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Abstract: The Complete Active Space (CAS) SCF method and multiconfigurational second-order perturbation theory
(CASPT2) have been used in a theoretical analysis of the electronic spectra of glyciheaartylglycine. The
calculations comprise a large number of singlet valence and Rydberg excited states. The electronic spectrum of
glycine is dominated by excitations located at the carboxylic acid group. Two vatenee* states (named NV

and NV\%") have been computed at 8.10 and 10.20 eV with intensities 0.194 and 0.125, respectively. We found in
glycine two weak valence - r* states 5.65 and 6.51 eV above the ground state. One involves excitations from
the lone pair orbital on the carboxylic oxygen. The second can be characterized as an intramolecular charge transfer
state from the amine terminal group to the peptide unit. A w™* excited state comprising excitations from the
in-plane lone pair of the nitrogen is suggested to be responsible for a weak band around 8.6 eV. The spectrum of
N-acetylglycine is shown to be composed of the superposition of the spectra of the peptide bond and the carboxylic
acid group, the chromophores forming the system. We computeld-&metylglycine the NY amide band at 6.76

eV, the N/’ acid band at 8.55 eV, the N\Wband at 9.51 eV, and an intramolecular charge transfer state at 10.13

eV as the most intense features of the absorption spectrum. Based on these results and qualitative calculations on
a simple dipeptidic system the most important features of the spectra of larger polypeptides are suggested to be
composed of the following excitations: a weak band at 5.5 eV is caused by-tha*hexcitation from the oxygen

lone pairs, a band at 6.5 eV dueso— z* NV ; transitions localized at the peptide group, a band at 7.5 eV due to
charge transfer states involving electronic transitions between neighboring peptide units, and a broad band at higher
energies which is mainly composed of the secant> 7* NV , valence state of the peptide group.

obtained if all valence electrons are included in the treatment
of electron correlation. The calculations presented here proceed
in two steps: First, multiconfigurational wave functions are
determined for all states of interest using the complete active
space (CAS) SCF method. In the second step, the CASSCF
wave function is used as a reference function for the treatment
of remaining correlation effects by second-order perturbation

heory, the so-called CASPT2 method. The CASSCF/CASPT2

pproach has been applied to a large number of different
molecular system&? The results are consistently of high
accuracy; excitation energies are reproduced with an accuracy
'of 0.2 eV and better where comparison with experiment in the
Ogas phase can be made.

Gas-phase spectra of the simple amides have been interpreted
as five-band systems including transitions named WY N¥/4,
52, and Q according to Mulliken’s nomenclature. In 1953 Hunt
and Simpsoh reported ultraviolet spectra for some simple
amides. Originally, these authors assumed that the two valence
o — * bands in formamide, named N\And N\%, were placed
around 7.2 and 9.2 eV, respectively. However, Hunt and
Simpson also studied,N-dimethylformamide which has a new
band at about 7.7 eV. To explain its origin Hunt and Simpson
assumed that the second— s* transition has shifted as much
as 1.5 eV to lower energies upon alkyl substitution. Four years
later Peterson and Simpsoreported the electronic spectrum
of myristamide in the crystalline phase. In accord with previous

1. Introduction

Electronic spectra of proteins can be considered as a
superposition of spectra of individual components that make
up the molecules and can be attributed to three groups of
chromophores: aromatic side chains, the peptide bond, and
terminal amino and carboxyl groups. Such complex spectra
cannot be understood unless the spectra of the individual
components are properly assigned. Earlier, we have presente
calculations on the aromatic amino acids tryptophan, phenyl-
alanine, and tyrosine, and, in addition, histidine. In these studies
the chromophores were modeled by benzene, phenol, indole
and imidazole, respectively* Recently, we presented a paper
on the spectroscopic properties of the amide group as modele
by formamide and some of its alkylated derivativesn this
paper we report on the absorption spectrum of glycine and
N-acteylglycine. These molecules have been selected as model
for the contribution of terminal amino and carboxyl groups to
the electronic spectrum of proteins, and to bear new insight in
the origin of the 7.5-eV band observed in protéins.

To predict electronic spectra from first principles is a difficult
task. Qualitative and quantitative correct results can only be
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work they considered the 6.7- and 7.7-eV bands to be due to2. Methods and Computational Details
— * i -
m — 7* excited valence states, although the 7.7-eV band was Experiment® and earlier theoretical studi€d* established that

never observed in a crystalline environment. glycine assumes a planar conformation in the gas phase. Similarly,
Carboxylic acids are expected to have similar electronic acetylglycine has been shown to be almost planar in the crystal phase.
spectra as the analogous amides since s#hgystems are  For reasons of consistency, the ground-state geometries of the present
isoelectronic. Therefore, the electronic spectra of simple molecules_ were_thus optimi_zed at the_MP_Z level using the 6-31G* basis
carboxylic acids, such as formic or acetic acid, as well as the SetS and imposing constraints to maint@insymmetry. _ _
corresponding esters, have been interpreted within the same bang\/The calculation of excited states requires basis sets of high quality.
scheme as the amides (WRy, NV, Ry, and Q bandsf e used atomic natural orbital (ANO) type basis Satétriple-¢ plus

