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Conformational equilibria of 1,2-dichloroethane, 1-chloro-2-fluoroethanegfastdoropropionitrile have been
investigated in various solvents by using the polarizable continuum model (PCM). Two approaches for the
evaluation of trans/gauche free energy differences have been compared: (a) the use, together with experimental
intensities, of calculated infrared absorption coefficients and Raman scattering cross sections proper for each
solvent; (b) the use of ab initio B3LYP/6-3+5** energy calculations in solution. The agreement between

the two approaches is good. The importance of using absorption coefficients and Raman scattering factors
proper for each solvent is discussed.

1. Introduction cl cl
H H Y.
The energy difference between rotational isomers is usually
small (less than 3 kcal/mol), and the solvation energy of polar H@H H@:
solutes in polar solvents being of the same order, the change in Y H
the medium may considerably affect the rotational equilibrium. trans (T) gauche (G)
Some examples are known in which the most stable rotamer in Y=CL, E, CN

the gas ,p,ha,se is not the most SIable,' conformer in solution a,ndFigure 1. The trans/gauche equilibria studied in this work.
the equilibrium between conformations strongly changes in
passing from nonpolar to polar solveai.

Experimental estimates of conformational equilibria can be (IR) and Raman experimental data from the literature and by
obtained with a variety of procedures, among which those basedexploiting the recently developed methodologies to treat
on spectroscopic measurements play an important role. Often,infrare> and Ramah’ spectra in solution within the polariz-
and we shall consider in this paper a specific case, experimentalable continuum model (PCM)? We will show calculated data,
data must be elaborated, with the introduction of some ap- and we will compare our results with previous studies on the
proximations and of elements drawn from the theory, to get Same topic; in addition, we will compare findings about
information about the equilibrium. Theoretical estimates can be conformational equilibria obtained by means of spectroscopic
derived directly from the calculation of energetic properties of measurements with what can be found by simply calculating
the pertinent conformers computed at the proper geometry. free energy differences through ab initio calculations in solution.
Theory also plays an ancillary role in justifying approximations  Various techniques have been used to get information about
used in the elaboration of experimental data and in providing rotational equilibria under study and in particular on solvent
the necessary supplementary elements. effects on them: NMR? |R,11-20 Ramani!22 and photoelec-

The interplay between experiments and theory has beentron? spectroscopies, and electron diffracttdrComputational
recognized for a long time with regard to equilibria in the gas methods, such as ab initio calculatibf® 27 and numerical
phase but also holds for equilibria in solution. In this case, simulations?® have also been used.

however, things are more complex, and the potentialities of the  Among the molecules here studied, the one used in the largest
theoretical approach have not been fully exploited yet. Here, nymper of studies is DCE. The experimental and theoretical
we will use the same theoretical solvation model both t0 |iterature on DCE has been reviewed in a recent paper by
elaborate spectroscopic experimental data and to directly obtainyiperg et all” Experimental gas-phase studies on DCE agree
information about the energetics of the equilibrium. In addition, jy, finding the trans rotamer to be more stable than the gauche
by relying on such calculations, we can critically evaluate the gne: the value found foAH° is around 1.1 kcal/mol. Photo-
extent of approximations widely used in the elaboration of gjectron spectroscopy led to H00.2 kcal/moR3 while electron
experimental data. In particular, in this paper, we will study jitfraction to 1.054 0.10 kcal/moR42 Studies on the temper-
solvent effects on trans (T)/gauche (G) conformational equilibria 4;,re dependence of IR band intensities led to the following
of 1,2-dichloroethane (DCE), 1-chloro-2-fluoroethane (CFE) and ggimates oAH® in the gas phase: 1.100.05:1.034+ 0.1012
f3-chloropropionitrile (CPN) (see Figure 1) by collecting infrared 1 1413 1 15+ 0.154 1.09 + 0.0625 and 1.17+ 0.04 kcal/

~ mol!® The same technique has been applied by Stolov and
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Solvent effects on the conformational equilibrium of DCE IR intensities and Raman activities are functions of the number
have been also investigated by combining IR intensity of molecules in the cell and, respectively, the absorption
measures and theoretical in vacuo energy calculations by Wibergcoefficient, ¢, or the scattering cross section, which are
et all” Raman spectroscopy has been used to elucidate solvenmolecular properties.
effects on the equilibrium. By assuming that the ratio between  The use of IR and Raman spectroscopies to evaluate the T/G
scattering cross sections of the trans and gauche conformers igree energy difference for the equilibria under study relies on
independent of the solvent and the temperature, Kato &t al. the following relation:
reportedAG° andAH? in various solvents. Mélelez-Paga et

al22 studied the effects of pressure and temperature on the T/G 2C; 21A;
equilibrium of DCE in diethyl ether by using Raman spectros- AGI_c=RTIn o RTIn - (1)
copy. G T

