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ABSTRACT: Using the example of silatranes XSi(OCH2CH2)3N
(X = Me, H, F, Cl), XS, it was found that the effect of the dipole-
bound (DB) electron on the cage intramolecular complexes does
not fit into the standard views. Upon the transition from XS to the
DB anions XS−, the unusual shortening of the internuclear Si···N
distance is always observed. For X = Cl, it is equal to 0.15 Å, which
is a record length for all DB anions known from the literature. The
formation of DB anions with the cage structure has principal
features, controlled not only by the “critical” value of the dipole
moment (μ > 2.5 D), but also by a geometric factor, such as the
degree of pyramidality of the N(CH2)3 moietythe positive end
of the molecular dipole of XS. It was a surprise that the effect of
the substituent X on the extent of the structural rearrangement in
the process XS → XS− cannot be explained using the values of the electron detachment energy of XS− or the initial strength of the
coordination Si ← N bond in XS. The unique sensitivity of the silatrane geometry to the addition of an excess electron is governed
by the rate of increase of their dipole moment with the shortening of the dative Si ← N contact. The conclusions drawn are
supported by the high-accuracy CCSD and CCSD(T) calculations and the experimental (RET-PES) data. There is no real reason to
doubt that the peculiarities of the formation of DB anions of XS− can also be characteristic of many hundreds of their structural
analogues XM(YCH2CH2)3N (M = Si, Ge, Sn, Pb, Ti, Al, Cr, Fe, Ni...; Y = O, NR, CH2, S), i.e., substituted 5-
azabicyclo[3.3.3]undecans.

1. INTRODUCTION

The continued interest in the dipole-bound (DB) anions
formed by the interaction of an excess electron with highly
polar neutral molecules or clusters is due to a number of
reasons.1 Among them, there is the practical importance of
studies on the structure and transformations of the DB anionic
states of biomolecules, gaining deep insight into the
mechanism of electron-induced biochemical processes.2 The
studies of DB cluster anions contribute significantly to
understanding the structure of solute−solvent associates and
the peculiarities of electron transfer reactions in solutions.1e,g

The formation of DB states is thought to be the initial step in
the attachment of an electron to many polar molecules.2d,g,3

Over many years, on the basis of ab initio and DFT
calculations, the DB anion was considered as an unperturbed
neutral molecule with an excess distant electron (its cloud is
spatially diffuse and does not affect the nuclear core) localized
on the positive side of the molecular dipole.4 Experimental
support for this view was seen in the corresponding anion
photoelectron spectra (PES). As a rule, they were characterized
by one intense, narrow peak, and the appearance of much
weaker vibrational features was explained without involving the
Franck−Condon overlap.5

The surprise was the photoelectron spectral signature of DB
anions of H-bonded dimers, for example, (HF)2,

5b,6a

(H2O)2,
6b and (H2O·NH3).

6c It was observed that the
vibrational features in their PES resulted from a small
shortening (<0.03 Å) of the intermolecular hydrogen bond
upon attachment of an excess electron (EE).
In this context, seeking out and studying those “outlaw”

dipole-bound anions that do not fit into the standard idea of
the equivalence of geometries of the dipole-bound anions and
their corresponding neutral molecules are of considerable
interest.7 Highly polar C3 symmetrical intramolecular silicon
complexes XSi(OCH2CH2)3N, i.e., silatranes (XS), are ideal
candidates for such investigation. It is pertinent to note that
the existence of a labile dative Si ← N bond in XS molecules
(Figure 1) predetermines their unique structure, unusual
physical and chemical properties, as well as rich and various
biological activities.8−10 Mainly for this reason, the interest has
not waned in the problem of the electronic structure of XS, its
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dependence on internal and external factors, and in the
properties of the Si ← N coordination.9b,10−13

The combined experimental (Rydberg electron transfer and
anion photoelectron spectroscopy, RET-PES) and theoretical
(CCSD, CCSD(T), and MP2 computational methods) study
revealed unprecedented shortening (by ∼0.1 Å) of the dative
Si ← N bond upon the transition of 1-hydro- (HS) and 1-
fluoro- (FS) silatranes to their dipole-bound anions, HS‑ and
FS‑, respectively.10 Furthermore, no vibrational features were
observed in the photoelectron spectra of HS− and FS− anions,
compared to that of the H-bonded dimers.5b,6

