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Ab initio calculations were carried out for the reactions of silane and halosilaneg{S¥H= H, CI, Br, I)

with HCN. Geometries of the reactants, transition states, intermediates and products were optimized at HF,
MP2, and B3LYP levels of theory using the 6-31G(d) and 6-31G(d,p) basis sets. Energies were also obtained
using G3MP2 and G3B3 levels of theory. Intrinsic reaction coordinate (IRC) calculations were performed to
characterize the transition states on the potential energy surface. It was found that HCN can react with silane
and halosilanes via three different mechanisms. One involves HX elimination by a one-step pathway producing
SiH3;CN. The second mechanism consists gfgimination, producing SitKCN via a one-step pathway or

three multiple-step pathways. The third mechanism involves dissociation @k $iHvarious products, which

can then react with HCN. Activation energies, enthalpies, and free energies of activation along with the
thermodynamic propertiesAE, AH, and AG) of each reaction pathway were calculated. The reaction of
SiHsX with HCN produce different products depending on substituent X. We have found that the standard
6-31G(d) bromine basis set gave results which were in better agreement with the G3MP2 results than for the
Binning—Curtiss basis set. Computed heats of formatidHi] for SiH;CN, SiktkNC, SiH,CICN, SiH,BrCN,
SiH,ICN, SiHCI, SiHBr, and SiHI were found to be 133.5, 150-84.4, 23.6, 102.4, 48.7, 127.1, and 179.8

kJ mol?, respectively. From enthalpies calculated at G3MP2, we predict thatkhdor SiH, to be 262.8

kJ mol* compared to the experimental value of 273:81.2 kJ moi™.

1. Introduction eliminate H to produce Sik¥H,O with an energy barrier of
242.8 kJ motl. The products can further eliminate; Idr H,

drawn considerable attention because of their importance in thepr.oducmg §ma||er mglecules S'H.OH’ SHHO, S!—HzQ, and
semiconductor, glass, and polymer industtigsThe physical SiO, and SiH—OH, SiH-H,0, HSIO, and HOSi radicals.
and chemical proper’[ies of most S||y| Compounds are quite Silanes have been found both eXperimenta"y and theoretica”y
different from those of their methyl analogues. Although silicon to complex with the lone-paired electrons of ammonia, amine,
and carbon are isovalent, silicon can have co-ordinations greater@rsine, phosphorus or phosphine to form pentacoordinated
than four. Silicon also interacts with thebonds of elements  adducts'>2! Feng et ak? investigated the adductszBiX/NH3
in groups V, VI, and VII. Unlike carbon, silicon does not favor (X = F, Cl, Br, I) with ab initio calculations at the G2MP2
formation of multiple bonds. Silane and halosilanes can react level, and discussed the influence of halogen atoms on the
with small molecules, such as N+Hand HO.° to form various structure and stability of this type of species. Schlegel &t#l.
intermediates and products under suitable conditions. Similar studied the thermal decomposition of Siahd SiHCI at HF/
reactions may be possible in interstellar space where Si is6-31G(d) and MP2/6-31G(d,p). They found that for the decom-
relatively abundantAs a consequence, a number of researchers position of SiH,, SiH, + H, is favored over Sikl+ H and for
have focused on the reactions of silane and halosilanes, bothSiH;C1, SiHCI+ H, is preferred over SikH- HCI. Calculations
experimentally and theoreticalfy 4 have also shown that in the gas phase,;3iRd Ga in its first
The gas-phase reactions of silane with ammonia and waterexcited?S state, react to form SiHadicals, H atoms, GaH and
were studied using ab initio methods by Hu et&T he reaction GaSiH;.25
with NH3 was found to proceed in a single step to the most
stable product silylamine (SgNIH2). The reaction involves H
elimination from the weakly bonded reactant complexNH
SiH,. The activation energy was found to be 206.1 kJ Thal
the CCSD(T)/6-311+G(d,p)//IMP2/6-3%G(d) level. This bar-
rier was the lowest among various pathways investigated for
the reaction. For the gas-phase reaction betweepn @it HO,
40 equilibrium and 27 transition state structures were found on

9 . e . )
the potential energy surface of the reaction. The reactiony SiH ;pectra?.o A G3B3 _mves_ugatlon of the s_mglet B Si, .N’ C] .
+ H,0 — SiHOH + H, has an energy barrier of 194.8 kJ isomersP resulted in 26 isomers and 45 interconversion transi-

mol~* and AEn, of —45.3 kJ mott at CCSD(T)/6-31%+G- tion state structures. The three lowest-lying isomersSiEN

(d,p)/IMP2/6-33G(d). It was found that SiblH,0 can also  (0-0 kJ mof?), HsSINC (20.5 kJ mot*), and HCNSi (30.9 kJ
mol~1) were found to be kinetically stable with the lowest

* Corresponding author. Telephone: (709) 737-8609. Fax: (709) 737- CONVersion barrier at 98.0 kJ mel Fourteen new isomers with
3702. E-mail: rpoirier@mun.ca. considerable kinetic stability were also predicted. To date, no

In recent years, silanes (SjHand halosilanes (S#X) have

The number of known Si-containing molecules is very small
compared to C or N containing species and few compounds
containing all three are known. In interstellar space, only the
simplest radicals, SiCN and SiNC, have been detetttuthe
laboratory, HSICN and HSIN€ have been detected, along with
the SiCN and SiN& radicals. More hydrogenated species H
CNSi, HsSICN, and HSINC were also characterized by IR
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TABLE 1: Activation Energies and Free Energies of Activation for the Reaction of SiHX (X = H, CI, Br, I) with HCN (HX

Elimination) and the Isomerization of SiHsCN/HX (in kJ mol ~1) at 298.15 K (Pathway A}P

HX elimination isomerization
X level/basis set AEa,Tsf AG*TSlA AEastéA AGthjA
H HF/6-31G(d) 374.7 387.6 127.7 122.2
HF/6-31G(d,p) 353.3 367.1 127.8 121.9
MP2/6-31G(d) 332.1 342.8 134.6 134.6
MP2/6-31G(d,p) 311.5 322.3 133.9 138.4
B3LYP/6-31G(d) 305.3 315.0 123.7 122.4
B3LYP/6-31G(d,p) 290.3 300.9 123.8 122.9
G3MP2 280.7 296.4 115.1 114.6
G3B3 279.6 294.6 119.1 113.4
Cl HF/6-31G(d) 376.0 368.5 137.5 125.8
HF/6-31G(d,p) 360.5 348.3 137.5 121.1
MP2/6-31G(d) 315.6 310.9 142.9 137.4
MP2/6-31G(d,p) 295.8 291.7 1415 136.3
B3LYP/6-31G(d) 273.9 280.7 132.4 115.3
B3LYP/6-31G(d,p) 264.3 266.4 131.8 115.5
G3MP2 265.5 264.3 121.2 116.7
G3B3 269.7 262.0 125.9 115.0
Br HF/6-31G(d) 374.5(373.9) 373.0(367.8) 135.9(131.1) 128.0 (127.8)

HF/6-31G(d,p)
MP2/6-31G(d)
MP2/6-31G(d,p)
B3LYP/6-31G(d)
B3LYP/6-31G(d,p)
G3MP2
MP2/6-31G(d)
MP2/6-31G(d,p)
B3LYP/6-31G(d)
B3LYP/6-31G(d,p)

364.6 (364.0)
306.7 (312.8)
295.4 (300.3)
265.8 (274.7)
260.1 (267.0)
261.1(271.2)
302.8
297.3
259.7
256.0

363.4 (347.0)
310.7 (309.5)
298.6 (290.6)
269.5 (279.8)
264.6 (264.8)
275.9 (283.5)
320.4
301.1
289.3
275.0

136.0 (131.1)
142.0 (137.3)
140.7 (135.7)
131.1 (127.7)
130.8 (124.0)
119.7 (120.1)

140.4

139.1

129.3

129.1

128.5 (128.1)
137.4 (137.9)
136.3 (136.2)
127.9 (128.7)
127.9 (121.6)
117.1 (121.7)

139.2

137.7

1216

128.9

a Mechanistic pathway and barriers as defined in Figure 1 and 2, respectiVélg.values in parentheses are calculated by using the Birning

Curtiss bromine basis set from ref 39.

