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Reactions of Laser-Ablated Molybdenum and Tungsten Atoms with Dioxygen. Resolved
Infrared Spectra of Natural Molybdenum and Tungsten Isotopic Oxides in Argon Matrices

William D. Bare, Philip F. Souter, and Lester Andrews*
Department of Chemistry, Usrsity of Virginia, Charlottesille, Virginia 22901
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Laser-ablated molybdenum and tungsten atoms were reacted with dioxygéfOasabstituted dioxygen.

The products of these reactions were isolated in solid argon matrices at 10 K and studied by matrix infrared
spectroscopy. Analysis of spectra enabled identification of reaction products, which included (@9©

MoO,, MoO;, WO, WO, (0))WO,, and WQ. Resolution of isotopic splitting due to natural isotopic
abundance of the metal verified the presence of a single metal atom in these molecules and allowed for
calculation of bond angles for the molybdenum and tungsten dioxide molecules and their dioxygen complexes.

Introduction and structure of molecules under investigation. Isotopic fre-

. quency shifts are particularly important for the study of
'The .bUIk Qx'deS.Of molybdenum and tungsten have been molybdenum and tungsten, which are isotopically rich metals,
widely investigated in recent years and have been found to have

lindustriallv sianificant i Princiol th with seven and four naturally occurring isotopes of significant
several industrially significant properties. Frinciple among these abundance, respectivel§. The combination of intentional
are the ability to function as catalysts in many important

reactions including cracking and isomerization of alkanes and substitution with isotopically enriched oxygen and the natural
13 g cr: 9 . isotopic abundance metals has produced extraordinarily rich
alkenes;—3 the oxidation of organic substrates by hydrogen

) . S . spectra. The spectroscopic conditions employed here permitted
?ﬁ?sxédf an(_JI th(ar]phot0|lr1du?ed czjmdaﬂ?nl of water tcl) dloxy%en. . resolution of these isotopic patterns for most molecules, enabling
; 7peC|es. ave aiso found usetuiness in electroc rOMIC,ccurate calculations of bond angles for YWM®oO,, and their
device§8 and in pH-sensing electrodés. dioxygen complexes
On the molecular level, the metal oxides have received i o
comparatively little attention. These species have been inves-EXPerimental Section _ _
tigated spectroscopically by isolating the products formed by ~ The technique and apparatus for laser ablation and matrix
passing oxygen over a hot metal surfa@&iby matrix isolation isolation FTIR spectroscopy have been described previdusly.
of evaporated bulk oxide$; 12 and by photolysis of saturated Molybdenum (Goodfellow) angl tungsten (Jo_hnson-Matthey)
carbonyls in oxygen-doped matricés4 Molybdenum and targets were mounted on rotating (1 rpm) stainless steel rods.
tungsten oxides have also been produced by hollow cathodeThe pulsed (10 Hz, 2640 mJ/pulse) Nd:YAG laser (1064 nm
sputtering technique:!® These methods have all produced fundamenta_l) was foc_used on the target throu_gh a hole in the
important results, but a large fraction of polymers are formed 10 K Csl window. Dilute (0.2-1.0%) oxygen in argon was
because of the high temperatures required for evaporation ofintroduced through the gas nozzle and co-deposited with the
the molecules under stud$! and there is disagreement on ablated metal atoms on the cryogenic vylndow. Combinations
assignments for many of these molecules. of isotopically enriched oxygen'{0,, “mixed” = 1%0,/*%0;,
Direct reaction of dioxygen with laser-ablated metal atoms and “scrambled”= 1%0,/!°0%0/*%0;) samples were used in
followed by matrix isolation of products has proven to be a subsequent experiments. Spectra were recor.ded on a Nicolet
very effective means of forming and studying small metal oxide 520 0r Nicolet 750 FTIR spectrophotometer using 0.5 or 0.125
molecules’-20 This method is particularly advantageous for cm*l_ resolutlon._ Matrices were subjected to_l_)roadband pho-
the study of metals with very high melting points, such as those t0lysis by a medium-pressure Hg arc lamp (Philips, 175 W, with
discussed here, because the focused laser heats only the smai#loP€ removed, 246580 nm) and to several annealing
volume of metal being evaporated. In this paper, we report a recooling cycles, with spectra recorded after each event.
matrix-isolation FTIR spectroscopic investigation of the oxides Results
of molybdenum and tungsten formed by reaction of dioxygen Infrared spectra of matrices containing reaction products of
with the laser-ablated metal atoms. This work is a continuation dioxygen with molybdenum are shown in Figures 1 and 2,
of a similar report on the oxides of chromitimvhere chromium featuring annealing behavior and resolved metal isotopes,
dioxide, CrQ, was formed in high yield and natural chromium respectively. Spectra from reactions with tungsten are shown
isotopic splittings were observed for both stretching fundamen- in Figures 3 and 4. Observed infrared absorptions are listed in
tals. Tables 3. In discussions below, bands will be generally be
Of particular importance in this work is the use of isotopic referred to by a single frequency, although in the case of
substitution for identification of product species and for calcula- vibrations with substantial metal character, several isotopic
tion of bond angles fo€,, molecules’’~25 Frequency shifts of bands have been resolved and identified. Absorptions given in
infrared absorptions resulting from isotopic substitution are the text below will refer to the peak maxima in the case of
characteristic not only of the masses of the atoms involved but unresolved bands and to the most abundant isotiMo(or
also of the structure and symmetry of the molecule. For this 84V) in the cases with resolved metal isotopic spectra.
reason, isotopic substitution (Usif@D,, 16080, and®0,) is Density functional theory calculations were preformed on
extremely effective in extracting information about the identity expected monoxide, dioxide, and trioxide products using the
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Figure 1. Infrared spectra in the 11340 cnt? region for laser-
ablated Mo atoms co-deposited with (©.5%) in excess argon at 10
K using 0.5 cm? resolution: (a) after co-depositionrf@ h at 10 K;