However, by the example of only two compounds XS (X =
H, F) studied in ref 10, it is impossible to confidently answer
some important questions. These include: (1) To what extent
is a large structural rearrangement upon the EE “adhesion” also
characteristic of other XS molecules? (2) What is the role, if
any, of the substituent X in this case? (3) What properties of
silatranes determine the unusual difference in the geometry of
their DB anions and neutral molecules? (4) Is the formation of
DB anions by highly polar cage molecules XS without the
coordination Si ← N bond possible?
In view of the above, it became necessary to increase the

number of the systems of investigation, i.e., to engage the other
representatives of anions of XS in addition to HS− and FS−.10

We chose the anions of 1-methyl- (MeS) and 1-chlorosilatrane
(ClS) (Figure 1). Judging by the dipole moment values in
XS,14 there is reason to believe that MeS has less ability and
ClS has more ability to bind an EE compared with HS and FS,
respectively.

2. COMPUTATIONAL METHODS
The geometries of the neutral molecules XS (X = Me, H, Cl, F) were
optimized in the restricted variants of the second-order Møller−
Plesset perturbation theory15 (MP2/B2(s) method) and the coupled-
cluster singles and doubles approach16 (CCSD/6-31++G(d,p) and

CCSD/6-311G(d,p) methods). The unrestricted variants of the
MP2/B2(s) and CCSD/6-31++G(d,p) methods were applied for
geometry optimizations of their dipole-bound anions XS− (more
specifically, the radical-anions XS−•).

The B2(s)10 basis set is a modification of the B217 basis set. The B2
basis set is constructed by augmenting the 6-311++G(d,p) basis set
with a set of diffuse s and p functions. The exponents of these
additional basis functions are obtained by dividing the smallest
respective exponent of the 6-311++G(d,p) basis by a factor of 3 for
oxygen, nitrogen, carbon, fluorine, chlorine, and silicon atoms and are
taken to be equal to 0.001 for each hydrogen atom.17 The B2(s) basis
set differs from B2 by the addition of only s diffuse functions on
hydrogen atoms.10

The correspondence of the MP2 and UMP2 optimized structures
to the minima on the potential energy surface was confirmed by the
positive eigenvalues of the corresponding Hessians. The neutral
silatranes and their DB anions have only one minimum on the MP2/
B2(s) potential energy surface.

The vertical electron detachment energy (VDE) is defined as the
energy difference between the neutral molecule XS and its anion XS−

both at the equilibrium geometry of the anion. The VDE estimations
were performed using the CCSD and CCSD(T)16,18 single-point
calculations with the B2 basis set for the MP2/B2(s) geometries. The
adiabatic electron affinity (AEA) was calculated as the CCSD(T)/B2
energy difference between the neutral species and its anion at their
own MP2/B2(s) equilibrium geometries. Therewith, the correspond-
ing contributions from the MP2/B2(s) vibrational zero-point energies
(ZPE) were taken into account. No spin contamination was found for
XS− when X = Me, H, F, Cl. The ⟨S2⟩ value is 0.750 in all cases.

Simulated photoelectron spectra of the dipole-bound anions MeS−

and ClS− were generated with the Franck−Condon method19,20 using
the convolution of the MP2/B2(s) spectra with Gaussian distribution
functions with a fwhm (full-width half-maximum) of 270 cm−1.

All calculations were carried out using the Gaussian 0921 program
package.

Note that for studying MeS− and ClS−, those methods that
previously accurately reproduced the experimental VDE values as well
as the PES profiles for HS− and FS− were utilized.10

Three-dimensional plots of the spin density were generated using
the MOLDEN22 program. The MOLEKEL23 graphic software was
implemented for visualizing the molecular electrostatic potential
(MESP).