Several ab initio studies on the conformational equilibrium ) o
of DCE in the gas phase are present in the literat(i#&3° whereC is the molar concentratiorh is the IR absorbance or
Tanaka et af5 investigated the T/G equilibrium of DCE in the ~ the Raman activity, andis the absorption coefficier, in the
gas phase by using configuration interaction methods: the C@S€ Of IR spectroscopy or the scattering cross seatiom
energy of the T conformer was found to be 1.48 kcal/mol lower the case of Raman spectroscopy. The factor 2 accounts for the
than the energy of the G one. Conformational equilibria of Stafistical weight of the G conformer. _
several 1,2-dihaloethanes have been studied by Dixon®t al.  From the experimental point of view, it is relatively easy to
by exploiting semiempirical, ab initio (SCF and MP2), and local ©Ptain the ratioAr/As, but it is in principle impossible to
density functional methods. The ab initio and density functional €XxPerimentally determinaGs_; from eq 1 because thes/zr
methods are in agreement with each other and with experimental@ti0 iS unknown. However, another thermodynamic quantity
data in finding the trans conformer to be the more stable '€lated to the conformational equilibriuntyHy ., can be
conformer in the gas phase for DCE. Semiempirical results are €xPerimentally determined without estimating thgzr ratio
qualitatively wrong but with simply assuming thats/tt is temperature-indepen-

. 1,18,21

SCF and correlated MP3 and MP4 methodologies have beendem' . .
used by Wiberg and Murcko to study rotational barriers of 1€ MOStcommon procedure to evaluateddler ratio relies
dihaloethane® The trans/gauche energy difference for DCE ©N theoretical calculations. Such a strategy has been applied

: . :
in the gas phase was predicted to be 1.39 kcal/mol (with the PY Wiberg et ak’ to the evaluation of solvent %ﬁects on
inclusion of zero-point and thermal corrections), in good rotational equilibria of DCE and CFE, by Kato et*aito the

agreement with experiments. A more recent study of the sameStudy by means of Raman spectroscopy of the solvent depen-
group gave 1.20 kcal/mol for the rotational barrier at the G2/ deénce of the DCE conformational equilibrium, and by Goutev

MP2 levell” The same paper also concerned the calculation of €t al33 to the investigation of the conformational equilibria of
free energy differences in solution by exploiting the self- 1,2-dimethoxyethane in the liquid phase and aqueous solution.

consistent isodensity polarizable continuum model (SCIFEM) I particular, Wiberg et al” evaluated a theoreticiG;_g
at the B3LYP/6-311G** level. in vacuo for DCE and CFE at the G2/MP2 level and used an

experimental value of the IR absorbance rafi¢/As, in the
gas phase to obtain, through eq 1, taéer ratio. Kato et ab!
used the gas-phas&G3 .; obtained by Wiberg et & to
destimate the Raman scattering cross section ragfr, from
the gas-phase Raman spectrum at°24** Goutev et aP3
directly calculated the ratiog/or in vacuo for 1,2-dimethoxy-
ethane at the MPW1PW91/6-3tG** level of density func-
tional theory.

All of these studies assume that the/rt ratio remains

The generalized Born (GB) solvation model has been recently
applied to the study of the T/G equilibrium of DCE by Scarsi
et al®? A trans/gaucheAAG°® = 1.08 kcal/mol in going from
gas to pure liquid phase was predicted. Christiansen an
Mikkelsen have reported theoretical calculations on the con-
formational equilibrium of DCE by using coupled-cluster solvent
reaction field (CCSCRF) in various solvents at the CCSD/cc-
pVTZ level?” Simulations have also been used to study the
conformational equilibrium of DCE. A Monte Carlo study of . ; . )
dichloroethane in carbon tetrachloride, performed by Viladeca, Cconstant in going from the gas phase to solution and is
put in evidence the importance of considering sohgelvent independent of th_e choice of the_ sol\_/en_t. The I|m|ta_1t|ons_of this
polarization effects to correctly predict conformational changes. Procedure are evident because in principlerder ratio varies

To the best of our knowledge, less studied are conformational in going from the gas phase_to the solution af‘d_'” ?hang'i‘g the
equilibria of CFE and CPN. Two studies based on the vibrational hature of the solvenp In this paper, these limitations will b_e
spectrum of CFE in the gas phase found the trans conformer toexamlned and we will theoretically eyaluate the proper ratio
be the more stable and the energy differentE<) to be 0.82 for eat;h solvent. In the next sections, we will combine
+ 0,08 and 0.36+ 0.029 kcal/mol. Ab initio calculations at  theoretically calculateds/ry ratios a?d experimental absorbance
the G2/MP2 level by Wiberg et &l.agreed with this description " Raman activity data to obtailGr_ values (eq 1) in vacuo
and found AG® = 0.55 kcal/mol in the gas phase. The and in various solvents. , . . .
application of the SCIPCM method at the B3LYP/6-31G** To calculate theg/TT ratio for systems in solution, we will

showed an increase in the weight of the gauche conformation exp]oit the PCM ".‘ethOd in it.s recently revised version known
in going from nonpolar to polar solvents as integral equation formalism (IEFPCM)35 In PCM, the

solvated system is partitioned into a target molecule (the solute)
and the surrounding solvent, which is modeled as a continuum,
infinite, homogeneous, and generally isotropic medium, char-
IR and Raman spectroscopies are used to study rotationalacterized by its dielectric properties. The solute is assumed to
equilibria of substituted ethanes both in vacuo and in solution; be inside a molecular-shaped cavity, and the electrostatic
the usefulness of such techniques is due to the fact that thesolute-solvent interactions are calculated by introducing an
spectra of such compounds are the superposition of theapparent charge distribution spread on the cavity surface. In
corresponding distinct spectra of the rotational isorkéfg1.22.33 computational practice, this charge distribution is made discreet

2. Methodology
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TABLE 1: Calculated C—CI Stretching Frequencies (cnt?t) of 1,2-Dichloroethane in Vacuo and in Various Solvents and Solvent
Static (estar) @and Optical (eqp;) Dielectric Constants!

