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The structures of hexachlorodisilazane, NH(gj£land hexamethyldisilazane, NH(SihMle have been
calculated at HF/6-31G* and MP2/6-31G* levels. Both contain planar Hbl&iletons and show the expected
staggering of the substituents as seen along theSsdirection, as previously found in the electron diffraction
structure of the hexamethyl compound. Unlike the latter, however, the ab initio structures both belong to the
C, point group. Force fields for these two molecules and for tetrachlorodisilazane, NHEgik@re calculated

at the HF level and scaled to produce vibration frequencies for comparison with previously obtained spectra.
For NH(SICB),, all but five of the fundamentals are satisfactorily assigned. Seven scale factors could be
refined, other factors being transferred from model compounds. For the hexamethyl compound, the interpretation
was less detailed. In all three molecules the out-of-plane NH bending motion is found to be associated with
fundamentals around or below 400 cinfar lower than previous assignments. The force constant for this
motion is greatly reduced as chlorine substituents are replaced by methyl groups, which shows the sensitivity
of the stability of the planar system to the inductive effect of substituents. For tetrachlorodisilazane, NH-
(SiHCL),, earlier spectra were reanalyzed and evidence was found for the presence of two conformers, as
suggested by previous ab initio investigations. The vibrational properties of the SiH bonds were explored by
extending the ab initio calculations to a series of nonequilibrium structures, with the object of mapping variations
in the SiH bond with change in torsional angle. This bond is strongest in the skeletal plane and weakest at

right angles to the latter, which is in accordance with an r(®¥(Si—H) orbital interaction. However the
orientation of the other silyl group also influences SiH bond strength. Long-range interactions are found
between the stretching motions of both SiH and SiCl bonds. The former appear to arise from-dipole
interactions between the SiH bonds, but the source of the latter remains obscure. The form of the observed
vSiH spectrum suggests that signal averaging conceals the splittings expected from both interactions and
bond strength variation. Electrical properties of the SiH and SiCl bonds are examined.

Introduction A curious feature of these systems is the appearance of two
o ) ) vSiH bands in all the spectra of NMe(SiHX)¢ompounds but

Disilazanes of the type NR(SiXYZhave been of interestto  gnly a single band for the NH analogues. The splitting in the
the theoretical chemist since the first determinations of structure former series has been analyzed in terms of a variation with
in N(SiHz)s, NH(SiHs)2, and NMe(SiH), by the gas-phase  torsional angle in the individual SiH bond stretching frequencies
electron diffraction method indicated that the RiSkeleton (“¥sSiH” values), together with a long-range interaction beween
was planar and accompanied by a wide SiNSi afileThe the stretchings of the two SiH bon#While these effects are
same has found to be true in all derivatives subsequently 5o present in the NH compounds, signal averaging appears to
studied?™*2 be the source of the single broad band seen.

Particular attention has been given in these studies to the Of the three compounds studied in the present work, NH-
mutual orientation of the substituents on the two silicon atoms, (SiCls), has been the subject of an infrared and Raman
which in the case of asymmetrically substituted SpQfoups investigation followed by an empirical force field for those
can lead to a variety of conformers. The structural principle vibrations associated with the;And B species of an assumed
found to govern conformation is the tendency for bulky C,, structurel® no electron diffraction or other structural study
substituents to be staggered when viewed along theS8i  having yet been made. In this structure, the chlorine atoms
direction? In the special case of NR(SiHMeGlyompounds, eclipse each other when viewed along the--Si direction,
diastereoisomers will in general be present and have beenwhich now seems unlikely in light of the electron diffraction
detected by the combined use of spectroscopic, ab jrtid evidence noted above.
electron diffraction method$:3 For the second molecule, NH(Sil)g an electron diffraction

In systems involving SiHMgand SihMe groups, structural  structural study shows planarity of the HNSiystem and an
evidence obtained by the electron diffraction method has beenalmost staggered arrangement of the Sill®ups viewed along
supported by infrared studies in the SiH stretching region near the Si-+Si direction, the overall symmetry beiriy.6 A number
2200 cnrl14 of spectral studies are availaBfe2°
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A feature of the assignments in the latter is a gross uncertainty update of ASYM2F/ for transformation into internal coordi-
as to the location of the out-of-plane NH berihNH. The nates followed by scaling according to the method of Pulay et
lowest estimate for the latter is 774 chi® al28 The latter scales off-diagonal symmetry force constants

The stiffness of this motion is a direct measure of the forces by the geometric mean of the corresponding diagonal ones.
imposing p|anarity ina System WhiCh, were two or three methy| A feature of the additional calculations performed for NH-
groups rather than silyl ones to be involved, would be pyramidal. (SIHCL). was the optimization of structures in which the
There is therefore a general interest in identifying the positions orientations of the two silyl groups were fixed at chosen
of this mode in the spectra, or at least its associated forcetorsional angles. This was to permit an exploration of the
constant, for molecules of the type NH(SiXY:Zdnd relating conformational dependence of the SiH bond distance and force
these to the effect of substituents. constant. Such structures not being equilibrium ones, in general

The third molecule, NH(SIHG),, was first studied by thgy give rise to at least one imaginary vibration frequgncy. In
vibrational spectroscopy, and the spectra were interpreted agP"inciple, the presence of a nonzero force in an otherwise fully
favoring aCs structure?! In a recent joint ab initio and electron optimized structure can render the subseq_uent calculation of
diffraction investigatiort MP2/6-31G* calculations indicated ~ Téduency meaningless. However, we consider that the nature
the presence of two minima in the potential surface, both having ©f the constraint which we apply can only perturb the lowest
SiH bonds in the skeletal plane with point groups and pairs of part of the vibrational spectrum, where the torsional modes are
HNSIH dihedral angles respectively,, (180°,18(%) and Cs located, and leave the upper part, where the stretchings of the

(0°,180), their abundancies being 43% and 57%. However the SiH ponds are to be found, un.disturbed and meaningful. The
barrier between the two conformations was very low, as reflected CONSistency of the results obtained there supports our belief.
in a low torsional frequency of 5 cm, which indicates very _ _I—_|owever,_for all exercises which mvolved_ scaling of the ab
easy rotation about the SiN bond. The electron diffraction MNitio force field, as was needed for analysis of the complete
analysis carried out on the basis of these two ab initio structuresSPEctrum, only equilibrium structures could be treated, since
yielded a slightly higheR factor than that based on either of ASYM40 cannot handle imaginary frequencies. Thus for NH-

two single structures, the first of these, with HNSiH angles of (SIHCL),, we were obliged to treat th€, (171.5,171.5)
146,155, being nearly staggered along the-S8i axis and structure predicted at the HF/6-31G* level, rather than the almost

the second, a 13]80° structure, being nearly eclipsed in this identicalCy, (18C°,180°) one, which is an equilibrium structure

sense. However, no firm conclusion could be drawn from the Only at the MP2/6-31G* level, not in the HF/6-31G* calcula-

. . . 11
electron diffraction evidence about the presence or absence oftlon. » . . o
more than one conformer In addition to calculations of frequency, we include in this

The ab initio result that the 180187 structure has the lowest work electrical properties associated with the bonds or atoms
. . : : ) . concerned.
energy is of interest in that this structure is completely eclipsed,

. The Gaussian 94 program outputs not only the Mulliken
by contrast to the preference fo_r staggered structures ?St.ab"She%harges for all the atoms but also the dipole derivatives of each
earlier for other compound3 A likely explanation for this is a

. - ) . . . atom with respect to their Cartesian displacements in a space-
greater importance of n(N)o*(Si—Cl) interactions in this fixed frame,api/aa (@=x y, 2), the elemgnts of the so-callgd
mO|EC,UIe' ) . o atomic polar tensoP,.2° Associated with the latter are various

While complete vibrational analyses of molecules of this kind invariants, of which the King effective chargg° defined for
remain a distant prospect, the availability of ab initio force fields ¢5ch atoma by

supplemented by judicious scaling should provide a much

improved understanding of existing spectra, particularly in 2 ,

relation to the structure(s) which may be present. The scale Ea = (Py)~(Py)

factors needed for such an exercise will in many cases need to

be transferred from model compounds of similar structure for iS the most quoted (alternatively quotedjas= 3 Y%). This
which good assignments can be made. Such Compounds arguantity reflects all the intensities associated with both vibrations
SiH;SiHCL,22 NMe(SiHs),, and SiHMe.23 NMe(SiHCL), has and rotations of the molecule. If, for a terminal atom, the axes

been a recent example of such a stétly. with reference to which the atomic polar tensor is defined are
The present work forms part of an ongoing study of silazanes rotated so that one axis lies along the bond concerned, then the
which includes NH(Sil),, NMe(SiHs),, and N(SiH)s. corresponding column elements of the tensor give the compo-

nents of the dipole derivative with respect to the stretching of
that bond,du/dr, from which the magnitude and direction of
the vectorgu/dr can be obtained.

