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Reactions of Laser-Ablated Cu with NO: Infrared Spectra and Density Functional
Calculations of CuNO*, CuNO, Cu(NO),, and Cu(NO),~ in Solid Neon and Argon
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Department of Chemistry, Usrsity of Virginia, Charlottesille, Virginia 22904-4319
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Laser-ablated copper atoms react with NO molecules in excess neon and argon during condensation to form
the CuNO and Cu(NQ)complexes as major products and Cu(B@D)* as a minor product. In addition,

the CuNO cation and Cu(NQJ anion are also formed. The product absorptions are identified from isotopic
shifts and splitting patterns in the matrix infrared spectra and are supported by DFT calculations of isotopic
frequencies. Sequential annealing increases CuNO and Cyi(Alt@) then CuNO gives way to Cu(N£and
Cu(NO)(NO)*, a dinitrosyl with a third inequivalent NO subgroup. The isolated mononitrosyl and dinitrosyl
species provide a scale to estimate local charge on CuNO and Cugit3)in Cu-exchanged zeolite catalyst
systems.

Introduction assignmentsg to copper mono- and dinitrosyl complexesist

be reversedon the basis ofiew mixed isotopic spectaend DFT
isotopic frequency calculations. In addition, the copper mono-
nitrosyl cation and dinitrosyl anion will also be identified.

The reactions of nitric oxide with transition metals are of
interest as nitric oxides are the main pollutants in the fuel
combustion process, and their removal involves catalytic reduc-
tion on the metal surface. Copper-exchanged zeolites have highexperimental Section
activities in the catalytic reduction of N& and considerable . . . .
experimental and theoretical work has been done to understand The experiment for Iaser. ablgtlon qnd matrix .|solat|on
the reduction mechanismslO In particular, Cu-gemdinitrosyl SpeCtr(_)SCOpy has been described in detail prevuﬁf}sﬁsylgfly,
species have been suggested to play an important role-N N th_e Nd:YAG laser fu_ndamental (1064 nm, 10 Hz repetition rate
bond formation and decomposition to, Mnd G.25-7 The with 10 ns pulse width) was focused on the rotating copper
interaction of NO with bare metal atoms and cations has also Met@l target (Johnson Matthey, 99.9998%) using low energy

been studied. Schwarz and co-workers have investigated CuNO(l_5 mJ/pulse). Laser-a_blated_ copper atoms, caglon_s, and
and CuNO with collisional activation mass spectrometry and electrons were co-deposited with nitric oxide (G_QS_/o) In
suggested that the molecules have either a side-on geometry of XCESS neon and argon ordt 40r 10 .K. Csbryogemc window

two rapidly interconverting end-on geometriésChe reaction at 2-4 mmol/h for 30 min to 2 h, giving approximate copper

. tom concentrations of 0.01% in neon and 0.1% in argon
of thermally generated copper atoms with NO has been a - . . 16 150118
examined in an argon matrix, which reported copper mononi- samples. N'(t’r'c oxide (Matheson), isotopitN and™N*?
trosyl and dinitrosyl complexe. (Isomet, 99%) and selected mixtures were used in different

. =1
Computational studies of CUNO, CuNQand their isomers experiments. Infrared spectra were recorded at 0.5'cm

have been conducted by Hrusak et al. with CCSD(T) and by Lisir?lUt;)morég.:_\gcgftteﬁgrsrﬁ;g&mse;% V}'gg 3\'/;?2%2% d at
Benjelloun et al. with self-consistent field (SCF) and configu- 9 g i P

ration interaction (CI) method:4 The CUNO and CuN® different temperatures, and selected samples were subjected to

species have been reinvestigated in more recent theoreticalbr?ﬁd'band phothzSﬁ b{ S medlum(-jpresdsuye mf_elrcury arc
studies using DFT method&1¢ Finally, the chemisorption of (Philips, 175W) with the globe removed and glass filters.

nitric oxide on the copper metal surface has been thoroughly Regyits
investigated using a variety of experimental technicfiiégand

the bonding of NO to copper clusters has also been std8#éd.

Laser ablation is an effective method for producing clean

metal atoms, cations, and electrons for matrix isolation study.
By co-deposition of laser-ablated transition metal atoms, cations,
and electrons with CO, metal carbonyl cations and anions as
well as neutral molecules have been forrded? These isolated
carbonyl species provide a scale to estimate charge on meta
carbonyl complexes in rhodium carbonyl catalyst systéhiis.
this paper, we report the reactions of laser-ablated copper wit
NO in excess argon and neon. We will show that previous

Infrared spectra in the 1731490 cn1?! region from co-
deposition of laser-ablated copper with NO in excess neon on
a 4 K substrate are shown in Figure 1, and the product
absorptions are listed in Table 1. Metal-independent absorptions,
which are common to other NO reaction systems, have been
reported previously and are not listed héré® Different
femperature annealing and photolysis were conducted as shown
In Figure 1. Experiments were done usiffl%0 and>N*80
hsamples, and very similar spectra were obtained. The isotopic
frequencies are listed in Table 1. Similar experiments with
14N160 + 15N160 and 1SN0 + 15N180 mixtures were also

*To whom correspondence should be addressed. E-mail: Isa@virginia.edu..perf.ormed’ and dlagnpstlc spectra in dlﬁer.ent regions are shown

* Permanent address: Laser Chemistry Institute, Fudan University, IN Figures 2-4. Experiments were done with C@Gldded (10%
Shanghai, People’s Republic of China. of NO) to serve as an electron trép23

10.1021/jp993516h CCC: $19.00 © 2000 American Chemical Society
Published on Web 03/08/2000




Reactions of Laser-Ablated Cu with NO

J. Phys. Chem. A, Vol. 104, No. 12, 2008619

TABLE 1: Infrared Absorptions (cm ~1) from Co-deposition of Laser-Ablated Copper Atoms with Nitric Oxides in Excess Neon

