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Abstract: Of the many roles that solvent plays, its influence on molecular electronic structure is perhaps one
of the more challenging phenomena to study. In this study, the effect of solvation on the electronic spectrum
of formamide is investigated. Ab initio complete-active-space self-consistent field (CASSCF) and multicon-
figurational second-order perturbation theory (CASPT2) methods are used to compute the ground- and excited-
state energies of formamide complexed with one, two, and three water molecules. In addition, a semicontinuum
approach is employed, in which formamid@,0), (n = 1, 3) complexes are studied within a continuum
solvent model. The presence of the explicit water molecules destabilizes the Rydberg states of formamide by
approximately 0.5 eV. In the case of thgyr* transition, a red shift from 7.41 eV (gas phase) to 7.16 eV is
observed, and its oscillator strength increases-ti)%. The m* transition undergoes a blue shift which is
dependent on the O- - -H formamiedeater hydrogen bond distance. The physical origin of these solvatochromic
shifts is investigated. The former effects have been well reproduced in a previous ab initio study with a continuum
model. In contrast, at least one explicit water molecule is needed to observe the blue shiftin tifzesition.

The semicontinuum approach provides a description of the electronic spectrum of solvated formamide that
captures important local and bulk solvent effects.

Introduction generally, dependent on sampling procedures and the quality
of potential energy functions. For a more detailed description
of electronic structure, ab initio techniques may be employed
in conjunction with molecular dynamics simulations in hybrid
methods’ Within such schemes, it is possible to simulate the
effect of solvent configuration on the absorption spetfa.
However, these methods are computationally demanding, and

spectral band% Such solvatochromic shifts are a consequence consequently only a small number of systems have been studied.

of unequal effects of the solvent on the ground and excited states This study is concemed with the changes induced by the

of the solute, arising from differences in electrostatics, exchange,lsowent onghe e:ecltrotmc s_trutt:tL:re ?f tge solute. ;I—T'S relqwlrets(zii
dispersion, and correlation. arge number of electronic states to be accurately calculated.

The study of the electronic structure of solvated systems is Qonsequently, we have used a correlated ab initio method that

more difficult than their gas-phase counterparts, because of the'S able to evaluate excited-state energies and has been employed
complex nature of the solutesolvent interactioﬁ’ However successfully to describe amide electronic spetiiae increased

several theoretical approaches exist. One may use CIaSSicaFomputational effort in the description of the solute means that

ensemble treatments, such as molecular dynamics simulation$Xtensive sampling of the solvent configuration space is,

and Monte Carlo statistical methods, to sample solvent con- currently, computationally prohibitive. However, one is able to

figurations using parameters that describe the solute excitedObtain a general picture of the effect of sqlvent on the electronic
state?~® These parameters are usually derived from ab initio structure. Furthermore, parameters derived f_rom the study of
calculations on small solutesolvent clusters. In these methods, ts?rislﬁat?;cr’ge' systems can provide the basis for large-scale
a large number of solvent molecules may be considered )

My L . Using a purely ab initio approach there are three general
licitly. Th d licability of th thod > X .
explicitly. The accuracy and applicability of these methods is, strategies? the continuum model, the discrete model, and the

Solvation modulates many phenomena. The structure and
function of proteins are influenced by their aqueous environ-
ment! Solvent can have a significant effect on chemical
equilibria, for example, in keteenol tautomerism reactiois.
The presence of a solvent may also alter electronic spectra,
sometimes changing the shape, intensity, and position of the
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polarization energy results from the interaction of the induced
field with the charge distribution inside the cavify.This
approach provides a general treatment of the bulk solvent with
relatively little additional computational effort. In the discrete
model, explicit solvent molecules are included within the ab
initio treatment. This gives a detailed description of short-range

interactions between the solute and solvent, such as hydrogen Vi (™)
bonding, charge transfer, and exchange effects, which are absent R,

in the continuum model. The steep rise in computational cost
with size makes it unlikely that sufficient solvent can be included
to reflect genuine bulk behavior. This computational cost may
be reduced by the introduction of effective fragment potentials
to describe the solvent moleculésA third option is to combine
the two procedures in a semicontinuum model, whereby a
solvation shell of explicit solvent molecules is embedded within
a continuum dielectric.

