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The molecular structure, conformation, vibrational spectra, and torsional potential of perchlorovinylsilane
(PCV), CLC=CCI-SiCl;, have been studied by using gas-phase electron diffraction (GED) data &100

and variable temperature Raman spectroscopy, together with ab initio molecular orbital calculations. The
GED data were treated by using a dynamic theoretical model. This involves fitting a chosen two-term potential
function to the experimental data, thereby obtaining values for both a 3-fold and a 6-fold potential constant
(Vs and Vg) in the seriesV(¢) = Y.ZVi[1 — cosi(180—¢)], where ¢ is the value of the torsional angle
CCSIiClI. According to the GED refinements, this molecule exists in the gas phase &€ H30a mixture of

two minimum-energy conformers, syn (torsional ang(€CSICI) = 0° or 12C0°) and anti (torsional angle
¢(CCSICIl)= 180C), where the anti form predominates, occupying approximately 80% of the gas composition.
Relevant structural parameters are as follows (anti): Bond lengghsr(Si—C) = 1.863(13) A r[{Si—Cl)0

= 2.020(3) A (average value)(C=C) = 1.349(12) A. Bond angles{,): OICSICIO= 111.1(153, OCCSi
=124.0(12j. Error limits are given as®(o includes estimates of uncertainties in voltage/height measurements
and correlation in the experimental data). The estimated experimental conformational energy difference
obtained from GED isAE°s-s = —1.04(0.58) kcal/mol, based on the refined value of ¥tepotential
constant. From the variable temperature Raman study, two corresponding energy differences obtained from
two separate pairs of doublets in the liquid phase/s&,—s = —0.30(1) andAE°s-s = —0.43(5) kcal/mol.

The ab initio value (HF/6-31G(d)) waSE°s-s = —1.43 kcal/mol. All results suggest that anti is the low-
energy form. Full geometry optimizations were performed for seven pseudoconformers (includirandi20

180 forms), which were employed in the dynamic GED model, by using the ab initio MO HF/6-31G(d)
level of theory. Scaled HF zero-point vibrational energy corrections were estimated from frequency
calculations. The theoretical results are compared with experimental observations.

Introduction

We have recently studied the structures and conformational
properties of the methylvinyldifluorosilane and methylvinyldi-
chlorosilane molecules,8=CH—SiX,—CHs (X = F, Cl), by
gas-phase electron diffraction (GEP)It was established that
these molecules exist as a two-conformer mixture in the gas
phase, one where the methyl-group eclipses the planar vinyl
group (syn), and one where the halogen atom eclipses the vinyl
group (gauche). This seems to be the usual behavior when there
is no halogen substitution on the planar vinyl grdup.

In a more fully halogenated molecule, the conformational
properties may change substantially. Our continuing interest
in the structure and conformation of vinylsilanes has therefore
led us to investigate a molecule that should exhibit quite different by GED, and their structure and conformational compositions

conformational behavior, the perchlorovinylsilane molecule; 7 peen determin@dAlso, a complete ab initio investigation

Cl2C=CCI=SiCl; (PCV, Figure 1). _ _ of the chlorosubstituted propenes at the HF/6-31G(d) level of
The understanding of the conformational behavior of a theory has been carried out by our gréup.

vinylsilane of this type may be improved by studying the  The main conclusion in the ab initio stulig that the low-

properties of t_he glkene anal_ogu_es, since there are very feWenergy conformer may be syn, gauche, or anti depending on
halogenated vinylsilanes studied in the past. However, a largeihe sybstitution of chlorine atoms. It was found, in particular,
number of halogensubstituted propenes have been investigateghat anti (meaning €X is anti to the G=C bond) is a

. —— . conformational possibility in molecules with-CXs-groups
" Norwegian University of Science and Technology. combined with a XC= or a HXC= group, when X is cis to
* Technische UniversitsGraz. M
$ Oregon State University. the —CXs group (X = CI). Therefore, in molecules such as
® Abstract published irAdvance ACS Abstractdjovember 15, 1997. X3C—HC=CHX, X3C—HC=CX, and XC—XC=CHX, the
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Anti Syn

Figure 1. Molecular models of anti and syn conformers of perchlo-
rovinylsilane showing the atom numbering.
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Figure 3. Radial distribution curves for perchlorovinylsilane. The
experimental curve was calculated from the composite of the two

average experimental curves shown in Figure 2 with the use of
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EXP. INTENSITY AVERAGE theoretical data for the region® /A1 < 1.75 andB/A2 = 0.0020.
/\ /\ /\ AN CURVES The difference curve is experimental minus theoretical. The vertical
Y, A \/ lines indicate the anti interatomic distances; they have lengths
\/ \//\ \//\ A proportional to the distance weights.
\ An JAWA /\vf
\/ \/ \/ \/ \/ VYV To study these properties in detail, we report in this paper
THEO. INTENSITY an investigation of the perchlorovinylsilane molecule, by using
A /\ /\ /\ /\ dynamically modeled GED-data, ab initio calculations, and
v A \/ \/\v/\\/ v v \/\\/\/ variable temperature Raman spectroscopy.
\/ g{JFgERSENCE Experimental Section
Ay Synthesis. Ethyltrichlorosilane dissolved in CgWwas chlo-
. . . rinated with C} under UV irradiation to give pentachloroeth-
1 20 £y s, Al yltrichlorosilane which was subsequently treated with copper

