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Reactions of thermal and laser-ablated Mn atoms with NO produce theg(fdfNO), complexesX = 1—3),

a series ofy? complexes, and in addition, laser-ablated Mn gives the NMnO insertion producE,J bemplex
Mn(NO), is identified from symmetric @ and antisymmetric @ N—O ligand stretching modes, which
gave triplet mixed isotopic spectra and excellent agreement with DFT calculations. The Mrgdiaylex

is shown to have&;, symmetry through the observation of mixed isotopic spectra for four vibrational modes,
including the symmetric ¢ and antisymmetric (e) NO ligand stretching modes and a match with DFT
calculations of isotopic frequencies. Laser-ablated Re gave similar major products.

Introduction Displex closed-cycle helium refrigerator; the block temperature
was 12-14 K. Depositions lasted for 15 min, and after
deposition, the reflection FTIR spectrum was measured with a
Nicolet 5-DX Fourier transform infrared spectrometer at 2&m
resolution.

The nitric oxide molecule is very similar to carbon monoxide
in forming complexes with transition-metal atoms; however, NO
has an additional antibonding electron for coordination, and
nitrosyl chemistry is much less extensive than carbonyl chem-
istry.r Although only one pure nitrosyl, Cr(N@) has been
characterized as the neat matefiaimatrix isolation studies of
thermal Fe, Co, Ni, and Cu reactions with NO have provided Experimental spectra will be presented for Mn and Re
evidence for several small nitrosyl specfe$and a recent laser-  a5ctions with NO.
ablation study with Cr has produced-@m*-NO)y (x = 1—4),
Cr-n2-NO, and the stable NCrO insertion prodtéick detailed
density functional study of first-row transition-metal nitrosyls
should provide a guide for interpreting experimental spettra.
Here follows a comparison of thermal Mn atom reactions and
laser-ablated Mn and Re atom reactions with NO and of density
functional calculations for MNNO isomers, Mn(NOand Mn-
(NO)s.

Results

Laser-Ablated Mn. Experiments were done with medium,
low, and threshold laser energle¥ and normal isotopic NO
at 0.4%, 0.2% and 0.1% concentrations in excess argon. New
product absorptions are listed in Table 1; bands common to other
metal reactions with NO including 40, NO,, (NO),*, NO,™,
cis- and trans(NO),~ are omitted.1317 Figures 1 and 2
illustrate the spectrum with the 0.1% NO sample and low laser
energy; note only the very weak 1693.0 chproduct band
above 1000 cm! and very weak product bands at 948.0
(OMn0),12 932.3 and 874.0, 833.3 (Mn®},and 451.7 cm!

The apparatus and technique for reactions of laser-ablatedon sample deposition (traces a). Broad-band photolysis increased
metal atoms with small molecules during condensation in excessthe 932.3 and 874.0 cmh band pair (times 4), produced a very
argon has been described in a number of reports from thisweak 987.8 cm! band, and decreased the 451.7 érband
laboratory?~'?2 Manganese (Johnson Matthey) and rhenium without other effects (traces b). Stepwise annealing was done
(Goodfellow) metal targets were mounted on a rotating rod and to 25, 30, 35, and 40 K, and the first three of these are shown
ablated by a focused YAG laser and co-deposited with isotopic in Figures 1 and 2. Note the increase of (M@nd the
nitric oxide samples onto a 1 K substrate fol h as appearance of a weak 1748.6 Thband, stronger bands at
described previously.1* FTIR spectra were recorded at 0.5 1713.2 and 1693.0 cm, and weak bands at 1662.6, 1268.7,
cm! resolution on a Nicolet 750 using an MCTB detector after 1236.8, 1232.4, 994.1, 838.8, 594.2, 534.3, and 456:2 cm
sample deposition, after annealing, and after broad-band pho-first annealing (trace c¢). The 932.3 and 874.0 ¢rband pair
tolysis. increased 1.25 times the OMnO and MnO absorptions, and the

Details of the vacuum system used for thermal metal-atom 451.7 cm! band also increased considerably. The second
experiments have been presented previoti€ly> Manganese annealing increased most of the absorptions but decreased the
metal was placed in an alumina crucible, which was heated in 932.3, 874.0 cmt! pair, and the third annealing continued this
a tantalum foil tube furnace to 96@.100°C. The deposition trend (traces d, e). A final annealing to 40 K (not shown) slightly
rate was monitored with a quartz crystal microbalance (Inficon). increased the 994.1, 838.8 chset, decreased the 932.3, 874.0
Vapors were condensed onto one face of a gold-plated, cm™ pair, increased the 1713.2, 534.3 Thbands by 20%,
octagonal copper block attached to the cold stage of an APD and decreased the 1693.0 chiband by 10%.
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TABLE 1: Infrared Absorptions (cm ~1) from Co-Deposition of Laser-Ablated Manganese Atoms with NO in Excess Argon at

