)

— "
— &
— Y Y 7T - Al
— 0§ N ]
— LML - KiitA T 1 A
— | SN A IS LT
— - o~ Pals al
= e— ) Y 4 N [
— — 1 A
o — - TITORATLYA
1 L5/ i — - FIE VI A
I VA | = MEIVINCA
— - /
— p S

CROATICA CHEMICA ACTA
CCACAA, ISSN-0011-1643, ISSN-1334-417X

Croat. Chem. Acta 82 (1) (2009) 253-259.
CCA-3314

Original Scientific Paper

Dipole Polarizabilities of Fluorinated Hydrocarbons*

Ladislav Ehn, Ivan Cernusak,** and Pavel Neogrady

Department of Physical and Theoretical Chemistry, Faculty of Natural Sciences, Comenius University,

SK-84215 Bratislava, Slovakia

RECEIVED JUNE 29, 2008; REVISED SEPTEMBER 4, 2008; ACCEPTED SEPTEMBER 8, 2008

Abstract. Dipole polarizabilities of fluorinated C2 and C3 hydrocarbons have been studied using Coupled
Cluster theory including single, double and non-iterative triple substitutions (CCSD(T)) — in conjunction
with three basis sets: Pol, Z3Pol and HyPol. All molecular geometries were optimized at the MP2/aug-cc-
pVTZ level. We have found only small effects of electron correlation on electric properties in fluorinated
species. The dipole polarizabilities increase slightly with the increasing fluorination of ethene and pro-
pene. For fluorinated ethenes Pol and Z3Pol basis sets give polarizabilities in very good agreement with

the literature data.
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INTRODUCTION

Organic materials play an increasing role in the elec-
tronics industry which is dominated by semiconductors
and metals." Organic semiconductors are an attractive
alternative for new materials due to their potential in
optoelectronic devices, switches and modulators.””’
Their principal advantages are: versatility and easy
processing, tuneable conjugation in the system of m-
bonds that can affect the ability to transmit electro-optic
signal, large nonlinear optical (NLO) response and the
possibility to tailor their physico-chemical properties by
the manipulation of the molecular structure of the NLO
chromophore.'” One of the key parameters for the
transmittance of the signals are polarizabilities and
hyperpolarizabilities. It is known that fluorination of the
chromophores improves the photochemical stability and
leads to lower optical loss in the active material.">®""
Theoretical quantum chemical calculations can assist in
the choice of the suitable building blocks of the poten-
tial chromophore providing reliable data on electric
properties like electric moments and polarizabilities of
fluorinated hydrocarbons. Since the currently tested
chromophores are often large molecules possessing
complicated dentritic structure, the viable route in mole-
cular modelling of their electric properties is to use
specifically designed basis sets that strongly reduce the
computational demands but still provide useful data for
the experimentalists.

The aim of this paper is investigate the dipole po-
larizabilities of two series of fluorinated alkenes —
ethenes and propenes using highly correlated quantum
chemical ab initio methods with variety of basis sets
used to build the wave function. Our particular goal is to
check the performance of the property-tailored basis set
designed especially for the calculations of electric prop-
erties of larger molecules and to suggest the optimal
computational strategy for longer alkene-chains. As
model systems we have chosen ethene, propene and
their fluorinated derivatives, the latter possessing highly
polar C—F bonds. With this class of molecules we can
avoid also the issues connected with conformational
sampling. The experimental data on electric properties
of these molecules are rather scarce. There are only
dipole moments for cis-difluoroethene, gem-difluoroe-
thene, propene reported in ref. 12, and for 3,3,3-fluo-
ropropene in ref. 13, dipole polarizabilities for ethene in
refs. 12 and 14, for propene and gem-difluoroethene in
ref. 12. Electric properties were also studied for other
fluorinated ethenes and propenes.”> " Closely related is
also the electron scattering study on C;Hg, cyclo-CsHg
and C;F¢ by Makochekanwa et al.”°

METHODS

The dipole polarizabilities of difluoroethenes and triflu-
oropropenes were calculated using Coupled Cluster

