portion of the clear liquid from each sample was removed and the
boron determined by the carminic acid method.!®

Nine samples analyzed by titration gave a value of quantum
yield of decomposition of 0.22 & 0.03. Twelve samples analyzed
by the carminic acid method gave values of 0.26 = 0.03. The
difficulties involved in removing the small amount of reacted ma-

(18) G. Charlot, “Colorimetric Determination of Elements,’’ Elsevier
Publishing Co., New York, N. Y., 1964, p 194,
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terial from the unreacted material and of accurately determining
such small amounts of boron make a more accurate quantum
yield determination very hard to obtain, Both methods agree
within the limits of experimental error.,

Mass Spectra. The mass spectra were obtained by using either
a 60° sector-type mass spectrometer, or a Consolidated Electro-
dynamics Model 21-110B mass spectrometer. In either case, all
samples were introduced via an all-glass inlet system operated at
230°. Exact mass determinations were made by electrical peak
matching with the Consolidated Model 21-110B instrument.
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Abstract:

X-Ray diffraction crystal-structure analysis of dimethylsilylamine (DMSA) at —120° reveals that the

unusual physical characteristics of this compound are due to the formation of ten-membered, nearly planar rings of

alternating silicon and nitrogen atoms.

Each silicon is pentacoordinated in a trigonal bipyramidal arrangement

with two long Si-N bonds (of the order of 1.95 A) in the apical directions and three hydrogen atoms at the corners

of the triangular base.

DMSA crystallizes in the monoclinic system, space group P2;/m (Ca2), a = 6.37 A, b =

19.53 A, c = 9.52 A, and 8 = 91.06°; there are ten formula units (two pentamers) per unit cell.

I n 1954, Sujishi and Witz?® demonstrated that dimethyl-

silylamine (DMSA) differs considerably from other
silylamine compounds. It was found that DMSA melts
at +3°, more than 100° higher than trisilylamine and
methyldisilylamine, and that it has an appreciably
higher AH of sublimation. Recently it was shown that
the infrared absorption spectrum of crystalline DMSA
differs radically from that of the gas phase.* These
data were interpreted as indicating intermolecular
association (of an unknown number of DMSA units)
involving the nonbonding electrons on the nitrogen atom
of one DMSA molecule and an empty silicon d orbital
on an adjacent molecule. The present investigation was
undertaken in an attempt to determine the crystal and
molecular structure of crystalline DMSA.

The crystal data for H;SIN(CHj3). (mol wt 75.19) are:
monoclinic, probable space group P2;/m(Cyh?); a =
6.37 £ 03A,6=1953 = 010A,c = 9.52 = 005 A,
B = 91.06 = 0.10°; X-ray density = 1.054 g/cc for ten
formula units/unit cell.

Experimental Section

DMSA was synthesized and purified according to the procedures
described by Sujishi and Witz.? A small amount of material was

(1) (a) Research performed under the auspices of the U, S, Atomic
Energy Commission; supported in part by the U. S, Air Force Office of
Scientific Research under Grants AFOSR 277-63 and AFOSR 837-65.
(b) A preliminary report was presented at the 153rd National Meeting
of the American Chemical Society, Miami Beach, Fla., April 1967,

(2) (a) Brookhaven National Laboratory; (b) State University of
New York at Stony Brook.

(3) S. Sujishi and S, Witz, J. Am. Chem. Soc., 76, 4631 (1954).

(4) T. D. Goldfarb and B. N. Khare, J. Chem. Phys., 46, 3384 (1967).

condensed in an evacuated, thin-walled quartz tube of 0.3-mm
diameter which was sealed and mounted on a precession camera.,
It was found that the presence of any impurities hindered single-
crystal formation. Single crystals were grown from freshly purified
samples using standard low-temperature X-ray diffraction tech-
niques, and data were collected at —120°,

Zr-filtered Mo Ke radiation was used to investigate 12 reciprocal
lattice layers (hkL, L = 0-4; hKl, K = 0-5; and hkk). The inten-
sities were obtained by visually comparing the spots on the film
with a standard intensity strip. All data processing was done with
local versions of standard crystallographic computer programs.
Lorentz polarization factors were applied; the data were scaled
using the Hamilton, Rollett, and Sparks algorithm for interlayer
scaling;® the over-all temperature factor and absolute scale factor
were calculated; and E factors (normalized structure factors)
were obtained.

