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Concentration-Dependent Frequency Shifts and Raman Spectroscopic Noncoincidence
Effect of the C=0 Stretching Mode in Dipolar Mixtures of Acetone/Dimethyl Sulfoxide.
Experimental, Theoretical, and Simulation Results
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The v(C=0) Raman band frequencies of acetone have been analyzed to separate the contributions of the
environmental effect and the vibrational coupling to the gas-to-liquid frequency shifts of this band and to
elucidate the changes in these two contributions upon dilution in DMSO. We have measured the frequencies
of the v(*2C=0) band in acetone/DMSO binary mixtures, t{&*C=0) band of the aceton€C=0 present

as a natural abundance isotopic impurity in these mixtures, and boti{*8@=0) andv(**C=0) bands in

the acetoné?C=0/acetoneé<C=0 isotopic mixtures at infinite dilution. These frequencies are compared
with those of thev(*?*C=0) band in the acetone/C{binary mixtures measured previously. We have found

the following three points: (i) The negative environmental contribution fon{FR€=0) oscillator of acetone
completely surrounded by DMSO is reduced in magnitude-By5 cnt* and+7.8 cntt upon the complete
substitution of DMSO with acetone and G@holecules, respectively, indicating the progressive reduction of

the attractive forces exerted by the environment omAR€=0) mode of acetone. (ii) In DMSO and other
solvents, the contribution of the vibrational coupling to the frequency of the isotropic Re&r=0) band

of acetone becomes progressively more negative with increasing acetone concentration up to avalbie of
cm1, while the contribution to the frequency of the anisotropic Raman band remains approximately unchanged.
The only difference resides in the curvatures of the concentration dependencies of these contributions which
depend on the relative solute/solvent polarity. (iii) The noncoincidence effect (separation between the anisotropic
and isotropic Raman band frequencies) of #H{€=0) mode in the acetone/DMSO mixtures exhibits a
downward (concave) curvature, in contrast to that in the acetongf@&tures, which shows an upward
(convex) curvature. This result is supported by MD simulations and by theoretical predictions and is interpreted
as arising from the reduction and enhancement of the short-range orientational order of acetone in the acetone/
DMSO and acetone/Cgmixtures, respectively.

each spectral band, which in turn depend on the molecular nature
of the condensed-phase system. These perturbations refer to both

In condensed-phase molecular systems, intermolecular inter- nsnecific bulk dielectric effects and more specific (hydrogen-
actions induce a large variety of spectral manifestations. In fact, bonding, dipolar, induced, and/or dispersion) intermolecular
it is commonly observed that the gas-to-condensed phasejnieractions.

transition leads to variations of the observables of a spectral
band, such as band intensities and shapes, frequency position§n
of band maxima, and in some cases band splittings, the most
spectacular being the Davydov splitting in molecular crystals.
These spectral variations are determined by the nature and th
efficiency of the perturbations of the energy levels involved in

The vibrational spectra of nonpolar and polar molecules in

e condensed phases are generally shifted to lower frequencies
compared with those in the gas phase. The extent of the
frequency shifts largely depends on the electric properties of
§he molecules. The Raman vibrational band of diatomic nonpolar
molecules such as Nand Q exhibit a red shift of a few

wavenumbersin the transition from gas to liquid phases. The
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cm! stays constant in the liguldor at most decreases in  first moment and the shift of the anisotropic first moment to
frequency by 1 cml.> More pronounced changes occur in lower frequency upon dilution in DMSO. Finally, in section
vibrational modes with large IR intensities in dipolar molecules, 6.3, we will show that the molecular-level interpretation of the
such as the €0 stretching mode (hereafter denoted/@=0)) observed concentration dependence of the NCE of (H€=0)
of acetone g = 2.87 D) with a shift of—28 cnT16 and the mode, as given by the simulation calculations performed within
S=0 stretching mode of dimethyl sulfoxide (DMSQ) € 3.9 the MD/TDC procedure (section 3) and by the predictions of
D) with a shiff’ of —44 cnmtin the transition from gas to liquid ~ the Logan theory (section 4), offers a consistent picture of the
phases. The spectral shifts (commonly, but not necessarily, redeffect of dilution by DMSO on the short-range orientational
shifts) of normal modes in dipolar liquids must be traced back order in liquid acetone. The upward (concave) curvature of the
to their mechanical and electrical anharmonicities; both anhar- concentration dependence of the NCE indicates that the presence
monicities determine, jointly with the molecular dipole moment, of the more polar DMSO molecules in acetone/DMSO binary
the magnitudes of the frequency shifts. mixtures induces a reduction of the short-range dipolar orien-
At least in principle, the nature of the intermolecular tational order between adjacent acetone molecules. We will
interactions at work could be inferred from the magnitude and confirm this point of view through the comparison of the present
the sign of these spectral effects. Actually, even though a "€Sults on the concentration dependence of the NCE with those
qualitative description of the spectral effects of intermolecular OPtained for acetone in isotopic binary mixtures and in binary
interactions can be formulated, a quantitative comprehensionMixtures with a solvent of lower polarity. The most relevant
of the way the latter determine the former represents a hard conclusions reached in this paper will be summarized in section
task. The main reason resides in the fact that any given oscillator -
may be affected by intermolecular interactions of different ) )
mechanisms, each of which giving its own contribution to the 2- Experimental Details and Data Treatments

