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Laser-ablated coinage metal atom reactions witinHexcess argon, neon, and pure hydrogen are investigated
through matrix infrared spectroscopy. The reaction products are identified by isotopic substitutiéiD(D
and H + D,) and verified by DFT calculations of vibrational fundamentals. The MH argiMH molecules

are observed for all group 11 metals, and the trihydride comple)A{HH; is stabilized in pure hydrogen.
The (H)CuH and (H)AgH complexes exhibit weak HH stretching fundamentals at 3805.9 and 3566.6
cm ! and strong CuH and Ag—H stretching modes at 1861.4 and 1742.6 &mespectively. In addition,
(H2)CuH reacts further with Cu to give hfCuHCu, and Au?P) inserts to form Auklin pure hydrogen. The
cluster hydrides WH and Mp,H™ anions are also formed in these experiments.

Introduction systems for relativistic effects. Various theoretical methods have
been employed to study the ground-state properties and com-
parisons of spectroscopic parameters were given to understand
the bonding and perturbation of electronic stdtes.

In this paper, we present a matrix infrared investigation of
laser-ablated copper and silver atom reactions with hydrogen
absorption spectrum of CuH has been tentatively identified in N argon, neon, purgj;lDz, qnd HD matrices. The structures,

vibrational frequencies, and infrared intensities of metal hydrides

sunspots and carbon stabsThe CuH and CuD diatomic . . . I
) and complexes are confirmed by isotopic substitution and DFT
molecules have been observed in a copper hollow cathode lamp

; P . o calculations. The reactions of laser-ablated gold and hydrogen
in a flow of Hy/Ne or Dy/Ne, vibration-rotation emission spectra in pure H, Hy -+ Dy, and HD are also included for comparison

of CuH have been recorded, and the-& stretching funda- P et P :
mental vibration measured as 1866.4 ¢ All of the diatomic
coinage metal hydrides and deuterides have been detected b
vibration—rotation emission spectroscopy using a carbon-tube  The experiments for reactions of laser-ablated copper, silver,
furnace?® The infrared absorption of CuH has also been and gold atoms with small molecules during condensation in
observed in low-temperature matrices through hollow-cathode excess argon and neon have been described in detail previously.
discharge in argon and irradiation of reagents in krygtdhe The Nd:YAG laser fundamental (1064 nm, 10 Hz repetition
ALZt — X1+ emission of AgH in the region 21 253 300 rate with 10 ns pulse width) was focused onto rotating metal
cm!was investigated in 1931and the results are summarized targets (Johnson Matthey), and the laser energy was varied from
by Huber and Herzberg.The AZ* state was found to be 10 to 20 mJ/pulse. Laser-ablated metal atoms were co-deposited
strongly perturbed by higher excited statésowever, there has  with hydrogen (1 to 5%) in excess argon, neon or pure hydrogen
been no low-temperature matrix work done for silver hydrides onto a 3.5 K Csl window at-53 mmol/hour for 60 or 30 min.

to the best of our knowledge. Recently, gold hydrides were Hydrogen, deuterium (Matheson), HD (Cambridge Isotopic
investigated using laser-ablated atomic Au as a reagent, andLaboratories), and selected mixtures were used in different

The coinage metal hydrides have been intensively studied
for many years both experimentally and theoretically because
the activation of molecular hydrogen by late transition metals
is important to understanding heterogeneous catalysis. Although
copper hydride forms a stable solid-state compotinthe

)I/Experimental and Computational Methods

the metal hydrides and hydrogen complexes AuH;)ftdH, experiments. FTIR spectra were recorded at 0.5'amsolution
and (H)AuHs have been observed in excess argon, neon, andon Nicolet 750 with 0.1 cm! accuracy using an HgCdTe
pure deuteriund. detector. Matrix samples were annealed at different temperatures

Computational investigations of coinage metal hydrides have and subjected to broadband photolysis by a medium-pressure
been done, in part, because these molecules serve as prototypeercury arc lamp (Philips, 175W) with the globe removed.
DFT (density functional theory) calculations of metal hydrides
* Corresponding author. E-mail: Isa@virginia.edu. and hydrogen complexes are given for comparison. The Gauss-
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Figure 1. A. Infrared spectra in the 19361470 and 13861060 cnm! CuH Cuglf- Culy | | k)
regions for laser-ablated copper co-deposited with isotopic dihydrogen * ~~A @
molecules in excess argon at 3.5 K for 60 min periods: (a) for 5% H 0.00 T i .l M/A'
(b) after annealing to 15 K; (c) after > 240 nm photolysis for 15 1800 1600 1400 1200 1000 800 600
min; (d) after annealing to 20 K; (e) for 5% HD,; (f) after annealing to N
19 K; (g) afterA > 240 nm photolysis for 15 min; (h) after annealing Wavenumbers (cm )
to 19 K; (i) for 5% Dy; (j) after annealing to 15 K; (k) aftet > 240 Figure 3. Infrared spectra in the 1960120 cnt? region for laser-

nm photolysis for 15 min; (I) after annealing to 20 K. B. Infrared spectra aplated copper reaction products in pure normal hydrogen and deuterium
in the 926-600 cnT? region for laser-ablated copper co-deposited with gt 3.5 K: (a) after co-deposition of Cu and pure fdr 25 min; (b)
isotopic dihydrogen molecules in excess argon at 3.5 K for 60 min after annealing to 6.0 K; (c) aftet > 240 nm photolysis; (d) after

periods: (a) for 5% Kt (b) after annealing to 15 K; (c) for 4% annealing to 6.5 K; (e) after co-deposition of Cu and pugefdd 25
4% Dy; (d) after annealing to 15 K; (e) for 5% HD; (f) after annealing  min; (f) after annealing to 7.0 K; (g) aftér > 240 nm photolysis; (h)
to 19 K; (g) for 5% D; (h) after annealing to 15 K. after annealing to 8.0 K.

ian 98 prograr was employed to calculate the structures and
frequencies of expected molecules. The 6-8%15(d,p) basis
set for H and SDD and LANL2DZ pseudopotentials for copper,
silver, and gold atoms were ustdAll geometrical parameters
were fully optimized with the BPW91 and B3LYP function-
als1?13 The BPW91 functional has been recommended for
coinage-metal compound&Analytical vibrational frequencies
were obtained at the optimized structures.

1862.5 cmi! were observed on deposition, and the weak band
was enhanced on annealing, but reduced by full-arc photolysis
in favor of the strong band. Further annealing to 30 K increased
the 1862.5 cm! band and decreased the 1879.8 érband
(Figure 1). Deuterium counterparts appeared at 1354.9 and
1343.2 cmi?, respectively. On annealing t® X a sharp band
at 841.2 cm! was produced, which shifts to 622.9 thwith
deuterium substitution. The absorptions due §piAand ApD™*
were observed in all argon matrix experimettsweaker
photosensitive absorptions at 1497.2 and 1089 #'cidentified
Infrared spectra of reaction products recorded in argon, neon,as CuH~ and CuD™ in Figure 1 and Table 1, will be discussed
and pure H, Dy, and HD at 4 K are presented, and DFT fully in another report® The weak 1572.8 cmt band is in
calculations are used to support the product identifications from agreement with the previous assignment to a GO{)-tomplex,
vibrational frequencies. which gives way to a weak 1911 crh (HCuOH) band on
Cu + Ha. Infrared spectra in the CtH and Cu-D stretching photolysist® This band is observed at 1577.2 chin solid neon
regions are shown in Figures—B for laser-ablated Cu atom  (Figure 2).
reactions with Hin excess argon, neon and purgahd D,. In The Cu-H stretching frequencies in excess neon show re-
solid argon a strong band at 1879.8 dnand a weak band at  verse intensity features: two bands appeared at 1889.9 and

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

and Hydrogen

argon neon hydrogen
H, HD D, H, HD D, H, HD D, identification
3566.6 (H)CuH
2582.0 (D)CuD
2208.7 (B)CuDCu
1894.4 1894.4 CuH (site)
1879.8 1879.8 1889.9 1889.9 CuH
1354.9 1354.9 1362.2 1362.2 CuD
1862.5 1862.7 1869.1 1869.1 1861.4 1865.5 2)QdH
1343.0 1343.2 1346.4 1344.9 1345.4 1341.6 2)@D
1821 CuH
1627.1 1630 CuCuH
1194.8 CuCuD
1497.2 1497.2 1529.5 1517.8 CyH
1566.9 1586.7 CuHD
1122.7 1137.6 CuHD
1089.4 1089.4 1116.5 1107.3 CyD
1270.8 1284.3 (HCuHCu
912.8 913.7 (B)CuDCu
841.2 890.6 847.3 847.3 845.3 885.6 2fEuHCu
862.5 844.8 (HD)CuHCu
645.2 657.6 655.4 (HD)CuDCu
622.9 622.9 628.2 628.2 627.3 626.2 2{©uDCu
637.5 CwH,
636.5 CuH
441 424 (H)CuH
573.1 CuHD
458.5 Cub

1869.1 cnt on deposition, but the latter is much stronger than bands, identified as Agit and AgDy~ in Table 2, will be
the former, indicating that the 1869.1 chband is favored by considered in a separate papeRure HD gave two strong
more diffusion in the neon matrix (Figure 2). The analogous absorptions at 1748.6 and 1255.4¢m