Figure 2. Intensity curves gln(s)) for perchlorovinyisilane. The ~ powder forming trichlorovinyltrichlorosilane (PCV). The
experimental curves are averages of all eight data sets (six plates) showmpurity of the sample was checked witsi NMR spectroscopy,

for the two camera distances. The theoretical curve was calculated fromglemental analysis, gas chromatography as well as infrared and
the structural parameters givenin Table 1. The difference curves resultRaman vibrational spectroscopy.

from subtractlng the relevant part of the theoretical curve from the Variable Temperature Raman Spectroscopy.Samples of
experlmental curves. .. . . '

PCV were distilled into 1 mm capillary tubes that were sealed
under an inert (B) atmosphere. The variable temperature cell
consisted of a copper block that was cooled with liquid nitrogen
and heated resistively. The capillary was mounted on the copper
block which was placed in a vacuum chamber equipped with
Spectrosil windows. The temperature of the sample was
monitored by a thermocouple.

anti conformer is found to be the low-energy fofnHowever,

it is worth noting that in the isomer IC—XC=CHX, when

the X in=CHX is trans to the Cxgroup, the syn conformer
remains the low-energy form. This strongly implies that steric
strain due to crowding of chlorine atoms, and the need to

minimize bonding electron repulsions, seem to be the main Raman spectra were recorded with the heladr 64000
factors in determining conformatlo_nal stgbllﬁy. . triple monochromator spectrometer of Jobin-Yvon equipped with
One halogenated propene of particular interest is the hexachlo-5, argon laser operating on the 514.5 nm line. Typically, laser
ropropene molecule, @L=CCI-CCls, which was found by hoyers as low as 100 mW at the sample were chosen to avoid
GED to exist almost solely in the anti forfn.Ab initio heating or decomposition. A CCD camera was used to detect

calculations gave, however, a slight potential minimum for the the scattered radiation. The reported lines are expected to be
syn conformer, but with 2.1 kcal/mol higher energy. The gccurate tak2 enrl.

refinement on the GED data gave a structure fully consistent G55 Electron Diffraction. The sample of PCV was used
with the calculated anti form, where there is no eclipsing of the \yithout further purification. Electron diffraction patterns were
carbon-carbon double bond, and no significant contnbupon recorded with the Oregon State University apparatus on Kodak
from the assumed stable syn form could be found experimen- ygjector slide plates (nominal accelerating voltage of 60 kV)
tally.? with a nozzle-tip temperature of 373 K and with a sample
Based on the behavior of the propene analogues, it wastemperature of about 338 K.
expected that the perchlorovinylsilane molecule would have The nozzle-to-plate distances were 748.25 and 299.78 mm
similar conformational properties, but it should be easier to for the long (LC) and the middle (MC) camera distance
detect experimentally a possible syn form, where oneC3i experiments, respectively. The electron wavelength vas
bond eclipses the €C bond. The reason for this basic 0.04887 A. A voltage/distance calibration was made with CS
assumption is that both the=C—Si and the Si+CIl bond as referencer{(C=S) = 1.557 A andry(S:S) = 3.109 A).
distances are longer than the correspondi@-C and C-Cl Three diffraction photographs from the LC distance and three
bonds in the propenes. This will relieve some of the steric strain diffraction photographs from the MC distance were used in the
due to heavy chlorination, and the presence of a syn form shouldanalysis. The LC distance photographs were scanned twice for
be more abundant in the vinylsilane case. optical densities, making a total of nine data sets. During
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Figure 4. Variation of the intensities of the Raman lines at 511 and 527 dor PCV.

refinement one of the LC sets were excluded, making a total of 2459

eight data sets being used for structure analysis. Optical 240 ) '_
densities were measured by using a double-beam (Joyce-Loebl) T .

microdensitometer at Oregon State University. The data were 2,35
reduced in the usual way as described elsewtiere. ] \

The ranges of data were 2.605A~1 < 15.50 and 8.0G< _E 2801 "
gA~1 < 38.00 for the LC and the MC distance experiments, — ~_ .. | .
respectively. The data interval wads = 0.25 AL A & ] -
calculated backgroufidvas subtracted from the data for each £ 220
plate to yield experimental intensity curves in the foshy(s). ; "
The average experimental intensity curves are shown in Figure 2,15+
2. Figure 3 shows the final experimental radial distribution (RD) 1
curve calculated in the usual way from the modified molecular S
intensity curveI'(s) = sln(s)ZsiZci(AsiAc) lexp(—0.0022), ' ' inawd '
where A = &F and F is the absolute value of the complex WT10S K
electron scattering amplitudes. Theoretical intensity data were 02
used fors < 1.75 A-1in the experimental curve before the RD '
curve was calculated. The scattering amplitudes and phases
were taken from tables. 034