(b) after broadband photolysis; (c) after annealing to 25 K; (d) after
annealing to 30 K; (e) after annealing to 35 K; (f) after annealing to
40 K.
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Figure 2. Infrared spectra in the 97880 cn1? region for laser-ablated
Mo atoms co-deposited with J0.5%) in excess argon at 10 K using
0.125 cni? resolution: (a) after co-depositionrf@ h at 10 K; (b)
after broadband photolysis; (c) after annealing to 25 K; (d) after
annealing to 30 K; (e) after annealing to 35 K.

Gaussian 94 prograthoperating on an SP2 computer. Calcula-
tions were done using the BP86 functiof&lyith the D95 basis
set for oxygef and the LanL2DZ basis set and pseudopotentials
for molybdenum and tungstéh.Calculated geometries and
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Figure 3. Infrared spectra in the 113790 cnt? region for laser-
ablated W atoms co-deposited with (@.5%) in excess argon at 10 K
using 0.5 cm? resolution: (a) after co-depositionrf@ h at 10 K; (b)
after broadband photolysis; (c) after annealing to 25 K; (d) after
annealing to 30 K; (e) after annealing to 35 K.
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Figure 4. Infrared spectra in the 98®00 cnt? region for laser-ablated
W atoms co-deposited with0.5%) in excess argon at 10 K using
0.125 cn1?! resolution: (a) after co-depositionrf@ h at 10 K; (b)
after broadband photolysis; (c) after annealing to 25 K; (d) after
annealing to 30 K.

is the significance of isotopic substitution for the determination
of molecular valence angles in small molecules. For triatomic
C,, molecules, the antisymmetria4) stretching motion can
provide a determination of the valence angle, singes alone

in its symmetry class, and calculations based on this mode are

vibrational frequencies for these molecules are given in Table free from errors introduced by coupling with other modes.

4.

Discussion

Molybdenum has seven naturally abundant isotof#ddq
14.8%;%Mo, 9.3%;°*Mo, 15.9%;%Mo, 16.7%;°Mo, 9.5%;
%Mo, 34.1%;9Mo, 9.7%), and tungsten has four major natural
isotopes 18AN, 26.4%; 183W, 14.4%; 184V, 30.6%; 189,

28.4%)25 These resolved mass distributions are plotted in Figure

5 along with an unresolved mass profile to contrast the

For triatomic C,, molecules with the structure FA—T
(terminal, apical, terminal), the frequency of the antisymmetric
(v3) stretching mode is proportional to the square root of both
the F-matrix elementFs3, and theG-matrix elementGss. The
G-matrix element for this mode is given by eq 1

Gy = 1 + i(1 — cosa)
my

m @)

appearance of unresolved and resolved metal-isotope-dependenyherem; andmy are the masses of the terminal and apex atoms,

spectra for vibrations of a single metal atom.