Cu—D stretching frequencies are listed in Table 1. _ Au + H,. Gold atoms were co-deposited with pure hydrogen,
In pure H, one strong band was observed in the upper region oy technically possible in our laboratory, to compare with
at 1861.4 cm? Wlth an associated weaker apsorptlon at 3566.6 previous deuterium experimeritslthough the product yield
cm™?, which shift to 2582.0 and 1341.6 crin pure D;, and 55 |ess using necessarily lower laser energy, several important
a lower associated band is found ip &t 441 c™. In addition, absorptions were observed as listed in Table 3 and shown in
ultraviolet irradiation increased a new band at 636.5 twith Figure 6. New 2164.0 and 1661.5 chbands are counterparts

D counterpart at 458.5 cm (Figure 3). With B + Do broad 6 pure deuterium product bands at 1556.5 and 11986 cm
bands are centered at 1863 and 1343 %rout pure HD gave In addition. new 1283.2. 638.1. and 576.0 @nbands are
sharp counterparts at 1865.5 and 1345.4%calong with a weak ' - o '

573.1 cnm® band. A 844.9 cm! band in pure Hand a 626.2
cm~1 band in pure Rappeared on deposition and increased on
sequential annealing in the lower region.

Ag + H,. Laser-ablated silver atom reactions with 0.06- (2
excess argon at 3.5 K gave a weak band at 1717:6,anhich
decreased on annealing to 20 K, and a weak absorption at 1735.8 "____J'M/\_/\(f) 0.06 _‘«_,\M\__“(_f)
cm™, which increased on annealing to 20 K, while a new band il ’

(Hy)AgH ‘

AgH

(HD)AgH (ED)ASD

was produced at 1746.5 cth With full-arc photolysis the 0.04
1746.5 cm?! band decreased and the 1717.0 “énband
increased, but this reversed on subsequent annealing to 30 K
(Figure 4). A new band appeared at 1691.9 ¢mn annealing ©
to 30 K. The deuterium counterparts for these bands were found< 0.02 @

Ag,H

sorbance

0.04-

at 1233.8, 1247.2, 1257.6, and 1216.3énsimilar absorptions s o)
were observed in neon matrix experiments (Table 2). """*‘-/\"\-M-—-—N(*b) _

Pure H and D, experiments gave more impressive results, MMM./- O
which are compared in Figure 5. New bands are observed at N A D 002 NA D

3805.9, 1742.6, 1691.5, 1523, and 1442.4 knn pure 1740 1680 1220
hydrogen. Photolysisi(> 290 nm) destroyed the 1523 cin
peak, increased the 1442.4 chband by 20% and doubled the
1691.5 cm! absorption (not shown). The former two bands Figure 4. Infrared spectra for laser-ablated silver reaction products
increased and the latter absorptions disappeared on full arcWith isotopic hydrogen in excess argon at 3.5 K: (a) for 5%it

. . . argon co-deposited for 60 min; (b) after annealing to 20 K; (c) dfter
photolysis. A weak 2736.3 cm band increased with the strong 2 240 nm photolysis: (d) after annealing to 25 K. () for 4% HD in

1255.7 cmr* absorption on 240 nm photolysis in pure deuterium  4rgon: () after annealing, photolysis, and annealing to 25 K: (g) for
whereas the 1045.9 crthband decreased and the weak 1101.0 59 D, in argon; (h) after annealing to 20 K; (i) aftér> 240 nm

cm! absorption disappeared. The 1442.4 and 1045.9'cm photolysis; (j) after annealing to 25 K.

1800 1280

-1
Wavenumbers (cm )
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TABLE 2: Infrared Absorptions (cm ~1) Observed from Reactions of Silver Atoms and Dihydrogen in Excess Argon, Neon, and

Hydrogen
argon neon hydrogen
H, HD D, H, D, H, HD D, identification
3805.9 (H)AgH
3367.1 (HD)AgH, (HD)AgD
2736.3 (D)AgD
1764.0 1269.2 1767.7 gH site
1746.5 1748.2 1750.8 1742.6 1748.6 2QH
1256.9 1257.6 1264.3 12554 1255.7 2D
1735.8 1735.8 (H2)AgH site
1247.4 1247.2 (D2)AgD site
1717.0 1717.0 1692 AgH
1233.8 1233.8 AgD
1691.9 1691.9 1699 1692 AgAgH
1216.3 1216.3 1222 1218 AgAgD
1684.8 AgH
1211.8 Ag,D
- 1516 1523 1523 AgAgH
1097 1101 AgAgD
1427.5 14275 1460 1442.4 AgH
1496.8 AgHD~
1068.9 AgHD~
1032.3 1032.3 1053 1045.9 AgD
1324.1 1320.9 AgHAgY
957.3 955.9 AgDAg

TABLE 3: Infrared Absorptions (cm ~1) Observed from Reactions of Gold Atoms with Pure Dihydrogen Isotopic Molecules

H, HD H,+ D> D, identification
3026.0, 3022.3 (HD)AuH, (HD)AuD
2164.0 2162.7 2163.6, 2156.5 AAuH, (HD)AuUH, (D2)AuH
1555.2 1560.9, 1555.7 1556.5 (HD)AuD,{uD, (D;)AuD
2082 AuAuH
1493 AuAuD
1991.7 1991.7 AuAuH
1434.5 1434.5 AUuAuD
1678.8 AuH,4 site
1676.4 AuH,~
1666.8 (H2)AuHs site
1205.9 (B)AuDs site
1661.5 1821.4 1663.7 @AUH;
1267.1 1197.0 1198.6 @AuDs
1840.4 1681.3 AubD,~
1280.4 1211.3 AubD,~
1213.6 AuD™ site
1212.2 AuD~
1636.0 AuH,~
1182.3 AuD~
1283.2 (H2)AuH
939.6 (D)AuD
638.2 AuH;
570.6 AuHD
457.0 AuD
576.0 (Hz)AuH
434.8 (D)AuD

counterpart to deuterium product bands at 939.6, 457.0, andsurface cooled to about 3 K by a cryogenerator (Cryomech
434.8 cni™, The weaker 1676.4 cmh and deuterium counterpart
1212.2 cnrt bands will be identified as Auld and AuDy~
anions in a subsequent repdttA pure H, + D, experiment
gave slightly shifted doublets at 2163.7, 2156.6 érand at
1561.0, 1556.3 cm with relative band areas of 5/1 and weaker
bands at 1663.8 and 1197.9 chwith relative band areas of
3/1. Finally, related absorptions were also observed with pure absorption was observed on sample deposition: This band
HD at 2162.7 and 1555.2 crhand at 1821.4 and 1267.1 cip
which are illustrated in Figure 6 and listed in Table 3. In
addition, new 3026.0, 3022.3 cthand very weak bands were
observed at 1660.5 and 1195.4¢mA weak 570.6 cm? band
increased on 240 nm photolysis and on 7.0 K annealing.
Complementary hydrogen matrix experiments were performed of D, (FP 18.6 K) gave a clear tan sample. Photolysis at 265
with ultraviolet photolysis of thermal gold atoms on a copper nm produced strong new bands at 1556.6, 457.0, and 4345 cm

PT405)7.18 Normal hydrogen (deuterium) (3 mmol) was co-
deposited for 30 min with thermal gold atoms monitored by a
microbalance. The first hydrogen experiment, owing to the less
efficient condensation of H(FP 14.0 K) resulted in a dark
brown sample; however, no Awas detected in the vibronic
transition near 2000 cm.’® A very weak 2164.2 cmt

increased markedly on 265 nm photolysis and 1314.6, 638.1,
and 575.8 cm! bands appeared. Annealing to 6.0 K produced
no changes in the spectrum, and annealing to 6.5 K allowed
the H, sample to evaporate. The next deposition employed
deuterium at the same rates, but the more efficient condensation
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Figure 5. A. Infrared spectra in the 3858700 and 18001400 cn1?
regions for laser ablated silver co-deposited with pure hydrogen at 3.5  0.004 I i ©

K: (a) after co-deposition of Ag and pure;Hor 25 min; (b) after
annealing to 6.0 K; (c) aftet > 240 nm photolysis; (d) after annealing B
to 6.6 K. B. Infrared spectra in the 286@700 and 1306920 cnm?

regions for laser ablated silver co-deposited with pure deuterium at Figure 7. A. Infrared spectra in the 22661180 cnt?! region for
3.5K: (a) after co-deposition of Ag and pure fér 25 min; (b) after thermally evaporated gold co-deposited with hydrogen on a copper
annealing to 6.0 K; (c) aftet > 240 nm photolysis; (d) after annealing  surface near 3 K. Plotted spectra are difference spectrum after 265 nm

T T
650 600 550 500 450 400

Wavenumbers (cm”)

to 6.6 K; (e) after co-deposition of Ag and pure Fbr 25 min; (f) dielectric spike filter resonance photolysis minus spectrum of deposited
after annealing to 6.5 K; (g) aftetr > 240 nm photolysis; (h) after  sample before photolysis. Thedenotes HO. Spectra recorded at 0.1
annealing to 7.5 K. cm! resolution on MCTA detector for (a) 1(b) H, + D, and (c)

