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Density functional B3LYP/6-31G(d,p) calculations have been carried out to study the structural peculiarities
and physical properties of the series of cubic (defect zinc-blende) siticarbon nitrides with composition
SikCs—xNs (x = 0, 1, 2, 3). As model systems, we have considered six clusters with the structure of the
adamantane molecule (CKIEH,)s (1), hexamethylenetetramine-like moleculegGH,)s—n(SiHz)n (Il —V) (n

=0, 2, 4, 6), and silicon-substituted adamantane molecule {&H})s (VI). These 10 heavy-atom clusters

have been used to simulate the crystalline fragments of diamigndubic (defect zinc-blende) silicen

carbon nitridesl( —V), and cubic (zinc-blende) silicon soli®f(). It was found that the full B3LYP/6-31G(d,p)
geometry optimization of these clusters allow us to reproduce the structures, unit cell parameters, and bulk
modulus (hardness) of real crystala6dVI) quite well and to predict the structural and mechanical properties

of the hypothetical crystalline compounds-{V).

I. Introduction Vacancy o

Since the first prediction of the possible existence of the
superhard carbon nitridg;CsN4, by Cohed3 in 1985-1990,
there have been a flurry of experimental studies to synthesize
and characterize such covalent solids (films) with the composi-
tion C3N4. The number of experimental publications on the
extremely hard materials is now too numerous to cite, but a
rather complete description on the progress in this field can be
visaged from some interesting publications of the last few

yearst~14 Theoretical publications on the subject have also been Adamantane Hexamethylenetetramine
made to explain the mechanical properties of some of the a b
synthesized crystalline carbon nitrides, predominantly of the

hexagonal 5-CsN4 and a-C3N4 forms, and to predict the Ve

properties of the new hypothetical forms of C/N/Si-containing
compoundg3-31

In our original attempt to deposit GNilms, initiated at the ‘
Institute of Atomic and Molecular Sciences in Taipei, Taiwan, a L\
in collaboration with K. H. Chen, C. L. Chen, and co-worké&s,
it was found that the incorporation of Si atoms, vaporized from
the silicon substrates used in the deposition study, resulted in Diamond Defect Zinc-blende C,N,
the formation of crystalline SiICNilms, preferentially with~1:2 c d

SI.C.I’atIOS. The requirement of Si atoms for formation of gpod- Figure 1. Model molecular systems, (a) adamantane (Q#l)s and
quality CN films was Conf“med by the employment of SiH (b) hexamethylenetetraming(CH,)s, reproducing the cubic unit cells
as a precursor, together with Gtand NH in the plasma-  of such crystalline solids as (c) diamond and (d) defect zinc-blend
enhanced depositiotf:28 carbon nitrides dz-\.. a, b, c anda, f, y are the unit-cell parameters.

This observation prompted our interest in the first principle derivatives N(CH)s_n(SiHo)n (Il —V) (Wheren = 2, 4, 6 is
. . . —nN n - H H
guantum-chemical calculation of the structures and properties o number of carbon atoms replaced by silicon atoms), and

of SikCa-xN4 (x = 0-3) clusters beginning in early 1997. Asa  jicqn substituted adamantane (SitSiHz)s (V1) (in which
model system we have chosen the molecular systems reproduc-every carbon atom is replaced by a silicon atom). The cor-

:Or}g tge CUbt'C"l.m't cell strutgures of diamond -angl defe(;t ZINC- respondence between the structures of the model molecular
Ce: ecc|_r|y N al 'nﬁ compothJlnI s(stp?ce gr@é@’rﬂ). al;s\maréz;tne systems (adamantane and hexamethylenetetramine) and the
(CH)4(CH2)s (1), hexamethylenetetraminey(TH)s (Il ) and its cubic unit cell of the crystalline solids (diamond and defect zinc-

blende carbon nitrides with compositionNG) is illustrated in

+ Corresponding author. E-mail: chemmcl@emory.edu. . Figure la-d. The structure of the hypothetical defect zinc-
T Permanent address: Institute of Chemical Kinetics and Combustion, e . .
Russian Academy of Sciences, Novosibirsk, 630090, Russia. E-mail Plende carbon nitride (we will denote structures of such kind

address: musin@ns.kinetics.nsc.ru. as dz-GNy) can be described as being derived from the diamond

b
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Figure 2. Fragment of a three-dimensional network of the cubic (defect
zinc-blende) crystal structure of the carbon nitrides g Constructed
from the simple hexamethylenetetramine model systems (Figure 1b and
1d).

