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Reactions of Laser-Ablated Copper Atoms with Dioxygen. Infrared Spectra of the Copper
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Laser-ablated copper atoms react directly witht@make CuO (627.7 cm), and linear OCuO (823.0 crh)

which are identified by copper and oxygen isotopic shifts, comparison to earlier work, and DFT frequency
calculations. The highest frequency-©0 vibration (995.3 cm?) exhibits a resolved copper isotopic triplet
appropriate for the vibration of two equivalent copper atoms and oxygen isotopic components consistent
with DFT-calculated frequencies for the nearly linear OCuOCuO molecule. Absorptions at 970.0 and 955.1
cm ! are assigned to CuOCuO isomers. The simple addition product CuOO is characterizedDbgir@d

Cu—0 stretching frequencies at 1089.6 and 550.4¢risotopic shifts, and DFT calculations. The CuOO
molecule forms higher complexes {LZZuOO readily on annealing the matrix sample.

Introduction investigation was done for the &, system with the goal of
characterizing the several Cy@nd CuQ species that can be

Reactions of copper atoms with dioxygen have been exten- formed.

sively investigated over the past 20 years because of their
important role in diffe_rent_pro_cesses ranging from co_rros_ion qf Experimental Section
materials and catalytic oxidation to oxygen transport in biologi- ) ) ]
cal systems. The nature of the initial weakly bound+@j The technlqu_e for laser ablation and FTIR matrix spectros-
complex formed is not clear. Different matrix infrared absorp- COPY Was identical to that employed for the-+R@, system:®
tions have been assigned by several groups to cyclic gu(© Copper (Johnson Matthey, 99.9998%, and oxygen-free high-
(C2,) and bent CuOGLy), but there is no clear agreemént. conductivity block) was used for laser targets. Oxygen isotopic
Electron spin resonance studies reveal magnetically inequivalents@mples (Yeda 97% and 55%0) were used as received.
O atoms in the complex, which has been interpreted in favor Matrix dilutions included Ar/@ = 100:1, 200:1, 500:1, and
of the Cs structure; however, magnetically inequivalent atoms 1000:1. Gas mixtures were codeposited fer2lh with 10—
do not preclude &, structure’~7 ESR spectra show that this 30 mJ pulses of 1064 nm radlatloq at the sample. Annealing
species is essentially €(0,") but cannot elucidate structure.  ¢ycles and photolysis by a medium-pressure mercury arc
The CurO, complex has been observed in the gas pRae,  (Philips, 175 W) with the globe removed (24880 nm) were
but its structure has not been determined. Although the favored@!so done. FTIR spectra were recorded with 0.5 tresolution
gas phase structure is presumed to be @ebent CuOO and=0.1 cnt! accuracy on a Nicolet 750 with MCT detector.
complex!!the best theoretical calculations suggest thatihe
equilibrium structure Cu(g) is more stable by about 1 kcal/
mol 1213 Therefore, both Cu(§) and CuOO complex structures Infrared spectra of the GO, system and the results of
might be trapped in a solid argon matrix. isotopic substitution are presented in Table 1 D,, 20,,
The higher OOCuUOO bis(dioxygen) complex was proposed %0, +0,, and1€0,, 16080, 80, samples. Typical spectra
in concentrated matrix samplé&s.Further characterization of  of this system are shown in Figure 1 for 100:1 samples; both
this molecule is of interest in comparison to other metal copper targets gave the same spectra. Above 1000 tmo
complexes involving two @submolecules such as fMi(O2) strong bands were observed at 1124.3 and 1089:8 evith
and (Q)Fe(.15:16 weak bands at 1110.2 and 1009.5 énin the codeposited
The more strongly bound dioxide OCuO has been formed in sample in addition to ozone bands (Figure 1a). Broad-band
solid matrices after photoexcitation of copper in the presence photolysis decreased all of these bands but almost destroyed
of dioxygen and characterized as a linear molecule by electronicthe 1110.2 cm! band (Figure 1b). However, annealing to 20
spectroscopy#17 This molecule has also been produced in the and 30 K (Figure 1c,d) slightly increased and sharpened the
gas phase from laser-vaporized copper and observed by photwo stronger bands, markedly increased the 1110.2'¢vand,

Infrared Spectra

todetachment spectroscopy from the molecular akioifhe and decreased the 1009.5 chabsorption. On annealing to
linear OCuO dioxide molecule, however, has not been observed40 K, the sharp 1110.2 cmiband increases and dominates the
in the reported infrared spectra. spectrum followed by the 1124.3 cth band and the 1089.6

On the basis of recent studies of the reaction of laser-ablatedcm™* band remains. Broad, weak 1688 thand sharp, weak
Fe atoms with @ which observed infrared spectra of three 1544.7 cmi* bands are not shown; the 1688 chband increased

isomers FeOO, Fe(@® and OFeO and characterized these 4x on annealing, while the 1544.7 cf absorption was

species by DFT structure and frequency calculatiéiga like destroyed.
Below 1000 cm? the spectra contained a sharp triplet at
® Abstract published ildvance ACS Abstractdjay 1, 1997. 995.3, 993.9, 992.6 cm and sharp doublets at 955.1, 952.9
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TABLE 1: Absorptions (cm~1) Observed for Laser-Ablated Cu+ O, Reaction Products in Solid Argon

160, 180, 160, 4 180, 180, + 160180 + 180, R(*%0/80) ann assignment
1688 1612 1688, 1612 1688, 1669, 1630, 1612 1.0471 ++ CuOCuO
1544.7 1457.3 1.0600 - (CuoO)
1135 1072 1.0588 Cuoof
1124.3 1061.0 1124.3, 1061.0 1124.3,1093.4, 1061.0 1.0597 + CuO0O(Q)
1110.2 1047.4 1110.2,1047.5 1110.2, 1079.0, 1047.8 1.0600 ++ CuO0(Q):
1092.0 1030.5 1092.0, 1030.5 1092.0, 1061.6, 1030.5 1.0597 ++ CuOO site
1089.0 1028.7 1089.6; 1089.6, 1060.0, 1028.7 1.0592 + - CuOO0
1060.7 1001.0 1.0596 Cugr
1009.5 953.2 1.0591 - (CuOOy