TABLE 2: Activation Energies and Free Energies of Activation for the Reaction of SiHX (X = H, ClI, Br, I) with HCN (in kJ

mol™1) at 298.15 K (H, Elimination: Pathways B1, B*, and B2)f

pathway B% pathway B*® pathway B2

X level/basis set AEa,TsPl AG*TSlBl AEa,TSP* AG*TSlB* AEa,Tsf’* AG*TSZB* AEaVTsPZ AG*TSlBZ

H HF/6-31G(d) 374.7 387.6 392.1 362.5 129.7 122.6 385.2 400.7
HF/6-31G(d,p) 353.3 367.1 364.3 337.1 129.8 122.5 299.2 321.1
MP2/6-31G(d) 332.1 342.8 317.9 291.5 92.2 87.9 336.4 353.1
MP2/6-31G(d,p) 3115 322.3 293.1 268.2 92.3 87.6 3345 350.9
B3LYP/6-31G(d) 305.3 315.0 313.6 286.8 99.4 97.0 271.0 287.0
B3LYP/6-31G(d,p) 290.3 300.9 293.1 268.1 99.5 94.5 270.2 286.4
G3MP2 280.7 296.4 262.3 261.6 97.3 94.6 265.4 283.8
G3B3 279.6 294.6 267.6 266.9 97.2 99.1 272.1 290.3

Cl HF/6-31G(d) 363.9 368.5 392.6 364.6 142.0 134.1 358.6 366.8
HF/6-31G(d,p) 342.3 348.3 364.7 338.9 142.0 133.7 355.6 364.7
MP2/6-31G(d) 306.1 310.9 315.2 290.6 102.2 97.4 310.4 320.1
MP2/6-31G(d,p) 286.4 291.7 290.2 267.0 102.5 97.2 308.6 318.7
B3LYP/6-31G(d) 277.7 280.7 308.7 283.7 110.0 106.2 241.8 250.6
B3LYP/6-31G(d,p) 262.7 266.4 288.3 265.1 110.1 106.1 240.0 249.0
G3MP2 252.8 264.3 258.7 258.6 107.2 103.8 236.6 250.1
G3B3 251.8 262.0 264.8 264.8 107.2 110.7 242.7 255.0

Br HF/6-31G(d)
HF/6-31G(d,p)
MP2/6-31G(d)

368.2 (363.5)
346.6 (341.9)
309.9 (306.2)

373.1(367.8)
352.2 (347.0)
313.8 (309.5)

391.2 (392.6)
363.5 (364.9)
312.4 (313.4)

363.7 (364.2)
338.0 (338.6)
288.6 (288.9)

141.4 (140.4) 133.5(132.7)
141.6 (140.6) 133.2 (132.4)
101.0 (100.3)

96.6 (95.8)

361.7 (360.6)
358.6 (357.6)
311.9 (310.8)

370.4 (368.7)
367.6 (366.0)
320.9 (319.1)

MP2/6-31G(d,p)
B3LYP/6-31G(d)
B3LYP/6-31G(d,p)
G3MP2
| MP2/6-31G(d)

MP2/6-31G(d,p)
B3LYP/6-31G(d)
B3LYP/6-31G(d,p)

290.0 (286.5)
281.4 (277.7)
266.2 (262.6)
256.1 (256.3)
316.9
296.8
287.3
272.0

294.7 (290.6)

283.7 (279.8)
268.9 (264.8)

267.6 (267.3) 256.4 (256.4)
320.4 325.4
301.1 299.9
289.3 3175
275.0 297.4

287.5 (288.6)
306.0 (308.3)
285.7 (288.0)

265.1 (265.6)
282.0 (282.8)
263.6 (264.3)

256.7 (255.9)
300.4 99.2
276.1 99.4
291.8 107.3
273.3 107.4

101.3 (100.6)
109.0 (108.5) 105.6 (104.6)
109.2 (108.6) 104.8 (104.2)
106.2 (106.2) 102.7 (103.0)

94.8
94.3
102.2
101.8

96.3 (95.2)

314.2
312.6
247.5
245.8

310.2 (309.1)
244.2 (243.4)
242.4 (241.7)
239.0 (238.9)

319.8 (318.1)
252.5 (251.4)
250.8 (249.4)
252.5 (251.8)
323.2
322.3
256.1
254.9

a Mechanistic pathway and barriers as defined in Figure 3 and 5, respectiichanistic pathway and barriers as defined in Figure 4 and 6,

respectively ¢ The values in parentheses are calculated by using the Birnogiss bromine basis set from ref 39.

experimental or theoretical heats of formation have been of our results, wave function and DFT calculations were

reported for HSICN and HSINC.

performed. One of the main objectives of this study was to select
No computational studies have been reported for the reactionthe lowest level of theory/basis set that would give reliable
of silanes and halosilanes with HCN. To ensure the reliability energetics for these reactions. Because of the size of the system,
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TABLE 3: Activation Energies and Free Energies of Activation for the Reaction of SiHX (X = H, ClI, Br, I) with HCN (in kJ

mol~1) at 298.15 K (H, Elimination: Pathways B3 and B4)d

pathway B3 pathway B4

X level/basis set AEa,TsPS AG*TSJ_BB AEa,Tsf‘s AGthzBs AEa_Tsfs AG*TSQ,Bs AE;;"'rsP4 AG*TSlB4 AEa"rsé34 AG*TSZB4

Cl HF/6-31G(d) 387.7 394.8 9.0 11.9 173.5 162.7 381.7 3879 -56 —-3.1
B3LYP/6-31G(d) 272.2 280.7 7.9 11.3 190.2 180.3 268.6 276.7 -39 -12
B3LYP/6-31G(d,p) 269.7 278.1 7.9 11.6 189.3 179.5 266.1 2743 —3.8 -0.8
G3MP2 268.6 282.0 6.0 9.7 176.5 177.1 260.7 2722 23 1.4

Br HF/6-31G(d) 390.1 (389.6) 397.9 (396.7) 9.5(8.8) 12.5(11.5) 173.1 (173.6) 162.4 (162.6) 383.2 (382.5) 390.0 (388.3) 6.9 (6.1) 8.8 (8.0)
HF/6-31G(d,p) 386.5 394.5 9. 12.7 172.0 161.3 377.4 3831 57 —2.9
MP2/6-31G(d) 353.3 361.9 8.2 11.6 196.8 186.2 342.0 3504 59 —3.3
MP2/6-31G(d,p)  350.4 359.7 8.1 11.5 196.1 185.2 338.1 3472 —54 —2.6
B3LYP/6-31G(d) 273.8 281.6 9.8 13.7 1911 181.8 269.8 2775 —-17 1.7
B3LYP/6-31G(d,p) 271.3 (271.2) 279.2 (278.3) 10.0 (7.8) 13.9 (11.1) 190.3 (189.1) 180.9 (179.3) 267.0 (265.9) 274.6(2AX82.2) 2.1(13.7)
G3MP2 271.0 (270.9) 284.4 (283.7) 6.4 (5.3) 10.2(8.7) 176.0 (175.9) 176.7 (176.3) 261.4 (262.0) 272.94472 (2)4) 1.0 (4.9)

I HF/6-31G(d) 394.3 402.4 9.8 12.9 172.5 162.1 385.3 392.3 9.0
B3LYP/6-31G(d,p) 274.6 283.1 11.0 8.8 190.5 180.7 268.2 276.4 31.2 32.0

aMechanistic pathways as defined in Figure 4; B3LYP/6-31G(d,p) values are shown for all X, since they agree the best with GBeatiers.
as defined in Figure 7.Barriers as defined in Figure 8 The values in parentheses are calculated by using the Bin@ingiss bromine basis set

from ref 39.