D,. B. Infrared spectra in the 650100 cnt?! region for samples
and a weak new band at 1205.9 Th{A = 0.003), which are described in Figure 7A caption. Spectra recorded at 0.1 casolution
illustrated in Figure 7, parts A and B, as the difference between on a bolometer detector for (a)Hb) H + D2, and (c) D.
after and before photolysis. Another weak band at 939.8'cm
(A = 0.025) is not shown. 2164.2 cnt, medium 1314.6, 638.1, and 575.8 chhand very

Another hydrogen experiment with 50% as much gold gave weak 1666.8 cm* (A = 0.001) absorptions shown in Figure
a clear tan sample: 265 nm photolysis produced the strong7A. A final experiment with 50% kl+ 50% D, and the lower
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gold deposition produced more absorptions: The middle spectrais coplanar. We note that gh#AgH; is 33 kcal/mol (BPW91)

show the 2163.9, 2156.8, 1561.0, 1566.0 émuartet and new
637.4,575.2, 560.2, and 434.4 chabsorptions. The two higher

or 39 kcal/mol (B3LYP) higher energy than,H (Hz)AgH.
Structures for silver hydrides are shown in Figure 8. Since silver

bands in the quartet are five times stronger than the two lower appears to cluste?, calculations were also done for AgAgH,

bands. In these more dilute gold experiments the Auwétlo is
estimated to be about 1/1000.

Calculations. DFT calculations were done for copper
hydrides using two functionals, and the SDD pseudopotential
for copper, and the results are summarized in Table 4.
All-electron calculations for the smaller copper hydrides using
the 6-311+G(d,p) basis sets gave similar results. The ground
state of CuH is predicted to &+ with 1.477 A bond length
and 1909.1 cm! harmonic frequency at the BPW91/6-
311++G(d,p) level of theory. This calculation is very close to

Ag—H—Ag, and their anions.

Computations were done for gold hydrides in our earlier
work,” and here we report new calculations for AUAuH, AuHAuU
and their anions (Table 6), which find the AuAuH forms to be
more stable. DFT calculations for Autdccurately predict the
bending mode observed here: higher level calculations are
suggested to confirm this experimental observation.

We also include a systematic investigation of the coinage
metal MH and MD molecules comparing the SDD and
LANL2DZ pseudopotentials and basis dét$ (Table 7).

the latest gas-phase fundamental experimental frequency of

1866.4 cmt.2®> The B3LYP functional calculation gives a
slightly longer C+H bond length (1.484 A) and lower
frequency (1879.1 cni). The diatomic molecule CuH coordi-
nates to H and gives the coplanar ¢fCuH complex, which is
predicted to have théA; ground state. The CuH bond is
elongated in this complex because of coordination byasl
calculated by both BPW91 and B3LYP functionals; however,
the Cu—H stretching frequency is predicated to red-shift by 16
cm1 (BPW91) or to blue shift by 5 cri (B3LYP). In contrast,
CuHgs is a transition state with an imaginary bending frequency.

When two H moieties associate with CuH, the higher order
complex (H).CuH is obtained withCs symmetry. However,
this complex is predicted to be higher in energy thap)GdiH
+ Hy, and thus it cannot be formed in the low-temperature
matrix. The (BH)CuH; complex has two imaginary frequencies
and lies 21.4 kcal/mol higher still. In contrast the,J8uH
species can combine another Cu atom to form)QdHCu,
which is more stable than the sum of its parts. The H atom
bridges two Cu atoms and one Ebordinates to one Cu atom,
which gives a strong (b)-Cu stretching mode of 858.5 crh
at the BPW91 level: the B3LYP functional calculates similar
results. Structures for copper hydrides are illustrated in Figure
7.

The dihydride CuH is calculated to be a stable minimum
but higher in energy than ground-state Cu atom and,a H
molecule. At the BPW91/SDD level the bei, structure with
Cu—H bond length of 1.527 A and HCu—H bond angle of
122.6 is 8 kcal/mol higher in energy than Ct H,. At the
BPWO9L1 level with the all-electron basis the Gubbnd length

Discussion

New group 11 hydrides will be identified from isotopic
substitution and matrix host effects on their infrared spectra and
from comparison to frequencies calculated by DFT.

CuH, AgH, and AuH. A band at 1879.8 cm appeared on
laser-ablated Cu atom deposition with i argon, which shifts
to 1354.9 cm! with D, giving a 1.387 H/D isotopic ratio. With
HD both bands were observed unshifted suggesting the diatomic
CuH and CuD assignments. In solid neon the absorption for
CuH was split into two sites at 1894.4 and 1889.9 ¢nand
the stretching frequency of CuD was identified at 1362.2tm
These absorptions are slightly blue shifted from the gas-phase
value® of 1866.4 cn! because of matrix repulsion as observed
for AuH.”

A sharp absorption for AgH was observed at 1717.0tm
on deposition in argon, which increased on photolysis and
disappeared on annealing to 25 K. The counterpart absorption
of AgD shifts to 1233.8 cml, and gives the H/D isotopic
frequency ratio 1.392. Moreover these same bands were
observed in HD experiments (Figure 4) supporting the AgH
and AgD assignments. No counterparts were observed in solid
neon. The argon matrix value is blue shifted 25¢rftom the
1691.7 cn1! gas-phase value.

The results of DFT calculations for CuH and AgH are
summarized in Tables 3 and 4 using the SDD pseudopotential
and basis. The B3LYP functional frequency calculations are in
excellent agreement with the gas phase values for CuH and
AgH, and the BPW9L functional gives slightly higher frequen-
cies: the same is found for AuHIt is interesting to compare

and angle are unchanged and the energy is 9 kcal/mol abovethe bond lengths and stretching frequencies of coinage metal

Cu + Hy. Earlier SCF calculations find the same bent state
described heré&? Optimization of the complex Cu(} failed
because of repulsive interaction between Cu apdHéwever

Cu dimer can form a stable CuCufHcomplex with end-on
bonding to Cuto H,. The H-H bond is elongated by 0.045 A
the same as in (HICuH, according to BPW91 calculation,
indicating a strong interaction in this complex, which is more
stable than (Cub) A similar structure with a slightly longer
Cu—Cu bond has been computed for8g".?! Finally, we also

monohydrides here. The calculated bond length increases from
Cu—H to Ag—H but decreases from AgH to Au—H, which
is in line with the frequency observations at 1879.8 €(CuH),
1717.0 cmt (AgH), and 2226.6 cmt (AuH),” respectively, in
solid argon. The relativistic bond-length contraction plays an
important role for this chemical property treAd.

A previous investigation favored the BPW91 functional over
B3LYP for frequencies, but the LANL2DZ pseudopotential and
basis was employed for the met&t&Ve found better frequency

compute CuHCu and CuCuH and their anions to help assignfits with the SDD pseudopentials for palladium and platinum

new spectral bands and these results are given in Table 4.

Similar calculations have been performed for silver hydrides
and the results are listed in Table 5. The-Ag bond lengths
in AgH and (H)AgH are slightly longer than CuH bond
lengths, and as a result the A#l stretching frequencies are
red-shifted about 100 cm from Cu—H. However when two
H, are coordinated to AgH, the global minimum appears to be
(H2)AgH3 with Cy, symmetry, which is different from the copper
counterpart, but analogous to AfAuHz,” although (H)AgHs

hydrides and dihydrogen complex&sind the same is also true

for AuH but not AgH and CuH. Table 7 compares gas-phase
anharmonic frequencies (observeg 0 to » = 1 fundamentalgy

and calculated harmonic frequencies for the group 11 MH and
MD molecules all using the 6-3#1+G(d,p) hydrogen basis.
The percent deviations for MH and MD are, of course, different
because the observed frequencies are anharmonic and the
calculated values are harmonic, but the purpose of this exercise
is to fit observed frequencies by calculation.
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TABLE 4: Calculated Structures and Vibrational Frequencies (cnt?!) for Copper Hydrides and Dihydrogen Complexes

