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Reactions of Laser-Ablated Manganese Atoms with Dioxygen. Infrared Spectra of MnO,
OMnO, Mn(O »), (MnO),, and Higher Oxide Complexes in Solid Argon

George V. Chertihin and Lester Andrews*
Department of Chemistry, Usrsity of Virginia, Charlottesille, Virginia 22901

Receied: June 3, 199%

Laser-ablated Mn atoms react with @ give MnO, OMnO, (MnO), and MnQ~ as major products, which

are identified from oxygen isotopic substitution on their matrix infrared spectra. Annealing allows further
association to form the cyclic Mn@pcomplex, (Q)MnO and (Q)MnO, oxide complexes, and higher oxides.
The OMnO molecule is bent based on the observation of pdimdv,; and on DFT calculations; the oxygen-

18 shift forv; provides a valence angle determination of #35%°. The cyclic Mn(Q) molecule involves a
weaker bonding interaction than the cyclic Fg(@olecule. The short 2.6 A estimated MMn distance
across the rhombic (Mn@ying is compatible with substantial metahetal bonding.

Introduction broadband photolysis by a medium-pressure mercury arc

) . o (Philips, 175 W) with globe removed (24G80 nm).
The present work is devoted to investigation of the manga-

nese-oxygen system and continues our systematic study of raguits

laser-ablated transition metal atom reactions with small mol-

ecules. Manganese is of chemical interest due to its wide The laser-ablated M O, reaction products trapped in solid
application in catalysis and in solid state and alloy matetidls. argon will be presented; infrared spectra are shown in Figure 1
Among the oxides more work has been done on the MnO and absorptions are listed in Table 1. The most intense new
molecule, which has been investigated in the gas phase by addands observed after deposition were 953.0, 948.0, 858.2, 847.3,
initio calculations and by matrix ESR7 Higher manganese  833.1, 816.4, 808.3, 601.0, and 505.0 ém Photolysis
oxides have been observed in matrix isolation studiés, increased the 948.0 and 816.4 ¢nbands, decreased the 858.2
including Mn(Qy), MnO,, MNO3, MNO4, and MO7; however, and 833.1 cm! absorptions, and almost destroyed the 847.3
the ESR and IR investigations on OMnO presented contradictory and 808.3 cm! bands, leaving other absorptions unchanged.
results. The electron spin resonance spectrum suggested a lineaknnealing produced a complex set of new absorptions, most
OMnO molecul€, while infrared work assigned 950 and 898 notably at 1108.2, 1092.2, 974.9, 951.4, 886.9, 850.7, and 686.4
cm1 bands to stretching vibrations of bent OMnO and also c¢m™?%; the 948.0, 858.2, 833.1, 816.4, 601.0, and 501.0%cm
found a cyclic Mn(Q) isomer®® This discrepancy and our  bands decreased, which is shown in Figure 1. Increasing oxygen
observatiof? of bent OFeO as the major reaction product using concentration led to a relatively higher yield of the 974.9, 951.4,
laser-ablated Fe atoms prompted a reinvestigation of the-Mn  948.0, and 816.4 crt bands; increasing laser power enhanced
0O, system. Moreover, laser-ablated metal atoms lead to the intensity of all bands and increased the 847.3, 808.3, 603.9,
different initial reaction products and result in much richer and 506.8 cm® bands relative to the 833.1 crband.

chemistry than ordinary thermal evaporation experim&i&is Oxygen isotopic substitution was employed for band iden-
is in part due to the formation of metastable states, which have tification. The observed isotopic patterns, for mechanital{
been extensively studigtifor Mn and can serve to activate + 180,) and statistical 'O, + 800 + 180,) mixtures will
chemical reactions. The manganes&ygen system is interest-  be discussed in the next section. Figures 2 and 3 show important
ing for comparison of transition metal chemistry and metal oxide spectral regions.

structure with previous work on iron and chromium in this A complementary experiment was done with 0.5%0Nn

laboratory?2:14 argon. After deposition the most intense bands were 987.7,
868.5, and 833.1 cmt. Weak 960.5, 948.0, 813.2, and 808.3
Experimental Section cm~! bands were also observed. The 987.7, 960.5, and 868.5

cm™! bands increased, the 948.0 and 833.1 trbands
The technique for laser ablation and FTIR matrix investigation decreased, and a weak 847.3@rhand appeared on annealing.

