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Experimental and quantum-chemical study of complexation of carbene analogs
with dinitrogen. Direct IR-spectroscopic observation of Cl,Si * N, complexes

in low-temperature argon-nitrogen matrices*
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Interaction of dichlorosilylene with dinitrogen in mixed Ar—N, matrices at 9 - 10 K was
studied by IR spectroscopy. A donor-acceptor complex Cl,Si * N, was found and characterized
by six bands of symmetric (at 511.2, 508.9, and 506.5 cm~!) and antisymmetric (at 500.1,
496.9, and 495.1 cm™!) stretching vibrations of Si—Cl bonds in the most abundant isotopomers.
Two bands at 498.7 and 493.5 cm~! observed in mixed matrices were tentatively assigned to
CI,Si * (N,), complex. Several stretching vibration bands of minor isotopomers of SiCl, were
detected for the first time in argon matrices. Assignment has been done for the isotopic
structure of SiCl, associates with dinitrogen observed in N, matrices. Dimerization of SiCl,
and its complexation with one and two N, molecules were studied by quantum-chemical DFT
calculations (PBE and B3LYP functionals). The structures, energies, and vibrational frequen-
cies of the CI,Si* N, and Cl,Si * (N;), complexes and the Si,Cl, dimer were determined. The
energies of SiCl, complexation with one and two N, molecules obtained from PBE and B3LYP
calculations are 0.3 and 0.6 kcal mol~!, respectively. More accurate G2(MP2,SVP) calcula-
tions using the B3LYP geometries have predicted a higher stability of the Cl,Si* N, complex
(1.2 kcal mol~!). The calculated and experimental vibrational frequencies of reagents and
complexes are in good agreement. A correlation has been established between the PBE calcu-
lated energies of complexation of EHal, (E = Si, Ge, Sn, Pb) with N, and the experimentally
observed shifts of E—Hal stretching vibrations in EHal, upon complexation. The strength of
the complexes with N, increases on going from dihalosilylenes to dihaloplumbylenes.

Key words: dinitrogen, dichlorosilylene, dichlorogermylene, dichlorostannylene, hexa-
chlorodisilane, complexes of carbene analogs with nitrogen, tetrachlorodisilene, matrix IR
spectroscopy, quantum-chemical calculations, density functional theory, G2(MP2,SVP)

computational scheme.

Complexation plays an important role in chemistry of
dicoordinated silicon derivatives (silylenes).! Several ex-
amples of direct UV-spectroscopic observation in solu-
tions and low-temperature hydrocarbon matrices of labile
silylene complexes with relatively strong Lewis bases like
ROH, R,0, R,S, R,C=X (X = 0O, S), R;N, RC=N, R,P
have been reported.! The complexes with alcohols subse-
quently rearranged into insertion products R'zsiHOR,2
while the complexes with carbonyl and thiocarbonyl
compounds experienced a reversible isomerization into
silaoxiranes and silathiiranes, respectively.3 Recently,4 the
first examples of stable complexes of sterically hindered
silylenes with isocyanides bearing bulky substituents were
reported. The interaction of sterically less strained silylenes
and isocyanides, which produces silaketenimines,3 also

* Dedicated to Academician I. P. Beletskaya on the occasion of
her anniversary.

implies an intermediate formation of similar complexes
in the first stage of the reaction.

The data on the formation of silylene complexes with
essentially weaker Lewis bases are scarce. For instance,
the formation of labile complex between dimethylsilylene
and CHBr; was shown by flash photolysis technique and
confirmed by quantum-chemical calculations.” This was
the first example of experimentally observed complex of
silylene with organohalide. Kinetic data and results of
quantum-chemical calculations® indicate unequivocally
an intermediate formation of weak pre-reaction complexes
in the course of insertion of the most reactive silylenes
(SiH,, SiHMe, SiMe,) into Si—H bonds. Being added to
unsaturated organic compounds, silylenes behave like
electrophilic species,8 and, according to quantum-chemi-
cal calculations,? the first stage of SiF, interaction with
ethylene also involves formation of a weak pre-reaction
complex. Complexes of various silylenes with CO were
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detected!%:11 by UV spectroscopy. A complex of dimethyl-
silylene with CO was detected by the method of IR spec-
troscopy in low-temperature inert matrices.!!

Dinitrogen is often used as a matrix material in studies
of the spectral properties and reactivity of silylenes in
low-temperature matrices. Due to the presence of lone
electron pairs in the N, molecule it can be considered as a
Lewis base, though undoubtedly it is one of the weakest
bases. However, it was shown earlier by matrix IR spec-
troscopy that heavier silylene analogs, namely, San,12
SnCl,, and PbF, 13 do form complexes with N,. The pos-
sibility of complexation of silylenes with dinitrogen was
not studied yet.

In this work we present the results of experimental and
theoretical studies of the interaction between one of the
simplest silylenes — dichlorosilylene, SiCl,, with di-
nitrogen. Besides, quantum-chemical calculations were
carried out for dinitrogen complexes with heavier carbene
analogs, GeCl, and SnCl,. All calculations were per-
formed for the singlet state, which is the ground state of
all carbene analogs.

Experimental

Dichlorosilylene was generated according to the known pro-
cedure by passing Si,Cl, vapors through a pyrolyzer — a quartz
tube (internal diameter 2 mm, heating zone length 100 mm)
coupled to a vacuum shroud of cryostat. The temperature was
measured with a chromel-alumel thermocouple positioned be-
tween a heater (a quartz tube with nichrome wire wound
around it) and the pyrolyzer. In most of the experiments pyroly-
sis was carried out at 850 °C, though in the preliminary experi-
ments performed to determine the optimum temperature of py-
rolysis, the temperature of the pyrolyzer was varied in the range
770—1100 °C. The pressure of Si,Cl, vapors near the pyrolysis
zone (~10~2 Torr) was measured by a PMT-2 manometer con-
verter. The consumption of Si,Cl, was estimated from the weight
loss of a sample after several experiments, taking into account the
time factor. The average flow rate of Si,Cl, was 0.04 mmol h-L

The products of Si,Cl, pyrolysis and Ar—N, mixtures con-
taining from 0 to 100 mol.% N, and brought via an independent
pipeline were codeposited on the mirror surface of a copper
plate cooled to 10—15 K and located inside the cryostat 80 mm
from the pyrolysis zone and at a distance of 50 mm from an
outlet of the matrix gas introduction pipeline. The pressure in
the cryostat was measured by a PMI-2 manometer converter. It
was ~2x1075 Torr during the deposition of the matrices and
~2x1076 Torr after the deposition. Ar—N, mixtures of prescribed
compositions were prepared several hours prior to the deposi-
tion and stored in a glass vessel. A mercury free gauge was used
to measure the pressure of the components. The mixture con-
sumption (8—12 mmol h—!) was controlled by a manometer.
The duration of deposition varied from 30 to 100 min. The
SiCl,: (Ar+ N,) molar ratio varied from 1 : 200 to 1 : 300,
based on the assumption of total conversion of Si,Cl; into
SiCl, + SiCl,. After the matrix deposition the temperature of
the copper plate was lowered to 9—10 K. The plate was cooled
by a Displex-CSW-208R microcryogenic closed-cycle refrigera-

tor (APD Cryogenics, Inc.). The temperature of the plate was
measured by a DT-470-SD12 silicon diode soldered to the plate
and was preset by a Lake Shore Model 330-11 temperature
controller (Lake Shore Cryotronics, Inc.).

