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Infrared Spectra and DFT Calculations for the Gold Hydrides AuH, (H2)AuH, and the
AuH 3 Transition State Stabilized in (Hz)AuH3
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Reactions of laser-ablated gold atoms with hydroges) 4, HD) in excess argon and neon and in pure
deuterium produced AuH and the {fAuH and (H,)AuH3; complexes in increasing yields, respectively, in
these matrix hosts. The diatomic molecule AuH absorbs at 22266 ionsolid argon, slightly blue shifted
from the gas-phase value, and the stablgAdH complex appears at 2173.6 chon annealing to allow
diffusion and association of +and AuH. The higher (b)JAuH; complex presents at 1642.0 chon deposition.

In neon (B)AuH and (H)AuHs give weak bands at 2170 and 1684 ¢mwith D, counterparts at 1559 and
1207 cn?, which become strong 1556.5 and 1198.6 ¢mbsorptions in pure deuterium. DFT structure and
frequency calculations confirm these assignments and show that thetésuidition state with an imaginary
b; bending frequency is stabilized in the fAuH; complex with a real pbending frequency observed at
457.0 cm! for (D2)AuDs.

Introduction (H,)AuH
o . . AuH (D,)AuH
Gold hydride is a stable diatomic molecule that has been 2 ©
characterized by electronic band spectroscopy in the gas phase, 0.024
but there is no evidence for stable, solid gold hydritles. e N ©
Although mononuclear gold hydride complexes are either ®

unknown or unstablé,gold hydrides have been observed in
heterobimetallic complexes with ruthenium, iridium, and
platiunum®~7 The anticipated Aukl molecule has been the 0.014
subject of several recent theoretical investigatiris.Gold o IO
trinydride was first predicted to be T-shaped from nonrelativistic
and relativistic pseudopotential calculatichd/ery recent

quantum chemical calculatioh¥ show that the Y-shaped gH 0.00 @
AuH complex is more stable than the T-shaped Adérm. 240 2700 2160
Other very recent effective core potential calculations show that
AuH3 is a transition state with an imaginary; tbending

frtequtenglyg and agr_?e :]haﬁdﬂg‘UH IS tgle ?table eqU|I|br||lf|m hydrogen_ reactions in_excess argon frozgn at 3.5 K: (a) 5% Brgon )
structure. h ence, ! S Ou_ € possl e_ 0 prepare)@ co-deposited for 60 min, (b) after annealing to 15 K, (c) after annealing
from AuH in a solid matrix, and accordingly, we report the {5 20 K, (d) after annealing to 30 K, (e) 4%;H 4% D, in argon
first experimental evidence for higher gold hydridésold is co-deposited for 80 min, (f) after annealing to 17 K, and (g) after
also interesting because it forms unusually strong chemical annealing to 25 K.

bonds due to relativistic effectd14
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Figure 1. Infrared spectra of products of laser-ablated gold and

Experimental and Theoretical Methods structures and frequencies from DFT calculations will be
presented in turn.

Laser-ablated gold atoms were reacted with Bk, and HD . )
Argon. Co-deposition of laser-ablated gold atoms with H

in excess argon and neon and with pure deuterium during 1
condensation at 3.5 K using methods described previously for N €xcess argon at 3.5 K produced a weak 2226.6"dvand
platinum and palladium hydrides and gold carbori§is? that increased on annealing to 15 K and then decreased on 25

Infrared spectra were recorded, samples were annealed and¢ @1nealing while a 2173.6, 2170.6 cindoublet is formed
irradiated, and more spectra were recorded. Complementaryand increased (Figure 1). These bands shift to 1597.2 and 1559.3

density functional theory (DFT) calculations were performed cm:i with Do. In the lower region (not shown) a weak 1642.0

using the Gaussian 98 program, BPW91 and B3LYP density ™M band was not changed on 15 K annealing but disappeared

functionals, 6-312+G(d,p) basis, and SDD pseudopoterifiaf? on photolysis; the deuterium counterpart was observed at 1182.3
' ' ’ ' cm L,

Results Using H + D, mixtures, the 2226.6 and 1597.2 chbands

Infrared spectra of laser-ablated gold and hydrogen reactionfor AuH and AuD are unchanged, but new bands appear at
products in argon, neon, and deuterium matrices, and product,216,6-2' 2163.4, and 1564.0 cinthe upper region is also shown
in Figure 1. The same 1642.0 and 1182.3 ¢imands were also
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Figure 2. Infrared spectra of products of laser-ablated gold and
hydrogen reactions in excess neon frozen at 3.5 K: (a) 2% Heon
co-deposited for 60 min, (b) after annealing to 7 K, (c) after 380

nm irradiation, (d) afted > 290 nm irradiation, (e) after annealing to
9 K, and (f) after annealing to 11 K.

