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Laser-ablated group 14 metal atoms have been codeposited at 4 K with acetylene in excess argon. Products,
Ge(C;H,), HGeCCH, Sn(C,H;), Sn,CCH,, HSnCCH, and HPbCCH, have been formed in the present
experiments and characterized using infrared spectroscopy on the basis of the results of the isotopic shifts,
mixed isotopic splitting patterns, stepwise annealing, the change of reagent concentration and laser energy,
and the comparison with theoretical predictions. Density functional theory calculations have been performed
on these molecules. The agreement between the experimental and the calculated vibrational frequencies, relative
absorption intensities, and isotopic shifts supports the identification of these molecules from the matrix infrared
spectra. Plausible reaction mechanisms have been proposed to account for the formation of these molecules.

Introduction

Considerable attention has been paid to the interactions of
metal atoms with acetylene due to the industrial importance of
hydrocarbon hydrogenation and dehydrogenation processes.'™
The interactions of metal atoms with acetylene have been
investigated using the matrix isolation technique, and four
bonding models, side-on M—172—(C2H2) (Cu, Ag, Au, Cr, Ni, Al,
Pt, Pd, Li, U, Th, La, Ti, Zr, Hf), vinyl form M-C,H, (Al, Au),
inserted HMCCH (Be, B, Cr, Pt, Al, Fe, Cr, La, Ti, Zr, Hf),
and vinylidene M=C=CH, (Ni, Au, Pt, Na, La) have been
identified and characterized by infrared and electron spin
resonance spectroscopies.*!” In addition, different kinds of
products, M(C,H,), (Pd, U, Th), MCCH (Mg, U, Th), and
Pd,(C,H,), have also been identified and characterized through
the matrix isolation technique.'""'”-'® The interactions of metal
with acetylene have also been extensively investigated by
quantum chemical computations.'®?* The reactions of group 14
metal atoms with C,H, have not been investigated using both
the experimental and the theoretical methods. The germanium—
acetylene and tin—acetylene polymers have been prepared and
characterized, and the adsorption of acetylene on the Ge(001)
surface have been investigated using the first-principles pseudo-
potential technique.”>?> However, as far as we know, the
reactions of group 14 metal atoms with acetylene have not been
studied using the matrix isolation techniques.

Recent studies have shown that, with the aid of isotopic
substitution techniques, matrix isolation infrared spectroscopy
combined with quantum chemical calculations is very powerful
for investigating structure and bonding of novel species.!+!7-%42
To understand the interaction of acetylene and group 14 metal
atoms, the reactions of laser-ablated group 14 metal atoms with
acetylene in a solid-argon matrix have been performed. IR
spectroscopy and theoretical calculations provide evidence for
the formation of products, Ge(C,H,), HGeCCH, Sn(C,H,),
Sn,CCH,, HSnCCH, and HPbCCH.

* Author to whom correspondence should be addressed. E-mail:
g-xu@aist.go.jp.

10.1021/jp902041f CCC: $40.75

Experimental and Theoretical Methods

The experiment for laser ablation and matrix-isolation infrared
spectroscopy is similar to those previously reported.” Briefly,
the Nd:YAG laser fundamental (1064 nm, 10 Hz repetition rate
with 10 ns pulse width) was focused on the rotating group 14
metal targets. The laser-ablated group 14 metal atoms were
codeposited with C,H, (99.96%, Cambridge Isotopic Labora-
tories) in excess argon onto a Csl window cooled normally to
4 K by means of a closed-cycle helium refrigerator. Typically,
a 3—10 mJ/pulse laser power was used. The isotopic '*C,H,
and C,D; (99%, Cambridge Isotopic Laboratories) were used
to prepare the C,H,/Ar mixtures. In general, matrix samples
were deposited for 30—60 min with a typical rate of 2—4 mmol
per hour. After sample deposition, IR spectra were recorded on
a Bruker IFS 66v/s spectrometer at 0.5 cm™! resolution using a
liquid nitrogen cooled HgCdTe (MCT) detector for the spectral
range of 5000—600 cm™!. Samples were annealed at different
temperatures and subjected to broadband irradiation (A > 250
nm) using a high-pressure mercury arc lamp (Ushio, 100 W).

