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Abstract 

The potential energy (PE) functions of the electronic ground state and the lowest n~-* and rrrr* excited singlet states of 
formamide, its dimer and its complex with water have been characterized theoretically along the proton transfer (PT) reaction 
coordinate. The calculations were performed using the ab initio complete-active-space self-consistent-field (CASSCF) method 
and second-order perturbation theory employing the CASSCF wavefunction as the reference state. The results suggest that 
the photoinduced PT reaction in an isolated molecule occurs via successive dissociation and association of the hydrogen atom, 
whereas in hydrogen-bonded complexes, the PE functions along the PT reaction coordinate are qualitatively the same as for 
the PT reaction along the intramolecular hydrogen bond. Some implications concerning biological molecules containing peptide 
linkages are discussed. 
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I. Introduction 

The crucial role played by the N-H.. . .O=C hydrogen 
bond in determining the structures and properties of 
proteins and nucleic acids means that its theoretical 
characterization may be of great importance for an 
understanding of the basic processes of life. The light 
hydrogen nucleus moving between two heavy (nitrogen 
and oxygen) atoms, and being chemically bonded to 
one of them and forming a hydrogen bond with the 
other, and vice versa, can be viewed as the simplest 
model of a tautomerization reaction. Tautomeric struc- 
tures can govern the chemical and biochemical activities 
of proteins or nucleic acids and may play a role in 
spontaneous genetic mutations [1-3]. 

Formamide is the simplest molecule containing the 
essential features of the peptide linkage and is often 
used as a model. The tautomeric equilibrium of form- 
amide thus represents the simplest model of the 
keto--enol equilibrium. A knowledge of the energetics 
of tautomerization in this prototype system in the ground 
and electronically excited states may provide useful 
information on the intrinsic photochemical stability of 
other biologically important tautomers as well as their 
photochemical behaviour. Since formamide contains 
both carbonyl and amino groups, it is expected to form 
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a strong binary complex with water. As such, the 
formamide-water complex provides the simplest model 
for the hydration of proteins. Finally, the dimer of 
formamide may be viewed as a simple model of the 
pairing of nucleic acid bases. Its tautomerization thus 
represents the simplest double proton transfer reaction 
which may be responsible for generating the less likely 
tautomeric forms of nucleic acid bases that are suspected 
to be responsible for spontaneous genetic mutations 
[1-31. 

Due to its simplicity, formamide and its clusters have 
been the subject of a large number of theoretical ab 
initio studies [4-15]. Some of these investigations con- 
cern the relative stabilities of formamide [5,6,10--14], 
its complex with water [11] and its dimer [6], but 
exclusively in the ground state. The only theoretical 
ab initio studies of electronically excited states, to our 
knowledge, concern the energies of vertical electronic 
excitations [16] and the nuclear geometries in the lowest 
excited electronic states of formamide [17]. 

In the present work, we report an investigation of 
the potential energy (PE) functions in the ground and 
first excited singlet states, which are relevant for the 
proton transfer (PT) reaction in formamide, its dimer 
and its cyclic complex with water, using the complete- 
active-space self-consistent-field (CASSCF) method [18] 



