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Abstract: With the general aim to characterize the origin of electronic spectra of proteins, the present paper discusses
the absorption spectra of a series of simple amides. Excited states were studied by maanmsitad quantum
chemical methodsthe Complete Active Space (CAS) SCF method and multiconfigurational second order perturbation
theory (CASPT2). We calculated the vertical absorption spectra of three primary amides (formamide, acetamide,
and propanamide), two secondary amidiisn{ethylformamide andN-methylacetamide), and one tertiary amide
(N,N-dimethylformamide). The calculations comprise a large number of singlet and triplet valence and Rydberg
excited states. The results support a basic structure of the spectra: In gas phase one intense-vatetcansition

is placed between 6.5 and 7.4 eV and a second weak valereer* transition occurs at 9.610.5 eV. Alkyl
substitutions on the nitrogen have a major effect on the valence transitions: The energy drops when going from
primary to secondary and tertiary amides. In contrast, only minor blue shifts of the excitation energies are observed
when alkyl groups of different length are attached to the carboxyl group. For all molecules studied in this paper,
n — s* transitions from the oxygen lone pair are found at about 5.5 eV and reveal only small sensitivity on the
length of the alkyl substituent.

1. Introduction we will discuss the electronic properties of terminal amino and
carboxyl groups and, finally, we will also propose a new
interpretation of the absorption spectra of proteins based on
model calculations on dipeptides.

The electronic spectra of proteins can also be divided into
three ranges of absorption energies. Region | includes low-
energy transitions and extends to nearly 5.0 eV. Range I
extends from 5.6 to 6.5 eV and, typically, exposes a complex
band structure. Finally, the high-energy range Ill includes the
far UV and starts at about 6.5 eV. Aromatic amino acids, if
present, give clear and characteristic absorption maxima in
regions | and II. In previous studies we computed the spectra
of the latter molecules and explained their absorption spectra
as the result of four maim — z* valence singlet states and
transitions: 1Ly, 1L, 1Bp, andB,22 The lowest state in each
of the molecules (two in indole) is responsible for the weak
transition observed below 5.0 eV, while those remaining appear
in the 5.6-6.5 eV region as intense bands. The amino acid
histidine—-modeled by its imidazole fragmentioes not match
this picture because of the less aromatic character. The four
valence transitions lie in this case higher in energy, from 6.0 to
8.5 eV4 The second and third types of chromophores in
proteins, the peptidic bond or amide chromophore as well as
terminal amino and carboxyl groups, absorb at the edge of region
Il and in region III.

From qualitative theoretical considerations, one may expect
the electronic excitation epectrum of simple amides in the gas

® Abstract published irAdvance ACS Abstractéyovember 1, 1996. phase to include one - n*, two 7 — z* valence, and a
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Absorption spectra of proteins can be considered as a
superposition of spectra of individual chromophores. Because
all experimentally easily accessible characteristic electronic
transitions occur in a narrow energy region, the interpretation
of the spectra is difficult. Typically, spectra consist of broad
overlapping bands due to band broadening in solutions and
crystal environments. Detailed knowledge of electronic proper-
ties of the monomers is important for the interpretation of
electronic spectra of proteids.For these reasons we have
undertaken a project aiming for the accurate determination of
7 — 7* and n— sr* excitation energies and transition moments
of chromophores in proteins.

Electronic spectra of proteins can be mainly attributed to three
groups of chromophores: histidine and the aromatic amino acids
tryptophan, phenylalanine, and tyrosine; the peptide bond or
amide chromophore, as it is usually named; and the terminal
carboxylic acid and amine groups. They all possess charac-
teristic spectra. Earlier, we have presented calculations on the
first group of chromophores. In these studies the aromatic side
chains were modeled by benzene, phenol, and indole, respec
tively.23 Imidazole was computed to account for the spectrum
of histidine2# In this paper we report electronic properties of
the amide group as modeled by formamide. To mimic the effect
of a protein chain on the spectra we also investigated a number
of alkylated derivatives of formamide. In a subsequent paper

Physics: New Methods in Computational Quantum Mechamidgogine, formaldehyd@® and considering also the calculations on
I, Rice, S. A., Eds.; John Wiley & Sons: New York, 1996; Vol. XCIII, p
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Figure 1. Structure and atom labeling of the amid€s §ymmetry):
(1) formamide; @) acetamide; J) propanamide;4) N-methylform-
amide; 6) N-methylacetamide) N,N-dimethylformamide. The arrow
defines the positive angle$)(of the transition moment directions.

formaldehydés® as well as the spectra of isoelectronic systems
such as butadiene or acrolein, one arrives at the following
qualitative picture: An n~ s* transition is likely to be observed
close to 5 eV and the — z* excitation energies may be close
to 7 and 9 eV, respectively. Recently, Clanieported the
polarized vacuum UV absorption spectra of single crystals to

propanamide. Two prominent bands, around 6.9 and 9.9 eV,

1 J. Am. Chem. Soc., Vol. 118, No. 4821996
and give full support to Robin’s and Clark's view on the
electronic properties of the peptide bond.

2. Methods and Computational Details

The ground-state geometries of the present molecules were optimized
at the MP2 level using the 6-31G* basis set. The optimization was
restricted to keel©s symmetry. On the one hand, this assumption can
be justified recalling that the carbon skeleton of the present molecules
has proven to be almost planar in different environments, both in
experimentdl*3and in earlier theoreticki*>studies. On the other hand,
the Hessian of th€; MP2/6-31G* optimized geometries indicates that
these structures are in fact not global minima. The molecules tend to
lose their planarity. However, additional MP2 geometry optimizations
for formamide using cc-pVDZ and cc-pVTZ basis detseem to
indicate that the nonplanarity is due to basis set size. If the cc-pVTZ
basis sets are used one finally obtains a pl&atructure with bond
distances and angles similar to the 6-31G* geometry (we tested it for
formamide and acetamide).

It has been showti8that calculations of electronic spectra require
extended basis sets. Therefore, ANO-type basid®sgtre used and
contracted to TZP quality for C, N, and O (C,N,O 4s3p1d/H 2s). These
were supplemented with a 1slpld set of Rydberg-type functions
(contracted from 8 primitives for each angular momentum type), which
were built following the procedure described earl®erThe additional
functions were computed independently for each molecule and placed
at the average charge centroid of both tA¢ and?A” cations. This
procedure has proven to yield accurate descriptions of both valence
and Rydberg excited states in a number of earlier applicatforihe
carbon and nitrogen 1s electrons were kept frozen in the form

were observed. Furthermore, a weak transition was identified determined by the ground-state SCF wave function and were not

at about 7.5 eV and assigned to a Rydberg state.
Clark's view of the spectrum of propanamide is in accord
with the exceptions outlined above, but it is in conflict with

included in the calculation of the correlation energy.
The CASSCF/CASPT2 methd#f?tis a two-step procedure and
calculates the first-order corrected wave function and the second-order

earlier assignments: The gas-phase spectra of the simple amide&nergy with a CASSCF wave function constituting the reference

have been interpreted as five-band systems including transition
named, according to Mulliken’s nomenclature, W, RV, Ry,
and Q states. In 1953 Hunt and Simp&teported ultraviolet

S

function. Thus, initially the multiconfigurational wave functions are
determined at the CASSCEF level of approximatfoand are used to
calculate molecular properties. The CAS State Interaction method
(CASSI) is then used to compute transition propettiaad transition

spectra for some simple amides. Originally, these authors moments. Finally, the dynamic correlation energy contributions to the

assumed that the two valenee— #* bands in formamide,
named N\ and NV, were placed around 7.2 and 9.2 eV,
respectively. However, Hunt and Simpson also studigd-

dimethylformamide which exposes a new band at about 7.7 eV.

state energies are obtained by the second-order perturbation treatment.
Recently, a level shift technique has been introdiéétithe socalled
LS-CASPT2 approach, which allows the effect of intruder states
common in many calculations on excited states to be avoided. Here,

To explain its origin Hunt and Simpson assumed that the second? value of 0.3 au has been used for the level shift in all the computed

m — m* transition had shifted as much as 1.5 eV to lower

energies upon alkyl substitution. Four years later Peterson and

SimpsoA? reported the electronic spectrum of myristamide in

states.

