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Epigraph

I may not have gone where I intended to go, but I think I

have ended up where I intended to be.

 ~Douglas Adams
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Abstract

This dissertation discusses the molecular properties and ultraviolet

photochemistry of the group-V hydrides (NH3, PH3, AsH3, SbH3, BiH3). Relativistic

effects become increasingly important for the heavier group-V hydrides and can be

manifest in studies of the photodissociation dynamics.

High-n Rydberg time-of-flight (HRTOF) spectroscopy has been used to study the

193.3 nm photolysis of AsH3. The center-of-mass (c.m.) translational energy distribution

for the one-photon process, AsH3 + hv ! AsH2 + H, P(Ec.m.), indicates that AsH2 internal

excitation accounts for ~ 64% of the available energy [i.e., hv – D0(H2As-H)]. Secondary

AsH2 photodissociation also takes place. Analyses of superimposed structure atop the

broad P(Ec.m.) distribution suggest that AsH2 is formed with significant a-axis rotation as

well as bending excitation. Comparison of the results obtained with AsH3 versus those of

the lighter group-V hydrides (NH3, PH3) lends support to the proposed mechanisms. Of

the group-V hydrides, AsH3 lies intermediate between the nonrelativistic and relativistic

regimes, requiring high-level electronic structure theory.

The room temperature absorption spectrum of SbH3 has been recorded. The

absorption spectrum is a broad continuum with no discernible structure; however, a long-

wavelength tail is evident. The HRTOF technique has also been used to investigate the

photodissociation dynamics of SbH3 following 193.3 nm photolysis. The overall shapes

of the translational energy distributions were inconsistent, precluding confident analysis.

In spite of this, it is apparent that SbH2 products are formed with substantial internal
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excitation and secondary photodissociation occurs. These general observations are

consistent with the results obtained for AsH3.
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Chapter 1

Introduction

This dissertation presents a quantitative understanding of the molecular and

spectroscopic properties of the group-V hydrides, NH3, PH3, AsH3, SbH3 and BiH3. An

in-depth study of how photochemical and photophysical mechanisms vary when the

lightest group-V hydride, NH3, is replaced by its heavier homologues provide insight into

group trends. The group-V hydrides span the nonrelativistic and relativistic regimes, thus

the influence of relativistic effects on the photodissociation dynamics of these molecules

is manifest. Section 1.1 describes trends and anomalies in the periodic table. The

experimental and theoretical study of photodissociation dynamics is critical to

understanding photochemistry and is discussed in section 1.2. Section 1.3 outlines

relativistic theoretical computations and section 1.4 introduces the group-V hydrides.



2

1.1 Periodic Trends and Anomalies

As long as chemistry is studied there will be a periodic table. And even if
someday we communicate with another part of the universe, we can be
sure that one thing that both cultures will have in common is an ordered
system of elements that will be instantly recognizable by both intelligent
life forms. ~ John Emsley

The periodic table is the ultimate reference tool for Chemistry. Dmitri Mendeleev

is often credited with the formation of the modern periodic table, however, many notable

scientists contributed to its evolution.1-4 To date, there are ~ 700 forms of the periodic

table, constructed in unique arrangements designed to highlight specific properties of the

elements.1,2

This discussion will focus on the form of the periodic table that organizes

chemical elements in order of increasing atomic number Z. As a result, chemical

periodicity emerges (Figure 1.1). Patterns in the chemical and physical properties of the

elements can be explained in terms of the electronic configuration of the elements.1,2,5

Thus, the periodic table bridges macroscopic chemical properties with quantum

mechanics. These regularities give insight into the nature of chemical bonding and can

lead to the prediction of new elements and compounds.

Predictions based on chemical periodicity often fail when applied to the heavier

elements.2,6-10 Several well known chemical anomalies include: Lanthanide contraction,

the color of gold, the inert pair effect, the stability of the mercurous ion, Hg2
2+, the liquid

nature of mercury, and spin-orbit splitting. These anomalous trends result from



Figure 1.1 Periodic table. In general, atomiic radii decrease, ionization energies and electronegativities increase moving left to right 
in a period. Atomic radii increase, ionization energies and electronegativities decrease moving down a group.3

3

3
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relativistic effects and inclusion of the 4f electron shell. Electrons filling the 4f shell only

partially shield the nuclear charge, leading to the contraction of the 5p, 5d and 6s shells.

The decrease in atomic radii from La to Lu serves as an example.6-9

The majority of theoretical calculations assume that the speed of light, c, is

infinite; a valid assumption for particles whose speeds are significantly less than c.

However, this nonrelativistic approximation does not hold for heavier systems. The

increase in nuclear charge has a pronounced effect on electron velocities, especially for s-

orbitals. As speed increases (approaching the speed of light for the heaviest elements),

radii decrease, and orbital energies are lowered.  This orbital contraction shields the

nuclear charge from the valence electrons, leading to ionization energies, bond energies,

and orbital energies that do not follow trends that have been established for lighter

atoms.6,8

Spin-orbit (SO) coupling is a relativistic effect6-10 that refers to the interaction

between the orbital angular momentum,  
!
l , and spin angular momentum,  

!
s , of an

electron. In the relativistic regime,  
!
l  and  

!
s  cease to be good quantum numbers;

however, the vector sum, 
 

!
j =
!
l +
!
s , has good quantum numbers. SO coupling can result

in large energy differences between SO states and singlet-triplet transitions.

Consequently, potential energy surfaces often exhibit shapes due to avoided crossings

between SO states.

A comparison of the molecular and spectroscopic properties inherent to a specific

group in the periodic table can raise stimulating questions. The members of a group have

the same valence electron configuration, thus certain similarities are assumed. Yet, the
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nuclei get heavier moving down the group. Does the addition of another electronic shell

affect these properties? Do relativistic effects begin to dominate? Are these effects

manifest in theoretical and experimental studies?

The group-V hydrides, NH3, PH3, AsH3, SbH3, and BiH3 are an excellent test case.

The lightest group-V hydride, NH3, has enjoyed considerable experimental and

theoretical attention. Consequently, the molecular and spectroscopic properties of NH3

are well characterized. In contrast, the heavier group-V hydrides have received much less

attention. From what little is known, the photochemistry of the heavier members exhibit

marked differences in comparison to their lighter counterparts. These molecules are

readily available via commercial or synthetic routes, thus an in-depth experimental study

of the group-V hydrides is feasible and would help explain these differences. The

photochemistry of the group-V hydrides is discussed at length in chapter 3 of this

dissertation.

1.2 Photodissociation Dynamics

Photodissociation processes are important in many diverse areas of chemistry

(e.g. atmospheric chemistry, physical chemistry, biochemistry, etc).11-15 For example,

photodissociation  plays a vital role in the production of ozone, which protects the earth

from harmful ultraviolet radiation from the sun:

O2 + hv ! 2O

O + O2 ! O3
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However, the photodissociation of pollutants in the atmosphere, i.e. chlorofluorocarbons,

sulfur oxides and nitrogen oxides, is responsible for acid rain and global air pollution.

Photodissociation processes have also led to important advances in laser technology (e.g.

chemical lasers) and have expanded our understanding of chemical reaction dynamics.11,13

The ultimate goal in studying photodissociation dynamics is a detailed

understanding of how a molecule falls apart after absorption of a photon. In

photodissociation experiments, a photon prepares a molecule in an excited state where

dissociation occurs via direct or indirect pathways.11,12 The excitation step can be

considered “instantaneous” compared to the time scale for nuclear motion. As a result,

the molecule “lands” on the excited potential energy surface (PES) with its ground state

equilibrium geometry initially preserved. Excitation to a repulsive PES leads to direct

dissociation. In contrast, indirect photodissociation occurs when the parent molecule is

trapped for some time on the excited PES. If a potential barrier is to blame, dissociation

can proceed via tunneling or internal vibrational energy redistribution (IVR). If the

excited PES is bound, the excited state can decay via a transition to a repulsive PES

(electronic predissociation) or to a highly excited continuum level of the ground state

located above the ground state’s dissociation threshold.11-13 A schematic of direct and

indirect photodissociation is presented in Figure 1.2 and 1.3, respectively.
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Figure 1.2 Illustration of direct dissociation (adapted from reference 11): AB + hv !
AB* ! A + B. AB* is the photoexcited complex and RAB represents the internuclear
distance between A and B.

AB*

A + B

AB

RAB

hv

V
(R

A
B
)
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Figure 1.3 Illustration of indirect photodissociation (adapted from reference 11). AB* is the photoexcited complex and RAB

represents the internuclear distance between A and B. (a) AB* dissociates via IVR or tunneling. (b) AB* dissociates via a transition
from a bound electronic stare to a repulsive electronic state.

IVR

tunneling

AB

AB*
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RAB
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1.2.1 Experimental Approaches

Recent improvements in laser technology, molecular beam techniques and

detection schemes have yielded sophisticated photodissociation experiments.11,13,15-17

Experimentalists are able to excite molecules to zero-order quantum states, as well as

define the angular momentum and total energy. Thus, photodissociation experiments are

ideally suited to study chemical reaction dynamics. Insight into: (1) the Franck-Condon

region accessed during the excitation step, (2) the lifetime of the parent molecule in the

excited state, (3) the chemical bonds broken after photoabsorption, (4) the identity of the

products, (5) the branching ratio for the possible reaction channels, and (6) the

distribution of energy over the various degrees of freedom (translational, electronic,

vibrational, rotational) of the products, all provide clues to the molecular motion during

dissociation.11, 13, 15-17 These clues help validate or question the approximations (e.g. Born-

Oppenheimer) used in calculating PESs.11-13

Photodissociation experiments can also yield information about the vector

properties of the photofragments.11,12,18-20 Anisotropy measurements can yield information

regarding the symmetry of the transition, as well as the time scale for dissociation. This is

achieved through the use of polarized laser radiation. The maximum probability for

excitation occurs when the transition dipole moment, 
 

!
µ , of the parent molecule is

oriented parallel to the electric vector,  
!
! , of the photolysis radiation (i.e. 

 
P =

!
µ !
!
E

2
).

The angular distribution of the products’ recoil velocity,  
!
v , relative to  

!
!  (and

consequently, 
 

!
µ ) is given by:
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f (!) =
1

4"
1+ #P2 (cos!)( )        (1)

where ! is the anisotropy parameter, P2(cos")  is the second-order Legendre polynomial

and "  is the angle between  
!
v  and  

!
! . !  can assume values between 2 and -1,

corresponding to parallel and perpendicular transitions, respectively. The alignment of

the photofragments can also be determined by measuring the correlations between the

product angular momentum vector,  

!
J , relative to  

!
!  and  

!
v ,  

!
J !
!
"  and  

!
J !
!
v ,

respectively.18-20

There are numerous experimental methods designed to study photodissociation

dynamics. Laser-induced fluorescence (LIF), multiphoton ionization (MPI), resonantly

enhanced MPI (REMPI), Doppler spectroscopy, time-of-flight (TOF) spectroscopy, and

velocity map imaging are a few experimental techniques that measure product state and

angular distributions.12-18 Advanced pump-probe experiments using femtosecond laser

pulses have been used to directly observe dissociation in real-time, as well.17,21,22 A more

exhaustive list of photodissociation experimental methods can be found in several review

articles.13-15,20

The experimental results presented in this dissertation were obtained using high-n

Rydberg hydrogen time-of-flight spectroscopy (HRTOF), a specific type of TOF

spectroscopy. HRTOF is discussed in more detail in chapter 2.
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1.2.2 Theoretical Approaches

Advances in the field of photodissociation dynamics result from the collaboration

between theoreticians and experimentalists. Theoretical calculations provide high quality

potential energy curves or surfaces (for diatomics or polyatomics, respectively). PESs can

be displayed as contour maps of chemical reactions and are useful tools when studying

interatomic forces along reaction coordinates. The topography of the PESs (e.g. the

presence of potential wells, barriers, avoided crossings, etc.) can help reconcile branching

ratios and product state distributions obtained from experiment.11,23,24

The PES for a molecule containing N atoms is a function of 3N – 6 independent

variables (i.e. the internuclear internal coordinates).11,24 Clearly, the computational cost is

significant for large molecules! In order to simplify the calculations required to generate

PESs, the Born-Oppenheimer (BO) approximation is invoked. This is an adiabatic

approximation that separates the nuclear and electronic degrees of freedom based on the

large difference between the masses (and subsequent velocities) of the electrons and

nuclei.