The relationship between vibrational frequencies of isoto-
pomers is described by Wilson, Decius, and Cibssd by

respectively, andx is the bond angle. It is assumed that the
force constant matrix is the same for each isotopomer and is
therefore factorable in computing the ratios of isotopic frequen-

Herzberg?® What has generally been underappreciated, however,cies. The ratio of two isotopic frequencies is the square root
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TABLE 1: Infrared Absorptions (cm ~1) for Products of
Reactions of Molybdenum with Oxygen in Solid Argon Ya _ \/UmT + (1/my)(1 + cosa) 4)

label 160, 180, ratio assighment Va 1/my + (1/my)(1 + cosa)
2 ﬂﬁg 1905468.08 igggg %ggﬁ 8::2 % The result of this sign change is that, for molecules with obtuse
B 969.7 920.7 1.0532 (§PM0O; (vy) (site 2) angles, the effect of isotopic substitution at the apical position
966.4 9175 1.0532 &P"M0O; (v1) is proportionally less for the; mode than for the corresponding
c 962.7 9149 1.05225  (9"MoOy(v1) (site 1) vz mode. As a result, the family of bands produced from
b ggg'% gé%-é i'giégg gimggz((‘:})) (site 2) isotopic substitution at _the apical position has significar]tly larger
0442 9012 104771 @*MoO, (Vz) spacings between adjacent bands for thenode relative to _
E 942.1 893.7 1.05416 9MoO; (v1) (site 1) thev, mode. In most cases for molybdenum and tungsten, this
939.3 890.8 1.05445 %M00; (v1) difference is significant enough such that there is an easily
F 942.4  900.1 1.04699  @°MoO; (v5) (site 1) recognizable qualitative difference in the appearance of bands
9362 8938 104744  ({FMoO; (v3) (i.e., the overall bandwidth) due to the andvs modes.
G g%'g g?g'g i'gisgg 98m003 MoO. A previous investigation on the oxides of molybde-
. . . 003 . _ .
H 8995 858.9 1.04727 %2MoO, (site 3) num has reported an infrared band at 893.5 mith an 180
894.0 853.0 1.04807 9%MoO, counterpart near 850 cry which was assigned to the MoO
I 894.9 854.7 1.04703 92MoO; (site 4) molecule!® Spectra produced in the current study indicate that
J 891.9 8512  1.04782 PMoO; (vs) (site 1) four sets of bands (H, I, J, and K, discussed below with oO
8855 8453 1.04756 MO, (vs) are present in the 890 crhregion. However, the resolution
K 890.7 850.8 1.04696 92MoO; (vs) (site2) L . .
885.1 845.0 1.04746 °8M0O; (v3) of band ;pllttlng (_jue to isotopes of molybdenum (which was
L 860.0 813.6 1.05701 MwmDs not possible previously) makes clear that none of these bands
M 686.0 653.5 1.0497 M@y (ref 12) has an isotopic (16/18) ratio that is consistent with assignment
N 528.6 507.9 1.0396 &PMoO; (site 2) to MoO.
5228 5027 1.0400 @MoO, The isotopic resolution of these four band sets gave a total
) ) i of 23 resolved bands for tH€0O, experiment and 21 resolved
of the ratio theG-matrix elements for the isotopomers. bands for the experiment wifO,, allowing for the calculation
of 20 isotopic ¢(16)h(18)) frequency ratios. Isotopic pairs of
Va 1/m; + (1/my)(1 — cosa) bands due to MoO are expected to exhibit a frequency ratio
o= L, + (Umy)(1 — cosa) 2 (v(16)(18)) near 1.0508 (1.0500 fd¥Mo and 1.0516 for
A A’ 100v10). Of the bands in this region, no frequency ratio was
greater than 1.048 07. The average ratio was 1.047 37 with a
or standard deviation of 0.000 36 (less than 0.05%). These ratios
are not consistent with assignment to MoO but are appropriate
vy \/1/mT + (1/my)(1 — coso) @) for the MoQ, molecule to be described below.
—= — It has been found that the combination of changes in mass
YT Ly + (1m,)(1 — cosa) and relativistic effects for diatomic transition metal compounds

. . . . (specifically oxides) is such that vibrational frequencies are
.If frequencies and isotopic masses’are’ known fqr any pair of typically very close for second- and third-row metal species of
iostopomers (TAT, TAT or TAT, T'AT'), the ratio of the 0 same groupt One may consider TiO, ZrO, and HfO (987.8,
measured frequencies provides a route to calculation of the bond958_6, and 958.3 cm, respectivelyd® and VO, NbO and TaO
anglea. Two groups*= have explained that the effects of (983.6, 970.6, and 1014.2 c respectivel§?). In light of this
anharmonicity are such that substitution at the apical position correlation, it is likely that the WO molecule provides a good
and use of eq 2 yield a calculated bond angle that is t00 loW, egtimate of the vibrational frequency of MoO. As will be
while substitution at the terminal positions and use of eq 3 jiscussed below, bands due to the WO molecule have been
predict a bond angle that is too high. These anharmonicity ghserved near 1051 crhin an argon matrix, and it is not likely

errors are approximately equal, and therefore, the average ofina; the MoO species will deviate significantly from this
these two numbers is an excellent measurement of the true boncfrequency. Also, this estimation is in agreement with BP86

angle, as has been demonstrated fo, 80d Q.22°2¢ The calculations, which predicted a frequency of 1043.8 Efior
isotopic frequency data sets generated in this investigation haveihe MoO molecule. This having been said, no bands were
permitted the calculation of bond angles for the bent Mad observed in the current investigation in either of these regions
WO, molecules and their dioxygen complexes. (1050 or 890 cm?Y), which can be attributed to MoO. If one