90 A.L. Sobolewski / J. Photochem. Photobiol. A: Chem. 89 (1995) 89-97 

and second-order perturbation theory with the CASSCF 
wavefunction as the reference state (CASPT2) [19,20]. 
This is one of the first applications of the novel CASPT2 
method to study the PE functions of polyatomic mol- 
ecules. Thus the results obtained and, in particular, 
their comparison with those obtained using the well- 
founded CASSCF method are of importance for the 
future application of the CASPT2 method to larger 
systems for which it has been especially designated. In 
this respect, formamide and its clusters are not them- 
selves considered as the particular subject of this study. 
They are rather treated as representing part (the PT 
reaction centre) of a larger system. Such an assumption 
imposes some restrictions on the considered system and 
on the sophistication of the theoretical treatment. 
Firstly, full molecular geometry optimization along the 
reaction path makes no particular sense, since form- 
amide and its clusters may appear to be very labile in 
this respect and may change their geometry significantly; 
this could never happen if they were fragments of a 
larger system (a heteroaromatic ring for instance). This 
particularly concerns the excited states in which large 
out-of-plane deformations of formamide might be ex- 
pected [17]. The steric hindrance present in large systems 
imposes large constraints on the deformation of the 
peptide linkage. Thus, in this paper, we retain the Cs 
symmetry (the plane) along the PT reaction coordinate 
in order to mimic the properties of such systems closely. 
Moreover, formamide itself also appears to be very 
labile with respect to in-plane deformations compared 
with larger systems containing the peptide linkage. Thus 
the PE functions calculated along the PT coordinate, 
including the full geometry relaxation of formamide, 
may not be very representative for larger systems. In 
order to avoid such difficulties, we have decided to use 
the concerted reaction path concept in which the vector 
of internal displacements (bond lengths and bond 
angles), that extrapolates linearly between the equilib- 
rium geometries of the reactant and the product, defines 
the reaction coordinate. A number of intermediate 
nuclear configurations along this reaction coordinate 
were generated and the energies of the ground and 
lowest excited singlet states were calculated. More 
details concerning this approach can be found in Refs. 
[21-23]. This is not the best approach since we cannot 
extract from our results the quantitative information 
important for a description of the reaction dynamics 
(e.g. barrier heights), but it seems to be the only solution 
which can give a qualitative picture of the phenomenon. 
The second important limitation concerns the sophis- 
tication of the theoretical treatment. Considering form- 
amide itself, it is obvious that we can use extended 
basis sets in the optimization of its geometry as well 
as in the PE function calculations, but such basis sets 
cannot be applied to larger systems. Thus, in this work, 
we have decided to use a moderate basis set, the double- 

zeta-valence (DZV) gaussian basis set of Dunning and 
Hay [24] with polarization functions added (DZVP). 
The exponents of the polarization functions are 0.75, 
0.80, 0.85 and 1.0 for carbon, nitrogen, oxygen and 
hydrogen atoms respectively. 

2. Method of calculation and results 

It is well established that the CASSCF method [18] 
is especially useful in describing a process in which 
the electronic structure varies strongly as a function 
of the nuclear geometry. It accounts for all near- 
degeneracy effects, which are rather common along the 
reaction coordinates, and includes full orbital relaxation. 
The remaining, so-called dynamic electron correlation 
effects are added in a subsequent step using second- 
order perturbation theory with the CASSCF wave- 
function as the reference state (CASPT2) with a non- 
diagonal zero-order hamiltonian [19,20]. 

In order to define the intramolecular coordinate for 
the concerted PT reaction, we need the nuclear ge- 
ometries of the two tautomeric forms of interest (see, 
for instance, Refs. [22,23]). Both tautomeric forms of 
formamide and its clusters are stable (or metastable) 
in the ground state; therefore, in the following, we use 
their nuclear geometries optimized in the ground state. 
The ground and excited PE functions calculated in this 
work can thus be considered as representing a one- 
dimensional section of the PE hypersurface between 
the points defined by the ground state geometries of 
both tautomeric forms. For the purpose of a qualitative 
characterization of the PE surfaces along the PT reaction 
coordinate, the precise nuclear geometries of the reac- 
tant and the product forms are, however, of secondary 
importance. Thus, in the following, we have optimized 
all the structures in the restricted Hartree-Fock ap- 
proximation using the DZV gaussian basis set of Dun- 
ning and Hay [24] with polarization functions added 
(HF/DZVP). All geometry optimizations were per- 
formed with the CADPAC program package [25]. In 
the CASSCF and CASPT2 energy calculations, the 
same basis set was used with (DZVP) and without 
(DZV) polarization functions. The CASPT2 calculations 
were performed with respect to CASSCF wavefunctions 
which were optimized for each state independently. 
MOLCAS-2 software [26] was used for the CASSCF 
and CASPT2 energy calculations. 

2.1. Formamide molecule 

The two tautomeric forms of formamide optimized 
in the ground state are shown in Fig. 1. Our results 
indicate that both forms are stable in Cs symmetry at 
the HF/DZVP level of approximation with the keto 
form (la) being 0.55 eV lower in energy than the enol 
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Fig. 1. The keto ( la)  and enol ( lb)  forms of formamide and their 
transient structures (2a and 2b). The numbers indicate the optimized 
bond lengths (see text for details). 

form (lb). The inclusion of electron correlation effects 
at the Moller-Plesset perturbation theory level (MP2/ 
DZVP) in the optimization of the molecular geometry 
gives an imaginary frequency for the NH2 wagging 
vibration of the keto form (oJ= 127 cm-1). This point 
has been extensively discussed in the literature [4,7,11], 
and it has been shown that the out-of-plane stabilization 
of formamide is very small (1 kcal mo1-1 or less) due 
to pyrimidization of the -NH2 group. In the following, 
we retain the Cs symmetry along the PT reaction 
coordinate according to the arguments presented in 
Section 1. 

