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Abstract-Lead oxide vapor xmxed wzth N2 gas was quenched on a cold substrate ( - I5 K) m a closed cycle 
cryo-cooier The I r and Raman spectra of the condensed matenal revealed several sharp features which were 
analysed m terms of the Mbratronal modes of PbO, Pbt02 and Pb40, specres Normal coordinate analyses of 
the data confirm the rmp structure for the dlmer iaomt group &) and a distorted cube structure for the 
tetramer (point group Ti) 

. . 

I~RODU~ON 

Dtsproporttonatton IS commonly observed when 
materials are vaportzed and the vapors condensed 
[l-3] This tmpltes the presence of monomers, dtmers, 
etc m the vapor phase winch may react to produce 
heamer clusters and ultt~tely result m conden~tton 
when a cntlcal srze IS approached Such species have 
been detected m the mass spectra of several metals and 
then oxides [2,4,5] A knowledge of the structures of 
these species can provide valuable mformatlon on the 
mechanisms which lead to nucleation and condensa- 
tion In this regard s&con oxide, a hgh t~~rature 
cerarmc, has been mvestlgated m great detad The 1 r 
spectra of matrix isolated slhcon oxide were mter- 
preted m terms of the vlbratlonal modes of monomers, 
dlmers, trlmers and possibly pentamers Ring struc- 
tures for the dlmer (point group&h) and tnmer (pomt 
group &,) were proposed on the basis of 1 r data alone 
[6-S] Raman spectral studies of matrzx isolated 
silicon oxldes, attempted in our laboratory [9], were of 
lmuted utility because of extremely weak scattenng by 
s&ate structures, nevertheless, the spectral data were 
suggestive of an open structure for SizO, ThH 1s 
inconsistent with the resuIts of quantum me&an& 
calculations [lo, 111 which predict a rmg with St-0 
bonds to be the most stable structure for the dlmer An 
earlier quantum mechanical result employing a tm- 
mmal basis set [12] predlcted a centrosymmetrtc 
structure with an Si-SI bond for the dtmer The I r 
spectra of matrix isolated species of other divalent 
oxides (PbO, SnO and GeO) [13-151 have been 
Interpreted m a snmlar manner 

It 1s clear that a comparison of the 1 r and Raman 
spectra of a species along with a normal coordinate 
analysis can, m prmaple, pro-de a more complete 
elu~~tion of the structure of the species under 
lnv~tl~tlon In yfew of the expected larger Raman 
scattermg cross section for hea\ner molecules it was felt 
desirable to investigate the Raman spectra of matnx 
Isolated species of lead oxide Earher results of the 1 r 
mvestlgatlons of thrs matenal [14] were analysed in 
terms of monomer PbO and cychc dlmer and tetramer 
structures Our mvestlgatlons of the 1 r and Raman 

spectra of matnx (Nz) isolated lead oxide and the 
normal coordinate analyses con&m the rmg struc- 
tures The results of these mvesttgatlons are presented 
m this report 

EXPERIMENTAL 

Lead oude (reagent grade) was heated m an oven wtuch 
was coupled to the cryo-cooler assembly (Au Products CS- 
202) Through a controlled leak valve a stream of Ns gas was 
mjected and dmzcted towards the substrate wmdow (CsI for 
lr and gold plated brass for Raman) wluch was cooled to 
_ 15 K The temperature of the oven was controlled by 
adjustmg the voltage on the heater assembly wound over the 
oven After some expenmentatlon tt was posslbte to generate 
an adequate vapor pressure of lead oxide to obtam matrtx 
isolated species of the monomer and the n-mers 

The lr spectra were recorded on a Perkm-Elmer 225 
spectrometer from 1000 to 2OOcm-’ under _ lcm-’ 
resolution The Raman spectra were recorded on a Spex 1401 
dual monochromator under * 4 cm- ’ resotutlon An argon 
laser and a photon counting system were employed for 
excltmg and detectmg the spectra, respectwely The tempera- 
ture of the sample was controlled by an external controller 
umt to wlthm f 1 K from 15 to 30 K to carry out diffusion 
controlled reactions among the species (PIJO), The tracmgs 
of the spectra are reproduced m Figs 1 and 2 

DISCUSSION 

The I r peaks m our study and the effect of heat 
treatment of the sample on the spectra are m general 
augment with those reported earher, thus enabhng 
the classdicatlon of three specres There are a number 
of extremely weak and broad features possibly due to 
higher species and bulk amorphous lead oxide Clearly, 
the 1 r and Raman peaks at 714 cm-’ are to be 
associated with the PbO monomer The forceconstant 
for the Pb-0 bond which 1s essentlaliy a double bond 
IS evaluated to be 4 55 md/A 