Quantum chemical calculations were performed to predict
the structures and vibrational frequencies of the observed
reaction products using the Gaussian 03 program.?® The B3LYP
and B3PWO1 density functional methods were utilized.?” The
6-311++G(d, p) basis set was used for Ge, H, and C atoms,
and LANL2DZ was used for Sn and Pb atoms.?®* Geometries
were fully optimized and vibrational frequencies were calculated
with analytical second derivatives. Transition-state optimizations
were done with the synchronous transit-guided quasi-Newton
(STQN) method.

Results and Discussion

Experiments have been done with C,H, concentrations
ranging from 0.05% to 0.5% in excess argon. Typical infrared
spectra for the reactions of laser-ablated group 14 metal atoms
with C,H, in excess argon in the selected regions are illustrated
in Figures 1—9, and the absorption bands are listed in Table 1.
The stepwise annealing and irradiation behaviors of these
product absorptions are also shown in the figures and will be
discussed below.
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Figure 1. Infrared spectra in the 1950—1700, 1500—1000, and 900-500 cm™! regions from codeposition of laser-ablated Ge atoms with 0.4%
C,H; in argon: (a) 60 min sample deposition at 4 K, (b) after annealing to 25 K, (c) after annealing to 30 K, (d) after 15 min of broadband

irradiation, and (e) after annealing to 35 K.
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Figure 2. Infrared spectra in the 1470—1370 and 1100—950 cm™' regions from codeposition of laser-ablated Ge atoms with C,H, in argon: (a)

0.4% 2CyH,, (b) 0.3% 2C,H, + 0.3% CyH,, and (c) 0.4% '3C,H,.

Quantum chemical calculations have been carried out for the
possible isomers and electronic states of the potential product
molecules. Figure 10 shows the optimized structures and
electronic ground states. Tables 2—7 report the calculated IR
frequencies and isotopic frequencies of the reaction products.
The results of the B3PWO91 calculation are consistent with those
of the B3LYP calculation.

Ge(C,H,). The absorptions at 1453.1, 1045.9, 644.5, and
582.6 cm™! can be grouped together to one species, on the basis
of the growth/decay characteristics as a function of changes of
experimental conditions. The four bands appear on sample
deposition, visibly increase on sample annealing to 25 K, further
increase on annealing to 30 K, and disappear after broadband
irradiation (Table 1 and Figure 1). The 1453.1 cm™! band shifts
to 1402.0 cm™! with '3C,H,, exhibiting isotopic frequency ratio
of 1.0364 (>C,H./"*C,H,) indicates that the 1453.1 cm™! band
should be assigned to a C—C stretching vibration.'* As shown
in Figure 2, the mixed 'C,H, + '3C,H, isotopic spectra only
provide the sum of pure isotopic bands, which indicates that it
is possible that only one C,H, subunit is involved in this mode.
Therefore, the 1453.1 cm™! band is assigned to the C—C
stretching vibration of the Ge(C,H,;) molecule. The C—C

0.
0. © o A
-]
§ HGeCCH
£ 04 ’
2 (b) N
0.2
| @ » L
0.0 00

Wavenumber (cm’)

Figure 3. Infrared spectra in the 1850—1300 cm™! region from
codeposition of laser-ablated Ge atoms with C,H, in argon: (a) 0.4%
12CyH,, (b) 0.2% 2C,H, + 0.2% CyDs, and (c) 0.4% C,Ds.
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Figure 4. Infrared spectra in the 1500—900 and 900—500 cm ™! regions from codeposition of laser-ablated Sn atoms with 0.4% C,H, in argon: (a)
60 min sample deposition at 4 K, (b) after annealing to 25 K, (c) after annealing to 30 K, (d) after 15 min of broadband irradiation, and (e) after

annealing to 35 K.
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Figure 5. Infrared spectra in the 1700—1560 cm™! region from

codeposition of laser-ablated Sn atoms with 0.4% C,H, in argon: (a)
60 min sample deposition at 4 K, (b) after annealing to 25 K, (c) after
annealing to 30 K, (d) after 15 min of broadband irradiation, and (e)
after annealing to 35 K.

