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Infrared spectroscopic measurements ofilfigstretching vibration of dilute deuterated ethanol in supercritical

CO;, have been performed and analyzed, via a theoretical model and ab initio calculations, to better understand

the ethanotCO; interaction. It was found that strongly attractive interactions, predominantly due to dispersion,
dominate the stabilization energy between ethanol ang Difierences between the observed and theoretically

predicted spectral shifts indicate the presence of local density enhancements. The continued observation of

these enhancements up to temperatures significantly greater than the criticlTore, 1.3, suggests that
ethanol is a strongly attractive solute for €@t least in the spatial vicinity of the OH functional group. This

suggestion is also supported by an analysis of the local density enhancement factors, as extracted from IR

and other spectroscopies, as well as by the ab initio calculations.

1. Introduction the very high susceptibility of the solvent density to small

. . . variations of pressure generates strong density fluctuations at
Fundamental research on intermolecular interactions and the P 9 9 y

; : the microscopic level®” The presence of such microscopic
structural and dynamic properties of condensed phases have bee L S
. o2 i ensity inhomogeneities in the solvent are then expected to have
the main objective of many thorough works over the past thirty

yearst These investigations typically focused on microphysical zgzlzc?gt ;:32; eggfqnigzsfig:ethggguggf&ﬁoild ?Xnaglt?sugra
phenomena that occur over distances of several molecular layers P : P '

and on time scales varying from femtoseconds to a few hundredattractlve solutes are expected to induce a region of local solvent

: . density that can be greater than the density of the bulk sohfent.
picoseconds. The resultant development of theoretical concepts1n add)i/tion the extgnt of this density enh);ncement s at least

and experimental methods has now made it possible to obtain. ¢ dri by th lati t th of solusolvent
quantitative information about the structure and dynamics of In part, driven Dy the relative strength ot soluaisolvent vs
molecules (solvation, chemical reactions) within dense media. solvent-solvent interactions. However, the exact correlation of

More recently, such fundamental studies have been applied toIocal density enhancements in supercritical fluids with the
the very inter’esting case of supercritical fluid environments relative strength of the intermolecular interaction is still a matter

—11

(SCF)Z~*which exhibit two important and interesting properties of d'ebaté ) .
not present in liquid solvents. Vibrational spectroscopy is a powerful tool for probing such

The first unique property of SCFs is their variable densities, duestions about solutesolvent interactions since both the
which can be changed continuously over all values between intensity and frequency associated with any vibrational mode
that of the liquid and that of the gas. As well, by working at of the solute depends on the potential of the mean force existing
temperatures only moderately greater than the critical temper-between the solvent and the soléfel* Also, the solvent-
ature, it is possible to access a broad range of densities withinduced forces that act along the solute vibrational coordinate
On|y small Changes in pressure and temperature_ Working atmay be Separa_ted into attractive and repUISiVe contributions.
these thermodynamic conditions is thus advantageous, as they-onsequently, if we vary the density of a SCF solvent over a
can be used to establish a bridge between studies in theProad range of values, we should observe strong variations in
condensed phase and those in gas phase. This ability to controfhe intensity and frequency of the normal mode of the solute
SCF densities is well known and has been frequently used in due to concomitant changes in the contributions of the attractive
industrial applications to control the physical properties of a and repulsive solvent forces acting on the solute molecules.
solvent and to allow, e.g., selective extraction of a solute from  Thus, the aim of the present paper is to assess the nature of,
a dense matriR. and balance between, the forces governing the intermolecular

The second, more specific, property of supercritical fluids is interaction between a supercritical solvent and a solute molecule
also related to the very high compressibility of a fluid in the by measuring the density-induced changes in a vibrational mode
region around its critical point. In this “compressible regime”, of the solute. In this article, we have focused our study on very
dilute ethanol in supercritical GONot only is carbon dioxide

* Author to whom correspondence may be addressed. Phone: 33 5 40the most common supercritical solvent, with easily accessible
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high-molecular-weight soluté$:1” Fundamental research into  previously in detail in the literature. The interpretation of the

the microscopic nature of the solvation process in this mixture frequency shiftsAv, is based on the BuckinghanBen-Amotz

will therefore provide highly desirable insights. approachH?2031 According to this theory, the frequency shift
The OH stretching mode of the ethanol molecule has been of an anharmonic stretching vibration of a solute diluted in a

measured by infrared absorption spectrometry to probe thesolvent is a sum of two contributions

intermolecular interactions. This vibration was selected because

it can be considered as a vibrational mode of a pseudodiatomic Av=Avgt Av, 1)

molecule, and consequently, the evolution of its frequency shift

with varying density can be analyzed using analytical models The former contributionAvg, represents the frequency variation

proposed in the literatuf® 20 The main advantage to using due to repulsive forces between the solute and the solvent. The

such statistical models to estimate the repulsive and attractivelatter term, Ava, represents the frequency variation due to

contributions to the solvent forces acting on the solute is that attractive forces.

