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Laser-ablated Cu, Ag, and Au atoms react with H,O, and with H, + O, molecules during condensation in excess
argon to give four new IR absorptions in each system (O—H stretch, M—O—H bend, O—-M-0 stretch, and M—O-H
deformation modes) that are due to the coinage metal M(OH), dihydroxide molecules. Isotopic substitution (D,0,,
180,, 15080, D,, and HD) and comparison with frequencies computed by DFT verify these assignments. The
calculations converge to 2By ground electronic state structures with C,, symmetry, 111-117° M~O—H bond angles,
and substantial covalent character for these new metal dihydroxide molecules, particularly for Au(OH),. This is
probably due to the high electron affinity of gold owing to the effect of relativity.

Introduction molecule has been observed in solid argon and in the gas
. . . .. phase, and Aukihas been prepared in solid hydroget,
The coinage metals show decreasing chemical reactivity The neutralization of aqueous gold chloride solutions (HAUCI

going dowp the family from copper to 'silver to gold. qud with NaCO; leads to an amorphous brown precipitate of
is unreactive, but gold combines with strong chemical gold(lll) aquoxide, or AuOsnH,O, which is sometimes

g?qdlzmg If:\jgents SUCE as chII_or!?edcir agua régf?]htohugh ; called Au(OH).** In addition, the anion Au(OH) is thought
inary gold compounds are imited to pairing wi €MOSt 45 form in strongly basic solutior's; and the crystal

electron:jag_atlve elciments,_ stable ?t%i Ghy?(;'dr?s dha\_/g beenstructures of two alkaline earth metal tetrahydroxoaurate-
prepared in spectroscopic quantit€s 50 ydroxide (1) salts have been determinédiFinally, dimethyl gold-

molep_ulgs have n_ot been observed experimentally, bUt(III) hydroxide is known as a tetrameric ring compouid.
relativistic calculations have recently been performed for Silver and copper, on the other hand, form monabasic
AUOH* Gol i h i li ial . ’ ’

uOH.* Gold aquoxide or hydroxide solid materials prepared hydroxides of moderate strengtfthe CuOH and AgOH

by the electrochemical oxidation of gold anode surfaces in molecules have been characterized in the gas prasand
solutions are not well-defined, but Au(OH)is a possible . 9 . .
by calculations at several levels of theory including relativ-

hydrolysis product. A solid produced by cooling annealed .. . . .
S . istic effects*'” In addition, CuOH has been prepared in solid
gold films in H; and then @was examined by early electron argon from the photochemical reaction of Cu angDH®

diffraction methods and determined to have the Au(©H) . S : .
stoichiometry? but this work has not been substantiated. Copper dihydroxide is obtained as a blue precipitate from

Monomeric gold(ll) complexes are scarce, although the AuO
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alkali hydroxide and cupric ion solution, but warming
dehydrates this compound to the oxide. However, CugOH)
is soluble in concentrated strong base to give deep blue
anions [such as Cu(OHf)y], but there is no evidence for
pure solid Ag(OH).! In this paper, we report the preparation
of copper, silver, and gold dihydroxide molecules through
the reaction of excited metal atoms with hydrogen peroxide
molecules and with mixtures of@nd H. Similar reactions
with H, have formed coinage metal hydrides, where mono-
hydride species dominate the product yieldut in contrast,
the metal dihydroxide is the major hydroxide molecule
formed here. This is particularly noteworthy as the
oxidation state is less common for silver and gold. A
preliminary communication on the Au(Oinolecule has
been published®

Experimental and Theoretical Methods

Experimentally, laser-ablated Cu, Ag, and Au atoms were reacted
with H,O, molecules in an argon stream during condensation onto
a 10 K infrared transparent window, as described previotily.
Urea—hydrogen peroxide (Aldrich) at room temperature in the
sidearm of a Chemglass Pyrex-Teflon valve providedOH
molecules to the flowing argon reaction medium (4 mmol in 60
min). A deuterium-enriched ured,0, complex was prepared by
adapting earlier procedures to exchange urea a3 With D,0.!
Argon matrix infrared spectra were recorded on a Nicolet 750

spectrometer after sample deposition, after annealing, and after

irradiation by a mercury arc lamp (Philips, 175 W, globe removed
Experiments were also performed with &hd Q mixtures in order
to introduce!®0; into the reaction products, as done for the alkaline
earth metal dihydroxide moleculé.

Theoretically, the structures and vibrational frequencies of the
Cu(OH), Ag(OH),, Au(OH),, CuOH, AgOH, and AuOH molecules
were calculated using methods employed for gold hyd?ides
mercury dihydroxide324The 6-311+G(3df,3pd) basis was used
for H, O, and Cu. Relativistic effects were accounted for in the
SDD pseudopotential and basis for silver and gold (19 valence

).
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Figure 1. Infrared spectra for the copper and hydrogen peroxide reaction
products in solid argon at 10 K. (a) Cu H,0O, deposited for 60 min, (b)
after 246-380 nm irradiation, and (c) aftér> 220 nm irradiation; (d) Cu

+ D,0; deposited for 60 min, (e) after 24@80 nm irradiation, and (f)
afterA > 220 nm irradiation.

electronsy® All geometrical parameters were fully optimized, and
harmonic frequencies were calculated analytically at the optimized
structures.

