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Abstract: The wave functions for the valence states of formamide (NH2CHO) are reported using ab initio generalized va
lence bond (GVB) and configuration interaction (GVB-CI) wave functions. The character and properties of the states are 
analyzed in terms of the GVB wave functions. The calculated vertical excitation energies to the 3A"(n —- x*), 'A"(n -* x*), 
and 3A'(x -* x*) states are 5.39, 5.65, and 6.19 eV, respectively. The only experimental result known is the 1A" absorption 
which peaks at 5.65 eV, in excellent agreement with our results. The calculated ground state dipole moment is 3.79 D, in 
good agreement with the experimental value of 3.71 D. Calculated dipole moments of the 3A', 1A", and 3A" states are 3.29, 
2.19, and 2.05 D, respectively. The calculated barrier to rotation about the C-N bond is 18.2 kcal, in good agreement with 
the experimental liquid phase values (16-20 kcal). 

I. Introduction 

The basic structural unit of protein molecules is the pep
tide bond consisting of a carbonyl group attached to a satu
rated nitrogen. The most important interaction in this unit 
should be the interaction of the lone pair orbital on the ni
trogen with the x system of the carbonyl, as occurs in form
amide. As a model for the peptide bond we have carried out 
accurate ab initio studies of formamide. 

First we will build up a qualitative description of form
amide N H 2 H C = 0 in terms of the wave functions of form
aldehyde H 2 C = 0 and the amide radical; -NH2. 

In the valence bond model the valence states of formalde
hyde have the form4 

(I) 

(4) 

(5) 

(2) 

where the p orbitals parallel and perpendicular to the plane 
are represented by » and O, respectively, and singlet pair
ing of two orbitals is indicated by a line joining them. Cou
pling the remaining singly occupied orbitals into either a 
singlet pair or a triplet pair leads to the 1Ai (ground state) 
or the 3Ai(TT-Tr*) state for (1) and to the 1A2 or 3A2(n-7r*) 
state for (2). 

The 2Ai state of N H 2 has the form 

OR 
H ^ 

(3) 

consisting of a doubly occupied x orbital and a singly occu
pied sp hybridized a orbital. 

Replacing a hydrogen from (1) or (2) with an N H 2 

group, (3), yields the following valence states of planar 
formamide. 

With the o- orbitals singlet paired, (4) and (5) each lead 
to a singlet state and a triplet state: 'A ' and 3A' for (4) and 

1A" and 3 A" for (5). From this valence bond model these 
states are expected to have charge distributions similar to 
those of the constituent atoms and will be referred to as va
lence states. The object of this paper will be to analyze the 
character of these states. 

A fifth state, the 2 'A'(x - * x*) state, will not be dis
cussed in this paper. Since this state is expected to involve 
either charge-transfer character or a diffuse x* orbital, it 
would not be well described with our valence basis set. 

The above analysis of the formamide wave functions in 
terms of atomic orbitals is referred to as a valence bond 
analysis and diagrams such as in ( l ) - (5) are referred to as 
generalized valence bond diagrams. In the theoretical stud
ies of this paper we have used the generalized valence bond 
(GVB) method5'6 in which the orbitals of a valence bond-
type wave function are solved for self-consistently. These 
results indicate that (3) and (4) correctly describe the qual
itative nature of the states but readjustment effects are im
portant for a good quantitative description. 

The orbitals from the GVB calculations were also used in 
configuration interaction calculations which include some 
correlation and spin coupling effects omitted in the GVB 
wave function. 

The details of the calculations are discussed in section II, 
a description of the GVB orbitals is contained in section III, 
and calculated excitation energies, dipole moments, and ro
tational barriers are discussed in section IV. 
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II. Calculational Details 
A. Basis Set and Geometries. The double f (DZ) basis of 

Huzinaga7 and Dunning8 [(9s,5p/4s) primitive Gaussian 
contracted to (4s,2p/2s)] was used for all calculations. 

