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Ahmcf - Subjtituettt interaction energies are calculated by ab initio molecular orbital methods for the two 
scria SiH,X- and SiH,X for the directly bound rubstitucntr X - BH,, CH,, NH,, OH, F and tbc rcsulu 
compared with those for the corraponding tint row species. Interactions with the groups NH,, OH, F arc as 
large in the ncutrd tts in the anionic Kties and this is attributed to the pmcna of important r-bonding 
intcractiom, supplementing the elkcts of inductive withdrawal o[ a-electrons. The restoration of charge 
neutrality by r-donation to silicon is more important in the neutral mokcuks, actcctron tmnskr from silicon 
m the anions. rr-3onding tith the r-amptor subocitutmt BH* is favounbk. 0s it ts in the CH,X and 
CH *X- systems. but with r-donor xubstitucnu the interrctions arc dwloys darnbiking. 

Substituent effects in first row hydrides, including the 
neutral and anionic carbon-containing sptxks, have 
bten s~t~at~~~y studied by rrb initio mokcular 
orbital methods and the results rationali by 
perturbation theory arguments, chiefly at the hands of 
Radom and co-workers.’ The substitucnt interaction 
energy approach used by them is now extended to 
substituted second row compounds. The silicon- 
containing series SiHjX and SiHiX- arc treated here, 
similar results on phosphorus- and s~ur~n~~ng 
specks being reported in separate publications.2 

Although the fast word has yet tobcsaid, thechemical 
fittraiurcisrich withcom~r~tiv~tr~tm~n?so~~r~~ 
and silicon.3 There is consensus that same of the 
contrasts in su~titution bchaviour resuh from (a) the 
very strong bonding between silicon and very 
ckcttonegative ekments. and (b) the weakness of K- 
interactions, mainly because the bonds are long.” d 
orbitds are frcquentty invoked to explain unusual 
features but other explanations, such as hypcrconju- 
g&on, art just as c&ctivc3* 

Theoretical substitucnt parameters for the SiH, and 
SiH; groups, obtained by Topsom’s procodurcs,” 
offer a convenient means of describing the charac- 
teristics of the second row groups and comparing them 
with other species. Values for these groups and for 
CHSrt are: 

species: SiH, SiH, CH> 

adtheor.) -0.17 - 0.26 0.17 
cr&hcor.) -0.06 -1.94 - 0.02 
&thcor.) 0.04 -0.19 -0.03 

Geometry opti~tion by the gradient method for 
the two series of silicon-amtaining compounds was 
cani& out with the Gaussian 80 series of programs’ at 
the restricted Hartrc+Fock, sin& dawnhans kvel. 
The supplemented 3-2tG basis set was used6 Single 
point patios at the 3-2iGfb) *met&a wen: 
then obtained at the 6_3fG# A basii set kvel.” 
Calculations on the SiH,X . series compounds were 
repeated with an extra set of diffuses and p functions in 
the basis set as recommended by Spitznag er at. for 

work on anions (the 6-31+ G # I set).’ Preliminary 
calculations suggested the value k = 0.04 for the 
exponent of the diifusc functions, The CH,X”’ series 
compounds were also recalculated with a basis set 
containing diguse functions (4-31 -t G).’ 

Detailed population analysis data for the silicon 
series compounds arc reported in a paper devoted to 
bonding in second row molecules. As shown 
rlscwhcrc,f the u and R components of density matrix 
data are relatively insensitive to basis set variation with 
the standardized “Gaussian” basis sets and, when used 
cautiously, are valuable in predicting the trends in 
~ndinginsu~titution scriesiiktSiH,XandSiH,X-. 

Energies and optimizd geometrical data for the 
SiH,X and SiHzX- series (X = H, BHI, CH,, NH*, 
OH, F) are reported in Fig. t and Table 1. Substitumt 
interaction energies appear in Table 2 and acidities, 
~~Iat~~lativ~toth~a~dityor~thyd~d~SiH~, 
in Table 3. 