. . polarization quality for the first-row atoms (C,N,O 4s3p1d/H 2s). These
Primed symbols are therefore employed to name transitions p,qis sets were supplemented with a 1s1pld set of Rydberg-type

originating from the carboxylic acid fragment. In 1973 Mc-  functions. The latter were determined separately for each molecule
Millin et al'® measured electronic spectra of several monomeric following the procedure described earliend placed at the average
amino acids and derivative polymers. They observed a bandcharge centroid of théA’ and?A" cations. Exponents and coefficients

at 7.5 eV which, in accord with Peterson and Simpson, was for the diffuse functions are given in Supporting Information. The 1s
assigned to a — z* transition. electrons of the first-row atoms were kept frozen in the form determined

. . . . . . by the ground-state SCF wave function and were not included in the
The assignment of Hunt and Simpson, in particular the origin .5iculation of the correlation energy.

of the band placed at about 7.5 eV, has been questioned for The CASSCE/CASPT2 methdt-18 was used for all excited-state
quite some timé. However, it has been only recently that calculations. This method is a two-step procedure to calculate state
Clark!! published a detailed crystal spectraNsficetylglycine energies corrected through second order in perturbation theory with a
which allows the identification of the bands conclusively. In CASSCF wave function constituting the reference function. In general,
agreement with our previous calculatidh@)ark observed two the active space is chosen such as to include all strongly correlating
7 — x* valence transitions related to the amide group, one orbitals, i.e., orbitals with o_ccupation_numbers appreciably different
(called NV4) placed at about 6.5 eV, and a second gNabove from 2 or 0. Thereby all static correlation and near-degeneracy effects

he f . fthe i . d h are included in the CASSCEF reference function, and consequently there
9.0 eV. The former carries most of the intensity and was ShOwn ;| pe no large terms in the perturbation expansion. Recently, a level

to be proportional to the number of peptide units in proteins. ghift technique has been introduced, the socalled LS-CASPT2

In the gas phase, Clark also observed an additional weakapproach, which allows the effect of intruder states common in many
n — z* band (W band) placed at about 5.5 eV as well as a calculations on excited states to be avoided. Here, a value of 0.3 au
number of Rydberg transitions. In the high-energy tail of the has been used for the level shift in all the computed states. Finally,
intenser — 7* transition several weak features can be seen. transition properties were obtained by combining the CASSCF transition

They have been attributed to Rydberg 3p and 3d states as welf"omeniscalculated with the CAS State Interaction (CASSI)
as n— o* transitions® In addition to the transitions related to method-with excitation energies evaluated using the CASPT2 energies.

. . e . For the present molecules the active spaces were chosen as follows:
the amide group, Clatk identified two transitions thought to (a) glycine-in Cs symmetry, the threer orbitals located on the

be related to the carboxylic acid group: one short-axis polarized carhoxylic acid group and the twe lone pair orbitals located at the
band near 8.0 eV (N¥ band) and one weak shoulder at 6.9 carboxylic oxygen and nitrogen span the minimal active space labeled
eV (Ry' band). (2,3), which is the number of @nd & orbitals, respectively, and the
The present calculations support Clark’s assignments in "Umber of active electrons is six; (y-acetylglycine-since N-
N-acetylglycine and show that the 6.5-eV band in polypeptides acetylglycine may be considered as a covalently linked acid and amide

. I . group, the minimal active space is given by the sum of the minimal
is related to the Nyband within the peptide bond. The next active spaces needed to properly describe these subunits. It consists

intense excited valence state (NVwas calculated 8.55 €V of six 7-orbitals and twar lone-pair orbitals located at the carboxylic

above the ground state and corresponds tarthes* transition oxygens, including 12 electrons, and is labeled (2,6).
localized on the carboxylic acid. In the energy range between In numerous calculations we have shéwimat Rydberg states may
6.5 and 8.5 eV we found a number of Rydberg and-nr* interact with valence states and may lead to erratic results. The

excited states all being characterized by small oscillator recommended procedure is therefore to always include diffuse functions
strengths. Among these, we also located a charge transfer staté! the basis set and Rydberg-type orbitals in the active space. Thus,
which is associated with the migration of an electron from the to compute the lowest (3s, 3p, and 3d) Rydberg series we should include

. . . - nine additional orbitals, six of aymmetry and three of ‘'assymmetry.
carboxylic acid to ther* orbital located at the peptide bond. This leads, however, to active spaces exceeding the limits of our present