has been described previoudht* Manganese (Johnson Mat- No 601.0, 505.0 cmt bands were detected.
they, 99.99%) was mounted on a rotating (1 rpm) stainless steel Reactions were performed with,@n N, matrixes, and the
rod. The Nd:YAG laser fundamental (1064 nm, 10 Hz product absorptions are listed in Table 2. New absorptions for
repetition rate, 10 ns pulse width) was focused on the target MnN and Mn(N) will be described in a separate report. The
through a hole in the Csl cryogenic (10 K) window. Laser major new features are a doublet at 969.6, 964.4ca sharp
power ranged from 20 to 40 mJ/pulse at the target. Metal atomsg866.7 cnt? band, a broad 843.8 cthband with a sharp 841.8
were co-deposited with 0.251% O, (and isotopic modifica- cm~! shoulder, and a strong 538.3 chfeature.
tions) in argon or nitrogen at-24 mmol/h for +-2 h periods. Density functional theory (B3LYP) calculations using the
FTIR spectra were recorded with 0.5 thresolution on a GAUSSIAN 94 progrartf and 6-311G* and 6-3HG* basis
Nicolet 750. Matrix samples were temperature cycled, and more sets for Mn and O atoms were performed for all isomers of
spectra were collected; selected samples were subjected tnO,, and results are listed in Table 3. For bent OMnO,
doublet and quartet states were found, and the quartet is the
€ Abstract published ilAdvance ACS Abstract©ctober 1, 1997. most stable, in agreement with ESR restlt&or cyclic Mn-
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Figure 1. Infrared spectra of laser-ablated Mn atoms co-deposited with
Oz in excess argon at 18 1 K: (a) 0.5% Q co-deposited sample, (b)
after broadband photolysis for 30 min, (c) after annealing to 25 K, and

(d) after annealing to 35 K.

(O,), doublet, quartet, and sextet states were converged with

Chertihin and Andrews

oxidizers’=920-22 However, ESR work produced this molecule
in reactions with @ and NO after strong vacuum ultraviolet
photolysis, although the yield was small, and only the reaction
with ozone gave high yield. Heat changes for the reactions
Mn + X (X = O, H,0, N;O, H,O,, and Q) are estimated as
follows:3

Mn+0O,—MnO+0O  AH=+33kcal/mol (1)
Mn+H,O0—MnO+H, AH=+32kcal/mol (2)
Mn +N,O—MnO+ N, AH= —45kcal/mol (3)

Mn + H,0,—MnO+H,0 AH= —52kcal/mol (4)
Mn + O;—MnO+ O, AH=—59 kcal/mol (5)

The first two reactions are endothermic and obviously cannot
lead to spontaneous MnO formation. Reactions 3 and 4 are
exothermic, but they probably have high activation barriers, and
only the most exothermic reaction (5) produced sufficient MnO
for the ESR detectioh. In our experiments MnO was the first
product of reactions 1 and 3, which demonstrates the reactivity
of energetic laser-ablated Mn atodds.

MnO,, OMnO. New bands at 948.0 and 816.4 thn
appeared in the spectra after deposition even with threshold laser
power. These bands decreased on annealing, while photolysis
doubled their intensities. Both bands produced doublet struc-
tures with the mechanical mixture (Figure 2) and triplet isotopic
structures with scrambled isotopic oxygen (Figure 3), which
indicates that this product contains two equivalent oxygen atoms.
Appearance in low laser power experiments also suggests a one
manganese atom primary reaction product. The 16/18 ratios
1.0389 and 1.0530 are characteristic of antisymmetric and
symmetric vibrations of a bent symmetrical triatomic molecule.

the first basis set and only doublet and quartet states with theq},o matching of asymmetries in the triplets (tHOMNL0
second set. For bent MNOO, quartet and sextet states Wer&omponents are up and down 2:8.1 cn? from the averages
found with the first and only sextet with the second basis set. ¢ 160Mmn60 and OMneO components forvs and v,

The calculated relative stabilities of these isomers is also Show”respectively) further associates the 948.0 and 8162 Gands

in Table 3. The DFT calculations are reliable only for the
OMnNO molecule, as both basis sets produced the same electroni

with the same molecule. Thus, these bands are assigned to the
bent manganese dioxide molecule. The upper limit of valence

states with the same relative energies. The large basis set 93V e estimated from the isotopic ratio is 14+ 5°, which is

better frequencies in comparison with experiment. Unfortu-

in good agreement with the previous IR wdrk,but in

nately, for cyclic Mn(Q) the frequency agreement is not good.  gjsaqreement with the ESR investigation, which concluded that
Different electronic states and different energy separations wereq\ino is linear’ Clearly, the ESR spectrum is not sensitive

obtained for each basis set. Obviously, higher levels of theory 1, 5 sma| departure from linearity for this quartet state dioxide

must be employed including electron correlation and configu-

ration interaction.

Discussion

molecule.

The present DFT calculations with two different basis sets
gave 132 for the “B; ground state. In the case of OFeO, a
similar DFT calculation gave 14Xor the ground triplet state,

The assignment of manganese oxide spectral bands will beand upper limit-lower limit determinations from the 16/18 and

presented.

