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Abstract The properties of formamide, its protonated

form and interaction complexes with lithium and so-

dium cations were studied in electronically excited

singlet states by means of high-level multireference

ab initio methods. The vertical excitation energies

show a marked influence on protonation with particu-

lar large effects found for the O-protonated form as

compared to neutral formamide. Complexation with

Liþ and Naþ leads to a pronounced shift of the

nO–�� state to higher energies while the �–�� state

moves in opposite direction. Geometry optimizations

in the lowest excited singlet show strong geometrical

effects leading to pyramidalization at the N and C

atoms. The photodynamical simulations performed

for formamide in the first excited singlet state show

that the main primary deactivation path is CN disso-

ciation with a lifetime of about 420 fs.

Keywords Photochemistry; Basicity; Absorption; Metal ion
affinities; Multireference configuration interaction.

Introduction

It is well known that molecular photoexcitation can

lead to dramatic effects in both the molecular struc-

ture and the chemical reactivity of a molecule. The

underlying cause of this behavior lies in the redistri-

bution of the electronic density following excitation.

A particularly fascinating aspect of molecular pho-

toexcitation is the strong change that can occur in

acid-base properties. The acidity or basicity of cer-

tain functional groups can be either increased or de-

creased in their excited states [1]. Hence, detailed

knowledge about the involved excited states is a pre-

requisite for a better understanding, for example of

photoinduced proton transfer processes in molecular

systems. Excited-state intramolecular proton transfer

occurs in a large variety of chemical and biological

systems and has been investigated very thoroughly

by various spectroscopic techniques (see e.g., Ref.

[2]), as well as by computational methods [3]. In

recent years we have been concerned with explor-

ing the effect of photoexcitation on the basicity of

two paradigmatic molecules, namely formaldehyde

and formamide using extended quantum chemical

methods (multireference configuration interaction

(MRCI)) [4, 5]. This interest is connected to the fact

that formaldehyde is a prototype model compound

where the properties of the carbonyl chromophore

can be studied in detail, while formamide presents

the simplest amide containing a prototype HNC¼O

peptide linkage, the moiety that holds amino acid

units in polypetides and proteins together. The elec-

tronic absorption spectra of both molecules have

been measured by several groups, but their assign-
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ment and location of the vertical transitions are by

no means unambigous due to the strong mixing of

some of the valence excited states with the Rydberg

states [6, 7]. It is thus not surprising that numerous

theoretical studies performed at different levels of

theory have been extensively used to aid the assign-

ment of the measured spectra. We mention only the

pioneering investigations by Whitten and Hackmeyer

[8], Buenker and Peyerinhoff [9] and Basch et al.

[10] as well as more recent complete-active space

perturbation theory to second order (CASPT2) [11,

12] and equation-of-motion (EOM) calculations [13,

14]. Particularly significant advances in this area

were obtained in recent years owing to the availabil-

ity of powerful multireference (MR) methods [15–

18] which enable the balanced description of valence

and Rydberg states.

Here we present an overview of the most salient

results obtained in our previous studies, together with

the preliminary results of some ongoing research

in this field. Along the paper, several aspects of

Quantum Chemistry applied to the calculation of

excited states will be highlighted. From the accurate

calculation of excited-state energies and the char-

acterization of electronic wavefunctions of excited

states until the determination of excited-state opti-

mized structures and conical intersections, this kind

of investigation is not only computationally demand-

ing, but also covers a wide range of quantum chemi-

cal methods beyond the standard single-reference

approaches applicable for ground-state structures in

the neighborhood of the energy minimum. The al-

ready mentioned advance in MRCI techniques is

based on the development of the COLUMBUS pro-

gram system [19] where recent progress has been

made by the development of procedures for the

computation of analytical gradients and analytical

nonadiabadic coupling vectors at MRCI and multi-

configuration self-consistent field (MCSCF) levels

[20], which allow the efficient optimization of geom-

etries strongly distorted with respect to ground-state

structures that often appear during excited-state re-

laxation. In a next significant step, the availability of

these quantities has led to the development of the

program system NEWTON-X [21] to be used for

nonadiabatic excited-state dynamics simulations at

multireference ab initio levels. The combination of

the two program systems and the computational

methods involved in them has opened new possibili-

ties for the detailed simulation of primary photo-

chemical processes and allows a deepened insight

into their mechanistic and dynamical aspects.