structure by the replacing some of the carbon atoms with
nitrogen atoms so that each C atom is bound to four N neighbors

by covalent spbonds and each N atoms is bound to only three Unit cell parameters:

oo i - ) 0
C atoms (one C site is vacant) with the-@—C bond angle « =900 @ =3562 3567 c .
close to the tetrahedral @pangle of 109.5 rather than the B =900 p=3562 3.567 L o
trigonal (sp) angle of 120. The three-dimensional network of ¥ =900 ¢ =3562 3.567

the cubic (defect zinc-blende) crystal structure of the carbon Figure 3. B3LYP/6-31G(d,p) optimized structures of the adamantane
nitrides dz-GN, constructed from the simple hexamethylene- (CH){(CHz)s (modela), isobutane HC(Ck}s (modelb), and neopentane
tetramine model systems (Figure 1b and 1d) is illustrated in C(CHs)4 (modelc) molecules used to represent crystalline fragments
Figure 2 of diamond (compound). (i) Calculated values of geometrical

. . . arameters (lengths in A, angles in degrees, see Figure 1 and text),
N(_)te that prior to _the completion of this work, Wang e¢l. ) fhis work. (j)( Exgperimental vglues: refg 20 and 43 (gand references)
published a theoretical paper on the structural and mechanicalnerein).
properties of silicor-carbon-nitrides of the same composition
but having hexagona-SkCs-.N4 (x = 0—3) crystal packing. |ength (in Angstroms) for the compound under consider-
These systems are based on the well-known hexagb8aNs ation, respectively;l is an empirical parameter which is
structure, which belongs to space grdp/m. The authors have  introduced to account for the effects of ionicity of the chemical
used the full-potential LAPW (linearized augmented plane wave) ponds of the compounds. The bulk modulus B is in gigapascals

method?**3 based on the local density (LDA) approximation (Gpa). All the calculations have been performed by using the
for the exchange-correlation potentfeand Kerker-type pseudo-  GAUSSIAN-94 packagé®

potentials’® From these calculations it was found that the
systematic substitutions of the Si atoms by the C atoms in silicon |||, Results and Discussion
nitrides of theps-SisN4 form result in an increase of the bulk

modulus up to 444 GP%. Molecular Structures. Since the main structural character-
istics (bond lengths and bond angles) of crystalline compounds
Il. Computational Methods like diamond and silicon solid are close to that for CEH

. o and Si(SiH), molecules, respectively, it seems reasonable to

The structural parameters of the series of cubic (diamond and3gsyme that the similar small molecular systems could be used
defect zinc-blende) clusters (CKTHz)s (1), Na(CHz)e-n(SiHz)n as models for the quantum-chemical studies of the structures
(I1=V) (n =0, 2, 4, 6), and (SilH(SiH)s (VI) have ,been of silicon—carbon nitrides. From this point of view, a rather
optimized at the density functional level using Becke's three- jnieresting quantum-chemical investigation was undertaken
parameter nonlocal exchange functidfalith the correlation  gayjier by Julian and GibH8.The authors have examined both
functional of Lee, Yang, and P&f(B3LYP approach). We have  {he resiits of experimental studies and molecular orbital
used the 6-31G(d,p) basis set including p and d polarization cajcylations (at the Hartred=ock level of theory using 6-31G(d),
functions for hydrogens and heavy atoms, respecti¥efhe 4-31G(d,p), and STO-3G(d) basis sets) for a series of methyl-
same (B3LYP/6-SlG(d.,p)) method was used for calculat.lon. of and silyl-substituted amines, N(GH_(SiHa)x (k= 0, 1, 2, 3).
the vibrational fr_eqyenues (force constants) and charge distribu-|; nas been shown that transformation of the structure about
tion at the optimized (lowest-energy) geometry. The bulk the nitrogen atom from a planar configuration in trisilylamine
modulus (hardness) of the compounds under consideration hag; — 3) to a nearly tetrahedral one in trimethylamie= 0)
been estimated using the empirical expression proposed byoccyrs, Also, an important conclusion is that the optimized

Cohert*? geometry about the nitrogen atom in trisilylamine reproduces
DD well that observed in the hexagonal silicon nitride crystals,

