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Single detor wavefunctions were calculated for formamide (HCONH2) in the LCAO-MO-SCF 
framework using a basis of Gaussian type functions (GTF)centered on the individual atoms. Preliminary 
calculations were carried out on various planar and non-planar configurations of the amide hydrogens. 
A planar model was found to be the most stable and this planar species was used as the model for the 
investigation of physical properties. Ground state molecular properties investigated for formamide 
include ionization potentials, dipole moment, electron populations and one electron and total electron 
densities. Low lying excited state energies were calculated accurately using a single co-detor wave- 
function and the predicted electronic transitions were associated with the previously reported experi- 
mental UV spectrum. 

Der Grundzustand yon Formamid (HCONH2) wurde mittels der LCAO-MO-SCF-Methode 
mit einem GTF Basissatz berechnet. Dabei ergab sich, dab das planare Molekiil am stabilsten ist; 
ffir diese Konfiguration wurden Ionisationspotential, Dipolmoment, Elektronen-Population, Ein- 
und Gesamtelektronendichte berechnet. Die untersten angeregten Zust~inde wurden mit einem 
einfachen Co-Detor berechnet und die Elektronenfiberg~inge mit dem experimentellen UV-Spektrum 
verglichen. 

On a calcul6 des fonctions d'onde simples d6terminants pour la formamide (HCONH2) dans le 
cadre de la m6thode LCAO-MO-SCF en utilisant une base de fonctions du type gaussien (GTF) 
centr6es sur les diff6rents atomes. Des calculs pr61iminaires ont 6t6 effectu6s pour diverses configura- 
tions planes et non planes des atomes d'hydrog6ne du groupement amide. Un mod61e plan s'est av6r6 
le plus stable; il a 6t6 utilis6 pour l'6tude des propri6t6s physiques. Les propri6t6s mol6culaires de 
l'6tat fondamental ~tudi6es sont: les potentiels d'ionisation, le moment dipolaire, les populations 
61ectroniques et les densit6s 61ectroniques. Les ~nergies des 6tats excit6s inf6rieure ont 6t6 caleul6es 
avec pr6cision en utilisant une simple combinaison de d6terminants; les transitions 61ectroniques 
ainsi pr6dites sont mises en correspondance avec le spectre U.V. exp6rimental publi6 auparavant. 

The projected work on formyl derivatives (HCOX) has been a n n o u n c e d  [7]. 
Results on  H C O F  have been publ ished [9] and  further progress has been reported 
subsequent ly  [10]. The  final conclus ions  from the calculat ions on H C O N H  2 
have been presented [29] recently. Just  abou t  the t ime when the work was ready 
for pub l ica t ion  [30] a paper  submi t ted  from the Bell Te lephone  Labora tor ies  (1]  
reported the results of ca lcula t ion on  H C O N H  2. Rob in  and  co-workers [1] used 
a basis set of 36 funct ions  composed  of l inear  combina t ions  of 87 Gauss ian  type 
funct ions (GTF).  This cont rac ted  basis set yielded a wavefunct ion approaching  
the Har t r ee -Fock  l imit  more  closely, on  energetic grounds ,  than  the largest un-  
contracted basis presented here. 

A basis set of 59 funct ions  is more  flexible than  one consist ing of 36 funct ions 
even if the 36 funct ions are cont rac ted  from 87 G T F .  O n  this basis one would  
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expect the calculated one-electron properties to be better with 59 individual GTF. 
The only measurable one electron property that has been calculated in this work 
is the dipole moment, which is in fact closer to the experimental value than that 
reported by Robin and co-workers [-1]. Also, although the method of investigation 
of electronically excited states was more sophisticated than the present one, the 
fundamental conclusions from both works are identical. Thus, in order to be able 
to make comparison between the capabilities of various basis sets (contracted and 
uncontracted) for the calculation of physical properties, and to be able to judge the 
relative merits of the calculation of excited state properties at various levels of 
sophistication, it seemed worthwhile to release the results obtained in this 
laboratory. 

Introduction 

The structure and physical properties of formamide are interesting not only 
chemically and spectroscopically but also biologically. From a biological point 
of view, it is the simplest molecule containing the peptide bond. From a spectro- 
scopic as well as chemical viewpoint, the non-planarity of the amide hydrogens, 
and the nature of the so-called intramolecular charge transfer band and the 
Rydberg series in the UV spectrum are of interest. 