1

Structure Analysis = 049

Vibrational Analysis by Raman Spectroscopy. Confor- ~_ 05
mational Analysis.A close examination of the Raman spectra @ ]
recorded at various temperatures revealed that the intensity ratios = ¢ |
of the Raman line pairs observed at 511/527 and 871/88% cm
are temperature dependent as shown in Figure 4 for the 511/ .
527 cnt! pair. By application of the van't Hoff isochoreln "

K = (AH/RT) — (ASR), whereASis the entropy changeé\H 25 30 35 40 45 50
(= Hanti — Hsyr) has been determined from a plot ofdrnversus 1T * 103 K-
1/T. The intensity ratid has been established by deconvolution _ i ) )
of the doublets. Figure 5 illustrates the van't Hoff plots that z;gdu;ei/lsglfr;rtrﬂ'_‘(%fét{)c:?s for the line pairs at 511/527 crh(top)
were obtained for the two line pairs, giving values-0.30+ '
0.01 and—0.43+ 0.05 kcal/mol forAH, respectively. Vibrational Assignment. Table 2 lists all of the observed

As the 871/887 cm' line pair possesses only small Raman Raman wavenumbers for liquid and solid (crystalline) PCV as
intensity, theAH value derived from it has considerably larger well as the infrared wavenumbers for the liquid along with their
error limits. Consistent with the results of the ab initio assignments. Selected portions of the Raman spectra are given
calculations and of the GED experiments (Table 1), the anti in Figure 6. For the syn conformer there are a significant
conformer is thermodynamically preferred, although tkid number of the fundamentals which cannot be distinguished from
values in the liquid state differ somewhat from the results for the corresponding modes of the anti conformer.
the gaseous phase. The energy differences obtained correspond The assignments given in Table 2, which are based on the
to an amount of the anti conformer in the liquid phase of results of the ab initio calculations, are therefore given for the
approximately 66-70% at room temperature. anti form. Modes assigned explicitly to the syn conformer are
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TABLE 1: Structural Parameters for anti- TABLE 2: Observed Infrared and Raman Wavenumbers
Perchlorovinylsilane? (cm1) for Perchorovinylsilane (PCV)
ab initio values Ir() int.2 Ra(l) int?2 Ra(s) int »P assignment
GED HF/6-31G(d)
1537 vs 1536 s 1541 ms v, CC stretch
ro/Oa rg I cale lexp r/0 1534 ms
r(C=C) 1.344(12) 1.349 0.043 0.038(20) 1.327 1508 w 1508 w 1508 w
r(C—Si) 1.859(13) 1.863 0.056 0.074(34) 1.895 1052 vw 1054 vw 1051 w
r(C—CIly  1.706(5) 1.725 1003 w
r(8i—CID 2.012(3) 2.035 997 vs 994 vw 990 vw v, CClstretch
dJccsi 124.0(12) 124.5 980 sh 982 ww vy CClstretch
grceco 121.6(4) 122.0 887 vs 887 wvw 884 w ws CClstretch
P(CISIiCI) 116.9(71) 870 sh 871 w 873 w vz CClstretch
gcsico 111.1(15) 110.3 798 ww 798 ww
i 787 ww
xz gtgg:;mg:; éggggg; 760 sh vy, CCl stretch
753 s 753 vw 749 w vz CClstretch
Dependent Parameters 715 mw
r(C2—Cl) 1.719(5) ~ 1.725 0.051 0.056(6) 1.738 605 ws 604 w 607 ms v; SiClantisym. stretch
r(C—Clg 1.703(5) 1.714 0.050 0.055(6) 1.722 vis
r(C—Clo) 1.696(5) 1.711 0.050 0.055(6) 1.715 592 w,sh vz CCl out of plane def.
1(Si—Cls) 2.008(3) 2.015 0.051 0.056(4) 2.032 527 w 526 ms ws SiCls sym. stretch
r(Si—Clsg)  2.013(3) 2.022 0.051 0.056(4) 2.037 512 vs 511 m 513 s wg SiClzsym. stretch
dcsicl, 110.7(15) 109.9 458 ww
OCSiCks  111.3(15) 110.5 450 ww 450 vw 447 vw
dccc 119.0(4) 119.3 400 ww 406 vs 407 vs v, SiC stretch
0CCCk 121.8(4) 122.2 366 vw 368 w
OCCCh 124.1(4) 124.5 330 s 330 m 329 s wg CChrock
asicCl 117.1(14) 116.2 v1e  CSiCl out of plane def.
dcIc,Cl 114.0(7) 113.3 320 sh 321 sh
r(Cy+++Si) 2.838(22) 2.841 0.072 2.863 301 s 302 m 306 s wvg CChinplane def.
r(Cyr--Cl})  2.646(8) 2.648 0.063 0.058(9)  2.653 224 sh o
r(C»Clg  2.669(8) 2.676 0.064 0.059(9) 2.676 222 m 219 m vy CSIClin plane def.
r(C»+Cly)  2.691(8) 2.704 0.062 0.057(9)  2.698 198 m 196 sh vy CSiClrock
r(C»--Cly)  3.183(24) 3.188 0.096 0.122(88) 3.216 191 sh 194 m v SiClzantisym. def.
r(C»+-Cls)  3.199(24) 3.206 0.106 0.132(88) 3.233 186 sh _ _
r(C»--Cls)  3.199(24) 3.206 0.106 0.132(88) 3.233 176 m 175 m vy, SiCls sym. deformation
r(Si+-Cl;y,  3.053(24) 3.056 0.080 0.086(39) 3.085 157 'm _ )
r(Si+:Clsy  3.283(36) 3.289 0.120 0.126(39) 3.319 147 mw 145 m  v;3 SiClantisym. def.
r(Si+-Cloy  4.449(19) 4.455 0.074 0.073(19) 4.496 128 w 138 m vy SiCkrock
r(Cle--Cls)  3.275(49) 3.283 0.100 0.086(39) 3.291 111 w114 w vy SiClkrock
r(Cls--Cls)  3.275(49) 3.283 0.100 0.086(%39) 3.291 84 s lattice mode
r(Cls+-Cl)  3.197(141) 3.207 0.104 0.090(39) 3.334 71 mw vz CC torsion
r(Clg-Cl)  2.851(13) 2.871 0.070 2.871 62 m lattice mode
r(Cl;--Cls)  4.262(10) 4.266 0.067 4.291 44 vs lattice mode
r(Cl+-Cl)  3.129(15) 3.138 0.108 3.150 35 vs lattice mode
:gglg:“g ‘3‘%9%23 g‘;zg 8(1)23 ‘3“712% as, strong; m, medium; w, weak; v, very; sh, shouldeviodes
1++-Cle . . . . o . .
r(Cre+Clo) 3.707(33) 3.712 0.141 3755 indicated by a prime are assigned to the syn conformer.
r(Cls--Cl))  3.371(64) 3.374 0.146 0.080(55) 3.374 i
r(Cls+-Cl;)  4.500(53) 4.504 0.126 4.513 1). The force field for each conformer was then converted to
r(Clg-+Cl;)  4.500(53) 4.504 0.126 4513 a force field defined in symmetry coordinates by using the
r(Cls--Clg)  5.249(29) 5.253 0.119 0.110(49) 5.300 program ASYM40t!
{Eg:zg:g g:gggggg g:ggg 8:1;2 3:282 Table 3 lists the symmetry coordinates that were used in the
r(Cly--Cly)  5.844(29) 5.849 0.113 0.093(27) 5.879 normal coordinate analysis. A single factor kept fixed at 0.92
r(Cls:--Clg)  5.288(31) 5.292 0.184 0.164(28) 5.345 was used to obtain the scaled frequencies for the fundamental
r(Cle=-Cly)  5.288(31) 5.292 0.184 0.164(28) 5.345 vibrations. The observed and calculated frequencies (unscaled