their application requires only basic molecular parameters, such  The Repulsive Contribution. The calculation of the repulsive

as effective diameters, polarizabilities, and dipole and quadru- contributions to the frequency shiftvr is based on a “perturbed

polar moments. It is noteworthy that very few vibrational hard fluid model” developed by Ben-Amotz and Herschi&éh.

spectroscopic studies have previously been undertaken @h CO According to this model, the solute molecule is approximated

alcohol mixtures under supercritical conditions. The focus of by a pseudodiatomic molecule comprised of two hard spheres

these studies was to measure the degree of hydrogen bondin@f diametero; ando: located a distance, apart and immersed

of methyl alcoholel?!22or ethanolel?® in supercritical C@ and at infinite dilution in a solvent of hard spheres of diameter

to assess the equilibrium concentrations of the monomer andand densityp.

hydrogen-bonded species as a function of pressure and tem- The repulsive shifAvr is then given by

perature. Moreover, these studies have also demonstrated the

existence of a weak complex between£&@d alcohof* These _Fl 39, , [Cr

spectroscopic results lend support to previous thermodynamic Avg ~ Vo g _(E) + E.

investigations of C@methand!® and CQ/ethanok® which have

suggested the presence of a Lewis adidse type of interaction  hereuy is the unperturbed vibrational frequency of the isolated

in which the carbon atom of COand the oxygen atom of  so|yte moleculef andg are the intramolecular harmonic and

ethanol_play the _role of the_electron acceptor and donor centers,gnnarmonic force constants, respectively, &dand Gg are

respectively. This conclusion has also been further supportedihe linear and quadratic coefficients in an expansion of the

by ab initio studies of alcohelCO, system3"?® and of the potential of mean field along the pseudo-diatomic bond of the

H.0—CO, complex?®3°However, none of these studies provide gg|ute molecule.

a direct comparison between measured and calculated spectro- The Attractive Contribution. The calculation of the attrac-

scopic observables. The purpose of the present article is thereforgjye contribution to the frequency shifyva, is based on the

2-fold. First, it will provide a quantitative analysis of the yan der Waals mean-field approximation developed by Chandler

spectroscopic observable by using an analytical model to ang co-workerd? This contribution is proportional to the density
determine the contributions of the repulsive and attractive forces ; of the solvent according to

acting between the ethanol and the £&nd to evaluate the
weight of the different contributions, namely, dispersion, Av, = Cpp (3)
induction, and dipole quadrupole to the attractive part of the

intermolecular potential. The second purpose is to compare theserne constan€, can be calculated using the simple long-range

)

results with predictions from ab initio calculations. ~ solvation attractive-forces model. Considering attractive solva-
The present paper is organized as follows. Section 2 providestion forces that arise from dispersive, inductive, and dipole
the theoretical background for the Buckinghéd®en-Amotz quadrupole interactions, the angle-averaged attractive potential

mod_el, while section 3 pro_vides the experimental details. In energyVa between the solute (O) and the solvent molecule (S)
section 4.1, we present the infrared spectra ofthestretching can be expressed as the sum of three terms, namely
mode of deuterated ethanol diluted in £@easured along three

isotherms in the density range 0:03.7 g cnt3. These Vy
experimental data are analyzed in section 4.2 by using the
Buckingham-Ben-Amotz model to estimate the contributions \here

of the repulsive and the attractive (dispersion, induction, dipole/
quadrupole) forces to thepp stretching frequency. Then, in 3
section 4.3, the departure of the experimentally determined Viispersion™ — 2
spectral shifts from the linear behavior predicted theoretically

for these shifts in a homogeneous fluid as a function of

+V

= Vdispersion |nducti0n+ Vdipol&quadrupole (4)

lols
lg+1g

(ﬂ) ©)

los

increasing pressure (in section 4.2) are analyzed in terms of ) A — 1 2 n2 2 n2

local density enhancements. Finally, the last section, 4.4, is Vtpole-quadrupoi kBTrgS('uo 05+ 15 60). ©
devoted to the study of the GOethanol interaction on the basis

of results derived from the analytical approach and also from 1,5 )

ab initio calculations for an isolated G©ethanol pair. Conclu- Vinduction ™ — rT(MoO‘s + 150) (1)

sions follow. 0S

anday, ui, li, 63, ros are, respectively, the polarizability, the dipole
moment, the potential of ionization, the quadrupole moment,