995.3 949.8 995.3, 995.3,954.1, 949.8 1.0479 ++ 63Cu03

993.9 948.4 993.9, 948.4, 946.9 993.9, 952.3,948.4 1.0480 ++ 63CLFSCUQ;,

992.5 946.9 992.9, 950.8, 946.9 1.0483 ++ 65Cu03

986.9 942.5 986.9, 942.5 986.9, 942.5 1.0465  ++ (Cu03)(02)

970.0 926.2 970, 926 965, 930, 970, 926 1.0473 ++ CuOCuO

955.1 911.4 955.1,911.4 955.1, 952.5, 1.0479 - Cw0O,

953.0 909.0 953.1, 909.0 915.7,911.4 - branched ring

933.2 ? ++ ?

845 sh 822 sh 830, 820 1.0280 ++ ((02)Cu(Dy))

836.6 814.1 836, 828, 814 1.0276 ++ ((02)Cu())

839.6 808.5 839.6, 825.6, 808.5 839.6, 825.6, 808.5 1.0385 - (OfCuO)

835.5 804.1 835.5, 821.3, 804.1 835.5, 821.3, 804.1 1.0390 - (O85CuO)y

823.G¢ 792.3 823.0, 809.2, 792.5 823.0, 809.2, 792.5 1.0385 + 0%3Cu0

818.8 788.1 818.0, 805.0, 788.1 818.0, 805.0, 788.1 1.0390 + 0%CuO

812.2 767.4 1.0584 CuO

802.7 758.4 796.6, 792.6, 788.0 796.6, 792.3, 787.7 1.0584 + CuG;

796.7 752.6 752.6 777.0,769.0, 752.6 1.0584 + CuG;

792.2 748.5 1.0586 CuO

764.3 ? ? + ?

761.3 ?

657 br 626 1.0495 - ?

627.7 599.7 627.7,599.7 627.7,599.7 1.0467 83Cu0

625.8 597.7 625.8,597.7 625.8,597.7 1.0470 85Cu0

617.0 591.0 617.0,591.0 617.0,591.0 1.044 Cup(O

597.5 565.0 1.0575 + CuG;, v,

555.0 531.3 555.0,531.3 554.7,531.5 1.0445 + 63Cu00 site

553.1 529.3 553.1,529.3 1.0452 + 65Cu0O0 site

550.35 527.22 550.35, 527.22 550.25, 527.35 1.0439 + 63Cu00

548.45 525.15 548.45, 525.15 548.35, 525.25 1.0444 + 65Cu00

aNitrogen matrix counterparts 826.7, 822.5¢nand 796.0, 791.6 cm.

cm~1, 839.6, 835.5 cmt, 823.0, 818.8 cmt, 627.7, 625.8 cm, the 627.7 cm® band @& = 0.004) was X stronger than the
and 550.4, 548.4 cm. Photolysis markedly decreased the 823.0 cnt! band. Annealing decreased these features and
955.1, 953.0 cmt doublet with little effect on other absorptions.  produced a very weak 995.3, 994.0 chdoublet and weak
Annealing increased the triplet at 995 thand the 986.9 and  1089.6, 802.7, and 550.4 cthbands; no 1124 nor 1110 crh
970.0 cnt! bands and produced strong new absorptions at 836.4,absorption was observed.
796.7, and 792.2 cmd. The 823.0, 818.8 cnit doublet in- The effect of isotopic substitution was explored in nine
creased on first and then decreased on second annealing, whilseparate experiments using 100:1 to 1000:1 samples and is
the 627.7, 625.8 cri doublet decreased, the doublet at 550.4, highlighted in important spectral regions: Figure 3 shows the
548.4 cntl sharpened and slightly increased, and another 560-520 cnt! region for four isotopic samples after 25 K
doublet increased at 555.0, 553.1¢in The 839.6, 835.5 cnt annealing to sharpen the bands. Tk@,+180, mixture gave
doublet decreased, while the broad underlying 836.6'drand the sum of pure isotopic components. Note the slight displace-
increased. Note that the 550.4, 548.4érdoublet grew and ment (Table 1, average 0.1 c#) of sharp bands in the
sharpened in the same proportion as the 1089.8'dvand. 160,+160180+180, spectrum (hereafter calle1€,) to the

The effect of dilution is illustrated in the ©0 stretching center from the puré®O, and!80, intermediate components.
region in Figure 2; the product bands sharpened and relative Figure 4 illustrates the 856780 cnt! region after deposition
intensities changed from Figure 1a (100:1) to Figure 2a (200: with (a) 1%0,+%0%0+180, and (b) 1%0,+1%0,. Note the
1) to Figure 2b (500:1) to Figure 2c (1000:1). The sharp 1089.6 stronger triplet of doublets for the new 823.0 ©hband and
cm! band is clearly the dominant feature at highest dilution. the similar pattern for the weaker 839.6 thabsorption in
Annealing of the 1000:1 sample produces the bands observedrigure 4a; however, in part b only weak intermeditfi®'®0O
at higher concentrations with slightly different wavenumber components were observed. Figure 5 gives the 1420
positions 1135, 1123.4, 1109.5, and 1060.7 &nfrigure 2d. cm~1 region after deposition and photolysis 6%, reaction
Broad-band photolysis decreases all of these absorptions, bufproducts at 1% total concentration. Note the strong triplet at
further annealing restores the 1092.0émsite splitting and 1124.3, 1093.4, 1061.0 cri the 1089.6, 1060.0, 1030.5 ctn
decreases the 1089.6 chband, and the 1109.5 crhabsorption triplet overlapped by other absorptions, and the weak 1110.2,
becomes dominant, Figure 2ef. 1079.0, 1047.8 cmt triplet. Annealing to 25 K slightly

A blank experiment was performed ablating copper into a increases the former triplets and markedly J4ncreases the
condensing argon stream for 1 h. Three weak doublets werelatter triplet (Figure 5b). The difference spectrum (Figure 5c)
observed at 627.7, 625.8 ch 823.0, 818.8, and 951.1, 953.0 clearly shows major growtbnly for the 1110.2, 1079.0, 1047.8
cmL, and broad bands were observed at 657 and 617;cm cm ! triplet. Note that the analogous difference spectrum for
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Figure 1. Infrared spectra in the 114600 cnt? region for laser-
ablated copper atoms codeposited with 1%rOexcess argon at 18
1K: (a) 2 h codeposit, (b) after broad-band photolysis for 30 min, (c)
after 20 K annealing, and (d) after 30 K annealing.