frequency shift of the oscillator; thus, unless one of the different 5 1 Raman MeasurementsThe Raman apparatus consisted
mechanisms dominates over the others in a particular way, theef 5 spectrometer (Spex 1404 double monochromator) equipped
problem of recognizing the nature of intermolecular interactions ith a multichannel detector (LN2 charge-coupled device (CCD)
can be solved only by experimental disentanglement of the camera with 1024« 256 pixels, Spex). The emission line of
different perturbation mechanisms and then by measuring g Ar jon laser (Coherent Radiation Laboratories, Mod. Innova
separately the different contributions to the oscillator frequency gg) at 514.53 nm with 0.3 W power on the sample was used
shifts. Changes in the thermodynamic conditions, which elimi- fo; exciting the Raman spectra. The spectra collected in the
nate or exaltin turn one or the other of the different mechanisms, spectroscopic region of interest (the carbonyl stretching vibration
may help in recognizing the different contributions to the around 1700 cmi) covered a range of 230 crh(1590 cnrt
frequency shift_s. Chemical an_d isotopic dilution up to the {5 1820 cnr?), corresponding to 657 pixels on the active CCD
extreme conditions (mole fraction of the solute0.01), for area, with the CCD pixel separation amounting, therefore, to
instance, have proven to represent efficient procedures ofg 35 cnri, This spectral range extended sufficiently far to the
factoring out the environmental effects and the vibrational wings of the »(12C=0) profile to ensure an appropriate
coupling effects of intermolecular interactiohdntimately application of the band shape fitting treatment.
connected with spectral shifts caused by intermolecular inter- 1o polarization measurements, performed in the 9ft-
actions is the phenomenon of the noncoincidence effect igring geometry, were carried out by exciting the sample with
(NCE),!*"* that is, different shifts of the isotropic and aniso-  the vertically (V) polarized laser line from which any parasitic
tropic components of a Raman band. Up to now, we have porizontal component was removed by a Glan-Laser polarizer
performed several studies dealing with the shift and the NCE jp, front to the sample. The scattered Raman light was analyzed
of thev(C=0) band of acetone in nonpolar solveht§** The by alternatively selecting the vertical (V) and horizontal (H)
purpose of this work is an extension of this subject to polar pojarization directions with polarization sheets. A polarization
solvents and a more complete comparison between the experiscrampler placed before focusing the scattered light on the
mental results, computational results, and theoretical predictionsgntrance slit (width, 100m; height, 10 mm) of the spectrometer
of NCE in thev(C=0) mode of acetone in solvents of lower, compensated the polarization-dependent reflectance of the
equal, and higher polarity. grating. The effective polarization conditions were checked by
In this paper, we address the issue of recognizing and measuring the depolarization ratio of the three lowest,CCl
evaluating the effects of the environmentally induced frequency Raman bands.
fluctuations and the resonant vibrational coupling on the The Raman measurements were performed #t@nd at
isotropic and anisotropic profiles of the Raman band associatedatmospheric pressure. Solute and solvents were spectroscopic-
with thev(C=0) mode of liquid acetone and their changes upon grade products. DMSO was used after purification by vacuum
dilution in a more polar solvent such as DMSO (section 6.1). distillation in an attempt to eliminate the fluorescence conse-
By exploiting the presence of acetoh&=O as a natural  quent to the presence of some chemical impurities. Actually,
abundance isotopic impurity, we will extract (section 6.2) the some residual fluorescence remained in DMSO, which reduced
environmental contribution to the frequency shifts/(fC=0) the SN ratio and gave rise to some uncertainties in the
in acetone/DMSO binary mixtures. We will then be able to determination of parameters in the fitting procedures. For each
isolate, through the concentration dependence of the differencemixture (prepared by weight and defined by the mole fraction
between the first moment of(*2C=0) belonging to acetone-  of acetonexa), the spectra were collected using integration times
12C=0 and the first moment of(13C=0) belonging to the and accumulation numbers properly selected to give ap-
isotopic impurity, the remaining contribution to the isotropic proximately equivalen&N ratios. In addition, for each mixture,
and anisotropic frequency shifts of th€2C=0) mode in these ~ we have corrected the intensity distribution reaching the CCD
mixtures, which refers to the effects of the intermolecular (CCD response) using the fluorescence spectrum of a fluores-
vibrational coupling. We will explain, through the joint effects ceine solution as reference. This correction was applied to the
of these contributions, the observed invariance of the isotropic solvent spectra as well. To correct for instrumental drifts, the
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collection of each VV and VH sample spectrum was followed Then, 400 configurations were extracted from the production
by a check of the position of the atomic line at 17 678.28€m  run (one every 1 ps) to be used for the spectral calculations.
of a Ne calibration lamp. Corrections for systematic errors in  For each liquid configuration sampled as described above,
the frequency readings were applied as well. the normal modes of the liquid were calculated by constructing
2.2. Data Treatment and Fitting Strategy. The raw data the F matrix and diagonalizing it. The diagonal terms were set
were analyzed using commercial spectroscopy softwareto 1.046 x 10?° N m~! kg~! (1.737 mdyn Al amu?,
(Galactic Industries GRAMS/386). After frequency calibra- corresponding to 1717 cr) for the G=0 stretching mode of
tion, CCD response correction, and solvent scattering sub-acetone. Since only the=€0 stretching band is analyzed in
traction according to its fractional contribution, the VV and VH the present study, no oscillator was placed on DMSO molecules.

profiles were combined to give the isotropic profilég.(= I The off-diagonal terms were determined on the basis of the TDC
— (“3)ly) that, together with the anisotropic onégo= lvn), mechanism. The magnitude of the dipole derivative was set to
were entered into the fitting procedure. 1.67 x 1076 C kg %2 (2.04 D A~ amu2?). In calculating the
The determination of the first moments of th@€€=0) mode Raman spectra, the Raman tensor of each molecule was assumed

of acetone required the fitting of the whole spectral envelope to be axially symmetric with respect to the=© bond, as in
consisting of the asymmetric band due to th€=0) of the previous studie¥$:*

acetone’C=0, a satellite band at 1676 cthdue to the same To compare the behavior of the noncoincidence effect of the
mode of the naturally occurring acetob&=0, and a second  »(C=O0) stretching band of acetone in polar and nonpolar
satellite band at 1750 cm, which is the combination band; solvents, calculations were also carried out for the acetong/CClI

+ vy intensified because of Fermi resonance wi(f*C=0). binary mixtures. The potential function used for G@as