0 

, ~ . ~ J 2 3  ~ 48' 

120037~ ~ 118~53 

H2 H 

Fig. 1. Observed structure of formarnide showing its orientation in a cartesian reference system 

The structure of formamide has been investigated by IR [11], NMR [21], 
and microwave [22, 4] spectroscopy, as well as by X-ray diffraction [27]. The 
results are in disagreement as to the co-planarity of the two hydrogens bonded to 
the nitrogen with the N-CHO group. The microwave study by Costain and 
Dowling [-4] on five isotopic species provides a strong indication of a pyramidal 
model. Their study of the "'inversion" satellite lines predicts a barrier of 370 cm-1 
hindering the "inversion-wagging" type motion. Figure 1 shows the structure pro- 
posed by Costain by averaging the final structures for the isotopic species and the 
orientation of the cartesian reference axes to be used in the present calculations. 
The structures determined by other workers are collected in Table 1 with Costain 
and Dowling's data for comparison. 
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K u r l a n d  and  W i l s o n  [223 have  ca lcu la ted  the  d ipo le  m o m e n t  of f o r m a m i d e  
f rom S ta rk  effect m e a s u r e m e n t s  on  its m i c r o w a v e  spect rum.  Assuming  a p l a n a r  
molecu le  they ob t a in  a va lue  of  3.714 debye  with  the  vec tor  incl ined at  an angle  
of 39.6 ~ f rom the C N  b o n d  d i rec ted  away  f rom the oxygen.  Thus  one would  expect  
the negat ive  charge  to be in the  region  of  the  oxygen  and  the posi t ive  charge  in the 
region of  the C N H  2 grouping .  

Table 1. Reported structural characteristics of formamide 

Parameter a Reference 

[4] [223 [21] [27] 

r ( N -  H') b 1.014 0.995 1.036 - -  
r (N-H") 1.002 0.995 1.036 - -  
r (N-C) 1.376 1.343 - -  1.300 
r (C-O) 1.193 1.243 - -  1.255 
r (C-H'") 1.102 1.094 - -  - -  

< H'NH" 118o53 ' 118o58 ̀  - -  120 ~ 
< H"NC 120037 , 120031 ' 
<H'NC 117o9 , 120~ ' - -  - -  

<NCO 123~ ` 123o35 ' - -  121o30 ' 
<NCH'" 113014 , 103054 ' - -  - -  

<OCH'" 122~ , 132~ ' - -  - -  

a Bond lengths (r) are given in A units. 
b The prime, double prime and triple prime 

and the formyl hydrogen (see Fig. 1). 
on the hydrogen denote the two amide hydrogens 

The  e lect ronic  spec t rum of  f o r m a m i d e  in the  gas phase  has  been s tud ied  by  
H u n t  and  S impson  [13].  The i r  obse rved  spec t rum is shown in Fig.  8, and  has  
several  in teres t ing  features.  The  V1 ~ N b a n d  (the first rc*~ rc t rans i t ion)  can  be 
ident if ied with  the i n t r a m o l e c u l a r  t ransfer  of  e lec t ron  dens i ty  f rom the e lec t ron  
dona t ing  n i t rogen  g r o u p  to the e lec t ron  accept ing  oxygen group.  The  presence 
of a long  p rogress ion  in the  C = O  s t re tching  v ib r a t i on  suggests tha t  the  C O  b o n d  
m a y  be  l eng thened  in the  V 1 ~ N state  as in H 2 C = O  1. Pe te r son  and  S impson  [26] 
have  measu red  the o r i en t a t i on  and  m a g n i t u d e  of  the  t r ans i t ion  m o m e n t  vec tor  
for the co r r e spond ing  t r ans i t i on  in the  m y r i s t a m i d e  crystal .  They  find the vec tor  
to be inc l ined  away  f rom the N O  axis by  9.1 deg. The  value  for f o rmamide  is 
difficult to measure  bu t  shou ld  be similar .  A well defined Rydbe rg  series is also 
observed  by  H u n t  and  S impson  [13].  The  h igh  energy t e rmina t i on  po in t  gives a 
value of 10.2 eV for the  ion iza t ion  po ten t i a l  of  the  oxygen lone pair .  

There  have  been  no  p rev ious  "ab  ini t io"  ca lcu la t ions  on fo rmamide  o ther  than  
tha t  of  R o b i n  and  co -worke r s  [1] bu t  several  ca lcu la t ions  have been pe r fo rmed  
using semi-empir ica l  m e t h o d s  [34, 17, 18, 24, 25].  