Results and Discussion

Reactions of coinage metal atoms with@4 and with H
+ O, mixtures are investigated, and the major metal
dihydroxide products are identified by matrix infrared
spectroscopy through isotopic substitution and comparison
to frequencies calculated by density functional theory.

Copper. Laser-ablated copper atoms were deposited with
H,0, in an argon stream during condensation at 10 K, and
infrared spectra of this sample are illustrated in Figure 1.
The strong 3586.2 and weaker 3576.3 and 35734 tiands
are common to kD, experiment$!->but the sharp 3634.7
cm ! band is unique to copper, as are the sharp bands at
773.5, 769.4, 719.4, and 468.8 chalso labeled Cu(OH)
in the lower wavenumber region. Annealing to 22 K
sharpened but did not increase these new bands, whereas
the HO, dimer absorptions increased about 20%, and the
OH radical absorption at 3553.0 and 3548.0 ¢ulecreased
as well?8 Visible irradiation had no effect on the spectrum.
However, ultraviolet (246380 nm) irradiation exciting the
copper?S — 2P transitiod’ increased the above bands by
25%, and the more intense ultraviolet light in the full atc (
> 220 nm) increased the bands another 20% (Figure 1b,c).
The OCuO doublet at 823.1 and 818.7 ¢rand weak CuOH
bands at 727.5 and 632.5 chalso increased on UV
irradiation?8-28

The analogous experiment with,0, gave 2651.3 and
2645.7 cmt bands common to D, investigations! and a
sharp 2681.4 cmt band unique to copper along with sharp
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Figure 2. Infrared spectra for the copper, oxygen, and hydrogen reaction

products in solid argon at 10 K. (a) Ct0.4% & + 6% H, deposited for
60 min, (b) afterd > 220 nm irradiation, and (c) after annealing to 20 K;
(d) Cu+ 0.1%%0;, + 0.2%60'80 + 0.1%180, + 6% H, deposited and
irradiated withA > 220 nm irradiation and (e) after annealing to 22 K; (f)
Cu+ 0.2%180, + 6% H, deposited and irradiated with> 220 nm and
(g) after annealing to 24 K.

associated bands at 767.9, 763.9, and 549.8'cithese

Wang and Andrews

D, + O, reactions with Cu are compared in Figure 3. The
new product absorptions with,Dt O, at 2681.5, 768.04,
764.02, and 549.8 cm are within 0.1 cm? of the absorp-
tions formed with DO, as the reagent. The HB O, mixture
gave the following diagnostic information: (a) an intermedi-
ate copper isotope doublet at 770.42 and 766.33'c(2)
two bending modes at 704.4 and 526.0¢ni3) a new G-H
stretching mode at 3636.3 ci which is 1.5 cm? higher
than the frequency with Fland (4) a new ©D stretching
mode at 2684.1 cmi, which is 2.6 cm?* higher than the
frequency with D.

Hence, we have identified the new Cu(Qlrjolecule from
four vibrational modes (©H stretch, G-Cu—O stretch,
Cu—0O—H bend, and C&#O—H out-of-plane deformation).
Mixed isotopic precursors have verified the participation of
two O—H(O—D) oscillators, two equivalent O atoms, and a
single Cu atom in this new dihydroxide molecule.

The assignments to Cu(Ofre confirmed by the match
of frequencies and isotopic shifts computed by density
functional theory. Table 1 compares the observed and
calculated frequencies. First, the ground-state molecule is

bands exhibited the same annealing and photolysis behaviocconverged to be a plandBy state withCy, symmetry, as

as their HO, counterparts. A sharp, weak 3636.2¢rband
was observed from HDEnN the D,O, sample. Weak CuOD
bands were also observed at 635.1 and 533.5'éfn

The sharp doublet at 773.5 and 769.4 éraxhibits the
2.3—1.0 relative intensity for®3Cu and%Cu in natural

shown in Figure 4, and onlyngerademodes are allowed
in the IR spectrum. Second, the four strongest infrared-active
fundamentals calculated are observed in the spectrum: the
calculated G-H stretching and CtO—H bending and
deformation modes are 5.1, 0.5, and 10.3% higher than

abundance and demonstrates the participation of a single Cuwobserved, but the calculated-@u—O stretching mode is

atom in the new product molecule. Furthermore, the mag-

nitude of the®*Cu andf>Cu isotopic shift indicates that copper

0.8% lower than observed. Third, the calculated and observed
isotopic shifts agree very well: the calculated and observed

is vibrating between two oxygen masses (63/65 frequency ®*Cu—°*Cu shift for the i O—Cu—O mode are both 4.1
ratio 1.0053) and not against a single oxygen mass as in thecm™?, but the calculated®O—180 shift (26.7 cm?) slightly