550

160,4-180, shows major growth only for the pure isotopic 1110.2
and 1047.5 cm! bands (Figure 5d). Finally, tH60,4-16080+

180, experiment at 200:1 dilution produced the 1110.2, 1079.0,
1047.8 cnr! triplet on 30 K annealing, and then photolysis
destroyed it with little change in other absorptions in this region.
At 500:1 dilution the sharp triplet appeared at 1109.2, 1078.8,
1047.4 cn! after annealing.

One experiment was performed with a 5% €ample, and
all product bands except 1544.7 cthwere stronger. Of more

importance, band populations were altered: the 1110, 1124,

1135, and 836 cmi bands were stronger in the deposited sample
and increased at the expense of the 1090 'cimand on
annealing.

One experiment was done with® reagent, and the relative
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Figure 2. Infrared spectra in the 1150050 cnt? region for laser-
ablated copper atoms codeposited at 10 K with oxygen at different
dilutions in argon: (a) Ar/@= 200:1, (b) Ar/Q = 500:1, (c) Ar/Q

= 1000:1, (d) after annealing to 30 K, (e) after broad-band photolysis,
and (f) after annealing to 35 K.

lower doublet, slightly increased the upper doublet, and
produced a new 810.3 crhband. With'80, the photosensitive
band appeared at 936.3 cin and the photolysis product
doublets were displaced to 796.0, 891.6¢pand 791.0, 786.6
cm~1, the annealing product to 765.4 ctand the upper band
to 1717.2 cm?,

Calculations

Density functional theory (DFT) was employed to support
assignment of spectral bands, which will be discussed in the
next section. All calculations were done using the Gaussian
92/DFT progrant® with the hybrid B3LYP functiona® Two
basis sets were employed: the small O basis is the46=31
set of Pople and co-workeféand the small Cu basis is derived
from the primitive set optimized by Wachte¥sthe s and p

band absorbances were different from the spectra shown inspaces are contracted using the number 3, while the d space is

Figure 1 using @ The 627.7 and 970.0 crh bands were
increased 2, the 995 cm! band was about the same, the 1089.8
cm~1band was reduced 0<7 the 823.0 cn® band was reduced
0.6x, the 1124.3 cm! band was reduced 05 and the 955
cm~! band was reduced 04 The 1110.2 cm! band was not

contracted (311). Two diffuse p functions (Wachtersl.5)
and the diffuse d function of Hay are also addédlhis yields

a small basis set of the form (14s11p6d)/[8s6p4d]. The big
oxygen set is the 6-3HG(2df) set?! and the big copper set
adds an f functiond = 2.3810) to the small set.

observed on deposition but appeared on annealing at half the Although there have been several high-level calculations

1124.3 cm! band absorbance, and the 836érhand was not
observed in the initial sample but reachéd= 0.001 on

including configuration interaction on the CuO ground st4té8
the calculated, values are near the 586.4 chvalue obtained

annealing. A weak new doublet was observed at 640.6, 638.4here with DFT, which is 6.6% below the observed value. Since

cm~1, and a new satellite feature was observed at 1095:G.cm

Finally, a series of experiments were done for 1% i@
nitrogen. A new 990.7 crit band was destroyed on photolysis,
and a sharp 2.2/1.0 doublet was produced at 826.7, 822.5 cm
with a weaker 821.3, 817.1 crhdoublet and weak NO and
1759.7, 1124, and 1092 crhbands. Annealing decreased the

our goal is to provide computational support for the identifica-
tion of new copper oxide species at reasonable cost, the B3LYP
functional and DFT were employed for higher oxide species.
Two previous high-level ab initio calculations on th&"
CuOO(,) species gave frequencies (Cl, 1161, 535, 220%¢m
CASSCF, 1052, 391, 224 cr'?13that are near the present
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Figure 3. Infrared spectra in the 5620 cnt* region for laser-ablated  Figure 4. Infrared spectra in the 856780 cnt* region for laser-ablated
copper atoms codeposited with isotopic oxygen samples (1%) in excesscopper atoms codeposited with mixed isotopic oxygen samples (1%)

argon after annealing to 20 K to sharpen bands: (&, (b) in excess argon at 10 K: (&§0,+%080+80, and (b)%0,+10,.
1602+160180+1802, (C) 1602+1802, and (d)1802

cmt and a?[1, ground state proposéd!’ A higher value of

DFT values (1188, 438, 217 ci¥). With the large basis DFT  the antisymmetric stretching frequency is expected on going
finds the?A, Cu(Q,)(C,,) species 14 kcal/mol aboda” CuOO, across the first transition metal row from OFé&®¢ Earlier
although two high-level calculations predict t@g, form to be ClI calculations on OCuO considered only doublet states and
about 1 kcal/mol lower in energy:13 One of these studiés identified the ground state &8Iy with a CuO length of 1.765
predicts a comparable-@D frequency and a 100 crhlower A but computed no vibrational frequencis.
but more intense CuO, frequency for Cu(@) as compared to The present DFT big basis calculations find doublet OCuO
CuOO. Another study describes CuOO as the ground stateto be 39 kcal/mol higher than CuOO, but tHé, state only 13
without considering Cu(€).2” Quartet states for both CugpD kcal/mol higher. Calculated frequencies are considerably higher
and CuOO are essentially van der Waals complexes based orfor the doublet state (Table 2).
DFT calculations. Calculations on Cu@structures and spin states are sum-

The OCuO molecule has been characterized by emissionmarized in Table 3. Note that all of the OCp@nd OCuOO
spectroscopy with a symmetric stretching fundamental at 658 species have a strong—-@ mode in the 12081400 cnt?!

