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Transoid, Ortho, and Gauche Conformers ofn-SisClio: Raman and Mid-IR
Matrix-Isolation Spectra’
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Calculations at the HF/6-31G*, MP2(FC)/6-31G*, and B3LYP/6-31G* levels of theory predict the existence
of three pairs of enantiomeric conformers on the potential energy surfac&Sig€l,o: transoid, ortho, and
gauche. At the fully optimized MP2(FC)/6-31G* level the SiSiSiSi dihedral angles (deg) and relative energies
(kcal/mol) are 160.5and 0.0 (transoid), 93?@nd 0.65 (ortho), and 48.And 0.27 (gauche). Matrix annealing,
spectral differencing, and singular value decomposition analyses of Raman and mid-IR spae®isCdfo

in nitrogen matrix demonstrate that three distinct backbone conformers are indeed trapped in the matrices
and interconvert upon annealing. Their initial relative concentrations and the details of the annealing behavior
depend on the matrix isolation ratio. Their vibrational spectra have been assigned by comparison with results
of MP2(FC)/6-31G* calculations and the nature of the normal modes has been analyzed in terms of calculated
potential energy distributions. Annealing in concentrated matrice{®l.Clip ~ 200:1) indicates that at

least in some environments, the relative stability of the conformers increases in the order gaurthe <

transoid, in agreement with results of HF/6-31G* and B3LYP/6-31G* calculations.

Introduction guence for the present paper is the adoption of the label

_ _ “transoid” for the conformation that we previoudiy 7.1+ 15
In the past it was often assumed that the conformational ¢5jjed anti.

isomerism of all unconstrained, saturated lineaK# chains The existence of three rotamers differing in backbone
is similar to that familiar fr0m1-a|kanes, i.e., that there exists conformation and their thermal interconversion have been
a racemic gauche minimum (backbone dihedral aggtdout  ynambiguously proven for theC,4F1o chain by direct observa-
+60°) and an anti minimum (achiral withh = 180° or racemic  tjon of mid-IR matrix-isolation spectrd3 In contrast, only two
with ¢ about£165°, which we would now call transoid). Early  of the three expected conformers mi;Me o were detected
very approximate calculations for various chains sometimes by this techniqué, perhaps not surprisingly, as the mid-IR
predicted the existence of a third backbone conformer with  spectra of the ortho and gauche form were predicted to be
about+90°, but at times they also made such predictions for virtually identical. A very recent gas-phase electron diffraction
unsubstituted alkanes and oligosilanes, where they are clearlystudy confirmed the presence of the transoid and gauche
incorrect, and they were generally not regarded as trustwérthy. conformations and concluded that the ortho conformer is

Subsequent more accurate and less easily dismissed ab initigrobably present as well; density functional calculations gave
calculations predicted the existence of a third backbone con-esults very similar to the earlier ab initio onésA definitive
former with ¢ in the vicinity of £90° (termed orth@?) for proof of the existence of the ortho conformer in a substituted
n-SisMer¢*s and n-C4F10.236 A general analysis fon-AsX 1o four-silicon chain has thus remained elusive so far.
chaing then reached the conclusion that for simple substituents Wedsusp;acted tha;[ the wbrstl.onall fLeqdqf?nues of tk;]e two
X whose crystallographic van der Waals radius is-0L& times '{\r/]wste con fo;rr]ners 8 ?t“xl‘z cxa|.n might di SIr "gorteh"‘; efn "
the AA bond length, three stable enantiomeric pairs of backbone € mass of the substituents 2 1S comparablé 1o that of the
conformers, anti (now called transoid), ortho, and gauche, will backbone atoms A. _Sln_ce the CI sups_tltuent Is similar in size to
appear on the potential energy surface as a result of an interpla)}he ”?e‘hy'. group, it is not surprising that three pairs  of

o . ; . enantiomeric conformers have been preditfedn-Si,Cl,o, and
between intrinsic rotational barriers and repulsive van der Waals

: - ; . - it thus represents an attractive substrate for further testing of
substituent interactions. Most recently, computational examina-

. . . the general theoretical result. Indeed, a calculation of its normal-
8 9 9 ’
tion of the conformers of JEtio,” SiMesEt,,” and SiMesEL mode frequencies predicted that several deformation mode

suggested that for longer alkyl chain substituents there will 4o encies will vary more significantly with the conformation
actually be five favored backbone conformations, but there is ¢ ha central SiSi bond than was the case faMBio, providing

only very limited experimental evidence for the correctness of ¢qne hope that individual peaks of all three conformers could
this prediction. Nevertheless, anticipating that it will turn out e identified in matrix-isolation spectra. In the present paper,
to be right, we have adopted a nomenclature that has beenye report the results of these calculations and of a Raman and
recently proposéf for linear backbone conformations: angi ( mid-IR matrix-isolation spectroscopic studymSi;Clioin N,

= 180), transoid {-165’), deviant (-145’), ortho (~90°), which finally provides definitive experimental evidence for the
gauche £60°), cisoid (~40°), and syn (0). The only conse-  existence of three conformers of a four-silicon chain.
Our interest stems primarily from the fact that an understand-
 Part of the special issue “Marilyn Jacox Festschrift”. ing of the conformational properties of tetrasilane chains is
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TABLE 1: Computed Properties of the Transoid, Ortho, and Gauche Conformers ofn-Si,Cly

HF/6-31G* MP2(FC)/6-31G* B3LYP/6-31G*
transoid ortho gauche transoid ortho gauche transoid ortho gauche

total energy (au) —5751.01512—-5751.01398—-5751.01386—5752.62418—5752.62315—5752.62375—5760.45308—5760.45238—-5760.45222
rel energy 0.00 0.72 0.79 0.00 0.65 0.27 0.00 0.44 0.54

(kcal mol1)
r(Sisi) 2.373 2.382 2.378 2.346 2.354 2.351 2.379 2.388 2.385

(central bond)/A
r(SiSi) 2.363 2.362 2.360 2.338 2.338 2.336 2.369 2.369 2.367

(outer bonds)/A
r(SiCly)/Aa 2.041 2.041 2.041 2.039 2.039 2.039 2.061 2.061 2.061
r(SiCly)/Aa 2.056 2.056 2.055 2.052 2.052 2.051 2.074 2.074 2.074
(SiSiSi)/deg 115.7 116.3 118.3 113.2 115.3 116.4 115.5 116.3 118.2
P(SiSiSiSi)/deg 164.6 96.0 55.7 160.5 93.0 48.7 163.9 93.5 57.2
#(SiCly)/ded -9.6 8.6 -8.0 —-12.8 8.7 -8.3 -10.2 8.7 -7.6

a Average value® SiCl; twist, zero at the staggered geometry, and positive for a counterclockwise rotation of the termipan@i@roups
when viewed from a point located on the terminal bond axis outside the molecule.

crucial for the description of the influence of backbone
conformation on the electronic properties and near-UV spectra
of oligosilanes and polysilané&in addition, it seemed reason-

liguid nitrogen. Mid-IR spectra were measured at 1-ém
resolution with a Nicolet 800 spectrometer employing a wide
range liquid nitrogen cooled MCT-B detector. Multiple scans

able and necessary to provide additional experimental evidencewere recorded and baseline corrected.

for the general validity of the calculated “three-conformer
regime” in unconstrained linear 4X1o chains with simple
substituents X.