trans gauche
calc exp calc exp

€stat €opt asym asym sym asym sym asym
vacuum 1 1 703.62 727 650.28 674.63 669 694
n-hexane 1.88 1.88 695.44 642.82 665.78 662.5 686.5
cyclohexane 2.023 2.028 694.21 716 642.32 665.06 662 686
pentene 2.1 1.881 691.95 715 641.69 664.48 661 685.5
1,4-dioxane 2.2 2.006 691.53 707 641.50 664.21 653.5 673.5
carbon tetrachloride 2.228 2.129 691.40 641.40 664.01 660.5 685
tetrachloroethylene 2.3 2.226 691.06 714 641.03 663.71 660.5 685
p-xylene 2.3 2.237 691.06 710.5 641.06 663.74 657 680
carbon disulfide 2.64 2.64 689.52 714 640.92 661.21 659 683.5
di-n-butyl ether 3.08 1.951 687.84 639.21 659.25
diisopropyl ether 4.1 1.871 687.79 635.13 656.33
diethyl ether 4.335 1.829 687.65 711 635.10 656.19 657.5 680
ethyl acetate 6.0 1.883 686.04 709 633.03 653.79 654.5 673.5
THF 7.58 1.971 684.90 631.86 652.29
mesityl oxide 15.0 2.085 683.12 629.79 649.93
acetone 20.7 1.841 683.44 708 629.10 648.95 653 672
acetonitrile 36.64 1.806 683.01 708 628.59 648.35 653 672

aAsym = antisymmetric G-Cl stretch; sym= symmetric G-Cl stretch.? Reference 40.

by point charges each associated with a small portion (tessera) Following Wiberg et all/ the larger 6-313G** set was used
of the cavity surface and defined through a set of linear in the PCM energy calculations (geometries optimized at the
equations. same level). Zero-point and thermal corrections were obtained
Within the double harmonic approximation, the calculation with standard methodologi&sat the B3LYP/6-3%+G** level.
of IR and Raman spectra (frequencies and intensities/activities) A development version of the Gaussian progtawas used
requires the evaluation of some molecular property derivatives. for the calculations both in vacuo and in solution. The IEF
In particular, vibrational frequencies can be obtained from the versior#3° of PCM was exploited for all of the calculations in
diagonalization of the Hessian matrix (the matrix of the second solution. The geometries of all of the systems were optimized
derivatives of the energy with respect to the nuclear coordinates),in each phase. The cavity used was of molecular shape and was
IR intensities are related to solute dipole derivatives with respect puilt by interlocking spheres. The radii of the spheres were
to nuclear coordinates, and Raman activities can be obtainedobtained by multiplying by thex = 1.2 cavity size factor the
as derivatives of the dynamic molecular polarizability with following values: 1.7 A for carbon, 1.2 A for hydrogen, 1.7 A
respect to nuclear coordinates. Such derivatives have to befor fluorine, 1.75 A for chlorine, and 1.6 A for nitrogen.
evaluated at stationary points of the potential energy surface 3.2 sglvent Effects OMG?_, from Infrared and Raman
and then a methodology to evaluate gradients is needed.  gpectra. 3.2.1. 1,2-DichloroethaneWe report in Table 1
The formulation within PCM of analytic gradients and free  calculated harmonic frequencies for the-Cl stretching mode
energy second derivatives with respect to nuclear coordinatesof DCE both in vacuo and in selected solvents. Experimental
is reported in the literatur&¥ The basic methodology assumes  yalyes taken from Oi and CoetZ8are also reported. For the
a complete solvent response to molecular vibrations, but this gauche conformer, both the symmetric and antisymmetric
scheme has recently been generalized to treat nonequilibriumstretches are considered, while for the trans isomer, we focus
solvent response to molecular vibraticnghe evaluation of  on the antisymmetric mode only because the symmetric stretch
infrared intensities and Raman activities has already been treateds |R inactive. All of the calculated frequencies that we report

within PCM, both in the equilibriurh® and nonequilibriurh’ are not scaled.

frameworks by including local field effects. The agreement between calculated and experimental values
| d Di . is satisfactory; they differ from each other by an almost constant

3. Results and Discussion factor (around 20 crml). As we have said above, all previous

3.1. Computational Details.Infrared and Raman calculations ~ studies on conformational T/G equilibria assumedfies ratio
were performed by using density functional theory (DFT) with to be independent from the choice of the solvent and to remain
the B3LYP hybrid functional and the 6-31G** basis set. Such ~ constant in going from the gas phase to solution. In particular,
a combination of functional and basis set has already been usedViberg et al'’ theoretically estimated the behavior of such a
in the same context by Wiberg et ‘@ Extensive analyses of  ratio in passing from vacuum to acetone solution within the
the effect of the choice of the functional and of the basis set SCIPCM: a small change (about 10%) in the values was found
for gas-phase IR and Raman calculations are available in the(3.4 in vacuo and 3.1 in acetone for the T(antisym)/G(sym)
literature3” The calculation of infrared frequencies and intensi- ratio).
ties in solution was performed in the complete nonequilibrium  In Table 2, we show calculated IR intensities for the @
framework® Raman intensities were calculated both in vacuo stretching mode and the/eg ratio in vacuo and in each solvent.
and in solution by assuming the wavelength of the incident The reportedet/eg values range from 5.10 to 3.68 for the
radiation to be 514.5 nm; solvent electronic nonequilibriisn symmetric stretch of the G conformer and from 3.40 to 2.98
accounted for in the calculations in solution. Vibrational for the antisymmetric one. Such changes correspond to a
nonequilibrium effects on Raman intensities were proved to be variation in theAG® values of 0.20 and 0.08 kcal/mol for the
small; for this reason, they have not been considered. symmetric and antisymmetric stretches, respectively. As a
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TABLE 2: Calculated Absorption Coefficients, € (km/mol),
for the C—CI Stretching of 1,2-dichloroethane in Vacuo and
in Various Solventst

