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A theoretical study on the origin of the common electronic excitations in amino acids is presented, focusing
on the excited states of glycine, alanine and the related substructures formic acid, acetic acid, propionic acid,
ammonia, methylamine, and ethylamine. Special attention is given to the valence excitation from the nonbonding
lone-pair on the carboxylic oxygen atom to the antibondingrbital (no — 7¢o) and the first Rydberg
excitation from the nonbonding lone-pair on the nitrogen atog— 3s). From extensive calculations on

formic acid and methylamine, different basis sets and electron correlation treatments are benchmarked using
a hierarchy of coupled cluster (CC) methods, consisting of CCS, CC2, CCSD, CCSDR(3), and CC3, in
combination with augmented correlation consistent basis sets. The dependence of the excitation energies on
the size of the backbone structure in the two groups of molecules is investigated;@nichfisition energies

for theno — 7¢o andny — 3stransitions are calculated for the smallest molecules. Excellent agreement with
experimental values is found where secure experimental assignments are available. A few outstanding problems
in the experimental assignments found in the literature are described for both the carboxylic acids and the
amines. Final predictions for vertical excitation energies are given for all molecules, including glycine and
alanine where no gas-phase experimental results are available. Finally, calculations on protonated amino

acids are presented showing an isolation ofrige~ 7., from higher lying states by as much as 1.9 eV for
alanine.

I. Introduction which energy regions in both vacuum and in solution, as well
as questions on what takes place after the photoexcitation. Many
such questions are not convincingly answered in the literature.
In this work, we focus on the theoretical calculation of BV
VUV absorption of the compounds in the gas phase. In later

enantiomeric forms.¢ andp-forms). The enantiomers of a given Studies, we wish to build upon this Wor_k in studying . effecF
amino acid share most physical properties, for example, of _solvents and aspects of th? dynamics following photoexq-
electronic excitation energies, but differ in the direction in which ttion. Furthermore, we also wish to return to theoretical studies
they rotate plane-polarized light, as evident from optical rotatory ©f the interactions between light and amino acids in other
dispersion. The backbone structure ofeamino acids contains ~ CONtexts. Indeed, the recent circular dichroism (CD) experiments
two functional groups, namely, the unsaturated carboxylic acid O @mino acidsand the reports on enantiomer excess afino
group and the saturated amino group attached tactharbon. acids ovem amino acids found in meteorités’ were another
The aim of this study is to investigate theoretically the origin motivation for initiating studies of_these molecules. Th_e I<_5\ter
of the electronic excitations common to all amino acids due to fact has added momentum to the idea that the homochirality of
the carboxylic acid group and the amino group. More specific, blomolecule_s has its origin in matte_r of e_xtraterres_tnal origin
we shall present calculations of the gas-phase electronic@nd that this matter may be enantiomerically enriched from
spectrum for glycine and alanine up to around 8 eV and selectedinteraction with circular polarized light in outer sp&icé?
states above this limit. To put the calculated results in context Exactly how this should occur is, however, still not completely
and to verify the quality of the calculated procedures, we report well established, and there are other suggestions for the origin
also calculations on electronic spectra for a number of related Of the homochirality of naturally occurring amino acids!®
molecules corresponding to the amino acid subgroups consisting Some features of the energetically lower lying electronic
of carboxylic acids and amines. This includes formic acid, acetic transitions of both the amines and the carboxylic acids are well
acid, propionic acid, ammonia, methylamine, and ethylamine. understood in the gas phase through studies of the smallest

The motivation for the present work originates in experi- compounds within each group of molecules. The lowest
mental work on ultrafast laser spectroscopy on some of the excitation energy within carbonyl compounds is known to be a
above-mentioned compound$.These studies stimulated a ny— %, transition from the lone-pair on the carbonyl oxygen
number of questions concerning which states are present into the antibondingrco-valence orbital. Though the analogous

~ excitation within the electric dipole approximation is symmetry

Ost*eg‘éth‘ggg/’.‘”l'(i.kl‘j.‘gfsf’o”dence should be addressed. E-mail: forbidden in formaldehyde, this transition is symmetry allowed

f Permanent address: Department of Chemistry, H. C. @rsted Institute, IN the carboxylic group. The weak transition has been measured
University of Copenhagen, DK-2100 Copenhagen @, Denmark. in several studies of smaller carboxylic acids in the gas

Amino acids are the building blocks from which all proteins
are built. Only 20 different amino acids are found in the naturally
occurring proteins on earth. All ae-amino acids, and all but
glycine have thex-carbon as a stereogenic center giving two
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phaset*—22 These studies also discuss the transitions at higher investigations for the smaller systems within the groups of
energies, and the lowest lying of these appear to be Rydbergcarboxylic acids and amines and design a proper compromise
transitions from the oxygen lone-pair to 3s, 3p, and 3d Rydberg for the level of electron correlation and basis set used also for
orbitals fio — 3s, no — 3p, and no — 3d) and valence the larger amino acids. Former calculations on benZefie,
transitions from the bonding and bondingo orbitals to the stetrazine®® pyrrole?® furan®® and pyrimidiné® have shown
antibondingr-valence orbital fc=o0 — 7¢o andoc-o — ¢y the CC method to be very useful for high-accuracy studies of
However, the exact order and location of the transitions differ electronic excitation energies of molecules of this size. A major
within the different studies. Calculations of the gas-phase difference between this and the former studies is the lack of
transitions of formic acid below 11 eV have been repoffed, symmetry in the amino acid structures, making the calculations
appointing much the same ordering of the lowest transitions asmuch more computationally expensive.
the experiments. The lowest excitation has also been calculated With reference to the FranekCondon approximation, the
for microsolvated (by water) formic acid showing a blue shift calculated vertical excitation energies are most often considered
of the transition energs? Aloisio et al. have reported studies the same as, and are therefore compared with, the experimental
of the geometry dependence of hydrated formic acid in small determined energy with maximum absorptignxin the relevant
water clusterg® Finally, conformational studies of the excited band. This is an approximation. For example, the calculated
state of theno — x%, transition shows that the potential vertical excitations contain no corrections due to the difference
energy curve of the excited state is rather different from the in zero-point vibrational energy between the electronic ground
ground staté?2? state and the typically less bound excited electronic state, and
Turning to the amines, the energetically lower part of the the experimental band structures may be broad, complex, and
gas-phase spectrum is dominated by Rydberg transitions fromoverlapping. Thus, this particular way of comparing theoretical
the lone-pair electrons located on the nitrogen atom to 3s, 3p, and experimental results introduces a potential inaccuracy of a
3d, 4s, and 4p Rydberg orbitalsy(— 3s, ny — 3p, Ny — 3d, few tenths o_f an electronvolt. In fact, this additional inaccuracy
ny — 4s, and ny — 4p). Experimentally, most studies have May be quite large compared to the present standards for
concerned the ammonia moled#&2 which is the starting point ~ accurate calculations of theoretical vertical excitation energies.
for all amines but also studies of methylamine and ethylamine However, efficient CC methods for calculating equilibrium
have been reported:3334Theoretical studies have also mostly ~Structures and harmonic vibrational frequencies have been

concerned the ammonia spectrum and the assignment of thedeveloped?° which enable us to calculate-® transition
excited state@-37 energies. When experimental—0 transition energies are

available, a rigorous comparison of equivalent quantities
between theory and experiment may be performed. However,
these calculations are still rather demanding and have therefore
nly been performed for a few of the lowest electronic states