In this paper, we investigate the effect of solvation on the
electronic spectrum of formamide within discrete and semicon-
tinuum ab initio treatments. Calculations that include one, two,
and three explicit water molecules are presented. Further
calculations on the formamid€H,O), (n = 1, 3) complexes
within a continuum dielectric are described. Formamide is an
important model of the peptide bond. A further motivation for
this study on formamide is our interest in the circular dichroism
spectra of proteins based on the parametrization of the individual
chromophoric group¥16 A detailed knowledge of the elec-
tronic structure of the constituent monomers is a prerequisite
to understanding the optical spectroscopy of proteins.

In vacugq the absorption spectruf8of formamide is typical
of amides, comprising five bands, labeled W (a weak n
transition), M (an intense transition from the nonbonding
orbital — z* orbital, 7x7*), R; and R (Rydberg transitions),
and Q. The original assignment of the Q band as sthe*
transition (bondingr orbital— zz* orbital)® has been questioned
by recent experiment$.In acetonitrild” the absorption spectrum
is less structured and consists of three bands, a weak W ban
the V1 band, and a strong absorption in the Q band region. This
high-energy band has been linked with a red-shifted deep
valence shell excitation, in addition to thez* transitionl’

The V; band is subject to a large red shift of 0.5 eV, and there
is no evidence of the Rand R bands. The experimental data
are summarized in Table 1.

The electronic spectra of formamféé&2tand other amidég223

in vacuo are, in general, well understood. For an accurate

theoretical treatment, correlated methods and basis sets contain=

ing diffuse functions are required. The electronic spectrum of
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Table 1. Experimental Data for the Electronic Spectrum of
Formamide

acetonitril@ gas phase
band AE (eV) f AE (eV) f
W (nrr*) 5.58 0.002 5.82 0.002
R 6.35 N/A
6.81 0.30 7.36 0.37
7.72 N/A
Q (*) >8.6 0.1 9.23 N/A

aRefs 9, 172 Refs 17, 185 N/A = not available.

sively. Experimental studies have shown solvent to have a
profound effect on the electronic structure of formamitin
this paper we investigate the effect of hydrogen bonds on the
electronic spectrum. In addition, the physical origin of the
observed solvatochromic shifts is discussed. This should provide
some insight into the approximations made within a continuum
model of the solvent. Another feature of many electronic spectra
in solution is the apparent absence of transitions to Rydberg
states. In a previous stutfywe have shown, within a continuum
model, that the more diffuse Rydberg states are destabilized by
the Pauli repulsion (exchange interaction) of the solvent.
Understanding the importance of Rydberg states in condensed
phases is an active area of research. Experimental studies on
NO have found blue shifts of 04L eV and broadening of the
absorption bands of the Rydberg states in rare gas maffixes.
This was attributed to the repulsive overlap of the Rydberg
electron with electron cloud of the rare gas atoms. There has
also been interest in this issue recently with respect to aritdes.
In the present study this feature is examined in more detail.
The ground state of formamide in solution has been exten-
sively studied, by a variety of theoretical techniques. Its structure
and geometry have been investigated in the presence of many
explicit solvent molecules, using Monte Carlo technictles,

dand with a small number of solvent molecules using ab initio

method<®—34 The cyclic formamide-water complex has been
identified as the most stable small cluster, and furthermore, in
solution, bonding to the carbonyl group is strongfErydrogen
bonding between two formamide molecules has also been
studied39-35-37 The variation of hydrogen bond strength with
configuration was explained in terms of steric effe¢tsly-
drogen bonds appear to be more easily broken in water than in
apolar solventd® The barrier to internal rotation about the-81
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Electronic Spectrum of Formamide

bond in formamide increases in soluti#hStudies employing
both continuurd®4® and explicit~*® solvent methods have
predicted this trend, which saturates at about four water
molecules'® The tautomerization of formamide is an example
in which the inclusion of an explicit solvent molecule can
provide additional theoretical insight into a reaction. Bulk
solvent is found to stabilize the keto tautomer relative to the
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molecule. At the restricted Hartre€ock level, the dipole
moment of the ground state increased from 4.23 to 5.16 D.
Recently, we have investigated the electronic spectrum of
formamide within a continuum modét.Although the electro-
static contribution is a major component of the sotgelvent
interaction, other interactions are also important for a complete
model of solvatior?® in particular, the Pauli repulsion between

enol form because of the higher dipole moment of forma- solute and solvent. In our previous study, a repulsive poten-
mide445 However, studies that included explicit solvent tial®®5"was used to describe this interaction. This potential lies
molecules have shown that this trend can be offset by the outside the cavity and is essentially zero within the cavity. Our
formation of stronger hydrogen bonds in the enol fdf In calculations agreed well with the available experimental data.
addition, the reaction mechanism changes to a solvent-assistedExcitation energies of 5.54, 6.95, 9.83, and 10.42 eV were found

