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Abstract—The IR absorption spectra of the unstable PbH, molecule are studied. The possibility of preparation
of PbH, at sufficiently high concentrations (~10 mg/l) in agaseous phase is demonstrated. The v; band of PbH,
is detected in a gaseous phase by the technique of infrared Fourier spectroscopy. The spectra of PbH, are mea-
sured in alow-temperature argon matrix. The basic spectroscopic constants are obtained for thev; = 1-0 tran-
sition, and the position of the v, band is determined. The results obtained confirm the tetrahedral symmetry of

the PbH, molecule.

INTRODUCTION

The vibration—rotation spectra of molecules of tet-
rahydrides of the IV group elements such as CH,,
GeH,, SiH,, and SnH, were extensively studied for
many years [1-5]. Molecules of this class serve to test
spectroscopic models claiming adetailed description of
non-rigid, highly symmetric systems. Recently, tet-
rahydrides were successfully studied by the method of
irreducible tensor operators [2] and using the quasi-
classical approach. The vibration-rotation spectra of
these molecules were studied by the methods of bifur-
cation analysis [3, 4], and the so-called critical phe-
nomena observed in their energy spectra were exam-
ined [5]. It is of interest to extend the number of tet-
rahydrides for experimental studies by adding to them
the unstable PbH, molecule (plumbane). Because
molecular bonds in PbH, are comparatively weak, one
can hope to obtain interesting, possibly fundamentally
new information on features of the intramolecular
dynamics and the interaction between various types of
motion in spherical-top molecules.

The PbH, moleculeis still poorly examined among
a series of hydrides of the IV group elements. The first
studies of PbH, [6-8] showed that this moleculeisvery
unstable and it cannot be synthesized by the methods
used for the synthesis of GeH, or SnH,. The existence
of a compound having the stoichiometry of PbH, was
first confirmed only in 1963 by mass spectrometry [9].
A detailed review of studies (more exactly, of the
attempts to synthesize and study PbH, before 1975) is
presented in [10].

The suggestion to use the method of hydride gener-
ation [11, 12] in atomic absorption and emission anal-
ysis for the transfer of elements with the subsequent
thermal decomposition of hydride stimulated numerous
studies on the generation of hydrides of different ele-
ments, including lead. Despite the prospects of using
PbH, for the transport of lead in atomic analysis, many

authors [12-14] indicated considerable difficulties
related to the low yield of lead hydride and its instabil-
ity. In the recent decade, owing to a great number of
papers devoted to the refinement of chemical schemes,
the selection of optimum conditions, studies of the
kinetics of hydride generation, etc., considerable
progress was made towards the synthesis of PbH,. The
authors [15-18] managed to transform microgram
amounts of lead almost completely to hydride, and the
resultsobtained in [15, 16] show the possibility of prep-
aration of greater amounts of PbH,. However, the aim
of al the above papers was the enhancement of the sen-
sitivity of atomic analysis rather than preparation of
PbH, in great amounts required for studies of the plum-
bane molecule itself.

Inrecent years, agreat attentionisalso being paid to
the study of the structure of simplest molecules of
heavy elements. Chemical propertiesof such molecules
are substantially determined by relativistic effects,
which requires the development of corresponding
methods for calculations of the electronic structure of
molecules. A number of papers on quantum-mechani-
cal calculations of the equilibrium configuration of
hydrides of Pb were performed during two last decades
[19-23]. Papers[22, 23] devoted to theinfluence of rel-
ativistic effects on molecular constants of PbHy mole-
cules contain the most comprehensive data, in particu-
lar, on PbH,. Note that various cal culation models lead
to a considerable scatter in the values of basic molecu-
lar constants. For example, the values from 1.732 [22]
to 1.862 A [24] were reported for the equilibrium inter-
atomic distance, and from 8.65 [9] t0 6.24 eV [22] for
the total bond energy of the molecule.

