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Various low-lying electronic states of formaldehyde
and acetone have been investigated, using molecular orbital calculations,
to determine their involvement in the photochemical system. The pot-

ential energy surfaces of these states were calculated using the CNDO/2.

The results of this study show that the decomposition of

formaldehyde to molecular products H, and CO (process II) occurs via

2
the ground state; the potential surface of this process was studied using

configuration interaction methods,

The process leading to radical products in both acetone and
formaldehyde (process I) can arise either directly from the singlet and
triplet (n,M*) states via a reaction path of no symmetry, or by crossing
to the 3(w,w*) state should cs symmetry be maintained. The ground state

is the only other state correlating with radical products.
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INTRODUCTION

Chapter I

An Introduction to Molecular Orbhital Theory

Considerable interest has been shown in the photochemical
systems of formaldehyde, acetone, and other simple carbonyl compoundslz.
These molecules are particularly useful for the investigation of the
primary chemical and physical processes occurring upon the absorption
of light. These molecules have reasonably well defined spectra, undergo
fluorescence or phosphoréscence, and the products of the photolysis are
few in number and are uncomplicated.

From a theoretical standpoint, the investigation of the
electronic states involved in the photochemical system of formaldehvde
and acetone is made practical by their small size. It is expected that
a study of the excited states and the potential energy surfaces will
aid in the interpretation of the data collected from studies of these
molecules. It will also be useful in the elucidation of the primary
processes undergone by photoexcited carbonyl compounds.

Hartree-Fock Theorv3’4

A molecule, in general, may be considered as constructed
of a group of nuclei, the atomic nuclei from which the molecule is
constructed, which move, relative to each other, about a constant centre
of gravity. About these nuclei move a number of electrons. The motion

of the electrons and nuclei is described by a wavefunction, such that:

HY = EY

-1-



E: The total energy of the system
H: The total energy operator, called the

Bamiltonian Operator, and is described:

hZ 2 hz 252 2
H(x,X) = .3 v Af;; v pz } -z L"%é#__ T _h_z%_
K.?E"ITZMA Panly - A gy M P an’m
+ vne (x,X) + Vee (x) + V an (xX)

X: coordinates of the electroas

X: coordinates of the nucleii

MA: mass of nucleus A

M: mass of the electron

V_ _telectron- mclear term: Vne(xx) =

ne

—
ATi

Irelz
1A A

e: the charge of the electron
ZAS the charge on nucleus A
Vee:electronwelectron repulsion term:

2 =1
Vee(x) = L e“r

P<4d pq
Vnn:the nuclear replusion term

v ® =z z2 &%y
nn A<B A B

If the wavefunction, ¥, 1s constrained to be comtinuous, single
valued, and to vanish at infinity, then there will be a

number of solutions to the Schrodinger equation, Wi, each with
a discrete energy Eyo These eigenfunctions Wi are called

statiomary, or bound, states of the system: Hwi = Ei¥%°
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For a many particle system, it is clear that the solution
of the Schrodinger Equation will be extremely difficult unless some
simplifying approximations are made. The Born-Oppenheimer approxima-
tion states that, due to the rapid motion of electrons compared to
ﬁu@lei the energy of the system can be reduced to the energy contribution
of the nuclei and the electronic energy. The electronic Hamiltonian
is described as:

et =‘:Ei‘ v s gez el 4+ £el ik

A ‘A" AR pa
gm2 PP AP p<q

Or, in atomic units

2
=L =-%9V-Iz1/r <+. i
P p AV ¥ p2q Vg

Thus,

1

HS'Y = ¥

and the total energy of a system for a fixed nuclear configuration

\

is

2 -1
E=¢g+ L eZ2 Zr
A<B A B AR

Since the concern of molecular orbital theory is the
caleculation of the electronic contribution, and evaluation of the
nuclear term is straightforward, and is calculated separately, the
superscript "el” will be dropped from the Hamiltonian for sake of
coﬁvenienceo

The electronic Hamiltonian can be further separated

into terms Hl and H2’ the one and two electron operators:

1/r_,)

rvA

N, = I(V2 - 37
1 XA

P p

= IH® (p)
P



HZ = I 1l/r

p<q pPq

Due to the indistinguishability of electrons the term Hc(l) will

be identical to Hc(p): thus
c
H1 NH" (1)

N: the no. of electrons

similarly:

H, = %(N)(N—l)tlgl

The wavefunction, ¥, can be approximated as a product

of independent one electron functions, ¥,, which include a spin function,

i
and will be referred to as spin orbitals. The product of spin orbitals

must, as a result of the Pauli principle, be antisymmetrized:

¥ (1,2,....,0) = 1 {z(-l)Ppiwl(l)a(l)w (2)B(2)....¥n(2n)B(2n)...}
N 1
o: the spin function such that:

S; =% (h/2Ma

SZ is the spin angular momentum operator for the 7 component

of the electron spin.

B: the spin function such that:

B

52

= -l5(h/2m)B
Pi: a permutation operator which permutes the coordinates
of the electrons. If the order, P, of P1 is odd, i.e., it

permutes the coordinates of an odd number of electron

pairs, the sign of that componemnt of the wave function changes.



N: the no. of electrons

1 : normalization factor
/N1

The wavefunction, ¥, is that of a closed shell state,
that is, each space orbital is associated with two electrons, one
with spin component SZ = +%9 one with spin component SZ = =5, The
rest of this section will concern closed shell states.

The determinantal expression for a closed shell state is:

¥(1,2,.0..,n) = J%E!wlql)ﬁl (2)....¥ (a-1)¥  (20)]

¥, @

Wl(l)a(l)

?1(2)

¥, (2)B(2)

Operating on ¥ with the Hamiltonian leads to the expression
for the electronic energy of the system
JY*H¥dt = € = fYH¥YdT: when orthonormal wavefunctions are
- fY% Yar

used

For a closed shell configuration, this is egquivalent to

e nn
= 2 THi + zzm:f Ky )
3 j 3 where n = N/2

c
Hics fW?H (I)Wi(l)dTl

J,o o0 SIYRLY*(2) 1 Y (DY, (2)dt dT

i3 i i . i 3j 172
12
. % %
Kyt ffvi(l)wj(Z) 1 v (2)Tj(1)dTldT2
T
12
The term Hi is the contribution to the energy, of an electron
in Wi moving in the field of the bare nucleus, while Jij is the interaction

of the smoothed out charge distributions ??Wi and W??j, and is called the

coulomb integral. The term K, , called the exchange integral, reduces the

ij



interaction between electrons with like spin.
A set of one electron orbital energies can be described
such that:

n .
e, = H,+ ;;{2.1ij - Kij}

where
n nn

€ = 28 . -EX(2J,, - K. .)
i i 13 ij ij

The LCAO Approximation

To solve for the energy, the form of the one electron
orbitals, Wi, must be specified. The Linear Combinations of Atomic
Orbital approximation, LCAO, defines the molecular orbital, Wi, as
the sum of atomic orbitals (¢H)

Wi =LC ¢
v ouiwp

To meet the requirement of orthonormality:

IC* ¢ S =286

wui vjw
where Gij = Kronecker delta
= *
and Suv J¢u(1)¢v(l)61

The charge density can be defined:
occ
P(R) = <¥|pR)|¥> = 2 L. YERY, (R)
i

=IP ¢3(R)G,(R)

wo pv ¥
where <¥Y|M|¥> = SysM¥dT
occ
= %
Puv 2 i cui cvi

and

p(R) = charge density operator



Substitution of the LCAC molecular orbitals reduces
the energy expression to:

e=ZP H +%% P P Luw|ro) - %ur|vo)]
UV UV UV UVAG uv A

. c
B, = Jo, () H, (1t

&

= - R
15 = bt sC Ajcuicﬁj<uled)

Kij - uk%cc*uic*ljcviccj(uxﬂvd)

The Roothaan Equations

The variation theorem, using Che method of undetermined
multipliers states that the best value of the energy of the system

will be obtained by minimizing the function

C=¢-~-2L2¢€8S
i3 43 13

€,. are the undetermined multipliers.

i3
The minimum is found by finding a stationary point in

the function such that 6C = 0 for a small change in the wavefunction

8?10 In the LCAO approximation, the expression becomes:

occ occ

86 = 2 % 8C* + £ ¢ {(8c* Ccx..C C  +C*x 8Cx C C .
i 1 puio ui~ Aj vi o3 ui " Aj vi oj

uicviﬁuvA )
[2¢uv]re) - (ulivo)}}zi Le 6%*C S + complex conjungate = 0
ijuv 1 ud v pv

i &re arbitrary, the complete coefficient

of each Gc*ui must equate to zero, Thus, the equation leading to

Since the SCu

optimum values of C is:

ui
{ oce l ' }
L H + EZC,. % C_.2¢(uv|io) - (urlve)r =L € EC .S
v vi uv j o Aj yi Gj 3 13 vlvjruv

It is possible, when convenient, to demend that



€,. = 0 unless i = j, without loss of generality. Thus, the equation

ij

reduces to:

‘zV(Fuv - eisuv)cvi =0

= - 1
Fov = By + §GPAG{(uv|XU) L(ux|vo)}

These equations, known as the Roothaan equations, must

be solved iteratively. They can be written, in matrix notation, as

FC = SCE

Unrestricted Molecular Orbitals

When an excited state of a moléculc is formed, an electron
is considered as being removed from an occupied orbital of the ground
state to an unoccupied orbhital. If we are comsidering one in which
the number of alpha electrons differs from the number of beta electrons,

say a triplet state, the wavefunction will be written:

Iy o [ T @l ¥ QY Gt eellY ) ()|

p: the no. of alpha electrons

q: the no. of beta electrons

However, as there is an excess of alpha spin, then the
environment of alpha electrons will differ from that of beta electrons.
Thus, the spatial wavefunctions, ?1, say, is allowed to differ for

alpha and beta electrons. Therefore, ?1(1) becomes Y?(l) and Wl(Z)

B
1

wavefunction becomes:

becomes ¥ (2) and is calculated separately from Wl. Thus the new

3 o B a o
Y = |W1(1)$g(2)°---°vq(ZQ)Wq+1(24+1)~--°-vp. (p+q)|
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and is the unrestricted wavefunction. It can be shown that Roothaan's

equations for an unrestricted wavefunction will become:

o o
Fv =Byt ictplc(“vllo) - Pkc(uo!kv)]

B B
L u + iO[P (uv|ro) - PAO(UG'AV)]

o =
ﬁ(Fuv - & uv)cvi =0

B B B _
E(Fuv isuv)cvi =0

These equations are varied independently and:

e=IP H +%7% (P - %% = 2B 9B ) uv]ro)
v ITAVIR TAV) VG uv Ao ux vo Ui vo

The Complete Neglect of Differential Overlap (CNDO) Method5’6’7

The CNDO method, first introduced by Pople, Santry, and
Segalﬁ’7 is a semi-empirical method which makes use of the zero dif-
ferential overlap approximation. The CNDO method treats only the
valence electrons and assumes the inner electrons, the so-called core
electrons, do not significantly effect the bonding. These core electrons
are treated as point charges on the nue@leus, thﬁé reducing the ef-
fective nuclear charge.

In the CNDO approximation, many of the one electron integrals
are replaced by constants which are derived from experiments.

The Zero Overlap Approximation.

The zero overlap approximation states that any electron

repulsion integral involving an overlap distribution can be neglected:

(mvlro) = (uu|Ar) Suv 6A0



10‘
and also neglects the overlap integral in the normalization of mole-
cular orbitals. The core integraI@QHuvg involving overlap integrals’
are, however, not neglected but are treated semi—empifically. The
integrals are imcluded to accommodate the bonding effect of overlap.