The two geometries considered follow (see Figure 1). (a) 
Rco = 1.193 A, /N-C-H a = 113.2°, flCN = 1.376 A, 
/C-N-Hb= 120.5°, /?cHa= 1.102A,ZC-N-HC= 117.1°, 
RuHb = 1-002 A, /N-C-O = 123.8°, RNHc = 1.014 A. 
This corresponds approximately to the experimental ground 
state geometry,9 the difference being that the experimental 
geometry is nonplanar (Hb and Hc being 7-10° out of the 
plane). This small difference is not expected to lead to a sig
nificant effect on any of the results. 

(b) Rco = 1.193 A, /Hb-N-H0 = 105.9°, /?CN = 1.425 
A, /C-N-Hb = 112.1°, .RcHa = 1-102 A, ZC-N-Hc = 
112.1°, i?NHb = 1.011 A, /O-C-N = 123.8°, KNHc = 
1.011 A, /N-C-H a = 113.2°. This represents our guess for 
the geometry of the twisted ground state molecule (allowing 
the bonds about the N to be nonplanar as in NH3). 

B. The GVB Calculations. First we examine the HF wave 
function of NH2CHO and consider the process of breaking 
the C-N bond, to form NH2 and CHO. For NH2CHO the 
HF wave function consists of 12 doubly occupied orbitals. 
For the separated species it consists of 11 doubly occupied 
orbitals and two singly occupied orbitals. Therefore the HF 
wave function cannot properly describe this or any other 
process that involves forming or breaking two-electron 
bonds. 

In the full GVB wave function every electron is allowed 
to have its own orbital, leading, in the case of formamide, to 
24 orbitals. However, for the purpose of describing the va
lence states, the valence bond model (4) and (5) indicates 
that only three HF pairs must be allowed to split into 
nonorthogonal singly occupied orbitals. We will use the 
notation GVB(3) to denote that only three pairs are being 
described in terms of singly occupied orbitals. Of course, all 
15 orbitals are solved for self-consistently. In addition, in 
our calculations we restrict the GVB(3) wave function by 
dividing the singly occupied orbitals into mutually orthogo
nal singlet- or triplet-coupled pairs (referred to as the per
fect pairing approximation). To indicate this restriction we 
use the symbol PP. Thus the GVB(3/PP) wave function of 
formamide is of the form, 

a\[cf>j2(t>2
2---4>9

2a0---a0'](<pm4>n + <pu4>m)(a/3 - /fa)(<£12&3 + 

0130l2)(a/J - PotMutu, ± Mu)(CtP =F /Ja)I (6) 

C. The CI Calculations.10,11 Wave functions of the va
lence bond form, 

with <£a and </>b being nonorthogonal, may be transformed to 
an equivalent natural orbital (NO) representation, 

Cl</>12 ~~ e 202~ 

where the NO's, <j>\, and 02 are orthogonal. In general the 
first natural orbital of a GVB bonding pair (the one with 
the dominant coefficient) may be interpreted as a bonding 
orbital and the second as an antibonding or correlating or
bital. 

The GVB-CI results reported here are most simply de
scribed by considering the three sets of orbitals, A, CN 
(<T,<r*); B, CO (ff.ff*); C, CO (ir,x*), la". 

Up to quadruple excitations were allowed within the 
space A + B + C under the restriction that there be no ex
citations between sets. Thus, for example, we would include 
configurations a-c but not d. 

In addition to these configurations, for the A" states we 
allowed excitations into the singly occupied a' orbital from 

B.) t* 

B^ 

^ . . 

Figure 1. The geometries of NH2CHO used in the calculations. 

0 CN ^ C N 0CO <7*C0 ""CO **CO i a " 

a 2 0 2 0 2 0 2 
b 1 1 1 1 1 1 2 
c 0 2 2 0 2 1 1 
d 2 2 0 0 2 0 2 

the a' occupied space coupled with any single excitation 
within the entire occupied space (with the exception of the 
Is orbitals). This type of CI calculation was, in the case of 
formaldehyde, found to be sufficient for calculating valence 
state excitation energies. 

