky structure of the
quite slow which extends to over several nanoseconds. The largea|kylphosphonium cation, the ionic concentration of alkylphos-
inhomogeneity of the vibrational frequency in the present case phonjum ionic liquid is much smaller than those of the other
is also expected to reflect the configurational distributions of ones, which reduces the effect of the charge fluctuation on the
the cations and anions. In this sense, the dependentenes, vibrational frequency of the NOmode.

on the cations and anions is an interesting issue. As is seen in 3 3. Excitation Wavelength Dependence of the Raman
Table 1,Avno, is loosely correlated with the size of the anion;  stokes Shift of DMPNA. As was demonstrated in the previous
i.e., the bandwidth is smallest in the ionic liquid with [EtO$0 paper® vyo, is dependent on the wavelength of the Raman
anion and generally increases in the order of molecular size of excitation laser light under the resonant condition. The phe-
anions [BR]~, [PF] ™, and [NTH] ", although there are some  nomenon was explained by the solvation state selective excita-
exceptions. The bandwidths in RTILs with Bare the largest,  tjon:2526j.e., the absorption spectrum of DMPNA in solution
this study. Considering that the N@roup is negatively charged,  molecules. The molecule which shows the absorption in the blue
one may expect that the bandwidth is more sensitive to the gqge of the spectrum is expected to have the highey,
cation. The observed correlation betwe®ryo, and the anion because of the relationship betwaegandwyo, in Figure 7a.
SuggeStS the COI’I’e|ated mOtlonS betWeen CatIOI"I and anion, Wh|c|’By tuning ’[he Wave'ength used for the Raman excitation, we
has been mentioned in the study of dynamics fluorescencecan selectively probe the molecule with different solvent
Stokes shift? ! is also important in the fluctuation of solvation.  environments, which results in the excitation wavelength

A quite similar dependence dvno, on the anion is also  dependence ofno,.
seen forAw, in RTILs. As is shown in Table 1Aw, is also Figure 8 shows typical examples of the excitation wavelength
classified Ioosely by the anion species in a similar manner with dependence OfNOZ in RTILs. The Raman spectra obtained here
Avno, i.e., the value ofAw, is larger in the RTIL with the  are quite similar to those observed in the case of Mé&bhder
larger value ofAvno,. We consider that the change aiw, the nonresonant condition (647 nm excitation), the band is
within RTILs is due to the solvent fluctuation and that this almost symmetrical and centered around 1310%When the
correlation is due to the coupling between the electronic excitation wavelength shifts to the absorption red edge,
transition energy and the vibrational frequency as is shown in shifts to the lower frequency region, and takes the minimum
Figure 7a. value (1300 cm?) at the excitation around 458 nm. Thefo,

It should be mentioned here that RTIL withg[§%,14" cation shifts to the higher frequency again. The traceg\ef in several
shows relatively a large deviation from the above-mentioned RTILs together with those in conventional liquids are shown
correlation; i.e., in [Re,6,14[NTf 2], the fluctuation is not so large  in Figure 9. In all solvents except in water, the minimum values
as those in other RTILs of [NEFf~ anion. The very large  of vno, were around 22 000 cm.
molecular size of the cation may be the reason for the difference. According to the theoretical model calculati¢fithe extent
In the study of the solvation dynamics, the ionic liquids which of the change of the Raman shift reflects the solvent fluctuation,
have alkylphosphonium cations show dependences differentif the vibrational dephasing time constant is shorter than the
from those other common ionic liquids used in this stély.  solvent relaxation time. In the case of RTILs, since the solvation
Maroncelli et al. indicated that the viscosity dependence of the time is reported to be generally extended to several nanoseconds
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1330 T T of the slope with increasing solvent polarity in RTILs is also
seen in the case of PB.Generally, the solvent reorganization
energy increases with an increase of the solvent poledf3if
the slope reflects the magnitude of the solvent fluctuation, the
slope is expected to increase with an increase of the solvent
polarity scale as is observed for conventional liquids. The result
in RTILs contradicts this simple expectation. In the previous
paper, we mentioned a possibility that the suppression of the
solvent fluctuation occurs with stronger solvation by a small
anion such as Cl Here we also found the tendency of a
decrease of the solvent fluctuation (or the slope) with decreasing
L the size of the anion and with increasing polarity scale. The
1295 16 18 20 22 24 26 28¢10 anion size dependence is consistent with the polarity depen-
0, cm™ dence, since the polarity scale tends to decrease with increasing

Figure 9. Excitation wavelength dependence of the Raman Stokes @nion size. The question is, what is the physical origin which
shift of the NQ Stretching mode in various RTILs and conventional I’educes the ﬂUCtuat|On W|th decreaSIng anion size and/or W|th