The work performed on the amino acids is far less extensive
than the work on the group of carboxylic acids and amines. To
our knowledge, no one has reported on calculations on the
excitation energies and no experiments have been reported o
gas-phase spectra either. However, some experimental work ol the smallest molecules.
amino acids in solution or as thin layers has been performed. . .
Neta et al. have measured the absorption spectrum of somé!- Theory and Computational Details

amino acids in aqueous solution at different pH valtfeand The response methodoldyy allows a simple extension of

Vinogradov et al. report the absorption spectrum of thin layers standard wave function theories to the treatment of electronic
of aliphatic amino acids and their di- and tripeptid&slishino transitions. Applying response theory to the CC formalism, the
etal. have determined the UV and CD spectra ofrbe~ 7o quality of the results very much depends on two aspects. First,

transition ofL- and p-alanine, among other amino acids, in  the ground state of the system must be dominated by a single
aqueous solution at different pRThe CD spectrum of several  Sjater determinant as conventional CC methods use a single
amino acids including alanine in hexafluoroisopropanol (HFIP) eference state, most often a Hartrd@ck (HF) state. This
has been reported by Snyder et@l. criterion is fulfilled for all the systems considered in this paper.
Direct comparison of our gas-phase calculated results with Second, excitations that are qualitatively described as single-
the available condensed-phase experiments for glycine andelectron excitations are described highly accurately whereas
alanine is problematic. The interaction with the surroundings simultaneously excitation of two electrons is described signifi-
will affect the energetic location and maybe also the ordering cantly less accurately. Analyzing the percentage contribution
of the states. Furthermore, in solution the amino acids will be of the CCSD response eigenvectors from single excitations for
in different forms depending on the pH of the solution because all the systems under consideration shows that in all cases the
of the basic/acidic behavior of the amino/carboxylic group. For contribution is more than 90% as it should be for fairly pure
the smaller carboxylic acids and amines, experimental resultssingle excitations. From these considerations, we can expect
and other calculations are available. The secure experimentalthat the electronic spectra are rather accurately determined from
assignments are in excellent agreement with our calculations.CC response calculations.
In a few cases, experimental assignments in the literature are The CC methodology allows for a systematic investigation
far outside the expected error bars of the calculations as obtainecf the convergence with respect to the treatment of the electronic
from the systematic trends in the calculations. correlation using the hierarchy of iterative CC models CCS,
Our calculations of the vertical excitation energies apply the CC22! CCSD#2 and CC3* of increasing accuracy. However,
hierarchy of coupled cluster (CC) methods, consisting of the the models become more computationally expensive when
CCS, CC2! CCSD#? CCSDR(3)!® and CC3* models. The moving up in the hierarchy. The noniterative CCSDR(3) model
unique feature of this CC hierarchy and its efficient implemen- for calculating excitation energies has been designed to account
tation for transition energies, transition properties, and excited- for the triple excitation corrections at reduced cost (a factor of
state properti¢8*%is that it allows for asystematiénvestigation 10—20) compared to the CC3 model. The CCSDR(3) and the
of the convergence with respect to the treatment of electron CC3 models have been shown to give similar resiiltsd we
correlation and basis set. This allows us to perform thorough therefore choose to use primarily the CCSDR(3) model in the
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hierarchy of CC models to account for the triple excitation 1y T T ' T
corrections in this work. Comparisons of full configuration- b _
interaction (FCI) calculations and CC calculations including
triple excitations by CC3 or CCSDR(3) have shown a mean-
(max) error of approximately 0.03(0.1) &€¥%¢Finally, previous or
predictions of 6-0 excitation energies calculated using CC
theory have agreed with experimental results within an accuracy
of about 0.1 e\#547:49-51

The calculated CC excitation energies have been analyzed
from a breakdown of the resulting response eigenvectors to see
which Hartree-Fock molecular orbitals (MOs) are involved in
the primary excitations. Symmetry has been used (when present)
together with basis MO theory to predict which valence and 6 @ 1
Rydberg states are present in each symmetry, and together with . ‘ . . .
calculated properties of the excited states such as the second- copVDZ augcopVDZ  d-augco-pVDZ aug-oc-pVTZ d-augccpVTZ
order moment of charge we use the above MO analysis to assign _ Besbset _ o
specific excitation characters to the calculated energies. ForFigure 1. The energetically lowest excitation energies of formic acid

. . P : cee within each symmetry plotted as a function of the basis set used in the
example, we summarize this information in the simplifiesl calculation. All calculations have been performed within the CCSD

— 7o assignment for the excitation from the nonbonding electron correlation method® (— + —); 3'A' (— — x — —); 4IA'

lone-pair on the carboxylic oxygen atom to the antibonding (---@---); 11A” (--:0-); 2IA" (+ — - O — - —).

carboxyl valence state. This is done in order to give some

qualitative information on the excited states, but configurational ok S ' ' ' "]

mixing is always present and in some cases such representation BN

are actually too simple. i . W
The geometries for the structures of the amines, the carboxylic il NN

acids, and the amino acids used in this study have been obtainet N\

from geometry optimizations using the Gaussian 98 program

package®’ All geometries are optimized at the MP2 level of

theory using the cc-pVTZ basis s8tFrom these optimized

structures, vertical excitation energies)( oscillator strengths

(f), and first-order properties for the excited states have been 7t

Excitation energy (eV)
@
T

Excitation energy (eV)
@
T
L

calculated with the CC response progféf in the Dalton

program package’. The set of correlation consistent basis sets T e 1
X-aug-cc-pVXZ, x= -,d and X= D, T, of Dunning®¢° have st i R s e
been employed. To reduce the computational expenses, the cor | ; , . :
electrons were kept frozen in the correlated calculations, using ~  ces cc2 ceso CCSOR(3) cca

CC method

Figure 2. The energetically lowest excitation energies of formic acid
within each symmetry plotted as a function of different coupled cluster

canonical HF orbitals. We performed test calculations which
showed that the error introduced was negligible with the number

of digits reporteq here_' . . truncations. All calculations have been performed using the aug-cc-
Geometry optimizations and vibrational frequency calcula- pvDz basis set. & (— + —); 3IA (= — x — —); 4'A (--- @ - - -);
tions are carried out using CC methods for the ground and 1!:A" (---0-++); 2!A" (- — - O — + —).