scheme, lowering the activation ener§yé-50
The focus of this paper is the electronic spectrum of

for the nt*, mw*, n'wr*, and w,p* States, respectively. The
ground-state dipole moment was calculated to be 4.49 D

formamide, and hence its electronic excited states. Studies ofcompared to 4.08 D in gas-phase calculatibrihe larger

the excited states of formamide in solution are relatively few.
In an early stud§? of formamide complexed with one and two
water molecules, Del Bene observed a blue shift in th&é n
energy in self-consistent field (SCF) calculations using a STO-
3G basis set. The magnitude of the blue shift was correlated
with the strength of the hydrogen bond, which weakened in the
excited state. An alternative origin, namely, changes in solute
geometry induced by the hydrogen bond¥dyas been sug-
gested for a similar blue shift in therh transition observed in
formaldehyde.

More recently, Sobolews¥ performed calculations on the
formamide-(H,0), complex using the CASSCF/CASPT2 method
within a doubleg plus polarization basis set. Transition energies
and oscillator strengths (shown in parentheses) of 6.03 eV (0.01)
and 7.52 eV (0.34) were reported for the*rand 7,7* states,
respectively. The m* state was blue shifted by 0.18 eV, while
the mnpt* state was red shifted by 0.15 eV relative to the gas
phase. This study focused on the valence states and did no
investigate the Rydberg states. Krauss and \W&hbestigated
formamide in the presence of three water molecules using the
multiconfigurational self-consistent field method. Full geometry
optimizations were performed for the ground state and the first
excited singlet and triplet states. Full geometry optimizations

Rydberg states were significantly destablized by the Pauli

repulsion and did not appear in the lower energy region of the

spectrum. One Rydberg state was observer,3s state, which

was significantly blue shifted. However, the Rydberg state

energies are sensitive to the choice of cavity size, and for a

slightly smaller cavity no Rydberg states were observed below
ev.

In this study a more complete description of the effect of
water molecules on the electronic spectrum is presented.
Calculations are performed that describe vertical excitations to
both Rydberg and valence states. This includes valence states
of higher energy, such as thésfi and m,7* transitions. In
previous work the effect of explicit solvent molecules on the
Rydberg states has not been studied. Furthermore, it has been
showr? that it is important to account for the Rydberg states in
order to obtain accurate valence-state transition energies,
particularly for thery* state. One purpose of the present study
is to investigate, using explicit solvent and ab initio methods,

the physical basis for the empirical repulsive potential used

previously to model Pauli repulsion within the continuum model.
The current study also addresses the particular effect of water
hydrogen bonding on the electronic structure of formamide.
More generally, our work seeks to provide theoretical evidence
to help resolve the questions regarding the importance of

for higher valence energy states were not possible. This WaSRydberg states in condensed phases.
attributed to the coupling between these states and the Rydberg

series in which they are embedded. An excitation energy of
6.14 eV was reported for thent state. The water molecules
were also found to significantly polarize the formamide
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Computational Details

In this study, we have followed the procedure with which Serrano-
Andres and Fischef successfully described the gas-phase electronic
spectra of a number of small amides, including formamide. This should
enable a direct comparison with the gas-phase spectra and allow the
effect of the presence of water molecules on the excited states to be
better quantified. Full geometry optimizations were performed at the
MP2 level using a 6-31G* basis set within the Gaussidh8dite of
programs. No symmetry constraints were imposed, and nonplanar
structures ofC; symmetry were obtained. These structures are very
similar to those found using SCF and effective fragment potential
methods'® The water molecules do not surround formamide but form
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Table 2. Hydrogen Bond Lengths of the Formamield/ater states in the formamideg(H,O), complex, where a level shift of 0.35
Complexes au was used. The valence states are sensitive to mixing with the Rydberg
no. of water bond length (A) stated’63 C(_)nsequently, furthf_er CASSCF/CASPT2 caIcuIa_tions were
molecules o h NA--O (O---H) (NH---0y pen‘ormgd in order to determlne the valence state propqrtles. In these
calculations the reference orbitals are the CASSCF orbitals from the
1 2.017 1.948 original CASSCF calculation but with the Rydberg orbitals removed.
2 1.829 1.863 This procedure reduces the mixing between valence and Rydberg states
3 1.779 1.810 and has been successfully applied to a variety of systerfs.
3A 2.042 1.938 1.929 1.982

