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MR-CISD and MR-CISD+Q calculations have been carried out to investigate geometries, energies, and
electronic absorption spectra of formamide and its O- and N-protonated forms. The vertical excitation energies
for formamide are in good agreement with available experimental data and with the results of best calculations
reported so far. Analysis of the calculated electronic absorption spectra reveals that the lowest excited state
in the parent molecule and in its N-protonated form corresponds to the n-π* valence excited state, whereas
the O-protonated form shows theπ-π* excited valence state as the lowest one. The second excited valence
states in the neutral molecule and the N-protonated ion are theπ-π* state, whereas it is the n-π* state for
the O-protonated formamide. Adiabatic excitation energies are reported for the first excited valence state of
all three species with structures optimized at the MR-CISD level. All structures exhibit strong deviation from
planarity characterized by pyramidalization of the C and the N atoms and rotation of the NH2 with respect
to the plane of the COH group. It appears that oxygen is the most basic site of formamide both in the ground
state and in the first singlet excited state. Its calculated gas-phase basicity (GB) and proton affinity (PA) in
the latter are smaller than in the ground state by 2.1 kcal mol-1 and 2.4 kcal mol-1, respectively. The difference
in basicity between oxygen and nitrogen positions drops from 16 kcal mol-1 (ground state) to 6 kcal mol-1

(first singlet excited state). These results are analyzed within the Fo¨rster thermodynamic cycle.

Introduction

Proton transfer is a fundamental process in chemical and
biological systems. The excited state intramolecular proton
transfer (ESIPT) occurs in a large variety of cases and has been
investigated very thoroughly by various spectroscopic methods
(see, e.g., refs 1-3). The understanding of proton-transfer
processes in excited states is of great importance, for example,
for fluorescence measurements of biomolecules,4 for laser dyes5

and photostabilizers,6 for selecting matrixes in matrix-assisted
laser desorption ionization (MALDI) mass spectrometry,7 etc.
In a recent study, we reported the results of multireference
configuration interaction with singles and doubles (MR-CISD)
and with inclusion of quadruple correction (MR-CISD+Q)
calculations on protonated formaldehyde8 in order to investigate
the impact of protonation on the electronic structure of
formaldehyde in its lowest vertically excited valence and
Rydberg states. It was shown that protonation caused the
Rydberg states to be shifted to higher energies by several eV.
Moreover, theπ-π* valence state was energetically the second
lowest state, about 1.50 eV below the first Rydberg n-3s state.
This finding is in strong contrast to the case of formaldehyde
where theπ-π* state is embedded within a series of Rydberg
states (see, e.g., refs 9-12). The present study extends these
investigations to the excited states of formamide and its O- and
N-protonated forms. The electronic spectrum of formamide13-17

and the protonation process of formamide in the ground

state18-26 have been the subject of many experimental and
theoretical studies in the past. This interest is not surprising,
considering that this molecule is a prototype of a peptide linkage,
the moiety that holds amino acid units in polypeptides and
proteins together. Geometry relaxation effects for the excited
states of formamide have been investigated by Li et al.27 using
the configuration interaction with singles (CIS) method. Rydberg
states had not been taken into account in this work. To our
knowledge, no theoretical calculations have been performed on
protonated formamide in excited states.

For the study of the effect of electron excitations on proton
affinities, the Fo¨rster thermodynamic cycle28,29 in conjunction
with absorption and/or fluorescence data is frequently used.
Within this approach the change in basicity can be evaluated
from a shift in the excitation energies between the protonated
and neutral forms of a molecule in question. It is the purpose
of this work to use formamide as the already mentioned model
for a peptide bond and to study protonation processes in excited
states and to assess the importance of different contributions
(electronic and geometry relaxation effects) to the Fo¨rster cycle.
For this purpose, we perform systematic high-level quantum
chemical investigations not only on vertical excitation processes,
but also explore the excited-state energy surfaces with the aim
to locate and characterize energy minima. These investigations
should provide a theoretical basis for future experimental
protonation and proton-transfer studies of formamide and related
molecules in the excited state.

Theoretical Methods

In the first step, state averaged multiconfiguration self-
consistent field (SA-MCSCF) calculations with equal weights
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for six 1A′ and five1A′′ singlet states were performed in order
to determine the molecular orbitals (MOs). The same number
of states for state averaging and the same construction scheme
for the active orbital space in the MCSCF and CI calculations
has been used for formamide and its protonated forms. Similar
to previous calculations on formaldehyde12 and protonated
formaldehyde8 a valence complete active space (CAS) contain-
ing the 8a′-12a′ and 1a′′-3a′′ orbitals and 10 electrons was
used in the MCSCF calculations for the description of the
valence states. A detailed description of orbitals is given in the
Discussion (section Orbital analysis). Additional auxiliary
(AUX) orbitals 13a′-15a′ (3s, 3pσ′, and 3pσ′′) and 4a′′ (3pπ)
were chosen for the description of Rydberg states. Only single
excitations were allowed from the CAS into AUX orbitals. Three
different reference spaces (small, intermediate, and large) were
used in the MR-CISD calculations. The small reference space
(MR-CISD(s)) comprised four orbitals (10a′, 1a′′, 2a′′, and 3a′′)
and six electrons. A pair of a′ orbitals (9a′ and 11a′) and two
electrons were added to the intermediate reference space (MR-
CISD(i)). In the large reference space employed in MR-CISD-
(l) calculations, the CAS was identical to the one used at the
MCSCF level. The common characteristic of all three reference
spaces is the restriction of CAS-AUX single excitations from
the 10a′ (n) and 2a′′ (π) orbitals of the CAS as compared to the
full set of CAS orbitals in the MCSCF calculation. The final
expansion space in terms of configuration state functions (CSFs)
for the MR-CISD method is constructed by allowing all single
and double excitations from all reference configurations into
all virtual orbitals. Furthermore, the interacting space restriction
was applied always,30 and the three core orbitals have been kept
frozen in all MR-CISD calculations. Additionally, size-exten-
sivity corrections were computed by means of the extended
Davidson method (MR-CISD+Q).31,32 For the vertical excita-
tions, the ground-state geometries optimized inCs symmetry at
the Møller-Plesset perturbation level to second order33-35