We briefly present the basic theoretical background for and the distance between the center of masses of the pseudo-
vibrational frequency shift calculations that have been given diatomic solute and the solvent.

2. Theoretical Background
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These expressions can be used to derive the attractive mean- T T T T T
field parameteCa 15 T=120°C P (Bar)
CA = Adispersion+ Ainduction+ Adipolef quadrupole (8) ‘_'/; """"
s | i -
where — 10
g ......
47 1(3, 9% =
Adispersion% - ? O_g E Ia%AQ] Qg ) ‘w’ 5
41 g 47 1]90, . e T
Ainduction ™ ~ 3 ;3 2uy % AQ|as — ?;3 EAQ Us 0 ) ) . ) .
a a (10) 2650 2675 2700 2725 27501 2775 2800
Wavenumber (cm )
o _Arl| 2 0 Q) A 2 Figure 1. Infrared spectra in the OD stretching region of deuterated
Adipole-quadrupole™ ~ 3 5 kT 2050 Qlus ethanol highly diluted ([CHCH,OD] = 6 x 10 mol L= in
Oa supercritical CQ as a function of pressure at= 120 °C.
ou
dr il 2 %o agle? 1y 1400 ———
3 oolkeT " 0Q
a 1300
andQ is the normal coordinate of the solute vibrational mode, 1200

AQ is the variation of the normal mode coordinate upon <~ 1100

ibrational transition, and
Vi i iti g 1000
1 lols "= 900 ]
0,==(0,+0g and | E( ) e T (°C)
aT2re é lot1g E 800 40 .
. . ~ 700 80 -
3. Experimental Details 1< 120

600 | ]
The measurements were performed on a Biorad interferometer .

(type FTS-60A) equipped with a globar source, a KBr beam 500 07 04 06 08 10 12 14 16 18

splitter, and a DTGS detector. Single-beam spectra recorded in .

the spectral range 466000 cnt! with a 2-cnT? resolution Reduced density (pr)

were obtained by Fourier transformation of 50 accumulated Figure 2. Evolution of the integrated intensity (molar extension

interferograms. coefficient) of thevop band of deuterated ethanol as a function of the
We used a special inconel cell having two cylindrical silicon density of supercritical C©

windows and a path length of 25 mm. Details of the optical

cell have been presented previously in referefidéhe sealing constant temperatures, = 40, 80, and 120C, as a function
is obtained using the unsupported-area principle. The windows ¢ pressure, from 1 to 35 MPa, for the @&thanol mixture.
are positioned on the flat surface of the inconel plug. A 100- Typical infrared spectra, as they appear after the removal of

um Kapton foil place_d betwegn the window and the plug o CQ contribution, are displayed in Figure 1 far= 120
compensates for any imperfections between the two surfaceso-  the vop stretching mode of the ethanol monomer is

Flat Teflon seals ensure that the plug and the cell body are well jj,carved at 2700 crd. This assignment is supported by the
sealed. Heating is performed by four cartridge heaters dispersed,pconce of any broad spectral band, due to aggregated species,
throughout the body of the cell in Whi.Ch two thermocouples . the low-frequency side ofop. This assignment is also
were placed. The first thermocouple is located close to one ,nsistent with the high dilution of the mixture considered. As
cartridge to enable accurate temperature control, while the y,q 5regsure increases, there is a strong modification of the band
second is located close to the _sample area in order to eNSUr&hape as it evolves from the vibratiorabtational P,Q,R

good Otemperature regulation, with an accuracy of abﬁo'[lte. structure observed at low pressure to the Lorentzian type of
+0.5°C. Thg cell was 'C(.)nnected via a stainless steel capillary profile observed at high pressure (Figure 1). The evolution of
to a hydraullc pressurizing system that alIow; the pressure t0ha hand shape is accompanied by both a redshift of the band
be raised to 50 MPa with an absolute ungertam_ty:Ofl MPa center position and an increase in the band intensity. The
and arelative error a£0.3%. The cell was filled with deuterated o, o|ution of both the integrated extinction coefficieAt, and
ethanol (Prolabo product, 99.9% purity) at the concentration of o frequency shiftyop, of the ethanol monomer vibr:ational

