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Reactions of laser-ablated chromium atoms with dioxygen. Infrared
spectra of CrO, OCrO, CrOO, CrO ;, Cr(00),, Cr,0,, Cr,05 and Cr,0,
in solid argon

George V. Chertihin, William D. Bare, and Lester Andrews
Department of Chemistry, University of Virginia, Charlottesville, Virginia 22901

(Received 27 February 1997; accepted 21 May 1997

Reactions of laser-ablated Cr atoms with @ave a very strong, sharp 965.4 chband and weak,
sharp 1869.7, 984.3, 914.4, 846.3, 716.2, and 6431 trands. The 1869.7, 965.4, and 914.4 ¢m
bands track together on annealing, sm@r, 53Cr, 5“Cr isotopic splittings appropriate for a single
Cr atom and triplets with statisticaP*%0, for two equivalent O atoms, and are assigned to the
v, + vz, vz and v, modes of the ben{128°+4°) chromium dioxide OCrO molecule. The
984.3 cm ! band shows chromium isotopic splittings for two Cr atoms #Wd0, components for
two O atoms, and is attributed to the bent CrOCrO molecule. The weak 8463mand exhibits
proper oxygen isotopic behavior for CrO and is redshifted 39%from the gas-phase value, the
maximum shift observed for a first row transition metal monoxide. The sharp 716.2 and 643.1 cm
bands track together; the former reveals Cr isotopic splittings for two Cr atoms and thé%&iter
splittings for two sets of dioxygen subunits; the branched-puckered-ring difi@r,@)0O is
identified. Annealing produces new bands due to CrOO zC8HO0), and the ring dimergCr,0,)
and(Cr,0,)0, which are identified from isotopic shifts and splitting patterns. 1897 American
Institute of Physicq.S0021-960807)01232-4

INTRODUCTION EXPERIMENT

The techniques for laser ablation and FTIR matrix inves-

Chromium is one of the most important of the first row .= | ) X 9 )
tigation have been described previouSly® Chromium

transition metals due to a wide range of applications in vari- 0 .
ous fields of modern technology. The monoxide has been th 1ohnson MaItthey, Iur:1p,d99+?]w;z$zéntled onfa :jotatmg |
most thoroughly studied gas phase molecule containin rpm) stainless steel rod. The Nd aser fundamenta

chromium!~’ Several groups have investigated the matrix 1064 nm, 10 Hz repetition rate, 19 ns pulse wjdthas
reaction of thermal chromium atoms and OXygenfocus.ed on the target through a hole in the Csl cryogéltic
molecule& as well as the photooxidation of @O)g in K) window. Laser power ranged frqm 40750 mJ/OpuIse at the
oxygen rich matrice$' 13 The former infrared work identi- target. Metal atoms were codeposited with 0.25%-1.096 O

fied only the C(O0O), molecule, based on isotopic shifts and (and its |sqt0p|c modificationsin argon at 2-4 m_mol/h for
" : . : 1-3 h periods. FTIR spectra were recorded with 0.5tm
splitting patterng. Further investigations by Serebrennikov

g . resolution and 0.1 cmt accuracy on Nicolet 750. Matrix
and Maltsev found the bent dioxide and many pOIyrnerICsam les were temperature cycled, and more spectra were
products’'? Earlier studies of the @€0)g+ O, system iden- P P yered, P

tified the (CO,CrO, moleculet™™2 while later work sug- collected; selected samples were subjected to broadband

3 . ) photolysis by a medium pressure mercury éraillips, 175
gested photoformation of OCrO in the matrix cdge. W with globe removey

Recent investigations of reactions of laser-ablated tran-
sition metal atoms with oxygéfrl’ have shown very rich
chemistry due to the high kinetic energy of the metalgegyiTs
atoms:® Accordingly, a different distribution of initial prod-
ucts is expected, compared to thermal evaporation experf>- Infrared spectra
ments, and as a result, the appearance of new secondary re- Spectra of the laser-ablated 9, reaction system are
action products. For example, the large yield of OCrO andpresented in Fig. 1 for 1% £and product bands are listed in
CrO compared to thermal experiments leads to the dimersable |. After deposition, new 1869.7, 984.3, 973.7, 965.4,
Cr,0,, Cr,03, and CgO,, which were not observed previ- 914.4, 846.3, 844.8, 716.2, 643.1, and 599.1 trhands
ously. Furthermore, reactions of laser-ablated iron atomgvere observed. The strong band at 965.4 twas always
with O, formed three Fe@isomers, which were identified accompanied by sharp, weak satellites at 962.4 and
with the help of electronic structure calculatioffis®and the  959.5 cmi! and the weak 914.4 cm band exhibited satel-
possibility of three isomeric structures must be consideredites at 913.3 and 912.2 cmh. Photolysis increased the
for CrO, as well. With this in mind, it is very interesting to 1869.7, 965.4, and 914.4 ¢rhbands by 20%; however, in a
compare laser ablation and thermal evaporation experimentd,25% G experiment, these bands increased by a factor of 3
which prompted the present reinvestigation of thetOp  on photolysis. Annealing produced new 1153.9, 1134.2,
system. 1108.7, 971.4, 968.4, 700.8, 684.8, and 628.2 tipands,
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FIG. 1. Infrared spectra in the 1170—580 chegion for laser-ablated Cr  FIG. 2. Infrared spectra in the 1160— 1042 ¢megion for laser ablated Cr

atoms codeposited with 1%, argon.(a) 1 h reaction during deposition at atoms codeposited with mixed isotopic oxygen samples at 10(aK.