In the fitting of all these bands, we have chosen mixed derived by combining the Lennard-Jones part taken from ref
Gaussiar-Lorentzian shapes, and we have reached convergence26 and the electrostatic pad(C) = 0.420 e,g(Cl) = —0.105

in all cases. Two independent fitting calculations were per- e, and®(Cl) = 1.413 &y?) taken from ref 19, to take into
formed. In one fitting calculation, the asymmetric main spectral account the effect of atomic quadrupol€3)(on the Cl atoms
feature (i.e., thev(*2C=0) mode of acetone) was set as the of CCls. The liquid structures were simulated by the Monte
superposition of up to two components in the isotropic spectra Carlo (MC) method for the system &f = 500 atT = 293 K,

as well as in the anisotropic ones; in a parallel independent assuming the molecular volume of= 160.2 & (derived from
fitting calculation, this feature was set as the superposition of d = 1.594 g mL-%) for CCl,.2 The system was equilibrated in
up to three components in the isotropic spectra and one the first 5x 107 steps (equivalent to ¥ 10° MC cycles), and
component in the anisotropic ones. In both of these fitting 400 configurations were extracted as liquid structure samples
treatments, the two satellite bands were set as single line profilesfrom the subsequent & 107 steps to calculate the vibrational
Their band parameters were determined from the fitting of the spectra. The method for calculating the vibrational spectra was
isotropic spectral profiles in all mixtures and were taken over the same as that for the acetone/DMSO binary mixtures
in the fitting of the correspondent anisotropic spectral profiles. described above.

The isotropic and anisotropic first moments of th@’C=0) These calculations were carried out on a Fujitsu VPP5000
mode were calculated as the average of the component pealsupercomputer at the Research Center for Computational
frequencies weighted according to their intensities. Science of the National Institutes of Natural Sciences at Okazaki

The isotropic and anisotropic first moments and the values and on a Hewlett-Packard zx6000 workstation in the laboratory
of NCE shown below in section 5 are the averages of the resultsof one of the authors in Shizuoka.
obtained in at least two successive measurements. The error
bars assigned to the isotropic and anisotropic first moments are4. Theoretical Framework
one standard deviation calculated as the average of the
component standard errors obtained in the fittings, weighted
according to their intensities. The errors on the NCE values
have been evaluated through the error propagation law.

The theoretical framework for the interpretation of the results
shown below on the concentration dependence of Raman
spectral first moments and that of NCE is based on the theory
developed by Logan for the analysis of Raman spectra of liquids
and binary mixture3-15 which basically represents an exten-
sion to polyatomic molecules of the formulation given by Bratos

Calculations of vibrational spectra were based on the MD/ and Tarjus of the Raman scattering in liqufdg? It offers a
TDC method: Liquid structures are obtained from molecular way for the description of the first moments of the isotropic
dynamics (MD) simulations, and the transition dipole coupling and anisotropic vibrational Raman bant¥s; andManj), as well
(TDC) mechanism is used for the intermolecular vibrational as that of the IR vibrational bandg), an observable not
interaction€® The MD simulations were performed using the utilized in the present study. The changes in these spectral first
OPLS potential function derived by Jorgen¥eor acetone and moments as a consequence of a transition from gas to condensed
the P2 potential function derived by Luzar efafor DMSO, phases or, more generally, as a consequence of variations in
in which intermolecular potential energies are represented by the system thermodynamic state are ascribed to two prevailing
the electrostatic and Lennard-Jones terms. Only intermolecularprocesses: (1) the interaction of the active vibratikg, of
degrees of freedom were considered. The total number of moleculei of species A with the bath (translations and rotations

3. Computational Procedure

molecules ) and the temperaturd) were fixed asN = 500 of moleculei and the surrounding molecules) giving rise to
andT = 293 K. The molecular volume was assumed ta/lze environmentally induced frequency quctuatioQﬁA, and (2)
122.0 A (derived fromd = 0.7903 g mL-1) for aceton& and the intermolecular coupling of IR active identical oscillators
v =117.8 B (derived fromd = 1.101 g mL1) for DMSO2* giving rise to vibrational energy transfer between pairs of distinct
The mole fraction of the liquid was set a8 = 1.0—0.1 with moleculesi and j (=i) of the same species AQ,“A The

intervals of 0.1. The periodic boundary condition was employed. different roles these two processes play in the modulation of
The time step was set to 2 fs. The system was equilibrated for spectral first moments clearly emerge from the following
400 ps, after which a production run of 400 ps was carried out. expressions specifically formulated for binary mixtures of



v(C=0) Frequency Shifts in Acetone/Dimethyl Sulfoxide Mixtures J. Phys. Chem. A, Vol. 109, No. 26, 2005349

components A and B 1716 "
£
Migs(%a) = " + [PC) + X NIRPP(u-u)G, - (1) x 2

1714
MisdXa) = 0fft + R0 + X, NIRIPP,(uru)T, (2) . &

[ 44

Here, xa is the mole fraction of component A, having an IR 17129 §

active oscillatorka with unperturbed vibrational frequency ~ ] IAY
wé’*, the averaged diagonal elemeﬁﬂ#}’*ljjA of the perturbation n O g u]
matrix correspond to the environmentally induced frequency 1710 4 g u! o o (]
shifts, the averaged off-diagonal elemerf@i‘}APA(ui-uj)ljjA
correspond to the frequency shifts induced by intermolecular
coupling, P,—o» are the zeroth and second-order Legendre
polynomials, ands; andu; are the unit vectors in the direction
of the permanent and transition dipoles of moleculesdj. In |
these equations, component B is treated as having no vibrational ®
modes that are able to couple wih. 1674 1 B8 o
Equations 1 and 2 tell us that the contributi@{*[;, affects ] 8
Raman isotropic and anisotropic spectra to the same extent, O
whereas the intermolecular vibrational coupling contribution 1672 g
EQ!}APi(ui-uj)BJA is profoundly influenced by the ordérof P, 5
connected with the spectroscopic property considered. In the 1
case where the intermolecular vibrational coupling is determined 1670 -—
by the TDC mechanism, the difference in this contribution 0.0 02 04 0.6 0.8 10
between the isotropic and anisotropic spectra is remarkable, as X

