7696 J. Phys. Chem. R002,106, 7696-7702
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Laser-ablated silicon atoms react extensively with hydrogen to form the silicon hydridess:Si&hd the
disilicon hydrides SH, 46 Infrared spectra and density functional theory frequency calculations with HD
and D substitution are used to identify these species in solid neon, argon, and deuterium. The novel dibridged
Si;H, species is characterized by an antisymmetriet&i-Si stretching mode at 1100.3 cfand the trans-

folded SpH, intermediate by antisymmetric Sjldtretching and bending modes at 2151.6 and 858.5 am

solid neon. The Sikt anion is identified by photosensitive absorptions at 1856 and 1837 ionsolid neon.

Silicon atoms in pure deuterium gave primarily $iWith some Si3, SiDs, and SiD4 and no evidence for

SiD and SiB, but SiD;~ and SiQy~ were observed.

Introduction in basic solution and in the gas phd3e'®> Broad bands at 1880
and 1370 cm! have been assigned to SiHand Siy~ in
monoglyme solutiort? The detachment threshold of SiHhas
been accurately measured at 1.406.014 eV by photoelectron
spectroscopy? Finally, frequencies and detachment energy have
been calculated recently for the silyl anigfé-48

Reactions of laser-ablated Si atoms withttdve been studied
as part of an ongoing investigation of Ge, Sn, and Pb hydride
intermediate speciésSilicon hydride intermediates, in the
decomposition of Sil particularly Sity and SiH, are involved
in the fabrication of silicon device’s® and the Si atom reaction
with H; is also important in this regard. A large number of
experimental and theoretical investigations have been performed
on this system, and we will reference only those needed to Laser-ablated silicon (RCA, 99.999%) atoms were reacted
support the matrix infrared identification of silicon hydride with H,, D,, and HD in excess neon and argon and with pure
intermediate species in the reaction of laser-ablated Si atomsdeuterium during condensation at 3.5 K using a Sumitomo
with H,. These include the SiH, S§iand Sik transient Heavy Industries RDK-205D Cryocooler and methods described
specie$ ' and the Sidand SiHs molecules” % Silicon atoms  previously?®5° Infrared spectra were recorded, samples were
are very reactive with b and the dominant product, not annealed and irradiated by a mercury arc lamp, and more spectra
surprisingly, is SiH. were recorded.

In addition, there is considerable interest in the unsaturated  Complementary density functional theory (DFT) calculations
disilene, SiH,, and disilyne, SH,, intermediate species because were performed using the Gaussian 98 progfaB3LYP and
of their novel bonding and structures, which are different from Bpw91 density functionaf53and 6-313-+G(d,p) basis seté
their carbon analogué: 3 Silicon—silicon double bonds have  to provide a consistent set of vibrational frequencies for all of
been a hot topic for some time, and the current theoretical the silicon hydride products including mixed H, D, and all-D
structure for SiH, is trans-bent/293133Although SpH4 has isotopic variants. Geometries were fully optimized, and the

not been observed, the closely related,SH; molecule has  yibrational frequencies were computed analytically from second
been examined by matrix infrared and millimeter wave spec- derivatives.

troscopy?435The SpH, ground state is a dibridged “butterfly”

structure based on its submillimeter rotational spectrum from a Results and Discussion

silane, argon plasm&and on theoretical calculatioR526.28:30.33

but a slightly higher monobridged isomer has also been The silicon hydride matrix infrared absorptions shown in

characterized using like metho#fsVery recently photoioniza- ~ Figures 15 and listed in Tables 1 and 2 will be assigned on

tion mass spectra of $i, and SiHs have been obtained for  the basis of isotopic shifts, comparison with DFT computed

the transient species prepared by F ater8i;Hs reactions and ~ frequencies given in Table 3, and previous theoretical and

flash pyrolysis of SHe.38-4° The 193 nm dissociation of disilane ~ €xperimental investigations.

has also provided i, for observation by mass spectroscdpy. SiH. Sharp absorptions at 1971.1 (1431.4)€iin solid neon