*  Dedicated to Professor Zvonimir Maksié on the occasion of his 70™ birthday.
**  Author to whom correspondence should be addressed. (E-mail: cernusak@fns.uniba.sk)
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theory including single, double and non-iterative triple
substitutions, CCSD(T).?" * Our set of molecules con-
tained also non-substituted C,H,, C,F, and fully substi-
tuted C;Hg, CsFg. All geometries were optimized at
correlated level using the second order perturbation
theory - MP2** and aug-cc-pVTZ basis set,” including
the harmonic frequency check to confirm that the statio-
nary points on potential energy surface are true minima.
All geometries are deposited in the Supplement. The
orientation of the molecules follows the convention
adopted by Russel and Spackman,26 ie., a, and o, are
the in-plane components and a, is the out-of-plane
component. The molecular plane is either CCH/CCF for
ethenes or CCC for propenes. We have calculated the
dipole polarizabilities within standard finite-field
scheme. Briefly, following Buckhingham®’ one can
expand the energy of the molecule embedded in the
static homogeneous electric field F in the Taylor series
and omitting the cubic and higher-order terms we get

1
E(F):Eo_lua}?a_Eaaﬂ’FaF/)’_"' (1)

E° denotes the energy of the unperturbed system, p is
the permanent electric dipole moment vector, a, stands
for the second rank tensor of the static electric dipole
polarizability, F, means the component of electric field
applied in the a-direction. The Greek indices represent
the summation in Einstein convention over the Carte-
sian axes x, y, z. This convention is utilised throughout
this paper unless stated otherwise. Since the orientation-
ally averaged electric quantities are the measures
achievable from experiment we can evaluate also the
orientationally averaged electric dipole polarizability
< o > defined as

<a> =%aM (2)

Within the finite-field scheme the components of
the dipole moment and the dipole polarizability for the
planar systems are determined through numerical diffe-
rentiation of the energy perturbed by an external electric
field (1). The electric field magnitudes adopted in nu-
merical differentiations must be carefully examined to
avoid contamination from higher-order terms truncated
in the expansion (1) and numerical noise for the higher
order moments/polarizabilities. Appropriate attention
should also be paid to the applied electric field
strengths, we have tested the fields +0.001, +0.002,
+0.004 a.u. The numerical stability of the finite-field
model turned out to be very good. For the propene and
fluorinated propenes we have adopted the formulas
from ref. 28 and tested also simple central difference
formulas with the field £0.002 a.u. Since the differences
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were small, for the ethene and fluorinated ethenes we
have used only simple formulas. Alternatively, instead
of numerical scheme one can also use methods based on
analytical derivatives.

For the smaller difluorethenes we have used the
following series of the basis sets Pol,”*° Hypol®' and
Z3Pol,**** while for the larger trifluoroethenes we used
only Pol and Z3Pol basis sets. For the latter we have
used the Z3Pol contractions C,F: (10s6p3d)/[4s3pld],
H: (6s3p)/[3slp]. The Pol and Z3Pol basis sets were
designed especially for electric properties calculations
on larger systems. The construction of these basis sets is
based on a simple physical model of the polarization
effect of the external electric field which leads to very
economical subset of polarization functions added to the
chosen initial basis set. These polarization function are
still diffuse enough to describe properly the response
properties as well as highly polar bonds C—F. These
basis sets are not expected to produce extremely accu-
rate results but are considered as the minimal sets for
acceptable electric properties of large molecules™ main-
ly for economical reasons. Z3Pol basis sets are rougly 3
times smaller than aug-cc-pVTZ and more than 5 times
smaller than aug-cc-pVQZ. This ratio represents more
than two orders of magnitude saving in the computa-
tional effort in coupled cluster steps. In addition, Z3Pol
basis are small enough to avoid most of the difficulties
connected with large and diffuse basis sets (conver-
gence problems in SCF or linear dependencies). Ben-
kova, Sadlej and Oakes**** have shown for the series of
small molecules containing the first- and the second-
row atoms that the MP2/Z3Pol results are competitive
with the results obtained with more demanding aug-cc-
pVXZ basis set.

Our goal is to compare the results for C2 and C3
hydrocarbons and their fluorinated analogs obtained
with Pol and Z3Pol sets with both experimental dipole
polarizabilities and with the other theoretical data. In
addition, for the Z3Pol basis we present also SCF and
CCSD(T) dipole moments as a check of the electric
field strengths adopted in the finite field scheme. Al-
though the HyPol set was devised primarily for hyper-
polarizabilities,”’ we have included it in our series be-
cause we plan to calculate also the higher polarizabili-
ties of larger fluorinated chains in the future.