(MP2)/cc-pVTZ36 level were used. The basis set denoted d′-
aug-cc-pVDZ was constructed from the aug-cc-pVDZ basis36,37

by adding diffuse doubly (d-) augmented s- and p-functions on
carbon, nitrogen, and oxygen and by d-augmented s-functions
on hydrogen.38,39 This basis set offers sufficient flexibility for
adequate description of the 3s and 3p Rydberg orbitals while
essentially suppressing Rydberg orbitals of highern and l
quantum numbers.

In the search for energy minima on the first excited-state
potential energy surface, Rydberg states and Rydberg orbitals
were not taken into account. This restriction was introduced on
the basis of the analysis of the vertical electronic spectra of the
studied species, which revealed that the first excited state for
all molecules investigated had valence character. Accordingly,
in this series of calculations the aug-cc-pVDZ basis set was
used for geometry optimizations and only valence-type orbitals
were included into the active space. Additionally, the standard
cc-pVTZ basis set augmented with s and p diffuse functions
taken from aug-cc-pVTZ (denoted as aug′-cc-pVTZ) was used
in single-point calculations. The electronic ground state and the
lowest excited state were included in the state averaging
procedure with equal weights. SA-CASSCF geometry optimiza-
tions were performed first. The active space used in these
calculations included all importantσ, π, and n orbitals (seven
orbitals in total) with natural orbital occupations between 1.98
and 0.03 and eight electrons, which allowed us to take into
account the essential features relevant for the geometry rear-
rangements processes. In the next step, all structures were
reoptimized at the MR-CISD level of theory based on the SA-

CASSCF MOs. Analysis of the CI wave function showed that
it could be well represented by the use of a three orbital and
four electron CAS, which was finally used for the MR-CISD
geometry optimizations. Moreover, the CI wave function was
always monitored in order to verify that no other CSFs except
those belonging to the reference wave function had a weight of
more than 1%. Additionally, ground-state geometries of form-
amide and the respective protonated forms were optimized also
by using the same methodology for the sake of comparison.

The SA-MCSCF and MR-CISD calculations were performed
using the COLUMBUS program system.40-42 Full geometry
optimizations at a given molecular symmetry were performed
by means of the analytic gradient method for MR-CISD wave
functions.43-45 The geometry optimizations and saddle point
calculations were performed in natural internal coordinates as
defined by Fogarasi et al.46 using the direct inversion of iteration
space for geometry optimization (GDIIS) method.47 The atomic
orbital (AO) integrals and AO gradient integrals were computed
with program modules taken from DALTON.48 Harmonic
vibrational frequencies were calculated by means of numerical
differentiation of analytic gradients to determine the nature of
the stationary point encountered. Thermodynamic quantities
were calculated using the standard ideal gas, rigid rotor, and
harmonic oscillator approximation. MP2 calculations have been
done using the Gaussian98 program package.49

Results and Discussion

Vertical Electronic Excitations. Ground-State Properties.
Before discussing vertical excitation energies, we shall briefly
comment on geometrical features of formamide and its proto-
nated forms in the ground state. This is of interest, since it has
been shown that the question whether the neutral molecule is
planar or not is sensitive to the computational method (e.g.,
SCF, MBPT(2), MBPT(4), CCSD, and CCSD(T)) and basis set
(e.g., DZP, TZP, TZP2, and PVTZ).50 However, as has been
found also in ref 50, energy differences between optimized
planar and eventual nonplanar structures are insignificant,
demonstrating the flatness of the potential energy surface in
this respect. On the basis of the most extended calculations, it
is believed that the true minimum-energy structure of formamide
is planar, in agreement with experimental measurements.51

Deviations from planarity occurred at the CASSCF and MR-
CISD levels as well. However, in view of the previous
findings,50 we chose the planar ground-state structure for
formamide, as reference points for the following calculations
on excited states. The O- and N-protonated forms were found
to possessCs symmetry as well.20,23In addition to the CASSCF
and MR-CISD geometry optimization for the ground state, MP2/
cc-pVTZ optimizations and frequency calculations were per-
formed also. The MP2 ground-state structures and vibrational
frequencies were actually chosen for the calculation on vertical
excitations and for ground-state zero-point vibrational energies.