The ab initio calculations were carried out using the Gaussian 0 SiH bonds, where the degree of local mode behavior is
94 progran®s For NH(SICh),, and NH(SiMe),, optimized very high, this will be the only electrical quantity of importance
geometries and analytical Cartesian force constants werel" determining the intensities of the SiH stretching vibrations.

obtained using HartreeFock theory and the 6-31G* basis &ét. In principle, the chemical interest in such properties is as great
Optimization was also carried out at the MP2/6-31G* level. In as that in force constants and the only reason for the compara-

both cases, the ‘“tight’ option for convergence on the final tively ]ittle attention paid to them lies in thg diﬁiculty of
geometry was employed in order to ensure that the fourth obtaining such data experimentally. The availability of such
decimal place in the bond lengths was significant. However information from ab initio sources therefore provides a welcome

calculations without this condition indicated that this precaution °PPOTtunity not to be missed.
was unnecessary. Earlier data on NH(Sipg&t obtained at
these levels were supplemented by further HF/6-31G* calcula-
tions undertaken for us by Dr. M. Bl at the University of NH(SIiCl3),. The structure of this molecule as determined ab
Zurich. In all cases, the output from Gaussian 94 of Cartesian initio belongs to theC, point group. When viewed along the
force constants was introduced into the program ASYM40, an Si---Si direction, as in Figure 1, the staggering of the chlorines

Theoretical Section

Results and Discussion
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Figure 1. HF/6-31G* C; structures of NH(SiG), (top) and NH-
(SiMes), (bottom), viewed along the 8iSi direction.

TABLE 1: Ab Initio Geometries (6-31G* Basis) and
Internal Coordinates for NH(SiCl3),, C, Symmetry

internal

bond length/angke HF MP2 coordinates
rN(1)Si(2),rN(1)Si(3) 1.7137 1.7243 15,13
rN(1)H(4) 1.0054 1.0208 ry4
rSi(2)CI(5),rSi(3)CI(8) 2.0316 2.0294 rs,rg
rSi(2)CI(6),rSi(3)CI(9) 2.0382 2.0355 rg, g
rSi(2)CI(7),rSi(3)CI(10) 2.0362 2.0341 r7, 110
OSi(2)N(1)Si(3) 134.6 1313 y23
OH(4)N(1)Si(2),0H(4)N(1)Si(3) 112.7 1144 Y24 Y34
ON(1)Si(2)CI(5),0N(1)Si(3)CI(8) 1105 109.7 B2s fags
ON(1)Si(2)CI(6),ON(1)Si(3)CI(9) 107.0 107.0 pB2e f3e
ON(1)Si(2)CI(7),0N(1)Si(3)CI(10) 112.3 1125 f27 P10
OCI(5)Si(2)CI(6),0CI(8)Si(3)CI(9) 110.3 110.8 dasg Og9
OCI(5)Si(2)CI(7),0CI(8)Si(3)Cl(10) 108.4 108.4 as7 Os10
OCI(6)Si(2)CI(7),CCI(9)Si(3)CI(10) 108.2 108.4 «e7 09,10
[CI(5)Si(2)N(1)Si(3),[TI(8)Si(3)N(1)Si(2) 36.8 37.0 71351728
[CI(6)Si(2)N(1)Si(3),[TI(9)Si(3)N(1)Si(2) 156.9 157.3 736 129
[CI(7)Si(2)N(1)Si(3),[CI(10)Si(3)N(1)Si(2) —84.4 —83.8 137 72,10
IN(1)Si(2)Si(3)H(4) 0.0 0.0 W2,3.4
[TI(6)Si(2)N(1)H(4),[TI(9)SIBN(L)H(4) —23.1 —22.7
[CI(6)Si(2)Si(3)CI(9) —56.4 —56.9

aOdenotes a dihedral angle. Bond lengths in angstroms; angles in
degrees. Atom numbering as in Figure 1.
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With an initial transfer of scale constants from other
molecules, a pleasing number of assignments of the observed
bands could be made, ten out of twelve in the A symmetry
species and nine out of twelve in the B species. The most
interesting of these from a structural point of view is thé&lH
bending mode, which is identified at 390 chior thed, species,
shifting to a coupled mode at 367 cinfor the d; one.

In several cases, pairs of frequencies belonging to the A and
B symmetry species are predicted close together with rather
different infrared and Raman intensities. On the basis of such
intensities, we consider that the frequency observed at 472 cm
in the infrared spectrum has an origin different from that at 476
cm~1in the Raman spectrum, as indicated in Table 2.

The final refinement of scale factors was limited to seven
independent parameters, as listed in Table 3. While the
symmetric and asymmetric NSstretches required differing
values, there was insufficient evidence for similar differences
to be discerned in the SiCl stretches, the problem being overlap
between intense and closely spaced bands.

A small improvement in the fit resulted from allowing the
0asSIClz and dsSiCls factors to refine. When thgSiCls factors
were similarly allowed to float, the scale factor for theNH
motion drifted rather lower than seemed probable, with very
little improvement in the fit. The skeletal bends other than the
0SiCl; ones were therefore constrained to transferred values.
Even so, the factors for both th&NH and 6pNH bending
motions are lower than is usual, particularly the latter.

In Table 5A, we compare some valence force constants in
our work with those from the previous empirical force fiéfd.
The agreement is good between the two sets of values except
for the NSI-NSi stretch-stretch interaction, which is rather
larger in the ab initio calculation. In Table 5B, we list
interactions between the stretches of the SiCl bonds, which are
significant even between bonds on different silicons, indicating
a long-range interaction of some kind. A rough correlation with
the CISISIiCl torsional angle is evident. In Table 5C, we show
values of gu/or for the SiCl bond which also vary with
orientation and partly at least reflect changes in the Mulliken
atomic charge.

NH(SiMe3),. The HF/6-31G* structure determined for NH-
(SiMe3), is shown in Figure 1, the parameters for this and the
MP?2 structure being listed in Table 6. As for NH(Sifg) the
point group is found to b&,, with a staggered configuration
rather close to that for the Sigtompound. There is a similar
difference in the NSi angle between the HF and MP2
calculations compared to that found for NH(Sjg/l but the
skeletal torsional angles CSiNH are essentially identical at the
two levels and doubt must therefore be cast on the asymmetry
present here in the electron diffraction structtifénere is also
a marked disagreement with the ED structure over the HCSIN
torsional angles, the methyl groups in the ab initio structure
being almost exactly staggered, which is not the case in the
ED structure. This we attribute to the low scattering contribu-
tions of the H atoms.

We note that the ED structthef NMe(SiMe3), also has a

is clearly seen. The geometrical parameters determined are venfc2 Skeleton, but since the CSiNH dihedral angle there38.4,
similar at the HF and MP2 levels, as shown in Table 1, the it is rather more staggered when viewed along the-Si

largest difference being one of 3.8 the SINSi angle.
Table 2 lists the vibrational quantities calculated for the

direction than we find here for the NH compound.
In analyzing the vibrational spectra, there is little point in

andd; species, together with the scaled frequencies and potentialattempting to distinguish each of the methyl group internal

energy distributions. Tables 3 and 4 give the symmetry

modes, other than the rocking motions expected in the region

coordinates, scale factors, and symmetry force constants re-below 900 cnt. Table 7 therefore lists data for the remaining

spectively.