TABLE 2: Calculated Frequencies (cnt?l) and Infrared Intensities (km/mol) for CuO and CuO , Molecules Using DFT/B3LYP

Cu0,21, 1.766 A 586.4 (18

{Cu0,211, 1.760 A 587.6 (1P

{Cu(0) %A, 1036.3 (@, 1), 401.4 (g 10), 170.7 (b, 6)} 2P
CuO0,2A",1.912 A, 1.290 A, 116 1188.5 (963), 437.8 (16), 217.1 £8)
{Cute00, 27", 1.908 A, 1.281 A, 117 1181.8 (1030), 431.7 (18), 218.1}9)
{Cute00 1150.4, 411.7, 215}6

{Cute080 1146.6, 430.7, 208}5

{Cute080 1114.1, 410.7, 208}5

CuOQO', 3A,2.015 A, 1.218 A, 129 1587.4 (7), 302.2 (2), 139.8 (1)
CuOC, A, 1.868 A, 1.361 A, 118 1009.5 (851), 456.2 (10), 218.2 {7)
OCu0,, 1.659 A 944.0 (29), 720.7 (0), 148 (22)
{OCu0,xT, 1.651 A 953.1 (32), 727.0 (0), 142 (2%
{OCu0,T, 1.750 A 655.1 (24), 591.0 (0), 130 (2%)
(OCuOy, 1=, 1.703 A 842.1 (84), 676.5 (0), 160 (32)
(OCuOY, 334, 1.703 A 841.5 (53), 672.6 (0), 188.7 (29)
(OCuOY, 1=, 1.644 A 963.0 (1), 716.9 (0), 111 (10)

a{Denotes large bagdisintensities (km/mol) given in parenthes€€u(Q,) in C,, structure not minimum with small basis; for large basis
relative energy order is CuO® Cu(0,) (+14 kcal/mol) < OCuO (39 kcal/mol).¢ For small basis set CuOO is 14 kcal/mol more stable than
OCu0.9 For small basis set OCuQs more stable than OCuO by 82 kcal/mol, in accord with the 80 kcal/mol electron affinity, ref 11. For small
basis CuOOQ is more stable than CuOO by 23 kcal/mdRuartet is 26 kcal/mol lower than doubléfriplet is 26 kcal/mol lower than singlet with
both basis sets; frequencigst cn? big basis.
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0100 DFT calculations were done for three differentGDIO,

0005 ] isomers in doublet and quartet spin states. With the B3LYP
] functional, the planar quartet fCu(Q,) (D2y) is the global
minimum, quartet OOCuO@yg,) is 10 kcal/mol higher, and
quartet (Q)Cu(Qy)(D2q) is 24 kcal/mol higher. All doublets
are higher than quartet states (Table 4). With the B3LYP
H\f\\ functional (Q)CuOO(,) structures converged to tiey, form;

0070 . however, with the BP functional a stable doublet minimum was
0085_3 found that was 10 kcal/mol higher than the planar doublet form.
T Several dicopper species were considered with B3LYP and
0060 the small basis set. Dicopper monoxide was found to be a bent
0.055 (*A) molecule (94, 1.788 A bond length) with frequencies 597.2
0050} cm! (ay, 37 km/mol), 578.8 cmt (by, 71), and 103.4 cmt
aots ] (a1, 3). Three structures for GO, have energies within 1.3

] kcal/mol: the singlet rhombus, the pseudolinear triplet CuOCuO,
°‘°‘°§ and the branched ring triplet (Table 5). Such branched ring
0.035 4 ﬂ structures have been found to be stable in other systems (e.g.
000 , < Se0,).2° The most stable OCuOCuUO structure was also a
0025 ] M b pseudolinear triplet (Table 6); both pseudolinear triplet OCu-
moé OCuO and CuOCuO molecules are calculated to have strong
00155 Cu—0 stretching modes in the 900 cinregion.
0010 Discussion
0005 Assignment of spectral bands together with results of DFT

0»000—§ a calculations will be presented.
-0.005 CuO. The 627.7, 625.8 cni doublet was observed after
‘ ‘ ‘ ‘ ‘ deposition and slightly decreased on annealing. The relative
1140 1120 1100 1080 1080 1040 R . . . .
intensity is appropriate fot*Cuf>Cu in natural abundance for
Figure 5. Infrared spectra in the 1140020 cn1! region for laser- aTOIecmegcﬂtatl.nmg a ngledco%perba;tct)m'f dScerrn?Ieéj OX)E.gen
ablated copper atoms codeposited with mixed isotopic oxygen samplesISO opic substitution produced a doublet ot doublets denoting

(1%) in excess argon: (&JO,+1%010+180, after 2 h codeposit and the vibration of a single oxygen atom and defined the 16/18
photolysis, (b) after 20 K annealing, (c) difference spectrum b minus ratios 1.0467 and 1.0470, which are slightly lower than harmonic

a, and (d) analogous difference spectrum?*@,+'%0, mixture. diatomic ratios fof3CuO and®®CuO of 1.0476 and 1.0479. The
63/65 ratios for the®®0 and180 counterparts are 1.0030 and
1.0033, which are in good agreement with the harmonic values
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TABLE 3: Three Highest Calculated Frequencies (cm?)
and Infrared Intensities (km/mol) for CuO 3 Molecules Using