(12) Roos, B. O.; Ascher, M. P.; Malmaqvist, P-A Mercha, M.;
Serrano-Andrs, L. In Quantum Mechanical Electronic Structure Calcula-

crystalline phase. In accord with previous work they considered tions with Chemical AccuracyLanghoff, S. R., Ed.; Kluwer Academic

the 6.7- and 7.7-eV bands to be duette~ 7* excited valence
states. Despite, contradictory repdtte assignment of the
7.5-eV band survived (compare with ref 1).

The present paper focuses on absorption spectra of a series (

of simple amides in order to determine the optical properties

of the isolated peptide bond. To this end we calculated the
gas-phase spectra of the primary amides formamide, acetamide

and propanamide, the secondary amifiesiethylformamide
andN-methylacetamide, and the tertiary amidgN-dimethyl-

formamide (see Figure 1). This study includes valence and %
Rydberg, singlet and triplet excited states at the ground state™

Publishers: Dordrecht, The Netherlands, 1995; p 357.
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Wolinski, K. J. Phys Chem 199Q 94, 5483.
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equilibrium geometry. The calculations have been performed in Quantum ChemistryLawley, K. P., Ed., John Wiley & Sons Ltd.:
using the CASSCF/CASPT2 method. This approach has provenChichester, England, 1987; Vol. Il, Chapter 69, p 399.

to be especially suited to deal with excited states of conjugated

and aromatic organic moleculg¥? Our calculations reproduce
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known excitation energies with an accuracy better than 0.2 eV press.

(7) Mercha, M.; Roos, B. OTheor Chim Acta 1995 92, 227.

(8) Gwaltney, S. R.; Bartlett, R. Zhem Phys Lett 1995 241, 26.
(9) Clark, L. B.J. Am Chem Soc 1995 117, 7974.

(10) Hunt, H. D.; Simpson, W. TJ. Am Chem Soc 1953 75, 4540.
(11) Peterson, D. L.; Simpson, W. J.Am Chem Soc 1957, 79, 2375.

(25) Malmqvist, P.’A Roos, B. O.Chem Phys Lett 1989 155 189.
(26) Andersson, K.; Hacher, M. P.; Karlstion, G.; Lindh, R.; Malmgvist,
P.-A; Olsen, J.; Roos, B. O.; Sadlej, A. J.; Blomberg, M. R. A,; Siegbahn,

P. E. M.; Kellg V.; Noga, J.; Urban, M.; Widmark, P.-OLCAS Version
3; Department of Theoretical Chemistry, Chemistry Center, University of
Lund, P.O.B. 124, S-221 00 Lund, Sweden, Lund, 1994.



12192 J. Am. Chem. Soc., Vol. 118, No. 48, 1996 Serrano-Andme Fiischer

Table 1. Calculated and Experimental Excitation Energies (eV), Oscillator Strengths, Dipole MoméBjs Spatial Extensiorf?(j(au), and
Transition Moment Directions (deg) for the Excited Singlet and Triplet States in Formamide

excitation energies oscil str TR
state CAS PT2 exp Cle u @20 twd exp CF twd

1'A'(G.S)) 4.08 39
L'A"(n— 7%) 8.30 5.61 558 5.86 2.12 38 0.001 0.062 0.0003
21A"(2d' — 3s) 7.47 6.52 6.5 6.14 4.00 75 0.024 0.022
2'A'(104 — 3s) 8.01 6.59 6.8 6.49 3.67 72 0.003 0.0004 —33
3tA"(2d' — 3py) 8.32 7.04 7.1 7.01 1.70 70 0.0001 0.0005
3'A'(10d — 3p)) 8.65 7.31 7.3 7.16 0.59 76 0.065 0.060 +28
A (1 — 7*) 8.83 7.41 7.4 7.94 6.12 39 0.371 030 0.149 —32
5'A'(2d"' — 3py) 8.83 7.72 7.7 7.40 4.06 80 0.101 0.136 —45
6'A’(10d — 3py) 9.03 7.73 7.9 7.50 4.05 78 0.022 0.041 +34
41A"(10d — 3p,) 9.24 7.81 7.47 2.09 73 0.005 0.005
5A"(2d" — 3p) 8.91 7.97 7.57 6.31 76 0.007 0.005
7IA'(2d" — 3dy) 9.65 8.02 8.1 4.59 62 0.087 —46
8'A’ (104 — 3dp) 10.28 8.94 8.8 3.49 70 0.002 +1
6'A""(2d' — 3dp) 9.95 8.98 9.1 4.93 67 0.002
9'A’(10d — 3de-y?) 10.45 9.17 9.2 3.54 75 0.011 -16
10'A’(10d — 3dyy) 10.57 9.26 7.41 77 0.005 +76
T*A" (2d' — 3de-y?) 10.24 9.32 9.3 7.74 74 0.018
8'A""(10d — 3dky) 11.14 9.43 3.07 70 0.006
QA" (2d' — 3dyy) 10.42 9.47 9.5 11.30 78 0.017
10'A"(10d — 3d) 10.78 9.54 4.46 71 0.001
11'A'(2d" — 3d,) 11.03 9.80 9.8 6.52 74 0.030 —38
11'A""(1d" — 3s) 11.01 9.93 9.9 4.70 75 0.034
12'A (7 — %) 11.93 10.50 5.24 40 0.131 G.1 +57
A" (n— 7%) 6.72 5.34 5.30 1.39 38
13A' (7 — %) 7.05 5.69 3.23 38
23A"(2d" — 3s) 6.84 6.30 3.06 72
23A'(104 — 3s) 7.29 6.61 3.62 71

aThe molecule is placed in they plane Cs symmetry). The convention used places ytaxis along the CO bond and the nitrogen in the fourth
guadrant. The positive angles are defined clockwise fromytheis in the first quadrant as in ref 9. See Figure Yacuum transitions for
formamide, refs 10 and 28 CASSCF/MRCI 6-31G** results, ref 3E.Estimated value for acetamide in nonpolar solvents. In water the band
appears near 5.9 eV. References 9 and®&timated values in solution. References 9 and 3#apped electron spectrum of formamide in the
gas phase. Reference 30rhis work.