MnO. The 833.1 cm! band was observed after deposition.

54/56 isotopic ratios were 15& 5° and 1444 5°.12 From
such observations, the OFeO valence angle was determined to

It decreased on annealing and photolysis and produced doubletbe 150 + 10°. For the OCrO molecule, a similar DFT
with both mechanical and statistical isotopic mixtures. The 16/ calculation predicted 125or the 3B; ground state, and 16/18
18 isotopic ratio (1.0457) is very close to the theoretical and 52/53 isotopic ratios yielded 128 4°.14 The present
harmonic diatomic ratio (1.0461). This band is assigned to the infrared spectrum and DFT calculations on OMnO predict a
diatomic MnO molecule, in good agreement with the gas-phase 135 & 5° valence angle for OMnO. The bond dipole mddel

value AGy, = 830.0 cnt1).® Similar small matrix shifts have
been observed for FeO, CoO, and NiO in solid ar¢ot. 18

can be used to estimate valence angle from the relative
intensities ofv; andvs observed here (3 to 10). This predicts

The strong 868.5 cmt band was observed after deposition a valence angle of 123in reasonable agreement with the above

with the NO/Ar mixture. Although it is hard to make a
definitive assignment without isotopic substitution, high absor-

values.
In addition, the main discrepancy with the previous IR work

bance in the MO system, growth on annealing, and blue shift is thev; assignment. The previously assigned 898 tivand
from the MnO allow assignment of this band to the NNMnO was also observed in our experiments, but it appears in the

complex by comparison with the Fe O, systemt?

spectra after annealing, and its behavior does not correlate with

Previous infrared experiments failed to observe MnO using the strongvs band at 948.0 cmt. Moreover, a 526 cm band

thermal evaporation of Mn and QDH,O, H,O,, and NO

was also previously assigned to the bending mode of OMnO,
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TABLE 1: Infrared Absorptions (cm ~1) Observed for Reactions of Laser-Ablated Mn Atoms and @ Molecules during
Condensation in Excess Argon at 10 K

160, 180, 160, + 150%0 + 0, R (16/18) annedl assignment
1509.0 1423.8 1509.0, 1467.0, 1423.9 1.0598 + Mny(O5)
1230.2 br 1161.6 br 1.0591 + MnOO site
1224.5 1156.5 1.0588 + MnOO
1130 br 1066 br 1.060 (MnO;
1108.2 1046.1 1108.2, 1077.9, 1046.1 1.0594 ++ Mn(Oy)
1104.8 1042.5 1104.8,1074.4,1042.5 1.0598 ++ Mn(Oy)
1100.8 1039.2 1100.8, 1070.3, 1039.2 1.0593 ++ Mn(Oy)
1094 sh 1033 sh 1065 sh 1.059 + site
1092.2 1030.7 1062.0 1.0597 ++ (Oz)MnO
1090.2 1028.8 1060.0 1.0597 ++ (O2)MNO

987.8 951.0 1.0387 + N2—MnO;
980.3 942.6 980.3, 968.8, 942.6 1.0400 + (O2)MNO; site
974.9 937.5 974.9, 963.5, 937.5 1.0399 ++ (O2)MNO; (v3)
960.5 924.3 960.5945.3 924.3 1.0392 - OMnNO site
953.8 901.8 sextet 1.0576 40
953.0 917.3 953.0 937.9,917.2 1.0389 - OMnNO site
951.4 907.6 951.4 945.3 944.7, 938.7, 1.0483 ++ (MnOy),
933.1,925.9, 912.9907.6
948.0 9125 948.0 932.9,912.5 1.0389 +, — OMNO (v3)
917.0 879.3 1.0429 +, — Mn,Oy
897.1 862.6 896.9, 862.7 1.0400 +, — Mn,Oy
895.1 851.6 1.0511 + Mn,Oy
886.9 847.3 886.4, 847.9, 847.3 1.0467 ++ (O2)MNO
858.2 826.2 858.2 845.6,826.2 1.0389 - MnO;~ (v3)
850.7 809.7 850.7, 849.3, 809.7 1.0506 + (OMnOMNO)
847.3 808.7 847.947.3 808.7, 808.1 1.0476 + MnOMnO
842.4 805.6 1.0456 + MnO site
833.1 796.7 1.0457 - MnO
816.4 775.3 816.4,793.3,775.3 1.0530 +, — OMNO (1)
813.2 773.4 813.2,773.4 1.0515 - MnOMn site
808.3 768.7 808.3, 768.7 1.0515 +, — MnOMn
752.3 718.1 1.0476 + Mn,Oy
736.4 705.7 1.0435 + Mn,Oy
723.3 689.6 1.0489 + Mn,Oy
688.6 661.6 688.6, 676.1, 661.6 1.0408 ++ Mn(Oy)
686.4 659.9 686.4, 673.9, 659.9 1.0402 ++ Mn(Oy)
683.9 657.6 683.9, 671.3, 657.6 1.0400 ++ Mn(Oy)
603.9 574.2 603.9, 621.2,583.7,577.2 1.0463 + site
601.0 577.7 601.0, 618.6, 581.2, 574.7 1.0458 + (MnO),
506.8 484.5 506.8, 496.8, 484.5 1.0460 + (MnO),
505.0 482.7 505.0, 495.1, 482.7 1.0462 + site