selected excited states in a few of the smallest structures, namely,

formic acid, ammonia, and methylamine. The aug-cc-pVD(T)Z type. Using the aug-cc-pVDZ basis set, the first and second
basis set (see later description) has been used in these calculazalence excitationsjo — &g (1*A”") andmc—o — Teo (41AY),
tions. The purpose of these optimizations is to study the effects gre reproduced within less than 0.5%. Also for the three other
of geometrical relaxation and zero-point vibrations. The calcula- excited states a reproduction of the d-aug-cc-pVTZ results is

tions are carried out using analytical gradient technigtfas seen within 2% using this basis set. From Figure 1, it is seen
implemented in the ACESit program package. All electrons  that the excitation energies for the Rydberg statéa' (BIA’,
were correlated in these calculations. and 2ZA") depend much more on the choice of basis set than
) ) the excitation energy for valence states. The Rydberg states are
Ill. Results and Discussion very diffuse and they differ in the number of valence electrons
A. Testing Basis Set and Coupled Cluster MethodWe from the ground state, and larger basis sets are therefore required

have performed several calculations using the correlation for an accurate representation. The increase of about 0.15 eV
consistent basis sets (x-aug-)cc-pVXZ#x-,d and X= D, T) going from the d-aug-cc-pVDZ to the d-aug-cc-pVTZ quality
of Dunning®°on formic acid and methylamine. We use these basis set has been observed for Rydberg states in many other
subsystems of alanine to determine a proper basis set andnolecules!>4749-51
coupled cluster method as each of them contain one of the two In Figure 2, we illustrate how the five lowest excitation
primary excitations of interest in alanine, namety, — 7%q energies of formic acid depend on the treatment of electronic
andny — 3s. correlation. All the calculations have been performed using the
In Figure 1, we illustrate the dependence of the basis set usedaug-cc-pVDZ basis set. From Figure 2, it is seen that CCS
for CCSD calculations of the five lowest electronic excitation greatly exaggerates the vertical excitation energy. The CC2
energies in formic acid. From Figure 1, we see that in order to method corrects this, but for some states the excitation energy
reproduce the results obtained from the largest basis set with ais underestimated significantly. The CCSD model shows a
proper accuracy the basis set has to be of the aug-cc-pVXZmean(max) deviation of 0.25(1.0)% as compared to the triple-
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Figure 3. The energetically lowest excitation energies of methylamine rigyre 4. The energetically lowest excitation energies of methylamine

within each symmetry plotted as a function of the basis set used in the \yithin each symmetry plotted as a function of different coupled cluster
calculation. All calculations have been performed within the CCSD {ncations. All calculations have been performed using the aug-cc-

electron correlation method.'® (—+—); 3A (——x ——); pVD(T)Z basis set. B (— + —); 3IA' (— — x — —); A’ (--O-++);
?lA'.('")D“‘)? 5'A" (= - OThinSpace- -); 1'A" (---a---); 2'A" 5LA (— - OThinSpace- -); LIA" (--- A ---); A" (-- @ --).

corrected results. From Figure 2, it is seen that the Rydberg 2U9-cc-pVD(T)Z basis set within the CCSD model. At this level,

excitation energies are also very sensitive to the representatior%hinNV_’ 3stransition energies should have an accuracy of about

of electron correlation.
model gives results for the excitation energies of the carboxylic €an be used to design well-balanced compromises between
acid group with an accuracy of order 0.2 eV, and better (about cOmMputational cost and accuracy for calculations on the larger
0.1 eV) for theno — 7, andre—o — 7, valence excitations. systems. Choosing the aug-cc-pVDZ_ basis set for hydroger_1,
We shall later return to even more accurate estimates. TheCarbon, and oxygen atoms together with the aug-cc-pVTZ basis

oscillator strengths calculated using this basis set and coupledSet for the nitrogen atoms in combination with the CCSD model
cluster method also agree fairly well with the results using much Will presumable give results which deviate less than 1% as
larger basis sets. The deviations are up to 20% in some casescOmpared to the triple-corrected d-aug-cc-pVTZ resullts for the
but these deviations are observed on small numbers. Thus, thiglo — Zco ' — 35, andc—o — 7¢o transitions and within a
type of accuracy is acceptable for the oscillator strength where féw percent for the remaining Rydberg excitations considered
an order of magnitude and the relative strength between statedn this study. This particular compromise, denoted CCSD/aD-
are often sufficient. (T), shall be used in many of the calculations in the following
In Figure 3, we show the dependence on the choice of basisS€ctions.
set for the six lowest lying CCSD excitation energies of  Finally, comparing Figure 1 and Figure 3, we note that the
methylamine. From Figure 3, it is seen that in order to obtain €Xcitations within the two groups start at about the same energy
the ny — 3s transition energies within 0.1 eV of the d-aug-cc- (6 €V). However, it is seen that in the interval from 6 to 8 eV
PVTZ results one has to apply the aug-cc-pVTZ basis set if we the transitions following are mainly from the amino group as
choose to use the same type of basis set for all the atoms in theonly one transition in this interval comes from the acid group.
molecule. However, the excitations in amines in the energy This means that if both groups are present in a molecule (as in
region of interest are Rydberg transitions from the lone-pair an amino acid) we would expect that most transitions following
electrons on nitrogen to nitrogen atomic-like orbitals. This the no — 7, and ny — 3s transitions originate from the
implies that we might get similar results when applying the amino group if no interaction occurs between the groups
larger aug-cc-pVTZ basis set to the nitrogen atom and keeping changing the energy levels of the electronic states considerably.
the smaller aug-cc-pVDZ on the carbon and hydrogen atoms. To get a better understanding of the nature of the lowest lying
For this type of basis set, we use the abbreviation aug-cc-pVD- transitions in the amino acids glycine and alanine, we have
(T)Z (aD(T)). Results for this basis set are included in Figure performed CCSD/aD(T) calculations of the vertical excitation
3 and deviate less than 0.5% for the three lowest excitations energiesw below and near 8 eV of the carboxylic acids and
and less than 6% for the higher transitions from the d-aug-cc- amines. As the size of these structures allows for calculations
pVTZ results. using the d-aug-cc-pVTZ (daT) basis set within the CCSD
In Figure 4, the six lowest excitation energies within the two model, we calculate a basis set correctignas the difference
symmetries of methylamine are plotted as a function of electron in the values of an excitation energy calculated using CCSD/
correlation models. All calculations have been performed using daT and CCSD/aD(T). (For ethylamine, we had to use a
the aug-cc-pVD(T)Z basis set. As in the case of the carboxylic combination of the aug-cc-pVTZ (aT) and daT basis sets instead
acid group, it is seen that CCS has very large errors, which areof the daT basis set on all atoms. Tests performed on
overcorrected by CC2. The CCSD model reproduces the triple- methylamine showed that using the daT basis set on N and H
corrected results with mean(max) deviations of less than 0.2- atoms and the aT basis set on C atoms gave results identical to
(0.3)%. From Figure 3 and Figure 4, we conclude that in order results obtained using the daT on all atoms within the number
to get results of the excitation energies in amines that are of digits reported here.) The triple-corrected CCSDR(3) model
generally within 0.2 eV of the results obtained using the d-aug- becomes very computationally expensive for all but the smallest
cc-pVTZ basis set and CC3 method we have to use at least themolecules when using the large daT basis set, and we calculate
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TABLE 1: CCSD/aD(T) Excitation Energies (@ in eV) and Oscillator Strengths ) of Formic Acid, Acetic Acid, and Propionic
Acid?

theoretical vertical excitations experimental data
) AP Ag® Bt f 0—0 excitation,mFst €max €0-0
HCOOH
A" No — o 5.89 —0.01 —0.02 5.86 0.00068 4.71 5:5.8'ef 464478
21N no — 3sd 7.76 —0.08 0.14 7.82 0.02069 75 .8
A no — 3pa 8.30 —0.02 0.14 8.42 0.06442 88.9-9.0°1 8.18.84
4N Te=0— Teg 8.69 —0.09 0.01 8.61 0.18799 8.0® 4 8.11
2TA" Tc=o — 3sd 8.53 —0.02 0.16 8.67 0.00396 8176
CH;COOH
1IA” No — Teo 5.98 —0.02 —0.11 5.85 0.00032 5:85. k!
2IA no — 3sd 7.27 —0.07 0.11 7.31 0.04990 FI.2K
3A no — 3pa 8.17 —0.07 0.09 8.19 0.01931 85
2TA" Tc=o — 3sd 8.26 —0.03 0.21 8.44 0.00323
CH;CH,COOH