In the first part of the paper we shall discuss re-

sults of multireference configuration interaction with

singles and doubles plus Davidson corrections (MR-

CISDþQ) calculations of UV absorption spectra of

formamide and its protonated forms [5]. A compari-

son to the corresponding spectra of formaldehyde

and its protonated form will be given also [4]. This

discussion will be followed by a description of the

calculated UV spectra of Liþ and Naþ ion com-

plexes with formamide [22]. The latter cases are of

considerable interest due to the fact that contrary to

the case of the protonated species the cation-oxygen

bond in metal ion complexes is predominantly elec-

trostatic in nature. Hence, smaller shifts of the nO–

�� and �–�� excited states in these complexes are

expected in comparison to protonation [23]. In the

second part of this work the effect of molecular pho-

toexcitation on proton affinities of formaldehyde and

formamide will be considered in detail. This will be

followed by a brief survey of our preliminary results

obtained in a computational study of the lithium cat-

ion and sodium cation affinities of formamide in the

ground and in the first excited singlet state [22]. The

gas-phase complexation of the peptide bond with

metal ions is highly relevant from the biological

point of view since it can provide a deeper insight

into the intrinsic interactions between metal ions and

biomolecules involved in biochemical reactions gov-

erning the cation exchange at cellular level. In ad-

dition, this type of cations is also of considerable

importance as a tool for investigating the amino acid

sequence of peptides. The photochemistry of form-

amide, including the results of our recently-per-

formed excited-state dynamics simulations will be

discussed in the last part of the paper.

Results and discussion

Ground state geometries

An overview of the ground state geometries of the

species discussed in this work is presented in Fig. 1

[5] in order to facilitate the discussion of structural

changes upon protonation or metal association. It

should be noted that in the metal ion complexes only

the structure with the metal cation associated with

the oxygen atom represented an energy minimum

in accordance with previously published results of
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the MP2=6-31G� study of Tortajada et al. [24].

This finding, as stated earlier, reflects the fact that

the interaction between formamide and the given

metal monocations is essentially electrostatic with

the ion-dipole interaction being the dominant term.

Accordingly, structural changes associated with Liþ

and Naþ cationization are expected to be smaller

than in the case of protonation. Comparison of the

optimized structures displayed in Fig. 1 corroborates

this supposition. For instance, the C–O bond dis-

tance is elongated by 0.030 and 0.024 Å upon bind-

ing with Liþ and Naþ, while O-protonation causes

an increase of 0.075 Å (at the MP2=6-31G� level of

theory). Similarly, the C–N bond becomes shorter by

0.040 (Liþ complex) and 0.031 Å (Naþ complex), as

compared to 0.067 Å in the O-protonated species.

The OCN valence angle remains practically un-

changed upon complexation with the considered

metal cations.

Calculation of vertical excitation energies of form-

aldehyde and formamide and their protonated forms

The vertical excitation energies of formaldehyde and

its protonated form were calculated at three levels of

theory: MCSCF, MR-CISD and MR-CISDþQ [4].

The þQ indicates the use of the Davidson correc-

tion. All methods used in this work are described in

detail in Ref. [5]. Here, we shall focus only on the

differences between their electronic spectra, based

on the results obtained by the MR-CISDþQ meth-

od. They are summarized in Fig. 2 and Table 1.

Analysis of the calculated vertical ionization en-

ergies for formaldehyde reveals (see Fig. 2) that

the lowest singlet state corresponds to the 11A2

(nO–��) state followed by a series of Rydberg states

and the 11B1(�CO–��) and 31A1(�–��) valence

states. The �–�� transition is the one with the larg-

est intensity as expected. Protonation of formalde-

hyde causes significant changes in the excitation

spectrum. In particular, the nO–�� state, as well as

the Rydberg states, appear to be significantly shifted

toward higher energies. On the other hand the �–��
and �CH–�� states remain almost unchanged. As a

consequence, the lowest three bands in the spectrum

correspond to valence states. They are followed by

Rydberg states and the �CO–�� and nO
0���2

valence

states [4].