Therefore, experimentd studies of the PbH, molecule
are of interest both for analytical applications of PbH, and
for the development of theoretical models in the field of
molecular spectroscopy and quantum chemistry.
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PREPARATION OF PbH,

For the hydride generation of PbH,, we used the
scheme similar to that described in[15]. Figure 1 shows
ascheme of the laboratory setup for synthesis of plum-
bane. The basic reagents were a 5% solution of NaBH,
in 0.1 g-equiv./l Ba(OH), and a solution of lead nitrate
in 0.7 M HNO;. To increase the yield of PbH,, a
K,S,04 oxidizer was added to the nitrous acid solution
to saturate the solution at 10°C. Lead nitrate was added
to the solution directly before the performance of the
reaction. Thereagentswere mixed in areactor R, which
represented five coils of a glass tube with inner diame-
ter of 5 mm. The mixing zone of reagents and a spiral
reactor were cooled by means of a water jacket at T =
5-10°C. The reaction products were directed to a gas—
liquid separator V; from which PbH, was carried out by
the H, flow, which was produced in excess during the
reaction. Then, gaseous products of the reaction were
directed to a flow gas cell through atrap V, cooled to
T =-100°C. The trap served to decrease the amount of
water vapors filling a measuring cell.

Special attention was paid to the uniform supply of
reagents to the reaction zone and the absence of bub-
blesand solid particles, becausein the case of deviation
in the ratio of components (the excess of NaBH,),
reduced elementary lead appears, which causes fast
decomposition of PbH,. A contact of reaction products
with metal s and grease a so resultsin the fast decompo-
sition of PbH,. We determined the amount of prepared
PbH, by measuring the mass of Pb carried out by theH,
flow from the reactor. For this purpose, we used traps
V5 and V, cooled with liquid nitrogen. The traps were
evacuated after termination of the reaction and then
were heated to room temperature, resulting in a com-
plete decomposition of collected PbH,. The instant of
the decomposition could be observed visually by the
sharp formation of an opaque black film of amorphous
lead on the trap walls, which were transparent at low
temperature. The amount of the lead formed was mea-
sured be the chemical method and was 3.2 mg per 1 g
of NaBH, under optimum conditions of the synthesis.

MEASUREMENTS OF SPECTRA

The spectrawere recorded using the setup described
above, the only difference being that instead of traps Vs
and V, aflow gas cell of 1.0 m with inner diameter of
50 mm was installed. The volume of reagents used was
100 cm® each, and the supply rate of reagents was
=1 cm¥/s. Prior to the PbH, generation, the whole sys-
tem, including a gas cell, was pumped out and filled
with argon up to atmospheric pressure.

Absorption spectra were recorded with a Fourier
spectrometer with a resolution of 0.1 cm™. The spec-
trometer is based on a classical Michelson interfero-
meter with plane mirrors. The interferometer is
equipped with a system of dynamic adjustment of mir-
rors. Interferograms were accumulated upon continu-
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Fig. 1. Scheme of the setup for hydride-generation of plum-
bane. V| and V, are burets with reagents, S; and S, are cali-
brated leaks, R is a water-cooled reactor, V5 is agas-liquid
separator, V, isatrap cooled by amixture of liquid nitrogen
and benzene to —100°C, and V5 and V are traps cooled by
liquid nitrogen.
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Fig. 2. Transmission spectrum in the 1850-1885-cmi™
region (the R-branch of the v, band of the PbH, molecule).
The solid curve is the spectrum recorded during hydride-
generation of plumbane; the dashed curve is the spectrum
recorded =2 min after termination of the reaction.

ous scanning optical path difference. A platinum
ceramic radiator built in the spectrometer was used asa
radiation source. The radiation emerged from the inter-
ferometer through a window in its body and, after pas-
sage through a gas cell, was focused on a pyroelectric
detector with the help of aKBr prism with thefocal dis-
tance F = 100 mm.