6 x 10 mol L~* and heated to the required temperature. The 5,4 is'shown in Figures 2 and 3 as a function of density.
CQ, ("Air Liquide” company) was then added up to the desired — a; oy density, the integrated extinction coefficieAt is

pressure. independent of the temperature and is found to be abou#300

50 L mol~t cm=2. To the best of our knowledge, this value has
not been reported in the literature for gaseous ethanol. However,

4.1. Infrared Spectra of Ethanol Diluted in CO,. The strong it is in agreement with that reported for methaflyhich was

absorption of the combination band of ¢@recludes clear  found to be 980 L mol' cm~2. With increasing pressure, we
observation of the OH stretching vibration in the spectral range observe an increase of the integrated area up to a value of about
between 3000 and 4000 ct To circumvent this drawback, 1200 L mol! cm=2 (cf. Figure 2). The integrated extinction
we have used deuterated ethanol §CH,OD). The spectra of  coefficientA of a vibrational transition is related to the transition

the OD stretching region have been collected at three different

4. Results and Discussion
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ok~ T T T T T T T T T T T ] TABLE 1: Molecular Parameters?
<2 . solute CHCH,OD
E 4l T (°C) i M (g mol™Y) 47
"= o 0.967
et el e 40 7] reff( ) 1.98
< 8r o 80 1 Osote (A) 4.6F
> _10 L Py - 120 i 01 (A) 4.41°
) o™ o2 (R) 2.4
s -12r o om 1 1 (D) 1.69
S 14 eI TY ] o (A3 5.1F
3 -16f o o~ Jom, ] 0 A) 5.7
o * e on vo (cm ) 2713
-18| 00 o, do/dr (A2) 13.2
20F oY duldr (D.A7Y) 118
f (dyn cnt?) 9.220.16°
00 02 04 06 08 10 12 14 16 1.8 0 (dyn e D e 1049
Reduced density (p ) Isolute (CM™Y) 84654
r Ar (R) 0.0123
Figure 3. Evolution of the band-center frequency of the, band of
ethanol as a function of the density of supercritical ,Gbng three solvent CQ
isotherms. u (D) 0
as (R) 3.96°
moment @/dq) according to the relation I (cm™?) 111000
a (AE%\ 2.6°
_ alN,., 12 6 (D A) —4.49
A= [ cw)dy=-t (W , o
band 2.33¢%, 4 dg/e=0 aKey: M, molar massto, O—H bond lengthrer, effective diatomic
rel

separation between the center of mass of the two groups associated to

whereueqis the reduced mass of the oscillator. This expression, 1€ diatomic oscillator, namely J8:0 (1) and H (2)(see ref 19
solute diametergsovens SOIVENt diametery; andoy, effective diameters

Wh'Ch mVOIVe,S iny mollegular properties, shoyvs that the of the two spheres of the diatomic oscillator calculated from van der
integrated extinction coefficient should be density independent. waals volume|, ionization energyy, dipole momentsy, polarizability;
This prediction is in marked contrast with the experimental 6, quadrupolar momenty, gas-phas€ branch frequency;adr and
observation which shows thatincreases by about 50% as the du/dr, polarizapility and dipole moment derivativédsandg, harmonic
reduced density, = p/p. of CO; (Wherepy is the critical density ~ and anharmonic force constantst = —3/2hcrog/f21 © Calculated

of COy) increases from 0 to about 1.8, independent of the by ab initic® using the Moller-Plesset perturbation theory at the

o : . ... _second-order level (MP2) with the Dunning’s aug-cc-pVDZ basis set.
temperature. Therefore, the transition moment itself is SenSItIVGCCaICUIated by the method of Bordi. ¢ From CRC Handbook of

to the solvent density. Chemistry and Physics, 61st edition, CRC Press, 4fcom ref 51.

In the same range of density, the band center frequency off From the experimental gas-phaebranch frequencyé g has been
this mode shows a nonlinear redshift that weakens slightly with calculated using the following expressiotiex. = 3h/(321%uredCCwo)
increasing temperature (cf. Figure 3). From these observations,(— 59%(16m%uec’wo?) — j) for the intramolecular potential of the
it can be inferred that the ethanol interacts with the surrounding ViPrator given by = (L/2)f? + (1/2) + jg*. The anharmonic constant
CO, molecules. g)exe for gaseous deuterated ethanol has been found experimentally to

. . e equal to 50 cri.