The selection of the proper active space is the crucial step in the calculation where the 9 Rydberg orbitals were removed from the active
CASSCF/CASPT2 approach. In general, the active space shouldspace (see below).
include all orbitals with occupation numbers appreciably different from Calculations including 15 active orbitals and 11 roots are expensive.
two or zero in any of the excited states under consideration. This meansFor the larger molecules we decided, therefore, to use a smaller active
that all near-degeneracy effects are included in the CASSCF referencespace. We consider first only the 3s and 3p Rydberg orbitals, and,
function, and consequently there will be no large terms in the hence, three'aorbitals and one'aorbital are needed to the valence
perturbation expansion. To compute the electrengpectrum in the active space, resulting in a total active space labeled (5,5). All
studied molecules the active space should initially include the three calculations needed to characterized the 3s and 3p Rydberg states are
st t* orbitals and thes lone pair orbital on the oxygen, together with  carried out, and, finally, the 3s and 3p Rydberg orbitals are removed
the 6 corresponding electrons. This is the minimal space for calcula- from the orbital space. In successive steps the 3d Rydberg orbitals
tions on the valencer-electron spectrum. In addition, one mare take their place and the process is reiterated. Finally, the valence state
orbital is included in the active space to accountder ¢* excitations properties are determined from CASSCF wave functions where all
and one morer orbital which is used as as additional correlating orbital Rydberg orbitals were removed from the active space. As shown by
for the & space, where only one valena# orbital is present. The the results for formamide the states can be computed without any
final valence space can be labeled (2,4), representing the number of anotable loss of quality: The excitation energies differ by less than 0.05
and & orbitals, respectively, of the active space in @dramework. eV as compared to the calculations using the (8,7) active space. On

In numerous calculations we have shéihat a valence basis set  the other hand, the simultaneous computation of valence and Rydberg
and a valence active space do not guarantee that the obtained statedtates at the CASSCF level leads to a strong mixing between states of
have a pure valence character. Rydberg states may interact with valenc¥@lénce and Rydberg character. The effect on the computed excitation
states. A restricted selection of basis sets and active space usually lead§"€rgies is, in general, small for Rydberg states but large for the valence
to erratic results since Rydberg states often appear among the valencS!ates. Earlier, it has been observed that the procedure described above,
excited states. The recommended procedure is therefore to always® @ large extend, avoids such mixings and has been applied success-
include diffuse functions in the basis set and Rydberg-type orbitals in [ully*****°earlier. _
the active space. To compute the lowest (3s, 3p, and 3d) Rydberg The calculations have been performed _Wlth the MOLCAS-3
series we should include nine additional orbitals, six ‘'ofymmetry program package on IBM RS/6000 workstations except for the MP2
and three of 4 symmetry. This leads to a large active space of 6 OPtimizations which used the MULLIKEN program.
electrons in 15 orbitals, and is at the limit of the employed CASSCF
program. For the sake of clarity and to prove the small sensitivity to 3. Results and Discussion
the CASSCF/CASPT2 approach to the size of the active space, we The followin ti d ibe th ted It d
decided to carry out the calculations on formamide with this large active . g sections escrl. e the Compu ed results an
space, labeled (8,7). One single CASSCF calculation including 15 SU99est assignments for the singlet and triplet valence and

Rydberg states of the studied primary, secondary, and tertiary

CASSCF averaged roots (equal weight) for ##¢ states and one - : k oK
calculation including 11 roots for tHé\" states contains simultaneously ~ amides, respectively. Tables-6 list the computed excitation

all the expected valence and Rydberg singlet states which are given ineénergies, dipole moments, spatial extensions, oscillator strengths,
Table 1. The valence states were then re-computed in an additionaland transition moment directions in the gas phase and also
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Table 2. Calculated and Experimental Excitation Energies (eV), Oscillator Strengths, Dipole MoméBjs Spatial Extensiorf?(j(au), and
Transition Moment Directions (deg) for the Excited Singlet and Triplet States in Acetamide

excitation energies oscil str TM dir

state CAS PT2 exp u w0 twd exp twe
1'A'(G.S)) 4.00 52
1A (n— %) 7.19 5.54 5.44 2.19 50 0.001 0.002
2'A"(3d' — 3s) 7.11 6.38 411 94 0.022
2'A’(13d — 3s) 7.60 6.40 6.45 3.98 95 0.018 0.02 +80
3'A""(13d — 3p,) 8.72 7.02 143 102 0.001
3'A'(3d' — 3py) 8.23 7.14 2.40 126 0.060 -37
AN (1 — 7*) 11.28 7.21 7.4 6.21 55 0.292 0.21 —-31
5'A’(13d — 3py) 8.42 7.35 3.06 135 0.013 —26
6'A’(13d — 3py) 8.37 7.38 1.60 133 0.009 +69
41A"(3d' — 3p) 8.17 7.53 2.82 134 0.00001
5A"(3d' — 3py) 8.44 7.73 7.6 7.89 127 0.004
7*A'(13d — 3dp) 9.36 8.01 12.18 210 0.0001 -33
8'A’(13d — 3de-y?) 9.40 8.05 7.9 13.41 216 0.006 +8
9'A’(13d — 3dyy) 9.45 8.12 11.78 222 0.002 +71
6'A"(13d — 3d,) 9.04 8.20 8.88 228 0.0001
7*A""(13d — 3dyy) 9.04 8.23 11.17 213 0.0001
10'A'(3d' — 3d,) 9.43 8.48 10.08 226 0.007 +30
8'A""(3d' — 3dp) 8.89 8.49 13.83 208 0.004
11'A'(3d’ — 3dky) 9.52 8.55 16.15 216 0.014 —28
9'A"(3d' — 3de-y?) 8.98 8.60 19.05 205 0.0001
10'A""(3d’ — 3dyy) 9.05 8.64 19.98 204 0.00001
11'A""(2d" — 3s) 10.53 9.47 5.07 95 0.027
12'A! (r — 7*) 12.93 10.08 9.9 5.15 61 0.179 ol +50
LA (n— %) 6.23 5.24 161 53
13A (7 — %) 7.41 5.57 3.81 58
23A"(3d' — 3s) 6.81 6.21 4.10 90
23A'(13d — 3s) 7.21 6.37 4.11 94

aThe molecule is placed in they plane Cs symmetry). The convention used places ytaxis along the CO bond and the nitrogen in the fourth
guadrant. The positive angles are defined clockwise frony tinds in the first quadrant as in ref 9. See Figuré Data from the crystal spectrum
of propanamide. Reference ®Estimated value in dioxane. In water the band appears near 5.9 eV. Referefi¢e-Biane polarized transition
in the gas phase. References 9 and®3facuum transition, ref 28. In water the— z* band appears at 6.81 eV, refs 34 and 3Fbstimated
values in solution. References 9 and 3Zhis work.

include the comparison to available experimental data. The with an oscillator strength of 0.371. A detailed study of the
effects of the elongation of the alkyl group attached to the carbon vibrational transitions would be needed to solve the assignments
of the amide group and the alkyl substitution on the nitrogen unambiguously. The second valenge— xz* transition is

on the transitions and the relation to the polyamides spectracomputed at 10.50 eV with an oscillator strength of 0.131. No
are finally discussed in a separate section. experimental data are available at such high energies for