The control of the spectrometer, the accumulation of
interferograms and the reconstruction of spectra were
performed with a 486 DX4 PC. The scan rate of the
optical path difference of 3.15 mm/s and resolutions of
0.62 and 0.26 cm™! were chosen to match the Fourier
spectrum with the frequency band of the photodetector
by retaining the maximum signal-to-noise ratio in the
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Fig. 3. Spectrum in the region of the Q-branch of the v;
band of plumbane: (a) absorption spectrum of water vapors,
(b) absorption spectrum of PbH, (absorption by stable reac-
tion products is subtracted from the total spectrum).

spectrum. In addition, we were restricted by the dura
tion of continuous generation of PbH,, which did not
exceed 120 s. For the chosen scan rate of 3.15 mm/s, the
accumulation time of a two-sided interferogram was 18
and 9 sin the case of the use of parabolic apodization
and spectral resolution of 0.26 and 0.52 cm!, respec-
tively. Because the intensity of absorption lines of
water and CO, can rapidly change during the displace-
ment of Ar from a gas cell by reaction products, we
measured spectra 20 s after the reaction onset. One can
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easily estimate from the consumption of NaBH, that
for the rate of the hydrogen formation ~85 cm?/s, this
timeis sufficient for thefilling of more than 60% of the
cell volume. We managed to perform 10-11 accumul a-
tions of the interferogram with a resolution of 0.52 cm™!
and 4-5 accumulation with a resolution of 0.26 cm'.
After completion of the reaction, an outlet valve of the gas
cell was closed, and two reference spectra were succes-
sively recorded, each of them with a double number of
accumulations as compared to that used for the working
spectrum. This method allowed us to eliminate the inter-
fering lines of water vapors and to separate, among the
emerging lines related to the reaction products, the lines
bel onging to unstable compounds.

We performed five recordings of the spectrum: two
with aresolution of 0.52 cm™!, two with aresol ution of
0.26 cm™!, and one control spectrum was recorded
under the same conditions, but Pb>* was not charged
into the reactor. The v, band with the Q-branch at the
frequency v, = 1822 cm! was easily identified from
comparison of the characteristic form of the Q- and
R-branches in the spectra. Although the P-branch was
located in the region of strong absorption by water
vapors, it was discernible. These branches were aways
present in al four spectra upon generation of PbH,, but
they were not found in a control experiment and com-
pletely disappeared in the first spectrum recorded after
PbH, ceased to form. Moreover, according to [25], nel-
ther of known spherical-top moleculesor linear molecules
with the rotational constant closeto 2.2 cm hasfunda-
mental transitionsin the region 1822 + 50 cm. Recall
that in [24], the position of the v; PbH, band of PbH,
was predicted at 1750 cmr!, which is lower than the

Table 1. Transitionsin the v, band of the PbH, molecule determined from experiments

agagr?rﬂgrqt Experiment, cm™ Weight agagr?ragr?t Experiment, cm Weight
RO 1827.12 0.01
R1 1831.95 0.001
P2 1814.3 0.0001 R2 1835.96 0.1
P3 1809.11 0.01 R3 1840.32 10
P4 1804.57 0.03 R4 1844.68 0.01
P5 1800.00 0.01 R5 1849.04 0.30
P6 1795.30 0.03 R6 1853.33 1.0
P7 1790.66 0.001 R7 1857.62 0.30
P8 1786.05 0.10 R8 1861.87 1.0
P9 1781.29 0.03 R9 1866.10 10
P10 1776.64 0.10 R10 1870.26 0.30
P11 1772.00 0.0001 R11 1874.46 10
P12 1767.26 0.0003 R12 1878.54 1.0
P13 1762.30 0.0001 R13 1882.63 10
R14 1886.68 1.0
Q1 1822.90 0.30 R15 1890.60 0.130
R16 1895.03 0.01
R17 1898.63 1.0
R18 1902.56 0.1
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value we found, whereas calculations [22] yielded the
overestimated value of the frequency of stretching
vibrations.