10 K, (b) after annealing to 25 K(c) after annealing to 35 K, ang) after  %0,+180, (0.5%+0.5%) after annealing to 25 K(b) after annealing to 35

annealing to 40 K. Arrows indicate chromium isotopic satellites. K, (c) 1%0,+%0'"%0+180, (0.125%0.25%+0.125% after annealing to 25
K, and (d) after annealing to 30 K.

increased the 984.3, 716.2, and 648.1 ¢rhands, and de-

creased the 1869.7, 973.7, 965.4, 914.4, 846.3, and 844.8

cm~! bands. 970.2, and 965.4 ciit bands and weak 968.4, 914.4, 879.6,
Oxygen isotopic substitution was employed for band856.9, 846.3, and 643.1 cth bands upon deposition. An-

identification. Isotopic spectra including mechanicalnealing increased the 973.8, 968.8, and 879.8'cirands

(**0,+1%0,) and statistical ¥0,+0'"%0+80,) mixtures and decreased all other bands. The yield of CrO

are presented in Figs. 2-5. The 1153.9 and 1134.2'cm (846.3cm™) was enhanced relative to the yield of OCrO

bands grew markedly on annealing and produced together 1(£65.4 cni). In the G;/N, system, analogous sharp bands

components, which will be discussed in the next section. Th&t 976.3 and 973.3 cit and a weak 866.6 cnt band were

1108.7 cni band produced on first and decreased on secon@bserved.

annealing was weak, but intermediate components were

found (Fig. 2. The 984.3, 965.4, 914.4, and 628.2¢m

bands produced triplets with scrambled oxygen. The 1869.7B Calculati

965.4, and 914.4 cit bands produced doublets and 1:2:1 - aleulations

triplets with mechanical and statistical mixtures, respectively  High level calculationsCCSIOT)) performed on CrO

(Fig. 3. The 968.4 cm® band produced a quartet isotopic revealed a®Il state with a 1.633 A bond length and

structure on annealingFig. 4). The 716.2 cm? band gave a 888 cmi' harmonic frequency in excellent agreement with

sharp triplet with the mechanical mixture but a broadenedexperiment. We employed thesaussiaN 94 prograni’ to do

shifted triplet with scrambled oxygen. The 700.8¢nband ~ DFT calculations of geometry and vibrational frequencies for

produced a triplet of doublets with the mechanical and staCrO, isomers using the B3LYP approximation at low cost as

tistical mixtures. The 643.1 cnt band produced a nonet a guide for making vibrational assignments. The 6-311G

with scrambled oxygen and a triplet with the mechanicalbasis sets were used for both oxygen and chromium atoms.

mixture (Fig. 5). Other bands and their isotopic patterns areFirst as a calibration, this approximate calculation yielded a

listed in Table I. 1.615 A bond length and 868 ¢rh harmonic frequency for
Supplemental experiments were also done witoMr  the lowest quintet state of CrO. Clearly, these DFT/B3LYP

and G /N, mixtures. The first system gave moderate 973.7 calculations are a reasonable approximation. Using a larger
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FIG. 3. Infrared spectra in the 1880-1780 and 980—910'aragions for Wavenumber (cm-1)

Cr codeposited with isotopic oxygen samples in excess argon after anneal-

ing to 25 K to optimize Cr@ absorptions. (@ %, 0.5%, (b) FIG. 4. Infrared spectra in the 1020—910thregion for Cr codeposited

1%0,+1%01%0+1%0,, 0.5%,(c) °0,+%0,, 0.5%+0.5%, andd) *0,, 0.5%.  with statistically mixed {%0,+%0*0+1%0,) oxygen (0.5% in argon.(a)

Weak HO vibration—rotation lines are notéd) in the spectra. after deposition at 10 K for 1.5 h, arrows indicate chromium isotopic satel-
lites, and(b) after annealing to 40 K, slashes divide band absorbance—
above slash is growth at this frequency on annealing.

basis se(6-311+G*) for CrO gave a 1.648 A bond length

and 898 cm* harmonic frequency, in exact, although fortu-
itous, agreement with experimeht. harmonic diatomic rati¢1.0455. Based on these results, the