1. Primary Amides: Formamide, Acetamide, and Pro- formamide. We have also performed calculations trying to
panamide. A detailed gas-phase spectrum of formamide up locate the low-lying n— ¢* and = — ¢* transitions but they
to 10.0 eV was reported by Hunt and Simp$6rThe spectrum  appeared at energies higher than 10.5 eV.
exhibits a strong broad band centered around 7.4 eV which is  The rich band structure of the reported formamide spectrum
superimposed by a number of sharp peaks. Moreover, two weakin the gas phase makes it possible to assign a large number of
bands appear at 6.5 and 6.8 eV. The gas-phase spectrunRydberg states. The computed Rydberg states are characterized
reported by Kaya and Nagakdfaup to 8.1 eV is essentially  throughout by relatively large intensities and energy separations.
identical, although the bands observed between 7.7 and 8.8 eVSuch a behavior appears to be common to small and flexible
are less sharp. In Table 1 we included tentative assignmentsmolecules such as formamié®.On the low-energy side of the
of the observed bands. Thenxx* band computed at5.61 eV valence band, we have assigned the shoulder at 7.1 and 7.3 eV
is apparently not observed in the experimental spectra, althoughto the 3A" (2d' — 3p) and 3A’' (104 — 3p,) states,
its presence can be inferred in Hunt and Simpson’s spectrumrespectively. Moreover, three clear and sharp peaks are
below 6.0 eV. The weak bands observed at 6.5 and 6.8 eV observed in the spectrum at 7.7, 7.9, and 8.1 eV. For reasons
have been assigned to the beginning of the Rydberg seriesof consistency (see section 3.4) the first two bands were assigned
HOMO = — 3s and n— 3s, respectively. The former transition to the SA’ (2d' — 3p) and 6A’ (104 — 3p,) states,
should be more intense as indicated by the oscillator strength,respectively. The 8.1-eV band can be easily assigned to the
but both bands have similar intensities in the spectrum. Between7'A” (10d — 3dy,) state computed at 8.02 eV and an intensity
7.2 and 7.4 eV the spectrum presents several bands with highof 0.087 eV. In the vertical absorption spectrum of formamide,
intensity. We have tentatively assigned the broadest band atat the ground state geometry, the-nz* triplet state lies 0.35
7.4 eV to the valence — n* NV 1 band computed at 7.41 eV eV below ther — #* triplet state computed in the other amides.
An experimental value of 5.30 eV is reported for the lowest

(27) Rice, J. E.; Horn, H.; Lengsfield, B. H.; McLean, A. D.; Carter, J. ; i i A®which is i
T.; Replogle, E. S.; Barnes, L. A.; Maluendes, S. A.; Lie, G. C.; Gutowski, Verﬁcﬁl transition tg a t:lpletsstzs \?ICh Is in perfect agreement
M.; Rudge, W. E.; Sauer, S. P. A; Lindh, R.; Andersson, K.; Chevalier, T. with the computed value, 5. ev.

S.; Widmark, P.-O.; Bouzida, D.; Pacanski, G.; Singh, K.; Gillan, C. J;

Carnevali, P.; Swope, W. C.; Liu, BAULLIKEN Version 11.0; Almaden, (29) Serrano-And L.; MercHa, M.; Nebot-Gil, |.; Lindh, R.; Roos,
Research Center, IBM Research Division, 6500 Harry Road, San Jose, CA,B. O. J. Chem Phys 1993 98, 3151.
95120-6099, 1994. (30) Staley, R. H.; Harding, L. B.; Goddard, W. A., Ill; Beauchamp, J.

(28) Kaya, K.; Nakagura, STheor Chim Acta 1967 7, 117. L. Chem Phys Lett 1975 36, 589.
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Table 3. Calculated and Experimental Excitation Energies (eV), Oscillator Strengths, Dipole MoméBj}s Spatial Extension&?0(au), and
Transition Moment Directions (deg) for the Excited Singlet and Triplet States in Propanamide

excitation energies oscil str TM dir
state CAS PT2 Exp u w0 twh exp tw exp
1'A'(G.S)) 4.13 68
1A (n— %) 8.27 5.48 5.44 1.90 63 0.001 0.002
2'A"(4d" — 3s) 7.06 6.38 4.68 114 0.022
2'A'(16d — 3s) 7.55 6.42 65 5.00 116 0.019 0.02 +75 —38 (+4)
3A""(16d — 3py) 8.68 6.94 1.35 117 0.001
3'A'(4d' — 3p) 8.22 7.19 2.36 146 0.052 -30
4 (1 — 7*) 10.44 7.28 7.4 5.59 66 0.346 0.71 -31 —35
5'A’(16d — 3py) 8.32 7.34 4.28 154 0.011 —86
6'A’(16d — 3py) 8.42 7.35 4.28 155 0.008 —13
417" (4d' — 3p) 8.16 7.55 0.83 154 0.0001
5'A"(4d' — 3py) 8.43 7.71 7.9 9.54 139 0.004
T*A’(16d — 3dyy) 8.95 8.11 11.46 253 0.002 +31
8'A’(16d — 3dp) 8.95 8.13 16.83 241 0.001 —53
9'A’(16d — 3de-2) 9.00 8.14 8.0 20.45 245 0.001 +75
6'A"(16d — 3d,) 8.82 8.18 13.71 257 0.002
T*A"'(16d — 3dky) 9.01 8.25 13.38 249 0.001
8'A"(4d’ — 3dp) 8.92 8.53 13.96 248 0.0001
10'A'(4d' — 3d,) 9.01 8.58 12.27 255 0.010 -5
11'A'(4d’ — 3dky) 9.29 8.59 20.66 246 0.012 +70
9'A" (4d' — 3de-y2) 9.02 8.62 22.02 237 0.001
10'A"" (4d" — 3dyy) 9.05 8.64 25.28 217 0.001
11*A"(3d" — 3s) 10.47 9.44 5.65 115 0.027
12'A (7t — 7*) 13.31 9.95 9.9 4.59 76 0.205 o +52 +46 (—=72)
LA (n— %) 7.50 5.28 141 69
LA (7 — %) 7.18 5.94 2.47 64
23A’(164 — 3s) 7.02 6.14 4.81 111
237" (4d" — 3s) 7.02 6.20 4.95 108

aThe molecule is placed in they plane Cs symmetry). The convention used places ytaxis along the CO bond and the nitrogen in the fourth
guadrant. The positive angles are defined clockwise frony tinds in the first quadrant as in ref 9. See Figuré Data from the crystal spectrum
of propanamide. The alternative directions are given in parentheses. Referérficstidated value for acetamide in dioxane. In water the band
appears near 5.7 eV. References 9 and®®ut-of-plane polarized transition in the gas phase. Referent®&uum transition for acetamide,
ref 28. In water the band appears at 6.89 eV for propanamide, refs 9 ah&R#nated values in solution. References 9 and/&bserved
transition in crystal propanamide and myristamide. References 9 aridlhis work.