The only systematically absent reflections were 040, k odd, and
the space group could be either P2; (Ce?) or P2;/m (Cqe2). Exami-
nation of the E factors indicated that the most probable space
group is the centrosymmetric P2;/m (see below); this was sub-
sequently verified by the structure determination.

Theoreticalt—— This
Centro- investiga-
symmetric Acentric tion
<|E|> 0.798 0.886 0.66
<|Er = 1]> 0.968 0.736 1.01

The signs of the observed structure factors were determined
using SORTE,” a computer program employing the Symbolic Addi-

(5) W. C. Hamilton, J. S. Rollett, and R. A. Sparks, Acta Cryst., 18,
129 (1965).

(6) 1. L. Karle and K. Britts, ibid., 21, 532 (1966).

(7) Y. Okaya and A, L, Bednowitz, ibid., 22, 111 (1967).
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Figure 1. Difference Fourier through Si(3) in the plane perpendic-
vlar to the N(2)-N(3) vector. The Si(3) position is at the center of
the circle of radius (=1.54 A); maximum electron density =
0.6 e/AS.

tion Method?® of direct determination of phases. The following
initial signs and symbols were used [#k/ (magnitude of E factor),
sign or symbol]: 1.11.3 (3.19), 4+, 414 (2.96), +; 4.11.1 (2.45),
+; 313(2.84), D; 177 (3.09), E,; and 2.12.4 (2.33), F. After two
passes through the computer it was clear that D = F = E. Two
E maps (Fourier maps using the E factors as amplitudes) were
calculated using 283 E factors; a structure indicating a pentamer
of DMSA with two and one-half molecules per asymmetric unit
was found for D = F = — E = +.

The fractional coordinates obtained from the £ map were refined
using a standard crystallographic least-squares program. The
parameters listed in Table 1 are based on a refinement using 56
parameters (12 scale factors, 32 positional parameters, and 12

Table I. Parameters of Atoms in DMSA¢®

Atom x (o2) y (oy) z (02) B (op)

Si(1) 8169 (10) 1151 (3) 6167 (7) 1.4(0.2)
Si(2) 9526 (16) 2500 (. .) 4364 (13) 1.4 (0.3)
Si(3) 5546 (10) 1672 (4) 8867 (7) 1.1(0.2)
N(1) 9492 (25) 1489 (10) 4482 (20) 2.3(0.5)
N(2) 4504 (46) 2500 (. .) 9678 (33) 3.8(0.9)
N(3) 6631 (27) 0843 (10) 7983 (19) 2.0(0.5)
c) 8441 (30) 1218 (17) 3097 (23) 2.3(0.6)
C2) 5086 (44) 2500 (. .) 1351 (36) 0.9(0.8)
C(3) 4988 (31) 0344 (11) 7484 (24) 1.4 (0.5
C4) 1796 (25) 1270 (11) 4486 (20) 0.1(0.4)
C(5) 8334 (30) 0537 (12) 8921 (21) 1.1(0.5)
C(6) 2077 (43) 2500 (. .) 9721 (33) 0.4(0.7)

@ Fractional coordinates X 10+ and isotropic temperature factors
(B) in A2 Estimated standard deviations are indicated in paren-
theses.

isotropic temperature factors) and 667 observations; 123 of the
latter were duplicate reflections read on photographs of different
layers; only the 544 unique terms were used in the Fourier summa-
tions.® The discrepancy factor (R = Z|F, — F.|/Z|F,|)is 0.131.
The data were not of the highest quality; the attempted use of
anisotropic temperature factors in the refinement resulted in “not
positive—definitive”” matrices, and even the isotropic temperature
factors of the carbon atoms are unusually low. Of the original 283 E

(8) 1. L. Karle and J. Karle, Acta Cryst., 16,969 (1963); 21, 849 (1966).