Calculated geometry parameters obtained at the CASSCF and
MR-CISD levels for all ground-state structures discussed in this
work are given in Figure 1. They agree very well with the MP2
results and with available experimental data.51 Complete Car-
tesian geometries including MP2/cc-pVTZ geometries are
available as Supporting Material (see the end of the text for
more information). Energetic results are listed in Table 1. Two
minima were found for the O-protonated form, a trans structure
with OH4 trans to the CN bond, and a cis structure with OH4 in
cis position. The trans structure is more stable than the cis
structure by 3.2 kcal mol-1 (MP2/cc-pVTZ). Only the more
stable trans structure was considered in the following.
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The calculated energy difference between the O- and N-
protonated formamide obtained at the MR-CISD+Q/aug-cc-
pVDZ (16.4 kcal mol-1) and MP2/cc-pVTZ (16.6 kcal mol-1)
levels is in good accord with the previously published value of
15.5 kcal mol-1 calculated with the G2 method.20 The MCSCF/
aug-cc-pVDZ method reduces this energy gap to only 4.6 kcal
mol-1. This clearly demonstrates the importance of inclusion
of dynamical correlation energy in discussing relative energies
of the protonated species.

Orbital Analysis.Since all ground-state structures have a
symmetry plane, the active orbitals are separated into a′ and a′′

subgroups. The group a′ contains σ- and σ*-type orbitals
originating from combinations of the C-N and C-O bonds
(with minor contributions from CH and NH bonds) and an in-
plane nonbonding electron pair situated on the O-atom (nO).
The π-system comprises threeπ-orbitals (1a′′, 2a′′ and 3a′′),
which will be denoted asπb, π andπ* hereafter. In formamide,
the first one,πb, is delocalized over the heavy-atom chain and
is totally bonding, whereas theπ orbital corresponds to the
negative linear combination of the pπ-orbitals on the terminal
atoms with the coefficients on the N atom being slightly larger
than on the oxygen atom. In the N-protonated form, theπ and
π* orbitals become more localized in the region of the C-O
bond, whereas theπb orbital transforms into a N-localized pπ
orbital mixed with the antisymmetric combination of s orbitals
located at the neighboring H atoms. In the O-protonated form,
the shape of theπb, π, andπ* orbitals is quite similar to that in
the neutral molecule. For the sake of simplicity, we shall use
identical notation for these orbitals for all examined structures
in the rest of discussion.

Vertical Excitation Energies.The calculated vertical excitation
energies are summarized in Tables 2-4. Oscillator strengths
(f) and the electronic radial spatial extents (〈r2〉), which are also
displayed in these tables, are computed at the MR-CISD(s) and
MR-CISD(i) levels of theory. All excitations are characterized
by the symmetry of the excited state and by the predominant
configuration describing this state. In addition, the results of
MR-CISD+Q(i) calculations are shown graphically in Figure
2.

Figure 1. MR-CISD and CASSCF (in parentheses) optimized geometry
parameters of planar structures1-3 in the ground state. Bond lengths
are in angstroms, and bond angles are in degrees.

TABLE 1: Total Energies (Etot/a.u.), Zero-Point Vibrational
Energies (ZPVE/a.u.), and Relative Energies (Erel/kcal mol-1)
for Ground State Structures 1-3 Calculated at the MP2/
cc-pVTZ, MR-CISD/aug-cc-pVDZ and MR-CISD+Q/
aug-cc-pVDZ Levels of Theory

1 2 3

MP2/cc-pVTZ
Etot -169.60545-169.90910-169.93563
ZPVE 0.04551 0.05864 0.06027
Erel

a 207.2 16.6 0.0
MR-CISD/aug-cc-pVDZ
Etot -169.43836-169.74652-169.77223
Erel

a 209.5 16.1 0.0
MR-CISD+Q/aug-cc-pVDZ
Etot -169.49204-169.79789-169.82402
Erel

a 208.3 16.4 0.0

a Excluding ZPVE corrections.

Figure 2. Comparison of the calculated electronic spectrum of
formamide, N- and O-protonated formamide. MR-CISD+Q(i) excitation
energies and MR-CISD(i) oscillator strengths are used.
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Perusal of the data presented in Table 2 illustrates that the
general features of electronic excitations are already reproduced
very well by the results obtained with the small reference space.
Best agreement of excitation energies with available experi-

mental13 and previously calculated14,15,16data for formamide is
achieved with the MR-CISD+Q(l) method. MCSCF results are
given for reference purposes only. In the following, all excitation
energies discussed refer to the calculation with the large

TABLE 2: Vertical Excitation Energies (eV), Oscillator Strengths, and Expectation Values〈r2〉 (a.u.) for Singlet States of
Formamidea

MR-CISD MR-CISD+Q

MCSCF small intermediate large small intermediate large

state Eexc/eV Eexc/eV f 〈r2〉 Eexc/eV f 〈‚r2〉 Eexc/eV Eexc/eV Eexc/eV Eexc/eV exp

1A′
(gr. state)b

-169.03346 -169.43411 38.3-169.44415 38.4-169.45653 -169.49506 -169.50285 -169.50773