Results and Discussion 

Using  the inf rared  d a t a  of  Evans  [11] for zero  po in t  v ib ra t ion :  Z P V  and  b o n d  
d i ssoc ia t ion  energies as well as a tomic  energies,  the exper imen ta l  energy of form- 
amide  can  be es t ima ted  (Table  2): 

Eexpt = Eatomic + Edlsscc -- Ezp v . (1) 

1 See Page 547 of Ref. [15] for discussion of spectrum and bibliography. 
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This may then be decomposed into quantum mechanically calculable fragments 
in the following manner: 

Eexpt = EHF q- Ecorr q- E re l ,  (2) 

where Env is the energy obtained in the Hartree-Fock limit. 
The correlation energy: Ecorr may be estimated by summing the correlation 

energy per new electron pair created on forming the molecule from atoms and 
adding the atomic corrections. The relativistic energy: Erol should be rather small 
for first row atoms and in the first approximation the relativistic corrections of 
atoms are used. The breakdown of the experimental energy into these theoretical 
fractions is shown in Table 2. 

Table 2. Estimation of experimental energy of formamide and its breakdown into theoretically calculable 
fragments 

Experimental quanti ty Energy Theoretical quanti ty Energy 
(hartree) (hartree) 

Atomic energy a -- 169.076 Hartree-Fock limit d - 168.942 
Dissociation energy b - 0.888 Correlation energy ~ - 0.988 
Zero-point energy ~ - 0.045 Relativistic energyf - 0.079 

Experimental total energy -170 .009  Experimental total energy -170.009 

" The energy obtained by summing  the experimental energies of the constituent a toms of form- 
amide [3]. 

b The dissociation energy was estimated by summing  the bond dissociation energies of model 
molecules, C H 3 - N H  2 for the H C O - N H  2 bond (Page 640, Ref. [18]), and H 2 N - H  for the N H - H  bond 
(Page 609, Ref. [18]); and the experimental  dissociation energies of N - H  (Page 559, Ref. [19]), H - C O  
(Page 589, Ref. [18]) and C~-O [20] species. 

c The zero-point vibrational energy was obtained from the fundamental  frequencies of formamide 
[11, 14]. 

a En F = Etotal - Eco= - Ere1" 
Assumed to be equal to the sum of the atomic correlation [3] energies ( -0 .598)  and six pair [9] 

correlations (6 • - 0.065 = - 0.390). 
f The sum of relativistic corrections of the C, N, and  O atoms [3]. 

Basis Sets Used in SCF-MO Calculations 

In previous work [8], it has been shown that the extrapolation of the results 
of symmetrically 2 improved basis sets to infinity permits the derivation of a total 
energy which is as close to the HF limit as orbital exponents will allow. In this 
work three distinct basis sets were used (Table 3). The s and p-GTF exponents 

Table 3. GTF basis sets for formamide 

N Amide Formyl 
Basis Set C N O  atoms Hydrogens Hydrogen 

Size s-type p-type s-type p-type 

21 3 1 1 1 
39 5 2 2 2 
59 7 3 4 3 

2 By symmetrically improved basis set we mean  that  as the basis set is increased, the number  
of  s -GTFincreases  by two and the number  o f p - G T F  by one for the C, N, and O atoms and  the number  
of  s -GTF by one for the H atom. 
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on C, N and O atoms are those reported in Table 6 of Ref. [8] while the exponents 
of s-GTF on the H atom were those of Reeves [28] for 1 s and Huzinaga [16] 
for 2 S, 3 s and 4 S. 

Variation of Total Energy with Geometry 
Because of the experimental uncertainty as to the planarity of the amide 

hydrogens, preliminary investigations were made on several planar and non- 
planar models in order to ascertain whether a planar or non-planar geometry 

1 2 1 ~ 2 2 '  H ~  __0 
H~-'-- N--HI 

H2" \Hi 
KINETIC ENERGY (T) 168"5037 

ONE ELECTRON P.E. -539'1899 

200 
H 0 
H ~ N - - - - -  HI 

H~ "Hi 
KINETIC ENERGY(T ) 168'4744 

ONE ELECTRON P.E. -539 '0819 

ONE ELECTRON ENERGY-370'6862 

TWO ELECTRON R E 130"726{ 

TOTAL ELECTRONIC RE. - 408 "4632  

NUCLEAR P. E, 71"4336 
TOTAL R E, (V) - 3 3 7 ' 0 2 9 6  

TOTAL ELECTRONIC EN.-239 -4 594 

TOTAL ENERGY - 168'5258 

VIRIAL COEFFICIENT ( V /T  ) -- 2 "0001 
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H#I2 o 7~ 

KINETIC ENERGY 168.5060 
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TWO ELECTRON P E. 130,7136 

