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The ionization energy spectra and electron momentum distributions of formamide were investigated
using the high-resolution electron momentum spectrometer in combination with high level calcula-
tions. The observed ionization energy spectra and electron momentum distributions were interpreted
using symmetry adapted cluster-configuration interaction theory, outer valence Green function, and
DFT-B3LYP methods. The ordering of 10a′ and 2a′′ orbitals of formamide was assigned unambigu-
ously by comparing the experimental electron momentum distributions with the corresponding theo-
retical results, i.e., 10a′ has a lower binding energy. In addition, it was found that the low-frequency
wagging vibration of the amino group at room temperature has noticeable effects on the electron
momentum distributions. The equilibrium-nuclear-positions-approximation, which was widely used
in electron momentum spectroscopy, is not accurate for formamide molecule. The calculations based
on the thermal average can evidently improve the agreement with the experimental momentum
distributions. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.3696028]

I. INTRODUCTION

Formamide (HCONH2), containing a C–N–O linkage, is
the simplest model of the peptide bond. The electronic struc-
ture of formamide is not only important for spectroscopy but
also for biology and chemistry. The elucidation of the elec-
tronic state of formamide is essential for us to understand
the spectroscopy of protein. Interestingly, formamide can be
formed on synthetic interstellar and cometary ices after UV
photolysis at 20 K and subsequent warming to 200 K.1

The geometric structure of formamide has been of inter-
est to chemists for a long time. The planarity of formamide
is an extremely controversial topic which lasts for nearly
60 years until now.2–9 Although controversial viewpoints ex-
ist, non-planarity effect is very small.8, 9 Therefore, the planar
structure was taken as the equilibrium structure for the calcu-
lations in present work.

The electronic structures of formamide has been inves-
tigated experimentally and theoretically using photoelectron
spectroscopy (He I,10 He II,11 and x-ray (Refs. 12 and 13))
and configuration interaction (CI) theoretical method.13

Recently, Brion et al. reported the momentum distribu-
tion of the first peak of formamide.14 They observed a
significant discrepancy between the measured momentum
distributions of the 10a′+2a′′ orbitals and the plane-wave-
impulse-approximation (PWIA) calculations.15 The discrep-
ancy particularly occurred in the low momentum region
(<1 a.u.), which was tentatively attributed to the distorted
wave effects.16–18 According to our best knowledge, there
is no detailed electron momentum spectroscopy (EMS) ex-
perimental result for the whole valence region of formamide
reported previously.

a)Electronic mail: ningcg@tsinghua.edu.cn.

The equilibrium-nuclear-positions-approximation
(ENPA) is widely used in most EMS studies,15 which
assumes that the vibrational effects on the momentum
distributions are negligible. However, several recent works
have found that the large amplitude vibration modes of
some floppy molecules can evidently change the momentum
distributions.19–24 Formamide has a low frequency anhar-
monic vibrational mode (287 cm−1),25, 26 which is related
to the large amplitude wagging motion of NH2 group.25, 26

Present work showed that the vibration has notable effects
on the momentum distributions of valence orbitals of for-
mamide, and the thermally averaged calculations can describe
the observed momentum distributions better than the ENPA
calculation.

The experiment was conducted on our high-resolution
electron momentum spectrometer at various impact energies
(600 eV and 1500 eV). The distorted wave effects suggested
by Brion et al.14 were confirmed in present work. Moreover,
the discrepancy they observed is also partly due to the vibra-
tional effects.

Another motivation of the present work is that formamide
has congested satellite lines, which result from the elec-
tron correlation during the ionization in the inner-valence re-
gion and outer-valence region.13 Therefore, formamide can
also serve as a good prototype for studying electron correla-
tions. Recently, we have introduced the high level symmetry
adapted cluster-configuration interaction (SAC-CI) theoreti-
cal method for directly calculating the momentum distribu-
tions of Dyson orbitals.27, 28 In the present work, the powerful
SAC-CI method was employed to interpret the experimental
results of both binding energy spectra (BES) and momentum
distributions. Moreover, Hartree-Fock (HF),29 density func-
tional theory (DFT),30, 31 and outer valence Green function
(OVGF; Refs. 32 and 33) calculations were also presented.
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II. EXPERIMENTAL AND THEORETICAL METHODS

