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Abstract: Silicon—nitrogen bonding and the photoelectron spectra of hydro—silatrane and methyl—silatrane,
XSIi[OCH2CHz]sN (X = H and Me), were studied with ab initio electron propagator theory, many-body
methods, and density functional models. A linear vibronic coupling (LVC) model was employed to estimate
vibrational widths of the ionization bands and to study the dependence of the ionization energies on the
molecular geometry. Particular attention was given to coordinates that change the Si—N distance and the
strength of the donor—acceptor interaction between these two atoms. The ionization energy of the highest
occupied molecular orbital has a very strong geometrical dependence which leads to an unusually large
vibrational width in the corresponding photoelectron band. The assignment of this band in methyl—silatrane,
which was controversial for a long time, is resolved by the present study. The calculated photoelectron
spectra allow for clear assignment of at least three more bands in the observed spectra. The present
results demonstrate the important role of electrostatic interactions in Si < N bonding and in the outer-
valence ionization energies of the silatranes.

Introduction X
|
; : . L S QO
Silatranes are important heterocyclic molecules with interest- /° 0\>
ing physical and chemical properties and a wide range of Ca\ N,,”/
Cs

potential applications-2 These molecules have a cage structure
(Figure 1) in which the N-[Ck|3 and X-Si[O} fragments face Figure 1. Structure of hydre-silatrane (X= H) and methyt-silatrane (X

each other. Since these groups have pronounced donor and Me).

acceptor characteristics, their interaction leads to formation of o\ \cLal SiN bond (1.7-1.8 A), but itis distinctly shorter

an intramolecular S~ N donor-acceptor bond. The existence  ,,, the sum of the corresponding van der Waals distances (
of such a bond in silatranes is firmly established, and these A).

compounds are considered to be examples of systems where 1pe actual mechanism of St N coordination is far from
silicon is pentacoordinafe. being understood. Whereas the key role of the N 2p lone pair
It is believed that the Si— N bond is responsible for many  (LP) here is indisputable, there remain considerable controver-
important properties of silatranéd though its characteristics ~ sies about other aspects of the bonding. In particular, it is unclear
are certainly quite different from those of an ordinary chemical Whether the N 2p LP is attracted only by the positive charge of
bond. The length of the Si- N bond in most silatranes depends the silicon, or if there is also a charge transfer to its unoccupied
on the nature of the substituent X and varies in crystals between(3d, 4S, or 4p) atomic orbitals’ There also is still no agreement
1.97 and 2.24 A. In the gas phase, the length is typically about the covalent component of the<SiN bond, which is

increased by 0.28 AThis means that the Si- N bond is longer predicted by three-center four-electron (3¢4end dative
interaction model§.

There is therefore a continuing interest in the electronic and
molecular structure of silatranésThis is well reflected by

TIrkutsk State University.
*Kansas State University
TA.E. Favorsky Irkutsk Institute of Chemistry.

§ Deceased. (4) (a) Voronkov, M. G.Pure Appl. Chem1996 13, 35. (b) Turley, J. F.;
(1) Voronkov, M. G.; Dyakov, V. M Silatranes Nauka: Novosibirsk, 1978. Boer, F. PJ. Am. Chem. S0d968 90, 4026. (c) Frye, C. L.; Vincent, G.
(2) Lukevics, E.; Pudova, O. A.; Sturkovich, RMolecular Structure of A.; Finzel, W. A.J. Am. Chem. Sod.971, 93, 6805.

Organosilicon Compound#llis Horwood: Chichester, U.K., 1989. (5) (a) Musher, J. IAngew. Chemlnt. Ed. Engl.1969 8, 54. (b) Sidorkin,
(3) Pestunovich, V.; Kirpichenko, S.; Voronkov, M. lhhe Chemistry of V. F.; Pestunovich, V. A.; Voronkov, M. @okl. Phys. Cheml977, 850

Organic Silicon CompoundsRappoport, Z., Apeloig, Y., Eds.; Wiley: (English translation).

Chichester, U.K., 1998; Vol. 2. (6) Haaland, AAngew. Chemlnt. Ed. Engl.1989 28, 992.
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experimentdl14 and theoreticab—23 work that is relevant for

model?6 In addition, the variation of the SiN distance should

the present study. Much work has been devoted to spectroscopidacilitate improved understanding of the Si N bond.

characterization of the bonding situation in silatranes. In
particular, photoelectron spectroscopy was employed to probe
the orbital structure and to study trends related to the nature of

the substituent at the silicon atomt! However, attempts to

interpret the resulting spectra encountered certain difficulties
which could not be fully resolved even with the help of previous
theoretical studie%.12* One such issue concerns the nature
of the photoelectron band observed in the energetically lowest

Computational Methods

To obtain information on the vibrational structure of the ionization
bands, we employ a linear vibronic coupling (LVC) formalidhThis
formalism makes use of the vibronic Hamiltonian of the form

H=H,+E+ ) kQ, @)

Seay

part of the silatrane spectra. The band appears as a very broaavhich describes transitions from the Oth vibrational level of the

maximum (e.g., in Me, CH,Cl—, and (CH)sCl—silatranes)
or shoulder (e.g., in H, F—, and EtC-silatranes)°and could
not be unambiguously assigned for MeF—, and EtO-
silatranes. In Mesilatrane, for example, two opposite views

electronic ground statg¥}L] into the vibrational manifold of the
cationic final state/W!'-[] The third term on the right-hand-side of
eq 1 arises from a Taylor expansion of the potential energy through
linear terms in the totally symmetri@{) normal coordinatesQs, of

the ground staté’2° the expansion coefficientsd, are the so-called

on the origin of this band can be found in the literature: (i) the intrastate vibronic coupling constankd is the vibrational Hamiltonian
band is due to contamination by impurities (e.g., products of of the electronic ground state describing noninteracting harmonic
the partial silatrane hydrolysis), that is, it belongs to another oscillators with frequenciess.

substancé!! (i) the band is due to the ionization of sila-

tranes’910.24 Critical analysis of the available data does not
allow one to favor one of the two viewpoints, and only a more
systematic theoretical study can clarify this fairly complex

situation.

In the present work, we study the photoelectron spectra and

electronic structure of hydre and methyt-silatranes (Figure

1 ¥ oo,
Ho=-% o —+Q7 1 e)
24 3Q52

In the HamiltonianHo, the vibrational ground-state energy is taken as
the origin of the energy scale. The coupling constarfsvertical
ionization energies (IE)G, and frequenciesys, represent parameters
of the formalism and have to be determined in a suitable way. Since

1) in order to answer at least some of the general questionsthe corresponding spectral function is of no interest for the present
about silatranes reviewed above. We use the ab initio, outer-qualitative study, we introduce here only the second spectral moment

valence Green'’s function (OVGF) approdtho compute the

energies and spectroscopic factors (intensity coefficients) of the
ionization transitions. An important aspect of the present study

A =22In 2"y k)" 3)

seay

is that it goes beyond the vertical picturg of .ioni_zation; We_StUdy which can be used as a measure of the vibrational width of the electronic
the geometrical dependence of the ionization energies. Inband. The intrastate coupling constants, entering the above ex-
polyatomic molecules, this can be accomplished in a systematicpressions can be determined with the aid of the rel&tion

way by using the formalism of a linear vibronic coupling (LVC)

(7) Cradock, S.; Ebsworth, E. A. V.; Muiry, |. B. Chem. Sog¢Dalton Trans
1975 25.

