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Reactions of laser-ablated gold atoms with hydrogen (H2, D2, HD) in excess argon and neon and in pure
deuterium produced AuH and the (H2)AuH and (H2)AuH3 complexes in increasing yields, respectively, in
these matrix hosts. The diatomic molecule AuH absorbs at 2226.6 cm-1 in solid argon, slightly blue shifted
from the gas-phase value, and the stable (H2)AuH complex appears at 2173.6 cm-1 on annealing to allow
diffusion and association of H2 and AuH. The higher (H2)AuH3 complex presents at 1642.0 cm-1 on deposition.
In neon (H2)AuH and (H2)AuH3 give weak bands at 2170 and 1684 cm-1 with D2 counterparts at 1559 and
1207 cm-1, which become strong 1556.5 and 1198.6 cm-1 absorptions in pure deuterium. DFT structure and
frequency calculations confirm these assignments and show that the AuH3 transition state with an imaginary
b1 bending frequency is stabilized in the (H2)AuH3 complex with a real b1 bending frequency observed at
457.0 cm-1 for (D2)AuD3.

Introduction

Gold hydride is a stable diatomic molecule that has been
characterized by electronic band spectroscopy in the gas phase,1,2

but there is no evidence for stable, solid gold hydrides.3

Although mononuclear gold hydride complexes are either
unknown or unstable,4 gold hydrides have been observed in
heterobimetallic complexes with ruthenium, iridium, and
platiunum.5-7 The anticipated AuH3 molecule has been the
subject of several recent theoretical investigations.8-11 Gold
trihydride was first predicted to be T-shaped from nonrelativistic
and relativistic pseudopotential calculations.8 Very recent
quantum chemical calculations9,10show that the Y-shaped (H2)-
AuH complex is more stable than the T-shaped AuH3 form.
Other very recent effective core potential calculations show that
AuH3 is a transition state with an imaginary b1 bending
frequency and agree that (H2)AuH is the stable equilibrium
structure.11 Hence, it should be possible to prepare (H2)AuH
from AuH in a solid matrix, and accordingly, we report the
first experimental evidence for higher gold hydrides.12 Gold is
also interesting because it forms unusually strong chemical
bonds due to relativistic effects.8,13,14

Experimental and Theoretical Methods

Laser-ablated gold atoms were reacted with H2, D2, and HD
in excess argon and neon and with pure deuterium during
condensation at 3.5 K using methods described previously for
platinum and palladium hydrides and gold carbonyls.15-17

Infrared spectra were recorded, samples were annealed and
irradiated, and more spectra were recorded. Complementary
density functional theory (DFT) calculations were performed
using the Gaussian 98 program, BPW91 and B3LYP density
functionals, 6-311++G(d,p) basis, and SDD pseudopotential.18-22

Results

Infrared spectra of laser-ablated gold and hydrogen reaction
products in argon, neon, and deuterium matrices, and product

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

Argon. Co-deposition of laser-ablated gold atoms with H2

in excess argon at 3.5 K produced a weak 2226.6 cm-1 band
that increased on annealing to 15 K and then decreased on 25
K annealing while a 2173.6, 2170.6 cm-1 doublet is formed
and increased (Figure 1). These bands shift to 1597.2 and 1559.3
cm-1 with D2. In the lower region (not shown) a weak 1642.0
cm-1 band was not changed on 15 K annealing but disappeared
on photolysis; the deuterium counterpart was observed at 1182.3
cm-1.

Using H2 + D2 mixtures, the 2226.6 and 1597.2 cm-1 bands
for AuH and AuD are unchanged, but new bands appear at
2166.2, 2163.4, and 1564.0 cm-1; the upper region is also shown
in Figure 1. The same 1642.0 and 1182.3 cm-1 bands were also
observed.* E-mail: lsa@virginia.edu.