In the calculations of the ground and excited state 
energies of formamide, ten electrons (of a total number 
of 24) have been correlated within seven orbitals in 
the CASSCF reference wave function. The active space 
is denoted as (7,0/4,3), where the first two numbers 
denote the numbers of closed (doubly occupied in each 
configuration) molecular orbitals, and the second two 
numbers denote the number of active orbitals of a' 
and a" symmetry respectively in the C, point group. 
The first-order interaction space in the CASFr2 cal- 
culations has dimensions of about 3.4 × 104 and 1.4 x 105 
in the DZV and DZVP basis sets respectively. The 
calculated energies, as well as the energies and oscillator 
strengths for vertical excitations from the So state, are 
listed in Table 1. For all states, the weight of the 
CASSCF reference in the first-order wavefunction ex- 
ceeds 0.84. The transition energies and the oscillator 
strengths are relatively little modified by the inclusion 

of polarization functions into the basis set and they 
reproduce quite well the experimental observation [27]. 
Our best estimate for the relative stability of the two 
tautomers (AE=0.42 eV) is in good agreement with 
other theoretical results [5,6,10-14]. 

The two tautomeric forms of formamide (the keto 
form (la) and the enol form (lb)) define the beginning 
(Q = 0) and the end (Q = 1) of the reaction coordinate 
for the PT reaction. The resulting CASSCF and CASPT2 
PE functions calculated along this reaction coordinate 
are presented in Fig. 2. We can see that the two 
tautomeric forms are separated by a moderate barrier 
on the ground state PE surface, as expected. It should 
be noted that the molecular geometry at the top of 
the ground state barrier has not been optimized; thus 
the calculated barrier is somewhat higher than the 
energy of the saddle point on the ground state PE 
surface (AE---2 eV [11]). The PE functions of the 
excited A"(nTr*) and A'(w,z-*) singlet valence states are 
qualitatively different from that of the ground state. 
They clearly show an additional local minimum located 
roughly at the position of the top of the ground state 
barrier (Q--'0.5). All the basic features of the PE 
function of formamide are already present at the 
CASSCF/DZV level of approximation (Fig. 2(a)). In- 
clusion of dynamic correlation effects in the CASPT2/ 
DZV approximation decreases the excitation energies 
as well as the barriers, but retains all the qualitative 
features of the PE functions (Fig. 2(b)). Inclusion of 
the polarization functions into the basis set (CASPT2/ 
DZVP) gives only a slight modification of the relative 
energies. Thus we can safely conclude that, in this case, 
we have indeed obtained saturated results with respect 
to the sophistication of the method as well as the basis 
set. 

It is interesting to note that the PE functions of 
formamide calculated along the PT reaction coordinate 
retain all the essential features found previously for 
2-hydroxypyridine (2-HP) [28]. Moreover, as with 2- 
HP, an attempt to optimize the nuclear geometry at 
the intermediate (Q---0.5) local minimum on the 
A"(n~-*) PE surface leads to dissociation of the mobile 
hydrogen atom. The optimization was performed at the 
CASSCF level with the 3-21G split-valence basis set 
[29] using GAMESS program software [30]. The active 
space used in the optimization can be denoted as (9,1/ 
2,2) in the C, point group. The optimization was stopped 
at the structure 2b of Fig. 1 when the default tolerance 
for the gradient of GAMESS (5 × 10 -5 hartree bohr -1) 
was reached. This molecular structure has no other 
meaning than representing a transient structure for the 
dissociation of hydrogen. Using the two structures 2a 
and 2b of Fig. 1, we can define the reaction coordinate 
for dissociation of the hydrogen atom and calculate 
the PE functions along this coordinate. The resulting 
CASPT2/DZV PE functions are presented in Fig. 3. 
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Table 1 
The  CASPT2 energies of  the ground and lowest excited singlet s tates (E), weights of the  CASSCF reference in the  renormalized first-order 
wavefunctions (to) and energies (AE) and oscillator s t rengths  (f) for dipole transit ions f rom the ground state of the two tautomeric forms of 
formamide calculated with the D Z V  and DZ VP  basis sets. Energies  and transit ion dipole moments  were calculated at the equilibrium 
geometries  of  the  given form in the  ground state 