Generally contracted basis sets of atomic natural orbitals (ANO)
type®® were used with the following contractions: C,N,O 4s3pld and
}, H 2s. This basis set was supplemented with an additional 1s1pld set
6 of diffuse Rydberg functions. For a more complete description the reader
%\ /;.&J/ is referred to the original gas-phase calculafiéfhe Rydberg basis

~ C% 1% functions are placed at the average charge centroid of bofiithend
\ \ 2A'" cations. The internal geometry of the formamide molecule

\ undergoes very little change in the presence of the water molecules.
R\ O/ © / The location of the Rydberg basis functions, however, was adjusted so
Y \ 74 its position relative to the heavy atoms was preserved. The MOLEAS4
/ Y |+ {«J ab initio package was used to perform the calculations.
© e O The gas-phase study reported results for an active space of 8 a
orbitals and 7 4 orbitals, denoted (8,7). This active space included
the 7, N, andzy, orbitals, which are doubly occupied in the ground
state. It was reported that excitation energies for a (5,5) active space
differed by less than 0.05 e¥This indicates that the excitation energies
el .45“’ are fairly insensitive to the choice of active space. In the present study
/ﬁ d : we have chosen an active space of 10 orbitals. This should be
y’ J b & . comparable to the (5,5) active space. However, even though the size
< of the active space is the same, due to the change of symmetry and
/ \ presence of the solvent molecules, exactly the same orbitals may not
. \ be included. The 1s orbitals of the heavy atoms in formamide and the
Ci /° L\ //?\ 1s and 2s orbitals of the solvent oxygen atoms were kept frozen after
/GF{I& - Q o the initial SCF calculation. The CASSCF calculation was equally
(/ Vi N o weighted over 11 roots. This included Rydberg s and p states in addition
< 9] to the nr* and intenser.y7* transitions. For the formamide(H,0),
and formamide-(H;O)sa clusters 12 roots were included in order to
3 obtain well-described distinct p states. For the valence-state calculation,
four Rydberg orbitals, one 3s and three 3p, were deleted and the second
%?; lone pair on oxygen (hwas included, giving an active space of seven
3a orbitals and eight electrons. A CASSCF calculation equally weighted
over five roots was then performed, followed by CASPT2 calculations
for each root.
In solution a formamide molecule would be surrounded by a large
a ring of solute-solvent and solventsolvent hydrogen bonds. The  number of solvent molecules. A better approximation to this than the
formamide molecule itself is involved in two hydrogen bonds, as a purely explicit model may be a semicontinuum approach, which
proton donor and a proton acceptor. The lengths of these hydrogencombines the effects of bulk solvent with the local interactions between
bonds are given in Table 2. As alluded to earlier, there are most likely solute and solvent. In the present study further calculations were
many low-energy configurations. To give a complete picture of solvent, performed that treated the formamielg.O), and formamide-(H20)za
all of these configurations should be sampled. The present calculationscomplexes within a continuum model. A different procedure is required
are too computationally intensive to make this a practical option. for the semicontinuum calculations. The CASSCF with a self-consistent
However, for the cluster containing three water molecules an additional reaction field (CASSCFSCRF) methot°separates the response of
configuration, denoted formamie€H20)sa, in which there are four the reaction field into electronic and nuclear components. The response
solute-solvent hydrogen bonds, is considered. The structures are shownof the nuclear degrees of freedom is assumed constant during an

Figure 1. Minimum energy structures of the formamideater
complexes. Hydrogen bonds are depicted by thin lines.

in Figure 1. electronic excitation because of the slow relaxation times. The fast
There are two steps to the subsequent calculations. First, a stateselaxation times of the electronic degrees of freedom require them to
averaged complete-active-space SCF (CASSUfgiculation is per- be optimized for each state, so they remain in equilibrium with the

formed. This calculation, typically, includes all the states of interest molecular charge distribution. A CASPT2-RF’ calculation then
equally weighted and uses reference orbitals from a SCF calculation. follows for each root. Cavity sizes were chosen on the basis of van der
The second step is a multiconfigurational second-order perturbation Waals radii’® Spherical cavities with radii of 8.5 and 1123 were
theory (CASPT2P61calculation. This accounts for dynamic correlation
and was performed for each root of the CASSCF wave function _(63) Serrano-Andi® L.; Roos, B. OJ. Am. Chem. So¢996 118 185~
sl I e Presnt work we e emolyed 2 veron of 6 weran 1 Roos . OThe. i, Acdoos 32 27239
) 5 . (65) Serrano-Andrg L.; Fischer, M. PJ. Am. Chem. Sod.996 118
intruder state&? In the reported calculations a level shift of 0.3 au was 12200-12206.