UNIBQ NGO I8NISO N8O + 15N160 15N16Q0 + 15N180 R(14/15)  R(16/18) assignment
3412.5 3345.9 32714 3412.5, 3380.5, 3345.9 3345.9, 3310.3, 3271.4 1.0199 1.0228 LSUtENO)
3407.6 3341.1 3266.8 3407.6, 3375.6, 3341.1 3341.2, 3305.5, 3266.8 1.0199 1.0227 LSUtENO)
3406.0 3339.4 3265.3 3406.0, 3373.9, 3339.4 3339.5, 3303.9, 3265.3 1.0199 1.0227 Lu(NO)
3401.0 3334.7 3260.4 3401.0, 3369.0, 3334.7 3334.7, 3298.9, 3260.4 1.0199 1.0228 Lu(NO)
1907.9 CuNO*
1692.8 1662.8 1618.9 1692.8, 1687.7,1680.3, 1662.8, 1654.9, 1645.0, 1.0180 1.0271 Cu(NQ)NO)*
1676.4, 1665.8, 1662.9 1639.4, 1622.6, 1619.1
1642.0 1609.4 1574.6 1642.0, 1623.8, 1609.4 1609.4, 1589.6, 1574.6 1.0203 1.0221 LSitENO)
1638.7 1606.2 1571.6 1638.7, 1620.6, 1606.2 1606.2, 1586.6, 1571.6 1.0202 1.0220 LN O)
1637.2 1604.7 1570.2 1637.2,1619.2, 1604.7 1604.7, 1585.2, 1570.2 1.0203 1.0220 Lu(NO)
1635.5 1603.0 1658.5 1635.5, 1617.4, 1603.0 1603.1, 1583.6, 1568.5 1.0203 1.0220 Lu(NO)
1602.2 1574.6 1532.0 1602.2, 1574.6 1574.6, 1532.0 1.0175 1.0278 CuNO
1565.2 1533.2 1500.8 1565.1, 1544.3, 1533.2 1533.2, 1511.3, 1500.8 1.0209 1.0216 Lu(NO)
1561.3 1529.4 1497.0 1561.4, 1540.6, 1529.4 1529.4, 1507.2, 1497.1 1.0209 1.0216 Lu(te0)
1499.6 1473.7 1433.8 1499.7, 1485.7, 1473.7 1473.7, 1451.5, 1433.8 1.0176 1.0278 ,(NOYXu
1214.5 1191.4 1163.4 1214.4,1191.5 1191.0, 1174.9, 1163.3 1.0194 1.0241 Cu[OO]N
615.1 609.4 599.1 1.0094 1.0172  9Cu(NO)
611.1 605.4 1.0094 85Cu(NO)
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Figure 1. Infrared spectra in the 1731490 cnt? region for laser-
ablated copper atoms co-deposited with 0.1% NO in neon: (a) after
30 min of sample deposition at 4 K, (b) after annealing to 8 K, (c)
after 15 min of full arc photolysis, (d) after annealing to 10 K, and (e)

after annealing to 12 K.

Figure 2. Infrared spectra in the 1765460 cn1! region for laser-
ablated copper atoms co-deposited with 0.0%8t6°0 + 0.05%*°N¢O

in neon: (a) after 45 min of sample deposition at 4 K, (b) after annealing
to 8 K, (c) after 15 min of full arc photolysis, and (d) after annealing
to 12 K.

Complementary experiments were also done in an argon
matrix on a 10 K cryogenic window using 4 times the laser results are listed in Table 5. Analogous calculations performed
energy employed for the neon experiments. Figure 5 shows thefor the Cu(NO)(NO)* species are summarized in Table 6 and
spectra in the 18801500 cnt? region with 0.3% NO in argon,  Figure 7. Finally, similar calculations were done for dicopper
and the absorptions are listed in Table 2. Similar experiments nitrosyls as summarized in Table 7.
were done with!>N60 and 1*N160 + 15N60 samples, and
Figure 6 shows the spectra in the 188190 cn1? region with
a 0.3%™N60 + 15N60 sample.

Density functional calculations (DFT) were employed for
band identifications using the Gaussian 94 progtaithe BP86
and hybrid B3LYP functionals in conjunction with the 6-34G- frequency calculations.

(d) basis set on N and O atoms and the all-electron set of CuNO. The strong band observed at 1602.2 érin neon
Wachters and Hay for Cu atom as provided by Gaussian 94 experiments after sample deposition slightly increased and
were used® 3! The geometries were fully optimized and the sharpened on 8 and 10 K annealing, and then decreased on 12
harmonic vibrational frequencies computed using second deriva-K annealing while the 1637.2 crhband increased. The 1602.2
tives. Calculations were first performed on CuN@uNO, and cm~1 band shifted to 1574.6 cm with 1>N160 and to 1532.0
CuNO" using both functionals, and the results are listed in cm~! with the 15N180 sample, and gave "dNO/*®NO ratio of
Tables 3 and 4. Similar calculations were also done on Cu- 1.0175 and &N60/A5N80 ratio of 1.0278. In the mixetN6O

(NO), neutral, cation, and anion with both functionals, and the + 1SN0 and!®N160 + 15N180 experimentspnly pure isotopic

Discussion

Copper nitrosyl cations, neutrals, and anions will be identified
from isotopic substitution, isotopic mixtures, and DFT isotopic
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Figure 3. Infrared spectra in the 1671420 cn1? region for laser-
ablated copper atoms co-deposited with 0.0986°0 + 0.05%N*%0

in neon: (a) after 45 min of sample deposition at 4 K, (b) after annealing
to 8 K, (c) after 15 min of full arc photolysis, and (d) after annealing
to 12 K.
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Figure 4. Infrared spectra in the 343@310 cn1? region for laser-
ablated copper atoms co-deposited with 0.0486°0 + 0.05%N*¢0O

in neon: (a) after 45 min of sample deposition at 4 K, (b) after annealing
to 8 K, (c) after 15 min of full arc photolysis, (d) after annealing to 10
K, and (e) after annealing to 12 K.

counterparts were obseed, indicating that only one NO subunit
is involved in this modeThis band is assigned to the-D
stretching vibration of the CuNO molecule. The corresponding
CuNO absorption was observed here at 1587.1'dmargon,
red-shifted 15.1 cmt from the neon matrix band position, and
showed a doublet in our mixedNO + 15N160 experiment.