Experimental Section and Methods of Calculation

Materials. n-Decachlorotetrasiladé was prepared from
CISiPhSiPhSiPhSiPhClL.18 This tetrasilane (10 g) was sus-
pended in benzene (20 mL), a small amount of AICt0.05
g) was added, the mixture was briefly heated to°&) and

gaseous HCl was passed through the solution. The reaction was'

finished after 20 min when no additional HCI gas dissolved
and the sharp IR band near 1427 dprcharacteristic of SiPh

groups, disappeared. Benzene was then distilled off at reduce
pressure ana-heptane (70 mL) was added to the residue to

precipitate the aluminum salts. Solids were removed by decanta-

tion andn-heptane was distilled off at reduced pressure. The
residual liquid was purified by distillation (bp 6%/0.05 mbar),
giving 5.4 g (92% yield) oh-SisClio. The purity of the sample
was checked by comparison with the repotté®, Raman, and
295i NMR spectra.

Matrix-Isolation Spectroscopy. An n-Si,Clyp sample was
held at 15-25°C or —20°C for Raman or mid-IR spectroscopy,
respectively, and was evaporated into a stream of dry nitrogen
(US Welding, ultrahigh purity). The resulting mixture was
deposited at a rate of2.5 mmol It! on a Ni-plated Cu plate
(Raman) or polished Csl window (mid-IR). The deposition

Calculations. Quantum mechanical calculations were done
on an HP S-2200 Exemplar computer using the Gaussian 94
program®® Full geometry optimizations and harmonic frequency
calculations were done at HF/6-31G*, MP2(FC)/6-31G*, and
B3LYP/6-31G* levels of theory (Table 1). The frequencies were
computed analytically for HF and DFT, and numerically for
MP2, using analytically calculated first derivatives. The vibra-
tional frequencies obtained at the HF and MP2 levels were
multiplied by scaling factors of 0.90 and 0.95, respectively,
hich yield the best overall agreement with experimental
frequencies, and these scaled wavenumbers are listed in Tables
2—4. The scaled MP2 frequencies were found to agree most

patisfactorily with observed peak positions and have been used

throughout the text. As it was not possible to compute Raman
intensities of the vibrational modes at the MP2 and B3LYP
levels with the programs available to us at present, we used
Raman intensities calculated at the HF/6-31G* level everywhere
in the tables and figures.

The Asym 40 prograi? was used to transform Cartesian
Hessian matrices into symmetry coordinate force fields that were
subsequently used for normal coordinate analyses and potential
energy distribution analyses employing the standard FG formal-
ism of Wilson?2! All potential energy distribution values used
in the text are those calculated at the MP2 level. Singular value
decomposition analys&f spectral data were performed with
a program assembled from LAPAGKsubroutines.

targets were mounted on the second stage of a closed-cycleResults

helium refrigerator (Air Products Displex 202) and the temper-
ature of the cold tip was maintained at 11 K during all
depositions. The amount of nitrogen deposited was approxi-
mately 20 mmol for the Raman and 2.5 mmol for the mid-IR
measurements. The matrices were annealed with a resistanc
foil heater located at the cold tip for30 min at a selected
temperature and then recooled to 11 K before further spectral
measurements were taken.

Raman spectra were observed with a Spex 1404 0.85 m
double monochromator using a liquid nitrogen cooled charge
coupled device (CCD) camera. The matrices were excited with
the 514.5 nm line of an Arlaser (0.3 W). The spectra were
collected through a Kaiser Supernotch Plus notch filter and
baseline corrected. The Raman spectrum of soii,Cl;o was
obtained at—50 °C by mounting a sealed 1 mm diameter
capillary glass tube containing the sample on a copper block
equipped with a heater and a thermocouple and cooled with

Calculated Structures and SpectraGeometry optimizations
at all levels of theory employed predict the existence of three
pairs of enantiomeric backbone conformers on the potential
energy surface ai-Si,Cl,, with the SiSiSiSi backbone dihedral
angles neait163 (transoid)+95° (ortho), and+55° (gauche).
The fully optimized geometries possésssymmetry. Energies
and structures of the three conformers are collected in Table 1.
As noted beforé, 1,4-substituent interactions cause the $iCl
end groups to be twisted in opposite directions in the ortho
conformer on the one hand and in the transoid and gauche
conformers on the other. All calculations predict that the strongly
twisted conformers (ortho and gauche) are only slightly less
stable than the transoid conformer (Table 1), and all three
backbone conformers can be expected to be present in detectable
amounts in room-temperature equilibrium. Tables42sum-
marize the scaled calculated ab initio and unscaled DFT
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TABLE 2: Vibrations of Transoid n-SisClg

calculated observed (matrix)
7 (cm™) v (cm™)
HF/  B3LYP/ MP2/ intIR MP2/6-31G* int Raman HF/6-31G* MP2/6-31G*
mode approx label sytn 6-31G* 6-31G* 6-31G* (km mol1) (A4amu?) PED (%} mid-IR Raman
1 SiSiSiSitorsion a 8.8 8.8 15.6 0.0 0.00 718 31Ss 1794
2 —SiClztorsion ) 18.0 16.7 20.0 0.1 0.02 10456555
3 —SiClztorsion a 19.6 17.2 20.6 0.0 0.00 895249,
4  SiSiSi bend b 35.3 334 36.6 0.2 0.01 4652096
5 SiSiSibend @ 53.5 51.3 48.8 0.0 0.29 73$38S;, 12S5
6  SiChrock a 64.1 63.5 62.3 1.9 0.01 64547Ss
7  SiCkrock o} 70.5 68.7 68.0 0.0 0.03 6653594, 2595
8  SiChtwist a 71.1 70.2 69.0 0.0 0.13 88521Ss, 18S6
9  SiCkrock h, 88.0 86.4 81.5 6.3 0.12 76547S6
10 SiCgkrock =Y 100.3 100.2 100.5 0.0 5.9 5497S 110
11 SiCh twist by 105.5 105.2 104.8 0.2 5.3 6852193, 14S) 110
12 SiChwag & 113.7 114.8 113.1 0.0 4.0 54513S;, 125 119
13  SiC}h scissoring b 124.7 125.8 125.2 0.1 0.45 29S16S1, 14, 131
1256, 112
14  SiC} scissoring g 1279 128.8 128.6 0.0 5.3 69S 134
15 SiCkrock a 1356 1361 136.2 15 0.21 44S24S5, 13S, 134
11S
16 SiCkasym def h 1656 1675 166.4 35 0.43 45S21S4, 17, 167
17  SiCkasym def b 174.6 177.0 175.2 17.5 1.0 595154, 1457 177
18 SiCkasym def 8 182.5 185.5 184.6 0.2 3.9 72S 188, 187
19  SiCkasym def a 195.7 198.7 198.5 3.1 1.8 515105 199
20  SiCk sym def k  200.0 2035 202.0 31.9 1.6 37,532 199
21  SiChrock hy 2109 2139 2151 5.1 5.9 34515, 214
22  SiChwag o] 234.6 238.5 237.1 87.2 0.35 35301
23  SiCksym def 3 238.9 242.7 240.4 1.2 1.8 3&5811930, 125, 241
115,
24 SiCh sym stretch @ 304.8 306.9 314.7 0.3 32.6 23,385, 18S, 318
16S, 14S$
25 SiChsymstretch p 3569 358.3 3659 43.4 0.02 50331%0 373
26 SiChsymstretch @ 429.6 4356 4411 4.3 3.8 6023S;, 444
1254, 11S$
27 SiChsymstretch p 4746  486.2  491.2 198.3 0.00 RX6S7 490, 488
28  SiSi stretch @ 5574 564.1 574.5 2.8 3.9 3928S, 1793 571
29  SiSistretch b 559.8 570.4 577.5 37.4 0.31 2623, 574 571
20S1, 1597
30 SiChasymstretch § 551.1 567.0 5824 26.9 7.3 845109, 585 582
31 SiChasymstretch a 5529 5722 583.8 1.6 19 545339 582
32 SiCkasymstretch § 571.9 587.3 596.5 13.2 4.5 1252258 593, 601? 600
33 SiChasymstretch @ 573.3 5885 596.6 7.2 12.3 82325, 593, 601? 600
34 SiCgasymstretch b 5789 593.2 6035 304.5 0.6 54515S, 13S, 606-608 606
35 SiCkasymstretch @ 579.2 595.2  604.8 401.1 15 49329S3, 12S  606-608 606
36  SiSistretch @ 588.6 599.5 609.9 40.7 15.0 42305, 19S 608-620 617,618

aThe u and g symmetry species used are those for the hypothetical anti geometry (planar baékbalge)alues larger than 10% are listed.
¢ Difference peak.