B= c-1971— 2200 (1) a-SisNg andﬂ-Si3N4.
4 d3° In order to determine the most suitable molecular systems

which could be used for the correct description of the structures
wherelNcCandd are the average coordination number and bond of such covalent crystalline solids as the silieamarbon nitrides
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i) i) b
c =111.6 111.5 1104
n=111.6 111.5 1104
3 =111.6 1115 1104

i) i) k)
G =121.0 117.6 120.0
n=121.0 117.6 120.0
8 =113.5 113.0 1111

@ C
ON @ si
Unit cell parameters: Unit cell rore: D O N
b i © nit cell parameters: O H
0 =90.0 a4 =3.375 3.430 3.423 o =90.0 a =3.940
$=90.0 b =3.375 3.430 3.423 B =90.0 b =3.493
Y =90.0 ¢ =3.375 3.430 3.423 Y =90.0 ¢ =3.493
Figure 4. B3LYP/6-31G(d,p) optimized structures of the hexameth- Figure 5. B3LYP/6-31G(d,p) optimized structures of the silylene-
ylenetetramine NCH,)s (modela) and trimethylamine N(CkJs (model substituted derivative NCHa)s-n(SiHz)n (n = 2) (modela) of the
b) molecules used to represent crystalline fragments of the cubic (defecthexamethylenetetramine moleculg(8H,)s (constructed by replace-
zinc-blende) carbon nitrides dz:,; (compoundll). (i) Calculated ment d 2 C atoms with the equivalent number of Si atoms) and the

values of geometrical parameters (lengths in A, angles in degrees, sessilyl-substituted amine N(Chk_«(SiHs)« (k= 1) (modelb) which have
Figure 1 and text), this work. Other calculations: (j) refs 40 and 41; been used to represent crystalline fragments of the cubic (defect zinc-
(k) refs 19 and 24. (I) Experimental values: refs 40 and 41 (and blende) silicor-carbon nitride dz-SCs-«N4 (x = 1) (compoundll ).
references therein). (i) Calculated values of geometrical parameters (lengths in A, angles

. . . . in degrees, see Figure 1 and text), this work. (j) Other calculations:
under consideration, we have carried out a detailed B3LYP/6- efs 40 and 41. (k) Experimental values: refs 40 and 41 (and references

31G(d,p) analysis of the structural characteristics of the seriestherein).

of cubic (defect zinc-blende) crystalline compounds, diamond

(1), silicon—carbon nitrides dz-8Cs-xNs (x = 0—3) (Il =V), Ra@)-x@), Ra)-x@) = Ra@)-x@) are the bond lengths between
and crystalline silicon\(l), using different molecular (cluster) atom A(1) and basal plane atoms X(2), X(3), X(4) of this
models for the full geometry optimization. Modelis related trigonal pyramid;Qa(1 is the sum of thes, , 6 bond angles;

to the 10 heavy-atom adamantane- and hexamethylenetetramineA(1) denotes the (C or N or Si) atom at position 1; X(2), X(3),
like clusters (Figure 1a and 1b) having the topology of the X(4) are the (C or/and Si) atoms at positions 2, 3, and 4,
diamond and zinc-blende cubic unit cells (Figure 1c and 1d), respectively (for A at position 5, 8, and 10, see Figures 3 and
respectively. Modelb andc, corresponding to the45 heavy- 9). Note that in the case of clusters (modglatoms A{) (i =
atom molecular systems with trigonal-pyramidal and tetrahedral 1, 5, 8, 10) are equivalent due to the symmetry of the systems.
structures, were included for comparison with the results of the To quantitatively estimate the polyhedron structure variation,
experiments and previous calculatiéfhig? (see Figures 38). we have introduced the paramet®hs which represents the
Note that the adamantane and hexamethylenetetramine mol-degree of pyramidality (nonplanarity) of the A atoms surround-
ecules were analyzed for the first time at the ab initio Hartree  ing. For instanceAhay (see Figure 9) is determined as the
Fock level by Guo and Goddard to obtain a force-field shortest () distance between atom A(1) and a plane crossing
parameters (MSFF approach) suitable for predicting mechanicalthe A(1)—X(2), A(1)—X(3), and A(1)}-X(4) bonds at the points
properties (bulk modulus) of carbon nitrides of the hexagonal separated from atom A(1) by 1 A. The unit-cell parametars (

structural phasey-C3N4 and 3-C3N4.20 b, canda, 3, y) of compounds —VI obtained using optimized
Our optimized structures for the clusters (Gt©H.)s (I, cluster structures for modalare included in Figures-38. Some

modela), N4(CHy)s—n(SiH2)n (n= 0, 2, 4, 6) (I =V, modela), available experiment&43-45 and theoreticaf values of these

and (SiH)(SiHy)s (VI, modela) as well as for a number of  parameters are presented in Figures 3, 4, and 8.