TOTAL ELECTRONIC P. E --408-4815 

NUCLEAR P.E. 71-4511 

TOTAL P.E. - -337 '0304 
TOTAL ELECTRONIC EN, --239.9755 

TOTAL ENERGY- 168-5242 

VIRIAL COEFFICIENT (V/T)  --2"0001 
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TWO ELECTRON P, E --130"5333 

TOTAL ELECTRONIC P. E,-408 '4016 
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TOTAL ELECTRONIC EN,--239"2715 
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VIRIAL COEFFICIENT (V /T)  --2 '0001 
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Fig. 2. Energies of some planar and non-planar conformations of formamide 

should be chosen for further investigations. Fig. 2 shows the assumed geometries 
and calculated energies (N = 59 GTF) for the pyramidal model of Costain and 
Dowling (lower left); its corresponding planar derivative (upper left); and a planar 
model where the hydrogens lie in the plane of the heavy atoms making angles of 
120 degrees to the CN bond axis (upper right) and its symmetrical non-planar 
t9 Theoret.  chim. Acta (Berl.) Vol. 10 
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analogue using Costain's pyramidal model (lower right). It is readily apparent 
that the total energy is quite insensitive to the out of plane distortion. The energies 
of planar and non-planar species are almost identical, with the planar being only 
very slightly more stable. Recent calculations on CH 3 [-20] showed that the 
addition of d-type Gaussians to an sp basis set of carbon greatly increased the 
inversion barrier for this species. The recent calculation on NH3 [2] which 
predicted a planar species using an sp basis taken with the results of CH~ [-20] 
suggests that inclusion of d-type Gaussians in the basis set for heavy atoms 
(C, N, O, F) may be important. Because of these results, a planar model with the 
hydrogens making angles of 120 degrees with the CN bond was chosen and the 
results quoted from this point are for this planar model. 

Table 4 shows the variation of the total energy with basis set size with the 
estimated HF limit shown for comparison. The total energy for the 59 basis set 
approximates the HF limit within 0.2~ and the total energy within 1.2~. Thus 
one can be reasonably confident that this wavefunction will represent the mole- 
cular properties of formamide quite accurately within the Hartree-Fock approach. 

T a b l e  4. Total energies of planar formamide calculated with various basis sets 

Basis  Set E n e r g y  (har t ree)  

Size T y p e  E l ec t ron i c  N u c l e a r  T o t a l  

A t t r a c t i o n  R e p u l s i o n  

21 3 s 1 v - 2 3 0 . 7 9 3 2  71.4013 - 159.3919 
39 5 ~ 2 v - 2 3 8 . 6 8 6 2  71.4013 - 1 6 7 . 2 8 4 9  

59 7s3  v - 2 3 9 . 9 2 7 2  71.4013 - 168.5259 

E s t i m a t e d  H a r t r e e - F o c k  L imi t  - 168.9420 

Molecular Orbitals 

The orbital energy levels of formamide as calculated by the largest (N = 59) 
basis set are shown with those of the constituting atoms for comparison in Fig. 3. 
The MO energy levels obtained with the various basis sets are collected in Table 5. 

An assignment of the chemical nature of the occupied MO and the Rydberg 
or "united atom" classification for the virtual orbitals is also given. The sub- 
scripts +, 0, and - for the r~ MO represent, respectively, bonding, non-bonding 
and anti-bonding in the quasi-classical concept of the three (allylic) ~ MO, the 
two lowest being occupied. Since the computed MO are formed as a linear 
combination of GTF one no longer has the concept of principal quantum number 
and the contribution of extravalence shell AO is difficult to assign. Consequently 
the classification of MO as Rydberg orbitals is qualitative based on the nodal 
characteristics of the MO (see Fig. 4). Thus in the united atom approach, the 
~+ orbital is 2p, the ~o and the re_ orbitals are 3d and ll~r* is 3s etc. A more 
accurate picture of the Rydberg orbitals could be obtained by augmenting the 
basis set with GTF of s, p, d, and f type with very small exponents giving rise to 
GTF with a large spatial extent. 