"The core integrals are divided into diagonél and off-diagonal elements:

B ™ Y T BEA Vgl
By = Uy ™ BiA (uIvBlv) ¢,5 0, on A

4

2
~1/29° - ¥
Uuu (u|-1/2 [)

2
(uj-1/29° - v, - vBlv) - I (ulvclv) 9, on A

A C(#A,B)

Huv
¢v on B

For the Huv term where U # v, both on centre A,
the term qu vanishes by orthogonality, provided the orbitals are
of the type S; P, etc. and not hybrids. The zero overlap approxima-
tion neglects all monatomic overlap, thus, the termb(u|V3|v) will
vanish. The texrms (uIVBiu) are taken to be independént of the nature
of the orbitals ¢U° Thusglthe term (uIVBlu) is replaced by vAB“

The integrals (H|VCIV) are neglected, as before, and
the remaining term Huv for W on A, v on B is replaced by Buv, the
resonance integral. Im this case, the overlap integral is not neg-
lected, This will account for possible bonding effects of overlap,
and the term Buv is treated semi-empirically. This is accomplished

by rveplacing BUV as:

where

(¢] G (¢]
By = k(B3 + B))
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The term BX depends only on the nature of the atom, A,
and is obtained by comparing, over a range of molecules, CNDO cal-
culations with good "ab initio" calculations. The values are ob-
tained by a best fit technique.

The Roothaan Equations, upon substitution of the zero

differential overlap approximation, become

ﬁFquvi = Eicui

or, in matrix notation,
FC = CE

The elements of the Fock matrix, R, are defined as:

=0 - (% + AN
Fo, =i, - 0 Puu(uuluu) f”n(““l )
= - 1
Flu = By = 0D P i)
9,10

The Parameterization

Having substituted values for the term Buv there remain
other integrals to be evaluated. As a result of the zero differential
overlap approximation all two electron terms are of the form:

(uv|ro) = (uu]xx)auvsxo

= YAB

Y is, then, the average repulsion felt by any electron

AB
on centre A due to the field of any electron on centre B, This term
is independent of the nature of the atomic orbital ¢u, and depends

only on the nature of the two atoms. In CNDO/2, these integrals are

evaluated in a straightforward manner, using the S valence orbitals

as the functions:



12
| 2 -1.2 '
Y = JIsPQ) (x 7 s (@yar ar,

The core matrix, Huu9 is expressed as above:

H =1 - v '
uu uy B%?A) AB ¢u on A
Huv =0 ¢u # ¢,
both on A
o
Huv = SuvBAB ¢u on A
¢v on B

The overlap matrix is evaluated in a straightforward
manner., The term VAB is evaluated in a similar manner to YAB” in
that, the term is independent of the orbital, ¢ug and the S valence

otbitals are used as functions. As the term is the interaction

between any electron on A with the core plus nucleus on B, Vag is:

-

2 -1
Vap = ZfS, () (ryg) Ty

ZB = the effective nuclear charge on B.

The term Uuu is defined as follows:

= -4 (I + - (& -%
U= (I A - (B -y,

Iu = the ionization potential from orbital ¢u centred

on Atom A,

Au = the electron affinity of oerbital ¢u on centre A
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Substitution of the newly paramatized terms into the

Fock matrix results in:

Fou = U * @uasts 2ad¥au * 5leay Pra¥as ~ Vas)
Fuv = Bap Spv = 09 PYpy BV
A
Pas gi Pax
The term (PBBYAB - VAB) can be factored:
(Pop¥ap = Vap) = ~QpYap * (ZgYap = Van)
Qp = Z5 = Ppg

The quantity (Z = VAB) is the difference in potential between

BYAB
the valence electrons and the core of the central atom, and is
termed the penetration integral. This term is neglected in CNDO/2,

as it is responsible for calculated bonding energies between centers

where there is no bond ordexB, Thus, the term VAB is replaced:

Vas = %a¥aB

and the element of the Fock Matrix becames:
= - (3 -
Fup = Upp ¥ @aa = 0D Pud¥as * gksay Cea¥as ~ Yan)

and

F =28

o _a _
uv AB Suv Cs) Puvias w#E v

in which each of the terms has been evaluated. The expression
for the energy becomes:

77 ¢ 1

€ = CIZ P (H +F )+ 3p 2,2:,

total uv LA A

2,Z.% -1 is the nuclear repulsion term.

where B 2,Z.7,p
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The Solution of Roothaans Equations 3-7, 12, 13

To solve the Roothaan's equations, an iterative procedure
is followed.

The value of the overlap matrix, SUN’ is determined
and then the Fock matrix is replaced by the following approxima-
tion: o
Fuu = BAﬁsﬂY
Fup = Phu
The approximate Fock matrix is then diagonalized and the
electrons are assigned in pairs (for a closed shell state)
to the appropriate molecular orbitals (the lowest set for a
ground state, etc). The density matrix, P, is evaluated from
the coefficient matrix, C, formed in the diagonalization of F
approx.:

\ OEC
P = & . .
wy - 1 CuiCys

The sum being over all occupied orbitals.
Thds, having Puv’ a new Fock matrix can be contructed, F,
and the proceduré is carried out until self-consistency is
obtained. The degree of self-consistency is usually monitored
by the convergence of the energy, the expression for which is
given above. Thus, the pattern of the iterative method is,
after evaluation of integrals:

fapp > C > P *'f +>C -+ P +» f etc
E E E

Configuration Interaction}

In Hartree-Fock theory, the wavefunctions of a many
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electron system are constructed as the product of linearly
independent one electron wavefunctions. The wavefunction of a
molecule is, then, the product of so-called molecular orbitals.
The molecular orbitals des;ribe the motions of electrons about
the nucleus and, when multiplied by the spin function of the
electrons "occupying" these orbitals, are the one electron wave-
functions above. By virtue of the nature of the approximation,
the motions of electrons in molecular orbital theory are independent
of the other electrons. Thus, the probability of two electrons
being in a particular region of space is merely the product

of the probabilities of each electron being in that region,
independent of the presence of the other. This clearly will

be too high, resulting in an overestimation of electron repulsion

terms, and an underestimation of the calculated binding energy .

The contribution to the calculated energy of the
system by the lack of correlated electronic motion, is called
the correlation energy. The most accurate Hartree-Fock cal-
culation must be in error by, at least this amount, thus, defining

the Hartree-Fock limit:

HF ex Eco

EHF: the Hartree-Fock energy

Eex: the true energy

Eco: the correlation energy

The correlation energy is often quite large, usually

of the same order as the binding energy.
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It has heen shown3=6 that, as well as giving rise to a poor
estimate of binding energies, Hartree-Fock wavefunctions give poor
correlation of electronic states of a molecule with dissociation products.
To correct this, the mothod of Configuration Interaction (CI) is usedl-[e’°
The CI wavefunction of a state ?: is expressed as the sum of a set of

Hartree-Fock wavefunctiong,¥., multiplied by a mixing coefficient, C

j’ ijq

thus:

The variation theorem is used to optimize these coefficients.

In the calculations observed below, the set of interacting
states was constructed from the virtual orbitals of the ground state, and
the elements of the CI matrix were calculated in a straightforward manner1-4°llo
A list of non-zero off diagonal elements is tabulated below (see Table I).

The diagonal elements of the interaction matrix are merely the energy of the
Hartree-~Fock states ?i.

The number of states used in the CI calculation was limited
to all single excitation states and all states observed by placing two
electrons in a virtual orbital at the expense of both electrons from one
occupied orbital. All other states were excluded as the effect of interest
in the correlation of states with product rather than the exact energv of
a state. That this exclusion of other states will not seriously effect

the calculation can be seen from second order perturbation theory: the

second order correction to the enexrgy, E2, of a state, ?i is:

e
EZ szj
@) | a2y
Ej Aij /Ei Ej

Ai.j = <‘Pi| Hl‘iFj>
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(2)

-E

173 3

will be small. As the states excluded will be of high energy, then the

When the difference in energy E , 1s large, E

arbitrary exclusion of these states will not adversely affect the cal-

culation to too great an extent.
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TABLE 1

The Matrix Elements of the Interaction Matrix: off diagonal

elements % *% ~

Interaction states: ' Matrix element:

State 1 State 2

1 >k i *.a 2[ (dn |1k) = (§i]nk)

i+ k i +n Hy ‘*’): 2(33 |[knP-(dn| ki) +2(in|ki)-(idi |[kn)

M: any orbital occurring inm both states.

i +k j +k ji+2 (2(on| J1)-(nd|dn ))l +2(ki| jk) -
(kk| 31)
i1 =+ .mn ji* on (31| 34)
i + k i+ kk /2 (31]31)
i +>n i1 kk V2 (1ik |nk)
i1 =+ k 141+ kk /2 (kk|ik)-(ii] ki)
0 i1+ kk (ik ki)
ii + nn ii » kk (nk |nk)

* These are states of symmetry ;Al” all other states will have
vanishing matrix elements.
#% The symbols denote the molecular orbitals involved in the promotion

of an electron, or acceptance of an electron. All other mo are the

same in both states.



THE FORMALDEHYDE PHOTOCHEMICAL SYSTEM

Chapter 11

Review of Experimental Information

The Spectroscopy Carbonyl Compounds

Carbonyl compounds show a number of spectroscopic

transitions in the ultraviolet region. The lowest lying transition

14-17

has been agssigned as the (mw*<n) transition, that is, an excita-

tion of an electron from a non-bonding orbital (which is usually
considered as the 2P lone pair orbital centred on the oxygen) to
an antibonding T orbital centred between the carbon and oxygen

atoms. This transition is normally around 3.6 ev (340 nm) and
has a low extinction coefficient, € & 1514-17
There is a transition at about 6.5 ev (140 nm) with

€= 140014’18’19. There has been disagreement in the literature

as to its assignment. The transition has been assigned as ﬂ*«n'la’ls

while other researchers have proposed aEd«nzo’ZI. A third transi-

14,18

tion, considered to be a Rydberg transition is observed for

many carbonyl compounds in the region of 8.3 ev (150 to 160 nm).
The intense transition, € = 4000, which occurs at about 9 ev19,20’

has been assigned to the 7«7 transition.

_ The observed transitions in the formaldehyde system
are14,18=

360 to 390 nm > (mkn)

350 to 280 nm 1 (mhen)

-19 -



20

There is a transitiom at 175 to 165 nm which has been

21 a5 a(gw + n) s or (w2 « nv)

assigned by some researchers
transition, but it has been established as the first of

a8 series of four Rydberg states, starfing at 175.6,

155.6, 152.4 and 139.7 nml3,18. No assignment has been’

made of thelr* « ®) state which probably lies inmn the region
beyond the Rydberg states, a regiom which has not received

much attemtion.

The molecular orbitals of Formaldehyde

Formaldehyde in the ground state, is a planar
molecule of the CZV point group. There are a2 total of 16
electrons in all, of which we will consider only 12, The
ls electrons of both the carbonm and oxygen atoms do not
contribute very much to the high energy molecular orbitals
(mo) of formaldehyde, and, as these are the mo's responsibie
for the photochemistry, the inmer electrons can be, to
a reasonable approximation, ignored. The 10 atomic orbitals
(ao's), o;cupied by these electrons, give rise to 10 mo's,
the symmetry labels of which are listed in order of increasing
orbital energies:

lal, Zal, lbz, 3a lbl, 2b29 4a19 3b2, 5aj.

1°
The 12 electrons will doubly occupy the lowest 6 orbitals,
giving rise to a lAl ground state. The excited state
configuration will arise by populating the one or more of
the vacant orbitals at the expense of the occupied orbitals.

Each configuration will give rise to a number of states.

Some of the low lying excited states are constructed below.
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2 1 1 0
~---(32;)2(1b )% (2 )t (2b)) 1 (4a )0 ----a,
~---=(3a 2 (bt (2b,) 2 (2b )t (4a ) 0--—-a,

~—==(3a) 2(1b) 2 (2b) 1 (262  (4a ) tomvm,

The superscripts indicate the number of electrons in the
mo. As the excitations involve only one electron, these
configurations will give rise to two states each, a singlet
‘and a2 triplet.

The molecular orbitals are, for convenience,
often described by terms carried over from the nomen-
clature of diatomic species. Thus, in the case of
formaldehyde, we will have two types of bonds, O bonds
and m bonds. The U bond is directed along the interamuclear
axes, and extends, in gemneral, over the whole molecule.