vibrational frequencies, the calculated IR (MP2) and Raman assigned to conformer interconversion. We start with a qualita-
(HF) intensities, the classification of the calculated normal tive analysis of the Raman spectra that strongly suggests that
modes in terms of symmetry coordinates according to the three distinct species are present and possess the vibrational
calculated potential energy distributions, and a tentative assign-properties predicted for the transoid, ortho, and gauche con-
ment of calculated to observed modes. The symmetry coordi- formers. Then, we briefly discuss mid-IR matrix-isolation
nates chosen are listed in Table 5, using internal coordinatesspectra, from which less information about the conformational
defined in Figure 1. composition can be extracted. Subsequently, we describe a
The Raman vibrations can be divided into stretching modes quantitative treatment that proves beyond reasonable doubt that
between 300 and 620 crhand deformation modes below 250 three conformers are indeed present.
cmL. The predicted mid-IR spectrum can be divided into three  Qualitative Aspects of Observed Spectralnformation on
main spectral regions. The region between 570 and 620 cm the Raman and IR spectra 0SiyClyg is collected in Table 6.
is due to asymmetric SiCl and SiSi stretching modes, a narrow  Raman. Representative spectra are shown in Figureg.2
spectral region around 490 crris attributed to thesy{SiClx(b)) According to the calculations (Tables-2), the Raman-active
mode, and a single peak at444 cntl, ascribed to the vibrations located above 300 crand attributed to stretching
vsym(SiCly(a)) mode, should be strong for the twisted conformers modes are not expected to vary much with the backbone
but extremely weak for the transoid rotamer. conformation and offer little chance to extract useful information
Next, we describe the vibrational spectra of matrix-isolated about conformational isomerism. This spectral region is domi-
conformer mixtures as deposited and their variation upon nated by a strong peak at318 cnt?l, ascribed to the
annealing followed by recooling to 11 K for spectral measure- vsyn(SiCly(a)) mode, followed by peaks of medium intensity,
ments. The smaller among the spectral effects are attributableone near 444 cnt assigned tovsym(SiCly(@)) and several
to changes in matrix site occupancies while those that involve between 570 and 620 crh attributed to SiSi and asymmetric
larger frequency shifts and dramatic changes in intensities areSiCl stretching vibrations. Very weak peaks appear-a873
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TABLE 3: Vibrations of Ortho n-Si,Clqg

calculated observed (matrix)
7 (cm™Y) 7 (cmY)
HF/  B3LYP/ MP2/ intIR MP2/6-31G* int Raman HF/6-31G* MP2/6-31G*
mode approximate label syr6-31G* 6-31G* 6-31G* (km mol1) (A4amu) PED (%} mid-IR  Raman
1 SiSiSiSitorsion a 13.3 12.3 14.8 0.0 0.02 16665S0
2 —SiClztorsion a 19.2 17.6 23.2 0.0 0.02 984S
3 —SiClz torsion b 23.3 19.5 24.9 0.0 0.01 113S
4  SiSiSi bend b 42.7 40.2 39.2 0.4 0.01 RR7S3, 11593
5 SiSiSibend a 44.9 42.0 46.3 0.2 0.09 &l31S6
6 SiCkrock b 62.9 62.9 58.9 1.5 0.01 7254854, 1855
7 SiCkrock a 71.1 69.7 68.9 1.0 0.13 583A3Ss, 15S, 1257
8 SiCkrock b 82.9 79.7 75.7 4.0 0.26 4855595, 2586, 1994
9 SiCkrock a 89.8 88.8 85.7 0.1 0.45 498797, 169,
10 SiCh twist b 1059 104.8 104.9 0.6 3.8 2851553, 126 110
11 SiCh twist a 1049 106.0 105.0 0.3 6.6 27518 110
12 SiChwag a 1135 1135 1117 0.06 2.6 5132S 119
13 SiChwag b 1233 1245 1232 0.0 4.7 333514S1, 13S0, 131
125, 1256
14  SiCh scissoring a 1266 127.6 128.0 0.0 2.0 4715S, 135, 134
15 SiChkrock b 148.0 148.2 1475 3.8 0.01 BR1S4, 1253
16 SiChkrock a 146.2 1485 148.2 3.0 3.0 312556, 139, 1355 147
17 SiCkasym def b 1740 176.6 1747 15.8 0.03 03334
18 SiCkasym def a 1838 186.6 186.1 1.7 4.0 70S 188,190
19 SiCkasym def b 1965 199.5 1994 0.7 2.5 42S 199
20 SiCkasym def a 196.7 199.9 199.8 0.0 5.0 4632Ss 199
21 SiCh scissoring b 2237 2276 226.7 4.2 1.2 203655 226
22 SiCksym def a 2313 2343 2322 17.7 25 33BS0, 145, 235
12S6
23  SiCksym def b 236.4 240.2 2384 91.5 0.82 816 241
24 SiChsymstretch a 303.6 305.7 3122 6.9 31.8 4995, 185, 18S, 14 318
25 SiCksymstretch b 361.8 363.7 372.0 51.5 0.01 B1E7 S0, 1256 373
26 SiCksymstretch a 427.7 4344 4410 73.5 1.9 H23S, 13§ 444 444
27 SiChsymstretch b 4725 483.1 488.1 91.3 0.34 2622697 493 490
28 SiSi stretch a 5625 5584 568.6 0.1 9.3 13531S, 21 571
29 SiChasymstretch b 550.5 566.3 576.6 20.4 0.88 2HBH Sg 574 571
30 SiChasymstretch a 546.3 576.4 586.8 47.4 5.7 B85S, 15 585 588
31 SiCkasymstretch b 5655 578.6 588.2 22.2 3.0 A3ASs, 140 585 588-593
32 SiSistretch b 573.7 586.8 596.4 200.6 5.7 83860, 1397 593, 601? 600
33 SiCkasymstretch a 5729 588.4 596.8 5.7 12.2 2/ 2%S > 600
34  SiSi stretch a 5846 596.7 601.9 114.0 7.6 2859, 145, 113 601-608 606
35 SiCkasymstretch b 5785 593.5 602.0 330.6 0.51 8BRS0, 1391 601-608 606
36 SiCkasymstretch a 578.3 592.7 606.1 134.6 29 475G, 12$ 608-620 606-617
aQnly values larger than 10% are listéDifference peak.
and ~490 cm! and are assigned t@s{SiCls(b)) and calculated to be primarily due to the transoid conformer (240.4