stretching frequency is significantly lower than that of previous
reported transition metal—acetylene 7 complexes Ni(C,H,)
(1647 cm™")7 and Cu(C,H,) (1870 cm™")* and is close to the
value of metallacyclopropene, H,Ti(C,H,) (1465 cm™')*® and
Cr(C,H,) (1476 cm™!),!* in solid argon, indicating that Ge(C,H,)
is not a st complex but should be considered as a metallacy-
clopropene. The C—C stretching vibrational frequency of
Ge(C,H,) at 1453.1 cm™! is about 519 cm™! red-shifted from
the C—C stretching frequency of acetylene and is about 175
cm™! lower than the C—C stretching frequency of ethylene.*
The 1045.9 cm™! band tracks with the 1453.1 cm™' band,
suggesting a different mode of the same molecule. The 1045.9
cm™! band shifts to 1030.2 cm™" with "*C,H, and is due to the
CCH deformation mode. For this band, the mixed '>C,H, +
13C,H; isotopic spectrum only provides the sum of pure isotopic
bands, which also indicates that it is possible that only one C,H,
subunit is involved in this mode (Figure 2). The 644.5 and 582.6
cm™! bands, which shift to 642.6 and 567.9 cm™! with *C,H,,
respectively, are due to the C,H, tilt and Ge—C stretching
modes. However, the C,D, counterparts of the 1453.1, 1045.9,
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Figure 6. Infrared spectra in the 1470—1380 cm™! region from
codeposition of laser-ablated Sn atoms with C,H, in argon: (a) 0.4%
IZCZHz, (b) 0.2% 12C2H2 + 0.2% 13C2H2, and (C) 0.4% 13C2H2.

644.5, and 582.6 cm™! bands are not observed. Observations
using the C,HD monodeuterated acetylene precursor may be
very useful to prove the identification. In addition, experiments
with different C,H, concentration and laser energy have been
performed, through which we can conclude that there may be
only one C,H, subunit and one Ge atom in the product.

The assignment is strongly supported by DFT calculations.
As shown in Figure 10 and Table 2, the Ge(C,H,) molecule is
predicted to have an 'A; ground state with C,, symmetry (Figure
10) and is the most stable structural isomer of Ge—C,H,. The
C—C stretching, CCH deformation, C,H, tilt, and Ge—C
stretching modes are calculated at 1500.8, 1072.4, 665.9, and
574.8 cm™! (Table 2), which are in good agreement with the
experimental observations (1453.1, 1045.9, 644.5, and 582.6
cm™!). The isotopic frequency ratios calculated for the C—C
stretching, CCH deformation, C;H, tilt, and Ge—C stretching
modes ('2CoH,/"*CyH,, 1.0379, 1.0158, 1.0055, and 1.0264) are
also consistent with the experimental observations ('>C,H,/
BC,H,, 1.0364, 1.0152, 1.0030, and 1.0259). These agreements
between the experimental and the calculated vibrational fre-
quencies, relative absorption intensities, and isotopic shifts
confirm the identification of the Ge(C,H,) molecule from the
matrix IR spectra.
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Figure 7. Infrared spectra in the 1700—1100 ¢cm™! region from
codeposition of laser-ablated Sn atoms with C,H, in argon: (a) 0.4%
12CyH,, (b) 0.2% "2C,H, + 0.2% CyDs, and (c) 0.4% '3C,Ds.
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Figure 8. Infrared spectra in the 1560—1440 cm™' region from
codeposition of laser-ablated Pb atoms with 0.4% C,H, in argon: (a)
60 min sample deposition at 4 K, (b) after annealing to 25 K, (c) after
annealing to 30 K, (d) after 15 min of broadband irradiation, and (e)
after annealing to 35 K.

HGeCCH. A new band at 1831.3 cm™! (Table 1 and Figure
1) appears after broadband irradiation, decreases on further
annealing to 35 K. The band is assigned to the HGeCCH
molecule on the basis of isotopic substitution and DFT calcula-
tions. The 1831.3 cm™! band shows no carbon-13 shift but shifts
to 1319.9 cm™! with >C,D,, exhibiting isotopic frequency ratio
of 1.3875 (2C,Hy/'?C,D,). The band position and the isotopic
2C,H,/"?C,D, ratio are close to the values of the Ge—H
stretching vibration of various previously characterized Ge
hydrides in excess argon,*' implying that the 1831.3 cm™! band
is due to a Ge—H stretching vibration. The mixed '*C,H, +
C,D, isotopic spectra only provide the sum of pure isotopic
bands, which indicates that only one Ge—H subunit is involved
in this mode (Figure 3). Therefore, the 1831.3 cm™! band is
assigned to the Ge—H stretching vibration of the HGeCCH
molecule.