These calculations, referred to as GVB-CI, partially 
relax the perfect pairing restriction and include the major 
correlation effects neglected in the GVB wave functions. 

III. The GVB Orbitals 
A. The Ground State. The ground state GVB(3) orbitals 

are shown in Figures 2 and 3. Although these orbitals are 
allowed to delocalize over the molecule, we find that they 
localize in different regions and have the basic character of 
the VB wave functions. This is clearly of great assistance in 
providing an intuitive feel for such chemical concepts as 
bonding and nonbonding pairs and bond polarities. 

In the IT system of the molecule (Figure 2), we find three 
basic types of bonding pairs in addition to two nonbonding 
pairs on the oxygen atom. 

The first type of bonding pair is the CO a bond consisting 
of one orbital centered on oxygen hybridized toward the 
carbon and a second orbital centered on carbon but showing 
a large shift toward the oxygen. 

Similarly, the second type of bonding pair forms the C-N 
bond. The orbital centered on the carbon is shifted toward 
the nitrogen, resulting in the N - C + polarity of the bond. 
Overlaps and energy lowerings for these pairs are summa
rized in Table I. 

The remaining bond pairs, which are not split in the 
GVB(3) wave function, correspond to the C-H and N-H 
bonds. Here, since the orbitals are doubly occupied, they 
are not unique. Any nonsingular transformation of them 
will not change the energy. These orbitals, however, do turn 
out to be well localized in the C-H and N-H region of the 
molecule. 

The remaining two a orbitals, which are also not split in 
the GVB(3) wave function, clearly represent the 2s and 2pr 
nonbonding pairs of oxygen. These orbitals are nonunique 
but show a remarkable degree of localization. 

Previous HF calculations14 have led to an extremely delo-
calized lone pair orbital for the ground state and a relatively 
localized lone pair orbital for the n —• «•* states. This has 
been interpreted by Robin24 to indicate stabilization of oxy
gen -* carbon charge-transfer character in these states. 
Our results indicate that the delocalized nature of the 
ground state HF lone pair orbital is simply an artifact of the 
HF calculation. Such behavior is not surprising since the or
bitals resulting from a closed shell HF calculation are not 
"energy unique", i.e., any orthogonal transformation 
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la) the O 2s and np lone pai 

TWO 

H 
\ 
C = O 

THE SIGMA ORBITALS FOR ' 
H - N 

X1A' * 
H 

/ C = O 
THE Pi ORBITALS FOR H " ' i N ' 

(b) the CH and NH bond pairs 

(c) the CO sigmo bond 

.ONE 

(d) the CN siqma bond 
4 - ° ' 0 N E 

-6Io 

Figure 2. The ground state GVB(3) a orbitals of planar NH2CHO. 
The Is orbitals are not shown. Long dashes indicate zero amplitude; 
the spacing between contours is 0.05 au. The same conventions are 
used for all plots. 

Table I. Energies and GVB Parameters for the GVB(3) Wave 
Functions of NH2CHO (All Quantities in au) 

State 

1A' 

3A'(7T^7T*) 

'A"(n-^7T*) 

3A"(n^7r*) 

Geom
etry0 

A 

B 

A 

B 

A 

B 

A 

B 

Total-E1 

-168.94352 

-168.92094 

-168.72768 

-168.70776 

-168.74422 

-168.75328 

-168.75522 

-168.76599 

Pair Information 

Pair 

COo 
CNo 
C O TT 

C O a 
CNa 
C O TT 

COa 
CNa 
COo 
CNa 
COo 
CNa 
COo 
CNo 
COo 
CNa 
C O a 
CNo 

Overlap 

0.864 
0.849 
0.689 
0.866 
0.830 
0.650 
0.867 
0.852 
0.868 
0.831 
0.868 
0.858 
0.869 
0.845 
0.868 
0.859 
0.869 
0.845 

