
Theor China Acta (1987) 72:35-46 

�9 Springer-Verlag 1987 

Self-consistent group calculations on a simple model 
for the photochemical ot cleavage reaction 
of carbonyl compounds 

Josef Schiile* and Martin Klessinger 

Organisch-Chemisches Institut der Universitat, D-4400 Miinster, Federal Republic of Germany 

(Received July 12, 1~986, revised April 7/Accepted April 30, 1987) 

Potential energy surfaces were calculated for the ground and some excited 
states of  formaldehyde as a model for the a cleavage reaction of carbonyl 
compounds.  Computat ions were based on an STO-3G basis within the SCGF 
approach.  Only planar geometries were considered. The VB-CI description 
of the group of electrons directly involved in the reaction allows for a general 
and illuminating discussion of the wave functions for this reaction and gives 
a theoretical justification of the configuration mixing model of  Pross [8]. 

Key words: a Cleavage reaction of carbonyl c o m p o u n d s - - E x c i t e d  state 
potential energy s u r f a c e s -  Photochemical r e a c t i o n s -  VB-CI  

I. Introduction 

Although photochemical  cleavage reactions are widely used, especially for the 
synthesis of  strained molecules [1], many details of  their mechanism are not yet 
completely understood. One of the most thoroughly studied photoreactions is 
the a cleavage of carbonyl compounds.  As a first step towards a qualitative 
understanding of the structural requirements for this reaction, we present here 
the results of  minimal basis set calculations of  the ground and some excited state 
PES of formaldehyde as a simple model for more general a cleavage reactions. 

Spectroscopy [2] and photochemistry [3] of formaldehyde have been extensively 
studied: It is now well established that the photofragmentat ion into molecular 
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products is a hot ground state reaction involving a barrier of nearly the same 
height as the total energy content of the photoexcited molecule. At wavelengths 
near 300 nm dissociation into radical products is observed. Numerous reports of  
theoretical studies on various states of  formaldehyde occur in the literature. 
Model potential energy surfaces (PES) for the ground state have been derived 
[4], and features of  ground and excited state wave functions such as dissociation 
energies and energy barriers for the dissociation to molecular or radical products 
and the rearrangement to hydroxycarbene have been the subject of very sophisti- 
cated calculations [5]. 

In the present paper we are aiming at a pictorial mapping of the ground and 
lowest singlet and triplet excited state PES of the radical dissociation reaction 
of  formaldehyde which allows for a general discussion of a cleavage reactions 
of  organic carbonyl compounds. As theoretically two kinds of products are to 
be discussed according to a ditopic and a tritopic reaction path [6] leading to 
bent and linear acyl radicals, respectively, we will give a representation of these 
surfaces as functions of  the distance between the radical products and the valence 
angle of  the acyl radical to be formed. Furthermore, we will give a detailed 
interpretation of the wave functions in order to establish a basis for a chemically 
illuminating discussion of  the dependence of  photochemical cleavage reactions 
on molecular and electronic structure. For that purpose, we choose the self- 
consistent group function (SCGF) approach [7]. This enables us to divide the 
total system up into different groups of  electrons in such a way that one group 
comprises all electrons which are directly involved in the process of  the reaction. 
The advantage of such a treatment is twofold: 

(i) the six-electron problem is small enough to take into account full CI. This 
makes it possible to use the OAO-VB approach which lends itself much more 
naturally to chemical interpretation of  the results than the usual MO approach. 

(ii) the six-electron problem is the same for all a cleavage reactions, structural 
variations being taken into account through the effective Hamiltonian of  this 
group. 

Specifically, this approach will give a theoretical justification and form a basis 
for an extension of the configuration mixing model of  Pross [8], which has proved 
rather successful in qualitative discussions of  ground and excited state reactivities 
of  organic molecules. 

Based on the present results, a forthcoming paper [9] will further elaborate the 
relations between VB structures, spin eigenfunctions and barriers of  potential 
energy hypersurfaces. By means of  these concepts we will show that photo- 
chemical carbonyl reactions, such as o~ cleavage, H-abstraction and olefin addi- 
tion, can be treated on a common footing. 