The SiH and Sikspecies are expected to form$i and SpH, (Figures 1 and 3) and at 1953.4 (1420.4) ¢rmn solid argon

on further reactions, and we report here the first infrared are assigned to the SiH (SiD) diatomic radicals. The neon

spectroscopic evidence for these novel disilicon chemical frequencies are virtually the same as the gas phésenda-

species. mentals 1970.42 (1432.86) cthand the 17.7 cm' or 0.9%
These laser-ablation experiments also produce and trap the'ed shift for SiH to argon is reasonalSeNote that SiDwas

stable silyl anion, Sikt, which has been previously investigated not observed in pure solid deuterium. The 1953.4 ¢rband

was observed but not assigned in the previous matrix isolation
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IR Spectra of the Novel @i, and SjH,4 Species
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Figure 1. Infrared spectra in the 2165.800 cnt? region for laser-
ablated silicon co-deposited with 10% i neon at 3.5 K: (a) sample
deposited for 60 min, (b) after 29r00 nm irradiation, (c) after 240
700 nm irradiation, (d) after annealing to 7 K, and (e) after annealing
to 9 K.
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Figure 2. Infrared spectra in the 112700 cnt? region for laser-
ablated silicon co-deposited with 10% ki neon at 3.5 K: (a) sample
deposited for 60 min, (b) after 2900 nm irradiation, (c) after 240

700 nm irradiation, (d) after annealing to 7 K, and (e) after annealing
to 9 K.
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Figure 3. Infrared spectra in the 148310 cnT? region for laser-
ablated silicon co-deposited with 5% i neon at 3.5 K: (a) sample
deposited for 60 min, (b) after 3800 nm irradiation, (c) after 290
700 nm irradiation, (d) after 246700 nm irradiation, (e) after annealing
to 10 K, and (f) after annealing to 13 K.

SiH,. This work confirms the frequency reassignmérdf
SiH, (SiD,) from earlier argon matrix spectra of silicon hydride
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Figure 4. Infrared spectra in the 1620310 and 708520 cnt?
regions for laser-ablated silicon co-deposited with pure deuterium at
3.5 K: (a) sample deposited for 25 min, (b) afieK annealing, (c)
after 246-700 nm irradiation, and (d) afte8 K annealing.
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Figure 5. Infrared spectra in the 112700 cn1? region for laser-
ablated silicon co-deposited with 5% kh argon at 3.5 K: (a) sample
deposited for 60 min, (b) after annealing to 20 K, (c) after annealing
to 26 K, (d) after 246-700 nm irradiation, and (e) after annealing to
30 K.

assigned an 854.3 crh bending mod¥ of SiH,D; to SiHD,
and we provide a new 868.5 crhassignment for, of SiHD.
The band profile for Sip SiHD, and SiD is identical at 1007.6
and 994.6 cm?, 879.0 and 868.5 cm, and 728.7 and 718.6
cm~1, respectively, in the bending mode region (Tables 1, 2).
The same intervals are found for the sharp neon matrix
counterparts at 1002.5, 875.6, and 724.8 tmith shoulders
for site splittings and for the B3LYP computed 1026.6, 894.3,
and 738.2 cm! frequencies. Note that the neon matrix (875.6
cm1) and argon matrix (868.5 cm) bending frequencies
observed and 894.3 crh frequency calculated (Table 3) for
SiHD are 12.0, 11.9, and 11.9 ch respectively, above the
median values for SijHand SiD. Finally, the 1002.5 cmt neon
matrix bending mode for SifHs 3.5 cnt?! higher than the very
recent 999.03 cmt gas-phase valug.

The complementary neon matrix spectra in theSistretch-
ing region are interesting. The major sites on deposition at
2010.1, 1993.4, and 1981.6 chyive way on annealing to blue-
shifted sites at 2012.8, 1999.3, and 1984.1 tigFigure 1).
The former bands are 3.1 and 4.4¢ror 0.16 and 0.22% higher
than recent gas phase observatléas1978.5 and 2005.7 crh
respectively, for; and 27,. This suggests that the gas phase

transient species. Although the argon matrix spectra are mode for SiH will occur 3—4 cnt ! lower than the 1993.4 cm
complicated by site splittings and higher aggregate species, veryneon matrix value, i.e., at 1990 1 cnT%

good frequency agreement is found with the Rice FTIR study

including the SiHD stretching modé3.hese workers, however,

Note that SiD was not detectenh pure solid deuterium, but
very strong Si and weaker Sipand SjDg absorptions were
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TABLE 1: Infrared Absorptions (cm ~1) Observed for
Reactions of Laser-Ablated Silicon Atoms with Hydrogen
and Deuterium