In accord with Koopmans' theorem each orbital energy represents the energy 
required to remove one electron from a given orbital to infinity (ionization 
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potential: IP). One notes that the ionization potential of the Zo orbital is less than 
the IP of the oxygen lone pair ':np" in apparent disagreement with the experimental 
results of Hunt and Simpson's E13] measurement on the Rydberg series involving 
the oxygen !one pair. However, the apparent discrepancy is at once resolved when 
one considers that a Rydberg series involving the 7% orbitals will be of quite low 
intensity since the o-* ~ rc transitions will be Z polarized and of low intensity, and 

13o-(3 p) . 
12c-(3p) 

' 3Ti" ('[TL3d} - 
llo-(3S) " 

o.o 

2 ~ ( ~ 0  
s s np} 2 P zion( 

- 0 ' 5  _ _ 2 p  
2 p  - 9c r~ns2 , ,  

: ' -  " 8 G ~ C - , w  
2s  7o- (N-H)  

I 6 e r ( C - H )  

- I ' 0  
CO 
LLI 

:~ -L.o ~ z s  5o-(N-m'~ 
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F i g .  3 .  A t o m i c  and molecular orbital energies of formamide 

Table 5. Orbital energies of formamide calculated with various basis sets 

Orbital Energy (hartree) 

N = 2 1  N =  3 9  N =  5 9  

13 o'* 0 . 7 2 4  0 . 4 0 1  0 . 2 8 1  

12o-* 0 . 6 2 2  0 . 3 1 9  0 . 2 1 5  

3 re* 0 . 5 0 7  0 . 2 4 7  0 . 1 8 7  

11o-*  0 . 5 5 4  0 . 3 1 6  0 . 1 7 6  

2~z - -  0 . 1 4 5  --  0 . 3 7 4  - -  0 . 4 2 4  

10or - -  0 . 1 4 5  --  0 . 3 8 8  --  0 . 4 3 8  

17z - -  0 . 3 7 5  --  0 . 5 5 3  - -  0 . 5 8 3  

9 a  - -  0 . 3 4 2  - -  0 . 5 5 8  --  0 . 6 1 3  

8o- - -  0 . 4 8 9  --  0 . 6 4 3  --  0 . 6 8 3  

7o- - 0 . 5 7 5  - -  0 . 7 1 6  - 0 . 7 5 7  

6o- - 0 . 7 3 6  - 0 . 8 3 6  - 0 . 8 8 1  

5o- - 1 . 1 4 9  - 1 . 2 2 4  - 1 . 2 3 7  

4o- - 1 . 3 1 6  - 1 . 4 4 1  - 1 . 4 4 7  

3 o- - 1 1 . 0 6 7  - 1 1 . 4 0 4  - 1 1 . 3 9 3  

2o- - 1 5 . 3 7 8  - 1 5 . 6 4 0  - 1 5 . 6 1 5  

1 o- - 2 0 . 2 3 3  - 2 0 . 6 1 4  - 2 0 . 5 5 8  

tg* 
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3rd, MO 30~ (ISr 6th. MO 6or(C-H) 9fh. MO 9 o ' ( n o s )  

C ~  

2 nd. M 0 2 ~  (IS~) 

Io ~ z ~ 

iO_S 

8; M 
5th. MO 5Cr{N-H) 

1st M 0 IO-(Ise) 

io-6 

I~ IO -~ 

4th. MO 4o-  {C-O) 7 t h  MO 70- (N-H)  

Fig. 4. Total and molecular orbital electron densities of formamide 

hence not observed. The ionization potential for the rc o orbital is 11.5 eV, and the 
n v orbital is 11.9 eV, wich is to be compared with Simpson's value of 10.2 eV. 

From Table 5 it can be seen that the IP of the various MO change substantially 
with basis set. The IP pattern predicted by the minimal basis set (N = 21) is different 
from that predicted by the medium (N = 39) and best (N = 59) bases: the order of 
the n~ and re+ levels are interchanged. For  a minimal basis the energies of the core 
electrons (la, 2~, and 3~r) are quite good but in going to larger basis sets, the 
bonding MO improve considerably. 

The MO electron densities and the total electron density (Fig. 4) are represented 
in the form of contours of the xy,  yz,  and C N -  z sections of the electron density 
surface. The unit of density is the fraction of an electron per cubic bohr atomic 
unit. The orbitals are numbered in order of increasing energy and the chemical 
assignment given. One of the amide hydrogens and the aldehyde hydrogen lie 
behind the planes and are not shown. 

Electron Populations 

The partitioning of the total electron density into net atomic [23], and valence 
active [32] populations is shown in Fig. 5 along with the net atomic charges cal- 
culated from these populations. Although the method of analysis is rather arbitrary, 
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o / 141h. M 0 311" (~r_ ~) 

Illh, M 0 IO(~(nOp) 
ISth MO I1~ lOiN) 

z i o  -~ 

TOTAL ELECTRON DENSITY 

the net charges thus calculated are a method of visualizing the breakdown, a tom 
by atom, of the total charge distribution given by the dipole moment.  The centre 
of negative charge is localized on the O a tom and the centre of positive charge is 
distributed over the H C - N H  2 grouping. 