RESULTS AND DISCUSSION

In Table 1 we present as a by-product of our calcula-
tions the dipole moments for polar difluoroethenes and
trifluoroethenes. The comparison of experimental and
theoretical dipole polarizabilities of ethene is given in
Table 2. Here we have included also the previous theo-
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Table 1. Dipole moments (debye) of difluoroethenes and trifluoropropene obtained with Z3Pol basis set

Molecule u(SCF)® /D #(SCF,,)” /D u(CCSD(TH)™ /D Hep ! D
cis-difluoroethene 2.6915 2.692 2.4005 2.42+0.02©
gem-difluoroethene 1.658 1.657 1.489 1.3893+0.0002'
propene 0.429 0.429 0.357 0.366+0.001©
1,1,2-trifluoropropene 2.297 2.297 2.047 -
1,1,3-trifluoropropene 3.097 3.097 2.777 -
Z-1,2,3-trifluoropropene 1.828 1.828 1.624 -
E-1,2,3-trifluoropropene 1.748 1.748 1.558 -
Z-1,3,3-trifluoropropene 2.528 2.528 2.299 -
E-1,3,3-trifluoropropene 1.982 1.982 1.780 -
2,3,3-trifluoropropene 3.547 3.547 3.152 -
3,3,3-trifluoropropene 2.805 2.805 2.497 2.443+0.0209
hexafluoropropene 1.0145 1.015 0.901 -

@ Expectation value. ™ Finite field value. © From ref. 12. Y From ref. 13.

Table 2. Comparison of experimental and theoretical dipole polarizabilities of C,H,. Theoretical data are without vibrational

correction.
Exper. ref. 26 ref. 35 ref. 39 Pol® Hypol® Z3Pol®
a, 26.02® 2556 (1.17)9 25299 24.88 24.99 25.10 25.28
a, 22.38%@ 2292 (044 22649 21,939 22.02 22.24 22.26
a, 35.06" 3483 (1179 34339 34.04 34.06 34.11 33.60
@ 27.82® 28.69® 2777 (0.93)© 27.42@ 26.95© 27.02 27.15 27.04

@ From ref. 14. ® From ref. 12. © MP2/DZP-ANO?2, data in parentheses are vibrational corrections. © MP2/ELP+. © CC3/t-aug-

cc-pVTZ model. ¥ this work - CCSD(T) data.

retical values reported by Russell and Spackman®® and
Zhou and Dykstra.” Table 3 contains the dipole polari-
zabilities of difluoroethenes calculated in all three basis
sets (Pol, Hypol and Z3Pol), Table 4 those of trifluoroe-
thenes calculated only with Z3Pol basis set. We have
chosen Z3Pol because in comparison with polarized
basis sets Pol, Z3Pol is reduced to 2/3 in size what leads
to the order of magnitude computing time savings for
large molecules. Simultaneously, the dipole moment
and polarizability data remain at almost the same level
of accuracy as in the case of the Pol sets.”” This makes
Z3Pol good candidate for the calculation of electric
properties of larger molecular systems.

Before we discuss the results on dipole moments
and polarizabilities, we will briefly comment on the
geometries (see the Supplement). Choice of the appro-
priate geometry is of crucial importance for reliable
predictions of static electric properties. Since we are
interested in the trends in electric properties over a
range of substituted alkenes, natural choice would be
experimental geometries. These are not available for all
the molecules, therefore we decided to optimize the
geometries at MP2/cc-pVTZ and MP2/aug-cc-pVTZ
levels, respectively. The latter combination of the me-
thod/basis set turned out to perform better and the dif-
ferences between known experimental geometries™® of

ethene and some fluorinated ethenes and our MP2/aug-
cc-pVTZ values usually did not exceed 1 %. The only
exception was the H,C=CH-group in 3,3,3-
trifluoropropene, some differences between theoretical
and experimental internal coordinates were above 1 %,
in the worst case the theory underestimated the
C(2)—-H(3) bond length in the HC-bond adjacent to tri-
fluorinated carbon by 2.7 %.