small molecular models HC(Gh% (I, modelb), C(CHg)4 (I, It can be seen from Table 1 and Figures 3 and 8 that B3LYP/

modelc), N(CHs)s—k(SiHs)k (k =0, 1, 2, 3) (I =V, modelb), 6-31G(d,p) optimized structures of adamantane (CEH)s (I,

HSIi(SiHs)s (VI, model b) and Si(SiH)4 (VI, modelc) are a) (Figure 3a) and its silicon derivative (Si(piH2)s (VI, @)
illustrated in Figures 38. The relevant geometrical parameters (Figure 8a), i.e., silicon-substituted adamantane-like molecule,
calculated for these clusters and simple molecular systems, alsaeproduce well the real geometry and unit-cell parameters for
shown in Figures 38, are summarized in Table 1, where= the diamond and silicon solid, respectively. For instance, the
OX(2)—AQ)—X(3), n = OX(2)—A(1)—X(4), 0 = OX(3)— values of computed €C and Si-Si bond lengthdRc—¢c = 1.544
A(1)—X(4) are the bond angles around the apical atom A(1) of A andRsi_s; = 2.365 A, as well as tetrahedral bond angles
the trigonal pyramid A(1)X(2)—X(3)—X(4) (see Figure 9); n=0~109.5 (Qa =0+ 7+ 6~ 328.0, where A= C, Si)
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i)
G =120.0 119.9 119.6
n=120.0 1199 119.6
§=120.0 1199 119.6

i) i k)
G =125.5 120.0 1254
n =116.9 1184 1173
8 =116.9 118.4 1173

@ si @®si

© C ON

ON . OH
Unit cell parameters: ! OH Y :(;,.; cell param«:er:::us
qime  gIum pime bl
¥ =90.0 ¢ =3.666 ¥=90.0 ¢ =4145

Figure 7. B3LYP/6-31G(d,p) optimized structures of the silylene-
substituted derivative )SiH,)s (modela) of the hexamethylenetetra-
mine molecule MCH.)s (constructed by replacement of all C atoms
with the equivalent number of Si atoms) and the trisilylamine NggiH
(modelb) which have been used to represent crystalline fragments of
the cubic (defect zinc-blende) silicon nitride dzi&i (compoundV).

(i) Calculated values of geometrical parameters (lengths in A; angles
in degrees, see Figure 1 and text), this work. (j) Other calculations:
refs 40 and 41. (k) Experimental values: refs 40 and 41 (and references

Figure 6. B3LYP/6-31G(d,p) optimized structures of the silylene-
substituted derivative MCH>)s-n(SiH2)n (n = 4) (model a) of the
hexamethylenetetramine molecule(8H,)s (constructed by replace-
ment d 4 C atoms with the equivalent number of Si atoms) and the
silyl-substituted amine N(Chk-«(SiHs)k (k = 2) (modelb) which have
been used to represent a crystalline fragments of the cubic (defect zinc-
blende) silicor-carbon nitride dz-SCs—xN4 (X = 2) (compoundV).

(i) Calculated values of geometrical parameters (lengths in A, angles
in degrees, see Figure 1 and text), this work. (j) Other calculations:

refs 40 and 41. (k) Experimental values: refs 40 and 41 (and referencesthere'n)'

therein). amines, N(CH)s—«(SiH3)k (k= 0, 1, 2, 3) (I =V, modelb). At

are very close to the well-known experimental oh&s*647The the same time, increasing the bond andglsand decreasing
calculated lattice constants for these compoumedshb = ¢ = the pyramidalityAhy are significantly sharper in the case of
3.562 Aandu ==y =90.C (I, a) anda=b = c=5.457 simple molecular systems than for the hexamethylenetetramine-
Aanda =g =y =90.0° (VI, a) are also in good agreement  like clusters. As can be seen, the B3LYP/6-31G(d,p) optimiza-
with experimental values for diamotfd®a = b = ¢ = 3.567 tion of the geometry in the clusters (modal results in a