DFT/B3LYP and Small Basis Set 1.0031 and 1.0034. These bands are assigned t8Gn© and
5 . . i ;
OCUO, (Cy,) doublet 1263.5 (214), 815.5 (9), 436.0 (2) 5CuO molecules, in agreement with previous matrix ;/:)/ork and
CuO; (C») doublet 1055.2 (4), 879.2 (287), 723.8 (1) the gas phase fundamental at 631.4 Emespectively?:
OCuOO doublét 1290.7 (260), 630.1 (12), 370.4 (8) Note that gas phase reaction between Cu atoms and O
OCuOO quartét 1351.3 (917), 634.5 (18), 400.1 (28) molecules to produce CuO is endothermic by 54 kcalftraid
OCuQ (Cy,) quartet 1229.7 (313), 655.5 (15), 386.4 (4) that CuO is formed here by the reaction of energetic Cu atoms
a Structure is 21.6 kcal/mol above global minimum energy structure. Produced by laser ablatiGAreaction 1. The DFT energy (big
b10.9 kcal/mol above ozonide structure:—O = 1.354 A, Cu-O = basis) value foAE is 64 kcal/mol.

2.044 A, 00—0-0 = 1171°. ¢7.4 kcal/mol above!5.6 kcal/mol

above.® Global minimum. Cu+0,—Cu0+0 1)

region and that the ozonide has calculated frequencies near the OCuO. The 823.0, 818.8 cmi doublet was observed in the
alkali metal ozonide valu€s. spectra after deposition, and the intensity increased with oxygen

TABLE 4: Calculated Frequencies (cnt?) and Infrared Intensities (km/mol) for CuO 4 Molecules Using DFT/B3LYP and Small
Basis Sets

(02)Cu(0,) quartet D)2 1228.7 g, (0), 1152.7 K, (540), 512.1 h, (5), 371.1 b, (0.1)
(O2)Cu(Gy) doublet Pan)° 1213.6 (0), 1146.2 (452), 525.3 (15), 384.7 (0.03)
160160 C U060 quartet? (Cyp) 1390.3 (@, 2), 1207.3 (b, 3435), 455.0 (8 0.1), 352.7 (k 2)
160180 C U500 1372.5 (45), 1189.1 (3291), 447.2 (0.2), 342.5 (2)
1800 CU0*0 1372.6 (46), 1187.8 (3299), 454.4 (0.1), 352.0 (2)
8OO CUt0*0 1358.0 (169), 1165.3 (3076), 446.8 (0.1), 341.7 (2)
160180 C U800 1351.2 (1), 1174.5 (3734), 437.9 (0.3), 333.7 (2)

160180 CUHOLE0 1351.1 (2), 117.3 (3243), 446.6 (0.1), 341.9 (2)

18010 CU0* 0 1351.1 (2), 1172.1 (3253), 454.0 (0), 351.2 (2)

16080 CUHE00 1333.0 (2), 1154.2 (3095), 437.4 (0.2), 333.1 (2)

1800 CU0*0 1332.8 (48), 1153.2 (3107), 446.1 (0.1), 341.1 (2)
1800 CUHE00 1310.6 (2), 1138.2 (3052), 436.9 (0.1), 332.4 (2)
(02)Cu(Qy) quartet (D2g) 1231.4 (g, 0), 957.0 (b, 3557), 365.5 (h 131), 323.8 (¢,0)
(*80,)Cu(*t0y) 1160.9 (0), 903.0 (3151), 354.9 (126), 306.1 (0)
(O2)CuOO0 doublet,)? 1266.4 (280), 1145.2 (375), 570.8 (29), 359.3 (14)

aGlobal minimum.b Doublet is 1 kcal/mol higher than quartéCis (Cy,) is 10 kcal/mol higher than global minimurfiDoublet OOCuQO
(Cx) is 10 kcal/mol higher than quartet and has similar frequenéBsstorted tetrahedronD(y) is 24 kcal/mol higher than global minimum.
fDoublet (Q)Cu(Q,) (Dag) is 9 kcal/mol higher and has similar frequencigéBoublet (Q)CuOO is 14 kcal/mol higher.
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TABLE 5: Highest Calculated Frequencies (cm?) and Infrared Intensities (km/mol) for Cu ,0, Molecules Using DFT/B3LYP

and Small Basis Set

CuOCuO nearly linear triplét
Cw,O, rhombus singlét
CuOCuO branched ring tripket

920.6 (162), 731.2 (30), 291.9 (4)
668.5 (0), 607.9 (48), 458.2 (0), 399.2 (40)
763.6 (73), 632.3 (18), 516.0 (18)

a Structure is 1.3 kcal/mol above global minimum,-€0 = 1.775 A. O-Cu= 1.723 A, Cu+-O = 1.698 A.® Structure is 0.6 kcal/mol above
minimum, Cu-O = 1.818 A, angle CtO—Cu = 81°. ¢ Global minimum, branched ring terminal-€Cu = 1.718 A, central CaO = 1.750 A,
bridged Cu+-O = 1.795 A, Cu-Cu = 2.910, angle &Cu—0 = 179.

TABLE 6: Four Highest Calculated Frequencies (cnt?t) and Infrared Intensities (km/mol) for Cu ,O3; Molecules Using DFT/
B3LYP and Small Basis Set

OCuOCuO “W” triplet
OCuOCuO linear singlét
16053CULeOSSC U0 nearly linear triplet

1055.6 (2), 794.0 (581), 674.0 (.4), 371.8 (220)
1016.7 (.3), 828.4 (0), 764.8 (56), 355.7 (18)
939.5 (321), 705.1 (39), 636.0 (3), 277.0 (3)

16083C U80S C Ut O 938.4 704.6 634.2
160E5C U0 C Ut O 937.1 7025 634.2
18083CUtB0C3C U0 895.0 675.0 606.0

a Structures are 51 kcal/mol above global minimdr@lobal minimum; terminal @Cu = 1.728, 1.706 A and central G = 1.742 A.