A number of theoretical calculations on the electronic at 5.9 eV in water and at 5.44 eV in dioxafte The blue shift
spectrum of formamide have been reported in the literature. supports its n— z* character.
Oliveroset al.32 performed CIPSI calculations. The excitation The computed excitation energies for the first and second

energies for the lowest states wépe n— z* 5.85 eV and'A’ 7 — m* valence excited states are 7.21 eV (¥nd 10.08 eV
m — 7* 7.56 eV. SobolewsR? also presented CASSCF/ (NV,). The excitation energies decreased as compared to
CASPT2 calculations'p’ n — 7* 5.85 eV, A’ 7 — 7* 7.67 formamide. The r— 7* singlet transition is computed at 5.54

eV). This author, however, completely disregarded Rydberg eV. The result is in agreement with the experimental estimation
states and therefore did not include any additional functions in in nonpolar solven®$ at 5.44 eV. In addition, the dipole
the basis sets. To disregard the Rydberg states leads, in outoment, 2.19 D, is almost half the value of the ground state,
own experience, to an inadequate treatment of the valence stateand therefore a large blue shift can be expected in polar solvents.
and differences in the excitation energies@f.2 eV. Recently,  Our calculations also allow the assignment of some Rydberg
Hirst et al3! reported CASSCF/MRCI calculations on form-  transitions. The two Rydberg series!’2a n = 3 and 10a—
amide using 6-31G** basis sets. Those results are also shownn = 3, present important changes with respect to those of the
in Table 1. We observe that Hirgt al. computed the NY  formamide. The splitting among the different members of the
7 — m* state 0.54 eV too high in energy. Differences of 0.5 series decreased. A weak in-plane transition has often been
eV are common for truncated ClI treatments. In addition, the reported for several amides around 6.5 eV, in both gas and solid
Rydberg states seem to have been computed with too lowphase? This band can also be found in acetamide and
energies. Lack of dynamical correlation and basis sets of poorercorresponds to the!2'(13d — 3s) transition computed at 6.40
quality than those employed in our calculations could be possibleey. We also find a second out-of-plane transition,
factors for the discrepancy. 2'A"(3d’ — 3s), close in energy and with similar intensity. In

The gas-phase spectrum of acetamide reported by Kaya ancgeneral, the intensity of the bands strongly decreases as
Nagakurd® shows an intense and broad band peaking at 7.4 compared to formamide and the acetamide spectrum does not
eV and two shoulders at 7.6 and 7.8 eV. In solution the show sharp peaks.

prominent band shifts to the red with increasing polarity of the  The spectrum of propanamide is similar to that of acetamide.
solvent: 6.8 eV in water and around 6.9 eV in cyclohex#t€.  The energy and intensity of the— 7* NV ; transition slightly

This shift is characteristic of — * transitions. In addition, increases as compared to acetamide (7.28 and 7.21 eV,
a weak transition in the red edge of the spectrum was observedrggpectively). The energy of the NWfransition decreases to
(31) Hirst, J. D.; Hirst, D. M.; Brooks, C. L., Il0. Phys Chem 1996 9.9 eV while its intensity slightly increases. The detailed study
100, 13487.
(32) Oliveros, E.; Riviere, M.; Teichteil, C.; Malrieu, J. €hem Phys (34) Nielsen, E. B.; Schellman, J. A. Phys Chem 1967, 71, 2297.
Lett 1978 57, 220. (35) Dudik, J. M.; Johnson, C. R.; Asher, S. A.Phys Chem 1985

(33) Sobolewski, A. LJ. PhotochemPhotobiol 1995 89, 89. 89, 3805.
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Table 4. Calculated and Experimental Excitation Energies (eV), Oscillator Strengths, Dipole MoméBjs Spatial Extensiorf?(j(au), and
Transition Moment Directions (deg) for the Excited Singlet and Triplet Staté&Nethylformamide

excitation energies oscil str TM dir

state CAS PT2 exp u @20 tw9 exp twe
11A'(G.S.) 4.07 55
1A (n— %) 8.64 5.52 5.5 2.24 61 0.002 0.002
2'A"(3d' — 3s) 7.75 6.08 5.90 96 0.007
2'A’(13d — 3s) 8.21 6.51 65 6.11 100 0.003 0.02 +17
A (r — 7¥) 10.41 6.71 7.0 6.17 59 0.315 0.21 —38
3'A"(3d' — 3p) 8.68 7.08 5.48 127 0.007
41A""(13d — 3py) 8.96 7.12 1.00 118 0.001
41A'(3d' — 3py) 8.30 7.13 7.2 0.84 132 0.025 +3
5A’ (134 — 3p) 8.85 7.29 7.8 8.34 118 0.017 +46
5IA"(3d' — 3py) 8.88 7.37 6.92 135 0.008
6'A’(13d — 3py) 8.65 7.38 7.4 0.25 166 0.009 —-22
6'A""(3d' — 3dp) 9.44 7.97 7.71 226 0.001
T*A'(3d" — 3dyy) 8.90 8.08 8.30 230 0.003 +33
8'A'(13d — 3dp) 9.36 8.12 7.37 228 0.004 +34
A" (3d' — 3dyy) 9.42 8.18 16.91 206 0.001
9'A'(3d' — 3d,) 9.23 8.19 15.85 212 0.012 —59
10'A'(13d — 3de-y?) 9.42 8.19 10.76 210 0.015 -2
8'A"(3d' — 3de-y2) 9.47 8.22 20.88 197 0.000001
9'A"(13d — 3d,) 9.69 8.23 12.53 210 0.00001
11'A'(13d — 3d,y) 9.44 8.24 16.15 205 0.002 +28
10'A""(13d — 3d,,) 9.90 8.25 12.69 193 0.001
11'A"(2d" — 3s) 11.20 9.43 6.50 97 0.019
12'A (r — 7*) 14.01 9.70 9.9 5.11 56 0.102 o +54
LA (n— 7¥) 6.98 5.35 1.95 50
13A (7 — %) 6.96 5.42 4.37 52
23A"(3d" — 3s) 6.29 6.04 5.86 93
23A'(13d — 3s) 7.34 6.54 5.97 97

aThe molecule is placed in they plane Cs symmetry). The convention used places ytaxis along the CO bond and the nitrogen in the fourth
guadrant. The positive angles are defined clockwise frony tinds in the first quadrant as in ref 9. See Figuré Data from the crystal spectrum
of propanamide. Reference ©Estimated value for methylacetamide in nonpolar solvent. In water the band appears near 5.7 eV. References 9
and 34.9 Out-of-plane polarized transition in the gas phase. Referent®&uum transition foiN-methylformamide, ref 28.Estimated values
in solution. References 9 and 34This work.

of the crystal spectrum of propanamide performed recently by 2. Secondary AmidesN-Methylformamide and N-Meth-
Clark® provides also accurate transition moment directions for ylacetamide. The experimental gas-phase spectrum Naf

the different transitions. Table 3 includes the computed and methylformamidé® presents a broad, structured band system
experimental transition moment directions, using the convention ranging from 7.0 to 7.6 eV. The absorption maximum is a sharp
outlined in Figure 1. The experimental values for the valence peak at7.4 eV. A complete assignment of all observed features
m — * states of propanamide are35° and +46° (—72°), is difficult to perform. The computed value for the excitation
respectively. The values in parentheses report the secondenergy to the valence — =* NV, state is 6.71 eV with an
possibility consistent with the observed spectra. Our computed oscillator strength of 0.315. The computed excitation energy
values for the NV and N\, transitions, —31° and +52°, is ~0.7 eV too low compared to the experimental observation.
respectively, are in agreement with the experimental values. It Such a large error is very much unlikely and suggests that the
appears that the crystal effects do not strongly distort the experimental spectrum has been misinterpreted. Moreover, this
transition moment directions for the valence states. Our discrepancy has also been observed in semiempirical calcula-
calculations are also consistent with pervious INDO/S calcula- tions?*but has been attributed to the limitations of method. By
tions by ClarR which have been used to select the correct angles. 0mparing the spectra of acetamide ahthethylacetamide we