Another source of information that may be derived from assumes that the MefWO, relationship will hold for MoO/
isotopic substitution is the differentiation between and identi- WO, then the MoO fundamental will be near 1000 ¢m Until
fication of symmetric and antisymmetric stretching modes of a proper isotopic spectrum of MoO is recorded, the present 1000
C,, molecules, based on isotopic substitution at the apical 4= 20 cnT! estimate is suggested for MoO and should be used
position. The symmetric stretching modey)( has the same  in MoO studies (for example, ref 3@)steadof the incorrect
symmetry (g as the bending mode and is therefore more matrix assignment
susceptible to mode-mixing effects and is less useful for In this regard, Bauschlicher et al. have predicted properties
quantitative determinations. However, when these two modesfor CrO and MoO using higher levels of theot/Since the
are widely separated (as is the case here), these effects are smaiDCI method was the best predictor of harmonic frequency for
and qualitative information can be readily obtained. Isotopic CrO (II), the SDCI prediction for the MoO°[I) harmonic
frequency ratios derived fromy modes have the same relation-  frequency is 1035 cri.
ship as those of the; modes except that the sign in the MoO,. Four sets of bands (899.5, 894.9, 891.1, and 890.7
geometric term of th&-matrix elementG;;, is reversed. cm1) were observed here following sample deposition. Some



8282 J. Phys. Chem. A, Vol. 102, No. 43, 1998

TABLE 2: Resolved Isotopic Absorptions of Molybdenum
Oxide Products in Argon

Bare et al.

TABLE 3: Resolved Tungsten Isotopic and Other
Absorptions (cm™1) for Oxide Products in Solid Argon