Born-Oppenheimer Approximation

The BO approximation assumes that electrons can instantaneously adjust to

nuclear motion.24 The nuclei are assumed to be stationary and do not contribute to the

total Hamiltonian. Thus, an electronic Hamiltonian can be written as follows:

H
el

= T
e

+ V
ee

+ V
nn

+ V
en

       (2)
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where T
e
 is the kinetic energy of the electrons and V

ee
, V

nn
 and V

en
 are the Coulomb

potentials for the electron-electron, nuclei-nuclei and electron-nuclei interactions,

respectively. The kinetic energy and Coulomb terms are expanded below:

 

T
e

= !
!

2

2m
ei

" #
i

2        (3)

V
ee

=
1

2

1

r
ijij

!        (4)

V
nn

=
1

2

Z
a
Z

b

R
abab
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Z
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r
i
! R
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"        (6)

where r and R represent the electron and nuclear coordinates, respectively. Notice that the

nuclear kinetic energy term, T
n

:

 

T
n

= !
!

2

M
aa

" #
a

2

is absent. The non-relativistic, electronic Schrödinger equation can then be solved for

fixed positions of the nuclei:

H
el!

i

el (r; R) = U
i
(R)!

i

el (r; R)        (7)

where H
el  denotes the electronic Hamiltonian, !

i

el (r; R)  is the ith eigenfunction with

eigenenergy, Ui, and r and R represent the electron and nuclear coordinates, respectively.

Each electronic wave function, !
i

el (r; R) , depends parametrically on the nuclear

coordinates and corresponds to a specific electronic energy, i.e. each electronic



13

configuration gives rise to a specific adiabatic PES, Ui.  The kinetic energy of the nuclei

has no effect on the electronic wavefunctions; thus, molecular motion is restricted to a

single PES and transitions between adiabatic surfaces are forbidden.24

Breakdown of the Born-Oppenheimer Approximation

In reality, the nuclear motion cannot be discounted.  The total wavefunction can

be expanded in terms of the electronic wavefunctions obtained by using the BO

approximation:

!
j

= "
i

el

i

# (r; R)$
i
(R)                    (8)

where the nuclear functions, !
i
(R) , are expansion coefficients. Substitution of !

j
 into

the total Hamiltonian, H = H
el

+ T
n

, yields:

(H
el

+ T
n
) !

i

el

i

" (r; R)#
i
(R) = E

j
!

i

el

i

" (r; R)#
i
(R)        (9)

Lastly, multiplication by !
k

el  followed by integration over the electronic coordinates

results in:

T
n

+U
k
(R) ! E

j( )"k

i
=

1

2m
aja

# $
k
%

a

2$
i
"

i

j
+ 2 $

k
%

a
$

i
%

a
"

i

j&
'

(
)                   (10)

The right side of equation 10 represents the nonadiabatic coupling terms.  If these terms

are set to zero, equation 10 describes the nuclear motion on the BO potential energy

surfaces. If the right side is nonzero, nuclear motion no longer evolves on a single PES.

The term, !
k
"

a
!

i
"

a
#

i

j , is primarily responsible for nonadiabatic

interactions.24-26 The matrix element, !
k
"

a
!

i
, corresponds to the change in the
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electronic wavefunction on the kth PES and is significant for regions where the electronic

wavefunction depends strongly on the nuclear geometry. The coupling term,

!
k
"

a
!

i
"

a
#

i

j , is velocity dependent due to the nuclear momentum, !
a
"

j

i . When

nuclear motion approaches the time scale of electronic motion, the nuclear and electronic

degrees of freedom can couple and the BO approximation breaks down. Coupling is

allowed between adiabatic surfaces and nonadiabatic transitions can occur, especially in

regions where the adiabats are near degenerate.

Nonadiabatic coupling between PESs results in exciting chemistry. Of interest in

this dissertation is the coupling between two PESs of the same symmetry. Consider the

ground, 
 
!X

1
A1 , and first excited, 

 
!A

1
A2

" , electronic states of NH3. For planar geometries (!

= 90°, where ! is the angle between a NH bond and the normal to the trigonal plane), the

 
!X  and  !A  states of NH3 correlate to 

 
NH2( !A 2

A1)  and 
 
NH2( !X 2

B1) , respectively. At

nonplanar geometries (! " 90°), the  !X  and  !A  states have the same 1
A  symmetry and an

avoided crossing results. Consequently, 
 
NH3( !X)  correlates adiabatically to 

 
NH2( !X)

whereas 
 
NH3( !A) correlates adiabatically to 

 
NH2( !A) .27

The intersection between 
 
NH3( !X)  and 

 
NH3( !A)  is an example of a conical

intersection. A conical intersection is an efficient “molecular funnel” that can facilitate

nonadiabatic transitions between PESs of the same symmetry. The topology of a conical

intersection is represented by a double cone.28,29 However, the point of intersection is a

seam with dimension 
N

int - 2, where Nint is the number of the internal degrees of freedom.

It should be noted that relativistic effects, namely spin-orbit interaction, can alter the
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dimensionality of this seam.28,29 Conical intersections are also subject to the geometric

phase effect, which refers to the electronic wavefunction’s change in sign after traveling

around a conical intersection. For a more rigorous description of conical intersections, see

the reviews by Yarkony.28,29

The presence of a conical intersection along the reaction coordinate can result in

transitions between upper and lower electronic states, as well as surprising product

branching ratios and quantum state distributions. The conical intersections between the

ground and first electronic states of NH3, PH3 and AsH3 have a profound effect on the

photodissociation dynamics and are discussed in Chapter 3.

Diabatic Representation

The diabatic representation provides another perspective of the nuclear dynamics.

The nonadiabatic coupling terms (refer to equation 10) are singular at a point of conical

intersection, which leads to computational difficulties in the adiabatic representation. In

general, the electronic wavefunctions in the diabatic representation are expanded in such

a way as to eliminate the derivative coupling terms.24,30,31 Diabatic potential energy

surfaces can cross and nuclear motion evolves on a single diabat. Transitions can occur

due to non-diagonal matrix elements (i.e. the potential energy terms) of the Hamiltonian

in the basis of diabatic states. Figure 1.4 shows the adiabatic and diabatic surfaces of

NH3.
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Figure 1.4 (a) Adiabatic (U1, U2) and (b) diabatic (V1, V2) potential energy surfaces of NH3. ! is the angle between a NH bond and
the normal to the trigonal plane (! = 90° represents a planar geometry). Note the presence of a conical intersection between the
adiabatic PESs at ! =90° and R = 2.13 Å.27



17

1.3 Relativistic Calculations

Theoretical calculations become increasingly complex for large systems. The

number of electrons, electron-correlation and relativistic effects can be daunting. There

are numerous theoretical strategies designed to handle large molecules and relativistic

effects.8,9,24 Most ab initio relativistic calculations rely on frozen core techniques, which

replace core electrons with a relativistic effective core potential (RECP).10 The valence

electrons are considered the most important insofar as molecular formation and are

treated explicitly. This method has enjoyed considerable success and enables relativistic,

core-valence (e.g. the penetration of valence electrons in the core region) and electron

correlation effects to be treated simultaneously. Other methods consider all the electrons,

such as the one-center Dirac-Fock expansion of Desclaux and Pyykkö.8 This method is

applicable to diatomic hydrides and treats only those electrons centered on the heavy

atom.

The Schrödinger equation is unsuitable for relativistic calculations as it does not

treat spatial and temporal coordinates equally (the time and spatial coordinates use first

and second partial derivatives, respectively).9,32 Also, the kinetic energy terms implicit in

the Schrödinger equation do not include the particle’s velocity with respect to c. The

Dirac equation is applicable for relativistic systems.

The Dirac equation for a free particle in the absence of an external field can be

written as follows:

 

i!
!

!t
" = h

D
"      (11)
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h
D

= c! " p + #m0c
2

=
!

i
c! "$ + #m0c

2      (12)

where h
D

is the Dirac Hamiltonian, p is the momentum operator, m0  is the stationary

mass, !  and !  are N x N matrices (N ! 4) and the wavefunction, ! , is a N-component

column vector. The quantity ! " p is explicitly given as:

! " p =
h

i
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x
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#
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The coefficients !  and !  can take numerous representations, but must follow the

following requirements:
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where !
i
 are the 2 x 2 Pauli matrices and I is the 2 x 2 unit matrix.32

The Breit-Pauli Hamiltonian includes relativistic effects via a perturbative

approach.9 The Breit-Pauli Hamiltonian for a multielectron system is:

H
BP

= H0 + H
D

+ H
MV

+ H
SO

     (14)

H0 = nonrelativistic Hamiltonian

H
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!
8

("2
V ) =

!
8

"2 #Z
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H
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(mass-velocity) = !
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8
p

i
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i

#
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where ! is the fine-structure constant. A more in-depth description of the Dirac equation,

the Breit-Pauli Hamiltonian and other relativistic theoretical models can be found in a

number of textbooks and review articles on relativistic quantum chemistry.7-9,32

1.3.1 Potential Energy Surfaces and Relativity

The inclusion of spin-orbit coupling can lead to dramatic changes in the PESs.

Consider the case of the two heaviest group-V diatomic hydrides, SbH and BiH. The SO

splittings for the ground state, ( 3
!

0+

"
"

3
!1
" ), of SbH and BiH are 655 cm-1 and 4917

cm-1, respectively.10 The ground electronic state of SbH has been calculated as a mixture

of 92% 3
!

0+

" (# 2
$

2 )  and 3% 1
!

0+

+ (" 2
#

2 )  at its equilibrium geometry, RSbH = 1.72 Å,

whereas the ground state of BiH is comprised of 76% 3
!

0+

" (# 2
$

2 )  and 16% 1
!

0+

+ (" 2
#

2 )

at RBiH = 1.81 Å.10 The X state of BiH at RBiH = 3.2 Å becomes10:

54% 3
!

0+

" (# 2
$

2 ) , 12% 1
!

0+

+ (" 2
#

2 ) , 14% 3
!

0+

" (# *2
$

2 ) , 3% 1
!

0+

+ (" *2
#

2 ) ,

6% 3
!

0+ (" 2
"

*
# ) , 5% 3!

0+

" (#$# *$%
x
&%

y
& " #&$*&%

x
$%

y
$ )

Clearly SO coupling leads to interesting electronic states.

SO coupling splits the electronic states of SbH and BiH into relativistic, ! ,

states, where ! = " + S . !  denotes the angular momentum along the internuclear axis
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and S is the spin angular momentum. The 3
!

"  and 1
!  electronic states of SbH and BiH

form 0+, 1 and 2 relativistic states, respectively; whereas, the 1
!

+  and 5
!

"  states form 0+,

and 0-, 1, 2 relativistic states, respectively. The PESs for SbH and BiH with and without

SO coupling are shown in Figure 1.5 and 1.6, respectively.