We also note that the observed and computed polarization angledind that thez — z* excitation energy decreasesD.5 eV. In
for the R band in propanamide+75° and —38 (+4°) formamide, a smaller molecule, the effect of the substitution

_may be even larger and therefore expect to find the Sidte
close to 6.9 eV. It appears that the valemce> 7* NV ; state
cannot be assigned to be one of the sharp peaks observed in
the range from 7.1 to 7.5 eV and it may be hided in the low-
Lhergy side of the broad band. A more detailed gas-phase
spectrum of N-methylformamide is required to solve the

respectively, are almost orthogonal and deserve several com
ments. The R transition is considered to be a Rydberg
transition. Traditionally, it has been asserted that Rydberg
transitions do not appear in condensed phas&his does not
seem to be true always. Rydberg states have been observed
weak shoulders in condensed phd%ead even in solid phases o ’
or films 237 Solute-solvent interactions will, however, perturb ambiguity in the assignment. e

such Rydberg states and therefore transition moment directions The gas-phase SpeCtrymWnethylacetamld@ differs from
measured in gas and in solid phases might be difficult to that of N-methylformamide in that two well-separated bands

compare. Comparing the polarization directions with the data are observed in the spectrum from 6.5 to 7.8-@e broad
for formamide and acetamide, we also find that the transition band centered around 6.8 eV and one sharp peak at 7.7 eV.

L . .
moments of the valence states are preserydd). In contrast, The g%rgputzdgeégltas/on g&ergleﬁlf?r thetvale1tuheenf gtg%s d
the polarization direction of the JRstate changes drastically. aré ©.75 and .50 €V, with osciliator strengths of . an

0.179, respectively. The result of 6.76 eV perfectly matches
(36) llich, P.; Sedarous, S. SpectroscLett 1994 27, 1023. with the observed band maximum at 6.8 eV. Note also that
(37) Albinsson, B.; Norée, B. J. Phys Chem 1992 96, 6204. the computed energy for the N\étate is 0.05 eV higher than




12196 J. Am. Chem. Soc., Vol. 118, No. 48, 1996 Serrano-Andme Fiischer

Table 5. Calculated and Experimental Excitation Energies (eV), Oscillator Strengths, Dipole MoméBjs Spatial Extensiorf?(j(au), and
Transition Moment Directions (deg) for the Excited Singlet and Triplet Staté&Nethylacetamide

excitation energies oscil str TM dir

state CAS PT2 exp €l u w0 twe exp Ccp twe
11A'(G.S.) 4.14 68
A" (n— 7%) 8.20 5.49 5.5 5.85 1.90 63 0.001 0.002
2'A"(4d" — 3s) 7.45 5.96 5.10 111 0.005
2'A'(16d — 3s) 7.96 6.22 63 5.83 4.35 112 0.014 0.62 0.010 -84
A (T — 7¥) 10.00 6.76 6.8 8.19 6.41 68 0.279 0.30 0.167 —42
41A'(4d' — 3py) 8.48 6.93 7.13 1.01 148 0.019 0.046 —44
5'A’'(16d — 3p,) 8.54 6.98 4.28 148 0.007 +52
3'A"(4d’' — 3py) 8.34 7.02 6.43 155 0.007
6'A’(16d — 3py) 8.67 7.03 74 6.80 0.25 166 0.006 0.015 +39
41A""(16d — 3p) 8.65 7.11 7.00 0.45 152 0.000001 0.037
51A""(4d' — 3p) 8.44 7.12 4.69 158 0.002
6'A"(16d — 3d,) 9.34 7.71 9.02 230 0.00001
7*A’(16d —3de-y2) 9.19 7.74 7.9 7.29 12.88 222 0.012 0.004 —22
8'A'(16d — 3d2) 9.31 7.75 7.37 7.37 228 0.003 0.015 +33
9'A’(16d — 3d) 9.34 7.76 7.53 9.87 233 0.003 0.001 +48
T*A"(4d' — 3dp) 9.04 7.85 7.71 226 0.002
8'A"(16d — 3dy) 9.40 7.86 13.38 249 0.00001
A" (4d" — 3de-2) 9.21 7.90 22.02 237 0.0001
10'A'(4d’ — 3dky) 9.29 7.91 7.93 8.30 230 0.005 0.029 —62
10'A" (4d' — 3dyy) 9.24 7.94 25.28 217 0.0001
11'A'(4d’ — 3d,) 9.52 7.98 8.02 13.57 226 0.032 0.031 -17
11'A"(3d" — 3s) 10.75 9.04 5.95 113 0.012
12'A (7t — ) 12.89 9.60 9.9 4.67 65 0.179 o4 +39
1L3A"(n — %) 7.27 5.22 5.61 1.86 65
13A" (;r — %) 7.58 5.43 6.11 4.66 67
2°A"(4d' — 3s) 6.81 5.86 4.67 110
23A'(16d — 3s) 7.12 6.30 3.59 111

aThe molecule is placed in they plane Cs symmetry). The convention used places ytaxis along the CO bond and the nitrogen in the fourth
guardrant. The positive angles are defined clockwise frony thés in the first quadrant as in ref 9. See Figuré $elected Cl results. Reference
38. ¢ Value for N-methylacetamide in nonpolar solvents. In water the band appears near 5.7 eV. References 9, 34 Gsiih®&ed values for
propanamide from ref @ Vacuum transition foN-methylacetamide. Reference 28. In water the- 7* band appears at 6.6 €¥:#¢1 Estimated
values in solution. References 9 and 3Zhis work.

in N-methylformamide. The low-lying A~ 7* and 164 — 3s the effect of the additional methyl group is small: The excitation
states appear to overlap the— x* band in the experimental  energy is 0.03 and 0.13 eV higher tharNmmethylformamide
spectra. Finally, three assignments have been made for theand N-methylacetamide, respectively. Therefore, we assigned
Rydberg states. The'lA' (16d — 3p,) state computed at 7.03  the intense 7.5- and 7.8-eV bands to the vertical transition to
eV is assigned to the weak feature observed at 7.1 eV. Boththe 8A'(16d — 3d,;) and 10A'(16d — 3de-,2) Rydberg states,
the computed intensity and the fact that this state (HOMO respectively.
3p) remains strong in the different molecules suggest the 4. General Trends. In general, it has been observed that
assignment. More convincingly, the sharp 7.7-eV peak is the computed oscillator strengths for the valence and Rydberg
assigned to be the'&’ (16d — 3dc-2) state computed at 7.74  ansitions are qualitatively correct but may differ considerably
eV. This state also seems to keep its intensity in the other fom experiment on an absolute scale for the following reasons.
molecules. . . Typically, the valence bands have vibrational progressions
Table 5 contains the comparison of thg present.values to theranging from the band origin to the maximum and the tail of
selected Cl results by Nitzsche and David8briTheir results  he hand is due to differences in the equilibrium geometries of
are comparable to the CASPT2 ones for the Rydberg transitions.he excited state with respect to the ground-state geometry. Such
The excitation energy for the valence N¥tate, 8.19 eV, is  |ong progressions are hardly seen for Rydberg states. However,
undoubtedly too high, and is mainly due to the strong mixing 3jence and Rydberg bands are often superimposed. Hence, a
of valence and Rydberg states. _ proper assignment is usually difficult. The computed oscillator
3. Tertiary Amides: N,N-Dimethylformamide. Toobserve  gyengths for the NV state range from 0.2 to 0.3 and the
the effect of an additional alkyl supstltutlon on thelnltrogen We computed intensities for the Rydberg states are in general less
also computed the spectrum®fN-dimethylformamide. Both 3101 In general, the observed bands in the spectra have
Hunt and Simpsoff and Kaya and Nagakutareport the gimijar intensities. This is, however, only true for gas-phase