Figure 1. Infrared spectra of products of laser-ablated gold and
hydrogen reactions in excess argon frozen at 3.5 K: (a) 5% H2 in argon
co-deposited for 60 min, (b) after annealing to 15 K, (c) after annealing
to 20 K, (d) after annealing to 30 K, (e) 4% H2 + 4% D2 in argon
co-deposited for 80 min, (f) after annealing to 17 K, and (g) after
annealing to 25 K.
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Neon.Gold atoms with H2 in excess neon at 3.5 K gave new
product bands at 2170.1 cm-1 with a 2167.9 cm-1 shoulder
(Figure 2). This band sharpened and decreased on annealing
while weak bands at 2083 and 1986 cm-1 increased slightly
and a sharp 2025.5 cm-1 band increased markedly on annealing.
A sharp 2198.0 cm-1 band tracked with the 2025.5 cm-1 band
in this and other gold experiments: these bands will be assigned
to a low electronic transition of Au3 in a later paper.23 The
2053.2 cm-1 feature is due to AuCO from the trace CO
impurity.17 A weak band was observed at 1684 cm-1, which
decreased on annealing.

All of the above bands shifted with D2 substitution, and the
D2 counterparts are listed in Table 1. Mixed H2 + D2 gave new
features at 2163.3 and 1561.8 cm-1 and the same 1684 and 1207
cm-1 bands as observed separately with H2 and D2 in neon.
The latter features exhibited intermediate counterparts with
HD: new absorptions observed at 1831 and 1275 cm-1 (A )
0.005) decreased on annealing like the 1684 and 1207 cm-1

pure isotopic bands. Weak bands were also found at 2169.5
and 1561.4 cm-1 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-1 band with 1213.7, 1212.2, and 1206.1
cm-1 satellites and broader features at 1556.5 and 939.6 cm-1.
The 1198.6 cm-1 band increased 20% on broadband photolysis
while the 1556.5 and 939.6 cm-1 absorptions increased 150%.

Annealing and photolysis behavior enabled a weaker 457.0 cm-1

band to be associated with the sharp 1198.6 cm-1 band and
weaker 1361.6 and 434.8 bands to be grouped with the 1556.5
and 939.6 cm-1 absorptions.

Calculations. A complete set of DFT calculations using
BPW91 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 BPW91 level are illustrated
in Figure 4. The most important new result is that the AuH3

transition state with an imaginary b1 frequency, the motion
which converts AuH3 to the more stable (H2)AuH form, is
stabilized with virtually the same structure and Au-H stretching
frequencies as in the (H2)AuH3 complex with all real frequen-
cies. The H-Au-H′ angle is decreased from 91.9° to 85.8°
and the Au-H′ bond length is increased slightly by the
interaction with H2 in the new (H2)AuH3 complex.

Figure 2. Infrared spectra of products of laser-ablated gold and
hydrogen reactions in excess neon frozen at 3.5 K: (a) 5% H2 in neon
co-deposited for 60 min, (b) after annealing to 7 K, (c) afterλ > 380
nm irradiation, (d) afterλ > 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

argon neon

H2 D2 H2 D2

deuterium
D2 identification

2226.6 AuH
1597.2 AuD

2173.6, 2170.6 2170.1, 2167.9 (H2)AuH
1559.3 1559.0 1556.5 (D2)AuD

2076 1485 2083 1498 1493 AuxH, AuxD
2037.7 2037.7 2053.2 2053.2 2051 AuCO

2025.5 2025.5 Au3
1986 1433 AuxH

1642 1684 (H2)AuH3

1182 1207 1198.6 (D2)AuD3

1361.6 (D2)AuD
939.6 (D2)AuD
457.0 (D2)AuD3

434.8 (D2)AuD

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) afterλ > 240 nm irradiation, (d) after annealing to 8 K, (e) after
annealing to 9 K, and (f) after a secondλ > 240 nm irradiation.

Figure 4. Structures calculated at the BPW91/6-311++G(d,p)/SDD
level for gold hydrides and complexes (bond distances in angstroms,
angles in degrees).
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Discussion

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 cm-1 bands observed with
laser-ablated gold atoms and H2 and D2 in solid argon are
slightly blue shifted from the 2218.8 and 1591.7 cm-1 funda-
mentals deduced for AuH and AuD from electronic band
spectra.1,2 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-1 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 cm-1 bands are assigned
to the AuH and AuD diatomic molecules in solid argon.
Evidence for the formation of H atoms in these experiments is
found in the detection of HO2 and ArnH+ species.25 These
diatomic molecules are not trapped in solid neon owing to
diffusion of H2 and D2 and reaction to form higher hydrides. In
pure deuterium, reaction to form higher deuterides is immediate.