Parameter  D Z V  DZVP 

So A"(nw*) A'(~rTr*) So A ' (nw*)  A ' 0 ~ r *  ) 

Keto form 
E (a .u . )"  - 1.1881 - 0.9773 - 0.9042 - 1.4538 - 1.2388 - 1.1718 
to 0.925 0.920 0.888 0.896 0.888 0.866 
AE (eV) - 5.73 7.72 - 5.85 7.67 
f - 0.001 0.279 - 0.001 0.317 

Enol form 
E (a .u.)"  - 1.1638 -0 .9252  -0 .8594  - 1.4385 - 1.2086 - 1.1406 
to 0.922 0.916 0.852 0.894 0.886 0.840 
AE (eV) (0.66) b 6.49 8.28 (0.42) ~ 6.67 8.10 
f - 0.013 0.334 - 0.010 0.346 

• Energies  relative to - 1 6 8 . 0  a.u. 
Relative to the  So state of  the keto form. 
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Fig. 2. Potential  energy functions of  the  PT reaction coordinate of  the ground (circles) and lowest nlr* (triangles) and ~ r *  (squares) excited 
singlet s tates of  formamide  obtained at the CASSCF/DZV (a) and CASPT2 /DZV (b) levels of  approximation.  The  filled symbols denote the 
energies  calculated using the CASPT2/DZVP approximation.  

They are very similar to the corresponding PE functions 
calculated for 2-HP [28]. The only difference is that, 
in formamide, the A"(nw*) state approaches asymp- 
totically the ground state along the dissociation path, 
whereas in 2-HP an intersection has been found. It is 
difficult to decide at present whether the intersection 
found in Ref. [28] is real or is an artifact resulting 
from the limited precision of the method. The question 
of the existence of an intersection or not is not very 
crucial for the photophysical dynamics, which should 
be very similar in both systems. 

There are two important implications of the above- 
mentioned similarity of the PE surfaces of formamide 
and 2-HP. Firstly, the qualitative picture of the PT 
reaction derived in Ref. [28] at the CASSCF level as 
typical for the PT reaction in isolated systems without 

an intramolecular hydrogen bond, has found confir- 
mation at the CASPT2 level of theory. Secondly, all 
the essential features of the PE surfaces of 2-HP with 
respect to the PT reaction are already present in a 
much simpler system (formamide) which contains the 
essential reaction centre (N-C--OH). This is a very 
promising conclusion which provides strong support 
that the results obtained below for clusters of formamide 
may also be representative of more complex systems. 

2.2. Formamide-water complex 

Of the several isomers of the formamide-water 
(F-H20)  complex, the cyclic structure stabilized by a 
pair of hydrogen bonds formed between water and the 
amino and carbonyl groups of formamide is the most 
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Fig. 3. The same as in Fig. 2, but calculated along the reaction 
coordinate to the mobile hydrogen dissociation between the transient 
structures 2a and 2b of Fig. 1. 

stable [8]. The ground state optimized tautomeric forms 
of the F-H20  cyclic complex are presented in Fig. 4. 
The keto form (3a) is 0.51 eV more stable than the 
enol form (3b) in the HF/DZVP approximation. Both 
tautomeric forms optimized at the HF/DZVP level are 
non-planar in their ground state with one hydrogen 
atom of water tilted out of plane. This has, however, 
a minor effect on the energy. The C1 optimized structures 

are more stable compared with the Cs optimized struc- 
tures by 33 cm-1 and 141 cm-1 for the keto and enol 
forms respectively. In the following, we use the Cs 
optimized structures with the parameters indicated in 
Fig. 4. 

The active space used in the CASSCF reference 
correlates ten electrons (of a total number of 34) in 
eight orbitals and is denoted as (12,0/4,4). The dimension 
of the first-order interaction space in the CASPT2 
calculations is about 1.2 × 105 and 5.6 x 105 for the DZV 
and DZVP basis sets respectively. The absolute energies 
of the ground and first excited singlet states, as well 
as the energies and oscillator strengths for vertical 
transitions from the ground state, are listed in Table 
2. The weight of the CASSCF reference in the first- 
order wavefunction is slightly decreased compared with 
the case of formamide (Table 1), but still exceeds 0.82 
for all states. Hydration of formamide slightly decreases 
the energy difference between the tautomers. It also 
shifts the energies of the vertical transitions from the 
ground state in a characteristic way: the So ~ nTr* tran- 
sition is shifted to the blue (hypsochromic shift), whereas 
the So ~ "n',rr* transition is shifted to the red (bathoch- 
romic shift), as expected. 