species state Aordeg frequencies, éifsymmetry, intensities, km/mol)
BPW91/6-31%#+G(d,p)/SDD
CuH s+ CuH: 1.456 CuH: 1947 (26). CuD: 1388 (13)
CuH, 2B, CuH: 1.527 Cukt 1770 (a, 7), 1631 (b, 5), 637 (a, 75)
HCuH: 122.6
CuH,2 DY CuH: 1.560 CuHl™: 1687 g, 0), 1501 ¢y, 838), 643 fry, 177 x 2)
CuHD™: 1601 (330), 1122 (295), 560 (1302)
CuD,™: 1187 (0), 1078 (413), 462 (88 2)
(H2)CuH 1A, CuH: 1.481 (H)CuH: 3671 (a 5), 1931 (@, 40), 1185 (b, 7), 768 (a, 1), 514 (h, 37), 445 (b, 58)
CuH: 1.723
H'H": 0.794 (D)CuD: 2597 (3), 1375 (20), 841 (3), 552 (0), 371 (19), 320 (29)
CuHs (Cy,) 1A, CuH: 1.521 2152 (2 13), 1848 (a 2), 1739 (b, 394), 793 (b, 36), 697 (@, 29), 677i (b, 555)
CuH: 1.410
HCuH: 82.2
(Hz)2CuH 1A, CuH: 1.722 3488 (95), 3464 (159), 1876 (107), 1165 (25), 1126 (32), 774 (29), 702 (0), 546 (27),
CuH: 1.518 537 (0), 372 (29), 273 (3), 260 (29)
CH": 1.790
H'H": 0.806
HCuH': 115.6
H'CuH'": 142.0
CuCu(H)® (Ca) 1A; CuH: 1.748 3665 (a15), 1033 (b, 19), 726 (a 8), 258 (a, 2), 208 (h, 10), 171 (b, 8)
HH: 0.794
CuCu: 2.256
(CuH)yP 1A, CuH: 1.754 1411 (g 0), 1196 (a, 281), 602 (k, 95), 507 (b, 316), 359 (b, 0), 317 (a, 0)
CuCu:2.168
(Hz)CuHCu A’ CuH:1.723 (H)CuHCu: 3222 (9 1349), 1624 (a2), 1325 (4 86), 903 (4 12), 858 (4 145),
CuCu: 2.366 476 (&, 2), 378 (4, 0), 188 (4 17),187 (8 9)
CuH: 1.545 ()CuDCu: 2279 (674), 1156 (2), 938 (43), 644 (7), 618 (70), 341 (1), 271 (0),
CuH'": 1.660 185 (9), 137 (8)
CuH'": 1.674
H'H": 0.822
HCuUH': 164.4
(H2)CuCu(H) (D2g) 1A, CuCu: 2.273 3798 ¢a0), 3792 (b, 18), 834 (e, 1% 2), 604 (a, 0), 524 (b, 39), 256 (a, 0),
CuH: 1.808 211 (e, & 2), 157 (3, 13x 2), 137 (, 0)
HH: 0.784
CuHCw¢ DY CuH: 1.550 19554, 531), 195 g, 0), 75i (z, 47 x 2)
CuHCu© Py CuH: 1.611 16104, 702), 421 fr, 27 x 2), 170 @g, 0)
CuCuH 2N CuH: 1.489 1791 (64), 274 (90), 199 (4)
CuCu: 2.317
CuCuH: 131.7
CuCuH° =+ CuH: 1.530 1657 (612), 347 (35 2), 199 (4)
CuCu: 2.373
B3LYP/6-31H-+G(d,p)/SDD
CuH D) CuH:1.460 CuH: 1922 (50). CuD: 1371 (25)
CuH, 2B, CuH:1.525 Cukt 1792 (a, 9), 1645 (b, 17), 658 (a, 8)
HCuH: 1215
CuH,™ DY CuH: 1.562 CuH™: 1666 g, 0), 1492 6y, 919), 654 fry, 242 x 2)
(Hz)CuH 1A, CuH: 1.480 (H)CuH: 3933 (g, 0), 1928 (@, 61), 1117 (b, 6), 727 (a, 0), 493 (hk, 54), 434 (B, 75)
CuH: 1.756
H'H": 0.775 ()CubD: 2782 (0), 1373 (31), 791 (3), 522 (0), 356 (27), 312 (38)
CuCu(H)® (Ca) 1A, CuH: 1.848 4026 (a5), 778 (b, 20), 468 (a, 34), 243 (a, 1), 176 (h, 9), 146 (b, 6)
HH: 0.769
CuCu: 2.281
(CuH)P 1A CuH: 1.758 1408 (a0), 1182 (k, 344), 625 (@ 135), 501 (b, 476), 297 (g 0), 294 (a, 0)
CuCu: 2.193
(H2)CuHCu 2A! CuH: 1.755 (H)CuHCu: 3560 (9 1200), 1658 (a2), 1270 (4 65), 837 (4 40), 831 (4 136),
CuCu: 2.401 481 (4, 5), 351 (4, 0), 187 (& 16), 166 (4 12)
CuH: 1.534 ()CuDCu: 2518 (600), 1181 (1), 899 (32), 601 (47), 595 (39), 344 (2), 251 (0),
CuH': 1.689 164 (13), 137 (8)
CuH'": 1.700
H'H": 0.796
HCUH': 164.4
(H2)CuCu(H) (D2n) IAg CuCu: 2.289 4115 (a0), 4111 (hy, 14), 675 (g, 0), 670 (By, 36), 450 (g, 0), 388 (l,, 101),
CuH: 1.923 245 (@0), 174 (g 0), 149 (g, 0), 147 (By, 17), 124 (by, 13), 72 &y, 0)
HH: 0.763
CuHCy¢ B> CuH: 1.561 18574y, 1023), 1909 ¢, 0), 186 (ry, 66 x 2)
CuHCu® Y CuH: 1.618 1514y, 1199), 456 £, 35 x 2), 166 g, 0)
CuCuH 2N CuH: 1.486 1791 (92), 282 (107), 96 (5)
CuCu: 2.343
CuCuH: 128.9
CuCuHd 25+ CuH: 1.534 16404, 732), 349 f, 56 x 2), 189 ¢, 5)
CuCu: 2.398

aThe CuH~ anion is more stable than Culdy 54 kcal/mol (BPW91) or 51 kcal/mol (B3LYP).All-electron basis: CuCu(k) is lower than
(CuH), by 12 kcal/mol with BPW91 and 11 kcal/mol with B3LYPThe CuHCu anion is lower energy than CuHCu by 33 kcal/mol (BPW91)
or 31 kcal/mol (B3LYP), and the CuCuHanion is 51 kcal/mol lower than CuCuH(BPW92)The CuCuH anion is 53 kcal/mol lower than
CuCuH (B3LYP). CuHCu is 2 kcal/mol lower than CuCuH, and CuCu#i21 kcal/mol lower than CuHCu(B3LYP).
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TABLE 5: Calculated Structures and Vibrational Frequencies (cnm?) for Silver Hydrides and Hydrogen Complexes

species state structure A or deg frequencies;’dsymmetry, intensities, km/mol)
BPW91/6-31%+G(d,p)/SDD
AgH ¥t AgH: 1.608 AgH: 1803.8 (43). AgD: 1281.9 (22)
AgH> B,  AgH: 1.655 1683.1 (85), 1540.6 (b 1), 537.4 (a 74)
HAgH: 120.3
AgH,™? 3yt AgH: 1.699 1618.7dy, 0), 1444.7 ¢y, 931), 619.54,, 167 x 2)
(H2)AgH 1A; AgH: 1.617 (H)AgH: 3905.6 (a 5), 1859.5 (@ 53), 920.1 (b, 5), 590.5 (g 2), 440.2 (b, 47), 393.4 (b, 62)
AgH'": 1.973 (HD)AgH: 3384.3 (5), 1859.4 (54), ....
H'H" 0.779 (HD)AgD: 3384.2 (5), 1321.4 (27), ....
(D2)AgD: 2762.8 (3), 1321.1 (27), 651.8 (2), 421.6 (1), 314.9 (24), 280.9 (31)
AgHs 1A;  AgH: 1.652 2080.7 (a4), 1861.4 (a 1), 1726.0 (b, 517), 783.1 (k 28), 752.8 (& 21), 413.0i (b, 383)
AgH': 1.535
H'AgH: 84.8
(H)AgHs A1 AgH: 1.647 3513.9 (a11), 2091.7 (a 1), 1874.6 (a 1), 1745.1 (b, 429), 1255.8 (b 12), 788.6 (a 0),
AgH'": 1.551 766.0 (b 20), 688.3 (8 0), 577.5 (g 0), 518.3 (b, 4), 427.3 (h, 231), 398.1 (b 1)
AgH": 1.888
HAgH': 83.5
HAgH": 84.2,108.8
AgAgH 2A"  AgH: 1.631 1708 (90), 251 (110), 137 (1)
AgAg: 2.683
AgAgH- =t AgH: 1.673 1587 (691), 318 (54 2), 141 (3)
AgAg: 2.698
AgHAg~  Zgt AgH: 1.779 1435 G, 711), 422 fr, 43 x 2), 122 @, 0)
B3LYP/6-31H+G(d,p)/SDD
AgH = AgH: 1.620 AgH: 1775.2 (65) AgD: 1261.6 (33)
AgH; B, AgH: 1.662; 1642.6 (8 4), 1507.6 (b, 4), 521.9 (a 84)
HAgH: 119.1
AgH, @ 3t AgH: 1.706 1593.8dy, 0), 1428.5 ¢, 987), 617.4 4, 217 x 2)
(H2)AgH A1 AgH: 1.623 (H)AgH: 4093.7 (a 16), 1836.1 (a 77), 869.0 (b, 4), 570.4 (a 4), 413.6 (b, 65), 377.4 (b, 78)
AgH': 2.019 (D)AgD: 2896.9 (8), 1304.6 (39), 615.4 (2), 407.4 (2), 295.8 (33), 269.6 (39)
H'H'": 0.765
(H)AgHs 'A;  AgH: 1.645 3786.4 (1), 2129.7 (a 1), 1892.9 (a 0), 751.2 (b, 506), 1175.4 (b 12), 777.4 (b, 26),
AgH'": 1.540 725.3 (8 1), 682.1 (a2), 530.5 (g 0), 497.5 (b, 6), 405.6 (h, 41), 392.5 (b, 252)
AgH": 1.933
HAgH'": 83.2
HAgH":85.1, 108.6
AgHAgP 23, AgH: 1.738 1545, 1045), 219 4., 76 x 2), 131 @y, 0)
AgHAg™ I3t AgH: 1.794 1374 §y, 1161), 417 £, 47 x 2), 120 g, 0)
AgAgH®  2A"  AgH: 1.642 1667 (2 95), 222 (4 137), 127 (4 3)
AgAgQ: 2.723
AgAgH: 131.3
AgAgH—™ 1 AgH: 1.684 15554, 783), 316 f, 67 x 2), 137 ¢, 3)
AgAg: 2.727