A" No — o 6.01 —0.02 —0.01 5.98 0.00014 6.02
2N no — 3sd 7.27 —0.06 0.18 7.39 0.05016
A no — 3pa 8.10 —0.09 0.13 8.14 0.00812
2TA" Tc=o — 3sd 8.24 —0.03 0.17 8.38 0.00365

a Additivity of basis setAg, and triple excitationAr, corrections are assumed in constructing the best estimet®sor the excitation energies.
The excitation energies are ordered after increasfiyalues.” Ar = CCSDR(3)/aD(T)-CCDS/aD(T).Ag = CCSD/daT-CCSD/aD(T) Reference
18. ¢ Reference 20.Reference 179 Reference 19" Reference 15.Reference 16.Reference 22% Reference 14.Reference 21.

a triple correction using the aD(T) basis set and defireas
the difference in the calculated value of an excitation energy
using CCSDR(3)/aD(T) and CCSD/aD(T) results. From these
corrections, we calculate a best estimabés]) as the sum of
the CCSD/aD(T) calculated excitation energy, the basis set
correction, and the triple correction.
To test how wellAr calculated in this way recoverAr u
calculated using a larger basis set and a more expensive triple
model, we performed two tests on the smallest structure within
each group of molecules, namely, formic acid and ammonia.
First, we calculated the excitation energies of these two
molecules using the iterative CC3/aD(T) model and compared
the results with those of the CCSDR(3)/aD(T) model. In the
case of ammonia, the CCSDR(3) model reproduced the energieé:igure 5. _The_carboxylic a_lcid_s. SFructures from the left are formic
of CC3 perfectly, and in the case of formic acid they deviate acid: acetic acid, and propionic acid.

by less than 1% in the worst case. _ _ from these values for both amines and carboxylic acids.
Second, we calculated the triple correction of ammonia and However, the values are obtained at a much lower computational

formic acid using the large daT basis set and compared thecost. Finally, the size of the corrections can be taken as a rather

results with those obtained with the aD(T) basis set. In the caseqgnservative error estimate for the final estimate.

of ammonia, the triple corrections were almost the same, and g, The Carboxylic Acids. In Table 1, we have collected the

as the corrections are very small we conclude that the triple three lowest excitation energies in thesymmetry and the two

correction calculated using the smaller basis set gives almost|gwest in theA” symmetry of formic acid and the two lowest

identical results as obtained from calculations using both larger jn poth symmetries of acetic acid and propionic acid. These

basis sets and more expensive triple models. three carboxylic acids can all be constructed as substructures
For formic acid, the triple correction calculated from the of alanine. The carboxylic acids studied are shown in Figure 5.

smaller basis set underestimates the triple correction. However,A|l the geometries hav€s-symmetry with the carboxyl group

the triple correction calculated with the smaller basis set lowers |ying in the mirror-plane. In Table 1y refers to the CCSD/

the excitation energy as does the correction calculated usingaD(T) calculated vertical excitation energies anBt is the

the larger basis set. For example, the triple correction ohghe  estimated result obtained from addifg andAg to the CCSD/

— 7o transition, which is the worst case, was calculated to be aD(T) value. The ternfiis the CCSD/aD(T) oscillator strength

—0.04 using the daT basis set whereds01 was obtained using  of the transition. Note that the excitation energies in Tables 1

the aD(T) basis set. Similarly, for th@ — 3s transition the and 2 are ordered according to &St values.

daT triple correction was calculated to b€.13 and only-0.08 From Table 1, we first of all note that the four lowest

was obtained using the aD(T) basis set. For both basis sets, thénoncorrected) excitation energies of the three acid molecules

difference in contribution is relatively small and therefore are all assigned to the same transitions. Comparing the CCSD/

contributes only moderately to the uncertainty in the final aD(T) excitation energies belonging to the same assigned

estimate. transition within the different structures, it is seen that the
We conclude that the estimated excitation energie= energies change when going from formic acid to acetic acid by

obtained from adding the CCSD/aD(T) result with the basis set some tenth of an electronvolt. However, the energies are seen

correction and triple correction are very good approximations to converge when going from acetic acid to propionic acid as

to the real CCSDR(3)/daT values, deviating no more than 0.5% the energies are almost the same for these molecules. The same
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trend is observed for the estimated excitation energiés)( and by Ari et ak° to have a maximum absorption at 8.9 eV.
except for theno — 75, transition when going from acetic ~ However, FridR” assigned the progression in the-88 eV
acid to propionic acid. Because of a considerable negative basignterval to theno — 3p Rydberg series lying on top of the strong
set correction to the transition in acetic acid, the energy of the c—o0 — 7o transition with a maximum absorption around
transition becomes very close to that of formic acid. 8.3—8.5 eV whereasmax of mc=o0 — 7, was found at 8.4 eV.

In Table 1, we have collected experimental data from several Our estimated result of 8.42 eV for they — 3pa transition
groups. Comparing the calculated vertical excitation energies obviously agrees much better with the work of Fridh than with
with the energy of maximum absorption from experiment, we the more recent experiments by Ari et?8land by Leach et
find good agreement for the two lowest lying excitation energies, al.?2
with the calculated results being within 0.1 eV of the band  Our calculatedo(w®) value of therc—o — o transition
maxima. We should remember that the calculated values do notin formic acid is 8.69(8.61) eV with an oscillator strength of
include any correction for nuclear motion, for example, the 0.19. The calculated oscillator strength agrees with the value
difference in zero-point energy in the ground- and excited state. of 0.2 reported by Leach et & The situation with many states
This is a major factor of uncertainty in the comparison. Ari et overlapping in the same energy region obviously complicates
al2® measured theg — 74 transition in both formic acid and  the interpretation of experiments including the assignment of
acetic acid and foundnax at 5.8 eV in both cases, showing maximum absorption peaks to definite electronic transitions and

great resemblance with the estimated) result in Table 1. integrated absorption to oscillator strengths, and the agreement
The value found for this transition in acetic acid and propionic for the oscillator strength may be fortuitous.
acid by Hintze et af! also compares well with our results. The basis set correction for thee—o — 75 excitation is

In Table 1, we also report the calculated lowest singte@0  negligible, and the difference betweenand w®stcomes from
excitation energy of formic acid obtained using CCSD/aD(T) Ar. This is different from the other excitation energies reported
methods for calculating equilibrium structures and harmonic in Table 1 whereAg is the dominating part of the correction.
vibrational frequencies. The CCSD/aD(T)0 excitation energy From the tests om\t previously discussed, we expect this
has been corrected by the smaAlt and Ag corrections used  correction to be underestimated and the true excitation energy
for the vertical excitation energy. Due to rather large structural may be located toward slightly lower energies. This is actually
change¥2"when going from the ground-state geometry to the the case as the CCSDR(3)/daT value is 8.58 eV. Analyzing the
first excited singlet state geometry, the-@ transition occurs response eigenvector corresponding to this excitation, we find
at an energy around 1 eV lower than the vertical excitation a considerably mixing of the dominating—o — 7o transi-
energies calculated. This is in agreement with the large tion with theno — 3pa among other single excitations. This is
difference betweermax and the 6-0 transition found experi-  also observed in the semiempirical calculations by Demddlin.
mentally. We find a perfect match (within 0.1 eV) when Demoulin also finds the, — 3pd transition to be located at
comparing our calculated value with the experimental data also Jower energy than thec—o — 7o transition. Comparing the
listed in Table 1. This adds credibility to the calculated results ¢gjcylation of therc—o — 7%, transition of formic acid in this