matrix H, D, identification
Ne 2092.7 1520.7 ?
D, 1520.1 ?
Ne 1971.1 1431.4 SiH, SiD
Ar 1953.4 1420.4 SiH, SiD
Ne 2012.8 1458.3 SiKISID,: site 2, 2,
2010.1 1456.2 Sik SiD.: site 1, 2,
1999.3 1454.4 Sib SiD,: site 2,v3
1993.4 1450.5 Sik SiD.: site 1,v3
1984.1 1439.2 Sib SiD,: site 2,11
1981.6 1437.8 SiH SiD,: site 1,v1
1002.5 724.8 Sib] SiD,: site 2,v;
1001.8 724.3 Sik] SiD,: site 1,v;
Ar 1992.8 1443.6 Sib] SiD;,: site 1, 2,
1976.2 SiH, site 1,v3
1972.8 1438.9 Sib SiD.: site 2,v3
1964.9 1435.9 Sik SiD,: site 1,v1
1007.6 728.7 Sib] SiD;: site 2,v;
994.6 718.6 Sik SiD.: site 1,1,
Ne 928.6 (SiR) SiHs,: v4
735.4 552.3 Sikl SiDs: site, v,
727.3 546.2 Sikl SiDs: v,
D, 668.7 SiR: vy
545.7 SiR: v,
925.0 (SiD) SiHz: vy
Ar 727.2 547.2 Sil SiDs: site, v,
724.9 545.4 Sikl SiDs: v,
Ne 2191.8 1599.3 SiHSIDs: vs
1880.4 1363.0 Silg SiDg: vo + vy
913.2 674.2 Silyl SiD4: v4
D, 1593.2 SiD: v
1355.6 SiD: vy + vy
670.9 SiH, SiDg4: v4
Ar 2176.8 1588.9 Sil SiD4: v3
905.3 668.7 Sily SiD4: v4
Ne 2172 1585 SHs, SihDe: v7
2158 1551 SHG, SigDG: Vs
840.8 622.5 SHe, SiDs: v6
D, 1580.6 SjDsI V7
1546.0 SiDg: vs
679.0 SiDe:’Vg
619.6 SiDa: Ve
Ar 835.2 618.0 SHs, SbDe: ve
Ne 1856 1357 Sigt, SiDs™: n
1837 1342 Si, SiD;™: v3
Ne 1823 1330 Sibt, SiD,~
D, 1333.4 SiD-
1330.4 SiD~
Ne 1100.3 823.7 S‘Hz, SizDz
Ar 1093.3 815.0 SH,, SkD>
Ne 2154.0 1560.2 gily, SkD, site
2151.6 1558.4 SiH4, SkbD4
861.4 634.2 SHa, SkD4 site
858.5 632.0 SHa, SiD4
D, 1539.1 SiD4
631.6 SiD4
Ar 2150.5 SiH,4
2145.5 SiH, site
857.3 630.7 SHa, SiD4

observed (Figure 4). Apparently, the laser-ablated Si atom
reaction gives SiR which reacts rapidly to form SiPSuch is
not the case for Ge as Gel3 observed in pure solid deuteridm.
SiHs. The SiH; radical has been characterized by numerous
gas-phase investigatiofis!® after it was first observed by matrix
ESR method$ and tentatively assigned incorrectly in matrix
infrared spectra of silicon hydride intermediatésThe SiH
radical is not a major product here, but it is clearly identified
from the v, mode in a clear region of the spectrum. A weak
725.4 cnt! neon matrix absorption and 727.2 and 724.9°tm
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TABLE 2: Infrared Absorptions (cm ~1) Observed for
Reactions of Laser-Ablated Silicon Atoms with HD

matrix HD identification

Ne 2092.5, 1520.7 ?

Ne 1971.1,1431.4 SiH, SiD

Ar 1953.4, 1420.4 SiH, SiD

Ne 1999.7, 1452.7 SiHD: site 2
1993.8, 1449.0 SiHD: site 1
875.6 SiHD: site 2
874.9 SiHD: site 1

Ar 1975.8, 1437.4 SiHD
879.0 SiHD: sitev,
868.5 SiHD:wv,

Ne —, 602.9 SiHD, SiHD: site
668.5, 600.9 SikD, SiHD,

Ne 1844, 1837 SikD~, SiHD,~
1350, 1342 SikD™, SiHD,~

Ne 1077.8 SHD

Ne 769.6 SiHDSIHD site
767.7 SiHDSIHD site

Ar 767.4 SiHDSIHD site

the gas-phase spectrum (inversion split transitions 721.0 and
727.9 cnrl).1314\We observed a higher yield of SiBite split

at 552.3 and 546.2 cr in solid neon (Figure 3), 547.2 and
545.4 cnt! in solid argon, and a still larger yield in pure
deuterium as a single sharp 545.7 ¢mabsorption. The latter

is in excellent agreement with the recent assignment of a sharp
545.8 cnt! band following H resonance photolysis of Sin

solid D, by the Weltner groug® Our neon matrix experiment
with Si and HD instead produced new similar shaped bands at
668.5 and 600.9 cm, which are in the proper intermediate
position, based on B3LYP isotopic frequency calculations, for
this mode of the SikD and SiHD radicals.