4.2. Frequency-Shifts CalculationsTo assess the nature of
the solute-solvent interactions that give rise to the evolution calculated values disagree quantitatively with experimental ones
of the band center frequency of the OD stretching mode with in the reduced density range 0-04.5. One may argue that the
pressure, we have used the analytical model presented in sectiotheoretical approach used, which models the vibrational mode
2 to predict the frequency shift of thep vibration as a function of a polyatomic solute as the stretching vibration of a diatomic
of the reduced density. The parameters used in this model weremolecule, is certainly crude. However, it is important to
extracted from both literature data and ab initio calculations recognize that the discrepancies between calculated and experi-
and are reported in Table 1. The results of the calculatioh at mental shifts are observed at densities around the critical density
= 40 °C are compared with the experimental data in Figure 4. for p; < 1.3, i.e., in that range usually called the “compressible
Examination of this figure shows that the shifts of the band regime” of the fluid where density inhomogeneities are expected,
center due to the repulsive forces are positive (blueshift) and whereas much better agreement is attained at both high and very
increase with the density. The calculated values of this quantity, low densities. This suggests that the nonlinear behavior of the
which do not exceed 1 cm at reduced densitieg; , less than shift observed in this density region may be directly related to
1, grow slightly faster at higher densities, but still only reach the local density enhancements (LDE) expected around attractive
modest values of less than 5 chat densities as high as that solutes in solutions close to the critical pofrft3435 It is
characteristic of the liquidg; = 2.5—3. In contrast, the shift  important to recall that studies in UWis spectroscopy*36-37
due to the attractive forces is negative and varies markedly with have reported that the spectral shifts associated with the
density in a linear way (as expected according to the model electronic transition of a highly dilute chromophore in an SCF
(see paragraph 2)). At each density, the magnitude of the exhibit a marked deviation from linearity when the reduced
calculated values are always much greater than those due talensity varies in the approximate range &2, < 1.2. These
the repulsive forces. Therefore, the shift of the band center, deviations have been interpreted to mean that the local density
which is governed by the balance between repulsive and around the solute is in excess of that of the bulk fluid, i.e., of
attractive interactions, is always found to be at lower frequen- the homogeneous fluid under the same temperature and pressure
cies, indicating that attractive forces play the major role in the conditions, thus signifying the presence of LDEs.
density range investigated. The general validity of such enhanced local-density-based