From the present and earlier results for these model systemsmplementation of the CASSCF program. Therefore, we proceeded
we cannot find any suitable state which may correspond to the in two steps and first considered only the 3s and 3p Rydberg orbitals.
origin of the 7.5-eV band in proteins. However, the presence Three aorbitals and one'aorbital were added to the valence active

of a large number of peptide units in a polypeptide allows for space. All calculations needed to characterize the 3s and 3p Rydberg
a large number of charge transfer transitions among the.subunits. (12) lijima, K.; Tanaka, K.; Onuma, S. Mol. Struct 1991 246, 257.
The presence of a weak charge transfer band in glycine close (13) Csaza, A. G. J. Am Chem Soc 1992 114, 9568.
to 7.0 eV suggests these transitions might not be at high energiesllélg)g;'gv C.-H.; Shen, M.; Schaefer, H. F. S.,JlIIAm Chem Soc 1993
and tht_arefor_e the _7.5-eV_ band cpuld b_e due to charge transfer ™ (15) widmark, P.-0.; Malmqyist, P'-ARo0s, B. OTheor Chim Acta
states involving neighboring peptide units. To test this hypoth- 1999 77, 291. _ _ _ 3
esis we also computed the electronic spectrum of a model  (16) Roos, B. O. IiAdvances in Chemical Physicab Initio Methods

. . e . Lo in Quantum ChemistryLawley, K. P., Ed.; John Wiley & Sons Ltd.:
dipeptide. At a qualitative level these calculat|on§ indicate the chichester, England, 1987; Vol. Ii, Chapter 69, p 399.
presence of such charge transfer states at energies close to 7.5 (17) Andersson, K.; Malmqvist, P.-ARoos, B. O.; Sadlej, A. J.;

i i i i Wolinski, K. J. Phys Chem 199Q 94, 5483.
eV with a computed intensity about a third of that of the NV (18) Andersson. K.. Malmavist, P -aR00s, B. O.J. Chem Phys 1092

band. 96, 1218.
(19) Roos, B. O.; Andersson, K.;"Beher, M. P.; Serrano-AndseL.;
(20) McMillin, C. R.; Rippon, W. B.; Walton, A. GBiopolymers1973 Pierloot, K.; Mercha, M.; Molina, V. J. Mol. Struct (Theochem}996§ in
12, 589. press.

(11) Clark, L. B.J. Am Chem Soc 1995 117, 7974. (20) Malmqyvist, P.’A Roos, B. O.Chem Phys Lett 1989 155 189.
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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 States in Glycine

excitation energies oscil str T™ dir

state symbal PT2 exp u w20 twa twa
1'A'(G.S)) 1.24 69
1A (no — 7*) w’ 5.65 5.8-6.0 2.15 65 0.001
21A!(ny — 3s) 6.09 2.72 107 0.005 -30
2'A" (ny — %) 6.51 9.25 60 0.003
3A'(no — 3s) R’ 6.98 6.9-7.0 4.20 126 0.059 +41
3TA"(ny — 3p) 6.99 0.90 136 0.0001
AA'(ny — 3p) 7.19 3.25 141 0.003 -71
5tA"(ny — 3py) 7.57 9.50 132 0.013 +74
6%A'(Nno — 3py) 7.67 5.78 122 0.004 +89
7*A'(ny — 3de-y2) 7.77 8.85 209 0.006 +90
A" (71, — 3s) 7.90 5.29 104 0.00001
5'A"(no — 3p,) 7.99 551 163 0.002
8'A'(no — 3p) 8.01 3.61 145 0.007 +87
9'A'(no — 3d2) 8.02 10.00 214 0.003 -71
10'A’(no — 3dky) 8.09 11.98 213 0.069 +41
11A (r — %) NV7' 8.10 8.0-8.2 3.26 71 0.194 —55
6A" (ny — 30y 8.11 9.80 175 0.001
TA" (nn — 3d,) 8.19 9.96 208 0.001
12'A"(ny — 30ky) 8.43 14.31 211 0.014 +74
13'A'(no — 3de-y2) 8.59 6.75 211 0.005 +89
14'A' (ny — 3d2) 8.60 10.87 213 0.007 +87
15'A'(ny — o%) 8.86 8.5 5.37 102 0.047 —88
16'A’ (71 — 3p) R, 8.99 8.9 0.44 138 0.031 —44
8'A"(no — 3d,) 9.02 8.45 209 0.0001
9*A" (no — 3dky) 9.13 5.32 208 0.004
10'A" (72— 3py) 9.17 2.87 130 0.019
11'A" (72— 3py) 9.53 3.25 152 0.014
17*A (71, — 3dky) 9.91 2.98 214 0.035 —44
18'A' (77, — 3d,) 10.20 1.69 210 0.005 +9
19'A" (7w — %) NV, 10.21 10.0 3.41 87 0.125 +18
20'A'(no — ¢*) 10.22 3.61 101 0.086 —41
12'A" (71, — 3dky) 10.26 2.84 215 0.0001
13'A" (1, — 3de-y2) 10.30 8.65 213 0.00001
14*A" (71, — 3d?) 10.32 1.37 214 0.0001

aSee text. tw: This work? The molecule is placed in they plane Cs symmetry). The used convention places yhexis along the CO bond
and the oxygen in the fourth quadrant. The positive angles are defined clockwise frgraxigein the first quadrant as in ref 11. See Figure 1.