1A′′
(nO-π*)

6.21 5.88 0.001 37.7 5.88 0.001 37.9 5.91 5.80 5.78 5.72 5.8

2A′′
(π-3s)

5.33 7.11 0.022 78.8 7.09 0.021 77.6 7.20 7.00 6.77 6.55 6.35

2A′
(nO-3s)

5.64 6.92 0.012 76.7 6.98 0.006 74.1 7.11 6.84 6.78 6.61

3A′
(nO-3pσ′)

6.23 7.49 0.056 88.5 7.61 0.058 87.8 7.76 7.48 7.47 7.32

3A′′
(π-3pσ′)

6.18 7.97 0.002 88.4 7.99 0.000 87.7 8.10 7.85 7.62 7.37

4A′
(π-π*)

9.24 8.30 0.225 79.3 8.25 0.338 59.0 8.24 7.92 7.71 7.60 7.36

5A′
(nO-3pσ")

6.51 7.80 0.015 101.3 7.93 0.017 98.2 8.08 7.84 7.84 7.66 7.72

4A′′
(π-3pσ′′)

6.6 8.52 0.000 100.5 8.54 0.001 101.8 8.65 8.34 8.03 7.82 8.02

5A′′
(nO-3pπ)

6.59 7.91 0.012 101.7 8.06 0.013 100.0 8.23 8.01 8.08 7.90 7.83

6A′
(π-3pπ)

6.57 8.69 0.198 62.9 8.64 0.033 88.7 8.71 8.15 8.28 8.06 8.22

a MP2/cc-pVTZ geometries were used. Experimental values are taken from ref 13.b Total electronic energies (a.u.) are given for the ground
state.

TABLE 3: Vertical Excitation Energies (eV), Oscillator Strengths, and Expectation Values〈r2〉 (a.u.) for Singlet States of
N-Protonated Formamidea

MR-CISD MR-CISD+Q

MCSCF small intermediate large small intermediate large

state Eexc/eV Eexc/eV f 〈r2〉 Eexc/eV f 〈r2〉 Eexc/eV Eexc/eV Eexc/eV Eexc/eV

1A′ (gr. state)b -169.35794 -169.74191 26.5 -169.75321 26.6 -169.7647 -169.79913 -169.80695 -169.81094
1A" (nO-π*) 5.54 5.46 0.000 25.9 5.31 0.000 26.2 5.27 5.21 5.18 5.18
2A′ (nO-3s) 8.60 9.08 0.023 43.2 9.15 0.050 41.6 9.24 8.92 8.87 8.72
3A′ (nO-3pσ′) 9.83 11.76 0.049 38.1 10.06 0.067 34.8 10.05 9.62 9.63 9.54
2A′′ (σ-π*) 11.45 11.32 0.001 26.5 10.31 9.87 9.68
4A′ (nO-3pσ′′) 10.37 10.59 0.114 48.1 10.83 0.060 43.1 10.85 10.38 10.43 10.27
3A′′ (nO-3pπ) 10.29 10.82 0.023 49.6 10.99 0.023 49.0 11.1 10.75 10.73 10.53
5A′ (π-π*) 11.57 11.32 0.292 34.6 11.34 0.305 38.6 11.26 10.77 10.73 10.67
4A′′ (π-3s) 11.62 12.08 0.004 44.3 12.12 0.005 43.0 12.27 12.15 12.02 11.91
5A′′ (π-3pσ′) 12.72 14.72 0.003 45.6 12.97 0.000 37.7 13.99 12.79

a MP2/cc-pVTZ geometries were used.b Total electronic energies (a.u.) are given for the ground state.

TABLE 4: Vertical Excitation Energies (eV), Oscillator Strengths, and Expectation Values〈r2〉 (a.u.) for Singlet States of
O-Protonated Formamidea

MR-CISD MR-CISD+Q

MCSCF small intermediate large small intermediate large

state Eexc/eV Eexc/eV f 〈 r2〉 Eexc/eV f 〈r2〉 Eexc/eV Eexc/eV Eexc/eV Eexc/eV

1A′ (gr. state)b -169.36733 -169.76741 24.3 -169.77549 24.3 -169.78789 -169.82564 -169.83307 -169.83644
2A′ (π-π*) 8.67 8.27 0.387 24.6 8.19 0.354 24.7 8.14 7.89 7.83 7.78
1A′′ (nO-π*) 9.79 9.30 0.000 23.7 9.26 0.000 23.8 9.26 9.12 9.01 8.90
2A′′ (π-3s) 8.67 10.15 0.010 43.4 10.09 0.007 42.5 10.22 9.88 9.52 9.26
3A′′ (π-3pσ′) 9.55 10.95 0.022 44.8 10.89 0.025 44.5 10.94 10.57 10.22 10.00
4A′′ (π-3pσ") 10.15 11.53 0.001 45.2 11.37 0.000 44.5 11.51 11.10 10.88 10.66
3A′ (πb-π*) 11.88 11.60 0.068 28.0 11.52 0.062 26.9 11.43 11.26 11.16 11.13
4A′(nO-3s) 11.26 11.98 0.052 39.3 12.04 0.048 39.9 12.17 11.81 11.81 11.64
5A′ (π-3pπ) 10.88 12.33 0.018 50.0 12.40 0.021 50.2 12.54 12.08 12.03 11.81
6A′ (nO-3pσ′) 12.72 13.71 0.038 45.2 13.75 0.039 45.0 13.78 13.11 13.03 12.73