Cappelli et al.
TABLE 5. AG® and AAG® = AG],. — AG¢, Values
(kcal/mol) for the trans/gauche Equilibrium of
1,2-Dichloroethane from Experimental IR Intensity Ratios

trans gauche erles AG® AAG®
asym sym asym asym/sym asym/asym this work others thiswork  others
vacuum 112.12 21.97 33.00 5.10 3.40 vacuum 1.24 0.04 1.20
n-hexane 123.59 28.17 38.35 4.39 3.22 1.26+ 0.09
cyclohexane 123.76 28.51 38.69 4.34 3.20 n-hexane 1.0& 0.08 0.20+0.12
pentene 127.69 29.40 39.79 4.34 3.21 cyclohexane 0.84 0.0 0.70' 0.40+0.07 0.50
1,4-dioxane 126.82 29.43 39.66 4.31 3.20 1.08-0.97 0.98 0.19-0.30 0.29
carbon tetrachloride 125.45 29.29 39.40 4.28 3.18 pentene 1.031.00° 0.24-0.27
tetrachloroethylene 124.26 29.28 39.01 4.24 3.18 1,4-dioxane 0.4%0.54 0.86-0.73
p-xylene 124.73 29.35 39.15 4.25 3.19 carbon tetrachloride  0.92 0.04 0.28+0.08
carbon disulfide 122.77 30.09 37.79 4.08 3.25 1.004 0.03 0.27+0.07
di-n-butyl ether 128.91 31.97 40.65 4.03 3.17 p-xylene 0.55-0.7F 0.70 0.72-0.50 0.50
diisopropyl ether 130.81 32.66 42.21 4.00 3.10 tetrachloroethylene  0.940.95 0.89 0.36-0.32 0.32
diethyl ether 131.15 33.06 41.82 3.97 3.14 carbon disulfide 0.78& 0.0 0.83¥ 0.49+0.10 0.37
ethyl acetate 132.66 34.13 43.06 3.89 3.08 0.92-0.8% 0.35-0.39
THF 133.42 3491 43.65 3.82 3.06 0.87+ 0.0% 0.40+ 0.09
mesityl oxide 134.78 36.60 44.25 3.68 3.05 di-n-butyl ether 0.73:0.02  0.5I" 0.54+0.06 0.69
acetone 135.87 36.31 45.48 3.74 2.99 diisopropyl ether 0.75 0.52
acetonitrile 136.59 36.71 45.80 3.72 2.98 diethyl ether 0.590.7F 0.69 0.68-0.50 0.5%
a ) . . . ethyl acetate 0.370.5C 0.42 0.90-0.77 0.78
Asym = antisymmetric C-Cl stretch; sym—= symmetric C-Cl THE 0.36+ 0.04 0.1 0.91+0.08 1.09
stretch. mesityl oxide 0.56 047 0.71 0.73
TABLE 3: Calculated Frequencies (cnr?t) of Additional acetone 001%)%002%? 81@ 11?%00987 18;
Modes of Dichloroethane in Vacuo and in Various Solvents 0.084+ 0.05 ' 119+ 0.09 '
of Interest in This Study acetonitrile 0.04£0.03 -022 123+007 1.42
trans gauche 0.07+£0.08 0.13 1.204+0.12 1.0
vacuum 1268.20 1327.46 a8 S
n-hexane 1275.92 1319.47 ' ' ' '
carbon tetrachloride 1276.41 1318.11 a Experimental data for the -©ClI stretching band were taken from
1495.79 1468.27 ref 17.° Experimental data at 296 K for the band around 1200%cm
carbon disulfide 1275.72 1318.14 were taken from ref 18: Experimental data for the -©Cl stretching
acetonitrile 1266.91 1313.76 band were taken from ref 40 Experimental data at 296 K for the band

TABLE 4: Calculated Absorption Coefficients, € (km/mol),
of Additional Modes of 1,2-Dichloroethane in Vacuo and in
Various Solvents of Interest in This Study

trans gauche erles
vacuum 44.01 50.05 0.879
n-hexane 37.35 41.92 0.891
carbon tetrachloride 36.24 40.64 0.892
5.88 16.01 0.367
carbon disulfide 33.63 36.81 0.914
acetonitrile 36.16 42.82 0.844

consequence, while in the case of the T(antisym)/G(antisym)
ratio the use of the value calculated in vacuo leads to errors
within the experimental uncertainty, larger discrepancies are
obtained for the T(antisym)/G(sym). In particular, 0.20 kcal/
mol is comparable to thAG® values obtained in polar solvents
(see below). In our opinion, a possible reason of the smaller
dependence dft/eg on the medium in the case of T(antisym)/
G(antisym) is the similarity in the nature of the two modes.