2. Method o f  calculation 

The SCGF method [7] is based on the generalized product approach [10], i.e. 
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the wave func t ion  

~ a b ( 1 , - - . ,  N ) =  ~ O A , ( 1 , . . . ,  NA)f~ Bb( NA-'}-1 . . . .  , NA + S n )  . . . (1) 

is wri t ten  as an  an t i symmet r i zed  p roduc t  o f  g roup  funct ions ,  where  OR, is a wave 
func t ion  for  g roup  R in state r. In  this p a p e r  we use two types  of  g roup  funct ions ,  
c losed  shell  one -de t e rminan t  funct ions  d ~ R ( 1 , . . . ,  N R)  bui l t  up  f rom S C F - M O s  

R R R 
q~, ( 1 ) = E  (2) %,X~(1)  

and  VB-CI  funct ions  

. . . ,  Ck q S k ( 1 , . - . ,  NR) ,  (3) ORr(1, N R ) =  E Rr R 
k 

where  the  sum runs over  all poss ib le  symmet ry  and  s p i n - a d a p t e d  VB structures 
6 ~ ( 1 , . . . ,  NR) which  can  be genera ted  f rom a min ima l  basis.  The phys ica l  
s ignif icance o f  the  separab i l i ty  of  the e lec t rons  into different  groups  o f  e lect rons  
rests on the  s t rong o r thogona l i ty  re la t ion [11] 

I qb*Rr(l, i , j , . . . ) qbs s (1 ,  k, 1 , . . . )  dr~ = 0 for  R ~ S and  r r s, (4) 

which  is sat isf ied by  cons t ruc t ing  the ~Rr f rom different  sets o f  o r thogona l  hybr id  
AOs  R X , .  The  la t ter  are ob ta ined  f rom G a u s s i a n  AOs  by  a symmet r ic  L/Swdin 
o r thogona l i za t ion  af ter  Schmid t  o r thogona l iz ing  the symmet r i ca l ly  o r thogona l -  
ized inner  shell  orbi ta ls  and  by  a t r ans fo rma t ion  to hybr id  AOs  [12]. As a 
consequence ,  the results  are d e p e n d e n t  on the pa r t i t ion ing  of  the A O  basis  into 
different  sets X R , �9 �9 - , X ~ ,  -- �9 , s  for groups  R, S , . .  . .  Hybr id i sa t ion ,  which  generates  
these  different  sets, has  therefore  to be op t imized  for  each  geomet ry  to be  
ca lcula ted .  This was done  with an accuracy  o f  1 �9 10 -5 a.u. by  min imiz ing  the 
to ta l  energy with  respec t  to hybr id iza t ion .  The genera l  form of  the  hybr id  AOs 
and  the type  o f  the g roup  funct ions ,  used  to t reat  the  a c leavage reac t ion  o f  
f o rma ldehyde ,  are i nd i ca t ed  in Table  1. 

The  S C G F  a p p r o a c h  is exact ly  ana logous  to the usual  M O  procedure ,  except  
tha t  each  e lec t ron  in its M O  is now rep laced  by  a g roup  o f  e lect rons  desc r ibed  
by  a many-e l ec t ron  funct ion;  the  best  a p p r o x i m a t i o n  is that  which  minimizes  the 
energy for  each g roup  in an effective field p rov ided  by  the o ther  groups.  This 

Table 1. Groups of electrons and group functions used for calculated on the a 
cleavage of formaldehyde 

No of 
R electrons g R(i) a ~bRr(1,..., N R) 

1 6 xo ,Yo ,yc ,  bl ,h ~ VB-CI (Eq. (3)) 
2 4 o, C One-determinant 
3 6 So, Zo, b2, b3, hb One-determinant 

a sa ' Xa ' YA and z a denote 2s, 2px , 2py and 2pz AOs centered at A; o, c, h~ and 
h b denote the Is AOs of O~ C, Ha and Hb respectively and bi are bond hybrids 

2 2 2 at C defined by b i = 1/x/K i +A t +pq (KiSc+hiXc+p~zc); for the orientation of 
the axes see Scheme 1 
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leads to an eigenvalue problem 

HR r, Rr _ E R C R r  (5)  eft'--" --  

for each group [7]. The effective Coulomb exchange field operating on any group 
R, is determined by knowing the charge density matrices 

P~(ss) ~, s, s, s = Ck  C ,  p ,  ( k l )  (6) 
k,t 

for the other groups S in their state s. In the actual calculation it is these matrices 
which are revised iteratively until self-consistency is achieved, while the transition 
densities pS(kl) had to be evaluated only once for the VB structures of the 
six-electron problem (cf. [7]). Locally excited states of the six-electron group R 
corresponding to n, 7r* and ~r, 7r* excitations, are obtained from higher eigen- 
values of  Eq. (5), which again has to be solved iteratively for all groups in a 
self-consistent way. The SCGF formalism has been incorporated [13, 14] into a 
version of  the GAUSSIAN 76 program [15]. 