The PE functions calculated in the CASPT2 ap- 
proximation along the PT reaction coordinate are pre- 
sented in Fig. 5(b). They look qualitatively rather dif- 
ferent from those obtained for the formamide molecule 
(Fig. 2). This is not surprising, however, because the 
PT reaction coordinates are very different in both cases. 
In the F-H20 complex, the PT reaction proceeds along 
pre-existing hydrogen bonds as a synchronous transfer 

). 

-'o 

3a ~ 3b 

~ _ _zoo L -~ 

4a -~'~'~ 

.g71 _> 
°o~ 

4b 
Fig. 4. The keto (3a and 4a) and enol (3b and 4b) forms of the formamide-water  complex and formamide dimer respectively. The numbers 
indicate the optimized bond lengths. 
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Table 2 
The CASPT2 energies of the ground and lowest excited singlet states (E), weights of the CASSCF reference in the renormalized first-order 
wavefunctions (oJ) and energies (AE) and oscillator strengths 09 for dipole transitions from the ground state of the two tautomeric forms of 
the formamide-water complex calculated with the DZV and DZVP basis sets. Energies and transition dipole moments were calculated at 
the equil~rium geometries of the given form in the ground state 

Parameter DZV DZVP 

So A"(nrr*) A'('rrrr*) So A'(nlr*)  A' ( rnr*)  

Keto form 
E (a.u.)" -0.3426 -0.1226 -0.0590 -0.7144 -0.4928 -0.4378 
w 0.898 0.888 0.853 0.859 0.847 0.827 
AE (eV) - 5.98 7.71 - 6.03 7.52 
f - 0.001 0352 - 0.001 0.337 

Enol form 
E (a.u.) • - 0.3203 - 0.0694 - 0.0181 - 0.7009 - 0.4463 - 0.4036 
¢o 0.897 0.884 0.853 0.859 0.846 0.820 
AF (eV) (0.61) b 6.87 7.22 (037) b 9.92 8.09 
f - 0.014 0.389 - 0.011 0.370 

• Energies relative to -245.0  a.u. 
b Relative to the So state of the keto form. 
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Fig. 2, but calculated along the PT reaction coordinate for the formamide-water complex. 
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of two hydrogen atoms. Indeed, the PE functions for 
the PT reaction in the F-HzO complex are qualitatively 
similar to those obtained for the PT reaction occurring 
in systems with an intramolecular hydrogen bond [22,23]. 

In the case of the F-HzO complex, dynamic correlation 
effects, mostly neglected in the CASSCF approximation 
(Fig. 5(a)), have a more significant influence on the 
PT functions (Fig. 5(b)). This is a direct consequence 
of the fact that fewer electrons have been correlated 
in the CASSCF reference as compared with the form- 
amide case. This is also reflected by the smaller values 
of the reference weights in the first-order wavefunction 
presented in Table 2. Inclusion of polarization functions 
into the basis set does not introduce any significant 
changes in the PE functions as is revealed by the results 
of benchmark calculations presented in Table 2 and 
marked in Fig. 5(b). 

2.3. Formamide dimer 

The tautomeric forms of the formamide dimer (F-F) 
optimized using the HF/DZVP approximation, imposing 
a Deh symmetry constraint, are presented in Fig. 4. 
The keto form (4a) is 0.92 eV more stable than the 
enol form (4b) at this level of theory. In the energy 
calculations, the CASSCF reference correlates 12 elec- 
trons (of a total number of 48) within ten orbitals. The 
active space is denoted as (8,8,0,0/2,2,3,3) in the D2h 
point group with irreducible representations Ag, Bs, A~ 
and Bu respectively. The dimension of the first-order 
interaction space in the CASPT2 calculations is about 
1.4 × 105 and 6.7 × 105 with the DZV and DZVP basis 
sets respectively. The absolute energies of the ground 
and first excited singlet states, as well as the energies 
and oscillator strengths for vertical transitions from the 
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Table 3 
The CASPT2 energies of the ground and lowest excited singlet states (E), weights of the CASSCF reference in the renormalized first-order 

wavefunctions (to) and energies (AE) and oscillator strengths (f) for dipole transit ions from the ground state of the two tautomeric forms of 

the formamide dimer  calculated with the D ZV  and DZVP basis sets. Energies and transition dipole moments  were calculated at the equil ibrium 

geometr ies  of the given form in the ground state 

Parameter  DZV DZVP 

So B,(n~r*) A~(nlr*) As(~rrr* ) Bu(lrrr*) So Bs(n~r* ) Au(n~r*) As(~'rr* ) Bu(rrrr*) 

