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Abstract
The ultraviolet absorption spectrum of H2 Te has a long wavelength tail that extends to 400 nm. Photodissociation at
355 nm yields TeHð2 P1=2 Þ selectively relative to the 2 P3=2 ground state; the transition moments for these channels lie in,
and perpendicular to, the molecular plane, respectively. Vibrational structure in the region 380–400 nm is consistent
with a shallow well in the adiabat leading to 2 P1=2 , akin to the one in HI leading to Ið2 P1=2 Þ. These eﬀects have no
counterparts with the light Group 6A dihydrides. Ó 2002 Elsevier Science B.V. All rights reserved.

1. Introduction
Eﬀects that are of a relativistic origin, i.e.,
arising from spin-orbit interaction and/or the increased mass that electrons acquire when they
approach heavy nuclei, in general become progressively more important with increasing atomic
number [1]. In the present context, this progression
occurs upon going from oxygen to tellurium in the
Group 6A hydrides: H2 O; H2 S; H2 Se, and H2 Te. A
number of these eﬀects are, or can be, manifest in
studies of ultraviolet absorption and photodissociation, particularly at long wavelengths, where
regions of curve crossings can be accessed via onephoton excitation processes. New vistas might
emerge from such studies, and intuitions acquired
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from molecules that contain light atoms should be
used with caution, if at all, when dealing with
molecules that contain heavy atoms.
Though the H2 O molecule has been examined
extensively [2,3], prior to the recent experiments of
Plusquellic et al. [4] who measured the H/D
branching ratio in the 193 nm photodissociation of
HOD, and the corresponding theoretical study of
Schr€
oder et al. [5] relativistic eﬀects in the lowest
energy absorption system were believed to be unimportant. On the basis of these studies, however,
the latter authors concluded that at long photodissociation wavelengths, such as 193 nm, the
lowest triplet level, a3 B1 , plays a signiﬁcant role.
For example, they state: ‘‘From all the experiences
gained for this system in the last decade or so it
should be clear that the surprisingly small measured
values for the H/D branching ratio and the H2 O/
D2 O cross-section ratio cannot be explained if exclusively excitation to the ﬁrst excited singlet state
is considered.’’ In their work, the a3 B1
X1 A1
transition dipole moment could not be calculated
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because spin–orbit interaction was not included in
their Hamiltonian. A value was, however, inferred
indirectly, and the transition dipole moment was
found to be 4% as large as that of the strong
A1 B1
X1 A1 transition. This is surprisingly large
for a singlet–triplet transition in a small, light
molecule. They also suggested that the a3 B1 level
might be important in the long wavelength photolysis of H2 S, accounting for the tail that extends
to 260 nm [6,7].
The H2 S molecule has been studied experimentally [6,7] and theoretically [8–10] – not as much as
H2 O, but still very thoroughly – and the lowest
energy absorption system is believed to be well
understood [3,8,10]. No serious attention, however,
has been directed toward the long wavelength tail.
The ultraviolet absorption of H2 Se has also been
studied [11]. No long wavelength tail has been
noted; probably no one looked for it.
There are intriguing features of H2 Te that are
not evident with its lighter counterparts. For example, in 1931 Goodeve and Stein [12] noted a
long wavelength tail that extends all the way to 400
nm. No explanation of this feature has been given,
or even attempted, in the intervening 70 years. It is
almost certainly responsible for the light sensitivity
of H2 Te, because the prominent feature that peaks
 250 nm lies well below the pyrex cutoﬀ. Note
that the absorption of a 400 nm photon by a
ground state H2 Te molecule corresponds to an
energy that is approximately 2200 cm1 above the
TeHð2 P3=2 Þ þ H ground state product channel and
approximately 1600 cm1 below the TeHð2 P1=2 Þ þ
H product channel. Accessing repulsive potential
curves from the ground vibrational level via a onephoton process at such small energies in excess of
the large-r asymptotes is unheard of with lighter
molecules. Note also that the H2 þ Te product
channel lies much lower in energy, as discussed
below.
The long wavelength feature of H2 Te tempted
us to consider the possibility that this molecule
might be a source of tunable, fairly monoenergetic
H atoms having modest translational energies. As
discussed below, this in fact turns out to be the
case.
The presence of pronounced relativistic eﬀects
in H2 Te invites detailed comparisons between ex-