Results are presented in Table Il for GriSomers using 846.3cm!band is assigned to the CrO molecule. Gas phase
the 6-311C basis sets. For the bent OCrO molecule, theexperiments found a 885 crh fundamentat™ The large
ground state is triplet. For cyclic @D,), singlet, triplet, matrix shift can be probably explained by high polarizability
quintet, and septet states were calculated, and found to be
higher than OCrO by 132, 74, 56, and 81 kcal/mol, respec-
tively. For bent CrOO, quintet and septet states are highe 032
than OCrO by 67 and 83 kcal/mol, respectively. Although 030
agreement between calculated and observed spectra f g1
OCrO is excellent, these calculations are considered only e
a first approximation, and higher levels of theory and more a ]

024 1
sophisticated basis sets need to be employed. ]

022 1

DISCUSSION

b
s

°

T ]
b 020
a ]
2 018
<
€

Identification and assignment of chromium oxide mo-

lecular species follow. 0.4
CrO 0A12§

0.10 3

0.16 3

The weak 846.3 cmt band was observed in the spectra
after deposition and decreased upon annealing; its intensi 700 650 600
was enhanced relative to the 965.4¢nband (OCrO) in Wavenumber (cm-1)
X . 1 i
eXpenments with RO. The 846.3 Cm. b.and pr_oduced dou FIG. 5. Infrared spectra in the 720—600 chregion for the same isotopic
blets W'.th both me.Chamcal afnd statistical mixtures, and_ th(ia'nixtures used in Fig. 3 after annealing to 35 K to optimize product bands in
(16/18 isotopic ratio 1.0453 is very close to the theoreticalthis region.
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TABLE I. Infrared absorptions (crt) observed for the laser-ablated-8®, system in solid argon.

160, 180, 160,+ 160180+ 80,2 R(16/18)  Anneal Assignment
1869.7 1789.7 1869.7 1832.6,1789.7 1.0447 G%Cro(v,+ v3)
1865.6 1785.3 1.0450 +,— O%3CrO(vy+ v3)

1517 1432 1517, 1475, 1432 1.0594 + X-(02)n
1153.9 1090.6 1153.9 1121.1,1090.6 1.0580 + Cro0
1134.2 1070.8 1145.3 1134.2, 1114.8 1.0592 + 00Cro0

1109.8, 1103.2, 1096.1,
1078.5 1070.8

1126.7 1064.2 1.0587 + 0O0CrOO site
1108.7 1046.7 1125, 1108, 1056, 1047  1.0592 +,— 0O0CrOO isomer
1044.8 1001.8 1044, 1036, 1013, 1002  1.0429 + Cr,04
1039.5 982.4 1039.5 1025.5, 1016.0, 1.0581 - (0N

1006.2, 991.7, 982.4
1027.2 985.7 1.0421 + Cr0,
984.3 943.2 1007.7, 984.3, 954.8, 1.0436 + S2croPcro
943.2
983.0 941.9 983.0, 941.9 1.0436 + S2crocro
981.8 940.7 981.8, 940.7 1.0437 + s2cror‘cro
973.7 936.8 973.7, 962.5, 936.8 1.0394 - 00CrG,
971.4/970.2 934.5/933.7 971.4, 934.6 1.0395  + 00CrG,
968.4 932.1 968.4, 960.2, 950.7, 1.0389 + CrO,
932.1
967.6 930.8 966.5, 930.2 1.0394 + Cro, site(vs)
965.4 929.2 965.4 953.6,929.2 1.0394 +,— 52Croy(vs)
962.4 926.1 962.4, 950.6, 926.1 1.0392  +,— 53Croy,(vs)
959.5 923.1 959.5, 947.7 1.0394  +,— 54Croy(vs)
956.8 917.5 1.0463 + Cr0y
934.3 898.0 1.0404 - Cr0,
914.4 869.7 914.4 885.6,869.7 1.0514 + 52Croy(vy)
913.3 868.5 913.3, 884.2, 868.5 1.0516 + 55Croy(vy)
912.2 867.3 882.8 1.0518 + 4Croy(vy)
846.3 809.6 846.3, 809.6 1.0453 - 52cro
844.8 800.1 844.8 833.2, 806.6, 1.0559 - (CrCroo
800.1
831.3w 795.9 831.3 1.0445 + (Cr,0,)0
804w 765 804, 765 1.0510 - (CrOCpn
761br 730br 761, 730 1.0425 - (Cr0,)
716.2 686.8 715.9, 711.4, 687.0 1.0428 + o(°%crcro,)0
715.3 685.9 715.3, 685.8 1.0429 + ocxcrécro,)0
714.4 685.0 714.4, 685.0 1.0429 + o(>%cr“cro,)0
700.8 673.9 700.8, 698.9, 683.9, 1.0399 + (Cr,0,)0
683.0, 675.3, 673.9
684.8w 656.6 684.869.9, 668.8, 1.0430 + ?
656.6
643.1 611.4 643.1, 641.3, 639.7, 1.0519 +,— 0O(Cr,0,)0

629.4,627.7 626.1,

614.8, 613.1611.4
628.2 601.3 619.7%601.3 1.0447 + (Cr,0y)
599.1 576.0 1.0401 + Cr,0y

3talic bands observed prominently witf0,+%0, mixture.

of the ®IT ground staté’ of CrO. The formation of CrO on scribed above, the yield of CrO was enhanced in the
deposition and subsequent decrease on annealing indicatés+N,O system compared to the €0, system. Reaction
that reaction(1) requires significant activation energy, which (2) is exothermic(by 61 kcal/mo)

is expected for this endothermiby 17 kcal/mo)! reaction.