A
shown in the following equatidf*> Figure 1. Upper part: Dependence of the Raman isotropic and

anisotropic first moments for the=€0 stretching mode(*2C=0) of

1676 - Q

band position (M)/cm
AR
D\

Ka . _1 ok . acetone in DMSO on the mole fraction of acetone, denoted as
[92i*Po(uy-up)G) 25 (92" Po(ui-u) ®) M=) and ML C=O)(x,) in the text. Lower part: Concentration
dependence of the first moment for the band of tleCCstretching
. 13—, . ~—, . .

The thermodynamic state dependence of the NE&E(p, Xa, E:Aof(jmecz(o)ic ))O )T?]f the naturaélyf.ﬁcgumngbaf eto?& tot'mpumty ;
— Mka _ Mk . NA Xa)). The open and filled symbols refer to two sets o
N | M?”'SO(XA) . M'SO()SA)’ of a Elven normarl1 dekA_ of the results obtained by two independent fitting procedures in the data
moﬁfsu ar species A driven by the TDC mechanism is eXpressedtreatment. The error bars (sometimes hidden by symbols) refer to one

as standard deviation.
Xa&a(Xpr 0, T) particle interactions, expressed #gxa) = Xa&aolp, T) +
AkA(p, Xa, T) = . 4) xs€so(p, T), of the solute molecule (A) and the solvent (B).
kA
5. Results

wherep is the total number density, is the temperaturd, is
a factor only containing molecular parameters (see section 6.3),
andé&a(xa, p, T) is the orientational structure factor given as

The upper part of Figure 1 shows the concentration depend-
ence of the first moment®’{**=(x) and M2CC~(x,) of

iso aniso

the isotropic and anisotropic components, respectively, of the
v(*2C=0) band of acetone in the acetone/DMSO mixtures. The

EalXas 0, T) = Ep oo, T) E(Xar o, T) ®) two sets of values obtained from the above-mentioned two
independent fitting treatments of the experimental results are
Here,&ao(p, T) expressed as shown with different markers. It is clearly recognized in Figure
1 (as well as in the other figures shown below) that the two
ﬂ/ZAP fitting treatments provide approximately the same values in all
Eaolp, T) = W (6) mixtures. With diIution,Mi"s(fC=°)(xA) remains approximately

constant at around 1710 cfy while M’C.C~%)(x,) decreases

aniso
~ 1 = ~ 1j i
stands for the two-body alignment effects determining the liquid frqm 1715 cm™ atxa . 1.0to~1710 cnv n th? mostdllute.
structure in the low-density limit, whereas the many-body mixture &, = 0.1). This remarkable behavior is th? oppo_sﬂe
alignment effects are included in the factéxa, p, T). The to that already observed far(*2C=0) of acetone diluted in
latter is obtained by numerical solution of the following "°NPolar solvents (acetone/GE® and acetone/benzene mix-

/(12c—0 . :
algebraic equation valid in the equal-radii mean spherical tures?). In these casesMi;“*(xs) exhibits a consistent

approximation (MSA) nonlinear increase with dilution from1710 cn!to 1718 cntt
when CC}, is used as the solvéfitand to 1716 cm! when
(1+4By)?  (1— 2By benzene is used as the solvent, whuﬁgﬁiffo’(x,\)_ only
0= — — ) slightly increases with dilution to these same values in the most
(1 — 2&y,) 1+ &yo) dilute mixtures from~1715 cnt! at xa = 1.0.

The lower part of Figure 1 shows the concentration depend-
in which yp represents the fractional contribution of the pair  ence ofMKfc:O)(xA) of the »(33C=0) band arising from the
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1 v(2C=0)
1740 4 1738.0 cm M
1 gas phase
AN
1720 11718.0 cm™ 2 1715.3 em”
_ |17157em™ b N 2 ani
! \
5 1 N T
E {17102 cm™ ¢ | & “® 3 isa
1709.8 cm!
13
1700 4 1698.0 cm MO
1680 1 1670.0 eyt '\ \. §
Dem7a' \ 1675.1 cm
1675.9 cm™b' \.\ =gy ' ani
16713 cm’' ¢t g
J ¢ e — 3' iso
1669.8 cm™
mixtures at infinite dilution neat liquids
1660

Figure 2. Schematic description of the influence of the batfbration
coupling EQ”(C_O)Q and the intermolecular vibrational coupling
EQ”(C_O)PO(U. ), and (9 Py(ui-u))L, contributions to the fre-
quency shifts of the first moments of thg'?C=0) and »(**C=0)
vibrational band profiles in acetone and in polar and nonpolar binary
mixtures. All lines but b-2,3 and b—2',3 are only guides for the eyes.
1 and 1: gas-phase peak frequenay °= and >, a and &
ML SO x4 — 0) andMLS S (xa — 0) at infinite dilution in CC. b
and B: MG SO0z — 0) and MG S Oxaas — 0) at infinite
isotopic dilution in aceton&C=0 and aceton&C=0, respectively.
cand & MSSOxa — 0) andM$ 5 (xa — 0) at infinite dilution

in DMSO. 2 and 2 M. C=(x15 = 1) in neat aceton&C=0 and
MZCC=0)x, 15y = 1) in neat aceton&C=0, respectively. 3 and'3
MO xa10) = 1) in neat aceton&C=0 andM:{ " (xauz = 1)

in neat acetoné’C=0, respectively.

acetone’*C=0 impurity present with a natural abundance (NA)
of 0.0107(8) It is seen thatMK,(fczo)(xA) decreases with
dilution from 1676.2(1) to 1671.3(2) cth Because of the very
low concentration of aceton€c=0 in all acetone/DMSO
mixtures, these(13C=0) oscillators are resonantly decoupled,
so that there is no contribution from the third term in egs 1 and
2, that is, M, (xa) = i ™) + V=0, ; therefore,
the anisotropic first moment is coincident with the isotropic one.
Note that, in the above-mentioned mixtures of acetone in
CCl,,216.29 MK,(;(::O)(XA) exhibits an increasing rather than a
decreasing behavior with dilution, going from 1676.2@nn
neat acetone to the limiting value of 1679.0 ¢nn the most
dilute mixtures.