periment and theory, as has been done with HI
[13–16], which is isoelectronic with H2 Te. Consequently, Sumathi and Balasubramanian [17] have
calculated the energies of some product channels, a
number of molecular properties and parameters
for excited electronic states, and portions of their
potential energy surfaces, albeit not the reaction
paths for the diﬀerent product channels. For example, they have predicted a bond dissociation
energy of D0 ¼ 65  3 kcal/mol. No accurate experimental value was available at the time of this
prediction. It will be shown below that their prediction proved to be accurate; the experimental
value reported here is 65  0:1 kcal/mol
(22,740  30 cm1 ).
An important feature of this system is the large
TeH spin–orbit splitting of 3815 cm1 [18]. Curve
crossings at large H–TeH distances can diﬀer signiﬁcantly from those of lighter systems, as has
been seen with HI [15]. Because H2 Te has additional degrees of freedom (relative to HI), and
spin-orbit interaction in TeH is smaller (by
roughly a factor of two) than in the I atom,
analogies with HI are valuable but should not be
enlisted casually, as discussed below. Note that
such curve crossings can inﬂuence reaction pathways much more than with light systems, even
changing qualitatively the photoexcitation and exit
channel dynamics.

2. Experimental methods and results
2.1. Sample preparation
Though H2 Te is the heaviest of the Group 6A
hydrides that can be synthesized by using
straightforward methods, its preparation and
handling require great care. Reports of its
sensitivities to light, impurities (especially water),
surfaces, etc. are legion [19–22]; indeed, we have
found that it can decompose at 77 K in the
dark, yielding tellurium ﬁlms and enough H2 to
rupture the glass vacuum line. It is also
extremely toxic [21,22]. These obstacles probably
account for the fact that H2 Te – which
in principle is an attractive prototype for examining relativistic eﬀects in a theoretically and