TABLE 4: Activation Energies, Activation Enthalpies and Free Energies of Activation for the Thermal Decomposition Reaction

of SiHzX (X = H, CI, Br, 1) (in kJ mol ~) at 298.15 K (Figure 9%

SiH;— SiH>+ H» SiHsCl — SiHCI + H,
level/basis set AEa AHF AG AEa AHF AG*
HF/6-31G(d) 334.7 322.7 319.8 367.4 356.0 352.9
MP2/6-31G(d) 282.7 270.7 267.8 312.9 299.8 296.7
B3LYP/6-31G(d) 256.6 244.8 241.9 281.8 268.9 265.7
G3MP2 233.1 233.2 230.3 257.6 257.8 254.7
G3B3 235.6 235.6 232.7 260.8 261.1 257.8
250.8 280.F
SiHsBr — SiHBr + H, SiHsl — SiHI + H,
level/basis set AE, AH* AG* AE, AH* AG*
HF/6-31G(d) 361.3 (362.2) 348.7 (349.7) 345.7 (346.6) 350.2 337.9 334.9
MP2/6-31G(d) 305.0 (304.9) 292.1 (292.0) 289.0 (288.9) 294.4 281.8 278.7
B3LYP/6-31G(d) 275.9 (275.8) 263.2 (263.3) 259.9 (260.1) 267.3 254.9 251.7
G3MP2 252.3 (252.2) 252.5 (252.3) 249.4 (252.0)
further reactions
SiHCI + H,— SiH, + HCI SiHBr + H,— SiH, + HBr
level/basis set AE, AH* AG* AE, AH* AG*
HF/6-31G(d) 194.9 192.6 218.8 177.2 (175.6) 174.2 (172.7) 200.2 (196.4)
MP2/6-31G(d) 171.8 168.8 191.1 155.9 (154.4) 151.7 (150.5) 173.3 (170.3)
B3LYP/6-31G(d) 129.1 124.9 142.7 117.1 (117.0) 112.1 (112.5) 130.2 (131.3)
G3MP2 128.7 119.6 146.9 118.5(119.0) 109.4 (110.0) 136.5 (134.8)
G3B3 124.4 116.9 135.0
SiHI + H,— SiH, + HI
level/basis set AE, AH* AG*
HF/6-31G(d) 162.2 157.6 183.3
MP2/6-31G(d) 144.2 138.5 160.1
B3LYP/6-31G(d) 108.7 102.6 121.6

aThe values obtained from ref 23The values in parentheses are calculated by using the Bin@ngiss bromine basis set from ref 39.

it is possible to perform the calculations at high levels of theory,

energies and the enthalpies of reaction calculated using Gauss-

such as the G3MP2 and G3B3 levels, which are known to give ian-n theories (G1, G2, G2MP2, G3, G3MP2, G3B3, and

reliable energeticd.3?

2. Method

All the electronic structure calculations were carried out with
Gaussian032 except for TS%, X = Br, where the HF structure
was optimized with MUNgaus¥. The geometries of all

G3MP2B3) all agreed to within 10 kJ mdl For this study,
G3MP2 and G3B3 theories have been selected due to their
reliability3-32and the fact that they provide a contrast between
wave function and density functional theories. For Br, the
G3MP2large basis sét;®” which is not yet incorporated in
Gaussian03, was used for G3BMP2 calculations. The standard

reactants, transition states, intermediates and products were fullyd-31G(d) bromine basis s8thas been used throughout and

optimized at the HF, second-order Mghedrlesset (MP2) and

compared with the BinningCurtis$® bromine basis set avail-

B3LYP levels of theory using the 6-31G(d) and 6-31G(d,p) basis able in Gaussian03. For iodine, the Huzinaga dodbleasis

sets. From previous worR, it was found that the activation

set? was used. Frequencies were calculated for all structures
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TABLE 5: Activation Energies, Enthalpies and Free Energies of Activation for the Reaction of SiHX (X= H, ClI, Br, 1) with

HCN (in kJ mol 1) at 298.15 K (Figure 10¥

SiH; + HCN — SiHsCN

SiHCI+ HCN — SiH,CICN

level/basis set AE, AH* AG* AE, AH* AG*

HF/6-31G(d) 155.5 147.0 168.3 222.2 210.8 235.9

MP2/6-31G(d) 53.3 45.0 63.4 131.8 120.9 141.9

B3LYP/6-31G(d) 34.3 26.1 45.7 109.7 98.8 121.4

G3MP2 24.8 18.0 39.8 92.4 86.0 111.6

G3B3 29.3 22.7 42.6 96.3 90.2 112.9

SiHBr + HCN — SiH,BrCN SiHI + HCN — SiH,ICN

level/basis set AEa AH¥ AG AE, AH¥ AG*
HF/6-31G(d) 221.3 (215.9) 209.8 (204.5) 235.6 (229.8) 216.0 204.4 230.6
MP2/6-31G(d) 129.4 (125.0) 118.4 (114.0) 140.0 (135.6) 122.0 111.0 132.8
B3LYP/6-31G(d) 109.9 (104.6) 98.8 (93.7) 121.3 (115.5) 107.0 95.8 118.2
G3MP2 90.5 (90.2) 84.2 (83.8) 110.5 (109.6)

aThe values in parentheses are calculated by using the Bin@ngiss bromine basis set from ref 39.

TABLE 6: Thermodynamic Properties for the Reaction of SiHzX (X = H, Cl, Br, 1) with HCN (in kJ mol 1) at 298.15 K (HX