used, following Serrano-Andseand Fischer? The only minor excep- (66) Widmark, P.-O.; Malmgyist, P. A.; Roos, B. Dheor. Chim. Acta

tions are in the cases of théri states (see below) and the np Rydberg 1999 77, 291-306.
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(59) Roos, B. OAdv. Chem. Phys1987 69, 399-446. G.; Lindh, R.; Malmgqyist, P. A.; Neogdy, P.; Olsen, J.; Roos, B. O.; Sadlej,
(60) Andersson, K.; Malmqvist, P.-A.; Roos, B. O.; Sadlej, A. J.; A.J.; Schiz, M.; Seijo, L.; Serrano-Ande Siegbahn, P. E. M.; Widmark,
Wolinski, K. J. Phys. Chem199Q 94, 5483-5488. P.-O.MOLCAS Version 4Lund University: Sweden, 1997.
(61) Andersson, K.; Malmgqvist, P. A.; Roos, B. @.Chem. Phys1992 (68) Karlstran, G.J. Phys. Chem1988 92, 1315-1318.
96, 1218-1231. (69) Karlstron, G.J. Phys. Chem1989 93, 4952-4955.
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Electronic Spectrum of Formamide J. Am. Chem. Soc., Vol. 121, No. 37, B5&3

Table 3. Excitation Energies of the Formamid&/ater Complexes

transition energies (eV)

state uap ga® 1 2 3 3A SC-1 SC-3A continuurh
nm* 212 5.61 5.97 6.09 6.11 6.24 5.89 5.99 5.54
TTnb3S 4.00 6.52 6.92 6.93 7.00 7.19 8.23
n3s 3.67 6.59 6.89 6.89 7.28 7.31

T3Py 1.70 7.04 8.06 8.11 8.06 8.00

n3p, 0.59 7.31 8.12 8.15 8.12 8.07

TrnpTT* 6.12 7.41 7.26 7.26 7.16 7.18 7.12 6.77 6.95
T3Pz 4.06 7.72 8.20 7.82 7.93 8.01

n3px 4.05 7.73 7.80 8.11 8.34 8.24

n3p, 2.09 7.81 8.40 8.54 8.44 8.33

o3Pk 6.31 7.97 7.86 8.15 8.21 8.26

n'sz* N/A® N/A 10.13 10.25 10.11 9.92 10.18 9.83
TR 5.24 10.50 10.71 10.73 10.61 10.65 10.58 10.42 10.42

2 Gas-phase dipole moments (D)Ref 9.¢ SC = semicontinuum calculatiod.Ref 24.¢ N/A = not available.

chosen and surrounded by a continuous dielectric characterized by agﬁkllgtgéhg?rl‘?glgﬁgspf?éﬂzgg'ggfgoind Contribution to the

macroscopic dielectric constaat= 80.0 and a refractive index =

1.33, corresponding to water. A repulsive potential which lies outside state o (au) AE (eV)
the ca_vity was includeef:>” This_: p(_)tential models _thg exchan_ge_ ground 27.17
repulsion of the solvent and maintains the charge distribution within et 21.12 10.01
the cavity. Excitations to Rydberg states were not observed below 10 T3S 517.75 -0.82
eV, because of the destabilizing effect of the repulsive potential. Thus, n3s 892.94 —1.44
only valence states are reported. As in the calculations of the valence- T3Py 237.69 —0.35
state properties, an active space of seven orbitals was used. n3p, 406.09 —0.63
TapT 11.82 +0.03
Results and Discussion T3Pz 230.52 —0.34
n3p« 66.74 —-0.07
Rydberg States.Excitation energies are presented in Table n3p, 245.23 —0.36
Tnb3Pk 45.75 —-0.03

3. Comparison of the gas-phase excitation energies with those
for the formamide-(H,0); complex shows that the presence
of the water molecule causes a clear increase in the excitationmethod’!72In this methodx is calculated from the perturbation
energies for all but one the Rydberg states. This increase variesn the dipole moments of the electronic states which result from
from 0.3 to 1.0 eV. In addition, throughout the study excitations applying an electric field= (0.001 au).