608.8 cnt! bands to N-O and Cu-N stretching vibrations of

Zhou and Andrews

Cu(NO),
0.8 (NO),
(NO),
”M CuNO
061 w @
_NO
® 0.5
M S ©
2
CuNO
0.3
0.2 (b)

0.14 Cu(NO),~

(@)

L

1800

;

1700 1600

Wavenumbers (cm-1)
Figure 5. Infrared spectra in the 188500 cnt1! region for laser-
ablated copper atoms co-deposited with 0.3% NO in argon: (a) after
60 min of sample deposition at 10 K, (b) after annealing to 25 K, (c)
after 15 min of full arc photolysis, and (d) after annealing to 35 K.

TABLE 2: Infrared Absorptions (cm ~1) from Co-deposition
of Laser-Ablated Copper Atoms with Nitric Oxides in Excess
Argon

NGO IO 14NI6O + NSO R(14/15)  assignment
3380.8 3314.9 3380.8,3348.9,3315.0 1.0199 Cucd®
3373.2 3307.5 3373.1,3341.4,3307.5 1.0199 CugNO)
3364.8 3299.2 3365.0,3332.8,3299.6 1.0199 Cupd®
1852.2 1816.2 1852.2,1816.2 1.0198 OCuUNO
1734.8 1702.7 1734.6,1702.6 1.0189 (CuCuNO)
1684.9 1654.8 1.0182  Cu(N@NO)*
1680.0 1650.1 1.0181 Cu(N@NO)*
1614.7 1582.7 1614.7,1597.1,1582.7 1.0202 Cu@é®
1611.6 1579.6 1611.8,1594.2,1579.8 1.0203 CugNO)
1606.9 1575.1 1606.9,1589.2, 1575.1 1.0202 Cufd®d
1587.1 1559.0 1587.4, 1559.1 1.0180 CuNO
1556.6 1524.6 1.0210 Cu(ND)
1551.2 1519.4 1.0209 Cu(ND)
1549.9 1518.0 1.0210 Cu(ND)site
1529.3 1500.4 1529.3, 1500.4 1.0193 KO site
1524.5 1495.7 1524.5,1495.7 1.0193 0 site
1520.4 1492.6 1520.4, 1492.6 1.0186 2

1515.9 1488.3 1515.9, 1488.3 1.0185 2

1213.4 1190.8 1213.4,1190.8 1.0190 Cu[OO]N
608.6 603.6 608.6,606.1,603.6  1.0083°Cu(NO)
604.8 599.6 1.0087 %Cu(NO)

the CuNO molecule according to different NO concentration
experimentd? As will be discussed below, the 1610.5 th
band (corresponding to 1611.6 chin our argon matrix
absorption) clearly exhibited a triplet isotopic structure with
approximately 1:2:1 relative intensities in our mixéi'60 +
15N180 experiment, which indicates a dinitrosyl species. The
1586.0 cnt! band, which Chiarelli and Ball assigned to the
Cu(NO), molecule, must now be reassigned to the CuNO
molecule. In contrast to Chiarelli and Ball, we find that
annealing solid argon from 12 to 25 K (Figure 5a,b) decreases
our CuNO band (1587.2 cm), increases our Cu(N@pand
(1611.6 cmh), and markedly increases a very weak 1684.9%cm
absorption, which will be assigned below to Cu(N@)O)* on
Chiarelli and Ball previously assigned argon matrix 1610.5 and the basis of thesextet patterrin the mixed isotopic spectrum
(neon matrix spectrum (Figure 3)). Clearly, on diffusion CuNO
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TABLE 3: Calculated Geometries, Relative Energies (kcal/mol), Mulliken Charges, and Dipole Moments (D) for CUNO, CuON,
CuNO™*, CuON™, and CuNO~

molecule energy geometry Cu N (0] D
B3LYP CuNO ¢A") 0 Cu—N1.944 A, N-0 1.174 A,OCuNO 119.2 —0.02 —0.04 +0.06 1.6
CuNO €A") -3.1 Cu-N 1.885 A, N-0 1.194 A ICuNO 129.9 +0.12 —0.09 —0.03 3.2
CuON ¢A") +9.9 Cu-01.990 A, N-O 1.206 A,0CuON 128.8 +0.18 —-0.18 0.00 2.7
CuNO"™ (?A") +171.6 CuN1.962 A, N-0 1.133 A,ICuNO 133.8 +0.63 +0.12 +0.25 1.8
CuON" (2A") +181.7 Cu-02.078 A, N-0 1.152 A[ICUON 134.9 +0.77 +0.07 +0.16 1.8
CuNO™ (?A") —35.9 Cu-N 1.959 A, N-O 1.232 A[OCuUNO 122.9 —0.52 —0.28 —0.19 0.3
BP86 CuNO {A") 0 Cu—N 1.901 A, N-0 1.185 A|[JCuNO 120.3 —-0.11 +0.03 +0.08 0.8
CuNO CA") +2.9 Cu-N 1.837 A, N-0 1.204 A,CICuNO 132.0 +0.02 —0.02 0.00 2.4
CuON €A") +19.0 Cu-01.947 A, N-O 1.218 A,0CuUON 129.8 +0.13 —-0.20 +0.07 2.3
CuNO" (?A") +181.8 Cu-N 1.889 A, N-0 1.146 A,CICuNO 132.8 +0.54 +0.18 +0.28 1.5
CUuON* (2A") +197.2 Cu02.030 A, N-0 1.159 A,JICUON 133.7 +0.67 +0.07 +0.26 1.2
CuNO™ (?A") —34.2 Cu-N1.910 A, N-O 1.241 A[OCuUNO 121.8 —0.64 —0.20 —0.16 0.5
NO), while the CCSD(T) method convincingly shows that t#€
Cu(NO state is the ground stat&éSalahub and co-workers also predicted
uNO), a A’ ground state for CuNO using the DFT/BPW metHéd.
0651 (NO), As listed in Table 3, our DFT calculations found th® state
] 2.9 kcal/mol lower in energy than tH&\"" state using BP86,
0.60 but thelA" state 3.1 kcal/mol lower in energy using the B3LYP
functional. As has been discussed in detabboth thelA’ and
0.551] 3A" states have bent structures. TH&" state CuNO was
._N_OI @ predicted to have shorter €N and longer N-O bond lengths
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Figure 6. Infrared spectra in the 188490 cn1? region for laser-
ablated copper atoms co-deposited with 0.7584%0 + 0.15%NO
in argon: (a) after 60 min of sample deposition at 10 K, (b) after
annealing to 25 K, (c) after 15 min of full arc photolysis, and (d) after
annealing to 35 K.