a Annealing behavior:++ increased markedly} increased;- decreased Italic OMnO bands observed #0, 4180, experiment® Produced
by broadband photolysis.

but this band was not observed here, and no bands below 6000 OMNO (slightly perturbed by interaction with other molecules
cm™1 in our experiments can be connected with the dioxide such as CO and fpresent in the matrix, as has been found for
based on isotopic substitution, annealing, and photolysis be-CrO, as well%), while the weaker bands may well be due to
havior. Mn,05, as assigne#t Thus the lower oxidation state OMnO
Two weaker bands at 960.5 and 953.0¢mxhibit essentially molecule is probably the major photolysis product.
the same 16/18 ratios and triplet statistical mixed isotopic ~ Mn(O;). The split band at 688.6, 686.4, 683.9 Chalways
patterns and are thus due to minor matrix sites of OMnO. Theseappeared in the spectra after 25 K annealing and increased
slightly different matrix site absorptions are formed primarily markedly on annealing to higher temperatures. Oxygen isotopic
by different mechanisms, as will be discussed below. substitution revealed doublet and triplet isotopic structures with
The strong doublet at 969.6, 962.4 chin solid nitrogen mechanical and statistical mixtures, respectively, and 16/18
was observed after deposition and decreased on annealingisotopic ratios near 1.040. On the basis of annealing behavior
Isotopic substitution revealed doublet and triplet structures with and isotopic data this band must be considered for the cyclic
mechanical and statistical isotopic mixtures, respectively, with Mn(O,) molecule. An estimation of the isotopic ratio fer of
the 16/18 ratio 1.0393/1.0384. This band is assigned tethe  Mn(O,) (neglecting off-diagonal terms in th& matrix and

vibration of the OMnO molecule in solid Nthe weakery; assuming a 40angle) gives 1.039. Strong vibrations have
counterpart was not found in,Nexperiments. been observed for group alkali cyclic metal oxides, and the
In matrix isolation studies of the photochemistry of Mn  M™(O,)~ ionic structure was suggestéthowever, the near
(CO)yp in the presence of 5% Ln solid argornt! the major agreement between argon and nitrogen matrix observations
product was identified as M@y by comparison with a spectrum  argues against an ionic molecule here.
of the authentic materidf. The photolysis product at 952 crn The sharp group of bands near 1108.2 ¢tvehaved similarly
was, however, noted to be substantially more intense thanon annealing. Isotopic substitution gave two sharp sets of bands
product bands in this spectrum at 783 and 767 mwhich with the mechanical mixture and three sharp sets with the
correspond to the strongest absorption reported foOdand statistical mixture (Figures 2 and 3). The 16/18 ratio 1.0594 is
assigned to the antisymmetric M®—Mn stretching modé? suitable for the ©G-O stretching vibration, and this group is

The present work strongly suggests that most of the 963, 956,assigned to the; mode of Mn(Q). Moreover, experiments
952 cnt! product band in the photolysis wdfkis in fact due with the Q/N, mixture and isotopic modifications found similar
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Figure 2. Inf_r ared spectra of Iaser-abl_ated Mn atoms co-deposited with Figure 3. Infrared spectra of laser-ablated Mn atoms co-deposited with
meochfmlcal ISOtopic oxygen mixture in excess argon atIDK: (a) statistical isotopic oxygen mixture in excess argon att@ K: (a)
0.5%1%0, + 0.5% 80,, (b) after broadband photolysis for 30 min, (¢) 5 9504 160, + 0.12% 1600 + 0.06% 0, (b) after broadband
after annealing to 25 K, and (d) after annealing to 35 K. photolysis for 30 min, (c) after annealing to 25 K, and (d) after annealing

to 35 K.
groups of bands around 686.6 and 1108.4 {mvhich also °

appeared in the spectra only after annealing, and producedTABLE 2: Infrared Absorptions (cm ~*) Observed for
doublet and triplet isotopic structures with mechanical and Reactions of Laser-Ablated Mn Atoms and Q Molecules
statistical mixtures; their 16/18 ratios (1.0412 and 1.0590) almost during Condensation in Excess Nitrogen at 10 K