10 K
14N16O I5N160 15N180 14N160 + 15N160 R(14/15) R(16/18) assignment
1843.4 1806.8 1764.4 1843.5, 1806.8 1.02025 1.02403 (ONYMNO
1827.¢ 1790.9 1750.1 1816.9, 1808.3, 1790.0 1.02016 1.02331 X 9
1824.1 1788.0 1747.2 1824.1,1814.3, 1802.7, 1788.0 1.02014 1.02335 Mn(NO)
1794.8 1761.0 1720.7 1.10919 1.02342 (ON)MnO
1791.5 1757.6 1717.4 1.01929 1.02341 (ON)MnO
1766 sh 1731 sh 1691 sh Mn(NO),(NO¥*)
1748.6 1713.3 1675.9 1.02060 1.02232 (MnNO)
1747.2 1713.3 1673.7 1.01979 1.02366 MINO),
17447 1709.8 1670.8 1744.7,1732.6, 1709.8 1.02041 1.02334 Mn{NO
1737.3 1703.4 1737.3,1703.1 1.01990 Mn(NSPD*)
1728.0 1694.2 1654.9 1728, 1720, 1706, 1694 1.01995 1.02375 y
1713.2 1679.8 1640.6 1713.2,1699.2, 1688.8, 1679.8 1.01988 1.02389 Ma(NO)
1693.0 1659.1 1622.4 1693.1, 1670.8, 1659.0 1.02043 1.02262 Mn{NO)
1675.1 1645.0 1601.3 1.01830 1.02729 aggregate
1662.6 1629.3 1593.3 1662.6, 1639.6, 1629.3 1.02044 1.02259 2(NIDiy)
14871 1461.4 1423.3 1463.6, 1461.8 1.01759 1.02677 Mn *
1363.6 1337.2 1305.3 1363.4, 1337.3 1.01974 1.02444 Mn(NOY)
1268.7 1249.0 1218.7 1268.7, 1253.2,1249.0 1.01577 1.02486 Mn{NO]
1236.8 1213.8 1181.0 1236.8,1213.8 1.01895 1.02777 Mn[NO]
1232.4 1216.1 1175.2 1232.4, 1216 1.01340 1.03480 Mn[NO] F. R.
1216.5 1189.5 1159.2 1.02270 1.02614 —Mn[NO]
1002.8 974.7 973.4 1.02883 1.00134 (NMnMnO) site
994.1 965.0 964.9 994.2,965.0 1.03016 1.00010 (NMnMnO)
987.8 987.8 951.0 987.8,974.2,951.0 1.00000 1.03870 (ONYMNO
979.8 979.7 943.3 1.03859 (OINNO;
948.0 948.0 912.5 1.03890 OMnO
932.3 918.7 906.2 932.3,918.6 1.01480 1.01379 NMnO
918.4 911.6 891.5 1.00746 1.02255 aggregate
874.0 863.5 837.6 874.0, 863.5 1.01216 1.03092 NMnO
862.3 861.5 821.5 861.9 1.00093 1.04869 (ON)MnO
858.3 858.0 818.2 858.1 1.00035 1.04864 (ON)MnO
838.8 838.8 797.5 1.05179 (NMnMnO)
833.1 833.1 796.7 1.04581 MnO
737.2 724.3 1.01781
695.5 693.5 668.7 1.00288 1.03709 aggregate
614.0 610.3 587.8 613.8,613.1, 610.4, 609.7 1.00606 1.03828 aggregate
599.2 593.7 584.1 1.00926 1.01644 aggregate
594.1 590.0 577.8 594.1,592.1, 590.0 1.00695 1.02111 Mn{NO)
591.0 587.0 574.9 1.00681 1.02105 Mn(NO)
539.3 524.8 520.2 1.02763 1.00884 Mn(NGite
534.3 519.7 515.2 534.3,532.8, 528.0, 526.4, 521.5, 519.7 1.02809 1.00873 Mn(NO)
456.2 452.4 441.9 456.2, 454.1. 452 1.00840 1.02376 site
451.7 447.2 437.6 451.7,447.2 1.01006 1.02194 Mn[NO]Mn

atalic bands also observed in thermal Mn atom experiments.

The use of higher NO concentration at threshold laser energyincreasing NO concentration, and the weaker 1827 and 1728
favored the 1713.2, 534.3 crhbands over the 1693.0 crh cm~! bands follow this trend.
band and associated new bands at 1824.0 and 1744.7, cm | aser-Ablated Re.A series of experiments was done with
respectively, and favored the 1713.2, 1824.1 tpair relative laser-ablated Re atoms and isotopic NO molecules, and the
to the 1827.0, 1728.8 cm pair. Experiments with higher laser  product absorptions are listed in Table 2. Figure 6 shows a
energy relative to NO concentration favored the 994.1, 838.8 composite spectrum contrasting the three isotopic samples. In
cm ! set relative to the 932.3, 874.0 cinpalir. the upper region, very weak bands were observed at 1677.7
Isotopic experiments were performed with 0.2940O, 0.3% and 1651.6 cmt on deposition with4NO and at 1117.2, 1052.9,
(**NO + 15NO, 1:1), and 0.2% N0 + N0, 1:3), and 933.1, 907.3, 903.2, and 901.2 chin the lower region, trace
isotopic band positions are listed in Table 1. Isotopic multiplets a. Annealing to 25 K, scan b, markedly increased the 1677.7
are also listed for th&NO + *NO mixture, and selected spectra  and 1651.6 cm! bands, produced a weak new 1137.0 ém
are shown in Figures 3 and 4. band, decreased the 1117.2¢nfeature, increased the 1052.9
Thermally Evaporated Mn. Experiments were done by cm~!band and 1054.7 cm satellite and the 903.2, 901.2 cfn
varying the Mn concentration from0.1% to>1% at a constant ~ bands, and produced new features near 880'c8cans ¢ and
NO concentration of 0.2%, and spectra are shown in Figure 5. d illustrate the same spectra f8N60, while traces e and f do
The 1693 cm! band and a very weak 1713 cfabsorption likewise for 15N180. Note large shifts in the upper region for
are observed in the lowest Mn concentration depe$it1%, both substitutions, but in the lower region, some bands depend
Figure 5a. Successively higher Mn concentrations produce more on nitrogen and others on oxygen isotopic substitution.
stronger bands and reveal weaker 1748 and 1744 teatures
(traces b3-d). The final deposit, at the highest Mn concentration, cgjculations
>1%, scan e, gives still stronger bands and new absorptions at
1827 and 1728 cmt and at 1487, 1268, 1237, and 1232¢m
A similar study with 0.8% Mn and<0.1%, 0.2%, 0.3%, and
0.5% NO is dominated by the 1693 ciband, but the 1713
cm! band increases relative to the 1693 @énband with