The present calculations lend support for the assignment of
HGeCCH. Our calculations predict that HGeCCH has an 'A’
ground state with C, symmetry (Figure 10). The Ge—H
stretching vibrational frequency is calculated at 1890.8 cm™!
(Table 3), which is in agreement with the experimental
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Figure 9. Infrared spectra in the 1560—1100 ¢cm™! region from
codeposition of laser-ablated Pb atoms with C,H, in argon: (a) 0.4%
12CyH,, (b) 0.2% "2CoH, + 0.2% C,Ds, and (c) 0.4% *C,D,.

TABLE 1: Infrared Absorptions (cm™!) from Co-Deposition
of Laser-Ablated Group 14 Metal Atoms with Acetylene in
Excess Argon

12C:2H2 13(jZHZ 12C2D2

assignment

1453.1 1402.0 Ge(C,H,), C—C stretching

1045.9 1030.2 Ge(C,H,), -plane CCH deformation
644.5 642.6 Ge(C,H,), CoHo tilt

582.6 567.9 Ge(C,H,), Ge—C streching

1831.3 1319.9 HGeCCH, Ge—H stretching

1445 .4 1393.8 Sn,CCH,, C—C stretching

1008.4 986.4 Sn(C,Hy), in-plane CCH deformation
604.1 603.7 Sn(C,H,), C,H, tilt

1657.9 1187.2 HSnCCH, Sn—H stretching

1541.3 1105.6 HPbCCH, Pb—H stretching

observation (1831.3 cm™"). The calculated '*C,H,/'?C,D, iso-
topic frequency ratio (1.3996) of Ge—H stretching mode is also
consistent with the experimental observation. The C—C stretch-
ing and CCH bending modes are not observed in the present
experiment, probably because of the isomerization to other
molecules under the broadband irradiation, which results in weak
intensity. These agreements between the experimental and the
calculated vibrational frequencies, relative absorption intensities,
and isotopic shifts confirm the identification of the HGeCCH
molecule from the matrix IR spectra.

Sn(C,;H,). A new absorption at 1008.4 cm™! appears on
sample annealing to 25 K, further increases on annealing to 30
K, and disappears after broadband irradiation (Table 1 and
Figure 4). The 1008.4 cm™' band shifts to 986.4 cm™' with
13C,H,, exhibiting isotopic frequency ratios of 1.0223 (‘2C,Hy/
3C,H,). The band position and the isotopic frequency ratio
indicate that the 1008.4 cm™! band should be assigned to a CCH
deforming vibration.'* The mixed '?C,H, + '*C,H, isotopic
spectrum only provides the sum of pure isotopic bands, which
indicates that only one C,H, subunit is involved in this mode.
The 604.1 cm™! band tracks with the 1008.4 cm™! band,
suggesting a different mode of the same molecule. The 604.1
cm™! band that shifts to 603.7 cm™! with *C,H, is due to the
C,H, tilt mode. Therefore, the 1008.4 and 604.1 cm™! bands
are assigned to the CCH deforming and C,H, tilt vibrations of
the Sn(C,H,) molecule.

The assignment is supported by DFT calculations. As shown
in Figure 10 and Table 4, the Sn(C,H,) molecule is predicted
to have an 'A| ground state with C,, symmetry (Figure 10) and
is the most stable structural isomer of Sn—C,H,. The C—C
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TABLE 2: Calculated (B3LYP and B3PW91/
6-311++G(d,p)) Vibrational Frequencies and Intensities of
Ge(C;H,) ('Ay)"

TABLE 3: Calculated (B3LYP and B3PW91/
6-311++G(d,p)) Vibrational Frequencies and Intensities of
HGeCCH ('A')*