(8) Voronkov, M. G.; Brodskaya, E. |.; Belyaeva, V. V.; Chuvashov, D. D;
Toryashinova, D. D.; Ermikov, A. F.; Baryshok, V. P.Organomet. Chem.
1986 311, 9.

(9) Brodskaya, E. I.; Voronkov, M. G.; Taryashinova, D. D.; Baryshok, V. P.;
Ratovski, G. V.; Chuvashov, D. D.; Efremov, V. G.Organomet. Chem.
1987, 336, 49.

(10) Peel, J. B.; Wang, D. J. J. Chem. So¢Dalton Trans.1988 1963.

(11) Sidorkin, V. F.; Balakhchi, G. KStruct. Chem1994 5, 187.

(12) Shishkov, I. F.; Khristenko, L. V.; Rudakov, F. M.; Golubinskii, A. B.;
Vilkov, L. V.; Karlov, S. S.; Zaitseva, G. S.; Samdal, Struct. Chem.
2004 15, 11.

(13) Shen, Q.; Hilderbrandt, R. lJ. Mol. Struct.198Q 64, 257.

(14) Lyssenko, K. A.; Korlyukov, A. K.; Antipin, M. Yu.; Knyazev, S. P.; Kirin,
V. N.; Alexeev, N. V.; Chernyshev, E. AMendelee Commun200Q 88.

(15) Milov, A. A.; Minyaev, R. M.; Minkin, V. I. Zh. Org. Khim.2003 39,
372.

(16) Yoshikawa, A.; Gordon, M. S.; Sidorkin, V. F.; Pestunovich, V. A.
Organometallics2001, 20, 927.

(17) Anglada, J. M.; Bo, C.; Boffil, J. M.; Crehuet, R.; Poblet, J. M.
Organometallics1999 18, 5584.

(18) Csonka, G. I.; Hencsei, B. Mol. Struct. (THEOCHEM}996 362, 1996.

(19) Dahl, T.; Skancke, P. Nnt. J. Quantum Chenl996 60, 567.

(20) Csonka, G. I.; Hencsei, B. Comput. Chenl996 17, 767.

(21) Boggs, J. E.; Peng, C.; Pestunovich, V. A.; Sidorkin, VJ.AVlol. Struct.
(THEOCHEM)1995 357, 67.

(22) Schmidt, M. W.; Windus, T. L.; Gordon, M. S. Am. Chem. Sod.995
117, 7480.

(23) Gordon, M. S.; Carroll, M. T.; Jensen, J. Brganometallics1991, 10,
2657.

(24) Beliaeva, V. V.; Voronkov, M. GZh. Struct. Khim2001, 42, 826.

(25) (a) von Niessen, W.; Schirmer, J.; Cederbaum, LC&nput. Phys. Rep.
1984 1, 57. (b) Zakrzewski, V. G.; von Niessen, W. Comput. Chem.
1993 14, 13. (c) Zakrzewski, V. G.; Ortiz, J. Mnt. J. Quantum Chem.
1995 53, 583. (d) Zakrzewski, V. G.; Ortiz, J. Unt. J. Quantum Chem.
1994 S28 23.

W= i(a—E') @)
S \/E aQ 0
where the derivative of the ionization enerdy, with respect to the
dimensionless normal coordinaté€, is to be taken at the equilibrium
geometry of the electronic ground state. The coupling constabts,
were evaluated numerically according to eq 4 by computing the IEs at
several nuclear configuration®, = Qu + XxQs, which were con-
structed using the ground-state normal coordinggeand the scaling
factor x = 0.5. In the present work, th€s values were computed
numerically by performing standard vibrational analysis for the
equilibrium molecular geometry.

The ionization energies and spectroscopic factors (pole strengths)
were computed using the outer-valence Green’s function (O%GF)
approximation, as implemented by one of us in the Gaussian suite of
programs® Standard analytical-gradient geometry optimizations were

(26) Koppel, H.; Domcke, W.; Cederbaum, L. 8dv. Chem. Phys1984 57,
59

27) The dimensionless normal coordinat€k, are obtained from those of

Wilson et al. (ref 28) by multiplying with\/aTs (wherews is the ground-
state vibrational frequency for mode).

(28) Wilson, E. B.; Decius, J. C.; Cross, P.olecular Vibrations McGraw-
Hill: New York, 1955.

(29) Cederbaum, L. S.; Domcke, Wdv. Chem. Phys1977, 36, 205.

(30) (a) Cizek, JAdv. Chem. Phys1969 14, 35. (b) Purvis, G. D.; Bartlett, R.
J. J. Chem. Phys1982 76, 1910. (c) Scuseria, G. E.; Janssen, C. L.;
Schaefer, H. FJ. Chem. Phys1988 89, 7382.

(31) For example, see: Parr, R. G.; Yang, Dénsity-Functional Theory of
Atoms and Molecule®Oxford University Press: New York, 1989.

(32) (a) Becke, A. DJ. Chem. Phys1993 98, 5648. (b) Lee, C.; Yang, W.;
Parr, R. G.Phys. Re. B 1988 37, 785.
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Table 1. Mulliken Populations in the Eight Highest MOs of
H—Silatrane?

A

atom 19a 18a l4e 13e 17a 16a 12e 15a

N 089 034 003 001 001 003 028 0.01
Si 0.07 0.09 006 008 037 018 0.03 0.02
O 009 032 034 032 018 031 015 0.09

Cs 005 0.03 010 011 0.07r 0.11 0.05 0.06
Ca 0.07 0.03 009 006 001 010 023 0.25
H(X) 014 023 00 0.0 0.69 0.01 0.0 0.02

aHF calculations using the 6-311G** basis for the CCSD molecular
geometry. Units are electrons; the sum over all atoms is 2.

Table 2. Mulliken Populations in the Eight Highest MOs of
Me—Silatrane?@

atom 2la 20a 15e 19a l4e 18a 13e 17a 12e

N 1.03 023 003 00 001 0.06 0.09 0.01 0.20
Si 0.07 020 0.05 024 0.09 015 0.0 0.01 0.04
(0] 005 024 035 025 031 034 0.04 0.08 0.12
Cs 0.06 0.03 0.09 006 011 0.11 0.03 0.06 0.02

o 0.07 0.02 0.09 002 0.05 008 0.07 026 0.16
C(X) 0.09 053 002 046 00 00 071 0.01 0.30

a See the footnote of Table 1.