concentration and laser power. Their relative intensity was the presence of another oxygen necessitates involvement of d
always 2.2/1.0, which is required f&#Cuf>Cu isotopes in orbitals in the bonding.
natural abundance for a molecule with one copper atom. The |t s interesting to ask why the previous infrared spectra
isotopic ratio 1.00513 is very close to the harmonic value of fajled to reveal thevs fundamental of OCuO following pho-
1.005 20 for thevs fundamental of a linear OCuO molecule. tolysis that produced the fluorescence spectra. First, the xenon
Oxygen isotopic substitution produced a triplet structure for each work# employed 5% oxygen and the appropriate region was
band with the 16/18 ratios 1.0385 and 1.0390 for each copperdominated by the very strong Cuf@ band; however, on
isotope, which are again very close to harmonic ratios for the photolysis, a very weak 825, 821 cfndoublet shoulder
linear molecule (1.0391 and 1.0395) and show that this molecule gppeared as the 837 cirband diminished. Second, OCuO is
contains two equivalent O atoms. Note that the 1:2:1 intensity |ess stable than CuOO and relatively little OCuO will be easier
distribution was observed only in experiments with scrambled to detect by electronic than by IR spectroscopy.
oxygen, but in experiments withO,/1%0, mixtures, weaker The sharp 823.0, 818.0 crhcopper isotopic doublet in solid
intermediate components were also detected. These bands arsrgon did not increase on broad-band medium-pressure arc
asGS|gned to thevs fundamental of the linear ®uO and  ,oto1vsis, in contrast to the more powerful Xe lamp production
O°CuO molecules. L _ of OCuO for characterization by electronic spectroscbpy,
The main mechanism  of fo_rmatlon_ is direct insertion of presumably because of insufficient intensity. However, in solid
energetic, laser-ablated atomic Cu into the Molecule, N,, the analogous 826.7, 822.5 chdoublet did markedly
followed by relaxing in the condensing matrix; however, the ,rease on broad-band photolysis, showing that the OCUO
produced here is in fact the same OCuO species identified
(2) previously by electronic spectroscop§l’” Note the small
difference between Nand Ar matrix fundamentals for the linear

slight growth of these bands on annealing to 25 K indicates ©CUO molecule with no dipole moment. _
that the reaction between CuO and O can also take place with It is difficult to determine if the excess energy required for

diffusing O atoms. Note that ozone absorptions also increasereaction 2 is kinetic or electronic. Ozin et al. suggest that it
on annealing. may in fact be metastabf® (3d°4<%) Cu atoms that insert to

form OCuO? The present experiments show that the insertion
reaction to give OCuO occurs in argon but not in nitrogen
condensing layers; a similar observation for laser-ablated Be,

The observation of a weak intermediate component in experi- Mg, and Ca atoms led to the proposal that the reactive atoms
ments with160,/180, confirms that reaction 3 plays a minor Were in metastabléP states® It appears that Nis more
role in OCuO formation. effective in quenching metastable metal atom states. However,

Although B3LYP calculations predict tHé], state to be 26~ On photolysis, the C&P state is reached, which relaxes to the
kcal/mol lower than théll, state for OCuO, the calculated °D state and inserts intoQo form the dioxide, as suggested
andv; frequencies are 1.16 and 1.10 times the observed valuesdy Ozin et aft Metastable’D Cu atoms formed in the laser
for the doublet state and 0.80 and 0.90 times the observed valuegblation process thus have sufficient lifetitheo reach the
for the quartet state, respectively. The frequency calculations condensing layer and insert into, OA similar reactivity has
are more compatible with the doublet ground state identification. been attributed to laser-ablated metastable iron atéms.

Note that the average frequency for OCuO, (82858) x CuOO0. The 1089.6 cm! band was observed on deposition;
0.5= 740 cntl, is substantially higher than the frequency for this band decreased slightly on photolysis and increased slightly,
CuO (628 cml), suggesting a substantially stronger bond in sharpened, and changed site splittings on annealing (Figure 1).
the dioxide, as do the present calculated bond lengths (1.651 AOf considerable significance, the 1089.6 dnband is the
for OCuOws 1.760 A for CuO using the big basis). This was dominant feature dowestO, concentration (Figure 2). Analo-
not the case for OFeO and FeO, which have almost identical gous behavior was found for the 550.4, 548.4-¢rdoublet.
average frequencies (OFeQO, (946797) x 0.5= 872 cn1?, Oxygen isotopic mixtures show that the upper band involves
and FeO, 872 crt) and calculated bond length%. The weak one Q submolecule, but the intermediate component is over-
bond in CuO reflects stability of the-1 oxidation state for lapped by another band, so possible further splitting could not
copper, which preserves thé®ashell. In the case of OCuO, be ascertained. The 16/18 ratio (1.0592) is also appropriate

relax

energetic Cut O, — [OCuO]* — OCuO

CuO+ O— OCuO ©)



4032 J. Phys. Chem. A, Vol. 101, No. 22, 1997

for an O-0 stretching mode. The associated 550.4, 548 2cm

doublet (relative intensity 1089.6/550.4 is 3/1 in 200:1, 500:1,

Chertihin et al.

ing.1516.18 The 180, counterpart was clearly observed at 1001.0
cm! (ratio 1.0596), but a possible intermediate component was

and 1000:1 experiments) defines slightly different isotopic ratios obscured by C¥¥080 at 1030.5 cm!. This species might be
than the above CuO diatomic molecule (63/65 ratio 1.0034 and formed on deposition but photodissociated by radiation from
16/18 ratio 1.0440), revealing slightly more Cu and less O the laser plume on the copper target.

participation, which is appropriate for Cu vibrating against a
slightly heavier mass than one O atom. The mi&ob/180,
spectrum is the sum of its parts and ongsObunit is involved,
but small differences are found wh&©!€0 is included. The
copper isotopic bands broaden (0.8 to 1.0-&nand shift 0.1
cm to the center; this means that the@D!80 absorption is
0.2 cnt?! lower than C&0%0, and the CtO0 absorption

is 0.2 cn? higher than CtPO'0. The quartet nature of this

(OCuO)~. The sharp doublet at 839.6, 835.5 thshows
essentially the same isotopic ratios as the stronger sharp doublet
at 823.0, 818.8 crmt and the same mixed oxygen isotopic triplet
(Figure 3). Thus, the former doublet is also due to a linear
OCuO species. The 839.6, 835.5 thuoubletis destroyed
on annealingcycles whereas the 823.0, 818.8 ¢ndoublet is
slightly increased and then decreased,; this shows that the weaker
doublet is due to a more reactive species and is probably not

band indicates that the two O atoms are inequivalent, and thusan Q, complex of OCuO, although this possibility cannot be

the CuOO molecule is identified.