Elimination Reaction)d

SiHs+HCN — SiH;CN + H,

SiH;Cl + HCN — SiH:CN + HCI

level/basis set AE AH AG AE AH AG
HF/6-31G(d) —2.4 -13.2 -6.0 63.6 56.8 57.4
HF/6-31G(d,p) —55 —16.0 —8.9 52.3 45.7 46.3
MP2/6-31G(d) —28.4 —-375 —-30.8 60.1 54.6 54.8
MP2/6-31G(d,p) —23.6 —-32.7 —26.0 455 40.2 40.4
B3LYP/6-31G(d) —-15.5 —24.5 —17.5 55.8 49.7 50.2
B3LYP/6-31G(d,p) —15.5 —24.4 =17.4 47.6 41.6 42.1
G3MP2 —35.8 —-32.9 —26.2 44 .4 46.3 46.5
G3B3 —33.3 —-30.5 —23.7 43.8 45.6 45.9
45.2
SiHzBr + HCN — SiH3;CN + HBr SiHzl + HCN — SiH3CN + HI
level/basis set AE AH AG AE AH AG
HF/6-31G(d) 58.2 (82.0) 50.1 (73.5) 50.6 (73.9) 53.1 43.5 44.1
HF/6-31G(d,p) 51.0(71.0) 43.3 (63.2) 43.9 (63.6) 46.8 37.6 38.2
MP2/6-31G(d) 58.4 (79.6) 51.8 (72.6) 51.9 (72.6) 54.9 46.7 47.0
MP2/6-31G(d,p) 49.5 (68.7) 43.1(62.1) 43.3 (62.2) 47.7 39.7 40.0
B3LYP/6-31G(d) 50.7 (72.1) 43.6 (64.6) 44.1 (64.9) 45.8 37.6 38.2
B3LYP/6-31G(d,p) 46.2 (63.8) 39.3 (56.8) 39.8 (57.2) 41.9 33.9 34.6
G3MP2 42.0 (40.4) 43.6 (42.0) 43.8 (42.1)
29.0 29.8

aThe value is calculated frolH¢ of SiHz;Cl, HCN, SikkCN, and HCI given in Table 12 The value is calculated fromyHs of SiHzBr, HCN,
SiHCN, and HBr given in Table 1E.The value is calculated fromH; of SiHsl, HCN, SiHsCN, and HI given in Table 11¢ The values in
parentheses are calculated by using the Binnidgrtiss bromine basis set from ref 39.

to ensure the absence of imaginary frequencies in the minimain the following order: (1) HX elimination, (2) kelimination,
and for the presence of only one imaginary frequency in the and (3) reaction of HCN with SigK dissociation products.

transition states. The complete reaction pathways for all the

3.1.1. Reaction of Sigk and HCN (Pathway APathway A

mechanisms discussed in this paper have been verified usingconsists of an HX elimination reaction followed by isomerization
intrinsic reaction coordinate (IRC) analysis for all transition of the SiHsCN product:

states. Structures at the last IRC points have been optimized to__ ] )

positively identify the reactant and product to which each SiHgX +HCN— SiH;CN + HX — SiH;NC + HX,

transition state is connected. Heats of formatiahl() of SiHs-
CN, SikkNC, SiH,CICN, SiH,BrCN, SiHICN, SiHCI, SiHBr,

X =H,Cl, Br,and |

and SiHI were calculated using computed enthalpies of reaction The structures of pathway A are shown in Figure 1 for the

and available experimental heats of formatidyHg).

3. Results and Discussions

The results for the reactions of S (X = H, CI, Br, 1)
with HCN are given in Tables-110, and the heats of formation

reaction of SiHCI + HCN. Similar structures are also observed
for the reaction of Sikl SiH3;Br, and SiHl with HCN and hence
are not shown here. The relative energies of reactants, transition
states, and products are shown in Figure 2. In all casesXSiH
and HCN react in a single-step to form SEN and HX.

The reactant complex of Sg{ and HCN is a weak complex

of some energetically stable compounds are presented in Tableof the form SikX—HCN except for X= H, which has the

11.

3.1. Activation Energies and Free Energies of Activation
for the Reaction of SiHsX with HCN. The results for the
reaction of SiHX (X = H, ClI, Br, I) with HCN will be discussed

form H4;Si—NCH. The transition state (TS}1involves two bond
ruptures (StX and H-C) and two bond formations (SiC and
H—X). In the reactant complex’R the Si-X bond distances
for X = H, CI, Br, and | at MP2/6-31G(d) level of theory are
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TABLE 7: Relative Stabilities for the Isomerization of SiH,XCN/SiH,XNC(X = H, CI, Br, I) (in kJ mol ~1) at 298.15 K

SiHsCN — SiH;NC

SiH,CICN — SiH,CINC

level/basis set AE AH AG AE AH AG

HF/6-31G(d) -1.8 -25 -3.3 -10.7 -11.7 —12.4

HF/6-31G(d,p) -1.8 -25 -3.3 -10.7 —-11.6 —12.4

MP2/6-31G(d) 42.7 43.3 42.9 36.4 36.8 36.4

MP2/6-31G(d,p) 41.9 42.5 42.0 35.9 36.3 35.9

B3LYP/6-31G(d) 24.9 24.5 23.8 17.3 16.8 16.2

B3LYP/6-31G(d,p) 24.9 24.6 23.9 17.3 16.8 16.2

G3MP2 16.9 17.3 16.5 9.5 9.8 9.0

G3B3 20.6 20.9 20.3 13.3 13.6 13.0

20.5
SiH,BrCN — SiH,BrNC SiH,ICN — SiHINC
level/basis set AE AH AG AE AH AG

HF/6-31G(d) —9.1(-8.6) —10.1 (-9.6) —10.9 (-10.3) -6.7 -7.7 -8.5
HF/6-31G(d,p) -9.1(-8.6) —10.0 (-9.5) —10.8 (-10.3) —6.8 7.7 -85
MP2/6-31G(d) 38.0(38.0) 38.4 (38.4) 38.0(38.1) 40.5 40.9 40.6
MP2/6-31G(d,p) 37.5(37.6) 37.9 (37.9) 37.5(37.6) 40.0 40.4 40.0
B3LYP/6-31G(d) 18.8 (19.1) 18.2 (18.5) 17.7 (18.1) 21.0 20.4 19.8
B3LYP/6-31G(d,p) 18.8 (19.1) 18.3 (18.6) 17.7 (18.1) 21.0 20.4 19.8
G3MP2 11.2 (11.4) 11.6 (11.8) 10.8 (11.1)

aThe values obtained from ref 30The values in parentheses are calculated by using the Binngiss bromine basis set from ref 39.

TABLE 8: Thermodynamic Properties for the Reaction of
SiHzX (X = ClI, Br, I) with HCN (H  Elimination Reaction)
(in kJ mol~1) at 298.15 K&

SiHs;Cl + HCN — SiH,CICN + H;

level/basis set AE AH AG
HF/6-31G(d) 7.5 —4.6 0.3
HF/6-31G(d,p) 4.4 —-7.4 —2.4
MP2/6-31G(d) —24.7 —34.9 —-30.5
MP2/6-31G(d,p) —-19.8 —29.9 —-255
B3LYP/6-31G(d) —-10.3 —20.3 —-15.8
B3LYP/6-31G(d,p) —-10.4 —20.3 —-15.7
G3MP2 —34.4 —-30.5 —26.3
G3B3 —-32.0 —28.2 —23.8

SiHsBr + HCN— SiH,BrCN + H,

level/basis set AE AH AG
HF/6-31G(d) 9.3(6.4) —2.8(-5.8) 2.2 1.0
HF/6-31G(d,p) 6.3 (3.4) —-55(-8.5) —0.5(-3.6)

MP2/6-31G(d)
MP2/6-31G(d,p)
B3LYP/6-31G(d)
B3LYP/6-31G(d,p)
G3MP2

—23.2(-25.2) —33.3(-35.5) —28.9 (-31.3)
—18.4 (-20.3) —28.4 (-30.5) —24.0 (-26.2)
—8.9(-11.9) —18.9 (-22.0) —14.3 (-17.6)
—9.0(-11.9) —18.8(-21.8) —14.3 (-17.5)
—33.8(-33.9) —29.8 (-29.9) —25.5 (~23.0)

SiHzl + HCN — SiH,ICN + H,

level/basis set AE AH AG
HF/6-31G(d) 10.8 -1.1 3.8
HF/6-31G(d,p) 7.9 —-3.7 1.2
MP2/6-31G(d) —22.0 -32.1 —27.7
MP2/6-31G(d,p) —-17.2 —-27.2 —22.8
B3LYP/6-31G(d) —-8.0 —-17.8 —-13.2
B3LYP/6-31G(d,p) -7.9 —-17.6 —-13.1

@ The values in parentheses are calculated by using the Birning
Curtiss bromine basis set from ref 39.