Electron momentum spectroscopy is based on (e, 2e)
reaction, where one electron comes in and two electrons go
out.15, 34, 35 The non-coplanar symmetric geometry is used
in our spectrometer. Detailed descriptions of the spectrom-
eter have been reported previously.36, 37 Using high energy
(∼1 keV for atoms and molecules) incident electron beam,
electronic structures, especially the ionization energy and the
momentum distribution of individual Dyson orbital38–41 of
the sample molecule can be extracted when the single ioniz-
ing collision takes place at Bethe ridge.15 The kinematics of
the incoming and two outgoing electrons can be completely
determined through the coincidental measurement. The
magnitude of the momentum (p) of the electron before struck
out is given by15

p =
[

(2p1cosθ1 − p0)2 +
[

2p1sinθ1sin

(
φ

2

)]2
]1/2

, (1)

where p0 and p1, respectively, represent the momentum of
the incident electron and the outgoing electron, θ is the polar
angle of the outgoing electron relative to the incident electron
beam (θ1 = θ2 = 45◦), and φ is the relative azimuthal angle
between the two outgoing electrons. Under the condition of
the high momentum transfer and the high incident energy, the
differential cross-section of EMS with PWIA can be given
by15

σEMS = d5σ

d�1d�2dE1
∝ 1

4π
S

g

i

∫
d�

∣∣〈e−iprψN−1
i |ψN

g 〉∣∣2
.

(2)
The differential cross section is proportional to the spectro-
scopic factor Si

g. The ground state and the ionized state of
the target are represented by ψg

N and ψ i
N−1, respectively.

N is the total electron number. The term 〈e−iprψ i
N−1|ψg

N〉
is called Dyson orbital in momentum space.15, 42 Here,

∫
d�

represents the spherical average for the randomly oriented
molecules in gas phase. Dyson orbitals can be approximated
using Hartree-Fock orbitals or Kohn-Sham orbitals for
simplifying the calculation.15, 28, 30

In the present experiment, the instrumental energy res-
olution is 0.68 eV (full width at half maximum), which was
obtained through the calibration of Ar sample. The finite spec-
trometer acceptance angle of θ is ±0.84◦ (one standard error),
and the angle resolution of azimuthal angle ϕ is ±0.53◦ (one
standard error). A commercial sample formamide with a pu-
rity of 99.9% was used directly without further purifications.
No impurities were evidently observed in the binding energy
spectrum.

The SAC-CI (Refs. 43–45) method is a cluster expansion
formalism for the study of electron correlations in ground
state and various kinds of excited states. The SAC-CI method
has been developed by the Nakatsuji laboratory both in
theories and algorithms.46–49 SAC-CI theory has shown
being a reliable and powerful tool for investigating a wide
variety of chemistry, molecular spectroscopy, and electron
momentum spectroscopy.26, 27, 50–56 There are two options in
SAC-CI calculations: SAC-CI single and double R excitation
operator (SD-R) method is useful for the single excitation,

and SAC-CI general-R method is reliable for the multiple ex-
citation process. The latter method was used in present work.
The SAC-CI combined the merits of size consistency of the
cluster expansion57, 58 and the energy upper boundary of CI.59

Present SAC-CI calculations for formamide were per-
formed with the GAUSSIAN 03 suite of programs.60 The cal-
culation employed the correlation consistent basis set aug-
cc-pVTZ.61 The active space included 60 molecular orbitals.
Higher-order linked operators were generated by exponen-
tial generation algorithm.45–47 R operators up to quadruples
were included. Perturbation selections were done to reduce
the computational time. The threshold of the linked terms
for the ground state was set to λg = 1.0 × 10−6. The un-
linked terms were included as the products of the linked terms
whose single and double configuration interaction (SDCI) co-
efficients were larger than 5.0 × 10−3 .46, 49

III. RESULTS AND DISCUSSION

A. Binding energy spectra of formamide

Formamide has Cs symmetry at ground neutral 1A′ state.
Its electronic configuration can be written as

(1a′)2(2a′)2(3a′)2︸ ︷︷ ︸
core

(4a′)2(5a′)2︸ ︷︷ ︸
inner valence

× (6a′)2(7a′)2(8a′)2(9a′)2(1a′′)2(2a′′)2(10a′)2︸ ︷︷ ︸
outer valence

.