Incidentally, we remark that the value M,V&%ZO)(XA =1)
= 1676 2(1) cmit observed for neat acetone is close to the value
MISO 0)(XA(13)) = 1675.9(3) cmi! reached at infinite dilution
(xa@3y— 0) in the experiments on isotopic mixtures of acetone-
13C=0 in acetone?’C=0 carried out at a slightly lower
temperature (280 K3°

Giorgini et al.

liquid acetone?C=0 (1— 2, 3) and aceton&C=0 (1 — 2,

3), respectively, with the intermediate steps (a, b, ¢ dnd'a
') referring to acetone at the infinite isotopic dilution (b and
b', respectively) and at the infinite chemical dilution in a more
polar solvent (c and'crespectively) and in a nonpolar solvent
(a and § respectively).

The transition from the gas phase (1 afidd infinite dilution
mixtures (a, b, ¢ and'ab, ¢, respectively) gives rise to red
frequency shifts with magnitudes corresponding to the separa-
tions a-1, b-1, and c-1 for(*?*C=0) and &1', b'-1', and ¢-1'
for »(13C=0). These amount to approximatety20 cnr? in
acetone®’C=0/CCl, and acetoné*C=0/CCl, mixtures (a-1=
—20.0(3) cmtand &1 = —19.0(3) cnT?, respectively), about
—22 cnt! in the isotopic mixtures acetoiéE=0O/acetone-
13C=0 and acetoné*C=0/acetone?C=0 (b-1 = —22.3(8)
cmtand B-1'= —22.1(8) cn1l, respectively), and about27
cmtin acetone“C=0/DMSO and aceton&C=0/DMSO (c-1
—27.8(3) cntt and ¢-1' = —26.7(3) cnTl, respectively).
The right-hand side of this figure schematically shows the
evolution of the isotropie anisotropic band splitting (i.e., NCE)
with acetone concentration. As will be commented in section
6, only the lines concerning the isotopic mixtures (b-2, 3 and
b'-2', 3) effectively represent linear trends of isotropic and
anisotropic first moments concentration dependéhteall the
other cases, the straight lines are only guides for the eye.

Figure 3 displays the concentration dependence of the
guantities called anisotropic and isotropic first moment differ-
encesdManisdXa) and oMiso(xa), defined as in ref 9 as

OMigg®a) = ML) — MIGE(x,)
Mapisd¥a) = M%) — M%) (8)

Assuming that the environmental effek’ﬂA are the same
for the »(2C=0) and »(**C=0) modes (i.e.[Q“f, =
=0, = M9n), we have from eqgs 1 and 2

v(12C= v(3C=
Migg(%a) = (g T2 = g ) +

XN Py (ueu)

_ ¢, v(12c=0 13c=0
6Manisz{XA) - (wg( ) — wg( )) +

(i2C=
XA’\”:Qij(ZC O)Pz(ui'uj)QA 9)

OMiso(Xa) anddManisdXa) reported in Figure 3 therefore isolate
the contribution of intermolecular vibrational coupling to

H%C=0)(x,) and ML"C=(x,) at each concentratior, that

ISO
is, [Q; HC=Opy(uiu;), and ol 0P, (i) R, apart from
the constant difference of 39. 5(5) chbetween the vibrational
frequencies of/(*?C=0) andv(*3C=0) of the free molecules.
The concentration dependenciesanisdXa) and dMiso(Xa)
qualitatively replicate those observed for the anisotropic and
isotropic first moments in the above-mentioned mixtures of
acetone in nonpolar solverftéManis{Xa) remains approximately
constant at 39.5(2) cm, while 6M;so(Xa) increases with dilution
reaching the value a¥MapisdXa) in the most dilute mixture. In
DMSO actually,0ManisdXa) slightly decreases from 39.5(2) to
39.0(3) cm with dilution; if genuine, this finding still remains
to be explained.

In Figure 4, we report the concentration dependence of NCE

Figure 2 schematically summarizes and gives a global view of the v(*2C=0) mode of acetone in acetone/DMSO mixtures,

of the above-mentioned frequency shifts of #{¢?C=0) and
v(13C=0) modes of acetone in the transition from gas to neat

determined from the two independent sets of results reported
in the upper part of Figure 1. NCE decreases with dilution,
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4 ML xa — 0) — i < 0) when surrounded by the
40 ] solvent molecules considered. Becaldgs,2(xa — 0) in
| I 2z 2 i A A DMSO is Igcwer than that in ac;ezctone as shown in Figure 2, we
39 § a i 3 have ;M < @y = indicating  that
1 i M., the acetoneDMSO interactions are more attractive
s 38 4 o M g than the acetoneacetone interactions. By contrast, since
S 4] Mo xa — 0) in CCly is higher than that in acetone, we
- g ] have (@™ e < @17 (3% indicating that the
36 - E SA acetone-CCl, interactions are less attractive than the acetone
1 m] 50 acetone interactions.
357 o According to the dielectric continuum model, the frequency
34: . shift of an oscillator induced by the solvent depends on the
| | solvent reaction field, which changes with the solvent dielectric
33 N — permittivity as € — 1)/(2¢ + 1) (the Kirkwood factorK).
0 02 0.4 0.6 0.8 1 However, the observed frequency shifts from gas phase to
Xa infinite dilution reported in Figure 2 are larger than those