Ge(’C,H,)  Ge(PC,H,)  Ge('2C,D») mode HGeCCH HGe*CCH DGeCCD mode
B3LYP B3LYP
3164.7(10)  3152.0 (12) 2382.1(1)  symm C—H stretching 34519 (43)  3434.1(45)  2671.9(8) C—H stretching
3136.7(10)  3127.4(11) 23122(3)  antisymm C—H stretching 2060.9 (51) 19869 (46)  1931.8(66)  C—C stretching
1500.8 (7) 1446.0 (7) 1440.3 (6) C—C stretching 1890.8 (336) 1890.8 (336) 1351.0 (173)  Ge—H stretching
1072.4 (67) 1055.7 (70) 909.1 (20) In-plane CCH deformation 772.8 (31) 765.4 (31) 613.3 (14) Out-of-plane CCH bending
973.9 (0) 963.3 (0) 781.5 (0) C,H, torsion 756.3 (70) 753.6 (69) 572.3 (42) HGeC bending
882.6 (12) 880.8 (1) 661.1 (6) In-plane CCH deformation B3PWI1
665.9 (66) 662.2 (87) 553.3 (28) C,H, tilt 3456.2 (43) 3438.3 (44) 2676.3 (8) C—H stretching
588.4 (35) 572.8 (33) 505.8(50)  symm Ge—C stretching 2066.4 (49) 1992.3 (44) 1936.4 (64)  C—C stretching
574.8 (60) 560.0 (55) 502.0 (53)  antisymm Ge—C stretching 19142 (319) 19142 (319)  1367.7(165) Ge—H stretching
B3PWI1 774.3 (31) 766.9 (31) 614.5 (14) Out-of-plane CCH bending
3177.8 (9) 3164.9 (9) 2393.8 (1) symm C—H stretching 753.8 (69) 751.1 (69) 571.3 (43) HGeC bending
3149.3 (9) 3140.0 (9) 2322.1 (3) antisymm C—H stretching
1512.3 (6) 1457.1 (6) 1450.4 (5) C—C stretching “ Vibrational frequencies are given in reciprocal centimeters;
1070.6 (64)  1053.6 (68) 911.1(17)  In-plane CCH deformation intensities (in parentheses) are given in kilometers per mole.
975.7 (0) 965.1 (0) 783.1 (0) C,H, torsion
882.4 (0.1)  8780.5(0.3)  666.3 (9) In-plane CCH deformation
2(7)(2).2 gg; gg% gg; g?i.g gg; CH, tig c . relative absorption intensities, and isotopic shifts confirm the
. . . symm Ge—C stretching . . . .
5914 (60) 576.4(56) 5097 (50)  antisymm Ge—C stretching identification of the Sn(C,H,) molecule from the matrix IR

@ Vibrational frequencies are given in reciprocal centimeters;
intensities (in parentheses) are given in kilometers per mole.

stretching, CCH deformation, and C,H, tilt modes are calculated
at 1487.4, 1071.3, 640.8 cm™! (Table 4) with the relative
intensity ratio of 26/93/122. Experiments with different C,H,
concentration, laser energy, and deposition times have been
performed, but the C—C stretching vibration with a weak
intensity is not observed in the present experiment. The isotopic
frequency ratio calculated for the CCH deformation and C,H,
tilt modes (>C,H./"3*C,H,, 1.0122 and 1.0020) are also consistent
with the experimental observations. These agreements between
the experimental and the calculated vibrational frequencies,

spectra.

HSnCCH. A new band at 1657.9 cm™! with a site at 1652.8
cm™! (Table 1 and Figure 5) appears on sample deposition,
changes little on annealing to 25 and 30 K, sharply increases
after broadband irradiation, and decreases on further annealing
to 35 K. The band is assigned to the HSnCCH molecule on the
basis of isotopic substitution and DFT calculations. The 1657.9
cm™! band shows no carbon-13 shift but shifts to 1187.2 cm™!
with 12C,D,, exhibiting an isotopic frequency ratio of 1.3965
("2C,Hy/'?C,D,). The band position and the isotopic '>C,H,/
12C,D, ratio are close to the values of the Sn—H stretching
vibration of various previously characterized Sn hydrides in
excess argon,’! implying that the 1657.9 cm™! band is due to a
Sn—H stretching vibration. The mixed '2C,H, + C,D, isotopic
spectra only provide the sum of pure isotopic bands, which
indicates that only one Sn—H subunit is involved in this mode
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TABLE 4: Calculated (B3LYP and B3PW91/
6-311++G(d,p)-LANL2DZ) Vibrational Frequencies and
Intensities of Sn(C,H,) (A,)*
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TABLE 6: Calculated (B3LYP and B3PW91/
6-311++G(d,p)-LANL2DZ) Vibrational Frequencies and
Intensities of Sn,CCH, (°B,)*