Preliminary optimizations with second-order Mghd?lesset perturba-
tion theory (MP2) were refined using the coupled-cluster singles and
doubles (CCSD) approacdh.Separate optimizations and harmonic
frequency calculations were based on density functional theory @FT)
and the B3LYP potentig® In all cases, no symmetry constraints were
used in the geometry optimization. The K-shell orbitals of C, N, and
0, as well as the K- and L-shell orbitals of Si, were kept frozen in all
CCSD, MP2, and OVGF calculations. These calculations were per-
formed using the GAUSSIAN program packag&.hree-dimensional
plots of the orbital amplitudes were generated using the MOLDEN
program3*

The 6-31G* doublez plus polarization basis sétwas used in the
MP2 and CCSD calculations, whereas the 6-311G* tripleasis®
was employed in the B3LYP computations. The OVGF calcula-
tions of vertical ionization energies were performed for the series of

basis sets comprising 6-31G*, 6-31G**, 6-311G**, and 6-311G(2df,p) Figure 2. N 2p LP molecular orbitals of hydresilatrane (A) and methy!
bases. silatrane (B).

employed to obtain parameters of the ground-state molecular structure. O

Results and Discussion the present calculations, may be written respectively as
(core) (inner-valence)

The ground-state Hartred-ock (HF) electronic configuration 1228641329641 0611421161521 261 621721361 461 82-
of H— and Me-silatranes (@ point group), as obtained from 192

and

33) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. i .

33) A.; Cheeseman, J.R; Montgomery? J. A, Jr.; Vreven, T.; Kudin, K. N.; (Core) (Inner Valence)
Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.; 142861529641 064168811611 2641 7213641814641 921 56
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A, 208212
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, ) ) .
J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.;  where only the outer-valence part of the configuration is shown
5 éonfggéSJREsﬂ;?;fQﬁ”RHEpY%;‘;,SGSVJOBAQ‘%;"‘X §Jaramilo.  explicitly. Several outermost molecular orbitals (MO) of these

gorwe(ljll CP OEt):htersklb J. WJ JAyglakP Y. kMg/rOéunBa K. YPIQ % A; | molecules can be satisfactorily interpreted using the results of
O B DI, KR Ny G Dappriet SAPBIeIS: the Mulliken population analysis in Tables 1 and@28In both

Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q; Baboul_A- G.; molecules, the highest occupied MO (HOMO) exhibits a large
Clifford, S.; CIOS|OWSkI, J.; Stefanov, B. B.; Liu, G.; L|ashenko, A.; Piskorz, . . . .

P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; N 2p LP component, but it also is widely delocalized over the
Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson, entire molecule (Figure 2). The group of six MOs (18a. 14e
B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. Baussian 03 . ( .g ) 9 P ( ] !
revision B.03; Gaussian, Inc.: Pittsburgh, PA, 2003. 13e, and 16a in Hsilatrane and 20a, 15e, 14e, and 18a in-Me

(34) Schaftenaar, GMOLDEN 3.4 CAOS/CAMM Center: The Netherlands, silatrane) is related to the LPs of oxygens. Orbital 17a in
(35) (a) Hehre, W. J.; Ditchfield, R.; Pople, J. A. Chem. Phys1972 56,

2257. (b) Hariharan, P. C.; Pople, J. Fheor. Chim. Actd 973 28, 213. (37) The Hartree'Fock orbital Mulliken population analysis was performed

(c) Francl, M. M.; Pietro, W. J.; Hehre, W. J.; Binkley, J. S.; Gordon, M. using the GAMESS program package (ref 38).

S.; DeFrees, D. J.; Pople, J. A. Chem. Phys1982 77, 3654. (38) Schmidt, M. W.; Baldridge, K. K.; Boatz, J. A.; Elbert, S. T.; Gordon, M.
(36) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, JJ.AChem. Phys198Q S.; Jensen, J. H.; Koseki, S.; Matsunaga, N.; Nguyen, K. A.; Su, S.; Windus,

72, 650. T. L.; Dupuis, M.; Montgomery, J. AJ. Comput. Cheml993 14, 1347.
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Table 3. MP2/6-31G*, B3LYP/6-311G*, and CCSD/6-31G* Table 4. Vertical lonization Energies (E, eV) and Spectroscopic
Optimized Geometrical Parameters? Factors (P) for H-silatrane
H-Silatrane (X = H) Me=Silatrane (X = Me) HFa OVGF? Exp® OVGF*¢
MP2 DFT ~ CCSD  exp® MP2 DFT  CCSD  exp® MO E E P E E Ee Ef EY

Si—N 2.30 2.57 2.39 241 2.39 2.70 2.52 2.45 19a 10.76 9.38 0.91 9.68 9.68 9.54 9.38
S?—Xd 1.47 1.47 1.48 1.86 1.86 1.86 18a 11.76 10.28 091 10.1 10.36 10.30 10.19 10.05
Si—0 1.69 1.67 1.68 1.65 1.69 1.67 1.68 1.66 14e 11.98 1055 091 104 10.64 1056 10.49 10.36
0-C; 141 141 141 140 141 141 142 141 3175 1268 11.72 0.92 11.54 11.49 1139 11.22
Co—Cs 152 153 153 150 152 154 153 156 43¢ 31275 1135 091 112 1140 11.35 1128 11.15
CoN 146 146 146 144 146 145 145 146 155 1371 1225 0.90 1224 1222 1216 12.04
XSio 99.4 103.2 101.0 101.2 101.3 1056 103.4 100.9 12¢ 14.36 13.00 0.91 13.02 13.04 12.95 12.80
SiOG 122.0 125.0 1229 128.1 1223 1254 1232 127.0 15a 14'75 13'49 0'91 13'57 13.61 13'53 13'36
0OCC, 108.8 1105 106.8 117.0 109.0 111.0 109.6 116.4 11e 15'77 14'43 0'91 14'44 14'45 14'39 14.26
CsC,N 1089 106.3 106.8 108.2 106.5 110.0 107.3 106.7 14 16.67 15'34 0'91 15'25 15.26 15'21 15'12
CuNC, 114.7 117.6 1156 113.2 1153 1185 116.6 114.7 102 16.80 15'12 0'90 15'02 15'03 15'12 15'00

aBond lengths are in angstroms, angles are in degPegBas-phase ge 17.70 - 16.20 090 16.06 16.09 16.02 1595
electron diffraction measurements (ref 12§5as-phase electron diffraction éSa igg? jl_sgg 888 i?;i i?;g iggg i?ilsg
measurements (ref 13 Methyl group is in a skewed configuration with 1ga 19.81 17'85 0'89 17'71 17'78 17'71 17'64

respect to the X Si[—O—]s fragment.