This theoretical prediction is in qualitative agreement with interpretations of this type of nonlinear behavior has been well
the experimentally observed trend (Figure 4). However, the established by numerous computer simulations studies, which
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S5 77— quantitative agreement between the experimental shifts and the
— - (A) L m® theoretical predictions at both very low and high reduced
TE 0 H EEEmEmEEHN A densities for all temperatures considered (partsCRof Figure
S L e T=40°C " Repulsive 4), with the nonlinear deviations occurring only at intermediate
& S5f 4. i Attractive reduced densities, is consistent with the trends expected when
S - é Iy o Eum LDEs are involved. The fact that the magnitude of the observed
> -10+ ¢ 8 A P nonlinear deviations decrease with increasing temperature is also
e L % A consistent with the expected behavior of LDEs, that is, with a
% -15+ S o g 3 A - reduction in the presence of such enhancements as one moves
g - 90 O<>o A & away from the critical point (increasing temperature). However,
IC -20} 5 O, while this general decrease in the degree of nonlinear behavior
Pou o, ° . A with increasing temperature is expected, the rate of this decrease
Y J SR P T T S IO N S S is here much less rapid than has typically been obset¢ed.
0.0 02 04 06 08 10 1.2 14 16 18 20 Specifically, in electronic spectral shift studies, LDE-based
Reduced density (p ) nonlinear behavior has typically been confined to temperatures
5 belowT, =~ 1.1 or lower, while in the present vibrational spectral
(B) aummnn” "] shift studies, such nonlinear deviations are still present even at
o ObmmmmmmmmEE " i the highest temperature considered (Figure 4C);@0which
F'E s . T=80°C m  Repulsive | corresponds to a reduced temperatureTof= 1.3. We will
G -5 4 N O Attractive present a hypothesis explaining this result below.
= 4 N 4 Sum 4.3. Analysis of the Local Density Enhancemeng&rom the
< -10F o 8 A ¢ Exp g evolution of the frequency shift as a function of the density, it
> PN O A is possible to extract a local density enhancement fadior
2 15} Co <><><>O<>o A . Ploc — Poulk, Which reflects the difference between the local
g <><2><$ A, solvent density in the solvation sphere of ethapgl, and the
g 20} o o A, A density of the bulk solventppyk. However, there are no
o o o theoretical methods available for determinjng, and we have
- P S TS S E MY SR SR therefore resorted to the empirical method frequently used in
00 02 04 06 08 1.0 12 14 16 18 2.0 the spectroscopic work in the literature. For this purpose, we
Reduced density (pr) have assumed that the frequency shifts calculated previously
using the BuckinghamBen-Amotz approach provides a good
S (C) L L ; Ll prediction of the transition frequency shift in a homogeneous
- - :
gauuuntn fluid. The method used to evalugig. from the Buckinghar
ks 0 " mes .T‘120°C ] Ben-Amotz reference line is illustrated in Figure 4A. Frpm
= e . - = Repulsive we then computeAp, at each state point considered. The
L 5r 4, i gttractwe 7 resulting variation of the local density enhancement fadiar
= I o] A o Eum reported in Figure 5, appears as a broad curve that exhibits a
% -10F <o AL *P 1 maximum at a reduced density of abqut~ 0.4. This curve
oy I Co oo S 3 A, has the same characteristic appearance as those reported in the
5 15 © <>O<>(9A<> A T literature from U\~vis spectroscopic measuremetf8’ More-
= r 9, A, over, the value of the density maximum falls in the same
o 201 o *aj approximate range, 0.35 p; < 0.5, as do those reported in
T o) many other studies of LDEX? For comparison, we have also

_25 1 1 1 1 1 1 1 1 1
0.0 0.2 04 06 08 1.0 1.2 14 16 18 20

Reduced density (p,)

displayed in Figure 5 the values of the excess local density
extracted from NMR measurements of chemical shifts of the
hydroxyl proton of the ethanol molecule in the g&hanol

Figure 4. Comparison between the experimental and the calculated system afl, = 1.03 (40°C).*3 These NMR results appear to be
frequency shifts all = 40 °C (A), T = 80 °C (B), andT = 120°C qualitatively, but not quantitatively, in agreement with those
(©). predicted by our vibrational shift data. The qualitative similarity

have confirmed and explained the presence of such local densityStrongly suggests that local density enhancements are indeed
enhancements in compressible SGf&10.11Similar nonlinear responsible for the nonlinear behavior of the IR band shift

discrepancies between predicted and experimental values havé)bserved in the present work. Also, the quantitative differences
been observed in three previous studies of vibrational shifts in In the extracted values of these enhancements should not be
SCFs38:394%jthough in only one of these studies did the authors considered to detract from this conclusion, since IR and NMR

attribute their observations to LDE3%! However, theoretical ~ SPectroscopies are probing different molecular properties and
and simulation work on vibrational spectroscopy in SCFs has would thus be expected to exhibit different sen3|t|y|t|e§ to the
since shown that, for attractive solutsolvent systems in  Presence (and the exact nature) of LDEs. Indeed, differing LDE
Compressib|e SCFS, LDEs should be expected to give rise to predictions for the same System when examined by dlfferlng
nonlinear deviations of the vibrational shifts away from those SPectroscopies has previously been observed, e.g., by Heitz and
predicted in the absence of such density enhancements, just aMaroncelli*

they do for electronic spectral shifté42 Both the results We now address the question of how the observed differences
presented herein, as well as other work in progress in this between the LDE values extracted from the IR and NMR spectra
laboratory on several other organic solutes dissolved in super-of the ethanol/C® system can be interpreted. Also, we ask
critical CO,, confirm this expectation. In particular, the good whether we can also understand the observation that the IR
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0-8 T T T T T T T T 0 =4 T
Temperature (°C)
000 4 o 40 E
© o A 80 e —o— Induction
061 A A o 120 S 5r Dipole-Quadrupole |
x o /&’&*xg —x— 40 (RMN data) = —o— Dispersion
o O A e
& 04t 1 > -10} |
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! c
¢ g
£ o2} / | S 15} ]
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Reduced Density (p,) Reduced density (p )