3. Results 

3.1. Potential energy surfaces 

Using a minimal STO-3G basis, the PES of the ground state (So), the (n, 7r*)- 
excited singlet and triplet states (Sa and Ta) and the (~r, ~-*)-excited triplet state 
(Ts) were calculated for HaHbC--O as a function of the C-Ha distance rcH a = 

111.61-411.61 pm (At = 0-300 pm) and the O C H  b angle ~ = 90-180 ~ with all other 
distances and angles taken from the experimental re-structure [16] shown in 
Scheme 1. Thus, no geometry optimization was performed, and Cs symmetry is 
retained throughout. This reduces considerably the number of symmetry adapted 
VB structures which have to be taken into account for each state. With respect 
to the molecular plane the wave functions are therefore symmetric (s) as So (1A ' )  

and Ts(aA ') or antisymmetric (a) as Sa(1A ") and Ta(aA"). Figure 1 gives a 
three-dimensional plot of these four PES, obtained from a net of  11 �9 17 points, 
and in Fig. 2 contour plots are shown for each of  these states. Two cross-sections, 
through the PES of Fig. 1, are important for the discussion of  the a cleavage 
reaction: On the antisymmetric PES Sa and Ta the reaction path corresponds to 
a change of  the O C H  b angle from ~ = 120 ~ to ~ = 180 ~ as indicated in Fig. 2b, c 
by a broken line; the corresponding cross-section is given in Fig. 3. For a reaction 
on So and Ts, ~ remains nearly constant, so that an appropriate cross-section is 
given by the side-view of  Fig. 1. In Fig. 4 finally the two triplet PES are plotted 
in such a way as to show clearly their intersection which occurs due to the Cs 

~ 120.78 prn 
~o ((~)121r.TZ ," 

H 1" 1161pm Clio 
rJ "HE  l 

Scheme 1 
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Ar [pm] 

180~ ~ ~0 120 ~ 0 

Fig. 1. Potential energy hypersurfaces for planar formaldehyde plotted as a function of the distance 
rcH ~ and the OCHb angle ~p. At short distances the ordering of states is So, T~, S=, T~ 

symmetry of the problem. In Table 2 some of the calculated data are compared 
to results from the literature. 

The energy of  the ground state So increases from the minimum near the experi- 
mental equilibrium geometry both with increasing distance rcHo as well as with 
increasing OCHb angle ~; at large distances (At_> 300 pm) a shallow minimum 
occurs at ~p = 145 ~ From Table 2 it is seen that the calculated dissociation energy 
ED(So) = 453.9 kJ /mol  is much higher than the experimental value E~P(So)= 
366.1 kJ /mol  [17] and other theoretical values. At large distances the syrqmetric 
states So and Ts are degenerate as is to be expected from correlation diagrams [6a]. 

The S, and Ta surfaces lie very close to each other and are degenerate at larger 
distances, where they decrease in energy with increasing ~p, so that for ~ = 180 ~ 
all four surfaces are degenerate. Both Sa and Ta show a barrier, which for 
increasing (p, is shifted to smaller rcHa distances and which has a saddlepoint at 
m ~ ' f n  a = 170 pm and ~ = 150 ~ At the equilibrium geometry T~ lies below Sa, but 
along the reaction coordinate, these two states cross before reaching the top of 
the barrier (Fig. 3). Therefore, the barrier height in the triplet state AE(Ta)= 
217.7 kJ /mol  is larger than hE(S,,) = 171.4 kJ /mol  for the singlet state, which in 
turn is larger than the value calculated by Hayes and Morokuma [18] as a result 
of  the rigid geometry and the basis set used in our calculations (cf. Table 2). The 
calculated barrier height for the recombination reaction of the linear acyl radical 
and the H atom is AER(Sa)---86.0 kJ /mol  and AER(Ta)=90.0 kJ/mol ,  respec- 
tively. 