presented here since the comparison between theory andyork with experimental data, we find that the calculated vertical
experiment for 6-0 transition energies is free of ambiguities. energy lies about 0.2 eV on the high side of the reported interval
In summary, we have so far seen that the calculations andg 3—-8.4 eV1417.20.22However, an overestimation of this size
the experimental results support each other for these lower lying can be explained as primarily due to nuclear motion, in particular
states. the neglect of expected reduction in zero-point vibration
Proceeding to energetically higher lying states, we find our corrections due to the bonding to antibonding transition, as well
best estimate for the vertical excitation energy of the second as the overlapping of electronic bands in the spectra.
Rydberg excitatiomo — 3pa of formic acid deviates as much Returning to the excitation energies reported in Table 1, we
as half an electronvolt from the energy of maximum absorption find that the second transition &' symmetry in the carboxylic
reported in recent experimental stud¥®8? This discrepancy  acids is amc—o — 3s transition. The estimatedEst value is
is far outside the expected error bars of the theoretical higher than the calculated value because of a significant
calculations of vertical excitation energies. We have in the positive basis set correction. This actually causesuffevalue
estimated vertical excitation energies accounted for the effectsof thesrc—o — 3stransition to change order with thestvalue
of rather large basis sets including diffuse functions as well as of the 7c—g — 7o transition in Table 1 (as compared to ihe
accurate inclusion of triple excitations. Both effects were modest. values) as this transition was lowered by a considerable triple
The deviation is furthermore likely to be too large to be ascribed correction. ThewEst values are almost degenerate in energy.
to nuclear motion. For example, there is no similar discrepancy Comparing thesEstvalue for therc—o — 3s transition of formic
for the no — 3s state which is a Rydberg excitation from the  acid with the value of 8.76 eV for the-® transition presented
same orbital. Thus the assignment of a peak close to 9 eV toby Leach et al?2 we find again some disagreement with the
this state cannot be supported from our calculations, and in factinterpretation of this experiment. The calculated vertical excita-
the experimental assignment is far from trivial in this region of tjon energy lies at a lower energy than the experimentsd 0
energy as discussed below. transition energy, and this is not what should be expected as
In carbonyl compounds, a very strong—o — 7¢o transi- geometrical relaxation in the excited state and zero-point
tion occurs around 8 é¢:63which dominates the spectrum and vibrational energy corrections should decrease the theoretical
complicates the task of assigning the other transitions in this value even further.
region as these are far less intensive. Leach &t assigned Concerning other theoretical work on formic acid, we find
for formic acid a progression of bands in the interval&8 some agreement on the assignments found in this work with
eV with 0—0(emay) absorption located at 8.107(8.29) eV to the significantly older results. lwata and Morokufaised a two-
Tc=0 — Meo transitions. A similar assignment was proposed configuration electrorhole method to calculate the vertical
by Ari et al?® who reportedemax at 8.4 eV. Theno — 3p excitation energies of theo — 7&, and nc=0 — 7o
transition was assigned by Leach ef%io begin at 8.839 eV transitions. They found 5.83 and 9.84 eV, respectively, with



1436 J. Phys. Chem. A, Vol. 109, No. 7, 2005

Osted et al.

TABLE 2: CCSD/aD(T) Excitation Energies (@ in eV) and Oscillator Strengths ) of Ammonia, Methylamine, and Ethylamine?

theoretical vertical excitations

experimental data

w AtP Ag° wEst f 0—0 excitation w®st €max €0-0
NH?

21A; nn — 3s& 6.64 —0.03 0.01 6.62 0.08571 5.69 639 572 5.73

1'E v — 3pe 822  -001 -0.04 817  0.00688 8.319.93  7.347.4¢

3A N — 3pa 950 -0.02 -0.83 860  0.00263 (8.%6 7.92

4A ny — 4sa 1038  —0.02 —-121 915  0.01504 9.11 8.6

2IE ny — 3de 10.44  —002 —-122 920  0.05980 9.27 8.69"

3E v — 4pe 1141  -003 -175 963  0.00710 9.75 8.84

CHs3NH; ) )

2N ny — 3sd 5.97 —-0.01 0.02 5.98 0.02380 5.16 BTP 5.175.18

3A ny — 3pa 7.11 —0.03 —-0.01 7.07 0.01713 ) )

1A ny — 3pa’ 7.13 —-0.01 —0.02 7.10 0.00196 7.23.2 6.22 6.24

AN ny — 3pa 7.55 —-0.01 —-0.15 7.39 0.03948

5 ny — 4sd 844  —0.02 —049 793  0.00338 _ _

21A" ny — 4pa’ 8.31 —0.01 —0.20 8.10 0.00014 8.7 7.88
CH3CH.NH> ) .

21N ny — 3sd 6.04 —0.03 0.03 6.04 0.03648 58.83 5.215.32

1A ny — 3pa’ 6.99 —0.02 0.00 6.97 0.00502 } 7.07.0%

3A ny — 3pa 7.07 —0.03 —-0.01 7.03 0.01480 o

4N ny — 3pa 7.44 —0.05 —0.07 7.32 0.00303

5IA ny — 4sd 8.12 —0.04 -0.31 7.77 0.04002 } 79

2IA" ny — 4pa’ 8.12 —0.02 -0.14 7.96 0.00005 :

a Additivity of basis setAg, and triple excitationAr, corrections are assumed in constructing the best estimaft&sor the excitation energies.
The excitation energies are ordered after increasitigvalues.? At = CCSDR(3)/aD(T)-CCDS/aD(TY.Ag = CCSD/daT-CCSD/aD(T) Calculations
are done irCs, but Cs3, nomenclature is used. Oscillator strength is the sum of the two degeneratesdRafsence 28.Reference 29 Reference

30. " Reference 32.Reference 31.Reference 34.

Figure 6. The amines. Structures from the left are ammonia,
methylamine, and ethylamine.

the lower excitation energy in good agreement with this work.
Older calculations by Demouffishow much resemblance with
the results of this work with regard to the ordering of states but
typically more than half an electronvolt difference for the
absolute values of the excitation energies.

C. The Amines.In Table 2, we have collected the excitation

energies below and around 8 eV of ammonia, methylamine,

find that the changes are moderate (within 0.05 eV), showing
that these two states in ammonia are described to a satisfactory
degree of accuracy within the CCSD/aD(T) model. Tbfest
values are around 0.2 eV higher than the position of the
experimental band maxima. This can be explained by the neglect
of the nuclear motion in the ground state and the excited state
in the theoretical vertical calculations.

For theny — 3sd transition, we have also calculated the
0—0 excitation energy. The number listed in Table 2 is corrected
with the small numbers foAg and At used to correct the
vertical excitation energies. From Table 2, it is seen that the
0—0 excitation energy is almost 1 eV lower than the calculated
vertical excitation energy. This can be understood from the large
geometrical changes in the ammonia molecule when going from
the pyramidal ground-state structure to the 3s Rydberg state
which is planar as are all the Rydberg states of ammonia
considered in this stud¥. This is also in agreement with the
large difference between the experimental values gk and
€o-0, and we find that the calculated—0 excitation energy
matches the experimental data perfectly as the theoretical and
experimental values differ by less than 0.05 eV. As for the

and ethylamine, the amines which can be constructed ascarboxylic acids, this observation adds credibility to the

substructures of alanine. All structures h&@wesymmetry with

a mirror-plane through the backbone structure of the molecule.