Density functional theory calculations were performed on all
the MnNO isomers using the Gaussian 94 progtaithe BP86
functional®2® and 6-313%G* basis set§-?2were used for N
and O, and the Wachters/Hay set as modified by Gaussian 94
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Figure 1. Infrared spectra in the 1880650 and 12751210 cn1? regions for products of the reaction of laser-ablated Mn atoms with NO (0.1%)
in excess argon during condensation at 10 K: (a) spectrum of deposited sample, (b) after broad-band photolysis for 20 min, (c) after annealing to
25 K, (d) after annealing to 30 K, and (e) after annealing to 35 K.
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. . . Figure 3. Infrared spectra in the 1830650 cnT? region for the
nTl
Figure 2. Infrared spectra in the 1026140 cn* region for products reaction of laser-ablated Mn atoms wittNO + SNO (0.3%, 1:1) in
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b) after broad-band photolysis for 20 min, (c) after annealing to 25 K, ) 4 .
Ed; after annealing top30 Kyand (e) after a(nr)1ealing to 35 Kg.] for 20 min, (d) after annealing to 30 K, and (e) after annealing to 35

was used for Mrf? Previous work has shown that the BP86  state is 24.8 kcal/mol higher in energy. For MnNO, also known
functional works well for transition-metal systems, particularly a5 Mn-(51-NO), the calculated ground state’&s”’ and the’s-

for frequency calculation§:>+2® The geometries and relative  state is 2.9 kcal/mol higher. For cyclic Mn[NO], also known as
energies calculated for the MNnNO, MnON, NMnO, and cyclic  Mn—(;2-NO), the ground state #\"" and the MNnONX~ state
Mn[NQ] isomers in low-lying states are listed in Table 3, and is 20.4 kcal/mol higher. Triplet NMnO is the global minimum
the isotopic frequencies, intensities, and isotopic frequency ratiosat this level of theory, and triplet MNNO, Mn[NO], and MnON
are listed in Table 4. These calculations are considered as aare 7.1, 19.8, and 40.2 kcal/mol higher in energy. Calculations
first approximation and as a guide for vibrational assignments. were also done for triplet NMnO using the B3LYP functional,
For the NMnO molecule, the ground state’ss’ and the®A"” and the results are footnoted in the tables. Similar calculations
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Figure 4. Infrared spectra in the 100825 and 546-440 cn1? regions for the reaction of laser-ablated Mn atoms WINO + SNO (0.3%, 1:1)

in excess argon during condensation at 10 K: (a) spectrum of deposited sample, (b) after annealing to 25 K, (c) after broad-band photolysis for 20

min, (d) after annealing to 30 K, and (e) after annealing to 35 K.
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Figure 5. Infrared spectra in the 196500 cn1! region for thermal
Mn atoms at different concentrations co-deposited with NO (0.2%) in
excess argon at 1& 1 K: (a) less than 0.1% Mn, (b) 0.2% Mn, (c)
0.3% Mn, (d) 0.6% Mn, and (e) greater than 1% Mn in argon.
were also done for the anions NMn@nd MnNO-, and the
results are also listed in Tables 3 and 4.

Calculations were first done for Mn(N@using a smaller
6-311G* basis set. £A; molecule was calculated with 1.633
and 1.188 A bond distances for MiN and N-O, respectively,
and 166.3 and 103.8 for Mn—N—O and N-Mn—N angles.
The calculation was repeated with the larger 6-BGt basis

o,

{ \%&k—b N 2L

|

et
1850 1800

calculation for Mn(NO)~ found a'A; ground state with MaN
=1.632 A, N-O=1.222 A ON-Mn—N = 114.5. The N-O
stretching frequencies are 1626.5, (847 km/mol) and 1573.7
cm™1 (bp, 1084 km/mol). The anion energy is lower by 42.3
kcal/mol, a reasonable amount for the electron affinity of Mn-
(NO),.

The same procedure was followed for Mn(NO&nd the
results for the 6-311G* basis calculation are given in Table 6
for isotopic and mixed isotopic frequencies in th®' state.
The 6-31H1-G* basis gave N-O stretching frequencies 15 and
4 cnm ! lower, Mn—N mode 6 cmt lower, and Mr-N = 1.684
A, N-0 = 1.179 A,OMn—N-0O = 164.5, ON—Mn—N =
108.5. Structures calculated for the major reaction products
are shown in Figure 7.

Discussion

The new product bands will be identified and assigned with
the help of reagent concentration variation, isotopic substitution,
and DFT vibrational frequency calculations.

NMnO. In previous Mn+ O, experiments, the manganese
dioxide moleculeis = 948 cnt?, v, = 816 cnT?) was produced
by insertion of Mn into @ while in N investigations a possible
NMnN molecule ¢3 = 859 cnT?!) was formed by reaction of
N atoms with MnN molecule-120ne goal of this work is to
determine if Mn can undergo the insertion reaction with NO.

set. The results are presented in Table 5; the nitrosyl stretchingSharp bands were observed in the laser-ablation experiments
frequencies decreased 17 and 27 ¢mith the larger basis set.  at 932.3 and 874.0 cm; these bands increased together on

The*A; state is 14.0 kcal/mol higher in energy and hasNih photolysis and first annealing and decreased together on
=1.731 A, N~O=1.191 A/ON—Mn—N = 155.5 and has  subsequent annealing cycles (Figure 1). The two bands were
similar nitrosyl frequencies (1762.3, 1685.7 ¢ A similar barely detected with threshold laser power, but strong bands
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TABLE 2: Infrared Absorptions (cm ~1) from Co-Deposition of Laser-Ablated Rhenium Atoms with NO in Excess Argon at 10