veym(SICL(b)) modes, respectively. The transition from the liquid cm™1) with a smaller contribution from ortho (238.4 c#) and
to the matrix-isolated state affects the fine structure between a negligible contribution from gauche (very weak; 240.6&m
580 and 620 cm® (Figure 4). No improvement of spectral A transoid conformer peak predicted to occur at 237.T%tm
resolution is observed for the residual peaks above 300t,cm  corresponds to ajamode of the hypothetical planarSiyClyo
probably due to the only moderately high host-to-guest ratio molecule and is predicted to be very weak in Raman. The next
required for the measurements, as well as the insensitivity of calculated vibration of the transoid conformer is displaced by
these bands to the backbone conformation. ~25 cnt! to lower wavenumbers (calculated, 215.1 ém
Matrix annealing does not affect the spectral features above observed in the liquid, 212 crd). The intervening gap should
300 cnT? notably, and we do not show the difference spectra. only contain bands from the gauche (calculated, 224.4 and 230.5
Several difference peaks appear between 570 and 626.cm cm™1) and ortho (calculated, 226.7 and 232.2éptonformers.
We do not attempt to assign these to individual conformers Indeed, the Raman spectrum of liquieSi4Cl;o shows a peak
because of the expected large total number of 27 normal modesat 228 cm! and two shoulders at 224 and 232 @nThese
contributing in this range, most of which are predicted to have bands are absent in the solid state (Figure 2 and Table 6), while
a fairly high Raman intensity. Only a positive difference peak the bands at 168 cm (see below) and 212 crh persist.
at the highest frequency (618 c#) is tentatively attributable Comparison of the residual bands of the liquid with predicted
to the transoid rotamer, as suggested by the calculations andvavenumbers leads to the tentative conclusion that the Raman
guided by the analysis of the deformation mode range presentechands below 135 cmt and those near 189 and 199 chare
below, which will show that twisted conformers (gauche and due to all three conformers, that the band at 175 tshould
ortho) are present in the matrices and partly convert into transoid be ascribed to the transoid and gauche conformers only (the
upon annealing. calculated values for transoid and gauche are 175.2 and 173.7
In contrast, the Raman active deformation modes below 250 cm™, respectively) as the calculated intensity of the ortho band
cm! are predicted to be quite sensitive to the backbone predicted at 174.7 cmt is almost zero, and that only the transoid
conformation and there is hope to identify individual peaks of conformer contributes to the band at 168 ér(talculated, 166.4
all three conformers (Tables—2). The highest frequency cm™Y).
deformation mode observed (241 cthfor the liquid) is All these results indicate that the transoid conformer is the
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TABLE 4: Vibrations of Gauche n-SisClg

J. Phys. Chem. A, Vol

. 104, No. 16, 2008833

calculated observed (matrix)
v (cm™) intIR int Raman MP2/6-31G* v (cm™)
HF B3LYP MP2  MP2/6-31G* HF/6-31G* PED
mode approximate label sym/6-31G* /6-31G* /6-31G* (kmmol?Y)  (A4amu?) (%)2 mid-IR Raman
1 SiSiSiSi torsion a 11.3 10.6 18.7 0.0 0.01 10485250
2 —SiClztorsion b 13.6 13.9 19.3 0.0 0.00 96S
3 —SiCl; torsion a 29.8 27.1 31.1 0.0 0.05 14652S,, 1399
4 SiSiSibend a 37.7 35.4 41.1 0.0 0.04 41%9Ss
5  SiSiSibend b 48.7 47.7 44.9 15 0.04 805553
6  SiCkrock b 65.1 64.7 62.3 21 0.04 583525,
7  SiCkrock a 67.4 66.8 63.6 0.3 0.03 T68H41S6, 2557
8  SiChtwist b 76.6 75.1 74.2 15 0.06 7852053, 175,
1555, 12
9  SiCkrock a 90.6 89.1 85.7 0.3 0.42 61805, 2357
10  SiCbtwist a 103.3 103.5 103.6 0.4 5.1 36320 110
11  SiCbwag b 109.0 109.2 109.1 0.5 4.3 1634, 135, 119
12Ss
12 SiCbwag a 110.7 110.8 111.3 0.2 3.5 3994sS;, 12S, 119
13  SiCbscissoring b 123.8 124.7 124.8 0.0 3.6 3b31S,, 11S; 131
14 SiC} scissoring a 125.7 126.8 126.7 0.0 4.2 4295, 16S 134
15  SiChrock b 138.8 140.3 138.3 21 0.42 4312055, 175, 134
16  SiChrock a 158.0 159.0 160.7 2.9 0.64 50R4Ss 156, 161
17  SiCkasym def b 173.1 175.9 173.7 15.9 0.58 &7/35S, 177
18 SiCk asym def a 184.7 187.2 186.7 2.0 4.7 76S 188, 190
19  SiCkasym def b 196.0 199.3 199.2 2.0 2.6 5031S; 199
20  SiCkasym def a 197.9 200.9 201.2 6.7 4.8 30369, 15 199
21  SiCksym def a 222.4 226.5 224.4 20.3 3.8 248 S, 145 226
22 SiCkrock b 227.1 231.2 230.5 4.1 1.3 20819S,, 1253 229
23 SiCksym def b 238.2 241.9 240.6 68.3 0.10 6039S6 241
24 SiCh sym stretch a 303.0 305.0 312.1 12.8 30.6 K285, 20S, 318
16S, 13$
25  SiCksym stretch b 365.1 367.1 375.7 54.1 0.06 B3PS, 1456 373
26 SiCk sym stretch a 428.8 435.2 441.8 125.1 1.2 5283, 16S 444 444
27  SiCh sym stretch b 470.1 480.8 486.0 27.7 0.28 A336S7 493 490
28  SiSistretch a 557.0 560.6 572.3 36.7 8.4 3235, 20S3, 574 571
115
29  SiChasymstretch a 549.5 570.5 581.9 42.3 3.8 148S 574-585 582
30 SiChasymstretch b 555.0 571.4 582.4 14.8 4.0 A TBBSo 574-585 582
31 SiCkasymstretch b 567.1 580.5 589.9 116.4 15 268850 585 593
32  SiCkasymstretch a 569.7 585.9 593.0 14.3 4.2 1888LS 593 593
33  SiSistretch a 575.6 589.2 597.6 62.0 9.9 3385, 16S, 593, 601? 600
125
34  SiSistretch b 580.4 589.5 600.6 178.0 31 B6ES7, 1359  601-608 606
35 SiCkasymstretch b 577.3 595.1 605.2 381.9 3.9 B5BSs 17S:; 601-608 606-617
36  SiCkasymstretch a 584.6 596.8 606.5 37.9 9.9 5285, 11S 608-620 606-617

20nly values larger than 10% are listéDifference peak.