The Ts state shows a steep and narrow barrier, for which the minimum height 
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Fig. 2a-d. Contour diagrams of the formaldehyde potential energy surfaces, a Ground state So; b--d 
excited states Sa, Ta and Ts, respectively 

is AE (Ts) = 160.5 k J / m o l  and thus appreciably  lower than AE (So) and AE (Ta). 
For  long distances there is again a shallow min imum at an OCHb angle ~0 = 145 ~ 
Due  to the assumed Cs symmetry  the crossing o f  the two triplet states Ts and To 
is not  avoided.  F rom Fig. 4 it is seen for  ~p = 120 ~ that  the crossing occurs before 
the top o f  the barrier  in To is reached,  so that  for such a geometry  internal 
convers ion f rom To to Ts could reduce the barrier  o f  the reaction starting on the 
To surface. With increasing OCHb angle ~p, however,  the crossing of  the Ta and 
Ts states is shifted in such a way that it occurs at longer  distances rcHo than the 
barrier  in Ta; at large values o f  rcn~ and ~0 the two states are degenerate.  

3.2. Wave functions 

In  Fig. 5 the coefficients o f  the various VB structures are plot ted as a funct ion 
o f  the react ion coordinate  for  all four  states considered.  Only  the results for  
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Fig. 3. Cross section through the formaldehyde 
potential energy surfaces corresponding to the 
reaction leading to a linear formyl radical 
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cons tan t  OCHb angle q~ = 120 ~ are shown,  as those  for  the reac t ion  pa th  lead ing  
to a l inear  acyl  rad ica l  differ only  slightly. Before we discuss these results  in 
deta i ls ,  two remarks  m a y  be  useful.  First ,  it has been  known  since the early 
work  o f  Slater  [20] tha t  the  use of  OAOs  requires  H e i t l e r - L o n d o n  as well  as 
ionic  VB structures  in o rde r  to descr ibe  covalent  bond ing ,  so that  in O A O  
ca lcu la t ions  the  con t r ibu t ion  o f  ionic  s tructures is ove remphas i zed  at the expense  
o f  cova len t  s t ructures  [21]. Secondly ,  in o rde r  to relate  the VB results  to more  
c o m m o n  M O  pictures ,  M O  conf igurat ions  based  on loca l ized  MOs can be expan-  
ded  in terms of  VB structures accord ing  to 1 471=l(a§247 
[,~al+lb61+(la61+lbal). In wha t  fol lows the VB structures  a 2, b 2 and  (ab) are 
sa id  to be long  to the  MO conf igura t ion  4~ 2. 

F r o m  Fig. 5a it is seen that  the s tructure 1 is p r e d o m i n a n t  in the g rounds ta te  
wave func t ion  ~ ( S o )  for  all  va lues  rcH~ Small  con t r ibu t ions  come f rom structures 

Fig. 4. The two lowest triplet 
excited potential energy surfaces 
T a and T s of formaldehyde 
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T a b l e  2. D i s s o c i a t i o n  a n d  exc i t a t i on  energ ies  o f  f o r m a l d e h y d e  as well  as m i n i m u m  ba r r i e r s  fo r  
c l eavage  r e a c t i o n  ( in k J / m o l )  

C a l c u l a t e d  

Sta te  This  w o r k  Exp .  a STO b S T O - 3 G  ~ D Z  d M B P T  ~ 

D i s s o c i a t i o n  e n e r g y  

S o 453.9  366.1 424.5 

E x c i t a t i o n  energ ies  

Sa(n , ~*)  373.7  337.2  281.7 

Ta(n, ~*)  331.5 301.2  247.0 

Ts('rr,~* ) 554.3 - -  - -  

M i n i m u m  b a r r i e r f o r  r e a c t i o n  

S ~  171.4 - -  - -  

T a 217.7 - -  140.9 

T s 160.5 - -  - -  

391 361.7 

- -  - -  373.9 

368.6  - -  352.9 

572.1 - -  - -  

120.5 

w 

" [ 1 7 ]  
b [ 1 8 ]  

r  

d [5a ]  
e[5d] 

2, 3, 4 and 5 which all belong to the MO configuration n 2 ~ 2 0  "2. It is quite easy 
to understand that the extent to which 2 and 3 with charge separation in the CHa 
bond Contribute to ~(So) decrease with increasing rcHo, whereas the contributions 
of 4 and 5 with charge separation in the CO 7r bond remain approximately 
constant. Structures 6 and 7, which contribute significantly only at larger rcHo, 
belong to an excited MO configuration n77"2o '2o "*. 