diatomic CuO molecule (63/65 ratio 1.003%).
Experiments were performed with Cu and H O,
mixtures in order to introducé®O, into the new product

exceeds the observed value (23.7 én whereas the
calculated H-D shift (3.5 cn1?) is just below the observed
value (5.7 cm?). This almost pure antisymmetric-&Cu—0O

molecule. Infrared spectra are compared in Figure 2; the stretching mode is described accurately but not perfectly by

deposited samples contain commongédd ARHT bands’® 32
and weak product absorptions, but full arc irradiation

the B3LYP calculation. Thé®0O—Cu—'0O counterpart is
predicted to be 14.5/26 # 0.543= 54.3% of the way up

increases the latter bands, and annealing sharpens nerom **0—Cu—*0 to'*O—Cu—'%0 and observed to be 12.6/

absorptions at 3634.9, 773.67, 769.59, and 719.6 awvhich
are 0.2 cm?* higher than the Cu andJ, reaction products.
The reaction with'®0, gives substantial shifts with new
absorptions at 3623.7, 750.0, 746.1, and 711.6'cas listed
in Table 1. The H and %0, + 60%0 + 0, reagent

23.7= 0.532= 53.2% of the way up. The calculated b
160—H/*®0—H frequency ratio (1.003 27) slightly exceeds
the observed ratio (1.003 09). In the &@H)(**0OH) mol-
ecule of lower symmetry, both ©H stretching modes are
observed, and they couple slightly sharing the intensity for

produced diagnostic isotopic multiplet absorptions. The triplet their double statistical population in tHé0, + 100 +

of copper isotopic doublets with nel®0'80 components at
762.6 and 758.5 cm verifies the participation oftwo

equivalentoxygen atoms, as does the triplet at 719.6, 716.6,

and 711.6 cmt. The new absorptions at 3637.3 and 3625.4
cm1, in addition to the pure isotopic bands at 3634.9 and
3623.7 cm?, arise because botH®Q—H) and {8O—H)

180, isotopic sample. The weak&0O—H (more symmetric)
mode is predicted to be 1.6 ct higher than the b
Cu(*®OH), value, and it is observed to be 2.4 chhigher,
whereas the strongéfO—H (more antisymmetric) mode is
predicted to be 2.3 cnt higher than the b mode for
Cu(*®0OH); and is observed to be 1.7 cirhigher. Likewise,

stretching modes are active in the new mixed isotopic in the Cu(OH)(OD) molecule, both-€H and O-D stretch-

product, which must, therefore, contain two OH subunits.
The participation of two OH subunits is confirmed by the
reaction of Cu and HD+ O,, and spectra for b HD, and

ing modes are observed as predicted. In addition, both Cu
O—H and Cu-O—D bending modes are allowed in this
molecule of lower symmetry, and both are observed.

(29) Milligan, D. E.; Jacox, M. EJ. Chem. Physl963 38, 2627.
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Table 1. Observed and Calculated Frequencies (®nfior Cu(OH) in the C, Structure

Cu(OH) Cu(OH)(OD) Cu(OD) Cu(*®0OH),

mode obsd calcd obsd calcd obsd calcd obsd calcd
O—H stretch 3836.0 (@0)-d 3636.3 3834.0 (127) 2792.9 (0) 3823.4 (0)
O—H stretch 3634.9 3832.0 (h256) 2684.1 2791.4 (76) 2681.5 2789.8 (152) 3623.7 3819.5 (250)
O—Cu—O stretch 773.7 767.5 (p98) 770.4 765.7 (110) 768.0 764.0 (118) 750.0 740.8 (44)
Cu—O—H bend 719.6 722.9 (b197) 704.4 710.1 (105) 613.2 (0) 711.6 717.7 (240)
Cu—O—H bend 695.3 (@0) 612.8 (5) 549.8 541.5 (92) 691.7 (0)
O—Cu—O stretch 609.6 (#0) 526.0 517.8 (32) 498.4 (0) 576.3 (0)
Cu—O—H deform 468.8 517.5 (a176) 460.2 (141) 394.5 (107) 513.4 (173)
O—Cu—0 bend, in 187.2 (h 11) 181.6 (11) 176.2 (11) 181.4 (11)
O—Cu—0 bend, out 109.8 (al) 106.5 (1) 103.0 (1) 106.5 (1)

aQObserved in solid argor®.Calculated at B3LYP/6-31t+G(3df,3pd) level of theorys Mode symmetry inCa,, infrared intensity, km/mold Strong
absorptions calculated for GGOH)(*®OH) are 3834.3 (90), 3821.1 (163), 755.3 (79), 720.9 (208), and 515:4 @5 km/mol).
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Figure 5. Infrared spectra for the silver and hydrogen peroxide reaction
products in solid argon at 10 K. (a) Ag H2O, deposited for 60 min, (b)

B
Wavenumbers (cm’ )