coincide with the argon values. 160, + 160180 + _

Assignment of the 1108 and 686 chbands to cyclic Mn- 0, 0, 0, R(16/18) annedl assignment
(Oy) is in agreement with Serebrennik®&%,but not with the 2100 2100 2100 +  Mn(N2)x
present DFT calculations and with the adjacent cyclic pp(O 11084 1046.2 1%8%"21077-91 1.0595  ++ Mn(0y)
molecule. The Mn(@) bands share with FegDthe substantial 17044 10424 1104.4,1073.9, 1.0596 +  Mn(Oy)
growth on annealing, but Fe(©is red shifted 37 cm! by the 1042.4
nitrogen matrixt219 whereas Mn(@) is not shifted between  1095.0w 1033.4w 1.05%6 + 2
argon and nitrogen. Recall that Fej@xhibited a strong/, 1822'? 1822'2 10535 +  MnN

. . sextet 1.0583 — O3

mode at 956 cmt and a weale, mode at 548 cmt.*2 Although 0908w 936.2w 1.0583 — Oy
matrix site splittings complicate the issue,of cyclic Mn(Oy) 969.6 9329 969.6956.6,932.4 1.0393 —  OMnO(v3)
at 686 cntl is at least 5-fold stronger than at 1108 cnmt in 962.4  926.4 954.4949.5926.5 1.0389 —  OMnO(r3)
the infrared spectrum. The lowest cyclic staf@if has a ggg-; 23‘7‘-(1) 8225)’7'8858%?'?34-0 1-0138555 - “{'\I”O’:AZ(S)
calculatedr; at 1021 cm?, which is some 80 crt lower than 841.8 8038 8418 803.8 10473 + (Ohil)rX]Orl:/InO
observed, but the calculatag is 235 cnt! lower and the 792.4 7482 1.0592 — Of
intensity much weaker than observed. We must conclude that 686.6  659.4 686.6,677.6,659.4 1.0412++ Mn(Oy)
although DFT calculatiot&8worked very well for Fe(@ and 6853  658.1 10413 +  Mn(0y)
Ni(O,), a higher level of theory is needed to describe the cyclic °03-2W S576-9w 622803.2580.8, 1.0456 = (MnO),

Mn(O2) molecule. The bonding interaction between Mn or Fe 53383 5156 538.3 '523_4,515_5 1.0440 + (N2)(MnO),
and dioxygen in the cyclic M(€) molecules is clearly different. 508.8 508.8 508.8 +  Mn(Nax

MnOO. A very weak doublet at 1230.2, 1224.5 th 4524 4524 4524 —  Mn(N2)x
appeared in the spectra only after annealing. Due to its 4495 4495 4495 + M(N2)x
weakness only8O-counterparts were detected, which gave the  #Annealing behavior:+ increased,— decreased Italic OMnO
16/18 ratios 1.0591/1.0588. These ratios are very close to thebands observed itfO, + %0, experiment.
pure oxygen diatomic ratio 1.0607; thus end-bonded manganese
dioxide must be considered. On the basis of frequency M(O2) complex; however, the Mn(f complex involves a
prediction of DFT calculations (Table 3) and comparison with Weaker interaction with ©than the Fe(g) complex.
Cr, Fe, Co, and NH O, systems this doublet is tentatively Reaction Mechanisms. The major OMnO absorptions were
assigned to the end-bonded MnOO moledéf:17:18 Like iron, produced on sample deposition and decreased on annealing,
three manganese dioxygen species have been identified, the berwhile the Mn(Q) and MnOO bands appeared. Moreover,
dioxide OMO, the end-bonded MOO species, and the cyclic experiments with the mechanical isotopic mixture found only
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TABLE 3: Calculated (B3LYP, 6-311G*, and 6-31HG*) Geometries, Vibrational Frequencies (cnt?), and Intensities (km/mol)
for MnO , Isomers