(9) The table of observed and calculated structure factors has been
submitted with the manuscript and has been deposited with the U. S.
Library of Congress as Document No. 9512, Requests for copies
should be addressed: Photoduplication Service, Library of Congress,
Washington, D. C. 20540. A copy may be secured by citing the
document number and by remitting $1.25 for microfilm or $1.25 for
electrostatic positive prints. Advance payment is required. Make
checks or money orders payable to: Chief, Photoduplication Service,
Library of Congress.

Figure 2. DMSA pentamer: stereo view. The hydrogen atoms
are not shown but are probably trigonally arranged around each Si
atom in a plane perpendicular to the N-Si-N bonds.

factors greater than 1.0, only the signs of two of the weakest were
changed during the refinement.

A three-dimensional difference Fourier map was calculated in an
attempt to determine the hydrogen atom positions. A large
number of peaks of 0.5 to 0.8 e/A* were found; least-squares
refinement of the coordinates of the peaks in the most reasonable
positions was not conclusive in that the R value did not improve
and the values for the coordinates of the hydrogen atoms did not
converge even after eight cycles of refinement.

It seemed reasonable to assume that the hydrogen atoms attached
to the silicon atoms were in the planes perpendicular to the nearly
linear nitrogen-silicon-nitrogen bonds, Difference electron-den-
sity maps in these planes were calculated; the map obtained for the
plane passing through Si(3) is shown in Figure 1 (also, see De-
scription of Molecular Structure).

Finally, five cycles of refinement were carried out using the entire
pentamer as the asymmetric unit and assuming space group P2;.
The refinement returned the coordinates to within one or two
standard deviations of those obtained for the centrosymmetric
structure, indicating that P2,/m is the correct space group.

Description of Molecular and Crystal Structure

The crystal structure analysis confirms that intermo-
lecular dative bonding is present in crystalline DMSA as
suggested by previous investigators.®*

In the crystalline state DMSA is a pentamer consisting
of ten-membered, slightly skewed rings formed by alter-
nating silicon and nitrogen atoms. The nitrogen atoms
lie at the corners of a nearly regular pentagon, while the
silicon atoms are located midway along each side.
Each of the five nitrogen atoms is tetrahedrally bonded
to two carbon and two silicon atoms (Figure 2). (The
tetrahedral angle of 109° 27’ is nearly equal to the inter-
nal angle of a regular pentagon, 108°.) The hydrogen
atoms attached to the silicons have not been accurately
located (see Figure 1); it appears that they lie on planes
perpendicular to each side of the pentagon and passing
through the silicon atoms. Thus the silicon atoms are
pentacoordinated in a trigonal bipyramidal arrange-
ment. The infrared absorption spectrum of DMSA in
the gas phase is the same both before and after solidi-
fication of the sample, indicating that the formation of
the pentamer is reversible;* the sample used in the
present investigation was obtained from the same prepa-
ration as that used in the infrared study. Therefore,
even though the heights of the hydrogen atom peaks were
comparable to the noise level of the Fourier, there is
little doubt that the compound is indeed DMSA.

Interatomic distances and angles are shown in Figures
3 and 4; the estimated standard deviations (esd) are
0.02 A for the Si-N distances and 0.025 A for the N-C
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Figure 3. Interatomic distances and angles of the DMSA pentamer.
A mirror plane (m) is perpendicular to the plane of the pentamer.
The esd’s of the interatomic distances are 0.02 A; those of the
angles are indicated in parentheses.

distances. The esd of the angles are indicated in the
figures.