The 1 r spectrum of the sample shows two strong 
peaks at 558 and 467 cm- ’ (Fig 1) which mtt~ally 
decrease m mtenslty on heat treatment (32K, 
m 20 mm) Smularly, the Raman peaks at 524 and 
463 cm- ’ behave m a snndar fasfuon on heat treat- 
ment (Fig 2) We check the posslbdtty of asstgnmg 
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Rg 1 Infrared spectra of matnx Isolated lead oxide species 

1 

(a) Freshly prepared sample at - 15 K, (b) heat treated at 
- 32 K for 20mm, (c)heat treated at - 40K for 30mm 

*Absorption due to N2 matnx 

these peaks to the dlmer species by a detaded vlbra- 
tional analysis below 

First, there IS no comcldence between the Raman 
and 1 r data, thereby suggestmg that the species under 
question IS, possibly, centrosymmettlc A centro- 
symmetric structure with a Pb-Pb or O-O bond IS ruled 
out because each of these structure would be expected 
to give rise to one 1 r absorption due to Pb-0 stretch 
Therefore, we examme the data m the hght of a cychc 
dlmer structure with Pb-0 bonds For this structure 
the SIX normal modes are classfied among the sym- 
metry species of DZb as 

where the selection rules (R Raman active, I r infrared 
active) are gven m parentheses One of the A, modes 
and the BI, mode correspond to m-plane and out-of- 
plane bending vlbratlons, respectnely, and have 
frequencies m the region below 200 cm- ’ which was 
not covered by our mvestlgatlons Even m the Raman 
spectra the scattermg by the Nt matnx gwes a strong 
Raylelgh wmg which extends to m 2OOcm-’ The 
other modes are essentially Pb-0 stretches Clearly, 
the 558 and 467 cm-’ I r peaks are asslgned to the Bzu 
and B3, species whereas the 524 cm-’ (relatively 
stronger) and the 463 cm- ’ Raman peaks are assigned 

to A, and BI, specres, respectively A further check on 
these assignments IS provided by a normal coordinate 
analysis 

The formation of a dlmer from two monomers 
would result m a PLO bond which IS closer to a single 
bond Since some of the potential energy resides m the 
angles, the Pb-0 bond strength (and, hence, the force 
constant) m the dlmer 1s expected to be somewhat less 
than half of the correspondmg value for the monomer 
Assuming neghgble mteractlon between the stretching 
and bending modes of the dlmer unit, the four 
stretching frequences of Pb202 are gven by [7] 

II (A,) = 2(J + 2.L) (W co? 0 + p. sin* 0) 

12 (4) = 
4pPb kJ (x+fa) 

(jipb cos* 8 + PO sin* 0) 

&(hg) = 2(f,-2ir,)(~Pb sin* e+pO cos2e) 
&(&,) = 2(f+2tan2er,Zf)(~pb+~o)Cos2e 

&(&) = 2(f+2cos2er~fb)(~pb+~O)stn2e 

where LI = ulr*J~c*, 8 = a/2, a being the angle OPbO, 
r. = equlhbrlum bond length, J, & have the usual 
slgmficance as stretching force constant and 
stretch-stretch interaction constant, respectively, f. 
and fa are the bending constants and ps refer to 
reciprocal masses of the atoms Assummg negligible 
contnbutlon off. and& to the B2. and Blu frequencies 
the bond angle at Pb IS given by 

tan a/2 = (P5/S4) 

which gves a N 80” Assuming fr m 2 2 md/A [slightly 
less than l/2 fR (monomer)] and& to be approximately 
0 1 fr the calculated frequencies vI N 507 cm- ‘, v3 
CY 481 cm-‘,v., _ 543 cm-land v5 _ 455 cm-‘agree 
well with the I r and Raman data Using the exper- 
imental frequencies we calculate back the force con- 
stantsf,, A, f. and fa as well as the frequency of the A, 
bending mode v2, which are gwen m Table 1 These 
data give convmcmg evidence for a cychc structure of 
the Pb202 unit and suggest very little stram in the rmg 