molecule (6-311G*) geometry (A, deg) va(l) va(l) va(l)
160Mn'e0 “B4, 0 kcal/mol R(Mn—0)=1.581,a = 137° 947(53) 267(34) 1070(188)
60MntéO 919(54) 261(33) 1053(179)
8OMnN'&O 899(50) 255(31) 1029(175)
160Mn1€0 2B, +12 kcal/mol R(Mnr-O) = 1.564,a. = 127 1035(37) 286(22) 1101(292)
60Mn'&O 1002(54) 280(21) 1086(265)
¥OMnN'0O 983(35) 273(20) 1058(272)
Mn(1€0,), “B4, +47 kcal/mol R(Mr-0) = 1.829, R(G-0) = 1.396,0. = 45° 1021(44) 451(1) 451(6)
Mn(*600) 993(41) 449(2) 433(4)
Mn(*80,) 964(39) 434(1) 427(6)
Mn(1€0,), 6B,, +49 kcal/mol R(Mnr-O) = 1.915 R(G-0) = 1.367,0. = 42° 1093(37) 368(30) 234(6)
Mn(60'0) 1062(35) 362(29) 227(6)
Mn(280y) 1031(33) 355(28) 221(5)
Mn(*€0,), ?B4, +84 kcal/mol R(Mr-0) = 1.852 R(G-0) = 1.323,a. = 42° 1163(131) 364(23) 307(4)
Mn(26010) 1131(123) 358(22) 299(4)
Mn(*80,) 1097(115) 351(22) 291(3)
Mn1600, “A", +47 kcal/mol R(Mn-0) = 1.953, R(G-0) = 1.281,0. = 120° 1181(831) 332(29) 191(16)
Mn160e0 1145(789) 331(29) 185(14)
Mn180160 1150(778) 317(26) 188(15)
Mn80E0 1113(737) 316(27) 183(14)
Mn60160, 6A"", +52 kcal/mol R(Mn-O) = 1.951, R(G-0) = 1.308,a. = 117° 1130(369) 442(0) 136(3)
Mn1é0O0 1096(350) 441(0) 132(3)
Mn80teO 1100(348) 422(0) 135(3)
Mn'800 1065(328) 421(0) 130(3)
molecule (6-313+G*) geometry (A, deg) v(l) vo(l) vy(l)

160Mn80 “By, 0 kcal/mol R(Mn-0) = 1.596,a = 137° 888(52) 243(21) 995(164)
160Mn8O 862(52) 238(20) 979(156)
BOMn8O 844(48) 232(19) 957(153)
160Mn*60 2B;, +16 kcal/mol R(MRr-0) = 1.574,0. = 14%& 999(19) 212(47) 1037(392)
60Mnt&O 963(66) 207(45) 1027(331)
180Mn%0O 946(18) 203(43) 998(364)
Mn(1€0,), “B4, +58 kcal/mol R(Mn-O) = 1.851, R(G-0O) = 1.390,a. = 44° 1020(68) 393(4) 390(0)
Mn(160'0) 991(64) 391(3) 375(1)
Mn(*0,) 962(60) 379(3) 369(0)
Mn(*€0,), ?B4, +96 kcal/mol R(Mr-0) = 1.786 R(C-0) = 1.393,a. = 46° 980(166) 548(2) 408(12)
Mn(1600) 953(157) 538(2) 454(12)
Mn(X80,) 926(148) 527(2) 443(11)
Mn6010, 6A’, +54 kcal/mol R(Mnr-0) = 1.878, R(G-0) = 1.314,0. = 137 1191(26) 460(63) 113(1)
Mn60 0 1160(18) 454(62) 110(1)
Mn80te0O 1155(22) 446(58) 110(1)
Mn8O0 1123(19) 441(58) 107(1)

doublet structures for the major site antisymmetric and sym- many of the metastable Mn* atoms survive to undergo chemical
metric vibrations of OMNnO with né*OMn!€0. The 945.3 cmt reactions on the matrix surface during sample condensation. The
intermediate component of the minor OMnO site was observed strongest product band at 948.0 This assigned to OMnO
with half the 960.5 cm! band intensity, and photolysis produced produced by direct insertion reaction 6. The broader 953.0-cm
only 953.0, 917.3 cmt for the broader site absorption. Inthe band is weak on sample deposition, but grows markedly on
N.O experiment, with a large MnO band intensity, annealing broadband photolysis, while the 948.0 thband absorbance
increased the 960.5 crhband (x2) but decreased the 948.0 doubles. Clearly, reaction 6 can be initiated by broadband
cm™! band, and photolysis failed to produce the 953.0tm  photoexcitation of Mn, possibly followed by relaxation to the
band. 8P metastable states at about 2.3%€VFinally, growth of the

Here we have three different mechanisms for formation of 945.3 cnt! mixed isotopic band on annealing to 25 K in the
OMnNO, and each is the dominant role for one of the three 160, + 180, experiment, along with growth of the 960.5 tin
different site absorptions. On deposition with laser-ablated Mn band in NO experiments with MnO and a little Jpresent,
atoms probably rich ifP metastable staté3the direct insertion shows that this OMnO site can be formed by the reaction of O
into O, takes place followed by relaxation on collisions with  and MnO in the cold matrix.

condensing argon atoms. In YAG laser studies using similar  The Mn(Gy) and MnOO molecules are formed on annealing
from the reaction of cold reagents in the matrix, reaction 7. As
Mn* + O, —~ OMnO 6) in the case of Fe(g), the cyclic Mn(Q) isomer is favored on