1800

TABLE 4: Calculated Vibrational Fregencies (cm~1) and
Intensities (km/mol) (in Parentheses) for the Structures
Described in Table 3

molecule N-O stretch M-N stretch  MNO bend

B3LYP CuNO (A" 1703.3 (1180) 470.9 (18) 281.3 (3)
1673.3 457.8 279.6
1626.8 455.2 270.8

CuNO CGA") 1618.3 (1344) 412.1 (5) 223.8(7)

CuON @GA™) 1400.4 (1806) 304.4 (26) 178.4 (18)

CuNO" ((A")  2001.5 (297) 328.8 (6) 218.1(2)

CuON* (2A")  1849.2 (181) 256.1 (1) 183.0 (1)

CuNO™ ((A")  1454.8 (1023) 376.2 (16) 218.8(2)

BP86 CuNO fA) 1650.2 (875) 486.6 (15) 292.1 (3)

CuNO €A™ 1596.2 (761) 450.9 (6) 232.5(6)

CuON @GA™) 1430.1 (665) 329.5(4) 195.2 (2)

CuNO" ((A")  1878.8 (472) 384.1(11) 247.6 (2)

CuON* ((A")  1730.5 (390) 286.6 (7) 199.4 (3)

CuNO™ ((A")  1399.7 (1015) 426.8 (22) 248.9 (3)

a Frequencies fotSN1%0. ® Frequencies fotSN1€0.

reacts with more NO to form higher complexes, and (NO)
increases likewise at the expense of NO on annealing.

and, hence, a lowerNO stretching vibrational frequency. The
calculated frequencies and isotopic ratios are essentially the same
for both states, which makes it difficult to determine which state
is the ground state. However, the calculated (B3LYP) isotopic
frequency ratios foF*N160/15N160 (1.0179) and®N160/5N180
(1.0286) are in excellent agreement with the observed ratios
(1.0175 and 1.0278). These ratios are similar to the isotopic
frequency ratios observed for NO itself (1.0179 and 1.0277)
and show little N-O interaction with the CuN vibrational
mode in contrast to Cu(N@Miscussed below.

The Cu+ NO reaction is exothermic by 10.4 kcal/mol at
the CCSD(T) level of theor{?

Cu+ NO— CuNO (A") 1)

This reaction proceeds on annealing in both solid argon and
neon.

Cu(NO),. The bands centered at 1637.2¢rim neon slightly
decreased on photolysis, but markedly increased on annealing.
The isotopicd“NO/NO ratio of 1.0203 anéPN6O/5N180 ratio
of 1.0220 are characteristic of nitrosyH®O stretching vibra-
tional frequency ratios where vibrational coupling heseased
N and decreasedO participation. In both mixed*N¢O +
I5N160 and5N160 + 15N180 isotopic experiments, triplets with
approximately 1:2:1 relative intensities were produced, which
confirms thattwo equvalent NO submoleculesre involved in
this vibrational mode; accordingly, these bands are assigned to
the antisymmetric NO stretching vibration of the Cu(N®@)
molecule in different matrix sites. The absence of the symmetric
vibrational absorption suggests that the Cu(pN®plecule is
linear. Weak bands centered at 3406.0 ¢have exactly the
same site structure, annealing, and photolysis behavior, sug-
gesting different vibrational modes of the same molecule. This
band has about 3.2% of the intensity of the 1637.2tband.

The 3406.0 cm! band shifted to 3339.4 cn with N0 and
to 3265.3 cm?* with the 15N80 sample, and gave!dNO/*NO
ratio of 1.0199 and &N0/5N*80 ratio of 1.0228, which are
appropriate for N-O stretching vibrational ratios. This region

CuNO has been the subject of several theoretical studies.is much too high for a NO stretching fundamental, and it must

Schwarz and co-workers found thatA'’ state is more stable

be considered for a combination or overtone band. The

than the!A’ state at the SCF, CISD, and CCSD levels of theory, difference for each isotopic molecule, 34060 1637.2 =
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TABLE 5: Calculated Geometries, Relative Energies (kcal/mol), and Vibrational Frequencies (crmt) and Intensities (km/mol)
(in Parentheses) for Cu(NO), Cu(NO),", and Cu(NO),~

relative
molecule energy geometry sym+NO asym N-O  asym M—N
B3LYP Cu(NO} (°I1,) 0 Cu-N1712A N-O1.171A 1884.5(G) 1798.8(2547) 637.9(19)