K
N0 15N160 15N180 14N160 4 15N160 R (14/15 R (16/18) assignment
2122.8 2052.3 2122.8, 2080, 2052.3 1.03435 2){IReO
2109.7 2039.9 2039.9 2075.3 1.0342 2INReO
2104.7 2034.9 2034.9 2070.2 1.03435 2NReO
1871.8 1838.9 1789.3 1871.8,1838.8 1.01789 1.02778 NO
1749.3 1719.1 1679.0 1.01757 1.02388 aggregate
1728.8 1692.3 1662.1 1.02157 1.01817 aggregate
1702.0 1668.9 1629.9 1.01983 1.02393 aggregate
1688.0 1660.4 1.01662 s
1684.2 1650.8 1613.3 1.02023 1.02324 (RO),
1677.7 1645.1 1606.6 1.01982 1.02396 Re(NO)
1651.6 1622.4 1579.2 1651.5, 1634.3, 1622.4 1.01800 1.02736 Re(NO)
1630.0 1593.9 1564.3 1.02265 1.01892 208\
1610.8 1576.3 1545.7 1.02189 1.01980 NO
1589.4 1562.0 1520.4 1.01754 1.02736 (NO)
1583.4 1556.3 1514.9 1.01741 1.02733 (NO)
1144.8 1124.9 1.01769 Re[NO] site
1137.0 1117.4 1087.3 1137.0,1117.4 1.01754 1.02768 Re[NO]
1117.2 1082.3 1082.3 1.03225 ReN
1068.2 1048.5 1023.1 1.01879 1.02483
1054.7 1024.0 1020.7 1054.7,1024.0 1.02998 1.00323 NReO
1052.9 1022.2 1019.1 1053.0, 1022.3 1.03003 1.00304 NReO
1043.9 1013.4 1009.1 1.03010 1.00426 NReO(NO)
1038.0 1007.2 1004.9 1.03058 1.00229 NReO
933.1 933.1 886.7 933.1 1.000 1.05233 OReO
930.3 930.3 884.0 930.3 1.000 1.05142 2)OReO
924.8 924.7 878.8 924.8 1.000 1.05223 complex
903.2 901.5 857.5 903.3,901.4 1.00189 1.05131 NReO
901.2 899.5 855.5 901.4,899.5 1.00185 1.05143 NReO
891.7 889.9 847.1 1.00202 1.05051 NReO(NO)
888.4 885.8 843.9 sum 1.00294 1.04965 2)OReO
886.8 884.3 842.1 sum 1.00269 1.05027 2)OReO
880.2 878.4 835.4 880.2, 878.3 1.00194 1.05159 2)NReO
874.0 872.3 829.7 874.0,872.4 1.00206 1.05122 2)NReO
860.9 859.5 819.0 1.00154 1.04953 NReO

TABLE 3: Relative Energies and Structures Calculated (BP86/6-31+G*) for MNNO Isomer States
relative energies

molecule state (kcal/mol) geometry (A, deg)

NMnQO? SA" 0 MnN,1.5503; MnO,1.6188;NMnO,117.0
MnNOP SA" +4.2 MnN,1.7506; NO,1.202@]MnNO,149.6
MnNOP 33~ +7.1 MnN,1.6370; NO,1.1903]MnNO, 180
Mn[NO]&d SN +19.8 MnN,1.7524; MnO,1.9513; NO,1.2753
NMnO SA" +24.8 MnN,1.6372; MnO,1.6113)NMn0O,125.3
NMnO A +25.2 MnN,1.5322; MnO,1.615ZJNMn0O,121.6
MnONe# 33~ +40.2 MnO,1.7634; ON,1.2232JMnON, 180
MnNO~ A" —24.5 MnN,1.7114; NO,1.2264)MnNO,155.7
NMnO~ 2A" —44.6 MnN,1.5677; MnO,1.6446)NMn0O,121.F
NMnO~ A" —56.4 MnN,1.5835; MnO,1.6599]NMn0O,127.4

2The B3LYP functional gave MnN, 1.5835; MnO, 1.6172NMnO, 121.3. b Also known as Mn-(5*-NO), the end-bonded nitrosyl Also
known as Mnr-(3%-NO), the side-bonded cyclic speci@Mn[NO] quintet converged to MNNCG.MnON quintet converged to MnNO.

with the same 3:1 relative intensity were produced on broad- determined by isotopic ratios. The B3LYP functional gives even
band photolysis. Deposition with the highest laser power gave poorer agreement: 950.6 (Mi©) and 637.4 cm! (Mn—N)
the two bands with absorbances much like the spectrum in frequencies that are almost pure M@ and Mn—N stretching
Figure 1c. These bands were not observed with thermal Mn modes, respectively. Note that both functionals predict nearly
atoms. the same MrO mode just above the observed 874.07¢ém
Mixed isotopic spectra reveal doublets that are the sum of band, which is mostly MaRO stretching, but the functionals
pure isotopic spectra for each band (Figure 4). This shows thatdiffer by almost 300 cm! in predicting the MA-N stretching
one N and one O atom are involved in each vibrational mode mode. Apparently several low-lying d-orbital configurations are
and suggests that the 932.3 and 874.0cbands are due to  mixing in the3A" state to give normal modes that are mixtures
the NMnO insertion product as these bands are near recent argonf the Mn—N and Mn-0 internal bond-stretching coordinates.
matrix absorptions for MnN (916.1 cr) and MnO (833.1 A higher level multiconfiguration calculation will have to be
cm~1).11.12 performed to explain the normal mode structure of bent NMnO.
This assignment receives only limited support from BP86/  Mn[NO] or Mn —(52-NO). The complex Ci(%-NO) has
6-311+G* calculations of thé!A” bent NMnO ground state in  been characterized by a strong-® stretching mode at 1108.8
the general positions of the two terminal-bond stretching cm~?, with isotopic ratios just under diatomic values, and DFT
frequencies at 1026.8 (MiN) and 932.4 cm! (Mn—0) but calculations of this side-bonded specidst. progressively higher
not in the nature of the mixed stretching coordinates, as frequencies, 1132.2 and 1448.8 cnabsorptions show evidence
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Figure 6. Infrared spectra in the 175500 and 1156850 cnt! regions for laser-ablated Re atoms co-deposited with isotopic nitric oxide
samples (0.3%) in excess argon at 10 K: }(a)l%O-deposited sample, (b) after annealing to 25 K{n/}%O deposited sample, (d) after annealing
to 25 K, (e)*™N*®0 deposited sample, and (f) after annealing to 25 K.

