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Hydrofluorocarbons (HFCs), such as HFC-134a {CiFH,), are replacing chlorofluorocarbons (CFCs) in
many applications because of their low ozone depletion potentials. The more complex chemical syntheses of
HFCs, however, may not provide the molecular species desired with sufficient purity, leading to the need to
separate reaction products. An important example is provided by the separation of the isomers HFC-134a
and HFC-134 (CFHCFRH) over the faujisitic zeolite NaX (N@AlgeSii0s0ss4). An understanding of the
fundamental mechanism controlling this separation involves the unusual aspect that HFC-134 can exist as
either a trans or gauche conformer; a key factor is that the trans conformer is nonpolar whereas the gauche
conformer is highly polar. Here we report the results of a Raman scattering study which shtantie
gauchepopulation ratio for HFC-134 adsorbed on NaX is decreased as much as 20-fold compared to the gas
phase. Furthermore, the conformational ratio changes with HFC loading, the polar gauche conformer being
more highly favored at low loading where the HFC-134a/HFC-134 separation factor is maximum. These
observations thus demonstrate that the efficiency of this HFC separation is directly related to the HFC-134
trans-gauchepopulation distribution on the zeolite surface.

Introduction TABLE 1: Experimental Isosteric Heats of Adsorption and
Separation Factors for HFC-134A and HFC-134 on Zeolite

The efficacy of zeolites for the separation of molectiteties NaX and Theoretical Binding Enthalpies for These HFCs
upon differences in molecule size, shape, or molecaémlite ~ @nd One or Two Na Cations
interactions. Here we are concerned with the separation of HFC- ab initio
134a from its isomer HFC-134, which has been demonstrated measured isosteric binding enthalpy
using differential surface adsorption on X or Y zeolitd4FC- heat of adsorptich (kJ mol™)
134ais an important refrigerant that has replaced CFC-12-(CF (kJ mol?) separation HFC-134
Cl,) in a number of applications. This separation is a conse- HFC-134a HFC-134 factor HFC-134a trans gauche
quence of the larger heat of adsorption of HFC-134 on NaX Zero Loading Single Na Site
(Table 1), rather than a result of a difference in molecular size 65 78 8.1 80 69 88.7
or shape. At low loading (less than one HFC molecule per Two HFCs/Supercage Double Na Site
supercage), the heat of adsorption for HFC-134 is- 12 kJ 63.5 71 5.6 Unstable  69.5 808
mol~! larger than that of HFC-134a, whereas at high loading Four HFCs/Supercage

62 65 4.4

(four or more HFC molecules per supercage), the heat of
adsorption for HFC-134 decreases to a value orl$ 2J mol?® 2 |sosteric heats of adsorption from ref®8The separation factor is

greater than that of HFC-134aThis decrease in heat of
adsorption leads to a decrease in separation factor at high
loading (Table 1).

defined as = (X134Y1349/(Y130X1349, WhereX; is the mole fraction of
HFC4 on the zeolite surface and is the mole fraction in the gas
phasé. Data are from ref 3.

In the gas phase, HFC-134a exists as a single distinguishableNewman projection diagrams.
staggered conforme€( point group symmetry), corresponding