TABLE 1: Infrared Absorptions (cm ~1) Observed from
Reactions of Gold Atoms and Dihydrogen in Excess Argon,
Neon, and Deuterium

neon

argon deuterium
Hy D, Ha D, D, identification
2226.6 AuH
1597.2 AuD
2173.6,2170.6 2170.1, 2167.9 AAuH
1559.3 1559.0 1556.5 AuD
2076 1485 2083 1498 1493 A, AuD
2037.7 2037.7 2053.2 2053.2 2051 AuCO
2025.5 2025.5 Ayl
1986 1433 AyH
1642 1684 (H)AuH3
1182 1207 1198.6 (DAuD3
1361.6 (DB)AuD
939.6 (D)AuD
457.0 (B)AuD3
434.8 (B)AuD

Neon.Gold atoms with Hin excess neon at 3.5 K gave new
product bands at 2170.1 cthwith a 2167.9 cm? shoulder
(Figure 2). This band sharpened and decreased on annealin
while weak bands at 2083 and 1986 Thincreased slightly
and a sharp 2025.5 crhband increased markedly on annealing.
A sharp 2198.0 cmt band tracked with the 2025.5 crhband
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Figure 3. Infrared spectra of products of laser-ablated gold and

hydrogen reactions in pure deuterium frozen at 3.5 K: (a) gold atoms
co-deposited with pure deuterium for 25 min, (b) after annealing to 7
K, (c) afterA > 240 nm irradiation, (d) after annealing to 8 K, (e) after
annealing to 9 K, and (f) after a secoad> 240 nm irradiation.
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ghgure 4. Structures calculated at the BPW91/6-31G(d,p)/SDD
level for gold hydrides and complexes (bond distances in angstroms,
angles in degrees).

in this and other gold experiments: these bands will be assigned

to a low electronic transition of Ayin a later pape?® The
2053.2 cm? feature is due to AuCO from the trace CO
impurity.1” A weak band was observed at 1684 dmwhich
decreased on annealing.

All of the above bands shifted with substitution, and the
D, counterparts are listed in Table 1. Mixed # D, gave new
features at 2163.3 and 1561.8 chand the same 1684 and 1207
cm! bands as observed separately with @hd D, in neon.
The latter features exhibited intermediate counterparts with
HD: new absorptions observed at 1831 and 1275%c(A =
0.005) decreased on annealing like the 1684 and 1207 cm

Annealing and photolysis behavior enabled a weaker 457.0 cm
band to be associated with the sharp 1198.6cband and
weaker 1361.6 and 434.8 bands to be grouped with the 1556.5
and 939.6 cm! absorptions.

Calculations. A complete set of DFT calculations using
BPWO91 and B3LYP functionals was done on gold hydrides to
determine frequencies and intensities for the isotopic and mixed
isotopic species necessary to identify new gold hydrides
prepared under matrix conditions. The two functionals gave
essentially the same results as a comparison of Tables 2 and 3
shows. Structures calculated at the BPW9L level are illustrated

pure isotopic bands. Weak bands were also found at 2169.5in Figure 4. The most important new result is that the AuH

and 1561.4 cm! with HD.

Deuterium. An experiment with pure deuterium gave the rich
spectrum shown in Figure 3. This spectrum is dominated by
the sharp 1198.6 cm band with 1213.7, 1212.2, and 1206.1
cm™! satellites and broader features at 1556.5 and 939:68.cm
The 1198.6 cm! band increased 20% on broadband photolysis
while the 1556.5 and 939.6 crhabsorptions increased 150%.

transition state with an imaginary; Brequency, the motion
which converts AuH to the more stable (BAuH form, is
stabilized with virtually the same structure and-Ad stretching
frequencies as in the giAuH; complex with all real frequen-
cies. The HAu—H' angle is decreased from 91.8b 85.8
and the Au-H' bond length is increased slightly by the
interaction with H in the new (H)AuH3; complex.
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TABLE 2: Structures and Frequencies Calculated at the BPW91/6-31%+G(d,p)/SDD Level for Gold Hydrides?