AN Mn 265, (see Tables 1 and 4). The best explanation for the 123274 cm
Mn/ N /%%910\1"‘/9 band is the overtone of the unobserved Mt stretching
N 1.2 o & ’ \% fundamental calculated at 591.3 chin Fermi resonance with
%50 the 1236.8 cm! band. In such an event, the calculation has
slightly underestimated this fundamental frequency. In the
1 Nl Mn 1'“21«1@0 I5N160 case, the overtone red shifts about 30-¢rand the
M,,‘/()\Q’O \.)_5 & fundamental only 21 crt so the interaction is diminished and
149.6° N f§”°'6 N a weak 1216.1 cmi overtone results. In th®N80 case, the
g & \0 N—O fundamental is now below the overtone and the interaction
remains weak.
M, Mn[NO] .. The 1268.7 cm! band also grew on annealing
NZ ) and exhibited a sharp 1:2:1 triplet at 1268.7, 1253.2, 1249.0

cm™, suggesting that two equivalent NO submolecules par-
ticipate in this vibration. On this basis, the 1268.7¢rband
is assigned to the bicyclic Mn[N@Jpecies.

Figure 7. Structures calculated by DFT (BP86/6-31G*) for major
reaction products. Bond distances given in angstroms.

of isotopic mixing and the attachment g¥-nitrosyl ligands to MnNO or Mn —(7'-NO). The present and earlfeDFT
the Cr(72-NO) complex. These complexes are photosensitive, calculations predict theA” MnNO complex slightly below the
ultimately giving way to the most stable €;'-NO), complex. 33~ state and a strong-NO vibrational mode near 1600 cth

The spectra of V and Fe with NO, currently under investigation, for the quintet or 1740 cmt for the triplet. We observe no
also have absorptions with similar isotopic characteristics in this possible assignment for MnNO in the 1600 Tmegion, but
region. The 1236.8, 1232.4 cthdoublet grows in on annealing  the 1748.6 cm! bandmight bedue to MnNO. The observed
(Figure 1), and it appears on deposition with higher laser power 14/15 and 16/18 isotopic ratios are in reasonable agreement with
and grows further on annealing and on photolysis. These bandsthe calculated values. The 1748.6 tnband appears on 25 K
show isotopic shifts witA5N60 and®N*0 and mixed isotopic annealing in the dilute reagent experiment (Figure 1), increases
spectra that are the sum of pure isotopic spectra. Hence, a singl@n annealing to 30 K, and decreases thereafter, and this band is
NO molecule is involved in these vibrations. Studies with Cr observed on deposition with higher reagent concentrations.
showed that the 1200 cmh region is appropriate for sideways Unfortunately, band congestion makes it impossible to charac-
bonded (#2-) NO species, so Mn[NO] must be considered. The terize the mixed isotopic spectrum, so this possible identification
30" ground-state calculation predicts a strong band at 1261.50f MnNO is tentative.

cm~1 and isotopic ratios (1.0173, 1.0292) in reasonable agree- Mn(NO); or Mn —(*-NO),. The much stronger 1693.0 cth
ment with the observed values for the strong 1236.8dmand band is easier to characterize; it increases markedly on early
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TABLE 4: Isotopic Frequencies (cnm?), Intensities (km/mol), and Ratios Calculated (BP86/6-31tG*) for the Structures
Described in Table 3

14-16, v (1) 15-16,v (I) 1518, (1) R(14—16/15-16) R(15-16/15-18)
NMnO 328.2(13 323.4(1Y 316.5(19 1.0148 1.0218
GA™) 932.4(121) 932.1(116) 891.4(108) 1.0003 1.0457
1026.8(61) 999.5(63) 999.5(62) 1.0273 1.0000
MnNO 228.6(31) 224.5(30) 219.7(29) 1.0183 1.0219
CA") 517.0(20) 508.8(18) 501.4(19) 1.0162 1.0148
1638.3(655) 1607.2(631) 1566.5(599) 1.0194 1.0260
MnNO 298.6(7) 291.0(7) 287.4(7) 1.0261 1.0125
©p) 583.1(11) 578.6(11) 564.4(10) 1.0078 1.0252
1742.5(954) 1706.8(910) 1668.3(879) 1.0209 1.0231
Mn[NO] 288.0(8) 286.8(8) 275.4(7) 1.0042 1.0414
CA™) 591.3(13) 576.3(12) 575.5(12) 1.0260 1.0014
1261.5(242) 1240.0(233) 1204.8(221) 1.0173 1.0292
NMnO 203.5(18) 201.0(17) 196.5(16) 1.0124 1.0229
CA") 758.7(27) 743.0(27) 737.7(25) 1.0211 1.0072
884.5(75) 878.6(73) 845.1(70) 1.0067 1.0396
NMnO 355.6(5) 350.4(5) 343.2(5) 1.0148 1.0210
(A" 930.8(144) 930.7(141) 889.9(129) 1.0001 1.0459
1098.7(107) 1069.3(104) 1069.3(106) 1.0275 1.0000
MnON 136.0(0.4) 134.5(0.4) 129.4(0.3) 1.0112 1.0394
&) 460.9(0.1) 454.9(0.1) 447.8(0.1) 1.0132 1.0159
1468.9(235.8) 1446.1(228) 1401.0(215) 1.0158 1.0322
MnNO- 207.1(23) 202.5(22) 199.1(21) 1.0227 1.0171
(A" 485.7(4) 480.0(3) 470.9(4) 1.0119 1.0193
1518.5(957) 1488.9(924) 1452.5(874) 1.0199 1.0251
NMnO- 290.4(0.2) 286.4(0.2) 280.4(0.1) 1.0140 1.0214
(“A") 855.0(161) 853.5(152) 816.7(143) 1.0018 1.0451
997.5(225) 972.3(223) 971.5(212) 1.0259 1.0008
NMnO- 303.6(0) 299.2(0) 292.9(0) 1.0147 1.0215
CA") 879.9(182) 879.8(180) 841.4(160) 1.0001 1.0456
1042.9(174) 1015.1(165) 1015.1(167) 1.0274 1.0000

aThe B3LYP functional gave 265.4(15), 638.7(17), and 950.6(18bhe B3LYP functional gave 261.9, 621.3, 950.5 ¢nfor 15—16 and

256.3, 620.8, 909.3 cm for 15-18.