IR spectra of the matrices prepared were recorded using the
reflection scheme on a Bruker IFS 113v IR Fourier spectrom-
eter in the range of 4000—400 cm™~! with a resolution of 0.25 or
0.5 cm™!. The reproducibility of the frequency measurements
was £0.1 cm™1.

Quantum-chemical calculations of the structures and vi-
brational frequencies were carried out using the B3LYP 15
and PBE 16 density functionals. The energies of reagents and
ClL,Si- N, complex were also calculated using the G2(MP2,SVP)
modification!’ of precise Gaussian-2 computational scheme.!8
Both G2(MP2,SVP) and B3LYP calculations were performed
with the GAUSSIAN-94 program package!®. All B3LYP calcu-
lations were done using the 6-311+G(d) basis set. They included
geometry optimization and frequency calculations. Energy com-
putations according to the G2(MP2,SVP) procedure!8 con-
sisted of several steps, including geometry optimization at
the B3LYP/6-311+G(d) level and energy calculations using
the QCISD and MP2 methods with various basis sets. The
final value of energy obtained by the G2(MP2,SVP) method
was an approximation to that of the single point
QCISD(T)/6-311+G(3df,2pd) calculation. Zero-point vi-
brational energy correction, ZPE, calculated with the
B3LYP/6-311+G(d) method was used without scaling of fre-
quencies.

PBE calculations were carried out using the PRIRODA pro-
gram.20 These computations, which included full geometry op-
timization and vibrational frequency calculations, were per-
formed using the triple-zeta type basis sets: (5s2p) [3s2p] for H,
(11s6p2d) [6s3p2d] for C, (15s11p2d) [10s6p2d] for Si and Cl,
(18s14p9d) [13s10p5d] for Ge, and (21s17p12d) [15s12p8d] for
Sn. Here, the primitive gaussian basis sets are given in parenthe-
ses, while the contracted basis sets are given in brackets. The
program employs the electron density expansion?! over an aux-
iliary uncontracted basis set: (5s2p) for H, (10s3p3d1f) for C,
(14s3p3dI1flg) for Siand Cl, (18s3p3d1flg) for Ge, (23s3p3diflg)
for Sn. The nature of the stationary points located was deter-
mined by calculating the eigenvalues of the matrix of the second
derivatives of energy. Thermodynamic functions were calcu-
lated using the harmonic oscillator—rigid rotor model.

Calculations using the PRIRODA program were done on
personal computers with Pentium©-1IT 800 and Celeron® 433
CPUs. Calculations using the GAUSSIAN-94 program were
performed on a SGI POWER CHALLENGE L supercomputer
at the Computer Center, Zelinsky Institute of Organic Chemis-
try of the Russian Academy of Sciences.

Results and Discussion

Hexachlorodisilane, Si,Cl¢, was used in this work as a
precursor of labile dichlorosilylene. Earlier,4:22 pyrolysis
of Si,Cl, was successfully used for generation of SiCl,
which was then stabilized in low-temperature inert matri-
ces. In the temperature range 600—1100 °C pyrolysis of
Si,Cl, proceeds exclusively as follows!4:23

Si,Clg — SiCl, + SiCl,. )
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According to the experimental data,23 the enthalpy
change of reaction (1) is 48 kcal mol~!. However,
MP2/6-31+G(2df,p) calculations predicted a some-
what smaller value (AH,g, = 35.4 kcal mol~!).24 An alter-
native route of thermal decomposition of Si,Cl, into
two trichlorosilyl radicals is much more endothermic
(77 kcal mol—1).23 Thus this channel of thermal decom-
position of Si,Cl, can became significant only at tem-
peratures above 1200 °C.23 The activation energy for re-
action (1) was determined in kinetic studies. Differ-
ent authors reported the values of 49.6,25 48.0 26 or
49.2 27 kcal mol~!. These values are in good agreement
with the calculated height of the activation barrier
(48.8 kcal mol—1).24

The IR spectrum of Si,Cl¢ isolated in Ar matrix was
recorded during preliminary experiments. Vibrational
spectra of Si,Cl¢ were reported in several studies.?8=35 In
particular, the IR spectra of this compound were recorded
in the liquid3!—35 and gas39-33 phases. It was shown33 that
the set of vibrational frequencies observed in the IR and
Raman spectra agrees best with D, symmetry of this mol-
ecule. The presence of two chlorine isotopes with compa-
rable natural abundances (75.53% for 3Cl and 24.47%
for 37Cl in unenriched samples) should result in notice-
able splitting of most of the bands on the chlorine iso-
topes. However, the isotope splitting was earlier observed33
only for the v,(Si—Cl) stretching vibration band in the
Raman spectrum of a solid sample of Si,Cl,. No vibra-
tional spectra of Si,Cl, in low-temperature matrices were
reported to date.

The IR spectrum of Si,Cl¢ isolated in argon matrix
exhibited three isotopically split bands with maxima
at 631.6 (very weak, poorly resolved, v,(Si—Si)33 or
vetvgty,),3% 609.5 (very strong, v, (Si—Cl)3233), and
462.4 cm™! (strong, v5(Si—C1)3%33) and a very weak single
band at 528.9 cm™! (v,+v,,) .3%33 The band near 462 cm~!
corresponding to a nondegenerate vibration of a,, type
consists of seven well-resolved components separated by
1.4 cm~!. The relative intensities of the components cor-
respond to the natural abundances of chlorine isotopes.
The intense band near 609 cm~! corresponds to a doubly
degenerate ¢, type vibration which strongly complicates
its isotopic structure. Detailed analysis of the isotopic struc-
ture of this band was not undertaken in this work. The
isotopic structure of the band near 631 cm™! is very similar
to that of the band near 462 cm~!, which implies that the
latter belongs to a nondegenerate vibration or to transition
to a composite level which consists of nondegenerate vi-
brations only. It precludes the possibility of its assignment
to a combination transition v¢+vg+v,,,3 but agrees with
the assignment to v,(Si—Si).33-3 Noticeable isotopic split-
ting (interval between individual components is ~0.8 cm™!)
indicates a significant participation of Si—Cl bond in this
vibration. The absence of isotopic splitting of the band in
the region 529 cm~! could be explained by very low inten-

sity due to which only the most intense component of the
isotopic structure was registered.