Figure 5. Evolution Of the |oca| density enhancement factor as a F|gure 6. Relatlve energetIC Contl’lbutlonS |n the attl’aCtlve pal’t Of the
function of the density of supercritical G®or the three temperatures  frequency shift.

investigated. The crosses indicates the NMR results reported in the

literature for ethanol diluted in supercritical @t T = 40 °C#3 0.0 SACACSyAL YA,y (S, W, Sy, S N

spectra reflect the presence of LDEs to unusually high values
of the temperature. To begin, we recognize that, as will be
shown below, the vibrational shift is dominated by the short-
range dispersion interactions f) between ethanol and GO
being nearly insensitive to the presence of the dipole
quadrupole interactions. In contrast, the analysis of the NMR
shifts presented in ref 43 suggests that the quadrupolar field of
the CQ solvent generates a significant, longer-range terrf) (

1.0+ g .
—2— Induction \D\D
Dipole-Quadrupole o

Energy (kcal.mol 1)

in the NMR shift expression. It therefore seems reasonable to —o— Dispersion N

assume that the IR experiments probe the nature of the solvent 151 D\D\EK'
density over a shorter range (smaller local region) than do the . . ) . ) . . )

NMR experiments. Simulations studies have shown consistently 00 02 04 06 08 10 12 14 16 138
that a decrease in the local range around the solute over which Reduced density (pr)

the solvent density is considered will lead to an increase in the
predicted value of the LDE, a result which follows directly from Figure 7. Relative weight of the different energetic contribution.
the fact that solvent density enhancements fall off with distance
as one moves away from an attractive soft¢Thus, since IR the presence of extra G@olecules around the OD functional
probes a shorter range than does the NMR technique, the IRgroup is likely. As we shall see below, the OD group seems to
shifts would be expected to “feel” greater local densities than be particularly sensitive to the presence of excessi@@ecules
do the NMR shifts, and this is exactly the result observed in in the local region, resulting in the formation of an electron-
Figure 5, where the IR results suggest the presence of largerdonor-acceptor (EDA) complex. This complexation generates
LDEs than do the NMR results. Additionally, Goodyear et al. an IR shift, thus potentially increasing the temperature range
have shown that when the local range is decreased, potential-over which LDEs would be observed.
induced contributions to the LDEs, which tend to be maximized  4.4. Analysis of the Ethanot-CO, Interaction. From
at low bulk densities, play a greater réfeConsequently, as  Analytical CalculationsTo examine the relative contribution
the range of the local region is decreased, the position of the of the different mechanisms involved in the attractive interaction
maximum inAp Vs pr is expected to shift to lower values pf existing between ethanol and the £@e have calculated the
exactly as observed in Figure 5 when one compares the shortercontribution of the different solutesolvent interaction mech-
range IR-based LDEs with the longer-range NMR-based LDEs. anisms to the OD vibrational shift by evaluating the expressions
The presence of LDEs in the IR results up to temperatures eq 9-11 with the values of the parameters reported in Table 1.
as high asT, = 1.3 is somewhat harder to rationalize, as such The results, shown in Figure 6 fdr= 40 °C, demonstrate that
results have tended to be observed only for very strongly the contribution of the dispersive term overwhelmingly domi-
attractive solute/solvent systerslowever, because IR shifts  nates the observed frequency shift. We emphasize, however,
tend to probe only over a very short range, such as a singlethat this result applies only to the vibrational spectra, and it
solvation shell, the presence of even a very small number of should not be misconstrued to mean that only dispersive forces
excess solvent molecules in this shell, glgor 2, could generate  contribute to the stabilization of the G@thanol interaction.
a noticeable enhancement of the local density in this small On the contrary, an estimate of the relative weights of the
region. Consequently, if there is a tendency for any sort of different contributions to the attractive part of the intermolecular
complexation between the solute OD dipole and one or more potential, which was calculated from eqs—B with the
CO, molecules, one might observe the LDE signature in the IR parameters of Table 1 fdr = 40 °C and is shown in Figure 7,
spectra at higher than normal temperatures. That such “com-illustrates that the dipotequadrupole interaction plays a
plexations,” i.e., strongly asymmetric-enhanced local densities, significant role in the stabilization of the G@thanol interac-
may exist under supercritical conditions is supported by severaltions, although it is only about one-fourth that of the dispersive
computer simulation studies of SC£s47 We therefore turn contribution. A comparison of eqs 6 and 11 shows that the lack
our attention to the ethaneCO, interaction to ascertain whether  of importance of the dipolequadrupole term in the spectro-
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Figure 8. Optimized geometry of the Cf&thanol complex.

scopic shift arises because the shift is computed from a
derivative quantity which reflects not the magnitude of this
component of the energy, but rather, how much it changes with
variations of the vibrational normal coordinate, Finally, we
also note that the energy associated with the dipgleadrupole
mechanism of interaction is inversely proportional to temper-
ature and thus that its contribution will tend to vanish with
increasing temperature.