The UV spectra of formamide and its N- and

O-protonated forms, using the MR-CISD and MR-

CISDþQ methods have been described in detail

in our previous work [5]. In carrying out the MR-

CISDþQ calculations three different reference

Fig. 2 Comparison of the calculated electronic excitation
energies=eV of formaldehyde and protonated formaldehyde
at MR-CISDþQ level

Fig. 1 Ground state structures used to calculate vertical ex-
citation energies: experimental bond distances= Å for 1 and
2, data calculated by the MR-CISD=aug-cc-pVDZ (MP2=cc-
pVTZ values in brackets) method for 3–7
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spaces had been used. In the following, all excitation

energies discussed refer to the calculation with the

intermediate reference space (comprising of 6 orbi-

tals and 8 electrons) if not specified otherwise. For a

more detailed discussion we refer to Ref. [5]. The

calculated vertical excitation energies for the studied

species at this level of theory are displayed in Fig. 3

Survey of the results presented in Fig. 3 shows

that the calculated electronic absorption spectrum

for O-protonated formamide differs considerably

from that of the neutral molecule. The first band

corresponds to the �–�� state (which remains almost

unchanged as compared to that in the neutral mole-

cule), whereas the nO–�� valence state is shifted

by �3.2 eV to higher energies and appears as the

second excited state. Such a strong increase in ex-

citation energy of the nO–�� state is due to a

strong interaction of the nO orbital with the proton.

Furthermore, in contrast to the parent molecule, the

typical valence-Rydberg mixing found in formamide

was not present due to a shift of Rydberg states by

more than 2.5 eV to higher excitation energies. This,

as shown earlier, resembles closely the trend ob-

served on going from the neutral to the protonated

formaldehyde. More specifically, while in the parent

formaldehyde the �–�� state is completely embed-

ded in Rydberg states, in the protonated formalde-

hyde this state is located about 1.50 eV below the

first Rydberg (nO–3s) state [4]. It is also interesting

to note at this point that upon protonation the nO–��
valence state in formaldehyde undergoes a less

pronounced shift to higher energy (by ca. 1 eV) than

in formamide. Finally, a new �–�� valence state

(denoted as �b–�� valence state in Fig. 3) appears

with an excitation energy of 11.16 eV.

Contrary to the electronic spectrum of the O-

protonated form, the calculated UV spectrum of its

N-protonated counterpart resembles more closely

characteristic features of the spectrum of the neutral

molecule. For instance, the lowest excited state is the

Table 1 MR-CISDþQ=d0-aug-cc-pVDZ calculated vertical excitation energies=eV for valence and Rydberg excited states of
structures 1–7. MR-CISD=d0-aug-cc-pVDZ calculated oscillator strengths are given in parenthesesa

State 1 2 3 4 5 6 7

nO–�� 3.95 (0.000) 6.20 (0.001) 5.78 (0.001) 9.01 (0.000) 5.18 (0.000) 6.54 (0.000) 6.36 (0.001)
�–�� 9.35 (0.116) 9.80 (0.240) 7.71 (0.338) 7.83 (0.354) 10.73 (0.305) 7.41 (0.293) 7.42 (0.296)
�CO–�� 9.26 (0.001) 12.22 (0.014)
�CH–�� 9.97 (0.000) 9.99 (0.001)
nO

2–��2

10.33 (0.015) 14.07 (0.004)
�b–�� 11.16 (0.062)
nO–3s 7.08 (0.025) 11.28 (0.003) 6.78 (0.006) 11.81 (0.048) 8.87 (0.050) 8.06 (0.102) 7.50 (0.009)
nO–3p�0 7.93 (0.040) 13.33 (0.138) 7.47 (0.058) 13.03 (0.039) 9.63 (0.067) 9.39 (0.069)
nO–3p�00 8.06 (0.050) 14.10 (0.093) 7.84 (0.017) 10.43 (0.060) 9.31 (0.078) 8.86 (0.110)
nO–3p� 8.30 (0.000) 14.65 (0.001) 8.08 (0.013) 10.73 (0.023) 9.62 (0.001) 9.27 (0.001)
�–3s 10.87 (0.041) 13.12 (0.039) 6.77 (0.021) 9.52 (0.007) 12.02 (0.005) 7.95 (0.001) 7.50 (0.001)
�–3p�0 11.74 (0.029) 15.26 (0.013) 7.62 (0.000) 10.22 (0.025) 12.79 (0.000) 8.75 (0.027) 8.41 (0.020)
�–3p�00 11.85 (0.000) 15.93 (0.028) 8.03 (0.001) 10.88 (0.000) 9.12 (0.000)
�–3p� 16.61 (0.005) 8.28 (0.033) 12.03 (0.021) 9.80 (0.016) 9.37 (0.003)