. . . . . . aBasis set 6-311G** results at CCSD/6-31G* geometryertical
H—silatrane (19a in Mesilatrane) is thes (Si—X) bonding ionization energies are measured as band maxima or shoulder peaks (ref

MO. The deeper MOs are more delocalized and describe various?). ¢ Results at MP2/6-31G* geometryWith the 6-311G(2df,p) basis.
o-bonds among Si, C, O, N, and H atoms eWith the 6-311G** basisf With the 6-31G** basis9 With the 6-31G*
P : basis.
Ground-State Geometry.The results of the present ground-
state geometry optimizations for-Hand Me-silatranes are
shown in Table 3. Both molecules are predicted to have a

Table 5. Vertical lonization Energies (E, eV) and Spectroscopic
Factors (P) for Me—Silatrane

symmetric C; configuration in which the SiN—C,—Cz—0 HF? OVGF? Exp® OVGF*
cyclic fragments have a nonplanar structure due to an out-of- MO E E P E E E £ E
plane position of the gatom. 2la 1029 886 090 85 925 924 907 892

. e . 20a 1151 1011 0.90 9.8 10.15 10.10 994 9.80
The data in Table 3 reflect difficulties in the theoretical 1185 1035 091 102 1048 1041 1032 1019

treatment of the silatrane molecules. As can be seen, the methodslgg 1247 1116 091 110 1095 1089 1078 1065
used in the calculations yield very different results. The$i l4e 1266 11.26 0.91 11.30 1125 11.17 11.03
bond lengths predicted by the MP2 and B3LYP treatments differ 18a 13.68 1216 090 121 1214 1211 1204 11.92
by about 0.3 A Compared 1o hose n the gas phase, experi- 150 1555 1291 051 126 128 12%8 2o L%
mental Si-N distances in H and Me-silatranes (2.41and 2.45  17a 1454 1327 0.91 13.38 13.42 13.33 13.16
A, respectively}213the present B3LYP distances (2.57 and 2.70 1le 1568 1434 090 140 1438 1439 1432 14.18

A, respectively) are grossly overestimated. At the same time, 162 1639 1504 0.90 147 1512 1513 1506 14.92

. : 10e 16.67 14.96 0.90 15.06 15.06 14.98 14.86
the present MP2 distances (2.30 and 2.39 A, respectively) look ge 1766 1614 0.90 1599 16.02 15.94 1587
more reasonable, albeit too low. Strong disagreement between15a 18.15 16.52 0.90 16.44 16.48 16.40 16.32
the MP2 and B3LYP results can be seen also for the other ?Z 132% gég g-gg i;-}lg g}é ggg 16-29
parameters dependent on the-Sli distance. For example, the 2 : i i : : i 1731
bond angles in the SIN—C,—Cs—O cycles differ by up to 3 aBasis set 6-311G** results at CCSD/6-31G* geometryertical

Parameters independent of the-8i distance, on the other hand, ionizcation energies are meafured as band maxima or shoulder peaks (ref
are less sensitive to the theoretical treatment and are nearly thé\?\)/'itthﬁzugzi(’;ﬂ*fzt;gsisslt%vit%egg%-rg'\ll\gﬂ the & 311G(2dfp) basis.
same in both molecules. Similar trends for the DFT and MP2 pasis.
geometries of various silatranes also can be found in previous
theoretical work:>-18.20 increased by about 0.3 A. The flat ground-state potential should
Because of the disagreements between the MP2 and B3LYPclearly not only complicate theoretical treatments of silatranes,
results, we had to carry out additional geometry optimization as first noted by Schmidt et &F,but also affect experimental
using the more accurate CCSD approach. As expected, themeasurements, making them sensitive to the phase %3tate,
CCSD results (Table 3) for Hsilatrane agree very well with  temperature, and other factdfsThe accuracy of the experi-
the experimental data. Distinct improvement with respect to mental data in Table 3 may be questioned in view of the
MP2 can be seen for the SN distance. Interestingly, no  surprising similarity of the StN distances in H and Me-
obvious improvement for this parameter was obtained at the silatrane, which differ only by 0.04 A. The differences predicted
CCSD level in Me-silatrane. In this molecule, CCSD overes- by the theoretical methods in Table 3 are consistently larger
timates the SN distance by the same amount (00507 A) (0.09-0.13 A). Also, distinctly longer SiN distances in Me-
as MP2 underestimates it. Here, however, one has to take intosilatrane than in Hsilatrane can be expected from chemical
account the very flat shape of the ground-state potential energyconsiderations based on the stronger inductive effect of the
surface along the SiN coordinate In our calculations, this ~ methyl group.
flatness is confirmed by the course of the B3LYP optimizations,  Vertical lonization Energies. The results of the present
which were started from the MP2 geometries. Here, the total OVGF calculations for H and Me-silatranes are shown in
ground-state energies of the-Hand Me-silatranes changed Tables 4 and 5, respectively. As can be seen, the OVGF vertical
by 1.6 and 2.2 kcal/mol, respectively, whereas theNsbonds ionization energies for the CCSD geometry are about 1.4 eV
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below the HF values. The maximal OVGF correction does not Lablé_&h EF Linelar Vibr_oniCTCouP!ing C?rﬁtag_tIS. K X 1EO (?V), fgr

: e Eight Lowest lonization Transitions of H—Silatrane Evaluate
exceed_2 ev, Wh|Ch SqufaStS the absence _Of strong eleCt'jorfNith Respect to the Totally Symmetric Normal Modes, vp,
correlation or orbital relaxation effects. The orbital spectroscopic Frequencies, w (cm~1), and the Corresponding Vibrational Widths,
factors of about 0.9 also support this suggestion and indicateA (eV)

that for H- and Me-silatranes, the one-electron picture of

Vn w 19a 18a 14e 13e 17a 16a 12e 15a

ionizatior?® should be valid in the entire outer-valence region. ~1 g3 —173 026 00 00 142 063016 —0.64
The experimental vertical ionization energies were determined ‘71 ggg é-ig —0(-)4213 0(-)018 0(-)00 —0-%12;8-22 8-33 _062560
for Mg—snatrane by Peel et &.(Table 5). Discrepancies with 15 477 047 00 —036 —020 049 —013 —026 —037
experiment at the CCSD geometry are less than 0.4 eV; 13 569 058 028 022 026-052 050 052 047
somewhat better agreement is usually obtained for vertical 1? ggg *gfg g-g *0(-)2;6 *0-02;3 1-838 70.?]63870.50260(8.22
OVGF predictions on typical organic molecufés. 22 895 —0.72 023 00 —023 068 034 032 016
It follows from our basis set study in Tables 4 and 5 thatthe 27 1005 115 0.0 013 012-021 00 -057 0.5
extension of the basis from 6-31G* to 6-31G** and further to gg ﬁg? _06701 78-??9 8-34 8-36 71%37‘%58% %108 0%-61
6-311G** increases the OVGF IEs on the average by about 35 1572 028 012 00 023 034 029 0.0-0.11
0.1 eV at each stage. The average energy change due to furthes9 1297 —0.22 -0.11 0.19 0.15 0.29 040 0.0 —0.40
d- and f-polarization functions in the 6-311G(2df,p) basis is 0.03 44 1400 —0.14 -0.19 041 0.17-0.17 = 0.30 —0.75 -0.14
45 1412 —0.58 048 0.0 040 080 0.0-0.64 —053

ev. The two outerm.o_st MOs seem tq be somewhat more 59 1510 —056 00 00 -012 019 00 022 1.24
sensitive toward modification of the basis than the other MOs. 53 1535 —0.44 0.13 —0.25 0.33 —0.23 —0.21 -0.14  0.71
; ; i 54 2308 0.23-048 032 032-275 011 029 00