A ando = p =y = 90.¢° and for silicon soli#**a=Db=c pronounced pyramidal arrangement of the N(8):-« (k =
=5.451 A anda. = B =y =90.C. Moreover, Table 1 shows 0—3) fragment atoms¢y = 323.4, 327.0, 330.4, and 332.9,
that to analyze the geometry of crystalline compounds of this Ahy (&) = 0.312, 0.300, 0.282, 0.267), whereas for small
type, the use of simpler models &ndc) is also possible. These ~ molecular systems (mode), the optimized structures N(Sij-
results stimulated us to perform an analysis of the possible (CHz)s—« (k = 0—3) are flatter 2y = 334.7, 355.4, 359.2,
structures of the siliconcarbon nitride compounds! (-V) at and 360.0, Ahy (A) = 0.258, 0.110, 0.043, 0.0) and correspond
the same level of theory. In these cases, we have chosen thdo the pure planar geometry of the N atom surrounding in the

hexamethylenetetramine moleculey(®Hz)s (I, model a) N(SiHz); system. This means that prediction of structures of
(Figure 1b) and its hypothetical derivativeg(NH;)s—n(SiH2)n the crystalline compounds of such type based on the geometry
(n=2, 4, 6) (Il =V, modela) constructed from NCH,)s by of the small molecules (or simplified molecular fragments) can

replacement of 2, 4,rc6 C atoms with the equivalent number lead to incorrect results.
of Si atoms as model structures. Similarly, a number of small  To estimate the reliability of our structural predictions for
molecular models, namely, methyl- and silyl-substituted amines this series of silicon-carbon nitrides, we have compared the
N(CH3)s—k(SiHa)k (k = 0, 1, 2, 3) (I —V, modelb) were also values of lattice constants,(b, c anda, 3, y) obtained from
utilized, and the possibility of using these models has been optimized geometry of the XCH,)s cluster with previous
analyzed. calculation®24of the cubic (defect zinc-blende) structural phase
It was found (see Figures=/ and Table 1) from our full of the carbor-nitride solid carried out in the framework of ab
geometry optimization that the-NC and N-Si bond lengths initio molecular dynamics (MD) with a variable-cell-shape
and bond angles, 1, ando (as well asQy = o +  + 0) are (VCS) algorithm and density-functional techniques within the
increased, whereas the degree of pyramidality of the N local density approximation (LDA) to electron exchange and
atoms surrounding is decreased, with an increase of the numbercorrelation. The results of our comparison are very promising.
of Si atoms in both the NCH,)s—n(SiH2)n (n = 0, 2, 4, 6) Our lattice constantsa(=b=c=3.375Aando ==y =
clusters [| =V, model a) and the substituted series of four 90.C°) corresponding to the minimum of the cluster's energy
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TABLE 1: B3LYP/6-31G(d,p) Optimized Geometrical Parameter$ and Charge Distributions for the Series of Model
Structures (a, b, c) of Different Cubic (Defect Zinc-Blende) Crystalline Compounds: Diamond (1), Silicon-Carbon Nitrides

SikCx—3N4 (x = 0, 1, 2, 3; lI=V), and Silicon Solid (VI)

Ra)-x) Rag)-x@ Qaw Qaw Q@ Qx)
compound models A(1)—X(2) A(1)—X(3) A(1) Ahag) A(1) X(2) X(3)
a; (CH)4(CHy)s C-C 1.544 C 3280 0291 C 0.0072 C-0.0048
I diamond  b; HC(CHa)s C-C 1535 C 3334 0264 C 0.0342 C-0.0114
c; C(CHs)a C-C 1.540 C 3284 0289 C 0.0404 C-0.0101
I SiCN, & Na(CHz)s N—-C 1.477 N 3234 0312 N-0.383 C 0.2575
b; N(CHs)s N—-C 1.455 N 3347 0258 N-0.3902 C 0.1301
" SN a; Ny(CH24(SiH2), N—C 1.492 N-Si 1.764 N 327.0 0300 N-0.5172 C 0.2681 Si 0.4982
12284 b; N(CHs)2SiH3 N-C 1.456 N-Si 1.735 N 3554 0.110 N-05196 C 0.1561 Si 0.2073
NV SLCN a Ng(CH22(SiH)a N—-C 1512 N-Si 1.771 N 3304 0282 N-0.6546 C 0.2927 Si 0.5083
2=t b; N(CH3)(SiHg), N—C 1.475 N-Si 1.744 N 359.2 0.043 N-0.6659 C 0.1872 Si 0.2392
Vv SLCN a; Nu(SiHo)s N—Si 1.779 N 3329 0.2670 N-0.8040 Si 0.5361
S04 b; N(SiH3)3 N-Si 1.754 N 360.0 O N —0.8236 Si 0.2746
a; (SiH)4(SiHy)6 Si—Si 2.365 Si 3279 0.291  Si0.0537 Si 0.0358
VI silicon b; HSi(SiHs)3 Si—Si 2.357 Si 3332 0.266 Si-0.1323 Si  0.0441
C; Si(SiHs)4 Si—Si 2.360 Si 3282 0.290 Si-0.2791 Si  0.0700