to any of the three equivalent minima in its torsional potential F H ¥ ¥ F .
energy surface. HFC-134a has a permanent electric dipole
moment of 1.8 D. In contrast, HFC-134 exists as one of two F@t‘ ..g;
distinguishable staggered conformers, a trais §ymmetry) H H
or gauche €, symmetry) conformer, as shown in the following
Trans Gauche
T DuPont. S
£NIST. The trans conformer does not have an electric dipole moment,
8 SUNY. while the gauche conformer has a moment of 28°Dhe trans
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conformer is more stable (by 4.4 kJ mé)l than the gauche , , , , T ,
conformer in the gas pha&&he potential energy barriers for Vs Gas phase
internal rotation in fluorinated ethanes in the gas phase on
the order of 12216 kJ moi?, which leads to rapid (109 s)
thermally activated conformational interconversion at 300 K.
The existence of two conformers of HFC-134 with very
different electric dipole moments suggests the following possible
origin for the decrease in separation factor with HFC loading
on NaX. Since molecular properties such as electric dipole and
guadrupole moments contribute to the heats of adsorptoil,
these properties can depend dramatically upon molecular
conformations, a loading dependence of the conformer popula-
tion ratio could change the separation factor. In fact, the
experimental heats of adsorption for molecules with distinguish-
able conformations should be an average over both the surface
conformer and adsorption site population distributions. Thus
experimental determination of adsorbate conformations is central
to the understanding of adsorption enthalpies and can provide
important insights into the choice of substrates for separations.
Fluorinated ethanes such as HFC-134a and HFC-134 have
been studied in the gas and liquid phases by techniques such as
microwave, infrared, and Raman spectroscbpy! In particu-
lar, the last two techniques can readily distinguish different
conformers in condensed pha$ésgirectly determining the
influence of the local molecular environment upon the relative
conformational stability. In zeolites, Raman spectroscopy is the
preferred technique for this purpose because the zeolite frame- ; : i ! :
work vibrations have fairly small Raman scattering cross 200 400 600 800 1000 1200 1400
sections? allowing the vibrational spectra of the adsorbed HFCs Raman Shift (cm™)
to be easily observed. In contrast, infrared techniques suffer from gigyre 1. Raman spectra for HFC-134 in the gas phase (1 atm pressure)
strong absorptiotf due to the zeolite lattice vibrations in the (top) and adsorbed on the zeolite NaX at a loading of four HFC-134
spectral region below 1200 crh where much of the HFC molecules per supercage (bottom). In the lower spectrum the peak
conformational information is foun®l.We therefore chose labeled “Z”" is assigned as a zeolite vibration. HFC-134 vibrational

Raman scattering as our primary experimental method for 2SSignments are from ref 6, and the superscripts *T* and "G” designate
determination of the HEC conformations vibrations assigned to the trans and gauche conformers, respectively.

Note the large increase in the relative intensities of the gauche vibrations
for the adsorbed HFC.

Intensity (arb. units)

Experimental Section

Sample Preparation. The NaX used in these studies was Were made by placing the sample capillary on the coldfinger

Alpha or Aldrich 13X with the composition NgAl g6Si1060384. of a He.fllow cryqstat. . . 16
The Nax samples were dehydrated for 24 h at a temperature of . AP Initio Density Functional Theory Calculations:® The
373 or 673 K in a vacuum. Verification of dehydration at the densny functional theory calculations were performed with the
lower temperature was accomplished by comparing the weight Gussian 94 program on a Cray 90 computer. The basi¥ sets
loss after this treatment with that of the same material heated '€ the local spin density optimized Gaussian basis sets DZVP.
to 673 K in a TGA under Natmosphere. (The low dehydration All optlmlzed geometries aqd V|brat|o_nal f_requenmes (used to
temperature was found to significantly decrease the amount of dét€rmine zero-point energies and vibrational thermal correc-
sample fluorescence during the Raman measurements.) ThdiOns) were determined at the B3LYP energy level.
dehydrated NaX samples were exposed to 1 atm of HFC-134
gas and allowed to equilibrate for 24 h. The amount of adsorbed
HFC in the highly loaded sample was then determined by In Figure 1 we show Raman specfi&’ of HFC-134 in the
prompt y neutron activation analysis!> (PGNAA), yielding gas phase and adsorbed on NaX. The vibrational frequencies
an average value of four HFC-134 molecules per supercage.of the adsorbed species are only slightly shifted with respect to
The HFC concentration in the low loading sample was those observed in the gas phase, demonstrating that the adsorbed
determined from the pressure drop over a calibrated vacuummolecules still adopt staggered conformations, although the
line and was consistent with that obtained from the weight gain bands assigned to the gauche conformer are considerably
after HFC adsorption. The dehydrated samples of NaX, which broadened compared to the instrumental resolution. More
were used as controls for both the Raman and neutron striking, however, is the observation that the conformer popula-
measurements were also meastfréy PGNAA and found to tion distribution is very different for the adsorbed HFC compared
contain between 0.9 dr8 H atoms per supercage, present either to the gas-phase HFC (Figure 1 and Table 2). The adsorbed
as HO or as framework hydroxyl groups. species show a dramatic increase in the fraction of polar gauche
Raman Spectroscopy Data were obtained with a Raman HFC-134 compared to the the case of the gas phase. The
microscope coupled to a two-stage monochromator system andpresence of a large fraction of the polar gauche conformer will
a liquid N; cooled CCD detector. The 5145 A line of an Arion  elevate the measurgddsorption enthalpy of HFC-134.
laser was used as the excitation source and the power at the It is also important to see if the conformer distribution is a
sample was 106200 mW. Low-temperature measurements function of HFC-134 loading, as is the adsorption enth&ljpy.