AE,b 

hartrees 

0.0144 
0.0144 
0.0325 
0.0141 
0.0165 
0.0395 
0.0139 
0.0139 
0.0138 
0.0164 
0.0139 
0.0131 
0.0137 
0.0144 
0.0139 
0.0130 
0.0136 
0.0144 

a See Figure 1. * Energy increase upon replacing the GVB pair by 
a HF pair (averaging the GVB orbitals to obtain the HF orbital). 

among them will not affect the energy. In the GVB calcula
tions, this nonuniqueness has been, to a large extent, re
moved and hence we find that the lone pair orbitals of all 
the valence states are well localized. 

Figure 3. The GVB(3) x orbitals of the valence states of planar 
NH2CHO. 

The x system of the GVB(3) wave functions (Figure 3) 
consists of two singly occupied orbitals and one doubly oc
cupied orbital. The singly occupied orbitals represent the 
C-O x bond, one being centered on the oxygen and the 
other primarily on the carbon, but delocalized in a bonding 
way onto the oxygen and in an antibonding way onto the ni
trogen. The remaining orbital is the nitrogen lone pair 
which is seen to have some C-N bonding character. 

B. The Excited States. 1. x System. As expected from the 
GVB diagrams (4) and (5), the orbitals of the excited states 
are quite similar to those of the ground state with the most 
drastic changes occurring in the x system as shown in Fig
ure 3. 

In the 3(x-x*) state we find the lone pair to be highly de-
localized in a bonding way over all three centers, while the 
two triplet-paired orbitals are highly delocalized in an anti-
bonding way over all three centers. 

The x orbitals of the A" states are very similar, differing 
only slightly in the amount of derealization of the singly 
occupied orbital (the triplet being more delocalized onto the 
oxygen). This is in exact analogy to our findings in formal
dehyde although the effect here is not quite as great. 

2. a System. We find that the four valence states of form-
amide all involve very similar a systems. This is expected 
from the valence bond description of the states, (3) and (4). 

As in formaldehyde,4 we find the singly occupied lone-
pair orbital of the 3A" state to be slightly more delocalized 
than that of the 1A" state. This is, again, undoubtedly due 
to the exchange interaction with the singly occupied x or
bital. 

C. The Twisted Geometry. The a" orbitals for the four va
lence states at geometry B (the twisted geometry) are 
shown in Figure 4. The most important difference between 
these orbitals and those of geometry A is the degree of lo-
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Table II. Comparison of Vertical Excitation Energies in 
CH2O and NH2CHO 

'(n-ir*) 
3(n-rr*) 

NH2CHO 

GVB(3) GVB-CI 

5.91 6.19 
5.43 5.65 
5.14 5.39 

Exptl 

5.65" 

CH2O 

GVB(2)<* GVB-CI" 

5.41 5.95 
3.91 4.09 
3.54 3.62 

Exptl 

6.0C 

4 . 1 d 

3.5C 

H, 

THE Pi ORBITALS FOR N ^ L J 
l/**H 

« L. B. Harding and W. A. Goddard III, ref 4. * H. Basch, M. B. 
Robin, and N. A. Kuebler, ref 14. c A. Chutjian, ref 15. d M. J. 
Weiss, C. E. Kuyatt, and S. Mielczarek, ref 16. 

calization. At geometry B all of the unique orbitals are well 
localized into either the carbonyl region or the NH2 region. 
This effect is most evident in the 3A' state where for the 
planar geometry the nitrogen lone pair is delocalized in a 
bonding way over all three centers, whereas at the twisted 
geometry the N-H a" orbital is almost as localized as the 
1A' orbital. This difference in the degree of bonding der
ealization is undoubtedly the primary cause of the high ro
tational barrier for these states (see Discussion, section C). 