aDistances|(y, ry) and amplitudesl{) are in angstroms (A), angles ~ and scaled) for both conformers as well as the potential energy
(Ow) in degrees. Parenthesized values arad include estimates of  distributions are summarized in Table 4. The observed frequen-
uncertainty in voltage/nozzle heights and of correlation in the experi- cijes of the anti conformer are reproduced to about 2.3%.

mental data. Quality of fit factor for final refinement wRs= 0.096.

b-hThese amplitudesly) were refined as groupsThe potential As can be expected from the masses of the atoms that

constants; see text. compose the molecule strong vibrational couplings between the
modes are the rule. The calculated potential energy distributions

indicated by a prime. Even repeated annealing of the amorphousPoint out that up to six coordinates may contribute significantly

solid did not give crystals of a single rotamer. In the crystalline to a single normal vibration. As the ab initio calculations

solid, both conformers were still present. obviously overestimate interaction force constants of CC and

Ab Initio Calculations and Normal Coordinate Analysis. SiC torsions with angle bending deformations, the contributions
Ab initio calculations (RHF-SCF) with the program GAUSS-  0f F17,20 F19.20 F17,21, F1s.20 @andFig 21 to the potential energies
IAN 9410 by using Gaussian-type basis functions were carried can be exceedingly large. For instance, the contributidf gf:
out for both syn and anti PCV. The force fields in Cartesian to v»; of syn PCV is—0.55, with the contributions of the
coordinates were calculated with the 6-31G(d) basis set, anddiagonal force constant&¥(Fi)) summing up to a value 4.00
24 internal coordinates (Figure 7) were used to calculate the accordingly. The remedy for achieving more reasonable PED’s
G-matrix by using the ab initio structural parameters (Table (ZVi(Fi) < 1.30') would be to give this interaction constants
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Figure 6. Raman spectra of liquid PCV (top) and solid (crystalline) PCV (bottom).
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Figure 7. Internal coordinates of PCV used for the construction of
symmetry coordinates.

predict differences of the wavenumbers between the two
conformers larger than 5 crf but not all of them could be
observed as far, andvs. Forvg, on the other hand, a difference

of 16 cnt! was observed while 1 crd was predicted. The
line pair at 994/982 cm (v4) was too weak to be used for the
conformational analysis. Although the spectra of the crystalline
solid below 250 cm! differed quite clearly from the spectra of
the liquid, no unambiguous assignments for the anti conformer
could be deduced as appreciable amounts of syn PCV were still
present. Because of many overlapping bands, this spectral
region could not be used for determiniagd values.