Results and Discussion
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TABLE 2: Integrated Vibrational Band Intensity Ratios for A — —
HFC-134 in the Gas Phase and Adsorbed on NaX, Measured
by Raman Spectroscopy, and the Conformer Population
Ratios Estimated from the ab Initio Free Energy

Difference® 2
4 Ei
HFC/supercage s
_— <
gas 2 HFC/ 300 10 =
phase supercage K K Z
17(620 cnT1)/Ig(595 cnTy)e  9.5(1.1) 0.30(3) 0.62(1) 0.59(8) i’é
0.7(6y
17(358 cnT1)/Ig(405 cnTY)c  10.5(1.2) 0.33(3)
ab initio trans/gauche 7.2 0.006 (single Na site)
population ratio% 0.82 (double Na site)
(at 300 K) / F ,

10 K

aThe Raman integrated intensity ratila#lc are related to the true
population ratiodNt/Ng by an unknown factor whose value depends
on the Raman scattering cross sections for the vibrations with intensities
I+ andle. The ratios for two pairs of vibrations are given for the gas
phase and the more highly loaded NaX sample, where the members of
each pair have been assigned to similar vibrational modes for the trans + g
or gauche conformer and would therefore be expected to have similar
Raman scattering cross sections. The two ratios decrease by slightly
different factors upon binding to NaX, which suggests that the Raman L
polarizabilities for the individual vibrations may be altered by interaction W
with the Na cations. This effect is small, however, compared to the
average change due to surface binding. Uncertainties in the last digit(s)
of the experimental ratios are given in parenthes&se conformational r
population ratios at thermal equilibrium satisfy the relationstifNg
= @ AGRT whereN; is the number of molecules with conformation i,
AG is the Gibbs free energy change associated with the conformational 550 575 600 625 650
transition,R is the gas constant, afdis the absolute temperatufe. Energy (cm™')
The ab initio population ratios were calculated from the valueA®f )
determined by the calculationsDetermined from the intensity ratio ~ Figure 2. Raman spectra of HFC-134 adsorbed on NaX at low (top)
of Raman vibrations at 620 cth("vs) and 595 crm* (Gv7). @ Determined or high (bottom) Ioadhlng. Low loading corresponds to two molecules
from inelastic neutron scattering measurements (see, for example, refP€r supercage, and high, to four molecules per supercage. The spectrum

19). ¢ Determined from the intensity ratio of Raman vibrations at 358 ©f the highly loaded sample measured at a temperature of 10 K appears
cm! (Tve) and 405 cm? (Cvg). in the inset. Only thess vibration of the trans conformer and the

vibration of the gauche conformer are shown. Both vibrations have

Figure 2 we compare spectra for NaX samples with different been assigned to GRvags® These data suggest that the vibrational
HFC-134 loadings: two HFC molecules per supercage and four frequencies and line widths associated with molecules bound to either
HFC molecules per supercage. The fraction of polar gauche ©ne of two Na cations are similar.
conformer decreases by a factor of 2 at the higher loading, which  If we assume the HFC-134 molecules in the zeolite are
is consistent with the observedecrease in heat of adsorption.  distributed over two types of binding site, and these binding
Thus, the efficiency of the separation can be directly correlated sites have different affinities for the trans and gauche conform-
with the fraction of polargaucheconformer present on the ers, then the measured conformational population ratios would
zeolite surface. In Table 2 we also give tinensggaucheratio reflect the distribution of HFC-134 molecules over these sites.
for the highly loaded sample measured at low temperature (101f the lowest energy binding sites that are initially populated
K) using Raman and neutron scattering. These measurementfave high selectivity for the gauche conformer, and higher
demonstrate that thganggaucheratio is nearly temperature  energy sites with a lower selectivity for the gauche conformer
independent, which implies that the adsorbed conformers areare populated at higher HFC loading, the result would be an
not in rapid thermal equilibrium, as they are in the gas phase. increased fraction of trans conformer at high loading. In place
This observation effectively rules out the presence of any of a direct experimental identification of these binding sites,
significant quantities of “free” HFC-134 in the zeolite supercage we have performed ab initio quantum mechanical calculations
and suggests that theanggaucheratio is determined by the  to explore the properties of two possible sites.
nature of the binding site. A simplifying assumption in the calculations is that the only