The BES of formamide measured at the impact energy of
1500 eV plus binding energies was shown in Fig. 1(a).
There are eight resolved ionization peaks as labeled 1–8.
To obtain individual electron momentum distribution, 11
Gaussian peaks are employed to fit the measured BES at each
azimuthal angle. The ionization potentials of outer-valence
orbitals were obtained from the x-ray photoelectron spectrum
(XPS; Ref. 13) and He II photoelectron spectrum.11 The
widths of the Gaussian peaks were combinations of the
present experimental energy resolution and Frank-Condon
widths of the corresponding ionization bands determined
by the He II PES. Small adjustments have been made to
compensate the asymmetry of the Frank-Condon profiles.
In the outer-valence region, present work agrees well with
the previous XPS results. Detailed results were listed in
Table I. Additional structures in the binding energy spectrum
of formamide in the inner-valence region (22–35 eV) were
also observed in the present (e, 2e) study in Fig. 1(a). As
shown in Fig. 1(b), the SAC-CI general-R method can well
describe the measured binding energy spectra in the whole
valence region.

The SAC-CI calculation predicted seven main lines at
9.60, 9.93, 13.60, 14.19, 16.08, 18.23, and 20.56 eV corre-
sponding to the (10a′), (2a′′), (1a′′), (9a′), (8a′), (7a′), and
(6a′) one-hole states. In inner-valence region, many con-
gested satellite lines appeared, which were attributed to the
many-body effects. As compared in Table I, only the SAC-CI
method, which considered multiple excitations, can produce
a detailed description of the satellite peaks below peak 4 and
peak 5. In Fig. 1(a), peak 6, 7, and 8 showed broad bands due
to the severe excitation-ionization process.



124302-3 Miao, Deng, and Ning J. Chem. Phys. 136, 124302 (2012)

FIG. 1. Binding energy spectra of formamide. (a) The experimental (e, 2e)
ionization spectrum summed over all φ angles at impact energy of 1500 eV
plus binding energies. Peaks were designated using the symmetry labels of
planar geometry. (b) Theoretical simulation of the binding energy spectrum
using SAC-CI general-R method. The heights of vertical spikes represent the
calculated spectroscopic factors.

In present work, we also calculated the vertical ion-
ization energies of formamide using DFT-B3LYP (Becke-3-
parameter-Lee-Yang-Parr).62, 63 In Table I, 
B3LYP, as men-
tioned in Ref. 9, stands for the total energy difference between
the valence-hole cation and the neutral ground state of the
molecule. In Table I, we found that 
B3LYP method pro-
vided an excellent prediction of the vertical ionization ener-
gies of formamide. OVGF theory also presented very accu-
rate ionization potentials in outer-valence region as shown in
Table I.

B. Thermal average of momentum distributions
of valence orbitals

The momentum profiles of molecular orbitals are de-
pendent on the molecular geometric structure. Therefore, the
statistical averaged momentum distribution may be different
from the momentum distribution of equilibrium structure. For
example, the low frequency vibrational modes notably change
the momentum distributions of the highest occupied molecu-
lar orbital of W(CO)6.64

Formamide easily deviates from its equilibrium configu-
ration due to the very shallow and wide potential valley, which
is related to the wagging vibration mode of amino group, as

illustrated in Fig. 2. The vibrational frequency of the wagging
mode was measured as 287 cm−1 by King.26

The wagging motion can be well approximated by
one-dimensional anharmonic oscillator model, as shown in
Fig. 3(b). The populations (in parentheses) at each energy
level were calculated using Boltzmann distributions. At
room temperature (300 K), formamide mainly stays at the
vibrational ground state (77.3%), and has 19.0% population
at the first vibrational excited state.

The valence orbitals energies of formamide at different
amino-wagging angles are illustrated in Fig. 4. It should be
noted that the orbital ordering did not change during the large
amplitude wagging motion and the valence orbital energies of
formamide are not sensitive to the wagging vibration.