(H2)AuH. A sharp 2173.6, 2170.6 cm-1 doublet in argon
appears and increases on annealing to allow diffusion of H2 at
the expense of AuH. A single band at 1559.3 cm-1 increases
on annealing to allow diffusion of D2 at the expense of AuD.
Our DFT calculations predict the strongest Au-H stretching
mode for (H2)AuH 56.8 cm-1 (BPW91) and 21.5 cm-1 (B3LYP)
below AuH and with greater infrared intensity. The H/D
frequency ratio 1.394 is the same as for AuH/AuD. The bands
shift slightly to 2170.1 and 1559.0 cm-1 in neon.

Assignment of those bands to the Au-H stretching mode of
the stable (H2)AuH molecule10,11 is further substantiated by
observation of three fundamentals and a combination band in

the pure deuterium matrix where the yield of (D2)AuD is
increased owing to the effectively high concentration of the D2

reagent. The 1556.5, 939.6, and 434.8 cm-1 bands 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-1 (3 km/mol), except the lowest mode is more
intense than calculated. The weaker 1361.6 cm-1 absorption is
due to a combination of b1 fundamentals (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 D-D stretching fundamental
calculated at 2498.1 cm-1 BPW91 with zero intensity could
not be observed.

Mixed isotopic spectra further support this assignment. First,
HD in neon gave 2169.5 and 1561.4 cm-1 bands, down from
2170.1 cm-1 for (H2)AuH and up from 1559.0 for (D2)AuD.
Our BPW91 calculations predict 1.8 and 3.8 cm-1, respectively,
for these separations for (HD)AuH and (HD)AuD. Second, H2

+ D2 in neon gave the above pure isotopic frequencies plus
new 1562.0 and 2163.3 cm-1 bands. Our BPW91 calculations
predict 6.5 and 5.4 cm-1 separations, respectively, for (D2)-
AuH and for (H2)AuD. Third, H2 + D2 in argon gave the
spectrum shown in Figure 1: the 2226.6 cm-1 AuH band and
the sharp 2173.6, 2170.6 cm-1 doublet plus a new 2166.0,
2163.4 cm-1 doublet. The new doublet shifts down 7.6, 7.2 cm-1

for (D2)AuH. An analogous 1564.0 cm-1 band was observed
for (H2)AuD above (D2)AuD at 1559.3 cm-1.

(H2)AuH3. The strong, sharp 1198.6 cm-1 absorption in pure
deuterium and the weaker 1642.0, 1182.3 cm-1 argon and 1684,
1207 cm-1 neon H2 and D2 counterparts are in reasonable

TABLE 2: Structures and Frequencies Calculated at the BPW91/6-311++G(d,p)/SDD Level for Gold Hydridesa

species state structure, Å, deg frequencies, cm-1 (intensities, km/mol)

AuH 1Σ+ 1.542 2250.5 (4) [1596.0 (2)]b

AuH2
2B2 1.619, 129.1 2003.8 (a1, 1), 1758.0 (b1, 1), 666.5 (a1, 25) [1418.9 (1), 1248.7 (0), 473.4 (12)]b

AuH3
1A1 1.519,c 88.1 2405.5 (a1, 23), 2066.8 (a1, 0), 1846.1 (b1, 634)

1.650, 176.2 897.1 (a1, 5), 854.3 (b2, 6), 414.2i (b1, 247)
[1707.9 (11), 1459.5 (0), 1310.4 (318), 637.9 (2), 607.4 (3), 293.9i (124)]b

(H2)AuH 1A1 1.576 3531.2 (a1, 0), 2192.4 (a1, 16)
0.807, 1.863 1268.9 (b1, 12), 786.1 (a1, 2), 627.2 (b2, 2), 568.8 (b1, 6)c

[2498.1 (0), 1553.9 (8), 899.5 (6), 559.1 (1), 446.5 (1), 404.6 (3)]b

(H2)AuH3
1A1 0.831, 1.847 3215.1 (a1, 6), 2348.4 (a1, 1), 2080.0 (a1, 0)

1.549,c 85.8 1865.1 (b1, 485), 1440.8 (b1, 16), 910.2 (a1, 10)
1.646, 94.2d 824.3 (b2, 3), 765.2 (a1, 2), 696.3 (b1, 139), 673.1 (b2, 3), 564.3 (a2, 0), 491.9 (b1, 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)]b

a All C2V symmetry but AuH.b Deuterium counterparts in square brackets.c Unique shorter Au-H bond.d Airplane structure with (H2)Au
perpendicular to AuH3 plane.