This assignment to the GtO stretching mode of CuOO is
in agreement with Tevauttthe highest level frequency calcula-
tions}!2 and the recent 530(50) cthgas phase observatiéh.
The 1089.6 cm® O—O stretch assigned here, however, differs
from Tevault's assignment of 1124 chwhich we believe is
due to a higher @complex of the same molecule, and Ozin's
broad band at 1000 cr in solid xenon2®

(CuO0)(0Oy)x Complexes. The bands at 1110, 1124, and
1135 cnt! grow on annealing and are favored by higher O

completely ruled out. DFT calculations predict thefunda-
mental of the linear (OCuQ)anion (Table 2) at 842 cm,
which is higher than the OCuO radical, anaig ground state,

in contrast to the suggest&s, ground staté! The 839.6, 835.5
cm~! doublet is tentatively assigned to thg fundamental of
linear (OCuQOJy. Recent photodetachment studielsave de-
termined OCuO to have a high electron affinity (3.46 eV), so
(OCuOy is a stable anion that may be expected to form by
capture of electrons produced in the ablation process. In this
regard Q™ was detected at 953.7 cin these experiment$:36

concentrations. These bands increase on annealing in differenijatomic CuO was also sought, but no products in the 700

proportions. The 1124 cm band increases slightly, the 1110
cm~! band increases markedly, and the 1135 ¢nband
increases relative to the 1089.6 chband. These bands must
be considered for Cu{species. In fact the 1110 crhband
has been assigned to the OOCuUOO molettlélowever, the

present mixed oxygen isotopic data provide no evidence of the

coupling expected between equivalentsbbmolecules, so we
must conclude that the 1110 cfnband is due to a higher
complex and not a Cugnolecule with equivalent £subunits.

790 cnt? regior?” gave the correct isotopic shifts.

(CuOO)" and (CuOO)~. The sharp, weak 1544.7 crth
band @ = 0.001) also disappears on annealing and exhibits a
1457.3 cnt! 180, counterpart, but intermediate components
could not be observed owing to isotopic dilution of product
absorbance. The 16/18 ratio (1.0601) is indicative of a pure
O—0 vibration with little anharmonicity. DFT calculations
(Table 2) predict the ©0 stretching fundamental of CuGO
at 1587 cml, and the weak 1544.7 cthband is appropriate

The present DFT calculations show that higher multiplets should ¢, 5 tentative assignment to the CuO©@ation.

be observed for all of the Cu@dsomers considered (Table 4),

yet higher multiplets were not observed in the spectra. At most

there is 0.5 cm! variation in the 1110.2 cm band with
160,4-160180+180,, and this is probably due to site variations
within these experiments. The observation of only “triplet”

statistical oxygen isotopic absorptions shows that the 1124 an

1110 cn1?! bands involve the 80 stretching mode of one
uncoupled @ submolecule, but the resolution may not be
sufficient to determine equivalence of the atomic positions.
Two observations lead to the suggestion of (CuO@)O
complexes. First, the sharp 1092.0 ¢nsatellite increases on
annealing relative to the 1089.6 chband, particularly at higher
0O, concentrations. The 1092.0 cfnsatellite is probably due
to an (Q)(CuOO) complex. In the PO experiments this
satellite appeared at 1095.0 chand increased on annealing
relative to the 1089.6 cmt band; the 1095.0 cni band is
probably due to the (NN)(CuOO) complex. Accordingly, we
believe the best assignment for the 1124-¢énband is a
(CuO0)(Q) complex and that for the 1110 crhband is a
(CuOO0)(Q), complex where it is not possible to determine if
the CuQ molecule is CuOO or Cu(§p. The weaker 1135 cmi
band is probably due to a higher complex.
cold Cu+ O,— CuOO (4)

Cu(Oy). The cyclic isomer is calculated to be more stable
at high levels of theory213but not with DFT; however, we do

The weak 1009.5 crt band decreases on annealing and has
a 953.2 cm! 180, counterpart, but intermediate components
were masked by ozone absorptions. The 16/18 ratio (1.0591)
also points to an ©0 stretching vibration. DFT calculations

OIpredict this fundamental for (CuOO)t 1009.5 cm?, which

is fortuitous but nevertheless supportive of this identification.

(O2)Cu(0O2). The strong broad feature that grows strongly
and peaks at 836.6 crhon annealing (Figure 1) has been
observed by earlier workers in argdii and xenon matrices,
and assignment to Cufl) has been considered but not
demonstrated. In some experiments an 845%cshoulder is
observed on 40 K annealing, and at high €dncentrations,
this feature becomes a broad band at 850%cim solid argod*
and at 837 cm! in solid xenor* This absorber must be
characterized by the 16/18 isotopic ratio, which hasrumsually
low 836.6/814.1= 1.0276 value. Although the band is broad,
annealing'®0,/180, samples to 30 K reveals a broad 836, 828,
814 cnt triplet, and®1%0, experiments give a broad 830, 820
cm! doublet. These features are unresolved versions of the
spectra of MQ molecules'>33.38