Besides the bands of Si,Cl,, the spectra recorded ex-
hibit a number of very weak bands of H,0 36-37 and CO,,38
which get into the matrix in small quantities due to des-
orption from inner walls of the cryostat and micro leaks in
the system; HC13 — the product of insignificant hy-
drolysis of the sample, as well as SiCl, 404! and
SiHCI, 42 — from micro impurities in the initial sample.
The above-mentioned impurity compounds, as well as
complexes of dinitrogen with H,0,43 HCL,* and CO, 38
formed in mixed argon-dinitrogen matrices, exhibit no
bands near the SiCl, absorption. No interaction of these
compounds with dichlorosilylene was observed in further
experiments, due to their insignificant concentration, and
their presence did not interfere with the study of SiCl,
interaction with dinitrogen.

IR spectra of SiCl, in argon matrix. Dichlorosilylene
was generated by pyrolysis of Si, Cl, at 850 °C (the lowest
temperature at which a complete decomposition of Si,Cl
takes place). Two IR bands in the region of stretch vibra-
tions of Si—Cl bonds characterize dichlorosilylene iso-
lated in argon matrix. Both bands show well-resolved iso-
topic structure (Fig. 1, b). The isotopic components of
the bands of antisymmetric stretching vibration are addi-
tionally split into doublets. The high frequency compo-
nents of the doublets are almost three times less intense
than the low frequency ones. The ratio of the intensities
of these components remains unchanged after short-term
warming up of the matrices. These facts indicate the pres-
ence of two positions of SiCl, in the matrices studied,
which are close in energy but differ in concentrations, i.e.
the observed splitting could be interpreted as a matrix
effect. The matrix splitting of SiCl, bands in Ar matrix
was previously observed4S when SiCl, was generated by
the action of SiCl, on metallic silicon at 1000 °C in a flow
pyrolyzer.

The vibrational frequencies of SiCl, measured in this
work are presented in Table 1. Due to the use of a more
sensitive spectrometer with higher resolution compared
to earlier studies,!445 a number of isotopic components
of SiCl, bands not observed earlier was revealed in the IR
spectra at 504.8, 502.8, and 500.2 cm™! (vsym), and at
490.5and 485.7 cm™! (v,¢)- The frequencies of these com-
ponents agree well with the values previously calculated
using an empirical force field.!4 Other frequency values of
SiCl, given in Table 1 for the main matrix site coincide
with those published earlier!¥ within the limits of mea-
surement error and are also in good agreement with the
data from Ref. 45 for the main matrix site. An exception is
the vsym(29Si35Clz) frequency which proved to be 0.4 cm™!
higher than that reported earlier.14 In the previously pub-
lished spectra this component was not fully resolved from
the vsym(zgsi”Clz) component; therefore, the value given
in Table 1 looks more reliable.



Labile complex Cl,Si- N, Russ.Chem.Bull., Int.Ed., Vol. 52, No. 3, March, 2003 529

28
35
35
a
28
35
37
28
35
35 8
35
37
28
28 2937
29 3729 30 2930 303537 gg gg 29 30 3
385 2735 35 3735 3735 3 3537 35 a7
5 1 87 35 787 37 1 L et 87 a7
1 1 1
490 480 470 v/cm=!
28
35
35
b
28
35
37

520 510 500 490 v/em~!

Fig. 1. IR spectra of SiCl, in the region of stretch vibrations of Si—Cl bonds: Theoretical IR spectrum obtained from
B3LYP/6-311+G(d) calculations (a). IR spectrum of SiCl, in Ar matrix (). IR spectrum of SiCl, in N, matrix (c). The isotopic
composition of each isotopomer (Si, Cl, Cl) corresponding to particular band is shown above the absorption band.



530 Russ.Chem.Bull., Int.Ed., Vol. 52, No. 3, March, 2003

Lalov et al.

Table 1. Experimental frequencies of various isotopomers of SiCl, and CI,Si- N, in the region of stretch vibrations of Si—Cl bonds

Isoto- SiCl in Ar CL,Si-N, CLSi- (N, CLSi+ (N, in N,
bomer Veym(Si—Cl) Voo (Si—Cl) Veym(Si—CD)  vy(Si—Cl) Vas(Si—CD) Vem(SI—CD) v, ((Si—Cl)

main* - w -

main minor

28i35Cl, 512.2 501.3 502.1 511.2 500.1 498.7 509.6 496.4
28i35CI7Cl 509.8 497.8 498.5 508.9 496.9 — 507.4 493.0
28i37Cl, 505.9 495.9 496.8 495.1 493.5 503.8 491.7
M8i35Cl, 507.2 495.9 496.8 506.5 495.1 493.5 504.8 491.7
SiCITCl 504.8 492.7 4933 — — — 488.3
8i37Cl, — 490.5 — — — — —
08i35C1, 502.8 4913 — — — 500.4 486.4
0§BCR’Cl 5002 487.7 — — — — —
08i37Cl, — 485.7 — — — — —

* Main and minor matrix sites.

IR spectra of SiCl, in mixed argon-dinitrogen and
dinitrogen matrices. Complexes Cl,Si + N, and Cl,Si - (N,),.
The frequencies of SiCl, vibrations measured in Ar matri-
ces actually do not change on going to mixed argon-
dinitrogen matrices until [N,] = 13 mol.%. New bands at
511.2 and 508.9 cm~! in the region of symmetric and at
501.1 and 496.9 cm™! in the region of antisymmetric
stretch vibrations appear in mixed argon-dinitrogen ma-
trices (Fig. 2, b—e) starting with [N,] = 1 mol.%. These
bands have the same relative intensities as the correspond-
ing components of the SiCl, bands. The intensities of
these bands compared with those of SiCl, increase with
an increase in the N, concentration until 13 mol.%. This
indicates the formation in mixed matrices of a new inter-
mediate, a product of the interaction of SiCl, with N,
which is characterized by virtually the same force field
parameters as free SiCl,. This intermediate is apparently a
Cl,Si+ N, complex. The presence of only one N, ligand
in the complex follows from its formation at relatively low
concentration of N,. Thus, four new absorption bands
mentioned above could be surely assigned to symmetric
and antisymmetric stretch vibrations of Si—ClI bonds in
the most abundant isotopomers of Cl,Si* N, (see Table 1).