Figures 5b and c are very similar to each other, and are described by the same 
VB structures, except that the two unpaired electrons have antiparallel spins in 
Fig. 5b, which describes the singlet wave function ~(Sa) ,  but they have parallel 
spins in Fig. 5c, which describes the triplet wave function ~(Ta) .  In contrast to 
Fig. 5a, the main contributions to the wave functions ~(Sa)  and ~(Ta)  come 
from two VB structures 8 and 9, with 8 dominating at small rcHo values and the 
other (9) at large rcHa values. The broken lines in Fig. 5b, c give the weighted 
sum of the coefficients of 8 and 9, which takes into account the metric, as these 
two structures are not orthogonal (for details see [9]). The rcHo dependence of 
the minor contributions from 10, 11 and 12 is again as expected, the structures 
13, 14 and 15 which come in at larger rcHo values belong to higher excited MO 
configurations. 

At a first sight Fig. 5d with two main structures 16 and 17 for the Ts state, one 
dominating at short distances and the other one at larger distances, and with 
minor contributions which show the expected rcHo dependence looks very similar 
to Fig. 5b, c. But there is a very important difference: in contrast to the two 
dominating structures 8 and 9 of T~ and S~, the main structurs 16 and 17 of T~ 
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Fig. 5a-d. Contributions of the various VB structures to the formaldehyde wave functions, a The 
ground state So; b--d the excited states Sa, T~ and Ts, respectively (different line types are used for 
VB structures corresponding to the different MO configurations) 

are mutually exclusive, i.e. at small and large distances, respectively, the contribu- 
tion of one or the other structure is practically zero, and the crossing region is 
very narrow. This is closely connected with the fact that 16 and 17 are orthogonal 
and belong to different MO configurations n2cr~-*tr 2 and n27r2cro -*, respectively. 
This point will be considered in more detail in a forthcoming paper [9]. 

4. Discussion 

From the comparison with earlier results of theoretical calculations for the a 
cleavage given in Table 2, we may conclude that the PES, depicted in Figs. 1 
and 2, provide a qualitatively correct description of this reaction in spite of the 
approximations implicit in our treatment, i.e. rigid geometry, minimal basis, and 
the SCGF formalism. This is confirmed also by a comparison with the PES 
obtained for the same system by semiempirical MNDOC-CI calculations [22]. 
It is known experimentally that formaldehyde undergoes a photochemical a 
cleavage reaction only at higher excitation energies [23]. This is in agreement 
with the high barriers obtained from the present calculations. As could be 
confirmed by MNDOC calculations [22], it is a fair assumption that the heights 
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of  the barriers are very much dependent on the nature of the substituents Ra and 
Rb at the carbonly group, but the general shape of the PES is largely independent 
of  the actual molecule under consideration. Thus, we may conclude that reaction 
products are linear if they develop in the Ta or Sa state, and bent in the So and 
T= state. Furthermore, the T~ and S~ PES are very close to each other and show 
a barrier with a saddle point at rcH~ = 170 pm and ~o = 150 ~ Finally, the crossing 
between the two triplet states, which is avoided in the nonplanar case, is of 
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particular importance. The outcome of a reaction, starting on the 3(n,  ,/r*) excited 
state Ta, will very much depend on whether or not the barrier is reduced by the 
(avoided) crossing between To and Ts, i.e. whether the crossing occurs at larger 
or at smaller distances than the barrier in To. From the present result, no such 
reduction of the barrier is to be expected in the case of  formaldehyde (cf. Fig. 
3, 4). 

The analysis of  the wave function in terms of VB structures shows that there is 
just one structure dominating the wave function ~(So) of  the ground state So, 
which has no barrier, whereas there are two structures dominating the wavefunc- 
tions ~ (Ta ) ,  �9 (So) and ~(T~) of  the excited states. As the energy of one of these 
structures increases along the reaction coordinate, the energy of the other one 
decreases; this illustrates in a rather illuminating way the origin of  the barrier. 
In fact, the position of the barriers in Fig. 2b-d  agrees very well with the geometry 
at which the contributions of  the two structures to the excited state wave function 
are equal and at which the corresponding curves in Fig. 3b-d cross. These results 
are very much in line with the configurational mixing model of  Pross [8] and 
can be taken as a confirmation of the validity of  that model. It may also be 
noted, that the shape of the barrier, i.e. whether it is wide and low or narrow 
and high, is closely connected with the question of whether the two dominating 
structures are orthogonal or not. A detailed treatment of  this aspect in terms of  
spin eigenfunctions will be given in a forthcoming paper  [9]. 
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