Thus CrO is formed by the reaction of highly energetic laser- CrNO—-Cro+N, AE=-61keal/mol. )
ablated chromium atorf&but is not formed to any appre- After codeposition with the BD/Ar mixture, a new
ciable extent by Cr atoms in the matrix strong 856.9 cm! band was observed together with the

B 846.3 cmi ! band. The former band is assigned to the NNCrO
Cr+0,—~Cro+0 AE=+17 kcal/mol. @ complex by analogy with similar results in the Fe and Co

Note also that no CrO was detected in previous experimentsystem&1’. Note also that a 866.3 cm band was assigned

with thermally evaporated chromium atofi$® As de- to the OCCrO molecule in the &iICO, system based on

J. Chem. Phys., Vol. 107, No. 8, 22 August 1997
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2802 Chertihin, Bare, and Andrews: Reactions of chromium with dioxygen

TABLE II. Calculated geometries, frequencies (¢ and intensitiegkm/mol) for CrO, isomers.

Molecule GeometryA, deg va(1) v,(1) v3(l)
1%0crt%0 °B,, 0 kcal/mol R(Cr-0)=1.586,a=125° 102528) 276122 1071(366)
%ocrtto 99266) 27021) 1059315
Bocrtto 97526) 264(20) 1030340
Cr(*%0,), *A;, +132 kcal/mol R(Cr-0)=1.779, 897199 666(68) 4949)
Cr(*¢0%0) R(0O-0)=1.454,a=48° 874(194) 65362) 4809)
Cr(*%0,) 850188 639058 4688)
Cr(*%0,), °B;, +74 kcal/mot R(Cr-0)=1.903 1189102 428(0) 3123)
Cr(*%0*0) R(0O-0)=1.315,a=40° 115696) 421(0) 3033)
Cr(*%0,) 1121(91) 41320) 295(3)
Cr(**0,), °B,, +56 kcal/mol R(Cr-0)=1.820 91967) 608(25) 57515)
Cr(*0%0) R(O—-0)=1.456,a=47° 895(65) 59922 558(16)
Cr(*80,) 86962) 586(22) 545(15)
Cr(*%0,), "A,, +81 kcal/mol R(Cr—0)=2.088 1161(6) 46376) 979113
Cr(10*0) R(0-0)=1.351,a=38° 11296) 75573 952(107)
cr(*%0,) 10955) 447(7) 926(102
Crt0t%0, 5A”, +67 keal/mol R(Cr-0)=1.853, 1165143 12810 526(7)
criéo*o R(0-0)=1.318,a=104 1132133 12310) 5257)
Cri®o'to 1133137 12710 503(7)
criéotéo 1099127 122(10) 5037)
Cri¢o0, "A’, +83 kcal/mol R(Cr-0)=1.888, 114115 201(7) 54068)
cri®oo R(0-0)=1.337,a=117 111Q15) 1947) 53768
créoto 110813 197(7) 51964)
cri®ot®o 107613 191(7) 517(63)

#Triplet CrOO converged to triplet QD,).

diatomic isotopic ratio and doublet isotopic structérdn The sharp oxygen and chromium isotopic bands for the
addition, a stronger 846.5 crh band was observed in the v, fundamental, which is alone in its symmetry class, pro-
Cr+CO, reaction. vide a basis for calculation of the OCrO valence artgfé:3
cro, The 16/18 ratios for’”CrO, and *CrO, give 131.8° and

B 132.0° upper limits and the 52/53 ratios for &, and
_ Sharp bands at 965.4 and 914.4 crappeared on depo-  ¢ri80, give 126.0° and 124.9° lower limits. These bands are
sition, increased on photolysis and decreased on anneallngharp (FWHM=0.6 cmY) and the frequency accuracy
additional weak satellite features at 962.4 and 959.5'cm +0.1 cm'Y) introduces only=2° of uncertainty. The aver-

and at 913.3 and 912.2 cthwere observed. The observed age of these limits cancels anharmonic effécamd predicts
intensity distribution(35:4:1) and frequency shifts are suit- a 128°4° valence angle for OCrO

; .53
gbé‘;_fiﬂcnat;rjl ab(l:JL\dang:e C.r |?ot9p(é;§:r,t83.8%, Cr,l The bands assigned to CyGn the C{CO)g+5% O,
-6%; Cr, 2.499. romium Isotopic structures were aiso photolysis experimentd must be interpreted as CsQer-
detected for the corresponding oxygen isotopic ba(fig. .
. . . o . . turbed by one or more £or CO molecules present in the
3). This observation clearly identifies a molecule containing . 1 : pes
one chromium atom. The large 52/%8.00312 and 52/54 matrix. The 969.8 cm band assigned by Almondito v of
CrQ, is in fact close to the present 971.4 chband that