The force constants of the stretching vibrations for the two
conformers have very similar values, the relative differences
being smaller than 4%. The individual SiCl stretching force
constants can be calculated fréte, F7.7, Fe,7 andFis 15 with
the result that the chlorine atom which is in anti or syn position

independent (small) scale factors, a procedure which has notto the carbon double bond possesses the larger stretching force

been chosen in this work.
For vy, v3, va, Vs, V13, V14, V19, andvz1 (Wh|Ch could not be
resolved from the Rayleigh line), the ab initio calculations

constant (3.51 N cmt for anti, 3.48 N cm?! for syn PCV).
The bonds in gauche position are weaker by 0.09 Nloanti)
and 0.02 N cm?! (syn), all values unscaled. The silicen
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TABLE 3: Symmetry Coordinates (Not Normalized) Used
in the Normal Coordinate Analysis for anti- and syn
Perchlorovinylsilane (PCV)

Johansen et al.

theoretical calculations, trial values for bond distances and bond
angles were obtained for PCV. The GED data were treated by

using a dynamic theoretical model. This involves fitting a

chosen two-term potential function to the experimental data by

species
(Cy) approximate description symmetry coordinate
A’ C=C stretch $=R
Si—C stretch $=s
CCl stretch =t
CCl stretch S=t
CCl stretch =13
SiCl; symmetric stretch S=u+ W+ us
SiCl; antisymmetric stretch S=2U0 — U — U3
CCl, in plane deformation S20—y1— 2
CCl, rock S=y2—n
CSiCl in plane deformation 19=2€¢ — Y3 —Ya
CSiCl rock S]_ =Ya— Y3
SiCl; symmetric deformation S=otoaxt+oz—
B1—PB2—PBs
SiCl; antisymmetric deformation 8= 20, — 02 — a3
SIC|3 rock 5_4 = 2ﬂ1 — ﬁz — ﬁ3
A" SiCl; antisymmetric stretch 1H= Uz — Ug
SiCl; antisymmetric deformation 1= 0z — o3
SiCls rock S7=p2—Ps
CCl, out of plane deformation 1=
CSiCl out of plane deformation &= 7,
CC torsion S=10
SiCl torsion Si=7

chlorine bond which is in anti or syn position is also shorter
(Table 1, ab initio geometry values).

Force constants relating to deformations of CCSi andies:{
andFi9 19 show quite large differences, as do also the torsional
force constants. All deformation force constants of the syn
conformer are either larger or only marginally smaller than the
corresponding values for anti PCV, indicating that syn PCV is
a more strained (“stiffer”) molecule.

Gas Electron Diffraction Analysis. Details of the Dynamic
Model. From the experimental RD curves and from results

using a predefined set of nonstable forms calfesktudo-

conformers This makes it possible to obtain experimentally
refined values for both a 3-fold and a 6-fold potential constant
(Vs and V) in the seriesV(¢) = Y.ZVi[1 — cosi(180—9¢)],
with i = 3 and 6, wherep is the value of the torsional angle
CCSICI. The potential functioW(¢) has the property thaf(0)

= V3, which corresponds to the antt syn conformational
energy difference. By using pseudo-conformers atii@rvals,
refined values foVs and Vs were obtained, and from these
values the experimental torsional potential curve for the rotation

around the G Si bond could be calculated.

Ab initio molecular orbital (MO) calculations were used to
establish constraints in this dynamic model, by incorporating

geometrical differences between the seven pseudo-conformers
comprised by the dynamic model, spaced &tititerval between

the syn ¢ = 0° or 12C°) and the anti¢ = 18C°) form. The
geometries for all seven forms were fully optimized at the HF/
6-31G(d) level using GAUSSIAN 9%. This procedure of using

ab initio results as constraints in the GED analysis has been
shown to be very usefdf~15

In addition zero-point energies (ZPE) were also estimated

ab initio. The ZPE's were scaled before correction of the

electronic energies for the two stable forms by a factor of 3893

to compensate for neglect of electron correlation at the HF level.
Energy estimates obtained for the pseudo-conformers at the HF/
6-31G(d) level were used to calculate a theoretical conforma-
tional distribution by using the simple Boltzmann model. These

values along with the corresponding experimental data from the

dynamic GED model are shown in Table 5.
Refinements, Vibrational Corrections, and Normal Coordinate

obtained for related molecules, as well as results obtained from Calculations. Refinements of the molecular structures based