label 16 18 ratio assignment 160, 180, ratio assignment
B 969.7 920.7 1.053 22 @P2Mo0, “v1" 1105.5 1043.2 1.0597 @O, (site 1)
9685 9198 105295  (FMOO; (site 2) 1098.1 1036.3 1.0597 @WO; (site 2)
968.0 919.3 1.05298 @*MoO, 1054.9 999.7 1.05522  18NO
967.4 918.7 1.053 70 ©9MoO, 999 5 1830
966.9 918.1 1.053 15 @"Mo0, 1054.5 999.3 1.05524 18O
966.4  917.5 105330  FMoO, 1054.0 998.8 1.05527 18O
965.4 916.4 1.053 47 #°Mo0O, 1051.6 18300
c 962.7 914.9 1.052 25 @°MoO; “vy" 10513 1830
913.6 (Q)*M0O (site 1) 1051.1 9962  1.05501 ANO
960.8 912.9 1.052 47 ©95MoO, 1050.7 : : 180
%03 9123 105261 (@FMoO; 993.9 940.2  1.05734 (PO, (vy) (site 1)
959.8 (Q)Mo0;, 940 1 SHEWO
9592 9111 105279  @MoO; : (Q) "WO; (v1)
9581  909.9 105297  ({OMoO; 940.0 (Q)* WO, (1)
D 950.1 9075  1.04694  ({P2M0O, vy’ 939.8 (Q)*WO, (v1)
948.0 905.3 1.047 17 @P*MoO; (site 2) 990.3 937.1 1.0568 (HOWO (v1) (site 2)
947.0 904.3 1.047 22 @P*MoO, 978.3 925.9 1.05694 18ANO, v (site 1)
946.1 903.2 1.047 50 ©PM0O, 925.7 180,
945.1 902.2 1.047 55 #@PMoO; 925.6 18O,
944.2 901.2 1.047 71 ©P8Mo0, 925.3 1890,
942.4 899.3 1.047 93 @HMo0, 978.4 928.4 1.05386 XOBAWO
E 942.1 893.7 1.05416  92MoO; (v1) (site 1) 978.2 928.2 1.06387 XOBWO
941.1 892.7 1.05422  %MoO;, (v1) 977.9 927.9 1.05389 XOBAWO
940.6 892.2 1.05425  9MoO; (v1) 977.4 927.3 1.05403 XOBWO
940.2 891.8 1.05427  °MoO;, (v1) 973.8 923.2 1.05459  8ANO, v, (site 2)
939.7 891.3 1.05430  9MoO; (v1) 973.6 922.8 18400,
939.3 890.8 1.05445 90O, (v1) 973.3 1880,
938.3 889.9 1.05439 100100, (v1) 969.6 920.2 1.05368 vs?
F 942.4 900.1 1.046 99 @Mo0, V_g" 969.4 919.9 1.05381
940.1 897.8 1.047 12 @?:MOOZ (site 1) 969.1 919.7 1.05371
oB1  w5e  lomdo  @weo: 985 9191 105375
: - : 2 958.4 906.7 1.05702 (WHOWO) v,
937.1 894.6 1.047 51 @PMoO;, 906.6 105715 (WO(OWO) v
9362 8938 104744 (P MoO, 958.2 906.4  1.05716 WGIOWO) 1,
934.3 891.7 1.047 77 @HMo0, : : : (W )v1
958.0 906.2 (WQ(OWO) 1,
G 921.6 880.5 1.046 68  92MoOs (e) b
9196 8783 104702  %MoO; (e) 951.7 903.8 (@ °WO,
9186  877.3  1.04708 %MoOs (e) 951.5 903.6 (@ WO,
917.7 876.3 1.04724  9MoOs (e) 951.2 903.2 (WO,
916.8 875.3 1.04741  9"MoOs (e) 950.6 902.6 (WO,
915.8 874.3 1.047 47 98MOO3 (e) 938.3 891.4 1.05261 182\/\/02 V3 (s!te l)
914.0 872.2 1.04792  19\o0; (e) 938.0 891.1 1.05263  8WO, v3 (site 1)
H 899.5 858.9 1.04727  °2MoO; (v3) (site 3) 83;1 288.2 i.ggggg imgz V3 ESite R
856.8 94MOC)z (1/3) . . . > V3 (Site
896.7 855.9 1.04767  9MoO; (vg) 931.9 885.2 1.05276  8ANO, vs (site 2)
895.8 854.9 1.04784  9M0O; (vg) 931.6 884.9 1.05277  8WO, v; (site 2)
894.9 9"Mo0; (v3) 931.3 884.6 1.05279  BANO, v; (site 2)
894.0 853.0 1.04807  9Mo0O; (vg) 930.7 884.0 1.05283 8O, v; (site 2)
892.1 10000, (v3) 926.6 880.4 1.05248 (WGHOWO)
[ 894.9 854.7 1.04703  92MoO; (v3) (site 4) 926.3 880.1 1.05249 (WHOWO) v4
J 891.1 851.2 1.046 88  92M00; (v3) (site 1) 926.0 879.8 1.05251 (WIFOWO)
8892 8492 104710  >MoO; (vy) 925.7 879.5 1.05253 (WEOWO)
888.2 848.2 1.047 16 96MOOz (v3) 925.4 879.2 1.05255 (WJOWO)
887.3 8472 104733  PMoO; (vy) 925.1 8789 105257  (WEIOWO)
8864 8462  1.04751  °'MoO; (vs) 923.0 876.9 1.05257  18ANO; () (site 2)
885.5 845.3 1.04756  Mo0;, (v3) 9927 876.6 105950 1800
10 . . . 3
883.8 843.5 1.047 78 MoO, (v3) 9225 8763 Lono7n  18an0
K 890.7 850.8 1.046 90  92MoO, (v3) (site 2) 9219 s Lono76  EaNe.
888.8 848.8 1.04713  %Mo0O; (vg) : : - 3 .
2 918.7 871.6 1.05358  8WO0; (e) (site 1)
887.9 847.8 1.04730  9MoO; (vg) e
886.9 8468 104735  °MoO; (vy) 918.5 oNOs
886.0 8459 104741 MoO, (v3) 918.3 WO
885.1 844.9 1.04758  9Mo0, (r3) 917.8 WO,
883.4 843.1 1.04780  19M\00O; (v3) 832.0 787.5 1.0565 YO,
N 528.0 507.9 1.039 57 @PMoO; “v3’ 498.0 475.5 1.0473 WO,
526.5 506.4 1.039 69 @@P*MoO; (site 2) 560.7 532.0 1.0539 ?
5
ggi'i ggg? 1'8‘318 ég gﬁmggi sequential annealing, although the first two sites decreased more
523.6 5014 1.039 09 @MoO, at lower temperatures than the last two sites. Above 30 K, the
522.6 (Q)%*8Mo0, 890.7 cn1l set also decreased and the bands in the 89171 cm
521.0 (Q)1Mo0, set became the most prominent, as seen in Figure 2. The clear

band overlap prevented complete isotopic resolution of all bands;isotopic pattern of the seven bands is evidence of a single
however, bands were resolved for each set, and all seven isotopienolybdenum atom in the absorbing species. In the experiment
bands were clearly resolved for the 891.1 and 890.7'mts, with isotopically scrambled & a 1:2:1 triplet was observed,