experimental gas-phase spectrum up (o 8.0 ?V' Two well- spectra, and it is due to the sharpness of the Rydberg band.
separated bands are observede broad and intense band  Thig tact led Hunt and Simpséhto view the 7.8-eV band in
centered around 6.4 eV and a second, less broad*band at 7"?\I,N-dimethylformamide as being due to a valence and not a
eVv. The 6.4-eV band corresponds to the valemee z* NV, Rydberg state. A similar situation has been found previously
transition. Hunt and Sppsé‘hassgned the 7.8-eV band to in formaldehyde and acetofi€? These molecules have a similar
the second valence— w*, NV, transition, and, over the years, electronic structure as the amides except for the presence of a

: . .
it r|1as alsot tieenf tzﬁllevedt_tg coLrespong to the Se“:gﬁ%f_ secondr orbital (2& in formamide) in amides. The valence
valence state or thé peptidé chromophore In proteinsiis 7 — 7* NV, states can be viewed as a localized intracarboxyl

as;5|g|n rtr)ent IS‘I'T:] 0\’/\lvev¢tari not correctt '(;' tthge yghtvof It\;'e present excitation, and, therefore, it can be expected to be similar in
caiculations. e Nystate is computed at 9.73 eV. Moreover, both type of systems. This is true for the computed vertical

(38) Nitzsche, L. E.; Davidson, E. B. Am Chem Soc 197§ 100, 7201. excitation energies, 9.77 and 9.16 eV in formaldehyde and
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Table 6. Calculated and Experimental Excitation Energies (eV), Oscillator Strengths, Dipole MoméBjs Spatial Extensiorf?(j(au), and
Transition Moment Directions (deg) for the Excited Singlet and Triplet Staté§Nrdimethylformamide

excitation energies oscil str TM dir

state CAS PT2 exp u 20 twf exp tw
11A'(G.S.) 4.20 71
A" (n— 7%) 8.62 5.64 55 2.87 70 0.001 0.002
2IA" (44’ — 3s) 7.67 5.92 5.9 1.57 119 0.005
2'A'(16d — 3s) 8.43 6.48 4.22 117 0.002 0°02 +6
A (r — 7¥) 8.51 6.50 6.4 6.80 76 0.365 0.30 -39
41A'(4d' — 3py) 8.28 6.55 6.4 1.13 148 0.004 =77
3tA"(4d' — 3p) 8.22 6.63 1.21 157 0.002
4*A"(4d’ — 3p)) 8.36 6.77 6.7 1.19 162 0.001
5'A"(16d — 3py) 8.68 6.81 6.9 2.64 123 0.002
5'A’'(16d — 3p) 8.90 7.09 7.1 1.34 152 0.010 +33
6'A" (4d' — 30dyy) 8.52 7.16 10.61 215 0.00001
6'A'(16d — 3py) 9.02 7.20 7.2 1.30 161 0.004 +81
T*A" (4d' — 3dp) 8.79 7.24 6.42 203 0.0001
8'A""(16d — 3dy,) 9.57 7.25 4.90 176 0.00001
9*A"(4d" — 3de—?) 8.65 7.32 16.35 218 0.003
7*A'(4d' — 3d,y) 8.99 7.37 7.4 5.39 217 0.005 +85
8'A'(4d' — 3d,) 9.07 7.48 75 10.09 220 0.046 —59
10'A"" (164 — 3d,) 9.29 7.66 12.69 193 0.001
9'A’(16d — 3dp) 9.48 7.76 7.52 207 0.003 +52
10'A’(16d — 3de-y2) 9.47 7.84 7.8 5.95 220 0.014 —15
11'A'(16d — 3dyy) 9.54 7.94 7.65 225 0.006 +70
11'A"(3d" — 3s) 11.16 9.37 1.84 118 0.014
12'A(7r — ) 11.58 9.73 9.9 5.53 75 0.162 04 +41
A" (n— 7%) 7.74 5.06 5.00 2.14 65
1A' (7 — 7%) 8.03 5.41 4.73 67
23A"(4d’ — 3s) 7.43 5.88 1.52 118
23A'(16d — 3s) 7.66 6.57 5.66 116

aThe molecule is placed in they plane Cs symmetry). The convention used places ytaxis along the CO bond and the nitrogen in the fourth
guadrant. The positive angles are defined clockwise fromytlgis in the first quadrant as in ref 9. See Figure® Yacuum transition for
N,N-dimethylformamide, refs 10 and 28Data from the crystal spectrum of propanamide. Referené&Stimated values in solution. References
9 and 34.£ Trapped electron spectrum bEN-dimethylformamide in the gas phase. Reference’ 30is work.

Table 7. Calculated CASPT2 Excitation Energies (eV) and Oscillator Strendjtier(the Excited Singlet States of the Studied Molecules

state PT2 f PT2 f PT2 f
formamide acetamide propanamide
A" (n— 7*) 5.61 0.001 5.54 0.001 5.48 0.001
A (;r — 7%) 7.41 0.371 7.21 0.292 7.28 0.346
A (7t — 7%) 10.50 0.131 10.08 0.179 9.95 0.205
N-methylformamide N-methylacetamide

A" (n— %) 5.52 0.002 5.49 0.001

A (7t — 7%) 6.71 0.315 6.76 0.279

A (T — 7%) 9.70 0.102 9.60 0.179

N,N-dimethylformamide

A" (n— %) 5.64 0.001

A (r — 7%) 6.50 0.365

A (T — 7*) 9.73 0.162

acetone, respectively, and between 10.5 and 9.6 eV in themolecules. Direct observation of the— 7* NV , state might
amides. Both in formaldehydand in acetori® detailed studies be difficult due to the small FranekCondon factors for the
on potential energy curves of the valence and Rydberg stateslower vibrational levels, if the formaldehyde and acetone models
as a function of the €0 length coordinate were performed. hold true for the amide%?:39

The valencer — * state (NV;) has been shown to decrease  Taple 7 lists the excitation energies and osillator strengths
in energy to 7.84 and 7.42 eV in formaldehyde and acetone, of the valence singlet excited states. The;Ndénd is the most
respectively, when the-€0 band distance is increased by 0.33  intense transition in the spectrum. It can be characterized as
and 0.10 A, respectively. The state is also proposed to have 3HOMO — LUMO excitation. Typically, the HOMO has a large
short lifetime and therefore to appear in the spectrum as ‘?‘_diffusecoefficient at the nitrogen atom. It can also be described as an
background beneath the experimentally resolved transitions t0jniramolecular charge transfer transition. The population analy-
the Rydberg state8. It is, however, the direct or indirect s reveals that a charge of 8:8.4 & has been transferred

coupling be_tween this_ valence state af‘?‘ th.e different Rydbgrg from the nitrogen to the CO group with respect to the ground-
states that is responsible for the intensification of the otherwise state population in all the molecules. The frequency of the

weak and sharp Rydberg states. In the amides the miXin.gtransition will strongly depend upon the ionization potential of

among the different states is even more pronounced than IN{he —NR, group. The alkyl substituents on the nitrogen act as
formaldehyde or acetone due to the lower symmetry of the electron-withdrawing groups which destabilizes the second
orbital. This can be observed in the experimental ionization
potential of methylamines, decreasing in the series MgNté,-