TABLE 5: Isotopic Frequencies (cnT?!) and Intensities
(km/mol) Calculated (BP86/6-313%G*) for Mn(NO) , in the
2A1 Statet

(14-16), v (1) (15—16), (15-18)
1762.3(188) 1726.1 1687.2
1696.9(1238) 1662.5 1624.4

634.7(6) 623.3 616.0
625.2(1) 620.2 608.1
548.0(0.2) 537.5 526.7
372.0(27) 362.6 359.3
294.4(0) 287.0 282.8
289.4(6) 2825 277.7

73.4(2) 733 70.0

a Structure: Cy, symmetry, MR-N = 1.677 A, N-O = 1.192 A,
OMn—N—-0O = 164.6, ON—Mn—N = 119.0.

The assignments to Mn(N@gare strongly supported by the
DFT-calculated frequencies presented in Table 5. The stretching
modes for thisC,, molecule are predicted with observed/
calculated ratios 0.990 and 0.997 and excellent agreement
between observed and calculated isotopic frequency ratios.
These “scale factors” are in accord with those expected for the
BP86 functional’ The calculations predict weak MiN—O
deformation modes near 630 cand a stronger MaN
stretching mode below the range of our instrument.

Mn(NO)3 or Mn—(»*-NO)s;. The dominant band after
annealing at 1713.2 cm exhibits nitrosyl stretching isotopic
ratios (14-16/15-16, 1.01988; 1516/15-18, 1.02389) as does
the associated weaker 1824.1 énmband, which maintains
constant relative intensity on annealing {16/15-16, 1.02019;
15-16/15-18, 1.02335). The mixed 1416/15-16 spectra in

annealing and decreases on final annealing while the 1713.2Figure 3 demonstrate that these bands are due to a pyramidal

cm™! band still increases. The mixéddNO + 15NO isotopic

molecule ofCg, symmetry. The different quartet patterns for

spectrum shows a clear 1:2:1 triplet at 1693.1, 1670.6, 1659.0each absorption grow in together on annealing. The ap-

cml, and the 15N180 experiment shows an intermediate
component at 1634.5 crh owing to N0 present in the
sample. The 1693.0 cmh band is due to the vibration of two
equivalent NO submolecules. The-146/15-16 and 15-16/
15—-18 isotopic ratios, 1.02043 and 1.02262, denote arON
motion with substantial coupling to the metal atom.

A weaker band at 1744.7 crh appears to track with the
stronger 1693.0 crt band on annealing, and both are reduced
50% on photolysis. This band exhibits!aNO counterpart at
1709.8 cmit and a triplet with a 1732.6 cnd middle component
with 19NO + 15NO. Note the matching asymmetries in the two
triplets indicating interaction between the two central mixed
isotopic components.

The 1693.0 and 1744.7 crh bands are assigned to the
antisymmetric (b)) and symmetric (g N—O stretching modes
in the bent ON-Mn—NO dinitrosyl species, respectively.

proximately 2:1:1:2 relative intensities are characteristic of a
doubly degenerate antisymmetric ligand stretching mode where
both Mn(“N160); and Mn{4N60),(*°N160) contribute to the
intense 1713.2 cmt band and both MA{N60)(*°N€0), and
Mn(**N60); contribute to the strong 1679.8 ciband?® An
analogous quartet was observed at 1679.8, 1663.1, 1651.0,
1640.6 cmit in the 15N160O/A5N80 experiment. The approxi-
mately 1:3:3:1 relative intensities for the 1824.1 band system
in the N60/5N160 experiment, on the other hand, are
characteristic of the nondegenerate symmetric ligand stretching
modes of the four isotopic molecules and show the statistical
weights of the isotopic molecules present.

The 534.3 cm! band, also associated by annealing, exhibits
different isotopic ratios (1416/15-16, 1.02819; 1516/15-
18, 1.00864) that are characteristic of a predominately-Mn
stretching mode. The mixed isotopic sextet is due to the doubly
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TABLE 6. Isotopic Frequencies (cnt?) and Intensities (km/mol) Calculated (BP86/6-311G*) for Mn(NO} in the A" State

(14—16), v (1) (14—16)(15-16) (14-16)(15-16) (15-16) (15-18)
1849.6(38) 1839.3(67) 1827.0(82) 1810.7(37) 1771.4
1745.9(1199) 1745.9(1196) 1730.7(1139) 1710.3(1149) 1671.4
1745.9(1199) 1719.5(1137) 1710.3(1149) 1710.3(1149) 1671.4

738.7(7) 733.7(7) 728.7(7) 723.7(7) 718.8
675.3(4) 675.0(4) 673.5(4) 670.5(4) 657.5
675.3(4) 672.6(5) 670.8(5) 670.5(4) 657.5
605.5(1) 602.6(1) 599.2(1) 595.9(1) 580.0
586.9(33) 584.5(31) 579.2(31) 570.0(3) 565.3
586.9(33) 577.9(32) 572.0(31) 570.0(31) 565.3
299.0(0.2) 298.4(0.2) 295.8(0.2) 291.6(0.2) 287.1
299.0(0.2) 294.5(0.2) 292.4(0.2) 291.6(0.2) 287.1
277.0(0) 274.5(0) 272.2(0) 270.1(0) 266.0
87.7(0.4) 87.6(0.4) 87.5(0.4) 87.5(0.4) 83.5
87.5(0.7) 87.4(0.8) 87.3(0.8) 87.3(1) 83.4
87.1(4) 87.1(4) 87.0(4) 87.0(3) 83.1

a Structure: Cs, symmetry, Ma-N = 1.669 A, N-O = 1.183 A, OMn—N—0 = 165.2, ON—Mn—N = 110.6.

degenerate Mr(NO); stretching mode. Here, only the Mn- Mn,;NO Molecules.Two other sets of absorptions, the sharp
(**N%0)3 molecule contributes to the 534.3 chband, the Mn- 451.7 cn1! band and the 994.1, 838.8 cipair, are favored
(**N180),(15N160) molecule gives rise to the stronger 532.8 and at high Mn/NO and disfavored at high NO/Mn ratios. These
526.3 bands, the MK&N0)(**N160), molecule provides the  bands exhibit doublets with mixédNO/5NO, so a single NO
stronger 528.0 and 521.4 cibands, and only the MHEN60); submolecule is involved. Furthermore, thermal studies have
molecule absorbs at 519.7 cfbased on DFT calculation of  shown that reactions of diatomic manganese are impotant,
the mixed isotopic frequencies. The difference in coupling of and the MaNO stoichiometry is therefore suggested.