1.4 Group-V Hydrides

The group-V hydrides, NH3, PH3, AsH3, SbH3 and BiH3 provide an excellent

opportunity to study trends. There is a great deal of theoretical and experimental research

on NH3, resulting in high-quality PESs and a consensus regarding the dynamics on the

lowest excited surfaces.33-38 The conical intersection between the ground and first excited

electronic states results in competition between nonadiabatic and adiabatic dissociation.

The topography surrounding the conical intersection has also been shown to directly

influence product state distributions.32-37

The heavier group-V hydrides have received much less attention. The progression

toward heavier group-V hydrides becomes arduous for experimental and theoretical

research. Toxicity becomes an issue and the large number of electrons complicates

calculations. Comparisons between the equilibrium geometries of the  !X and  !A  states of

NH3/NH2, PH3/PH2 and AsH3/AsH2 reveal important differences that are manifest in the

photodissociation dynamics.39,40 AsH3 lies intermediate between the nonrelativistic and

relativistic regimes. Will relativistic effects influence the photodissociation dynamics of

the heaviest group-V members, SbH3 and BiH3?
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Figure 1.5 Potential energy curves for SbH (a) without SO coupling and (b) with SO coupling.10
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Figure 1.6 Potential energy curves of BiH (a) without SO coupling and (b) with SO coupling.10
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Chapter 2 details HRTOF spectroscopy. Chapter 3 describes experiments on the

ultraviolet photodissociation of AsH3. Chapter 4 suggests additional experiments on AsH3

that will, perhaps, result in a better understanding of its photochemistry. Preliminary

experimental results regarding the photodissociation of SbH3 are also discussed, as well

as some thoughts on BiH3.

(b)
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Chapter 2

Experimental Methods

High-n Rydberg hydrogen time-of-flight spectroscopy is the experimental method

we employed to study the photodissociation dynamics of AsH3 and SbH3. Section 2.1

outlines the basic methodology of time-of-flight spectroscopy, while subsections discuss

hydrogen atom time-of-flight spectroscopy and high-n Rydberg hydrogen time-of-flight

spectroscopy. Section 2.2 is a general overview of our experimental apparatus, with

detailed descriptions of individual components summarized in the subsections.
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2.1 Time-of-flight Spectroscopy

Time-of-flight (TOF) spectroscopy is a sophisticated method designed to measure

photofragment translational energy distributions.1-5 Wilson and co-workers first

demonstrated the advantages of pairing time-of-flight spectroscopy with a molecular

beam to study photodissociation dynamics in collision-free conditions.6,7 Recent advances

in narrow-band, tunable laser sources, vacuum technology and molecular beam

techniques have since resulted in highly efficient, versatile TOF experiments.

Typically, a molecule of interest (ABC) is prepared in a cold molecular beam that

is intersected by photolysis radiation.

ABC + hv ! A + BC(v, j)        (1)

After photodissociation, fragment A “flies” from the interaction region and enters a flight

tube where it is detected and the distribution of arrival times is recorded. The TOF tube is

routinely positioned mutually orthogonal to the molecular beam and laser radiation.

Conservation of momentum dictates that the recoil velocity of the BC co-

fragment can be determined from the recoil velocity of fragment A in the center-of-mass

(c.m.) reference frame. The c.m. translational energy is expressed as:

E
c.m

= E
A

c.m.
+ E

BC

c.m.
=

1

2
m

A
v

A

c.m.
( )

2
+

1

2
m

BC
v

BC

c.m.
( )

2
       (2)

where m is the mass and E
c.m. and v

c.m.  are the translational energy and velocity in the

c.m. reference frame, respectively. If the detector is perpendicular to the molecular beam,

the velocity of fragment A in the c.m. frame can be determined by:

v
A

c.m.
( )

2
= v

c.m.
L

( )
2

+ v
A

L

( )
2

       (3)
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where v
L  represents the velocity in the lab frame. This is easily visualized in Figure 2.1

below.

Figure 2.1    The velocity of fragment A in the c.m. frame.

The velocity of the center-of-mass in the lab frame is the velocity of the parent

species (ABC) in the molecular beam, v
c.m.
L

= v
mb

L . Thus, the measured TOF spectrum can

be converted to the c.m. translational energy distribution using the following formulas:

E
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1
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P(E
c.m. ) ! t

3
f (t(E

c.m. ))         (5)

where d is the length of the flight tube, and t is the arrival time of fragment A. Referring

to equation (5), the measured TOF distribution, f(t), is converted to the corresponding

c.m. translational energy distribution, P(E
c.m. ) , by using the time-to-energy Jacobian,

which is proportional to t
3 , and the relationship between t and E

c.m.  given in equation

(4).8

v
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Energy conservation requires that:

E
avail

= E
hv

+ E
int

ABC
! D0

A!BC
= E

int

A
+ E

int

BC
+ E

trans

c.m.  (6)

where Ehv is the energy of the photon, D0
A!BC is the dissociation energy of ABC, Eint is the

internal energy of a particular species and E
trans

c.m.  is the c.m. translational energy. The use

of a molecular beam ensures that the internal energy of the parent molecule is negligible.9

If fragment A is atomic with no low-lying states, equation (2) can be written as

E
avail

= E
hv

- D0
A!BC

= E
int

BC
+ E

trans

c.m.
= constant  (7)

Thus, the internal energy distribution of the products (BC) can be determined directly

from the c.m. translational energy distribution.4

TOF spectroscopy can also be used to measure the angular distribution of

products following photodissociation. This is achieved by monitoring the TOF spectrum

as a function of detector angle via a rotating molecular beam source (or rotating

detector).4

Traditional TOF techniques often utilize electron impact ionization and

quadrupole mass spectrometers to detect photofragments.4 The main disadvantage of this

detection scheme is the limited resolution due to the uncertainty in the length of the flight

path, L. The resolution is predominantly determined by the ratio !L/L, where !L is the

length of the ionizer.1,4,10

2.1.1 Hydrogen Atom TOF Spectroscopy

Hydrogen atom TOF spectroscopy (HTOF) offers improved resolution and signal-

to-noise (S/N) compared to traditional TOF spectroscopy.11-13 The basic set-up of a HTOF
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experiment involves the photodissociation of a hydride molecule in a cold molecular

beam. Nascent hydrogen atoms are “tagged” in the interaction region via resonance

enhanced photoionization involving the n = 2 level (Lyman-!). The H+ ions that enter the

flight tube are detected and the TOF spectrum is recorded.

The flight distance between the interaction region and the ion detector is well

defined, thus improving resolution compared to conventional TOF spectroscopy using

electron impact ionization.1 The H atoms recoil with the majority of the translational

energy due to their small mass as compared to the co-fragments. Also, the velocity of the

parent molecules in the molecular beam is small compared to the velocity of the H atoms,

minimizing uncertainty in the TOF measurement. However, the H+ TOF spectrum is

assumed to accurately represent the neutral H atom TOF spectrum; yet, stray electric

fields and space-charge effects resulting from the high concentration of H+ ions generated

at the interaction region may alter the trajectories of the H+ ions and introduce error into

the TOF measurement.11

2.1.2 High-n Rydberg Hydrogen TOF Spectroscopy

High-n Rydberg hydrogen time-of-flight spectroscopy (HRTOF) was developed

by K. Welge and co-workers in the early 1990’s.14 The overall experimental set-up is

similar to H atom TOF spectroscopy; the difference lies in the “tagging” process of the

hydrogen photofragments.1,14 After photolysis, the nascent H atoms are excited to high-n

Rydberg levels via doubly resonant two-photon excitation. Neutral H atoms that traverse

the flight tube are field ionized immediately prior to detection. Space charge effects are
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eliminated and the trajectories of the neutral H atoms are impervious to stray electric

fields. Vibrational resolution is often achieved in HRTOF experiments, and rotational

resolution is attainable.1,14

HRTOF spectroscopy utilizes the unique properties of Rydberg atoms.15 One

crucial key to the success of HRTOF experiments is the long lifetime of the H atoms in

high-n Rydberg states. Typically, a weak dc field (~ 5 – 30 V/cm) is applied to a pair of

electrodes surrounding the interaction region in order to eliminate ion background signals

and make space anisotropic for high-n Rydberg atoms. This enables high-n Rydberg

atoms to be prepared with large l values and, consequently, long emission lifetimes that

scale as ~ n5.15

Rydberg atoms are extremely large, with radii scaling as ~ n2. The electron is

positioned far from the nuclei, leading to small binding energies. The ionization potential

IP) of high-n Rydberg states decrease rapidly with increasing n (IP ~ n-2), thus weak

electric fields are able to effectively remove the electron from high-n Rydberg states. As

a result, field ionization is a sensitive method of ionizing high-n Rydberg H atoms in

HRTOF spectroscopy.15

2.2 Experimental Details

High-n Rydberg time-of-flight spectroscopy is used in our experiments to study

the ultraviolet photochemistry of AsH3 and SbH3. A schematic of the HRTOF apparatus

is shown in Figure 2.2. A detailed description of the experimental arrangement has been   
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Figure 2.2 Schematic of the HRTOF apparatus. Components include: 1) source chamber, 2) pulsed nozzle, 3) molecular beam, 4)
skimmer, 5) main chamber, 6) electrode pair, 7) alignment bar, 8) linear motion feedthrough, 9) RGA, 10) TOF tube, 11) detector
assembly, 12) turbomolecular pump, 13) gate valve, 14) diffusion pump.
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discussed previously, however pertinent details are presented below.8,16 Specifics

regarding individual experiments are provided in chapters 3 and 4.

2.2.1 Vacuum System

The vacuum chamber is comprised of three sections, the source chamber, the

main chamber and the TOF chamber. The source chamber is connected to a diffusion

pump (Varian, VHS-10). During a typical experiment, the pressure varies from 2 x 10-7

Torr (molecular beam turned off) to 2 x 10-4 Torr (molecular beam turned on). A pulsed

nozzle (General Valve, 0.8 mm orifice) is housed in the source chamber and operated by

a pulse driver (General Valve, Iota One) at a repetition rate of 10 Hz. A 1-mm-diameter

skimmer located 1 cm downstream from the nozzle separates the source and main

chambers and collimates the molecular beam.

The main chamber is attached to a diffusion pump (Edwards, MK2 series) with a

cryo-cooled diffstak (Edwards, 160-series). A background pressure of ~ 2 x 10-6 Torr is

maintained in the main chamber during the HRTOF experiments. A pair of electrode

plates surrounds the interaction region, located 5 cm downstream from the skimmer. A

weak dc field (~ 20 V/cm) is applied to the electrodes.

 A quadrupole mass spectrometer (Stanford Research Systems, RGA 300) is

attached to the main chamber and positioned in-line with the molecular beam. This

allows us to monitor the composition of the molecular beam.

The flight path is mutually perpendicular to the molecular beam and lasers. We

have three TOF tubes, varying in length from 13.9 cm to 110.6 cm. The resolution in a
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HRTOF experiment is dependent upon the length of the drift distance. Shorter distances

are better suited for low S/N experiments; however, resolution is sacrificed. The HRTOF

experiments discussed herein all had respectable S/N ratios, thus a 43.5 cm flight tube

was utilized. The exact length of the TOF tube was determined by the photodissociation

of HCl, since the bond dissociation energy and spin-orbit splitting values are well

established.15 The high-n Rydberg atoms that “fly” from the interaction region and drift

along the TOF axis, reach the microchannel plate detectors (MCPs) located at the top of

the TOF tube.

2.2.2 Detector Assembly

The detector assembly, shown in Figure 2.3, consists of two back-to-back MCPs

(Photonis, 5 cm diameter) in a chevron configuration paired with a conical anode. Two

fine meshes preceding the MCPs are responsible for field ionization. The resulting H+

ions are subsequently detected by the MCPs with near unit efficiency.8,17 The output

signal is amplified using a fast pulse amplifier (Avtech, AV-141C1).