SH(IZCZHz) Sn(13C2H2) SH(IZCZDz) mode SHQCCHZ Sn213C'3CH2 SHQCCDZ mode

B3LYP B3LYP
3136.9 (22) 3135.9 (24) 2356.3 (3) symm C—H stretching 3111.5(27) 3098.9 (27) 2323.2(14)  C—H stretching
3107.9(17)  3110.1 (17)  2289.5(5)  antisymm C—H stretching 3050.2 (92)  3045.0(92)  2222.1(46) C—H stretching
1487.4 (26) 1433.1 (24) 1431.8 (26)  C—C stretching 1525.2 (2) 1506.5 (2) 1413.4 (0) C—C stretching
1071.3 (93) 1058.4 (97) 896.8 (32) In-plane CCH deformation 1371.6 (0.1) 1332.2 (0) 1066.3 (0) Sn—C stretching
949.7 (0) 942.4 (0) 759.7 (0) C,H, torsion 1050.6 (2) 1040.7 (2) 824.4 (3) In-plane CCH deformation
875.6 (18) 877.8 (1) 634.3 (3) In-plane CCH deformation 908.6 (26) 899.0 (27) 728.1 (12) Out-plane CCH deformation
640.8 (122) 639.5 (121) 485.5 (71) C,H, tilt B3PW91
523.8 (70) 510.1 (64) 477.8 (28) antisymm Sn—C stretching 3127.7 (22) 3114.9 (22) 23353 (11)  C—H stretching
493.3 (26) 478.5 (24) 4609 (64)  symm Sn—C stretching 3061.4 (87)  3055.9(87)  2231.3(44) C—H stretching

B3PW9I1 1523.9 (2) 1501.5 (3) 1428.1 (0.2) C—C stretching
3150.4 (19) 3137.9 (20) 2368.1(2) symm C—H stretching 1379.1 (0) 1343.0 (0) 1059.9 (0) Sn—C stretching
3120.7(15)  3111.5(15)  2299.2(5)  antisymm C—H stretching 1039.7 (2) 1030.1 (3) 814.3 (4) In-plane CCH deformation
1499.1 (25) 1444.4(22) 1442.1 (24) C—C stretching 908.0 (26) 898.5 (27) 726.9 (11) Out-plane CCH deformation
1066.1 (94) 1050.5 (98) 894.3 (32) In-plane CCH deformation
946.8 (0) 936.8 (0) 757.7 (0) C,H, torsion “ Vibrational frequencies are given in reciprocal centimeters;
873.8 (17) 872.7 (9) 633.6 (3) In-plane CCH deformation intensities (in parentheses) are given in kilometers per mole.
642.1 (100) 638.7 (123) 486.4 (73) C,H, tilt
532.7 (70) 518.3 (65) 482.6 (28) antisymm Sn—C stretching TABLE 7: Calculated (B3LYP and B3PW91/
498.8 (26) 483.8 (24) 467.5 (64) symm Sn—C stretching 6-311++G(d,p)-LANL2DZ) Vibrational Frequencies and

“Vibrational frequencies are given in reciprocal centimeters;
intensities (in parentheses) are given in kilometers per mole.

TABLE 5: Calculated (B3LYP and B3PW91/
6-311++G(d,p)-LANL2DZ) Vibrational Frequencies and
Intensities of HSnCCH (‘A’)*

HSnCCH HSn"*C"*CH  DSnCCD mode
B3LYP
3450.6 (37)  3432.7(38)  2671.8(8)  C—Hstretching

2057.0 (42)  19832(38)  1926.3(56)  C—C stretching

1709.5 (447)  1709.5 (447)  1218.6 (229) Sn—H stretching

739.7 (34) 733.1 34) 582.6(15)  Out-of-plane CCH bending

665.1 (85) 661.0 (97) 524.7(15)  In-plane CCH bending
B3PW91

3453.9(37) 34360 (38)  26755(8)  C—H stretching

2060.6 (41)  1986.7(37)  1928.9(56)  C—C stretching

17063 (429 17063 (429)  1216.3 (219)  Sn—H stretching

742.7 33) 736.1 (33) 584.8(15)  Out-of-plane CCH bending

668.1 (72) 663.4 (30) 526.6(16)  In-plane CCH bending

“ Vibrational frequencies are given in reciprocal centimeters;
intensities (in parentheses) are given in kilometers per mole.

(Figure 7). Therefore, 1657.9 cm™! band is assigned to the Sn—H
stretching vibration of the HSnCCH molecule.