The AIM analysis24 of the MP2/B2(s) electron density, ρ(r), in
silatranes XS and their DB anions was performed using the
MORPHY1.025 and AIMAll26 programs, as well as the BABBLE
program from the AIMPAC27 program package. On the contour plots
of the laplacian of the electron density, ∇2ρ(r), for XS− the contour
values (in e/a0

5) are ±0.002, ± 0.004, ± 0.008 increasing in powers of
10 to ±8.0 (the contours are shown in gray and correspond to the
valence shell charge concentration) and ±8 × 10−4, ± 4 × 10−4, ± 2 ×

Figure 1. Silatrane molecules under investigation.

Figure 2. MP2/B2(s) (in black) and CCSD/6-31++G(d,p) (in red) optimized geometries of silatranes MeS and ClS and their dipole-bound
anions MeS− and ClS−. The bond lengths are in Å and the bond angles in degrees.
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10−4, ± 8 × 10−5, ± 4 × 10−5, ± 2 × 10−5, ± 9 × 10−6, ± 7 × 10−6, ±
6 × 10−6, ± 5 × 10−6, ± 4 × 10−6, ± 3.5 × 10−6, ± 3 × 10−6, ± 2 ×
10−6, and ± 1 × 10−6, given in blue (they correspond to the “dipole-
bound” charge concentration).
The pentacoordinate character of the silicon atom, ηe, was

determined with the aid of the relation:28

1
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Here, θn refer to the bond angle between the equatorial bonds at the
silicon atom.

3. RESULTS AND DISCUSSION
3.1. Effect of Substituent X on the Structure of

Silatrane DB Anions. The structural parameters, determined
at the different theory levels for the neutral intramolecular
complexes XSi(OCH2CH2)3N with X = Me, Cl, H, and F, have
been repeatedly discussed in the literature.8b,9d,10−13 Hence,
there is no need for a detailed analysis of their structure.
Our MP2/B2(s), CCSD/6-311G(d,p), and CCSD/6-31+

+G(d,p) calculations of silatranes MeS and ClS (like those
previously performed for HS and FS)10 indicate the presence
of the bonding Si ← N interaction in them (Figure 2, Table S1
of the Supporting Information, SI), which is in accordance

with the known results.8f,9d,11−13 This interaction manifests
itself: (i) in the internuclear Si···N distances, dSiN, which are
substantially shorter than the sum of the van der Waals radii of
Si and N (3.65 Å) and (ii) in the bond arrangement in the
XSiO3N coordination center, being close to trigonal-bipyr-
amidal and thereby in a large pentacoordinate character of the
silicon atom, ηe (∼50% and higher) (Table S1). The high ηe
values and relatively short dSiN are characteristic not only of
XS, but also of the anions XS− (Table S1).
With increasing the σ-acceptor properties of the substituent

X in the direction:29

Me H Cl F< < < (2)

the lengths of the Si ← N contacts in XS decrease, whereas the
ηe values consistently increase (Figure 2 and Table S1). It
turned out that such regularities of changes in dSiN and ηe upon
variation of X hold also for the anions XS− (see Table S1). The
reason for this is their DB nature.
Indeed, the spin density in MeS− and ClS−, as in the case of

HS− and FS−,10 is localized outside the nuclear framework (the
immanent property of DB anions)1e,4a,c and therefore practi-
cally does not affect the σ-acceptor properties of the
substituent X (Figures 3 and S1).

Figure 3. UMP2(full)/B2(s)//UMP2/B2(s) contour maps of ∇2ρ(r) for the anions XS−. The cross section in the OSiN plane is given. Bond
critical points, BCP(3,−1), of ρ(r) are denoted by solid squares, and ring critical points, RCP(3,+1), by open cycles. Dashed lines correspond to
∇2ρ(r) > 0 (regions of charge depletion) and solid lines to ∇2ρ(r) < 0 (regions of charge concentration). The blue solid contours refer to DBCC.
Red stars indicate the DBCC maxima.
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At a quantitative level, the dependence of the location and
concentration of the EE cloud in XS− on the properties of
exocyclic substituent X can be evident from the AIM analysis
of the electron density, ρ(r). On the contour plots of the
laplacian of the electron density, ∇2ρ(r), for the anions XS−,
the excess electron gives rise to a very diffuse region of charge
concentration (Figure 3), more so than that of the parent
molecules XS. This region is defined as the “dipole-bound”
charge concentration region (DBCC), as it is typical of the
electron distribution in DB anions.30 Inside this region, the
critical points CP(3,−3) were found, corresponding to the
maximum of DBCC (local minimum of ∇2ρ(r)).
The AIM analysis of the electronic density ρ(r) revealed a