species state structure, A, deg frequencies;'dintensities, km/mol)
AuH Iz 1.542 2250.5 (4) [1596.0 (2)]
AuH; 2B, 1.619,129.1 2003.8{al), 1758.0 (b, 1), 666.5 (@ 25) [1418.9 (1), 1248.7 (0), 473.4 (12)]
AuH; Ay 1.519788.1 2405.5 (g 23), 2066.8 (a 0), 1846.1 (b, 634)
1.650, 176.2 897.1 (@5), 854.3 (B, 6), 414.2i (b, 247)
[1707.9 (11), 1459.5 (0), 1310.4 (318), 637.9 (2), 607.4 (3), 293.9i (124)]
(H2)AuH 1A, 1.576 3531.2 (8 0), 2192.4 (8 16)
0.807, 1.863 1268.9 (b12), 786.1 (a 2), 627.2 (b, 2), 568.8 (, 6)°
[2498.1 (0), 1553.9 (8), 899.5 (6), 559.1 (1), 446.5 (1), 404.6(3)]
(H2)AuH3; Ay 0.831, 1.847 3215.1 (26), 2348.4 (a 1), 2080.0 (8 0)
1.549¢85.8 1865.1 (b 485), 1440.8 (b 16), 910.2 (a 10)
1.646,94.2 824.3 (I, 3), 765.2 (a 2), 696.3 (b, 139), 673.1 (B 3), 564.3 (g 0), 491.9 (b, 13)

[2274.7 (3), 1664.6 (1), 1471.4 (0), 1325.6 (241), 1019.9 (9), 644.3 (5), 585.8 (1), 546.4 (1),
493.7 (71), 479.4 (2), 399.2 (0), 349.4 (6)]

aAll Cp, symmetry but AuHP Deuterium counterparts in square brackeétsnique shorter Aa-H bond.? Airplane structure with (RAu
perpendicular to Aukiplane.

TABLE 3: Structures and Frequencies Calculated at the B3LYP/6-31++G(d,p)/SDD Level for Gold Hydrides?

species state structure, A, deg frequencies; dintensities, km/mol)
AuH izt 1.546 2227.4 (15) [1579.6 (8)]
AuH, 2B, 1.619, 128.6 1995.2 (a2), 1742.1 (b, 1), 666.5 (a 23) [1412.8 (1), 1237.4 (0.3), 473.4 (17)]
AuH; A, 1.515¢87.9 2425.0 (a 17), 2096.1 (g 0), 1859.9 (b, 704)
1.646, 184.2 905.1 (a7), 861.5 (b2, 9), 374.8i (h282)
[1719.7 (8), 1482.7 (0), 1322.5 (354), 643.4 (4), 612.2 (5), 265.5i (141)]
(H2)AuH A, 1.574 3778.3 (a4), 2205.9 (g 26)
0.787, 1.902 1185.0 (b11), 702.4 (g 4), 607.9 (b2, 6), 556.0 (b11)
[2672.8 (2), 1563.7 (13), 839.1 (5), 499.5 (2), 432.7 (3), 395.2 (6)]
(H2)AuH3 A, 0.805, 1.887 3520.5 {a0), 2389.8 (g 1), 2104.1 (a 0)
1.540¢ 86.0 1873.2 (b 558), 1361.0 (b 18), 887.9 (a 10)
1.643,94.0 837.5 (b, 6), 763.5 (a 1), 704.3 (b, 163), 656.1 (k 1), 538.1 (a 0), 497.8 (b, 12)

[2490.5 (0), 1694.1 (1), 1488.4 (0), 1331.6 (278), 963.4 (10), 621.1 (5), 595.0 (3), 545.5 (1),
499.2 (83) , 467.4 (1), 380.6 (0), 353.6 (6)]

aAll Cp, symmetry but AuHP? Deuterium counterparts in square brackétsnique shorter AwrH bond.? Airplane structure with (R)Au
perpendicular to Aukiplane.

Discussion the pure deuterium matrix where the yield of JJBuD is
increased owing to the effectively high concentration of the D
reagent. The 1556.5, 939.6, and 434.8 &lmands with 0.0037,
0.0024, and 0.005 absorbances (Figure 3c) are in very good
agreement with the BPW91 predictions of 1553.9 (8), 898.5
(6), and 404.6 cm' (3 km/mol), except the lowest mode is more
intense than calculated. The weaker 1361.6 tabsorption is

due to a combination of jbfundamentals (939.6 434.8=
1374.4), where the sum of fundamentals slightly exceeds the
combination band because of anharmonicity. The observation
of a combination band supports the assignment of fundamentals
to (D2)AuD. Unfortunately, the B-D stretching fundamental

The gold hydride species will be identified based on isotopic
substitution, comparison of argon, neon, and deuterium matrix
results, and DFT calculations.