J and K, as given in Table 2. These bands all decreased onindicating the presence of two equivalent oxygen atoms. The
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TABLE 4: Density Functional Theory (BP86/D95/LanL2DZ) set of bands has a group width of approximately 3.8 &m
Calculations for Mo and W Oxides indicating that it is a symmetricy{, a) stretching vibration,
O-M-0O frequency, cm? and is assigned here as thevibration of MoG. A visual
electronic M—O bond bond angle,  (intensity, comparison (see Figure 2) of the band sets at 942 and 890 cm
molecule  state  length, A deg km/mol) provides an excellent example of the clear, qualitative difference
MoO triplet 1.664 1043.8 (139) in the appearance of band sets that differentiateand v3
MoO, triplet 1.723 1135 299.5(0.2)a modes.
géi:g gg%b SixteenlﬁQ“MomO/lgO”MolgO pairs were identified, allowing
MoOs  singlet 1.734 108.6 2774 (25 a 16 calculations of the bond angle upper limit for the MoO
329.7(1x 2) e molecule. The calculations yielded an upper limit of 125
929.9 (155x 2) e 1°. Similarly, more than 40 M10O/O"MoO pairs were used
_ 960.6 (3) @ to calculate the bond angle lower limit, yielding a result of 119
WO triplet 1.714 978.4 (106) + 3°. A determination of 122+ 4° is proposed for the
WO, triplet 1.720 112.2 3144 (1)a . e ;
933.1 (142) b O—Mo—0 bond angle. Thisis in excellgnt agreement with the
993.5 (40) a analogous calculations for -©€Cr—0O, which gave 132+ 2°
WO; singlet 1.735 106.2 297.2(12)a upper and 1253 2° lower limits and a 128 4° average angl&
340.2(1x 2) e This experimentally determined bond angle is higher but in

919.1(118x 2) e accord with the BP86 calculated prediction of 123dy MoO..

988.9 (1) a
MoOs. Infrared bands at 976 and 922 thand 926-910

cm~1 have previously been assigned to the Malecule!! 12
Spectra produced in these investigations have replicated a set
of bands at 915.8 cni but did not find evidence for a set of
tracking bands at 976 crh.  Furthermore, BP86 calculations
have indicated that the symmetrig)atretch for this molecule
has extremely low intensity and likely will not be observed.
Accordingly, we suggest that the 976 thmband reported
previously is dominated by higher oxides.

When180; is substituted, the band at 915.8 chis shifted
to 874.3 cml. The scrambled ©experiment yielded weak
bands corresponding to the puf®, and pure'®O, bands but

Absorbance

L 1 | did not produce any new, mixed isotopic bands of measurable
90 95 100 intensity. This isotopic splitting behavior is consistent with the
Mass 2:1:1:2 splitting pattern that is expected for the degenerate
3 I — l Mo—O0 stretching mode of the Ma{nolecule, if the intermedi-
W ate bands are too weak to be obser¥®e@onsidering the

complex nature of mixed isotopic spectra and the substantial
isotopic dilution involved, this seems quite reasonable. A
tempting assignment to MoO is again ruled out on the basis of
isotopic frequency ratios, which are much too low to be due to
MoO. One should also note that this assignment is in excellent
agreement with the BP86 calculation, which predicted an intense

Absorbance
o —
I
| |

883 3 degenerate stretching mode at 929.9 énfor the MoQ;
l ] | molecule.
180 185 190 (02)M0o0,. Several sets of bands {8 and F) grew in after

Mass annealing cycles. Band sets at C and F appeared at 25 K, grew
Figure 5. Mass distributions of natural Mo and W isotopes plotted &t 30 K, and gradually decreased at higher temperatures. Those

for unresolved and resolved infrared spectra. at B and D were |n|t|a“y weaker but continued to grow through
at least 40 K, becoming the strongest bands in that spectral
new intermediate band was observed at 856.9 1cmAs region. The behavior of these bands tracks with the set of bands

mentioned above, the observed isotopic (16/18) ratios for theselabeled A at 1119.3 and 1111.2 th The annealing behavior
bands are consistent with the Mg@nolecule, which was exhibited by these bands is characteristic of bands due to

predicted by BP86 calculations to have a strong antisymmetric complexes, which often form as a result of ligands diffusing in
vibration at 923.6 cm'. the matrix. The 1.0597 0.0002 frequency ratio for the A