a MP2/cc-pVTZ geometries were used.b Total electronic energies (a.u.) are given for the ground state.
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reference space if not specified otherwise. The lowest valence
excited state of formamide, the nO-π* transition, is found at
5.72 eV, which is very close to the experimental value (5.8 eV).
This state is followed by a pair of Rydberg nO-3s andπ-3s
states at 6.55 and 6.61 eV, respectively. The oscillator strength
of the nO-3s state is significantly higher than for theπ-3s
state, which is in agreement with previously published results
calculated by EOM-CC15 and MR-CI13 methods. Theπ-π*
valence state is computed at 7.60 eV, in quite good agreement
with the experimental value (7.36 eV) and with the EOM-CCSD
(7.66 eV15) and CASPT2 (7.41 eV16) results. From an analysis
of the wave function, we find that theπ-π* state is quite
heavily mixed with Rydberg character. This can be also seen
from the large〈r2〉 value. The large oscillator strength is typical
for a valence excitation. For a further detailed comparison of
theoretical results with the experimental spectra, we refer
especially to ref 15.

The calculated spectrum of N-protonated formamide re-
sembles some of the features of the electronic spectrum of
formamide, at least qualitatively (see Table 3 and Figure 2).
For instance, the lowest excited state is the nO-π* state, which,
however, has been moved by about 0.5 eV to lower excitation
energy (5.18 eV) in comparison to the neutral molecule. Second,
the π-π* state falls into the region of Rydberg states and
interacts strongly with them. The calculated spatial extent of
this state (38.7 au, MR-CISD(i)) confirms this strong interaction.
Contrary to the shift of the nO-π* state, theπ-π* state has a
considerably larger excitation energy (10.67 eV) than in the
neutral molecule (7.36 eV). Due to protonation on the N atom,
theπ system is essentially reduced to the CO bond, explaining
the large destabilization. The Rydberg states are also shifted
by several eV to higher excitation energies. This is particularly
pronounced for theπ-Rydberg states. In addition, a newσ-π*
valence state appeared with an excitation energy of 9.68 eV.

The calculated electronic absorption spectrum for O-proto-
nated formamide differs considerably from that of the parent
formamide molecule (see Table 4 and Figure 2). It is dominated
by an intense transition to theπ-π* state, which is the lowest
peak in the spectrum located at 7.78 eV. It is followed by the
valence nO-π* state (8.90 eV). Theπ-π* excitation remains
almost unchanged as compared to that in the neutral molecule,
whereas the shift of the nO-π* state is quite pronounced (3.18
eV). Such a strong increase in excitation energy of the nO-π*
state can be rationalized by a strong interaction of the nO orbital
with the incoming proton. Since the proton approaches the
O-atom in the symmetry plane, perturbation of the orthogonal
π system is smaller resulting in a larger energetic separation of
the nO andπ orbitals than in formamide. It is also interesting
to note that the Rydberg transitions originating from the nO and
π orbitals are separated by more than 2 eV, whereas in
formamide, these states appear in closely spaced pairs. The series
of π-Rydberg states starts at 9.26 eV and is shifted by more
than 2.5 eV to higher excitation energies as compared to
formamide. Finally, a newπ-π* state (denoted asπb-π* in
the Table 4) appears with an excitation energy of 11.13 eV.

To rationalize the large shift of the Rydberg states upon
protonation, we use the Rydberg formula

for fitting the energies of the Rydberg states.52 IP is the
ionization energy,R is the Rydberg constant,Z is the charge of
the molecular core,n is the principal quantum number of the
Rydberg orbital, andδ is the quantum defect of the state of
interest. In case of the protonated forms,Z ) 2. The same active

space (with one electron less) and the same geometry as for
the MR-CISD(i) calculations of vertical excitations energies was
used for the computation of the2A′ (nOf ∞) and2A” ( πf ∞)
ionized states of all three species. The computed ionization
energies and quantum defects are summarized in Table 5. From
the results, it is seen that the ionization energies of the protonated
forms are substantially higher than for formamide itself. This
fact is one of the main reasons for the large upward shift of the
Rydberg states upon protonation. Additionally, the quantum
defects are smaller for the nO-Rydberg states as compared to
formamide leading to a further relative increase of the excitation
energies. Similar observations have been made for protonated
formaldehyde.8

We shall conclude this section by comparing vertical excita-
tion energies calculated with various reference spaces within
the MR-CISD formalism. It is observed that exclusion ofσ
orbitals leads to a shift of most states to higher energies.
Furthermore, excitations from theπ orbital appear to be more
affected than excitations from the nO orbital. It should be also
noted that the small reference space suppresses theσ-π* state
in the N-protonated form. However, it should be emphasized
that reduction of reference space does not affect the energy of
the lowest excited state. Generally, the lowest valence state
(irrespective of its nature) is adequately described by thesmall
reference space in all examined cases.