In solid D, the SiB; band at 545.7 crt is markedly reduced
by broadband photolysis but almost restored on annealing. A
sharp 668.7 cm band behaves in like fashion and is appropriate
for v4 of SiDs. Our solid argon experiment with Heveals a
new 925.0 cm! band, which sharpens to 923.9 cthon
annealing and tracks with the 727.2 and 724.9%8iH; bands,
and this band can be assignedvtoof SiHsz. The neon matrix
counterpart is 928.6 cm. The DFT frequency calculations in
Table 3 support these vibrational assignments tg.3#evious
matrix experiments observed and assigned the 925 tand,
and the discharge work reported, but did not assign the 727
cm~1 absorptior'.® Finally, we fail to observe thes mode of
SiH3, reported at 2185.2 cm in the gas phas¥, owing to
masking by the red wing of the Sjthbsorption.

SiH,. Silane is produced here as the major reaction product,
as expected. The strong Sildnd SiD, fundamental bands in
solid argon are in-0.2 cnt! agreement with the Florida grotfp
and the neon matrix bands agre®.3 cnt! with the Texas
Tech groug® using the authentic materials. Likewise the $iD
fundamentals produced here from Si co-deposited with pure
deuterium are in0.2 cnT! agreement with the Weltner grotip
measurements for Sidn D, at 4 K. Finally, the neon matrix
fundamentals of Sildand SiD, are blue shifted from the argon
matrix values and very neat-(L cn!) the gas-phase valués.

Si;He. Disilane is observed here from Sildimerization or
possibly reaction of Sikland SiH. The argon matrix band
positions (Table 1) agree with those of previous workérand
the slightly blue-shifted neon matrix measurements are very
close to the gas-phase valiginally, sharp, weak bands appear
at 879.2, 871.9, and 735.0 cfon annealing to 26 K in solid
argon after SHg absorption is appreciable at 835.1¢iThese
much weaker absorptions are probably due to higher hydrides
such as SHg. Similar weak bands are observed in solid neon

argon matrix bands are so assigned based on agreement wittat 879.5, 871.8, and 735.7 ci(Figure 1).
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TABLE 3: Frequencies (cnm?), Infrared Intensities (km/mol), Bond Lengths, and Angles Calculated at the B3LYP/
6-311++G(d,p) Level for Silicon Hydrides

SiH

21
1.534 A
SiH,
1A1

(C2)

1.527 A, 91.8
SiH;

20,

(CSU)

1.486 A, 111.2

SiH,
1A,

(Ta)
1.484 A

Si—Si—H: 110.4

SiH-
327
1.562 A
SiH,~
2B,

(CZU)
1554 A, 92.4
SiH;™

1A 1

(C3v)
1.546 A,
95.0°

SiH*
12+
1519 A
SiH,*
27,
(CZU)
1.492 A,
119.5
SigHga
1A,
2219 A
1.681 A
SiHSi:
82.6°
Si2H4
1A,
(Can)
2.174 A
1.483 A
118.7
112.7

2007.3 (347)

2036.6 (293)
2035.8 (310)
1026.6 (113)

2240.1 (132« 2)

2199.1 (8)
937.2 (70x 2)
760.8 (80)

2245.3 (126x 3)

2237.5 (0)
979.3 (0)
921.1 (15 3)

2232.1 (215x 2)
2222.5 (Ox 2)
2222.2 (0)
2213.5 (124)
960.1 (91x 2)
946.0 (0x 2)
928.6 (0)
855.4 (548)
637.2 (0x 2)
422.6 (0)
382.0 (27x 2)
136.4 (0)

1820.6 (830)

1857.6 (816)
1853.5 (703)
963.1 (170)

1900.9 (660)
1889.3 (676x 2)
956.6 (59x 2)

868.4 (205

2129.1 (73)

2231.3 (b, 1)
2146.5 (a, 4)
906.0 (a, 40)