The structures of the amines are illustrated in Figure 6.

calculated results since the comparison between theory and
experiment for 6-0 transition energies is free of ambiguities.

Considering the transitions to energetically higher lying

Throughout we handle ammonia as an amine and we note thatexcited states, we observe from Table 2 that considerable basis
the calculations performed on ammonia have been carried outset corrections are added to get our best estimate. This clearly

in Cssymmetry. In Table 2w refers to the CCSD/aD(T)
calculated vertical excitation energies anfto the estimate

shows that the higher excited states of ammonia are poorly
described with the aD(T) basis set. The corresponding excited

obtained from adding the basis set and triple corrections to the states in the larger amine molecules are found to have faster

CCSD/aD(T) result.
We have reported the five lowest excitation energies for
ammonia. The state8, 3de and feare double degenerated,

basis set convergence and to be much better represented in the
aD(T) basis set. To investigate if €St values are converged
for ammonia, we did some calculations of the excitation energies

and the oscillator strengths reported for these states are the sumf ammonia using the t-aug-cc-pVTZ (201 basis functions) and
of the oscillator strengths for the degenerated states. Comparinghe d-aug-cc-pVQZ (291 basis functions) basis sets. The

the CCSD/aD(T) calculated vertical excitation energiesith
the wFstvalues for the two lowest excitations of ammonia, we

calculations showed that thestvalues in Table 2 only deviated
within 0.04 eV from the t-aug-cc-pVTZ results and within 0.08
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eV from the d-aug-cc-pVQZ results. As in the case when going especially the seconagy — 3pd and theny — 4sd transitions

from the x-aug-cc-pVDZ series to the x-aug-pVTZ series of are heavily mixed. The assignments express only qualitative
basis sets, as observed in Figure 3, the excitation energies arénformation and are in many cases an oversimplification. The
raised when going from the x-aug-cc-pVTZ series of basis sets assignments used here agree concerning the basis set correction
to the d-aug-cc-pVQZ basis set and the d-aug-cc-pVQZ resultsas discussed above, but they disagree with respect to the
therefore lie at higher energies than th&tvalues. However, oscillator strength where the two transitions interchange oscil-
as thew®s! values deviate less than 0.1 eV from the results lator strengths when going from methylamine to ethylamine.
obtained from calculations with many more basis functions, we  Comparing the calculated lowest vertical excitation energy
conclude that theo®st values are close to the basis set limit for methylamine and ethylamine with the energy of maximum

also for ammonia and therefore give accurate results. absorption found in experiments, agreement within 0.3 eV is
Using the t-aug-cc-pVTZ basis set, the — 3de transition found, which is similar to the case for the lowest excitation
energy becomes slightly lower than thg — 4sa transition energy in ammonia. For methylamine, the@excitation energy

energy and the transitions therefore change places in the CCSDhas been explicitly calculated for ting — 3sd transition. The

t-aug-cc-pVTZ calculated spectrum. However, the transitions €xperimental 6-0 energy is within 0.02 eV of the theoretical
are nearly degenerate around 9.16 eV. prediction. As previously discussed, the comparison 600

transition energies between theoretical calculations and experi-
mental spectra is free of the problems encountered in a similar
comparison for vertical excitation energies. It is gratifying to

see this reflected in a much better agreement between calcula-

Comparing then®stvalues of the transition energies for the
higher excited states of ammonia, we generally find that the
calculated energies deviate up to about 0.1 eV from most of

the experimentadnax Values. For thay — 3pd transition, an s 8 . . . .
b e N P tions and experiment. We interpret this as supporting the high

excitation of 8.26 eV has sometimes been citedefas. This L S
value does not agree with the present calculations, and it doegceuracy (for the lowest transition energy an accuracy within

not agree with the trends for the experimental difference betweeno‘lI el\/ t"ﬁ‘ cortnpallred to th((ja_ﬁexact tht()aotr\:tlcal trﬁsultl) otf th_e
the experimentadax andep—o values of order 0.60.9 eV for calculated vertical energy diiierence between the electronic

the Rydberg excitations with the same cation core. Indeed, it is ground state and an excited _electronu_: statthat _the_ gr(_)und-
not clear how a 8.26 eV value feg,., can be extracted from state geometry. However, this theoretical quantity is simply not

the experiment where there is significant overlap between thevr;l]gigrﬁjr?q gssﬁZSoglreCtly from the experimental energy of
electronic bandd? ’

. . . Concerning the next excitation energies within the two
Calculations of the electronic spectrum of ammonia have been

- ; amines, we observe some differences betweenttamd the
reported in the literature for more than two deca®é§in 1991, &t values. For methylamine, the ordering of the states

Chantranupong et al. reported calculations on both vertical and according to thesEst values and the CCSD/aD(T) is different
adiabatic excitation energies of ammonia using a ClI method from thew ordering of states as the — 4sd is found at lower

with a basis set including additional s, p, and d Rydberg atomic energy than thew — 4pa’ transition only for thewEst values
orbitals (AQS) and atota}l of 52.bafsis functiqns. They obtained (as is expected as the angular momentum quantum number is
for the vertical (adiabatic) excitation energies 6.56 eV (5.88 larger in the latter case, typically giving a larger energy of the
ev), 7.89-8.01 eV (7.16-7.21 eV), 8.46 eV (7.65 eV), 9.02 orbital). For ethylamine a similar observation is made.

eV (8.26 eV), 9.07 eV (8.258.36 eV), and 9.41 eV (8.50 Experimentally, a second absorption maximum is found at

8.64 eV) for theny — 3sa, Ny — 3pe, ny — 3pay, Ny — 4sa, 7.1-7.2 eV for methylaminé®34We believe that this absorption

R’: t_} 3de|,| a?dtnN r 4pil_tfrfan3|t|ons,br?\ilpectlveﬁi. V\/le sgeo band has contributions from several transitions which we have
atfor all states large difierences between vertcal an illustrated with the bracket in Table 2. From Table 2, we see

g?/gsr'tt'ﬁg gggg'efaireeogggii’ezsiﬁlfﬁilougdé? S\t’er ;ﬁgﬂarﬁ%ﬁthat the two strongest transitions in methylamine contributing
gy rang Paper, to this absorption maximum are the twQ — 3pa transitions

better agreement with experiments than the previous calcula-With oscillator strengths of 0.017 and 0.039 located at energies

tt;onis, WT'Chn%f corl:rfet;snamretshultdof the d?}”&;‘ Tvorr(?( advrﬁnci:d f7.07 and 7.39 eV. These transitions are followed by relatively
asis sets and corretation methods use S WOrK, COmMpareqy o5 transitions. This qualitatively agrees with the spectrum

to the TUCh Sarlif_er c?llqculationls. Se%n in the "%5“ gfghe_testst of methylamine in ref 34 where the absorption rises to a
we performed using the very large d-aug-cc-pVQZ basis Set i m ocated at 7.13 eV and then falls off again for higher