1847.0 (0 1762.5(2456) 634.1(17)
1803.0 (0y 1721.8 (2324) 621.6 (19)
Cu(NOY, (“I1g) —15.6 Cu-N1.791 A, N-O 1.180 A, linear 1854.7 (8) 1702.3(3933) 511.2(19)
1818.8 (0 1669.2 (3795) 507.7 (18)
1773.7 (0 1628.3(3587) 498.5(19)
Cu(NOY, (3By) +11.4 Cu-N2.011 A, N-0 1.164 A,ONCuN 74.F, OCuNO 127.8 1809.3 (552) 1758.3 (1529) 531.2 (7)

Cu(NOY* (°%4) +170.2 Cu-N1.779 A, N-O 1.134 A, linear 2069.0 (0)  1942.1(3232) 529.6 (0.8)
Cu(NO)* (*A;) +183.2 Cu-N2.108 A, N-O 1.126 A INCuUN 75.F, JCuNO 124.6  2020.1 (340) 1924.6 (1999) 502.7 (6)
Cu(NOY (1=,5) —39.8 Cu-N1.682A,N-01.212 A, linear 1681.4 (0)  1625.2 (2697) 675.3 (112)
Cu(NO)~ (®B;) —46.5 Cu-N1.764 A, N-O 1.225 A[ONCuUN 170.9, JCuNO 152.0 1601.4 (6)  1517.0 (2617) 583.7 (44)
BP86  Cu(NO) (A1) 0 Cu-N1.709 A, N-01.186 A, linear 1812.8 (8) 1738.8 (1927) 626.7 (23)

1776.0 (0) 1703.4 (1857) 623.1(21)
1734.8 (0 1664.8 (1754) 610.6 (23)
Cu(NOY, (“A,) —0.3 Cu-N1.806 A, N-0 1.196 A,[ONCuN 168.9, OCuNO 141.8 1713.2 (0.79 1627.6 (1788) 522.6 (5)
1681.1 (0.79 1597.2 (1726) 515.5 (4)
1637.6 (0.6) 1555.8 (1631) 510.2 (5)
Cu(NO), (3By) —15.0 Cu-N1.950 A, N-00.183 A,JNCuN 83.9, ICuNO 125.8  1703.1 (335) 1618.9 (1850) 494.5 (0.4)
Cu(NO)Y* (3%47) +178.5 Cu-N1.766 A, N-O 1.149 A 1981.6 (0)  1887.7 (1997) 531.6 (0.2)
Cu(NOY* (*A;) +195.2 Cu-N2.036 A, N-O 1.143 A[ONCuN 82.4, JCuNO 123.7 1902.7 (256) 1841.2 (1365) 473.0(6)
Cu(NO)~ (1=,*) —46.5 Cu-N1.684 A, N-O1.228A 1623.2(0)  1577.5(2025) 661.6 (100)
Cu(NO) (®B;) —37.1 Cu-N1.759 A, N-0 1.239 A,[OINCuN 168.2, OCuNO 150.4 1530.6 (0.8) 1472.4 (1751) 580.8 (44)

a 14N160 frequencies? N0 frequenciesS N80 frequencies.

TABLE 6: Calculated (BP86/6-31H-G(d)) Geometries and N-O Stretching Frequencies (cm?) and Intensities (km/mol) for the
Cu(NO)2(NO)* Complex

geometry (bond lengths in angstroms, bond angles in degrees) N0 freq int N0 N0
SA" Cu—N 1.860, N-O 1.189,JCu—N—0 168.0,[]IN—Cu—N 133.7, 1639.9 (2044) (a 1610.1 1567.0
Cu—N*1.919, N*~0 1.183,0Cu—N*—0 125.7,0N—Cu—N* 113.1 1640.4 (1089) (n 1611.0 1567.2
1747.0(17) (8 1715.2 1669.3
A Cu—N 1.727, N-O 1.185,JCu—N—0 165.0,]0N—Cu—N 162.4, 1701.4 (915) (n 1670.3 1625.8
Cu—N*2.137, N*~0 1.168,JCu—N*—0 117.5,JN—Cu—N* 98.8 1726.0 (1960) (§ 1691.7 1651.8
1812.7 (24) (3 1777.8 1733.4
1.183 band. The combination band is observed at 3373.21cim
T|‘I)12547° argon, which gave a 1761.6 cthsymmetric N-O stretching
% 0N Cu—N—O L 1860 vibrational frequency. The antisymmetric @{Cu—NO vibra-
1,9oy\{20‘30 180.0° /yQ/ 1.189 tional modes of3Cu(NO), and*Cu(NO), are observed at 608.6
Cu ' 068001337 O and 604.8 cm?, which shifted to 603.6 and 599.6 cfin the
e , 3An I5N160 spectrum. The triplet mixed isotopic structure and the
Figure 7. Structures of CuNO, Cu(N@)and Cu(NO)NO)* from Comb'r!at'on_ bar_‘d of syr_nmetnc 6!”9' am'symmemc_ﬁ
BP86/6-311G(d) calculations (bond lengths in angstroms, angles in Strétching vibrations confirm the dinitrosyl assignment and
degrees). indicate that the previous assignmiéns incorrect.