A small and nearly_umform b_aS|s set effect, S|m|Iar_to_thatfound 27 9088 017 -027 —031 —0% —017 —027 o048 073
he_re,_usu_ally has little or no mfluenc_e on the qualitative plcture 60 3011 -0.25 00 016 052 0.0 -023 00 0.43
of ionization. Thus, a successful assignment of the experimental 63 3072 00 —-0.14 00 013-029 043 —0.31 -0.96
; ; ; i 64 3086 038 015 00 00 013020 —0.63 -1.72

spectra of silatranes should be possible using a wide range of 079 057 032 034 096 043 o4z 073

basis sets. To be on the safe side, in “Assignment of Photo-
electron Spectra”, we use for this purpose our OVGF results _ o _

for the 6-311G** basis and the CCSD molecular geometry. (&0 L 1 080 oS o e Mo Silatrane Evaluated

Comparison of the OVGF/6-311G** results for the CCSD  with Respect to the Totally Symmetric Normal Modes, v,

and MP2 geometries reveals discrepancies of about@8eV Frequencies, o (cm™?), and the Corresponding Vibrational Widths,
in the ionization energies of the N 2p LP and-3i MOs. At A V)

the same time, the IEs of the other orbitals do not differ by *»
more than 0.1 eV for the two sets of geometrical parameters. 1

w 2la 20a 15e
89 —150 0.30 0.0

19a
0.82

14e
0.0

18a
0.48

13e 17a 12e
0.360.14 0.37

. ; 5 192 154-049 0.0 —-0.33 0.0 —0.43 —0.23 —0.26 —0.34
The larger g.eometrlc.al effept in the case .of the N 2p LP and 10 292 037 011 020 054 00-018 —0.12 0.21-0.10
Si—X MOs is especially significant, for it suggests strong 15 438 046 0.0 —040 00 —0.28 —047 0.0 —023 0.0
nuclear relaxation and increased vibrational width in the 16 552 049 022 0.20-0.30 0.22 067 0.11 0.34 00
: .19 600 013 00 00 00 00-019 00 0.0 —0.13
_correspondlng photoelec_tron bands. The Iatt(_er factors, being 22 742 —047 047 012 060 00 024 034 00 051
important for correct assignment of the experimental spectra, 23 779 —032 052-061 046-052 -0.76 0.0 0.0 0.47
are ana|yzed in the next section. 26 888 —-0.70 0.38 0.0 0.32-0.31 0.0 0.44 0.27 0.45
. N . 31 1001 1.01 0.0 015012 0.0 0.0 —-040 0.0 —017
Geometrical Dependen_ce of_ Ionlzatl_on EnergiesAs can 34 1102 —0.69 00 00 044 00-047 00 041 00
be seen from eq 4, the vibronic coupling constanrtseflect 37 1156 0.32—-0.61 0.90-0.21 091 0.75—0.53 —0.22 —0.64
the dependence of the IEs on the totally symmetric normal 40 1273-0.26 0.0 0.0 -0.46 —0.21 —027 00 ~ 0.0 0.3
rdinates. In Tables 6 and 7, we list theonstants for the 31298 00 00 022 00 00 049 00-017 0.16
coo g , . 44 1333 0.0 -148 013-119 010 0.0 092 053 1.19
eight and nine outermost MOs of -Hand Me-silatranes, 49 1402 0.0 —-0.16 040-0.12 0.0 0.0 —0.43 —0.19 —0.25

respectively (the constants for the deeper MOs are not shown39

1416 —0.62 0.42
7 1508 —0.60 0.0

0.0 0.60 0.43

0.13 0.20-0.13 —0.18

0.140.36 —0.39 —0.11
0.17 0.83 0.22

since they are less informative). The totally symmetric modes 28

1530 0.21 0.0

0.12-0.18 0.0 0.0

0.11-0.15 0.0

in Tables 6 and 7 are numbered according to their positions in 60 1532 -0.38 0.0 —0.26 0.0 0.29
the full list of normal modes, ordered with respect to their 63 2973 0.0 —0.19 —0.29 —0.20 —0.31 —0.31

. ; 66 3011-029 00 016 0.17 066010 00 0.13-0.17
frequencies. To keep the computational effort reasonably low, ¢7 3040 00 -020 00 -014 00 00 128 060 171
we determined the parameters using HF ionization energies 70 3066 0.0 —0.13 0.0 —0.32 0.0 0.50—0.23 —0.78 —0.27
and B3LYP normal coordinates (the 6-311G* basis was 71 3081 038 013 00 0.4 0.0-0.12 —0.36 —1.03 —0.26

: oA ; 071 047 033 050 037 043 048 049 0.60

employed). This level of approximation provides reasonably
accuratec values. The validity of the approximation is exempli-
fied by the data of Table 8, where the HF and OViGtalues  modes describe simultaneous stretching of theNsbond with
are compared for two selected MOs and normal modes. Of some twisting of the % Si—03; and —N[—CH,_]5 fragments
course, the reliability of the present B3LYP vibrational coor- gpout the SN axis. Additional larger values for the N 2p LP
dinates and frequencies can be questioned in the view of they;0s are found along the mode; of H—silatrane and the
B3LYP error for the ground-state geometry (Table 3), but this analogous modes; of Me—silatrane. These modes describe

should not influence the conclusions of our study. stretchings of the NC, and G—Cjg bonds, which also influence

In both molecules, very large coupling constants can be seeny,q si-N distance. These data show that, in particular, the\Si
for the N 2p LP MOs along the, andv, normal modes. These stretching motion will be strongly excited upon ionization of

the N 2p LP electrons. When the sign of the coupling constants
and the normal coordinate phase factors are taken into account,

0.0 -0.19 0.27 0.0
0.0 045 0.0

(39) Cederbaum, L. S.; Domcke, W.; Schirmer, J.; von NiesserAdd..Chem.
Phys.1986 65, 115.
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Table 8. Comparison of HF and OVGF Linear Vibronic Coupling v 311G+ SD/6-31G*
Constants « x 10 (eV) in H- and Me-silatranes OVGHG3LGH /T CCSDI6-31G
- —_ 1 =19
molecule Vn method HOMO HOMO-1° é H-silatrane > = 184
H—silatrane HF -1.73 0.26 > c 3=l4e
V1 OVGF -1.70 0.38 Z D 4=13¢
Y HF 1.96 -0.41 =
N OVGF 1.98 -0.26 < , S
Me—silatrane HF —-1.50 0.30 z 4576 78 910 12
" OVGF -1.43 0.31 £
Ve HF 1.54 —0.49 5 Exp,
OVGF 1.50 _0.35 .E T T T T T T T T T T T T T
_ , _ _ _ _ _ g E 8 10 12 14 16 18
aWwith 19a in H-silatrane and 21a in Mesilatrane? With 18a in 5
H—silatrane and 20a in Mesilatrane. 5 5=17a
g B 6=16a
one sees that the N 2p LP IE decreases as thélSieparation £ | Theory ;f :zt
increases. This implies that the-S\l distance in the cations is 2 o 11e 9z
longer than that in the neutral molecules. % , 12 = 9¢
H . . 2 5 k-