0 7,85 00"56 0-0.4 I 

oi9 N ~" '-~) 17 " N ~  
7,o6 H / ~ 0 ; , 8 0  j H  u /  ~ ~-H'vO,37 

" 

NET ATOMIC POP. VALENCE ACTIVE POP. NET CHARGE 
TOTAL TOTAL 
(p) (9)  (6)  

Fig. 5. Results of electron population analysis for formamide 

Dipole Moment 

The calculation of the dipole moment  vector of a molecule with little symmetry 
gives an excellent criterion for the goodness of the calculated total wavefunction 
and the accuracy of the geometrical model since the orientation is not completely 
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determined by symmetry. The orientation and magnitude of the calculated dipole 
moment of formamide as a function of basis set size is shown in Fig. 6 and Table 6 
with the experimental value [22] for comparison (note that the Z component is 
zero for a planar molecule). It can be seen that the best basis set approaches the 
experimental value quite closely. Thus we can be confident that the calculated 
wavefunction represents the actual total electron density of the molecule quite 

~y 
1 
0 ,IAU, 

C_~_ 3 s i p 

........... -~ H 

Fig. 6. Physical dipole moment vector of formamide calculated with various basis set sizes 

well. It is interesting to note that the minimal basis set (N = 21) gives a very poor 
value indicating that limited basis set calculations do not represent the charge 
distribution very well. The fact that the orientation and magnitude of the calculated 
vectors with the medium (N = 39) and large (N = 59) bases are in excellent agree- 
ment with experiment also gives a reasonable assurance that the geometry chosen 
is quite close to the equilibrium value that would be deduced from microwave 
measurements. 

Table 6. Dipole moments of formamide calculated with various basis sets 

Basis Set #~ #r )~[ 

Size Type Debye 

21 3 s I p 1.26 0.66 1.41 
39 5 ~ 2 p 0.85 - 3.28 3.40 
59 7 s 3 p 0.77 -4.08 4.15 

Experimental 0.80 - 3.95 3.71 

E x c i t e d  S t a t e s  

Although many investigations have been made on amides in the fields of NMR 
and IR spectroscopy, there are only a few studies on their vacuum ultraviolet 
spectra. Nagakura [24, 25] made a theoretical study of the n electron structure of 
formamide using semi-empirical methods and interpreted the nature of the 
V~ ~ N (first n to n* transition) state. Hunt and Simpson [13] measured the vacuum 
ultraviolet spectrum of formamide and their spectrum is shown in Fig. 8. 
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Before discussing the observed spectrum and the results obtained in this work, 
it is worthwhile to consider the possible pathways of excitation. It is useful to 
distinguish two types of excitation; sub-Rydberg transitions, including V,,--N 
(re* ~ 7~) bands, the Q +-- N or A ~ N (re* +-- n) bands, and B +- N (0* ~ ~) bands, and 
Rydberg transitions R ~ N .  For formamide one can expect sub-Rydberg ex- 
citations Q1 ~ N ( ~  ~ np), Q 2  ~-- N 0z* ~ ns), and V1 ~- N 0z_* ~ ~0), V2 t-- N (~z* ~ ~z+), 
although the V 2 ~ N  could also be identified as a Rydberg transition. For  each 
filled orbital in the ground state there will arise three Rydberg series np, five Rydberg 
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Fig. 7. Transition moment vectors for in-plane polarized transitions of formamide 

series nd, and only one Rydberg series ns. Rydberg series originating from orbitals 
lower in energy than the two highest occupied MO will probably be of very high 
energy. 

On the basis of molecular symmetry one can classify excitations into two types: 
re* ~ o and o* ~ r~ excitations which will be out of plane polarized (Z polarized); 
and the To*+-rc excitations which will be polarized in the plane of the molecule 
(X Y polarized). There are no symmetry forbidden transitions but the Z polarized 
transitions should be several orders of magnitude less intense than the X Y 
polarized transitions (overlap forbidden). 