showing that thes=!results are close to the basis set limit, we energies showing an almost Gaussian behavior for the absorption
expect the results of ammonia presented here to be accurate Qurve.
about 0.1 e_V. ) o . The ethylamine case is different. In Table 2, we have
Concerning methylamine and ethylamine in Table 2, we find jjystrated the contributing transitions to the second absorption
that the CCSD/aD(T) cglculated vertical excitation energies mayimum with a bracket. From Table 2, we see that only the
compare much better with the=values than in the case of first n, — 3pa transition contributes to the absorption maximum
ammonia. For excitation energies of transitions to Rydberg states,y;th maximum at 7.0 e% and that the other contributing
of principal quantum number & andw®differ less than 0.2 yansitions around this energy are relatively weak transitions.
eV. For transitions to states of principal quantum number 4, The strongemny — 4sd transition follows at a higher energy.
the deviation becomes more significant. This is also what we gygjitatively, this results in a spectrum with an absorption curve
expect as the states become more diffuse and therefore neegynich rises to a maximum. However, after this first maximum
more diffuse basis functions in the description when increasing the absorption does not decrease like a Gaussian as found for
the principal quantum number. The better representa’[ion of the methy|amine_ Dependent on the Over|ap with the previous
Rydberg states in the larger molecules comes from the additionaltransitions, the curve rises in some way to another maximum.
basis functions from the additional atoms present. This is actually what is observed in the ethylamine spectrum in
From Table 2, we first of all note that the ordering of the ref 34. The absorption maximum, which is located at lower
transitions in methylamine and ethylamine is the same. However, energy than was the case for methylamine and not quite as strong
some configurational mixing is found in the transitions and an absorption either, is followed by a small decrease in
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TABLE 3: CCSD/aD(T) Vertical Excitation Energies (w in eV) and Oscillator Strengths ) for Alanine and Glycine with and
without Protonation of the Amino Group @

w(f) at the indicated excitations

molecule  no— mgg nn— 3s no—3s n— 3p n— 3p n— 3p no— 3p Tc=0—3S  Mc=0— Mo

Gly  5.88(0.00053) 6.32(0.01247) 7.24(0.04608) 7.48(0.01535) 7.61(0.03162) 7.81(0.01996) 8.00(0.03399) 8.36(0BSDAN7514)

Ala  5.96(0.00079) 6.64(0.01417) 7.26(0.08320) 7.46(0.00341) 7.55(0.00335) 7.88(0.00094) 8.05(0.01643) 8.30(0.00648) 8.79(0.04528)
Gly* 5.95(0.00013) 7.64(0.00611) 8.69(0.01179%.70(0.14457)

Alat  6.28(0.00057) 8.22(0.04093) 9.26(0.00023) 8.52(0.11642)

aMany transitions of the neutral glycine and alanine molecules with excitation energies larger than 8 eV have been omitted fromPthbeable.
mc=o0 — 3s transition is found to mix with other transitions, and considerable contributions from this transition are also found in a transition
occurring atw(f) = 8.27(0.01672) eV¢ The mc—0 — ¢ transition in Gly is found to mix with other transitions, and considerable contributions
from this transition are also found in a transitione&f) = 8.57(0.03918) eV¢ The c—0 — 3s transition in Gly' is found to mix with the same
transition as in Gly. This also explains the larger oscillator strength compared to the same transition in the other molecules.

is expected, but the difference between the theoretical vertical
transitions and the experimental band maxima may add ad-
ditional uncertainty in relation to direct comparison with
experimental band maxima. To obtain the-o — 3saand the
Tc=0 — oo EXCitation energies, a large number of excitation
energies above 8 eV have been calculated but are omitted from
Table 3.

Concerning the neutral amino acids in Table 3, we find that
the transitions up to 8 eV can be assigned to the same transitions
in both Gly and Ala, respectively. Generally, we find that the
order of the transitions follows the order which was found for
the groups of carboxylic acids and amines.

The lowest excitation energy is assigned to the— 7¢q
transition in the carboxylic group. In Table 3, we observe that
this transition is very weak as was also the case in the carboxylic
acids previously studied. The excitation energy for this transition
is located at somewhat the same energy in the amino acids as
it was for the carboxylic acids. From the backbone structure of
the amino acid, the Gly molecule should be compared with
acetic acid whereas the Ala molecule should be compared with
propionic acid. We observe that also for the amino acids we
find the no — x¢, transition of the acid group attached to the
longest carbon chain to be located at the highest energy.

The second excitation energy is assigned torige— 3s
transition from the amino group. From Table 2 and Table 3, it
is seen that the excitation energy of this transition is located at
higher energies in the amino acids than in the amines. Compar-
ing the oscillator strengths of this transition in Gly and Ala in
Table 3 with the sizes of the oscillator strengths of methylamine
and ethylamine in Table 2, we find that the oscillator strengths
are of the same order of magnitude. Similar to the lowest lying
transition in the amino acids, we find that the— 3stransition

Figure 7. The structure of the amino acid glycine.

Figure 8. The structure of the amino acida-alanine.

absorption, and then the curve starts to rise to a new maximum
located somewhere around 7.8.9 eV.

In summary, we find that the calculations presented in Table
2 explain many features of the experimental VUV spectra
of methylamine and ethylamine presented in the literadtifé,
including aspects in which the two molecules differ.

D. The Amino Acids. Having investigated the nature of the . . ‘ o
carboxylic group and the amino group in detail in the previous N Al2 is located at a higher energy than the same transition in
sections, we now discuss the calculated CCSD/aD(T) vertical C!Y: following also the trend observed for the amines that the
excitation energies of glycine (Gly), alanine (Ala), the protonated transition from the amino group attached to the Iongegt carbon
glycine (Gly*), and the protonated alanine (AJaThe structures chain is located gt t'he h|ghe§t energy. Howe.v.er, Fhe difference
of the neutral amino acids Gly and Ala are shown in Figures 7 between the excitation energies for this transition is n_1uch more
and 8, respectively. The calculated excitation energies are listegPonounced in the amino acid case than for the amines.
in Table 3. From the assignments of the transitions in Table 3, Considering the third transition in Table 3, we have assigned
it is seen that this gives excitation energies for transitions for it to be ano — 3stransition. However, some mixing is observed
which we have established that the CCSD/aD(T) method gives and considerable contributions fromy — 3p excitation are
results which are Comparab|e with the results obtained using observed too. The excitation energy for this transition is almost
the daT basis set and corrected for triple excitations. We the same in the two amino acids as in the case for this transition
therefore suspect the presented spectrum of the amino acids in acetic acid and propionic acid. Comparing the numbers in
Table 3 to be fairly accurate. Especially, as we have seen from Table 1 and Table 3, we find that the oscillator strength for the
the previous calculations, the performance of the CCSD/aD(T) No — 3s transition is of the same order of magnitude in the
method becomes better with the size of the molecule as theamino acids as in the carboxylic acids.
additional basis functions from the additional atoms contribute  The next three excitation energies in Gly and Ala come from
to the description of the diffuse states in the molecule. Thus, theny — 3p transitions from the amino group. Comparing their
an accuracy of 0:20.2 eV for the theoretical vertical transitions  location with the analogous location in the amines, we note from
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Table 2 and Table 3 that the excitation energies of these 0.04. The oscillator strengths of the—o — 7{ transition in
transitions have moved toward higher energies in the amino the amino acids are somewhat smaller than expected. A decrease
acids. That was also the case for thie— 3stransition discussed  in oscillator strength is observed when comparing to the
previously. The first two of these three transitions, which should oscillator strength of formic acid in Table 2 and also compared
be compared to the firshy — 3pad and theny — 3pa’ to the protonated amino acids in Table 3. In Gly, the transition
transitions in the amines, are located close together as in theis still found to be the strongest of the transitions given in Table
amine spectra. The third transition is separated slightly from 3, but for Ala therc—o — 7&g transition is found to be a
the other two in the amino acids as in the amines. weaker transition than tha — 3s transition. This is not what