The present calculations lend support for the assignment of
HSnCCH. Our calculations predict that HSnCCH has an 'A’
ground state with C; symmetry (Figure 10). The Sn—H
stretching vibrational frequency is calculated at 1709.5 cm™!
(Table 5), which is in agreement with the experimental
observations (1657.9 cm™'). The calculated ">C,H,/'?C,D,
isotopic frequency ratio (1.4028) of Sn—H stretching mode is
also consistent with the experimental observation (1.3965). The
reason why the C—C stretching mode is not observed in the
present experiment is due to its weak intensity as predicted by
our DFT calculations. These agreements between the experi-
mental and the calculated vibrational frequencies, relative
absorption intensities, and isotopic shifts confirm the identifica-
tion of the HSnCCH molecule from the matrix IR spectra.

Sn,CCH,. The absorption at 1445.4 cm™! appears on an-
nealing to 25 K, slightly increases upon further annealing to 30
K, and sharply decreases after broadband irradiation (Table 1
and Figure 4). The 1445.4 cm™! band shifts to 1393.8 cm™!
with 1*C,H,, exhibiting isotopic frequency ratios (2C,H,/**C,H,,
1.0370) characteristic of C—C stretching vibration. As shown
in Figure 6, the mixed '2C,H, + 3C,H, isotopic spectra only
provide the sum of pure isotopic bands, which indicates that

Intensities of HPbCCH ('A")*

HPbCCH HPb'*CCH DPbCCD mode
B3LYP
3448.2 (34) 3430.4 (34) 2668.8 (9) C—H stretching

2049.3 (37) 1975.8 (33) 1919.5 (51) C—C stretching

1604.8 (570)  1604.8 (570)  1142.0 (290) Pb—H stretching

727.0 (40) 720.4 (40) 572.7 (18) Out-of-plane CCH bending

661.6 (60) 656.2 (63) 520.9 (21) In-plane CCH bending
B3PWI1

3452.0 (33) 3445.9 (34) 2673.2 (8) C—H stretching

2054.4 (36) 1981.5 (32) 1923.4 (50) C—C stretching

1611.3 (550) 1617.6 (554)  1146.6 (280) Pb—H stretching

729.4 (39) 725.1 (40) 574.4 (18) Out-of-plane CCH bending

665.2 (59) 661.9 (62) 523.3 (21) In-plane CCH bending

“ Vibrational frequencies are given in reciprocal centimeters;
intensities (in parentheses) are given in kilometers per mole.

only one C,H, subunit is involved in this mode. In addition,
the band is favored with larger laser energy, indicating more
than one Sn atom are involved. The band is tentatively assigned
to the Sn,CCH, molecule.

Sn,CCHj, is predicted to have an °B, ground state with C,
symmetry, lying 1.6 and 32.9 kcal/mol lower in energy than
the singlet and quintet ones, respectively, at the B3LYP level
of theory (Figure 10). As shown in Figure 10, Sn, dimer
elongates the C—C bond to 1.334 A in Sn,CCH, as compared
with the 1.331 A C—C bond in Sn(C,H;). The C—C stretching
frequency of SnyCCHj is calculated at 1525.2 cm™! (Table 6),
which is in agreement with our observed values 1445.4 cm™'.

HPbCCH. A new band at 1541.3 cm™! (Table 1 and
Figure 8) appears on sample deposition, increases on annealing
to 25 and 30 K, and disappears after broadband irradiation. The
band is assigned to the HPbCCH molecule on the basis of
isotopic substitution and DFT calculations. The 1541.3 cm™!
band shows no carbon-13 shift but shifts to 1105.6 cm™! with
12C,D,, exhibiting isotopic frequency ratio of 1.3941 (2C,H,/
12C,D,). The band position and the isotopic 2C,H,/'2C,D, ratio
are close to the values of the Pb—H stretching vibration of
various previously characterized Pb hydrides in excess argon,’!
implying that the 1541.3 cm™' band is due to a Pb—H stretching
vibration. The mixed '>C,H, + '>C,D, isotopic spectra only
provide the sum of pure isotopic bands, which indicates that
only one Pb—H subunit is involved in this mode (Figure 9).
Therefore, the 1541.3 cm™! band is assigned to the Pb—H
stretching vibration of the HPbCCH molecule.
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Figure 11. Potential energy surface for the reactions of group 14 metal atoms with acetylene calculated at the B3LYP/6-311++(d,p)-LANL2DZ
level. Energies given are in kcal/mol and are relative to the separated ground-state reactants: MCP) + C,H,('Z,").