Large coupling constants are obtained also for the)Si ~ T }i=é3a
bonding MOs. As could be expected, the largestlues here ’ ‘ ‘ 15 = 14
occur for stretching vibrations of the -SK bond (modes/sy —
andvs4 in H— and Me-silatrane, respectively). Interestingly, § 10 12 14 16 18
quite appreciable coupling constants can be seen far;thad Binding energy (eV)
v4 modes. This indicates that the displacement of the nitrogen rigure 3. (A) Outer-valence shell photoelectron spectrum of hydro
atom in some way influences also the IEs of the $ibonding silatrane’ The bar spectrum represents the results obtained using the OVGF

; ; : ] approach. (B) Theoretical photoelectron spectrum obtained by combining
MOs. Since all coupling constants here have opposite Slgnsthe OVGF results with the vibrational widths of the electronic transitions

Comp?red to the N 2p LP case, the OPPOSite thaViQr of the estimated using the LVC approach (see text for details).
IEs with respect to changes of the-$i distance is predicted.
The oxygen LP orbitals, 14e, 13e, and 16a ofdilatrane A OVGF/6-311G** // CCSD/6-31G*

and 15e, 14e, and 18a of Msilatrane, have large coupling Me-silatrane =214
constants for the normal modes describing alternat€gand c 2=20a
O—Si stretching vibrations/s andvsz in H— and Me-silatrane, B 3=15¢

respectively). This demonstrates that, although the above orbitals 4=19

are largely nonbonding, their energies nevertheless depend on
the position of the oxygen and the neighboring atoms. The
remaining O 2p LP orbitals (18a in+kilatrane and 20a in Me
silatrane) have distinctly different coupling patterns, which also
change from one molecule to the other.

The net effect of the totally symmetric vibrations on the IEs
can be seen from the vibrational width parametdeq 3). The
presentA values for the N 2p LP levels of Hand Me-silatrane
(0.79 and 0.71 eV, respectively) imply very broad photoelectron
bands. For these bands, it may be difficult to observe the actual
vibrational structure due to the small frequencies oftheodes
(83 cnTtin H—silatrane and 89 cnt in Me—silatrane), which
are predominantly active here. The appearance of the bands thus
may be somewhat diffuse. From the large coupling constants
and small vibrational frequencies obtained here, one can expect 8 0 12 14 16 18
that the adiabatic (60) IEs will be substantially lower than Binding energy (eV)
th_e vertical IEs, and the spectral _intensities of_ t_hé)@ransitions Figure 4. (A) Outer-valence shell photoelectron spectrum of methyl
will be small26 Also, in such a situation, positions of the N 2p silatrane’ The bar spectrum represents the results obtained using the OVGF
LP band maxima may not exactly match vertical IEs for these approach. (B) Theoretical photoelectron spectrum obtained by combining
transitions. The latter applies to the vertical IEs of Cradock et the OVGF results with the vibrational widths of the electronic transitions

) ) . estimated using the LVC approach (see text for details).
al” and Peel et & in Table 5, which were derived as band
maxima or shoulder peaks.

The present results also predict large vibrational widths for photoelectron spectra of H and Me-silatranes. In the A

the photoelectron bands of the-S{ MOs. Here,A values of panels, the present OVGF vertical ionization spectra (shown

14
440

Relative photoelectron intensity (arbitrary units)

0.96 and 0.50 eV were obtained forHand Me-silatrane, with the bars) are superimposed over the experimental spectral
respectively. By contrast, the photoelectron bands of the O 2p profiles. In the B panels, we show also the theoretical photo-
LP levels characterized by th& values of 0.3-0.4 eV are ionization envelopes, which were obtained by convoluting the
expected to be sharper. vertical OVGF spectra with two types of Gaussian functions.

Assignment of Photoelectron Spectraln Figures 3 and 4, The functions of the first type approximate the experimental
we compare the present theoretical results with the experimentalresolution and have a fwhm (full width at half-maximum) of
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0.5 eV for all transitions. The functions of the second type Q1 Q1

account for the individual vibrational width of the transitions 1 0 1 302 0 1
1 1 1

3 2 .
and have a fwhm equal to their vibrational width parameters, = :
Ai, as discussed in “Geometrical Dependence of lonization 12-0— H-silatrane Me-sﬂatrane_

Energies”.
As seen from Figures 3A and 4A, the present theoretical 115 17a (Si-H) 19a (Si-Me)
results agree well with the experimental spectra. The calculated )
transitions at the lower energies match the major features of 1 7 oo L4e (O 2p) -
the experimental envelopes, so that the maximaDAof the 11.04 13¢ (O 2p)
experimental spectra can be reliably assigned. The feature A
represented by a shoulder in the spectrum efsiatrane and
by a maximum in the spectrum of Mesilatrane clearly results
from the ionization ba N 2p LPelectron. Peak B in both cases
is built from two transitions representing ionization from O 2p
LP levels (orbitals 18a and 14e in-tsilatrane and 20a and
15e in Me-silatrane). Peak C also comprises two transitions,
one of them representing ionization from an O 2p LP level (MOs
13e in H-silatrane and 14e in Mesilatrane), while the other
one represents ionization from the-&{ orbitals (MOs 17ain
H—silatrane and 19a in Mesilatrane). D maxima have a more 9.0~ 19a (N 2p) -
complex structure, comprising three and four transitions+n H
and Me-silatrane, respectively. In each molecule, one of these 21a (N 2p)
transitions is due to the ionization from an O 2p LP level (MOs
16a in H-silatrane and 18a in Mesilatrane), whereas the . -
remaining transitions represent ionizations from deepewels. 3.0 )
Preliminary calculations with a method that is designed to treat OYGF/6'3'11G* . ' (')VGF/6:3“G*I '
stronger correlation effects in final states, ADC{3}°indicate 2f3 2!4 2?5 2f6 2f5 2f6 2f7 2?8
that the spectra become more complex at higher energy due to Rin (A) R (A)
the.mcrease.d density .Of transitions, and their unambiguous Figure 5. OVGF ionization energies of hydresilatrane (A) and methyl
assignment is not possible. silatrane (B) as functions of tH@; normal coordinate describing variation
The purely energetic considerations used so far do not explainof the Si-N distance.
the shape of the observed spectral envelopes. On the other hand, ) ) )
the latter information would be very desirable to confirm our Photoelectron intensity between 8 and 10 eV gives clear
assignments. This is particularly important for the experimental €vidence for an underlying electronic transition.
A bands, which were assigned above according to the vertical The present theoretical spectra also qualitatively reproduce
ionization energies of the N 2p LP of the silatranes. In the past, Other features of the experimental spectra up to about 14 eV.
the strikingly broad appearance of this band in the spectrum of In thls_energy region, our calculations predict, in agreement with
Me—silatrane together with its somewhat different (low energy) ©xPeriment, distinct peaks B, C, and D. _
location compared to the spectra of the other silatranes gave Relative intensities and shapes of the spectral peaks in the
rise to significant controversies about its assignnieHt24 It theoretical spectra in Figures 3B and 4B may not be fully correct
was suggested that the lowest photoelectron band in thefqr wgnt of an account of j[he photoelectron cross sections.
spectrum of Me-silatrane originates from a different com- Vibrational effects are taken into account only quahtatlvgly, apd
pound811n the work of Sidorkin et al'l such an assignment N0 attempt has been made yet to reprodyce the actual vibrational
was supported by an observation that nearly all samples of theenvglope_s. The spectral bands of the silatranes can _be affected
investigated silatranes were contaminated with products of their PY Vibronic coupling effects. Such an effect should be important
incomplete hydrolysis, and that the spectral intensity in the here due to the large coupling constant for certain modes and
relevant energy range varies with the concentration of these (€ presence of degeneréEeelectronic states subject to Jahn -
products. The present theoretical envelope in Figure 4B, Teller effect. Finally, one should_ not neglectapossml_e error in
however, shows clearly that this band is primarily a genuine N the ground-state geometry, which was computed using a still
2p LP silatrane band with increased vibrational width. Of course, "ather modest 6-31G* basis set. In the view of all these factors,
a certain part of its experimental intensity may indeed come the agreement of the theoretical and experimental spectral
from contaminating products, as observed by Sidorkin ééal., Profiles can be considered to be satisfactory. .
but this does not contradict the present assignment. The AsPects of Si—— N Bonding. Much useful information on-
calculated theoretical profiles qualitatively reproduce the ap- ©lectronic structure and bonding can be gained by studying
pearance of the A band in both molecules. In$ilatrane, the various trends in the molecular ionization energies. Th_e strong
band merges with spectral bands at higher energy, giving risedependences of the N 2p LP and-3i IEs on the Si-N
to a low-energy shoulder. The latter is not very pronounced in separation in H and Me-silatranes, which were established