¢ See text for the discussion of the experimental values.

states are carried out, and, finally, the 3s and 3p Rydberg orbitals arehas not been provided. McMilliet all° reported the vacuum
removed from the orbital space. In successive steps the 3d Rydbergyltraviolet spectra of a series of pofyamino acid)s. Films of

orbitals take their pIaCe and the process is reiterated. Fina”y, the the amlno ac|ds were Obtalned by Castlng Samples onto Ilth|um
valence state properties are determined from CASSCF wave functionsg, oride crystals and evaporating the solvent at room temper-

where all Rydberg orbitals were removed from the agtlve space. Th!s ature. In another experiment vacuum sublimation was used by
procedure has been used and carefully tested in several earlier

applications:32! Finally, one additionad orbital was finally included
in the active space of both systems in order to search for possible
o — o* and & — ¢* transitions.

The calculations have been performed with the MOLCA5-3
program package on IBM RS/6000 workstations except for the MP2
optimizations which used the MULLIKEN program.

3. Results and Discussion

1. Glycine. Spectra of aliphatic amino acids in solution have
been presenteld,but a complete interpretation of the main bands

(21) Filscher, M. P.; Roos, B. Ql. Am Chem Soc 1995 117, 2089.
(22) 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, 1994.

(23) Rice, J. E.; Horn, H.; Lengsfield, B. H.; McLean, A. D.; Carter, J.
T.; Replogle, E. S.; Barnes, L. A.; Maluendes, S. A.; Lie, G. C.; Gutowski,
M.; Rudge, W. E.; Sauer, S. P. A;; Lindh, R.; Andersson, K.; Chevalier, T.
S.; Widmark, P.-O.; Bouzida, D.; Pacanski, G.; Singh, K.; Gillan, C. J.;
Carnevali, P.; Swope, W. C.; Liu, BAULLIKEN Version 11.0; Almaden
Research Center, IBM Research Division, 6500 Harry Road, San Jose, CA,
95120-6099, 1994.

(24) Wetlaufer, D. B. Ultraviolet spectra of proteins and amino acids.
In Advances in Protein ChemistnAnfinsen, C. B.; Anson, M. L.; Bailey,

K.; Edsall, J. T., Eds.; Academic Press: New York, 1962; Vol. 17.

Inagak?® to record far ultraviolet (down to 115 nm) absorption
spectra of aliphatic amino acids. Vinogradov and Dodo/bva
have also measured the spectra of a number of solid films of
aliphatic amino acids. Furthermore, Snydsral?? studied
circular dichroism in solutions of some amino acids. To
interpret these spectra, Inag&kapplied the classical four-band
model which has been derived for amid&sThis model is
based on semiempirical calculations that were refined by Glark.
To our knowledge these are the only calculations which have
been performed for the electronic spectra of amino acids.
Table 1 compiles the results for the computed absorption
spectrum of the glycine molecule. The table includes excitation
energies, dipole moments, transition intensities, and transition
moment directions. Two valenceg — =%, two valence
n — a*, and three different Rydberg series arising from the
highestz and the lone-pair ¢ and 1y orbitals have been
included in the calculations of the glycine molecule. In addition,
two o — o* states also have been computed.

(25) Inagaki, T.Biopolymers1973 12, 1353.

(26) Vinogradov, I. P.; Dodonova, N. YOpt Spectrosc1971, 30, 14.

(27) Snyder, P. A.; Vipond, P. M.; Johnson, W. Blopolymers1973
12, 975.

(28) Basch, H.; Robin, M. B.; Kuebler, N. A. Chem Phys 1968 49,
5007.
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A weak band has been described around 6.0 eV in different
solvents and solid medid®25and it was suggested that it is
related to the  — #* band found in the gas-phase spectra of
formic and acetic acid around 5.8 eV. This band was given
the name W to distinguish it from the W band (alsqyr—

*) in amides. We computed an excitation energy of 5.65 eV
and oscillator strength of 0.001 for this transition. Moreover,
the structure of the wave function indicates that it corresponds
to the weak transition found in amides around 5.5%We
cannot rule out some contribution to the intensity from the
transition to the 2A'(ny — 3s) state, computed at 6.09 eV with
an intensity of 0.005. This is a Rydberg transition and is

expected to vanish in condensed phases. However, there is a

strong evidence that the Rydberg transitions do not disappea
completely. Clark! finds in the crystal spectrum oN-
acetylglycine a weak in-plane polarized absorption which canno
correspond to the A= s* transitions.