. . . annealing.
ablation conditions, Levy measured velocities from 2000 to g

20 000 m/s and determiné®-,, and®Ps; lifetimes of 82+ 10
and 122+ 14 us, respectively® Even with the slower velocity,
Mn metastables can travel on the order of 20 cm. Although
we cannot measure the argon pressure between the spray-on Finally, the OMnO molecule was also observed from the
line and the 10 K window, the residual argon pressure 8 cm reaction of Q with thermal Mn atomg:® Probably, the
from the cold window is 10* Torr during deposition. If the activation barrier for reaction 6 is not high, and the energy of
average argon pressure between the target and cold window ighermal Mn atoms is enough for insertion; however, the high
less than 10° Torr, the mean free path is greater than 7 cm. reactivity for Mn atoms observed here is clearly due in part to
Since the target is on the order of 2 cm from the cold window, the population of metastable states in laser-ablated Mn atoms.

Mn + O, — MnOO and Mn(Q) @)
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MnO,~. The 858.2 cmn! band was observed after deposition doublets are assigned to theyBand B, vibrations of the
with relatively high laser power and low oxygen concentration rhombus (MnO) molecule. The appearance of the new doublet
and decreased on annealing and photolysis. Doublet and tripletin the statistical oxygen experiments is due to the symmetric
isotopic structures were found in experiments with mechanical vibration of the isotopically mixed MA®0*®0 molecule, which
and statistical mixtures, respectively, indicating two equivalent interacts strongly with the antisymmetric vibration. Analogous
oxygen atoms. The 16/18 ratio 1.0387 is very close to that for rhombic transition metal oxide dimer molecules have been
the antisymmetric vibration of the bent dioxide molecule, and characterized for Fe, Co, and Ni with observation of both B
this product probably contains the bent OMnO fragment. On and B, stretching mode&171® The O-Mn—0O angle can be
the basis of these results this band is assigned to the negativestimated from the B/Bs, frequency ratio, and 100s found
ion MnO,~. The isotopic ratio indicates that the geometry of for the appropriate mode assignments. For ad@bond length
OMNO does not change significantly upon electron attachment. of 2.0 A (just longer than the 1.78 A diatomic valée) 2.6 A
The decrease of frequency is due to one additional electron inMn—Mn distance across the ring is predicted. This short-Mn
an antibonding orbital. Anion species have been observed in aMn distance suggests metahetal bonding. Previously the Mn
number of laser-ablated metal atom studies in thisi3&b. In molecule was described as a van der Waals dimer bound by
particular the yield of @ was high in the Mn studies, indicating weak magnetic interaction, and the MNn distance was
the availability of electrons for capture and supporting the estimated to be about 3-B.4 A26-28 Recent local spin density
identification of MnQ~ in the present experiments. calculationg® predicted this distance to be 2.58 A. The Mn

In nitrogen matrixes the 866.7 crhband appeared in the  Mn bond may be stronger in (Mn@Yue to the transfer of
spectra after deposition and decreased on annealing. Agairelectron density from antibonding orbitals on the Mvin
doublet and triplet isotopic structures were found in experiments subunit into Mr-O bonding orbitals.
with mechanical and statistical mixtures, and the 16/18 ratio is The mechanism of (MnQ)formation is reaction 9, which
1.0392. This band is due to MnO isolated in solid M.

Another possible assignment could be the NMm@blecule, OMNO + Mn — (MnO), (9)

as the analogous molecules were found for Fe and’Cb.
Experiments with isotopic nitrogen are required to make this
assignment more definitive.

(O2)MnO. The 886.9 cm! band was also observed in the
spectra after annealing. It produced a doublet with both isotopic
mixtures, but instead of the 886.9 and 847.3 én{'®O-
counterpart) bands two new shifted 886.5 and 847.9'drands
were observed, which indicates a secondary isotopic splitting.

The 16/18 ratio 1.0467 is very close to the harmonic diatomic nitrogen matrixes. It grew on annealing to 30 K and decreased

value. In the upper region the matrix-split 1092.2"¢rband thereafter. Isotopic substitution revealed doublet and triplet

leg oi%?:taﬁghor:hinnrizlclﬂgriggl b%?;\ﬁg S;r:(;lagyiriglgo\?vlijtﬁedstructures and the 16/18 ratio 1.0440. This ratio is slightly lower

statistical isotopic oxygen and the 16/18 isotopic ratio 1.0597, than that obtained for (Mn@)n argon, and this band is probably

and due to broadness, no secondary splitting was observed. Or%jue to (MnOj} perturbed and possibly puckered by interaction