TABLE 3: Structures and Frequencies Calculated at the B3LYP/6-311++G(d,p)/SDD Level for Gold Hydridesa

species state structure, Å, deg frequencies, cm-1 (intensities, km/mol)

AuH 1Σ+ 1.546 2227.4 (15) [1579.6 (8)]b

AuH2
2B2 1.619, 128.6 1995.2 (a1, 2), 1742.1 (b1, 1), 666.5 (a1, 23) [1412.8 (1), 1237.4 (0.3), 473.4 (17)]b

AuH3
1A1 1.515,c 87.9 2425.0 (a1, 17), 2096.1 (a1, 0), 1859.9 (b1, 704)

1.646, 184.2 905.1 (a1, 7), 861.5 (b2, 9), 374.8i (b1, 282)
[1719.7 (8), 1482.7 (0), 1322.5 (354), 643.4 (4), 612.2 (5), 265.5i (141)]b

(H2)AuH 1A1 1.574 3778.3 (a1, 4), 2205.9 (a1, 26)
0.787, 1.902 1185.0 (b1, 11), 702.4 (a1, 4), 607.9 (b2, 6), 556.0 (b1, 11)

[2672.8 (2), 1563.7 (13), 839.1 (5), 499.5 (2), 432.7 (3), 395.4 (6)]b

(H2)AuH3
1A1 0.805, 1.887 3520.5 (a1, 0), 2389.8 (a1, 1), 2104.1 (a1, 0)

1.540,c 86.0 1873.2 (b1, 558), 1361.0 (b1, 18), 887.9 (a1, 10)
1.643, 94.0d 837.5 (b2, 6), 763.5 (a1, 1), 704.3 (b1, 163), 656.1 (b2, 1), 538.1 (a2, 0), 497.8 (b1, 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)]b

a All C2V symmetry but AuH.b Deuterium counterparts in square brackets.c Unique shorter Au-H bond.d Airplane structure with (H2)Au
perpendicular to AuH3 plane.
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agreement with the DFT prediction of a very strong b1

antisymmetric H-Au-H stretching mode for AuH3. However,
AuH3 is less stable than (H2)AuH (26-28 kcal/mol higher at
CCSD(T) level)10,11 and AuH3 is a transition state with an
imaginary b1 antisymmetric bending mode. In the argon matrix
where a wide range of annealing temperature is available, the
1642.0, 1182.4 cm-1 bands decrease on annealing while the
(H2)AuH absorption increases. Calculations were performed to
find a stable complex of AuH3 that might match the observed
spectrum. The Ne2AuH3 complex decomposed; however, (H2)-
AuH3 is stable to dissociation to H2 and AuH3 (7.9 kcal/mol,
B3LYP; 9.2 kcal/mol, BPW91) but higher than H2 + (H2)AuH
(22.8 kcal/mol, B3LYP; 18.6 kcal/mol, BPW91). There is
apparently a considerable energy barrier for (H2)AuH3 to
eliminate H2 that is at least as high as the above 7.9 or 9.2
kcal/mol binding energies.

The three Au-H stretching modes in the AuH3 transition state
are changed little in the stable (H2)AuH3 complex, but the
imaginary b1 bending frequency involving the unique, short
Au-H bond is real, increased by 68-88%, and has significant
infrared intensity in (H2)AuH3 using BPW91 and B3LYP
functionals. Thereby the AuH3 transition state is stabilized: its
imaginary b1 mode is eliminated in the dihydrogen complex.
The first-given above absorptions are assigned to the strong b1

antisymmetric H-Au-H stretching mode for (H2)AuH3. In the
pure deuterium experiment the new 457.0 cm-1 band is half
the intensity of the 1198.6 cm-1 band, and it is assigned to the
above-described b1 bending mode. DFT calculations (Tables 2,
3) predict these strong b1 modes at 493.7, 499.2, and 1325.6,
1331.6 cm-1 with 1:3 relative intensity, which is in very good
agreement with the bands observed in pure deuterium.