aBond lengthsRaa)-x) and Ragy-x@) (in A) between atom A(1) and atoms X(2), X(3), respectively; sum of bond aglgs = o + 1 + 0
(in deg) around the A(1) atom; degree of pyramidalifys (in A) of atoms A(1) surrounding; see Figures8and 9). © Total effective charges
Qa), Qx), andQx) localized on the atoms A(1), X(2), and X(3), respectively (with hydrogens charges included in heavy atoms).

Unit cell éarameters:

i) I}
a =5.457 5.451
b =5.457 5.451
¢ =5457 5.451

a =90.0

B =90.0 i

¥ =90.0 @ si
Figure 8. B3LYP/6-31G(d,p) optimized structures of the silicon
derivative (SiH)(SiH.)s (modela) of the adamantane (CHH.)s, the
trisilylsilane HSi(SiH)s; (modelb), and the tetrasilylsilane Si(Si)
(model ¢) molecules which have been used to represent crystalline
fragments of silicon solid (compoundl). (i) Calculated values of

OoH

@ﬁ — Umbrella motion of atom A(1)
A(1)

[e]
[}

£X(2)-A(1)X(3)
£ X(2)-A(1)-X(4)
§ = £ X(3)-A(1)-X(4)

=
1]

Figure 9. Trigonal-pyramidal fragment A(£)X(2)—X(3)—X(4) of the
cubic adamantane-like molecular systdm4 (see Figures-38). A(1)

is the apical (C or N or Si) atom at position 1; X(2), X(3), X(4) are the
basal plane (C or/and Si) atoms at positions 2, 3, and 4, respectively
(for A at positions 5, 8, and 10, see Figure 3 and the table included).
Geometrical parametekhay represents the degree of pyramidality
(nonplanarity) of the A(1) atoms surrounding. It is determined as the
shortest [(J) distance between atom A(1) and a plane crossing the-A(1)
X(2), A(1)—X(3), and A(1)-X(4) bonds at the points separated from
atom A by 1 A,

tion) the total effective charge®y, Qc, and Qs; centered on
the N, C, and Si atoms of the trigonal-pyramidal (or trigonal
planar, in the case &f, b) N(Si)(C)s—k fragments of the model
structures considered. For simplicity, the effective hydrogen
charges were included into heavy atoms. The valu€dcaind

geometrical parameters (lengths in A, angles in degrees, see Figure 1Qsi in the case of purely covalent crystalline compounds,

and text), this work. (j) Experimental values: refs 40 and 41 (and
references therein).

diamond () and silicon solid Y1), were calculated to estimate
the ability of the different model structures, (b, andc) to
predict the actual charge distribution in these compounds. The

are quite close to (even a few percent smaller than) thoseresults obtained are listed in the last columns of the Table 1

calculated in the mentioned worka £ b = ¢ = 3.430 A and
a=p=y=90.0)%and @=b=c=3.423 A ando =
=y = 90.0°).%*

Estimation of Hardness. The bulk modulus (hardness) of
the SICN, crystals was estimated using the empirical expression
(), proposed by Cohen, involving the average coordination
number, INc[J] bond length,d, and ionicity parameter}. To
evaluate the degree of ionicity of the siliconarbon nitrides
Il =V, we analyzed (in the framework of the Mulliken formula-

and plotted in Figure 10. Het@x(y) is total effective charge of

an apical atom A(1) of the trigonal pyramid (see Figures33
and Figure 9)Qx) andQxs) are the effective charges of the
nearest-neighbor atoms X(2) and X(3) which reside on the basal
plane of such a pyramid. As shown in Table 1 and Figure 10,
compounds|—VI exhibit a local electroneutrality of the
fragments involving the apical (central, in the case of majiel