AuH. The 2226.6 and 1597.2 crh bands observed with
laser-ablated gold atoms and; ldnd D in solid argon are
slightly blue shifted from the 2218.8 and 1591.7 dnfunda-
mentals deduced for AuH and AuD from electronic band
spectra? Both data sets have the 1.394 H/D frequency ratio,
which is appropriate for a heavy metal hydride vibration. The
2226.6 and 1597.2 cm bands are invariant with HD reagent,
which shows that one H or D atom is involved in the vibration. | . .
Accordingly, the 2226.6 and 1597.2 cfnbands are assigned calculated at 2498.1 cm BPW91 with zero intensity could
to the AuH and AuD diatomic molecules in solid argon. not F’e opserve_d. ) ) )
Evidence for the formation of H atoms in these experiments is Mixed isotopic spectra further support this assignment. First,
found in the detection of HOand ARH* specie€s These HD in neon gave 2169.5 and 1561.4 chbands, down from
diatomic molecules are not trapped in solid neon owing to 2170.1 cm* for (Hz)AuH and up from 1559.0 for (B)AuD.
diffusion of H, and D» and reaction to form higher hydrides. In ~ Our BPW91 calculations predict 1.8 and 3.8 ¢nrespectively,
pure deuterium, reaction to form higher deuterides is inmediate. for these separations for (HD)AuH and (HD)AuD. Second, H

(H2)AuH. A sharp 2173.6, 2170.6 crh doublet in argon + D> in neon gave the above pure isotopic frequencies plus
appears and increases on annealing to allow diffusion,citH ~ New 1562.0 and 2163.3 cthbands. Our BPW91 calculations
the expense of AuH. A single band at 1559.3 drincreases  Predict 6.5 and 5.4 crit separations, respectively, for 4P
on annealing to allow diffusion of Pat the expense of AuD.  AuH and for (H)AuD. Third, H, + D in argon gave the
Our DFT calculations predict the strongest-Al stretching ~ SPectrum shown in Figure 1: the 2226.6 ¢nuH band and
mode for (H)AuH 56.8 cnt! (BPW91) and 21.5 crt (B3LYP) the sharp 2173.6, 2170.6 cihdoublet plus a new 2166.0,
below AuH and with greater infrared intensity. The H/D 2163.4 cntt doublet. The new doublet shifts down 7.6, 7.2@m
frequency ratio 1.394 is the same as for AuH/AuD. The bands for (D2)AuH. An analogous 1564.0 cm band was observed
shift slightly to 2170.1 and 1559.0 crhin neon. for (H2)AuD above (B)AuD at 1559.3 cm'.

Assignment of those bands to the AH stretching mode of (H2)AuH 3. The strong, sharp 1198.6 ciabsorption in pure
the stable (H)AuH moleculé®!! is further substantiated by  deuterium and the weaker 1642.0, 1182.3 targon and 1684,
observation of three fundamentals and a combination band in1207 cnt! neon H and D, counterparts are in reasonable
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agreement with the DFT prediction of a very strong b by an additional dihydrogen in the trihydride complex, reaction
antisymmetric H-Au—H stretching mode for Aukl However, 4,

AuHs is less stable than (HAuH (26—28 kcal/mol higher at

CCSD(T) level}®!! and AuHs is a transition state with an Au(S)+ Hy('E,") — AuH('Z") + H(%S) (1)
imaginary h antisymmetric bending mode. In the argon matrix

where a wide range of annealing temperature is available, the H, + AuH — (H,)AuH (2)
1642.0, 1182.4 cmt bands decrease on annealing while the

(H2)AuH absorption increases. Calculations were performed to AuH* 4+ H, — (AuH,)* — (H,)AuH (3)
find a stable complex of Aukithat might match the observed

spectrum. The N#\uH3 complex decomposed; however ofH H, + (AuHJ)* — (H,)AuH, 4
AuHgs is stable to dissociation toand Auk (7.9 kcal/mol,