The quality of the predictions of structure made by 
geometry optimization methods at various basis set 
levels has been pronounced upon eiscwherc.” 
Deviations from experiment&y determined structures 
are generally fairly smalL3” The almost planar 
geometry around nitrogen in SiH,*NH, has been 
attributed by Hcndcwcrk ef 41.. to the “bias of doubk- 
zeta basis sets to planar structures”,” The potential 
well associated with pyr~~~tio~ is not deep and 
such biasasexists is not expected to havemucheffoct on 
relative energy results. 

Bond lengths, ascstimatai by optimization. art’ up to 
10 pm shorttr in the neutral compounds than in the 
anions. T’hc X = BH, case is the exception, where the Si 
tone pair is used &ectivety in x-bonding (cakulated IF 
bond order 0.47, bond shortening rdativc to the Si-B 
bond in the neutral compound SW,* BH, 18 pm). 
Although tbc additions pair oftkctrons present in the 
almost iso-structural NH,-substituted compounds 
woukJ be expected to kad to repulsive interactions in 
the n-system, the z-orbital interactions arc stabilizing. 
Presumably the heavy withdraw& of o-electrons by 
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Table 
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1. Calculewd toral energies (Hartrrxs) of StH,X and SiH,X’ series mokcuks 
(X - H, BHx. CH,, NH,, OH, F) 

SiH,X : &ShSCt: 3-2lG(Y) 631CY A 
-- 

x = H - 289.73572 - 291.23009 
811, - 314.82785 - 316.46752 
CH, - 328.57488 - 330.28039 
NH, -344.50841 -346.29482 
OH -364.24680 -366.13919 
F -388.14517 -390.14948 

_.. ,- - -- -. - -- -- - 

SiH>X . : Basjjscl: J-ZIG(#) 63lGY # 631 +G* + 
_- _.- _-_, - .- - _- 

X-H -289.11441 -290.60891 -290.61795 
BHz 314.22960 -315.86701 -315.87671 
CH, - 327.94054 - 329.64822 - 329.65742 
NH2 - 343.86254 - 345.6S448 345.57323 
OH -363.60144 -~MSSOI7t - 365.52365 
F - 387.51547 .- 389.52486 - 389.54660 

T&k 2. Calculated interaction enngia (kJ mol“) for SiH,X, CH,X. SiH,X” and 
CH,X _ scria mokcuks (X = BHl, CH,. NHI. OH. F’).’ 

SiH,X CH,X 

Basisset: 6.3fG!# # 3-2lG(#) 4-316 
-. .-. _ _-. .-- ^- 
X = BH2 -61.5 . SR.3 37.3 

CHs -Sf.l - 3R.8 -97.7 
NH1 3.4 61.6 ‘- 127.1 
OH 48.3 126.3 .- 132.6 
F 106.2 189.5 - 110.4 

- -- .__- .-_ .- .-. 
SiH,X CH,X- 

BarLsct: 6-3i+G# # &31G~ Y 3-21GfA) 4-31 +G 4-3fG 

X - BH, - 5.5 - 7.2 2.2 207.2 245.5 
CH, - 19.6 - 80.0 - 73.0 -1126 - 88.8 
NH, -21.5 -46.9 - 2.9 - 116.5 - 105.4 
OH 39.4 5.5 63.1 - 12.9 -66.8 
F 1305 97.1 167.5 - 5.6 - 7.7 

*All calculations on 3-21G( I) optimized gaomarks. 431G kvel results on carbon 
compounds from Proat n d’ Interaction energies r&r to the procuxs: 

SiH,X+H, -+SiH.+HX.etc. 

Tabk 3. C&u)ntcd rctativcaddities(kJ moi-‘)ofSiH,X and CH,Xscrks Mokculcs.’ 