to d states are not observed, even in the calculations in which

the Rydberg s and p orbitals are removed. This suggests that Ue — Ug @

o=—"—

they lie above 10.7 eV. As discussed in the Introduction, the F
solvatochromic shift arises from the interaction of the solvent
with the lower (ground) state and the excited state being The estimated shift in the transition energies is also shown. The
dissimilar. The electl’osta’[ic, eXChange, and diSperSion interac-distance between the oxygen atom in water and the carbon atom
tions are three components of the sotuselvent interaction in formamide in the formamide(H-O); complex provides an
that are likely to differ between electronic states. Although itis estimate ford. Values of 10.08 and 12.61 eV are used for the
difficult to calculate the contribution to the solvatochromic shift ionization potentia|s of formamide and water, and the p0|ariz_
from the different types of interaction accurately, it is possible apility of water is taken to be 10.0 & The results show that
to make some estimation. the dispersion interaction causes a red shift in the transition
The dipole moments of the Rydberg states in the gas phaseenergies of the Rydberg states. This shift can be large,
vary from much lower to significantly higher than the ground particularly for the n3s and.g8s states. This is not surprising
state value of 4.08 D. Even for states with a dipole moment pecause one would expect the large diffuse 3s orbital to have a
similar to that of the ground state, a blue shift of about 0.4 eV greater dispersion interaction. However, this contribution is not
is observed. This suggests that the blue shift for the Rydbergthe dominant one, because overall a blue shift is observed in
states is not purely electrostatic in nature. The dispersion the Rydberg transition energies. The ground state and valence
interaction between a solul¢ and soluteSseparated by distance  states have similar polarazibilities, and thus dispersion has little
d can be expressed in terms of the solute and solvent polariz-effect on the valence transition energies.

abilities® The destabilizing effect of the solvent molecules on the
diffuse Rydberg states originates from the exchange contribution.

ooy Iyls This is illustrated in Figure 2, which depicts the Rydberg orbitals

Baisp= ~ o \ly + Is @) along with the orbitals from the water molecule. The Rydberg

orbitals begin to overlap spatially with the solvent molecule,
in which o and | represent polarizabilities and ionization which will result in a repulsive exchange interaction in addition
potentials, respectively. The polarizability of a diffuse Rydberg to the electrostatic interaction. Th_|s interaction is suffl_c|e_nt to

S : . overcome the favorable dispersion contribution. This is in
state will be larger than for the ground state. So there will be a

more favorable dispersion interaction for the excited state, (71) Meyer, H.; Schulte, K.-W.; Schweig, Alhem. Phys. Lettl975
inQ i T ; " 31, 187-191.
resulting in a red shift in the corresponding transition energy. (72) Kurtz. H. A Stewart, J. J. P.: Dieter, K. M. Comput. Chem.

Table 4 shows the CASSCF polarizabilities of the lower energy 199q 11, 82-87.
electronic states of formamide calculated using the finite field  (73) Urban, M.; Sadlej, A. JTheor. Chim. Actal99Q 78, 189-201.
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the mnp3p, and nN3p states exchange makes a smaller contribu-
s tion; values 0f~0.4—0.7 eV and 0.20.7 eV, respectively, are
i £y observed.
On the basis of electrostatics, a blue shift would be predicted

2

- o i for states with a lower dipole moment than the ground state. In
G the case of these states, large blue shifts of-0.6 eV are
) observed, suggesting that the electrostatic and exchange effects
b are acting in concert to destabilize the excited state relative to

the ground state. The one Rydberg statg3py) with a higher
dipole moment than the ground state shows a slight red shift in
excitation energy. This suggests that the favorable electrostatic
interaction is being offset by the destabilizing exchange interac-
tion.

As the number of surrounding solvent molecules is increased,
one would expect the Rydberg states to be destabilized further.
This trend is generally reflected in the transition energies. The
magnitude of these energy shifts is similar to those observed
a for NO in rare gas matrixe®. The largest number of water

. . . molecules considered in this study represents only a fraction of
Figure 2. Rydberg orbitals of formamide(H;O): gas-phase cluster o got solvation shell. In solution the formamide solute would
contoured att0.012 au, from a CASSCF calculation averaged over be surrounded in three dimensions by solvent molecules, so it
12 roots: (a) 3s orbital, (b) Jprbital, (c) 3p orbital, and (d) 3porbital. . ; . N

is reasonable to expect this trend would continue until, as
observed experimentally, the Rydberg states no longer appear
in the condensed phase electronic spectrum. Another factor that
may contribute to the absence of Rydberg states is broadening
of the spectral bands. Thus this broadening and energy shift
may result in the Rydberg spectral bands being absorbed into
the broad valence bands present in the condensed phase spectra.
The results suggest that considering only electrostatic interac-
tions within a continuum model will not give an accurate picture
for excited states. It is important to take account of exchange
interactions, and this can be qualitatively achieved by a repulsive
potential placed outside an appropriate cavity. From the results
of this study it is not possible to determine whether the repulsive
potential, as it is currently parametrized, is quantitatively correct.
In fact, it is probably unlikely that it would reproduce accurately
condensed phase Rydberg state energies. However, the results
do suggest that it is qualitatively correct. For many applications
this is sufficient, since it is generally valence state properties
that are of interest.