21 modes in each of the A and B symmetry species.
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TABLE 2: Ab Initio Vibrational Data and Observed Frequencies for Hexachlorodisilazanes

A. NH(SiCly),
mode Vuns@ AP Re dp? Vs Vobd PED? motion
A

21 3746 89 48 0.28 3356 3356 1005 vNH
V2 802 234 1 0.51 767 767 725, 10S; vsNSi,
V3 673 271 2 0.21 632 626 30S;, 58% VasSICls
V4 636 6 4 0.74 597 595 20S;, 21, 685 VasSICls
Vs 504 5 14 0.02 470 476 40S;, 19S5, 14S vsSiClg
Ve 358 0 7 0.05 336 335 225, 115, 215 cpld
V7 230 0 4 0.75 216 213 54S;, 1451, 0asSiCls
Vg 204 10 2 0.75 194 194 195, 755 0asSiCls
2 150 0.4 2 0.69 142 146 46S;, 23S, 125, 0sSiCls
V10 133 0 3 0.74 124 130 44S, 3550, 53511 pSICls
V11 73 1 0.3 0.74 67 ﬁ, 22510, 1$11 (SNSIZ
V12 24 0 0 0.56 22 1062 7SiCls
B
V13 1390 332 0.1 1223 1215 2353, 8557 OiNH
V14 1024 450 0.1 966 975 82S3, 1457 vadNSip
V15 671 585 1 623 617 3254, 58556 VasSICls
V16 637 63 4 597 600 38814, 67&_5 va§iCI3
V17 499 103 0.2 468 472 29S14, 30S;5, 3156, 10S;0 vsSiClg
V18 448 36 1 388 390 57Sis, 135, 2853 OooNH
V19 304 0.2 0.4 267 38Bis, 2050, 1953 pSICls
V20 268 41 1 254 250 85819 (35$|C|3
Vo1 221 8 4 209 208 66S: 0asSiCls
V22 182 5 0.5 172 1™ 9950, 11S3 0asSiCls
V23 129 0.7 2 119 1815, 361, 455, 493 pSICls
Vo4 25 1 0.1 23 35, 1753, 1515, 7SiCls

B. ND(SiCh)z
mode Vuns@ AP Re dp Vs& Vobd" PED? motion
A

21 2738 68 23 0.31 2454 2484 180 vND

V2 793 230 1 0.56 757 757 B 11S NSk,
V3 673 271 2 0.21 632 623 %) 585 VasSICls
Va 636 6 4 0.74 597 2B, 215, 685 VasSICly
Vs 497 3 14 0.02 464 I/, 195, 13S vsSiClg
Ve 357 0 7 0.05 335 23, 125, 21S, cpld

V7 230 0 4 0.75 216 5%, 145, 0asSiCls
Vg 203 10 2 0.75 193 X, 745 0asSICly
Vo 150 0.4 2 0.69 142 19, 465, 23S, 1259 0sSiCls
V10 133 0 3 0.74 124 4%, 355, 5351 pSiCls
V11 73 1 0.3 0.74 67 63, 2250, 13511 ONSi,
V12 24 0 0 0.56 22 1082 7SiCls

B

V13 1175 669 0.2 1087 1074 8, 31S;; valNSip
Via 877 86 0 788 786 2453, 6557 oiIND
V15 667 551 1 621 612 By, 60S6 VasSiCls
V16 631 72 4 590 590 5_4, 6%15 vaSSiCIg
V17 497 96 0.1 466 471 I, 285;5 31S;6 vsSiCls
V18 418 33 1 371 367 ﬂg, 2@22, 40523 Cpld
V19 267 41 1 252 250 88 0sSiCls
V20 242 1 0.4 210 208 g, 2851, 21S, cpld
Vo1 221 8 4 207 285, 3951 cpld
V22 180 5 0.6 171 9820, 12322, 12523 6aSSiCI3
V23 127 1 1 117 2615, 341, 405, 5253 pSiCls
Vo4 24 1 0.1 22 1521, 35322, 17523, 15524 'L’SIC|3

aUnscaled frequency (cm) from the HF/6-31G* calculatior? Infrared intensity (km moll). ¢ Raman scattering activity (Aamu?).
d Depolarization factor. These are all 0.75 for the B modésequency (cmb) after scaling! Frequency observed in ref 15Potential energy
distribution: terms>10%." Infrared.' RamanJi Modes strongly coupled.Average of infrared (128 cml) and Raman (132 cm) frequencies.
' Reference 15 has 786 ctnin Table 5 and 796 cnt in Table 1.

To predict where théNH bending modes would appear in  transferred from NH(SiG), or SiHMe.?® (The symmetry
the spectrum, NHND frequency shifts were calculated; these coordinates for the latter provided the basis for all those for the
are listed in the sixth column of Table 7. disilazane except for those involving the HMNSystem, which

Many of the frequencies appear in A/B pairs, as occurred were as for the SiGlcompound.) Insofar as the SiHMmethyl
also for the SiG compound, and the broad bands observed in rocking coordinatepMe were based on motions' &and A’
the liquid-phase spectra are clearly composite. Refinement of with respect to the local symmetry of the methyl group, as in
scale factors for the HF/6-31G* force constants had to be limited the case of trimethylaming&,a number of the methyl rocking
to three parameters, those for theH andv.NSi stretches and ~ motions in the disilazane could be categorized as ejther
that for the 6,NH motion.The remaining scale factors were p" motions. The high degree of coupling in most cases meant
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TABLE 3: Symmetry Coordinates and Scale Factors for NH(SiC}),?
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motion symmetry coordinate scale factdr
yNH Si=r4 0.8027(281)
veNSi, S=r+r1; 0.9396(358)
vadNSiz Sis=Tr2—1r3 0.9121(326)
vSiCl S, Su=rs+trg 0.8792(141)
vSiCl Si Sis=re=£ o 0.8792(141)
vSiCl S, Sis=r7+£ 10 0.8792(141)
(3NS|2 & = 2}/2,3 — Y24~ V34 08470

5§iC|3 S7,Slg = ((15,6 + 05,7 + (15,7) + ((Xglg'f‘ (Xgllo‘f‘ (19,10) 0.9026(162)
6aSSiC|3 &, Szo = (20.5,5 — 057 — (16,7) + (2(13,9 —0g,10 — (19,10) 09026(162)
éa§iC|3 S3, 821 = ((15,7 - (16,7) + (0»8,10 - (19,10) 09026(162)
pSICl; S10,S2 = (2825 — P2s — P27) £ (2B — P3o— PB3.10 0.8460

pSICls Si1, Si3= (2.6 — f2.7) = (B39 — P3.10 0.8460

‘L’SIC|3 512, &4 = (‘L’315+ 73,6 + ‘L’317) + ('L’213+ 72,9 + 1’2,10) 0.8460

6||NH S_|_7 =Y24— V34 07545(279)
6DNH S_Lg =W1234 06652(436)

a1n the C; point group,S,—S;2 (positive sign alternative) belong to the A symmetry speciesSaneS:. to theB species (negative sign alternative).
Normalization factors omitted.Internal coordinates as defined in Tablef In parentheses, the standard error in the last digits quétEdnsferred
from NMe(SiHs), (current work in our laboratoriesy.Transferred from SiBiHCL?? after squaring to allow for a redefinition.