(3,−1) bond critical point in the internuclear Si···N region of
silatrane anions (Figure 3). This is a quantum topological
support for the above geometrical evidence of the presence of
Si ← N bond in XS−.24 A similar agreement between the AIM

and structural indications of the silicon atom pentacoordina-
tion has been reported previously for neutral XS.13b

Upon variation of X, the distances RH from the DBCC
maxima to the nearest H atom (Figure 3) of the N(CH2)3
moiety in XS− decrease as follows:

MeS HS FS ClS> > >− − − − (3)

The values of ρ(r) and ∇2ρ(r) in CP(3,−3) change in a
consistent manner with RH, i.e., the closer the excess electron is
located to the molecular framework, the higher will be the
concentration of its cloud (Sequence 3, Figure 3, Table S2).
However, regardless of the theory level, the dipole moment,

μ, in the series of XS increases in the sequence (Table 1):

MeS HS FS ClS< < < (4)

Comparing sequences 3 and 4, one can see the non-
accidental character of the changes in RH and μ with varying X.
The higher the polarity of the initial silatrane, the lower the RH
value becomes.

Table 1. Dipole Moment (μ, D) of the Neutral Silatrane Molecules XS and Vertical Electron Detachment Energy (VDE, eV)
for Their Anions XS−

calculation method X = Me X = H X = F X = Cl

μ MP2/B2(s) 5.15 6.27 8.32 8.45
CCSD/6-311G(d,p) 4.76 5.78 7.81 8.14
CCSD/6-31++G(d,p) 4.86 6.06 8.36 8.60

VDE UCCSD/B2//UMP2/B2(s) 0.027 0.045a 0.094a 0.108
UCCSD(T)/B2//UMP2/B2(s) 0.029 0.048a (0.048)a 0.097a (0.093)a 0.112

aPreviously calculated and experimentally obtained (shown in parentheses) VDE values.10

Figure 4. 3D representations of the CCSD/6-31++G(d,p) electrostatic potentials for silatranes HS, FS, and model structures HS/ and FS/, mapped
on their isodensity surfaces (with isovalue of 0.0008 au). The MESPs are shown from the side of the N(CH2)3 moiety.
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On the basis of the DB nature of the anions XS−, one could
expect a good relationship between the dipole moment of
neutral compounds XS not only with RH but also with the
vertical electron detachment energies (VDE) for XS−. Indeed,
with an increase in μ, both the above-mentioned shortening of
the RH distances and an increase in VDE are observed (Table
1). Moreover, the VDE values calculated at the CCSD/B2 and
CCSD(T)/B2 levels of the theory are in excellent agreement
with each other, and for the HS− and FS− anions also with the
available experimental data.
Judging by the dSiN values (Table S1), among the considered

intramolecular complexes XS 1-methylsilatrane is characterized
by the weakest coordination Si← N bond. Moreover, the VDE
value (0.029 eV) for its anion MeS− turned out to be the
smallest as well (Table 1).
In a large series of XS,8b,f,9e one can find compounds in

which, for certain X, the Si ← N bond is weaker than in MeS,
or it is essentially destroyed. However, they can be highly
polar. Do such cage silatranes retain the capability to form DB
anions? Unfortunately, this important question is hard to
answer theoretically, since involving the real XS without the Si
← N bond (see refs 9e and 31,) poses a technical problem of
the high-level VDE calculations of such large molecules.10

However, the exceptional role of the Si ← N coordination in
silatranes for the formation of their DB anions can be
demonstrated by the example of model structures without the
Si ← N bond, which contain a close to planar or planar NC3
moiety (for dSiN ≈ 3 Å, the displacement of the N atom from
the plane of three neighboring carbon atoms, ΔN ≈ 032). For
such geometry of XS, no meaningful electronic and quantum
topological signs of the Si ← N coordination are observed.
The CCSD/6-31++G(d,p) structure HS/ without bond