To calculate the thermal averaged momentum distribu-
tions, it was assumed that the electron could immediately
follow the nuclear motions. If neglecting the population at
the vibrational level j ≥ 4, the thermal averaged momentum
distribution ρav(p) can be given by

ρav(p) =
∑

n

ρτn
(p)

3∑
j=0

e− Ej

KT

τn+ ε
2∫

τn− ε
2

∣∣�j (τ )
∣∣2

dτ

3∑
j=0

e− Ej

KT

, (3)

where ρτ n (p) is the momentum distributions when for-
mamide with a wagging angle τ n, �j(τ ) is jth vibrational
wavefunction for the wagging mode, Ej is jth vibrational
energy level, τ is the wagging angle, T is the temperature,
and ε was the angle step for calculating the integral in (3)
(ε = 5◦ in the present calculation). The relative population
versus the wagging angle τ was plotted in Fig. 3(a). It can
be seen that the most probable conformation of formamide
at room temperature is planar. However, the possibility of
formamide staying near the planar geometry is not high, only
about 29% within [−10◦, 10◦] of the wagging angle range.

The thermally and spherically averaged momentum dis-
tributions of valence orbitals were shown in Fig. 5 in compari-
son with the momentum distribution at the equilibrium geom-
etry. The calculation used B3LYP exchange-correlation func-
tional and the correlation consistent basis set aug-cc-pVTZ.61

The vibrationally averaged distributions were shown with the
red line designated by 2, while the equilibrium geometry mo-
mentum distributions with a black line designated by 1. From
Figs. 5(a)–5(c), 5(e), 5(f), 5(h), and 5(i), we can conclude
that the effects of averaging over anharmonic wagging vibra-
tion are observable and can evidently change the momentum
distributions. However, the vibration has little effect on the
momentum distributions of molecular orbitals 9a′ and 6a′ as
shown in Figs. 5(d) and 5(g), which may be due to the differ-
ent electron density distributions around the amino group in
these two orbitals.

C. Momentum distributions of peak 1 and peak 2

Electron momentum distributions for the first four
valence orbitals were displayed in Fig. 7. The ordering of the
first two orbitals has ever been debated.65–67 At the level of
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TABLE I. Ionization potentials (eV) and spectroscopic factors (in parentheses) of formamide.

EMSa PESb PESc SAC-CIa CIc OVGFa 
B3LYPa

Peak 1 10.10 (0.83)d 10.4 10.42 9.60 (0.83) 10.72 (0.89) 10.496 (0.91) 10.29 (10a′)
10.45 (0.84)d 10.7 10.87 9.93 (0.84)e 10.92 (0.92) 10.726 (0.90) 10.70 (2a′′)

Peak 2 14.05 (0.77)d 14.1 14.17 13.60 (0.77)e 14.42 (0.82) 14.464 (0.88) 14.36 (1a′′)
14.90 (0.82)d 14.8 14.89 14.19 (0.82) 15.43 (0.88) 15.181 (0.91) 14.61 (9a′)

Peak 3 16.30 (0.80)d 16.3 16.48 16.08 (0.80) 17.26 (0.84) 16.939 (0.90) 16.48 (8a′)
Peak 4 17.70 (0.37) 17.8 17.41 18.23 (0.72) 19.60 (0.69)

18.77 (0.61) 18.8 18.79 19.47 (0.17) 20.71 (0.22) 19.056 (0.90) 18.70 (7a′)
Peak 5 20.48 (0.81) 20.7 20.47 20.17 (0.06)e 22.55 (0.59) 20.48 (6a′)

21.67 20.56 (0.75)
Peak 6 23.0 (0.20) 23.77 21.36 (0.01) 23.20 (0.07)

23.75 (0.01) 25.21 (0.03)
24.16 (0.03)
24.24 (0.01)

Peak 7 28.8 (0.59) 28.5 28.4 26.94 (0.04) 28.37 (5a′)
27.16 (0.02)
28.00 (0.10)
28.32 (0.02)
28.49 (0.02)
28.63 (0.01)
28.79 (0.04)
28.92 (0.05)
28.98 (0.15)
29.29 (0.01)
29.31 (0.13)