a Experimental and calculated MP2=cc-pVTZ ground state geometries were used for 1, 2 and 3–7 structures, respectively. The
lithium and sodium atoms were described by a cc-pVDZ basis. The complete active space (CAS) comprised 8 orbitals and 10
electrons, while the CI reference space included 6 orbitals and 8 electrons for 3–7. A CAS with 6 orbitals and 8 electrons was
used for 1 and 2. Rydberg excitations were described by using an AUX space with 3s and 3p Rydberg orbitals

Fig. 3 Comparison of the calculated electronic excitation
energies=eV of 3, 4 and 5 at MR-CISDþQ level of theory
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nO–�� state which is found at lower excitation ener-

gy than in the neutral molecule by about 0.6 eV.

Furthermore, as in the parent molecule, the �–��
valence state appears to be embedded into the region

of Rydberg states and mixed strongly with them.

It has a considerably larger excitation energy

(10.73 eV) than for the neutral molecule (7.71 eV).

The Rydberg states are also moved by several eV to

higher excitation energies, with the shift of the �–

Ryd states being significantly more pronounced.

Calculation of vertical excitation energies of form-

amide and its adducts with Liþ and Naþ cations

Metal cation association of formamide can in prin-

ciple lead to the formation of three structurally dif-

ferent complexes: N-cationized, O-cationized and

bidentate complex. As shown earlier, based on DFT

and MP2 calculations [24–28], association with Liþ

and Naþ takes place exclusively at the oxygen atom.

This fact was also verified at the MR-CISD level

[22]. Therefore, for the sake of comparison of the

calculated vertical excitation energies with those of

the O-protonated formamide discussed in the previ-

ous section, we shall use MP2=cc-pVTZ optimized

structures of the metal ion adducts (Fig. 1). Analysis

of the calculated vertical excitation energies (Table 1)

shows that the ordering of the two valence excited

states for both metal ion complexes remains the

same as in the parent molecule, but they move energet-

ically closer together. Namely, while the nO–�� state is

shifted to higher energies by 0.76 and 0.58 eV for Liþ-

and Naþ-formamide, respectively, the excitation en-

ergy of the �–�� state is found to be lower for both

complexes by ca. 0.3 eV than in the neutral molecule.

Specifically, in case of Liþ-formamide the lowest

excited state lies 6.54 eV above the ground state and

has very small oscillator strength (0.0003) typical for

this kind of transition. It is followed by the strongly

allowed �–�� transition with a calculated excitation

energy of 7.41 eV and an oscillator strength of 0.293.

The two Rydberg series, �–Ryd and nO–Ryd, start

with �–3s and nO–3s transitions at 7.95 and 8.06 eV.

In the energy region above 8 eV, the nO–Ryd states

dominate the electronic spectrum due to larger oscil-

lator strengths as compared to the �–Ryd states. The

only exception is provided by the 3p� states where

the nO–3p� state possesses a rather low oscillator

strength of 0.0008.

In the Naþ adduct the nO–�� and �–�� states

have excitation energies of 6.36 eV and 7.42 eV.

Transition from the ground state to the latter state

is the most intense transition in the spectrum (f¼
0.296). In the vicinity of this state, a pair of

Rydberg 3s states at 7.50 eV originating from the

nO and � excitations is found. Electronic excitation

from the nO and � orbitals into Rydberg 3p orbitals

produces a series of states which starts with the �–

3p�0 state with an excitation energy of 8.41 eV. The

manifold of these Rydberg 3p excited states shows

only minor differences with respect to the Liþ-form-

amide complex.

Adiabatic excitation energies of formamide

and its protonated forms

To gain insight into the effect of geometry relaxation

upon photoexcitation of formamide and its protonat-

ed forms we optimized the geometries of all consid-

ered species in the first excited state. Optimization of

geometries of formamide and its protonated forms

was carried out at the MR-CISD level [5]. The

resulting minimum energy structures are shown in

Fig. 4. Total electronic energies and adiabatic exci-

tation energies for structures 8–11 calculated at the

same level of theory have been collected in Table 2.