IV. Discussion 
A. Excitation Energies. 1. Results. The calculated vertical 

excitation energies are listed in Table II and are compared 
with the few experimental results. The calculated 'A"(n-
ir*) vertical excitation energy corresponds closely with the 
peak in the absorption spectrum just as for formaldehyde 
(where both n-x* vertical excitation energies were found to 
be within 0.1 eV of the corresponding peaks in the absorp
tion spectrum). 

There has been some discussion in the literature con
cerning the nature of the lowest triplet state of peptide 
groups in general and of formamide in particular. On the 
basis of approximate calculations, Pullman22 has concluded 
that the lowest triplet state of formamide is the 3(n —• x*). 
More recently, however, McGlynn23 has suggested correc
tions to the Pullman calculations that invert the ordering of 
the 3(n —• x*) and 3(x -* x*) states. McGlynn23 has also 
reported an approximate calculation on N-methylacetam-
ide, predicting the lowest triplet state to be the 3(x -— x*) 
state. 

Basch, Robin, and Kuebler14 have reported indirect SCF 
and CI calculations on formamide. Their BADZ-CI calcu
lations predicted the 3(x —• x*) state to be 0.4 eV below the 
3(n —• x*) state while their BADZ-SCF results predicted 
the reverse ordering. 

Our ab initio calculations show quite conclusively that 
the lowest triplet state of formamide is the 3(n —• x*) state, 
lying approximately 0.7 eV below the 3(x -»• x*) state. 
These conclusions are in contradiction to the results of 
McGlynn and of Basch et al. mentioned above. 

In Table II we compare the formamide excitation ener
gies with those of formaldehyde in order to determine the 
effects of the NH2 substituent on the energies of the states. 
Both (n-x*) excitation energies are approximately 1.6 eV 
higher than for formaldehyde. However, the 3(x-x*) exci
tation energy is only 0.2 eV higher. These results indicate 
that the lone pair significantly destabilizes the (n-x*) states 
but not the 3(x-x*) state (relative to the corresponding 
states in CH2O). The reason for this effect can be seen 
clearly in the orbital plots of the x system (Figure 2). In the 
3(x-x*) state the lone pair is delocalized in a bonding way 
whereas in the (n-x*) states the other doubly occupied x 
orbital prevents this so that the lone pair develops antibond-
ing character. 

2. Comparison between Theoretical Values. The dominant 
configurations for the GVB-CI wave functions are listed in 
Table III, along with their energy contribution (defined as 

O0Tf 

0 N E \ 

•<^£mg/^ 

IPAIREDI 

-5.0 N C 0 . 5.0 

Figure 4. The GVB(3) x orbitals of the valence states of twisted (ge
ometry B) NH2CHO. 

the energy loss upon deleting the configuration but without 
readjusting the remaining coefficients). 

The major correlations included in the GVB-CI wave 
functions but neglected in the GVB(3) wave functions are 
the interpair correlations (the most important of these being 
between a and x pairs). 

In formaldehyde we found these correlations to be very 
important (~0.5 eV) for the ground state, but relatively un
important for the valence excited states. This would have 
led to a ~0.5 eV error in all the GVB(2) excitation ener
gies, except that in the (n-x*) states there is a cancelling 
error resulting from the neglect of CHb2 -*• «"* excitations. 
The result is that the GVB(2) calculations lead to excellent 
n-x* excitation energies but a 3(x-x*) excitation energy 
~0.5 eV below the GVB-CI results. 

In formamide we find all of the GVB(3) excitation ener
gies to be within ~0.25 eV of the GVB-CI results (see 
Table II). For the n-x* states the explanation of this agree
ment is essentially the same as in CH2O. For the 3(x-x*) 
state we find that the highly delocalized bonding nature of 
the a" lone pair causes a cr-lone pair interpair correlation ef
fect (<TCN -* ff*cN,n -* x*) and (<rCo ") of 
0.4 eV. This effect approximately cancels the CO CT-X cor
relation in the ground state leading to the good agreement 
of the GVB(3) and GVB-CI excitation energies. 