Adiabatic Electronic Excitations. In the first step, searches
for minimum-energy structures of formamide were performed
under restriction toCs symmetry at the SA-CASSCF level
starting from the ground-state geometries. State-averaging has
been performed including the two lowest states. The vibrational
analysis of the resulting structures showed that there were out-
of-plane vibrational modes with imaginary frequencies and that,
therefore, the assumption ofCs symmetry was not justified in
the minimization procedure. Reoptimization of the excited-state
structure of formamide by following the out-of plane displace-
ments in the direction of the imaginary frequency gave rise to
the minimum energy structure4 (Figure 3.). The same strategy
has been applied for optimization of the N- and O-protonated
forms resulting in structures5-7 (Figure 3). All of the stationary
structures4-7 have been identified as energy minima without
any imaginary frequencies at the SA-CASSCF level. In the next
step, the MR-CISD method based on SA-MOs and the small
reference space has been applied. The refined MR-CISD
geometrical parameters are also shown in Figure 3. Complete
Cartesian geometries are available as Supporting Information
(see the end of the text for more information). Total electronic
energies and adiabatic excitation energies for structures4-7
calculated at CASSCF, MR-CISD, and MR-CISD+Q levels of
theory have been collected in Table 6.

Eexc ) IP - R Z2/(n - δ)2 (1)

TABLE 5: Vertical Ionization Potentials (eV) of Formamide
and Its Protonated Forms and Quantum Defects Calculated
at the MR-CISD+Q(i) Level of Theory by Using the
d′-aug-cc-pVDZ Basis Set

formamide
N-protonated
formamide

O-protonated
formamide

IPv(nOf∞) (12A′r11A′) 10.12 18.00 20.46
δ(n,3s) 0.982 0.558 0.492
δ(n,3pσ′) 0.734 0.450 0.294
δ(n,3pσ′′) 0.557 0.318
δ(n,3pπ) 0.449 0.263
IPv(πf∞) (12A′′r11A′) 10.38 21.58 18.31
δ(π,3s) 1.058 1.807 1.756
δ(π,3pσ′) 0.778 1.756 1.703
δ(π,3pσ′′) 0.566 1.664 1.647
δ(π,3pπ) 0.452 1.529
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The geometrical relaxation of formamide resulted in pyra-
midalization of the carbon and nitrogen atoms as expected from
qualitative considerations.27 The pyramidal carbonyl group is a
common feature of nO-π* excited carbonyl compounds. It
results from an increase of electron density on carbon relative
to the ground state (see Figure 4). Consequently, the stabilizing
conjugative interaction between the carbonyl and the amine
operative in the ground-state becomes repulsive, resulting in
pyramidalization of the amino group. The extent of pyramidal-
ization can be described by anglesφ andϑ, which are defined

as the smallest angles between the CN bond and the orthogonal
projection of the C-N bond onto the NH2 and CHO planes,
respectively (Figure 5). In structure4, they assume the values
38.6° and 50.7°, respectively. In addition, the NH2 group is
rotated with respect to the plane of the COH group byF )
62.3°, presumably due to a tendency of the nitrogen lone pair
to be directed away from the oxygen atom. The structure with
opposite orientation of the NH2 group is by 1.56 kcal mol-1

higher in energy and has a negative imaginary frequency. Both,
the C-O and C-N bond distances become stretched by 0.16
and 0.05 Å. Their weakening is also reflected in the shift of
harmonic vibrational frequencies of the CO and CN stretching
modes (computed at the SA-CASSCF/aug-cc-pVDZ level) from
1800.3 and 1325.2 cm-1 in the ground state to 1061.4 and
1121.5 cm-1 in the excited state, respectively. For comparison,
the respective experimental ground-state frequencies are 1754.1
and 1258.2 cm-1.53 The fact that the formamide geometry
deviates from planarity compares well with previous calculations
using the CIS/6-31G* method.27 However, we find a signifi-
cantly stronger stretched CO bond (1.371 Å) as compared to
the CIS results (1.272 Å).

Figure 3. MR-CISD and CASSCF (in parentheses) optimized geometry
parameters of structures4-7 in the first excited state. Bond lengths
are in angstroms, and bond angles are in degrees.

TABLE 6: Calculated Total Energies (Etot/a.u.), Zero-Point
Vibrational Energies (ZPVE/a.u.), and Adiabatic Excitation
Energies (Eexc/eV) for Structures 4-7a,b

4 5 6 7

CASSCF
Etot -168.88763 -169.21678 -169.20121 -169.20503
ZPVE 0.04498 0.06045 0.06095 0.06023
Eexc 5.00 4.01 5.04 4.94
MR-CISD
Etot -169.27879 -169.60119 -169.59819 -169.60284

(-169.39452) (169.71800) (-169.71625) (-169.72155)
Eexc 4.33 3.90 4.73 4.60

(4.48) (4.09) (4.89) (4.74)
MR-CISD+Q
Etot -169.33147 -169.65122 -169.65539 -169.66045

(-169.45744) (-169.78125) (-169.78353) (-169.78862)
Eexc 4.36 3.94 4.58 4.44

(4.47) (4.02) (4.72) (4.58)

a Adiabatic excitation energies for structures4, 5, and 6-7 are
calculated with respect to structures1, 2, and3, respectively.b Results
in parentheses are calculated at the MR-CI+Q/aug′-cc-pVTZ level.