1612.9 (@, 5)
1530.0 (h, 10)
1168.3 (b 381)
1076.4 (8 0)
960.2 (& 47)
523.0(a, 1)

2264.0 (i, 151)
2252.1 (f3, 0)
2235.4 (g, 0)
2231.1 (h 113)
995.7 (3 0)
919.4 (, 181)
615.8 (y, 0)
560.9 (g, 0)
524.3 (a, 0)
446.9 (b, 32)
347.6 (a, 22)
324.9 (g, 0)

SiD

SiHD

SiHD

SiH:D-

SkDe

SiD

SiHD

SikD~

SiD

SiHD"

SpHD

SiHDSIHD

1444.3 (180)

2036.1 (303)
1464.7 (159)
894.3 (85)

2240.0 (133)

2213.4 (53)
1600.5 (49)
927.0 (69)
787.8 (49)
696.7 (69)

2245.1 (128)
2241.4 (66)
1622.5 (74)
1602.6 (35)
951.2 (68)
865.8 (132)
848.2 (0)
746.5 (100)
684.2 (47)

1613.4 (121x 2)

1605.2 (Ox 2)
1581.8 (0)
1574.3 (73)
695.1 (0)
689.1 (47x 2)
675.7 (O 2)
630.4 (296)
484.8 (Ox 2)
397.0 (0)
273.0 (14x 2)

96.5 (0)

1310.8 (399)

1855.4 (764)
1334.6 (370)
839.3 (120)

1896.6 (670)
1889.3 (678)
1361.4 (327)
938.5 (77)
825.1 (39)
779.3 (142)

1532.0 (47)

2191.8 (2)
1571.9 (1)
791.1 (35)

1566.9 (10)

1132.1 (3)
1127.9 (224)
837.8 (35)
804.1 (66)
517.3 (1)

2250.0 (79)
2241.8 (56)
1619.1 (37)
1611.7 (32)
845.1 (2)
818.4 (129)

SiD  1465.5 (160)
1463.9 (160)
738.2 (56)
SiHR  2227.0(95) Sip
1620.7 (74)
1580.7 (25)
844.2 (56)
707.6 (44)
617.9 (49)

Sip 1622.4 (76x 3)
1582.7 (0)
692.8 (0)
676.8 (80)

S 1334.6 (337)
1334.3 (410)
693.0 (71)
SHP"  1892.7 (678) Sip-
1361.1 (331)
1360.9 (329)
837.4 (42)
782.8 (92)
663.3 (62)

SiD* 1618.1 (0)
1531.4 (1)
656.4 (25)

SD, 1147.7 (3)
1093.9 (5)
847.3 (200)
771.7 (0)
710.6 (22)
505.5 (3)

D, 1638.5 (85)
1629.3 (0)
1600.2 (0)
1594.4 (63)
713.0 (0)
665.0 (94)

aThe 3By, state Dz, symmetry) is 40.7 kcal/mol higher with very strong 1357.2 €ifby,, 1525 km/mol) mode.

1585.6 (65x 2)
1523.9 (4)
650.8 (302)
530.0 (33)

1361.1 (331x 2)
1359.7 (335)
683.4 (232)

636.4 (87)
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SibH». The neon matrix experiments with,Heveal a new and further increases fBle. A sharp 1539.1 cmt band exhibits
1100.3 cm! absorption (Figure 2) which shifts to 823.7 thn identical photolysis and annealing behavior with the 631.6%cm
with D, and to 1077.8 cmt with HD. This band falls above  band and is half as intense; this behavior is repeated in another
SiH, bending modes, and below-SH stretching modes, but  photolysis/annealing cycle. The 1539.1 ¢nband is assigned
in the region predicted for bridged -SH—Si antisymmetric to the lower k| stretching mode of @D, in pure deuterium,
stretching mode¥ This is in accord with the lower H/D ratio  and the upper pmode is masked by Sip

(1.336) for a more anharmonic vibration. We recalculated  Thjs work reports the first absorption spectroscopic evidence
frequencies for both the ground state dibridged and the slightly o the trans-folded SH, intermediate predicted by theory to
higher energy monobridged isomer to obtain mixedHSi have a different structure tharpid.27-2931.33

isotopic frequencies on a consistent scale with the other product SiHs~. New absorptions at 1856 and 1837 tnare charac-

Species. The I0\_/ver energy d|br|dged Isomer. has onelLsi terized by their photodestruction. In fact, these bands are 70%
isotopic form with strong (essentially SH-Si) frequency destroyed by 296700 nm photolysis (Figure 1). Furthermore