Figure 3. Concentration dependencies of the anisotropic and isotropic expected from the dielectric continuum model, as shown by the
et o ot Hi i vepets s fom TGETFalls Of€ ~ /o - 1) =125 and ¢ 1)1 - 1)

: : i ; = 1.19 as compared witkpmso/Kacetone= 1.05. Indeed, from
the frequencies shown in Figure 1 with the same type of symbols. the ab initio molecular orbital (MO) calculations with the self-

6 consistent reaction field (SCRF) metiiédat the HF/6-
31+G(2df,p) level? we obtain thev(C=0) frequency of
acetone as 1960.74 and 1961.87 érunscaled values) in a
dielectric medium ofe = 46.7 (DMSO) and 20.7 (acetone),
respectively, which are shifted from the frequency in the gas
phase (1984.30 cm) by —23.56 and-22.43 cnt?, as expected
from the ratio ofKpmso/Kacetone= 1.05. The inadequacy of the
dielectric continuum model is even more significant when it is
applied to the case of the acetone/@©@Ixtures €ccy, = 2.238).

In this case, the ratios of the observed frequency shits; (
1)/ — 1) = 090 and & — 1)/(b¥ — 1) = 0.82, are
substantially larger than that given by the Kirkwood factiérs
Kecew/Kacetone= 0.48. This inadequacy of the dielectric con-
tinuum model in the case of the acetone/@@ixtures has also
00 0'2 j 0'4 j ols ’ ols ' 1'0 been pointed out in a recent stuH’yTo explain this shift to
’ ’ XA ’ ' frequencies lower than those predicted by the dielectric con-
Figure 4. Concentration dependence of the NCE. The open and filled tinuum model, it is necessary to take into account the electric
circles refer to the experimental values obtained from the frequencies field arising from the quadrupole moments of the Cl atoms in
shown in Figure 1.with .the same type of symbols. Open squares referCCLh which are the main origin of the molecular octopole
to the results of simulations based on the MD/TDC method. The solid moment®19\When this contribution is included in the electric

li fers to the th tical NCE val btained b i 4 X
ine refers to fne feoretica values obtained by using eqa field generated by the solvent molecules, the calculated, CClI

reaching the value of 0.3 crhin the most dilute mixturexa solvent effect on the(**C=0) mode gets in closer agreement
= 0.1) studied. It displays a nonlinear concentration dependence(—17.5 cn1?) with the observed value-20 cnt™?).

with an upward (concave) curvature with concentration, rather ~ 6.2. Frequency Shifts from Infinite Dilution Mixtures to
than the downward (convex) curvature observed in nonpolar Neat Liquids: The Concentration Dependence oMan; and
solvents. In the same plot, we report the concentration depend-Miso. In those molecular liquids where the conditions for
ence of the NCE evaluated by MD/TDC computer simulations resonant intermolecular vibrational coupling occur, an additional
and the theoretically predicted one, which we shall discuss in contribution to the frequency shift deriving from the third term

Experimental

O MD/TDC Simulations

——  Theory

NCE/ cm’™!

the next section. m:}AP}L(Ui’Uj)QA in egs 1 and 2 must be taken into account. In
most cases (as that discussed here), the off-diagonal elements
6. Discussion of the perturbation matri>Qi‘JfA are determined by the TDC

We will discuss the results reported in the previous section Mechanism, which makes the corresponding terms in egs 1 and

from theoretical arguments and additionally, regarding the results 2 "€gative in dipolar molecular I|quk|ds structureoll(only by dipolar
of NCE, in light of the simulation calculations. interactions. As a result, botM{(xa) and Mzt {xa) get
6.1. Frequency Shifts from Gas Phase to Infinite Dilution  further red-shifted (relative to the gas phasElffy(xa) to a
Mixtures. In Figure 2, we have indicated the observables greater extent tharMi fx) according to eq 3% It is
wherefrom the quantitiemﬁ(‘::O)QA, EQE(C=°)P0(UVUJ')QA, and worth reminding that in isotopic mixtures the(s:gocontributions
@} OP,(u-u), can be deduced. are the sole cause for the red shift of boti{s™(x.) and
Because the last term in egs 1 and 2 vanishes at infinite ML > (xa) 20
dilution (xa — 0), the frequency difference between the infinite In isotopic mixtures, all the ensemble averages shown
dilution [M!{®-9)(x, — 0)] and the gas phase}“~)] directly in egs 1 and 2 @;“n, @ Pyuru)G,, and
gives (@), 0. Inspection of Figure 2 indicates that the 2/~ ?P,(u;-u))[J,) are independent of the concentrati§i?
v(*2C=0) oscillator experiences attractive interactions since the electrical and structural properties of the environment
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around the active molecular oscillators remain unaltered by would not essentially change by this effect. At the same time,
isotopic substitution of its molecules. Therefore, according to [QK(CZO)QA becomes progressively more negative (by 4.9(3)
egs 1 and 2Miso and Maniso Of isotopic mixtures scale linearly  ¢cm 1) upon dilution in DMSO, since more polar mole-
with concentratiorf? as mentioned in section 5 in the comments ¢yles (DMSO) are replacing the less polar ones (acetone).

to Figure 2. In contrast, the above-mentioned ensemble averagesherefore, the mutual cancellation between the effects of

change with concentrations in chemical mixtures. Therefore,
we generally obtain nonlinear dependenceMyf, and Maniso
on concentration.

v(13Cc=

As already mentioned in section B, “9(xa) is affected
only by the solvent and concentration dependence of

xaNIR; ™ OPg(ui-u)G, and [, results in the weak
concentration dependence M’(;(;zczo)(xA), while the effect of
@), predominates the observed shift BE(C=)(x,)
(=—5.1 cnY) upon dilution in DMSO.