DFT calculations were performed to support the Cu(NO)
1768.8 cml, 3339.4— 1604.7= 1734.7 cm’?, and 3265.3- assignment. At the BP86/6-31G* level of theory, lineafIl,
1570.2= 1695.1 cm?, gave a““NO/®NO ratio of 1.0197 and  and bent*A; states are found to be nearly identical in energy,
a 1’N1®O/5N8O ratio of 1.0234, which are appropriate for a and a ben£B; state is about 15.3 kcal/mol higher in energy.
symmetric N-O stretching vibration (the B3LYP calculation  The?2[], state exhibited shorter GtN and N-O bond lengths
predicts 1.0203 and 1.0244). The triplet isotopic structure in than the*A; state, and gave higher™D and Cu-NO stretching
mixed N0 + 15N'0 and °N'°O + *N'80 experiments vibrational frequencies as listed in Table 5. At the B3LYP/6-
(Figure 3) further confirms the Cu(N@pssignment as does  311+G* level of theory, a linear quartet state is predicted to
the combination band involvintyvo differentN—O stretching be the most stable, with the lined, and the bentB; states
fundamentals. This band is assigned to the combination bandlying 15.6 and 27.0 kcal/mol higher in energy. The calculated
of symmetric and antisymmetric-NO stretching vibrations of  frequencies for théll, state fit the experimental values much
the linear Cu(NO) molecule. Very weak bands at 615.1 and better, and both functionals predicted the symmetrieQN
611.1 cni* track with the 1637.2 and 3406.0 cibands and  stretching and antisymmetric EINO stretching vibrational
exhibit the intensity distribution for natural abundance copper frequencies of the quartet state too low. This comparison
isotopes. This 615.1 cm doublet clearly indicates the involve-  strongly suggests 41, ground state for the Cu(N@jnolecule.
ment of one copper atom. These two bands are assigned to thesinally, calculations predict the antisymmetric ©8u—NO

antisymmetric ON-Cu—NO stretching vibration of théCu- stretching near 600 cm for the Cu(NO) molecule and further
(NO), and®>Cu(NOY), isotopic molecules. confirm the present reassignment since the-8® vibration
In our argon matrix, the antisymmetric ND stretching is predicted below 500 cmi. In addition, both functionals

vibration of the Cu(NOymolecule is observed at 1611.6 thn predict isotopic frequency ratio¥%*%0/A5N%0, 1.0208, 1.0206;
which exhibited the same 14/15 isotopic ratio as the neon matrix °N160/1N180, 1.0232, 1.0236) that effectively model the
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TABLE 7: Calculated (BP86/6-31H-G*) Geometries and N-O Stretching Vibrational Frequencies (cnT?) and Intensities
(km/mol) for the OCuNO, Cu,NO and Cu,(NO), Molecules

molecule geometry (bond lengths in angstroms, bond angles in degrees) freq (int)

OCUuNO (=) O—Cu 1.660, Ct+N 1.687, N-O 1.162, angles 180 1890.0 (775) 870.7 (26), 522.8 (1)

CuCuNO fA") Cu—Cu 2.247, CuCuN 1.845, N-O 1.181,[1CuCuN 177.7[1CuNO 136.0 1727.6 (747)

Cu—(NO)—Cu CA") Cu—N 1.889, N-O 1.226,[JCuNCu 101.3P(CuCuNO) 142 1417.5 (670)

Cw(NO); (*Ay) Cu—N 1.925, N-O 1.216, Ct-Cu 2.834[INCUN 85.2 1492.9 (1403) (1) 1552.3 (0) (@

aD = dihedral angle.
vibrational coupling evidenced in the antisymmetric-® is assigned to the NO stretching vibration of the CuNCcation
stretching mode of linear ONCu—NO, which is different from in solid neon. Both BP86 and B3LYP calculations fountha
that in CuNO. ground state for CuNQ in agreement with previous calcula-

The reaction of CuNO with another NO molecule proceeds tions!315The N-O stretching vibration was predicted at 1878.8
readily on annealing, and exothermie36.9 kcal/mol, BP86) cm~1using BP86 and at 2001.5 crhusing B3LYP functionals,
reaction 2 is expected from the shorter-Ni bonds in Cu- which are appropriate, with scale fact8fsfor the observed
(NO), as compared to CuNO. band.

, ’ ) Cu(NO),~. The weak band at 1565.2 cth on sample
CuNO (A’) + NO (IT) — Cu(NO), (°IT) 2) deposition in neon slightly decreased on annealing, disappeared
. ) ) on broad-band photolysis, and failed to reproduce on additional
Cu(NO)x(NO)*. The sharp absorption at 1692.8 chin neon  higher temperature annealing. This band shifted to 1533:2 cm
matrix experiments increased markedly on annealing, particu- using the!®N160 sample and to 1500.8 crhusing thelsN180
larly higher temperature annealing, when Cu(dl@yreased  sample, and gave a nitrogen 14/15 isotopic ratio of 1.0209 and
at t_hle e_xpelr;s? of CuNO (Figure 1). This belgdlsmfted 10 1662.8 5 oxygen 16/18 isotopic ratio of 1.0216, which are typical
cm* with N0 and to 1618.9 cmt with N0 samples,  gyretching vibrational ratios of a nitrosyl species. In both mixed
and gave a*NO/SNO ratio of 1.0180 and &N®O/5N180 ratio LIN160 + 15N160 and N0 + 15N18O experiments, triplets

of 1.0271, indicating a NO stretching vibration. In both mixed it 4 ; Py P o ;
' pproximately 1:2:1 relative intensities were observed with
N0 + 1SN0 and™NO + 1SN0 experiments, sextetband  jytermediates at 1544.3 and 1511.3 @mindicating that two

patterns were observed as shown in Figures 2 and 3. Thesg, iyalent NO submolecules are involved in this vibration. The
triplet of doublets patterns indicate that the two equivalent NO 1565 2 ¢t band was eliminated by doping with Cb trap

subunits involved in this vibration are slightly perturbed by gjactrons from the ablation process, which strongly suggests
another inequivalent NO subunit, and the observed mode is duey,o 4nion assignmeRt. 23 This band is assigned to the anti-

mainly to the two equivalent NO subunits. This band is assigned symmetric N-O stretching vibration of the Cu(N@) anion.
to the Cu(NO)(NO)* complex including two equivalent NO The argon matrix counterpart was observed at 1551.21cm

submolecules and anothgr NO with different coordination which exhibited the same annealing, photolysis, and, @@ing
geometry. The argon matrix counterpart is observed at 1684'gbehavior and had the same isotopic frequency ratios. The 14