Starting from N, concentration of 3 mol.%, two new
very weak bands appear in the matrix IR spectra at 495.1
and 493.5 cm™~!, both at the low-frequency side of the
antisymmetric component of the SiCl, stretch vibration
at 495.9 cm~!. The former band was not observed at higher
N, concentrations because of the overlap with more in-
tense SiCl, band at 495.9 cm~! due to broadening of the
bands upon increase in N, concentration. The band at
495.1 cm!is shifted by 0.8 cm~! from the third (in inten-
sity) isotopic component of the antisymmetric band of
initial SiCl, at 495.9 cm~!. The frequencies of the most
intense isotopic components of CL,Si+ N, differ from the
corresponding frequencies of SiCl, by approximately the
same value. Thus, the band at 495.1 cm~! was assigned to

the third isotopic component of antisymmetric vibration
of Si—Cl bond in the Cl,Si« N, complex (Table 1). Using
similar arguments, a weak band at 506.5 cm~!, which
appears in the matrix IR spectra starting with N, concen-
trations of 5 mol.%, was assigned to the third isotopic
component of the symmetric vibration of the Si—Cl bond
in the Cl,Si+ N, complex (Table 1). Other isotopic com-
ponents of the bands of the CI,Si+N, complex were not
revealed probably due to their smaller intensity and over-
lapping with the bands of initial SiCl,.

In contrast to the absorption band of Cl,Si+ N, com-
plex at 495.1 cm™!, the band at 493.5 cm~! is present at
[N,] >3 mol.%. It could not be assigned to the Cl,Si+N,
complex, since its shift relative to the nearest high fre-
quency isotopic component of SiCl, (495.9 cm™!) is too
large (2.4 cm™!). It is natural to suggest that the band at
493.5 cm~! belongs to Cl,Si- (N,), complex. Really, the
shifts of E—Hal bond antisymmetric stretch vibration fre-
quencies in the complexes of SnF, and SnCl, with two N,
molecules relative to the frequencies of free SnHal, are
approximately twice as large as the shifts of the same
frequencies in the complexes of SnF, and SnCl, with one
N, molecule!®!3 (Table 2). So, one can expect that the
shift of antisymmetric stretch vibration frequencies of the
Si—ClI bonds in the complex CI,Si+(N,), should be
~2 cm™!, which is in good agreement with the experimen-
tally observed value (2.4 cm~!). More intense isotopic
components of the same band in the complex CL,Si « (N,),,
which are expected at 498.9 and 495.4 cm™—!, overlap with
intense components of SiCl, at 498.5 and 495.9 cm~ L.
However, with an increase in N, concentration in matri-
ces from 0 to 7 mol.% one observes a steady shift of maxi-
mum of the SiCl, band at 498.5 cm~! toward 498.7 cm~!.
At [N,] > 7 mol.%, the intensity of this band in the matrix
IR spectra increases significantly, which testifies a contri-
bution of the absorption band of the Cl,Si«(N,), com-
plex. Thus, the absorption band at 493.5 cm~! could be
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Fig. 2. IR spectrum of CI,Si-N, in the region of stretch vibrations of Si—Cl bonds: Theoretical IR spectrum obtained from
B3LYP/6-311+G(d) calculations (isotopic composition of isotopomer (Si, Cl, Cl) corresponding to particular band is shown above
the absorption band) (a). Fragments of the IR spectra of Ar—N, matrices containing SiCl, in the region of stretch vibrations of Si—Cl
bonds; N2 concentration in matrices : 3 (b), 5 (¢), 8 (d), 10 (e), and 20 mol.% (f). Shown are the bands of Clzsi-N2 (1) and

CLSi+(N,), (D).
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Table 2. Comparison of frequency shifts of dihalosubstituted
carbene analogs upon formation of complexes with dinitrogen in
argon matrices?

Species Voym  Vas AVgy? Av,  Refer-
em-! (Av;/v; (%)) (Av;/v; (%)) ence
SiCl, 512.2  501.3 ¢
CLSi-N, 5112 500.1 1(02) 12(0.2) ¢
CLySi+(Ny), 4987  — 26(0.5 ¢
SnF, 593 571 12
F,Sn-N, 588 565 5(0.8) 6 (1.1) 12
FSn-(Ny), 583 557  10(L7) 1425 12
SnCl, 354.1 3342 13
CLSn-N, — 329.9 4.3 (1.3) 13
CLSn-(Ny), — 3261 8124 13
PbF, 531.4 507.2 13
F,Pb-N, 526.6 502.2 4.8(0.9) 5(1) 13

¢ Listed are the frequencies of isotopomers with the most abun-
dant isotopes.

b Av i/cm_l = v, (free carbene analog) — v, (complex).

¢ This work.

tentatively assigned to the third isotopic component of
antisymmetric Si—Cl bond vibration in the complex
Cl,Si+(N,),. A value of 498.7 cm~! (Table 1) could be
attributed to a frequency of the first isotopic component
of Cl,Si* (N,), complex .

Upon short-term annealing of nitrogen-containing
matrices the intensities of the bands of the complexes
somewhat increase compared to the SiCl, bands. This is
due to diffusion of N, molecules and the formation of
new molecular complexes.

As mentioned above (see Fig. 2), with an increase in
N, concentration all bands in the IR spectra are gradually
broadened due to an increase in heterogeneity of matrix-
isolated molecules environment. As a result, the band
structure in the region of SiCl, stretch vibrations, which is
due to both isotopic splitting and complexation, disappears
at dinitrogen concentrations in the range of 13—16 mol.%.
At dinitrogen concentrations between 20 and 50 mol.%,
only two broad bands were observed, assigned to symmet-
ric and antisymmetric vibrations of Si—Cl bonds in SiCl,
and its complexes. However, the isotopic structure of these
bands appears again in the N, matrix (see Fig. 1, ¢). The
assignment of the frequencies observed in the N, matrix is
given in Table 1. Taking into account the ability of SiCl,
to complexation with N, found in this work, these fre-
quencies obviously belong to the Cl,Si« (N,), complex or
to associates containing more N, molecules. A noticeable
difference of their values from the corresponding fre-
quency values of Cl,Si* (N,), complex recorded in mixed
Ar—N, matrices, can be due to a change in the matrix
composition rather than a change in the composition of
the complexes. Thus, the experimental data obtained do
not allow to differ CL,Si+(N,), complexes with n > 2.

Therefore the frequencies observed in N, matrix are pre-
sented in Table 1 as frequencies of the Cl,Si« (N,), com-
plex in the N, matrix.