The SCF dipole moments obtained by finite field
approach are in excellent agreement with the expecta-
tion values, which supports the use of field strengths
adopted in the finite field scheme. The comparison of
the SCF and CCSD(T) values in Table 1 documents that
the effects of electron correlation are very small and
uniformly reduce the dipole moments by less than 1 %.
The overall agreement with the experimental dipole
moments for the first three molecules in Table 1 is
good, except for gem-difluoroethene where the
CCSD(T)/Z3Pol dipole moment is overestimated by
~7 %. For this molecule, we have recalculated the di-
pole moment also in Pol basis set and the CCSD(T)/Pol
gives 1= 1.323 D, a value lower by ~5 % than the expe-
rimental one. Very good agreement with the experimen-
tal dipole moment of Saito and Makino has been found
also for 3,3,3-propene (¢ (CCSD(T)/Z3Pol) is larger by
~2 %). Most probably, these deviations are caused by

Croat. Chem. Acta 82 (2009) 253.
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Table 3. Dipole polarizabilities of difluoroethenes and tetrafluoroethene (atomic units)

Method MP2® CCSD(T)
basis ELP+ Pol Hypol Z3Pol
CiS-CszFz
o, 27.13 27.17 27.31 27.15
a, 21.33 21.51 21.79 21.63
a.. 35.21 36.38 35.98 36.24
a 27.89 28.35 28.36 28.34
gem-C2H2F2(b)
a, 27.32 26.73 26.86 26.70
a, 21.57 21.69 21.93 21.77
a.. 35.57 35.63 35.71 35.10
a 28.15 28.01 28.16 27.86
trans-C,H,F,
a, - 26.99 27.11 26.96
a, - 21.00 21.31 21.12
a.. - 34.72 34.86 34.10
a - 27.57 27.76 27.39
C2F4
a, - 29.12 29.30 29.06
a, - 21.12 21.46 21.36
a.. - 37.03 37.12 36.57
a - 29.09 29.29 28.99

@ From ref. 35. ® Experimental value: 33.81 a.u. from ref. 12.

the interplay between possible basis set deficiency and
missing vibrational correction.

The results for the dipole polarizabilities of ethene
molecule are in Table 2. First, note that the vibrational
correction to « is fairly small, as follows from the data
reported by Russell and Spackman.”® Our Pol, Hypol
and Z3Pol results are very close to all three sets of the
theoretical values, documenting very good performance
of these “economical” basis sets. In Table 3 we can
compare only the results for cis-difluoroethene and
gem-difluoroethene with the data published by Zhou
and Dykstra.”® Again, the agreement is very good and
gives the credibility to the polarizabilities of trans-
difluorocthene and tetrafluoroethene. Overall, the fluo-
rination of C,H,; does not bring dramatic changes in
average dipole polarizability, for both bi- and tetra-
substituted species. There is only moderate increase in
xx and zz components, i.e. along the chain direction of
(potentially) larger systems. The yy component is
slightly lowered by fluorination. These trends are shared
by all four species in Table 3.

Different trends can be observed in Table 4 for
propene, trifluoropropenes and hexafluoropropene. First

Croat. Chem. Acta 82 (2009) 253.

note that our & for propene is lower than experimental
value'? by ~7 %, this is most probably due to the neglect
of the vibrational correction. The out-of-CCC-plane ¢,
components of the fluorinated species vary according to
the position of the very electronegative fluorine atoms.
If two fluorine atoms are attached directly to sp” car-
bons, there is a charge shift from >C=C< moiety to-
wards fluorines, resulting in partial confinement of the
electron density around CF groups. As a consequence
the «,, components are slightly lowered for 1,1,2-,
1,1,3-, Z-1,2,3- and E-1,2,3-trifluoropropene isomers.