0 H i i is i . '
12.6% of the way down. from gl to S.'ZDZ’ which is n these absorptions do not appear in an identical experiment with
reasonable agreement with our observation. The monobndged0 1% CC} added to the neon, 10%,Heagent to serve as an
isomer, however, has two mixed isotopic modifications with ' 2 9

. B U . electron tra?®58 hence, a molecular anion must be considered.
!gi e(6mecr:rt] V\zms]hc')ff] rcggé%ltjrtsgq f?_: eEw)((:ZHt)r,] ewinlcc?o ';Qt?; nlg Our 1856 and 1837 cm neon matrix absorptions fall between

and 1093.0 cm! argon matrix counterpart are assigned ti3i '.[he 1885 ff{;d 1880 cm Raman and !R measur_ements for giH
with the novel dibridged structure. The earlier theoretical in solutior** and recent anharmonic calculations of 1843 and

investigatiod® also incorporated anharmonic corrections and 18.19 ent* for the’./l andvs mpdes of the gaseous .gn—hn'o.nfw
predicted the very strong $i, fundamental at 1092 cm, This agreement is compelling and indicates a like assignment
which provides strong support for our matrix infrared identifica- for our neon matrix bands. Qn t_he bas_|s of the near agreement
tion of SkH,. The earlier and present calculations find the b of gaseous and neon ma_trlxi §|Idnd SiH, stretching funda-
antisymmetric stretching mode stronger by an order of magni- me[‘fa's' we predicts of SiHs™ in the gas phase at 1837 5

tude than other modes. Hence, this infrared detection f,Si ™M

rests on one fundamental. Gas-phase diode laser spectroscopy The Siks™ assignment is supported by deuterium substitution,
should locate SH» near 1100 cm. which produces similar 1357 and 1342 absorptions forsSiD

SikH4. Another Sik bending mode absorption is observed in neon (H/D ratios 1.368 and 1.369) and at 13475t
between the strongest bending absorptions for Sittl SpHs. pure deuterium. The spectra in Figure 3 show that these bands

This new band appears at 858.5 (632.0) &rfor Ho(D5) in are vi_rtually des_troyed by 2907(?0 nm phqtolysis. Ip our HD
neon (Figure 2), at 857.3 (630.7) chin argon (Figure 5), and ~ €XPeriment, which produces St and SiHD™ anions, the

at 631.6 cmtin pure deuterium (Figure 4). The neon and argon bands are broadened to the blue from the pure isotopic positions
matrix bands were characterized by a distinct doublet split band 91ving 1844 and 1350 cnt shoulders. Our DFT calculations
contour, which enabled the association of like contour 2154.0 Predict the strongest absorptions for g and SiHR™ to be
(1560.2) cnT! absorptions in the SiH(D) stretching region. ~ common with Si™ and Sid™, respectively, but because the

Note the annealing behavior of these new bands astds; i symmetric stretching mode is higher, symmetric stretching
neon where the new bands decreased slightly, wherebig Si Modes for SiHD™ and SiHD™ fall higher than the antisym-
increased slightly (Figures 1 and 2). metric stretching modes as well, and the above blue shoulders

Our B3LYP calculation finds the san@y, structure for the are due .to such mogles. )

ground-state SH, molecule as a recent theoretical investiga- 1 ne Siks™ absorption was substantially reducedby 290
tion33 and, in addition, predicts the strongest infrared absorption "M radiation, which is in excess of the photodetachment energy
of SiH4 to be a bending mode at 919.4 chwhich is between  threshold®> Such is typically the case for matrix-isolated
the strong bending modes computed for Sahd SiHg and molecular anions and broadband radiation. The recently com-
7% higher than the observed 858.5¢rhband. Of perhaps more ~ Puted adiabatic and zero-point corrected adiabatic electron
importance, our calculation predicts the strongest bending modeaffinities®® for SiH; are in excellent agreement with the
for SIHDSIHD to be 39.7% of the shift from $il; to SiDa, experimental valué> Our B3LYP Sik~ — SiHs energy
and the observed band at 769.6 s 39.2% of the deuterium  difference (31.6 kcal/mol) is in good agreement with these

shift, which strongly supports our assignment. values as well.
The two ky Si—H stretching modes should be observable, ~ SiHz™. A very weak 1823 cm' band and 1330 cnt D>
but the higher one is computed near themode for SiH and counterpart show the same photolysis and £Cftiping and