For  the theoretical study of the formamide electronic spectrum only those 
excited states that can be constructed from the four lowest energy virtual orbitals 
have been considered. Since excited state wavefunctions are strongly affected by 
CI, the theoretical spectrum predicted by the SCF-MO calculation will be shifted 
to higher energy than the observed and the spacing of the energy levels may not be 
too accurate since configuration mixing may affect some states more than others, 
but the order of the predicted transitions should be correct at least for the low 
lying states. The calculated spectrum of formamide is shown in Fig. 8 with the 
transition moment squared as the intensity scale. The transition moment vectors 
for the X Y polarized transitions are illustrated in Fig. 7. The excitation energies 
and transition moments are collected in Table 7 for the singlet-singlet excitations 



280 M. A. Robb and I. G. Csizmadia: 

Table 7. Singlet-singlet excitations of formamide 

Code b State Excitation Transition moment (Debye) 

Excitation C, Energy M x My M~ IMI 
Symmetry" (eV) 

1 3n* (zt_ 3d)~ 10or (rip) A" 6.75 -0.71 0.71 
2 l la*(3s)~2n(no) A" 9.62 0.67 0.67 
3 12a* (3p)~2n (no) A" 10.85 -0.14 0.14 
4 3n*(z~_3d)*--2n(ZCo) A' 11.09 -2.66 5.35 5.97 
5 3n*(z~_3d)e-90.(ns) A" 11.87 0.26 0.26 
6 lla*(3s)+-lOa(np) A' 12.01 -0.54 0.92 1.07 
7 120.* (3p)~ 10a (np) A' 12.33 2.93 1.94 3.52 
8 13a*(3p)~-2n(no) A" 12.77 0.08 0.08 
9 13a* (3p)~- 10a (nv) A' 13.82 1.19 0.92 1.50 

10 3n*(n_3d)~ln(n+) A' 14.59 2.14 2.53 3.31 
11 lla*(3s)+-lrc(rc+) A" 14.74 -0.86 0.86 

" Symmetry classification refers to the excited states involved. 
b Code refers to the numerical code used in Figs. 7 and 8 to denote the different excitations. 

and  Table  9 for the singlet-tr iplet  excitations while the excited state dipole momen t s  
are shown in Table  8. The excitat ion energies calculated will be for vertical ex- 
ci tat ions (geometry in the excited state assumed the same as in g round  state) and  
the calculated term values should  therefore be compared  with the max ima  of the 
observed spectrum and  no t  the O - O  bands.  The experimental  spectrum Of 
H u n t  and  Simpson [13] is shown with the calculated spectrum in Fig. 8. 

Table 8. Dipole moment vectors for electronic excited states of planar formamide 

Excitation Dipole moment 

3n* ~- 10o- 0.53 - 1.53 1.62 
ll~r* ~- 2re -2.52 3.27 4.12 
12~r* ~ 2re 0.425 -1.07 1.15 
3n**- 2n 3.95 -5.16 6.50 
3n* ~ 90- 1.20 -2.09 2.40 

11 ~r* ~ 100- -5.94 6.90 9.11 
120-* ~ 100- -3.00 2.56 3.94 
13a* +- 2re 3.84 -0.37 3.86 
130-* ~ 10a 0.417 3.27 3.29 
3rc*~ In 2.12 --3.88 4.42 

110.* ~ in  -4.35 4.55 6.30 

F r o m  Fig. 8 it can be seen that  the calculated and  observed spectra are in good 
agreement  with respect to b a n d  intensi ty  and  b a n d  separat ion,  with the calculated 
spectrum displaced to the blue as expected. Some general  features of the observed 
and  calculated spectra will now be discussed. 

A f ragmentary  Rydberg  series is identified in the region below 1500 • by 
H u n t  and  S impson  [13]. After much  searching they found a progression in that  
region fitting the formula:  

v(cm -1) = 82,566 - R/ (n  - 0.639) z, n = 3, 4, 5, 6, 7 . . . .  , R = 109,677 cm -1 , 
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giving a value of 10.2 eV (82,566 cm-  1) for the ionization potential of the oxygen 
lone pair. With a quantum defect of 0.639 the series obviously involves n s  type 
Rydberg orbitals. For  the oxygen lone pair the calculated term values for the 
Rydberg excitations for the first members of three series are shown in Fig. 8. 
Bands 6, 7, and 9 are the first members of the ns  and two n p  series respectively. 
The separation of these first values is in qualitative agreement with the Rydberg 
series reported for formaldehyde 3 and acrolein 4. Although Hunt  and Simpson [ 13] 
only observed one Rydberg series for the oxygen lone pairs there should be at 
least four series (a single ns  and three np)  converging on the same ionization limit. 