The 7 bond, assuming the molecule remains planar, is a

result of overlap between the ZEzorbitals of carbon and

oxygen. &8 a2 result of orthogonality, it receives contributions
from no other atomic orbitals. Thus it lies above and below

the molecular plane, and is concentfated in the region

between the carbon and oxygen atoms. Lf, however, the

molecule deviates from planaxrity, a contribution will result
from the hydrogen atoms, and the orbital will cease to

be a pure w orbital.

The orbitals can be classified further with
respect to their contributiom to the bonding or amnti-
bonding character of the molecule, i.e., whether they
will raise or lower the total energy of the molecule
with respect to separate G atoms. This arises from either

positive or negative overlap between the various atomic
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orbitals. Thesn orbitals, as they involve only two
centres, are either bonding or antibonding. The ©
orbitals, as they involve more than two centres can have
‘positive overlap between some ao's while negative with
others, the bonding then being the net effect. Thus a
orbital may be bonding overall, or bonding between some
centres and antibonding between others. There is a
special case where the total bonding effect of an orbital
is negligible, these orbitals being designated n. The 2b2
orbital, although slightly bonding is so designated.
Thus the state 1A2, which arises out of the configuation
----(2b2)1(2b1)l,1’3A2, is designated l’3n, m* , similarly
the 1»3A1 is 153 g, 7* , and the 1’332 181?3!h0*- The
asterisk superscript designates overall antibonding. The
o* orbitals are often given a subscript to denote the
centres between which they are antibonding; thus %%

and o* indicates they are anti-bonding between the carbon’

CH2
and oxygen atoms and the carbon and hydrogen atoms respectively.
The low lying excited state in H5CO has been

assigned to thel(ﬂ*4-n)transition and has been well
characterizedl4,15,18, The absorption extends over the

range 320 nm to 220 nm and contains considerable fine
structure, with a contiuum setting in at the short wavelength

region. The singlet triplet absorption, 1.e., 3

1
is also observed from 365 to 393.7 nm and also contains
considerable fine structure 14’15v18. This (7* <« n)

transition is electronically forbidden but, due to coupling
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Figure I: The Allowed Transitions of Formaldehyde in the C v Point Group

2

The transitions are: Al“‘—"Bz: B]L*-"""A2
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of the electronic function with the W4 14,15,18,19 out

of plane bending vibration, (see fig. II) the transition

is vibronically allowed. The upper electronic state, 1p
14,15,18,19

2
has been shown to be non-planar, and is,
therefore, a member of the Cg point group and should be
classified 1A". The barrier to inversion is very small,
650 cm_l, and results in inversion doubling in the levels
of the ‘Z vibration 14,15,18,19
The selection rule for the transition can be
determined by describing the tramsition either in terms
of a 1o'« 14" or 1A1 « 1A2 transition. For convenience
they will be determined in the Cz, point group. For the
transition moment to be non-zero the integral
<glrhg>
¥: is the wavefunction of the lower state;
¥': is the wavefunction of the upper state;
r: the transition dipole moment operator.
must transform as A;. The electronic wave function of the
ground state 1is A, that of the upper state is A,. The
operator has three components:
x axis: b2
y axis: a;
Z axis: b1
The vibrational wave-functions in the ground state transform

for even levels as Aj, and for odd levels as Bj (see fig. 1).

The upper state, as it is inversion doubled, has the levels

ot o-, 1t 17, ete. The plus levels of the vibrational
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wavefunctions transform as Aqis the minus levels as Bl.
Thus the vibronic wavefunctions of the ground state transforms
alternately as Al and By, while that of the upper state
as Ajp and BZ' Thus transitions between the Aq and Bz,
and Bl and A, levels are allowed with the B2 components
of the transition moment operation, and are called
perpendicular transitions.

In the absorption spectra there are a series
of parallel bands which are transitions between even-even
and odd-odd levels of the ground and upper states which
are very weak and have been identified as magnetic dipole
induced transitionsl?:20,

The lifetime of thelnm* state of H2CO has
been measured recently from emission in the gas phasezz.
The level excited was that involving the 17 level of W4
and 1 quanta of “6. The lifetime was 27 nsecs. and is
independent of pressure in the regiom 0.3 to 3.8 torr;
the emission observed was from 420 to 500 nmeters.
Unfortunately, the level excited does not emit, so that
the lifetime observed will be that of the ei levels
of the singlet, provided equilibration to this level is
fast compared to the lifetime of the emitting state.

The lifetime of the D,CO ln,w* state has also
been reported23. For excitation of 3 quanta of vi
(C = 0 stretch) the lifetime is found to be 103 nsecs,

independent of pressure in the region 0.1 to 10 torr.

However, excitation to the 17 level of\q gives a pressure
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dependent lifetime, varying from 5 nsecs at 0 torr to 66

nsecs at 10 torr. However, as in the previous case, the

emitting state is not the one excited, but the 0~ level

of wﬁ .

An estimate of the lifetime of the 1i levels
ofié in HZCO can be made. As there 1s no evidence of
predissociation in the absorption sﬁectra to this level,
then natural line width, AW, cannot exceed 0.1 cm'l, the
Doppler broadening for the temperature at which these

spectra are taken. The line width is given by the

following relationship24:

A = 1 (1 + 1 )

2me \t | T_

o t

C = speed of light

T = natural radiative lifetime

T, = the mean lifetime of the
non-radiative processes.

for W to exceed 0.1 cm, the total (E;+l;) must exceed a
value of 1010. Since the natural radiative livetime,
5

sec25, then Ttmust be no greater

than 10'10. The quantum yield of emission, Qe, is defined

is of the order of 10~

as the amount of light emitted by a particular level,

divided by the light absorbed in exciting that level;

thus, an undetectable emission will correspond, for a molecule
with a low extinction coefficient such as HZCO, to a quantum

yield of emission of no greater than 0.001. Defining the
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t i ld ; . ’ g . .o
quantum yie as T+ Tt/To Tt/To’ the_n,'rt/‘ro £ 0.001
Thus, T, is at least 10_8, and the rate constant for

non-radiative process depopulating the 1t levels ofy;

in the 1

010

n,™ state of formaldehyde lies in the region 108

s~1,

to 1
The emission spectra, in the gas phase of the 1n,w*

state are independent of the excitation source, that is,

the fluorescence and discharge spectra are identicall4’15.

There has been no evidence reported of triplet involvement

15’20. The only

1

in the vapour phase emission spectra

levels from which emission is observed in the "n, ™ state

*
of HZCO are the 0 1levels of v4' and the first level of ‘?23

A very weak emission is also observed from the level in

which twe- quanta of “2' are excited. The DZCO spectra is

+
similar, with the exception that the 1 1levels of vd
are also active in emissionl4’15.

The Photochemistry of H,CO

The spectroscopic analysis of the formaldehydel4’15
‘1'%Iﬁ”_ states, despite the detailed studies, has yielded
little information on the nature of the photon induced
processes that lead to decomposition. The considerable
fine structure in the absorption and emission spectra
indicates a stable upper state. The vanishingly small
intensity from the 1i levels of the VA vibrational mode,
in the emission from the upper state, puts a lower limit

of predissociation of about 82 kcals/molel4s15, The lack

of emission from these levels, although the absorption of
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these levels is well resolved, indicates that the rate
constants of the non-radiative processes depopulating this
level are of the order of from 108 sec™l to 1010 gec~1,
Evidence for triplet involvement in the photochemistry

t16, on the

comes from two sources. Degraff and Calver
basis of a study in which mixtures of biacetyl and formal-
dehyde-d); were irradiated at 3130 R, found phosphorescence

of biacetyl preferentially excited. In a study conducted

by Smith and Meyer17 of matrix isolated formaldehyde at

low temperature, phosphorescence emission was observed.

The lifetime of this emission was measured as 1.1 * 0.2 secs.
at 209K in Krypton. The lifetime was dependent upon the
temperature and the matrix material but the radiative
lifetime of the triplet of formaldehyde can be given a

lower limit of 1.1 secs. Thus, this places an upper limit
on kp’ the rate constant of phosphorescence emission, as
approximately 0.9 sec'l. Thus, the triplet can have a role
in the decomposition processes and yet not be observed

in the gas phase by emission, as the rate constant for emission

is so low.

Further information about the formaldehyde
photochemical system comes from studies of the decomposition
yieldal6’26’27. This study is, however, complicated by
virtue of a tendency of formaldehyde to polymerize at
room temperature, while a chain reaction is initiated at
temperatures high enough to prevent this polymerization.

The chain is sufficiently large at temperature of 300°C
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that excitation at 313 nm has a ¢d of the order of 100, while it
drope to a value near unity at 100°Cs, where ¢A is defined as:

(no. of molecules undergoing process A)/(no. of molecules absorbing
light). Thus, extensive temperature studies are not feasible.

The decomposition results mainly in the products H2 and 0026-28,

with decomposition being postulated to occur via two mechanisms:

H,CO BV, 5+ HCO
I

Hco —Y s B+ CO
2 2

There is conflicting evidence in the literature con-
cerning the wavelength dependence of these two processes. Todine

26,27,29 indicate

inhibition studies and isotope scrambling studies
that, at temperatures near 100°, the ratio ¢III¢I is proportional
to wavelength, that is ¢II predominates over ¢I at larger wavelengths,
The radical trapping study of Degraff and Calvertlﬁ, however, shows
an opposite effect., That study has been cr:lticized29 because the
amount of inhibitor required to remove all radicals was only cali-
brated for one wavelength, 313 nm. As a result, any radical produced
Hz arising due to insufficient trapping would be attributed to
process 11 instead of process I.

Klein and Schoen’’ observed the ratio of 9../9; as
a function of pressure at 3655 . It was found to be 2.0 at
a pressure of 26.8 torr while at a pressure of 221.9 torr, the
ratio was 0,2, This study was carried out at 140°C, where the

chain length is near unity, and the excitation is to the lowest

vibrational 1levels of the upper state. As a result,
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the only effect of pressure would be thermal excitation
to higher levels of the upper state. This would explain
the anomalously low predissociation limit for formaldehyde,
= 82 kcal/mole as opposed to Dy-cor °f 85 kcals/mole for
such molecules as acetaldehydezg. Photoionization experiments
lead to a value of 85.1 % 1.4 kcal/molé30 for D-CHO, while
Walsh and Bension>! find a value of 87 t 0.1 kcal/mole from
kinetic studies. Thus, if the formaldehyde, upon being
excited with 365 nm radiation, can be thermally excited to
the higher vibrational levels, then the observation of

26,27,29 from excitation at this wavelength

radical products
is consistant with a dissociation 1limit higher than the
energy absorbed.

While the evidence is quite strongly in agreement
with an increase in the ratio of ¢II/¢I with increasing
wavelength, little else is known about the formaldehyde
photochemical system. There is no strong evidence concerning
the role of the triplet state in the decomposition except

that it is formed and does not convert to the ground state

by a radiative process.



Chapter III

The Calculations on the Formaldehyde Systenm

The Equilibrium Geometries and Transition Energies

As there is, then, little information concerning
the decomposition of formaldehyde, molecular orbital
calculations were performed to evaluate the role of the
various states of formaldehyde in its photochemistry. The
correlation of various states with products and the nature
of the decomposition path was investigated. The results
of this study are discussed below.

Calculations were carried out on the various
electronic states of formaldehyde to obtain the equilibrium
geometries, and the vertical and 0-0 transition energies.
The results of the calculations are collected in tables II
and III. The calculations were carried out using the CNDO/2
approximation described in chapter I, are the coordinate
system is described in figure III. They were performed on
the triplet and singlet excited states arising via the
promotion of one electron, as well as closed shell excited
states. The SCF calculations on the singlet states were
performed using the method of Kroto and Santry32. The
programmes used to perform these calculations were supplied
by Dr. D. P. Santry.