The width of the band group§ZVilo—1°Mo) was 7.3 cmt band is consistent with the expected shift for the @ stretch
for both J and K. Thé%Mo bands were not observed for the ©f ligated Q.
first two sets H and I, but the splitting between the observed The bands at BD and F all have isotopic shifts consistent
bands was approximately 0.9 cifmass unit, indicating a  with assignment to MeO stretching modes in ({MoO,
similar group width. This indicates that each set of bands is complexes. The frequency shifts of the symmetric and anti-
due to an antisymmetricv{, by) stretching vibration and is  symmetric MoO stretches for this complex are expected to be
assigned accordingly to one of four matrix sites of the very close to those of isolated Me@ the O, ligands are not
vibration of MoG,. strongly bound or if their vibrations do not couple with those
A weaker set of bands near 942 thn(E) was observed  of the MoQ;, fragment. This appears to be the case in this
following deposition of the matrix and showed the same instance. The group width&Mo—1°Mo) of the B and C band
annealing behavior as the family of bands near 890%cnThis groups (4.3 and 4.6 cm, respectively) indicate that these are



8284 J. Phys. Chem. A, Vol. 102, No. 43, 1998

symmetric ¢;1) stretching modes, while those of the D and F
bands (7.7 and 8.1 cmh, respectively) are due to antisymmetric
stretching motions. It is also important that the bands due to
v3 modes are considerably more intense than those ofthe
modes.

The frequency ratios of the antisymmetrie-®lo—O stretch

Bare et al.

975.5 cntl. These assignments are in excellent agreement with
BP86 calculations reported here, which have predicted frequen-
cies of 930.0 and 960.6 crh for the antisymmetric and
symmetric stretching modes of WO The current work has
produced isotopically resolved bands in argon at 937.7 and 978.3
cm~L. On initial inspection, it appears that the upper of these

can be used to calculate a bond angle in the same manner abands {;) is of comparable intensity to the lowers} band,
that described for the isolated molecule (again, assuming weakwhich is contrary to the expected 3:1 intensity ratio predicted

coupling). The resolved D and F band sets provide 14 TAT/
T'AT' isotopic pairs and 41 TAT/TA isotopic pairs for
determination of upper and lower limits to the bond angle of
the MoG fragment. These data yield a calculated upper limit
of 124 + 2° and a lower limit of 119+ 4°, suggesting an
O—Mo—0O bond angle of 121+ 4°, which is essentially
unchanged for Mo@on complexation by dioxygen.

In the lower spectral region, a band at 522.87értN) also
grew in on annealing and tracked with the-B and F bands.
Substitution with'®0, shifted this band to 502.7 crhk giving
an isotopic frequency ratio of 1.039 98, which is in good
agreement with that expected for the antisymmetric vibration
of

(0)—Mo~°
N0

The above molecule may bapproximatelymodeled as a
molybdenum atom between,@nd two O atoms. By use of
this model, isotopic frequency ratios are expected to have
increased dependence on the mass of the central metal ato
and decreased dependence on the mass of theni®. This
trend is observed for this band, which has a smélb)/(18)
ratio (1.040 vs 1.047 for Mog) and a large/(92)/(100) ratio
(1.013 vs 1.008 for Mog).

This dioxygen complex with Mo®is expected to have the
C,, structure observed and calculated for the analogogps O
complex with NbQ.20

Other Absorptions.The 860.0 cm! absorption appears on
annealing and shifts to 813.6 chwith 80, (1.0570 ratio),
which is characteristic of an-©0 stretching mode. The band
profile certainly indicates that Mo is not involved in the
vibration. This band is most likely due to an ozonide species
Mo ™03, which is expected in this regioii,although the yield
was too low to observe mixed isotopic components.

WO. Two resolved bands at 1054.5 and 1051.1 tmere
observed following deposition. The upper band decreased
following annealing as the lower band became the dominant
site. When!®0, was used, these bands shifted to 999.3 and
996.2 cntl. For the upper band, all four tungsten isotopic bands
were identified (see Table 3) in both th€O, and 180,
experiments. For the lower band, only one of #®, bands
was resolved. These bands allowed five calculatiorB\3fO/
"W1E0 isotopic frequency ratios (1.055 20, 1.052 25, 1.055 22,
1.055 23, and 1.055 11), which are all in excellent agreement
with the expected harmonic ratios for WO. Assignment of these
bands to WO is also in accord with the somewhat lower 978.4
cm! frequency prediction from BP86 calculations.

The argon matrix bands observed here are in excellent
agreement (0.2 cm difference for the major site) with the
sputtering matrix work of Green and Er¥frand the gas-phase
WO ground-state fundamental value of 1053.7 441 The
argon matrix sites cause blue and red shifts of the WO
fundamental by only 0.7 and 2.6 ¢ respectively, from the
gas-phase values.