J. Underwood et al. / Chemical Physics Letters 362 (2002) 483–490

experimentally tractable molecule – has received
little attention.
Several methods are available for the preparation of H2 Te [19,20]. The one we chose is to drop
HCl onto ZnTe powder and collect and purify the
resulting H2 Te vapor [19]. All chemicals (Alfa
Aesar) were used as received and all glassware was
dried overnight at 150 °C, assembled hot, and
evacuated for approximately one hour before use.
In an N2 glove box, 12 g of ZnTe was crushed
with a mortar and pestle and added to a 100 ml
round-bottom ﬂask equipped with a Kontes joint
sidearm. The ﬂask was sealed and attached to a
series of two U-tubes and a collection vessel,
connected by greased ground-glass ball-and-socket
joints with Teﬂon stopcocks on either side of each
joint. The apparatus was connected to a vacuum
line with Tygon tubing. A pressure-equalizing
addition funnel was attached to the ﬂask under N2
pressure and the entire setup was evacuated for
approximately 10 min. prior to beginning. Concentrated HCl (12.1 M) was bubbled with dry N2
for  10 min. and then added to the addition
funnel by using 3 mm dia. Teﬂon tubing and N2
pressure. Steel cannulae were avoided, as low levels of dissolved metal contaminants inhibited reaction.
The reaction was performed under a static N2
atmosphere vented to a mercury bubbler. In a
darkened room, portions of HCl (4 equivalents)
were added to the ZnTe with vigorous stirring.
Reaction progress was monitored by the rate of
bubbling of the HCl/ZnTe solution, the progression of reaction color from red to gray, and the
discoloration of the Teﬂon stopcocks by tellurium.
The H2 Te gas thus produced passed through a
trap ()15 °C dry ice/ethylene glycol cooled Utube) before collection ()131 °C n-pentane/LN2
slurry cooled U-tube).
After the reaction was complete, the reaction
ﬂask was sealed oﬀ and the U-tubes and collection
ﬂask were evacuated. LN2 trapping of the vacuum
line is essential. The collection vessel was cooled in
a LN2 bath and opened to the U-tubes as the
pentane/LN2 bath was removed, allowing H2 Te to
diﬀuse into the vessel free from water and N2 .
Yield was improved by back-transferring H2 Te
trapped in the vacuum line LN2 trap to the col-
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lection ﬂask. Once collection was complete, the
collection vessel was sealed and removed from the
apparatus. Yields were variable. The H2 Te samples were transported to the building where the
spectrophotometer traces were obtained and the
photodissociation experiments discussed below
were carried out. Samples decomposed rapidly.
Clearly, H2 Te should be used shortly after its
synthesis. It is likely that sample lifetimes can be
increased by improved puriﬁcation, particularly
the removal of water.
2.2. Ultraviolet absorption spectra
As mentioned above, freshly prepared H2 Te
samples were transported without delay to a Cary
Series 50 spectrophotometer, where ultraviolet
absorption spectra were recorded. Fig. 1a shows
the main feature, consisting of a broad background with pronounced superimposed structure
(peaked  250 nm), as well as the long wavelength
tail extending to  400 nm. The tail region has
been emphasized in Fig. 1b by using a higher
sample concentration. This revealed – to our surprise – what appears to be a low frequency
( 330 cm1 ) vibrational progression at the end of
the long wavelength tail. Note that the shortest
wavelength member of this progression appears at
energies that are close to that of the TeH2 P1=2
excited spin–orbit channel. This was interpreted as
a clue that the 2 P1=2 level might play an important
role in the long wavelength photochemistry.
2.3. Photodissociation experiments
The photodissociation of expansion cooled
H2 Te was examined by using high-n Rydberg timeof-ﬂight (HRTOF) spectroscopy. With cold (i.e.,
several K) parent molecules, measurements of H
atom translational energy distributions (and conversion to center-of-mass (c.m.) translational energy distributions) yield the corresponding TeH
internal energy distributions. The experimental
arrangement is shown schematically in Fig. 2; it
has been discussed in detail previously and will not
be elaborated here [23]. The sensitivity of the arrangement shown in Fig. 2 is good and signal-tonoise ratio (S/N) has not been problematic. Fig. 3
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Fig. 1. (a) Absorption spectrum of H2 Te taken with a Cary Series 50 spectrophotometer. (b) A higher concentration sample emphasizes the long wavelength structure.

Fig. 2. Schematic of the HRTOF apparatus indicating the
(polarized) photodissociation radiations (266 and 355 nm) and
the radiations used to create high-n Rydberg H atoms (121.6
and 366 nm). The ﬂight distance is 53.5 cm.

indicates the locations in the absorption spectra
that are accessed by using 266 and 355 nm radiations. In each case, good S/N is achieved, e.g.,
because the small 355 nm absorption cross section
is overcome easily by using high 355 nm ﬂuences.
The time-of-ﬂight spectra were transformed to the
c.m. translational energy distributions shown in
Fig. 4.
The distributions shown in Fig. 4 yield a
H—TeH bond dissociation energy of D0 ¼ 22;