TABLE 4: Observed and Calculated Wavenumbers (cm?) for anti and syn-Perchlorovinylsilane (PCV)

vib. anti syn
no. description a b obsvd PED a b obsvd PED
A’ vy C=Cstretch 1767 1625 1536 99(1) 1775 1633 1536 98(1)
v,  SiC stretch 436 401 406 24(4),17(5), 15(6) 435 400 406 24(4),15(5), 15(6)
vz  CCl stretch 817 752 753 29(3),16(2), 16(4), 20(5), 824 758 753 29(3), 15(2), 16(4),
15(8), 14(10) 26(5), 15(8), 12(10)
v4  CCl stretch 1106 1018 994 27(4),16(2), 21(3), 18(5) 1091 1004 982 38(4), 13(2), 23(3),
13(5), 57(9), 57(11)
vs  CCl stretch 961 885 887 35(5),24(2), 26(3), 28(4) 938 863 871 38(5),21(4), 26(3), 27(2)
ve  SiClz sym.stretch 551 507 527 66(6), 12(2), 16(12) 550 506 511 68(6), 11(2), 11(3), 16(12)
v7  SiClz antisym.stretch 653 601 604 97(7) 654 602 604 96(7)
vg  CClyin plane deformation 332 305 302 49(8),16(10),16(12) 328 302 302 50(8),12(10), 20(12)
vg  CClyrock 354 326 330 24(9),12(2), 11(6), 18(11), 357 329 330 27(9),11(2), 10(6),
12(12) 24(11), 11(12)
v1o CSiCl in plane deformation 246 227 222 40(10), 21(8), 12(13) 248 228 222 41(10),17(8), 12(13)
vi1  CSiCl rock 220 202 198 49(11), 16(2),21(3),27(4), 224 206 198 10(11),29(9), 32(13),
18(5), 51(9) 15(14)
v12  SiCls sym. deformation 189 173 176 48(12) 188 173 176 49(12), 12(2), 11(10)
vz SiCk antisym. deformation 158 146 147 51(13),44(14),11(11), 15(10) 147 135 147 34(13), 12(9), 19(10),
33(11), 17(14)
vi4  SiClsrock 114 105 111 38(14), 26(11), 10(10) 129 119 111 74(14),17(13)
A" w5 SiCl; antisym. stretch 669 616 604 56(15),13(17),25(18),25(19) 667 614 604 57(15),13(17), 22(18),
30(19)
me SiClz antisym. deformation 207 190 191 81(16) 208 191 191 79(16)
vz SiClsrock 138 127 128 39(17), 16(16), 23(20) 140 129 128 45(17), 19(16), 14(20)
vig CClyout of plane deformation 623 573 5927 49(18), 43(16), 20(19) 622 573 592? 48(18), 42(15), 26(19)
19  CSIiCl out of plane deformation 363 334 330 27(19), 33(18), 24(17) 374 344 330 27(19), 30(18), 23(17)
v20 CC torsion 70 64 71 102(20), 24(19), 27(17) 68 62 71 99(20), 25(17), 32(19)
vz SIC torsion 35 33 167(21), 13(19), 29(17) 12 11 273(21), 87(19), 42(16),

a Ab initio HF/6-31G(d) calculations® Scaled by 0.92.

13(17)
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TABLE 5: Distribution and Potential Energies of fields based on the symmetry coordinates (Table 3), including
Pseudoconformers of Perchlorovinylsilane According to 21 internal diagonal force constants, corresponding to the 21
Experimental and Theoretical Results vibrational normal modes. Further, the force constants for the
GED exp. ab initio ab initio first 20 of these 21 diagonal values, were scaled with a factor
energy  distribution energy  distribution of 0.8 before NCA was performed.
form _ (kcal/moly (%) (kcal/moly %) The 21st normal mode, mainly corresponding to the torsional
180 (anti) 0.0 24.8 0.0 24.5 motion of the—SiCl; group (Table 4), was treated differently.
170 0.31 s82.7 0.25 350 The use of a dynamic model in the GED refinements made it
160 0.98 13.3 0.83 16.0 . .
150 1.48 6.8 1.35 79 necessary to practically remove the contribution from the large-
140 1.50 6.6 151 6.4 amplitude motion of the-SiCl; group, and the corresponding
130 1.21 9.7 1.49 6.6 internal force constant was therefore set to an intentionally high
120 (syn) 1.04 6.1 1.43 3.6 value. This procedure made it possible to obtain reasonable
sum: 100 100 values for the frame amplitudes and perpendicular corrections

a Potential energies calculated using the refined potential constants]lfigﬁjds Ipoglﬁeei?i ;er:g':%efrgfrhSTerzbjig‘de?niﬁzrg;glljzlggggff
V3 = 1.04 kcal/mol and/s = 0.96 kcal/mol in the two-term function:
Vitﬁ) =1Y,V4[1 — cos 3(168(}¢)] + Y,Vg[1 — cos 6(186-¢)], whereg similar frar_ne values for all pseudo-conformers comprised by
is the torsional angle CCSiClConformational distributions calculated ~ the dynamic model.
from the respective experimental and theoretical energy values, with  The Molecular ParametersThe geometry of the conformers
m“:g!p:!c!:'es folf f2 ftCr)nr Tseo ps%“‘i‘;bconf‘f”mersc }\163@7_9 arl‘:‘;' . a  was described by a set of independent parameters, along with
rsnluG'(%)'CC'; Ccl)J| ati Oﬂrs € an &) forms. initio i the potential constants in the two-term potential function that