The 1 r peaks at 474 and 374 cm-’ were assigned by 
OGDEN and RICKS [14] to the Pb404 species The 
assoclatlon of these peaks with the trlmer unit was 
rejected by these authors on the basis of a comparison 
with the 1 r data for matrix isolated (SlO). species The 
selection rules for both the trrmer (DJh) as well as the 
tetramer ( Td) predict two 1 r active Pb-0 stretching 
modes 

l- tnmer (Pb-0 st) = A; (R) + 2E’(R, 1 r ) 

l- ,etIa,,,er (PLO st) = Al (R) + E(R) + 2F2 (1 r ) 

The bending frequencies expected to be below 
200 cm- ’ are ignored m our discussion The absence of 
any comcldence m the I r and Raman data, though not 
the ultimate test, prefers the tetramer structure to be 
associated with the lr peaks described above The 
results of a normal coordinate analysis sumlar to the 
one carried out for the dlmer give stronger support to 



Structure of Pb,O, and Pb,O, 
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Rg 2 Raman spectra of matnx tsolated lead oxrde spews (a) Freshly prepared sample at _ 15 K, (b) heat 
treated at _ 30 K for 20 mm, (c) heat treated at _ 35 K for 20 mm l Peak due to bulk PbO possibly caused 

by local heatmg by the laser beam **Peak due to N2 matnx 

Table 1 Vtbrattonal frequencres and force constants of PbO, 
Pb202 and Pb,O. matnx Isolated umts 

the tetramer structure as being responsible for the 
addtttonal peaks 

Observed 
frequencres 

(cm- ‘) 

Calculated 
frequencres 

(cm- ‘) 
Force constants 

(md/A) 

The formation of a tetramer unit from four mono- 
mers introduces 24 bond angles mto which part of the 
potential energy resides, consequently, the Pb-0 bond 
strength m the tetramer 1s expected to be less than that 
m the dlmer Using iis (Fz) and tb (F2) from the 1 r data 
we calculate f and J, to be 1 38 and 0 17 md/A, 
respectively The symmetrized F and G matrices for the 
tetramer species are taken from MARONI and SPIRO 
[16] and OGDEN and RICKS [14] With these force 
constants we calculate the frequencies of A and E 
stretches to be 460 and 312cm-‘, respectwely 
(Table 1) The Raman spectra reveal a strong (rela- 
tively) peak at 442 cm-’ and a peak at m 323 cm- 1 
(Fig 2) against a broad background which agree with 
the calculated values The assoclatlon of these peaks 
with the trlmer do not gtve internally consistent results 
For example, assummg 1; w 18 md/A (expected to be 
somewhat less than that for dtmer but more than that 
of tetramer) and jjIn = 0 2 md/A the stretching frequen- 

Monomer 
9, 714 (rr, R) 714 J=455 

nmer (4d 

p1 (4) 524 (R) 524 x=225 
32 (4,) - 74 A=030 
93 gr, 463 (R) 463 r6J = 005 
% (&J 558 (1 r 1 558 rift = 0 01 
$5 (&.) 463 (I r 1 467 or(OPb0) = 80” 

Tetramer (only stretchmg 
frequenaes) 

Jr (A,) 442 (R) 460 x=138 
92 (E) 323 (R) 331 fm = 026 
5s V2) 464 0 r ) 474 0~60 = 86” 
9, Vd 372 (1 r 1 374 PbdPb = 94 
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ties for trlmer are estimated to be 

v1 (A; -R) 275 cm-’ 

v2 (E’) 550 cm- l 

v3 (E’) 360 cm-’ 

which do not agree with the expenmental data at all 
Thus, the assignment of maJor sharp peaks m the I r 
and Raman spectra of matrix Isolated lead oxide to 
monomer, dlmer and tetramer appears reasonable A 
smaller stretching force constant for the tetramer 
compared to that of the dimer IS also consistent with 
the presence of more bond angles The interaction 
constant, whose significance cannot be put to the test, 
IS approximately the same m both the dlmer as well as 
the tetramer 

It IS Interesting to note that the lr and Raman 
spectra of Pb4(OHbC14 [17] which IS an Ionic sohd 
have been well Interpreted m terms of a distorted cuhc 
structure (point group Td) [16] of the ion Pb.+(OH)t+ 
The Pb-0 stretching constant in the ionic unit 
(- 1 68 md/A) IS somewhat larger than that in the 
Pb404 unit but still smaller than the corresponding 
value for the chmer unit 

The spectroscopic data on matnx isolated lead 
oxides provide fairly conclusive evidence for the ring 
structures of the dlmer and tetramer species In 
contrast, the structures of (SIO), (n = 2,3, ) are s&l1 
uncertain and can possibly be most logically elucidated 
by obtaining good quality Raman spectra of matrix 
Isolated sdicon oxides 
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