only form present in the solid. The exclusive preference for this cm~ is better resolved and contains three bands at 226, 229,
arrangement may be due to its intrinsic stability as well as crystal and 235 cm?. Between 130 and 165 criy additional bands
packing effects and has also been observed for the tetrasilaneappear at 147, 156, and 161 chthat were hidden under the
chainsn-SiyMe;?* and SiMeSiH,SiH,SiMes.2> Moreover, an broad wing of the strong Raman band at 133 &€ the liquid
X-ray crystal structure analy@fsshowed that solid perchlo-  (Figure 2).
ropolysilane [SiC]], consists of planar all-anti SiSi backbone The exact details of the matrix annealing process are sensitive
chains. The Raman spectrum of sotie5i,Clio displays very to experimental conditions and we describe two typical cases
weak transoid bands near 175 and 196 tthat would belong below. Figure 5 shows the initial spectrum of matrix-isolated
to the symmetry species bnd @, respectively, if the conforma-  n-SiyClyo below 250 cmi® as deposited at 11 K, a difference
tion were anti, i.e., if the molecule assumed plar@y, spectrum after annealing to 28 K, and a difference spectrum
symmetry, in which @and b modes are not Raman allowed. after annealing to 32 K relative to the spectrum obtained at 28
This is compatible with the calculated17° deviation of the K (32—28 K), when the estimated host-to-guest ratio in the
backbone dihedral angle of tleSis,Cl;o chain from 180 but initial matrix was~200:1. Spectral measurements were always
does not constitute an iron-clad proof since solid-state site effectsperformed after recooling to 11 K. It also shows the calculated
(or terminal SiC4 group torsion) could in principle reduce the Raman spectra of the three conformers. The initial gentle
symmetry even if the backbone were in the planar anti annealing to 28 K leads to a small increase of peaksii7
conformation. and 214 cm?, labeled t, that have already been tentatively
The results discussed so far leave no doubt that more than aassigned to the transoid conformer above. However, peaks
single conformer is present in liquitSiyClip and are actually labeled o increase much more dramatically while the intensity
compatible with the presence of the anticipated three, but moreof a set of peaks labeled g drops. Clearly, at least three distinct
powerful evidence is provided by the matrix isolation spectra, species are present. The peak at 147 %ot resolved in the
discussed next. In these, the fine structure between 225 and 235pectrum of the liquid) appears at a position where only the
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TABLE 5: Symmetry Coordinates for n-SisClyo

Zink et al.

species description symmetry coordindte

ay SiCls sym stretch(sym(SiCls)) S=ritratrz+rd +r) +rs
SiClz asym stretchiasyn{ SiCls)) S=2rr—rp—r3t+2r —r) —rg
SiCl, sym stretch¥sym(SiCly)) S=ry+trs+rs+rs
SiSi stretch ¢(SiSi)) S=utu
SiSi stretch ¢(SiSi)) S=R
SiCls sym def 65y¢(5iC|3)) S=otoxtozta +o +ag — ﬂl — ﬁz - ﬁa — ﬂl' — ﬂz' — ﬂg'
SiClg asym def éasyn(SiCIg)) S=204— 02— 03+ 204 — o — ag
S|C|3 rock (p(SICIg)) Sg = 2ﬁ1 - ﬂz - ﬁg + Zﬁ]_' - ﬁz’ - ﬁg’
SIClz Scissoring @(Slclz)) Sg =4e — (34 — 55 — Y4~ Y5 + 4€' — 54’ — 65’ - )/4' - )/5'
SiSiSi bend Q(SISISI)) Spo= 5’(/) — € — 54 — (55 — Y4~ Vs + 51/)' —€ — 64’ — 65’ - j/4' - )/5'
SIClz wag ()/(Slclz)) S_U_ = (34 + (55 — Y4~ Y5 + 64’ + (55' - )/4' - )/5'

a SiClz asym stretchiasy( SiCls)) Se=r,—rztr) —rg
SiCl, asym stretchifasyn(SiCl)) Siz=rs—rs+rs —rg
SiCls asym def (Sasyn(SiCIg)) Su=0a,— 03+ o — o3
SiCls rock (o(SiCls)) Sis=p2— P+ 2 — B4
SiCl, rock (p(slclz)) Sie= 04— 05+ V4 — Vs + 04 — 05 + )/4' — VS'
Slclz twist (‘L’(Slclz)) S_17 = (34 — 55 — Va4 + Vs + (54' — (55' — }/4' + )/5'
-SiCls torsion Sg=1+1)
SiSiSiSi torsion Se=1

by SiClz asym stretchifasyn(SiCls)) So=r—r3—1ry +rs3
SiCl, asym stretchiasyn{ SiCl)) Si1=rs—rs—1r4 +r5
SiClz asym def §asyn(SiCls)) So=0,— 03— 07 + a3
SiCls rock (o(SiClg)) S3=p2—fz— P + 3
SIClz rock (p(SIClz)) 8242 (34 — 65 + V4 — Y5 — 64’ + 65' — )/4' + )/5'
SiCl, twist (T(SIClz)) S5 = (34 - (35 — Va4 + Vs — (34' + (55' + )/4' — )/5'
—SiCl; torsion Se=12—12

bu S|C|3 sym StretCh(sym(SiCb)) 827 =ry+r,+rz3— rl' — I’z’ — r3'

SiClz asym stretchifasyn(SiCls))
SiCl, sym stretch¥sym(SiCly))
SiSi stretch ¢(SiSi))

SiClz sym def Psym(SiCls))
SiClz asym def §asyn(SiCl))
SiCls rock (o(SiCls))

SiCl, scissoring §(SiCl,))
SiSiSi bend §(SiSiSi))

SiCl, wag (y(SiCl))

Szgz 2r1- [p-I3 — 2]’1’ +r) +rg

So=r4+Trs—r4 — 15

Sp=u—U

Si=atotas—a’ —o —as —f1— foa— Pzt fi + 2+ ps
S =201 — 0 — 03— 200" + o + g
Sp3=261—f2—Pa— 2B + B2 + 3

Ssu=4€ — 04— 05— ya—ys—4€' + 04 + 05 + yi +ys

83,5:5’(/) —€ —54—(55_')/4—’}/5—5’1/)' + € 4+ 04+ 05+ }/4"1' ‘}/5'
S6=04+ 05— ya—ys— 04 — 05 +yd +y5

a Symmetry species corresponding to the hypotheticalraBiClio of Con sSymmetry (planar backbone). Thgand & blocks and the pand ky
blocks combine to a and b blocks, respectively, for the actual point g@awgf the three conformer$.Not normalized.

By
NN CI(1)

JviuN

ci2) o)

temperatures, since the calculations do not predict the existence
of a transoid peak in this vicinity.

Figure 6 shows similar results obtained for a more dilute
matrix (estimated host-to-guest ratied00:1). Now the initial
spectrum ofn-Si,Clyp as deposited at 11 K contains a much
higher fraction of the conformer with a peak at 214 ém
assigned as transoid, and also the qualitative annealing patterns
are quite different from the case desribed first. Annealing leads
to a gradual and strong increase of the 214 tpeak already

Figure 1. Definition of internal coordinates far-Si,Clio. Coordinates
related by the symmetry operati@ are distinguished by a prime (to
reduce congestion, not all symmetry-related symbols are shown).

ortho conformer is predicted to have a Raman band of
substantial intensity (calculated, 148.2 ¢ The band at 161

cm~1is probably assignable to the gauche rotamer (calculated
160.7 cnt?). The ab initio results thus suggest that annealing
to 28 K primarily causes conversion of some fraction of the
gauche conformer (negative difference peaks at 161, 223, an
230 cn1?, calculated at 160.7, 224.4, and 230.5¢)vinto the

ortho conformer (positive difference peaks at 147, 226, and 23
cm?, calculated at 148.2, 226.7, and 232.2¢émThe weak

peak at 156 cm' would have to be due to another gauche matrix

well below 28 K, while the peaks of both the gauche and ortho

forms decrease. Unfortunately, a broad background in the range
~80 to~180 cn1? is superimposed on the peaksreSisClig

and makes a reliable interpretation of difference peaks in that
spectral range difficult. This background also appears in our