1325

T
\_E
1

1320

1315

2

1310

1
Vyo, (€m)

1305

1300

liquids. Typical errors are shown in the case of [BMIm][NTf(O) increasing the polarity scale of RTILs? At present, we do not
Water, () ACN, (O0) MeOH, @) [BMIM][NTf 2], (M) [Pe,614[NTf2], have an answer for this question. Probably the bulky anion
(a) [EMIM][EtOSO;], and (v) [AEIM]Br, respectively. prevents the cation from taking the most favorable solvation

structure around the solute, and induces the energy fluctuation

-3
3:5¢10 ' ' ' MeOH of the solvation of cation. A detailed investigation by using
30k 13.0.14 _ simulations will be desirable in the future.
16 m8
25 : 6 W1 4. Conclusion
5
20 Owater . In this paper, we studied the)SS, absorption spectra and
08)' 15k O omF DMSO | Raman spectra of DMPNA in fluids including nonpolar SCFs
n : o and various kinds of RTILs. From the absorption band centers
10k ACN _ (wa) we determined the dipolarity/polarizability of fluids. We
CeMe found that the polarity scale of RTILs is mostly determined by
05 Co CF4H, 2.0 . the molar concentration of the fluids. The analysis of the
| | | bandwidth of the absorption spectrumd,) in SCFs suggests
0'015 20 25 30 35 that the intramolecular reorganization energy decreases with
Avyo, (cm™) increasing solvent density or polarity scale. In RTIAgy, was

Figure 10. Correlation between the slope of the vibrational frequency found to be mpstly depenplent on the molgcular size of the anion
against the excitation wavelength and the vibrational bandwidth of the (decreases with decreasing molecular size).
NO; stretching mode. The Raman shift of the NOstretching mode of DMPNA
(vno,) Obtained at 488.0 nm excitation was found to be almost
from studies on the solvation dynamics, the vibrational dephas- linearly dependent on the solvent polarity scale, and this
ing time, which is usually on the order of picoseconds, should dependence is similar to that shown in the previous p#per.
be much fastet? 62 Therefore, the slope of the plot afo, This reflects thatno, can be an indicator of the solvent polarity,
against the excitation wavelength can be a measure of the solvenaind rather insensitive to the origin of the molecular interactions.
fluctuation in RTILs?6 Figure 10 shows the relationship between On the other hand, the vibrational bandwidth of the ;NO
the slope of the excitation wavelength dependence/ang, stretching modeAvno,) did not show a simple relationship with
obtained at 488 nm excitation. Here the slope was calculatedthe polarity scale of the solvenAvyo, in RTILs is generally
by the change of the Raman shift from near the minimum value larger in comparison with the conventional liquids with similar
(at 457.9 or 452 nm excitation) to the maximum value (at 355 wa, Within the RTILS,Avno, was dependent mostly on the anion
or 363.8 nm excitation). As is shown in the figure, there is a species as was observed in the casA®f; i.e., Avno, tended
good linear correlation between them, indicating that the solvent to increase with increasing molecular size of the anion within
fluctuation is a key to the observed phenomena. The magnitudethe RTILs studied here although there were some exceptions.
of the slope in RTILs is dependent on the anion as observed We have also investigated the excitation wavelength depen-
for Aw, i.e., the slope becomes larger with increasing molecular dence of the Raman shift of the N®tretching mode in RTILs
size of the anion including the bromide anion. The resemblance in detail. The value ofyo, was at a minimum for the excitation
of anion size dependence of the slope\o, supports the idea  wavelength near 450 nm. We have evaluated the extent of the
that the excitation wavelength dependence of the Raman shiftdependence by the change of the vibrational frequency from
results from the coupling between the fluctuations of the near 450 nm excitation to 355 or 363 nm excitation. The
electronic transition energy and the vibrational frequency; i.e., dependence on the excitation wavelength was well correlated
a molecule with a certain value ofo, was selectively probed  with Avno, and Aw,, reflecting that this phenomenon derives
within an inhomogeneously broadened absorption spectrumfrom the correlation of the fluctuations between the electronic
(Awg) by choosing an excitation wavelength for the Raman transition energy and vibrational frequency. The extent of the
detection. excitation energy dependence in RTILs tended to be suppressed
It is also to be noted that the slope in RTILs decreases with with increasing polarity scale of the solvent or with decreasing
increasing solvent polarity scale as in the cas@Aof, (see the molecular size of the anion. This is quite interesting considering
Supporting Information), while the slope increases with increas- that the NQ group is expected to be solvated by positively
ing solvent polarity scale in conventional liquids. The decrease charged cations. Probably the correlated motions between the
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cations and anions are important for the observed phenomena (30) Chen, J.; Shen, D.; Wu, W.; Han, B.; Wang, B.; SunJDChem.

and should be investigated in more detail in the future by, e.g.,

molecular simulations.
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