B. Dipoie Moments. We find excellent agreement be
tween the GVB(3) dipoie moment (3.79 D) and the experi
mental number (3.71 D).13 This is in sharp contrast to pre
viously reported HF dipoie moments (4.95 and 4.14 D).1420 

We also find the orientation of the GVB(3) dipoie moment 
(6 = 42.5°, see Figure 1) to be in good agreement with ex
periment (6 = 39.6°)13 and previous HF calculations (8 = 
42.1 and 42.6°).14 The calculated dipoie moment orienta-
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Table HI. Summary of Important Contributions3 to the GVB-CI Wave Functions 

A. A' States 

Configuration 
CO CN CO 

la" Character 

Energy contributions,6 

mhartrees0 

Geometry A Geometry B 
1A' 

ground 
state 

3A'3(7T-7T*) 

20 
20 
20 
02 
20 
11 
20 
20 
20 
20 
02 
1 1 
11 
20 
20 
20 
20 

CO 
CTO* 

20 
20 
02 
20 
11 
20 
11 
10 
10 
10 
1 1 
20 
20 
20 
10 
0 1 
20 

20 
20 
11 
20 
02 
20 
0 2 
20 
2 0 
0 2 
20 
20 
20 
1 1 
20 
1 1 
1 1 

Configuration 
CN 

CTCT* 

20 
02 
20 
11 
20 
11 
20 
20 
1 1 
20 
1 1 
1 1 
1 1 
1 1 
20 
20 
20 

20 
02 
11 
20 
20 
21 
0 2 
22 
1 1 
1 1 
1 1 
12 
21 
21 
12 
12 
20 

CO 
77 Tt* 

21 
21 
21 
12 
22 
2 1 
21 
21 
2 1 
22 
21 
12 
21 
22 
12 
21 
12 

2 
2 
2 
2 
2 
1 
2 
0 
2 
2 
2 
1 
1 
1 
1 
1 
2 

la" 

2 
2 
2 
2 
1 
2 
2 
2 
2 
1 
2 
2 
2 
2 
2 
2 
2 

B. 

n 

1 
1 
1 
1 
1 
1 
1 
2 
2 
1 
1 
1 
2 
1 
2 
2 
2 

A" States ( 

a'<* 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
1 
2 
2 
2 
1 

GVB 
GVB 

O - * O * , TT —> TT* 

GVB 
GVB 

CT-* CT*, l a " - * 7 T * 

GVB 
(Ia") 2-* (TT*)2 

GVB 
GVB 
GVB 

CT - * CT*, n ->• T T * 

CT-» CT*, n - » TT 

CT - • O * , n - * 7T 

7r readjustment 
CT - » CT*, n -> • 7 T * 

O - » CT*, TT* - * TT 

n-rr*) 

Character 

GVB 
GVB 
GVB 

O - * O * , TT - • 7 T * 

o - » a * , l a " -*• Tt* 
o readjustment 
CT readjustment 
CT readjustment 
o - » a * , CT -> n 