The equilibrium geometries were calculated by the
following method: an initial geometry was used, that of the
ground state or some similar excited state or the

experimentally measured geometry, then one of the bond

- 33 -~
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TABLE II

A Comparison of Observed34 and Calculated Geometries of\HZCO'*

State Thet(1)® Thet(2)°® PS°® R(l) R(Z) R(3) Ato;?irﬁiits
es Cale  57.0 57.0 0 1.24 1,117 1.117  -26.8395
obs. 57.9 57.0 0  1.210 1.102 1.102

Lok cale  62.75 62.75 0  1.31 1.10 1.10 26,7136
obs. 59.5 $9.5  20.5 1.32 1.092 1.092

3,7 cale  58.0 58.0  35.0 1.31 1.11  1.11 -26.7336
obs. 60.5 60.5 38,0 1.31 1.08 1.08

3pm% cale 57.6 57.6 28,0 1.38 1.11  1.11 ~26.6527
obs.,

32,08 cale  78.0 78.0 0  1.255 1.30  1.30 ~26.5920
obs.

% The Coordinate System is given in Figure XIII.



A Comparison of Calculated with Observed34

State

G. S.

1(n.ﬂ*)
3 (n,T*)
1(n,c"‘)
3(n,0%)
CR

3w, m*)

1
A1

1L, dan
A,("A")

3

TABLE III

Vertical Transitions

Calculated

3.95

3.4

7.30

6.76

Observed

0
3‘5 5.4

3.13 3.44

*% obtained from the CI calculation.

35

Transition Energies of H,CO

2

0~-0 Transitions

Calculated.

Observed

3.58

3.21
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lengths or bond angles was varied until a minimum energy was
obtained, This procedure was carried out for all the
remaining parameters, ome at a time. The cycle was repeated
until no significant change occured.

In general, good agreement is obtained for the
calculated geometries and those observed experimentally (see
Table II and III). There are two notable exceptions, Fhe
carbon oxygen bond length in the ground state and the angle
made by the carbon oxygen bond with the carbon hydrogen
Plane in the lAz(lAf) state. The poor zcarbon-oxygen bond
length in the ground state seems to be a result of the
CNDO approximations7'32’33. The contributions to the 2b2
orbital in the ground state, by the carbon and oxygen
atomic orbitals are strongly antibonding, (see appendix).

In fact, states which arise from depopulation of this
orbital give a bond length which agrees more favourably
with that observed.

The oxygen out of plane angle for the equilibrium
geometry is in error by some 20° (see Table II) and, in
fact, gives no barrier to inversion (see above). The
calculation does, however, show that the angle can be
varied some 10° from planarity with no increase in energy
(see Fig. IX). The energy increase upon further changing
the angle is quite small (a change of 20° from planarity
increases the energy by 0.0003 Au or 0.2 Kcal/mole). Thus,
although the calculation doesn't actually show a barrier

to inversion, it does reflect the fact that there is very
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Figure 1V

yariation of the Out of Planme Angle P; in the lﬁ,ﬂ* State

[
ENERGY
A. U. -
-26.7125 -
~26.7130
i g i
0° 15° 20°

PS

Coordinates: R, =1.31 &; R, = R, = 1.09 £. Theta = 122.0°
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little resistance to motion through the plane., The barrier
has been estimated, from spectroscopic data, to be 650 em~t
or 1.85 kcals/molel8,19,

The energies were calculated of both the 0-0 and
vertical transitions for a number of states and are tabulated
in Table III. Unfortunately, the energies for the singlet
and triplet of the n,m* states are the only ones which can
be compared with the observed values (see preceeding
discussion on the spectroscopy of formaldehyde) and for
these there is good agreement (see Table III).

The singlet excited states were calculated using
the method discribed by Kroto and Santry32. The method
involved the simultaneous independent calculations on three
sets of orbitals, the core orbifals, i.e. those orbitals
that are doubly occupied, and the molecular orbitals that
were occupied by a single eiectron. Thus, convergence was
somewhat slow and oscillatory. The calculations were also
extremely sensitive to geometry in that, at a geometry
where two molecular orbitals had similar energies, the
program would alternately populate one orbital and then the
next, resulting in a divergence. This switching was
uncontrollable, and the calculations for the singlet energies
of m,o" and 'y ,r* states could not be performed. The
vertical transition energy quoted for the 'm,m* state, in
:able III was obtained from the configuration interaction
calculation which is described below.

There 1s reasonable agreement between the values

calculated in this study and those reported by other
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researchers (see Table IV), the one exception being the
transition energy for the 3n,g* state. The value obtained
is somewhat lower than that reported by Beunker and
Peyerimhoff33. This is due to the fact that, while the
value quoted in this study was obtained by a single SCF
g33

calculation, that of Beunker and Peyerimhof was the

result of a detailed Configuration Interaction calculation.
It should be noted that the transition energy calculated
for the 'm,m* state based on a simple C.I. calculation agrees

extremely well (11.55 ev vs. 11.72 ev) with Beunker's value.
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TABLE IV

Transition Energies (ev)

A Comparison of Various Calculations of the Transition Energies

0-0 Transitions

Bene35 Geuisner36 Beunker33 Whitter38
& Pretre & Seg3137 & &
State Jaffe Pullman Peyerimhoff  Hackmever
CIS CISD
Ln,m) (lAz)lA" 3.4 4.61 5.45
3n,m) (3A2)2A" — 5.02 5.45
l(n,o*) 132 — 11.27 9.83
3(n,0%) ’s, — ———
Lmmy  Gapla’ 03 1144 e
3(m, me) (3A1)3A' — 7.63 8.54
Vertical Transitions
l(n,"*) (lAz)lA" 3.83 ev 3.43 ev 3.80
3(n.Tr*) (3A2)3A" 3.46 3.01 3.38
1(n.O*) 132 8.12 10.44 ——
3(n,o*) 3B2 ——— 9.55 —_—
l(ﬂ.ﬂ*) (lAl)lA' 15.6 11.72 11.31
3w, %) (3A1)3A' —— 4.99 5.66

* from the CI calculation

This

Study

3.7

3.95

3.4

7.3
11.5%

6.76
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The Photodecomposition to Molecular Products

The decomposition products, H2 and CO, appear to arise
via two different pathways, that is, vi; a direct molecular
split and a split into the radical products H and HCO. An
attempt to determine the path leading to a particular product
demands a knowledge of the states which will give rise to these
products, i.e., what state or. states would result if form-
aldehyde were to be formed from the products. This information
can be obtained from the Wigner-Witmer correlation rulesla.

The application of the correlation rules will yield a list of
states that leads to a particular set of products. However,
they will only be identified in so far as the multiplicity
and symmetry are specified.

The Wigner-Witmer rules were applied to both the
radical products and the molecular products of the decomposition,
and the results are shown in the Fig. XIII. There is only one
state giving rise to the molecular split, which is a singlet
state, 1A1 if the molecule retains sz symmetry throughout the
reaction, and 1A' 1f the path involves a distortion of the
molecule to Cs symmetry.

Inspection of the virtual orbitals of the ground state
(see appendix) shows that the 4a1 orbital has characteristics
which would lead to a molecular split. The orbital is bonding
between the two hydrogen atoms, and the €arbon and O0xygen atoms,
while being strongly antibonding between the Carbon and two

hydrogen atoms. Thus, it would seem reasonable that if this

orbital were doubly occupied at the expense of another orbital,
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the 2b, non-bonding orbital, this state would lead to the
correct products.

To test this hypotheses, a calculation was performed,
using a closed shell CNDO/2 program, oﬂ this nzaﬂ% state,

1

which 1is “A This electronic configuration was specified as

1
the molecule was distorted along a sz path, that is, the two
hydrogen atoms were drawn away from the carbon centre symmetricall
about the C=0 axis, while maintaining planarity. The energy

for the optimum configuration for a particular C~H distance was
found to decrease as the C-H distance increased. Also the

optimum geometry tended toward a smaller H-C-H angle as the C-H
distance increased.

The carbon oxygen bond distance in formaldehyde was
specified as that in the carbon monoxide molecule in its ground
state. The equilibrium geometry of carbon monoxide was calculated
using the same computer programme as for the formaldehyde
calculations. The eneegy‘of the formaldehyde was then studied
as a function of hydrogen-hydrogen distance and carbon hydrogen
distance, and the energy was found to smoothly approach a
value equal to the sum of the electronic energies of an islolated
carbon monoxide and hydrogen molecule, both in the ground
state (see Table V and Figures V-X). That this was, in fact,
the lowest energy state was tested by specifying the lowest
energy molecular orbitals to be occupiled, irrespective of
symmetry. The same configuration resulted.

Thus, it is clear that the SCF state nzﬂﬂz leads to

the correct products, that is carbon monoxide and hydrogen



Energies of Decomposition Products of H

Molecule

co

H,

Total Hz + CO
2
H2C0 l(n ,0*2)

TABLE V

Energy

at equilib. Geom.

25.0621 Au
1.47465 Au
26.53675 Au

26.5368 Au
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co l(nz,o*z)

2
Equilib. Geom.

1.101 &

0.75 &

RC = 0 1.191 &

R CH 2.6 X

RH-H .76 R
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Pigure ¥: The Energy of Hz vs. Bond Length (Ground State)
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Figure VIII: Energy of Hzco vs. Theta:~n2,0*2 State
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Figure IX: Energy of HZCO vs. Theta nz,o*z State

ENERGY A. U,

-26.530 =

17 18.2 19.4
Theta °

Coordinates: Rl = 1,191 X; R2 = R3 = 2.4 8
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Figure X: Energy of HZCO vs. Theta nz,o*z State

ENERGY A. U.
-26.530 -
P
P
1 L 1 L L L 1 L i
16.0° 17.0° 18.2°

Coordinates: R1 = 1,191 X; Rz = R3 = 2,6 X.
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molecules in their ground electronic states. However, it is
to be noted that CO and H2 are the lowest energy products,
and, in fact, have virtually the same energy as ground stgte
formaldehyde: the products have an energy of 1.3 kcals relative
to that of ground state formaldehyde16. Thus, the dissociative
surface of the nzmﬂz state must cross that of the ground state.
Since the ground state is also 1A1, this is prohibited by the
non-crossing rule. ;

Thus, while the non-crossing rule appears to prohibit
the nZJ#Z state from correlating with the ground state
products, i.e. the molecular products of the dissociations, the
configuration of the state at Yarge carbon hydrogen bond
lengths is that of isolated carbon monoxide and hydrogen molecules.
That state which will give rise to these products must, then,
Becjuire a similar configuration. This assumption is reasonable
as the extent to which one configuration mixes with another
depends upon the energy difference between the states (see above),
which is depgndent upon the geometry. Thus, as the molecule in
its ground state is distorted along the path leading to molecular
products, the CI description of the state will contain a
greater contribution from the:ﬁ,akzstate. Thus, it can be
expected that the ground state of formaldehyde will look very
much like the SCF description of the anwz state as the
molecule begins to form the products CO and HZ'

The CI calculation performed was done as follows: the
interacting states were constructed fromthe virtual orbitals
of the ground state by exciting one or two electrons from the

occupied orbitals into a virtual orbital. All 1Al states
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involving the excitatiom. of one electrom, and all closed
shell states arising from the excitation of two electrons were
included in the interaction matrix. The details of the cal-
culation have been described above.

The calculated surface (see Figs. XI and XII) shows
the variation in the potential energy of the formaldehyde
molecule as a function of the coo:dinates of the two hydrogen
atoms. The coordinates of the hydrogen atoms are varied with
the restriction that the molecule remain planar and retain sz
symmetry. The carbon-oxygen bond length chosen was 1.24 R.

The surface was constructed by plotting equal energy
contours as a function of hydrogen-hydfogen (H-H) bond distance
and ¢arbon to the centre of the hydrogen-hydrogen bond
distance (CLlHH). These contours were obtained from plots of
(H-H) distance versus potential energy for particular values
of the (CLHH) distance and vice versa.

The Reaction Surface

The surface has been constructed in two sections,
for reasons given below (see Figures XI, XII). The first
section makes use of the virtual orbitals of the ground state,
i;e., the SCF state having the configuration (1a1)2(2a1)
2(1b2)2(3a1)2(1b1)2(2b2)2. The ground state, at the equilibrium
geometry is described almost exclusively as the SCF ground state,
the coefficnet of mixing being 0.982. The second section makes
use of the SCF state ‘hz,o*z as the ground state, that is the
configuration..(151)2(23‘1)2. The coefficient of mixing of this

state to the ground state is 0.987, for a set of coordinates

corresponding to a carbon monoxide molecule at a distance of
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Figure XI: Potential Energy Surface for Ground State Formaldehyde Part A,
Energy plotted in units of 0.01 A.U, as a function of H-H distance (R H-H)
and Carbon to centre of H-H bond distance (R C HH). The molecule maintains
C, symmetry, and the occupancy is the lowest energy orbitals. They are
¢B¥ following: 3(a))?, 1(b))?, 2(b,)2.
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38 from a hydrogen molecule.