(fixed dSiN = 3.00 Å), constructed from the 1-hydrosilatrane
molecule, is highly polar. For this structure, the μ value (3.39
D) is much larger than the “critical” dipole moment (μ ≈ 2.5
D) being necessary for the excess electron binding.33

Nevertheless, the negative VDE values, which were calculated
for the anion HS/− at the UCCSD/B2//CCSD/6-31++G(d,p)
and UCCSD/B2//MP2/B2(s) theory levels (−0.004 and
−0.006 eV, respectively), are indicative of its instability.
Involving a map of the molecular electrostatic potential,

MESP, might offer an explanation for this unusual result
(Figure 4). For the equilibrium structures XS with the Si ← N
bond, the positive end of the molecular dipole, i.e., the
N(CH2)3 moiety, has a pyramidal structure that favors an
effective shielding of the negative charge of the nitrogen atom
by the positively charged CH2 groups (Figure 5). For the

planar structure of N(CH2)3 in HS/, the degree of such
shielding is significantly reduced. And, as a result, on its MESP
map there appears a region of the repulsive potential between
an electron and a polar molecule (Figure 4), which prevents
the formation of a stable dipole-bound state of HS/.
The ability of structures without the Si ← N bond to form

DB anions is retained if their polarity is significantly higher
than that of HS/. For example, the CCSD/6-31++G(d,p)
structure of 1-fluorosilatrane with an almost flat N(CH2)3
moiety (fixed dSiN = 3.00 Å), FS/, is much more polar (μ =
5.08 D) than HS/. For this reason, even though the conditions
are not very favorable for EE “adhesion” to the FS/ structure
(Figure 4), its dipole-bound anion state is quite stable as
judged by the positive value of its VDE (0.016 eV; UCCSD/
B2//UCCSD/6-31++G(d,p)). However, this VDE value is
essentially less than expected for μ = 5.08 D (see Table 1).
Thus, the formation of the cage DB anions of XSi-

(OCH2CH2)3N has principal features. It is controlled not
only by the “critical” value of the dipole moment (μ > 2.5 D)
but also by the geometric factor. Such a geometric factor is a
degree of pyramidality of the N(CH2)3 moietythe positive
end of the molecular dipole of XS.

3.2. Effect of an Additional Electron on the Structure
of Intramolecular Complexes XS. Upon the addition of an
excess electron not only to silatranes HS and FS,10 but also to
MeS and ClS, a significant change in their structure is observed
(Figure 2 and Table S1).
In quantitative terms, the transition from XS to XS− had a

most impressive effect on the length of the relatively weak
coordination Si← N bond. An AIM estimate of its energy gave
∼9 kcal/mol for MeS and ∼16 kcal/mol for FS.13b Therefore,
as a measure of the silatrane geometry response to the EE
addition, we chose the value ΔdSiN(XS) = dSiN(XS) −
dSiN(XS

−). Regardless of the X substituent properties and the
geometry optimization method, the Si ← N contact in XS− is
always shorter than in XS, i.e., dSiN(XS) > dSiN(XS

−) (Figure 2
and Table S1).
The results of the performed calculations allowed us to

suggest (using the example of HS) the following explanation
for this fact. The EE cloud is located near the positive end of
the silatrane molecular dipole, which corresponds to the
N(CH2)3 moiety (Figures 3, 4, and S1). In this moiety, the
nitrogen atom has a negative charge, while the CH2 groups are
positively charged (Figure 5). The local repulsion of N from
the EE cloud leads to a displacement of this atom from the
plane of three neighboring carbons in the direction of the
silicon atom (MP2/B2(s): ΔN(HS) = 0.32 Å, ΔN(HS−) = 0.34
Å; CCSD/6-31++G(d,p)): ΔN(HS) = 0.31 Å, ΔN(HS−) =
0.38 Å) and, thereby, to a shortening of the Si ← N bond, i.e.,
to the inequality: dSiN(XS) > dSiN(XS