1.482, 2.070, 2.242, and 2.486 A, respectively, while inA4;S1

they increase to 1.687, 2.449, 2.726, and 3.179 A respectively.

Similarly, the G-H bond distance of 1.070 A in‘Rfor X =

H, CI, Br, and | increase to 1.613, 1.455, 1.304, and 1.191 A,
respectively, in TSL The intrinsic reaction coordinate (IRC)
analysis confirmed that T81eads to the SigK/HCN and SiH-
CN/HX complexes. The activation energies for the HX elimina-
tion reaction along with the isomerization of SEEN/HX to
SiH3NC/HX are listed in Table 1. The activation energies

(AEatsf) and free energies of activatiohGrs*) are relatively
high. Activation energy AE, 1sf') for the reaction of SikX
and HCN decrease in the order=XH > CI > Br > | with
G3MP2 (B3LYP/6-31G(d,p) for X= I) activation energies of
280.7, 265.5, 261.1, and 256.0 kJ mblrespectively.

The SiIHCN/HX product can isomerize to form S§INC/HX.
The transition state structure (T94s a three-membered ring,
consisting of C, N and Sikd The vibrational analysis shows
the SN bond shortening and SiC bond lengthening and vice
versa. The activation energ\E, 1s4') for the isomerization
reaction is low compared to the elimination reaction and can
proceed to form the SHNC/HX complex. The barriers\Es 1s4')
for isomerization of SIHCN/HX to SiFkNC/HX are 115.1,
121.2, and 119.7 kJ mol at G3MP2 level for X= H, Cl and
Br and 129.1 kJ mott at B3LYP/6-31G(d,p) for X= I. The
G3MP2 and G3B3 barriers differ by only 4.0 and 4.7 kJ ol
for X = H and ClI, respectively. The G3MP2 values are also
found to be close to those obtained at B3LYP/6-31G(d,p) and
differ by no more than 9.6 kJ mol for HX elimination (X =
H) and 10.6 kJ moti! for isomerization (X= Cl).

3.1.2. Reaction of SX and HCN (H Elimination). There
are four possible pathways for the Elimination reaction:

SiHX + HCN — SiH,XCN + H,, X=H, Cl, Br,and |

The four pathways are designated as pathway B1 (one-step)
and pathways B2, B3, and B4 (multiple steps). Pathways B2,
B3, and B4 all lead to intermediate 31 which proceeds to
product via pathway B*. Reactants, intermediates, transition
states, and products involved in the &limination reaction of
SiH3Cl with HCN are shown in Figures 3 and 4. Similar
structures are also observed for the reaction of HCN with,SiH
SiHzBr, and Sikl and hence are not shown. The relative
energies of reactants, intermediates, transition states, and
products for pathways Bl and B* are shown in Figure 5.
Similarly, the relative energies in pathways B2, B3, and B4 are
shown in Figures 6, 7, and 8, respectively. Activation energies
and free energies of activation for pathways B1, B*, and B2
are given in Table 2 and pathways B3 and B4 are given in Table
3.

Pathway B1 is a one-step mechanism in which a complex of
SiHXCN and H is formed via transition state T84 where
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TABLE 9: Thermodynamic Properties for the Thermal Decomposition Reaction of SiBX (X = H, CI, Br, ) (in kJ mol ~1) at

298.15 Ko
SiH;— SiH,+ H; SiLH3Cl — SiHCI + H,
level/basis set AE AH AG AE AH AG
HF/6-31G(d) 258.7 240.1 203.8 2255 208.9 169.7
MP2/6-31G(d) 251.6 234.1 197.8 206.5 191.1 152.0
B3LYP/6-31G(d) 249.6 233.0 196.7 199.4 184.9 145.8
G3MP2 220.0 228.1 192.0 176.5 184.3 145.5
G3B3 223.9 232.0 195.8 181.8 189.6 150.6
238.2 196.4
SiHzBr — SiHBr + H, SiHal — SiHI + H,
level/basis set AE AH AG AE AH AG
HF/6-31G(d) 220.4 (223.5) 204.2 (207.0) 165.0 (167.8) 216.1 200.2 161.1
MP2/6-31G(d) 201.1 (203.3) 186.0 (187.9) 147.0 (148.8) 196.6 181.9 142.9
B3LYP/6-31G(d) 193.5 (196.6) 179.4 (182.2) 140.3 (143.1) 188.0 174.2 135.2
G3MP2 197.5 (197.5) 205.3 (205.3) 166.5 (169.3)
further reactions
SiHCIl + H,— SiH, + HCI SiHBr + H,— SiH, + HBr
level/basis set AE AH AG AE AH AG
HF/6-31G(d) 99.2 101.2 97.4 98.8 (119.6) 99.2 (119.8) 95.4 (115.9)
MP2/6-31G(d) 133.7 135.2 131.4 137.4 (156.4) 137.4 (156.3) 133.5(152.3)
B3LYP/6-31G(d) 121.4 122.3 118.6 122.2 (140.5) 121.6 (139.8) 118.0 (136.0)
G3MP2 123.6 122.9 119.3 100.2 (98.5) 99.2 (97.6) 95.6 (93.9)
G3B3 119.2 118.4 114.8
SiHI 4+ Hy— SiH, + HI
level/basis set AE AH AG
HF/6-31G(d) 98.0 96.5 92.7
MP2/6-31G(d) 138.4 136.5 132.7
B3LYP/6-31G(d) 122.9 120.8 117.2

aThe value is obtained from ref 28The values in parentheses are calculated by using the Bin@nogiss bromine basis set from ref 39.

TABLE 10: Thermodynamic Properties for the Reaction of SiHX (X = H, CI, Br, I) with HCN (in kJ mol ~1) at 298.15 K&

SiH, + HCN — SiHsCN

SiHCI+ HCN — SiH,CICN

level/basis set AE AH AG AE AH AG
HF/6-31G(d) —261.1 —253.3 —209.7 —218.0 —213.5 —169.4
MP2/6-31G(d) —280.1 —271.7 —228.6 —231.2 —225.9 —182.5
B3LYP/6-31G(d) —265.0 —257.4 —214.2 —209.8 —205.2 —161.6
G3MP2 —255.7 —260.9 —218.2 —210.9 —214.9 —-171.7
G3B3 —257.2 —262.5 —219.5 —213.8 —217.8 —174.5
SiHBr + HCN — SiH,BrCN SiHI + HCN — SiH,ICN
level/basis set AE AH AG AE AH AG
HF/6-31G(d) —211.1 ¢217.1) —206.9 (-212.8) —162.8 (-168.8) —205.2 —201.3 —157.2
MP2/6-31G(d) —224.3 (-228.5) —219.4 (-223.4) —175.9 (-180.1) —218.7 —214.0 —170.6
B3LYP/6-31G(d) —202.5 (-208.5) —198.2 (-204.2) —154.7 160.7) —195.9 —192.0 —148.5

G3MP2

—231.3 (-231.5)

—235.1 (-235.2)

—192.0 (-192.2)

aThe values in parentheses are calculated by using the Bin@ngiss bromine basis set from ref 39.

the HCN carbon is attacking the Si and the hydrogen of HCN energies obtained at B3LYP/6-31G(d,p) differ from the G3

is simultaneously combining with a hydrogen of $ito form

H,. In TS1BL the Si-C bond distance decreases in the order X  In

=H > Cl > Br > |, with the Si—C bond distances of 2.329,

values by no more than 10.9 kJ mdi(X = Cl, G3B3).

pathway B2, intermediate %1 is formed via TS% in a

single-step, which involves a proton transfer from ${HThe

2.223,2.217, and 2.213 A, respectively, at MP2/6-31G(d) level activation energiesAE, 1s£2) at G3MP2 are 265.4, 236.6, and

of theory. TheJH—Si—H bond angle remain relatively constant
for X = H, CI, Br, and | with values of 30.0, 31.3, 31.4, and

239.0 kJ mott for X = H, Cl and Br, respectively. For X% I,
the activation energy is 245.8 kJ mélat B3LYP/6-31G(d,p).