If two or three fluorine atoms are attached directly
to sp’ carbon, there is a minor increase of the @, com-
ponents of the dipole polarizability compared to C;Hg
since the n-system on C=C double bond is less affected
and there is probably also some back-donation from the
fluorine lone pairs to C—C=C skeleton. In general, the
o, and a,, components tend to increase slightly upon
fluorination. The overall changes in & upon fluorina-
tion with respect to C;Hg are small, ranging from +1 %
(Z-1,2,3-  trifluoropropene) to 3 % (E-1,2,3-
trifluoropropene). Full fluorination of C;Hg results only
in 9 % increase of the total dipole polarizability. Small
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Table 4. CCSD(T) dipole polarizabilities of C;Hg, trifluoropropenes and C;F; (atomic units)
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basis Pol Z3Pol Pol Z3Pol Pol Z3Pol Pol Z3Pol
C;H® 1,1,2- 1,1,3- Z-1,2,3-
¢ h ¢ :
ez b 2 i c3 qf
e 7 .80 FY ol e & ®
) ¢ c1 € ¢—a” ;‘;EH“
j L % - 1 g2 ‘
a, 42.49 42.36 44 .47 44.16 44.53 44 .35 44.35 44.02
a, 31.78 31.93 30.74 30.85 31.17 31.19 31.03 31.03
a,, 43.66 43.73 45.42 45.26 45.33 45.18 44.77 4451
o 39.31 39.34 40.21 40.09 40.34 40.24 40.05 39.86
E-1,2,3- Z-1,3,3- E-1,3,3- 2,3,3-
3
2 =) ? Q:LR
€ o Ay 1 o g2 = e .‘:-‘2---.....31(,ﬁ
1
.n:-. “"--"'?i' Eleuica ol c1"'f}* i3 "{ 1
o F ! | e
¢ ® ® % ' .
a, 46.55 46.15 43.85 43.56 42.29 42.11 45.01 44.77
a, 30.88 30.91 33.48 33.63 33.42 33.57 33.74 33.90
a,, 43.06 42.90 43.73 43.68 46.04 45.95 42.81 42.77
o 40.16 39.99 40.35 40.29 40.58 40.54 40.52 40.48
3,3,3- CsF¢
=z
-
- c3 £l 3 o
c2 . ‘}‘ 2
‘*l. el 3 \\ 5
© v €
a, 43.49 43.42 48.08 47.95
a, 33.49 33.75 34.07 34.08
a,, 43.19 43.43 46.61 46.63
o 40.05 40.20 42.92 42.88

@ Experimental value 42.24 a.u. from ref. 12.

changes in dipole polarizabilities are consistent with the
rather small change of boiling points on fluorination, as
well as surprisingly small changes in many other physi-
cal properties as documented by Liebman.”” Our results
are also relevant to the explanation of the “perfluoroal-
kyl effect” that suggests weak interactions between
perfluorocarbons as contributing to the kinetic stability
of strained perfluorocarbons over those of the parent
species.*®

CONCLUSION

We have calculated dipole polarizabilities of fluorinated
ethenes and propenes using CCSD(T) methodology and

utilizing “economical” polarized basis sets. Their per-
formance is very good, as far as the comparisons with
the scarce experimental data and other theoretical calcu-
lations permit. Also the dipole moments for cis-
difluoroethene, gem-difluoroethene and propene agree
quite well with the available experimental ones. For the
two lowest alkenes C,H,; and CsHg we have found that
the effect of fluorination on dipole polarizabilities is
rather small and does not exceed +10 %. The increase of
the average dipole polarizability is the result of the
interplay between the ¢, component (perpendicular to
CCC plane, prevailing minor reduction of dipole polari-
zability) and the ¢, and ., components (in the CCC
plane, prevailing enhancement of the dipole polariza-
bility). Our results demonstrate that the CCSD(T) me-
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thod in conjunction with the Z3Pol basis set is suitable
computational strategy for the calculations of the larger
chains of fluorinated hydrocarbons. This combination is
competitive to more demanding alternative for the cal-
culations of electric properties using multiply-
augmented cc-pVXZ basis sets.
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SAZETAK

Dipolne polarizabilnosti fluoriranih ugljikovodika
Ladislav Ehn, Ivan Cernu$ak i Pavel Neogrady

Department of Physical and Theoretical Chemistry, Faculty of Natural Sciences, Comenius University
SK-84215 Bratislava, Slovakia

Dipolne polarizabilnosti fluoriranih C2 i C3 ugljikovodika proucavane su koristenjem coupled cluster teorije uz
jednostruku, dvostruku i neiterativiu pobudu (CCSD(T)) — uz tri osnovna skupa: Pol, Z3Pol i HyPol. Sve mole-
kulske geometrije optimirane su na MP2/aug-cc-pVTZ razini. Pronaden je samo mali efekt elektronske korelacije
na elektronska svojstva flouriranih molekula. Dipolne polarizabilnosti su u malom porastu sa porastom broja fluo-
riranih atoma u etenu i propenu. Za fluorirane etene Pol i Z3Pol osnovni skupovi daju polarizabilnosti koje su u
dobrom slaganju sa literaturnim podacima.
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S-1

Dipole polarizabilities of fluorinated hydrocarbons

Ladislav Ehn. Ivan Cernu$ak. and Pavel Neogrady

SUPPLEMENT

All geometries were obtained at the MP2 level.