2.2.3 Laser Systems

The outputs of three pulsed laser systems are utilized; a schematic is shown in

Figure 2.4. The photolysis and probe radiations intersect the molecular beam at the

interaction region and counter-propagate through the main chamber with a crossing angle

~ 7°.
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Figure 2.3 Schematic of the detector assembly
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Figure 2.4 Schematic of the main chamber and laser radiation pathways. This represents an aerial view.
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An ArF excimer laser (Lambda Physik Compex 201) provides the photolysis

radiation at 193.3 nm. The photolysis radiation is focused using a 100 cm focal length

lens.

Following photodissociation, the nascent H atoms are probed using sequential

excitation to high-n Rydberg levels: 121.6 nm radiation excites the 2p ! 1s transition of

the H atoms (Lyman-") and ~ 365 nm radiation promotes the excited H atoms to a

Rydberg state with n ~ 50. Two Nd-YAG pump lasers (Continuum Powerlite 8010 and

9010) and two dye lasers are used for this "tagging" of the H atoms. The output of one

dye laser (Continuum ND6000, LDS 750 dye) is frequency doubled in a KDP-C crystal,

producing 364.8 nm radiation. The resulting near-UV radiation is then focused by a

quartz lens (f = 75 mm) into a 10-cm tripling cell, where Lyman-" radiation is generated

by non-resonant frequency tripling in Kr. The VUV radiation is focused by a MgF2 lens

(f.l. = 64 mm) into the interaction region. The output of the second dye laser (Continuum

ND6000, LDS 750 dye) is frequency doubled in a KDP-C crystal, yielding the Rydberg

(~ 365 nm) radiation required to promote the H atom (n = 2) to a high Rydberg state. The

Rydberg radiation is focused using a 100 cm lens.

A complete TOF spectrum is recorded with each laser shot. Averaging a large

number of laser shots, e.g. 60,000 – 100,000 laser shots, improves the S/N in our

photodissociation experiments.
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2.2.4 Laser and Molecular Beam Alignment

The spatial and temporal overlap of the photolysis and probe radiations with the

molecular beam is crucial and challenging. We begin the alignment process by first

utilizing the alignment bar that is mounted to a linear motion feedthrough located directly

below the interaction region in the main chamber. The alignment bar is shown in Figure

2.5.

Figure 2.5 Schematic of the alignment bar.

Photolysis, 193.3 nm

Rydberg, ~ 365 nm

molecular beam
HeNe alignment

alignment bar
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There are three pinholes of varying sizes in the alignment bar. There is also a

pinhole that is perpendicular to the molecular beam. A HeNe laser is aligned through the

source chamber, the skimmer and the largest pinhole in the alignment bar (perpendicular

to the molecular beam) in order to determine the relative position of the molecular beam

(refer to Figure 2.5). Next, the photolysis (193.3 nm) and Rydberg (~365 nm) radiations

are sent through the largest pinhole in the alignment bar, whereby the intensity of the

radiations are optimized to ensure good spatial overlap with the molecular beam. The

spatial overlap of the photolysis and Rydberg radiation can be further verified by raising

the smaller diameter pinholes in the alignment bar to the height of the molecular beam.

The spatial alignment of the 121.6 nm radiation is cumbersome and cannot be

optimized using the alignment bar. The alignment of the fundamental 364.8 nm radiation

does not guarantee Lyman-! alignment, since the two beams diverge when passing

through an optic off-center.  Thus, we begin by first expanding a molecular beam of NO

(Matheson Tri-Gas, 99.5% purity) through the pulsed nozzle. We apply a positive

potential (+ 80 V) to the bottom electrode plate beneath the interaction region, which

accelerates the positive ions generated from the VUV photoionization of NO. An

adequate alignment of the 121.6 nm radiation can by found by optimizing the ion signal

detected by the MCPs.

A digital delay/pulse generator (Stanford Research Systems, DG-535) was used to

coordinate the temporal overlap of the three laser systems. The time delay between the

photolysis and probe lasers was ~ 20 ns for our experiments. The laser profiles were also

monitored by three high-speed photodiodes (Thorlabs, DET25K).
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Chapter 3

The Ultraviolet Photochemistry of AsH3

High-n Rydberg time-of-flight spectroscopy has been used to study the 193.3 nm

photolysis of AsH3. The center-of-mass translational energy distribution for the 1-photon

process: AsH3 + h! "  AsH2 + H, P(Ec.m.) , indicates that AsH2 internal excitation

accounts for ~ 64% of the available energy [i.e., h! – D0(H2As-H)]. Secondary AsH2

photodissociation also takes place. Analyses of superimposed structure atop the broad

P(Ec.m.)  distribution suggest that AsH2 is formed with significant a-axis rotation as well

as bending excitation. Comparison of the results obtained with AsH3 versus those of the

lighter group-V hydrides (NH3, PH3) lends support to the proposed mechanisms.
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3.1 Introduction

The ultraviolet photolysis of gaseous AsH3 is germane to the fabrication of

semiconductor and electro-optical devices.1-4 For example, it has been demonstrated that

the 193.3 nm irradiation of AsH3 can be used to stimulate and manipulate the growth of

III-V semiconductor compounds such as GaAs, InGaAs, InGaAsP, etc. during metal-

organic chemical vapor deposition (MOCVD).2,3 AsH3 is of fundamental scientific

interest as well. For example, a sensible goal is a quantitative understanding of how

molecular properties and photochemical and photophysical mechanisms vary when the

lightest group-V hydride, NH3, is replaced by progressively heavier counterparts (PH3,

AsH3, SbH3, BiH3) i.e., that span the non-relativistic and relativistic regimes. High quality

experimental data for the full complement of group-V hydrides would comprise a

benchmark against which theoretical models could be tested.

Although there has been a great deal of theoretical and experimental research on

NH3, much less has been done with the heavier group-V hydrides. Experimentalists must

contend with toxicity and sample preparation!/!handling issues, and theoreticians must

contend with large numbers of electrons and relativistic effects.

Extensive research on the photochemistry and photophysics of NH3 has yielded

high quality potential energy surfaces (PES's) and a consensus regarding the properties of

the lowest excited surfaces and the dynamical processes that transpire on them.5-12 This

system is a textbook example of predissociation and nonadiabatic dynamics. The ground

state electron configuration is (1a1)2 (2a1)2 (1e)4 (3a1)2  (C3v notation). The promotion of

an electron from the lone pair orbital 3a1  (1a2"  in the D3h limit) to the 3s a1'  Rydberg
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orbital accounts for the 
 
!A

1
A2"! !X

1
A1  transition, with its pyramidal-to-planar geometry

change. Consequently, the  !A ! !X  absorption spectrum displays a prominent progression

in the !2  umbrella mode.

Vibrational levels of the 
 
!A

1
A2"  state are predissociated to the extent that there is

no discernible rotational structure.11 There is a small barrier to dissociation on this surface

that arises from the Rydberg-to-valence transformation that accompanies lengthening of

the N-H bond.5,7,13 The height of this barrier increases with out-of-plane bend angle

(minimizing at planar geometries). For the 
 
!A

1
A2"  vibrational levels v 2' = 1 and 2,

dissociation proceeds via tunneling through the barrier. An 
 
!A/ !X  conical intersection also

plays a significant role.5-8

Referring to Fig. 3.1, in C2v symmetry 
 
NH3( !A) correlates diabatically with

 
NH2( !X 2 B1) , while 

 
NH3( !X)  correlates diabatically with

 
NH2( !A 2 A1) . For nonplanar

geometries (" " 90° in Fig. 1), the NH3  !X  and  !A  states are each of the same symmetry

and there is avoided crossing. Consequently, 
 
NH3( !A)  correlates adiabatically with

 
NH2( !A) , while 

 
NH3( !X)  correlates adiabatically with 

 
NH2( !X) . Figure 3.1 illustrates

these aspects of the surfaces.14

The barrier and conical intersection influence the dissociation dynamics of

 
NH3( !A) . Biesner et al. studied this for 0 # v2' # 6 using H atom photofragment

translational energy spectroscopy.15 They found that NH2 is born with significant internal

excitation, mainly in the form of a-axis rotation. They concluded that NH3 out-of-plane

be
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Figure 3.1 The ground and excited state potential energy surfaces of NH3 (adapted
from reference 14). Vertical excitation from the NH3  !X

1A1  ground vibrational level to

 
!A1A2"  can lead to dissociation to 

 
NH2 ( !A2A1)  via adiabatic paths, or to 

 
NH2 ( !X 2B1)  via

nonadiabatic paths that pass near the conical intersection. " is the angle between an NH
bond and the normal to the trigonal plane. " = 90° corresponds to planar geometry.
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bending is encouraged by the shape of the potential in the vicinity of the conical

intersection, resulting in considerable 
 
NH2( !X)  a-axis rotation. In contrast, near-planar

dissociation leads to NH2 with modest a-axis rotation. It is intuitive that umbrella mode

vibrational excitation correlates with a-axis rotation. It should be noted that competition

between adiabatic and nonadiabatic pathways is energy dependent, with 
 
NH2( !A)

accounting for 10-30% of the NH2 product when NH3 is excited to 
 
v2'  = 6 of its  !A

state.15 These experimental findings are in accord with theoretical calculations and results

from other experiments.5,10,12,15

The dissociation dynamics of PH3 are similar to those of NH3, albeit with several

important differences. The  !A ! !X  transition involves the promotion of the lone pair

orbital 5a1  to the 4s a1  Rydberg orbital, and calculations indicate a small barrier on the

 
PH3( !A)  surface.16 The height of this barrier is comparable to the zero point energy of the

stretching vibration. The  !A ! !X  absorption spectrum is a broad continuum, consistent

with rapid  !A  dissociation.17 Whereas the 
 
NH3( !A)  equilibrium geometry is planar, the

 
PH3( !A)  equilibrium geometry has been calculated to be nonplanar ("H-P-H ~ 114°).16 The

ground state of PH3
+ is also nonplanar,18 so it is intuitive that 

 
PH3( !A)  is nonplanar. The

 
!A ! !X  transition increases the equilibrium bond angle from 93.5° to 114°,16 which

ensures significant !2  vibrational excitation. Table 3.1 gives values of relevant

equilibrium angles for NH3, PH3, and AsH3.
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Table 3.1   Equilibrium H-M-H angles for N, P and As, and related electronic states.*

*See text for details and references
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It has been suggested that the PH3  
!A/ !X  conical intersection affects the

dissociation dynamics in a manner that is analogous to the case of NH3. Several ex-

perimental studies have shown that PH2 is born with substantial internal excitation,19-21

though the exact nature of this excitation is more difficult to discern than for NH2.

Lambert et al.
19 investigated the UV photolysis of PH3 by using high-n Rydberg time-of-

flight (HRTOF) spectroscopy. They found that 
 
PH2( !X)  rovibrational excitation ac-

counts, on average, for ~ 62% of the available energy. Structured translational energy dis-

tributions indicated significant 
 
PH2( !X)  a-axis rotation, as well as bending excitation. It

was postulated that 
 
PH2( !X)  vibrational excitation is due to the change in bond

angle:from 114° in 
 
PH3( !A)  to 91.4° in 

 
PH2( !X) . The data also showed evidence of

 
PH2( !X)  photodissociation.