The IR spectrum of CL,Si« (N,), (or ClL,Si*(N,), as-
sociates, with » > 2) in N, matrix was previously recorded
during generation of SiCl, by reaction of SiCl, with me-
tallic silicon.4> The authors of the study45 interpreted this
spectrum as a spectrum of free SiCl, in N, matrix. In this
case, as well as in the case of Ar matrices,*> a strong
matrix splitting of bands was found. The method of SiCl,
generation used in this work allows avoiding the splitting
of bands in the N, matrix, which resulted in significant
simplification of the spectra and recognition of a close
analogy between the spectra recorded in the Ar and N,
matrices. The assignment of the Cl,Si+ (N,), bands in the
N, matrix (see Table 1) is based on this analogy. It differs
from the assignment made earlier.45 We assigned a num-
ber of the bands assigned earlier?> to minor matrix sites,
to vibrations of minor isotopomers. This assignment is
favored by the fact that the frequency shifts of all SiCl,
isotopomers on going from Ar to N, matrix for every
vibration mode coincide and are ~2.5 cm~! for Veym and
~4.5cm™! forv,.

One could expect that the IR spectra of the complexes
of SiCl, with N, should exhibit not only the bands of
Si—Cl stretch vibrations but also bands of N=N bond
vibration. However, we failed to record these bands, prob-
ably, because of weak interaction of SiCl, with N, and,
hence, small polarization of the N=N bonds. The bands
of stretch vibration of the N=N bond were also not ob-
served for previously studied complexes of SnF,,!? SnCl,,
and PbF, 13 with N,. Nevertheless, for a complex of
dinitrogen with bis-(pentamethylcyclopenta-1,3-di-
enyl)silicon, which could be considered as a compound
related to silylenes, an IR band of the N=N bond vibra-
tion was recorded in cryosolutions of Xe and of N, (at
2046 cm~! in liquid Xe and at 2053 cm™! in liquid N,)
owing to the use of cuvettes with a long optical path.46

The main by-product, which is always present in ma-
trices besides dichlorosilylene, is SiCl,. In principle, it
could also interact with dinitrogen. However, our special
experiments showed that neither SiCl, nor Si,Cl, (pre-
cursor of dichlorosilylene) do not form complexes with
dinitrogen or any products which are stable under condi-
tions of low-temperature matrix. It worth to note, SiCl, is
able to form complexes in low temperature matrices, but
with stronger bases like NH; 47 and Me,HN.48 A complex
of SiF, with dinitrogen was also registered previously in
mixed argon-nitrogen matrices.12

Quantum-chemical calculations on the potential energy
surfaces of SiCl,+N, and SiCl,+2 N, systems. Density
functional PBE calculations revealed energy minima for
the complexes CL,Si+N, and Cl,Si-(N,), (Fig. 3). No
minima were located on the potential energy surfaces
(PES) of these systems for other orientations of N, mol-
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cl___C NN\
E Cl I Cl
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Cl ! Cl
(G,
E =Si, Ge, Sn

Fig. 3. Structures of carbene analogs ECL, (E = Si, Ge, Sn) and
their complexes with N2 calculated by the PBE/TZ2P and
B3LYP/6-311+G(d) methods. The symmetry groups are given
in parenthesis.

ecule relative to SiCl,, e.g., n-complexes. This agrees
with results of the PES calculations for the SnF,+N,
system.!2 Complex CL,Si+ N, was also calculated by the
B3LYP method. The calculated geometric parameters of
the complexes and initial SiCl, and N, molecules are
presented in Table 3. The calculations reproduce well the
bond length in the N, molecule (1.103 A, PBE/TZ2P;
1.096 A, B3LYP; and 1.098 A, experiment4?) and some-
what overestimate the Si—CI bonds length in SiCl,
(2.116 A, PBE and 2.109 A, B3LYP; cf. experimental
value of 2.0653 A 5.

As follows from the data of Table 3, the geometry of
the reagents remains virtually unchanged upon complex-
ation. The Si—N, distance in the complexes is rather long
(~3.5 A), being slightly longer in the complex with two N,
molecules than in the complex with one N, molecule.
Both PBE and B3LYP density functional calculations give

for Cl,Si+ N, complex the same values of the energy of
formation (0.3 kcal mol~!, Table 4). The formation of
Cl,Si+ (N,), complex is nearly two times more energeti-
cally favorable compared to Cl,Si+ N, complex (Table 4).
G2(MP2,SVP) calculations give a higher estimate of the
strength of C1,Si+ N, complex (1.2 kcal mol~!) compared
to those given by density functional methods. Taking into
account higher accuracy of the G2(MP2,SVP) method,
this estimate looks more reliable. In brief, the characteris-
tics of the molecules calculated by different methods
agree well.

Complexation results in small change in the dipole
moment (see Table 3), which shows an insignificant trans-
fer of electron density in the complexes.

DFT calculations underestimate the stretch vibration
frequencies of Si—Cl bonds both in the initial SiCl, mol-
ecule and its complexes by ~20 cm~! (Tables 1 and 5).
The difference between the frequencies of symmetric and
antisymmetric vibrations in SiCl, is underestimated by
3.6 cm~!in the PBE calculations compared to the experi-
mental value and almost coincides with experiment in the
B3LYP calculations (the difference is —0.8 cm™!). Both
methods somewhat overestimate the shifts of the Si—Cl
bond stretch vibrations frequencies upon complexation.
The shifts obtained from B3LYP calculations are closer to
the experimental values (Table 2 and 5). Both methods
also predict a decrease in these frequencies upon the for-
mation of complexes, the shift of symmetric stretch vibra-
tion frequency upon complexation being slightly smaller
than the shift of the antisymmetric vibration, which is
consistent with the experimental data. Noteworthy is that
the intensities of the stretch vibration bands remain nearly
unchanged upon the formation of the CI,Si+N, com-

Table 3. Geometric parameters (interatomic distances and angles) and dipole moments (u/D) of carbene analogs ECl2 (E = Si, Ge,
Sn) and their complexes with N2 calculated using the PBE/TZ2P and B3LYP/6-311+G(d) (figures in parentheses) methods

Species E—CIl/A Cl—E—ClI N,—N,/A E—N,/A N,—E—N, a mn
/deg /deg
E=Si
SiCl, 2.116 (2.109)  101.8 (102.1) 1.1 (1.5)
CL,Si-N, 2.119 (2.111)  101.6 (102.0)  1.103 (1.095)  3.489 (3.540) 87.4 1.2 (1.6)
CL,Si-(N,), 2.230 101.5 1.103 3.525 169.5 87.0 1.2
E =Ge
GeCl, 2.221 100.9 2.1
Cl,Ge-N, 2.225 100.8 1.103 3.311 86.9 2.2
ClLGe-(N,), 2.229 100.7 1.103 3.327 169.2 84.0 2.3
E=Sn
SnCl, 2.409 98.8 3.0
CLSn-N, 2.415 98.7 1.102 3.313 79.7 3.1
CLSn-(N,), 2.420 98.6 1.102 3.326 154.3 76.9 3.0

* For definition of the o angle and the atom numbering, see Fig. 3.