' were to be fitted to the experimental data. In our refinements

on the GED data were made by the least-squares méthod, these parameters were chosen g€=C), r(Cyiny—Si), r({C—
adjusting a theoretical(S) curve simultaneously to the two  CI0 (average value)([5i—CID), (average valueLl(CCSi),0-
average experimental intensity curves, one from each of the two (LCCCI) (average valueR(CISiCl) (projection angle; the angle
camera distances. Due to heavy chlorination in the PCV between the two SiCl bonds projected on a plane perpendicular
molecule, calculated intensity curves showed that there wereto the=C—Si -bond),0([CSIiCI) (average value) and the two
relatively large contributions from the nonbonded internuclear potential constantgz andVe. In addition, ab initio differences
distances streching over two angles or more. These data arédetween each particular geometrical parameter in the molecule
important in the determination of the conformation of the and the average were incorporated as constraints. Differences
molecule, and the LC-data were therefore weighted more thanbetween corresponding bond distances and bond angles between
the MC-data (relative weights 3.0 and 1.0, respectively). all forms were kept constant at calculated ab initio values.
The structures were converted from the geometrically con-  The vibrational properties of the molecule were specified by
sistentr, to the r, —type required by the formula for the 36 amplitude parameters for each pseudo-conformer, corre-

scattered intensitieB«(T) = ro(T) — I2(T)/Ir = ro(T) — 12r + sponding to the number of interatomic distances in the molecule,
Kt + or(T)),*81° by using values of the centrifugal distortion making a total of 252 distances included in the dynamic model.
constantsdr(T)), perpendicular amplitude correction&r, and Many, but not all, of the amplitudes could successfully be

root-mean-square amplitudes of vibratid(T}) calculated at refined. Some of the amplitudes were refined together as
the temperature of the experiment, 373 K. groups. The amplitudes which could not be refined were kept

These vibrational frame values were estimated from the ab constant at the values calculated from the scaled ab initio force
initio Cartesian force fields by using normal coordinate calcula- fields.
tions (NCA) performed in the program ASYM40. The In the final refinement eight geometrical parameters, the two
Cartesian force fields were used as input in the program alongpotential constants\g and Vg), along with 12 amplitude
with the appropriat&J-matrix, and then transformed into force  parameters were refined simultaneously. The results of this

TABLE 6: Correlation Matrix ( x100) for the Refined Parameters of Perchlorovinylsilane (PCV)

parameter: o 1 rp rg rgs 01 O, O3 O4 Vs Ve i I I3 la s lg 1z Ig lg lio lin Iz
C=C 0.42 100

C-Si 047 -8 100

C—ClI 0.16 —41 26 100

Si—Cl 0.08 9 12 12 100

CCcClI 129 -65 15 22 -6 100

CCSi 421 -16 13 0 6 39 100

CSiCl 516 —19 -56 —-13 —-11 -3 —37 100

P(CISiCl) 251 23 39 -1 7 —8 10 —51 100

V3 20.4 -9 3 9 -4 -1 -4 -7 8 100

Ve 30.6 8 -20 -17 -4 -7 11 19 -6 —63 100

I(C=C) 072 -1 7 9 9 -1 2 -6 5 2 -2 100
1(C—Si) 1.19 —27 2 52 -32 18 -5 3 7 0 -5 —18 100

I(C—Cl) 021 -27 -19 27 -6 13 1 16 —13 1 1 -18 58 100

[(Si—Cls) 0.11 -9 6 10 —17 4 2 6 4 -8 3 -5 48 49 100

I(C1+Cl) 031 -5 6 10 19 11 -15 5 8 —6 3 -4 4 2 17 100

[(C2:Cls) 310 -21 -39 -3 —-21 —-12 -64 79 —42 28 —-14 -5 9 15 8 —2 100

I(SiCl7) 136 -5 2 17 9 —33 5 —-22 -25 30 -32 0 5 1 -3 -10 -4 100

I(ClsCls) 207 17 46 4 12 12 46-81 85 12 —12 6 —8 —13 0 3 —75 —3 100

I(Si-+Clg) 0.66 8 1 2 —4 4 12 -10 15 18 17 4 0 2-1 0 -9 -3 11 100

I(Clg=Cly) 195 -1 43 18 20 24 41-79 17 36 —46 5 -3 -9 -4 -3 -49 28 12 40 100
[(Cls-Clg) 174 -1 -5 5 -10 -4 -20 —-25 -2 55 —49 3 3 4 -7 -7 10 32 7 17 —13 100
I(Cls-Clg) 095 -6 9 3 10 13 35 -1 8 39 —-15 0 -5 -2 4 1 -3 3 2 -5 —11 10 100

a Standard deviations<(100) from least-squares refinement. Distanagsa(id amplitudesl) are in angstroms; angle8l) are in degrees.
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Figure 8. Torsional potential curves (kcal/mol) for perchlorovinylsilane, as obtained from the GED data using a dynamic model and as calculated
from ab initio HF/6-31G(d) energy values, showing the potential enerypg a function of the torsional angi€CCSICl). The broken line shows
the ab initio potential, while the solid line shows the curve resulting from the two-term potential function outlined in the text.