Raman spectrum of pure nitrogen deposited at 11 K and is

"believed to originate in minute amounts of fluorescent impurities

in the vacuum system or in the nitrogen. Nevertheless, it is clear

dthat the band at 177 cmh that we tentatively attribute to the

transoid and gauche conformers decreases upon annealing

g although the gauche conformer is converting into the transoid

form. This suggests that the gauche conformer contributes more
intensity in this peak than the transoid conformer, in disagree-

site (see Discussion). Figure 6 illustrates that upon annealing™ent with the calculated intensities.
to temperatures above 28 K the transoid peaks grow at the Mid-IR. Figure 7 shows the scaled calculated mid-IR spectra
expense of ortho peaks, suggesting that now the ortho conformerof the three conformers, the initial mid-IR spectrummeSis-

is converted into the transoid. A positive difference peak233
cm! (marked by an asterisk in Figure 5) would have to be

Clypas deposited at 11 K, and difference spectra after annealing
to a series of temperatures. Each annealing step was followed

attributed to an ortho matrix site adopted at higher annealing by recooling to 11 K for spectral recording. Difference spectra
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TABLE 6: Observed Vibrational Wavenumbers of Liquid,
Solid and Matrix-isolated n-Si,Clqg
4
mid-IR Raman 1 C
IR (liquid)® matrix-isolated  liquid solid  matrix-isolated 2
90 m,b 108 vs 104 s 110 ms
115sh 108s 119 ms z 0
133s 117 s 131 ms 2 67
119's 134's £ 1
150 sh 134s 147 m = B
137 sh 156 w £, x 100
161w e °]
168 vww 166 vw 167 m 3 0
180 vs 175vw  175vw 177 m T4
189 m 184 m 188 s )
199m 196w  199s A x 100
207 vs 212w 208 ms 214 ms 2
224 sh 226 m
232 vs 228 w 229 mw 0 o St g
242 vs 232 sh 235m ‘ ‘
275w 241w 238w 241m %0 %0 400
315m 316ws 318ws 318 ws ¥ fem
372vs 372 vww 373 vww Figure 3. See caption to Figure 2.
440 m 444 m 441 m 444 ms
486 m 490 sh 490 vwww s
493 ms 1.0
574 vw,b 573 m 571 sh,w C
585 w,b 581m  582m 582 m 06
590 m 588 m
590 vs,b 593 w 592 m 593 m 02
601 sh 600 m 600 ms .
606 vvs 610 m 606 sh G 04
608 wvs 613 ms 8
616 w 617 ms £ B
620 w g 02 r
2|R spectra according to ref 30. & 1 r
® 00
4 L
17 C 2 J\ A L
N °
2
E ¥ fem?
é 1 B r Figure 4. See caption to Figure 2.
©
o .
- Raman results. At annealing temperatures above 28 K the
= 8] ‘ I difference spectra actually produce not one but two negative
] A peaks, at 441 and 446 cr It is tempting to assign these to
4 . the predicted gauche and ortho conformers, but they could also
[ be due to two slightly different matrix sites of a single
conformer.
0 160 ‘ 150 200 250 Matrix annealing clearly affects the spectral range between
o 570 and 620 cm. Calculations predict that nine fundamental
_ "_/C"_‘ o ~vibrations originating in each of the three conformers, 27 in
Figure 2. Raman spectra of matrix-isolated (A), liquid (B), and solid  all, contribute to this spectral region and that they are not
(C) n-SiuClo. particularly sensitive to the backbone conformation. Guided by

clearly reveal that the peak around 444dmgradually decreases  the calculations, and assuming that annealing converts the
upon gentle annealing and its maximum shifts slightly from twisted conformers to the transoid conformer, negative differ-
443.6 cn! (11 K) to 443.0 cm? (30 K). The calculations  ence peaks at 570, 575, 579, 591, 599, 602, 611, and 615 cm
suggest that this peak is due nearly exclusively to the strongly would then be due to the sum of the strongly twisted conformers,
twisted ortho and gauche conformers, since at the anti geometrywhile the strong positive difference peak at 606 érand the
(dihedral angle of 187 this mode would be of asymmetry positive difference bands near 585 thwould be ascribed to
and would have no IR intensity. Its decrease upon annealingthe more stable transoid conformer. There are actually three
indicates that either one twisted conformer converts into another positive difference peaks at 584, 585, and 588 §rbut only
(gauche into ortho or vice versa), or one or both twisted one strong transoid peak at 582.4 ¢nis calculated, and the
conformers convert into the transoid form. The latter is more splitting is presumably due to matrix site effects.

likely, given that the transoid conformer is calculated to be the  The last important spectral range in the mid-IR occurs near
most stable. This alternative is also strongly supported by the 490 cntl. The difference spectra show two negative peaks at



3836 J. Phys. Chem. A, Vol. 104, No. 16, 2000 Zink et al.

1
— — 6 l
o o ]
<t < 4
< < 2
0 4
10
o -
> 1.0 t+g g+0  gto
3 g 051 B
£ =
5 g 0
g § o5
jany —
3 g2 10
5
5 L
0 0
100 150 200 250 100 150 200 250
3 jom™ 5 Jeme1
Figure 5. Raman spectrum af-Si,Clo matrix isolated in N (~200: Figure 6. Raman spectrum of-Si,Clyo matrix isolated in N (~400:

1) as deposited at 11 K (A), difference spectrum after annealing to 28 1) as deposited at 11 K (A), difference spectra after annealing to 26 K
K (B), difference spectrum 32 K- 28 K (C) and calculated MP2  (B) and 32 K (C), and calculated MP2 frequencies (scaled by 0.95)
frequencies (scaled by 0.95) and corresponding HF intensities (D, blackand corresponding HF intensities (D, black bars, transoid; hashed bars,

bars, transoid; hashed bars, ortho; white bars, gauche conformer). Noteyrtho; white bars, gauche conformer). Note vertical scale differences.
vertical scale differences. Calculated intensities smaller than 6.3 A Calculated intensities smaller than 0.3 #&nu! are shown as circles

amu* are shown as circles (transoid), triangles (ortho), and diamonds (transoid), triangles (ortho), and diamonds (gauche). The asterisk in

(gauche). The asterisk in panel C marks a peak tentatively attributed panel C marks a peak tentatively attributed to a matrix site adopted by
to a matrix site adopted by the ortho conformer at higher temperature. the ortho conformer at higher temperature.

492 and 496 cmt. Assuming again that both the gauche and of independent spectrally active components present in a system.
the ortho conformers convert into the transoid one upon We have used the SVD method to prove that three principal
annealing as deduced from the Raman results, the two negativecomponents are present in the matrices. Comparison with
peaks could be assigned to two strongly twisted backbone calculated spectra then identifies them as the transoid, ortho,
conformers or to two matrix sites of a single conformer, and a and gauche conformers beyond reasonable doubt.
positive peak at 488 cnt could be ascribed to the transoid The general assumption of SVD is that the observed spectra
conformer. However, the calculations predict that the transoid are linear combinations of the spectra of the pure components.
conformer possesses the highest frequergySiCly(b)) mode The experimental data matri consists of element4; where
(491 cml, vs 488 and 486 cmt for ortho and gauche the row indexi refers to a wavelength and the column ingex
conformers, respectively) and the calculated order then would denotes a particular observed mixture. The mixtures were
have to be incorrect. In view of the very small observed and obained by matrix annealing to various temperatures followed
calculated differences among the conformers, this would not by cooling to 11 K before spectra were taken. The SVD
be too disturbing. algorithm finds the decompositioh = USVT, whereU andV