−).
The ΔdSiN(XS) value depends strongly on the theory level,

basis set size and the X substituent nature. It is difficult to
choose a priori the most reliable and cost-effective method for
its estimation. Indeed, the available experimental electron
diffraction (ED) Si ← N bond lengths in neutral XS11c,34 are
reproduced with good accuracy only by the CCSD method
(depending on the basis size, the CCSD mean absolute error,
MAE, is 0.009−0.021 Å,10,12 while for the MP2/B2(s)
calculations MAE = 0.052 Å10). On the contrary, there are
serious reasons to believe that the UMP2/B2(s) optimized
geometries for XS− are much more reliable compared to the
CCSD geometries obtained with the 6-31++G(d,p) and 6-
311++G(d,p) basis sets.10 The standard valence-type basis sets

Figure 5. Schematic representation of the interaction between the
N(CH2)3 moiety and a cloud of an excess electron in 1-
hydrosilatrane. Numbers in italics show the atomic charge of nitrogen
(in red) and the total charges of CH2 groups (in blue) found by the
AIM method at the MP2(full)/B2(s)//MP2/B2(s) level of theory.
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without extra diffuse functions are apparently not flexible
enough for studying DB anions.35 For these reasons, in the
framework of one of the used theory levels, we cannot estimate
the ΔdSiN(XS) values relatively correctly. In this situation, two
different methods have to be applied: ED (as in ref 10) or
CCSD for obtaining dSiN(XS) and UMP2/B2(s) for calculating
dSiN(XS

−). Due to the lack of ED data for 1-chlorosilatrane14b

and their poor quality for 1-methylsilatrane,12,36 we will
estimate the dSiN(XS) values using the CCSD method with the
6-311G(d,p) basis set. With this basis set (as compared to
others), the best agreement is achieved between the calculated
and available ED values of dSiN(XS) (MAE = 0.009).12

Thus, upon the transition from XS to XS−, the Si ← N bond
de fo rma t i on , i . e . , t h e v a l u e o f Δd S i N (XS ) =
dSiN[XS]

CCSD/6‑311G(d,p) − dSiN[XS
−]UMP2/B2(s), decreases in

the following sequence of substituent X:

Cl(0.15Å) Me(0.13Å) H(0.12Å) F(0.10Å)> > > (5)

Judging by the ΔdSiN(XS) values, the largest structural
rearrangement upon EE “adhesion” to intramolecular com-
plexes XS is characteristic of ClS. It significantly exceeds that
for HS, which previously was a record for all DB anions known
from the literature!10 Among the considered XS structures, 1-
chlorosilatrane, ClS, is characterized by the highest polarity
and, as a consequence, by the maximum interaction of EE with
the XS framework (see Table 1). Therefore, it does not seem
surprising that under the influence of EE the change in the
geometry of ClS is greater than that of MeS, HS, and FS (see
Sequence 5). Staying within the framework of such notions
and based on the data of Table 1, we cannot answer the
following question: Why is the effect of EE on the XS structure
less pronounced in the case of FS (Sequence 5) than for MeS
and HS? It appeared that this might be explained by the
possible dependence of ΔdSiN(XS) on the strength of the
coordination Si ← N bond in the parent silatrane. The larger
the internuclear Si···N distance, dSiN(XS), in XS, the more it
would be subject to shortening during the transition from XS
to XS−. However, in general, a satisfactory correlation between
ΔdSiN(XS) and dSiN(XS) is not observed in the series of XS.
According to the CCSD/6-31++G(d,p) calculations, the

dipole moment is equal to 4.86 and 8.36 D for the equilibrium
geometries of MeS and FS, respectively, and μ = 6.99 and 9.45
D when using the corresponding geometries of their DB
anions. At any theory level and regardless of the nature of the
substituent X, the polarity of silatranes with the anionic
geometry is higher than with the optimized geometry of
neutral XS. Ultimately, this contributes to the enhancement of
the EE interaction with the intramolecular complexes XS. Such
an effect has been previously observed during the formation of
DB anions of intermolecular complexes stabilized by a
hydrogen6 or N → B7 bond.
Thus, the structural rearrangement of XS, initiated by EE