The scarcity of experimental and theoretical data on AsH3 is striking compared to

what is available for the lighter group-V hydrides. For example, no information

concerning dissociation pathways on  !A  and  !X  surfaces is available. However, taking

cues from PH3 and NH3, it is assumed that there is a small barrier to dissociation on  !A

and an 
 
!A/ !X  conical intersection. The  !A ! !X  absorption is continuous, with weak

superimposed structure, as with PH3. Analyses of AsH3 and PH3 absorption spectra reveal

that 
 
v2' ~ v2"/2  in these cases, whereas 

 
v2' ~ v2"  for NH3.

17 Humphries et al. have

proposed that the  !A  states of AsH3 and PH3 are pyramidal, with  !A ! !X  transitions

terminating on levels that lie above the inversion barrier.17 Also, the AsH3 photoelectron

spectrum suggests a pyramidal geometry.22,23 The equilibrium bond angle for 
 
AsH3( !A)  is
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assumed to be 112° on the basis of the AsH3
+ bond angle24 and the geometry of 

 
PH3( !A) .

The equilibrium bond angle for the AsH3  
!X  state is 92.1°.25 It is noteworthy that a

calculation of the lowest excited singlet indicates that it has E symmetry, which would

make this case quite different than the lowest excited singlets of NH3 and PH3. This will

be discussed later.

 Velocity aligned Doppler spectroscopy has been used by Koplitz et al. to examine

the 193.3 nm (hereafter referred to simply as 193 nm) photodissociation of AsH3.
26 Their

results indicate that AsH2 fragments are formed with average internal energies ~ 2/3 the

available energy. However, the low resolution of the method precluded a determination

of the internal energy distribution. An AsH2  
!A ! !X  emission spectrum has been

recorded by Ni et al. following 193 nm photolysis of AsH3.
29 Both 

 
v2' and 

 
v2"

progressions were evident, as well as spectral features that were assigned to As. Pho-

tolysis of AsH2 was suggested as a possible mechanism for the As emission.

In the study reported here, the 193 nm photodissociation of AsH3 has been

examined using HRTOF spectroscopy. Figure 3.2 shows a number of possible

products.22,24,28-33 Note that the photon energy is substantially larger than the AsH3 bond

dissociation energy. The results indicate that AsH2 is produced with significant internal

excitation. 
 
AsH2( !A)  is also produced, but it is a minor channel. The center-of-mass

(c.m.) translational energy distribution, P(Ec.m.) , consists of partially resolved structure

superimposed on a broad background. Unambiguous assignment is not feasible because

the structured features are broad and of modest signal-to-noise ratio (S/N) and there is a

significant amount of secondary photolysis.
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Figure 3.2 Energies relevant to 193 nm photolysis of AsH3 are indicated, including product species that can undergo secondary
photodissociation. The two red arrows and shaded rectangles to the right of the AsH2 + H column indicate the range of energies
associated with internally excited AsH2.
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In consideration of the photodissociation dynamics of NH3 and PH3, it is

suggested that the main features arise from 
 
AsH2( !X)  with substantial a-axis rotation, as

well as bending excitation. Secondary photolysis of 
 
AsH2( !X)  yields AsH. In light of the

similarities between the present results and those obtained with PH3, it is interesting that

the AsH3  !A  state has been calculated to be 1E ,24 whereas the PH3  !A  state is 1A1 . The

AsH3 system lies intermediate between non-relativistic and relativistic regimes. An

important goal is that this system achieves the same degree of accord between theory and

experiment enjoyed by lighter counterparts.

3.2 Experimental Methods and Results

The HRTOF arrangement shown in Fig. 3.3 has been discussed previously,34 so

only details that are relevant to the present study are given here. A pulsed valve (General

Valve, 0.8 mm orifice) expanded mixtures of AsH3 (Matheson Tri-Gas, 99.999%) dilute

in a carrier gas (10% in H2, 5% in H2, and 5% in Ar). The molecular beam was collimated

1 cm downstream from the nozzle by a 1 mm diameter skimmer. At the interaction

region, 5 cm downstream from the skimmer, the molecular beam was intersected by the

outputs of 3 pulsed laser systems.

Photolysis radiation was from an ArF excimer laser (Lambda Physik Compex

201). HRTOF spectroscopy probed nascent H atoms by using sequential excitation to

high-n Rydberg levels: 121.6 nm radiation excited H atoms (Lyman-!) and ~ 365 nm

radiation promoted the excited H atoms to a Rydberg state with n ~ 50. Metastable H-
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Rydberg: ~365 nm

molecular beam

flight path
43.5 cm

pulsed nozzle

Lyman-!: 121.6 nm

photolysis: 193 nm

MCP detector

Figure 3.3 Schematic of the experimental arrangement.

atoms to a Rydberg state with n ~ 50. Metastable H atoms that traversed the 43.5 cm

flight tube (perpendicular to the interaction region, see Fig. 3.3) were field ionized and

detected with near unit efficiency by two back-to-back microchannel plates (MCP's) in a

chevron configuration. A weak dc field applied to a pair of electrodes surrounding the

interaction region eliminated ion background signals and made space anisotropic for

high-n Rydberg atoms. This enabled high-n Rydberg atoms to be prepared with large

orbital angular momentum values and consequently long spontaneous emission lifetimes

after they left the interaction region.

An HRTOF spectrum for the photolysis of jet-cooled AsH3 is presented in Fig.

3.4. Vertical dashed lines indicate the earliest arrival time that can be attributed to

primary photolysis using D0(H2As-H) = 74.9 ± 0.2 kcal/mol.22  The signal that precedes
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Figure 3.4 HRTOF spectrum obtained using 10% AsH3 and 193 nm photolysis: Results from 121,000 laser firings were summed
to obtain the trace. The 193 nm energy ranged between 2.2 and 2.5 mJ. The vertical dashed lines indicate the earliest possible arrival
time compatible with 1-photon AsH3 photodissociation.
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the dashed line is evidence of secondary photolysis. Many such spectra were recorded,

and no qualitative differences were observed. The one shown in Fig. 4 is one of the better

ones insofar as S/N is concerned.

Figure 3.5 shows HRTOF spectra for the photolysis of AsH3 (10% in H2). These

traces were obtained using 193 nm energies of 0.5 and 4.2 mJ. The 193 nm radiation is

focused using a 100 cm focal length lens, resulting in fluences of ~ 5 and ~ 40 J / cm–2,

respectively. Reducing the photolysis fluence lessens the production of fast H atoms that

derive from secondary photolysis. However, the broad unstructured one-photon signal

was not simplified; it was just of lower intensity. Analogous spectra collected using

supersonic expansions of 5% AsH3 in H2 and 5% AsH3 in Ar showed no discernible

variations from the spectrum in Fig. 3.4, so they are not presented.

The spectrum in Fig. 3.4 was converted to the c.m. translational energy

distribution shown in Fig. 3.6(a) by using the formulas:

 
Ec.m. =

1
2 mH (d /t)2 + vmb

2( ) 1+ mH /mAsH2( )        (1)

P(Ec.m.) ! t 3 f t(Ec.m.)( )        (2)

where 
 
vmb  is the molecular beam velocity, d is the length of the flight tube, and t is the

H-atom arrival time. Referring to (2), the measured TOF distribution, f!(t), is converted to

the corresponding c.m. translational energy distribution, P(Ec.m.) , by using the time-to-

energy Jacobian, which is proportional to t 3 , and the relationship between t and Ec.m.

given in (1). Note: P(Ec.m.)  applies only to those channels that yield H atoms.
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Figure 3.5 HRTOF spectra for photolysis energies of 0.5 and 4.2 mJ; 135,000 and 116,000 laser firings, respectively.
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Figure 3.6 (a) The HRTOF spectrum in Fig. 4 has been converted to P(Ec.m.) ; inset: expanded view of the high-energy region. The
black dashed line to the right of the red box indicates the maximum Ec.m.  available to a 1-photon process. The blue dashed line in the
blue box indicates the maximum Ec.m.  available to the 

 
AsH2 ( !A)  channel via a 1-photon process. (b) This pertains to the blue box in

(a). To highlight peaks, the underlying continuous distribution has been suppressed. (c) This pertains to the red box in (a). To highlight
peaks, the underlying continuous distribution has been suppressed.
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The black dashed line to the right of the red box in Fig. 3.6(a) indicates the

maximum Ec.m.  allowed by energy conservation when the H atoms result from primary

photolysis. Translational energies in excess of this value derive from secondary

photolysis. The inset in Fig. 3.6(a) shows a fairly abrupt termination of P(Ec.m.)  at

51!800 ± 500 cm–1, corresponding to dissociation of AsH2 with internal energies near

D0(H-AsH) = 66.5 ± 0.02 kcal/mol,22 and negligible AsH internal excitation. The value

51!800 ± 500 cm–1 was obtained by deconvoluting the data to account for instrument

resolution.

Background subtraction was used to elucidate peaks in the ranges 1000-10!000

cm–1 [Fig. 3.6(b)] and 14!000-24!000 cm–1 [Fig. 3.6(c)]. The average spacing between

peaks in the high-energy region is ~ 1000 cm–1, in rough accord with the AsH2 bend

frequency.28 In the low-energy region, the spacing is ~ 360 cm–1 for the range 1500-5000

cm–1. We interpret this as due to a-axis rotation in 
 
AsH2( !X) , as discussed in the next

section.

3.3 Discussion

The unambiguous identification of the participating pathways and mechanisms in

the 193 nm photodissociation of AsH3, as well as its nascent photofragments, is difficult

for several reasons. First, the photon energy exceeds greatly the bond dissociation

energies of AsH3 and AsH2, thereby enabling highly internally excited fragments to be

produced, with a multitude of possible reaction channels. Second, theoretical calculations
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on AsH3 and AsH2 are limited. Third, the presence of significant secondary photolysis

adds an unappreciated subtlety to the assignment of the c.m. translational energy

distribution. The eye is drawn to the peaks, yet the broad background contains nearly all

of the signal, and therefore the real story. The above points compromise our ability to

extract product internal energy distributions.

The goal of this section is a qualitative understanding of the photoinitiated

decomposition dynamics of the AsH3 system, in particular vis-à-vis its NH3 and PH3

counterparts. The NH3 system has received a great deal of attention owing to its

experimental accessibility and its relatively straightforward electronic structure. At the

same time, it is important to examine heavier counterparts, and AsH3 is a good candidate,

as it lies intermediate between non-relativistic and relativistic regimes.

3.3.1 Primary Photolysis: AsH3 ! AsH2 + H

The P(Ec.m.)  distribution shown in Fig. 6(a) is broad, with partially resolved

structure and a maximum at low Ec.m. . Despite the presence of secondary photolysis, an

estimate of the "center-of-gravity" of the distribution indicates that AsH2 internal

excitation accounts for ~ 64% of the available energy [i.e., Eavail  = hv – D0(H2As-H)].

This is in agreement with the qualitative result of Koplitz et al.,26 who reported that

internal excitation accounts for ~ 2/3 of the available energy.
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Following the absorption of a 193 nm (6.42 eV) photon, the following channels

are energetically accessible (also see Fig. 3.2):

 
AsH 3( !X1

A1) + h!193  
!  AsH2 ( !X 2

B1) + H        (3)

 
!  AsH2 ( !A2

A1) + H        (4)

!  AsH(X
3
"

# ) + H2        (5)

!  AsH(X
3
"

# ) + H + H               (6)

!  AsH(a1
") + H2        (7)

!  AsH(b1
"

+ ) + H2          (8)

!  AsH(A3
") + H2        (9)

!  AsH(c1
") + H2     (10)

!  As(4 S) + H2  + H                (11)

!  As(2 D) + H2  + H      (12)

Given that 
 
AsH2( !A)  lies 19!909 cm–1 above 

 
AsH2( !X) ,28 the maximum Ec.m.  that

is compatible with reaction (4) is 5600 cm–1 (see Fig. 2). The distribution shown in Fig.