A(1) = C, or Si, or N atom surrounded by its three (moedel

andb, i = 2—4) or four (modelc, i = 2—5) nearest neighbors
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TABLE 2. Values of the Bond Lengthsd (A), lonicity 4s and Modified lonicity Am =

Musin et al.

|QA(i)|/3 (A(I) =C,N,orSii=1,5,8, 10,

see Figures 3-8), Force Constantsk (mDyne/A) for Umbrella Motion of the Four A(i) Atoms, Bulk Modulus (Hardness) B
(GPa) for Different Cubic (Defect Zinc-Blende) Crystalline Compounds (Model &)

compound d As B(l) MNL=4 B (As) IN= 3.43 Am B (Am) MN.C= 3.43 k Bothercalc Bexp
diamond 1.544 0 430.9 0 4.156 430.1 442.0
436.0
444.0
1 SioC3N4 1.477 0.5 475.2 407.5 0.13 425.3 3.996 495.0
448.0
1 SiiCoNy 1.583 0.5 372.9 319.7 0.17 332.2
\Y Sib,CiN4 1.685 0.5 299.7 257.0 0.22 265.5
\% SizCoN4 1.779 0.5 247.8 2125 0.27 218.3 2.921
Vi silicon 2.365 0 96.9 0 0.895 99.1 98.0°
98.0r 99.0

2 Diamond (), silicon—carbon nitrides SCx-sN4 (x =0, 1, 2, 3) (I —V), and silicon solid Y1). N;[is average coordination numbérReference
15. ¢ Reference 20¢ Reference 3¢ References 1, 15, 20, 4BReference 19 References 14, 24.Reference 44.References 44, 48, 49.
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Figure 10. Calculated values of the total effective charge (in the
framework of Mulliken formulation)Qa() centered on the C or N or
Si atom A(1) and the sum@s (X) = YiQx/2 (andQ«(X) = YiQx) in

the case of modelb andc) of the effective charges located on the
nearest-neighbor carbon (X(= C) and, separately, silicon (¥(=

Si) atoms surrounding A(1) atom @ 2, 3, 4 for models andb; i =

2, 3, 4, 5 for modek).

X(i) = C or/and Si, i.e

4
QA(l) = _ZQx(i)/Z (m0d6|a)

4(or5)

QA(l) =- Z QX(i) (mOde|Sb andc)
=

The use of cluster model for the charge distribution analysis
allows one to reproduce the nonpolarii@a)| ~ 0 of the
covalent bonds €C and SiSi in the diamond and silicon
crystalline solids quite well, whereas the transition to mdulel
and then to modet leads to less reliable results. In the case of
silicon—carbon nitrides I( —V), the quantitative results for
charge polarization obtained for clusgeand small molecular

absolute values of this charge grow practically linear with
increasing the number of surrounding Si atoms. It is obvious
that the valuesly, = |Qn|/3 (because N links three nearest-
neighbor C and/or Si atoms) will characterize the degree of
ionicity (or heteropolarity) of chemical NC and N-Si bonds

of the compound$l andV, respectively. For compoundl

and 1V, the magnitude of.,, will correspond to the averaged
(over the N-C and N-Si bonds) ionicity of the chemical bonds.

In Table 2 we compare the results of our calculations of the
bulk modulus B(As) and B(in) for the compounds under
investigation, using empirical expression (1), with those obtained
from experimental measuremehtg20:43.44.484nd calculations
performed in the framework of solid-state methodoléiP.20.24
Hered is the B3LYP/6-31(d,p) optimized value of the-C,
N—C, N—Si, or Si—Si bond length in compoundsllI, V, and
VI, respectively. In the case of compouridisandlV , parameter
d corresponds to the averaged value of the tree bond lengths
N—C and N-Si; 1 is the value of the ionicity of compounds
proposed by Coheh!31> IN.Ois the average coordination
number for the cubic (defect zinc-blende) structures with
composition SiC3-xN4 (x = 0, 1, 2, 3)¥ 1, = |Qn|/3 is the
modified ionicity value which takes into account the increase
in the average heteropolarity of chemical bonds while going
from compoundl to V; ks the force constant for an umbrella
motion of theA(i)) = C, N, or Si { = 1, 5, 8, 10) atoms.