internal coordinates in the antisymmetric® and Mn-N The sharp 451.6 cmt band has unusual isotopic ratios,
stretching modes is apparent from the mixed isotopic spectrum.1.01006 and 1.02194, that are less than the diatormi®NVIn—

The assignments to pyramidal Mn(NQgceive confirmation N, and Mn-O ratios, so the 451.6 crh band is clearly due to
from the DFT frequency calculations summarized in Table 6. a mixed coordinate motion. Hence, the Mn[NO]Mn ring is
First note that the calculation predicts a very strong antisym- suggested.
metric ligand vibration at 1745.9 crh and a much weaker The sharp, weak 994.1 and 838.8 dbands increase
symmetric counterpart at 1849.6 chwith observed/calculated  together on photolysis and on annealing. They share an unusual
ratios of 0.981 and 0.986, respectively. The calculated isotopic relationship: the 994.0 cnd band exhibits a 1416/15-16 ratio
frequency ratios and mixed isotopic quartet patterns are in slightly higher than diatomic MaN, and the 838.8 cm band
excellent agreement with the observed values and spectra. Théas a 1516/15-18 ratio higher than diatomic MnO. It appears
antisymmetric Ma-N stretching mode predicted at 586.9 ¢m that these bands are terminal N and O vibrations, but the mass
was observed at 534.3 cthwith a slightly lower observed/  partner is heavier than Mn. The 994.0 ¢hband gives a doublet
calculated ratio (0.910). Again, the calculations predict the with 1“N60 + 15N160 indicating the involvement of a single
observed sextet mixed isotopic pattern and isotopic ratios (14 NO submolecule. These bands are tentatively assigned to
16/15-16, 1.02979; 1516/15-18, 1.00835) in excellent agree- NMnMnO.
ment with the observed spectrum. The sharp 1662.6 cm absorption grows on annealing and

The much weaker degenerate MN—O deformation mode is decreased by photolysis. The mixed 14/15 spectrum revealed
is predicted at 675.4 cm, and a sharp 594.1, 591.0 chband a triplet for two equivalent NO subgroups, and the isotopic ratios
pair (observed/calculategt 0.880) appears to track with the are indistinguishable from those of the 1693.0¢rband of
534.3, 539.3 cm! pair for the degenerate MiN stretching Mn(NO),. Calculations predict the strongest band of Mn(MO)
mode. The 594.1, 591.0 cthbands exhibit isotopic ratios in  almost 100 cm! lower. The 1662.6 cmt band is favored
excellent agreement with values from the isotopic frequencies relative to 1693.0 cmt at higher relative Mn/NO and is absent
calculated for the degenerate MN—O deformation mode. The  at the lowest Mn/NO concentration. A tentative assignment to
mixed isotopic multiplet is complicated by the extra band, but Mny(NO), is proposed.
the stronger central feature at 592.1¢nfrom overlap of two Other Absorptions. Since Mn has one more electron than
mixed isotopic bands is in accord with the calculations. Cr, Mn cannot accommodate four NO ligands in the terminal,

The 1728.0 cm! band is favored at higher Mn levels and on nearly linear bonding mode like Cr(N@)and Mn(NO} is the
annealing with respect to Mn(N@3¥o a dimanganese species highest terminal nitrosyl that can be observed here. However,
must be considered. The isotopic frequency ratios of the 1728.0the possibility of another single electron or electron-pair
cm~! band again denote a nitrosyl stretching mode, and the denoting ligand must be considered as Mn(NOP) and
quartet pattern suggests a doubly degenerate mode, as describgsHs)sPMn(NO) have been characterizét?
for Mn(NO)s. The sharp weaker 1827.0 cfnband appears to It is relevant to compare the photolysis of MNn(NGO) in
track with the 1728.0 cmt band at higher Mn levels on  solid argon, which gave rise to a set of new bands at 2105,
annealing, and it too reveals a quartet pattern much like the 1772, 1725, and 1505 crhand a pair of new bands at 1714
1824.1 cnt band of Mn(NO}. In fact, the agreement between and 1710 cm®.3! The latter pair was suggested to be due to
isotopic ratios for the 1827.0 and 1824.1 dnbands, on one  “spectroscopically distinct forms of Mn(N@Yesulting from
hand, and the 1728.0 and 1713.2¢rbands, on the other, is  minor differences in the local matrix environment.” The present
striking. This suggests a (OMNIN—Mn(NO); species with a assignments and calculations for Mn(N®upport this evidence
weak Mn—Mn bond where the second (Of¥)n species can  for the photochemical formation of Mn(N@) The N-O
be considered a fourth ligand for the first Mn(N&omplex. stretching fundamentals of th&s, Mn(NO);(CO) molecule at



Reactions of Mn and Re Atoms with NO J. Phys. Chem. A, Vol. 102, No. 49, 19980049