Before analysing changes in the excitation en-

ergies upon geometry relaxation we shall describe

Fig. 4 MR-CISD optimized geometry parameters of structures 8–11 in the first excited state. Bond lengths are in Ångstrøms
and bond angles in degrees
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geometrical features of the investigated species in the

first excited state in some detail (Fig. 4). Comparison

of the ground state geometries and the geometries in

the first excited singlet state shows that the geomet-

rical relaxation of formamide resulted in pronounced

pyramidalization at the carbon and nitrogen atoms.

This is expected from qualitative considerations

and results from an increase of electron density on

carbon relative to the ground state [29]. 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. The fact that the

formamide geometry deviates from planarity com-

pares well with previous calculations using the

much simpler CIS=6-31G� method [29]. However,

our calculations predict a significantly longer CO

bond (1.371 Å) as compared to the CIS results

(1.272 Å).

Similar to the parent molecule, the first excited

singlet state of N-protonated formamide is character-

ized by a strongly pyramidalized carbon atom (see

Fig. 4). Furthermore, a shortening of the CO bond by

0.019 Å and stretching of the CN bond by 0.060

is observed with respect to the excited-state form-

amide 8. 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). It is also interesting to note that the orien-

tation of the NH3 group with respect to the CO bond

in the excited state structure 9 is almost opposite to

that in the ground state structure 5. The dihedral

angle O–C–N–H2 is 184.9� and 0.0� in excited

and ground state, respectively.

For O-protonated formamide two structures, 10
and 11, were found, with the latter being more stable

by 13.3 kJ mol�1 (MR-CISDþQ). In both structures

pyramidalization of the N-atom is negligible and the

NH2 group is found to be almost perpendicular to the

O–C–N plane. Furthermore, shortening of the CO

bond in 10 and 11 relative to the same bond in neu-

tral formamide 8 is observed. On the other hand, the

CN bond lengths are stretched relative to 8 (1.453 Å

(10) and 1.437 Å (11) vs. 1.418 Å (8)). The stretch-

ing of the CN bond in 10 or 11 of about 0.15 Å is

even more remarkable when compared to the ground

state structure 4. All these changes are indicative of a

reduction of the conjugative interaction between the

CO and the NH2 groups.

The adiabatic excitation energies of formamide

and its N- (9) and O-protonated structures (10, 11)

calculated with respect to the ground state of form-

amide (3), N- (5) and the lowest energy O-protonat-

ed form 4, are summarized in Table 2. As expected

from the large geometry relaxation effects, all adi-

abatic excitation energies differ considerably from

the vertical ones. The largest effect is noted for

the O-protonated form (Eexc (vert.)¼ 7.89 eV vs.

Eexc (adiab.)¼ 4.44 eV). On the other hand, geome-

try relaxation in formamide and in N-protonated

formamide has a smaller effect on the excitation en-

ergy and is of similar magnitude (1.3 and 1.4 eV,

respectively), implying that the energy of the nO–��
state is less influenced by geometry relaxation than

the �–�� state is in O-protonated formamide. It is

also worth mentioning at this point that geometry

relaxation in formamide adducts with lithium and

sodium cations has a less pronounced effect on the

excitation energy (relaxation energies are 2.2 and

1.8 eV, in the Liþ and Naþ adducts, respectively as

compared to 3.4 eV in the O-protonated formamide)

of the lowest excited state [22].

Gas phase basicity and metal ion affinities

of form-amide 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 given in Eq. (1), the corre-

Table 2 Calculated total (Etot=a.u.) and adiabatic excitation energies (Eexc=eV) for structures 8–11 at MR-CISDþQ level of
theorya

8 9 10 11

Etot �169.33147 (�169.45744) �169.65122 (�169.78125) �169.65539 (�169.78353) �169.66045 (�169.78862)
Eexc 4.36 (4.47) 3.94 (4.02) 4.58 (4.72) 4.44 (4.58)

a Results in parentheses are calculated at the MR-CIþQ=aug’-cc-pVTZ level
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sponding proton affinity, PA, being the standard en-

thalpy change (�H�) for the same reaction.