As shown in Table 2, the estimated values of the bulk
modulusB(4g) (using parameteréiN.[1= 4 and s = 0) for
diamond (430.9 GPa) and silicon solid (96.9 GPa) are very close
to those obtained from experiments (442.0 and 98.0 GPa,
respectively).1520.43.44.484%|oreover, the results of our calcula-
tions for carbon nitride, dz-Bl4 (Il') (B(4s) = 407.5 GPa and
B(Am) = 425.3 GPa), compare quantitatively with the previous
calculations of the cubic structural phase of the defect zinc-
blende carbornitride solid carried out in the framework of
the ab initio molecular dynamics approach (425.0 GPand
density-functional techniques within the local density ap-
proximation (448.0 GP&)-?*

Itis clear from a general point of view that the magnitude of
a force constant for a vibrational mode corresponding to
umbrella (inversion) motion of the atomgi) = C, N, or Si (at
positioni = 1, 5, 8, 10) in the cubic clusters (CHEH.)s (1),
N4(CHz)s-n(SiH2)n (II', V) (n = 0, 6), and (SiHXSiHz)s (VI)
can give us additional indirect information concerning the
“hardness” of the compounds considered. For instance, the
magnitude of the force constant for umbrella motion of the four
A(i) (i=1, 5, 8, 10) atoms for adamantane (model system for
diamondl) is expected to be larger than that for the silicon

b models are comparable. The negative effective charge isderivative of adamantane (model system for silicon swligl
centered on the apical N atom of the trigonal pyramid, and the Indeed, Table 2 shows that the values of force constknts
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calculated for cubic structurds Il , V, andVI correlate well
with the values of the bulk modulus for these compounds (i
the case of structuréd andlV with tetragonal distortion, there
are no vibrational modes strongly corresponding to the umbrella
motion of atoms N). This allows us to conclude that the
predicted values of the bulk moduluB({m) = 425.3, 332.2,
265.5, and 218.3 GPa) for siliceitarbon nitrides with com-
position SiCz—xNg (X 0, 1, 2, 3) are reliable and that
compounds of this type are promising for designing novel class
of crystalline solids with variable values of hardness.

n

IV. Conclusion

The results presented above (see Figure8,3rables 1 and
2) on the optimized structural characteristics (bond lengths and
angles, unit cell parameters) as well as vibrational (force
constants for umbrella motion of the N atoms) and mechanical
(bulk modulus) properties of the series of cubic (defect zinc-
blende) crystalline compounds, diamong, (silicon—carbon
nitrides with composition §C3-xN4 (x =0, 1, 2, 3) (| —V),
and silicon solid YI) show that (a) the quantum-chemical
calculations at the B3LYP/6-31G(d,p) level of theory for the
clusters with the topology of the adamantane molecule (model
a) allow us to reproduce quite well the structures, unit cell
parameters, and bulk modulus (hardness) of real crydtaisd
VI) and to predict the structural and mechanical properties of
the hypothetical zinc-blende crystalline compounds ¢ZsSiN4
(x=0,1, 2, 3) (I V). (b) Prediction of the structures of the
crystalline compounds such as silicecarbon nitridedl —V
based on the geometry of the small molecules (like N{gH-
(SiHa)k (k= 0, 1, 2, 3), modeb) can lead to incorrect results.
For instance, our full optimization of the geometry for clusters
Il =V (modela) results in a pronounced pyramidal arrangement
of the N(Si)(C)s—« (k = 0—3) fragment atoms, whereas for the
small molecular systems (modb), the optimized structures
N(SiH3)k(CHs)s—« (k = 0—3) are flatter and correspond to the
pure planar geometry of the N atom surrounding in the case of
the N(SiH)s; system. (c) As in the case of hypothetical
hexagonal3-SixCz—xN4 (x = 0—3) compounds! an increase
of the number of C atoms (decrease of the numben the
defect zinc-blende siliconcarbon nitrides, dz-@Cz—xNa, results
in an increase of the bulk modulus values frey18 GPa for
dz-SiN4 to ~425 GPa for dz-eNg.
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