For the sake of completeness, we report in Tables 3 and 4
calculated frequencies and intensities (as weklkdss ratios)
of some other modes that have been used in the literature to
obtain experimental energy differences in vacuo and in various
solvents. The range of variation of the reportetkg is small
(0.914-0.844) and corresponds to a changaA®° of 0.05 kcal/
mol.

In Table 5, the values oAG® obtained through eq 1 from
the experimentalr/As!"184041and the calculateer/e (Tables
2 and 4) are collected. As it can be seen, all of A& values
are positive; this means that T is the most stable conformer for
the solvents here considered. This picture agrees with the
findings of Abraham and Bretschneider (Chapter 13 in ref 1),

around 1400 cmt were taken from ref 18 Experimental data at 296
K for the C—Cl stretching band were taken from ref 1&xperimental
data for the CG-CI stretching band were taken from ref 4IExperi-
mental values were taken from ref 1, chapterBxperimental values
were taken from ref 17.

whereas the results of Wiberg et'alshow a preference of G
in acetone and acetonitrile (see Table 5). It is worthwhile to
note that the values aAG° obtained from different bands (in
a given medium) differ from the mean value By0.1 kcal/
mol, which can be assumed as the experimental uncertainty.
To focus our attention on the effects of the medium on the
TI/G equilibria, we report in Table 5 the differences AG°
between in vacuo and in solutiohAG® = AGy,. — AGg,
Such quantities are less sensitive to the level of calculation than
the absoluteAG°. The analysis of the obtained values shows
the dependence of the conformational equilibrium on the solvent.
In particular, polar solvents affe&dG° by as much as 1:01.2
kcal/mol. Our results are generally between the ones of ref 1
and ref 17.

As we have already said, eq 1 can be used to ol&@h .

values from Raman activity data. In ref 21, the gas-phase

AG}_ obtained by Wiberg et &l has been used to estimate

the Raman scattering cross section ratiggs, from the gas-

phase Raman spectrum at 22.34 Because neither ther/oc

nor theAg/Ar ratio can easily be extracted from data reported
in ref 21, we will limit ourselves to estimateAAG®)raman=
(AG{Qraman — (AGZ,)raman Which can be obtained as the

following:

O O,
(AAG® AAGS —RTIn(—T’VaC—G'so) )
GG,vac OT,soI

)Raman: cnst
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TABLE 6: Calculated Raman Scattering Cross Sectionsg
(A4amu), for the C—ClI Stretching Band of
1,2-Dichloroethané
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TABLE 8: Calculated C—CI Stretching Frequencies (cnT?)
of 1-Chloro-2-fluoroethane and Solvent Static €s) and
Optical (eqpt) Dielectric Constants

trans gauche otlos trans gauche
sym sym asym  sym/sym  sym/asym €sat €opt calcd  exp#t caled  exptt
vacuum 82.15 20.22 12.19 4.06 6.74 vacuum 1 1 756.43 775/779%665.64 685/688
n-hexane 165.88 45.78 26.77 3.62 6.20 cyclohexane 2.023 2.028 748.48 766 655.33 677
cyclohexane 177.57 48.09 35.75 3.69 4.97 dioxane 2.2 2.006 748.08 751 654.31 688
THF 190.99 67.64 44.94 2.82 4.25 di-n-butyl ether  3.08 1.951 744.34 649.76
acetonitrile 180.13 47.18 26.95 3.82 6.68 diiodomethane 5.32 3.036 739.80 644.25 668
water 177.65 46.85 26.63 3.79 6.67 iodomethane 7.0 2.365 739.79 759 643.44 669
a . . | h: _ . | THF 7.58 1.971 740.36 643.69
Asym = antisymmetric G-Cl stretch; sym= symmetric C-C methyl isobutyl 13.1  1.949 739.26 641.37
stretch. ketone
TABLE 7: (AAG®)raman Values (kcal/mol) at 298 K for the mektgglcl)rl]séopropyl 150 1927 739.09 640.98
trans/gauche Equilibrium of 1,2-Dichloroethane from acetone 20.7 1.841 738.88 758 640.45 663

Experimental Raman Activity Ratios

a Experimental values were taken from ref 2Experimental values

(AAG)raman were taken from ref 16.
this work otherd
i TABLE 9: Calculated C—CI Stretching Absorption
gyileé(r?::ane %‘_?fé 812 828];& 813 Coefficients, € (km/mol), of 1-Chloro-2-fluoroethane
THE 0.81+0.13 1.03+0.13 trans gauche erleg
ceenivle  Liwols 120l o
' ' ' ' cyclohexane 56.80 40.46 1.40
a Experimental values reported by Kato e4l. dioxane 58.37 41.59 1.40
di-n-butyl ether 59.62 43.65 1.37
diiodomethane 58.87 44.56 1.32
where the quantitAAG?, iodomethane 61.20 46.21 1.32
THF 61.93 46.47 1.33
| | methyl isobutyl ketone 62.62 47.64 1.31
o _— _ Gvac G,sol methyl isopropyl ketone 62.77 47.68 1.32
AAGZ RT(In 215 vac In 2l; SO) ®3) acetone 63.07 48.06 1.31
TABLE 10: AG°® and AAG® = AG,,. — AGZ,, Values