Valence StatesThe valence-state energies also show some
interesting trends. Thesrt transition is calculated to be 5.97
eV for the formamide-(H,0); complex. This represents a blue
shift of 0.36 eV. As the number of water molecules increases,
the blue shift increases. A similar trend has been observed in
calculations on formaldehydé.There is good agreement with
the blue shifts calculated by Sobolewskand by Krauss and
Webb>* who reported values of 0.18 and 0.44 eV for one and
three water molecules, respectively. The increasing blue shift
is matched by a decrease in the length of the hydrogen bonds
Figure 3. Valence orbitals of formamide(H,0); gas-phase cluster  IN the formamide-water complexes. This is consistent with the
contoured at-0.012 au, from a CASSCF calculation averaged over 5 findings of Del Bené' and TayloP? that there is an important
roots with the Rydberg orbitals removed: (a)orbital, (b) A orbital, relationship between hydrogen bonding and th& tnansition.

(€) 7np orbital, (d) n orbital, and (ey* orbital. This relationship is, perhaps, not surprising because the hydrogen
bond to the carbonyl oxygen will have a large effect on the
lone pair orbital which is localized on the formamide oxygen

contrast to the valence orbitals, depicted in Figure 3, which at
the same contour value are not interacting spatially with the

solvent. For excited states in which there is little difference atom, as ilustrated for the n orbital in Figure 3. In our.
between ground- and excited-state dipole moments, the elec_calculatlons the overall change in the ground-state geometry is

: . . e small. However, these changes do increase with decreasing
trostatic contribution to the solvatochromic shift will be ap- : .
proximately zero. Thus, for these states it is possible to estimatelrg;drt?]gte)n 8%%%';\”%[2‘&?% rr?irlls %ﬁ%%%g%gghﬁgng
the magnitude of the blue shift arising from the exchange anc?a s%or.tenin ’of the NH b%nd to the h droyen.—bondéd
contribution, assuming that the net contribution from other 9 ydrog

sources, such as correlation, will be relatively small. For the ™ (74) Dimitrova, Y.; Peyerimhoff, S. DI. Phys. Cheni.993 97, 12731
7np 3S state the exchange contribution is largd,.3 eV. For 12736.
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hydrogen by 0.043 A. The largest blue shift is calculated for Table 5. Oscillator Strengths
the formamide-(H20)sa complex in which there are two oscillator strengths
hydrogen bonds to the carbonyl oxygen.

e . ) . state gas 1 2 3 3A SC-1 SC-3A continuum
Within the pure continuum model, no blue shift was predicted
nz* 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001

for the nz* transition, even though one would be ex_pected fro_n_1 2t 0.371 0378 0.395 0422 0.395 0.353 0384  0.230
the gas-phase dipole moments. However, the predicted transitiony .« r/ac 0.040 0.021 0.010 0.018 0.005 0.017
energy is in good agreement with the available experimental 7,7 0.131 0.150 0.149 0.166 0.148 0.140 0.113  0.149
data. One reason for this may be that the experimental spectrum
was measured in acetonitrile, where the formamiselvent

hydrogen bond is relatively wedk.Experimental work on

similar amides suggests that the*rstate does undergo a blue

aRef 9.P SC = semicontinuum calculatiorf.N/A = not available.

- ; strength. However, addition of further water results in an
S.’h'ft in water. Nielson and Schellrr_]?.meport that the s1* b’c?”d incregse. The oscillator strengths of the two largest clusters differ
lies at about 5.9 eV er most am|de§ In aqueous solutlon.. significantly. This indicates some sensitivity of the oscillator
Theznyr* band dominates electronic spectrum of formamide.  grength to the local arrangement of the solvent. The increase
In solution this band undergoes a significant red sffifthe contradicts the continuum calculation, which predicts a decrease
explicit water molecules induce a red shift of thgyz* band, in the owr* oscillator strength. The oscillator strengths for the
whlch_ is greatest for the_ th_ree-water-molecule cqmplex. The . 7 transition show a small increase compared with the gas
magnitude of the red shift is less than that predicted by the phase and are similar to those calculated from the continuum
continuum model, but it would presumably increase on addition ,odel. The oscillator strengths for the Rydberg states show

of further water molecules. Figure 3 shows all threerbitals small increases over gas-phase values but remain small (less
have a significant hydrogen-bonding interaction between the yhan 0.05).