Table 9. Singlet-triplet 
excitations of formamide 

Excitation Excitation 
Energy 
(eV) 

3n* ~ 100 6.15 
1 1 o * ~  2~ 9.22 
12o* ~- 2n 10.69 
3n*~- 2n 6.64 
3 ~ * ~  90 10.93 

1 1 o * ~ 1 0 0  11.54 
12o* ~- 10cr 11.78 
1 3 0 " ~  2g 12.63 
13o* ~ 10o 13.17 
3 ~ * ~  1~ 9.66 

1 1 0 " ~  l~z 14.53 

Presumably if the spectrum were obtained at sufficiently high resolution the 
Rydberg series corresponding to n p  would be found since their predicted intensity 
in these calculations is of the same order of magnitude as the ns  Rydbergs. 

No Rydberg series involving the rc 0 MO is observed. The reason is that these 
Rydberg series must involve o'* +-- rc excitations which must be of lower intensity 
than the ~* ~ cr excitations. If a Rydberg series were observed one would expect 
it to converge at a lower energy than the one involving the oxygen lone pair. 
Transitions 2, 3, and 8 may be regarded as borderline between Rydberg and 
sub-Rydberg transitions involving rc o. If as an approximation we regard them 
as Rydberg state corresponding to the first members of the ns  and two n p  series 
respectively, then their term values are of lower energy than the corresponding 
terms for the n v MO and we would expect the ionization limit to be lower  than 
np MO. However, these re* ~ o- excitations involve no change in principal quantum 
number and are probably more correctly classified as sub-Rydberg B ~ N  ex- 
citations. 

The sub-Rydberg bands calculated agree well in intensity and position with the 
observed spectrum. Bands 4 and 10 are the two V ~ N  transitions. The V 1 ~-N 
transition (band 4) is of special interest since the orientation and magnitude of the 
transition moment vector for the corresponding band in myristamide have been 
measured experimentally by Peterson and Simpson [26]. Their observed value 

See Page 547 of Ref. [18]. 
4 See Page 518 of Ref. [18]. 
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and the calculated value can be seen in Fig. 7. Nagakura [24, 25] has called this 
transition an intramolecular charge transfer band (after the analogous pheno- 
menon observed with inorganic ligands and a similar high intensity band in 
acrolein). He identifies this band with the intramolecular migration of electron 
density via a bridge of conjugated double bonds from the electron donating nitro- 
gen grouping to the strongly electron accepting oxygen. The calculated transition 
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Fig. 8. Correlation of  experimental and calculated electronic spectrum of  formamide 

moment is inclined at an angle of 4 degrees away from the NO axis directed from 
nitrogen to oxygen, strongly reinforcing this interpretation. The process may be 
visualized by considering the calculated values of the ground state dipole moment 
(Fig. 6), the transition moment, and the excited state dipole moment (Table 8). 
The ground state dipole moment is about one half the value of the excited state 
dipole moment, but both have the same direction suggesting a greater separation 
of charge between the oxygen and the nitrogen groupings in the excited state. 
The transition moment, however, is almost exactly opposite in orientation to the 
two dipole moments showing the migration of electron density from the nitrogen 
to the oxygen during the excitation. 

The Q ~ N transitions are bands 1 and 5 corresponding to the ~* ~ n excitations 
of the oxygen long pairs. Unlike formaldehyde, these bands are not symmetry 
forbidden but rather are out of plane polarized (and consequently of low intensity). 
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Naive rc electron M O  theory predicts that the two non-bonding electron pairs 
np and ~0 should be approximately degenerate and on this basis Hunt  and Simpson 
concluded [ i3]  that  the Q I + - N  band is probably buried in the high intensity 
V1 ~ N band. This view is not consistent with the large energy separation predicted 
in this work which predicts that the QI~N band comes at much lower energy 
than the V 1 ~ N band. 

Computational Details 
The calculations performed in this work were carried out using an extensively 

modified and expanded version of the POLYATOM SYSTEM [6]. The program 
has been tailored to operate under the Univers i ty  of Toronto 's  version of the 
IBSYS batch processor for an IBM 7094 II  Computer  and numerical methods 
have been improved. Faster integral evaluation routines have been incorporated 
resulting in a substantial decrease in integral computat ion time. In the SCF, 
in order to reduce round-off error to an absolute minimum, all matrix operations 
are performed in double precision. A new highly sophisticated matrix diagonali- 
zation routine, using a variable threshold Jacobi technique [19] has been used 
in order to secure max imum accuracy in the solution of the eigenvalue problem. 

For  the treatment of excited states, it was assumed that the excited states in 
question could be represented by a single codetor in which one of occupied 
molecular spin orbitals of the ground state detor is replaced by a virtual spin 
orbital. The excitation energy for the transition is calculated from Eq. 68 of 
Ref. [31]. The transition moments  were found by evaluating matrix elements 
for the dipole length operator  between the ground and excited state single co-detor 
wavefunctions. 
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