C sol

can be calculated from th&G° data reported by Kato et al. (kcal/mol) for the trans/gauche Eqﬂlf_]lbrium of _
The range of variation of the calculateg/og ratio (see Table 1-Chloro-2-fluoroethane from Experimental IR Intensity
6) in passing from one medium to another is comparable to Ratios

what we have found fost/eg in the case of T(antisym)/G(sym) AG® AAG®

(C?m_?at;? -l;able 6 an?ﬁgfg")e 2). | biained throuah thiswork  others thiswork others
n Table 7, we repor °)ramanvalues as obtained throug

eq 2 by using data of the T(sym)/G(sym) bands. In general, the vacuum 0.6 0.03 g'g?;

overall differt_enges between our results and data reported by Katocyclohexane 019 002 009 0.42+0.05 0.46

et al?! are similar to the ones found for IR calculations. The 0.1 0.3¢° 0.50 0.60

maximum difference is found for THF solution (around 0.2 kcal/ dioxane 0.12 0.50

mol); the agreement betweeAAG°)ramanand the correspond- g!_‘nabUtY' ﬁther —g-g;i 0.02 —8-%?2 fl)-ggi 0.05 2;2

ing IR data calculated with our method is good. Thus, the dicdomethane S e :

. : N . iodomethane 0.33 0.17 0.94 1.07
discrepancies between IR and RamakG® values, which have ¢ —0.434 0.02 —0.56@ 1.04-+0.05 1.1%
been put in evidence by Kato et &t.are reduced once the  methyl isobutyl ketone —0.67 —0.5% 1.28 1.43
dependence of bo#t/ec andot/og on the solvent is accounted  methyl isopropyl ketone—0.68! —0.53 1.29 1.43
for. acetone —0.734+0.02 —0.87 1.344+0.05 1.4%

—-0.80' —0.65 1.41 1.55

3.2.2. 1-Chloro-2-fluoroethandn Table 8, calculated har-
monic (nonscaled) frequencies for the-Cl stretching mode aExperimental data for the-€Cl stretching band were taken from
of CFE both in vacuo and in selected solvents are shown, ref 17.° Experimental values obtained in ref 17 are reportegkperi-
together with experimental values reported in the literatfifé. mental values were taken from refdExperimental data for the-€Cl
The agreement between calculated and experimental values i£'2"d Were taken from ref 41.
satisfactory, differing from each other by around 20¢pwith
the exception of values in dioxane. stabilization of the CFE gauche conformer caused by the solvent
The differences in ther/eg ratio (Table 9) in passing from  but is mainly due to the smallexG® value in vacuo. Such a
vacuum to solution and from one solvent to another are smaller consideration arises from the inspection of thAG° values
than the ones previously noted for DCE but still noticeable. In reported in Table 10, which are similar to the ones found for
this case, the assumption thates is independent of the medium  DCE in the same solutions. Notice that our findingsA®&° in
is more justified than in the case of DCE and would lead to vacuo are in agreement with previous studies on the same topic;
variations of about 0.08 kcal/mol in th®G° value. in particular, it is known that the change in the nature of the
The analysis oAG® data in Table 10 puts in evidence that, halogen (from chlorine to fluorine) increases the relative stability
contrary to what was observed for DCE, the gauche conformer of the gauche conformé?. The differences between oWG®
becomes the more stable species as the polarity of the mediunresults and data reported by other authors (see Table 10) are
increases. This different behavior does not depend on a greatesimilar to what was obtained for DCE (see Table 5).
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TABLE 11: Calculated C—CI Stretching Frequencies (cnt?) TABLE 14: PCM-Calculated AE, AG®°, and AAG® (kcal/
of -Chloropropionitrile and Solvent Static (es) and Optical mol) for the T/G Equilibrium of 1,2-Dichloroethane in
(€opt) Dielectric Constants Vacuo and in Various Solvents
trans gauche PCM others
€sat €opt  calcd exp#t caled exptt AE AG°® AAG® AE AAG®
vacuum 1 1 756.28 771.5 668.27 686 vacuum 1.59 1.50 1.56.35/1.45
cyclohexane 2.023 2.028 749.45 767 659.90 680 n-hexane 1.18 0.95 0.55
dioxane 2.2 2.006 748.67 754 659.81 670 cyclohexane 1.14 0.91 0.59 1MTO0F/1.22 0.39/0.28°¢
diiodomethane 5.32 3.036 741.67 762 648.90 673 pentene 1.10 0.82 0.68
iodomethane 7.0 2365 741.89 758 647.85 671 1,4-dioxane 1.08 0.82 0.68 149
methyl isobutyl ketone 13.1  1.949 741.39 758 645.54 669 carbon tetrachloride 1.07 0.81 0.69
methyl isopropyl ketone 15.0 1.927 741.25 645.65 tetrachloroethylene 1.05 0.79 0.71
diethyl ketone 17.0 1.939 741.05 645.05 p-xylene 1.05 0.79 0.71
ag . tal val taken f ‘a1 carbon disulfide 0.97 1.03 0.47 145
xperimental value was taxen from ret 4.1. di-n-butyl ether ~ 0.87 0.89 0.61 0.99.92 0.59/0.43

TABLE 12: Calculated C—CI Stretching Absorption diisopropyl ether - 0.72 0.83  0.67