The present calculations lend support for the assignment of
HPbCCH. Our calculations predict that HPbCCH has an 'A’
ground state with C; symmetry (Figure 10). The Pb—H
stretching vibrational frequency is calculated at 1604.8 cm™!
(Table 7), which is in agreement with the experimental
observation (1541.3 cm™"). The calculated '*C,H,/"?C,D, iso-
topic frequency ratio (1.4053) of Pb—H stretching mode is also
consistent with the experimental observation (1.3941). The
reason why the C—C stretching mode is not observed in the
present experiment is its weak intensity as predicted by our DFT
calculations. These agreements between the experimental and
the calculated vibrational frequencies, relative absorption in-
tensities, and isotopic shifts confirm the identification of the
HPbCCH molecule from the matrix IR spectra.

Reaction Mechanism. Laser-ablated group 14 metal atoms
react with C,H, to form Ge(C,H,), HGeCCH, Sn(C,H,),
HSnCCH, Sn,CCH,, and HPbCCH (Figures 1—9). According
to reactions 1—7, the reactions are predicted to be exothermic
by 52.7, 35.6, 35.9, 23.6, 22.3, and 16.6 kcal/mol, respectively.
The Ge(C,H,) and Sn(C,H,) molecules disappear, while the
HGeCCH and HSnCCH molecules increase after broadband
irradiation, indicating that rearrangement reactions take place
during broadband irradiation. For the reaction of laser-ablated
Pb atoms with acetylene, only the HPbCCH product is observed.
To have a better understanding of the rearrangement reactions,
potential energy surfaces starting from M (M = Ge, Sn, and
Pb) + C,H, are calculated at the level of B3LYP, as shown in
Figure 11. The ground-state *P group 14 metal atoms react with
acetylene to form A, state M(C,H,) molecule; the reaction is
predicted to be all exothermic with minimal activation energy.
A transition state has been located on the potential energy
surfaces, which connect the equilibrium structure of M(C,H,)
with HMCCH. Therefore, plausible reaction mechanisms can
be proposed as follows on the basis of the behavior of sample
annealing and irradiation together with the observed species and
calculated stable isomers. The group 14 metal atoms initially
interact with the C—C triple bond of the C,H, forming the
M(C,H,;) complex. M(C,H,) rearranges to HMCCH with barriers
of 11.2, 21.1, and 24.9 kcal/mol for Ge, Sn, and Pb, respectively
(Figure 11), which can be obtained by broadband irradiation or
irradiation in the laser ablation plume during sample deposition.
For the reaction of laser-ablated Pb atoms with acetylene, it is
possible that irradiation in the laser ablation plume makes the
adduct Pb(C,H;) molecule isomerize to the HPbCCH molecule

completely. Therefore, the Pb(C,H,) molecule is not observed
in the present experiments. It can be seen from Figure 1 that
the IR absorption of Sn,CCH, appears during sample deposition
and visibly increases on annealing, suggesting that the Sn dimers
can react with acetylene molecules to form the Sn,CCH,
molecule spontaneously according to reaction 5, which is
predicted to be exothermic by 22.3 kcal/mol.

+
Ge(’P) + CH,(' D) — Ge(C,H,)('A))
g
AE = —52.7 kcal/mol (1)

+
Ge(’P) + C,Hy(' D) — HGeCCH('A")
8

AE = —35.6 kcal/mol (2)
+
Sn(’P) + C,H,(" 2) — Sn(C,H,)('A))
g
AE = —35.9 kcal/mol  (3)

+
SnC’P) + C,H,(' 2) — HSnCCH('A)
8

AE = —23.6 kcal/mol (4)

+ +
Sn,(* Y) + CHy(' Y)) — Sn,CCH,('B))
8 g

AE = —22.3 kcal/mol (5)

+
PbCP) + CH,(' Y,) — Pb(C,Hy)('A)
g
AE = —27.5 kcal/mol  (6)

+
PbCP) + C,H,(' D) — HPbCCH('A")
8

AE = —16.6 kcal/mol (7)

Conclusions

Reactions of laser-ablated group 14 metal atoms with
acetylene in excess argon have been studied using matrix-
isolation infrared spectroscopy. On the basis of the isotopic shifts
and splitting patterns, the Ge(C,H,), HGeCCH, Sn(C,H,),
Sn,CCH,, HSnCCH, and HPbCCH molecules have been
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characterized. Density functional theory calculations have been
performed, which lend strong support to the experimental
assignments of the infrared spectra. In addition, a plausible
reaction mechanism for the formation of the products has been
proposed.
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