(1.006135 isotopic ratios for the 965.4 ¢ band are indica- : .
tive of an antisymmetric vibration whereas the small 52/533rows on annealing and is probably due to the OO£mn-

(1.00120 and 52/54(1.00241 ratios for the 914.4cmt  Plex: the 960.2 cm® band assigned by Almond te, of
band are appropriate for the symmetric vibration. Experi-CTC2 Was not observed here. As the present work shows,
ments with scrambled isotopic oxygen revealed triplet isoto__natural chromium isotopic splittings can be resolved for the
pic structures for each band with opposite asymmetries in thisolated OCrO molecule. .

positions of the'*0Crt80 bands and 16/18 ratios of 1.0390  DFT calculations support the present assignments to
and 1.0514, respectively, for the dominant chromium iso-OCrO stretching modes. The calculated spectra and the rela-
tope. The isotopic ratios show that these bands are due #v€ band intensities are in excellent agreement: the observed
antisymmetric and symmetric stretching modes oy~ |(¥1)/1(v3)=1/11, calculateet1/13, and thev; andv; fre-
molecule. The matching asymmetrighe 1°0Cr'%0 mode is  quency “scale factors” observed/calculated are 0.892 and
6.3 cm ! higher in the strong %5 band and 6.4 cm*lower ~ 0.901. The experimental angl@28°+4°) is in agreement

in the weaker ‘v,” band due to interaction between these with the calculated(125° value. Finally, the calculated
two modes with lower symmetyfurther associate these two 16/18 isotopic ratios fow; and v; are 1.0513 and 1.0398,
bands with the same molecule. Thus, these bands are aghmost the same as the observed ratios.

signed to thev; and v, stretching vibrations of the bent The yield of OCrO after deposition was sufficiently high
OCrO molecule. that a sharp new 1869.7 crhband was observed with 2% of

J. Chem. Phys., Vol. 107, No. 8, 22 August 1997
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the absorbance at 965.4 ¢t This band is 10.1 cit less The weak 844.8 cm' band shifts to 800.1 cit with
than the sum o, and v for OCrO. It produced an almost °O,, gives only these bands with the mechanical mixture
symmetrical triplet with scrambled oxygen, and its 16/18 iso-2nd a quartet of nearly equal components with the statistical
topic ratio (1.0447 is the average of the; and v isotopic ~ Mixture. The 16/18 ratio(1.0559 characterizes an O-O
ratios. Taking into account anharmonicity, the weakstretching mode. As one chromium atom appears to be inca-
1869.7 cm? band is assigned to the,+ v; combination pable of transferring two electrons to form the peroxide, ex-
band. Note that th€2Cr'é0,~53Cri€0, isotopic splitting in ~ Pected in this region, perhaps @an do so. The 844.8 ci
the v, + v3 band, 4.1 cm?, is the sum of these splittings, 3.0 band is tentatively assigned to such 3-&bO complex with
and 1.1 cm?, in the v and v, bands; similar agreement is the Cp arrangement undetermined but with an end-on ar-
found for CF%0,. Observation of this combination band con- rangement of OO, as indicated by the quartet splitting pattern
firms that the present; and v assignments are correct. observed in experiments with scrambled O
Similar v;+ v combination bands have been observed for ~ The dioxide OCrO is known from high-temperature
the OC00O, OPbO and OVO moleculd*25 mass spectrometric studies, and its formation fromi©
Experiments with MO produced the 973.7, 970.5, and highly exothermic’ However, the 965.4 and 914.4 ¢t
965.4 cm! bands on deposition. The first band increased?ands decreased upon annealing, which means that the inser-
markedly on annealing; the second and third bands increasdi®n reaction requires significant activation energy. The diox-
on initial then decreased on further annealing, Experimentile OCrO can be formed by reacti¢8) on the matrix sur-
with O,/N, mixture and its oxygen isotopic modifications face during deposition or through photolysis with energetic
revealed strong 976.3 and 973.3 chbands after deposition. Cr atoms. Cold reactiot#) produces the CrOO molecule, as
First annealing decreased the 976.3 and increased thH@oposed for the room temperature proc&ss.
973.3cm?! bands. Experiments with mechanical mixtures
revealed doublets for each band and 16/18 isotopic ratios Cr*+0,—OCrOQAE=-113+11 kcal/mo),?’ 3
near 1.0386. The latter bands produced triplets with
scrambled oxygen, indicating two equivalent oxygen atoms.  Cr+0,—CrOO 4
These bands are assigned to,\{CrO, complexes.