SiH,X CH,X 

Bsrissct: &31+G+ # &31Gf # 3-2145) 631 +G 631G 

X=BH* 56.0 54.3 60.5 244s 282.9 
CH, - 28.4 - 23.9 -4.23 - 14.9 - 8.9 
NH, - 24.8 - so.3 -64.5 IO.6 21.7 
OH - R.9 - 42.8 -63.2 59.7 65.8 
F 24 3 -9.0 - 22.0 104.9 102.8 
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Fig. 1. Opt- gcomctriar for SiHJX and SiH,X- scrie~ 
mokcuks(X = H. BH1,CH,,NH,,GH, F)obtamcdfrom 3- 
21~+)kvtIulcuIe~n*f&d~~hsinpmbondonin 

degre+*) 

nitrogen aflows for an effective role for a-clcctrorts in 
restoring charge neutrality. Although repulsive 
interactions arc minimized in the anion by 8 
conformation in which the dihedral angk between the 
SiH, and NH2 bisectors is close to W, there is a 
bonding n-interaction cvcn in the anion. &cause it is 
smaller @i-N bond order 0.12 in SiH,*NH; 
compared with 0.22 in SiH,*NH,), thcrc is a bond 
~~h~g~S pm.Thc situation with thecompounds 
ofthc other ndonor substitucnts, OH and F, is simik 

As also found for the sulfur and phosphorus s~rics,~ 
there arc s&able digerenccs bctwccn substitucnt 
interaclioncncrgiacaiculatcd at thesplit vaknoc basis 
level 3-21G(#) and the higher lcvcl ti-316 + ri bask 
Thcdifkrenccs do not obscure the trcndscvidcnt in the 
higher level results and, astxpcctcd. they areqnitcstnall 

in the case of the relative acidity vahtcs which, because 
the proton exchange process is isodcsmic,* allows a 
more c&ctive canaIfation of the errors rctaincd in ob 
initio energy calculations at the single determitmnt 
kvel. 

Proton afEnitics Ealculatcd for the anions SiH, and 
SiHx *CHJ tic close to those cakulatcd by Hcndcwcrk 
et al., with the larger basis set (including supple- 
mentation).‘* 

DiSCUSSIGN 

Relative energy calculations show the interaction 
between siticon and su~titu~ts NH,, OH, F to 
increase strongly across the scqucnoc. equally so for 
both the SiHsX and SiHtX - series. This is unexpected, 
because tbc charged mokculcs would bc expected to bc 
rather more sensitive than the neutrals to charge 
transfer, whether to silicon or from it. The fact that the 
stabilizing trend in the analogous carbon compounds 
was larger for the charged CH,X _ strks than for the 
uncharged CH ,X compounds was used by Press et ui., 
~osuggcst that a stabilizinginductive withdrawai in the 
a-bond system of the negatively charged molecules was 
mainly responsibft. ” The interaction cncrgy and 
population data suggest the same powerful a-clcctron 
withdrawal in the silicon compounds. However, (I- 
bonding in the 2nd row compounds issup~~mcot~ by 
untxpcctcdly strong n-interactions, cspacially in the 
neutral SiH,X series, the net cffcct of which is to 
product practicalfy identical responses to NH2, OH, 
and F in the two scris. 

The bond order data (included in Fig. 2) for thcsc 
scrics show strong n-bond contributions to the Si-X 

Fig. 2 SiH ,X uxf SiH*X - substitucn t intcrrclion catrpia(kZ 
moI”‘;from~3iG**aad~3f+G##knfcllcufatioiuf 
sad cakuIatcd (I- and x-bond orders (from 3-21G(#) kvd 
aIalktions). AlI UIcuIations on gcomctiies OpumiaBd a1 3- 
21G(+) kvcI, Included for comparison It* data for the 
comrpoadinpSnt~owCH,XsndCH,X- scrksoompounds 

(open cirda: cncrtty data from rcfs 1 and 7) 
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bond orders for both series of compounds, Although 
the n-bond orders are smaller in the SiH2X series, 
whereinteraction between the lone pairs ofX and Si W, 
would not generally be expected to be favourable, they 
an still large, both the pa- and dn-orbifals making 
significant contributions fo the final result. However, 
the population data also show how strongly the more 
etectronegativc subsfitucnts withdraw charge from 
silicon, ~rticularly in the anions. The gross atomic 
~pulafionoffhesii~~n~~orbifa~rang~from 2. i-1.9 
for the SiH,X scris; in spite of the extra charge, the 
atomic populations rise to no more than 2.6-2.3 in the 
negatively char@ SiH,X- series. In this situation 
charge transfer from substituent X to silicon in the n- 
system is an important means of restoring charge 
neutrality. n-Bonding is robust and only the methyl- 
substituted member of the anionic series exhibits an 
anti-bonding n-component of the Si-C bond. 