@9, and not by the intermolecular vibrational coupling. T only attractive terms are included in the perturbation
This fact can be exploited to extract the environmental effect Potential of dipolar liquids(€2;*[imust necessarily be negative,
Egzy(c=0)gA on thev(*2C=0) mode of acetone upon dilution in since it represents the ensemble average of basically dipolar
! 13c=0) and multipolar interaction energy. If repulsive terms are included
DMSO from the observed dependencel\&j(fA (Xa), shown : . . ; L .
. 8 o . in the perturbation potential of dipolar liquids, the negative value
in the lower part of Figure 1. Dilution of acetone with DMSO f [ Oshould b dinal duced. Schweit q
progressively changes the nature of the dipolar intermolecular OCh g"e; hou € codrresp?]n Iugy re u?_e :d fc weitzer ﬁr;t
interactions from acetoreacetone to more attractive acetene p ak:] _ave pow&te ?utt atthe gas-to- Iq|UI requency shi d
DMSO. This progressive replacement explains the decrease of°! the »(C=0) mode of acetone at normal temperature an
(13C=0) L . . . pressure contains a positive contribution of 1.9-&nwhich
Mya (xa) with dilution due to the increasingly negative . .
W(C=0) . J(3c=0) has to be accounted for by the repulsive term of the inter-
value of [©; i’ "Gl the Cf(‘ﬁ”ge 0Mya ™ “(xa) from nef‘t molecular potential. The repulsive term is usually much smaller
acetone to infinite DMSO dilution amounts t64.9(3) cm . than the attractive one; this is the reason, usually but not always,

In the_sarr;]e Wiy’ because acete_m{:h mFeractlr(])ns are Ies_s the vibrational bands in liquids are red-shifted with respect to
attractive than the acetoracetone interactions, the progressive 4 .- position in gas at atmospheric pressure.

dilution of acetone with CGlgives rise to a blue shift 6f2.8(2 . .
Glg @ 6.3. The Concentration Dependence of the Noncoincidence

_q »(13Cc=0) P
crr: fqr MNIA th(XA)’ as jhownfln I?gu:e Ztt’hOf ref 9. rat Effect. The values of NCE calculated according to eqs74
n principie, the procedure o extracting the concentralion .0 5,55 shown in Figure 4. They have been obtained by

dependence of the environmental contribution to the frequency . ke 3 o\ .
; N o evaluatingTy, (=2572%mq,wq" 0a/24y; ) in eq 4 with the use
shift of a vibrational band by exploiting the presence of an of the following parametersuacemne=7m — 957 % 10-%0C

isotopic impurity present at natural abundance can be applied o
to any vibrational band subject to the following conditions: (1) ™ (2-87 D) uomso = ug = 1.32x 1072 C m (3.96 D)?® €9
The separation between the frequencies of the normal and= 8:854x 10712 C? Jtm™, yy/,/m = 9u/0Qq, = 1.70 x
isotopic impurity species should be sufficiently high as com- 1(T_6 C kg™ (2.08 D_Aﬂ U™, (Qq, being the mass-
pared with the magnitude of the intermolecular vibrational Weighted normal coordinate for the moklgunder study), the
coupling parameters to ensure that the vibrations of these twohard-sphere diameter, = 0.4185 nm (4.185 A, and the free
species are essentially decoupled from each other, and (2) theénolecule vibrationswg = 1738 cn.® We also show the
concentration of the isotopic species should be low enough to parameters in CGS units (in parentheses) to facilitate the
avoid the occurrence of the resonant vibrational coupling among humerical comparison of these results with previous ones
the molecules of isotopic impurity. obtained using non-Sl units. It is clearly seen in Figure 5 that
Concerning the intermolecular vibrational coupling, the experimental concentration dependence of NCE, and
the complete removal of it at infinite DMSO dilution in-  particularly its upward (concave) curvature, is correctly predicted
creases the isotropic first moment differend®liso(xa) by by the Logan theory and is closely reproduced by MD/TDC
+4.8(5) cnm! (equal todMisg(Xa = 0.1) — dMiso(Xa = 1.0) in simulation calculations.
Figure 3). Since this quantity must correspond to the differ-  According to eq 4, the NCE has a linear dependencg&son
ence in xANEDﬁ(HC=O)P0(ui-uj)QA between xa 0.1 and in isotopic mixtures, since isotopic dilution gives rise to a
XA is therefore approximately equal to progressive separation of the coupled oscillators, accounted for

1.0 and
—0_9\]&2;;(12C=0)P0(ui-uj)QA:LO, we can estimate the value of by the factorxa in eq 4, without altering the structure factor
NQ(?C=Op (uiu))GL=1.0 to be approximately-5.5(5) cntt Ea(Xa, p, T). The upward (concave) curvature obtained for the
ij O\UiTHj)a=1.0 pp y-o. . . . -
By contrast, because dilution changes the anisotropic first NCE in the acetone/DMSO mixtures indicates that DMSO
moment differencedMan(xa) only by about—0.3(5) cnr! molecules, by virtue of having a dipole moment larger than that
(=0Man(Xa = 0.1) — OMan(xa = 1.0)), we can deduce that of acetone, reduce the short-range orientational order of acetone
N Oy s neclighly small This resut s e miLres, as reflected i redicod magniudes of e
consistent with eq 3. AlXa, 0, q4. This I S
The analysis described above on the behavior of the envi- ©© that pbgerved for the NCE in the acetone/Q@ixtures. As
ronmental effect®’ €. and the vibrational coupling shown in Figure 5, we can see the downward (convex) curvature
(12c=0) A . ] for the concentration dependence of the NCE in this case. The
€ P;(ui-u;)i, provides the following interpretation of

) ; nonpolar nature of the Cginolecules reinforces the short-range
the observed concentration dependence of the first momentsyjentational order of acetone in the mixtures, which is reflected

V(12C— V(20— :
M, T %) and Mo (xa) of acetone in DMSO. The  in the enhanced magnitudes of the structure fagi@xa, o, T)

aniso
intermolecular vibrational coupling is progressively removed n gq 4.