3.6 indicates that reaction (3) dominates, with high 
 
AsH2( !X)  rovibrational excitation.

This is reasonable in light of the photodissociation dynamics of PH3
19-21 and NH3.

10-12,15

Ultraviolet photoexcitation results in a change of equilibrium geometry. The

 
AsH3( !X)  electron configuration is ...(a1)2 (e)4 (a1)2 , and the equilibrium value of the

!H-As-H angle is 92.1°.25 According to the Walsh diagram for this system, promotion of an
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a1  lone pair electron to the Rydberg a1  orbital increases the !H-As-H equilibrium angle.35

This will excite the !2  umbrella mode, as in the analogous  !A ! !X  transitions in NH3 and

PH3.
7,17 It should be noted that the promotion of an a1  lone pair electron to other excited

orbitals in this energy region might also result in umbrella mode excitation.

The photoinitiated dissociation dynamics of NH3 provides insight. The NH3

 
!A ! !X  absorption spectrum exhibits a resolved n 2 progression that reflects the

pyramidal-to-planar geometry change. Experimental studies of the state selected (i.e., v2')

photodissociation of 
 
NH3( !A)  confirm that NH2 is formed with significant internal

excitation that is primarily in the form of a-axis rotation.10,15 Not surprisingly, the amount

of NH2 internal excitation increases with photon energy. Moreover, excitation of the NH2

bend has been observed following dissociation via higher v2'.
12,14,15 Theory and

experiment confirm that dissociation commencing from the  !A  surface is sensitive to: (i)

its vibrational state; (ii) geometries and motions sampled during fragmentation; (iii) the

topography of the conical intersection region; and (iv) competition between adiabatic and

nonadiabatic pathways.5-12,14,15

Dissociation to ground electronic state products is governed by the 
 
!A/ !X  conical

intersection. For example, trajectory calculations of Biesner et al. illustrate the

intersection's influence on energy disposal into product degrees of freedom.10 Referring to

Fig. 1, trajectories are funneled toward the intersection, and nonadiabatic transitions are

facilitated by near-planar geometry. Dissociation to 
 
NH2( !X)  can occur either on the first

pass through the intersection region or, if this fails, on a subsequent pass. The intersection
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region has a large gradient in the angular coordinate, and this promotes 
 
NH2( !X)  a-axis

rotation. Trajectories that fail to emerge on the 
 
NH2( !A)  asymptote in the first pass

through the conical intersection region can sample more of the  !A  surface.10

Dissociation of NH3 from higher v2' leads to NH2 with larger amounts of

vibrational and electronic excitation.12,15 Competition ensues between adiabatic and

nonadiabatic pathways once the threshold for 
 
NH2( !A)  has been reached (v2' !  3).

 
NH3( !A)  that dissociates via markedly nonplanar configurations, thereby avoiding the

conical intersection region, does so on the surface that correlates to 
 
NH2( !A) . Loomis et

al. used time resolved Fourier transform infrared (FTIR) emission spectroscopy to inves-

tigate 193 nm NH3 photodissociation.12 They found a bimodal 
 
NH2( !A)  rotational

distribution that they attributed to near-planar and bent geometries that dissociate.

Angular momentum conservation dictates that (for J = 0 parent) the angular momentum

of NH2 is equal and opposite the orbital angular momentum of the fragment pair.11

Dissociation from 
 
NH3( !A)  is rapid, i.e., ~ 20 fs. Thus, out-of-plane bending is manifest

as a-axis rotation of the 
 
NH2( !A)  product.12

3.3.2 AsH2 Internal Excitations

Given that a 193 nm photon prepares 
 
AsH3( !A)  with significant !2  (umbrella)

vibrational excitation, and in light of the similarities between AsH3 and PH3 and between

AsH2 and PH2, it is reasonable to expect the participating pathways and dissociation
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dynamics of AsH3 to resemble those of PH3. For example, consider the different !H-M-H

equilibrium values that exist between parent and product species. The equilibrium values

of !H-P-H for 
 
PH3( !A)  and 

 
PH2( !X )  are 114° and 91.4°, respectively.16,36 This large

difference of 22.6° can lead to significant bending excitation in the 
 
PH2( !X )  product that

accrues via the diabatic surface that correlates 
 
PH3( !A)  to 

 
PH2( !X ) .

Note that, in this regard, PH3 differs (perhaps significantly) from NH3. The

equilibrium values of !H-N-H for 
 
NH3( !A)  and 

 
NH2( !X)  are 120° and 103.4°,5

respectively: a change of 16.6°. This is 6° less than the 22.6° change that occurs with

PH3. Without a detailed calculation, however, it is not feasible to infer the degree of

vibrational excitation present in the triatom product given the !H-M-H equilibrium angles

for a parent and its triatom product. Specifically, though the angular change in going

from parent to products is large, the degree of vibrational adiabaticity along the reaction

coordinate must be assessed.

Because of this vibrational adiabaticity, differences of 22.6° versus 16.6° might

result in larger fractional differences in the degree of triatom bending excitation. For

example, Lambert et al. observed PH2 with substantial bending excitation and a-axis

rotation following the ultraviolet photolysis of PH3.
19 In contrast, it is known that NH2 is

formed with a relatively modest amount of bending excitation.10-12,15

The equilibrium bond angles for 
 
AsH3( !A)  and 

 
AsH2( !X )  are 112° (an estimate

based on AsH3
+ and 

 
PH3( !A) ) and 90.4°,37 respectively. These values and their 21.6°
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difference are close to those of their PH3 counterparts (114°, 91.4°, 22.6°, respectively).

Thus, it is reasonable to expect AsH2 to be formed with high internal excitation,

specifically, a-axis rotation and bending excitation.

This is consistent with our data. The structure in the P(Ec.m.)  distribution at low

translational energies [Fig. 3.6(b)] is consistent with 
 
AsH2( !X )  having significant a-axis

rotation. For example, to rationalize the peaks in Fig. 3.6(b), rotational energies for

 
AsH2( !X ) , which is a near-oblate top (! = 0.8034),28 were calculated using the formula:

F(J,Kc ) = BJ(J +1) + (C ! B)Kc

2       (13)

where

B = (A + B) 2      (14)

Values of rotational constants: A , B , and C  are 7.550, 7.162, and 3.615 cm–1,

respectively,28 and F(J,Kc )  is the rotational energy.

Energy separations between calculated rotational levels matched the lower-energy

spacings in Fig. 3.6(b). The structure below 5000 cm–1 is fit with J values in the range 46-

54, as indicated in Fig. 3.7. The large amount of 
 
AsH2( !X)  internal energy, the complex

energy disposal, and the scarcity of spectroscopic data make unique assignment

impossible. Other sets of rotational levels also fit the data. However, the peaks cannot be

fit using any reasonable choice of vibrational frequencies. Moreover, the established

propensity toward a-axis rotation is consistent with low Kc values. For example,

including Kc values up to 10 does not alter the fit to the data indicated in Fig. 3.7.
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Figure 3.7 Low energy features can be fit using high J values and
various distribution of low Kc values.

Figure 3.6(c) highlights the structure present at the higher Ec.m.  values. Separa-

tions between peaks (though the data are of low S/N) are comparable to the bend of

 
AsH2( !X) .28 Why does this structure occur at higher translational energy? Again,

qualitative guidance is available from NH3.  
NH3( !A)  that retains near-C2v symmetry

during dissociation passes through the conical intersection region to form 
 
NH2( !X)  in low

rotational states.10 Loomis et al. used an impulsive model to rationalize the efficient

disposal of energy into NH2 bending excitation for planar dissociation.12 
 
AsH3( !A)  that

remains near-planar during dissociation has a high probability of undergoing a

nonadiabatic transition. The resulting 
 
AsH2( !X)  will have bending excitation because of

the change in equilibrium bond angle in going from 
 
AsH3( !A)  to 

 
AsH2( !X) , but less a-axis

rotation than molecules that dissociate having considerable umbrella mode excitation.

2 3 4 5 6

46 47 48 49 50 51 52 53 54

J (Kc = 0)
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Adiabatic and nonadiabatic transitions compete. 
 
AsH2( !A)  arises from 

 
AsH3( !A)

that dissociates mainly from geometries that avoid the conical intersection region.

Therefore, 
 
AsH2( !A)  is expected to have a-axis rotational excitation. Though the

equilibrium angles of 
 
AsH3( !A)  and 

 
AsH2( !A)  (112° and 123°, respectively)24,37 differ by a

smaller amount than for 
 
AsH3( !A)  and 

 
AsH2( !X)  (112° and 90.4°, respectively),24,37 it is

not unreasonable to anticipate 
 
AsH2( !A)  bending excitation.

 
AsH2( !A)  is a near-prolate top (!  = – 0.8249).28 Rotational energies were

estimated using: F(J,Ka ) = BJ(J +1) + (A ! B)Ka

2 , where B = (B ! C) / 2 , and A, B ,

and C values are 17.207, 4.920, and 3.740 cm–1.28
 Peak separations in Fig. 6(b) could not

be fit using these calculated spacings.

3.3.3 Secondary Photolysis: AsH2 " AsH + H

Our considerations here are restricted to secondary photolysis processes that yield

H atom fragments. Channels that yield H2 are not considered. Figures 3.4-3.6 indicate

that the photodissociation of AsH3 yields AsH2 with significant internal excitation, and

that this species is photolyzed. Energy conservation requires:

h!193 + EAsH2 " D0(HAs-H) = EAsH + Ec.m.      (17)

where EAsH2 and EAsH  are the internal energies of AsH2 and AsH, respectively. For those

(infrequent) instances in which EAsH2 ! D0(HAs-H)  and EAsH  is negligible, Ec.m.  is

approximately equal to h!193 . In this case, the photon energy (51,780 cm–1) appears as
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Ec.m. . Indeed, the inset in Fig. 6(a) indicates a fairly abrupt termination of P(Ec.m.)  at 51

800 ± 500 cm–1. This is also easy to see in the TOF spectrum in Fig. 3.4. Namely, the

arrival time for which Ec.m.  = h!193  is 12.4 µs, which coincides with the sharp onset of

signal in the TOF spectrum. Thus, AsH2 is formed with a distribution of internal energies

that extends all the way up to D0(HAs-H).

Many channels are accessible when AsH2 absorbs a 193 nm photon. Referring to

Fig. 3.2, photodissociation of 
 
AsH2( !X)  from even its lowest rovibrational level can, on

energetic grounds, access a number of product channels. Because AsH2 contains signifi-

cant internal excitation, the possibilities are legion.

Though AsH(a1
!)  and AsH(b1

!
+ )  are energetically accessible via secondary

photolysis, emission from these species has not been observed following 193 nm

excitation.27 This can be due to the fact that singlet-triplet emission is weak, or that these

channels are not accessed. AsH(A 3
!)  is energetically accessible when 

 
AsH2( !X)

contains more than 1500 cm–1 of internal energy prior to its photoexcitation. Nonetheless,

AsH(A 3
!)  has not been detected in emission following 193 nm photolysis of AsH3.

Photodissociation of 
 
AsH2( !X)  that has EAsH2  ! D0(HAs-H)  can, on energetic

grounds, yield AsH(X)  and AsH(A)  with Ec.m.  ! 51 700 cm–1 and !  21 700 cm–1,

respectively. The Ec.m.  distribution in Fig. 6 is broad, peaking at ~ 6 000 cm–1.