From ab initio CalculationsTo gain additional insight into
the origin of the interaction between ethanol and.C®e
performed ab initio calculations using the Gaussian suite of
programs*® The details of these calculations have been reported
elsewhere, so we will recall here only the most relevant
findings?28 Specifically, the geometry of an isolated @&hanol
pair was fully optimized using second-order Mohd?lesset
perturbation theory (MP2) using Dunning’s aug-cc-pVDZ basis
set. The resultant equilibrium geometry, havi@gsymmetry

shown in Figure 8, was found to have an intermolecular distance

of Rc..0) of 2.754 A and intermolecular angle ofy—o._ ¢ of
114.702. This complex was found to result from an EDA
interaction in which the carbon atom of the €Rolecule acts

as a Lewis acid and the oxygen atom of ethanol plays the role

of electron donor center. The interaction energy of the complex
was determined to be-2.96 kcal mot?, after correcting for
basis-set superposition erSiMoreover, it was also found that
the contribution of electron-correlation effects to the stabilization
energy, which can be thought of as the dispersion contribution
to this energy, is significant, having a value of abetit.3 kcal
mol~%. These ab initio results, then, clearly support our
hypothesis, made above, that a relatively strong, specific
interaction exists between the OD functional group and, CO
and thus that such an interaction is most likely responsible for
the difference between the LDEs predicted from the OD

vibrational shifts presented here and those predicted from other

spectroscopies.
Finally, we were also interested in the vibrational analysis
of the internal modes of the Cf2thanol complex and, more
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particularly, in the perturbations induced by EDA interaction
on the characteristic infrared and Raman frequencies and
intensities. In particular, we found that they stretching mode

of ethanol interacting with a C{molecule is shifted to lower
frequencies by about 5 crh compared to that calculated for
the isolated ethanol molecule. Moreover, because of this
interaction, the integrated intensity of this mode increases by a
factor of 1.6. These two observations are consistent with the
infrared experimental results reported on Figures 2 and 3.

5. Conclusion

The infrared spectra of theop stretching vibration of
deuterated ethanol diluted in supercritical £8ave been
measured along three isotherms in the reduced density range O
< pr < 2. The observed strong redshift of the band center, the
intensity enhancement, and the band shape distortion all indicate
the presence of an attractive interaction between ethanol and
CO,. An analysis based on the analytical BuckinghaBen-
Amotz model indicates that the frequency shift is strongly
dominated by the attractive, rather than by the repulsive, forces
and that this attractive contribution arises almost entirely from
the dispersion interactions. The deviation of the experimentally
observed shifts from the theoretically predicted linear behavior
expected in a homogeneous fluid as a function of pressure (in
the mean-field approximation) strongly suggests the existence
of local density enhancements and was therefore used to estimate
empirical local density enhancement factors as a function of
density. Differences between these local density-enhancement
factors, extracted from the OD vibrational shift, and those
extracted from NMR data are rationalized on the basis of the
observation that IR spectra probe the solvent density over a
shorter range than do the NMR spectra. It is subsequently argued
that the larger local densities extracted from the IR spectra are
consistent with the presence of a very local, likely spatially
asymmetric, enhancement in the number ob,G®lecules near
the ethanol solute, and, most probably, near the OD group. This
explanation is consistent with the observation of local density
enhancements in the IR spectra up to unusually high temper-
atures,T, > 1.3, which itself suggests the presence of a relatively
strong attractive interaction between ethanol and..Cibese
arguments are supported by ab initio calculations of an etkanol
CO, complex, which reveal the presence of a relatively strong,
specific OH-CO, interaction. This calculated result also
confirms the origin of the redshift and intensity enhancements
observed experimentally for the;p mode and shows that the
stabilization of the ethanelCO, complex is due to the EDA
interaction between the carbon atom of £&ahd the oxygen
atom of the hydroxy! group.
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