B3LYP; 9.2 kcal/mol, BPW91) but higher thanH (H2)AuH  The (H,)AuHs complex is stable; apparently activation energy
(22.8 kcal/mol, B3LYP; 18.6 kcal/mol, BPW91). There is s required to break two AtuH bonds and eliminate 4to form
apparently a considerable energy barrier for,)fiHs to (H2)AuH, which is more stable by 18.6 kcal/mol (BPW91) or
eliminate H that is at least as high as the above 7.9 or 9.2 22 g kcal/mol (B3LYP). It is therefore clear why the yield of
kcal/mol binding energies. (D2)AuDs is relatively high on deposition of laser-ablated gold
The three Au-H stretching modes in the Auttransition state atoms in the pure deuterium matrix. It is interesting to note that
are changed little in the stable ffAuH; complex, but the no evidence of gold deuteride was found for sputtered gold
imaginary ki bending frequency involving the unique, short atoms in pure deuterium at 4.2%& Apparently, the sputtered
Au—H bond is real, increased by 688%, and has significant  gold atoms do not have sufficient excess energy to form gold
infrared intensity in (H)AuH; using BPW91 and B3LYP deuteride via endothermic reaction 1.
functionals. Thereby the Auftransition state is stabilized: its The contrasting yields of the three gold hydride species in
imaginary h mode is eliminated in the dihydrogen complex. argon, neon, and deuterium matrix experiments depend on
The first-given above absorptions are assigned to the strong b condensation rate at 3.5 K and the effective concentration of
antisymmetric H-Au—H stretching mode for (bJAuHs. In the the Hx(Dy) reagent. In argon AuH is isolated from,Hbn
pure deuterium experiment the new 457.0érband is half deposition but not in the more slowly condensing neon medium.
the intensity of the 1198.6 cnt band, and it is assigned to the Deuterium serves as both a reactive and an inert matrix to
above-describediibending mode. DFT calculations (Tables 2, produce and stabilize gold deuteride complexes with little
3) predict these strong;bmodes at 493.7, 499.2, and 1325.6, perturbatior?8
1331.6 cnmt! with 1:3 relative intensity, which is in very good
agreement with the bands observed in pure deuterium. Conclusions

Mixed isotopic spectra support this identification ofjH Reactions of laser-ablated gold atoms with hydrogen 4,
AuHg. First, HD in neon gave two new bands at 1831 and 1275 Hp) in excess argon and neon and in pure deuterium produced
cm™1, which decreased on annealing as did the 1684 and 1207auH and the (H)AuH and (H)AuHs complexes in increasing
cm™t pure isotopic bands. Our BPW91 calculations predict yields, respectively, in these matrix hosts. The diatomic molecule
absorptions for both ()JJAUHDH and (H)AUHDD 120 and 59 AuH absorbs at 2226.6 crhin solid argon, slightly blue shifted
cm~1 higher than the strong pure isotopic bands; the new bandsfrom the gas-phase value, and the stablg)&dH complex
147 and 68 cm' higher are in good agreement. Note that appears at 2173.6 crhon annealing to allow diffusion and
vibrations inVO'Ving the two equivalent IOnger At bonds association of KW and AuH; the higher (pAuH3z complex
do not couple with the shorter almost orthogonatAdibond. presents at 1642.0 crhon deposition. In neon (HYAUH and
Second, H + Dz in neon and argon gave both pure isotopic (H,)AuHs; give weak bands at 2170 and 1684 dnwith D,
bands and no new features. Our BPW91 calculations predict acounterparts at 1559 and 1207 ciwhich become strong
0.1 cnt* shift for (Hz)AuHzH and (H)AuH.D and asmall (0.6 1556.5 and 1198.6 cr absorptions in pure deuterium. DFT
cmY) shift for (Dz)AuHs, and no shift is observed in these bands  structure and frequency calculations confirm these assignments
(1.2 cn* half-width). Third, HD in argon gave weak bands at  and show that the Augttransition state with an imaginary b
1798 and 1252 crt that are due to both @AUHDH and (H)- bending frequency is stabilized in the f/AuH3; complex with
AuHDD complexes as discussed above. a real i bending frequency observed at 457.0 érfor (D,)-

Reaction Mechanisms.The first step in these reactions is  AuDa.
to provide excess energy to promote endothermic (29.0 kcal/
mol)! reaction 1. Gold hydrides are typically investigated in ~ Acknowledgment. We gratefully acknowledge support for
electrical discharges with hot (170C) metal vapo? which this work from NSF Grant CHE 00-78836.
can both excite gold atoms and dissociate molecular hydrogen.
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