These experimental results naturally lead to the question of HFC—zeolite interactions are those between the adsorbed
why the HFC-134 conformer distribution changes with loading. molecules and the extraframework Na cations. Ab initio density
One possible explanation is that HFEIFC interactions, which functional theory method%'7can then be used to calculate the
will become increasingly important as the number of HFC binding enthalpies of bare Na cations to the HFC-134a and HFC-
molecules per supercage increases, begin to influence thel34 molecules. We have therefore used this approach to model
distribution. The enthalpy differenc&fr the trans and gauche  two binding sites: a single bare Na cation interacting with an
conformers of HFC-134 in the gas and liquid phases are 4.4 HFC molecule or two bare Na cations interacting with an HFC
and 1.5 kJ moll, respectively, suggesting that increasing the molecule. The latter type of site was suggested by the results
HFC density stabilizes the gauche conformer more than the transof a recent X-ray diffraction stud$ of HFC-134 adsorbed on
conformer, a trend opposite to that which we observe in the the closely related zeolite NaY (BbleeAl s3.6Si138.40384), Where
zeolite. We have therefore considered a second possibility in two-thirds of the HFC-134 molecules were bound to two Na
some detail, the presence of two specific types of HFC binding cations in site Il and site 11l positions, one at either end of the
site. molecule. Since NaX has more Na cations per supercage than

L
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NaY 2tand both site Il and site Ill are occupied, similar double to sites within the supercage, as demonstrated by an X-ray
Na binding sites could be present. We have also measured thaliffraction study of HFC-134 in zeolite Na%. Furthermore,
Raman spectrum of HFC-134 adsorbed on NaY at high loading electrostatic screening of Na cation charges by intervening HFC-
and observed a Raman intensity ratio for the 620 and 598 cm 134 molecules will also reduce the magnitude of repulsive Na
vibrations of 0.9(2), comparable (within error) to that in NaX Na interactions and permit higher Na concentrations to exist
at comparable loading (Table 2), supporting the assumption thatwithin the supercage.

the binding sites in the two zeolites are related. These experimental and theoretical results illustrate the key

The results of these calculations are summarized in Table 1.role of molecular conformations in determining surface binding
The calculated binding enthalpy for HEC-134a and a single Na €nthalpies for HFCs (and other molecules) in zeolites, and we
cation is larger than the measured adsorption enthalpy; wetherefore suggest that experimental separation strategies must
attribute this to the fact that the calculations do not include the consider possible effects of conformational changes of the
effects of the zeolite framework. These effects include the adsorbate molecules. This is certainly true when molecules are
screening of the extraframework cation charges by the frame-t0 be separated on the basis of polarity and should be considered
work oxygen anions, which will reduce the electrostatic binding Whether the separation is to be accomplished using molecular
energies; specific interactions such as hydrogen-bond formationsieves, polymeric membranes, or other types of separation
between the HECs and the oxygen anions of the framework, Media. We have also shown that vibrational spectroscopy is a
which will increase the binding energies; and nonspecific Simple and direct means by which to determine the relative
adsorbate framework interactions such as London dispersion Populations of different conformers on surfaces. Finally, such
forces and short-range repulsibnyhich will respectively experiments can identify the most important terms in—ion
increase or decrease the b|nd|ng energies_ molecule interaction pOtentIaIS in zeolites.
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