; . . . ) -_with nitrogen.
the basis of isotopic ratios and the appearance of small isotopic
splittings, these bands are assigned to terminat-frand cyclic . (O2)MnO,. ‘The sharp 974'9 and broac_j 1130 Cnbands
0—O0 stretching vibrations of the MnO molecule. The increased markedly on annealing. Isotopic mixtures revealed
secondary splitting of the low-frequency band is due to doublet and triplet structures for the first band. For the second

interaction between the terminal oxygen and cyclicgBoup. band a doublet was found with the mechanical mixture and the

The alternative OOMNO structure should also be considered,region was congested with the statist_ica_ll mix. The isotopic
but the triplet structure of the upper band is more appropriate 'ati0S 1.0399 and 1.060 are characteristic of the 0@

2,14,30-33
for the side-bonded molecule, as a quartet should be observeoooch. molecules and the {FeC; f.“°'e°“'e* I By .
for the O-O stretching vibration of OOMnO. This is expected comparison, the above bands are assigned to the “antisymmetric

above 1230 cmi, as found for OONIJ® The (Q)MnO stretching vibration of OMnO and the-€D stretching vibration
molecule is analogous to (iF-eO in that the FeO fundamental of Oz in the (MO, molecule.. The slight increase of the
is blue shifted 55.3 ¢t in the complext? whereas for (Q)- 16/18 ratio compared to MnOindicates that the OMnO
MnO the MnO fundamental is blue shifted 53.8 dhin the fragment is more bent. It should be mentioned that OQVO

: has end-bonded coordination, while,jBeQ; is side-bonded.
complex. The (§MnO complex characterized here could be R 2 . -
the same Mn@molecule identified by ESR but it is difficult ~ MOreover, the G-O vibration in OOCoQwas higher than this

to be certaif. The (3;)MnO molecule is formed by reaction vibration in the CoOO molecul€. This is the main point:
8, which does not require activation energy. comparing results suggests that end-bonded O@Mdalecules

should have stronger-©0 stretching absorptions higher than
0, + MnO— (0,)MnO (8) the MOO molecules. Thus, assuming that the assignment of
MnOQO is correct, side-bonded coordination is proposed fg-(O

(MnO),. Two doublets at 603.9/601.0 and 506.8/505.0km  MnOz as for (Q)FeC:. The antisymmetric Festretching
were also observed after deposition and decreased on annealindf”o,de is blue shifted 23.1 cmh in (O;)FeQ;, whereas the
Both doublets produced doublet isotopic structures in experi- antisymmetric Mn@ mode is blue shifted 24.9 crhin (Oy)-
ments with the mechanical mixture and the 16/18 ratios 1.0458 MnO2. Similar blue shifts are also obs4e£\3/ed_ for yand CrQ
and 1.0462, which are very close to the harmonic diatomic ratio, " the OOVQ and OOCr@ complexes:*** Finally, the ESR
With statistical isotopic oxygen, the first band produced a highly spectrum assigned earlier to Mnds probably in fact due to
asymmetric triplet (the central component was shifted down the Present (9MnO, molecule, which is readily formed on
from the center of gravity) and the new band 621.1, 618.8,cm  association of Mn@and Q, reaction 10.
while the second band produced a triplet absorption. This region
is appropriate for the bridged MO—M vibrations, and both OMnO + O, = (O,)MnG, (10)

occurs during deposition on the matrix surface and to a limited
degree on first annealing. This mechanism is supported by the
observation of only doublet isotopic structures in experiments
with mechanical oxygen isotopic mixtures and the failure to
observe (MnQ)in N,O experiments with strong MnO and weak
OMnNO absorptions present.

A strong 538.3 cm! band was observed after deposition in

”
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MnOMn. The sharp, weak 808.3 cthband was observed FeQ, complexes. The MnO molecule is observed at 833.1
after deposition, decreased on photolysis, and increased thercm™1, just 3.1 cnT! above the gas-phase fundamental. The
decreased on annealing. It was stronger in experiments withOMnO molecule is bent based on the observation of bgth
higher Mn to Q concentration and with O, which gave more and DFT calculations; the oxygen-18 shift feg provides a
MnO. Isotopic substitution produced doublets with both valence angle determination of 136 5°. It appears that
mixtures and the 16/18 ratio 1.0515. Based on the isotopic ratio, metastable excited states contribute to the reactivity of laser-
this band is assigned to thes vibration of the MnOMn ablated Mn atoms. The cyclic MngPmolecule formed, on
molecule. The estimated valence angle lower limit is°140 association of cold reagents, involves a weaker bonding interac-
which is comparable to the analogous FeOFe mole€ulmn tion than the cyclic Fe(§) molecule. The short 2.6 A estimated
nitrogen matrixes the 806.0 crhband behaved analogously. Mn—Mn distance across the rhombic (Mn®ing is compatible
The doublet isotopic structure and the 16/18 ratio 1.0519 are in with substantial metatmetal bonding.
good agreement with the argon matrix observations; thus this
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