aThe AgH,~ anion is more stable than AgHby 62 kcal/mol (BPW91) or 66 kcal/mol (B3LYP).The AgHAg™ anion is lower energy than
AgHAg by 34 kcal/mol (B3LYP). AgHAg is more stable than AgAgH by 4 kcal/mol (B3LYPJhe AgAgH™ anion is 56 kcal/mol (BPW91) or
58 kcal/mol (B3LYP) lower energy than AgAgH (B3LYP). AgHAg is 4 kcal/mol lower than AgAgH, but AgAgdsi 17 kcal/mol lower than

AgHAg™ (B3LYP).
H H H
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Figure 8. Structures calculated for copper hydrides at the BPW91/6- H

H
311++G(d,p)/SDD level. Figure 9. Structures calculated for silver hydrides at the BPW91/6-

311++G(d,p)/SDD level.
In the case of AuH and AuD all but one of the calculated

frequencies are high from 0.0 to 1.9% and the B3LYP/SDD to 10-15 cnt! closer fit for the SDD calculation. The fit is
value for AuD is low by 0.8%. The LANL2DZ frequencies are clearly not as good for AgH and AgD, but LANL2DZ works a
0.5 to 0.8% higher than the SDD frequencies, which amounts few % better than SDD. Deviations for CuH and CuD
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TABLE 6: Calculated Structures and Vibrational Frequencies (cnt?) for Gold Hydride Anions

species state structure, A or deg frequencies;!dsymmetry, intensities, km/mol)
BPW91/6-31%+G(d,p)/SDD
AuAuH? A AuH: 1.571 2086 (54), 277 (58), 135 (0)
AuAu: 2.645
AuAuH: 138.1
AuAuH—2 o AuH: 1.602 1987 ¢, 527), 394 £, 4 x 2), 133 ¢, 3)
AuAu: 2.686
AuHAUP 0t AuH: 1.672 1181 ., 483), 1245 §q, 0), 243i (u, 20 x 2)
AuHAuU® Py AuH: 1.727 1542 ¢, 1703), 443 £, 28 x 2), 110 (g, 0)
B3LYP/6-311+G(d,p)/SDD
AuAuH? A AuH: 1.570 2092 (76), 302 (77), 125 (0)
AuAu: 2.680
AuAuH: 136.2
AuAuH2 =+ AuH: 1.605 1973, 567), 396 fr, 8 x 2), 128 @y, 0)
AuAu: 2.710
AuHAUP Yy AuH: 1.678 1766 ¢, 676), 123 ¢y, 0), 191i ¢z, 30 x 2)
AuHAuU® 1347 AuH: 1.732 1473 ¢y, 2192), 460 £, 33 x 2), 109 g, 0)

a AUAuH~ is lower energy than AuAuH by 74 kcal/mol (BPW91) or 76 kcal/mol (B3LYRuHAU is a transition state, but AuHALUis lower
in energy by 62 kcal/mol (BPW91) or 59 kcal/mol (B3LYP). The AuAukhion is more stable than the AuHA@&nion by 13 kcal/mol (BPW91)
or by 16 kcal/mol (B3LYP).

TABLE 7: Comparison of Observed and Calculated Vibrational Frequencies (cm?) for Coinage Metal MH and MD Molecules

AuH AuD AgH AgD CuH CuD
observed 2218.7 1591.7 1691.7 1216.5 1866.4 1346.1
BPWOI1/LAN 2260.0 1602.7 1735.7 1233.5 1883.3 1342.7
A° (+1.9%y (+0.7%) +2.6%) +1.4%) (+0.9%) (=0.3%)
B3LYP/LANP 22447 1591.9 1706.0 1261.6 1848.0 1317.5
A° (+1.2%) (+0.0%) (+0.8%) +3.7%) (+1.0%) +2.2%)
BPW91/SDD 2250.5 1596.0 1803.8 1281.9 1947.1 1388.1
A° (+1.4%) (+0.3%) (+6.6%) (+5.4%) (4.3%) +3.1%)
B3LYP/SDD 2227.4 1579.6 1775.2 1261.6 19225 1370.6
A° (+0.4%) (+0.8%) +4.9%) +3.7%) (+3.0%) +1.8%)
BPW91/alf 1909.1 1361.0
A° (+2.3%) +1.1%)
BPW91/all/plus 1884.6 1343.6
AC (+1.0%) (=0.2%)
B3LYP/all 1879.1 1339.7
A° (+0.7%) (=0.5%)
B3LYP/plud 1913.8 1364.4
A° (+2.5%) (+1.3%)

aGas-phase fundamental frequencies, — 2weXe + 3.25weye. data from ref 2b? LANL2DZ pseudopotential and basis for metal and
6-31H-+G(d,p) for hydrogen¢ Calculated minus observed expressed as percent of observed frecquiah@lectron 6-31#+G(d,p) basis for
copper and hydrogefi.Larger all electron 6-31+G(3df, 3pd) for Cu and for Hf Larger 6-313#+G(3df, 3pd) basis for H and SDD for Cu.

frequencies ranged from2.2 to +4.3% and LANL2DZ is 1862.5 and 1343.2 cm. These absorptions show similar
slightly better than SDD. The all-electron 6-3#+G(d,p) basis isotopic substitution behavior as CuH and assignment to the
for CuH and CuD gave even better results for frequencies than (H,)CuH complex immediately comes into mind. This identi-
either pseudopotential: the BPW91 deviations were 2.3% for fication is substantiated by observation of weak 3566.6 and
CuH and 1.1% for CuD, and the B3LYP differences are 0.7% 2582.0 cmi!* absorptions for the HH and D-D stretching

for CuH and—0.5% for CuD. The larger H basis 6-3t1G- modes in the ()CuH and (B)CuD complexes, respectively,
(3df, 3pd) and SDD pseudopotential combination did almost in pure H and D, which are associated with the strongerEi

as well with B3LYP: the computed frequencies were 2.5% high and Cu-D stretching modes at 1861.4 and 1341.6 &ffrigure

for CuH and 1.3% high for CuD. 3). An associated 441 crhband is assigned to the ffCu—H
(H2)CuH, (H2)AgH, and (H2)AuH. All of the hydrogen bending mode.
[deuterium] matrix experiments produced the MH [MD] mol- A similar assignment for ()JAgH can be made in solid argon,

ecules in high yield, but these were necessarily trappedgs (H neon, hydrogen and deuterium. In solid argon, the 1735.8 and
MH [(D 2)MD] complexes. The 1862.5 crh band in the argon 1746.5 cm? bands appeared on deposition and increased on
matrix (Figure 1) appeared in the €t stretching region on annealing to 20 K, decreased on broadband photolysis with
deposition, doubled its intensity on annealing to 15 K, but increase in AgH, but further annealing recovered their intensities
decreased on broadband photolysis in favor of CuH, and thenwith loss of AgH. The deuterium counterparts were observed
restored on further annealing with the demise of CuH. The D at 1247.2 and 1257.6 crh with the same annealing and
counterpart for this band was observed at 1343.2%chm HD photolysis behavior. With HD two analogous bands at 1735.8
experiments two bands at 1862.7 and 1343.0caow very and 1748.2 cm! in the AgH stretching region and two
small isotopic shifts, indicating CuH and Cu-D stretching analogous bands at 1247.4 and 1256.9%im Ag—D stretching
vibrations are slightly perturbed by another HD molecule. region were identified. The sharp 1746.5 and 1257.6%cm
Experiments with H + D, gave two broad bands centered at features exhibited-1.7 and—0.7 cnt? shifts with HD in solid
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argon. In pure hydrogen and deuterium strong-At§D) bands
are observed at 1742.6 and 1255.7 ¢ffrigure 5), with weaker
associated HH(D—D) stretching bands at 3805.9 and 2736.3
cm L. With pure H + Dy, strong bands were observed at
1746.4, 1744.3 cmt and at 1255.9, 1253.7 crhfor the four

J. Phys. Chem. A, Vol. 107, No. 41, 2008501

red shift is observedlt is gratifying that the DFT calculations
correctly predicted the blue shift observed for the-A¢§ mode

in (H2)AgH. From the calculated HH bond lengths in the (k-

MH complexes, 0.794, 0.779, and 0.807 A for Cu, Ag, and Au,
respectively, one can see that the interaction with) (karies

isotopic complexes. These strong bands shift to 1748.6 andAuH > CuH > AgH.