Mixed isotopic spectra support this identification of (H2)-
AuH3. First, HD in neon gave two new bands at 1831 and 1275
cm-1, which decreased on annealing as did the 1684 and 1207
cm-1 pure isotopic bands. Our BPW91 calculations predict
absorptions for both (H2)AuHDH and (H2)AuHDD 120 and 59
cm-1 higher than the strong pure isotopic bands; the new bands
147 and 68 cm-1 higher are in good agreement. Note that
vibrations involving the two equivalent longer Au-H bonds
do not couple with the shorter almost orthogonal Au-H bond.
Second, H2 + D2 in neon and argon gave both pure isotopic
bands and no new features. Our BPW91 calculations predict a
0.1 cm-1 shift for (H2)AuH2H and (H2)AuH2D and a small (0.6
cm-1) shift for (D2)AuH3, and no shift is observed in these bands
(1.2 cm-1 half-width). Third, HD in argon gave weak bands at
1798 and 1252 cm-1 that are due to both (H2)AuHDH and (H2)-
AuHDD complexes as discussed above.

Reaction Mechanisms.The first step in these reactions is
to provide excess energy to promote endothermic (29.0 kcal/
mol)1 reaction 1. Gold hydrides are typically investigated in
electrical discharges with hot (1700°C) metal vapor,2 which
can both excite gold atoms and dissociate molecular hydrogen.
Here laser-ablated gold atoms have sufficient excess energy26

to drive reaction 1. The small growth of AuH on first annealing
is due to Au + H atom combination as H(D) atoms are
manifested in trace quantities of other species.24,25 The (H2)-
AuH complex is formed spontaneously in exothermic (-5.7
kcal/mol, B3LYP; -6.2 kcal/mol, BPW91;-13 kcal/mol,
CCSD(T)10) reaction 2 on annealing the argon matrix to allow
diffusion of H2.

Collision of energetic AuH molecules from reaction 1 and
H2 during sample deposition can form the AuH3 transition state
(26-28 kcal/mol higher than (H2)AuH at the CCSD(T) level),10,11

reaction 3,which would rearrange to (H2)AuH if not stabilized

by an additional dihydrogen in the trihydride complex, reaction
4.

The (H2)AuH3 complex is stable; apparently activation energy
is required to break two Au-H bonds and eliminate H2 to form
(H2)AuH, which is more stable by 18.6 kcal/mol (BPW91) or
22.8 kcal/mol (B3LYP). It is therefore clear why the yield of
(D2)AuD3 is relatively high on deposition of laser-ablated gold
atoms in the pure deuterium matrix. It is interesting to note that
no evidence of gold deuteride was found for sputtered gold
atoms in pure deuterium at 4.2 K.27 Apparently, the sputtered
gold atoms do not have sufficient excess energy to form gold
deuteride via endothermic reaction 1.

The contrasting yields of the three gold hydride species in
argon, neon, and deuterium matrix experiments depend on
condensation rate at 3.5 K and the effective concentration of
the H2(D2) reagent. In argon AuH is isolated from H2 on
deposition but not in the more slowly condensing neon medium.
Deuterium serves as both a reactive and an inert matrix to
produce and stabilize gold deuteride complexes with little
perturbation.28

Conclusions

Reactions of laser-ablated gold atoms with hydrogen (H2, D2,
HD) in excess argon and neon and in pure deuterium produced
AuH and the (H2)AuH and (H2)AuH3 complexes in increasing
yields, respectively, in these matrix hosts. The diatomic molecule
AuH absorbs at 2226.6 cm-1 in solid argon, slightly blue shifted
from the gas-phase value, and the stable (H2)AuH complex
appears at 2173.6 cm-1 on annealing to allow diffusion and
association of H2 and AuH; the higher (H2)AuH3 complex
presents at 1642.0 cm-1 on deposition. In neon (H2)AuH and
(H2)AuH3 give weak bands at 2170 and 1684 cm-1 with D2

counterparts at 1559 and 1207 cm-1, which become strong
1556.5 and 1198.6 cm-1 absorptions in pure deuterium. DFT
structure and frequency calculations confirm these assignments
and show that the AuH3 transition state with an imaginary b1

bending frequency is stabilized in the (H2)AuH3 complex with
a real b1 bending frequency observed at 457.0 cm-1 for (D2)-
AuD3.
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