McMillin et all® and Inagak® found a second band with
medium intensity at energies close to 6.9 eV. However, the
presence of the band even in condensed phases led |Aagaki
disclaim its assignment as a Rydberg transition. A similar band
was found at 7.1 eV in the gas-phase spectrum of the acetic
acid82° We computed the transition to thé8(no — 3s) state
at 6.98 eV with an intensity of 0.059. Similar to the situation
found in amides, this band has unstructured character. We
agree with Clark! that the assignment of the band is the
no — 3s Rydberg transition, in spite of the fact that it is visible
in condensed phases. In the absorption spectra of glycine
reported by InagaR? this band appears as a shoulder of the
most intense band. In larger amino acids the most prominent
feature displaces to lower energies and thg 1+ 3s is
overlapped. McMillinet all0 interpret the band as the first
m — m* valence state in glycine but this possibility was
completely ruled out by our calculations.

We computed the most intense band at 8.10 eV with an
oscillator strength of 0.194. The wave function is characteristic
for azr — a* promotion to the N\{' valence state. The band
was reported at 7.9 eV in solid filifsof glycine and at 7.95
eV for acetylglycine in Clark’s crystal spectrum. The transi-
tion moment polarization measured by Clark offers two alterna-
tive directions in acetylglycine of & 3° and—61 + 3°. The
latter is in agreement with our computed result-655° in
glycine. The N\{’' band is also found in carboxylic acids at
energies ranging from 7.8 to 8.3 &2 The band is known to
decrease in energy in larger amino acids and has been observe
in solid phases at 7.4, 7.1, and 7.0 eV for alanine, valine, and
leucine, respectivel§®

A fourth, prominent band has been described in the solid-
state spectrum of glycine around 8.6 &/However, the strong
background absorption makes the results somewhat uncertain
On the other hand, the intensity of this band strongly increases

t

r
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Figure 1. Structure and atom labeling of the moleculeg) dlycine

and @) N-acetylglycine Cs symmetry). The arrow defines the positive
angles @) of the transition moment directions.

with an intensity of 0.047, and that to thel®9(no — ¢*) state

at 10.22 eV with an intensity of 0.086. These results suggest
that the observed band at 8.5 eV is due to an in-plane transition
from the in-plane lone pair of the nitrogen to an antibonding
orbital. To our knowledge, such a possibility has never been
reported before. Thegr— o* excitation from the oxygen lone
pair appears too high in energy. This result is also consistent
with our calculations on simple amides in which the-f o*

band always appeared above 10.0 eV. Furthermore, the
n— ¢* nature of the band is also supported by the behavior of
the transition in larger amino acid®. As the alkyl chain
attached to the central carbon of the amino acid increases, the
excitation energy decreases and the intensity increases. In valine
the band appears at 7.9 eV and is shifted to 7.7 eV in leucine.
The latter has an intensity almost as large as sthe> =*
transition?® The band at 8.5 eV also does not correspond to
the secondr — * NV ;' valence state. We predict an excitation
energy of 10.21 eV for this state similar to the situation found
in carboxylic acid$:2°

2. N-Acetylglycine. The absorption spectrum df-acetyl-
glycine is expected to ressemble the superimposed spectra of a
simple amide and the carboxyl chromophore. Additionally, new
intramolecular charge transfer bands may be observed. Recently
Clark!! reported a detailed study on the crystal spectrum of this
molecule, including transition energies, intensities, and transition
moment directions. In the crystal phase the molecule occurs
as the neutral species. Table 2 compiles our computed results
together with the most probable assignments for the experi-
mental bands.

The model spectrum proposed by Clark for acetylglycine
includes one n— a* (W band), twoxr — 7* (NV 1 and NV,
bands), and one Rydberg (Rand) transitions corresponding
tb the peptide chromophore and another set of bands with the
same characteristics for the carboxylic acid group (Glaukes
the symbols W NV, NV, and R' in this case). Basically
the same assignments have been maintained in Table 2, although
new transitions have been included. In order to compare to
glycine, the same convention for the transition moment direc-
tions has been selected in both cases (see Figure 1). The

for larger amino acids and thus seems to assure the presence afarbonyl C-O bond of the carboxylic acid group is selected as

the band also in glycine with less than a fourth of the intensity
of the NV band. The nature of this band is uncertain. A
possible assignment to the'Rydberg band, proposed by Basch

et al,?® is unlikely. Robif suggested, on the basis of the

observed intensity, that it was the a~ ¢* transition. This

the reference axis. The angle is positive in the direction from
this axis toward the hydroxyl group. Cldtkused the same
convention for the transitions related to the carboxylic acid group
but interchanged the-€0 group to that of the amide group for

the transitions related to the peptide group. We will also use

band is also observed near 8.5 eV in the solid film spectra of the nomenclaturer;, w3, and szig* for the orbitals formally

several amino acids in their zwitterionic form by Vinogradov
and Dodonov&® The increasing intensity of this band in amino
acids with larger alkyl chains such as valine or leugiraso
suggest that the band is of valence nature.

We have computed two different— o* transitions in gly-

belonging to the carboxylic acid group ang 74, andzs* for

those formally belonging to the amide group.