Note. The bond length in the N, molecule is 1.103 A (PBE/TZ2P), 1.096 A (B3LYP/6-311+G(d)), and 1.098 A (experiment?).
The experimental bond length and bond angles are 2.065310 A and 101.324¢ for SiC12,50 2.169452 A and 99.882° for GeC12,51 and

2.335 A and 99.1° for SnCl,.52
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Table 4. Total energies (E) of ECIL,, CL,E-N,, and CL,E-(N,),
(E = Si, Ge, Sn) and energy differences (AE) for the complex-
ation reactions calculated by the DFT and G2(MP2,SVP)
methods

Species Method? —E? —AE®b
/au /kcal mol~!
SiCl, B3LYP 1210.02904 —
G2 1208.59507 —
PBE 1209.49976 —
ClL,Si+N,* B3LYP 1319.58368 0.3¢
G2 1317.98969 1.2
PBE 1318.94503 0.3
ClL,Si- (Ny),© PBE 1428.39028 0.6
GeCl, PBE 2996.90348 —
ClL,Ge - Ny“ PBE 3106.34932 0.7
CL,Ge-(N,),* PBE 3215.79470 1.0
SnCl, PBE 6945.10803 —
Cl,Sn-« Ny* PBE 7054.55433 0.9
Cl,Sn - (N,),¢ PBE 7164.00000 1.5
4 Notations of computational methods: B3LYP

B3LYP/6-311+G(d), G2 = G2(MP2,SVP), and PBE =
PBE/TZ2P.

b Calculated for 7= 0 K with inclusion of ZPE correction.
¢The total energy of the N2 molecule calculated with the
B3LYP/6-311+G(d), G2(MP2,SVP), and PBE/TZ2P methods
is —109.55412, —109.39267, and —109.44479 au, respectively.

4 AG = 4.3 keal mol~!; calculated with inclusion of ZPE correc-
tion for p = 1 atm. and 7= 298 K.

plex and decrease by ~6% upon the formation of the
CL,Si* (N,), complex. This allows estimation of the rela-
tive quantities of SiCl, associates in the matrix by com-
paring the intensities of their bands (see below). Forma-
tion of complex results in insignificant polarization of the
N=N bond. As a result, the stretch vibration intensity of
this bond differs from zero but remains approximately
three orders of magnitude lower than the stretch vibra-
tions intensities of the Si—Cl bonds. Just for this reason
the band was not detected in experiments.

Cl Cl
T 1058 2.135
2446 cl 3o/
e, SISl 5088 Si _Si
Cl 4/ . 2105/L/\ ————
- 124.2 To01.4°
Cl Cl
1(C,) 2 (C)

Fig. 4. Structures of Si,Cl, dimer calculated with the
B3LYP/6-311+G(d) method. Interatomic distances are given
in A. The symmetry groups are given in parentheses.

The isotopic structure of the stretch vibration bands of
the SiCl, and CI,Si+ N, molecules was calculated by the
B3LYP method. The calculated frequencies and intensi-
ties of the isotopic components are presented in Table 6
as well as the theoretical and experimental isotopic shifts.
These data show that calculations excellently reproduce
the experimental shifts of isotopic components relative to
each other within each band. According to calculations,
the frequency differences between the isotopic compo-
nents of the bands do not change upon complex forma-
tion. This, especially, supports correctness of our assign-
ment of two weak bands to the CI,Si+ N, complex, based
on their shifts relative to the corresponding isotopic com-
ponents of SiCl,. The calculated spectra of SiCl, and
Cl,Si+ (N,), are shown in Fig. 1, a and 2, a, respectively.
As is seen from comparison of the calculated and experi-
mental spectra, the observed isotopic structure of the
stretch vibration bands of Si—ClI bonds agrees well with
the theoretical one.

Possibility of formation of Si,Cl, dimer. During depo-
sition of matrices the SiCl, molecules could interact not
only with N, but also between themselves, thus producing
Si,Cl, dimers. Calculations of probable structures of the
dimer and their vibration spectra were carried out to in-
vestigate the possibility of superimposition of the Si,Cl,
bands on the bands of monomeric SiCl, or on the bands
of the complexes observed. B3LYP/6-311+G(d) calcula-
tions showed that two configurations of the Si,Cl, dimer

Table 5. Some vibration frequencies (8 and v/cm~!) and their IR intensities (//km - mol~!) of the structures, corresponding to minima
on the potential energy surfaces of SiCl,+N, and SiCl,+2N, systems calculated using the B3LYP/6-311+G(d) and PBE/TZ2P

methods

Structure Method? v(N=N)2/1 Vaym(Si—CD/T Avgyn(Si—CD¢ v (Si—=CI)/T  Av,(Si—Cl)* S8(CISiCl/1

SiCl, B3LYP — 489.0/95 — 477.4/217 — 194.4/2.3
PBE — 490.0/71 — 482.7/182 — 182.5/1

CL,Si-N, B3LYP 2447.0/0.3 487.4/92 1.6 474.3/211 3.1 193.6/1.9
PBE 2344.1/0.2 487.2/69 2.8 478.4/178 4.3 184.0/1.1

CLSi-(Ny), PBE 2342.5/0.1, 487.1/67 2.9 476.5/174 6.2 182.1/0.8

2342.4/0.1

@ B3LYP = B3LYP/6-311+G(d) method , PBE = PBE/TZ2P method.
b Calculated value v(N=N) for free N,: 2330.8 cm~! (PBE/TZ2P) and 2444.9 cm~! (B3LYP/6-311+G(d)).