Concerning the oscillator strengths of these transitions, we we would have expected from the study of formic acid where
find some disagreements between the observations made fothe rc—o — &g transition is by far the strongest transition in
the amines discussed previously and the values reported in Tablghis energy region, and this is also what we find for the
3. We primarily compare Gly with methylamine and Ala with ~ protonated amino acid structures in Table 3.
ethylamine as they share the same carbon chain backbone Having discussed the neutral amino acids Gly and Ala, we
structure. First, for Gly we find that the oscillator strength of turn our attention to the protonated structures of the same amino
0.015 for the excitation energy of 7.48 eV compares well with acids. In these structures, a proton has been attached to the amine
oscillator strength found for the firsty — 3pd transition in group electron lone-pair. This captures the electrons in a covalent
methylamine in Table 2. However, the oscillator strengths of bonding and removes the transitions in the amino group from
the other two transitions of 0.032 and 0.020 compare well with this part of the amino acid spectrum.
the oscillator strength of the secomg — 3pa transition in In Table 3, we have collected the four lowest transitions in
methylamine, but not with the wealy — 3pad’ transition. the protonated glycine (Gly and alanine (Ald) molecules.

For Ala, it is the other way around as the oscillator strengths The assignments of the transitions were much easier in this case
of the three transitions are too weak to compare with the first @s all transitions were located in the carboxylic acid group. The
ny — 3pd transition in ethylamine. However, the oscillator energetically lowest lying transition in these protonated amino
strength of the first two transitions in Ala compares well with acids is still theno — z¢, transition. Comparing the value of
the weakny — 3pd’ and the secondy — 3pa transition in the protonated amino acids with the corresponding value of the
ethylamine and we note that the very weak oscillator strength neutral amino acids, it is seen from Table 3 that the excitation
of the third of these transitions in Ala compares well with the energies are raised. This is not only the case for the first
magnitude of then, — 4pa’ oscillator strength for ethylamine  transition but is a general trend for all the transitions which
in Table 2. We find significant mixing between contributions can be compared in Table 3.
from nitrogen p orbitals in all directions as well as from some ~ The excitation energy of the valence-state transitign—
nitrogen s orbitals. The lack of symmetry in the amino acid 7 is only slightly affected by the protonation of the amino
structures may lead to difficulties in assigning the excitation group. In contrast, major changes are observed fonghe 3s
energies rigorously to one specific orbital transition. Rydberg transition. The change in energy of the transition in

The excitation energy in Table 3 that has been assigned to aAla compared to the protonated Alaeems to be much more
no — 3p transition has some mixing especially with the — pronou_nced than in the Gly case. F_or Ala, a Change of almost
3p transitions. However, as in the case for the previous discussed: €V 1S observed upon protonation of the amino group.
transitions in Gly and Ala from the carboxylic acid group, the ansndenng the oscillator §trengths of the two protonated amino
excitation energy as well as the oscillator strengths compareac'ds' we find that the oscillator strength of Aleompares well

well with the observations made for the carboxylic acids in Table with the magnitude of the oscillator strengths for this transition

1. The excitation energy in Gly and Ala is almost the same in both the neutral Ala molecule in Table 3 as well as the
(8.0 eV), which is expected from the comparisons between acetic.carlﬁoxg/;l:c aC|d|s in ITque 1 HOWSVGT, ﬂﬂ;}@ — 3ks traﬂsmqn )
acid and propionic acid. The magnitude of the oscillator in the Gly™ molecule is seen to be much weaker than in the

strengths is also comparable with the oscillator strengths Ne€utral Gly molecule and in the carboxylic acids. N
observed in Table 1 for this transition in carboxylic acids. As discussed above, the change is even larger for transitions
In Table 3. we have also given the excitation eneraies of the to more diffuse states and we observe from Table 3 that the
3 ' d th 9 X o in th gies transitions to the @ Rydberg states are not among the four
Te=o — 3saand thesrc—o — 7o ransitions in the amino |, yet excitations in the protonated amino acids as they were
acids. Many excitations above 8 eV have been omitted from

. . in the neutral amino acids and in the carboxylic acids. The next
Table 3. Comparing thec—o — 3satransition of Gly and Ala yanition in the Gly molecule is therc—o — 3s transition
in Table 3, we find that both the location around 8.3 eV and

h Il oscillator st h Il with the ob i which is almost degenerate in energy with the very stroag
e small oscillator strength compare well with the observations __ _« .- <00 \We observe from Table 3 that the_ —
made for the carboxylic acids in Table 2. The—o — 3sa o . co °

ttion is found to be | datl hen th b 3stransition is located more than 0.5 eV toward higher energies
transition Is found to be located at lower energy when the carbon i, a4+ than in Gly*. Comparing the oscillator strengths of this

chain backbone structure becomes larger in both the amino acids, 5 ngition with the magnitude of the oscillator strengths calcu-

as well as the carboxylic acids. Some mixing is found in Gly |4teq for the carboxylic acids in Table 1, we find that the value

fo_r this transition, anq th_ere are considerable contributions of .,/ 1ated for Gly of 0.012 is stronger and the value of 0.0002

this component qualitative for a state located at 8.27 €V. 40 jated for Ald is weaker than what we found for the

However, this transition is much stronger with an oscillator c4hoxylic acids where the oscillator strength was about 0.003.

strength of 0.02. The much larger oscillator strength found for this transition in
Concerning thetc—o — 7¢g transition in the amino acids,  Gly* is most likely due to the mixing of therc—o — 3s

we find that it is located at 8.8 eV in both Gly and Ala. Some transition with a much stronger transition as observed in the

mixing with other transitions is found for Gly where consider- neutral Gly.

able contributions from thec—o — ¢, transition are found The common form of amino acids in aqueous solution is a

in a transition located at 8.57 eV with an oscillator strength of zwitterion. The calculations on protonated amino acids show



1440 J. Phys. Chem. A, Vol. 109, No. 7, 2005 Osted et al.

that amine states occur only at much higher energy when the h(27) B;aty-Travis, L. M.; Moule, D. C.; Lim, E. C.; Judge, R. 8.
i i s ic (i filar i Chem. Phys2002 117, 4831.

amino group is protonated. Th|s is !lkely to be S|m|_lar_ in the (28) Tannenbaum, E.. Coffin, E. M.: Harrison, A. 1. Chem. Phys.

zwitterionic form of the amino acids. However, it is not 1953 311.

appropriate to consider the zwitterionic form in gas-phase

(29) Harshbarger, W. Rl. Chem. Phys1971, 54, 2504.
calculations and we will therefore not consider the zwitterionic ~ (30) Harshbarger, W. R.; Skerbele, A.; Lassettre, EJNChem. Phys.
form in explicit calculations here. 1971 54, 3784.

(31) Skerbele, A.; Lassettre, E. N. Chem. Physl1965 42, 395.

(32) Glownia, J. H.; Riley, S. J.; Colson, S. D.; Nieman, GJGChem.
Phys.198Q 73, 4296.

. f . (33) Taylor, D. P.; Bernstein, E. R. Chem. Phys1995 103 10453.
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(53) Stanton, J. F.; Gauss, Theor. Chim. Actal995 91, 267.
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