Figure 4. Comparison of net atomic Mulliken charges for formamide
in 1 (ground state) and4 (first excited state) as computed from MR-
CISD/aug-cc-pVDZ calculations.

Figure 5. Definition of φ andϑ angles.
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Similar to the parent molecule, the first excited singlet state
of N-protonated formamide is characterized by a strongly
pyramidalized carbon atom. Furthermore, a shortening of the
CO bond by 0.019 Å and stretching of the CN bond by 0.060
Å is observed with respect to excited-state formamide4. These
trends, although less pronounced, are in accord with geometrical
changes observed upon N-protonation in the ground state
(-0.032 and 0.171 Å). The orientation of the NH3 group with
respect to the CO bond in the excited-state structure5 is almost
opposite to that in the ground-state structure2. The dihedral
angle O-C-N-H2 is 184.9° and 0.0° in excited and ground
state, respectively.

It is important to note that, despite the strong deformation of
the excited-state structures4 and5 with respect to the planar
ground state, the character of the HOMO and LUMO orbitals
involved in the excitation resembles qualitatively the valence
nO and π* orbitals described in the discussion of the vertical
electronic spectrum. However, it should be noted that rotation
of the NH2 group in 4 causes a decrease of the conjugative
interaction between the amino and carbonyl groups. Conse-
quently, theπ and π* orbitals become more localized in the
C-O bond and resemble corresponding formaldehyde orbitals,
whereas theπb orbital becomes fully localized in the region of
the amino group. In the N-protonated form5, localization of
theπ andπ* orbitals on CO is indicated by CN bond stretching.

For O-protonated formamide, two structures,6 and7, were
found, with the latter being more stable by 3.18 kcal mol-1 (MR-
CISD+Q). In this case, geometry optimization started in the
planar structure of theπ-π* state. During the rotation of the
NH2 group theπ orbital transformed into pure a nN orbital and
the character of first excited state can be classified as nN-π*.
In both structures, pyramidalization of the N-atom is negligible
(φ ) 3.8° and 1.9° in 6 and7, respectively) and the NH2 group
is found to be almost perpendicular to the O-C-N plane.
Furthermore, shortening of the CO bonds in6 and7 relative to
the same bond in neutral formamide4 is observed. On the other
hand, the CN bond lengths are stretched relative to4 (1.453 Å
(6) and 1.437 Å (7) vs 1.418 Å (4)). The stretching of the CN
bond in6 or 7 of about 0.15 Å is even more remarkable when
compared to the ground-state structure3. All of these changes
are indicative of a diminution of the conjugative interaction
between the CO and the NH2 groups.

The adiabatic excitation energies of formamide and its N-
(5) and O-protonated structures (6-7) calculated with respect
to the ground state of formamide (1), N- (2) and the lowest
energy O-protonated form3, are summarized in Table 6. As
expected from the large geometry relaxation effects, all adiabatic
excitation energies differ considerably from the vertical ones.
The largest effect is noted for the O-protonated form (Eexc(vert.)
) 7.89 eV vsEexc(adiab.) ) 4.44 eV). On the other hand,
geometry relaxation in formamide and in N-protonated forma-
mide has a smaller effect on the excitation energy and is of
similar magnitude (1.3 and 1.4 eV, respectively), implying that
the energy of the nO-π* state is less influenced by geometry
relaxation than theπ-π* state in O-protonated formamide.
Single-point MR-CISD calculations using the MR-CISD/aug-
cc-pVDZ geometries have been performed with the aug′-cc-
pVTZ basis. The results given in Table 6 show changes of about
0.1 eV at the MR-CISD+Q level with respect to the aug-cc-
pVDZ basis demonstrating that the latter basis is sufficiently
flexible for our purposes.

Gas-Phase Basicity of Formamide in the First Excited
State. The gas-phase basicity, GB, of a base B is formally
defined as the standard Gibbs free energy change (∆G°) for

the reaction in eq 2, the corresponding proton affinity, PA, being
the standard enthalpy change (∆H°) for the same reaction

Accordingly, the PA of formamide can be calculated from ab
initio data following thermodynamic eq 3

where B and BH+ stands for the neutral and one of the
protonated forms of formamide, respectively, andTc is the
temperature correction to the internal energy.

To compute the GB

the reaction entropy

has to be evaluated. For the entropy of the protonS°(H+), the
experimental value of 26.040 cal mol-1 K-1 was taken from
ref 54. TheS°(B) and S°(BH+) terms were evaluated as the
sum of vibrational, rotational and translational contributions in
the standard harmonic oscillator-rigid rotor ideal gas approxima-
tion. Total electronic energiesEtot for the optimized structures
were taken from MR-CISD+Q calculations. Zero-point vibra-
tional energies (ZPVE) and temperature corrections (Tc) at 298
K, as well as standard entropies were calculated from MP2 and
CASSCF data in the ground and excited states, respectively. It
is customary to scale the calculated harmonic frequencies in
order to improve agreement with experiment.55 Unfortunately,
there is no recommended empirical factor for MCSCF calcula-
tions for excited states and, therefore, no scaling factors were
used in this work.