CrO;

The sharp 968.4 cit band appeared in the spectra after

Spectra in the 1200—1000 crhregion are shown in Fig. annealing and was stronger with 1% than with 0.5% O
2. Three bands at 1153.9, 1134.2, and 1108.7'cappeared Isotopic substitution with both mixtures revealed four bands
in the spectra after annealing to 25 K. Further annealingt 968.4, 960.2, 950.7, and 932.1¢chthat increased to-
increased the first two bands and decreased the last barmgkther on annealing to 40 K with an intensity distribution of
The second band has been assigned to the OOCrO&pproximately 2:1:1:2, and th@6/18 isotopic ratio 1.0391
molecule® The 1108.7 cm® band revealed 1125 and (slashes in Fig. %) separate absorbance increase at these
1056 cm® components in the'®0,+0, experiments, frequencies on 40 K annealing from absorbance present be-
which is analogous to the pattern for the 1134.2 ¢iand.  fore annealiny This isotopic pattern is characteristic of the
However, the 1153.9cnt band which shifted to wv5(e) fundamental forCs, or Dg, XY 3 molecules, where
1090.6 cm?® with 80, showed no intermediate with the nondegenerate antisymmetric stretching vibrations of
160,+180,, and a single intermediate at 1121.1 ¢hwith mixed isotopic molecules of lower symmetry also make con-
scrambled oxygen. The 1153.9 chband is here assigned to tributions to the absorptions due to the degenerate vibration
the Cr-O, complex, but the structurfCrOO vs CfO,)]  of the pure isotopic moleculé,and assignment to CkJs
cannot be determined. Such a complex has been proposed fuggested. The harmonic 16/18 isotopic ratio for g,
reaction of ground state Cr atoms with, Gat room  structure(1.4049 is slightly higher than the observed value,
temperaturé® DFT calculations show that the most stable which may be accounted for by anharmonicity. Although the
Cr(O,) state, the quintet should have an O—0O vibration bew;(a,) vibrations of the mixed isotopic molecules of lower
low 1000 cm?, which makes it similar to the analogous symmetry are allowed, they are too weak to detect here.
cyclic peroxo complexes in the Fe, Co, and +H0D, The yield of CrQ increased on annealing: two reactions
systems#~1” On the other hand, the next @) state, the (5) and (6) are expected to be highly exotherifi@nd to
triplet, has a calculated frequency of 1189 ¢mlit is known  require little activation energy. The 968.4 cinband was
that the 31° configuration of Ct is energetically favorable, observed after deposition and markedly increased on anneal-
which suggests that chromium is unlikely to transfer twoing in the CrN,O/Ar system. This suggests that reacti@n
electrons to @to form a peroxo complex. DFT calculations is exothermié’ and leads to Cr@formation in this system
suggest that quintet is the most stable state for the end-

CrOO

bonded superoxo isomer, and a strong 1165%imand is CrO+0,—Cr0G;, 5)
predicted, which correlates with the present assignment. The
guestion about the relative stability of CrOO and @) re- OCrO+0—CrQ;, (6)
mains open, and a higher level of theory must be applied to
answer it. OCrO+N,0—CrO;+Ns,. @
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Cr(00), assigned to the antisymmetric vibration of the CrOCr mol-
. le. Estimati f val lel limit f h -
The 1153.9 and 1134.2 cih bands appeared in the ecule. Estimation of valence angle lower limit from the oxy

X . ; isotopic shift gi lue of 138°.
spectra on annealing and grew markedly with mcreasmgqen Isotopic shift gives a value of 138
temperature. The first band increased relatively more, and
the second band was always accompanied by two weak ab-
sorptions at 1137.8 and 1126.7 ¢ Both bands were ob- CrOCrO
served previously, together with a weak 971.5 énband. 1 .
Only the 1134.2 cm® band produced isotopic shifts, and it . The 984.3 cm™ band was observed after deposition and

. . . o increased on annealing. Oxygen isotopic substitution re-
was assigned to the antisymmetric O—O vibration ofGhg an : : -
planar OOCro0 molecul®. vealed 1:2:1 triplets with both mechanical and statistical

Our experiments found the same isotopic structure re[nlxtures and 416/18 isotopic ratio of 1.0436. This isotopic

ported previously. In experiments with a mechanical mix- ratio is half way between the diatomic ratio and that of the

ture, two new counterparts at 1145.3 and 1078.5%are antisymmetric vibration of OCrO. The triplet isotopic struc-

. . S : ture in experiments with a mechanical mixture indicates the
due to symmetric and antisymmetric vibrations of the isoto-

pically mixed %0180CH2010 molecule; the symmetric vi- involvement of two precursor molecules in the reaction;
: . . namely, two CrO molecules. Two weak features at 983.0 and
bration is allowed due to the lowering of symmetry.