Figure 3. Infrared spectra for the copper, oxygen, and hydrogen reaction

products in solid argon at 10 K. (a) Cu0.4% G + 6% H, deposited for A NN
60 min, (b) afterd > 220 nm irradiation, and (c) after annealing to 24 K; after 246-380 nm irradiation, and (c) aftdr> 220 nm irradiation; (d) Ag

(d) Cu+ 0.4% Q + 6% HD deposited and irradiated with> 220 nm + D,0; deposited for 60 min, (e) after 24@80 nm irradiation, and (f)

irradiation and (e) after annealing to 30 K; (f) Gu0.4% Q + 6% D, afterZ > 220 nm irradiation.
deposited and irradiated with> 220 nm irradiation and (g) after annealing

to 24 K.
very weak band was observed at 744.3 tiflabeledm for

monohydroxide AgOH). The Ag reaction with,O, shifted
these absorptions to 2644.7, 522.4, and 619.5'and to
538.5 cn?, and a weak HD@reaction product was observed
at 3589.7 cm*. The Ag and H -+ O, reaction was performed
for 180, substitution, and the stronger product bands shifted
to 3571.3, 699.2, and 589.9 cfp as listed in Table 2.
Reaction with H and1¢O, + 6080 + 180, gave a quartet
at 3594.4, 3582.3, 3575.1, and 3571.3 ¢rand a triplet at
702.7, 700.9, and 699.2 crh Reaction with R + O, gave
the same stronger bands agl, but the HD+ O, reaction
Figure 4. Cyp structures computed for the Cu(QHAg(OH),, and Au- produced new ab_sorp;ions E.it 3589i3’ 265.1'0’ 689'8’ and
(OH), molecules at the B3LYP/6-31+G(3df,3dp) level of theory using ~ 223-4 CNT*. The mixed isotopic experiments identify a new
the SDD pseudopotential for Ag and Au. Ag-containing molecule with two OH(OD) groups and two
equivalent oxygen atoms, and Ag(QHS, thus, identified.
The CuOH and CuOD monohydroxide molecules are  [ike Cu(OH), the ground state of Ag(OHhl)s calculated
observed, here, as weak bands for bending and@u  to be 2By in Cy symmetry, and the agreement between
stretching modes, in agreement with previous matrix isolation observed and calculated frequencies displayed in Table 2
work.!® The stronger bending mode measured in the gasattests to this assignment. The calculation using the SDD
phase for CuOH and CuOD is 15 and 3¢rhigher}*and  pseudopotential for silver predicts the-® stretching 6.1%
the argon matrix values sustain a reasonable matrix shift. too high, the Ag-O—H bending mode 2.6% too high, the
Silver. Laser-ablated silver atoms were reacted witH O—Ag—0 stretching mode 6.6% lower and weaker than
during condensation in excess argon, and infrared spectraobserved, and the AgO—H deformation mode 9.1% too
are illustrated in Figure 5. The metal-dependent bands labeledhigh, which is not as good as the agreement found for Cu-
Ag(OH), now appear at 3582.3 and 702.7 énand very (OH), using the all-electron basis for copper. The calculation
weakly at 614.6 and 454.0 crh As with copper, the silver  does correctly predict the blue deuterium shift for the
product bands increase on UV irradiation. In addition, a new, O—Ag—O stretching mode. The,l/Ag—O—H bending and

Inorganic Chemistry, Vol. 44, No. 24, 2005 9079



Wang and Andrews

Table 2. Observed and Calculated Frequencies (®nfior Ag(OH). in the Can Structure

Ag(OH), Ag(OH)(OD) Ag(OD) Ag(*tOH),

mode obsd calcd obsd calcd obsd calcd obsd calcd
O—H stretch 3808.7 (@ 0)°d 3589.8 3805.2 (225) 2772.8 (0) 3796.1
O—H stretch 3582.3 3801.7 (p452) 2651.0 2770.4 (122) 2644.7 2768.0 (243) 3571.3 3789.1
Ag—O—H bend 702.7 731.1 (b245) 689.8 719.2 (137) 619.5 596.7 (81) 699.2 726.4
Ag—O—H bend 705.0 @0) 616.2 585.5 (25) 530.2 (0) 701.9
O—Ag—O stretch 614.6 576.4 (p2) 523.4 524.9 (29) 522.4 518.2 (58) 589.9 553.0
Ag—O—H deform 454.0 495.5 (a60) 4485 (3) 374.3 (94) 491.9
O—Ag—O stretch 459.5 @0) 439.2 (127) 438.9 (0) 434.3
O—Ag—O0 bend, in 142.6 (h 6) 139.0 (6) 135.5 (6) 137.2
O—Ag—0 bend, out 68.1(al) 67.0 (0) 64.2 (0) 65.6

aQObserved in solid argort.Calculated at B3LYP/6-31t+G(3df,3pd)/SDD level of theoryt Mode symmetry irCa,, infrared intensity, km/mold Strong
absorptions calculated for A§OH)(*80OH) are 3806.1 (117), 3791.7 (334), 728.9 (241), 565.9 (3), and 493.6 (68 km/mol).