BHþðgÞ ! BðgÞ þ Hþ ð1Þ
GB and PA values were computed using standard

thermodynamical procedures in the framework of

the harmonic oscillator – rigid rotor ideal gas ap-

proximation. Total electronic energies Etot for the op-

timized structures were taken from MR-CISDþQ

calculations. For the entropy of the proton S�(Hþ)

the experimental value of 108.95 J mol�1K�1 was

taken from Ref. [30]. The calculated values of stan-

dard reaction enthalpies, entropies and Gibbs free

energies are collected in Table 3 along with the cor-

responding data for the ground state protonation.

The gas-phase basicity and proton affinity of form-

amide have been determined experimentally [31] 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 805.0 and 840.1 kJ mol�1, which is by 13.8 and

17.9 kJ mol�1 higher than the experimental values

(791.2 and 822.2 kJ mol�1) [31].

Analysis of the results in Table 3 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 for

the excited state are 796.2 and 830.1 kJ mol�1, re-

spectively. On the contrary, the N-atom becomes

more basic by 29 kJ mol�1 than in the ground state.

Consequently, the strong preference for protonation

at the O-atom in the ground state (62 kJ mol�1) di-

minishes to only 24 kJ mol�1.

Using a similar approach as outlined above, we

have also calculated gas phase affinities and basici-

ties of formamide towards lithium and sodium cat-

ion in the ground and in the first excited singlet state

[22]. In this way the ground state metal ion affinities

of 216.3 and 152.3 kJ mol�1 for the Liþ and Naþ

adduct, were obtained. The corresponding metal

ion basicities assume the values of 178.7 and

113.4 kJ mol�1. It should be noted that the calculated

lithium cation basicity is in quite good agreement

with the experimentally [25] measured gas phase

value at 373 K (156.8 kJ mol�1). Upon electronic ex-

citation, metal ion affinities, as well as the metal ion

basicities, were found to decrease significantly, thus

resembling a trend observed for the proton affinity

and basicity of formamide. Specifically, the lithium

cation affinity and basicity drop to 195.4 and

159.8 kJ mol�1, respectively, while for sodium cation

the corresponding values are 117.2 and 79.5 kJ mol�1.

Photochemistry of formamide

Upon photo-excitation, there are five main channels

of formamide dissociation: (1) C–N dissociation

leading to formation of NH2þCOþH, (2) C–H

dissociation to NH2COþH, (3) formation of Hþ
NHCHO by N–H dissociation, (4) direct formation

of NH3 and CO, and (5) H2 abstraction resulting

in H2þHNCO. Experimental investigations in gas-

phase [32] and in low temperature matrices of argon

and xenon [33] have shown that the importance of

each of these channels strongly depends on the spe-

cific environment effects.

In the gas phase, the major products observed af-

ter photodecomposition of formamide at 150�C are

CO, NH3, and H2 with quantum yields of 0.8, 0.2,

and 0.6 [32]. In solid Ar matrix, formamide photol-

ysis after 193 nm (6.42 eV) absorption [33] has as

main photo-dissociation channel the formation of

a weakly bound NH3� � �CO complex. On the other

hand, when formamide is trapped in a solid Xe ma-

trix strong external heavy-atom effect induces in-

tersystem crossing to the triplet state yielding

HNCOþH2 photo-products. A comprehensive theo-

retical study of photodissociation of formamide was

published by Fang and coworkers [34], which used

the CASPT2 method for the calculation of transition

structures for C–N, C–H, and N–H dissociation in

the first singlet and triplet states. It was shown that

the lowest energy pathway in the first singlet excited

Table 3 Standard reaction enthalpies, entropies and Gibbs
free energies for protonation of formamide in ground and first
excited statea

�H�=kJ mol�1 �S�=J mol�1 K�1 �G�=kJ mol�1

Ground state

4 840.1 (822.2)b 118.8 805.0 (791.2)b

5 775.3 107.1 743.5

Excited state

9 805.0 110.0 772.4
10 815.0 113.4 781.2
11 830.1 113.0 796.2

a Total energies taken from MR-CIþQ calculations; ZPVE,
Tc and S� taken from MP2=aug-cc-pVDZ and CASSCF=aug-
cc-pVDZ calculations for ground and excited states. b Experi-
mental values from Ref. [31]
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state and in the first triplet state is C–N bond break-

ing with an energy barrier of 82.4 kJ mol�1 (0.85 eV)

and 56.1 kJ mol�1 (0.58 eV), respectively. It is inter-

esting to mention that Maier et al. [35] as well as

Duvernay et al. [36] studied the behavior of form-

amide upon iradiation with light of wavelengths

248 nm (5.00 eV) and 240 nm (5.17 eV), respective-

ly, in solid matrices. Irradiation of formamide under

these conditions led to the formation of formamidic

acid, which is the simplest example of a photo in-

duced hydrogen=proton transfer [37].