an$h1680.0tcr'rtwl.bl ¢ " tal nit lis C d cm~! argon-to-neon matrix shift is common for anion species
e most stable transition metal nitrosyl is Cr(NOan recently identifiectl-23

according to the 18-electron rule, Co(NQ3 expected. This . . . )

conventional trinitrosyl has been observed in our matrix isolation The C_:U(NO) anion assignment is further confirmed by DFT

studies??33However, copper has two more electrons than cobalt, calculations. At the BP86/6-333(d) level of theory, CuNQY

and the?ll, state Cu(NO) can coordinate one more electron was pred|qted to have a I|n_e%12g+_ground state, W't.h a bent_
3B, state lying 9.4 kcal/mol higher in energy. The antisymmetric

only in a bent nitrosyl configuration. : S ,
BP86 calculations find two stable Cu(NOYO)* configura- N—O stretching vibration is calculated at 1577.5¢mwhich
is in good agreement with the observed value. The antisym-

tions, and the’A" state is 8.4 kcal/mol more stable than the ) .
1A' state. Our BP86 frequency calculations predict coincident mefrl|c ON-Cu—NO stretching mode was calculated at 661.6
very strong modes for Cu(NGINO)* (3A"") at 1640 cr with cm™ with much lower |ntgn3lty, and is not obsgrved hgre.
1.0184+ 0.0002 and 1.027% 0.0002 nitrogen 14/15 and Again, the B3LYP calculatpn predicted t.he relative stlab|I|ty
oxygen 16/18 isotopic frequency ratios, in agreement with the ©f the 24" and °B, states incorrectly. Finally, there is no
observed frequency, which is not the case for the strongest banc€vidence for CUNO anion in both argon and neon matrix
of thelA’ state. Furthermore, tHA' state is 1.5 kcal/maibave experiments. The CuNOanion was predicted to have?A"
Cu(NO) (2I1,) and NO @I1,), which means that theA’ state ground state, with an NO stretching vibrational f_requency at
cannot form spontaneously on annealing the matrix. This further 1399.7 cm* (BP86) and 1454.8 cnt (B3LYP), and is probably
supports assignment to tR&" state Cu(NOXNO)* complex, too weak to be observed here.
which is formed on annealing in the matrix. The reaction of ~ Cux(NO)x. A 1499.6 cm® band in neon experiments
NO with Cu(NO) to form Cu(NO}(NO)* is exothermic 6.9 increased on higher temperature annealing, shifted to 1473.7
kcal/mol with ZPE correction), which is consistent with growth and 1433.8 cm! using**N60 and**N®0 samples, and gave
of Cu(NOX(NO)* on annealing reaction 3. an isotopic 14/15 ratio of 1.0176 and a 16/18 ratio of 1.0278,
indicating a N-O stretching vibration. This region is too low
Cu(NO), (°I1,) + NO (1) — Cu(NO)L(NO)* (A")  (3) for terminal N-O stretching vibrations, so bridge-bonded
species should be considered. In both mix&dt50 + 15N160
CuNO™. A weak band at 1907.9 cm in the neon matrix and>N160 + 15N180 experiments, triplets with approximately
experiments increased on annealing and decreased on photolysig:2:1 relative intensities were observed; accordingly this band
but the isotopic counterparts were overlapped by NO absorption.is considered for the bridge-bonded 0UO), molecule. DFT
This band increased relative to that of CUNO with added,CCl calculation predicted 84 ground-state CiNO), with a strong
which suggests a cation specféS.he 1907.9 cm! absorption by mode at 1492.9 cri, which is in excellent agreement with



2624 J. Phys. Chem. A, Vol. 104, No. 12, 2000

the observed value, and indicates the,(@®), assignment.

Zhou and Andrews

partly reproduced on further annealing (Figure 5). Ti¢'%0

There is no obvious band in argon matrix experiments that can counterpart was observed at 1816.2énwhich gave &“NO/

be assigned to the GINO), molecule; it appears that Cu atoms
diffuse more easily in neon and form the stable,(@lD),
molecule.

Additional weak bands at 1734.8 and 1515.9¢mppeared

I5NO ratio of 1.0198. In the mixed* N0 + 15N160O experi-
ments, only pure isotopic counterparts were present. The argon
matrix experiments employed higher laser energy and also
observed th&3CuOF>CuO doublet at 627.7 and 625.8 ch#’

only in argon matrix experiments, where higher laser power As expected from the Co and Ni experiments, the 1852.2'cm
was employed. These two bands increased on annealing, andand is assigned to the OCUNO complex. The much weaker

only pure isotopic counterparts were present in the migieéfO

+ 15N180 experiments, indicating one NO involvement in these
vibrational modes. The 1734.8 ctband is in the terminal
N—O stretching vibrational frequency region, while the 1515.9
cmt band is in the frequency region expected for bridged
species, so a GNO species is the first to be considered.
Previous quantum chemical studies of NO interacting with Cu
found that bonding occurs preferably at the linear end-on
CuCuNO geometry rather than the bridge-bonded-(MNO)—

Cu geometry® Our DFT calculation obtained similar results,
as listed in Table 6. Th&\' state end-on CuCuNO is 15.9 kcal/
mol lower in energy than théA’' state bridge-bonded Gu
(NO)—Cu species, and the-ND stretching vibrations for end-
on and bridge-bonded @NO are 1787.3 and 1417.5 ci The
1734.8 cm? band fits the 1787.3 cm calculated frequency
for the end-on C¢NO molecule quite well, so this assignment

interaction between CuO and NO is indicated by the 20%cm
red shift in the NO fundamental as compared to CuNO, which
sustains a 285 cm red shift. Our BP86 calculation predicts
1890.0 cn? for the N—O fundamental in the OCuNO complex,
near the 1883.9 cm value calculated for NO itself.