O—Ag—O0 stretching modes are near enough to mix, and

upon deuteration, the AgO—D bending mode shifts below

the O—-Ag—O0 stretch and forces it to higher wavenumbers, 5, Do,
although the observed interaction is not as much as predicted. |t
As for copper, the quartet of ©H stretching modes is "

oD
predicted for the silver an#O, + 1600 + 20, reaction O »—»/\LLL Ll
H,0.
— A
—A

D,0, |Au(0D), Au(OD),

Au(OD),
0404

H,0,

Absorbance
=3
©
f=}

product, although the observed splittings are slightly more
020 Au(OH),
m Au(OH),
/ (c)

than calculated. Likewise, the-@H and O-D stretching
0.104
] A ,l. A D)

modes for Ag(OH)(OD) are predicted above the pure isotopic OoH
bands as observed, and the -AQ—H and Ag-O-D 0.20
bending modes are both observed. -
The weak, new bands at 744.3 and 538.5 £njust above 0.10 e S Y1) S U7 SN
the strong bending modes for Ag(O+H9nd Ag(OD}, have 3650 2700 2650 2600 900 800 700 600 500
the ratio 1.3822, which is appropriate for the bending modes o 6. Infrared o y _
igure 6. Infrared spectra for the gold an rogen peroxide reaction
Z{ ?gchn?P S\tptﬁgg K;t‘g é ggé::_)bli T/Cé?af:]zvgtb?e;?nccr?‘lc:slated pr%ducts in solid argc?n at 10 K. (a) ?Ocu H20, dgposigted f%r 60 min, (b)

’ ) after 246-380 nm irradiation, and (c) aftér> 220 nm irradiation; (d) Au
the strongest IR absorption at the B3LYP le¥lyhich

T T
3600 3550

Wavenumbers (cm")

+ D,0; deposited for 60 min, (e) after 24@80 nm irradiation, and (f)
supports the assignment of the above weak bands to AgOHafter4 > 220 nm irradiation.

and AgOD. Our calculation for CuOH also gives param- 7D it it blated Au at K product
eters® in good agreement with the previous higher-level ' eposition with laser-ablated Au atoms gave weak produc

calculation’ bands including OAuG3but UV irradiation increased these
Gold Infr'ared spectra of the At H,0, reaction products absorptions at essentially the same wavenumbers observed

are illustrated in Figure 6. The major, new absorptions at with H;0,. The major product gbsorptions were about 4 times

3565.9, 884.9, 676.6, and 532.5 chilabeled Au(OH)]  Stronger with HO,. Spectra with the bit 0, + %00 +

1 . ) .
increased substantially upon UV irradiation, but weaker ;Soéoregas%ent Qg(étére nfrloducgd ”.‘“'“p'et abTorp()jtlons r.u?]ar
bands at 3571.3 and 840.8 chincreased only slightly. ’ »an cm Investigations were aiso done wit

i ) :
Annealing the sample to 20 K decreases the 3571.3 and 840.8%2 = Oz and D> + *O, mixtures, and shifted product
cm ! absorptions with no effect on the former bands. Near- absorptions were obser.ved n .each case. Experlments with
ultraviolet (246-380 nm) and full-arc A > 220 nm) HD and_ Q gave the unique mixed H/D prqduct with new
irradiation markedly increased the former absorptions (Figure 20SOrPtions (Table 3). Figure S1 (Supporting Information)

6b,c) and slightly increased a weak, new 931.0 ttrand compares spectr_a of degterated reaction pr(.)dUCtS'
(labeled m for monohydroxide AuOH), a weak OAUO The sharp major reaction product absorptions at 3565.9,

band-*at 817.9 cm?, the 3571.3 and 840.8 crhpair, and ES;L&_ 676.6, arr]ldt 5|32.'5 C': are glr.oupedd ?y co?mcf)n
a weak AuH absorptichat 2226.6 cm?, and subsequent ~ >€Navior upon photolysis and annealing and formation from

annealing to 30 K decreased these bands by about 30%. Tthth HZOZ, and :;lz + % rﬁa%entisatf several_ silrl-%ple
gold atom reaction was also done with@, and Figure 6 concentrations. From the higher requencies,

. : tretching and AtO—H bending modes are identifiéd.
also presents representative spectra. The major, new absorps— : . )
tions [labeled Au(ODJ shifted as listed in Table 3. Next, the 676.6 cm' absorption shifts to 645.7 crhwith

1 i -
Complementary experiments were performed with4H 80, (16/18 ratio 1.0478), and the band becomes an asym

: R metric triplet at 676.6, 666.2, and 645.7 ciwith statistical
O, as the reagent, and infrared spectra are shown in F|gure16'1802 wEich is precisely what is observed for the antisym-

metric stretching mode of the linear&u—0O molecule (16/
18 ratio 1.0506):3* Hence, the new molecule contains an
O—Au—0 subunit with equivalent oxygen atoms. Accord-
ingly, the isotopic vibrational spectra definitively identify
the new molecule Au(OH)*®

(33) (a) B3LYP calculation for AgOH. Structure: AgD, 2.042 A; G-H,
0.963 A, angle 1074 Frequencies: 3826 crh (36 km/mol), 787
cm™1 (63 km/mol), 483 cm?! (31 km/mol). (b) B3LYP calculation
for CuOH using SDD. Structure: GtO, 1.780 A; G-H, 0.963 A,
angle 109.0. Frequencies: 3820 cth (42 km/mol), 810 cm? (78
km/mol), 609 cm® (37 km/mol).