1255.4 cnr! for (HD)AgH and (HD)AgD, and a weak HD
stretching mode is observed unsplit at 3367.1&im pure HD.

The Au—H stretching mode for the (##AuH complex was
observed at 2173.6 cthwith site at 2170.6 cmt in argon and
at 2170.1 cmt in neon’ This assignment is further substantiated
by pure B, D, HD, and H + D, experiments. The absorptions
at 2164.0 cm?® in pure H (Figure 6) and at 1556.5 crhin
pure D are slightly lower than argon and neon values probably

Confirmation of the (H)MH complex identification is found
in the observation of weak HH stretching modes for the Cu
and Ag hydride complexes and the agreement with frequencies
predicted by DFT. The BPW91 functional predicts-H and
D—D stretching modes at 3670.9 and 2597.0 ¢érfor (Hy)-
CuH and (B)CuD with 13-15% of the Cu-H and Cu-D mode
intensities. The observed bands at 3566.6 and 25820 are
in excellent agreement although the relative intensities are an

due to the van der Waals interaction between environmental order-of-magnitude weaker than calculated. Note that the

H, and the (H)AuH molecule. The K+ D, experiments gave
a doublet at 2163.7 and 2156.6 chin the upper Au-H
stretching region, which corresponds te)AuH and (3;)AuH,
and at 1561.0 and 1556.3 ctnin the lower Au-D stretching
region, which are due to @#AuD and (D;)AuD, respectively.

observed 3566.6/2582#6 1.381 frequency ratio reveals an-
harmonicity, but the calculated 3670.9/259%#01.414 fre-
qguency ratio is harmonic. Similar agreement is found for the
H—H(D—-D) stretching modes of the Ag species observed at
3805.9 and 2736.3 cni with 1.391 ratio. The CuH interaction

The relative intensities of these upper and lower doublets waswith H, is clearly stronger than the AgH interaction as theHH

5/1, which demonstrates a faster reaction of Au withtkhin
with D, under the same conditions. This is found in both laser-

stretching mode is shifted 239 ci lower and is more
anharmonic and the computed length is 0.015 A longer.

ablation and thermal gold-photolysis experiments. Furthermore, Unfortunately, the computed intensity for this mode in thg){H

the coupling between (HAuH and (B;)AuH resulting ina 7.1
cm1 splitting (and the like coupling between AuD and (D)-
AuD resulting in a 4.7 cm! separation) are well predicted by
our BPW91 calculations as 6.5 (5.4) cinWith pure HD two
strong bands at 2162.7 and 1555.2 énfFigure 6) and two
weak bands at 3026.0 and 3022.3émwere observed, which
exhibit similar intensity behavior and can be assigned to (HD)-
AuH and (HD)AuD. In the case of (B/AuH and (D,)AuD the
calculated H-H and D-D stretching mode intensities are zero,
and no such bands are observed, but theDHnode intensity
is calculated ad/g and /4 of the Au—H and Au-D modes,
respectively, and the observed bands fit nicely for thelH
stretching modes of (HD)AuH and (HD)AuD.

Two additional modes for the gfAuH complex are observed,
namely the in-plane ()JAu—H bending mode at 576.0 crh
(counterpart to 434.8 cm for (D)AuD) and the antisymmetric
H,—AuH stretching mode at 1314.4 crth(counterpart to 939.6
cm! for (D2)AuD). The mixed H + D, experiment reveals a
1314.6, 1294.3, 948.9, 939.6 cinquartet for the upper band
and weak 575.8, strong 560.2, weak 434.4 €rabsorptions
for the lower band. Our DFT calculations show that intensity
increases for the Au—H bending mode, but decreases for the
H,Au—D bending mode: hence, the former is intensified, and
the latter is not observed.

On the basis of the lower calculated symmetrig)(HAuH
stretching mode and lower observed antisymmetrie-AuH
stretching mode, as compared to the analogous highgP¢H
vibrations?* (H) is more weakly bound to AuH than to Pd.
The 1431.5 cm® band observed in both laser ablation and

AuH complex is very low, and this mode is not observed but
the H-D mode is observed in (HD)AuH and (HD)AuD.

(H2)AuH 3. DFT calculations predict a stable coplanap)H
AgHs complex while AgH is a transition state with an
imaginary H-Ag—H bending mode. A very strong bi—Ag—H
stretching mode is computed at 1745.1¢rand real bending
mode at 427.3 cmt at the BPW91/6-311+G(d,p) level. The
strongest band for Agiis calculated at 1726.0 cth However
one imaginary bending frequency is found for Agkhich can
either rearrange to the more stable,)AjH complex or be
stabilized by coordinating another, Hholecule to form (H)-
AgHs. However, (H)AgHs; is higher energy than H+ (Hy)-
AgH by 33 kcal/mol (BPW91) or 39 kcal/mol (B3LYP), and
(H2)AgHs3 is probably not formed in these experiments. On the
other hand, the (FJAuHs complex is higher energy thar,H-
(H2)AuH by much smaller amounts (19 kcal/mol, BPW91 and
23 kcal/mol, B3LYP), and the (jJAuH3 complex is probably
formed from excited Aull”

In the Au+ H reactions a strong band at 1661.5<¢rband
was observed as a major product in pueg &hd the deuterium
counterpart at 1198.6 crhwas identified in previous pure D
experimentsg.With pure HD the two strong bands exhibit large
blue-shifts to 1821.4 and 1267.1 cinas shown at the top of
Figure 6, which are due to the almost identical long/Atiand
Au—D bond stretching modes in the-+tAu—D linkage for
(HD)AuHDH and (HD)AuHDD. These bands are calculated to
appear 6.5 and 4.5% above the antisymmetric pure isotopic
bands owing to the higher unobserved pure isotopic symmetric
stretching mode, and the observed bands are 9.6 and 5.7%

thermal gold experiments is probably due to a combination band higher. Very weak 1660.5 and 1195.4 chibands are just below

for (H2)AuH.

the strong pure isotopic absorptions, and they are due to (HD)-

DFT frequency calculations support these assignments. With AuHz and (HD)AuDy, respectively. The mixed isotopic spectrum

the BPW91 functional the MH modes for the (RBMH
complexes (M= Cu, Ag, Au) are predicted at 1931.3, 1859.5,
and 2205.9 cm!, which are overestimated by 3.8%, 6.7%, and
1.6%, respectively. The BPW91 functional predicts a 16tm
red shift for (H)CuH from CuH and a 17 cm red shift is
observed whereas this calculation predicts a 56'dniue shift
for Ag—H in (H2)AgH and a 30 cm? blue shift is observed. In
the gold case, a 58 crhred shift is predicted and a 55 ¢

observed in pure HD confirms the matrix identification of the
higher (H)AuH3z complex with a T-shaped Autbsubunit. In

the H, + D, experiments strong bands were observed at 1663.7
and 1198.6 cm' for the “top” H—Au—H and D-Au—D modes

in the (L)AuHHX and (L)AuDDX complexes. Both mixed
precursor results show that the initial isotopic reagent (XY)
molecules react with the AuH or AuD primary product to form
XYAuH* and XYAuD*, which relax to (XY)AuH and (XY)-
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AuD or form higher (XY)AuXYH and (XY)AuXYD complexes.
The “XY” molecule makes the “top” of the T in the ghAuH3
complex.

Note that 265 nm irradiation in thermal gold experiments
produces the 1666.8 (1205.9 ch satellite features and not
the major 1661.5 (1198.6) absorptions fop)YALiH3 ((D2)AuDs)
observed in laser ablation experimehts.

AuH; and CuH,. Ozin and co-workers have discussed the
2P excitation and annealing for the Cy/Kr matrix for the
system where the photochemical reaction gave CuH and the
annealing back reaction formed the GuH, reagents We
expect that pure hydrogen will be a better medium for the
formation of these Mkl molecules.