the experimental spectrum, but the steady growth of the IN the present study, are especially interesting. _
In Figure 5, we show the results of our OVGF calculations
(40) (a) Schirmer, J.; Cederbaum, L. S.; WalterPB@ys. Re. A 1983 28, 1237.

(b) Schirmer, J.: Angonoa, G. Chem. Phys1989 91, 1754, (c) Schirmer for the lowest five IEs in H and Me-silatranes as a function
J.; Trofimov, A. B.; Stelter, GJ. Chem. Phys1988§ 109, 4734. of the SN distance. The calculations were performed for seven

— 15¢ (O 2p)

H/Mo‘o——o—o;

18a

10.0
20a

Binding energy (eV)

9.5 L
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Q Qi Qi Q1
3 02 1 0 1 302 a1 0 1 302 a0 1 32 10 1
1 1 11 1 11 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
H-silatrane Si 7.0 -
i HF/6-311G* L b I
6.5 _qi =
Si Me-silatrane - ] g;? 68;112}22“6 I
a * —~ - ’
- HF/6-311G i 8 60 B
P =~ =~ g i L
0.0 =
é 5.5 =
1 &0 oo Cq, 9\—0—0\9_0_0_0(:(1 r © E L
G———————0—0—0—"0 — -
H(X) I & 0
o Cﬁ o__——o—o"—‘—*’ocﬁ - 1 i
. : - 4.5 =
N L
& I . H-silatrane
< 04 % B
S -0.5] L | HF6-311G I
Q
E ] M N O_M N L 3.5 =
2 T T I T | T T T T I T | T T T T
< | | 23 24 25 26 25 26 27 28
O—O—O—O—O—N ° °
© 0 RsiN (A) RiN (A)
1 I Figure 7. HF ground-state dipole moment of hydrsilatrane (A) and
i | methyt-silatrane (B) as functions of th®; normal coordinate describing
variation of the Si-N distance.
CX)
-1.0- oo —
indicates that there is no appreciable electron density redistribu-
U U UL L, tion (or charge transfer) between them since, otherwise, one
23 24 25 26 27 25 26 27 28 9 : . ' ’
Rgin (A) Rgin (A) would observe an increase of the negative charge on N and of

) ) . . the positive charge on Si. Such a situation is possible only if
Figure 6. HF Mulliken atomic charges in hydresilatrane (A) and methyl P 9 L . P . y
silatrane (B) as functions of tf@; normal coordinate describing variation ~ there are no strong orbital interactions between the Si and N

of the Si-N distance. atoms. This is indeed the case since HF calculations find only
insignificant mixing of the Si and N atomic orbitals (AO) in

values of the normal coordina®, (=3 = Qi = 1), which the N 2p LP and SiX MOs, with no clear bonding or

correspond to SiN distances within the range 2:2.6 A in antibonding pattern. Only localized orbital analysis performed

the two molecules look qualitatively similar and behave gji—x g-honds are presedt; 172223 in agreement with the

essentially as predicted in the section “Geometrical Dependencepredictions of 3cde and dative interaction modds.
of lonization Energies” of this paper. As the-S\l separation
grows, the IE of the N 2p LP levels rapidly decreases, whereas h X - i
the IE of the Si-X MOs increases. Previously, the dependence represented by almost perfectlly linear fun'ct|ons which rap.|dly
of these orbital energies on the-9 separation (measured by ~d€Créase as the SN separation grows, in agreement with
the extent of pyramidalization on the N atom) was studied at Previous theoretical studi<8 Within the interval of 0.3 A,
the semiempirical MNDO and qualitative model levels, but the dipole moments decrease by about 2.0 D (from 7.2 o0 5.2
somewhat different curves were obtaifédn contrast to the D in H—silatrane and from 5.9 to 4.0 D in Mesilatrane). Here,
IEs of the N 2p LP and SiX MOs, the IEs of the O 2p levels the linear character qf is clearly related to the invariance of
remain relatively constant. Since the observed variations of thethe atomic chargesq, with respect to the SiN distance.
IEs are obviously related to changes in the molecular electro- According to the definition: = g, the dipole moment is indeed
static potentia|s and electronic structure, in Figures 6 and 7, a strictly linear function of the distandef q is constant. Since
we study the behavior of the atomic charges and ground-statethe atomic charges inH and Me-silatranes are quite similar
dipole moments in H and Me-silatranes with respect to the ~ (panels A and B of Figure 6), the functions have nearly the
Si—N distance. Here, we make use of the HF results for the same slopes in these molecules. At first glance, it might be
sameQ; points as above and employ Mulliken population surprising thai decreases as the-S\ distance increases (one
analysis to estimate the charges on the Si, i, G, and O may expect the opposite behavior @f assuming that it is
atoms. determined chiefly by the Si and N atomic charges). In reality,
Atomic charges in both molecules remain remarkably constant since the charges on the other atoms, such as oxygens, are also
within the whole range of the SiN distances considered in  important, the center of gravity of the negative charge is located
Figure 6. This is especially surprising in view of the substantial near the Si site of the molecule, whereas the center of the
structural rearrangements that take place in the molecules agositive charge finds itself closer to the N atom. This results in
the SN separation increases. That the electron populations a u vector, which is directed from Si to N, that is opposite to
of the Si and N atoms do not change as the atoms separatehe one expected from the Si and N charges alone. As thil Si

The ground-state dipole momentsg) (n both molecules are
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distance increases, the centers of the negative and positivethat the Si— N bond most likely has an electrostatic nattfte.
charges move toward each other, and the dipole momentsThus, the behavior of the N 2p LP and-S{ MO ionization

decrease.