Fig. 3. H2 Te absorption spectrum and some product channel
energies. Arrows indicate the photodissociation wavelengths
used in this study. The H–TeH dissociation energy is from the
present work, the 2 P1=2 –2 P3=2 splitting is from [18], and the
H2 Te energy is obtained by assuming that D0 for the TeH
diatom is 22; 740 cm1 .
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740  30 cm1 , which is, within the stated uncertainties, the same as the theoretical prediction of
Sumathi and Balasubramanian [17]. The data also
yield a 2 P1=2 –2 P3=2 separation of approximately
3820 cm1 , in agreement with the accurate value of
3815:48 cm1 obtained spectroscopically [18]. All
of the observed TeH rotational and vibrational
excitations are easily ﬁtted by using available
spectroscopic constants [18,24]. A high degree of
spatial anisotropy is present, in which the 2 P1=2
and 2 P3=2 product channels derive mainly from
transition dipole moments lying in, and perpendicular to, the H2 Te plane, respectively. This is
consistent with rapid dissociation, ruling out signiﬁcant participation by the X1 A1 ground potential surface. Many lumpy features in the spectrum
are due to photolysis of the TeH photoproduct.
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This aspect is of secondary importance here; it will
be discussed later.
An important eﬀect seen in Fig. 4a is selectivity
toward the 2 P1=2 state with 355 nm photodissociation. Of the tagged H atoms that reach the detector,
 90% correspond to TeH in the 2 P1=2 state. A
preliminary estimate of the branching is that  twothirds of the TeH is found in the 2 P1=2 state; a detailed analysis will be presented later. A
2
P1=2  2 P3=2 population inversion following
broadband H2 Te photolysis has been noted in the
early 1970’s by Donovan and co-workers [25].
Referring to the 355 nm result shown in Fig. 4a,
the c.m. translational energies associated with the
2
P1=2 channel are distributed as per the TeH v ¼ 0
rotational distribution. The N ¼ 0 level corresponds to Etrans ¼ 1650 cm1 , and the average

Fig. 4. Center-of-mass translational energy distributions for the photodissociation of H2 Te at (a) 355 nm and (b) 266 nm. Labels
indicate TeH internal states.
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rotational energy is  60 cm1 , corresponding to
hEtrans i ’ 1590 cm1 . Because of the TeH rotations, these H atoms are not monoenergetic. The
spread is, however, signiﬁcantly less than kT for
room temperature samples. The 2 P3=2 channel has
essentially the same amount of rotational excitation and a small population of v ¼ 1 (i.e., 1–2% of
the total).
Fig. 4b shows the case of 266 nm photolysis.
Many TeH internal states are populated and, as
with 355 nm, there is signiﬁcant secondary photolysis. Because it is almost certainly the case that
several excited potential surfaces are involved, a
discussion of these results will be deferred to a
later publication.

3. Discussion and conclusions
As mentioned above, a high-level theoretical
treatment of H2 Te has been carried out by Sumathi and Balasubramanian [17]. Properties of
numerous electronic states were calculated, and a
bond dissociation energy of D0 ¼ 65  3 kcal/mol
was predicted. The D0 value obtained in the present study (i.e., 22; 740  30 cm1 ¼ 65  0:1 kcal/
mol) is in excellent agreement with the prediction.
This augurs well for the possibility of reconciling
the data presented herein with the theoretical
model developed by Sumathi and Balasubramanian [17].
A qualitative comparison between H2 Te and its
isoelectronic counterpart, HI, is appropriate. The
latter has been studied extensively, and its lowest
energy ultraviolet absorption, i.e., the A band, has
been shown to be due to the superposition of three
electronic transitions, i.e., from the X1 R0þ ground
state to the 3 P1 , 3 P0þ , and 1 P1 states [13–16]. The
recent paper by Alekseyev et al. [15] presents the
results of high-level ab initio calculations of a
number of molecular parameters, and agreement
with the experimental data is excellent. In particular, accurate potential curves were calculated from
the Franck–Condon region to products (Fig. 5),
and absorption spectra, including 2 P1=2 =2 P3=2
branching ratios, were calculated for each of the
participating curves. The 2 P1=2 channel is due to
excitation of the 3 P0þ potential, which is repulsive

Fig. 5. Potential energy curves for the ground and low-lying
excited electronic states of HI, adapted from Fig. 4 of [15].