Table S1: Geometry of C,H4

coordinate Aug-cc-pVTZ
cC 1333 < } o
CH 1.081 =
CCH 121.33 & S
Table S2: Geometry of cis - C;F,H;
coordinate Aug-cc-
pVTZ
CcC 1.327 | |
CF 1.337 \ ’P
CH 1.077 —
CCF 122.46 \
CCH 122.37 - -~
Table S3: Geometry of gem - C;F,H,
coordinate Aug-cc-
pVTZ
CC 1.321 -
CF 1.319 P
CH 1.075 =l
FCF 109.65 L
HCH 121.54 —
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Table S4: Geometry of trans-C,F,H;

L. Ehn et al., Dipole Polarizabilities of Fluorinated Hydrocarbons

coordinate Aug-cc-pVTZ
cC 1.326
CF 1343 \ } o
CH 1.078 —
CCF 119.88 / N\
CCH 125.18 -
Table S5: Geometry of C,F4
coordinate Aug-cc-
pVTZ
cC 1.325 “ -
CF 1.315 b
CCF 123.28 o ==
\
W W
Table S6: Geometry of C;Hg
coordinate Aug-cc-
pVTZ
H1-Cl 1.080
H2-C1 1.082 ?
H3-C2 1.085
H6.4-C3 1.090 A2 _
H5-C3 1.089 . 7 %5 A4
C1-C2 1.335 & G
C2-C3 1.495 | !
HI1-C1-C2 121.30 G @
C1-C2-C3 124.39
H2-C1-C2 120.97
H3-C2-C1 118.67
H6.4-C3-C2 110.93
H5-C3-C2 110.95
C3 dih H2 180.0
H3 dih H2 360.0
H4 dih H3 60.0
H6 dih H3 300.0
H5 dih H3 180.0
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Table S7: Geometry of 3.3.3-trifluoropropylene

coordinate Aug-cc-pVTZ
F1.3-C3 1.346 <
F2-C3 1.340 €
H2-C1 1.079 F1
H1-C1 1.079 {‘“‘“—--33 .
H3-C2 1.080 2 _ .
C1-C2 1330 g c2
C2-C3 1.490
H2-C2-C3 120.47 \
C1-C2-C3 122.78 @
H1-C1-C2 121.13
H3-C2-C1 122.61
F1.3-C3-C2 111.07
F2-C3-C1 113.05
C3 dih H2 180.0
H3 dih H2 360.0
F1 dih H3 60.0
F3 dih H3 300.0
F2 dih H3 180.0
Table S8 Geometry of 1.1.3-trifluoropropylene
coordinate Aug-cc-pVTZ
H1-C2 1.079 ©
H2.3-C3 1.091
F2-C1 1.324 e
F1-C1 1.313 ®3 =
F3-C3 1383 € ¢ c2
-3 11 &
F2-C1-C2 123.01 & I
C1-C2-C3 127.09
F1-C1-C2 127.31
H1-C2-C1 115.47
H2.3-C3-C2 110.30
F3-C3-C2 112.18
C3 dih F2 180.0
H1 dih F2 360.0
H3 dih H1 60.0
H2 dih H1 300.0
F3 dih H1 180.0
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Table S9: Geometry of 2.3.3-trifluoropropylene