In summary, taken by themselves, the mid-IR matrix-isolation are orthogonal matrices arlis a diagonal matrix containing
spectra strongly suggest that at least two conformers contributethe singular values along the diagonal in descending order of
to the vibrational spectra. However, unlike the Raman spectra, size. The column vectong of the matrixU are referred to as
they provide no more than a hint of evidence for the existence the basis spectra, and they are mutually orthogonal. The number
of two different twisted backbone conformations, as the observedr of components present in a system equals the effective rank
effects could equally well be due to a multitude of matrix sites. of the data matriA. This is the number of the firstdiagonal
Since most assignments of difference peaks in the spectrallyelements of the matri$ and firstr columns of the matrice
crowded regions of the mid-IR to individual conformers are and V that are required to calculate a matri; that is
unsafe and difficult, we have refrained from including these indistinguishable from the observed data ma#iwithin a given
difference peaks in Tables-2, and label several assignments experimental error, i.eA ~ A, = U,SV,T. The size of the
in the mid-IR by a question mark. singular values as well as the autocorrelatian of the basis

Singular Value Decomposition of the Observed Spectra.  spectrumu; defined by Shrager and co-worké&tsre usually
Although the above qualitative analysis of the annealing results used as additional criteria to decide whether a basis spectrum
is strongly suggestive, it does not definitely prove that three represents noise or contains significant spectral information.
and only three spectrally distinct species are present in theBasis spectra withc values smaller than~0.8 are usually
matrices. Nonsubjective procedures for such a determinationregarded as pure noise.
are, however, available. Singular value decomposition (S¥D) Figures 8-10 show the basis spectra corresponding to the
and the closely related principal component analysis (FCA) four largest singular values obtained by SVD analysis of a series
have been used extensively for the determination of the numberof our annealed mid-IR matrix-isolation spectra. The three
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Figure 7. Mid-IR matrix-isolation spectrum oh-Si,Clio in N, as

deposited at 11 K (A), difference spectra after annealing to 28 K (B)
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0.1 r necessary to reproduce the other two spectral regions within
] I experimental error. Although it is tempting to identify these as
0430 ‘ 0 " 50 the transoid, ortho, and gauche conformers, an accidental

interplay of site effects perhaps might be responsible for the
observed effects.

A similar SVD analysis of the Raman spectra of matrix-
isolatedn-SiyCl;o below 300 cm?! leaves no doubt. Figure 11
spectral ranges in the mid-IR (the single peak at 444cthe depicts the first four basis spectra obtained by SVD analysis of
region around 490 cni and the range from 570 to 620 c#) the Raman spectra. Three components are clearly present,
have been analyzed individually. Inspection of thevalues corresponding to the singular valugs= 2.0 x 1%, s, = 5.8
obtained by the SVD procedure suggests that only two basisand s; = 2.0. The fourth basis spectrurs,(= 9.3 x 1071
spectra are required to model the peak at 444'cin agreement represents almost pure noisg € 0.765) and is not needed to
with our proposal that only the gauche and ortho conformers reproduce the experimental data within the error limits. We
contribute to this band. In contrast, three basis spectra areconclude that there definitely are three distinct contributors to

¥ fem1
Figure 8. Singular value decomposition: mid-IR basis spectra
corresponding to the four largest singular valses
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the mixture, as anticipated. There is no indication that a larger v fem )
number of contributors exists. Figure 12. Pure component Raman spectr®260 cnt?) obtained from

To obtain the best approximation to the spectra of the pure linear combinations of SVD basis spectra, and calculated MP2

¢ id, orth d h f f th h b frequencies (scaled by 0.95) and corresponding HF intensities. Note
ransoid, ortho, and gauche conformers from the orthogonal basis e tica) scale differences. Calculated intensities that are smaller than

spectra, we form their linear combinations that have only 0.3 A* amu? are shown as circles (transoid), triangles (ortho), and
positive values over the whole spectral range and in which peaksdiamonds (gauche).

due to two of the conformers are eliminated. The above

qualitative analysis suggested that the bands attributed to a singleo stretching modes (near 316 thnear 442 cm! and from
conformer alone are those at 167 and 214 tftransoid), 147 580 to 620 cml) in each case arrived at the conclusion that
and 235 cm? (ortho), and 161 and 229 crh(gauche). Using  the spectra can be well described as linear combinations of the
this information to guide the formulation of nonorthogonal linear spectra of two components. This is compatible with the
combinations of the three basis spectra, we obtain the puretheoretical prediction that the Raman spectra of the three
conformer spectra shown in Figure 12. They agree quite well conformers do not differ significantly from each other in the
with the spectra predicted by theory. The relative band intensities stretching mode regions.

in the spectrum of the matrix-isolated transoid conformer differ
from the spectrum of solid-Si,Cli, which is presumably also
transoid, most likely due to solid-state effects on the backbone
dihedral angle. In particular, in the spectrum of the solid, the  The Transoid, Ortho, and Gauche Conformers on-SisCl1o.
peak at 199 cmt is much weaker relative to the peaks at 188 Whereas the mid-IR matrix-isolation spectrunme®i,Clyo does

and 214 cm? than it is in the matrix spectrum or than calculated. not provide conclusive evidence for or against the existence of
This peak is assigned to a superposition of graad a R a third backbone conformer (ortho), the Raman matrix-isolation
vibration, both forbidden in the planar forp & 180°), and spectra leave no doubt that three backbone conformers of
the curious intensity variation is most naturally accounted for n-Si,Clyo are indeed trapped in nitrogen matrices deposited at

Discussion

by postulating that in the soligl is much closer to 180than in 11 K. Although experimental evidence for the existence of three
the matrix-isolated species, and perhaps even equal th 480  conformers in GFio chains has been availabté,to our best
is the case in the [Sig], polymer26 knowledge, this is the first such evidence for tetrasilane chains.

Since the annealing itself as well as the possible presence ofThe observed peak positions agree almost perfectly with the
different sites changes the spectral positions of peaks slightly, scaled calculated MP2/6-31G* frequencies, permitting a safe
it is very difficult to form linear combinations of basis spectra assignment to the calculated individual conformers, transoid,
such that a certain peak disappears completely into a flat ortho, and gauche. It seems extremely unlikely that the Raman
baseline. Usually, derivative-shaped “wiggles” remain. The three peaks that we attributed to the ortho conformer instead could
pure component spectra shown in Figure 12 have been cleanedorrespond to another gauche matrix site and that the annealing
up by introducing very small shifts of peaks in the basis spectra accidentally leads to an increase of peaks attributed to the ortho
before forming the linear combinations. The SVD analysis conformer and a simultaneous decrease of peaks ascribed to
suffers from the fact that the spectral changes due to annealingthe gauche conformer (see Figure 5). In particular, the three
are small, making the basis spectra correspondirgy &mds; Raman peaks of matrix-isolated-SisCl;p near 226 cm!
somewhat noisy? (assigned to ortho and gauche), 229¢rfassigned to gauche),