The calculated values of standard reaction enthalpies, entro-
pies and Gibbs free energies are collected in Table 7 along with
the corresponding data for the ground state protonation. Before
dealing with base property of formamide we shall briefly
comment enthalpy and entropy contributions to the gas-phase
basicity separately. In all examined cases, the entropy contribu-
tion of about 8 kcal mol-1 is quite small relative to the total
value of the GB. Moreover, it is practically constant for all cases
listed in Table 7. Therefore, the proton affinity as well as the
gas phase basicity can equally serve for evaluation of intrinsic
base properties and basicity trends of formamide.

The gas-phase basicity and proton affinity of formamide have
been determined experimentally56 for the ground-state allowing
us to test the accuracy of our calculations in this case. The
corresponding calculated values, related to protonation at the
O-site are 192.4 and 200.8 kcal mol-1, which is by 3.3 and 4.3
kcal mol-1 higher than the experimental values (189.1 and 196.5
kcal mol-1, respectively).56 Use of the aug′-cc-pVTZ basis
slightly deteriorates the agreement.

Analysis of the results in Table 7 obtained with the aug-cc-
pVDZ basis shows that the oxygen basicity in formamide
decreases upon excitation to the first excited state. Calculated
GB and PA values are 190.3 and 198.4 kcal mol-1, respectively.
On the contrary, the N-atom becomes more basic by 7 kcal
mol-1 than in the ground state. Consequently, the strong

BH+(g) f B (g) + H+ (2)

PA ) ∆H° ) H°(B) - H°(BH+) + H°(H+)

) Etot(B) + ZPVE(B) + Tc(B) - Etot(BH+) -

ZPVE(BH+) - Tc(BH+) + (5/2)RT (3)

GB ) ∆G° ) G°(B) - G°(BH+) + G°(H+)

) ∆H°- T∆S° (4)

∆S° ) S°(B) - S°(BH+) + S°(H+) (5)
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preference for protonation at the O-atom in the ground state
(15 kcal mol-1) diminishes to only 6 kcal mol-1. Very similar
results are obtained with the aug′-cc-pVTZ basis.

The relative enhancement and reduction of N- and O-basicity
compared to the ground state can be qualitatively rationalized
by changes in the total electron densities on the N- and O-
atoms induced by the electronic excitation of formamide, as
demonstrated by a comparison of Mulliken charges for structures
1 and4 (Figure 4). An alternative way of evaluating the effect
of excitation on acid-base properties of molecules is offered
by the Förster thermodynamic cycle.28,29This scheme was used
here to evaluate electronic and geometry-relaxation contribution
to basicity changes. The shift of vertical excitation energies
corresponds to electronic effects, whereas geometry-relaxation
is included in the adiabatic difference of excitation energies.
The calculated difference between vertical excitation energies
of formamide and O-protonated formamide is about 2.1 eV
leading to a decrease of basicity by 48 kcal mol-1. Geometry
relaxation cancels this change to a large extent (∼ 46 kcal
mol-1) so that the net effect is almost vanishing. On the other
hand, the electronic effect contributes to a basicity enhancement
in N-protonated form by 0.59 eV (∼14 kcal mol-1) as judged
from the vertical excitation energy differences. Geometry
optimization, again, counteracts this change, but only by ca. 5
kcal mol-1 this time.

Conclusions

The MR-CISD and MR-CISD+Q methods have been applied
to calculate vertical excitation energies and oscillator strengths
of formamide and its N- and O-protonated forms. The vertical
excitation energies for formamide are in good agreement with
available experimental data and with the results of best
calculations reported so far. Analysis of the calculated electronic
absorption spectra shows that the lowest excited state in the
parent molecule and its N-protonated form corresponds to the
nO-π* valence excited state with a very weak transition
intensity. The second valence excited state is theπ-π* state,
which falls into the region of Rydberg states and was found to
be strongly mixed with them. In contrast to that, in the
O-protonated form theπ-π* valence excited state is the lowest
one, whereas the nO-π* valence state appears as the second
excited state. Full geometry optimizations for the lowest excited
state of each compound have been performed. It was found that
all minimum energy structures of formamide and its protonated

forms in the first excited state exhibited strong deviation from
planarity characterized by pyramidalization of the carbon and
the nitrogen atoms and rotation of the NH2 with respect to the
plane of CHO group.

Finally, the intrinsic basicity and proton affinity of O- and
N-protonation sites in formamide in the first singlet excited state
has been calculated. It is found that the O-atom is more basic
than the N-atom by 6 kcal mol-1, which is 9 kcal mol-1 less
than in the ground state. This results from two opposing
effects: (a) a decrease of oxygen basicity (by 2 kcal mol-1)
and (b) an increase in basicity of nitrogen atom (by 7 kcal
mol-1). As concerns the application of the Fo¨rster cycle to
evaluate excited-state proton affinities we find that vertical
excitations lead to large shifts with respect to the ground state.
However, using optimized (equilibrium) data, these effects are
largely counterbalanced by geometry relaxation effects.
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