Absorption a the maximum of the Q-branch was
=12%, which represented 20-25% of the value estimated
from measurements of theyield of PbH, by assuming that
the band intensity is close to that for the SnH, molecule.
This discrepancy can be explained by the fact that PbH,
does not fill the whole volume of the gas cdl after its
decomposition. Figure 2 showsthe experimental spectrum
in the region of the R-branch of the v; band. The main
obstacle to the measurement of the spectrum proved to be
not a low concentration of PbH, but a great number of
strong absorption lines of water vapors, whichwefailedto
separate completely from the reaction products in the
rapid flow. The mathematical separation of the spectra
based on the recaculation of absorption between two
close concentrations using the Beer law also was ineffi-
cient, first, due to the low spectra resolution, which did
not alow usto record a true absorption band and, second,
because of nongationary absorption during recording of
the spectrum of PbH,,. In addition, wefound from analysis
of the spectrum in the control experiment without |ead that
the intendity of some lines of water vapors changed with
temperature.

Figure 3b shows apart of the spectrum of PbH, after
partial elimination of lines of H,O. Absorption of PbH,
was identified from al the four spectra recorded, in
which only repeated lines were selected which were
absent in the control experiment. Note that for J = 10,
the spectrum of the R-branch becomes complicated:
additional groups of lines appear between regular mul-
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tiplets. Although these lines belong undoubtedly to
PbH,, we did not consider them. The identified transi-
tions are listed in Table 1. In the column “weight”, the
weight factor is presented which characterizesthe reliabil-
ity of the data. In most cases, it was estimated in accor-
dance with the distance between lines of PbH, and H,O.

The accuracy of measuring of thewave numbersv,
was determined from frequencies of 15 well-isolated
lines of H,0O which were compared with the values of
v, reported in [26]. For the spectrarecorded with ares-
olution of 0.26 cm™!, the systematic deviation was Av =
W s — V.= —0.02 cm~! and the root-mean-square devi-
ation [(v,,, — V,)>¥? = 0.02 cm™!, and for the spectra
recorded with aresolution of 0.52 cm™!, those quanti-
tieswere —0.03 and 0.02 cm!, respectively.

We used the data presented in Table 1 to fit basic spec-
troscopic constants of the PbH, molecule in the Simplest
modd of arigid spherical top with the first-order Coriolis
splitting for the triply degenerate v ; = 1 level and the non-
degenerate ground state. The rotational part of the energy
was represented in the form [27]

F$(3) = Bjd(3+1) +2B:E,(3 + 1),
FOJ) = ByJ(I+1),
FO(J) = Byd(3+1) —2B,E,J,

Fo(J) = Bod(J+1).

Here, subscripts 0 and 3 denote the unsplit ground state
and the v; = 1 state, respectively.
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Fig. 4. Transmission spectrum of PbH, in an argon matrix at =10 K.
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Table 2. Values of spectroscopic constants for the v band of the PbH, molecule

V3 = 1822956 cm™t
&;=-0.0828 cm™

By = 2.0844 cm™
B, = 2.0694 cmt

Results of calculations for the v, band of the PbH, molecule

agagnr?rgg% Vexp—Veae M | Calculation, cm™ a-l;agr?é:gr?t Vexp—Veae €M | Calculation, cm
RO +0.024 1827.1
R1 +0.406 1831.55
P2 +0.397 1813.95 R2 —0.009 1835.97
P3 -0.220 1809.33 R3 -0.040 1840.36
P4 —0.158 1804.73 R4 —0.041 1844.72
P5 —0.096 1800.1 R5 —0.012 1849.05
P6 -0.133 1795.43 R6 -0.023 1853.35
P7 —0.081 1790.74 R7 —0.004 1857.62
P8 +0.032 1786.02 R8 +0.006 1861.86
P9 +0.026 1781.26 R9 +0.025 1866.07
P10 +0.159 1776.48 R10 +0.005 1870.25
P11 +0.332 1771.67 R11 +0.055 1874.4
P12 +0.435 1766.82 R12 +0.015 1878.52
P13 +0.349 1761.95 R13 +0.016 1882.61
R14 +0.006 1886.67
Q1 —0.028 1822.93 R15 —0.103 1890.7
R16 +0.327 1894.7
R17 -0.042 1898.67
R18 —0.051 1902.61

The results of calculations of v, By, B;, and &, are
presented in Table 2. The accuracy of measuring &; is
poor, as is expected for calculations only from the v,
band, the data for transitions in the P-band being unre-
liable. A set of combinations B; — By, B;(1 — &3), V5 —
Q(1), B, can be calculated more accurately, however,
these quantities also can change substantially when
higher terms in the energy of rotational multiplets and
the interaction with the v, = 1 state, whose energy is
unknown at present, are taken into account.