The spectrum of acetylglycine in trimethyl phospRaghows
a weak transition at 5.6 eV with an estimated oscillator strength
of 0.001 and a predominantly out-of-plane polarization. There

cine at energies above 8.5 eV. The transition to the
141A'(ny — o*) state is computed at 8.86 eV in the gas phase

(29) Barnes, E. E.; Simpson, W. J. Chem Phys 1963 39, 670.
(30) Onari, SJ. Appl. Phys 197Q 9, 227.
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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 StateN-iscetylglycine

excited energies oscil str T™ dir
state symbdl PT2 exp u w20 twa exp twa expyF
11A'(G.S.) 2.60 107
1A' (no, — 7*) W 5.25 5.6 1.10 98 0.001 0.001
2'A"" (no, — 7*) W' 5.63 5.9 4.90 98 0.001 0.001
3A""(7r4— 3s) 6.27 1.86 144 0.001
2'A'(No, — 35) Ry 6.70 6.5 7.47 154 0.004 0.01 -88
3A (T — 7¥) NV; 6.76 6.6 5.04 121 0.292 0.23 +50 +62
4A'(no, — 3p) 6.85 8.05 172 0.023 +56
5A' (74 — 3py) 6.89 5.05 181 0.019 -9
B6IA' (7 — %) cT 7.05 9.18 138 0.033 +25
4A" (74— 3p) 7.06 1.23 184 0.013
7'A'(no, — 3s) R 7.14 6.9 9.96 154 0.023 001 485 (4,-55)
5'A""(no, — 7*) CT 7.15 6.52 129 0.00001
6%A" (714 — 3py) 7.19 13.53 198 0.0001
8'A’(no, — 3p)) 7.22 2.33 162 0.033 —67
7'A" (o, — 3p,) 7.24 9.21 178 0.001
9'A'(no, — 3p,) 7.25 10.56 183 0.001 +45
8'A" (N0, — 3p) 7.85 1.85 159 0.0001
10'A' (No, — 3py) 8.32 12.11 176 0.027 -16
11'A'(r — %) NVy' 8.55 8.0 5.61 125 0.350 0.17 -2 (4,—-61)
12'A'(no, — o) 9.14 9.11 185 0.018 +84
9'A"' (13— 3s) 9.17 1.94 143 0.017
13 (7 — %) NV; 9.51 8.9-9.3 2.93 121 0.125 0.1 -21 (-3, -54)
14'A'(r — %) CT 10.13 10.12 134 0.284 +76

aSee text. CT: charge transfer state. stwhis work.? Same criterion as in glycine (cf. Table E)XCrystal spectrum oR-acetylglycine except
when indicated. Reference 14Solution spectrum oN-acetylglycine in trimethyl phosphate. Reference lhferred, not directly observed, in
the crystal spectrum dfl-acetylglycine. Reference 11.

is no doubt that this band is the-n 7* transition corresponding  peptide group, computed at 6:8.8 eV for a number of amidés.
to the excitation from the lone pair of the peptidic oxygen (W In acetylglycine we have computed this transition at 6.76 eV
band). We have computed transitions to thA'1(ng, — 7*) with an oscillator strength of 0.292 and a transition moment
state to occur at 5.25 eV with an oscillator strength of 0.001. direction of +50°, in good agreement with the experimental
This excitation can also be compared to equivalent states indata. This is undoubtedly the band located near 6.5 eV in other
amide$ for which the n— z* transition is observed at 5.5 eV molecules such as polyamides, nylons, and other polypeptidic
in the gas phase. In solution the energy increases to 5.9 eV. Insystems in generél. Taking as reference the carbonyl group
proteins the W band seems to slightly decrease in energy. Inof the amide, the experimental and computed transition moment
the crystal spectrum of acetylglyciHethe band appears directions are—55° and —43°, respectively, which is in
extremely weak around 5.8 eV. The second>nr* state in agreement with the values observed in the simple amides.
acetylglycine is the A" (no, — 7*) state which was computed In glycine the so-called R band, corresponding to the
at 5.63 eV with an intensity of 0.001. It should constitute the n — 3s Rydberg state involving the carboxylic oxygen, was
W' band, but it is not distinguishable owing to the presence of computed at 6.98 eV. In acetylglycine the transition is
the amide W band at the same energy. Anothernz* computed at 7.14 eV with an oscillator strength of 0.023 and a
transition much higher in energy was also computed but it transition moment direction of-85°. The band is located in
cannot be observed since it is hidden under other stronger bandsthe experimental spectrum around 6.9 eV with an estimated
The next important band is called the; Rand, and it oscillator strength of 0.01 and transition moment directitdS
corresponds to the beginning of the Rydberg series. In simpleor —55°. Similar to the situation observed for propanandide,
amides’ a unresolved band of medium intensity has been the computed and measured transition moment directions for a
observed near 6.5 eV. No evidence of this band is obtained Rydberg state do not agree. However, the clear presence of
from the crystal spectrum of propanamide. Clarlsug- the 6A’'(no, — 3s) Rydberg state in the condensed phase is
gested that this band must overlap with the intense- z* remarkable and contradicts the assertion by Rahiat Rydberg
NV; band and have a similar polarization. We computed the states cannot be seen in condensed phases.
21A!(no, — 3s) state at 6.70 eV with oscillator strength of 0.004  The second, most prominent band in the crystal spectrum of
and transition moment direction of88°. The latter, with acetylglycine was reported around 8.0 eV with an intensity of
similar polarization as the — 7* band, is not observed. In  0.17 and has been assigned to the first> #* band of the
contrast, the Rband can be detected in some small amides carboxylic acidt? The NV; band is due to thers — mg*
such as\-methylacetamide because thed®ate lies almost 0.5  transition. For glycine, we computed this transition at 8.1 eV.