Comparisons with Cu—Nitrosyl Species in Zeolites.The
nitrosyl frequencies of CuNO (1907.9 cm?) and CuNO
(1602.2 cmt) show a pronounced dependence on net charge.
The calculated Mulliken charges show that most of the net
charge resides on the metal (Table 3). Adding one electron
decreases the CtN bond length and increases the-® bond
length, thus decreasing the—XD stretching vibrational fre-
guency. Hence, the nitrosyl stretching frequency provides a
rough measure of charge on the CuNO species, which ap-
proximates local charge on the CuNO center.

It is generally accepted that Cu-exchanged zeolites contain a

can be proposed from the DFT calculation. However, the 1515.9 mixture of Cu" and C@* ions, coordinated to the zeolite lattice

cm™! band does not fit the 1417.5 cthvalue calculated for
bridge-bonded GINO, so this molecule cannot be identified.
Another possibility is the CuON isomer. Previous calculations
found that CuON is also a stable molecule but slightly higher
(about 7 kcal/mol) in energy than the CuNO isorfeAs listed

in Tables 3 and 4, both BP86 and B3LYP functionals predict
that CuON is slightly higher in energy than CuNO. The®™
stretching frequency of CuON is calculated as 1400.4%tm
(B3LYP) and 1430.1 cmt (BP86), which do not agree with
the observed 1515.9 crhband, so CUON cannot be assigned.

CuNO,. A weak absorption at 1214.5 crhin neon experi-

and charge compensated by anionic Al T-sites, and possibly
by extra lattice ions in the Cti case? Both Cu™ and Cd™ sites
are observed to adsorb single NO molecules. TheON
stretching frequency for CuNO/zeolite is reported near 1800
cm~! depending on the zeolif&,which is about 2/3 of the way
between our CuNO and CuNCfrequencies, and &0.7 net
charge on the CuNO center is proposed. An average Cu(ll)
NO/zeolite frequency at 1900 cm? is near our CuNO
frequency, which suggests -81.0 net charge on the CuNO
center for thisformally Cu(ll) NO/zeolite species.

Copper cation sites in zeolite can also adsorb two NO

ments appeared only on higher temperature annealing; this bandnolecules to form Cergemdinitrosyl species, which have been

shifted to 1191.4 cmt using the!®>N160 sample and to 1163.4
cm 1 using the'>N'80 sample. In the mixed'N®O + 15N160O

suggested to play an important role in NO decomposttioh.
This dinitrosyl species is bent, with comparable intensities for

experiment, only pure isotopic counterparts were pres(_:‘n,[(_:‘(isymmetric and antisymmetric-NO vibrations observed at 1824

while in the mixed'>N160 + 15N180 spectra, a triplet with an
intermediate at 1174.9 crhwas observed, indicating that only
one N and two equivalent O atoms are involved in this mode.

This band is assigned to the antisymmetric ONO stretching

vibration of the bidentate Cu(7?-O,0)N molecule, which is
formed by reactions of Cu atoms with N@nolecules. The

1213.4 cmt band in argon matrix experiments showed the same

behavior, and is due to the €n?-0,0)N molecule in argon.
Sodupe and co-worketshave calculated the structure, binding
energy, and vibrational frequencies for CuN@ different
coordination modes; th€,, bidentate Cu-(172-O,0)N coordina-

tion was predicted to be the most stable structure. Our BP86/

6-311+G(d) calculation predicted ¥\; ground-state Cu (-
0O,0)N molecule with Ca-O and N-O bond lengths of 2.119
and 1.263 A, andIONO = 115°; the antisymmetric NO
stretching vibration is calculated at 1260.5 @mwhich is in
good agreement with observed values. Worden and3Ball
assigned a 1220 cmh band in argon to CINO, ™, and a 1214
cm~! band to the Cu(Ng, molecule. It appears that their 1214
cm~! band corresponds to our 1213.4 ¢hband in argon, and
should be assigned to the €(-0,0)N molecule instead of
Cu(NOGy)2.

OCUuNO. The weak band at 1852.2 crhin the argon matrix

and 17271738 cnt! in Cu—ZSM.> The Cu(NO) species
observed in our experiments is linear. However, our DFT
calculations predict that both bent Cu(NO}and Cu(NO) are
stable. The symmetric and antisymmetric- stretching
vibrations of the bentA; state Cu(NO)* are 2-4% lower than

for the linear®Z;~ state Cu(NOy*, and the?B; state Cu(NO)
frequencies are-69% lower than for thélT, state Cu(NOy. If

the calculated frequencies for bent Cu(N@pyd Cu(NO)* are
scaled by a factor of 0.94 from those of our observed linear
dinitrosyl species, the Cugemdinitrosyl frequencies are ap-
proximately equal to the scaled 1789 and 173T twalues for
bent Cu(NO)". Therefore, we conclude that the net charge on
Cu—gemdinitrosyl is approximatelyt+1. Charges have been
estimated for Rh(I)CO and Rh(1)(C®n zeolites from RhCO
and Rh(CO) spectra in solid neon and DFT calculatidis.

Conclusions

In summary, laser-ablated copper atoms react with NO
molecules in excess neon and argon during condensation to form
the CuNO and Cu(NQ)molecules as major products. In
addition, the CuNO cation and Cu(NQ) anion are also
formed. These copper nitrosyl species were identified from
isotopic shifts and mixed isotopic patterns in the matrix infrared

increased on annealing, markedly decreased on photolysis, andpectra and supported by DFT calculations of isotopic frequen-
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cies. Isotopic spectra are also presented for Cugid@))* with

different (NO)* coordination, which follows the 18-electron rule.

Evidence is found for a bridge-bonded AMO), species and a

copper oxide complex, OCuNO. Finally, the isolated mononi-
trosyl species provide a scale to estimate local charge on CuNO

sites in Cu-exchanged zeolite catalyst systems.
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