We failed to determine the position of another
alowed v, band from Fourier spectra because of the
strong absorption v, band of CO, and the inadequate
signal-to-noiseratio in theregion from 500 to 700 cm'.

The position of the v, band was determined from
low-temperature (=10 K) spectra of PbH, in an argon
matrix recorded earlier (Fig. 4) The frequency shift of
the v, stretching vibration in an argon matrix was
= -10+ 6 cm'. We found the low-frequency band at
602 cm~ from the intensity correlations under different
conditions of generation of PbH, and interpreted it as
the v, band of the PbH, molecule. Earlier [24], the
vaue v, = 574 + 19 cm! was predicted. It is unlikely

1 Spectroscopic studies of PbH, in matrices were performed in col-
|aboration with researchers from Moscow State University. How-
ever, we did not publish these results earlier because they were
not reliably confirmed.

that the difference in 30 cm™! can be explained by the
frequency shift in amatrix, which does not exceed sev-
eral cm for tetrahydrides. Nevertheless, the existence
of the low-frequency mode additionally confirms the
tetrahedral symmetry of PbH,.

DISCUSSION AND CONCLUSIONS

This work represents a preliminary stage of high-
resolution studies of spectra of the PbH, molecule
using a spectrometer with tunable semiconductor
lasers. Our experiments showed that PbH, could be
quite easily obtained in a gas phase in amounts suffi-
cient for spectroscopic studies of this molecule in the
IR spectral region.

Contrary to many statements about the extreme
instability of PbH,, the lifetime of these molecules in
our system in the hydrogen atmosphere at the atmo-
spheric pressure was about 10 s. Although we did not
study mechanisms of the decomposition of PbH, in this
paper, some conclusions can be made here. The effi-
ciency of the reaction PbH, + PbH, — products does
not exceed 3 x 10~ per gas-kinetic collision. The sharp
acceleration of the decomposition of PbH, as its con-
centration increasesis caused by the appearance of free
lead, which enhances the decomposition process. It is
possible that most of PbH, is decomposed due to reac-
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Fig. 5. Calculated and experimental absorption spectra of
plumbane in the region of the v; band between 1740 and
1920 cm™.,

tion with a wall, because we found great amounts of
metal lead at narrowing sites of the flow.

The simulation of the v; band revealed good agree-
ment between measured and calculated intensities for
the PbH, molecule, taking into account nuclear statisti-
cal weights. The calculated absorption band isshownin
Fig. 5. This agreement conclusively proves the tetrahe-
dral symmetry of this molecule.

The measured frequencies of fundamenta bands v,
and v, arecloseto theoretica quantum-mechanical values
[22, 23]. The frequencies of trandtions in the R- and
P-branchesand the position of the Q-branch of thev, band
measured by us show that the v, band can be studied with
high resolution with the help of diode lasers. Note that the
use of a Fourier spectrometer for this purpose is ineffi-
cient, because the time required for the detection of the
spectrum with aresolution of ~107 cm! would be at least
severa tens of minutes, which is unacceptable since the
cell and supply tubes become covered with alead deposit
after 10-15 min of the operation time.

Based on the spectroscopic constants presented in
Table 2, we egtimated the equilibrium distance r(Pb—H)
inthe PbH, moleculeas 1.73 + 0.01 A. Thisvaueisclose
to values 1.732-1.739 A obtained from calculations of
pseudopotentials, taking into account relativistic correc-
tions [22, 23]. However, because of a strong correlation
dependence of B, on &;, which we determined only
approximately, the value of r, should be refined.
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