WO,. Infrared absorptions for Wgsolated in krypton have
previously been reported by Green and Efviat 937.2 and

by calculations and observed previou¥lydowever, the spectral
features near 978 crhindicate that another band may be present
in this area, giving increased absorbance to the 978:3 band.

Also, the band group widthy(182)—v(186)) of thevs mode is
much larger than that of the; mode, and as a result, the
integrated area under these peaks is much closer to the expected
3:1 ratio than are the simple peak heights. Substitution with
180, shifted these bands to 890.8 and 925.6 tmintermediate
isotopic components (16,18) for these bands were observed at
902.2 and 962.8 cni, but tungsten isotopic peaks were not
resolved.

A second set of bands with similar isotopic shifts was
observed approximately-5L0 cnT? to the red of these bands
at 931.3 and 973.6 cm. Isotopic substitution witA8O, shifted
the lower of these bands to 884.6 thnthe 180 counterpart of
the upper band was too weak to be conclusively identified. The
red-shifted bands are assigned as sites of the, ¥If@tching
modes.

All four natural tungsten isotopic bands were resolved for

Jpoth the puré®O and puré®O bands of the W@antisymmetric

stretch. This provided four pairs of terminally substituted
isotopomers and 12 apically substituted isotopomer pairs. Bond
angle calculations based on these data gave an upper limit of
127+ 1° and a lower limit of 122+ 2°. A bond angle of 124

+ 4° is therefore determined here for WQvhich is slightly
higher than the 114t 3° value deduced by Green and Ervin
from the unresolved tungsten isotopic band profile but near the
122 4+ 4° and 128+ 4° values for MoQ and CrQ.

WO3. BP86 calculations for the W¢3pecies have predicted
an intense degenerate stretching mode at 919:2,supporting
the earlier assignment by Green and Ervin of a 918.3'cm
absorption in argon to W€ Experiments reported here
produced a band at 918 ciy which is also consistent with
this assignment. Substitution witfO, shifted this band to 872
cm~1, and mixed and scrambled experiments produced weak
intermediate components at 892.4 and 881.0cim accord
with the pattern expected for the degenerate stretching mode
of a trigonal pyramidal species. Annealing increases the 918
cm~1 absorption and satellites at 915 and 913 émvhich are
probably due to perturbed WO This is in agreement with the
W(CO)s photolysis work, which assigned a 914 chband to
WOs;. Isotopic resolution of the Wgbands was not achieved
in the current study.

(O2)WO,. Bands were observed at 951.2 and 990.3%m
which increased as a result of annealing. These bands are each
approximately 12 cmt to the blue of the bands assigned to the
stretching modes of the Winolecule and are assigned as the
analogous stretching motions of the complexed specigps (O
WO,. The formation of complexes that are slightly blue-shifted
relative to the isolated molecule was observed for the MoO
species discussed above. A pair of site bands at 1105.5 and
1098.1 cmi! also appear following annealing and track with
the bands at 951.2 and 990 chh These bands shifted to 1043.2
and 1036.3 cm* with 180,. The 1.0597 isotopic frequency ratio
of these bands is consistent with assignment to the ligated O
stretching mode of the ({)WVO, complex.
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The isotopic resolution of the antisymmetric stretch of the Conclusions
WO, fragment in the (9)WO, complex allows a calculation
of the O-W—0 bond angle. FoulO"W60/80"W180 pairs
and 12 OWO/O"WO pairs were used to determine upper and
lower limits bond angle limits of 123% 1° and 114+ 4°. A
bond angle of 119t 5° is therefore determined for the,O
complex, which is essentially unchanged for YW» complex-
ation by Q.

In the lower spectral region, a new annealing band appeared
at 498.0 cm? and shifted to 475.5 cm in the 0, experiment.
This low (1.047 32(16)/(18) isotopic ratio is characteristic
of the antisymmetric vibration of the tungsten atom between

fOZ and the two S atomslin (%NOZ as described previously 005 rement of isotopic frequencies due to the antisymmetric
or (O)MoO,. This complex of dioxygen and Wi expected stretching motions provides a route to the calculation of bond

to have theC,, structure calculated and observed for the angles for MoQ, (0)MoO,, WO,, and (Q)WO,. For each of
20 ’ ’ y .
analogous complex of £and TaQ. these molecules and complexes, a large number of consistent

W20,. The 832.0 cm* band in the region expected for  cajculations were performed, and bond angles were determined
bridged W-0 stretching vibrations and the shift to 787.5¢m g within 4°.

gives av(16)i(18) ratio just above that for WO. The mixed
180,/'%0, study gave a 1:2:1 triplet, with bands at 832.0, 808.5,  Acknowledgment. We gratefully acknowledge support for
and 787.5 cm!. This suggests a tentative assignment to a cyclic this research from NSE Grant CHE 97-00116.
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