The least-squares equation for the ten-membered ring,
which is bisected by the mirror plane and lies parallel to

the b axis of the unit cell, is
5.402x + 4.893z = 7.364

where x and z are fractional coordinates. Examination
of the deviations of the atoms from the plane (Table II)
shows that the ring is not actually planar. A calcula-
tion of the least-squares plane through all the atoms
except Si(3), N(2), and Si(3)' revealed that the deviation

Table II. Deviation of Atoms in Pentamer from Least-Squares Plane

Deviation, A

Atom a b
Si(1), Si(1)’ +0.066 +0.025
Si(2) —0.083 -0.031
Si(3), Si(3)’ -0.030 -0.218
N(1), N(1)’ —0.044 +0.003
N(2) -0.152 —0.392
N(3), N(3)’ +0.124 -0.012

@ Least-squares plane defined by all atoms in ring: 5.402x +
4.893z = 7.364. b Least-squares plane defined by all atoms except
Si(3), N(2), and Si(3)’: 5.557x + 4.497z = 7.288.

of N(2) from this plane is 0.39 A (Table II); the angle
between the planes defined by N(3), Si(2), and N(3)’
and by N(3), N(2), and N(3) is 169.8° with an esd of
1.0°. It is not unreasonable to assume that intermo-
lecular packing forces could cause a distortion of this
order of magnitude. The Fourier section of the plane
defined by the above equation is shown in Figure 5;
each contour line corresponds to 2 e/A% (Notice that
the peak heights for N(2) and N(3), where the peak
centers are 0.15 and 0.12 A from the plane, are signifi-
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Si(l) Si(2) Si(3) Si(3)

(0] 109.5 (1.4) cla) c(2) 109.6 (1.2} c(e)

Si(n Si(3)

c(3) 105.0(1.3) c(5)

Figure 4, Bond lengths and angles around the three tetrahedral
nitrogen atoms. The esd’s of the bond lengths are 0.02 A for Si-N
and 0.025 A for N-C; those of the angles are indicated in paren-
thesis.

Figure 5. Fourier section through the DMSA pentamer. The equa-
tion of the plane is 5.402x + 4.893z = 7.364. Each contour repre-
sents an electron density of 2e/A3.

cantly less than those of N(1).) The coordination about
the nitrogen atoms is normal, the average tetrahedral
angle being 109.3° (¢ = 1.5°). The average N-C inter-
atomic distance of 1.53 A (¢ = 0.025 A) is comparable
to those reported for some recently determined struc-
tures (1.48-1.49 A ;113 in the tetra-n-butyl ammonium
ion: 1.523 A (¢ = 0.016 A);!* bis(maleonitriledithio-
lato)iron(IIl): 1.56 A (¢ = 0.02 A);'* tetramethylenedi-
nitramine(diaquo)nickel(IT): 1.571 A (¢ = 0.016 A)'S).
Si-N interatomic distances have been determined by
electron diffraction in hexamethylcyclotrisilazane " (1.78

(10) C. M. Gramaccioli and R. E. Marsh, Acta Cryst,, 21, 594
(1966).

(11)y C. M. Gramaccioli, ibid., 21, 600 (1966).

(12) H. P. Klug, ibid., 21, 536 (1966).

(13) C. Dickinson, J. M. Stewart, and J. R, Holden, ibid., 21, 663
(1966).

(14) 1. D. Forrester, A, Zalkin, and D. H, Templeton, Inorg. Chem.,
3, 1500, 1507 (1964).

(15) W, C. Hamilton and 1. Bernal, to be published.

(16) D. M. Liebig, J. M, Robertson, and M. R. Truter, J. Chem. Soc.,
Sect. A, 879 (1966).

(17) M. Yokoi and K. Yamasaki, J. Am. Chem. Soc., 75, 4139
(1953).
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stereo view.

Figure 6. Packing diagram of crystalline DMSA:
The molecules pack in parallel planes.

= 0.03 A) and trisilylamine s (1.738 = 0.020 A) and by
X-raydiffraction in octamethylcyclotetrasilazane,!®* The
values reported for the latter compound range from
1.687 to 1.750 A with standard deviations of 0.010 A;
this compound contains puckered eight-membered rings
of alternating Si-N atoms with two methyl groups at-
tached to each silicon atom. However, all of these
compounds contain tetrahedrally bonded silicon atoms
and would be expected to have shorter Si-N bond
lengths than crystalline DMSA, which consists of
trigonal bipyramidal silicon atoms with the Si-N bonds
in the apical directions.