The nature of the incra in the n-component of the 
5-X bond order across the two series is noteworthy, 
because of the unexpcctcd importance of this 
~m~ncntorthe~ndrorx = ~~~,O~~,F*~ismay 
beexplained by thenatureoftheinteractionsa~~ the 
series. The second row element is not presented with a 
sir&c prr-orbital as it would be, for example, when 
bound to the phenyl group. Insptcfion of the 
population data for these compounds shows that fhe 
NH2 *group employs one pn-orbital (SiNH, is almost 
planar in both series), the OH group presents two (one 
partly involved in the OH bond), and the fluorine atom 
employs both ifs pn lone pairs. The interaction, 
correspondingly. incrca.scs from NH2 to I;. 

Looking at fhc energy and population data as a 
whole, it seems that the effect of n-bonding stabilizes 
the P-X bond (strongly in the SiH,X strits and only 
slightly fess strongly in the SiH,X- series), silicon p 
orbital populations bting so low. Added to the efkxt of 
u withdrawal in bonds to N, 0, and F, which is expected 
to stabi1iz.e the anions more fhan the neutrals, n- 
bonding keeps the results for the two series parallel. 
Because they arc so parallel, the acidify results for the 
SiH,X series vary very little. In CH,X, where R- 
bonding is not sufficient to offset the large advantage to 
CH,X by electron withdrawal, the acidities drop very 
quickly from X = NH, to F. 

Binding to the n-acceptor BH, produces an entirely 
predictable result of a stabilization of the anionic 
species which almost disappears in the neutral 
compound, SiH, * BHp The stabilization is much less 
strong than in the analogous first row compound. 

The effect of including d functions in calculations of 
second row molecules has been discussed elsewhere.q 
Hcndcwcrk et aI.‘)* an&de from comparisons of 
results from d function supplemtnted and unsup 
pfcmentcd basis sets that fht d functions make only a 
marginal differenoc to the wave functions (significant 
when accurate estimates of, say, proton aninitics are 
sought) and that other concepts are more important in 
explaining many experimental results. They conclude 
that the CH,iSiH; stabilization is hyperconjugafive 
and not dependent on pndx interaction. Results from 
these calculations are in agreement with this claim, but 
it should be noted that the n-interaction between 
carbon and silicon is the weakest of the subsfituent 
int~actions studied here and that both u- and n- 
bonding are much stronger with the substitutnts NH*, 
OY and F than they are with CH,. 

CONCLLMONS 

A strong increase in substituent interaction between 
silicon and the a-acceptor groups NH,. OH, F is 
calculated for both the neutral and anionic series 
SiH,X and SiH,X-. This contrasts with the first row 
systems CH,X and CH,X*, where the progressive 
stabi~i~tion oftht anions far exceeds that ofthe neutral 
compounds, as expected if inductive withdrawal of u- 
clactrons is the domin~f interaction. Tbe second row 
data are rationalized on the basis of the strong A- 
interactionscalculated for thesecond row mokculcs, n- 
bonding being stronger in the neufraI series where the 
a-electron donor-acceptor interactions are apt to be 
weaker. 

Although the calculated interaction energies arc 
consistent with the notion that multiple bonding is 
weaker in second row molccuhr than in their first row 
analogucsias witness the lower stabilization calculated 
for the n-acceptor BHz with SiH; than with CH;), 
there is an important role for partial n-bonding to 
electronegative ckmcnts. Charge oquahzation by this 
means apv to make an implant cont~bution to 
the high strength of the 5-O and Si-F bonds. 

The differences between first and secund row 
moltxuies are very clearly seen in the acidity data 
where, for the reasons just given, the trends arc in 
opposite directions. 
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