31.5, respectively, at MP2/6-31G(d) level of theory. The Pathway B3 is a three-step process, where intermedi&ted 1

activation energiesAE, ts£1) at G3MP2 for X= H, Cl, and

Br are 280.7, 252.8, and 256.1 kJ mblrespectively. For the
reaction of HCN and Sikl, the activation energies at MP2/6-
31G(d,p) and B3LYP/6-31G(d,p) are 296.8 and 272.0 kJ fol

formed via TS®3, which also involves a proton transfer from
SiH3zX. The activation energie\E, 1s£°) are 268.6 and 271.0
kJ moit at G3MP2 and 274.6 kJ midl at B3LYP/6-31G(d,p)
for X = ClI, Br, and |, respectively. Then intermediatéi2a

respectively. Activation energies obtained at G3MP2 and G3B3 conformational isomer of BB, is formed via TSP2, with

levels are within 1.1 kJ mot for the reactions of HCN with
SiH4 and SiHCI. Also, for X = H, Cl, and Br, the activation

11.0

activation energies of only 6.0 and 6.4 kJ micht GBMP2 and

kJ mot?! at B3LYP/6-31G(d,p) for X= Cl, Br, and I,
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TABLE 11: Heat of Formation (AHys) (in kJ mol 1) at
298.15 K

experimental  present work present work

SiH, 347 358  SiHCN 133.5 (134.6)
HCN 131.67 SiHzNC 150.8

SiH;Cl —135.6' —136.%  SiH,CICN —34.4

HCI —92.2F -91.%  SiHBrCN  23.7

SiHsBr  —78.24 —78.0¢  SiH,JICN 102.4

HBr -36.2 —36.5  SiHCI 48.7

SiHsl —2.094 29 SiHBr 127.1

HI 25.92 SiHI 179.8

SiH; 273.8+ 4.0 262.8

a See text for explanatio.References 42 and 43Reference 44.
d Reference 45¢ References 46 and 47Reference 43¢ Reference 47.

Islam et al.

tion of SiHsBr and SiHl. The activation energies, activation
enthalpies and free energies of activation for the decomposition
of SiHy4, SiHsCl, SiHsBr, and SiHl are given in Table 4. The
activation energies for SgX — SiHX + H, at G3MP2 are
233.1, 257.6, and 252.3 kJ mélfor X = H, Cl and Br,
respectively, and 267.3 kJ mdlfor X = | at B3LYP/6-31G-
(d). The products of the dissociation, SiHX H,, can react
further to form SiH + HX, by a one-step process. The barriers
for SiIHX + H; — SiH, + HX are lower than the barriers for
dissociation of SiEX (X = ClI, Br, and I). For X= Cl and Br,
the barriers are 128.7 and 118.5 kJ miait the G3MP2 level
and 108.7 kJ matt for X = | at B3LYP/6-31G(d).

The dissociation products (Sitand SiHX) can react with

h Reference 48.The value in parentheses is obtained by using the heat HCN by a one-step mechanism leading to &N and SiH-

of reaction of SiHCI + HCN— SiH;CN + HCI and experimentahH¢

of SiHsCl, HCN and HCLI The value is obtained by using the heat of
reaction of Si + HCN— SiH;CN + H; and AH¢(SiH;CN) = 134.6

kJ molL. kThe values are obtained by using the heat of reaction of
SiHzX + HCN— SiH;CN + HX (X = Cl and Br) and experimental
AHs values for SiHX, HCN and HX and the calculatetiH:(SiH;CN)

= 133.5 kJ mot™. ' The value is obtained by using the heat of reaction
of SiHs — SiH, + H and the experimentalH; value for SiH.

respectively. Finally, intermediate 81is formed via TS83,

which involves rotation about the-€N bond. The activation
energies AE, 1s$°) are 176.5 and 176.0 kJ mdlat G3MP2
and 190.5 kJ mot* at B3LYP/6-31G(d,p) for X= ClI, Br, and

XCN, respectively,
SiHX + HCN— SiH,XCN, X =H, Cl, Br,andI.

The transition state (TS3) involves one bond rupture-K{)
and two bond formations (SiH and Si~C). The C-H bond
distance of HCN in SiHX/HCN for X= H, Cl, Br, and | have

a relatively constant value of 1.073 A at MP2/6-31G(d)level of
theory, which increase to 1.416, 1.478, 1.473, and 1.463 A,
respectively, in TS3. The SiC bond distance in TS3 is almost
constant (1.856 A) for X= Cl, Br, and |, while for X= H, the
Si—C bond distance is 1.868 A at MP2/6-31G(d)level of theory.

I, respectively. Pathway B4 is a two-step process leading to The activation energies, activation enthalpies and free energies

intermediate 18". First, intermediate B* is formed via TS84,
where a hydride shift occurs from SiK, with activation
energies of 260.7 and 261.4 kJ mbat G3MP2 and 268.2 kJ
mol~1 at B3LYP/6-31G(d,p) for X= Cl, Br, and |, respectively.
Finally, the intermediate PL is formed via TS24, which
involves rotation about the SN bond, with very low activation

of activation for the reaction of SigHand SiHX (X= ClI, Br, 1)

with HCN are given in Table 5. The activation energies are
found to be significantly lower, 152.7 kJ mél(AE, tsf* (X =

1), B3LYP/6-31G(d)) to 255.9 kJ mot (AEatsf* (X = H),
G3MP?2), than the activation energies of direct reactions between
SiHzX and HCN,AE, 1sf* andAE, 1sf£! (Tables 1 and 2). The

energy (Table 3). Note that pathways B3 and B4 do not exist G3MP2 and G3B3 values differ by no more than 4.5 kJ thol

for X = H.