Keto form 

E (a.u.)" -0 .4106  -0 .1865  -0 .1856  -0 .1703  -0 .1592  -0 .9232  -0 .6977  -0 .6969  -0 .6821 -0 .6709  

to 0.837 0.822 0.822 0.725 0.727 0.809 0.782 0.783 0.717 0.697 

AE (eV) - 6.09 6.12 6.54 6.85 - 6.13 6.15 6.56 6.86 

f - - 0.003 - 0.693 - - 0.002 - 0.681 

Enol form 

E (a.u.) " -0 .3686  -0 .1223  -0 .1179  -0 .1156  -0 .0982  -0 .8803  -0 .6348  -0 .6311 -0 .6297  -0 .6241 

to 0.836 0.818 0.819 0.753 0.748 0.801 0.773 0.774 0.722 0.724 

5 E  (eV) (1.14) b 6.70 6.82 6.88 7.35 (1.17) b 6.68 6.78 6.82 6.97 

f -- -- 0.028 -- 0.887 -- -- 0.021 -- 0.832 

• Energies  relative to - 3 3 8 . 0  a.u. 

b Relat ive the So state of the keto form. 

ground state, are listed in Table 3. Dimerization splits 
the excited electronic states into the gerade and un- 
gerade components. Only the ungerade states carry 
oscillator strength for dipole transitions from the ground 
state. As expected, dimerization shifts the excited states 
of different orbital nature in a manner similar to 
hydration, i.e. lowers the energy of the So ¢rrr* transition 
and raises the energy of the So nw* transition. Inclusion 
of the polarization functions into the basis set does 
not change the quality of the results. This is a very 
promising result with respect to future applications to 
large polyatomic systems where a reasonable compro- 
mise between the quality of the basis set and the 
sophistication of the theoretical treatment is needed. 
Our results indicate that the DZV basis set may be a 
reasonable choice when treating such systems at the 
level of CASPT2. 

The CASSCF and CASPT2 PE functions calculated 
along the PT reaction coordinate are presented in Fig. 
6. We can see that they are qualitatively similar to 
those obtained for the F-H20  complex (Fig. 5), i.e. 
they are rather typical of an intramolecular PT reaction. 
There is a significant effect of the dynamic electron 
correlation on the PE functions, even stronger than in 
the case of the F-H20  complex. This results from the 
further decrease in the percentage of electrons cor- 
related in the CASSCF reference as compared with 
the systems considered above. In effect the dynamic 
correlation significantly lowers the excited state energies 
and makes the PE functions much flatter. Energetic 
barriers for the PT reaction on the ground and excited 
PE surfaces of the formamide dimer (Fig. 6) are smaller 
than those obtained for the formamide-water complex 
(Fig. 5). This results from steric differences in the 
geometry of the hydrogen bonds of the two systems. 

The PE functions of the gerade nrr* and wcr* states 
follow those of their ungerade partners along the PT 
reaction coordinate, and so are not presented in Fig. 
6. 

3. Discussion of results 

The extensive ab initio calculations of the PE surfaces 
reported in this work have been performed with the 
intention to develop a better understanding of some 
aspects of the photochemistry of proton transferring 
systems. In this section, we discuss the relevance of 
the PE surface data. 