CT->- n , l a " - » Tt* 
CT - » O * , CT -* • CT* 

O - * CT*, TT - » Tt* 

a' -» n, c-> o* 
o -* a*, l a " - » 7T* 

CT-* n , 7 T - * 7 T * 

a -* n, a -* a* 
a' -» n, Tr ->• Tr* 

24.6 
22.6 
13.2 
10.9 
7.6 
1.2 
1.1 

13.3 
11.6 
8.4 
7.3 
2.8 
1.7 
1.6 
0.7 

30.4 
22.7 
16.1 
10.6 

1.4 
1.5 
0.1 

13.8 
16.3 
0.9 
1.1 

-0 .0 
-0 .0 

0.2 
1.4 

Energy contributions,6 mhartreesc 

Geometry A 
Singlet 

12.9 
12.4 
4.9 
4.2 
2.8 
2.8 
1.4 
1.3 
1.2 
1.2 
1.2 
1.0 
0.3 
0.7 
0.8 
0.8 

Triplet 

12.4 
12.3 
6.4 
3.2 
1.0 
0.9 
1.1 
1.2 
1.0 
1.1 
1.2 
1.2 
0.5 
0.8 
0.8 
1.0 

Geometry B 
Singlet 

12.4 
14.4 
4.3 
1.0 
2.6 
5.2 
2.6 
1.8 
0.4 
1.3 
0.0 
1.3 
2.1 
1.6 
1.0 
1.0 

Triplet 

11.8 
14.1 
5.6 
1.0 
1.0 
1.6 
1.6 
1.7 
0.4 
1.2 
0.1 
1.6 
3.1 
1.6 
1.0 
1.0 

a All spatial configurations leading to an energy contribution larger than 1 mhartree are listed. b Each energy contribution listed here is the 
increase in the energy that would result from deleting this configuration without modifying the other CI coefficients. cThe units here: mhar
tree = 10~3 hartree = 0.0272 eV = 0.63 kcal/mol. 

Table IV. GVB(3) Orbital Components of the Dipole Moment (in au) for NH2CHO at Geometry A 

State 
1A' 
3A' 
1 A " 
3 A" 

Non-GVBa 

y z 

-0 .350 0.022 
-0.316 -0.082 
-0.412 0.341 
-0.396 0.377 

CT system 

CO CT pair 

y z 

-0.017 -0.647 
-0.020 -0.678 

0.048 -0.687 
0.048 -0.687 

CNo 

y 

0.322 
0.391 
0.314 
0.316 

• pair 

Z 

0.192 
0.217 
0.060 
0.062 

•n system 

Non-GVB* 

y z 

-0.435 -0.268 
-1.46 -1.24 
-0.363 0.120 
-0.338 0.297 

GVB^ 

y z 

0.127 -0.744 
0.668 0.715 
0.126 0.034 
0.111 -0.057 

Total 

y z 

-0.353 -1.45 
-0.735 -1.06 
-0.286 -0.814 
-0.261 -0.763 

IMI 

Calcd Exptl, 
au Debye D 9d 

1.49 3.78 3.71 42.5 
1.29 3.28 21.5 
0.863 2.19 36.8 
0.806 2.05 37.3 

"C Is, N Is, O Is, O 2s, 
Figure 3. dSee Figure 1. 

NHa, NHb, CH, O 2p. b The orbitals labeled as TWO in Figure 3. cThe orbitals labeled as either ONE or PAIRED in 

tions for the excited states are 3A'(0 = 21.5°), 'A"(fl = 
36.8°), and 1 A " ^ = 37.3°). 

One major advantage of the GVB wave functions is that 
since the important bonding orbitals are unique, it is possi
ble to analyze a property such as the dipole moment in 
terms of orbital contributions. In order to do this consistent
ly it is necessary to associate with each orbital contribution 
an appropriate nuclear contribution; for each electron we 
associate a unit nuclear charge centered at the nucleus on 
which the VB orbital is located (for example, we define the 
orbital contribution of the oxygen 2s lone pair as twice the 

orbital matrix element plus the contribution from a charge 
of 2+ centered on the oxygen). 

Applying this analysis to the GVB(3) ground state wave 
function, we find (see Table IV) the CO <r, CO x, and CN a 
bonds to all be strongly polar, shifting electron density away 
from the carbon. The other a' orbitals (NH, CH, a lone 
pairs) and the nitrogen lone pair, though, show a smaller 
shift in the opposite direction leading to the calculated di
pole moment of 1.49 au (3.79 D). 