TABLE 4: Symmetry Force Constants of the Scaled HF/6-31G* Force Field for NH(SiG),2

Symmetry Species A
6.2552
0.0673 4.9577
—0.0074 0.0968 3.1275
—0.0396 0.1438 0.1605 3.0776
—0.0078 0.1058 0.2028 0.1898 3.0559
—0.0919 0.1874 —0.0018 0.0179 0.0076 0.4495
0.0509 —0.3394 0.0899 0.0684 0.1205 —0.0763 2.0369
0.0047 —0.0002 0.0979 0.0870 —0.2203 —0.0244 —0.0318 0.8186
0.0049 0.0246 0.1643 —0.1782 —0.0058 0.0093 —0.0144 —0.0165 0.8824
0.0411 0.0424 0.2136 —0.1299 —0.1126 0.0111 —0.0232 0.0490 0.1866
0.8454
—0.0485 —0.0066 0.0213 0.2248 —0.1826 —0.0107 —0.0049 0.1675 —0.1069
—0.0895 0.8194
0.0065 —0.0028 —0.0078 0.0057 0.0055 0.0141 —0.0026 —0.0116 0.0256
—0.0006 0.0197 0.0363
Symmetry Species B
4.1424
0.2396 3.0862
0.2275 0.1452 3.0265
0.2549 0.1429 0.1522 3.0342
0.1568 0.0341 0.0053 0.0147 0.3814
—0.0268 —0.0488 —0.0037 0.0336 —0.0008 0.0884
—0.05140 0.1731 0.1364 0.2022 —0.0351 0.0259 1.8275
0.0563 0.0729 0.0778 —0.1986 —0.0022 0.0195 —0.0442 0.8054
—0.0316 0.1966 —0.1900 0.0017 0.0302 0.0405 0.0091 —0.0015 0.8545
—0.0487 0.2205 —0.1410 —0.0798 0.0721 —0.0817 0.0193 0.1117 0.0954
0.7703
—0.0063 —0.0343 0.2134 —0.1550 —0.0469 0.0182 —0.0332 0.1615 —0.0924
0.0007 0.7848
—0.0055 —0.0165 0.0049 0.0036 0.0002 0.0035 0.0055 0.0122 0.0105
—0.0187 0.0298 0.0059

aUnits: aJ A2, aJ Alrad?, aJ rad2

that only a qualitative description of each mode was appropriate
for inclusion in Table 7.
This coupling extends also to theNSi, motion. However,
the mode with the highest PED contribution from th&lSi,
force constant, at 570 crh, is well reproduced by the scale
factor transferred from NH(Sig} and there is no evidence for and SiH and SiCl properties generally.
significant error in this factor. Table 8 shows the ab initio data obtained for the two
A surprising feature was the absence of any mode specifically structured andll, which represent minima on the PE surface
associated with thed)pNH motion, the PED terms being at the HF/6-31G* level, the HSINH dihedral angles for which
distributed over a series of frequencies from 350 town- are 171.8,171.5 (C;) and @,18C (Cy), respectively. The
ward. This is due to an unusually low force constant for this frequencies include those calculated before and after scaling of
motion. A more detailed investigation of the far-infrared the force constants involved, together with a provisional
spectrum is desirable. assignment of those previously obserééd.

NH(SIHCI,),. General AssignmentJhe first consideration
here is to inquire if existing vibrational spectra are compatible
with the presence of two conformers, as the ab initio study
suggested! The second line of inquiry will be into the
conformational dependences of the SiH stretching frequency
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TABLE 5: Valence Force Constants and SiCl Bond
Properties from the Scaled HF/6-31G* Force Field for
NH(SIiCl3),

A. Diagonal Valence Constants andnteractions

constarit f femg® constarit f fomg®
f(NSI) 4.5500 4.53 f'(NSiz,NSi) 0.4077 0.13
f(SiCls), f(SisClg)  3.1070 3.00 f'(SiCls,SkClg) 0.1528 0.20
f(SiClg), f(SisClg)  3.0522 3.00 f'(Si,Cls,SikCl7) 0.1729 0.20
f(SiCly), f(SisClig) 3.0452 3.00 f'(SiCls,SkCl7) 0.1710 0.20

B. Remote Valence Interaction Constants
[C|iSi25i3C|j/ I’C|iC|j/

stretch-stretch constant fra deg A
f'(SiCls,SiClig), f'(Si,Cl7,SkClg)  0.0300 —41.87 4.125
f'(SixCle,SisClg) 0.0256 —56.41 5.851
f'(SizCls,SisCls) 0.0206 68.21 4.010
f'(SixClg,SisClig), f'(SiCl7,SkClg)  0.0188 75.82 5.504
f'(SizCl7,SisClag) 0.0108 —151.95 5.816
f'(SiCls, SkClo), f'(Si,Cls, SkClg) 0.0076  —174.10  5.769

C. Electrical Properties Associated with the SiCl Bonds

bond oulorle ¢¥deg Ele g'le

Si,Cls —1.012 1.8 1.139 —0.257
SixClg —1.116 1.2 1.231 —0.274
Si,Clz —1.089 2.7 1.209 —0.253

aUnits: aJ A2 » Empirical force field of ref 15¢ Dipole derivative
with respect to stretching of the SiCl borftAngle betweerdu/or and
the bond direction¢ King effective atomic charge on ClMulliken
atomic charge on Cl.

Scaling was carried out in part by transfer of scale factors
from a parallel HF/6-31G* treatment of NMe(Sjd and a
similar one of SiHSIHCI,?2 and in part by refinement to eight

Fleischer and McKean

those of Fleischer et 8. Whereas previously thé-NH mode
was estimated to lie at 964 cr not far below the in-plane
mode at 1192 crmt, the unscaled HF/6-31G* calculations place
these two modes at 533 and 13647¢rin | and 449 and 1364
cmtin Il . Two previously unaccounted-for bands at 460 and
390 cnt! are then readily explained on the basis of scale factors
which resemble closely those for the in-plah@H motion, as
shown in Table 9. These two bands thus constitute strong
evidence for the presence of two distinct conformers.

The number of polarized Raman lines below 500 &mlso
is better explained by the presence of bb@#ndll, as shown
in Table 8. An additional very weak polarized Raman line at
763 cnTl, previously assigned as the combination 50262
cm™1, then becomes a fundamental, thdlSi, mode forl, 57
cm™! higher than its value fotl, as predicted for both the
unscaled and scaled values.

We note also that if our interpretation of the spectra below
510 cn! is correct, the frequencies 501 and 262 énare
associated with different conformers and cannot therefore give
rise to a combination band.

As might be expected, the fodrSiH modes, once scaled,
are little different for the two conformers and do not assist in
discriminating between them. The highest unscalgiii differs
by 21 cnt® for | andll, which arises from the coupling ith
which occurs with this mode ang NSi; above. This coupling
largely disappears on scaling since the scale factors for the two
kinds of motion are very different, as seen in Table 9.

Only one of thevSiCl modes, the lowest one near 500¢mn
is significantly different for the two conformers.

Overall, the evidence for two distinct conformations appears
strong, which is perhaps surprising in view of the flat nature of

observed frequencies, four of which, 3393, 2247, 1192, and 964the PE surface according to both HF and MP2 calculatiéns,
cm~1, are common to both structures and are of uncontroversial which is reflected in the very low frequencies predicted at the

origin.
Of the other four frequencies, two, at 460 and 390 &m

bottom end of the spectrum. The lowest two of these are largely
torsions of the SiHGI groups but involve also a significant

represent the principal change in assignment made here fromamount of other kinds of motion.

TABLE 6: Comparison of ab Initio and Experimental Geometries for NH(SiMe3),

length/angle HF/6-31G* MP2/6-31G* obs angle HF/6-31G* MP2/6-31G* oBis
rNH 1.0024 1.0177 (0.98) OSisCsHi1 111.3 1111 111.2(8)
rNSi 1.7432 1.7532 1.738(5) 0SisCsH12 110.7 110.8 "
rSizCs 1.8900 1.8847 1.876(1) OSisCsHis 112.4 112.0 "
rSizCs 1.8903 1.8844 " 0OH11CsH12 107.6 108.0 —
rSi;C; 1.8915 1.8864 " OH11CsHas 107.6 107.8 -
rCsHis 1.0867 1.0941 1.104(3) OH12CsH13 107.0 107.1 -
rCsHiz 1.0878 1.0953 " 0SizCsH14 111.7 111.5 111.2
rCsHis 1.0873 1.0948 " 0SisCeH1s 111.2 111.0 "
rCeHia 1.0881 1.0952 " 0SizCsH1s 111.5 111.3 "
rCeHis 1.0873 1.0947 " OH14CeH1s 107.1 107.3 -
rCeHis 1.0871 1.0942 " [OH14CeH16 107.6 107.9 —
rCsHiz 1.0871 1.0943 " OH15CeH16 107.5 107.8 -
rCHis 1.0881 1.0955 " 0SizC7H17 111.7 111.2 111.2
rCsHig 1.0874 1.0945 " OSisCrH1s 111.4 111.3 "
OSINSI 134.4 131.4 131.5(15) 0SizC7H1g 111.2 1111 "
ON;SisCs 110.6 109.9 110.7(5) OH17C/H1s 107.4 107.7 -
[ON;1Si5Cs 107.2 107.3 " OH17C7H1g 107.3 107.6 -
ON;SisCr 112.0 112.2 " OH1gC7H19 107.5 107.8 -
OCsSisCs 109.8 110.0 - [C6SisN:H> —19.3 —-19.# —13(4y
OCsSisCr 108.4 108.5 - [CoSisN1H; -19.3 —19.# —37(3)
OCeSisCr 108.7 108.9 - [C6SizSisCoy —47.6¢ —48.8 -
[H12CsSisN1 179.1 179.6 161(8)
[H15C6SizN1 179.1 179.1 "
[H15C7SisN1 —-177.9 —-178.7 "