Having established the absence of appreciabtd\Sorbital
bonding and an important role for electrostatic effects, we may
return to the discussion of the ionization energy curves in Figure

energies with respect to the-S\ distance (Figure 5) can be
attributed to the influence of the positively charged environment,
which can be conceived as a potential of positive charge acting
on the respective electron densities.

5. Here, we note that the present OVGF curves closely reproduce

those obtained at the HF level (not shown in Figure 5). The
OVGF results are simply shifted by about +.4.6 eV to lower

Conclusions

In the present work, we have studied theoretically the

energy (see also Tables 5 and 6). Electron correlation thereforephotoelectron spectra of hydroand methyi-silatranes (Figure

does not change qualitative trends in the electron density and
charge distribution, which were established above at the one-
particle level of approximation. The present correlated calcula-
tions also do not support the picture of an intramoleculat-Si

N charge transfer in silatranes.

To make the latter point more obvious, we recall that in the
Si<— N charge-transfer model, one assumes a transfer of the N
2p LP electron density into virtual MOs localized on the Si
atom. According to the Mulliken classification of donor
acceptor interactions, this is so-callew- or nu-type of
bonding#! The latter has essentially multiconfigurational char-
acter as it requires mixing of the HF ground-state (GS) with
configurations characterized by the excitation of N 2p LP
electrons into (Si-localized) virtual MOs. In the silatranes, such
configuration mixing is unlikely for several reasons. First, the
excited configurations here are energetically too high for an
efficient interaction with the GS. This can be seen already from
the large gap (of more than 14 eV in the present calculations)
separating the highest occupied and lowest unoccupied MOs.
Moreover, there is no compact, Si-localized virtual MO that
could induce significant configuration mixing with the N 2p
LP MO.

All of these considerations are directly confirmed by our
preliminary configuration interaction (CI) calculations and
calculations using the third-order algebradiagrammatic
construction [ADC(3)] electron propagator meth8d°The CI
calculations describe the electronic GS of the two molecules as
being dominated by the HF configurations and predict no low-
lying excited states. The ADC(3) calculations essentially
reproduce the OVGF results for the outer-valence region and
find no low-lying shake-up or shake-down satellites, which could
be interpreted as signatures of charge-transfer effé&isally,
we note that one should not confuse the (multiconfigurational)
intramolecular charge transfer discussed above with the redis-
tribution of electron density due to formation of a (weak)
covalent SN bond, which is also often referred to as charge
transfer in silatrane literature.

The present results demonstrate the importance of electrostatit‘Si

effects for ionization energies and Si N bonding in H- and
Me—silatrane molecules. Electrostatic interactions are among
the most common stabilization mechanisms in deramrceptor
complexes? A recent X-ray diffraction study of the electron
density in Me-silatrane has shown that the electron distribution
in the Si—— N interaction region conforms to a so-called closed-
shell interaction with a very small covalent contribution, and

(41) (a) Mulliken, R. SJ. Am. Chem. S0d.952 74, 811. (b) Mulliken, R. S.
J. Phys. Chen1952 56, 801. (c) Mulliken, R. S.; Person, W. Blolecular
ComplexesWiley-Interscience Publishing: New York, 1969.

(42) Trofimov, A. B.; Breidbach, J.; Schirmer, J. In preparation.

(43) For example, see: (a) Kaplan, I. Gheory of Molecular Interactions
Elsevier: Amsterdam, 1986. (b) Guryanova, E. N.; Goldshtein, I. P.; Romm,
I. P. Donorno-akceptornayau$as, Khimiya: Moscow, 1973.
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1). In addition, the molecular geometry and the electronic
structure of these systems were investigated in some detail. The
vertical ionization energies were computed using the outer-
valence Green’s function (OVGF) mett8dvith the 6-311G**
basis set. Some other basis sets ranging from 6-31G* to 6-311G-
(2df,p) also were tested in the calculations. The calculations
were performed for the equilibrium ground-state (GS) geom-
etries of H- and Me-silatranes optimized with the coupled-
cluster single and doubles (CCSD) metffbdnd the 6-31G*
basis set. To obtain information on the vibrational structure of
the photoelectron bands, the linear vibronic coupling (LVC)
approackf was employed. This allowed us to overcome the
limitations of the vertical picture of ionization and rendered
useful information for the assignment of the experimental results.
The ground-state vibrational frequencies and the normal modes
required by the LVC model were computed using the B3LYP
model.

Accurate description of the equilibrium-SN distance is a
major challenge in silatrane studies. For this parameter, various
well-established theoretical methods yield values which differ
by up to 0.3 A. In this situation, CCSD calculations were
undertaken to ensure a reliable description of the molecular
geometry. The resulting SN distances of 2.39 and 2.52 A in
H— and Me-silatrane, respectively, are in good agreement with
the results of the gas-phase measuremgnits.

The high flexibility of silatranes along the SN coordinate
reflects the nature of Si- N bonding. Our calculations find no
appreciable covalent SN bonding, and they do not confirm
bonding based on intramolecular Si N charge transfer. The
present results indicate that Si- N bonding is chiefly
electrostatic. The electrostatic nature of<Si N bonding is
confirmed by the invariance of the atomic charges with respect
to Si—N distance, by the linear character of the GS dipole
moment function, and by the high sensitivity of the ionization
energies of the N 2p LP and Si-X levels with respect to the
Si—N separation. As the SiN distance grows, the binding
energies of the N 2p LP electrons decrease, while those of the
—X IEs increase. These trends in IEs can be explained by
changes in the local positive electrostatic potentials near the N
2p LP and the SiX bond.

The strong geometrical dependence of theg\LP and some
other ionization energies implies strong relaxation of the
molecular structure upon ionization and an increased vibrational
width of the corresponding photoelectron bands. The presently
evaluated vibrational widths of the N 2p LP levels (0.79 and
0.71 eV for H- and Me-silatrane, respectively) imply very
broad bands.

The theoretical spectra simulated by combining vertical
ionization energies with vibrational widths of the individual
transitions agree qualitatively with experimental results and
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allow for reliable assignments of the observed spectra (Figuresdue to ionization from an O 2p LP level and transitions
3 and 4). The important advantage of the present approach isrepresenting ionization of deepetlevels.

that it predicts the shape of the spectral envelope, thereby It may be interesting to study the photoelectron spectra of
verifying tentative assignments. In particular, this was quite silatranes with different X substituents (X F, OMe, and so
useful in the characterization of the energetically lowest band, forth) using the same theoretical approach. Such a study should
which has the appearance of a distinct, broad maximum irn Me enable verification of suggestions concerning the electrostatic
silatrane and of a shoulder in+silatrane. The present results ~ character of Si—N bonding, as formulated in the present work,
allow one to unambiguously assign these bands to the N 2p Lp_and would provide material for the analy_sis of substituent trends
ionization transitions. According to our findings, the broad shape " €léctronic structure and spectra of silatranes.

of the bands reflects strong vibrational excitations (mainly of ~ Acknowledgment. The authors are indebted to Professor
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