eV lower in energy than the — z* band® The transition to In acetylglycine the band was computed to shift to 8.55 eV, in
the 4A'(no, — 3p.) Rydberg state is computed at 6.85 eV. It accord with the crystal spectrum. The computed oscillator
has a calculated intensity of 0.023 and a polarizatior-56°, strength, 0.35, is larger than for the NWand in glycine.
again, close to that of the — 7* state. Therefore it may be  However, the NV transition also appears slightly more intense
difficult to observe the ¥A'(no, — 3p.) Rydberg state. in crystals (cf. Table 2).

The most intenser — s* transition in the crystal spectrum The NV, state can be characterized as the— ns* excited

of acetylglycine is the NY band observed at 6.6 eV with an state and is computed at 9.51 eV in acetylglycine with an
estimated oscillator strength of 0.23 and a transition moment oscillator strength of 0.125. Clarkreports a weak and broad

direction of+62°.1% It is due to thers — 75* promotion of an feature between 8.9 and 9.3 eV which is usually known as the
electron and can be characterized asshe> 7z* band of the Q band, including both valence and Rydberg transitions. On
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the one hand, we have not made any attempts to determine thesmaller than that of the N}and NV4 bands. Moreover,
state energies for the 3d Rydberg series. On the other handhydrogen bonding to proximal proton donors and other solvation
we searched for the lowest — o* excited state which is effects will possibly lead to a blue shift and weakening of the

expected to have an energy close to 9 eV. The-f #* intensity of the @ — o* transition.
transition was found at 9.14 eV with an oscillator strength of  The presence of a weak charge transfer band in glycine close
0.018. to 7.0 eV suggests that the 7.5-eV band may be due to charge

In addition to ther — z* and n— z* transitions located at  transfer states involving neighboring peptide units. To test this
the amide or acid group we also determined a number of chargehypothesis, we performed some additional calculations on the
transfer states. The lowest energy state originates from themost simple dipeptide: Ci(CONH)—CH,—(CONH)—CHz
7w — zr* transition from the highestr, orbital of the peptide (it can be considered the dimer of the acetamide molecule). The
group to the antibondingrs* orbital of the carboxylic acid geometry was restricted to be planar and basis sets of dguble-
group. Itis computed at 7.05 eV with an oscillator strength of quality were used. Within this model, the CASSCF/CASPT2
0.033. It is the most intense transition in this region of the calculation predicted two charge transfer transitions between
spectrum and, possibly, it may be related to the 6.9-eV feature each of the peptide units approximately 1 eV higher in energy
which was assigned to thg'®and® The second charge transfer than the two N\{-type transitions. In agreement with experi-
band (8A"") was computed at 7.15 eV ¢p— m6* transition) ment, the charge transfer bands were found to be long-axis
and carries almost no intensity. The'AXsz — 7*) state can polarized, and the oscillator strengths were approximately a third
be characterized as the third charge transfer state. It has a largef the 7 — 7* NV ;-type transitions. Moreover, the lowest
oscillator strength, 0.284, and is due to the propagation of an no — ¢* andz — 7* NV »>-type excited states were found 2.5

electron from thew, orbital to the antibondingrs* orbital of 3.5 eV above the N)¥type transitions.

the carboxylic acid group. The; orbital belongs to the amide The present model calculations suggest that the 7.5-eV band
group, but, as already pointed out by Chrlthis orbital is very observed in proteins is of charge transfer character. Evidently,
delocalized and therefore the transition strengthsfpr—> 76* charge transfer excitations will be strongly dependent on the
is enhanced. conformation of the peptide. Such behavior has been obgérved

3. The Spectra of Polypeptides.To relate the computed ~ experimentally for the 7.5-eV band. In large polypeptides the
excited-state properties of acetylglycine and closely related smallnumber of combinations of peptide units in a conformation
systems to electronic spectra of proteins is a difficult task. favorable to charge transfer may increase faster than the number
Conformation, hydrogen bonding, and solvation are some of of peptide groups and thus enhance the intensity of this band.
the effects that need to be considered. If we assume, howeverAn experimental observation which is explained by the present
that the spectrum of a polypeptide can be described as thesuggestion is that for nylons the 7.5-eV band is not obset¥ed.
superposition of the spectra of its subunits, then transition Nylons are polyamides where the peptide units are separated
properties related to the peptide chromophore are expected tddy @ large carbon chain and therefore the charge transfer
follow a simple additivity rule. On the other hand, transition transitions are expected to occur at higher energies. In short
properties related to terminal groups such as amine or thepeptides, such as dipeptides, the band is not clearly obgerved
carboxylic acid should not be observed in the spectrum. probably because it is still too weak.