Coefficients, e (km/mol), of g-Chloropropionitrile g'tﬁgmféth;; %75% %ils 01%92 10;0937
trans gauche erles THF 0.46 0.38 1.12
mesityl oxide 0.27 0.19 1.31
vacuum 54.36 25.93 210 acetone 022 013 1.37 0M0.58/0.85 1.08/0.7F
cyclohexane 59.47 32.09 1.85 acetonitrile 015 0.06 1.44 083
dioxane 60.90 32.13 1.89 water 0.09 0.02 148 081
diiodomethane 61.21 35.43 1.73 ' ' ' '
iodomethane 63.90 36.63 1.74 a AG° and AAG® account for thermal and zero-point contributions
methyl isobutyl ketone 65.82 37.69 1.75 (T =298 K). Values were calculated at the B3LYP/6-313** level.
methyl isopropyl ketone 66.01 37.77 1.75 bValues from ref 17 calculated with SCIPCM at the B3LYP/6-
diethyl ketone 66.13 37.84 1.75 311+G** level (geometry optimized in vacuo) are reportéd/alues
from ref 17 calculated with SCIPCM at the MP2/6-31G** level
TABLE 13: AG® Values (kcal/mol) for the trans/gauche (geometry optimized in vacuo) are reportéd/alues from ref 27
Equilibrium of f-Chloropropionitrile from Experimental IR calculated with SCRF at the CCSD/cc-pVTZ level (geometry optimized
Intensity Ratios Taken from Ref 41 MP2/cc-PVTZ in vacuo) are reported.

AG TABLE 15: PCM-Calculated AE, AG®, and AAG® (kcal/
vacuum mol) for the T/G Equilibrium of 1-Chloro-2-fluoroethane in
cyclohexane 0.28 Vacuo and in Various Solvents
dioxane -0.20
diiodomethane -0.31 PCM others
iodomethane —0.15 AE  AG® AAGP® AE AAGP®
methyl isobutyl ketone —-0.54
methyl isopropyl ketone —0.63 vacuum 045 038 0.2/0.46
diethyl ketone —0.63 cyclohexane -0.05 -0.12 050 0.190.1% 0.33/0.33

dioxane —0.11 —0.18 0.56
d!_—n-butyl ether —0.32 —0.38 0.76 —0.21/-0.0# 0.6%/0.5C°
3.2.3. B-Chloropropionitrile. In Table 11, calculated and ?'g’dr?]'qﬁthr?ne :8-% :8-32 1-8‘31
experimentdf frequencies for the €CI stretching mode are OHE ethane 076 —0.79 117
reported. The agreement between calculated (nonscaled) ani,ethw isobutyl —0.91 —0.95 1.33

experimental values is similar to the one already noticed for  ketone

the two other molecules under study. methyl isopropyl —0.95 —0.98 1.36

The range of variation of ther/eg ratio (Table 12), 2.16 ketone
1.73, is between those for DCE and CFE; 0.11 kcal/mol of acetone —101 —1.04 142 —0.7%/-0.46 1.19/0.92
difference in theAG® value in diiodomethane would arise if a2 AG® and AAG® account for thermal and zero-point contributions

the actuakr/eg value was approximated with the in vacuo one. (T =298 K). Values were calculated at the B3LYP/6-313** level.
The gauche form is the most stable one for a larger range of ;}’ﬂ“gf* Ig%”(:mr:tfrylgpt‘i:r?]'i‘;ggtﬁ]dvg“’:'H;))Sacr:éF’rgF';"orf‘; d}gﬁje‘?fkgglﬁ‘
73 The unavaiabity of an experimental absorption intensiy 17 CAGuted with SCIPCH t the WP2/6- 326 (geometry

) X Y optimized in vacuo) are reported.
ratio for CPN in the gas phase does not allow the calculation
of the correspondinhG® value in vacuo and therefore does

not permit the calculation of any of th®AG® values. andAG" correlate well with the simple Onsager functios
3.3. Solvent Effects onAGs._.5 from PCM Energy Cal- — 1)/(2¢sar + 1). In addition, because we are considering
culations. In this section, we will present PCM calculatAd® differences between two conformers of the same compound, it

and AAG® values. All of the values are obtained by including is reasonable that the differential nonelectrostatic contributions
zero-point and thermal contributions (calculated following the (dispersion, repulsion, and cavitati®itp AGS. . are small (at
same scheme as in vacuo but with quantities evaluated inleast as small as the uncertainty given by the available
solution) and by considering only the pure electrostatic selute methodologies used to estimate them). Numerical tests that we
solvent interaction. Such a choice is in our opinion justified have performed on DCE in various solvents have shown that
because the correlation between experimental and calculatedhe amount of the cavitatidhicontribution toAG® is less than
frequencies, obtained by exploiting the pure electrostatic model, 0.05 kcal/mol and that of the dispersienrepulsiort* is less

is good (see the previous section). Moreover, previous stud-than 0.15 kcal/mol.

iest”41on solvent effects on the T/G equilibrium of DCE have In Tables 14, 15, and 16, we report calculated PGKA°
shown that observed stretching frequencies, absorbance ratiosand AAG® values for the trans/gauche equilibria of the three
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TABLE 16: PCM-Calculated AE, AG®°, and AAG® (kcal/
mol) for the T/G Equilibrium of f-Chloropropionitrile in 1.4 .
Vacuo and in Various Solvent8 E
PCM 1.2
AE AG® AAG® {
1.0

vacuum 0.95 0.94 .

cyclohexane 0.55 0.49 0.45 =

dioxane 0.50 0.46 0.48 s 084

diiodomethane 0.07 0.30 0.64 £ %

iodomethane —0.03 —0.06 1.00 2 064

methyl isobutyl ketone —0.20 —0.33 1.27 5 |

methyl isopropy! ketone -0.23 -0.23 1.17 E

diethyl ketone —-0.25 —0.45 1.39 044

a AG® and AAG® account for thermal and zero-point contributions 02 ] ’
(T =298 K). Values were calculated at the B3LYP/6-313** level. 7