Peak 8 32.8 (0.32) 33 33.20 (0.02) 31.04 (0.14) 32.07 (4a′)
33.43 (0.04) 33.43 (0.10)
33.48 (0.01)
33.70 (0.06)
33.90 (0.05)
33.97 (0.07)
34.12 (0.02)
34.16 (0.02)
34.39 (0.01)
34.68 (0.02)

aPresent work. OVGF and SAC-CI calculations were executed in GAUSSIAN 03 program suite,60 and 
B3LYP was done in ADF program.70

bFrom Ref. 11.
cFrom Ref. 13.
dThe spectroscopic factor given by SAC-CI was directly used for normalizing the experimental momentum distributions.
eDyson orbitals belong to A′′ state, while others belong to A′ state.

HF/aug-cc-pVTZ, the 2a′′ orbital was calculated to have the
lowest ionization potential while B3LYP with the same basis
set tends to place the 10a′ at a lower energy. EMS can provide
a unique way for unambiguous orbital assignment68 by
simply comparing the experimental momentum profiles with
the theoretical calculations as illustrated in Figs. 7(a) and
7(b). The momentum distributions of the first two orbitals can
be roughly reproduced by B3LYP/aug-cc-pVTZ calculations,
and obviously the orbital ordering given by HF method mis-
matched the two distributions. Therefore, we unambiguously
assigned 10a′ to peak α, and 2a′′ to peak β. Note that the
calculations overestimate the measured intensity of peak α in
the region 0.5 to 1.5 a.u. while underestimate that of peak β

in the region 0 to 1.5 a.u. The discrepancy might be due to
that peak α and peak β are too close. The ionization potential
difference is only 0.4 eV, which cannot be well resolved
by our current experimental energy resolution. Therefore,
their summed intensity was compared with the calculations
in Fig. 7(c). DFT-B3LYP calculations using equilibrium

configuration (line 1) produced a better description of the
experimental momentum profiles than HF method (line 3),
especially in the low momentum region 0 to 0.5 a.u. The
thermal averaged DFT-B3LYP calculation (line 2) further
improved the agreement with the experimental results.

It is worth noting that the distorted wave effect was also
observed in the low momentum region for peak β in Fig. 7(b).
The observed momentum distributions depend on the impact
energy. At higher impact energy (1500 eV), the discrepancy
with PWIA calculations becomes less. Interestingly, the 2a′′

orbital exhibits d-like characteristics (see Fig.6(b)). The sim-
ilar phenomena were also observed in several d-like orbitals
of other molecules.16–18, 69

The experimental momentum distributions of peaks γ

and δ were compared with DFT calculations in Figs. 7(d) and
7(e), respectively. The calculations underestimate the mea-
sured intensity of peak γ in the region 0 to 0.6 a.u., but they
overestimate that of peak δ. The discrepancies between the
calculations and the measurements in Figs. 7(d) and 7(e) are
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FIG. 2. Schematic of amino-wagging angle (τ ).

FIG. 3. (a) Population of formamide at different amino-wagging angles
(τ ) at room temperature. (b) Potential energy curve (black thick line) and
the first four vibrational wavefunctions of the wagging vibrational mode
(ν = 287 cm−1; Ref. 26) were taken from Ref. 25. The number in paren-
theses represents the population of each energy level at room temperature.

FIG. 4. Valence orbital energies of formamide at different amino-wagging
angles.

largely due to the deconvolution procedure considering that
two peaks are significantly overlapped. As shown in Fig. 7(f),
their summed intensity distribution matched better with the
corresponding calculations. The thermal averaged DFT cal-
culation (line 2) produced a little better description than the
equilibrium calculation (line 1) although not pronounced.

D. Momentum distributions of other orbitals

The momentum distributions of peak 3 were compared
with the calculated distributions in Fig. 8(a). There are notable
discrepancy between the experimental results and the thermal
averaged calculation, which may be due to the overlap with
the neighboring peaks.