Scrambled oxygen experiments produced four additionat 81.8 cm * always accompanied this band. Th&i0 coun-
bands, namely 1114.8, 1109.8, 1103.2, and 1096.T:cm erparts at 941.9 and 940.7 producé@/18 ratios of 1.0436

The complete isotopic structure cannot be resolved due t nd 1.0437, respectively. The intensity distribution of 17:4:1
band overlap; however, seven bands from 1134.2 1S suitable for a molecule containing two chromium atoms,
1070.8 cm'* é'lpproximaté the octet required for ‘the T0r which only (52-52, (52-53, (5254 components can

OOCrOO molecule with equivalent OO subunits but non-P& observed. Note also that the ratie83.4/983.6-1.001 32
) : . ; . _and 984.3/981.81.002 55 are significantly less than those
equivalent atomic orientations. The present observations L . .
agree with the previous assignmént, observed forv; of OCrO or the harmonic diatomic ratio
1.002 23(52/53 and 1.004 3952/54), respectively, which
again confirms the involvement of two chromium atoms.
These bands are assigned to isotopic CrOCrO molecules.
O0CrO, Normally a quartet oxygen isotopic structure should be ob-

The weak 971.4 ¢t band increased on annealing, de- Sérved in this case, but the intermediate band at 954:8 cm

creased on photolysis, and produced a doublet with the md&veals considerable asymmetry. A 1007-7_&”“3”0' is also

chanical mixture, but its intermediate counterpart was noPPserved, which is due to the “symmetric” mode of the

detected in scrambled oxygen experiments due to band ovefixed isotopic molecules. The Cr-16-Cr-18 and Cr-18-Cr-16

lap. The(16/18 isotopic ratio 1.0394 is very close to that for isotopic molecules are not resolved here; a similar pattern

the antisymmetric vibration of the OCrO molecule. TheWas found for the AIOAIO molecul&’

971.4 cm band is assigned to the OOCy@olecule. Al-

though it is difficult to distinguish between side- and end-

bonded coordination of oxygen, the end-bonded arrangeme%rzoz)

is favored. In the WO, system, a terminal O—0O vibration

was observed for the OOV@nolecule® hence this arrange- The bands from 761 cfit to lower frequencies are prob-

ment has precedent_ Note also that assignment of théb|y too low to be due to terminal Cr—O vibrations, hence

971.4 cnt* band to the antisymmetric vibration of an OCrO bridge-bonded species must be considered. The CaO mol-

fragment is in a good agreement with bands observed prevecule (746.7 cm') forms a rhombic dimer (G&®,) absorb-

0us|y in Oxygen_rich matrix Systerﬁéf:l-:‘3 Ing at 584.6 and 516.3 CTTJI.ZQ The Sharp 716.2, 700.8, and
On the other hand, a sharp 973.7 ¢nband, produced 643.1 cm ! bands reveal higher multiplets with the statistical

on deposition and increased by photolysis, decreased on aftixture, but the 628.2 ciit band gives a triplet for the vi-

nealing. The 16/18 rati¢1.0394 is essentially the same as bration of two equivalent oxygen atoms. If this band is due

Cr0O,. It is suggested that the 973.7 chrband is also due to to cyclic (CrO;), the ring may be puckered since the 16/18

OOCr0O, with a different structural arrangement of the com- ratio is lower than the “diatomic” value required for th,,
plexing dioxygen. structure. The 628.2 cit band is tentatively assigned to a

cyclic, nonplanar (GO,) molecule, where puckering may
be caused by Cr—Cr bonding across the ring.

The observation of CrOCrO after deposition and cyclic
Cr,0O, only after annealing suggests different mechanisms

A weak, broad 804 cmt band was produced by deposi- for their formation. In experiments with isotopic mixtures,
tion and decreased on annealing. It was also enhanced in tiéplets were observed in the former case and doublet and
Cr+N,0 system. The 804 cnt band produced doublets triplet structures in the latter. It appears that the dimerization
with mechanical mixture and scrambled oxygen witlil&/  reaction yields only CrOCrO and the addition of a second Cr
18) isotopic ratio of 1.0510. This band can be tentativelyto OCrO yields cyclic (CO,).

CrOCr
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Cr,0, and one inequivalent oxygen atoms. Thus the,05YO mol-

The sharp 716.2 cit band was observed on deposition, ecule, a puckered (6ID,) ring with one terminal O atqm s
increased on annealing to 25 K, and decreased slightly witﬁqueSted' A weak t_)and at 831.3 chalso apPe‘?“ed in the
further annealing. Oxygen isotopic substitution reveale pecira after annealing and behaved very similarly, and the

asymmetric triplet isotopic structures with both mechanicallh(?/ 18 r?tlo IIS a_ll_;?]proprlate_ for a tterrtnmal C(;r_.o wbra’gon n
and statistical mixtures. The mechanical mixture gave %a;isv:eno ecule. These assignments to ATHO ring are ten-
sharp triplet at 716.2, 711.4, and 686.8 ¢mwith first and ' 1 .