As the molecule travelled a path toward dissociation
into molecular products, the mixing coefficient of the ground
state in the CI description of the nzgﬁz state and vice
versa approached equality. As the coefficients approcached
each other, the difference in energies between the two states
became first smaller and then began to diverge. This is a
consequence of the non-crossing rule. As two states of the same
symmetry approach each other in energy as they follow a
particular coordincate in n-dimensional space, they must begin
to repel each other, and the states must diverge.

When performing a calculation of this type there are
two aspects which must be considered. The first is that, as
a result of the approximate methods used, the energies of two
molecules cannot be compared. Thus, the calculated energy

of the formaldehyde molecule, in its ground state cannot be

compared with the energy of the molecular fragments for

molecular hydrogen and carbon manoxide. In this case the energy
of the molecular product 1s calculated to be far higher than
the energy of ground state formaldehyde when, in fact; they are
almost equal. This effect will result in a potential energy
surface in which the energy change along a potential path to
products will be superimposed upon the inherent energy increase
on the molecules moving on the path tends towards the fragments.
As has been mentioned earlier, this type of calculation
can be semsitive to geometry. Thus, specification of a particu-
lar electronic configuration can lead to oscillations for

particular geometries, usually when the molecule is distorted
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from its equilibrium geometry for this configuration.

As a result, the surface could not be calculated in its
entirety by specifying the same electronic configuration for
the SCF states whose orbitals are used to construct the virtual
states of the interaction matrix. Thus, when the energies of
the ground state and the nzﬁﬂz state crossed, the state with
the lower energy was used as the SCF state. The virtual states
used in the interaction matrix were constructed by the excitation
of one or two electrons from an occupied orbital and placing
them in a virtual orbital. By changing the configurations of
the SCF state, then, many of the states previously calculated
disappeared from the matrix as they would involve three and
four electron excitations, and were replaced by others. This
results in a difference in the CI matrix and is reflected in
a change of energy in the CI ground state. As a result, there
is a discontinuity in the surface, and the surface is constructed
in two parts. This could be overcome by using a complete
interaction matrix involving all possible 1Al states, but, it
is the shape of the surface which is of interest, not the
absolute magnitude of the energies. In the region where both
"halves" of the potential surface overlap it is seen that the
contours are of the same shape and direction, apparently only
differing in energy.

The surface is typical of what is expected for a stable
molecule such as formaldehyde. The contours of the surface
are plotted 0.01 au (0.2l ev) apart and form closed loops about
the equilibrium geometry of the molecule, the contour being

oval shaped. Inspection of the surface show that for any

extension of the (CLHH) bond lengths, the energy required is
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lowered by decreasing the (H-H) bond distance. This trend
continues until the maximum of the reaction surface is
reached, and"X"'shaped region from which the energy falls off
sharply as the (CAHH) distance is increased,

At a (CAHH) bond length of about 1.4 £ the surface
falts away sharply along a constant (H-H) bond distance to
products. The surface becomes, at a distance of 2 2 essentially
that of a hydrogen molecule, the energy being independent of
’the (‘C1L HH) distance.

To construct the surface, a number of constraints had
to be placed on the dissociative mechanism: the molecule remains
planar throughout the dissociation, the path retains symmetry
about the carbon-oxygen axis and the carbon oxygen bond lemngth
remains constant, at 124 8. This was dome to reduce the number
of variables so that a three dimensional surface could be plotted.

The carbon oxygen bond length will undoubtedly change
throughout the dissociation. Thus, the surface will be some-
what distorted because of it. That the molecule would remein
planar is not known, but it is doubtful that there would be
any energy decrease in becoming non-planar.

The energy contours,; in the region of very shorxt
(CLBH) distance and larger (H-H) distance, are quite widely
spaced, the surface being somewhat shallow in this region.

The surface could be plotted fqr negative coordinates,
and one might suppose that the interaction of the hydrogen
atoms with the orbitals of the oxygen atom would lower the

energy barrier to dissociation to the molecular products.
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Figure XII shows that this supposition is incorrect and that
the energy rises quite steeply for motion in this direction.
While this orbital energy is lowered, the nuclear repulsion
energy rises quite sharply and the overall effect is a sharp
rise in energy.

The result of the calculation indicates that the
molecular products, hydrogen and carbon monoxide in their ground
states, arise via the decomposition of the formaldeliyde ground
electronic state. The path followed in this decomposition is a
lengthening of the carbon hydrogen bond length accompanied by
the simultaneous shortening of the hydrogen hydrogen bond length.
This path is, in fact, either the vz(al) or v3(al) normal mode of
formaldehyde or is a combination of both. The motion of the
carbon-oxygen bond was not investigated, in part because of
the obvious difficulty in constructing four dimensional surfaces.

The Photodecomposition to Radical Products

The process leading to the radical products was
also investigated, calculations being carried out using the open
shell version of the CNDO/2 programs. The radical products of
the dissociation are the formyl radical and the hydrogen atom,
the hydrogen atom being in its ground state since the lowest
excited state of the hydrogen atom lies well above the ln,w* state
of formaldehyde.

Calculations were carried out on the formyl radical
to determine the ground state geometry, the results are tabulated
below (Table VI). The formyl radical, in the linear configuration
is a member of the qﬂv point group. Occupation of the lowest

lying orbitals results in two 7 and two I orbitals
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BEquilibrium Geometries and Transition Energies of Two States of BCO

State

2A“ (G.S.) Calc
@bs%s

ZA" Calc
@b@%g

RCO

1.22

1.14

1.22

1,187

RCH

i.11

1.08

1,11

1.04

Theta

46°

60.5°

00

@@

Transitions
0“’0 ve'ﬁ’ t e
1.14 ev. s
1.33 ev, 1,16 = 5.7
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being doubly occupied, and one m* orbital being singly occupied;
the state being zﬂ, which is doubly degenerate. The degeneracy

is lifted by bending the molecule, the oecupancy being three (a')z,
one (a")2 and one (a") or three (a')z, one (a")2 and one (a'), and
the latter configuration is the lowest in energy azA' state, and
the former azA" state.

The_ difference in energy between these two states is
quite small, the 0-0 transition being 1.33 evls. Because of this
small energy difference, the two states of the formyl radical must
be considered as possible dissociation products.

The reaction path must be specified before the Wigner-
Wit:merl8 rules can be applied, and the species must be treated as
belonging to the point group of the least symmetric species present.
Thus, if the intermediate configuration is of lower symmetry than
any of the reactants or products, the Wigner-Witmer rules are ap-
plied as 1if each species were a member of that group. If a planar
reaction path is specified, the states which correlate with products
will be those specified in Figure XIII.

The W:Lgner--witmerl8 rules specify only the spin and
symmetry of the state which correlates with a particular state of
a given symmetry. The non-crossing rule, however, specifies that
the lowest state of a particular symmetry correlates with the lowest
energy products, corresponding to a state of that symmetry. Thus,
the states which correlate with particular products are listed in
Figure XIII.

Imspection of the virtual orbitals of the ground
state indicates an n,m state would correlate with the ground

state products HCO 2A' and st Calculations were performed

2.
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on this state to determine whether it correlates smoothiy
with ground state products. The restriction placed on
the path of decomposition was that the molecule remain
plaqar, that is, retgins at least Cs symmetry.

The calculations were carried out using an open shell
version of the CNDO/2 programs. Only the triplet state was
investigated as, for reasons given above, the singlet
state calculations were too unstable for distorted geometries.
The calculation was performed in an unrestricted manner, that
is, the orbitals of the a electrons were allowed to differ
from the orbitals of the B electrons and the m = #]lcomponent
of the triplet was investigated. The state was specified by
occupying three a* and one a".a orbitals, and five a" and
one a™ B orbitalsy also specifying that these be the lowest
energy orbitals. It was found that this configuration went
smoothly to the products in their ground state.

Calculations were performed for a set of coordinates
which corresponded to a formyl radical at equilibrium
geometry with a hydrogen atom at a distance of 38 from the
carbon atom 1in the plane of the molecule, and on the opposite
side of the molecule from the formyl hydrogen. The configuration
was not specified beyond occupying the four lowest @ orbitals
and the six lowest B orbitals. The configuration resulting
was that corresponding to the n,o*% state, and the orbitals
involved were those occupied in the formyl radical plus one
other orbital, corresponding to the o* orbital.

The path followed by the molecule on dissociation

was Investigated. The formyl radical was investigated with
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Figure XIII: The Correlation of States of H2C0 and (CH3)200 with Radical
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a2 hydrogen atom at a distance of 3 . The angle the hydrogen
atom made with the carbon oxygen axis was plotted as a function
of energy. (See Fig. XIV) The minimum energy position was
found to correspond to a geometry in which the carbon oxygen
hydrogen formed a straight line. As the distance from the
carbon decreased, the minimum energy geometry was attaimed at
a decreased H~C-0 angle. (See Fig. XV) Thus, the hydrogen
atom seems to "roll off", that is, as fhe hydrogen-carbon
bond length increases, the bond angle also increases. This
means that the molecule is being stablilized by increasing
the oxygen-hydrogen overlap. Thus, it is reasomnable to
assume further stabilization of the energy will be attained
by involving a pyramidal or non-planar reaction path which
involves more interaction between the p orbitals on the
oxygen with the hydrogen is orbital.

It was found that the lowest energy comnfiguration
was three a° @ one a" o five a° 8 one a” B until the
carbon-hydrogen distance decreased to 2 2. The configuration
giving the lowest energy became three a’° ¢ one a° o four a’ B
two ah; B, that is the n,"™ configuration. Thus, the two states
cross at a point very close to products, and it seems reason-
able, them, that the n,#% configuration correlates with the
excited state product HCO 2A + stge

The fact that the Wigner-Witmer rules cowmbined with the
non=-crossing rule specify the Sﬁyw* state as the omne correlating

3

with ground state products as opposed to the “p,gf state is not

at odds with the calculatiom. The configuration gp,g% is
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Figure XIV: Energy of HCO + H (Ground State) as a Function of Theta 2.
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Figure Xv: Energy of HCO + H (Ground State) as a Function of Theta 2.
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the one correlating with these products. The situation is
analogous to the one for the formation of the molecular
products. The configuration w,m* probably corresponds to some
highly excited state of the product. As the two states
travel the path to products they approach each other, and
large mixing of configurations occur. The states will repel
each other and the %nw*state (properly designated as the BN )
will have a larger contribution from the n,0* configuration than
its own original configuration. As a result, the configuration
is more accurately described as n,0*% than w,m%

If the reaction path is, in fact, non-planar, the
correlation diagram will be modified to that in Fig. XIII B..

To summarize, the proposed correlation of states
and products is as follows: the ground state correlates with the
products H2 + CO, in their ground states, the ground state
and the %r,w* state correlate with the products HCO 2A' and
stg’ and the lno* and 3n,w* states correlate with the products
HCO ZA” and stg. The configuration of the state leading to
the products HCO 2A' and stg is probably n,0%.

Abrahmson, Littler, and V021 propose that the state
2 + CO products in their ground states 1is HLOEHZ'
This state is, in the sz point group le, and in non-planar
C. symmetry lA". The correlation, however, specifies that

S

one b2 or a¥ orbital be doubly occupied, and one b2 (n) or

leading to H

a™ orbital be singly occupied. When the products arise, the

b2 or a"™ orbitals correspond to one T bonding and ¥ antibonding
orbital on CO, and one I orbital on H2’ Thus, specifying

these electrons among these three orbitals, one being doubly

occupied, must result in an excited state of either CO or
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H Also, as the symmetry is 11-\'4i , it cannot correlate with

T
products transforming as A1 or A'.