In the previous XPS study of formamide, Lisini et al.13

suggested that the ionization from 7a′ orbital leads to two
structures in the spectrum with almost equal intensity. Two
peaks ε and ζ were used for fitting data in Fig. 1(a) to extract

FIG. 5. Theoretical momentum distributions at equilibrium geometry and the
thermal averaged momentum distributions for valence orbitals of formamide.
The experimental momentum resolution has been folded. The corresponding
electron density contours of these orbitals were plotted in Fig. 6.
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FIG. 6. Valence orbitals of formamide at the equilibrium geometry (contour value: 0.05).

FIG. 7. Comparison of the experimental momentum distributions for peak
α, β, γ , and δ with the theoretical calculations at equilibrium geometry and
that with the thermal average. Curve 3 was plotted to illustrate the incorrect
orbital assignment by HF method.

their momentum distributions. As shown in Figs. 8(b) and
8(c), experimental momentum distributions of the two struc-
tures were nearly the same, and can be described using the
momentum distribution of 7a′ orbital. So, it can be concluded
that these two peaks came from 7a′ orbital; the spectroscopic
factor of peak ε is 0.35, and 0.61 for peak ζ . The obtained
spectroscopic factors are different from present SAC-CI cal-
culations and the previous results.13 Further high energy res-
olution (e, 2e) experiments and high level calculations may
help clarify this issue. The summed momentum distribution
was compared with the corresponding theoretical calculations
in Fig. 8(d). The thermal averaged calculation described the
measured momentum distributions a little better in the low
momentum region 0 to 1 a.u. than the equilibrium calculation.

The experimental momentum distributions of peak 5
were shown in Fig. 9(a) in comparison with the calculated
results. The spectroscopic factors obtained through SAC-CI
have been multiplied by the momentum distributions of their
parent orbitals, which have taken account of vibrational
effects using B3LYP/aug-cc-pVTZ method. The calculations
are in excellent agreement with the experimental results.
Since the orbital picture broke severely for peak 6, 7, and
8, the Dyson orbitals calculated using SAC-CI method at
equilibrium were used directly for comparing with the exper-
imental results in Figs. 9(b) and 9(d). The vibrational effects
have not been considered because the computational cost is
very high for the thermally averaged SAC-CI calculations.
As it can be seen, the calculation successfully reproduced the
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FIG. 8. Experimental and calculated momentum distributions of peak 3 and peak 4.

observed momentum distributions. In Table I, the spectro-
scopic factor of peak 6 was underestimated by SAC-CI
method. The measured spectroscopic factor is 0.2 while
SAC-CI predicted 0.06 (summed intensity), nevertheless the
momentum profile was roughly reproduced by the calculation
as shown in Fig. 9(b).

There are many congested satellite lines in the inner
valence region 25 eV to 35 eV as shown in Fig. 1(a). The

vibrational effect is not significant in this region, and the
momentum distributions calculated using SAC-CI method at
the equilibrium geometry were compared with the measured
momentum profiles. Peak 7 in Fig. 9(c) and peak 8 in
Fig. 9(d) both exhibited s-type distributions, and the SAC-CI
method can well reproduce the experimental momentum
profiles. The main sources of these two peaks are shown in
Table I.

FIG. 9. Experimental and calculated momentum distributions of peak 5, 6, 7, and 8.
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IV. SUMMARY

The binding energy spectra and electron momentum
distributions of formamide were extensively investigated
using the high resolution (e, 2e) spectroscopy in cooperation
with the high level SAC-CI calculations. It was found that the
large amplitude anharmonic vibration, the wagging motion
of amino group, has noticeable effects on the momentum
distributions of valence orbitals of formamide. The ionization
potentials for the outer-valence orbitals and the congested
satellite lines in the inner-valence region can be well repro-
duced by the high level SAC-CI calculation. The 
B3LYP
method also accurately reproduced the vertical ionization
potentials for formamide. In addition, it was found that
the orbital energies of formamide are not sensitive to the
amino-wagging vibration.

Moreover, the present work provided a solid evidence for
the assignment of 10a′ and 2a′′ orbitals. The highest occu-
pied molecular orbital was ambiguously assigned to 10a′. This
work demonstrated the ability of electron momentum spec-
troscopy on determining the ordering of molecular orbitals
whose energy gaps are even much smaller than the instrumen-
tal energy resolution.
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