except for a shallow well (having a depth of
.
 600 cm1 ) whose minimum is located at  2:7 A
It is predicted that this well can support two vibrational levels ðxe  370 cm1 Þ, though the authors state that: ‘‘. . .it should be diﬃcult to observe
these experimentally.’’ Because of the relative locations of the A1 P, 3 P0þ , and a3 P1 curves, the
Ið2 P1=2 Þ quantum yield decreases monotonically for
hm > 40; 000 cm1 , reaching zero at 32; 000 cm1 .
With H2 Te, the curve that correlates adiabatically to TeHð2 P1=2 Þ is expected to be similar to the
HI3 P0þ curve, but lower in energy by
 3790 cm1 , i.e., roughly the diﬀerence between
the Ið2 P1=2 Þ energy (i.e., 7603 cm1 relative to the
2
P3=2 ground state) and the TeHð2 P1=2 Þ energy
(i.e., 3815 cm1 relative to the 2 P3=2 ground state)
[18]. This will result in a long wavelength tail and
selectivity toward TeHð2 P1=2 Þ over TeHð2 P3=2 Þ, as
is observed in the 355 nm photodissociation result
shown in Fig. 4. Furthermore, on the basis of this
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analogy, it is predicted that the propensity toward
2
P1=2 will be present throughout the long wavelength tail shown in Fig. 1.
The low frequency progression shown in Fig.
1b is believed to be the analog of the low frequency vibrations in the shallow well centered at
 noted in the theoretical study of the HI
 2:7 A
system [15]. The mean separation between peaks
of approximately 330 cm1 , which is close to the
predicted HI3 P0þ frequency (i.e., xe ¼ 370 cm1 ;
no value of xe xe was given), [15] as well as the
precipitous fall-oﬀ toward 400 nm, are consistent
with this interpretation. The linewidths seen in
Fig. 1b may be due, at least in part, to parent
rotation. It will be interesting to examine these
features by using expansion-cooled samples. It is
not a priori clear that the excitation of these features will result in H atom products, as the Te þ
H2 channel lies at a much lower energy (Fig. 3).
A number of the interesting observations and
molecular properties presented above are the
consequence of strong spin–orbit interaction. For
example, the shallow well of the 3 P0þ curve leading
to Ið2 P1=2 Þ is essentially van der Waals in character:
because all electron multipole moments are zero
for any level having J ¼ 1=2, [26] the 2 P1=2 excited
spin–orbit state is spherically symmetric and is
attracted only weakly to the H atom. We expect
there to be a direct counterpart in H2 Te, but not in
H2 O or H2 S.
It is noteworthy that H atoms can be prepared having translational energies (Etrans ) that
are modest compared to those of other photolytic H atom sources. This Etrans regime is important for studies of reactive and inelastic
processes that involve H atoms. For several decades, studies of ‘‘hot atom’’ reactions have been
carried out by using H atoms having signiﬁcantly larger Etrans values, typically > 1 eV, although 0.67 eV has been obtained by excluding
the participation of the Ið2 P1=2 Þ channel by using
molecular beam techniques [27,28]. This regime,
though providing valuable scientiﬁc information,
is not characteristic of the many environments in
which H atoms abound, e.g., combustion. In
addition, the light hydrogen mass is known to
inhibit the ability of systems to proceed along
the lowest adiabatic pathways. A source of low
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energy, monoenergetic H atoms will be well received by scientists wishing to pursue such experimental studies.
The Etrans values can be varied as per the photolysis wavelength. Note that high photolysis ﬂuences can be used because the long wavelengths are
benign toward most light reactant species that may
be present with the H2 Te H-atom precursor. In
single-collision experiments, the high spatial anisotropy of the H-atom velocities can be used to select
one or the other of the 2 P1=2 and 2 P3=2 channels,
resulting in good translational energy resolution, as
has been demonstrated with HI [27,28].
An interesting issue is the extent to which the
trends observed at 355 nm can be extended to
longer wavelengths. For example, at 365 nm, rabs
is down by a factor of approximately 2, whereas
the maximum Etrans value is 800 cm1 . On the basis
of the analogy with HI, we predict that the 2 P1=2
channel will be accessed just as selectively as at 355
nm and the HTe rotational distribution will be
slightly narrower. If these predictions are borne
out, H2 Te will be an excellent photolysis source for
tunable energy H atoms from several hundred
cm1 to several thousand cm1 , provided that
adequate care is taken in its preparation and
handling.
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