In the case of the radical products, Abrahmson et al
suggest the %MG*CH state as the one giving rise to the
w2
2 2

products HCO “A' + H Sg. In Cs (planar) symmetry, the orbital

o‘*cﬂéa") cannot be specified as all the other 0% orbitals
become a¥. Also, the interaction of states has not been
considered, and it would be expected that the lnac* state and
the ground state will mix and thus "repel'" each other.-The:Hho*
electronic configuration is probably close to that which
gives rise to these products. However, configuration mixing
will dictate the lowest'lﬂi'state as the state giving rise to
these products, H002A4 + H 288, as these are the lowest
products resulting from the split of one H atom from the
‘formaldehyde molecule. -

As discussed above, the excited state which smoothly
correlates with the radical products, in the ground state,
will be the 3w,ﬂ* state, a tripletstate not a singlet state
as proposed by Abrahmson et al. However, these products
either may arise as a result of an internal conversion between

3 3n,w* state (3A4), or may occur

the “n,T* state (3A‘“) and the
smoothly from the 3n;m*‘ state via configuration mixing if the
path has no symmetry.

A Photochemical Mechanism

Upon excitation to a vibrationally excited level of
the ln,o*state a number of possible processes can occur. The
molecule may have sufficient energy to dissociate, resulting
in the product HCO ZAJ‘ + HZSgJu'it may intersystem cross to
the triplet state, or finally the vibrational energy may be

collisionally deactivated, the molecule then existing in the
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low lying levels of the singlet state. There is also the
possibility of fluorescence, but as this has not been observed
for the upper vibrational levels of the lu,w state, it will
not be considered.

If the molecule exists in the low lying vibrational
levels of the first excited state it can undergo intersystem
crossing to the triplet state, intermnal conversion to the
high vibratienal levels of the ground state or undergo
fluorescence. Fluorescence will result in a molecule in the
lower levels of the ground state, which will undergo no further
processes of interest. The ground state formed by internal
conversion, however, may have sufficient energy to decompose
and will result in molecular products in their ground states.

The triplet state molecules, %hw*,may either
ZA.{;. 2

decompose directly to products (HCO + H Sg) or undergo

decomposition through a path of C, symmetry, resulting in the

1
product HCO zA" and 2Sg. The latter is equivalent to inter-
system crossing to the 3w,w¥ state, induced by the
out of plane vibration. The triplet may also be deactivated
to the ground vibrational levels of this state which can
phosphoresce, intersystem cross to the ground state, or be
collisionally reactivated to higher vibrational levels. Of
these possibilities, emission will not be considered further
as it has only been observed in low temperature matrices2

The possible processes occuring upon excitation to

the excited singlet ]'-n,'o* state are as follows:
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F: the ground state of formaldehyde.

S The first excited singlet of formaldehyde.

o0

1
T
the superscript °: the low lying vibrational levels

the first excited triplet of formaldehyde.

of formaldehyde the superscript *#: high vib. levels of formaldehyde.
Excitation by short wavelengths will result imn

predominance of processes (2), (3), (8). At higher pressures,
there will be some deactivation to the lower levels of S .
However, at higher temperature (»100°C) process (11) will
be fast, and radical products will again predominate. At
lower energies, there will be an increase in the number of

molecules existing in the lgw lying levels, resulting in an
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increase in molecular products. However, once again,

this will be pressure dependant as, at elevated temperatures,
the system will obey a Hinshelwood-Lindemann behaviour and
radical products will predominate. Thus, the conditions
favouring molecular products will be excitation in the long

wavelength edge of the absorption band, and low pressures.



Chapter IV

Suggestions for Further Experiments

To determine whether such a mechanism involving thermally
induced activation to higher vibrational levels is operative a study
of the fluorescence quantum yield (Qg) and the fluorescence lifetime
(Tf) should be made, as a function of pressure at 3655 nm and 100°C.
This, coupled with a study of the decomposition yield of processes
I and II as a function of pressure at this temperature, would show
which of the processes, if any, is thermally excited to predissociative
levels.

Further investigations should be carried out on the ratio
¢I/¢II and the absolute values of these quantities as a function of
pressure at various exciting wavelengths. If the thermal activatiom
theory is correct, then, at high pressure, all rate constants would
be independent of exciting wavelength and pressure. If, on the other
hand, this theory is incorrect, then increasing the pressure will
affect the values of ¢f and ¢II in the same manner such that a plot
of ¢f-1 or ¢II-1 vs. p-l will be linear. That is, assuming the fol-

lowing mechanism:

F '22—-*8* S*: high vibrational levels of
S* -—El——-*ﬁ + HCO ' the singlet (n,m*) state of
S* + M —LSO + M formaldehyde.

s°® ELL—-ﬂHZ + CO S°: The low vibrational levels
So -—EE--*? + hv of singlet (n,m%) state of

formaldehyde.

Fe The ground state of formaldehyde.

- 70 -
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¢II would be true.

The extent of triplet participation in the photochemistry
of formaldehyde is difficult to assess as there is no phosphorescence
in the gas phase to monitor its presence. However, the quantum vield
could be obtalned by measuring the cis-trans isomerization of %utene—zago
If any process should arise exclusively from the triplet state, the
quantum yield of triplet, will be identical to the quantum yield of
that process, for‘any given set of conditions.

Further, it is to be noted that the transition 3 (W%en)

14,15,18, Thug, direct excitatien of the

has a well resolved spectrum
triplet state is possible, and an evaluation of the role of the triplet
state in the photochemistry can be greatly assisted by a study of the
products of this reactiom. Specifically, the absence of any product
resulting from process II will be proof of the singlet being solely
responsible,

Further studies monitoring the quantum yield of either
process as a function of the pressure of known triplet quenchers,
such as dienes oxr biacetyl would be useful. The studies with di-

olefin, however, will be complicated by the fact that radical pro-

ducts, which arise from states not quenched by di-olefims, such as
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singlets, will also be trépped. If, in fact, a di-olefin removes
more of the radical products (process I) than, say, biacetyl, then
the amount of radical products arising from a singlet state or a
short~lived triplet state can be calculated.

Methods of determining the path leading to the molecular
products, should they arise from the singlet state, are not straight-
forward. If these products predominate when excitation energy is
low and possibility of thermal reactivation is low, then it is apparent
that they do not arise from a decomposing singlet state. Similarly,
it seems unreasonable to assume an intersystem crossing to a decomposing
triplet. This suggests that they arise from the crossing to another
state which is dissociative. Evidence other than the calculations above,
that it may be the ground state, is not available as the products of
thermal decomposition arise by virtue of a chain mechanism initiated
by a disproportionation of two formaldehyde molecules rather than by
a direct dissociation40. That is:

H2CO + HCO-y HCOH + HCO
or

2H,CO —» 2HCO + Hj



THE ACETONE PHOTOCHEMICAL SYSTEM

Chapter V

A Review of Experimental Information

The Spectroscopy and Photochemistry

The acetone photochemical system has received considerable

attention from many researchersl’AIG&B. When acetone is excited to

1 n, % state, both lumin-

its lowest lying excited singlet state, the
escence and decomposition are observed. It is noted that although
fine structure i1s observed in the absorption spectrum of acetone,
iilumination at all absorbing wavelength results in decompositionl.
The spectrum of the luminescence occurs between 3800 mm and 4700 nm
with a maximum at about 4500 nm for an excitation at 3130 nmlu The
emission efficiences are approximately 2 x 10"2, The absorption
spectrum of acetone has a long wavelength edge at approximately
3500 to 3600 nm. Thus, the 0-0 tramsition is not observed, nor is
resonance fluorescencel°

A recent analysis of the absorption spectrum of acetone
has been carried outas which indicates that acetone is bent, that is,
the C—g—C skeleton is non-planar with a barrier to inversion of
100‘cm“i° CNDO II calculations showed that the ocut-of-plane angle
is = 109450 This is compatible with the absence of a 0-0 tramsition,
since the Frank-Condon factors are quite small. That resonance emission
is not observed indicates that emission is taking place from the low
lying levels of the upper state.

A

The luminescence consists of two distinct tvpes: one

- 73 -
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independent of pressure of known triplet quenchers; the other is the
major portion, and can be quenched by molecules such as oxygen and
olefinsl’44’39’46. The quenchable emission, arising from the triplet
state is classed as phosphorescence. It has a lifetime of about
2 x10 " secsAz, and is about 90% of the emission’® at 3130 nm. The
non~-quenchable part, ascribed to fluorescence from the singlet state,
has a lifetime of about 2 x 10 ° secsa7;

Heicklenaa observed the ratio of fluorescence to phos-
phorescence ¢f/¢p to be both wavelength and pressure dependent. The
phosphorescence yield increased both with pressure and wavelength
while the fluorescence yield remained relatively constant, although
there is a noticeable, albeit slight, increase with wavelength. The
quantum yield of emission, although weakly dependent on temperature,
does decrease with temperature, and a negative activation energy of
about 0,54 kcals/mole has been measuredal.

Dissociation occurs at all absorbing wavelengths in
the n* systeml. The products of this dissociation are CH,, C:Hg,
biacetyl and other high molecular weight alcohols and ketones in small
quantitiesl. Excitation at 313 nm at temperatures above 100°, and
excitation at short wavelengths, eg. 253.7 nm results mainly in methane,
ethane, and carbon monoxide, the quantum yield of carbon monoxide
being almost unity1’39. The primary dissociation has been shown to
result in CH3; + CH3CO as the products. The acetyl radical them under-
goes thermal decomposition or radical reaction. That the products
are not 2CHy + CO has been shown by jodine inhibition studiesl. The
same studies also showed that at elevated temperature or shorter wave-

length, the CH3CO does not dissociate immediately. It has been proposed
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that, when the acetone decomposes, there is excess vibrational energy
that can be divided between the acetyl and methyl radicals. Some
acetyl radicals will have sufficient vibrational energy such that
rapid dissociations can occurl°

While the nature of the products of the decomposition
has been established, the nature of the states giving rise to these
products and the mechanism by which these states undergo decomposition
must also be considered.

Studies of the effect of triplet guenchers have shown
that the quenching of products parallels the quenching of phosphorescence,
that is, that the triplet state is responsible for a large portion of
the decompositionl’41°44’39’46. There remains a portion of the
decomposition products that is unquenchable. Some researchers ascribe

39, while others suggest that

this to decomposition from the singlet
the decomposition results from highly vibrationally excited triplet
states formed initially from the singlet41. Larson and O'Neil41 pro-

pose the following mechanism:

hy

A *(one or many steps) T#*
= Moy 4 ocnco

T* z[m] a7°

To ko[m]¢Tn

™ %) acuy + csco

Tm Zm +*To

To kp *A

To %iac FAH

To qm.s.m:h_,_Aﬁi
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That is, the decomposition of the triplet follows two paths, one
in which the initially formed triplet is in some high vibtational
level T%*, which can undergo decomposition in competition with deactiva-
tion to the ground levels of the triplet. The vigrationa}ly equilibrated
triplet, ToD can then undergo a thermal unimolecular type &ecomposition
in competition with quenching and emission as well as internal conversion
to the ground state.

The manner im which the ground vibrational levels of the
triplet state become populated will have no effect on the lifetime
of these levels. Thus, a study of the phosphorescence lifetime will
yvield considerable insight into.the mechanism removing the triplet.
It is to be noted that, assuming an emission rate constant of approxi-
mately 1033‘19 emission from the vibrationally excited levels of the
triplet will not compete with wvibratiomal deactivation which has a
rate constant of the order of 10°M 's™!,

Kaskan and Duncan‘zg in their study of the effect of pres-

sure on the triplet lifetime, did not observe a Stern-Volmer relation-

ship, but rather one of the form:

T ! =k + kaP/(1 + k3P)
T: the lifetime

A steady state treatment of the above mechanism gives:

.71 3
T : kp + kic + “kd (uni)

- (ka + kic) + (kp;l- kic)[z/ke] + ko m
1 + [Zm/ke]

If ky o= (k) + kg 0)s ko = Z/Wfe) ska = [ (k1 + k3) + ko] the

new equation of Larson and O'Neal reduces to a form similar to that



Kinetic Data on Acetone by Larson & O'Neal

RATE CONSTANT

3a

TABLE VIE

&1

VALUE

kﬁkge)M

M + k( )

9.81-5.95/6

w1is™t

10 *

1010.14=9.6/9 M—ls—l

96— -
10&.-6 1.84/86 S 1

104.6#131/0 M-ls—l

¥ 0 = 2,303 RT

Unquenchable Decomposition

ey#

Ec

s-1
- E=Ee -1
e s

10llql Sml

5.7 - 7.6

9.1 - 10.3 Kcal/mole
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originally proposed by Kaskan and Duncan. The data obtained from
the lifetime and pressure studies of Kaskan and Duncan42 and Groh

Luckey and Noyes4l’42’48

, were treated by this mechanism, and their
results are collected in Table VII.