¢ Av, = v, (free carbene analog) — v, (complex).
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Table 6. Frequencies (v/cm™!) and absolute intensities (//km - mol~!) of stretch vibrations of Si—Cl bonds in various isotopomers of
SiCl, and Cl,Si- N, calculated using the B3LYP/6-311+G(d) method, and frequency differences (Av/cm™!) for various isotopomers
(I — calculation, IT — experiment)

Fre-  Isotope SiCl, CL,Si- N, Av AV(SICL)  AV(CLSi-N,)

Y G €l Ol vy F o Ve I I 1o 1 I

vam 28 35 35 489.0 499 4874 483 vy, (SUSCL) — vy (BSIBCIICh) 23 24 23 23
2835 37 4867 343 4851 328 vy (BSIBCPICH — vy, (3SiCL) 36 39 35—
2837 37 4831 S0 4816 49 vy n(BSiBCl) — vy (PSiBCLy) 47 50 47 47
29 35 35 4843 25 4827 24 vy (YSIBCL) — vy (PSIBCC) 23 24 24 —
29 35 37 4820 L7 4803 16 vyn®PSiBCCH — vy, ¥SiCL) 36— 35 —
29 37 37 4784 03 4768 0.2 vyu(¥SiBCL) — vy (USIBCLy) 44 44 44 —
30 035 35 4799 16 4783 15 vyn(FSIBCL) — v (OSSCIC) 2.4 26 24 —
30 35 37 4775 L1 4759 L1 vy (OSIBCPIC) — v, (0SiCL) 36 — 36—
30 37 37 4739 02 4723 02

v 28 35 35 4774 1142 4743 1111 v (8SiBCLy) — v, (8SiBCICI) 33035 31 32
28 35 37 4741 709 4712 695 v (BSiPCIYCl) — v, (BSiYCLy) 19 19 20 18
28 37 37 4722 117 4692 114 v (2Si¥ClLy) — v, (29Si¥CLy) 50 54 49 50
29 35 35 4724 57 4694 55 vu(PSi¥BCLy) — v, (ISISCIICl) 33 32 32 —
29 35 37 469.1 35 4662 35 v (PSiPCICl) — v, (9SiYCly) 19 22 20 —
29 37 37 4672 0.6 4642 0.6 vu(PSi¥ClLy) — v, (0Si%CLy) 47 46 47  —
30 35 35 4677 3.7 4647 3.6 v,(3USi¥Cly) — v, (ISi3SCICI) 33 36 32—
30 35 37 4644 23 4615 22 v (USIBCIYCL) — v, (ISi3CLy) 20 20 20 —
30 37 37 4624 04 4595 04

* Taking into account the natural abundance of isotopomer.

are possible, namely, a frans-olefin type structure (1)
and a less stable bridged structure (2) (Fig. 4, Table 7).
The same order of the dimer structure stability was found
earlier in MP2/6-31+G(2df,p) calculations.33 According
to calculations, the reaction 2 SiCl, — 1 occurs barrier-
lessly. At 0 K, the dimerization energy is 8.6 kcal mol~!
for structure 1 and only 1.2 kcal mol~! for structure 2
(Table 7). This indicates that at low temperatures
the dimer 1 is thermodynamically much more stable
than complex CI,Si<N, for which our calculations
give a complexation energy of 0.3 to 1.2 kcal mol~!
(Table 4).

The IR spectrum of 1 calculated by the
B3LYP/6-311+G(d) method shows two intense absorp-
tion bands at 468.2 and 526.5 cm~! (Table 8). The latter

Table 7. Total energies (E/au) and Gibbs free energies (G/au) of
Si,Cl, dimer structures and their differences (AE, AG/kcal mol~ D)
for dimerization reaction 2 SiCl, — Si,Cl, calculated using the
B3LYP/6-311+G(d) method

Dimer? Eb AE? G* AG©

1 —2420.07179 —8.6
2 —2420.06003 -1.2

—2420.10899 2.3
—2420.10519 4.7

4 The dimer structures are presented in Fig. 4.

b Calculated for T = 0 K with inclusion of ZPE correction.

¢ Calculated for p = 1 atm. and 7= 298 K with inclusion of ZPE
correction.

band differs significantly from the bands of SiCl, and its
complexes with N,. No bands in the region 400—600 cm™!
which could be assigned to dimer 1 were found in the
observed IR spectrum of SiCl,, but at the same time the
bands of thermodynamically less stable Cl,Si+N, com-
plex were recorded. A reasonable explanation for this con-
tradiction could be as follows. According to calculations,
the changes in the Gibbs free energy at 298 K are such
(Tables 4 and 7) that both complexation of SiCl, with N,

Table 8. Vibrational frequencies (v/cm™!) and their IR intensi-
ties (I/km-mol~!) of structures 1 and 2 (see Fig. 4) calculated
by the B3LYP/6-311+G(d) method

1 2

% 1 v 1

37.6 0.6 4.5 0.5
55.5 0.4 16.4 0.0
100.8 10.8 19.4 1.8
110.4 0.0 35.7 0.0
132.5 0.0 40.8 18.0
191.3 8.0 72.6 0.0
221.9 0.0 191.5 0.0
274.3 0.0 192.3 3.6
468.2 345.1 445.6 0.0
513.9 0.0 461.5 372.3
526.5 307.0 486.7 0.0
530.9 0.0 491.8 214.8
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(AG = 4.3 kcal mol~!), and dimerization of SiCl, into 1
(AG = 2.3 kcal mol~!) are thermodynamically unfavor-
able at T > 298K. According to calculations, the forma-
tion of Cl,Si+ N, and dimer becomes thermodynamically
favorable only at temperatures near the temperature of
formation of the solid matrix. Under these conditions the
probability of interaction of SiCl, with N, is significantly
higher than with the second SiCl, molecule, because the
concentration of dinitrogen in the matrix is higher than
the concentration of SiCl, and in view of the fact that N,
molecules have higher diffusion mobility.

Comparison of dinitrogen complexes of different carbene
analogs. All known experimental data on the IR spectra of
carbene analogs complexes with dinitrogen recorded in
low-temperature inert matrices are collected in Table 2.
As can be seen from Table 2, complexation of EHal, (E =
Sn, Pb) with one N, molecule results in a decrease in the
stretch vibration frequencies of E—Hal bonds by ~1%. In
the complex with two N, molecules the frequency lowers
by ~2%. In the case of SiCl, complexes with N, a decrease
in the Si—Cl stretch vibration frequencies is also ob-
served but it amounts to 0.2 and 0.5% for CI,Si+ N, and
Cl,Si-(N,),, respectively. Since the relative frequency
shift upon complexation could be used as a measure!3 of
strength of a particular complex, the values obtained sug-
gest noticeable lowering of strengths of the complexes
with N, on going from dihaloplumbylenes to dihalo-
silylenes.