1.6 0.0 — T T T T T

0.0 0.2 04 0.6 0.8 1.0 12 1.4
1.4+ PCM energy calculation
Figure 3. Comparison betweeAAG;]_; values as obtained by PCM
124 % free energy calculations (PCM energy calculation) and by using
experimental intensity ratios combined with PCM-calculatedr+

1.0+ values (experimental) for 1-chloro-2-fluoroethane. The dotted line is
= obtained through a linear fit: slope 0.98, linear regression coefficient
é 0.8 - R = 0.9983.
£ )
% 064 _ 0.6

s
0.4 | » 0.4+
1 Y i n
024 024
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Figure 2. Comparison betweeAAG; 4 values as obtained by PCM % -
free energy calculations (PCM energy calculation) and by using 04
experimental intensity ratios combined with PCM-calculatedrt ’
values (experimental) for 1,2-dichloroethane. The dotted line is obtained n
through a linear fit: slope 0.97, linear regression coeffickert 0.9635. 0.6 - x
0.8 . . . .

molecules under study. To evaluate the agreement between PCM 08 06 04 02 00 02 o4 06

calculated values and experimental data reported in the previous
section, we show such data as plots in Figures 2, 3, and 4. We

have not included all of the available experimental data in the
plots because in our opinion, as already remarked by Wiberg experimental intensity ratios combined with PCM-calculategrr

et al.}” some of them (those extracted from the oldest works, values (experimental) fops-chloropropionitrile. The dotted line is
refs 40 and 41) are less reliable. The use of AfeG° values
instead of AG® is, as previously stated, a direct measure of R =0.8175.

solvent effects.

In Figure 2, PCM calculated vs experimenteAG® values
for DCE are shown. Both IR and Ram@WM\G® are used as

PCM energy calculation
Figure 4. Comparison betweenG;_ values as obtained by PCM

free energy calculations (PCM energy calculation) and by using

obtained through a linear fit: slope 0.69, linear regression coefficient

In the case of CFE (see Figure 3), the PCM calculatads®

values show both a correct trend and a small deviation from

experimental data. The linear fit of the data yields an almost the experimental values (0.07 kcal/mol). Such a deviation is
unitary slope (0.97) but a y-intercept 60.20 kcal/mol. Thus, smaller than what we have found for DCE; in the present case,
the calculated PCM data give the correct trend but overestimatenonelectrostatic terms should reasonably be less important
the experimental values by a constant value (0.20 kcal/mol). because the substitution of a chlorine atom with a fluorine one
This shift is compatible with the combination of the experimental decreases the polarizability of the system (dispersion term), the
and theoretical uncertainties. The latter is due to the neglect in Solute charge penetration into the solvent (repulsion term), and
the calculations of nonelectrostatic interaction terms and to somethe molecular volume (cavitation term). For both DCE and CFE,
arbitrariness in the choice of the molecular cavity. A numerical the agreement between PCM-calculated and experimental data
test performed by varying the cavity-size factoin the range ~ obtained from Oi and Coetz&eand El Bermani et &' (not
of 1.1-1.3 led to an uncertainty in PCM-calculatad\G° of included in the plots) is worse.
+0.15 kcal/mol. As we have already pointed out, for CPN, the experimental
We note that the largest deviations from the fitting line are AG° value in vacuo cannot be estimated. For this reason in
shown by the values in the less polar solvents; this is not Figure 4, we show PCM calculated vs experimet& values
surprising, because we are using a purely electrostatic model.instead of AAG°. To the best of our knowledge, the only
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available experimental data are those of El Bermani et*al., solvent medium (such as hindered rotations) have been ne-
which, as stated above, are less reliable than the ones shown imglected. While the first two approximations affect the calculation
the two previous cases. For CPN, the agreement betweenboth of ab initio energies in solution and efand o, the third
experimental data and PCM-calculated values is less satisfactoryone is invoked only when energy differences are directly
In our opinion, because the quality of the calculation (quantum obtained by means of ab initio energy calculations in solution.
mechanical (QM) level and solvation model) is the same as for The use of such assumptions seems to be justified from the
DCE and CFE, larger discrepancies between calculated andresults we have presented; in particular, the combination of the
experimental values are mainly due to a large uncertainty in harmonic picture with a pure electrostatic solvation model gives
the experimental data. calculated frequencies in good agreement with experiments.

As final remark, let us compare PCM-calculated data for DCE Because thermal corrections on energy differences are small
and CFE with theoretical values obtained by other authors by (less than 0.3 kcal/mol), reasonably the inclusion of solvent-
exploiting different QM levels and solvation models (Tables dependent terms would not greatly affect the final result.
14 and 15). The comparison with SCIPCM values by Wiberg
et all” (at the same QM level) shows increasing discrepancies Acknowledgment. C.C. and S.C. acknowledge financial
in going from nonpolar to polar solvents for both DCE and CFE. support from MURST (Ministero dell'Universita della Ricerca
Even larger differences are noted when comparing our data with Scientifica e Tecnologica: “Progetto Giovani Ricercatori 2000”).
SCIPCM ones at the MP2/6-31+G** level (see Tables 14 and  Financial support from Gaussian Inc. is also acknowledged.
15).
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