Electronic spectra of polypeptides in solution show a clear

; : ] A 4. Summary and Conclusions
and intense band at 6.5 &VComparing experiment with our . . . )
calculated data we may assign this band, in accord with We carried outab initio quantum chemical calculations on

experiment, to the Ntransition (valencer — 7* excitation) thg vertical spectra of the molecules glycine &hdcetylglycine
within a peptide unit. Spectra of proteins show a second intenseUSing the Complete Active Space (CAS) SCF method and
band close to 7.5 e¥but it is not observed for other polyamides multiconfigurational second order perturbatlo_n theory (CASPTZ).
such as nylon&® Originally, it was assigned to the second A large number of valence and Rydberg singlet excited states
valencexr — * excited state of the amide grodp.Such a  have been computed. , _ o
model assumes, however, that the band undergoes a red shift 1€ Spectrum of glycine, the simplest amino acid, is complex
of more than 1.5 eV as compared to formamide in the gas phased“e to the presence of two high-lying lone-pair orbitals. The
and appears to be unlikely. Because of that, Rosimgested carboxylic acid group is shown to dominate the electronic
that the second, intense band in the spectra of proteins may bePectrum of glycine and its band scheme ressembles that of the
due to B — o* excitations. A critical inspection of the present aMide group. The transitions are shifted to higher energies
and earlier results of CASSCF/CASPT2 calculations does not Which is probably due to a larger electronegativity of oxygen

: . )
reveal any evidence for this interpretation. For acetylglycine 2{0mM as compared to nitrogen. Two-n 7* transitions, the

the computed transition energies are 9.14 and 9.51 eV for theMo — 7" (W' band) and thep— z* bands, were computed as
no — o* and the valencer — n* NV, excited states, weak features at 5.65 and 6.51 eV, respectively. The two most

respectively. intense transitions were found to be the ;N&nd N\,' bands
at 8.10 and 10.21 eV, respectively. We also computed three
series of Rydberg states arising from the three highest occupied
orbitals of which the most intense states are likely to correspond
to the observed Rand R’ bands in the carboxylic acids. We
assigned these bands to then 3s state at 6.98 eV (Rband)
and, — 3p, state at 8.99 eV in glycine. The results are in
agreement with experimental observati®Ahut do not explain
the weak shoulder observed in the solid film spectra of glycine
close to 8.5 eV. The latter may be assigned to the-no*
band computed at 8.86 eV with an intensity of one fourth of
the NV’ band.

The spectrum oN-acetylglycine is shown to be composed
(31) Bensing, J. L.; Pysh, E. $lacromolecules 969 4, 659. of the superposition of the spectra of the chromophores forming

Focusing on the polarization of the 6.5- and 7.5-eV bands,
we computed the transition moment direction of the;Nbénd
of acetylglycine to be-50°, in good agreement with experiment,
+62°.11 The NV, band is predicted to have a near short-axis
polarization,—21°. Finally, the computed polarization of the
nNo — o* band is approximately parallel to that of the Nkand.
The transition moment directions of the 6.5- and 7.5-eV bands
in poly(L-alanine§3! were reported to have approximately
parallel polarization. Thus, the 7.5-eV band appears more likely
to be due to p — o* excitations. However, we find the
intensity of the @ — o* transition to be an order of magnitude
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the system: the peptide bond and the carboxylic acid group. spectra of poly(-alanine)®-3 the strong conformational depen-
We computed the NYamide band at 6.76 eV, the NVacid dence of the 7.5-eV bari,and the fact that it can not be
band at 8.55 eV, the Ndband at 9.51 eV, and an intramolecular observed in other polypeptides such as nyfrgo the best of
charge transfer state at 10.13 eV as the most intense features obur knowledge, this is the first time that charge transfer states
the absorption spectrum. In addition, the suggesteard R’ are suggested as the origin of the 7.5-eV band. Indeed, further
positions have been determined, together with a number of studies and more realistic models will be needed to investigate
charge transfer states. By comparing the present results to thehe effect of the conformation on the excitation energy of the
crystal spectrum di-acetylglycine reported by Clatkwe also charge transfer states.
find close agreement in calculated and measured transition
moment directions. The absence of any evidence for a low-  Acknowledgment. The research reported in this paper has
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intensity of the transition do not match. On the other hand,

qualitative calculations on the acetamide dimer lead us to the
conclusion that the 7.5-eV band might be due to charge transfer
states involving electron transfer between neighboring peptides.
The charge transfer states were calculated to be polarized paralle
to the NV, states and about one third of the intensity. These

characteristics are consistent with the polarized absorption
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