(34) Wang, X.; Andrews, LJ. Phys. Chem. 2001 105, 5812.
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Table 3. Observed and Calculated Frequencies (®nfior Au(OH). in the Can Structure

Au(OH), Au(OH)(OD) Au(OD) Au(180H), Au(*80D),

mode obsd calcd obsd calcd obsd calcd obsd calcd obsd calcd
O—H stretch 3783.0 @0y 3569.1  3779.7 (167) 2753.9 (0) 3770.5 2736.7
O—H stretch 3565.9 3776.4 (p335) 2635.5 2751.4 (94) 2632.3 2748.9 (187) 3555.1 3764.0 2616.5 2731.8
Au—0O—H bend 884.9 906.5 (b218) 862.1 888.3 (127) 711.3 708.6 (170) 879.0 900.3 686.5 668.8
Au—O—H bend 865.9 (@ 0) 692.6 682.8 (82) 651.1 (0) 862.6 637.6
O—Au—O0 stretch 676.6 641.2 (h39) 619.7 (5) 648.1 601.7 (1) 645.7 611.7 612.9 584.8
O—Au—O0 stretch 590.4 (@0) 573.9 (1) 563.8 (0) 557.7 541.0
Au—0O—H deform 5325  555.5 (a158) 4744 4915 (123) 417.6 (87) 530.7  551.7 412.2
O—Au—0 bend, in 194.7 (h 6) 189.3 (6) 184.0 (6) 186.3 177.1
O—Au—0 bend, out 121.0 (a0) 119.0 (0) 114.4 (0) 115.9 110.2

aQObserved in solid argort.Calculated at B3LYP/6-31t+G(3df,3pd)/SDD level of theoryt Mode symmetry irCa,, infrared intensity, km/mold Strong
absorptions calculated for A¥OH)(*80OH) are 3780.5 (89), 3766.5 (244), 903.5 (213), 630.7 (36), and 553.6 (168 km/mol).

18
0.20 Au("OH), ¢.104

Au(*0H),

0051 Au(om),

Absorbance
o
=

| A

Au("OH), Au("OH),

(e)

_A\.A\J\\/\J\F’_H’\\~ MA/‘MM)
] Au(OH),

2 (c)
ArH" Co,

MWW@
0.00 =" 0.007 :

3600 3580 3560 3540 900 800
Wavenumbers (cm™)

Figure 7.

Infrared spectra for the gold, oxygen, and hydrogen reaction

products in solid argon at 10 K. (a) At 0.4% G + 6% H, deposited for
60 min, (b) after 246:380 nm irradiation, and (c) aftet > 220 nm
irradiation; (d) Au+ 0.1% %0, + 0.2% 16080 + 0.1%180; + 6% H;,
deposited and irradiated with> 220 nm; (e) Au+ 0.4%180, + 6% H,
deposited and irradiated with > 220 nm. W denotes water dimer

absorptions.

The vibrational assignments to Au(OHjre substantiated
by excellent agreement between calculated and observed Relativistic calculations predict the AuOH triatomic
isotopic frequencies, and this agreement likewise confirms molecule to have the 3727, 955, and 569 ¢fnequencies,
that the computec,, structure is the ground-state config-
uration of Au(OH). Calculations for the Au(OH)molecule
converged to theCy, structure illustrated in Figure 4 and
provided the frequencies listed in Table 3. Notice that the The strong bending mode of AuOH is, thus, predicted to be
three modes involving ©H stretching and bending are
predicted to be 5.9, 2.4, and 4.3% too high by the B3LYP C,, structure, and the new 931.0 ctnband is 46 cm?!
calculation, which is the expected relationsffipdiowever,
the O-Au—O mode prediction is low (5.2%), just as was counterpart at 743.2 cm (H/D ratio 1.2527) are produced
found for Hg(OH) (4.8% low), Cu(OH), and Ag(OH). The
Au(OH), molecule was also calculated with the BPW91 slightly upon UV irradiation. The 931.0 crhband is favored
density functional, and the structure was essentially the samerelative to Au(OH) in experiments with less total J@:.
(1.947 A, 0.975 A, and 108 but the frequencies were

slightly lower, as expectedi.

The B3LYP calculation predicts the unobservg®ea-H(D)
stretching modes for Au(OHk)and Au(OD) to be higher
than the strong observed, Imodes. This means that the
uncoupled G-H and O-D stretching modes in Au(OH)-
(OD) will be higher than the observed bands by half of
the g—b, mode separation, and that is precisely what is

observed and calculated (Table 3). Furthermore, the calcula-

tion indicates coupling between tHéO—H and **O—H

(35) Scott, A. P.; Radom, LJ. Phys. Chem1996 100, 16502.

stretching modes in A& OH)(*80H) and the asymmetric
triplet mixed isotopic G-Au—0 stretching mode, in agree-
ment with the observed band separations. In summary, the
B3LYP calculation accurately predicts subtle details in the
spectra of mixed isotopic molecules, which provides further
substantiation for the observation and characterization of Au-
(OH).