“adhesion” to these molecules, proceeds in the direction of the
increase of their polarity. This is accompanied, first of all, by a
significant shortening of the dative Si ← N contact (see
sequence 5). Therefore, there is reason to expect that the
greater the deformation of the coordination Si ← N bond,
ΔdSiN(XS), in silatranes, the greater is the rate (Vμ) of increase
of the dipole moment of XS with decreasing the internuclear
Si···N distance. The rate Vμ is defined as follows:37

V d d( )/( )eq 1 eq 1μ μ μ= | − − | (6)

where μeq and deq correspond to the optimized geometry of
silatrane, and μ1 is determined at its Si ← N bond length, d1,
which differs from the equilibrium bond length, deq, by a
relatively small arbitrary constant c (d1 < deq).
The foregoing is supported by the CCSD/6-311G(d,p)

calculations of Vμ for XS (for definiteness c = 0.005 Å). When
X varies, the Vμ values (in D/Å) decrease in the following
sequence that does not depend on the value of the constant c:

Cl(5.54) Me(4.56) H(4.36) F(3.78)> > > (7)

Comparing sequences 5 and 7, we can see that indeed
ΔdSiN(XS) and Vμ change in concert in the series of XS (see
Figure 6).

Thus, the sensitivity of the geometry of silatranes to the EE
effect is controlled by the rate of increase of their dipole
moment with the shortening of the Si ← N contact, Vμ.

3.3. Photoelectron Spectra of DB Silatrane Anions.
The photoelectron spectra of anionsMeS− and ClS− simulated
with the Franck−Condon method (Figure 7 and Tables S3 and
S4) are similar to those for HS− and FS−.10 The geometric
relaxation upon the EE attachment occurs mainly along the
first and seventh normal vibrational modes in MeS and along
the first and sixth modes in ClS. As in the case of HS and FS,10

they correspond to the dative Si ← N bond stretching and
torsional motion of the SiO3 and N(CH2)3 moieties around
the C3 symmetry axis in the silatrane molecule. The vibrational
transitions (00

0, 10
1, 70

1) and (00
0, 10

1 60
1) are very close in

energy (see the ΔE values in Tables S3 and S4) and form a
separate, narrow main peak in PES of MeS− and ClS−, being
typical of dipole bound anions.4

In addition to a separate intense maximum, very weak
vibrational features appear around 0.4 eV (MeS−) and 0.5 eV
(ClS−) (Figure 7), which is in contrast to the theoretical PES
of the HS− and FS− molecules.10 They have a composite
character and correspond to transitions related largely to
stretching of different C−H bonds of the silatrane cage. These
combination bands also involve the torsional motion of the
methyl group in the case of MeS− and the O−Si−O bending
and CH2 group twisting for ClS−. Judging by the Franck−
Condon factors values (Tables S3 and S4) these peaks
(especially at 0.5 eV) have a very low intensity and are

Figure 6. Dependence of the Si ← N bond deformation initiated by
EE in silatranes XS on the rate of increase of their dipole moment
with decreasing the internuclear Si···N distance.
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practically not populated upon the electron photodetachment
from MeS− and ClS−.
Thus, in PES of silatrane anions there is no vibrational

structure (Figure 7 and Tables S3 and S4), which could be
considered as evidence of an unprecedented deformation of
the coordination Si ← N bond (see Section 3.2). This
surprising fact is largely due to its striking lability.38 Indeed,
according to the CCSD(T) calculations, only ∼0.02 eV of
energy is required to change the Si ← N distance by 0.1 Å.10

Therefore, the vibrational transitions that correspond to the
deformation of the XSiO3 ← N(CH2)3 moiety do not go
beyond the limits of a narrow main peak in PES of anions XS−