Vibrational excitation in AsH is expected to be modest on the basis of changes of bond

lengths: 1.483 Å in 
 
AsH2( !A) ;37 1.534 Å in AsH(X) ;30 1.577 Å in AsH(A) .30 Though

PES's are not available, possible pathways can be considered in light of symmetry and
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spin.37 

 
AsH2( !X 2

B1)  and 
 
AsH2( !B 4

B1)  correlate to AsH(X 3
!
" )+ H(2S), whereas

 
AsH2( !A 2

A1)  does not correlate to AsH(X 3
!
" ) . For PH2, it has been noted that  !A  may

predissociate via 4
B1  because of spin-orbit interaction.38 However, 4

B1  is much higher

in energy than 2
A1 , so predissociation of 2

A1  via 4
B1  is considered unlikely in the

present experiments.

3.4 Conclusions

HRTOF spectroscopy has been used to examine the 193 nm photodissociation of

AsH3. Contributions from secondary AsH2 photodissociation are also present. The degree

of secondary photodissociation can be minimized, but not eliminated, by using low 193

nm fluences. The experimental method is only sensitive to product channels that give H

atoms, i.e., an elimination channel such as AsH2 ! As + H2 cannot be detected using the

present arrangement. The main experimental result is a broad P(Ec.m.)  distribution that

contains a modest amount of superimposed structure.

The dominant reaction pathway is AsH3 ! 
 
AsH2( !X) + H . Nascent 

 
AsH2( !X)  has

considerable rovibrational excitation. The average value of EAsH2  is !16 300 cm"1 ,

which is !  64% of the available energy: Eavail = h! " D0(H2As-H) . The distribution of

EAsH2  values extends to values as large as D0(HAs-H). For those cases in which

EAsH2 !  D0(HAs-H) and EAsH  is negligible, AsH2 photodissociation yields Ec.m. ! h"193 .

This is manifest as a fairly abrupt termination of P(Ec.m.)  at 51!800 ± 500 cm–1 [inset in
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Fig. 3.6(a)], which matches h!193 = 51780 cm"1 . This confirms that AsH2 is formed with

a distribution of internal energies that extends all the way to D0(HAs-H).

It is known that 
 
AsH2( !A)  is produced because its fluorescence has been

detected,27 though its yield could not be determined in the fluorescence measurements. In

the present experiments, its yield is found to be modest. This follows from the fact

that Ec.m.  must be ! 5600 cm–1 for the 
 
AsH2( !A)  channel (Fig. 3.2), and this energy range

accounts for a modest fraction of the observed P(Ec.m.)  distribution. Thus, most of the

reactive flux passes from electronically excited AsH3 to ground electronic state products,

presumably via a nonadiabatic transition mechanism similar to those of PH3 and NH3.

The 193 nm photolysis of AsH3 has much in common with that of PH3. On the

basis of the PH3 experimental data and known PH3, PH2, AsH3, and AsH2 geometrical

properties, AsH2 bending excitation is expected. For example, note the differences

between equilibrium angles !H-M-H: 114°"" "91.4° for 
 
PH3( !A)"

 
PH2( !X) ; and

112°"""90.4° for 
 
AsH3( !A)  "

 
AsH2( !X) . The separations between adjacent peaks in the

structure present in the high-energy region of the P(Ec.m.)  distribution [Fig. 3.6(c)] are in

qualitative accord with 
 
AsH2( !X)  bending quanta.

Separations between adjacent peaks in the low-energy region of the P(Ec.m.)

distribution are in accord with 
 
AsH2( !X)  rotational levels. This is consistent with a

mechanism in which parent umbrella motion evolves to a-axis rotation of the 
 
AsH2( !X)

product, as occurs with the lighter group-V hydrides.
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Theory is in good shape for NH3, but the same is not true for AsH3. Accurate elec-

tronic structure calculations will go a long way toward elucidating mechanisms and

provide a detailed quantitative understanding of the photophysics and photochemistry of

the full range of group-V hydrides. It is imperative that calculations for the heavier

species are done at a high level of theory if experimental results are to be reconciled with

confidence.
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Chapter 4

Future Directions

The previous chapters have discussed the photochemistry of NH3, PH3 and AsH3.

Attention must also be given to the heavier group-V hydrides, SbH3 and BiH3. Section 4.1

introduces SbH3. The SbH3 room temperature absorption spectrum and recent results

from high-n Rydberg hydrogen time-of-flight (HRTOF) experiments are presented in the

subsections. Sections 4.2 and 4.2 detail future HRTOF experiments on BiH3 and the

group-V dihydrides, respectively.
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4.1 SbH3

The experimental study of antimony trihydride (stibine), SbH3, presents the next

challenge in our quest to understand the molecular properties and photochemistry of the

group-V hydrides. Antimonide materials are used to form infrared optoelectronic and III-

V semiconductor devices (e.g. AlSb, GaSb, InSb, and ZnSb, etc.).1-4 Photolytic processes

are often utilized to initiate and control the growth of these semiconductor compounds

during metalorganic chemical vapor deposition (MOCVD).1,2 SbH3 is a possible Sb-

precurser, however, complications arise due to its thermal instability. Deuterated stibine

exhibits greater thermal stability relative to SbH3 and is a promising Sb-source for

MOCVD.5 In light of our scientific interest in the group-V hydrides, only SbH3 was

considered.

The amount of experimental and theoretical research on SbH3 is limited compared

to its lighter group-V counterparts. SbH3 is an unpopular experimental candidate due to

safety and sample preparation/handling issues.  SbH3 is a highly toxic, colorless gas

(OSHA permissible exposure limit is 0.1 ppm)6 that can undergo autocatalytic

decomposition at temperatures as low as -65°C,5 yielding antimony metal films and

hydrogen gas. The large number of electrons and necessary inclusion of relativistic

effects complicate theoretical calculations. At present, there is no information regarding

dissociation pathways on the  !X and  !A  potential energy surfaces (PESs) of SbH3.

The electronic configurations of 
 
NH3( !X) , 

 
PH3( !X) , 

 
AsH3( !X)  and 

 
SbH3( !X)  are

…(a1)2 (e)4 (a1)2 .3,7,8 The  
!A ! !X  transitions for these group-V hydrides involve

promotion of the highest occupied lone pair electron to a Rydberg a1  ( !!a2  in the planar
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D3h limit) orbital.3,7,8 The NH3  
!A ! !X  absorption band displays a well-resolved

progression in the v2  umbrella mode, which reflects the planar ! pyramidal geometry

change.9 In contrast, the  !A ! !X  absorption spectra for PH3, AsH3 and SbH3 exhibit broad

continua.10 Analyses of the PH3, AsH3 and SbH3 absorption spectra reveal that

!v2 ~ !!v2 / 2 , whereas !v2 ~ !!v2  for NH3.
10 This finding lead Humphries et. al. to suggest

that the  
!A  states of PH3, AsH3 and SbH3 are slightly pyramidal with transitions

terminating on vibrational levels well above the inversion barrier.10 The ground states of

PH3
+ , AsH3

+ , and SbH3
+  are nonplanar (!

H "M "H
~ 114°, 112° and 110.5° for M = P, As

and Sb, respectively)3,11-13, thus it is reasonable to assume that 
 
PH3( !A) , 

 
AsH3( !A)  and

 
SbH3( !A)  are also nonplanar. Regardless, the  !A ! !X  transitions for NH3, PH3, AsH3 and

SbH3 are all accompanied by considerable changes in the equilibrium bond angle, (Table

4.1) resulting in significant v2 vibrational excitation.9,10

The dissociation dynamics of 
 
NH3( !A)  have been exhaustively studied.7,9,15-17

 
NH3( !A)  is quasibound for the v2 = 1  and v2 = 2  vibrational levels; dissociation occurs

via tunneling through an energy barrier.7,9 The height of this barrier is dependent on the

out-of-plane bend angle, with a minimum at planar geometries. Dissociation from

 
NH3( !A)  is greatly influenced by the  

!X / !A conical intersection and can occur via

nonadiabatic and adiabatic pathways:7,15-17

NH3(A1
!!A2 )" NH2( 2

A1) + H2  (adiabatic)        (1)

        ! NH2( 2
B1) + H2  (nonadiabatic)        (2)
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Table 4.1   Equilibrium H-M-H angles for N, P, As and Sb and related electronic states.*

*See text for details and references

 
NH3( !X1

A1)

 
NH2( !A2

A1)
103.4°

 
NH3( !A1

A2")

 
NH2( !X 2

B1)

107°

144°

120°

 

NH3( !A)! NH2 ( !X )

"H-N-H
equil :  120°!103.4°

 
PH3( !X1

A1)

 
PH2( !A2

A1)
91.4°

 
PH3( !A1

A1)

 
PH2( !X 2

B1)

93.5°

123.1°

114° PH3( !A)! PH2 ( !X )

"H-P-H
equil :  114°! 91.4°

90.4°

92.1°

123°

112°
 
AsH3( !X1

A1)

 
AsH2( !A2

A1)

 
AsH3( !A1

E)

 
AsH2( !X 2

B1)

AsH3( !A)! AsH2 ( !X )

"H-As-H
equil :  112°! 90.4°

SbH3( !X1
A1)

 
SbH2( !A2

A1)
89.8°

SbH3( !A1
E)

 
SbH2( !X 2

B1)

91.5°

?

110.5°

 

SbH3( !A)! SbH2 ( !X )

"H-Sb-H
equil :  110.5°! 89.8°
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It should be noted that at v2 ! 3 , there is sufficient energy to produce NH2(2
A1) .

Experimental studies have found that the NH2 products are born with significant internal

excitation, primarily in the form of a-axis rotation. The topography of the  !A  PES near

the conical intersection enhances NH3 out-of-plane bending motion, leading to

considerable NH2 a-axis rotation; whereas, near-planar dissociation leads to modest NH2

a-axis rotation.7,15-17

The 
 
NH3( !A) , 

 
PH3( !A)  and 

 
AsH3( !A)  PESs are qualitatively similar. Theoretical

calculations indicate a small potential barrier on 
 
PH3( !A) , the height of which is

comparable to the zero-point energy of the stretching vibration.18 The PH3  !A / !X conical

intersection is presumed to affect the dissociation dynamics akin to the case of NH3.

There is inadequate information regarding the  !X  and  !A  surfaces of AsH3; however, in

consideration of group trends, it is supposed that there is also a small barrier to

dissociation on  !A  and an  !A / !X conical intersection.18

The photodissociation dynamics of PH3 and AsH3 mirror those of NH3 with a few

notable differences. HRTOF spectroscopy has been used to investigate the UV photolysis

of PH3 and AsH3.
8,14 Structured translational energy distributions indicate that the internal

excitation of 
 
PH2( !X)  and 

 
AsH2( !X)  accounts for ~ 62% and ~ 64% of the available

energy [i.e. hv ! D0 (H2P ! H / H2As ! H ) ], respectively. The PH2 and AsH2 products

are formed with significant a-axis rotation, as well as bending excitation. The change in

bond angle from 
 
PH3( !A)  to 

 
PH2( !X)  and 

 
AsH3( !A)  to 

 
AsH3( !A)  is suggested as a

plausible source for the product vibrational excitation.8,14



79

It is reasonable to assume that the photodissociation dynamics of 
 
SbH3( !A)  will

exhibit marked similarities with PH3 and AsH3. It should be noted that calculations of the

lowest excited singlet surfaces indicate that 
 
SbH3( !A)  and 

 
AsH3( !A)  have E symmetry,

which differs from the lowest excited singlets of NH3 and PH3.
3,7,18 An SbH2  !A ! !X

emission spectrum has been recorded by Ni et. al. following the 193.3 nm photolysis of

SbH3.
19 Formation of an antimony coating on the input windows hampered the

transmission of the photolysis radiation, limiting their experimental resolution. However,

their results indicated that 
 
SbH2( !A 2

A1)  was formed in highly-excited vibrational states.