a Atom numbering as in Figure 1. Bond lengths in angstroms; angles in de§i@esstraints in the ED model: planarity of the HNSIiSi skeleton;
OHNSI; = OHNSIs; rNSiz = rNSis; local Cs, symmetry for the SiMggroups, plus a tilt (found to be 2.4(9) local Cs, symmetry for the Ch
groups with axis coincident with the SiC direction; equal twisting of the methyl groups from the fully staggered Sosifisarage value? Redefined
to represent a conventional dihedral ang§l€he corresponding angles in the EL structure of NMe(SiMg), were —34.4, —34.3, and—87.5,

respectively’.
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TABLE 7: Comparison of ab Initio and Mean Observed Vibrational Data for NH(SiMe 3),, Omitting CH 3 Stretches and

Deformations
mode/sym Vuns@ AP Re Vs Avd Vobs compositiof
1A 3771 19 56 3378 908 3378 1R vNH
vsg B 1338 277 0 1180 129 1180 1R OiNH, vaNSip
v A 992 83 1 904 2 - 0''Me, v{NSi,
V59 B 987 515 0 932 58 932 R vad\Sip, p"'Me, 6;NH
v1 A 956 168 3 879 0 887 IRR" 0''Me
V60 B 947 222 0 874 7 p'Me, dadMe, v,SiCs
v A 938 0 4 863 0 - o'Me
61 B 934 28 3 856 18 848 IR p'Me, 0aSIC;, p''Me
v62B 929 65 2 831 48 836 IR/R 0''Me
vz A 871 36 3 792 2 771 1R p''Me
V63 B 843 42 0 765 0 756 IR p"'Me, p'Me, v,SiCs
vog A 834 0 4 757 0 746 Rh p''Me, v,SiCs, p'Me
V64 B 823 4 1 749 44 749 IR 1231C3, p''Me, p'Me
Vo5 A 749 0 0 699 1 - p'Me
V65 B 747 0 0 691 1 - 1231C3, p''Me, p'Me
vos A 733 26 3 687 0 686 IR vasSICs, p'Me, p'Me
Ve B 730 9 11 689 0 685 R" 1231C;, p''Me, p'Me
7B 726 38 4 651 0 663? IR 0''Me, p'Me
Vo7 A 724 0 8 676 1 - 0''Me, vsSiC;
vog A 710 3 11 653 0 669 R? 0''Me, p'Me
v6g B 638 8 1 626 3 619 IRM vsSiC;, p''Me
Voo A 588 5 28 568 7 570 IR,R vsSiCs, sNSip
V69 B 373 72 0 350 1 ~350 IR pSiCs, 0oNH, p"'Me, p'Me
vz A 366 3 3 351 2 349 Ri p''Me, 0sSiCs, dNSip, VNSip
v720B 293 9 1 260 5 - p''Me, 0asSiCs, 0sSICs, OoNH, pSiCs
v B 263 13 0 250 13 245 IR 0"'Me, pSiCs, p'Me
va1 A 252 0 1 245 0 248 Rh 0as31C3, pSiCs, p'Me
v72 B 242 6 1 233 28 231R 0as3iC;, p''Me, 3sSiCs, p'Me, 6pNH
Va2 A 225 3 0 219 0 217R 0asSiC3, p''Me, 3sSIC;, p'Me
v73B 207 0 0 201 0 - 0aSiCs, p'Me, pSiCs
V33A 192 0 1 186 0 196 N (335“33, p”Me, (35SiC3, pS|C3
174 B 182 0 0 181 2 - ™™Me
V34 A 180 0 1 177 0 174 Rh 6a§iC3, rMe, pS|C3
v3s A 172 0 0 171 0 - Me
v75 B 171 0 0 170 1 - ™Me
v3s A 170 0 1 167 0 0asSICs, pSIiC;, TMe
v76 B 165 2 1 159 7 6aSSiC3, pSiC3, p”Me
va7 A 156 0 0 156 0 Me
v77B 152 0 0 152 4 146 R ™Me
v3g A 100 0 0 94 0 ONSI, pSiCs
75 B 36 0 0 36 2 TCSINSI, pSiCs, 0rNH, 0aSiCs
V39 A 36 0 0 36 0 TCSINSI

aUnscaled and scaled frequencies (&nrfrom the HF/6-31G* force field® Infrared intensity in km moit. ¢ Raman scattering activity in A
amu L. 9 Frequency shift due to deuterium substitution on nitrogém.order of decreasing importance in the potential energy distributReference

16.9 Reference 17" Reference 18.Reference 19.Reference 20.

The six scale factors in Table 9 which were determined isotopomer. TheSSiH values were calculated ab initio for the
independently for each of the two conformers would in general species NH(SIHG)(SIDCl,) in all the structures except for
be expected to be very similar, if not identical. That only in and VI, where recourse had to be made to a harmonic local

one case, the factor foxNSi,, does the difference between the

mode treatment of thd, data??

two conformers lie very slightly outside the combined standard A problem immediately arises in that, for both of the
errors is an effective demonstration of the correctness of our conformers identified as being present from the lower part of

assignments.
SiH Bonds and theSiH RegionTable 10 shows data relating

the spectrum, there should be a significant splitting seen in the
vSiH region, either 12.5 cri for the 180,180 structurelV

to the SiH bond and the hydrogen atom in it for eight structures, or 19.2 cnt? for the ®*,180C one, I, at the HF level. A single

only two of which,ll andlll , are equilibrium ones. An HNSiH

MP2 calculation for the 180180° conformerlll suggests that

angle of 90 indicates an SiH bond at right angles to the skeletal at this level the splitting will be slightly less. However, only a

plane. The 909 structureVIl has the SiH bonds on opposite
sides of this plane,) while the 90,—90° structureVIll has
its SiH bonds on the same sid€J. The C,, structureslV
(18¢¢,180") andIX (0°,0°) have in-plane SiH bonds respectively
adjacent to and remote from each other.

The unscaled vibration frequencies and v3 and their
accompanying infrared intensitidg andAs refer to the normal

single band is in fact observed, either in the infrared spectrum
of the gas, as in Figure 2a, or in the Raman effect in the liquid
phase, as in Figure 28.

The Raman band is well fitted by a single Lorentzian profile.
Superimposed on the infrared band is a spectrum predicted from
the ab initio data above. For each of the four component bands
predicted, we have assumed a Lorentzian profile and an arbitrary

modes of the molecule and only come to equal the isolated constant width at half-height of 6.7 cth The peak frequencies

frequencies/sSiH associated with individual SiH bonds when
the two SiH bond stretches are completely decoupled imghe

of each transition were scaled with a mean scale factor, while
the relative HF/6-31G* intensities were left unchanged. (For
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TABLE 8: Comparison of ab Initio and Observed Vibrational Data for Two Conformers of NH(SIHCI ,),

I,C(171.5,171.5) I, Cs(0°,180)