will be covered in these experiments. However, the other b behavior as described for the SiHbands, so another anion
mode is predicted 14 cm lower than SiH, and the observed =~ must be considered. The H/B 1.371 ratio is appropriate for
2154.0 cm! band is below Sikby 38 cnt! and in reasonable  an Si—H(D) stretching mode. Our B3LYP calculations predict
agreement. The split 2154.0 and 2151.6 ¢imand absorbance  the strongest infrared absorption for Sitabout 30 cm* below
(0.001) is half of that for the split 861.4 and 858.5 Tnvand that for Siky~ and the 1823 cm' band is in reasonable
(0.002) in agreement with the relative calculated intensities. Note agreement. The SiH anion has also been observed in the gas
the slight growth of SHeg at 2158 cm! and decrease of 4 phas&® with a slightly lower detachment threshold than $iH
bands at 2154.0 and 2151.6 thon annealing. Note also The pure deuterium experiment reveals two photosensitive
reversal of the two matrix site bands at 861.4 and 858.5'cm  bands at 1333.4 and 1330.4 chwhich are just below the
and at 2154.0 and 2151.6 cfon annealing, which helps to  1347.5 cmi® band assigned above to SiDin pure deuterium.
associate these absorptions with the same molecular speciesthe former deuterium matrix bands are stronger than the 1330
The 631.6 cm! band in pure deuterium decreases on cm ! neon matrix absorption and make a better case for infrared
photolysis, whereas the 619.6 thSi;Ds band increases, but identification of SiD~. Although SiD» was not observed in pure
subsequent annealing 8 K restores the 631.6 cthabsorption solid deuterium, SiD™ appears to be stable in this medium.
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Apparently, there is no driving force for reaction withy, B —31.6 kcal/mol) capture by the silyl radical of electrons

give the unstable Sip anion3? produced in the ablation process. The Sitdnion is made in
Other Absorptions. Sharp weak bands at 2092.7 (1520.7) like fashion (exothermic, B3LYP;-27.2 kcal/mol). Doping with

cmtin solid neon decrease in concert with $itbn photo- CCl, preferentially captured ablated electr#ns® and prevented

bleaching. The H/D ratio (1.376) is appropriate for ar-8(D) the formation of these product anions.
vibration, and the proximity to the 2088.7 ctnfundamental

of SiHT in the gas phas$e raises this possible assignment. SiH;+e — SiH; @)
However, a similar 1520.1 cm feature is observed in pure
deuterium, and we believe StCshould react to form Sigy in SiH, + & — SiH,” (8)

pure deuterium. lonizing radiation is produced in the laser-

ablation process as attested by the observation @ Aat 643.1 The butterfly-shaped Sil, species can be formed by further Si
cmt in the argon matrix experiment$.SiH,*(SiD;") is a reaction with SiH or by the dimerization of SiH, which are
possiblilty® but the low infrared intensity (Table 3) and HD  both highly exothermic (B3LYP;-69.1 and—72.0 kcal/mol,
observation cast doubt. This weak photosensitive absorptionrespectively). The dimerizations of Sitand SiH are less
remains unassigned. exothermic (B3LYP;—55.3 and—44.2 kcal/mol, respectively).
The very weak absorption at 1912.3 cthiincreased on  The GeH, speciesis formed mostly by the analogue of reaction
annealing in solid neon (Figure 1) and is unshifted with D 9. Although this reaction is spin forbidden, it proceeds in the
This peak is 14.2 cm above SiCO in solid arg6f and is collision-rich matrix environmeft probably through a SH,-
probably due to SICO made by the Si atom reaction with CO (3B,,) state. Formation of this triplet intermediate state-28.4
iImpurity. kcal/mol exothermic, and the subsequent relaxation process is
Reaction Mechanisms.In a reverse of the Sifchemical —40.7 kcal/mol exothermic. These experiments provide the first

vapor deposition process, silicon atoms react extensively with vibrational spectroscopic evidence for the noveHsiand SpH,
hydrogen. The primary reaction 1 of Si and té give SiH is species:

endothermic32.7 kcal/mol)° where laser-ablated Si contains
suffi_cient excess ener@‘ytq dri\(e the reactipn, and reaction 2 Sin(lAl) + Si(3P)—> [Si2H2(3Blu)] _relax Si2H2(1A1) 9)
to give the SiH intermediate is exothermic (B3LYP;40.9

kcal/mal). The spontaneous nature of reaction 2 is demonstrated

. . . 1
by the formation of Sik using less-energetic thermal ground- SiH + SiH = SiH,('Ay) (10)
state Si atom8.Laser-ablation probably produces excittl . ) .