amide hydrogen and the solvent water molecule. The transition  the oscillator strengths predicted by the semicontinuum
_energie_s, however, appear to be dominated by_ 'Fhe electrostaticca|cu|ati0ns for thea*, n'z*, and,7* states are close to those
interaction. The trend observed for thgz* transition energy  from the continuum model calculation. The oscillator strength
is less clear. The gas-phasgr* state has a dipole moment  for the 7,77+ transition shows a decrease compared with the
that is greater than the ground state, but less thantihe  ghnropriate gas-phase calculation, indicating that the reduction
state. Thus a small red shift would be expected, as observed ing glectrostatic in nature. However, this oscillator strength is

the continuum calculation. The explicit solvent calculations  gjj| significantly larger than for the continuum model calcula-
predict a blue shift, although this decreases for the formamide (o we note that while the transition energies are insensitive
(H20)3 complex. This may again be due to a hydrogen-bonding 4 small changes in basis set, thgsr* oscillator strength is
interaction. However, the differences may be within the error 46 sensitive. An oscillator strength of 0.285 is obtained for

of the calculation. the my7* transition for the semicontinuum calculation when
The calculations within the semicontinuum framework should  the Rydberg functions are removed. This is closer to the previous

provide a better model of formamide in aqueous solution, calculation. The remaining difference may be consequence of

Combining both local and bulk solvent effects. The results show the influence of the water mo|ecu|e(s) or the |arger Cavity for

no transition to Rydberg states below 10 eV, in accordance with the semicontinuum calculation, resulting in an underestimation

the experimental picture. This is a direct result of the repulsive of the electrostatic effects.

potential included outside the cavity. The*rtransition energies

obtained are similar to those from the gas-phase complexes. AConclusions

larger blue shift is observed for the formamiel@,0)sa

complex. Comparison of the semicontinuum model with the pure

continuum model shows thert state undergoes a blue shift

The electronic spectra of formamide with one, two, and three
water molecules have been studied using high-level correlated
of 0.35-0.45 eV. Again this shift is similar to that previously ab initio methods that have been shown to describe the electronic

obtained. The small change in basis set and active space betweef. - clure of many systems accurately, Although_these complexes
the continuum study and the present study does not significantlyWIII not provide a complete mpdel of formam.|de In aqueous
affect the result. The'n* state also undergoes a blue shift 0.35 solution, a greater und_erstandlng OT _the local Interactions with
eV. For the formamide (H,O)sa complex the hr* state was solvent has been obtained. In addition, calculations on small

not accessible with the 7a active space, because of the presenc]cizOIUte_sower?t clusters can prpwde _mformatlor_l that may be
of the lone pair orbitals on water. The red shift in thg* incorporated into larger scale simulations of excited states. The

transition energy is underestimated when only one water diffuse Rydbe_rg states are destabilized by the surrounding
molecule is included in the cavity. The larger cavity leads to splvent,_ anql this eff_ect can overcome favorable elgctrostatlc and
an underestimation of the electrostatic effects. However, adlspersmn Interactions. This demons}rates t.he Importance of
greater red shift results when additional water molecules are other components of the soluteplvent |nteract|oq besides the
placed in the cavity. A transition energy of 6.77 eV is obtained, electrostatic component for excited-state calculations ket

which is close to the experimentally observed 6.81 eV in transition gn_dergoes a red shift which is dominated by an
acetonitrile. electrostatic interaction. These effects are reproduced well by

. . the previous study with a continuum model. In addition, an
Oscillator Strengths. The calculated oscillator strengths of . : - : '
i increase is observed in t * and wrpr* oscillator strengths.
the valence states are presented in Table 5. T#feand riz* ey o 9

transitions are weak. Thef illator strenath s t However, the blue-shift induced in therhtransition energy
ansitions are weax. oscifator strength appears 1o requires at least one explicit water molecule. This blue shift is

%iso found to be dependent on the formamideater hydrogen
bond distance. In an attempt to capture all these features, within
one model, a semicontinuum approach was adopted. This model

(75) Nielsen, E. B.; Schellman, J. A. Phys. Cheml967, 71, 2297 can predict the main features of the spectrum, the absence of

2304. Rydberg states, a blue shift in the*htransition energy, and a

are dominated by thenyt* and yr* transitions. The presence
of one water molecule has little effect on thgyr* oscillator
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