Our DFT calculations predict a strong+Au—H bending
mode in the 660 cmt region and very weak AdH stretching
modes for AuH.” The 638.1 cm! band observed in pure
hydrogen for both laser-ablatithand thermal-photolysis gold
experiments is assigned to the bending mode of AuHhe
AuD; counterpart at 457.0 cr (Figure 7B) defines a 1.396
H/D ratio, which is lower than the harmonic ratio 1.408 from
DFT frequencies. Our HD experiméhproduces an intermedi-
ate 570.6 cm! absorption for AUHD, which is also in agreement
with DFT isotopic frequency calculations. The 570.6¢rhand
is 23.1 cn! above the observed AutAuD, median, and the
B3LYP frequency 579.1 cnt is 7.9 cn! above the calculated
666.5/473.4 mediatP. Balusubramanian and Laio calculate a
barrier of 20 kcal/mol at the CASSCF level for the dissociation
of AuH; to the lower energy Aur H, products?o

With laser-ablated copper and pure hydrogen a weak band
at 636.5 cmit increases slightly oA > 290 nm photolysis (to
A = 0.002), changes little on 240 nm irradiation and decreases
on 6.5 K annealing. The pure deuterium counterpart at 458.5
cm! doubles ont > 240 nm photolysis (t& = 0.003) (290
nm irradiation was not performed). These bands define a 1.388
H/D ratio. Copper in pure HD gave a weak 573.1 ém
absorption, which is appropriate for a bending vibration of a
MH. unit. Our DFT calculations predict the bending mode of
CuH; slightly lower than the bending mode of AglEind a 1.398
harmonic H/D ratio as H and D move less against Cu than Au.
The weak 636.5 (458.5) crhbands are assigned to the bending
modes of Cuk{CuD,). Our observation of CuHDin two pure
HD experiments without Cuft and CuD~ requires the
formation of CuHD® which is identified here by the weak 573.1
cmt band. The hydrogen (deuterium) matrix environment has
made it possible to trap a small amount of Gutthereas this
was not possible in earlier solid krypton experimefitslthough
CuH; is higher energy than Cd- H,, there is a barrier of
approximately 20 kcal/mol to this dissociation calculated at the
SCF leveR%a

Wang et al.
CHART 1
Argon Neon Hydrogen
CuH CuH CuH,

ann (H,)CuH (H,)CuH (Hy)CuH
AgH, AgAgH AgAgH AgAgH

(H2)AgH (H)AgH (Hp)AgH
AuH, AuAuH AuAuH AuAuH, AuH,
ann (Hy)AuH (H)AuH, (Hy)AuH; | (Hy)AuH, (Ho)AuH,

and HD are complicated: absorptions at 890.6 and 862:3 cm
in the upper region and 645.2 and 622.97énn the lower
region are observed for HD and the same band distributions
are displayed for B+ D, in argon. Note that the 841.2 crh
band (all H band) does not appear, but the 622.9'dsand (D
band) does appear with other isotopic substitution bands in
mixed isotopic experiments. The absorptions for this molecule
in neon were observed at 847.3 cth{H) and 628.2 cm! (D).

Similar absorptions were observed in pure hydrogen experi-
ments: bands at 845.3 and 1284.3 érband observed after
deposition increased on annealing to 5 K, but decreased on
photolysis and reproduced on annealing to 6 K. Experiments
with pure D, gave counterpart absorptions at 626.2 and 913.7
cm L. Three experiments were done with lower, medium, and
higher laser-ablation energy, and the 626.2 &rhand was
favored with higher energy. With pure HD and pure H D,
four substituted bands due to this molecule were observed at
885.6, 844.8, 655.4, and 627.3 thnwhich shows the same
behavior as found in the argon matrix.

The 1270.8 cm! band in argon and 1284.3 cthband in
pure H show Cu-H stretching mode isotopic frequency ratios
although this mode is located 600 chiower than the CuH
diatomic stretching frequency. It can be inferred that this is a
Cu—H stretching vibration perturbed by another Cu atom.
Enhancement with higher laser-ablation energy suggests that
two Cu atoms are involved in this molecule. The 841.2°tm
band with lower 1.3515 H/D ratio lies in the metdfl, or
bridged metatH—metal stretching region. However the HD
spectra do not fit band distributions observed for other metal
hydrides and hydrogen complexes. Here the theoretical calcula-
tions are extremely helpful to identify this molecule. The
potential energy with two Cu and three, four, five, or six
hydrogen atoms was explored extensively by BPW91 and
B3LYP functionals, and the (HICuHCu molecule withCs
symmetry is the lowest in energy. A strong-€id, stretching
mode predicted at 858.5 crh (BPW91) and 830.8 cmi

The group 11 hydrides observed in argon, neon, and hydrogen(B3LYP) is very close to experimental values of 841.27ém

matrices, which allow progressively more diffusion and reaction
of Hp, are summarized in Chart 1 (arnannealing and major
product underlined). The AgHmolecule is less stable than
AuH,, and it has a smaller 13 kcal/mol barrier to dissociaffn,
and accordingly Aghlis not observed here.

(H2)CuHCu. The 841.2 cm! band in the argon matrix
tracking with a weak band at 1270.8 cindisplays unique
properties: it appears on annealing to 25 K, disappears on full-
arc photolysis, and recovers on further annealing to 30 K. These
bands shift to 622.9 and 912.8 chrespectively, with Bin
argon. Note that the 841.2 cthband shows a low 1.351 H/D
isotopic ratio but the 1270.8 crh band exhibits a high 1.392
H/D ratio, suggesting different mode assignments for this
molecule. The mixed isotopic substitution bands with-HD,

(argon) and 847.3 cm (pure H). Moreover the calculated
Cu—H stretching mode perturbed by another Cu atom at 1325.1
cm1 (BPW91) and 1270.0 cr (B3LYP) also fits experiment
very well. The most important results from calculations are for
HD substituted spectra; there are three isotopomers fer-Cu
H,D and three for Ce—HD,, but the two with (HD)CuHCu
and (Dy)CuHCu patterns are the lowest in energy, respectively.
At the B3LYP level two stronger bands calculated at 681.4 and
833.6 cmi* for (HD)CuHCu are slightly higher than 600.9 cin

for (D)CuDCu and 830.8 cni for (Hz)CuHCu. Of the two
bands at 600.6 and 902.2 chfor (D;)CuHCu, one is essentially
the same as for ()CuDCu and the another is a little higher.
These calculated frequencies explain the experimental results
exceptionally well.
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Similar absorptions were observed in thermal Cu atom
reactions with H in solid argon, and the authors suggested an
assignment to (bJCu(u-H)-Cu(H,).2> However, our calculations
find that the ring structure is less stable than CuGii(ldnd
accordingly the former structure is very high energy. Further-
more, this identification is not compatible with HD isotopic
substitution.

Metal Cluster Hydrides and Anions. Several absorptions
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barrier from AgAgH. Photolysis atA > 380 nm allows
rearrangement to the more stable form.

In pure hydrogen, with Cu a weak 1821 chband behaves
appropriately for CeH. Our B3LYP calculations predict that
CuHCu is slightly lower energy than CuCuH and absorbs about
60 cnT! below CuH, while CuCuH absorbs another 60¢ém
lower. The weak 1821 crm absorption is probably due to Gu
H—Cu but we cannot rule out CuCuH. The CuCukBnion is

in these experiments increase on annealing and are photosensPredicted to be 21 kcal/mol more stable than CuH@nd to

tive, which invites consideration as metal cluster hydrides. In
our earlier work bands at 2083 (1498) thior Hx(D>) in neon
and 2076 (1485) cri in argon were identified as AH(AuD).”

We now add 2082 (1493) cm for pure H(D,). Our DFT
calculations find the stable AuAuH complex to have a strong
absorption near 2090 crh which verifies this assignment for
the above bands. Likewise the AuAakanion is predicted to
absorb even more strongly near 1980¢rand sharp 1991.7
(1434.5) cm! bands (ratio 1.388) in pure XD,) increase on
annealing and are appropriate for the AuAughion. The HD

reaction gives the same bands, which shows that a single H(D)
is involved. Electrons formed in the laser ablation process are
captured byproduct molecules in these experiments. Atomic gold

has a large 53 kcal/mol electron affin@§and Au™ could be a
reagent in these experiments. Although the AuHAanion
isomer is predicted to absorb very strongly near 1500%¢m
this isomer is 16 kcal/mol higher in energy and is not observed
in these experiments.

A similar compound, NaAgH1—, has recently been prepared

in the solid state as an intermediate in the reaction of 2Au and

NaH 27 This compound has the analysis NaRyg s at 260°C

and NaAuHg 47at 278°C and releases all hydrogen above 300
°C. One might conjecture that Nagd containing the same
Au,H™ anion described above is formed first since the reaction

absorb strongly near 1640 ci The new photosensitive 1627.7
cm~! band is assigned to the CuCutdnion.

Reaction MechanismsThe reaction of ground-state Cu atom
with H, to form diatomic CuH is computed (BPW91/6-
311++G**/SDD) to be 38 kcal/mol endothermic. However
ultraviolet excitatiorf? glow dischargé2 and laser-ablated Cu
atom2® provide sufficient excess energy (namely the 2B)(
state) to activate the HH bond and produce CuH. The
experimental energy change for reaction 1 in the gas phase is
40 kcal/mol®

Culs) + Hy('=,") — CuH(=") + H(’S)
[AE = 38 kcal/mol (BPWO17® (1)

The insertion of ground-state Cu inte i$ also endothermic,
by 8 kcal/mol at the BPW91 level; hence, ground sta® Cu
will not perform reaction 2a, but a host of excited doublet®3d
4p and quartet 3ds4p copper statés produced by laser
ablatiort® should activate reaction 2a, based on previous Wwork
and the excited Zn reaction modélEven though Cuki(?B,)
is higher in energy than Ct#t Hp, a considerable energy barrier
is calculated for its dissociatici§2

Culs) + Hy('S,") — CuH,(°B,) [AE = 8 kcal/mol] (2a)

begins at 200C, H, is released as the temperature is increased CUHz(ZBz) — CuH(lZg+) + HES) [AE = 30 kcal/mol]

from 250 °C, and only NaAg remains above 300C. The
proposal of a metal hydride intermediate below 3QDis also
in agreement with contraction of the unit cell above 3Q0by
X-ray analysis’’

Silver is known to cluster on deposition in matrix samges,
and new bands below AgH at 1691.9 (1216.3) érfor H,-
(Do) in argon, 1699 (1222) cnt bands in neon, and 1692 (1218)
cmt bands in pure k{D,) are in very good agreement with
our 1708 (1214) cm* BPW91 prediction for AgAgH.