last components identical to pure isotopic values, and %1 'Lhe dlp44.8tr(1:mt band Iago gppteatrsh_on ann.eallnlal budt
16/18 ratio of 1.0428, which is appropriate for an antisym- IS band 1S 1 the terminal Lr—%) stretching region. Wixe

metric mode. The statistical mixture, however, gave a broad®*Y9en isotopic ex'periments show the participation of 'at
ened triplet at 715.9, 711.4, and 687.0 ¢mwhich is actu- least two, and possibly more, oxygen atoms. The best assign-

ally a triplet of unresolved triplets when examined on m_ent of this band is to the_bent QCrOCrO m_ole_cule: .bUt
expanded wave number scale. The 716.2 timand was al- V_V'th(_)m comp!efc(—;-ly resolved isotopic spectra, this identifica-
ways accompanied by two weak features at 715.3 anﬂOn IS not def|n|t|v_e. Apalogous B0 an_d Coléo3 molecul_es
714.4 cm'l, and the intensity distribution of these bands was ave peen found in this frequgncy regﬂt?_r?. _The annealllng
close to 17:4:1, as in the previous case of the OCrOCr molpehawor suggests the following association mechanism of

ecule. Furthermore, the 52/53 and 52/54 ratlh§01 26 and formation:
1.002 52 are very close to those just described above. Thus, OCr+OCrO—-0OCrOCrO and(Cr,0,)O. €5)]
based on isotopic results, this product contains two chro- o : .

. The dimerization of chromium dioxide molecules proceeds
mium atoms and at least two oxygen atoms. - .

The sharp 643.1 cht band tracks with the 716.2cth " deposition and on annealing

band to better than 10% on annealing in all of these experi- 20CrO—0O(Cr,0,)0. 9
ments. The 643.1 cit band produced a sharp primary trip-
let at 643.1, 627.7, and 611.4 chwith the mechanical mix-  Other absorptions

ture and a resolved nonéor triplet of triplety with the Several weak absorptions cannot be identified from the

statistical mixture(Fig. 5. This clearly identifies a product present observations; these are due to minor species and in-

with four oxygen atoms containing two different pairs but ', . .
. . o . . . dicated by CyO, in Table I. Although CrQ is expected to
equivalent atomic positions in each pair. The 16/18 rat|obe stablé){ we ﬁave no spectrosco?aic e\?denceﬁ)‘or this mo-

1.0519 is appropriate for a symmetric motion. Thus we hav . )
identified from 716.2 and 643.1 cthbands a molecule with Tecular amoﬁrl..ln this regard iny a “;i‘%,ze Of @as observed
at 953.8 cm* in these experiments:?*

two equivalent Cr atoms and two nonequivalent sets of two
equivalent O atoms.

The appearance of the 716.2 and 643.1 tinands on CONCLUSIONS
deposition with the major OCrO product and their parallel i ,
annealing behavior suggests that the above bands are due to Pulsed laser-evaporated chromlqm atoms react W'th Xy
(Cro,), as demonstrated by the spectrum in Fi¢g)5The gen to produc_e CrQ and QCrO, Whlch are trapped in solid
resolution of Cr isotopic splittings on the 716.2 chband, argon. Chromium dioxide is characterized here from sharp

an antisymmetric mode more dependent on Cr, and O isotd-! andv; fundamentals and the, + »3 combination band all
pic splittings on the 643.1 cnt absorption, a symmetric with triplet m|>$ed oxygen |sot(_)p_|c abso_rpt_lons a_nd resolved
mode more dependent on O, clearly identifies this moleculdl@tural chromium isotopic splittings; this isotopic data pro-
1. ; o 9 A° -
Two structures must be considered: an ethylene-like arrangé(—Ides a 128%4° valence angle measurement. Further asso

ment with Cr—Cr bonding and a(Or,0,)O puckered ring ciation of reagent; and the primary products in the matrix
with terminal O atoms. That the 716.2 and 643.1 ¢rands leads to the formation of the CrOO, Cg@DOCrO0, C50,,

are 249—271 cm belowthe v3 and »; modes for isolated Cry0;, and C5O, molecules, which are also identified by

OCrO vibrations strongly suggests the ring structure. Th&XYgen and ghromium .iSOtOPiC shifts a.”d splittings. Al-
isotopic ratio 1.0428 and 1.0519 separations from the di:[hou,gh format[on of the insertion pr'oduct is exothermic, an-
atomic 16/18 valugl1.0453 indicates the nonplanar or puck- nealing behavior does not show evidence of a cold reaction.

ered nature of this ring. Note that the puckered ring may alsc]_-h's_ means that f(érmanoT of O(irg req(;ures sub:z[annal ac-
involve Cr—Cr bonding. tivation energy and complexes of Cr and oxygen do not un-

dergo further reaction. Among other possible isomers of
cro chromium dioxide only the CrOO molecule was found.

2~s Two isomeric forms are proposed for Ly, the asym-

The weak band at 700.8 ¢rh was observed after an- metric bent CrOCrO molecule, and the symmetrical puck-

nealing. In experiments with both mixed and scrambled isoered ring (Cy0,). It is interesting that the dimerization of
topic oxygen samples a triplet of doublets was observed. Th€rO leads to formation of the first isomer, while the ring
(16/18 isotopic ratio of 1.0497 is very close to that of the molecule is formed from the reaction of Cy@ith Cr on
symmetric ring vibration of @Cr,0,)O. The isotopic struc- annealing. Likewise, evidence is found for two isomers of
tures are appropriate for interaction between two equivalentr,0O;, a bent OCrOCrO molecule and a puckered ring with
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