(see Figure 7 and Tables S3 and S4).
It is important to note that the vibrational structure

observed in the photoelectron spectra of the anions of
intermolecular H-complexes, for example (HF)2, is largely
due to the peculiarities of the H-bond deformation, namely, its
significant bending and small (<0.03 Å) stretching.6a,c On the

contrary, because of the lateral stiffness of the silatrane cage
(with respect to the axial XSi ← N plane), we have a zero
Franck−Condon factor for the coordination Si ← N bond
bending in XS−.
On the basis of the results of ref 10, an unusual

photoelectron spectrum can be expected for the anions of
those silatranes, which would be characterized by an
extraordinary Si···N distance shortening (ΔdSiN > 0.2 Å (!))
during the process XS → XS−.
There is no real reason to doubt that the peculiarities of the

formation of DB anions of intramolecular complexes XSi-
(OCH2CH2)3N with a cage structure (discussed above in
sections 3.1 and 3.2) can be characteristic, but with surprises,
also for many hundreds of their structural analogues XM-
(YCH2CH2)3N (M = Si, Ge, Sn, Pb, Ti, Al, Cr, Fe, Ni...; Y =
O, NR, CH2, S) - substituted 5-azabicyclo[3.3.3]undecans.

Figure 7. (A,B) Overlaid experimental (RET-PES, black solid line) and Franck−Condon (red dashed line) photoelectron spectra of HS− and FS−.
(C,D) Theoretical photoelectron spectra of anions MeS− and ClS−. Vibrational progressions are given by a blue line spectrum. The geometry
optimizations and normal vibrational mode calculations were performed with the MP2/B2(s) method. In determining the position of the 0−0
transition we used the CCSD(T)/B2 adiabatic electron affinity values (19 meV for MeS and 95 meV for ClS). Panels A,B reprinted with
permission from Belogolova, E. F., et al. J. Phys. Chem. Lett., 9, 1284−1289.
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4. CONCLUSIONS
The MP2, CCSD, CCSD(T), and AIM methods were applied
to study the structure and energetics of the formation of
dipole-bound, DB, anions of intramolecular silicon com-
plexes−silatranes XSi(OCH2CH2)3N, XS (X = Me, H, F,
Cl), which possess the dative Si ← N bond.
The DB character of the silatrane anions XS− is proven by

the localization of their spin density outside the nuclear
framework and by the appearance of the “dipole-bound”
charge concentration region on the corresponding contour
plots of the laplacian of the electron density. The “adhesion” of
an excess electron, EE, to XS is always accompanied by a
shortening of the coordination Si ← N bond. This can be
explained by the local repulsion between EE and the negatively
charged nitrogen atom of the N(CH2)3 moiety, which is the
positive end of the silatrane molecular dipole. The dissimilarity
in the structure of ClS and ClS− (determined mainly by the
difference in the internuclear Si···N distance, which is equal to
0.15 Å(!)) is a record for all DB anions known from the
literature.
The regularities of changes in the structural parameters of

the Si ← N coordination upon variation of X, which were
established for neutral XS, hold also for the anions XS−. The Si
← N interaction in these molecules strengthens with increasing
σ-acceptor properties of the axial substituent X (Me < H < Cl
< F).
According to the calculations, the higher the polarity, μ, of

the parent silatrane, the closer the electron cloud is to the
molecular framework, and the higher is its concentration. An
increase in μ in the series of XS (MeS < HS < FS < ClS) also
results in the expected increase in the vertical electron
detachment energy of the corresponding anions (MeS− <
HS− < FS − < ClS−).
The formation of DB anions of XS with the cage structure is

controlled not only by the “critical” value of the dipole
moment (μ > 2.5 D), as in the case of usual structures, but also
by the geometric factor. Such a geometric factor is the degree
of pyramidality of the N(CH2)3 moiety−the positive end of the
molecular dipole of XS.
The observed effect of the substituent X on the structural

rearrangement in the process XS → XS− cannot be explained
using the values of the electron detachment energy of XS− or
the initial strength of the Si ← N bond in XS.
The sensitivity of the geometry of silatranes to the addition

of an excess electron, which do not fit into the standard views,
is governed by the rate of increase of their dipole moment with
the shortening of the Si ← N contact.
A more significant effect of EE on the structure of MeS and

ClS (as compared to that of HS and FS) was not noticeably
manifested in the Franck−Condon photoelectron spectra of
their anions.
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