With pure H, and Ag a weak band appeared at 1523 &€m
on deposition, increased slightly on annealing and-3810 nm
photolysis, but disappeared on 29000 nm irradiation with
marked growth in the above 1692 chabsorption. With pure
D, this band shifts to 1101 cm defining a 1.384 H/D ratio
and with HD a weak 1523 cmt band was observed. This
vibration was also observed in solid neon at 1516 (1097)'cm

Our B3LYP calculation predicts very strong 1555 (1105)
cm~! bands for AgAgH (AgAgD™), which identify the last
set of absorptions. Photodetachment of AgAdeads to growth
of AgAgH; hence, the photochemical relationship between the
1692 and 1523 cmi absorptions. A very sharp, very photo-
sensitive band was observed in purgdd 955.9 cm?! with a
weak 1320.9 cm! H, counterpart: 4 >380 nm photolysis
destroyed the 955.9 crmh band in favor of the 1101 cm
absorption assigned above to AgAgODur B3LYP calculation
also finds a symmetrical AgHA4AgDAQ ™) isomer with very
strong 1374 (974) cmt absorptions. Even though the AgHAg
isomer is computed to be 20 kcal/mol higher, it could be formed
by reaction of Ag and AgH and be separated by an energy

(2b)

The CuH intermediate from reaction 1 has two fates in the
following reactions: CuH can complex,Ho form (H)CuH,
which is exothermic by 7 kcal/mol or combine another Cu to
give CuyH. Both CyH and (H)CuH are observed, but g
CuH is dominant in pure hydrogen even though reaction 4 is
more exothermic.

CuH+ H,— (H,)CuH [AE= —7kcal/mol] (3)
CuH+ Cu— CuHCu |AE = —22kcal/mol] (4a)
Cu+ CuH— CuCuH [AE = —21 kcal/mol] (4b)

The cluster hydride CuCuH has a significant electron affinity
and the CuCuH anion is observed in these experiments. Copper
atom also has an appreciable electron affinity (28 kcal/fol)
and Cu anions are probably formed in these experiments from
ablated electrons. Reaction 7 is also favorable to form CuCuH

CuCuH+ e — CuCuH [AE = —51kcal/mol] (5)
Cu+e—Cu [AE= —28kcal/mol] (6)
Cu + CuH— CuCuH [AE= —43kcal/mol] (7)

Likewise (H)CuH can also react further withtr with Cu.
The higher order hydrogen complex, JbCuH is a stable
structure, but reaction 8 is endothermic by 4 kcal/mol, which
apparently prevents formation of §ACuH in the low-temper-
ature matrix. This is the reason theyjBuH is observed in all
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matrices as a major product. The hydride}€uH; is also Finally, the gold cluster complexes AuAuH and AuAuldre
calculated, but two imaginary frequencies are found and the observed. These reactions are more exothermic than those of
total energy for this structure is 21 kcal/mol higher. The)fH  their silver counterparts.

CuH complex reacts further with Cu to give Jf2uHCu, which

is exothermic (reaction 9). This reaction proceeds spontaneously Au + AuH — AuAuH [AE = —19 kcal/mol] (19)

in 20 K-argon 4 K neon, and pure & AUAuH + e — AuAuH [AE = —74 kcal/mol] (20)
(H)CuH+ H, — (H,),CuH [AE =4 kcal/mol] (8) o _ ) _
Itis interesting to note a preference for reaction withoder
(H,)CuH+ Cu— (H,)CuHCu [AE = —15 kcal/mol] (9) D, in 50/50 pure mixed samples. The ratios of complexed MH/
MD absorptions are 3/1, 2.5/1, and 5/1 for Cu, Ag, and Au,
Similar reactions are observed for Ag H,, and diatomic respectively. We also observed weak Audhd no AubB with
AgH and (H)AgH are formed. The experimental energy change mixed pure H and D,. These ratios should be higher because
for reaction 1 with silver is 51 kcal/méIThe (H;)AgH complex the condensation efficiency ofHs less than for B and the
is the major reaction product in pure hydrogen. The AgAgH solid samples surely contain more than H. This preference
cluster hydride and its anion are also formed in these experi- for Hz over D, is the same for gold with laser ablation and
ments. with resonance photolysis of thermally deposited gold atoms
and it applies to both ()JAuH and Aub: products.
Ag +H,— AgH +H [AE =52 kcal/mol (BPW91)]
(10) Conclusions

AgH + H,— (H,)AgH [AE = —3kcal/mol] (11) Laser-ablated Cu, Ag, and Au atoms react with) té give
the diatomic MH molecules as primary products, which react

Ag + AgH — AgAgH [AE = —13 kcal/mol] (12) further with H; to form the (H)MH complexes. Diatomic CuH
_ _ gives absorption at 1879.8 crhin argon and 1889.9 cm in

AgAgH +e —AgAgH  [AE = —56 kcal/mol]  (13) neon. The complex (B)ICuH is the more stable product, which
is observed at 1862.5 crhin argon, 1869.1 cmtin neon, and
3566.6, 1861.4 cmt in pure hydrogen. A weak 636.5 crh
absorption is also observed for Culth pure hydrogen. The
(H2)CuH complex reacts further with Cu atom instead oftél
form (Hp)CuHCu, which was observed at 841.2 ¢n(Ar),
847.3 cnt! (neon), and 845.3 cm (pure H).

The (H)CuHCu species is of interest as a small copper
hydride cluster that binds dihydrogen. One copper atom will
not bind H, but our DFT calculations find that Guloes bind

265 nm H» to form Cwy(H>) and we present experimental evidence for
Au(’S) + H, AUCP)+H,—~AuH+H (14) a similar species, namely gfCUHCu where the CuHCu subunit
. ) . forms a 3-membered ring (Figure 8). The barrier for dissociative

The opservatlpn of Auklin both.laser-ablatlon and ther.mal.- cemisorption of H on copper metal surfaces is in the 9657
photolysis experiments from reaction 15 and from recombination g\, range®® Hence, the present ¢fCuHCu complex with Cet
of AuH and H, shows that a barrier exists between Awifd (H) stretching frequency near 800 chprovides a model for
the more stable Ad- H, decomposition products as the AH  the jow energy attachment of;Ho the copper surface.
product is also trapped here. As mentioned earlier, this barrier | jkewise AgH absorbs at 1717.0 chin solid argon and
has been_ calculated as 20 kcal/rff8IFor gold the formation reacts further with bito give (Hb)AgH, particularly in solid
of the higher (H)AuH; complex appears to follow from hydrogen where (JAgH is favored.
gxcngupr? .of AuH in the (H)AuH complex as 290 nm Gold forms (H)AuH, (Ho)AuHz, and Auk in solid hydrogen,
irradiation increases (HAuH3 more than (H)AuH (Figure 6 and these identifications are substantiated byH) + D», and
(b)). HD substitutiont> Complementary experiments with thermally

) ) 20 kealmol barrier evaporated gold atoms and 265 nm resonance photolysis into
Au(‘P)+ H, —~ AuH,(‘B)) ———— Au+H, (15) the Au @P) staté? give the same (bJAuH and AuH, absorp-
265 nm tions. Excited gold reacts substantially faster withthan D,
H, + (Hy)AuH —— (H,)AuH, (16) in the same solid sample. The Aphkholecule is trapped owing
to the greater stability of the AuH bond compared to AgH and
The net growth of (B)AuDz on annealing was not addressed CuHS A small yield of Cub was observed in solid hydrogen,
in our earlier work? This increase of the 1198.6 crabsorption but no evidence was found for AgH
is more than coalescence with the 1205.9 &matrix site The MH molecules also react further with another metal to
absorption. The laser-ablation experiment produces a high yieldsynthesize cluster hydrides ;M. These molecules electron
of H atoms in solid hydrogen and atomic hydrogen reactions capture to form stable M~ anions.

The analogous reactions have been described for bl
present 265 nm dielectric notch filtered photolysis of gold atoms
in solid Hy(D2) employs the precise excitation of tRBy, <
23,52 gold absorption measured by Gruen and Bates at 263 nm
in solid deuteriur®® as summarized in reaction 14. In solid-H
(Do) the subsequent hAuH complex formation is spontaneous.
We note that growth of HDO,) on photolysis from @
impurity 32 which confirms the formation of H(D) atoms.

contribute32 The yield of AuH; increases on annealing in laser- The vibrational assignments and molecular identifications are
ablation experimentand so does the absorbance of)&lHs confirmed by BPW91 and B3LYP energy, structure, and

(Figure 6). Thus, exothermic reactions 17 and 18 contribute to vibrational frequency calculations using the SDD metal pseudo-
the product growth on annealing. potentials. The accuracy of these isotopic frequency calculations

for coinage metal hydride molecules is significant.
AuH + H— AuH, [AE= —28kcal/mol] (17)
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