We can also apply this analysis to the excited states in 
order to determine the effects of readjustments in the orbit-
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Table V. Calculated Barriers to Rotation2 about the 
C-N Bond (kcal) 

1A' 
3A' 
1A" 
3A" 

HF 

24c 

GVB(3) 

14.2 
12.5 
-5.7 
-6.5 

GVB-CI 

18.2 
21.0 
-5.7 
-6.5 

Exptl 

16-20» 

a A negative sign indicates that the twisted geometry is more 
stable. b Liquid phase rotational barrier for the following solutions: 
neat, H2O, acetone, dioxane, methyl propyl ketone, and diethylene 
glycol dimethyl ether are: 18.9, 21.3, 16.9, 16.8, 19.7, and 19.2, 
respectively (see ref 17, 18, and 19). c From ref 21. 

als of the excited states. The results show that by far the 
most important changes occur in the x system (see Table 
IV). 

For the 3A' state the contribution of the nitrogen lone 
pair shows a large shift into the carbonyl region, as is indi
cated in the orbital plots. The two singly occupied x orbitals 
show a counter-balancing shift onto the nitrogen, resulting 
in a net decrease in the dipole moment. 

The contributions for the 1A" and 3A" states are very 
similar. Here there are two doubly occupied x orbitals and 
hence there is a certain amount of non-uniqueness between 
them. The whole x system, though, shows a net decrease in 
its contribution (relative to the ground state), leading to a 
decrease in the total dipole moment of about 0.6 au (1.5 D). 

C. Rotational Barriers. 1. Ground State. Barriers to rota
tion about the C-N bond were calculated for all four va
lence states and are summarized in Table V. The only ex
perimental values available for comparison are the solution 
phase results for the ground state, also summarized in 
Table V. Of these the ones carried out in less polar solvents 
are expected to yield results closest to the gas phase barrier. 
We find excellent agreement between the calculated value 
(18.2 kcal) and the various relevant experimental values 
(16-20 kcal). Previous HF calculations on the rotational 
barrier have been reported and have been found to give bar
riers consistently too high (20-24 kcal).20'21 We find this to 
be due primarily to an increase in the correlation energy in 
the x bond upon rotating the NH2 group out of the plane 
(see Table I). Accounting for this effect alone lowers the ro
tational barrier by approximately 4 kcal. 

2. Excited States. For the 3A'(x - • x*) state we find an 
increase in the rotational barrier of about 2.5 kcal with re
spect to the ground state. This is clearly consistent with the 
extreme bonding delocalization found for the nitrogen lone 
pair in the planar configuration. 

For the 1A" and 3A"(n ->• x*) states we find the twisted 
geometry to be more stable by 5.7 and 6.5 kcal, respective
ly. This effect is no doubt due to the increased pair-pair re
pulsions in the x system. Note, however, that the twisted 
geometry has a nonplanar nitrogen center while the planar 
geometry has a planar nitrogen; for ammonia the barrier 
for such conversions is 6 kcal, numerically equal to the cal
culated barrier. 

D. The Peptide Bond. For the ground state of formamide 
we find a sizable bonding delocalization of the nitrogen lone 
pair into the carbonyl region, leading to a calculated barrier 

to rotation about the C-N bond of 18.2 kcal. We expect 
similar interactions in the peptide bonds of proteins to be 
important in determining the preferred conformation of the 
protein molecules. 

In the lowest-lying, singlet and triplet excited states, we 
find the twisted geometry to be approximately 6 kcal more 
stable than the planar geometry. Thus such excitations in a 
protein would lead to a disruption of the natural conforma
tion of the protein but without affecting the sequence of 
amino acids within the protein (ignoring dissociation of the 
CN bond). 

IV. Summary 

The GVB wave functions lead to a consistent description 
of the valence states of formamide and the GVB orbitals 
provide simple explanations of the character of the states. 

In addition, these orbitals form a very suitable basis for 
including the additional correlation effects necessary for a 
quantitative description with relatively small CI calcula
tions. 

Note Added in Proof. The trapped electron spectrum of 
formamide has recently been reported.25 A feature was ob
served at 5.30 eV in excellent agreement with the calculated 
3(n - • x*) excitation energy of 5.39 eV. 
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