Vuns@ AP Vs& Vobd Vuns@ AP Re dd Vs& Vobsd motion
V1 3741 A 72 3393 3393 3749 76 60 0.28 3393 3398 s vNH
V) 2508 A 209 2252 2247 9s 2512 100 84 0.15 2256 2247%s vSiH
V3 2496 B 9 2242 2247 Vs 2493 140 127 0.16 2238 2247%s vSiH
V4 1364 B 450 1192 1192 ¥s 1364 301 0.5 0.74 1192 1192%s OiNH
Vs 1009 B 448 964 964 s 1009 293 1 0.71 964 964 Ys vadNSip
Ve 973 A 11 886 ~890 sh 952 464 7 0.63 875 860 sh OSiH
V7 911 B 384 831 827 vs 920 41 6 0.60 838 OSiH
Vg 886 A 10 808 902 464 3 0.75 822 827 vs OSiH
Vg 875B 301 796 815 sh 889 5 14 0.75 810 797 w,dp OSiH
V10 806 A 45 763 763 vw, 743 79 5 0.67 706 706 wlp vsNSi,
V11 644 B 512 590 594 vs 632 421 2 0.75 587 594 vs 12SiClp
V12 611 A 17 572 570 w, dp 606 2 6 0.75 568 570 w,dp vasSICl
V13 585 A 55 545 574 93 7 0.25 536 vsSIiCly
Via 547 B 119 510 525s 528 25 12 0.05 495 501vs,p vSICh
V15 533 B 26 460 460 v 449 28 0.1 0.75 390 390 v OpNH
V16 297 B 13 273 386 43 2 0.41 358 346 w, p Oskel
V17 287 A 4 267 262m,p 286 2 1 0.75 259 Oskel
V18 221 B 6 200 190 sh, dp 254 2 5 0.49 234 235m,p  Oskel
V19 204 B 15 186 190 sh, dp 207 14 0.5 0.71 191 190 sh, dp Oskel
V20 174 A 2 161 174 w, dp 180 10 3 0.74 166 174 w,dp  Oskel
Vo1 147 A 0 135 143s,dp 143 1 3 0.75 132 143 s,dp  Oskel
V2 123 A 10 113 91 3 0.4 0.68 84 88 sh, dp Oskel
V23 17B 2 17 20 1 0.1 0.75 20 Tskel
Vou 6A 0 6 17 0 0.2 0.75 17 Tskel

aUnscaled frequency in cm from the HF/6-31G* calculation. Symmetry species A and B are specified fo€tstructure. A modes for the
Cs structure are identified by depolarization ratios of 0.76alculated infrared intensity in km n1dl ¢ Frequency after scaling (see textfFrequencies
reported in ref 21. Raman data, measured in the liquid phase, are identified=yofa(ized) or dp £depolarized). All other data are infrared.
e Calculated Raman scattering activity it Amu™. f Depolarization ratio? Frequency used in refining scale factdr§een in Figure 1 of ref 21
but not tabulated. This frequency was previously assigned to the combination2&D1 cnr.?

TABLE 9: Scale Factors for Two Conformers of When the sources of the calculated splittings are examined,
NH(SiHCl ), these are seen to be two-fold: coupling between SiH bonds of
coordinate type I (Cy) I (Cy identical strength, when these are oriented roughly parallel to
VNH 0.8225(55) 0.8189(89) gach o_ther_, and a_d|fference in strength, when the two bonds
vNSi, 0.9125(81) 0.9418(176) lie at differing torsional angles.
VadNSi 0.9507(96) 0.9658(195) The presence or absence of coupling is best measured by the
vSiH . 0.8066(38) 0.8063(62) valence interaction constafitwhich is clearly trivial in all cases
g?ﬁc g.g;gé g'g;gg except that in which the bonds are parallel. The source of this
Sucf 0.8460 0.8460 qoupllng seems very likely to lie in a dipotalipole interac-
Tokol 1.0000 1.0000 tion.13.24 ‘
ONSi? 0.8470 0.8470 We now look again at the'sSiH values for NH(SiHG)); in
OiNH 0.7307(78) 0.7193(155) Table 10 and reassemble them differently in Table 11 together
SoNH 0.6965(65) 0.7036(127)

with the associated electrical properties, to see what may be
2 As recommended in ref 28, apart from the skeletal torsions, which learned generally about the effects of orientation.
used .the HSINSi and CISINSI dih.edral.anglfbé'ransferred from The highest values ofsSiH occur for a bond with; = 180,
f'\ét:’(esdl(fjl!z)l?]’l CNTI\r/Iaergiﬂ)re?cﬁItrZ;tsgvﬁmg ggma%glr:tglrzii)d Trans- lying in the skeletal plane, while the lowest one is found with
2 ’ 7i = 90°. This is in accordance with an n(Ny*(Si—H) orbital
comparison with the observed spectrum in Figure 2a, the total interaction which weakens the SiH bond most wh@i—N—
integrated area of the four predicted bands was equated to thaSi—H) is 9C°. However all thevsSiH values are sensitive to
of the single observed band.) However, the conformer abun- the orientation of the other SiH bond (S)Hextreme values
dancies were those given by the MP2 calculations, 4B#% (  differing by about 1718 cm! (z; = 180,90) or 7.7 cm? (z;
and 57% (1), respectivelyt! = 0°). The smaller value for the latter is not surprising, since
The inference is clear. On the basis of the ab initio evidence, with 7 = 0°, the SiH bond is as remote from the other SiHCI
we ought to be seeing a splitting into at least two bands, or at group as it can be. As mentioned above, in thg 8@ structure
least a marked asymmetry. Failure to observe such a contourVIl the two SiH bonds lie on opposite sides of the skeletal plane,
implies an additional broadening mechanism which is most antiparallel to each other and therefore opposite SiCl bonds in
likely to be a signal averaging on the time scale of the infrared the other group. In the 90-90° form VIII , the two SiH bonds
vibrations due to the rapid interconversion of the two conform- are roughly parallel to each other.
ers. In a search for correlations betweefiSiH and the other
If signal averaging is the appropriate explanation for #8& properties listed in Table 11, the only one obvious is that with
band, and by implication for other NH(SiHR), compounds the sum of the Mulliken charges on the two chlorine atoms
which exhibit only a single band, then we must suppose that attached to the same silicon. This is shown in Figure 3 for the
the absence of such averaging in the modes below 1000 cm three types of SiHbond studied. While a connection is clear,
is to be attributed to their greater separation for the two although the gradient is different for each type of atom, its
conformers. source remains a puzzle.
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TABLE 10: Ab Initio Data for SiH Bonds in NH(SIHCI ), Structures

structure

11 p2 IV he Il e Vir Ve VIl e VIl e X e
11, 0/deg 180,180 180,180 0,180 90,180 0,90 90,90 90,-90P 0,00
AE/He 1.04534 0.22499 0.22419 0.22346 0.22145 0.22233 0.21888 0.22007
rSiH/A 1.4695 1.4548 1.4564 1.4565 1.4570 1.4554 1.4580 1.4574
rSiHa/A 1.4695 1.4548 1.4537 1.4523 1.4563 1.4554 1.4580 1.4574
va(do)/cm™2 2408.39 2509.11 2511.99 2520.23 2489.48 2495.15 2479.95 2486.52
va(do)/cm ™t 2397.25 2496.65 2492.77 2487.23 2487.37 2494.88 2474.58 2483.58
V2 — valem L 11.1 12.5 19.2 33.0 2.1 0.3 5.4 2.9
Vis(1)fenr 1 2402.85 2502.92 2492.77 2487225  2489.12 2495.0 2477.26 2485.05
Vis(2)/cr L d 2402.85 2502.92 2511.99 2520221  2487.73 2495.0 2477.26 2485.05
Aolkm mol- 161 212 100 08 111 7 274 195
Ag/km mol1 5 5 140 139 165 249 21 108
frufad A2 0.0134 0.0155 0.00 0.0019 0.0019 0.0007 0.0055 0.0041
f'am/ad A2 0.0153 0.0179 0.00 0.0027 0.0023 f 0.0076 0.0042
aular(1)le —0.253 ~0.289 ~0.375 ~0.346 -0.341 -0.314 -0.342 —0.349
H(1)ldeg 3.1 3.5 0.4 1.6 1.7 1.8 1.2 2.0
E(Hy)/e 0.529 0.586 0.621 0.600 0.604 0.607 0.632 0.605
ulor(2)le —0.253 —0.289 -0.272 —0.268 —0.316 -0.314 -0.342 —0.349
#(2)ldeg 3.1 3.4 5.0 3.6 3.2 1.8 1.2 2.0
E(Hy)le 0.529 0.586 0.571 0.572 0.608 0.607 0.632 0.605
q(H)/e f —0.1074 —0.1052 —0.1024 —0.1091 —0.0989 —0.1079 -0.1123
q(Sip)/e f 1.0644 1.0720 1.0840 1.0716 1.0884 1.0770 1.0697
q(Cli/e f —0.3153 —0.3181 —0.3239 —0.3060 -0.3192 —0.3042 —0.3117
q(Cly)le f —0.3153 —0.3181 —0.3262 —0.3251 —0.3367 —0.3334 -0.3121
q(Ho)/e f —0.1074 -0.1018 —0.0952 —0.0998 —0.0988 —0.1079 -0.1123
q(Si)/e f 1.0644 1.0713 1.0669 1.0818 1.0884 1.0770 1.0697
q(Clo/e f —0.3153 —0.3175 —0.3252 —0.3112 —0.3189 —0.3335 —0.3117
0(Clab)/e f ~0.3153 ~0.3175 ~0.3170 —0.3339 —0.3369 —0.3042 —0.3121