We have recently performed excited-state dynam-

ics simulations for formamide in the gas phase, by

employing the semi-classical direct trajectory with

surface hopping method [38] implemented in the

NEWTON-X program package [21]. State averaging

CASSCF(10,8)=6-31G(d) over three singlet states

have been applied for calculating excited state ener-

gies, gradients, and nonadiabatic transition probabil-

ities. The dynamics calculations for 100 trajectories

starting at the first excited singlet state have shown

[39], in agreement with experiments, that the major

process for decomposition is C–N dissociation (76%

of trajectories) with a lifetime around 420 fs. In 15%

of trajectories, formamide moves to the minimum of

the excited state and remains trapped there without

returning to the ground state within the simulation

time (1000 fs). The formation of vibrationally hot

formamide in the ground state was observed in 5%

of the trajectories, while C–H dissociation appeared

in 4% of them. No indication of excited state proton

transfer in the first excited state PES was found.

From a mechanistic point of view, the main process,

CN dissociation, is triggered by a fast transfer of

energy from the CO stretching mode to the CN

stretching mode that takes place at about 400 fs

(Fig. 5). The consequent elongation of the CN bond

brings formamide to a conical intersection in which

it returns to the ground state. More information on

the photodynamics of formamide can be found in a

separate publication [39].

Conclusions

The vertical excited energies and oscillator strengths

for singlet states of formaldehyde and formamide

and their protonated forms, as well as of lithium

and sodium cation complexes with formamide were

calculated using the MR-CISDþQ approach, in or-

der to elucidate the effect of cationization on the ver-

tical electronic spectrum of formamide. The results

show a significant effect of protonation on the com-

puted UV absorption spectrum. Particular large ef-

fects were found for the O-protonated form where

the nO–�� state is shifted strongly to higher energies

and where the �–�� state is now the lowest excited

state. These changes closely resemble those found

for protonated formaldehyde. On the other hand, the

UV spectrum of the N-protonated form resembles

more closely the spectrum of the neutral form.

Complexation with Liþ and Naþ leads to a pro-

nounced shift of the nO–�� state to higher energies

while the �–�� state moves in opposite direction

by 0.3 eV. It is, however important to note that, in

contrast to protonation, complexation of formamide

by both metal cations does not effect the ordering

of the first two lowest valence excited states, thus

being at variance with the situation observed upon

O-protonation.

Geometry optimizations in the lowest excited sin-

glet show a pronounced pyramidalization of form-

amide both at the carbon and nitrogen atoms. The

structure of N-protonated formamide in the first ex-

Fig. 5 Time evolution of C–O, C–N, and C–H bond lengths
(top) and potential energies (bottom) of the ground and ex-
cited states of formamide in one selected trajectory of the
most common type. The dots in the potential energy graph
indicate the current state of the system in each time step
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cited singlet state is also strongly pyramidalized at

the carbon atom whereas the O-protonated form

shows negligible N-pyramidalization in the excited

state. Substantial energetic shifts of up to 3.4 eV have

been observed due to geometry relaxation to the

energy minimum for the protonated formamide. In

comparison, for adducts of formamide with lithium

and sodium cations much smaller changes were

found. Calculated gas phase basicities show that the

strong preference for protonation at the oxygen atom

found for the ground state is strongly diminished in

the excited state.

The photodynamical simulations on formamide

show that the main primary deactivation path is

CN dissociation with a lifetime of about 420 fs. No

indication of excited state proton transfer in the first

excited state was found.

Besides the presentation of an overview about the

excited states of formamide and its derivatives, an-

other more general goal of the current work was to

show how high-level ab initio quantum chemical

calculations based on multireference methods have

become a powerful tool in the analysis of photoab-

sorption spectra, of photochemical and photophysi-

cal processes activated in the excited states, and of

relaxation processes by which the system returns to

the ground state either via photoemission or nonra-

diative pathways.
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