The phosphorescence quantum yields of Heicklen44 provide
more evidence in favour of this type of scheme. The phosphorescence
quantum yields show a marked effect of wavelength, If the triplet
formed is of high energy, then the rate of decomposition will be much
higher in relation to deactivation. Also, at short wavelengths a
deactivating collision, which normally removes from 6-10 kcals/moleAq,
would bring the vibrationally excited species to a level which still was capable
of dissociating, not to the ground level. The effect of pressure at
any wavelength will be, in general, to increase the yield of ground
vibrational triplet, which can then phosphoresce. However, an in-
crease in pressure will also raise the unimolecular decomposition rate
constant, Thus, at 3130nm an increase in pressure can reduce the
quantum yield of phosphorescence.

This argument was tested on the phosphorescence data of
Luckey and Noyes43. It can be shown41 that the quantum yield of phos-

phorescence, ¢p’ in the scheme suggested by Larson and 0'Neal will be:

Zm ' k
Q= Qs (k(ﬁe*) s Zm) Kk +De.k ¥ 3k
P “ie uni

the quantum yield of triplets, will be close to unity, and will,

Qs

therefore, be little affected by pressure. Substituting for 3% . and

unt
@F) =[fet i) + X 7
P 2 Ky

rearranging yields:
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Tm = 1+ k(g*)
Zm

my ié the pressure at which kuni = Lko

= k(e)

Z

= =

ko

The plot of (Q F ) ! vs m was linear.
PR g

The kinetics of the non-quenchable decomposition were
considered41 and the results are in Table I. The pre-exponential
factors and activation energy are so close to those for the triplet
decompositidn that it is reasonable to ascribe residual decomposition
to the vibrationally excited triplet.

The normal values of the pre-exponential factors for uni-
molecular decomposition are of the order of 101350’51 while the pre-
exponential factors for the acetone decomposition or of the order of
1010.

This low pre-exponential factor led Larson and 0'Neal
to state that the process occurs via a spin-forbidden triplet singlet
conversion. However, if the transition to a repulsive singlet state
takes place, it would seem even more likely the spin allowed transi-
tion to the corresponding triplet would take place, as the triplet
would lie lower in energy. It is, in fact, difficult to make an
assignment in this case as very little is known about the probability
of these vibronic transitions. Until an accurate calculation of these

probabilities of transition to either singlet or triplet is made,

no more than tentative assignment of the state undergoing decomposi-
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tion can be made.

Thus, while the expreimental information concerning
the decomposition of acetone is more detailed than that of form-
aldehyde, there remain many of the same problems, that is, the cor-
relation of states with products, and the path taken as the molecule

dissociates. The following study was undertaken to investigate these

questions.



Chapter VI

Calculation on the Acetone System

The investigation of acetone was similar to that of
formaldehyde. The size of acetone, both in terms of the size of the
basis set and the large number of degrees of freedom, severely limited
the number and type of calculation that could be carried out. Thus,
only the ground state and some excited triplet states were investigated.

In the optimization'of geometries, there are twenty-four
dependent variables. The use of symmetrv can reduce this somewhat,
but a large number still remains. As a result, certain parameters
were fixed at values corresponding to the average value found for
similar types of molecules. The equilibrium geometry was chosen to
be of sz symmetry, the C(CO)C skeleton planar with one hydrogen from
each methyl lying in the plane, pointing towards the other (see Figure XV).
The methyl hydrogens were assumed to have equivalent bond lengths and
angles. The H-C-H angle was chosen as the tetrahedral angle, 109°27°'
and the H-C-C bond angle was also 109°27'. When the dissociation was
investigated, the geometry of the methyl group was varied. The methvl
was treated as a pyramid, the C~H honds of equal length, and the C-C
bond was perpendicular to the base. The geometry of the methyl group,
then, is a function of ¢, the H-C-C bond angle.

The final assumption was that the C-H bond distance was
fixed as 1.09 X. The two C-C honds were considered equivalent, and
the two C~C-0 angles equal. Thus, the geometry can be specified bv

three parameters: the C-C-C bond angle, Rl’ the C-0 bond length and

- 81 -
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RZ’ the C-C bond length. Unfortunately, this parameterization will
introduce some inaccuracy into the calculated geometries.

The Ground State and Excited State Geometries

The ground state of acetone, in C2v symmetry, has the
following molecular orbitals: nine a orbitals, seven b2 orbitals,

four b1 orbitals, and, two a, oryitals. The b1 and a, orbitals are
T type orbitals, that is, they receive contributions from only the
P, orbitals of carbon and oxygen, and the four out of plane hydrogen
1s atomic orbitals, and therefore, have a node in the plane of the
molecule.

The orbitals are occupied in the following order, two
electrons in each orbital: lal, 231, 1 lbl, 2b2,

The lowest unoccupied orbitals are 3b1 and 631.

lbz, 3a Aal, laz,

3b,, Sa;, 2by, 4b

20

The excited states were prepared by exciting an electron

2’

from the occupied orbitals 4b2 or 2b1 (n or m) to the unoccupied
orbitals 3b; or 631 (T* or o%).

The equilibrium geometries were optimized by the same
technique as was used in formaldehyde.(see page 33 ) and the results
of the calculations are collected in Table VIIIL..

The Decomposition to Radical Products

The products of the decomposition of acetone are the
methyl and acetyl radicals. The methyl radical is assumed formed
in the ground state as its lowest lying excited state lies 5.7 ev
ahove the ground state. The acetyl radical, however, is similar to
the formyl radical in that there is a low lying excited state, so

calculations were performed on the acetyl radical.



TABLE VIIX

Equilibrium Geometries of Various Electronic States of Acetone”™

State rcc &
es 1,46
3w 1,47
S 1,44
Yok 1.52
3 1.42

All geometries assume R, 1.09 %, < HCH 109°27° < H-CC 109°27° and C

Geometries

rRCo R

1.28
1.33
1.39
1.32

1.50

Theta

119°
126°
123°
162°

147°

® The Cosrdinate System 1s in Figure XVI.

0-0

2,0
3.4
8.8

10.0

Transitions ev
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Vertical

2.1

3.7

9.58

11.59

2

svmmetrv.
v o



Figure XVI

The Coordinates Varied in the Calculation$ on Acetone

R CH R CH

84



85

Acetyl, in the linear configuration, is a 2E state,
belonging to the C3v point group. This degenerate state 1s split
by bending to a 2A' and 2A" state, the 2A' state having the lowest
energy. The equilibrium geometries of these states were calculated,
and are tabulated below (see Table IX). As the energies of these
states are so close, they must both be considered as possible products.

The Wigner-Witmer rules, when applied to acetone give the
same results as in formaldehyde (see Figure XIII). The methyl radical
in the Cs point group is considered as 2A'. Thus, the ground state
and 3qm* states lead to the ground state products, while the two ngr*
states correlate with the excited state products.

The ngi* state may cross to the 3mn* surface via the out
of plane vibration and will thus correlate with the ground state pro-
ducts. This is not unreasonable, as the molecule has been shown to
be non—planar45 in the ni* state.

The most unambiguous means of determining the correlation
of a set of electronic states with their products, and the geometry
changes occurring as the molecule decomposes is to do a complete CI
solution, However, it is to be noted that, as was stated above,
when an electronic state is well separated from other interacting
states, the mixing is very small. Thus, the single configuration
wavefunction will not differ greatly from that of the CI wavefunction,
and the behaviour will be expected to be similar. Some useful in-
formation can thus be found concerning the decomposition path of a
molecule in a particular electronically excited state from a simple

SCF calculation.
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TABLE IX
The Equilibrium Geometries of Two States of Acetyl Radical

Geometry Transition ev

State RCO R RCC R Theta 0-0 Vertical
2., o

GS™A 1.2 1.43 43 - ——
2A” 1.2 1.4 0° 06.13 1.4

Assume the angle H-C-C = angle H-C-H = 109°27' and R C-H 109 £,
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As in the case of formaldehyde, it was found that the
configuration 3 n,0% lead to the products HCO and H in theilr ground
electronic states, ‘the acetone 3 n,0% state was investigated as
a possible source of radical products. This state was investigated
at two methyl-carbon internuclear distance of the leaving methyl
radical. These were 1.7 R and 2.75 X. As described above, the geometrv
of the methyl group was varied, and the two angles 61 and 62 were
varied separately.

The angle 92 was optimized and found to be 110° for a
C-CH3 bond length of 1.7 R. The other variables were then optimized
and the angle 6, was reomptimized, and found to be 114° (see Figure
XVII and Table X). The angle ¢ is 113°, greater than the 109°27' it
was originally fixed at, and this is probably similar to the angle
in the ground state,

A similar calculation was carried out for a C-CH3 bhond
length of 2.75 R, and the results are tabulated below (see Table IX).
Thé angle 92 was found to be 175°, (see Figure XVIII), indicating
that as the carbon-carbon bond stretches, the methyl group ''rolls off"
around the oxygen in a manner similar to the hydrogen atom in the
decomposition of formaldehyde. The methyl group, as seen by a value
for ¢ of 95°, is anproaching the planar geometry of the ground state
methyl radical. The acetone geometry is approaching the geometryv of
the acetyl except the wvalue of 01, which is midway between the value
for the excited and ground states of acetyl. This may be a result
of incomplete optimization of all the variables.
Discussion

The results of the calculations on acetone are similar

to those done on formaldehyde. The 3 n,0* SCF state gives rise to
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-43,915

-43.920

~-43.,925

Figure XVII:
radical: at a

Coordinates:
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A [ i A | i el 1

105° 110° 115° 120°
THETA 2

Variation of the Energy of an Acetyl Radical with a Methyl

distance of 1.72 R with the angle Theta 2,

R, = 1.28 R: R,= 1.44 ®; and, R, = 1.72 &, Phi: 113.0°

1 3

Theta 1 = 55°
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ENERGY
A.U,
~43,760
=43,790
-43,820
n i i ) i o i
115° 135° 155° 175° 195°
THETA 2

Figure XVIII: Variation of the Energy of an Acetyl Radical with a Methyl

radical at a distance of 2.75 % with the angle Theta 2.

= 1,44 &; and, Ry = 2.75 %. phi: 95°

Theta 1 = 15°

Coordinates: R, = 1.25 &; R,



TABLE X

The equilibrium geometries for values of ‘R3 {C-C)

of 1.7 & and 2.75 &

R,(C~C) RCO R,C-C 8, 8,

1.7 & 1.28 & 1.44 R 55° 115°

2.75 R 1.25 & 1.44 R 15° 175°

90

113°

95°
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the ground state products, “A CH3CO and “A'( A2) CHB’ and the leaving
group ''rolls off" around the oxygen atom. The Wigner-Witmer rules
predict that the states giving rise to the ground state products are
the ground state and 3gg* state of acetone, while those giving rise

to the excited state products, 2A" CH,CO and 2A'(ZA;) CH,, are the

3 3
two nT* states (see Figure IV). The 3n,w* state presumable internally
converts to the 3Wp* via the out of plane vibration, or, if considered
as going through a C1 symmetric transition state, then the Wigner-Witmer
rules predict the Jqp* state will correlate with the ground state
products. However, the possibility remains that the 1qp* state and
Bqﬂ* state may dissociate directly to products which will be the
excited state products.