In pathway B*(Figures 3 and 5), a common pathway for B2,
B3 and B4, intermediate F1 eliminates H, (one H from the C
atom and one from the N atom) via TS %o form a SiHbXNC/

H, complex. In the intermediate 11B*, the+H bond distance
for X = H, Cl, Br, and | are 2.253, 2.240, 2.235, and 2.550 A,
respectively, at MP2/6-31G(d) level of theory, while in P51

(X = H) and the B3LYP/6-31G(d,p) values agree well with
the G3 values, differing by no more than 17.3 kJ mdX =
Cl,G3MP?2). The barriers for the reaction SIHXICN — SiH,-
XCN generally increase in the orderX H < Br < Cl < |,
with values of 24.8, 90.5, and 92.4 kJ mbht G3MP2, for X

= H, Br, and CI, respectively, and 107.0 kJ mbhat B3LYP/
6-31G(d) for X= 1. Thus, the formation of SikCN is favored

they decrease to 1.022, 1.035, 1.037, and 1.039 A. The activationover the formation of SikXCN.

energies AE; 1sf") are 262.3, 258.7, and 256.4 kJ mbht
G3MP2 for X= H, ClI, and Br and the barrie\Ea 1s£") for
X =1is 297.4 kJ mot! at the B3LYP/6-31G(d,p) level. Finally,
pathway B* is connected to pathway B1 by the isomerization
of SiH,XNC/H; via TS2* with activation energies of 97.3,
107.2, and 106.2 kJ mol at G3MP2 and 107.4 kJ mdl at
B3LYP/6-31G(d,p) for X= H, CI, Br, and |, respectively.
Therefore, of the four pathways, B1, B2, B3, and B4, pathway
B1 is the most energetically favorable. However, formation of
a new intermediate $KSi—NHCH (118") is possible via
pathways B2, B3, and B4.

3.1.3. Decomposition of Sg{ and Reaction with HCNAt
elevated temperatures, SiHSiH;Cl, SiHsBr and SiHl can
dissociate to form various products:

SiH X — SiHX + H, — SiH, + HX,
X =H, Cl, Br,and |

It is well-knowr?324 that SiHi — SiH, + H, is favored over
SiH4 — SiH3; + H and SiBCI — SiHCI + H; is favored over
SiH3;Cl — SiH; + HCI. The pathway for the decomposition of
SiH, and SiHCI are shown in Figure 9. Structures similar to

the SiHCl decomposition are also observed for the decomposi-

3.1.4. Summary of &&rall Reaction Mechanismsdastigated.
The favored mechanism of the reaction of $Hwvith HCN
depends upon the substituent, X. For=XH, decomposition
has the lowest barrier, 233 kJ mélat the G3MP2 level,
producing SiH + Ha. Therefore, SiBHCN could be formed from
the reaction of Sikland HCN, which has an activation energy
of only 25 kJ mof? at the G3MP2 level. For %= Cl, the H;
elimination reaction is slightly favored over the decomposition
reaction by 5 kJ mol' at the G3MP2 level (Tables 2 and 4)
and the decomposition reaction is slightly favored over the HCI
elimination reaction by 8 kJ mot at the G3MP2 level (Tables
1 and 4). For X= Br, the decomposition reaction is favored
over H, elimination and HBr elimination by 4 and 9 kJ mé|
respectively, at the G3MP2 level (Tables 1, 2, and 4). The most
likely mechanism of reaction for X I, is HX elimination, with
activation energy of 260 kJ mol at the B3LYP/6-31G(d) level
of theory, producing SikCN and HI. The SiHl decomposition
reaction could also form SHEN, since the decomposition
barrier is 267 kJ mot! at the B3LYP/6-31G(d) level of theory.
Within the error limit for B3LYP/6-31G(d) level of theory, the
formation of SiKICN by the H elimination reaction cannot
be eliminated, since the activation energy is 287 kJat
B3LYP/6-31G(d).
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Figure 1. Mechanism for the reaction of Sid + HCN (pathway A). Only X= Cl is shown here, similar structures are found for=XBr and
I
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Figure 2. Reaction pathway for the reaction of S¥+ HCN (pathway A) at G3AMP2 level of theory (see Figure 1).

3.2. Thermodynamic Results for the Reaction of SigX B3LYP/6-31G(d,p) enthalpies are in better agreement with the
with HCN. 3.2.1. Thermodynamics of HX Eliminatiomhe G3 theories than the HF and MP2 enthalpies. For Xl and
thermodynamic properties of the reaction $H+ HCN — Br, the enthalpies of reaction are 46.3 and 43.6 kJfat
SiHsCN +HX (X = H, Cl, Br, I) are listed in Table 6. For X ~ G3MP2 and 33.9 kJ mol at B3LYP/6-31G(d,p) for X= I.
= H, the reaction is found to be exothermic for all levels of All the levels of theory predict the reaction to be endergonic.
theory and basis set (with enthalpies-682.9 and—30.5 kJ The free energies of reaction for % Cl and Br, are 46.5 and
mol~! at G3MP2 and G3B3, respectively). The MP2/6-31G- 43.8 kJ mot! at G3MP2 and 34.6 kJ mol at B3LYP/6-31G-
(d,p) enthalpy is in better agreement with the G3 theories than (d,p) for X=I. For X = Br, the thermodynamic values obtained
the HF and B3LYP enthalpies. The free energies of reaction at using Binning-Curtiss bromine basis set were found to be quite
G3MP2 and G3B3 are-26.2 and—23.7 kJ mot?, respectively. different compared to G3MP2 and all the other levels. However,
For X = ClI, Br, and I, the reactions are found to be endothermic the values obtained using recently developed 6-31G(d) bromine
for all levels of theory and basis set. For=XCl and Br, the basis sef were found to agree very well with G3MP?2 results.
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Figure 3. Mechanism for the reaction of Si¥ + HCN (H. elimination). Only X= Cl is shown here, similar structures are found for->, Br,

and I.

The relative energies of the SIKCN and SiHXNC isomers
are given in Table 7. All levels of theory (except HF) predict

6-31G(d,p). For both enthalpies and free energies of reaction,
it is found that MP2/6-31G(d,p) values agree the best with G3

the SiIHXCN isomer to be more stable, with GBMP2 enthalpies values.

of isomerization of 17.3, 9.8, 11.6 kJ mé) for X = H, Cl,
and Br, respectively and 20.4 kJ mélfor X = | at B3LYP/

3.2.3. Thermodynamics for the Thermal Decomposition of
SiHzX and SiHX+ HCN. The thermodynamic properties for

§-31G(d,p). The B3LY.P/6-31G(d,p) er?thalpies are consistently the decomposition of SiX, X = H, CI, Br, and | are given in
in better agreement with the G3 theories than the HF and MP2 15116 9. For all levels of theory and basis sets, the reactions

enthalpies.

3.2.2. Thermodynamics of,HElimination. The thermody-
namic properties of the reaction S + HCN — SiH,XCN
+ H, are listed in Table 8. The enthalpies of reaction for=X
Cland Br are—30.5 and—29.8 kJ mot! at G3MP2 and-27.2
and —17.6 kJ mot! at MP2/6-31G(d,p) and B3LYP/6-31G-
(d,p) for X = 1. With the exception of HF/6-31G(d), all levels
of theory predict the reactions to be exergonic. Fo=XC| and
Br, the free energies of reaction ar@6.3 and—25.5 kJ mof?
at G3MP2 level. For X= 1, the free energy of reaction is22.8
kJ mol ! at MP2/6-31G(d,p) and-13.1 kJ mot?! at B3LYP/

are highly endothermic. The G3MP2 enthalpies of decomposi-
tion for X = H and CI (228.1 and 184.3 kJ md) are found to
agree well with previous calculatio”For X = Br, the G3MP2
enthalpy is 205.3 kJ mot and 174.2 kJ mol* for X = | at
B3LYP/6-31G(d). The subsequent reactions, SiHXH, —
SiH, + HX are also endothermic at all levels of theory. The
decomposition reactions are all endergonic, with free energies
of reaction for X=H, CI, and Br of 192.0, 145.5, and 166.5 kJ
mol~t at G3MP2 and 135.2 kJ mdi for X = | at B3LYP/6-
31G(d). The reaction of the dissociated products is found to be
less endergonic, with free energies of reaction for=>Cl and
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Figure 4. Mechanism for the reaction of Si¥ + HCN forming the intermediate PL (H, elimination). Only X= Cl is shown here; similar
structures are found for X H, Br, and I.