(+18.0 kcal/mol) as well as ground st&fe Si atoms although SiH, + SiH, — Si,H,(Cy,) (11)
collisions with matrix atoms during condensation are expected

to relax most of the excited Si atoms. Reaction 2 likely first SiH; + SiH; — Si,Hg(D4y) (12)
forms SiH(®B3), which is+18 or 21 kcal/mol higher than SiH

(1A1),%5 but this intermediate step is23 or —20 kcal/mol The reactions of silicon atoms in pure deuterium are

exothermic, and the triplet intermediate is relaxed by the matrix. hoteworthy. The major product is Sils expected (Figure 4).
A minor amount of SiHis made by highly exothermic (B3LYP, ~ The next strongest signals are due to $Sdhd SpDe. More
—73.6 kcal/mol) reaction 3 based on the observation of small growth on annealing and photolysis is observed febgthan
amounts of SiHD in the K+ D, and Sik and Sik» in the HD SiD4. The SiDy radical and SD4 are decreased substantially
experiments. The presence of H(D) atoms in these experimentdy ultraviolet photolysis. One interesting observation is the

is attested by the detection of HDO,).66 partial restoration of Sipand S;}D, on 8 K annealing: this
suggests that some unreacted Si and D atoms are present in
SiCP) + H2(129+) — SIHEII) + H(S) (1) solid D; at 3.5 K, and more reactions occur on diffusion in solid

deuterium at 8 K. As SiD is not observed when formed, SiD
.3 P A relax ... 1 probably rapidly undergoes exothermie38.5 kcal/mol) reac-
Si(P) + Hy(Z;") — [SIH,(BY] —— SiH,('A))  (2) tion 13. The implication is that the Si reaction with, Bnay
) . require a small activation energy. A likely route for the
SiH+H—SiH, ) reformation of SiD, is the Si atom reaction with Sipwhich

is a highly exothermic reaction-93.3 kcal/mol):
The major secondary reaction 4 accounts for the formation of

SiHa, which is also considerably exothermic (B3LYP53.1 Si+ D+ D,— SiD+ D,— SiD, (13)

kcal/mol). This reaction is spontaneous based on the growth of

SiH, on annealing to 1620 K in solid argon. Si+ Sib,— Si,D, (14)
Our HD experiment, however, reveals about 20% as much

SiHsD and SiHDy as SiHD, absorption intensity, which In addition there is evidence for the trapping of $ilin solid

indicates that exothermic H atom reactions are involved, as mustdeuterium, whereas Sills not observed. Because SiDis a
be the case for Sitfradical formation. Reactions 5 and 6 are stable anion and SiD is not stable?? SiD, is not expected to
highly exothermic (B3LYP,—68.4 and—87.6 kcal/mol, re-  react with B like SiD; clearly does to form Sil
spectively):

Conclusions
SiH, + H, = SiH, (4) Laser-ablated silicon atoms react extensively with molecular
SiH, + H — SiH, (5) hydrpgen to form the silicon hydrides S_ih‘!gy;}and thg disilicon
hydrides SiH, 4 6 Infrared spectra and density functional theory
SiH; + H— SiH, (6) frequency calculations with HD and,Bubstitution are used to

identify these species in solid neon, argon, and deuterium matrix
The silyl anion, SiH~, is formed by the exothermic (B3LYP, samples. The novel dibridged,Bi disilyne is characterized
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by an antisymmetric SiH—Si stretching mode at 1100.3 cfy
and the trans-folded i, disilene is characterized by antisym-

Andrews and Wang

(33) Pak, C.; Rienstra-Kiracofe, J. C.; Schaefer, H. F.JIIPhys. Chem.

A 200Q 104, 11232 and references therein.

(34) Maier, G.; Mihm, G.; Reisenauer, H. Rngew. Chem1981, 93,

metric Sik stretching and bending modes at 2151.6 and 858.5 g5 Angew. Chem., Int. Ed. Engl981 20, 597.

cmt in solid neon. The Sikt anion is identified by photo-
sensitive absorptions at 1856 and 1837-¢rin solid neon.
Silicon atoms in pure deuterium gave primarily $illith some
SiDs, SiDe, and SjD4, weak Si3~ and SiDy—, but no evidence
for SiD and SiB.
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