Emission from nascent Sb atoms ( 6s ! 5 p ) was also observed using 193.3 nm and 248

nm photolysis radiation. Photolysis of SbH2 was suggested as a possible mechanism for

the Sb emission.19 It is interesting to note that the 248 nm photolysis of AsH3 yielded no

detectable fluorescence. 20

In a preliminary study, we successfully synthesized SbH3 and obtained the room

temperature UV absorption spectrum. HRTOF spectroscopy was also employed to

examine the 193.3 photodissociation of SbH3. Figure 4.1 shows the possible products

from primary and secondary photolysis processes. Unfortunately, results from the

HRTOF experiment were inconclusive. This will be discussed later.   
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Figure 4.1 Energy level diagram for the 193.3 and 248 nm photolysis of SbH3. The 193 nm photon energy is significantly greater
than the SbH3 bond dissociation energy. The product species that can undergo secondary photodissociation are also shown. The
shaded rectangles indicate possible energy ranges for internally excited SbH2. The spin-orbit SbH states are not shown here.3,4,21,2
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4.1.1 SbH3 Synthesis

SbH3 (mp -88°C, bp -18°C) was synthesized via a nonaqueous method reported

by M.A. Todd et. al.5 This synthesis has been shown to be highly efficient, with a product

yield of ~ 85%. SbH3 was generated from the reaction between antimony chloride and

lithium aluminum hydride in tetraethylene glycol dimethyl ether (tetraglyme):

SbCl3(s) + LiAlH4 (s) !  SbH3(s) (-196°C)

All reagents were purchased from Alfa Aesar and used as received. The reaction

apparatus was attached to a vacuum line and all glassware was passivated using warm

methyl acetate, dried and evacuated prior to use.

The reaction apparatus consisted of a 500-ml beaker equipped with an addition

funnel. The reaction vessel was attached to a purification and collection trap maintained

at -40°C and -196°C. respectively. A suspension of LiAlH4(s) (0.52 g) in 100 ml of

tetraglyme was prepared in the 500-ml beaker equipped with a stir bar. SbCl3 suspended

in 50 ml of tetraglyme was added to the addition funnel. The reaction vessel was cooled

via an acetone/dry ice bath and the entire setup was evacuated and held under vacuum for

the duration of the reaction.

The addition of SbCl3 initiated the reaction. The suspension in the reaction vessel

turned black and bubbled violently, evidence of SbH3(g) formation. After passing through

the purification trap, SbH3(s) appeared as a grayish-white solid on the walls of the

collection trap. When the reaction was complete (~ 30 minutes), the collection trap was

sealed off and removed from the apparatus. The SbH3 sample was not light sensitive and

the lifetime was ~ 1.5 hours at room temperature.
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4.1.2. Ultraviolet Absorption Spectrum of SbH3

A specially-designed UV-Vis cell with quartz (KU1 grade) windows was attached

to the collection trap and a vacuum line. After the UV-Vis cell was evacuated, the liquid

nitrogen Dewar was removed from the collection trap to allow sublimation to occur.

Once SbH3(g) collected in the UV-Vis cell, the cell was sealed off and the room

temperature ultraviolet absorption spectrum was recorded using a Varian Carey Series

300 spectrophotometer (resolution ~ 0.2 nm). The UV absorption spectrum of SbH3 is

shown in Figure 4.2. There is evidence of a long wavelength tail extending to ~280 nm.

The long wavelength tail in the absorption spectrum may arise from relativistic

effects. As a result of the large nuclear charge in SbH3, the core electrons travel at a

considerable fraction of the speed of light. In order to offset the increased kinetic energy,

the radii of the core electron orbitals decrease and orbital energies are lowered.22,23 This

orbital contraction shields the nuclear charge from the valence electrons, affecting the

orbital energies and the photochemistry of SbH3.

 4.1.3 High-n Rydberg Time-of-flight Experiments

HRTOF spectroscopy was used to study the 193.3 nm photolysis of SbH3. The

HRTOF apparatus was discussed in detail in chapter 3, so only relevant details are

presented here. Following the synthesis of SbH3(s), the collection vessel, cooled by the

liquid nitrogen trap, was attached to a vacuum line and the molecular beam foreline. The

foreline was evacuated and the liquid nitrogen trap was slowly lowered. Hydrogen gas

(Gilmore Liquid Air, 99.999%) was passed through the collection trap and a molecular

beam of SbH3 (% unknown) in H2 was expanded through a pulsed nozzle (General Valve
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Figure 4.2 Room temperature absorption spectrum of SbH3; inset; expanded view of the 230-300 nm region.

190 210 230 250 270 290 310 330 nm

230 240 250 260 270 280 290 300
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Series 9, 0.8 mm orifice). The molecular beam was collimated by a 1-mm-diameter

skimmer located 1 cm downstream from the nozzle.

Photolysis radiation at 193.3 nm photolyzed SbH3 at the interaction region (5 cm

downstream from the skimmer). Nascent hydrogen atoms were promoted to high-n

Rydberg levels via a double resonant excitation: 121.6 nm radiation excited the H atom

2p ! 1s transition, and ~ 365 nm radiation promoted the n ! 2p transition, where n was

~ 50. Metastable H atoms that traversed the 43.5 cm flight tube were field ionized and

detected by microchannel plates arranged in a chevron configuration. Time-of-flight

spectra were recorded and converted to center of mass (c.m.) translational energy spectra

4.1.4 Discussion

The instability of SbH3 (lifetime ~ 1.5 hours) was the limiting factor in the

HRTOF experiments. As a result of the rapid decomposition of SbH3 (to form 3Sb +

2H2), the majority of the recorded HRTOF spectra represent only 5 000 – 30 000 laser

firings. However, the quality of the HRTOF spectra was not the biggest issue; the overall

shape of the spectra was inconsistent. The first few experimental trials yielded HRTOF

spectra that qualitatively resembled the AsH3 results. In later trials, two distinct, sharp

peaks were present atop the broad background signal. This precluded confident analysis

and assignment of the spectra.

Great care was taken to accurately reproduce experimental conditions for each

HRTOF study. However, given the fickle nature of laser systems and the complications

inherent in the SbH3 synthesis, minute variations between experiments were expected. It
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is possible that day-to-day fluctuations in laser intensities and focusing conditions led to

multiphoton events and the varying features in the SbH3 HRTOF spectra.

Despite the inconsistencies in the structure of the HRTOF spectra, a few general

observations can still be made. All of the c.m. translational energy distributions are broad

with a maximum at low E
c.m. . This suggests that SbH2 products are formed with a

significant amount of internal excitation. There is also clear evidence of secondary SbH2

photodissociation.

In light of the photodisociation dynamics of NH3, PH3 and AsH3, it is reasonable

to expect that the SbH2 photoproducts will be born with significant internal excitation.

The SbH3  !A ! !X  transition is accompanied by a large change in equilibrium geometry

(!
H "Sb"H

= 110.5° # 91.5° )3, which results in v2 (umbrella) vibrational excitation. It is

plausible that this out-of-plane bending motion can be directly carried through to SbH2 a-

axis rotation. The equilibrium values of !
H "Sb"H

 for 
 
SbH3( !A)  and 

 
SbH2( !X)  are 110.5°

and 89.8°, respectively.3 Again, taking cues from PH3 and AsH3, this large difference of

20.7° may lead to significant bending excitation in 
 
SbH2( !X) .

We have been given a sneak peek of the photodissociation dynamics of SbH3, and

are left wanting more. The photodissociation of SbH3 at 248 nm should be interesting

since the photon energy will only be able to cleave one Sb-H bond. However, the success

of future SbH3 HRTOF experiments hinges upon sample stability. Collaboration with

synthetic chemists might prove beneficial.
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4.2 BiH3

Bismuthine, BiH3, is the last and ultimate member of the group-V hydrides.

 
BiH3( !X 1

A1)  has the smallest bond angle (!
H "Sb"H

= 90.3° ) compared with its lighter

group-V relatives and is a near-spherical oblate symmetric top ( B0 ~ C0 ).3,24,25 The severe

instability of BiH3 and the difficulty associated with the synthesis has frustrated

experimental research. Prior to 2002, no one was able to successfully replicate the BiH3

synthesis first reported by E. Amberger in 1961.26

The bismuth hydrides, especially BiH, have garnered theoretical interest due to

the large role played by relativistic and spin-orbit effects.3,27,28 It is probable that these

effects dramatically influence the photodissociation dynamics of BiH3. Assuming that we

could repeat the Amberger synthesis, the investigation of BiH3 via HRTOF spectroscopy

should provide valuable insight as to how relativistic effects influence photodissociation

dynamics. In keeping with our studies on AsH3 and SbH3, 193.3 and 248 nm radiations

are reasonable choices. The photon energy at both 193.3 nm and 248 nm has sufficient

energy to break two H-bonds. Figure 4.3 presents an energy level diagram of possible

BiHn products.

4.3 A Quick Look at AsH2

The dissociation dynamics of AsH3 following 193.3 nm photolysis are

complicated due to the multitude of possible reaction channels and AsH2 secondary

photodissociation. These factors limit our ability to resolve product state distributions.
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Figure 4.3 Energy level diagram for the 193.3 and 248 nm photolysis of BiH3. It should be noted that spin-orbit coupling splits the
electronic states of BiH into numerous relativistic states. Only a few BiH spin-orbit states are shown here.3,27-29
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Our recent experimental results following the 193.3 nm photodissociation of AsH3 (using

high-n Rydberg hydrogen time-of-flight spectroscopy) yield broad c.m. translational

energy distributions that peak at low E
c.m.  The modest amount of superimposed structure

suggests that AsH2 products are formed with significant internal excitation. Definitive

assignment of the structure is impossible due the broad background and secondary

photolysis.14

An experimental study of the photodissociation of jet cooled AsH2 in which there

is no contribution from AsH3 background would resolve a number of issues. For example,

this could be achieved by photodissociating AsH3 in a high-pressure quartz expansion

channel and then photodissociating expansion-cooled AsH2 in spectral regions where

AsH3 does not absorb radiation. Figure 4.4 provides a possible experimental set-up.

The photodissociation dynamics of AsH2 should prove to be interesting. The

ground-state electron configuration of AsH2 is … (b2 )2 (a1)2 (b1)1 .27 The 
 
!A

2
A1 !

!X
2
B1

transition results from the promotion of an electron from the a1  orbital to the b1  orbital

and is accompanied by a large increase in bond angle (!
H "As"H

:123° # 90.4° ).30

 
AsH2( !X 2

B1)  and 
 
AsH2( !A 2

A1)  form a Renner-Teller pair; both states correlate with a

2
!  state at linear geometry. Fluorescence studies have shown that 

 
AsH2( !A)  vibrational

states are predissociated.30,31 It has been suggested that spin-orbit interactions are

responsible for the predissociation.30,31 Possible dissociation pathways were discussed in

chapter 3.
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Figure 4.4 Schematic of a HRTOF experiment designed to probe AsH2.
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4.3.1 SbH2 and BiH2

The photodissociation dynamics of SbH2 and BiH2 could also be studied utilizing

the experimental set-up described above. Relativistic and spin-orbit effects greatly

perturb the electronic states of SbH and BiH.21,27.28 The inclusion of spin-orbit coupling

splits the diatomic electronic states into their respective !  states. ! is defined as:

! = " + S , where !  is the angular momentum along the internuclear axis and S is the

spin angular momentum. For example, the X
3
!
"  and A

3
!  electronic states of SbH and

BiH form 0+, 1 and 0+, 0-, 1, 2 relativistic states, respectively.21,28 Consequently, unique

avoided crossings will lead to exciting dissociation dynamics!
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