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’ INTRODUCTION

The three aromatic amino acids, L-phenylalanine, L-tyrosine,
and L-tryptophan (Figure 1), not only are building blocks of proteins
but also play important roles in biochemistry and molecular
physiology.1�7

L-Tyrosine3,4 and L-tryptophan5�7 are known to be
precursors to neurotransmitters dopamine and serotonin, respectively.

Since aromatic amino acids have high optical absorption cross
sections at 250�285 nm in the ultraviolet region,8 spectroscopic
studies of these amino acids have been used as optical probes
for structures and dynamics of proteins.9 Aromatic amino acids
have also been utilized as a trigger to charge transfer dynamics of
polypeptides.10�12

Since the pioneering work by Levy’s group,13�16 a consider-
able number of studies have been carried out on neutral aromatic
amino acids and their radical cations under isolated conditions
by experiment (mostly using laser spectroscopy)4,17�31 and
theory.19,21�26,28�38

Unlike the radical cation of L-phenylalanine,33,34,38 those of
L-tyrosine and L-tryptophan remain largely unexplored. Theoretical
investigation of the cationic structures and properties of these

two aromatic amino acids and their conformational dependency
is the main goal of this work, which will address the following
issues.

First, we propose conformational classification for the neutral
as well as cationic form of L-tyrosine and L-tryptophan with a new
density functional, M05-2X, which was employed in our previous
work for L-phenylalanine.33 The validity of the new density
functional has been discussed by Zhao and Truhlar.39�42

By comparison, all conformers of L-phenylalanine belong to
one of the two distinct subgroups depending on the directionality
of their intramolecular hydrogen bonding in the backbone:
subgroup I characterized by �COOH f �NH2 vs subgroup
II by �NH2 f �OCOH.19 Conformers that belong to a given
subgroup share the same characteristic features in the cationic
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ABSTRACT: Conformation-dependent properties of L-tyrosine
and L-tryptophan in neutral and radical cations were studied by
using the density functional theory (DFT) with a new density
functional M05-2X. The results are compared with those ob-
tained by using the conventional DFT (B3LYP). Results obtained
by both types of DFT were in qualitative accord, including the
existence of two conformational subgroups and their subgroup-
dependent adiabatic ionization energy and hydrogen bonding.
On the other hand, quantitative differences were found between
the two DFT methods as well: the M05-2X method successfully
reproduced experimental adiabatic ionization energy, whereas
the B3LYP functional consistently yielded significantly lower values by 0.2�0.3 eV. More importantly, natural bond orbital (NBO)
analysis for cationic conformers showed that all conformers of L-tyrosine and L-tryptophan undergo charge localization upon
ionization regardless of the presence of intramolecular hydrogen bonding, unlike the case of L-phenylalanine that was treated earlier
by other studies. Different degrees of charge localization among all three aromatic amino acids are explained by employing a simple
model in which the aromatic amino acid is assumed to consist of two submoieties of distinct cationic core: the backbone and
aromatic side chain. The difference in adiabatic ionization energy between these two submoieties is found to govern the degree of
charge localization.
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ground state, such as the amino group geometry being pyramidal
or planar, the CR�Cβ bond length being normal or elongated,
and the cationic charge localized in one region or doubly
localized at two sites, all depending on the subgroup designation
of a given conformer. A theoretical support for these findings has
been recently given on the basis of DFT (M05-2X) calculations.33

Second, we investigate the differences in structure and charge
distribution between the subgroups of L-tyrosine and L-trypto-
phan. We also attempt to explain theoretically the different trend
of charge distribution among the three aromatic amino acids by
using the ab initio MO method43 and DFT method at the M05-
2X level of theory40,42 taking into account the effect of non-
covalent, long-range potential. The latter proved to yield sig-
nificantly more reliable results for the conformational structure
and ionization energy of the radical cation than the conventional
DFT (B3LYP)44�46 parametrization.