The weaker bands at 3571.3 and 840.8 tiffrigure 6)
shift to 3561.0 and 837.1 cmhwith 80, and to 2636.3 and
693.9 cm! with D,O, (H/D ratios 1.3547 and 1.2117) and
are also due to ©H stretching and AtwO—H bending
modes. These bands decrease upon first annealing and
increase only 30% upon UV irradiation. Our B3LYP
calculation predicts almost the same ene€y Au(OH),
structure with a strong ©H stretching mode 12 cm higher
and a Au-O—H bending mode 36 cni lower than those
for the Cyp, structure. The weaker 3571.3 and 840.8 &m
bands are in good agreement with this relationship, and these
bands are assigned to the minor population of Au(OH)
trapped in theC,, structure.

and our B3LYP/SDD results of 3793 ¢t (65 km/mol
infrared intensity), 957 cnt (60 km/mol), and 513 cnt
(26 km/mol) and the structure are in excellent agreerifent.

51 cnt? higher than this bending mode for Au(QHi the
higher. The weak 931.0 crh band and the deuterium

upon co-deposition with ¥, and D,O,, and they increase

These bands are appropriate for assignment to AUOH and
AuOD, which provides the first experimental evidence for
the gold monohydroxide molecule.

The Au(OH)~ molecular anion is isoelectronic with Hg-
(OH),, and our calculated dihedr@h structures are almost
the same337 In contrast, Au(OH)™ is computed to have a
planarCy, structure with slightly shorter AuO bond lengths

(36) B3LYP calculation for AuOH. Structure: AtO, 1.990 A; O-H,
0.966 A, angle 104% Frequencies: 3793 crh (65 km/mol), 957
cm™t (60 km/mol), 513 cm?! (26 km/mol).

(37) Atthe B3LYP/6-31%+G(3df, 3pd)/SDD level of theory, Au(OH)
has theC; structure with Au-O, 2.045 A; O-H, 0.961 A; Au-O—H
angle, 105.6 O—Au—O0O angle, 176.9 and dihedral angle, 90
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(2.022 A), and these gold hydroxide anions are discussed incomputed for gold in the Au(OH)molecule, and the Ba-

the Supporting Information.

Family Trends. Several comparisons within the coinage
metal family are of interest. All form the M(OR}ihydrox-
ide molecules withCy, symmetry structures as major
products, and all give a small yield of the monohydroxide.
Our observation of the same CuOH absorptions from Cu
photochemical reactions with,B, and D,0O,, as found with
H,O and DO in solid argon® support these assignments
and the slightly higher bending mode (743, 537 &m
measurements in the gas phdger CuOH and CuOD. This

(OH), molecule is ionic, and the solid is a strong ba&s®.

B3LYP calculations on the series of OMO dioxide
molecules are only an approximation, but quartet states are
lower in energy than doublet stat¥sHowever, the anti-
symmetric -M—0O stretching frequencies for OCuO and
OAUO in the doublet states are in accord with our observa-
tions, but the doublet OAgO state with the highest energy
has an imaginary frequency and is not observed here. These
calculations support the suggestion of stable high-energy
guartet state intermediates for the excited metal atom reaction

agreement lends credence to our similar identifications of with O, and H.

AgOH and AgOD, and of AuOH and AuOD, from reactions
with H,O, and D,O,. Gold alone forms a minadt,, isomer
Au(OH), molecule. Absorptions are observed for OCuO and
OAuUO, as found before, but not for OAgB83*Weak MH

Reaction Mechanisms.The ground-state metal atoms
appear to be unreactive toward insertion, as observed
previously?” but the excited metal atoms are reactive.
Therefore, the insertion with hydrogen peroxide is straight-

absorptions are observed for all metals in the experimentsforward for excited metal atoms, which are formed in the

with H, + O,; however, we have no evidence for CuOO,
but the AgQ complex was strong, and AuOO was detected
as reported previously/This indicates that Cu is the most

ablation process or by subsequent mercury arc irradiatitin.
The [M(OH)]* intermediate is relaxed by the matrix, and
the dihydroxide molecule is stabilized. We observe a small

reactive and Ag is the least reactive under the conditions of yield of CUOH, AgOH, and AuOH upon sample deposition.

these experiments.

Natural charges, bond orbital analy&s? and structures
for Cu(OH), Ag(OH),, and Au(OH) are presented in Table
S1 (Supporting Information) and Figure 4. Although the
O—H stretching frequency is lowest for Au(OKl)the
computed charge on gold and the AD—H angle are

The HO, reaction has been used as a source for CuOH
molecules in a hollow cathode sputtering source with argon
carrier gas+'5however, the dihydroxide molecule might be
stabilized in a nozzle beam expansion experiment.