TABLE 7: Comparison of Several Vinylsilanes and Hexachloropropeng

parameters
r(C—Si) r(Si—X)/r(C—X) OXSiX ocsix
molecule conf. method r(C=C) r(C-C) r(Si—H) OXCX dc=cCsi gccX ref
CH-CHSiH; syn MW 1.347(3) 1.853(3) 1.475 122.9(3) 21
CH2-CHSICk syn GED 1.38 1.81(2) 2.060(5) 107(1) 121(3) 22
Cl,C-CCICCk anti GED 1.350(13)  1.536(17) 1.748(3) 109.9 124.4(11) 114.6(26) 2
Cl,C-CCISiCk anti GED 1.349(12)  1.863(13) 2.020(3) 105.1(66)  124.0(12)  110.7(15)  this work

aType of bond is not specifically given in this article, probablyalues. Standard deviation)(as given in the original tex. Assumed value.
¢Bond distances in angstrom (A), valence and torsional angles in deg)eéX & Cl; MW = microwave spectroscopy, GED gas electron
diffraction).

refinement are given in Table 1 where also the corresponding percentage of the 180, 170, 160, and 150 forms. This gives
geometrical values from the ab initio calculations are given. 78% anti conformer from the dynamically modeled GED data.
The dependent bonding and nonbonding distances, valenceCorrespondingly, the ab initio anti value is 83%.
angles, and refined and calculated vibrational amplitudes from  The ab initio calculations predict a shallow minimum at the
the scaled ab initio force fields are also giVen in Table 1. The Stationary point Corresponding to the 2Z0rm (Syn), and this
correlation matrix for the refined parameters is given in Table stationary point has an energy of 1.43 kcal/mol relative to the
6. 180 (anti) form. However, the theoretical syn to anti torsional
The theoretical intensity curve for the final model is shown barrier is calculated to be very small, only about 0.08 kcal/mol
in Figure 2 together with average experimental and difference (see Figure 8). The experimental results give a more distinctive
curves. Figure 3 shows the corresponding RD curves along (sharp) minimum for the syn conformer, which is found to be
with the difference curve. Figure 8 shows the energy values in 1,04+ 0.58 kcal/mol higher in energy. The syn to anti torsional
Table 5 plotted as a function of the torsional ang(€CSiCl), barrier is also higher, about 0.50 kcal/mol according to Figure
obtaining torsional potential curves both from the refined g indicating more clearly the existence of a stable syn
experimental (GED) potential constants and from the theoretical conformer.

ab initio values. The agreement is quite acceptable. The preference of the anti form in these perhalogenated
) . molecules seems to arise from the unfavorable steric interactions
Discussion that occur in the syn form, where the-€Cl or Si—Cl bond is

In the study of hexachloropropefdt was concluded from in the plane of the &C bond. However, it should be evident
the combined GED/ab initio analysis that this molecule in the that steric effects are counteracted by the favorable eclipsing
gas phase existed mainly as an anti conformer. Small amountsusually found in these types of molecules, as established in ref
of a syn conformer could not be excluded, but the amount of 1. The key to understanding why the syn form is a minimum
such a conformer had to be smaller than 10%. From the abin the potential curve at all, is to regard the double bond as
initio-constrained GED analysis, by using a dynamic model, consisting of a pair of bent single bonds, making the syn form
similar conclusions may be drawn for perchlorovinylsilane. & complete staggered possibility. This particular point is further

Table 5 shows the distribution of pseudo-conformers found discussed in a recent paper by Page et%aealing with the
by the dynamic model and as calculated from ab initio energy Vinyltrimethylsilane molecule, in which the syn form was the
values by use of simple Boltzmann statistics. From the Only stable form.
experimental distribution one may obtain an approximative value  In the PCV case, the ¢latom on silicon is 3.37 A away
for the amount of the more stable anti form (in the vibrational from the coplanar Glatom in the anti form. This is almost the
average sense) in the gas phase, by summing the givensame as the distance between thea@dm and the cis Cl atom
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on G in the syn conformer, but this is obtained at the cost of apparatus and to Dr. Lise Hedberg for help with the normal
some energetically unfavorable changes in the central bondcoordinate calculations used in this work. This work has received
angles. The ab initio calculations reveal large conformational support from National Science Foundation under Grant CHE95-
differences in the CCSi parameter value for PCV. While the 23581 and from The Research Council of Norway (Program

anti form has a calculated CCSi bond angle of 124HEable
1), the corresponding syn value is calculated as large as°131.6
This difference of 7.1is incorporated as constraint in the GED

for Supercomputing) and Oregon State University through grants
of computing time.

least-squares refinements. Concequently, the anti CCSi bond Supporting Information Available: Tables of the harmonic
angle value represents less molecular strain than the large syrsymmetry force constants for anti and syn conformers of PCV

value. Also, the CSiG] piane bond angle value shows a large
difference, with calculated values of 109.t the anti and
116.7 in the syn form. Thus, the anti conformer must be more

calculated at the HF/6-31G(d) level of ab initio theory (2 pages).
Ordering information is given on any current masthead page.
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