This conclusion was confirmed by the results of
PBE/TZ2P calculations of ECl, * N, and ECI, * (N,), (E=
Ge, Sn) systems. Energy minima were located on the PES
of the complexes of GeCl, and SnCl, with one and two
N, molecules (Fig. 3, Table 4). The geometric parameters

of the stationary points found are presented in Table 3.
The calculated values of the bond lengths and bond angles
in the GeCl, and SnCl, molecules agree well with the
known experimental values for the equilibrium configura-
tions: 2.169452 A and 99.8825° for GeCl, (determined by
microwave spectroscopy’!) and 2.335 A and 99.1° for
SnCl, (found from gas-phase electron diffraction data2).
As in the case of SiCl,, the geometry of GeCl, and SnCl,
remains virtually unchanged upon complexation. On go-
ing from SiCl, to GeCl, and SnCl, the covalent radius of
the central atom increases noticeably, which manifests
itself in, e.g., lengthening of the E—CI bond (E = Si, Ge,
Sn, Table 3). Therefore, one can expect a corresponding
lengthening of the E—N distance in the series of com-
plexes Cl,E « N, and CL,E « (N,), on going from Si to Sn.
However, calculations show (Table 3) that the E—N,
distances with E = Ge and Sn almost coincide (3.311 A
and 3.313 A, respectively), being ~0.2 A shorter than in
SiCl, complexes. This variation of the distances indicates
a strengthening of the complexes both with one and two
N, molecules in the series SiCl,—GeCl,—SnCl,. This is
also confirmed by the calculated complexation energies
(Table 4), which show a monotonous increase in the se-
ries SiCl,—GeCl,—SnCl,.

Calculations correctly describe the vibrational frequen-
cies of free GeCl, and SnCl, (Table 9). According to
calculations, complexation results in a decrease in the
stretch vibration frequencies of the E—CIl bonds. Ear-
lier,!3 complexation of SnCl, with N, was studied by
matrix IR spectroscopy.

The experimental shifts of the v,  frequency upon the
formation of SnCl, complexes with one and two N, mol-
ecules (Table 2) almost coincide with the calculated values

Table 9. Vibrational frequencies (8 and v/cm™!) and their intensities (//km+mol~!) of ECI, carbene analogs and their complexes
Cle . N2 and C12E . 2N2 (E = Ge, Sn) calculated by the PBE/TZ2P method, and corresponding experimental values (in parentheses)

Species, v(N=N)/I voym(E—CD/1 Avgym(E—C1)¢ Vo (E—Cl/T Av, (E—Cl)? 8(CIECl)/I
complex
E=Ge
GeCl, — 380.4 (398.6%)/43 — 361.1 (373.5%)/114 — 143.2 (160°)/1.6
Cl,Ge-N, 2345.4/0.6 378.2/42 2.2 357.3/111 3.8 144.2/1.5
CL,Ge-(N,), 2343.8/0.4 375.4/41 5.0 353.7/109 7.4 144.9/0.9
2345.2/0.5
E=Sn
SnCl, — 338.8 (354.89)/42 — 325.5 (334.69)/88 — 113.3 (1209)/2.6
Cl,Sn-N, 2346.6/1 336.1/42 2.7 321.1 (329.9)/87 4.4 111.7/2.1
CL,Sn+(N>), 2346.1/0.8 333.4/41 5.4 318.4 (326.1)/85 7.1 107.2/0.9
2344.6/0.8

4 Frequency shift in the complex.
b In argon matrix.54

¢ In the gas phase.35—58

41n argon matrix.>

¢ In the gas phase.57-58,60—62

/1In argon matrix.13
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(Table 9). The interaction of GeCl, with N, was not
studied earlier.

In this connection it is worth to note that in case of
dihalostannylenes and dihaloplumbylenes complete con-
version of free carbene analogs into a complex with one
dinitrogen molecule was observed already at N, concen-
trations of 3—4 mol.% and that appreciable amount of
complexes with two N, molecules was noticed at the same
concentrations.!%!3 In the case of SiCl,, the bands of
dichlorosilylene not bound to dinitrogen were observed
even at N, concentration of 13 mol.%. Their intensities
were comparable to those of CL,Si+ N, complex. On the
contrary, the bands tentatively assigned to the Cl,Si - (N,),
complex remained weak at all N, concentrations (up to
13 mol.%), for which the pattern of the stretch vibration
bands of Si—Cl bonds in SiCl, and it complexes was
unbroken.

In the case of matrices containing several reagents
their interaction occurs mainly during the formation of
the outer layer of the matrix via diffusion of 'hot" mol-
ecules in the surface layer prior to their rigid fixation in
the crystal lattice of the matrix. This explains a significant
(more than twofold) excess of the [EHal, + N,]| : [EHal,]
(E = Sn, Pb) ratio over the ratio of the number of matrix
cells containing one N, molecule to the number of cells
comprised of Ar atoms only (on the assumption of ran-
dom distribution of N, molecules in Ar matrix).!3 The
reverse was observed in the case of SiCl,. The proportion
of Cl,Si+ N, complexes is markedly lower than that of the
matrix cells containing one N, molecule. Therefore, in
contrast to dihalostannylenes and dihaloplumbylenes, a
significantly smaller number of diffusion collisions be-
tween SiCl, and N, molecules in the surface layer results
in the formation of complexes. This fact indicates sub-
stantially lower energy gains from the formation of
Cl,Si+ N, complex compared to the formation of similar
complexes of heavier carbene analogs, thus being in agree-
ment with the conclusion of lowering of the strength of
complexes with N, on going from dihaloplumbylene to
dihalosilylene. Interaction of SiCl, and N, with unfavor-
able orientation within one matrix cell becomes impos-
sible after the formation of the matrix and predefines a
lower concentration of the complex compared to the con-
centration of N,-containing cells. As mentioned above,
controlled annealing of matrices lowers their rigidity, al-
lows reorientation of molecules and their partial diffu-
sion, and results in an increase in the concentration of the
complex.

The problem of the relative ability of carbene analogs
to form complexes with Lewis bases was considered ear-
lier®3 in a theoretical study of complexation of EH, (E =
Si, Ge, Sn) with the Group 15 and 16 elements hydrides.
It was found that acidity of EH, decreases on going from
silylene to stannylene. The authors®3 did not analyze the
effect of substituents in carbene analogs on their acidity.

An inversion of acidity series of EHal, toward N, found in
this work could be explained both by the effect of the
substituent at the carbenic center and by the nature of the
base. Indeed, the calculated energies of EH, complexation
with rather strong bases are most often >10 kcal mol~!.63
Although for the same base the complexation energies
decrease on going from SiH, to SnH,, this decrease de-
pends strongly on the nature of the base and varies over in
rather wide range, thus, probably reflecting specific fea-
tures of the interaction with a particular base. For weaker
bases, details of the interaction should be even more im-
portant. So the acidity series®3 towards weak Lewis bases
can change dramatically even for EH, (E = Si, Ge, Sn).
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