a1, andt; are the HSi;NH and HSi;NH dihedral angles, respectivelyNonstationary point structure: lowest frequency imaginainergy
in hartrees= —2472— AE. ¢ In the species NH(SIHG)(SIDCL). ¢ Estimate from harmonic local mode fit to HF/6-31G* full normal coordinates.
fNot available 9 Angle betweeru/dr and the SiH bond? King effective atomic charge Mulliken atomic charge. Gk and Cly are attached to

Si;, Cla and Chy to Sk.

TABLE 11: Variations in SiH ; Bond and Atom Properties
with Torsional Angles 7;, 7j in SiH;---SiH; Systems in
NH(SIHCI ),

7i values/
parameter deg 7;=180C 7=0° 7[{=90 7=-90°"
VSSiH; 180 2502.9 2512.0 2520.2 R
0 2492.8 2485.1 2489.1 R
90 2487.3 2487.7 2495.0 2477.3
ol ori 180 —0.289 —0.272 —-0.268 R
0 —0.375 -—0.349 -0.341 R
90 —0.346 —0.316 -—-0.314 —0.342
E(H)) 180 0.586 0.571 0.572 R
0 0.621 0.605 0.604 R
90 0.600 0.608 0.607 0.632
q(Hy) 180 -0.107 -0.102 —0.095 R
0 —0.105 -0.112 -0.109 R
90 —0.102 —0.100 -—0.099 —0.108
q(Si) 180 1.064 1.071 1.067 R
0 1.072 1.070 1.072 R
90 1.084 1.082 1.088 1.077
Y q(Cl)e 180 —0.631 -0.635 —0.642 R
0 —0.636 —0.624 -—-0.631 R
90 —0.650 —0.645 —0.656 —0.638

2 As defined in Table 10. UnitsySSiH in cnTt; gu/or, &, andg in
e.PR: repeats data for; = 90°. ¢ q(Cli) + d(Cli).

Two further points may be made about thesiH values.

If we compare similar structures, e.y/ for NH(SIHCL),
andl for NMe(SiHCL),?3 our calculations predict only a small
change invsSiH of several cm!, which suggests that the
chemical effect on the SiH bond of methyl substitution on
nitrogen is negligible.

A second feature of these results is that the effect$it

mentally and theoretically in our ab initio calculations, than
would be expected from data for silanes. In the latter, replace-
ment of methyl by chlorine raisegsSiH by about 44 cmt4
whereas here we see experimentally an increase of 53,cm
from NH(SiHMeCl),, at 2192 cmi,13to NH(SIHCh),, at 2247
cm1.21 The corresponding changes calculated ab initio for
similar structures are about 60 ch in good agreement. A
possible explanation involves an effect connected with the
interaction between the chlorine nonbonding electrons and the
nitrogen g electron system, which appears to be an important
influence on the conformatiof®. If such be the case, similar
larger enhancements ofSiH should be found in molecules
such as NY¥SiHMeCl and NY.SIHCL (Y = H, Me). The
connection noted above betweeSiH and the sum of the
Mulliken charges on the chlorines might then be an associated
symptom. However, a simpler explanation is that the simulta-
neous substitution in these disilazanes of a chlorine on the
remoteSi atom is through an inductive effect increasing the
shift due to chlorine attaching to treameSi atom.

Examining the dipole derivativegu/or(SiH), we find the
lowest values for bonds witly = 180° but there is no clear
distinction between those for the 9@nd O ones. There is no
uniform connection between changeifiSiH and change in
dulor. Figure 4 shows a rough connection betwégror (SiH;)
and HSINH(C) torsional angle, which incorporates data for both
NH(SiHCL), and NMe(SiHC}),.24

The unsigned King effective chargg;, which forms an
overall measure of the contribution of the atom concerned to
the intensities of all the vibrations and rotations of the molecule,
follows the variations ingu/or(SiH) to a fair extent, which
suggests that the SiH stretching intensity plays a dominant role

of chlorine substitution on the silicon is greater, both experi- in determining the value of.
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Figure 4. Correlation betweefu/dr(SiH) and the torsional angleH—
Si—N—H,C]| for NH(SiHCL), and NMe(SiHC)),.

TABLE 12: HF/6-31G* Data for SiCl Bonds in NH(SiHCI ;).

infrared spectrum (gas phase); (b) in the Raman spectrum (liquid phase),f '2a 2»
from the work described in ref 21. Superimposed on the infrared band f'1a2a

is the spectrum (dotted) predicted from the four scaled HF/6-31G*
frequencies, 2253.0\(), 2241.8 (V), 2255.6 (I), and 2238.41()

cm ! and their unscaled intensities, weighted by abundancies for the f'1b.20

two conformers determined at the MP2/6-31G* level, of 91.2, 2.0, 56.9,
and 79.7 km mol*, respectively. Each transition was represented by a
Lorentzian shape with width at half-height of 6.7 ©mThe Raman
band has a single Lorentzian profile superimposed, with a half-width
of 27.5 cmr®. The single Lorentzian band best fitting the infrared

Structures
structure
guantity* \Y \Y VI VII VIl IX

rSiiClia 2.0487 2.0460 2.0441 2.0441 2.0384 2.0451
rSiyClyp 2.0487 2.0483 2.0512 2.0531 2.0507 2.0456
rSiCloa 2.0487 2.0526 2.0406 2.0439 2.0508 2.0451
rSi;Clap 2.0487 2.0484 2.0507 2.0534 2.0384 2.0456
fSiiClia 3.3107 3.3352 3.3544 3.3556 3.4162 3.3459
fSiiClyp 3.3107 3.3234 3.2785 3.2701 3.3038 3.3388
fSi,Clza 3.3107 3.2668 3.4007 3.3589 3.3025 3.3459
fSiClap 3.3107 3.3128 3.2988 3.2672 3.4171 3.3388
f'1a1b 0.2074 0.1774 0.2066 0.1813 0.1817 0.2084

0.2074 0.2083 0.1779 0.1813 0.1817 0.2084

0.0276 0.0110 0.0462 0.0335 0.0137 0.0119
f'1a.20 0.0355 0.0216 0.0208 0.0105 0.0540 0.0512
f'ib2a 0.0355 0.0296 0.0197 0.0105 0.0337 0.0512

0.0276 0.0312 0.0149 0.0337 0.0137 0.0119
DCl1Cloa 6.192 5486 3909 3.847 5.700 5.160
DCl1Clop 5238 4914 5618 5.760 3.719 3.969
DCly,Cloq 5238 6.047 4.425 5760 5.709 3.969
DClyClap 6.192 5584 5843 5.897 5.700 5.164
7Cl1.SiiNH —59.5 —-149.1 1194 —-147.0 —147.8 119.6

spectrum has a half-width of 23.4 cfn
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Figure 3. Correlation betweemsSiH and ¥ qc for NH(SiHCL),.