Let us consider at the beginning the formamide 
example. The excited state intramolecular proton trans- 
fer (ESIPT) mechanism that emerges from our cal- 
culations is basically the same as found previously for 
2-HP [28]. In other words, the ESIPT reaction in an 
isolated molecule or a molecule embedded in a con- 
densed inert medium can take place via a photon- 
induced dissociation-association (PIDA) mechanism. 
The optically prepared wave packet on the bright 
(allowed for dipole transitions from the So state) 
A'(rrrr*) PE surface of a given tautomeric form will 
spread over the surface, and will also transfer to the 
dark (almost strictly forbidden for dipole transitions 
from the So state) A'(n'n'*) PE surface due to the 
vibronic coupling between the quasi-degenerate states. 
Part of the wave packet (perhaps the dominant part) 
will follow the gradients in the direction of the tau- 
tomeric minima in both $1 and $2 states, relaxing the 
nuclear geometry. This non-reactive part of the wave 
packet will eventually come back to the So state via 
fluorescence or internal conversion. The reactive part 
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of the wave packet will feel a significant gradient towards 
dissociation of the hydrogen atom either on the A'(~r'rr*) 
or A"(n'rr*) PE surfaces. This can eventually lead to 
the actual dissociation of the mobile hydrogen. On the 
other hand, the wave packet moving on the excited 
state PE surface towards dissociation of the hydrogen 
atom can also jump to the ground state PE surface 
either due to fluorescence or internal conversion induced 
via vibronic interactions between the close-lying elec- 
tronic states. As the net effect, there is a finite probability 
for the system to reach a ground state near its barrier 
(Q --- 0.5 in Fig. 2), and thus to settle down in a minimum 
of the PE surface different from the initial one. Thus 
photoinduced tautomerization takes place. 

We can argue, however, that the scheme of the 
ESIPT reaction via the PIDA mechanism sketched 
above is too crude and does not consider in detail the 
nuclear geometry relaxation following electronic exci- 
tation, which may have a significant influence on the 
dynamics of the process. This is certainly true, and we 
can expect large changes in the nuclear geometry of 
formamide in the excited electronic states [17]. This 
is also reflected by the relatively longvibronic pro- 
gressions observed in the absorption bands [27]. It has 
already been pointed out that an out-of-plane distortion 
of 2-HP [28] and o-hydroxybenzaldehyde [22] along the 
reaction path to their prefulvenic forms may strongly 
influence the ESIPT dynamics of these systems. This 
may be responsible for the fact that, in 2-HP, the keto 
to enol photoinduced tautomerization is observed ex- 
clusively [31] instead of a practically reversible reaction 
predicted by a simple PIDA mechanism [28]. To some 
extent this also concerns formamide. Thus a full char- 
acterization of its PE surfaces in the complete internal 
coordinate space may be of great importance with 
respect to its own excited state dynamics, but is not 
particularly representative for more complex systems 
for the reasons indicated in Section 1. 

The dimerization of formamide or its complexation 
with a protic solvent such as water changes qualitatively 
the mechanism of the ESIPT proce% Now the PT 
reaction can occur as a synchronous 'transfer of two 
hydrogen atoms along pre-existing in(ramolecular hy- 
drogen bonds. The excited state dynamics of the PT 
reaction in formamide clusters are thus basically the 
same as in other molecular systems with intramolecular 
hydrogen bonds [22,23]. The important feature of the 
process is that it is exclusively a one-way reaction, 
transferring effectively the nominal.enol form into its 
keto partner. In other words, the ESIPT process is 
strongly exothermic with respect to the enol-to-keto 
transformation. The keto form of formamide is ener- 
getically preferred over the enol form on the ground 
and lowest excited state PE surfaces (Figs. 5 and 6). 
The PT reaction in the excited states of formamide 
clusters is even more endothermic than in the ground 
state. In the ease of clusters of formamide, this means 
that once we have the rare enol form in the ground 
state it is easily transformed to the native keto form 
either thermally or via optical excitation. 

It should be noted that the native forms of nucleic 
acid bases (adenine, cytosine, guanine and thymine) 
contain the keto (=O)  and amino (-NH2) groups, while 
their rare forms, which are suspected to play a role 
in mutagenesis [1-3], contain the enol ( -OH) and imino 
(=NH)  groups. If it is true that formamide can mimic 
the properties of more complex systems containing the 
peptide linkage, e.g. nucleic acid bases, then their pairs 
should be, after electronic excitation, even more stable 
in the native structure than in the rare structure. The 
same concerns their complexes formed with protic 
solvents by analogy with the formamide-water complex. 
The last point has recently been confirmed by theoretical 
results obtained for a hydrogen-bonded complex of 
cytosine with water [32]. Finally, we can conclude that 
our results indicate that the hypothesis of L6wdin [1], 
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i.e. the phototautomerization of complementary pairs 
of DNA may be responsible for mutagenesis, seems to 
be questionable. We cannot exclude, however, pho- 
totautomerization as a mutagenic factor. One such 
possibility is the photoinduced transformation of some 
(mutagenic) compounds which can drive (or catalyse) 
the tautomerization reaction of nucleic acid bases to 
their rare forms (see, for instance, Ref. [33]). 
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