The Si(1)-N(3) distance in DMSA appears to be
significantly longer than the other Si-N distances. It
was suspected that the parameters might have converged
to a false minimum in the least-squares refinement.
Positional coordinates of the N(3) atom were assigned
values which would shorten this bond; five cycles of
least-squares refinement returned the coordinates to the
values previously obtained. We feel that this long bond
is possibly indicative of the poor quality of the intensity
data rather than of a physically real situation.

The DMSA molecules lie on planes parallel to the
plane of the pentamers. A stereo view of the molecular
packing is found in Figure 6.

Discussion

The crystal structure analysis reveals that the inter-
molecular dative bonding which occurs between mono-
mers of DMSA is strong enough to result in a pentaco-
ordinated silicon compound in which the identity of the
monomer unit is lost.

Speculation about and chemical evidence for the
existence of pentacoordinated silicon has appeared in
the literature for a number of years. Pentacoordinate
species have been suggested as intermediates in many
displacement reactions occurring at silicon;* evidence

(18) K. Hedberg, J. Am. Chem. Soc., 77, 6491 (1955).

(19) G.S. Smith and L. E. Alexander, Acta Cryst., 16, 1015 (1963).

(20) 1. R. Chippenfield and R, M, Prince, J. Chem. Soc., Sect. A,
3567 (1963).

has been presented for the existence of stable or-
ganic?'~% and inorganic?¢ anions containing pentacova-
lent silicon; and, in at least one case, transannular da-
tive bonding resulting in pentacoordinated silicon has
been found.””** In many of these cases it is claimed that
the silicon atom is attached to a nitrogen by means of
dative (p — d)~m bonding. The present X-ray diffrac-
tion investigation provides the first unambiguous struc-
tural evidence for the formation of pentacoordinated
silicon through (p — d)-m bonding of the lone pair
electrons on nitrogen and a d orbital of silicon, For
sp®d bonding, a square-planar pyramid is expected if
the d.:_ ,. orbital is used, while a trigonal bipyramid is
the most probable arrangement when the d,. orbital is
involved.® On this basis it is evident that the sp? bond-
ing of silicon in the gas phase of DMSA becomes sp*d..
bonding in the crystalline phase.

A detailed reassignment of the bonds in the infrared
spectrum of crystalline DMSA42® does not seem pos-
sible in view of the large number of active fundamental
vibrational frequencies of the pentamer unit. It is
worth noting, however, that the two low-frequency
broad, structured absorption bonds centered at about
500 and 330 cm~! can now be assigned with reasonable
confidence to in-plane and out-of-plane ring-deforma-
tion modes, respectively. The absence of these strong
bonds in the argon matrix spectra, even at concentra-
tions where distinct evidence of polymerization is ob-
served,* indicates that the associated species present
under these conditions probably have open-chain rather
than cyclic configurations.

In conclusion, it is noted that symmetry considera-
tions and observed bond lengths prevent one from deter-
mining which of the adjacent nitrogen atoms was attached
to a silicon atom in the monomeric gas phase. We
would, therefore, predict that crystallization of a mixture
of D,Si5N(CH3), and H;Si**N(CH3), would produce a
solid that upon revaporization would yield a statistical
distribution of the starting species, D;Si'*N(CH3), and
H;Sil®N(CH;).. An attempt to verify this prediction is
planned for the near future.

(21) J.Y. Corey and R. West, J. Am. Chem. Soc., 85, 4034 (1963).

(22) L. H. Sommer, ‘“‘Stereochemistry, Mechanism and Silicon,”
McGraw-Hill Book Co., Inc., New York, N, Y., 1965.

(23) C. L. Frye, J. Am, Chem. Soc., 86, 3170 (1964).

(24) C. L. Frye, G. A. Vincent, and G. L. Hauschildt, ibid., 88, 2727
(1966).
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(26) B. J. Aylett and J. M. Campbell, Chem. Commun., 159 (1967).
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(27a) NoTE ADDED IN PROOF. A recently reported X-ray diffraction
crystal structure determination verified that the silicon atom in the com-
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(1965).
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