The SVD analysis of the three Raman ranges correspondingand 235 cm! (ascribed to ortho) have counterparts at 224, 228,
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and 232 cm! in the spectrum of the liquid and thus are to the occurrence of rotational isomerism. We now have at our

definitely not due to matrix sites. disposal the results of reasonable ab initio calculations and a
The annealing results leave no doubt that at least in someset of fairly well-resolved mid-IR and Raman matrix-isolation
matrix environments the transoid conformems$i,Clyg is the spectra, and some of the vibrational assignments we make for

most stable of the three, and that the ortho form is more stable N-SisClio differ from those reported earlié?.We next briefly
than the gauche conformer. This stability order agrees with the discuss the assignments and some characteristics of the potential
HF/6-31G* and B3LYP/6-31G* results for isolated molecules, €nergy distributions (PEDs).
but not with the MP2(FC)/6-31G* result. Of course, the Because of the similar masses of Si and Cl atoms strong
calculated energy differences are small and differential envi- vibrational mixing between various types of motion must be
ronmental effects on stability need not be negligible. anticipated. Indeed, the calculated PED values (Tabte$)2
The host-to-guest matrix-isolation ratio and possibly other reveal that only a few of the calculated normal modes are
experimental details such as deposition rate have two significantdominated by a single symmetry coordinate. Most represent
effects on the results. First, they determine the initially deposited mixtures of two, three, or even a larger number of dominant
conformer ratio, which also is a function of deposition temper- Symmetry coordinates, and a few symmetry coordinates are the
ature, and second, they affect the kinetics of conformer dominant contribution in two different normal modes. The
interconversion upon annealing. As the host-to-guest ratio description of normal modes by a single coordinate is thus highly
increases, the transoid form increasingly dominates the initial approximate and merely helps with labeling rather than permit-
composition. We propose that this is due to slower cooling of ting an exact characterization of the vibrational modes.
the deposited guest molecules in nearly pure nitrogen compared The spectrum ofn-Si;Clip will be divided into regions
to nitrogen contaminated with a significant amount of the guest dominated by SiSi and asymmetric SiCl stretches (calculated,
molecules, which are effective at randomizing the energy of 568.6-609.9 cnl), symmetric SiCl stretches (calculated,
molecular vibrations into heat. 312.1-491.2 cmY), a range of deformation modes (calculated,
The observed effect of the matrix-isolation ratio on the rate 36.6-240.6 cnt?), and torsional vibrations around the SiSi
of the interconversion of the conformers in the matrix suggests bonds (calculated, 14-81.1 cn7?). In the following section,
that the effective viscosity of the matrix increases as the guestwhen we refer to observed frequencies, we always mean matrix-
concentration grows, and this appears reasonable. It wasisolatedn-SisClio.
particularly fortunate that we found experimental conditions with  SiSi and Asymmetric SiCl Stretches. The three SiSi
relatively high guest concentrations where up to annealing stretches span the irreducible representations 2a(2a, + by
temperatures of 28 K the gauche conformer is primarily in the hypothetical planar anti structure). The calculated PED
converted into the ortho conformer, and this is only converted values show that the SiCl and SiSi stretching modes are strongly
to the transoid conformer at higher temperatures. One could mixed. As a consequence the latter are blue-shifted from values
hardly ask for a more convincing demonstration of the presencenear 450 cm?! observed in methylated oligosilanes or polysi-
of three species. Moreover, this result demonstrates that in thislanes toward values above 550 chin n-SisClio. The highest
highly viscous medium the gauche ortho transformation is  experimental value af(SiSi) is perhaps that reported by fi
easier than the orthe— transoid or gauche— transoid et al3! in the Raman spectrum of Sl (624 cnTl), where a
interconversions, as would be anticipated from the dihedral angle normal-coordinate analysis employing spectroscopic force con-
changes involved. stants showed a strong mixing between the symmetry coordi-
However, all of our studies show that even matrices annealednatesvsym(SiCls) andv(SiSi), with the latter dominating the 624
to 32 K contain substantial amounts of remaining twisted cm ! vibration. This result was confirmed very recently by ab
backbone conformers and that the transformation process ofinitio calculations®? For the three conformers ofSi,Clio the
twisted conformers into the transoid structure is far from highest SiSi stretching mode is predicted at 609.9 (transoid, PED
complete. A similar observation was made for the tetrasilane dominated by §, 601.9 (ortho, PED dominated by)Sand
chainn-SiyMeyo in xenon matrix§ where annealing led only to  600.6 cn? (gauche, PED dominated bygpand is observed
partial conversion of the gauche into the transoid form (at the near 616 and 606 cm, respectively. The stretching mode of
time called anti). Clearly, the distribution of activation energies the central SiSi bondv(SiSi(a,g)) is predicted at 574.5
for conformer interconversion as a function of detailed matrix (transoid), 568.6 (ortho), and 572.3 tin(gauche) and is
environment is very wide. In contrast, in matrix isolation studies observed near 571 crhin the Raman spectrum. This normal
of n-C4F10 in N2 matrix?3 the ortho conformer disappeared mode is calculated to contain significant contributions from
guantitatively after annealing to 16 K and the gaueh&ransoid Vasyn{ SICl(S13)), andvsyn(SIClx(Sz)), and Sz actually dominates
rearrangement was complete after annealing to 25 K. Appar-the PED for the ortho conformer (PED: 3%:S31 S, 21 S5).
ently, the interconversion of backone conformers in matrices is The frequency of the SiSi mode of symmetry )(is sensitive
much more demanding for the larger tetrasilane backbones tharto the backbone conformation and is predicted at 577.5
the smaller perfluorinated butanes. The more quantitative aspectgtransoid), 596.4 (ortho), and 600.6 ch(gauche). Again, the
of conformer interconversion induced by matrix annealing labeling of these modes &§SiSi) is highly approximate since
clearly leave much room for further exploration. for the transoid formyS(Si(b,k)) contains strong admixtures
Vibrational Assignments and Calculated Potential Energy ~ from vasyn{SiCls(Szs)) and vasyn(SiCl(S21)), and for the ortho
Distributions. Some time ago, Hassler and co-workers reported form, vasy{SiCls(Sz)) is the dominant symmetry coordinate.
the results of a normal-coordinate analysisne&isClyo using a Asymmetric SiCl stretches can be divided intgyn{SiCls)
set of spectroscopic force field parameters that were fitted to modes spanning the irreducible representations- 2 (g +
represent the observed frequenéie$heir analysis was based &, + by + by) andvasyn(SiCl) modes transforming as-ab (a,
on the assumption that only a single anti conformerCef + by). These modes are not particularly sensitive to the backbone
symmetry contributed to the observed spectra. Observed bandsonformations and possess reasonably simple potential energy
that did not quite obey the mutual rule of exclusion imposed distributions, such that their description by a single symmetry
by the point groupC,, were attributed to impurities rather than  coordinate is justified, though far from perfect. These modes
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are observed in the range from 570 to 617 érand need not Conclusions
be discussed in detail.

Symmetric SiCl Stretches.The symmetric SiCl stretches can
be divided intovsym(SICly) stretches spanning the irreducible
representations a+ b (g + by) and vsy(SiCl) modes
transforming as & b (& + by). These modes are also predicted
to be relatively insensitive to backbone conformation. The
vsym(SiCl(a,&)) and twovsy(SiCls) modes are observed at 318,
373, and 444 cm, respectively. Thess,(SiCl(a,a)) mode
has strong contributions frods,(SiCls(a,a)), which actually
dominates this mode in the gauche and ortho conformers. The
remainingvs,n{SiCh(b,h,)) mode is predicted at 491.2 (transoid),
488.1 (ortho), and 486.0 cmh (gauche). The observed values

O X
are 4: 8 crr(ij (dt': erence peak)t fgrbtransczlq and 495’ chior at a geometry that appears to be closer to the planar anti form
gauche and ortho, as suggested by matrix anhealing. than is the case for the matrix-isolated transoid species. This

Deformation Modes.CISiCl deformations appear below 250 may be due to Crysta| packing forces (note that the p0|ymer’
cmL. They are predicted to have a fairly high Raman intensity [SiCly],, is planar all-anti in the solid for#).

and some are calculated to vary substantially with the SiSiSiSi

dihedral angle. The 18 modes can be subdivided into two Ad(now]edgment_ This work was Supported byagrant from
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