(39) MerchHa, M.; Roos, B. O.; McDiarmid, R.; Xing, XJ. Chem Phys
1996 104 1791.
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NH, and MeN: 8.89, 8.15, and 7.76 e¥. In addition, energy it is not affected by substitutions on that atom. Form-
increasing the size of the alkyl chain will further lower the amide is an exception from these rules in that the lowest
ionization potentials. Since the substituents also become moreorbital is localized on the CO group and 0.5 eV higher in energy
polarizable, states for which the nitrogen atom is chatbedl as compared to acetamide and propanamide. Moreover, com-
be stabilized further. The ionization potentials for the ethyl- paring formamide to acetamide, the electron-withdrawing effect
amines EtNH, EbNH, and EgN are 8.76, 7.85, and 7.11 eV. uponC-alkylation is large 40.22¢e). Thus, the stabilization of
In conclusion, substitution on the nitrogen atom leads to a the antibonding orbital in acetamide and propanamide is due to
considerable stabilization of the NVstate with transition the strong delocalization when attaching the alkyl substituent.
energies of 7.4, 7.0, and 6.5 eV for formamitiemethylform- RobirP also observed a reduction of intensity of the NV
amide, and\,N-dimethylformamide (cf. Table 7) and 7.4 and  transition in various alkylated amides as compared to formamide.
6.8 eV for acetamide antN-methylacetamide, respectively. This is also a consequence of the nature of the HOMO and
TakingN-methylacetamide as the best model for larger peptides, LUMO orbitals. In formamide both orbitals have large spatial
a further decrease of the excitation energy can be expected fofoverlap because the LUM@* orbital is localized. The opposite
larger substituents on the nitrogen atom. The early spectroscopicsituation occurs on the remaining amides, where a decrease of
studies on proteins showed a high-intensity absorption band inthe transition intensity can be explained by the lack of spatial
the neighborhood of 6.5 eV which increased in intensity from overlap between the orbitals. In summary, the expected
smaller to larger oligopeptidéd. This band is not seen in  N-alkylation andC-alkylation effects are fulfilled in the studied
aliphatic amino acids and it can be easily related to the NV amides except in formamide due to the absence of any type of
(7t — z*) transition in simple peptides. At a first approximation, substituents.
the peptide group behaves as an isolated chromophore with  Finally, the Q band of amides can be assigned as the valence
additive intensitied344 Other pOSSibilitieS for the assignment 7 — * NV , transition, Computed between 9.6 and 10.5 eV in
of the 6.5-eV band in proteins can be discarded, as will be shownthe different molecules. The analysis of the wave function
by our subsequent study on simple amino acids and peptides. reveals that it is not strictly an intracarboxylic transition. The
The band at 6.5 eV is also a clear characteristic of polyamides contribution to the wave function of the HOMO=% LUMO
such as nylons and related polyméf§,where the peptidic 7 — z* single excitation is about 60%, but the double excitation
bonds are the unique chromophores. HOMO,HOMO — LUMO,LUMO (x)° — (*)2 contributes

The effect attaching alkyl groups to the carbon atom is, in  apout 25%, with a subsequent transfer of charge from nitrogen
general, opposite to that of alkylating the nitrogen atom, i.e. to carbon. As discussed earlier in this section, this state is
the energy of the NVtransitiorf increases slightly. This effect  thought to decrease in energy when increasing the CO bond
can be observed comparing acetamide to propanamide andength. In addition, in gas-phase Rydberg and valence states
N-methylformamide tdN-methylacetamide (cf. Table 7). How-  are interfering thus leading to states of composite character and
ever, the substitution effect is less than 0.1 eV in both cases.complex band structures. In solid and liquid phase, where
The situation is different in formamide, where the CompUtEd Rydberg states cannot be Obser\/ed, the electronic Spectra of
excitation energy is 0.2 eV higher than in acetamide and can gmides expose a single intense band close to 9.9 é¢\has
be rationalized in a qualitative way. The methyl group promotes heen suggested that it was related to the conduction band of
the generation of a positive charge in theystem of an adjacent  the solid, but an alternative explanation is that the interaction
atom. Mulliken pOpU'ationS calculated for the gl'OUnd state of among the valence and Rydberg states is great|y reduced in
the present molecules at the SCF level of approximation reveal solids and therefore the N\band increases in intensity.
the following net charges on nitrogern:-0.78 (formamide),
—0.81 (acetamide);-0.81 (propanamide);-0.61 (N-methyl- 4. Summary and Conclusions
formamide), —0.65 (N-methylacetamide), and-0.44 (,N-
drmethylformamrde) The Corresponding Charges on the Carbon W|th the general alm to Chal’aCteriZE the Ol’igin Of e|eC'[I’0niC

atom attached to the oxygen at.35 (formamide)+0.57 spectra of proteins, the present paper discusses the absorption
(acetamide),+0.59 (propanamdie)+0.34 (-methylform- spectra of a series of simple amides. To this end, we computed
amide),+0.56 (N-methylacetamide), an¢t0.34 (N,N-dimeth- the vertical electronic gas-phase absorption spectra of three

ylformamide). Since the Ny/transition is largely a nitrogen-  Primary amides (formamide, acetamide, and propanamide), two
to-carbon charge transfer, the excited state will be stabilized Secondary amidesN¢methylformamide andN-methylacet-

by the methyl effects decreasing the charge on nitrogen andamide), and one tertiary amidl,\N-dimethylformamide). The
increasing it on carbon as found Byalkylations. C-alkylations, results are compared to the available experimental information.
on the contrary, will destabilize the excited state. The effect The ground-state geometries of the present molecules were
can also be observed in the orbital energy (SCF level) of the Optimized at the MP2 level of approximation. Excited states
HOMO (7) orbital. Its energy does not vary in the series Were studied by the CASSCF/CASPT2 method. The calcula-
formamide, acetamide, and propanami@ea{kylation), but it tions include a large number of singlet and triplet valence and
is destabilized by 0.5 eV irN-methylformamide andN- Rydberg excited states.

methylacetamide, and by 2.0 eV MN-dimethylformamide. The computed spectra obtain for each of the molecules one
The orbital has a node on the carbon atom and therefore itsintense valenca — * NV 1 transition placed between 6.5 and
7.4 eV and a second weak valence—~ 7* NV ; transition at
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the approximate additive character of the absorption taking placethe second intense band observed in electronic spectra of
in the amide group when acting as the peptide chromophore.proteins at 7.5 eV. This question will be addressed in more
In the authors opinion, the second intense band in electronicdetail in a subsequent publication including calculations on
spectra of proteins has been misinterpreted as being due to thaimple models of dipeptides.

second valence — x* transition. The latter has been computed
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