o : v(20=0
upon dilution in DMSO. This makes N}~ Po(ui-u)), The results shown in Figure 5 indicate that we have obtained,
P“zggggf've'y less negative and would have changed from experiments, computational simulations, and theoretical
Miso ~_(%a) by +5 cnrt at infinite dilution ka — 0). Since  formulations, a consistent picture of the relation between the

Nmﬁ(uczo)Pz(ui-uj)QAzl is negligibly small, M;(nliiizo)(xA) NCE behavior, a spectroscopic feature of vibrational Raman
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Figure 5. Concentration dependence of the NCE of#f{éC=0) mode
of acetone dissolved in a nonpolar (GQiref 16) and polar (DMSO)
solvent. The experimental values for the two kinds of mixtures are
marked by the filled and gray circles (the latter being the average of
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by the acetone and C&énvironments as compared with those
exerted by the DMSO environment. From the analysis of the
v(13C=0) band frequency of the isotopic impurity (acetone-
13C=0), we were led to the same conclusion. In fact, since the
v(13C=0) band of the isotopic impurity (acetod&=0) only
probes the environmental contribution, and this contribution only
marginally depends on the isotopic species of the active
oscillator, it may be assumed that the environmental contribution
to the v(*2C=0) band frequency shift replicates that to the
v(13C=0) band frequency shift of the isotopic impurity acetone-
13C=0.

(2) The contribution of the vibrational coupling to the
isotropic and anisotropic band frequencies associated with the
oscillator ks of the chemical species A present in the binary
mixture at the concentratiors is represented by the terms
xANIZQi‘J‘APo(ui-uJ-)IQA and XANm:?Apz(UVUj)gA in egs 1 and 2,
respectively. In the infinite dilution mixtureg{ — 0) of acetone
in DMSO and other solvents, these terms are (of course)
vanishingly small; with increasing acetone concentration, the
first becomes progressively more negative up to a value5b
cm™1, while the second remains small. These conclusions were

the two sets of NCE results reported in Figure 4). Filled and open reached from the analysis of the concentration dependencies of

squares refer to the results of simulations based on the MC/TDC and

MD/TDC methods for the acetone/CGind acetone/DMSO chemical

mixtures, respectively. The curves refer to the theoretical concentration

the isotropic and anisotropic first moment differencidiso(Xa)
and oMani(Xa), respectively, which single out the contribution

dependence of NCE in these chemical mixtures. The straight line refersOf the vibrational coupling to the isotropic and anisotropic

to the concentration dependence of the NCE in the isotopic mixtures.
All the theoretical and simulation results and the experimental results
for the acetone/CGlmixtures have been internally normalized to
reproduce the experimental (average) acetone NCE value (5.54 cm
obtained within the experiments for acetone/DMSO mixtures.

bands, and the effects of the dipolar interactions in liquid
mixtures at molecular level.

7. Conclusions

Raman band frequencies.

(3) The results reached in (1) and (2), indicating that in the
acetone/DMSO mixtures the termANm!}APo(ui-uj)EjA be-
comes more negative by the same amount (5.5%nas
@[, becomes less negative with increasing acetone con-
centration, while the terr’rxANIIDi‘JfAPz(ui -u;)Ll, stays nearly
constant, have provided a reasonable interpretation of the
unusual finding of the observed positive shift (upttb.5 cnt?)
of the anisotropic Raman band and the approximately constant

In this study, we have addressed the questions of separatingrequency of the isotropic Raman band with increasing acetone
the contributions of the environmental effect and the vibrational concentration.

coupling to the gas-to-liquid frequency shifts of th€C=0)

(4) From the difference between the concentration depend-

Raman band of acetone and of elucidating the changes in thesencies of the measured anisotropic and isotragf@C=0)

contributions upon dilution in DMSO. To achieve this objective,
we have extended the frequency measurements off&=0)
band in acetone/DMSO binary mixtures to th@3C=0) band
of the acetoné?C=0 present in these chemical mixtures as

frequencies in the acetone/DMSO mixtures, we have obtained
the concentration dependence of the noncoincidence effect
(NCE). The most relevant result is the upward (concave)

curvature of the concentration dependence of the NCE, a finding

natural abundance isotopic impurity, and we have included the which was additionally supported by MD simulation calculations

results for each of these bands at infinite dilution in the acetone-

12C=0/aceton€<3C=0 isotopic mixtures and, for comparison
purposes, previous results for th@?C=0) band in the acetone/
CCl, binary mixtures.

and by theoretical predictions. Its comparison with the linear
concentration dependence of the NCE in the aceté@e=O/
acetoneC=0 isotopic mixtures and with the downward
(convex) curvature of the NCE in the acetone/g€hemical

The main conclusions reached in this paper regarding thesemixtures has provided rather conclusive evidence that DMSO

two contributions to the vibrational frequency shifts are sum-
marized as follows:

(1) The environmental contribution to the isotropic and
anisotropic band frequencies associated with the oscillator
of chemical species A present in the binary mixture at the
concentratiorxa, represented by the ter@i‘?ﬂA in egs 1 and
2, amounts te-27.8(3) cm'! for the v(*2C=0) band of acetone
completely surrounded by DMSO molecules, (— 0) and
reduces to—22.3(8) cnt! and to —20.0(3) cnt! for the
complete substitution of DMSO with (isotopically substituted)
acetone molecules and with GCinolecules, respectively.
Therefore, the complete substitution of the DMSO with the
acetone and Cglenvironment reduces the magnitude of the
negative value of this contribution by5.5 and+7.8 cnr?,
respectively. This result is a manifestation of the progressive
reduction of the attractive forces exerted on #€=0) mode

molecules in acetone/DMSO binary mixtures reduce the short-
range orientational organization of liquid acetone and more
generally that this is the role played by the more polar molecular
component in the binary mixture, while the opposite holds for

the less polar component.
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