Br of 119.3, and 95.6 kJ mot at GBMP2 and 117.2 kJ mdl correlation is quite important in these reactions. For both kinetics
for X =1 at B3LYP/6-31G(d). and thermodynamics, the G3MP2 and G3B3 theories differ by

The products from thermal decomposition can also react with no more than 6.7 kJ mot for activation energies (% H,
HCN. The reaction Sikl+ HCN — SiHsCN is found to be AE, 1s£2) and 5.3 kJ moi! for reaction enthalpies and free
highly exothermic with enthalpies of reaction 6260.9 and energies AH of SiH;Cl — SiHCI +H,). However, for the lower
—262.5 kJ mot! at GBMP2 and G3B3 respectively (Table 10). levels of theory, performance depends on the reaction type.
All the levels of theory also predict the reaction to be exergonic Compared to MP2, activation energies calculated using B3LYP
(—218.2 kJ mot! at G3MP2). Similar results are seen for the consistently agree better with the G3 values. Barriers predicted
reactions SIHX+HCN — SiH,XCN. For X = Cl and Br, the by both B3LYP and MP2 are always larger than the G3 values,
free energies of reaction arel71.7, and-192.0 kJ moi? at except for the isomerization step in pathway BXE, t1sF"
G3MP2 and—148.5 kJ mot! at B3LYP/6-31G(d) for X= 1. (Table 2), where the MP2 values are lower. For all reactions
These reactions are less exergonic than the reaction of SiH with X = Br, activation energies calculated using the standard
and HCN. Hence, formation of S§EN is favored over 6-31G(d) bromine basis set do not differ by more than 10.1 kJ
formation of SiHhXCN from the decomposition reaction path- mol™! (G3MP2, HX elimination reaction) compared to the
way of SiHsX and HCN. Binning—Curtiss basis set results.

3.3. Performance of Theory/Basis SetAll the reactions Thermodynamic values calculated using B3LYP and MP2
studied in this work are isogyric. When the HF results are levels of theory are more comparable. For the majority of cases,
compared with other levels of theory, it is evident that electron B3LYP provides reaction enthalpies and free energies that are
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Figure 5. Reaction pathway B1 and B* for the reaction of SH+ HCN (H; elimination) at G3MP2 level of theory (see Figure 3).
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Figure 6. Reaction pathway B2 for the reaction of S+ HCN (H, elimination) at G3MP2 level of theory (see Figure 4).

in better agreement with G3 values. However, MP2 gives better significantly with the change of bromine basis set. For HBr
results for the H elimination reactions (and HX elimination  elimination, the enthalpies and free energies of reaction differ
reaction, X= H) (Tables 6 and 8). The enthalpies and free by 17—24 kJ mof! at HF, MP2 and B3LYP level of theory
energies of reaction calculated using MP2 are also in better with a change of bromine basis set. Similarly for SiHBH;
agreement with G3 values for the decomposition of sBiH — SiH, +HBr, the enthalpies and free energies of reaction differ
(Table 9) and the reaction SiHBf HCN — SiH,BrCN (Table by 18-20 kJ mot! at HF, MP2 and B3LYP level of theory. In
10). Thermodynamic values determined using HF theory do not all cases, the results with the standard 6-31G(d) bromine basis
agree with G3 theories as well as MP2 and B3LYP. HF performs set are closer to the G3MP2 results.

very poorly on the isomerization (Table 7) and &limination Most barriers were lowered by the addition of p-polarization
reactions (Table 8). However, HF does perform well on the functions to hydrogen, due to the involvement of hydrogen
reactions of the SiIHX-HCN — SiH,XCN (Tables 10). Unlike atoms in the transition states, but had little effect on thermo-
kinetics, the thermodynamics for some of the reactions changedynamic values. There was little to no effect on the barriers in
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Figure 7. Reaction pathway B3 for the reaction of S+ HCN (H; elimination) at G3MP2 level of theory (see Figure 4).
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Figure 8. Reaction pathway B4 for the reaction of S+ HCN (H, elimination) at G3MP2 level of theory (see Figure 4).

which hydrogen atoms were not directly involved in the
transition states, such &€, 154 (Table 1) andAE, 1sF” (Table

2).

3.4. Exploring Heats of Formation (AHs). No experimental
or theoretical heats of formatiorAHs) have been reported for
SiH3;CN and SiHNC. Part of this is due to the difficulty of

ICN, SiH,, SiHCI, SiHBr, and SiHI at a high level of theory.
The AH; values obtained in this study are given in Table 11.
From the G3MP2 enthalpy of reaction of Sitt HCN— SiHs-

CN + H; and the most recent and reliable experimental heats
of formation for SiH, and HCN (given in Table 11)AH; for
SiHsCN is calculated to be 133.5 kJ miél The AHs for SiHs-

carrying out such an experiment. In this study, the enthalpies CN can also be calculated using the G3MP2 enthalpy of reaction

of reaction for reactions between S¥and HCN have been

of SiH3Cl + HCN — SiH;CN + HCI and most recent

obtained. From this data, it is possible to calculate heats of experimental heats of formation for S€l, HCN and HCI

formation for SIKCN, SiFkNC, SiH,CICN, SiH,BrCN, SiH-

(given in Table 11). The resultinggHs is 134.5 kJ mot?, both
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Figure 10. Mechanism for the addition reaction of SiHX HCN. Only X = Cl are shown here, similar structures are found for=Xd, Br, and
I

values being in excellent agreement. However, since the experimental heats of formation for Si€l, SiH;Br, SiHzl and
experimental heat of formation for SiHs more reliable, the HCN (given in Table 11). The&\H; for SIHX (X = ClI, Br, I)
heat of formation of SiBCN calculated using the first reaction can be calculated using G3MP2 enthalpies of reaction from both
is most likely more reliable. SimilarlyAH; for SiHsNC (150.8 the SibX — SiHX + H; reaction and the SiHX- H, — SiH,

kJ mol?l) is obtained by using the G3MP2 enthalpy of + HXreaction (Table 9), along with experimentsH; for SiHs-
isomerization for SiIHCN to SiHkNC (Table 7) and the Cl, SiH3Br, SiHsl, SiH,, HCI, HBr, and HI obtained from the
calculatedAH; for SiHCN (133.5 kJ mot?). Heats of formation literature (Table 11). Schlegel et&lobtained aAH; for SiHCI

of SiH,CICN, SiH,BrCN and SiHICN are calculated using the  of 62.8 kJ mot! compared to 48.7 (54.0) and 58.7 (63.2) kJ
enthalpies of reaction for Sg&l + HCN — SiH,CICN + H» mol~! obtained from the G3MP2 (G3B3) enthalpies of reaction
(—30.5 kJ moft at G3MP2), SiHBr + HCN — SiH,BrCN + for SiHsCl — SiHCI + H, and SiHCI+H,; — SiH, + HCI,

H, (—29.8 kJ moft! at G3MP2) and Sikl + HCN — SiH,- respectively. TheAH¢ of 48.7 kJ mot? is recommended for
ICN + H, (—17.6 kJ mot?! at B3LYP/6-31G(d,p)), along with SIHCI, since onlyAH¢(SiHsCl) andAHx, are required. ThAH¢-
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