1829 and 1742 cmt are very near the present 1824 and 1713 contrast. The isotopic ratios are similar to those of NReO as
cm~1 values for theCs, Mn(NO); molecule, which suggests are the band positions. The photochemical behavior suggests a
that the CO ligand has little effect on the structure and bonding tentative assignment to NReQAlthough calculations were not
in the Mn(NO) complex. The former set of bands was assigned done for NReO, note that the calculated frequency relationship
to Mn(CO)(NOX(NO*), where NO* denotes a nitrosyl ligand  between3A” NMnO and“A” NMnO~ is the same as for the
with an altered mode of coordinatiShCould this be a bent or ~ bands assigned here to NReO and NReO
sideways-bonded NO subunit? Re[NO] or Re—(?>-NO). The 1137.2 cm! band shows NO
The 1487.1 cm?! band that appears on annealing to 30 K in stretching isotopic ratios and evidence for a single NO molecule.
the experiment using 0.1% NO is in the region of the above The evidence is consistent with assignment to the cyclic Re-
nitrosyl with a different structure. The isotopic ratios, 1.01759 [NO] species observed at 1236.8 chifor Mn[NO] and at
and 1.02677, are near the diatomic values, and a doublet wasl108.8 cmi! for Cr[NO].”
found with isotopic mixtures, so only one NO submolecule is ~ Re—(1'-NO)x. There is no clear evidence for the mononi-
involved. Since Mn(NOj cannot accommodate another three- trosyl, which is expected to be a weaker absorber than the
electron-donating nitrosyl, can it accept a truly bent one-electron- dinitrosyl. The strong 1651.6 cthband that grows on annealing
donating nitrosyl or a side-on-bonded two-electron-donating NO gives rise to the triplet pattern expected for Re(MN&)d more
subgroup? nearly diatomic N-O isotopic ratios (1.01800, 1.02736) denot-
Similar DFT calculations were done for three possibilities, N less coupling to the heavier Re atom than that found for
bent ON-, bent NO-, and sideways [NO] attached to Mn(NO) Mn(NO), (ISOtOpI(? ratios 1.02033,.1.0226.2). The 1651.6¢m
The former two calculations failed to converge, but the latter band can be assigned to Re(N®jith confidence.
gave a stable minimum with a sideways{®] frequency of The strong 1677.7 cnt band also grows on annealing and
1391.5 cn! and isotopic ratios 1.0180 and 1.0283. Thus, we has the same relationship with the Re(N@jsorption that Mn-
tentatively assign the 1487.1 ciband to the Mn(NOJNO*) (NO)s has with Mn(NO). Unfortunately the 1677.7 cm band
molecule, where NO* represents a sideways-bonded NO S not strong enough to exhibit the intermediate components

subgroup or Mn(NQJNO]. Other absorptions for this molecule ~ found for Mn(NO}. The 1677.7 cm® band is probably due to
may be included in the broad 1766 ciband. Re(NO}, but the assignment must be considered tentative at

; this stage.
This further suggests that the Mn(CO)(N@YO*) photo- . .
chemical produét absorbing at 1505 cmi also involves A number of other absorptions grow on annealing and are

sideways-bound NO as the alternate mode of bonding. It is due to aggregate species. The most prominent of these, 1684.2

interesting to note that this Mn(CO)(N@NO*) product has ~ CM & might be due to a dimetal species such ag(R@)s, but

been prepared by annealing argon samples containing Mn, No NiS identification is only a suggestion.
and CO in this laboratory. Reaction Mechanisms.Several comparisons can be made

s . >
A number of other bands in the tables show nitrosyl isotopic within the'present observations. Bafhandy compouno_ls are
. . . . ._formed with thermal and laser-ablated Mn atoms. This means
ratios, but these bands grow on annealing, and mixed isotopic

: I . that little activation energy is required for reactions 1 and 2,
counterparts cannot be identified in these overlapping spectralwhich are exothermic by 48.2 and 22.6 kcal/mol, respectively
regions. These bands are due to aggregate species that remain ) o ) . ’ ’
unidentified. Pased on BP86/6-311G* calculated energies.

Finally, bands at 862.3 and 858.3 thjust above MnO at Mn + NO — MnNO (AE = —48.2 kcal/mol) (1)
833.1 cmit show very small nitrogen-15 shifts and oxygen-18
shifts slightly higher than MnO. These bands increase on Mn + NO — Mn[NO] (AE = —22.6 kcal/mol)  (2)
annealing and are probably due to ligated MnO. Corresponding

bands at 1791.5 and 1794.8 chare probably due to theligand 54 these reactions occur on annealing in the argon matrix. Note

in this (ON)MnO species. Likewise, the sharp 987.8 &iand it the average MANO bond energy increases from 48.2 to

shows a 16/18 ratio near that of OMnO at 948.0°&nand this 59.7 to 60.7 kcal/mol in the Mn(NQ@)x = 1—3 nitrosyls.

band is appropriate for (ON)MnOThe weak 1843.5 crm band

is due to the nitrosyl vibration associated with this complex. MnNO + NO — Mn(NO), (AE = —71.2 kcal/mol) (3)
NReO.The 1052.9 and 901.2 cthbands and their associated

matrix-split components are produced on deposition of laser- MN(NO), + NO — Mn(NO), (AE = —62.8 kcal/mol) ~ (4)

ablated Re and NO. The bands exhibit doublets in mixed isotopic ) . ) ) )

experiments that characterize motions of single N and single O "€ insertion reaction 5 is even more exothermic, 52.4 kcal/

atoms. The isotopic frequency ratios of each band are comple-T0l: but the bands assigned here to NMnO are not observed

mentary in that the 1052.9 crhband exhibits a large 1416/ with thermal atoms; th(_e molecule is formed with Iaser-ablated

15-16 ratio (1.03003), near the ReN value of 1.03215, and a Mn atoms and the bandiscreaseon broad-band photolysis but

small 15-16/15-18 ratio (1.00304) and the 901.2 ciband decreas®n annealing. Hence, activation energy is required for

shows a large 1516/15-18 ratio (1.05143), near the ReO value . _ _

of 1.0556, and a small 1416/15-16 ratio (1.00185). These Mn -+ NO = NMnO(AE = —52.4 keal/mol)  (5)

bands are near the ReN, 1121 édmand ReO, 979 cr, the insertion reaction, and this activation energy can be provided

fundamental frequenci€d? and assignment to the NReO by the laser-ablation process or by broad-band photolysis. Laser-

insertion product follows. The NScO, NTiO, NVO, and NCrO  ablated Mn is rich iffP metastable Mn, and these metastable

The addition of successive nitrosyl ligands is also exothermic,

insertion products all exhibit essentially uncoupled-M and states have a long enough lifetifig¢o reach the matrix and
M—O stretching mode&?>% as does NReO, in contrast to react in the condensing layer before relaxation. A similar
NMnO. mechanism was proposed to account for the Mn insertion

The weak 1038.0 and 860.9 cibands increase 2-fold  reaction with Q.12
together on 25 K annealing and are almost destroyed on The spectra of laser-ablated Mn and Re also reveal some
photolysis, the first in common with NReO but the second in differences. The energy transferred to the condensing sample
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