As was mentioned above, there are at least two distinct
paths for decomposition of the excited states of acetone, that which
can be quenched by addition of olefins and other known triplet quenchers,
ascribed to the triplet state, and a smaller unquenchable quantity.
While the evidence is quite compelling in the former case, it is more
difficult to determine the source of the latter. Larson and O'Neall‘1
. propose that this residual decompositien arises from a highly vibra-
tionally excited 3qp* first formed on intersystem crossing from the lqp*
originally formed (see above) while Cundall and Davis39 propose the
1qy* as the source of this decomposition.

Both systems are, in fact, quite reasonable. However,
if the singlet state is capable of decomposition, this does not mean
the initially formed triplet cannot undergo decomposition in competition

with vibrational equilibration. Both the singlet and the triplet can

be responsible for the fraction of the decomposition to radical products
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that is unquenchable by addition of known triplet quenchers, in
normal amounts.

It has been found from iodine quenching studies that
the product acetyl is formed in two distinct forms, one fraction
having sufficient energy to decompose directly, the other fraction,
the larger, capable of undergoing reactions before decomposition.
The fraction of decomposing acetyl is 0,07 at 3130 nm and 0.22 at
2537 nm. It is possible that this may arise because some acetyl
is formed as the 2A" excited state while the remainder as the ZA'
state, the former decomposing more readily than the ground state.
Alternatively, an acetyl 2A' formed in vibrationally excited state
may decompose before being vibrationally equilibrated. The effect

of wavelength on the quenchable acetylAis compatible with both

postulates,



CONCLUSION
‘Chapter VI

A number of electronic states of acetone, acetyl, formaldehyde,
and formyl were investigated to determine their role in the photochemical
process occurring upon excitation of the 1(Tr*+n) transition. The equil-
ibrium geometries, 0-0 and vertical transitions were also determined,
and good agreement was found with experimental data. Many of the states
investigated have not been observed experimentally, and comparison was
made with the results of calculations performed by other researchers.

Good agreement, with a few exceptions, was obtained.

The study of the decomposition processes indicates that the
process II decomposition of formaldehyde arises from the ground electronic
state., This is predicted by the Wigner;Witﬁer rules, and the potential
surface of the ground state shows, clearly, that it correlates smoothly
to the ground state products H2 and CO. This process would occur, upon
excitation to the singlet n,m* state by an internal conversion from the
singlet to high vibrational levels of the ground state, There is also
the possibility of intersystem crossing from the triplet n,7m* state. The
possibility of triplet involvement in this mode of decomposition could
be investigated directly by a direct excitation to the triplet n,n* state.

The bhehaviour of the decomposition of acetone and formaldehyde
to radical products is quite similar. The Wigner-Witmer rules predict the
same states giving rise to the radical products in their ground and final
excited states. More detailed calculation, involving configuration inter-

action, should be made to determine the symmetry of the path followed,
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as these excited states, 1’3n,W* and 3n,w* states, decompose.

A possible mechanism has been proposed, one incorporating
a Larson and 0'Neal type mechanism for the triplet decomposition, which
is the same for both acetone and formaldehyde. Excitation to the singlet
state is followed by possible direct decomposition of the singlet state,
vibrational equilibration to the low levels of the singlet, or intersystem
crossing to the high levels of the triplet state. The vibrationally
equilibrated singlet state can either intersystem cross to the triplet,
internally convert to the ground state, in the high vibrational levels,
or fluoresce, The triplet state, in the high vibrational levels, can
decompose immediately, or be vibrationally deactivated to the low levels
of the triplet state. This vibrationally equilibrated triplet can phos-
pboresce, be reactivated to the dissociative levels of the triplet, or
intersystem cross to the ground state; in the high vibrational levels.

The mode of decomposition of the singlet and triplet state
may be either direct decomposition, or crossing to the surface of the
3ﬂ,n* state,

In the formaldehyde system, the internal conversion to the
ground state results in molecular products. That there is internal con-
version from the acetone ln,ﬂ* state to the ground state, is not known.
Formaldehyde does not emit from the 3n,ﬂ* state, in the gas phase, but
as formaldehyde is a small molecule, spin-orbit coupling will not he very
large and the rate constant for emission will be small compared to the
rate of activation to excited levels. At low temperature, when thermal

activation is not significant, formaldehyde does emit from the 3n,n* state,
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Symmetry

Atomic Orbitals

Symmetry sz
Atomic Orbitals H1S ,402086

HIS.~, 402086

€25 -, 500000

025 ,000000
C2P_ , 294721
02P -, 767980
C2P 5, G000G0

2P - . 000000
C2P° ,000000
02P, ,000000

H1S
H1S
c2s
02s
c2p
02p*
c2p*
02pY
c2p’
02p%
Z

lbl

“OUDOUUOT
«000000
-000000

-,000000

-,000000
«000000

«,000000
+000000
«6L4LYS5T.
«764219

TABLE X1

Sgl
-¢115706
~«115766
-,2749456

«363587
«000000
-.000000
«691818
«535531
+000000
«000000

da)

+199794
«19979¢4
~o031423
«300870
-.000G600
=-,000000
«4380078
°o,67123
-000000
.G00000

Virtual Orbitals

3b2
-« 461998
«461998
-000000
-.000000
« 729042
-«202993
.000000

-.000000

«000000

kal
«512785
«512785
-619344
«070498
« 000000
-, 000000
-~ 240467
«166501
-.,0000040
«000000

Occupied Orbitals

lb2

~e353389

«353389

«000000
-.000000
-.617768
-.607120
-,000000

«000000
-.0000400
-.000000

-2a1
-e403539
-+ 403539
-+548683

«+412216
~.000000
«000000
-.367733
~¢260979
-«000000
«000000

The Eigenvectors of Formaldehyde in the Ground Electronic State, at Equilibrium Geometry

2b1
«000000
’0000000
«00000u
-+000000
-40000080

. =«000000

-.000000
«000000
~.764219
0644957

1a1

=s144528
-,144528
-~ 88649

T=e776138

«000000
-.000000
«296917
-.163988
=.000000
«000000

00T



TABLE XI

The Eigenvectors of Formaldehyde in the Ground State at Equilibrium Geometry

* gee note on page 103

al* bz* cl* al* az* b2* al*- b_2* al* Symmetry
- - aee . - B e T . Atomic
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=e041194 0005605 4284062, =¢192122 ¢352826 ..292812 .007537 =.204960 335082
. =e0%1194 20005605 4284062 .=e192121 =e352R27. ..292812 .007537 =.204960 .395082 | HIS
S .025722 #126000 .ogzooo ¢008060 =~+000000 =¢261919° =.496509" ,412343  ,03515A.
=s0%119 2005605 =.284062 =,192121 <.352826 _ ,292812 7537 _ .204960 . 375482
V—i%¢1194 -goSSbs +284062 "=,192122 .35%52@ .323 %E, "7%37537 ¢204960 .igﬁnnz_‘
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"=e000000  ,697868 =,000000 000000 «000000 +097327 =+000000 = -, 131742 =,000000 c2p_
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= 079546° "=4331004 Q00000 71079 ' 4000000 ,+304669 ,447056 =,207166  .2ni1RA3T
.6923852 4000000  +000000 114856  ,000000 =000000 ,100117 ,000n00 158547 | c2p
'-.n73546 331004 =¢000000 071079 4000000 =,304670  ,447056 _,207166_ _ .2A18A3 y
<3158 *000007 =,000000 =~eC3172% =e000000 _+000000 135089 =.,000000 "=.0316R3 02P
- 0000000,  ¢000000  o4B2978 =,00000]1 501024 +.000000 000000 =.000000 L0Q0OGO y
000000 =0000000 «o408216 4000000 =e000000 =e000000 «000000 «,000400 000000 | .C2P
«000000  +000000 482978  ,000000 -=.501024 4000000 000000 4000000 =.000000 z
=«093000 2000000 +209902 <=.000000 000000 40000000 .oooooo +000000 =,000000 .OG2P
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az*

+000000

=e230345
¢ 230345.

«000000 _

1'2303“‘

2230345

-e000000.

«-,000000
«000000
=o000000

.. 2000000

'0090900
« 000000
+000000

-o000000
-.ogoooo

=¢000000

= 000000
«129220
.&51695
0129220

B,

.011640-

0080590
030590
'0011640'
=e0R0Q590
=¢ 080999
"el11366
000000
~e111366
« 000000

'.330114n

~e314837
«330114
e 767765
‘0145619
.«000000
2145619
«000000
«0000Y0
«000000
=+000000

=e 000000

b,

,+000000
021490Q

000000

.e214000
»e000000-,
-.000000
=e000000
4000000
«2000000
+000000
-.000000

_ «000000 -

-QOOOOOQ

«000000
«000060

« 000000
- .228571

0428638

..228571

.727048 )

al-
.301253
~el; eEjZ

'0076832
«301253

-50076832.
n76832

'0037991
._;ainnas
0037991
-ot46658
e (73207
*-600090
073207
0030000
¢3€5291
'042?9?9
3 25291

0607593
3 ooonOnn_
qD 7000 . °

cqo Qo

oﬂanOGO_

TABLE XII (Continued)

by

-e343459

“22n0287

0220287
0343459
-0220237
-022023’

0025139 .

=2000000.
-0525139
0000000
036n196
0019@683
0340196

.=e3500313

0?96671
-ooooonn

--0296671
,00000000

+00000n
°00000N
=+000000

2000000

az ) al*
‘=e000000 ,285762
¢358279 «,159897
'0354279 00159397
.000000 0285762
_-354279 '=e159897
«000000 =¢n30506
Sa0UVU00 _=s§39365
~«000000 =¢030506
2000000  ,403199
.oooooo 2193614
0000000 0900000
«000000 «0193614
=e000000 «000000
0900009 -«339938
_ «000000 2196046
-.oooooo ¢339938
©.000000 =.453912
-e498972 0000000
¢ (000000 «qu0000
0498972 00000
0000000 _.000000

By Py
-.309214 .. «000000 j
--070199 .265432
-.070!99 q0265432

309214 ..000000
007 199 '0265432
_.07n;99 «e265432 —
0122706 .000000'—

‘0000000. -.000000
=+122706. 000000 —
_~+000000 __.000000
«+188962 -.000000 ]
0410645 ,000000
=+188962  .000000 _
480021 Le000000 .
*374R43 4000000 T
«e000000  <e000000
..37{09&3 ..000000 p—
2000000 000000
000000 444735 7
2000000 974262
4000000  «446735
+¢000000. _+312538

Symmetry

Atomic
Orbitals

H1S

c28
028
c2p
02pP
X
c2p
2P
y
c2pP
2

0o2p
z
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iy
099924
0239070
.239670
=e 098924
o239670
=q239670
.4173951
__e394242
=e173961

T=e212369

0439737
«000000
*+439737

24000000
~+093521

- .«172016
0093521
0236202
«000000
«000000
«000000
«000000

NOTE:

TABLE XITI (Continued)

Y.

by
2178377

02695464 =,

0249564

=249544
=¢249544
‘0482701
0000000
492201
«000n00
«0469(02
«415a23
«046902
0186449
0070?92
«000000

'.0070§92

-*.000000

=-,000000

«e000000

8

®

ny

W

n

(%] |
[\ ¥ K= RT=3
2

- .

 «576602.

~.090926
« 000000
« 080924
« 000000
0103144

. .4%74&“
'“olﬂ3144

0013ﬂ00
oﬂOOﬂOﬂ
=.000000

-QOOOﬂOO

& & e

5000000

el 1)
4

0000000

—el16662
-a000000
-e0R5180
--.118595
*4s0R5180

e167694
«000000

»e0NN000

«000000
0000000
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Symmetry

Atomic
Orbitals
H1S

C2s
02s
c2p
x
ozp
X
C2P
y
02pP
y
c2p

o2p
z

The Starred Orbitals are the unoccupied (Virtual) Orbitals,

The H's are in two groups of three, in the following order: in

plane; above plane; and, below plane.

wiﬂlc3

, the second with C

order: c2; cl; and, C

3.

2'

The first group is associated

(See Figure XVI.)

The carbons are in the following