7ClipSNH - 59.5 —28.9 —120.0 —27.7 —-27.4 -—-119.5
7CL:SENH  —59.5 —59.5 —148.8 —146.9 27.4 119.6
7CLpSibNH - 59.5 58.7 —285 —27.6 1478 -—1195
7Cl1SiSiChys —141.8 139.0 —25.3 61.6 —122.8 —110.3
7Cl1SiSiChy, 0.0 —825 945 177.3 0.0 0.1

7Cl1pSiSiCha 0.0 —104.6 84.4 177.3 0.0 0.1

7Cl3pSIiSiCh, 1418 33.8 —1558 —67.0 122.8 1105

aSjCl; bond lengths'SiCl; in A; SiiCl; stretching force constants
fSiCk and stretchstretch interaction force constarity in aJ A2
Cl---Cl interatomic distanceBCI,Cl; in A; torsional anglesCl;SiNY
and rCl;SiSiCl in deg.

that the variations in the latter arise primarily from changes in
the charge flux associated with stretching of the b&nd.

A general feature of all the NH(SiH@} structures is the
small deviation of the direction of the dipole derivative vector
du/or from that of the SiH bond concerned. In this respect, NH-
(SiHCly), follows other SiH compound®.24

SiCl Bond PropertiesTable 12 shows some properties of
the SiCl bonds in six of the structures studied. As in NY-
(SiHMeCl), moleculesi? the values of the valence interaction
constantf' are surprisingly large for pairs of remote bonds.
Included in this table are some geometric quantities which might

There is however no obvious correlation to be seen betweenbe thought to be influencinfy, namely, the DCF-CI distances

the Mulliken atomic charge and du/or, from which we infer

and therCl;SiNH andzCl;SiSiC} torsional angles. No simple
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200 TABLE 13: NH Bending Force Constants (aJ) in
Disilazanes
n A
. ® scale factor
150 - o 4 . compound, conformer Funsdl)2  Funsd)® for ODmode Fs(()°
A L NH(SiCl), 0.5055 0.1329 0.6652 0.0884
o b A ° NH(SIHCL),, | 0.4758 0.1172 0.6965 0.0816
3 1004 A a NH(SIHCL),, Il 0.4711  0.0827 0.7036 0.0582
- * A NH(SIHCL,),, average 0.4735 0.1000 0.7001 0.0700
G oA NH(SiMeClY, rac A° 0.4798 0.0974 (0.7001) 0.0682
Ig}, n /) NH(SiMeCl), rac B° 0.4285 0.0690 (0.7001) 0.0483
5 50 s ® NH(SiMeCl), rac C° 0.4858  0.0924 (0.7001) 0.0647
al n ® NH(SiMeCly, meso A 0.4565  0.0745 (0.7001) 0.0522
| 4 NH(SIHCL,), 4 . a NH(SiMeCly, meso &G 0.5358  0.1058 (0.7001) 0.0741
e  NMe(SiHCL) ° NH(SiMeCl), average  0.4773  0.0878 (0.7001) 0.0615
0- 22 cod A A NH(SiMe3), 0.4605 0.0521 (0.6652)  0.0346
= NH(SICly), NH(SiMes), (0.7001) 0.0364
— NH(SiHs)¢ 0.4597 0.1242 (0.7001) 0.0870
0 ! 2 3 4 ° 6 a From the unscaled HF/6-31G* force field. The coordinate for the
10%f' sicisicl ! aJ.ang” &iNH mode is ZY(0HNSi; — 0HNSL). For thedoNH one, we use
that recommended by Hedberg and Mills which is applicable to both
Figure 5. Correlation betweefi'sicisiciand|tCl—Si—Si—ClI| for NY- planar and nonplanar four-atom systeth&lnits: aJ.” After scaling
(SIHCL)2 (Y = H, Me) and NH(SiC)).. to observed frequencies, except for constrained values in parentheses.
¢From the force fields determined in ref 18Current work in our
correlation emerges. The largest valué '9D.054 aJ A2, occurs laboratories. The HNiskeleton in this molecule is calculated to be

in structureVIIl , where DCICI is only 3.719 A. However, nonplar_lar by_3."1at the HF/6_—31Gf level. An analogous calculation
DCICI values for the other pairs of atoms are almost identical, for N(SiHs)s g"t’)es an a'm?Stl 'dengca'd_va'Ufe fiuns{ L) (19'21026?21%\])’

' ; - accompanied by an out-of-plane bending frequency o Clihe
V[\)I?;?(r;ﬁs tsll‘réuc\;ilriflslIdIlfefZ:jg]?c:ktTldelyslﬁmsém\EILngas”t\;lzltu]?o?f actual frequency will be substantially less than this, in contrast to earlier

estimates of 312 and 434 cmt.3*

DCICI = 5.897 A. A slightly better correlation is found between
f' and tCISiSiCl, the lowest values all being found where TABLE 14: Properties of the NH Bond in Disilazanes
|zCISISICl is high. This is shown in Figure 5, which includes  compound conformer vNH,dcm2  A(wNH)/km mol2?  gu/ef
data for three chlorinated disilazanes. At this stage, all that can

pe said. is that a number of fact0r§ must be influencing 'this m:g:ﬁlé)é)zl g;ﬁ g?:g 8:232
interaction between SiCl bonds. This is perhaps not surprising NH(SIHCL),, Il 3749 755 0.421
since similar amounts of silicon and chlorine movement will NH(SIHCL,),, average 3745 735 0.423
be involved in the stretching of an SiCl bond, unlike the situation NH(SiMeClY, rac A’ 3750 41.8 0.400
with SiH bonds, so that interaction via the SiN bond systems is “:(g!meg:)& rac(B:: g;gg g;g 8'382
as likely as “through spa_ce” ones between the chlorines. NHES:MgCI))Z ﬁgsoA 3761 452 0.400
dulor values for the SiCl bond were calculated for all the  NH(SiMeCI), meso @ 3747 50.0 0.403
structures in Table 10. These fell in the rangk 178 to—1.044 NH(SiMeCl), average 3751 46.1 0.400
e, the vector lying off the bond direction by 2:6.4°. For two NH(SiMes)2 3771 18.7 0.369
comparable structures of the NH(SiHBI (IV) and NMe- NH(SiHs)2" 3773 32.9 0.382
(SIHCl)2 compoundsi(in ref 23), du/or values were-1.160 aUnscaled frequency from the HF/6-31G* force fietdnfrared
and—1.138 e, respectively, showing a modest effect of methyl intensity.¢ Mulliken charge on the hydrogen atofiData accompany-
substitution. There is an overall tendency &m/ar to increase ing the calculations in ref 13.Current work in our laboratories.
with 7CISINY, a correlation plot of these two parameters
resembling that for the SiH bond in Figure 4. that since the HF scale factor forNH bending is markedly

General DiscussionSeveral of the properties of the HNSI lower than is normal for bending motions, the stability of the
system show interesting effects of substitution. The most striking planar arrangement is significantly overestimated at this level
of these is the variation in th&NH bending constant. Table ~ of computation in all the compounds.

13 summarizes the information so far available from HF/6-31G*  In Table 14 we display some data for the NH bond, including
force fields for the two kinds of bending motion. the unscaled stretching frequencyi, its infrared intensity, and the
The most comparable set of numbers are those for the Mulliken charge on the hydrogen atom. (We avoid quoting the
unscaled force field in the second and third columns. The scaled frequencies since these are based on both gas- and liquid-
0iNH constants decrease slightly as chlorine atoms are replacedohase data, the latter of which carry uncertain shifts due to

by methyl groups, with some variation between the conformers condensation.)

of a given compound. However, the lowering is far more  There is some variation among the conformers of a given
pronounced for théNH constants, for which we quote also molecule, especially for the SiHMeCl compound, but when
the scaled values where these have been determined, to showvaverages are taken, the interchange of methyl and chlorine has
that the overall trend is virtually independent of the scaling. no significant effect onNH. However, there is a marked one
The chemical interpretation is obviotithe inductive effect of on infrared intensity. By comparison with NH(S§H, chlorine
methyl substitution at the Si atom opposes the stabilization of enhances and the methyl group reduces intensity. To a minor
planarity, which is the consequence of nitrogen lone pair extent, this reflects variations in the Mulliken charge on the
donation into the NSi bonds. However, the reverse effect of hydrogen atom which becomes slightly less positive with the
chlorine appears to be minor, compared with that of hydrogen, substitution of methyl, slightly more so as chlorine is added,
judging from the similarity of the constants for the Sj@hd but the major effect on the dipole derivati§g/or would appear
SiHz compounds. To this conclusion we may add the comment to be through a charge flux terf.
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