For a simple binary C®y, atomic system, the lowest 16/18
ratio for a normal vibration is that for the antisymmetric
stretching mode of ©Cu—0, which is observed here as 1.0385.
In order to decrease this ratio, the mass of O must be increased,
for example to @, and the 16/18 ratio 1.0288 is predicted for
an antisymmetric @-Cu—0O, stretching mode. Agreement

not have a definitive assignment for this isomer. The best between this simple vibrational model and the unusually low
possibility is the weak photosensitive band that grows in on observed 16/18 ratio, 1.0280, is good enough to substantiate

annealing at 1060.7 cm. In the Fe and Ni cases, the cyclic
Fe(®) and Ni(Q®) isomers increased markedly on anneal-

the identification of a (@ Cu(O,)~ species as suggested from
the mixed oxygen isotopic spectra.
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One apparent problem with this seemingly obvious assign- Perhaps the most interesting of these bands is the highest
ment is the lack of agreement with the present DFT calculations. Cu—0 stretching mode observed here, namely, the resolved Cu
The most stable (§Cu(Q,) molecule is predicted to have very isotopic triplet at 995.3, 993.9, and 992.5 ©m The highest
strong 1152.7 cmt and weaker 512.1 cm bands of ky frequency intense CtO stretching mode was calculated for
symmetry with 16/18 ratios 1.0605 and 1.0292, respectively. nearly linear triplet OCuOCuO at 939.5 cin(Table 6). Note
The latter 16/18 ratio confirms the above mechanical model there is very good agreement between the calculated 63/65 ratio
for an antisymmetric @-Cu—O; stretching mode, but the 836  (1.002 56) and the 16/18 ratio (1.0497) and the observed values.
cm~1 band is way above the predicted 512 ¢malue and has Furthermore, the calculations predict very little coupling between
no associated antisymmetric-@ stretching mode. We believe  the terminal Ct-O modes such that the mixed oxygen isotopic
the best explanation for the 836 ciband is a molecule  sextet for all®3Cu (939.5, 939.0, 937.9, 897.4, 896.7, 895.0
(O)CUPH(0y)0~ < (0)°~CP*(0Oy), where charge exchange cm™Y) is difficult to resolve due to band overlap. However,
during the vibration gives rise to an extremely strong antisym- the latter three af®Cu components are resolved at 954.0, 952.3,
metric @—Cu—0; stretching mode. and 949.8 cm! in the scrambled oxygen isotopic experiment.

Nickel and copper are clearly different with respect to the Hence, the resolved copper isotopic splittings and agreement
nature of the (@Ni(O,) and (Q)Cu(Q,) molecules. The latter ~ With DFT isotopic frequency calculations substantiate the
molecule is readily formed by the addition of @ Ni(O,) and identification of the nearly linear OCuOCuO molecule. The
gives rise to a strong higher mixed oxygen isotopic multiplet 986.9 cn! band has a similar contour and is likely due to an
for the coupled @O stretching of two equivalent Gubunits; aggregate of OCuOCUO probably with.O
however, no such copper species is observed.

CuOs. The 812.4, 802.7, and 792.2 cinbands are near  Conclusions

those as_signed to CuQby Tevault et al2 and the present The copperoxygen system is important but very compli-

observations are in agreement. The strong 796.7'dsand cated. With the excess energy present in laser-ablated copper

behaves likewise and is due to a slightly perturbed form of the gtoms both monoxide (CuO) and dioxide (OCuO) as well as

same species. Note that the copper ozonide fundamentalsyigher oxides (CuOCUO and OCUOCUO) can be formed. Note

calculated by DFT are in good agreement with the observed that frequencies increase in this oxide series, as higher copper

alkali ozonide value®; and the very strong copper ozonide band  oxidation states must involve d orbitals in the bonding.

is predicted about 9% too high. Even though several OCuO  The primary complex formed with cold copper atoms is

species are calculated to be more stable than;(th€se species Cu0O, as documented by isotopic shifts in-6D and G-O

are not observed here. stretching modes in dilute oxygen experiments. A number of
CuOCuO and OCuOCUO. The 995, 987, 970, and 955  higher secondary complexes AQLuOO are formed at higher

cm-* bands are very high for CtO stretching modes, but these O, concentrations, but none of these give evidence for coupling

bands are clearly due to such modes based on the observed 16detween @ subunits required for an £8uC, molecule with

18 ratios. Furthermore the 995.3, 993.9, 992.5tmiplet (29: equivalent @ subunits.

22:4) is in reasonable agreement with that expected for the The formation of two different Cu@species (the CuOO

vibration of two equivalent copper atoms with natural abundance complex and the linear OCuO dioxide), where the CuOO

6%Cu and®*Cu. The 63/65 ratio (1.00282) is slightly below the  complex is the lower energy isomer at all levels of theory

harmonic diatomic value, and the 16/18 ratio (1.0479) is slightly employed here, arises because of kinetic stability. The linear

above. Following the OCuO dioxide band at 823€nthese  gioxide formed from energetic Cu atoms has an energy barrier

absorptions are believed to be due to OCuOCuO and CuOCuOxq rearrangement to the lower energy copper dioxygen complex.

species, a suggestion supported by high-Owstretching modes  No calculations performed to date are sufficiently accurate to

predicted from DFT frequency calculations. definitively determine the structure of the lower energy complex
The broad 1688 crt band tracks with the broad 970 cin as end (CuQOQ) or side (Cu@}) bonded. The present experi-

band on annealing, and the quartet scrambled isotopic multipletsments, however, give a substantial yield of the CuOO complex

for each band are in accord with the CuOCuO identification. and possible evidence for a low yield of a Cyg{@omplex both

Neglecting anharmonicity, the 1688 970 = 718 cnt! and formed by cold copper atoms and of lower energy than the linear

1612 — 926 = 686 cn'! bands are appropriate for the lower dioxide formed by excited copper atoms.

Cu—0 stretching mode 16 and 18 counterparts for this molecule,

in agreement with DFT calculations. Hence, the 970band Acknowledgment. We gratefully acknowledge financial

is probably due to the nearly linear triplet CuOCuO molecule, support from NSF Grant CHE 91-22556 and early calculations

in accord with the strong DFT-predicted mode at 920.6 €m  done by A. Citra and M. Neurock.

(Table 5). In fact the scrambled isotopic quartet is in accord
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