The same dihydroxide products are formed with the H
+ O, reagent, and this reaction appears to proceed through

smallest, which suggests increasing covalent character fromghe [OMO]* intermediate. We believe the &R) + O,(%)

Cu(OH), to Ag(OH), to Au(OH),. Note that the s electron
population is substantially higher on gold, and thetlbond

reaction forms the [OMO]* intermediate in a quartet state
for immediate reaction with adjacent;holecules. Unre-

length is longest for gold as well. A straightforward rationale acted [OAgO]* decomposes upon relaxation to give AgO,
for the increase in covalent character in the coinage metalput [OCuOJ]* and [OAuUO]* relax to give the stablé1,
dihydroxide series from Cu to Ag to Au is the increase in states, which are observed hé#&34The M(OH), molecules
electron affinities of the metal atoms (28, 30, and 53 kcal/ are very stable: reaction 2 is exothermic for ground-state

mol, respectively}® Thus, the high degree of covalent
character in the Au(OH)molecule is probably due, in large
part, to the high electron affinity of gold, which comes from
relativity.1° One must remember that the OH (3568 ¢jh
and OH (3556 cnm!)*! fundamentals are so close that the
O—H stretching frequency itself is not a measure of ionic
character. A similar relationship has been found for the Zn-
(OH);, Cd(OH), and Hg(OH) moleculeg?® The bent
M—O—H bond has been offered as a sign of covalent
charactef;” and in contrast, the more ionic group 2 metal
dihydroxides have essentially linear-MD—H bonds??**?The
experimental bond angles of CuOH (119.5nd AgOH
(107.8) follow the same trend as that which we compute
for Cu(OH), and Ag(OH), and AuOH has not yet been
observed in the gas phase.

We conclude that solid Au(OR)will be a weak base. In

contrast, the positive charge calculated on the barium center

in the Ba(OH) moleculé? is approximately double that

(38) Reed, A. J.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88, 899.

(39) Frenking, G.; Frohlich, NChem. Re. 200Q 100, 717.

(40) Hotop, H.; Lineberger, W. C. Phys. Chem. Ref. Dafid85 14, 73.

(41) Rosenbaum, N. H.; Owrutsky, J. C.; Tack, L. M.; Saykally, R1.J.
Chem. Phys1986 84, 5308.

(42) Kaupp, M.; Schleyer, P. v. B. Am. Chem. S0d.992 114, 491.
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metal atoms AE = —111, —66, and —80 kcal/mol,
respectively, for Cu, Ag, and Au). Furthermore, decomposi-
tion of the M(OH) molecules to the metal monoxide and
water in gas-phase reaction 3 are endothermic proceAges (
= 56, 30, and 43 kcal/mol, respectively, for Cu, Ag, and
Au). Note that Ag(OH) is the least stable and AgO is the
only monoxide observed here (Figure 5). Finally, the M(@H)
radicals have large electron affinities (EA59, 77, 73 kcal/
mol, respectively) and form stable anions, reaction 4, and
these anions can react favorably to make the M(OH)
anions. Reaction 5 energies are exothermi¢q, —29, —40
kcal/mol, respectively). However, charged species are not
major products in these systems.

M*(°P) + H,0, — [M(OH),I* —M(OH),  (1a)

M*(?P) + H,0, — [M(OH),]* — MOH + OH (1b)
M*(?P)+ H, + O, — [OMO]* + H, —~ M(OH), (2)

M(OH), (°By) — MO (IT) + H,0 (‘A (3)
M(OH), *By) +e — M(OH), (‘A) (4)
M(OH), + H,O,—~ M(OH)," (5)
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Conclusions substantial covalent character for these new metal dihydrox-
Reactions of laser-ablated Cu, Ag, and Au atoms with ide molecules. The Au(OH)molecule is the most covalent

H,0, and with Q + H, during condensation in excess argon in the serie_s,_owing to the effect of rela_tivity and the high
give four new IR absorptions in each system-(@stretch, ~ €lectron affinity of gold. We expect solid Au(OH)o be
M~—O—H bend, O-M—O stretch, and MO—H deforma- weak as a base. This matrix-isolation work provides the first
tion) that are due to the M(OkK)molecules, with weaker experimental evidence for gold hydroxide molecules.
bands for the MOH molecules. Reagent isotopic substitution .

(D,0;, 180,, 1800, D,, and HD) and comparison with Acknowledgment. We appreciate support from NSF
frequencies computed by the B3LYP density functional Grant CHE 03-52487 to L.A.

substantiate these vibrational assignments. The calculations Supporting Information Available: Gold hydroxide anions,

convergg toCan s_ymmetry structures in théBg ground Figure S1 and Table S1. This material is available free of charge
electronic state with 111117 M—O—H angles and reveal ;i3 the Internet at http://pubs.acs.org.

(43) Gruen, D. M.; Bates, J. Knorg. Chem.1977, 16, 2450. 1C051201C
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