coordinate Aug-cc-pVTZ
H2-C1 1.078
H1-Cl 1.078 Fl
H3-C3 1.088 {\
F1-C2 1.338 _
F2.3-C3 1.360
C1-C2 1.326 (0
C2-C3 1.492 @ v T
H2-C1-C2 121.03 C3 &
C1-C2-C3 124.73 :
H1-CI1-C2 119.09
F1-C2-Cl 122..23 E3
F2.3-C3-C2 110.14
H3-C3-C2 111.66
C3 dih H2 180.0
F1 dih H2 360.0
F3 dih F1 60.0
F2 dih F1 300.0
H3 dih F1 180.0
Table S10: Geometry of (£)-1.2.3 trifluoropropylene
coordinate Aug-cc-pVTZ
H1-C1 1.076
H2.3-C3 1.090 2
F1-Cl 1.339 ﬁ
F2-C2 1.343
F3-C3 1.382 C!2 g
C1-C2 1.327 : '
C2-C3 1.490 G aF ®
F1-C1-C2 121.48 Cl ‘/‘V w
C1-C2-C3 125.95 3 &
H1-C1-C2 122.86
F2-C2-Cl1 121.68
H2.3-C3-C2 110.15
F3-C3-C2 109.92
C3 dih F1 180.0
F2 dih F1 360.0
H3 dih F2 60.0
H2 dih F2 300.0
F3 dih F2 180.0
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Table S11: Geometry of (£)-1.3.3 trifluoropropylene

coordinate Aug-cc-pVTZ
HI-CI 1.079
H3-C3 1.079 : E3
H2-C2 1.086 ﬁ;
F1-Cl 1.342 ; c
F2.3-C3 1.367 E —
C1-C2 1.327 / @
C2-C3 1.483
H1-C1-C2 125.21 Cl uc2
C1-C2-C3 123.48 y, i
F1-C1-C2 122.20 @ h
H2-C2-C1 118.53 :
F2.3-C3-C2 109.74
H3-C3-C2 114.02
C3 dih H1 180.0
H2 dih H1 360.0
F3 dih H2 60.0
F2 dih H2 300.0
H3 dih H2 180.0

Table S12: Geometry of (E)-1.2.3 trifluoropropylene

coordinate Aug-cc-pVTZ
HI-Cl 1.079
H2.3-C3 1.091 s
F1-Cl 1.337
F2-C2 1.354
F3-C3 1.376
C1-C2 1.329 Q’ CE L
C2-C3 1.491 Cj/ ?
HI-C1-C2 122.25 -
C1-C2-C3 132.30 % -
F1-C1-C2 122.77
F2-C2-C1 117.17
H2.3-C3-C2 109.33
F3-C3-C2 111.48
C3 dih H1 180.0
F2 dih H1 360.0
H3 dih F2 60.0
H2 dih F2 300.0
F3 dih F2 180.0
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Table S13: Geometry of (£)-1.3.3 trifluoropropylene

Coordinate Aug-cc-pVTZ
H1-C1 1.081 .
H2-C2 1.080 ?
H3-C3 1.089
F1-Cl 1.336
F2.3-C3 1.367 £l L2 b
C1-C2 1.326 W e
C2-C3 1.480 cl c3
F1-C1-C2 122.14 e ! { g2
C1-C2-C3 119.47 db
H1-C1-C2 125.14
H2-C2-C1 121.86
F2.3-C3-C2 110.31
H3-C3-C2 113.63
C3 dih F1 180.0
H2 dih F1 360.0
F3 dih H2 60.0
F2 dih H2 300.0
H3 dih H2 180.0
Table S14: Geometry of 1.1.2-trifluoropropylene
coordinate Aug-cc-pVTZ
H1.3-C3 1.089
H2-C3 1.086 &3
F2-Cl 1.316
F1-Cl 1322 @
F3-C2 1.350 @
C1-C2 1.329 C2 =3y
C2-C3 1.478 v
F2-C1-C2 124.91
C1-C2-C3 126.87 . £
F1-C1-C2 123.43 @ s
F3-C2-C1 11735 l‘&
H1.3-C3-C2 110.16
H2-C3-C2 110.22
C3 dih F2 180.0
F3 dih F2 360.0
HI dih F3 60.0
H3 dih F3 300.0
H2 dih F3 180.0
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Table S15: Geometry of C;F¢

Coordinate Aug-cc-pVTZ
F2-Cl 1.308
F1-Cl 1.306 ES5
F3-C2 1.337 el
F4.6-C3 1.339 . \
e AN ~
C2-C3 1.493 B =gy N 6
F2-C1-C2 122.32 ¥ %3 &
C1-C2-C3 12731
F1-C1-C2 125.46
F3-C2-Cl 119.01
F4.6-C3-C2 110.50
F5-C3-C2 111.77
C3 dih F2 180.0
F3 dih F2 360.0
F4 dih F3 60.0
F6 dih F3 300.0
F5 dih F3 180.0
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