’COMPUTATIONAL DETAIL

All of the calculations in this workwere carried out usingGaussian
09 Rev. A02 software package47 to employ the DFT (M05-2X)40,42

and DFT (B3LYP)44�46 methods.
The geometries of neutral conformers of L-tyrosine and L-

tryptophan in the ground state were optimized at the M05-2X
level with the 6-311þG* basis set, based on the similar con-
formations of the backbone (alanine) in L-phenylalanine.33

The 18 most stable neutral conformers were obtained for both
L-tyrosine and L-tryptophan by considering the orientation of the
phenolic �OH group for L-tyrosine and the asymmetry of the
indole ring for L-tryptophan.

We also carried out geometry optimization for each conformer
of L-tyrosine and L-tryptophan radical cation in the ground state
at unrestricted M05-2X level with the 6-311þG* basis set by
setting the charge and the spin multiplicity to þ1 and 2, respec-
tively. We have examined the expectation values of the square of
the total electron spin ÆS2æ in order to check the spin contamina-
tion of cationic wave functions. The values of ÆS2æ calculated by
unrestricted M05-2X (B3LYP) were approximately 0.750 (0.750)
for all cationic L-tyrosine and L-tryptophan conformers. The
detailed values of ÆS2æ are listed in the Supporting Information.
The results confirm the validity of the doublet wave function
used in this paper. Charge distributions of cations were obtained
using DHDS NBO procedure, in which R and β spin density

matrices are separately treated according to the method of
“different hybrids for different spins”.

’RESULTS AND DISCUSSION

A. Geometrical Structures for Neutral and Cationic Con-
formers of L-Tyrosine and L-Tryptophan. Of the nine most
stable conformers predicted for neutral L-phenylalanine,19,26,28,33�36

six of them (A�E and X) were experimentally identified under a
jet-cooled condition.19,26,28 For L-tyrosine, eight band origins
(4�7, 14�17) were observed,30 while for L-tryptophan, six
conformers (A�F) have been experimentally identified.22

A-1. L-Tyrosine. Figure 2 shows only the eight valid neutral
conformers of L-tyrosine and their corresponding cations among
the 18 optimized structures obtained by DFT (M05-2X). The
others are listed in the Supporting Information. For subgroup
II conformers, the cationic structures obtained by the popular
DFT (B3LYP) are different from those from DFT (M05-2X)
and shown in parentheses.
A comparison of DFT (M05-2X) and DFT (B3LYP) calcula-

tions is shown in Table 1, which lists the dihedral angles
Cπ1�Cβ�CR�N, CR�NH2, and Oπ�Cγ�CR�N and the
bond lengths CR�Cβ, Cβ�Cπ1, CR�N, and Cπ4�O. The two
functionals, M05-2X and B3LYP, yielded nearly the same results
with regard to the neutral structure, but the radical cations of
subgroup II obtain different conformational structures depend-
ing on the functional used. This is mainly due to the effect
of long-range noncovalent interactions, which is properly ac-
counted for in the M05-2X functional but not in the B3LYP
results.39�42 It should be noted in Table 1 that L-tyrosine
conformers of subgroup II show no drastic change in geome-
try upon ionization, such as CR�Cβ elongation and planarity of
the CR�NH2 as seen in the subgroup II conformers of
L-phenylalanine.33,38

The neutral species shown in Figure2 are identical to those
reported by Ebata and co-workers.30 The subgroup classifica-
tion for L-tyrosine in Figure 2 is based on the directionality
of the intramolecular hydrogen bonding, as in the case of L-phenyl-
alanine:�COOHf�NH2 for subgroup I and�NH2f�OCOH
for subgroup II. For L-tyrosine, however, there are two different, nearly
iso energetic, orientations of the phenolic �OH group, which are
denoted by subscript r (right) or l (left) in Figure 2. Roman numerals
(I, II, III, and VII) were adopted from L-phenylalanine labels33

Figure 1. Three aromatic amino acids for L-phenylalanine, L-tyrosine, and L-tryptophan. They can be divided into two substructures, backbone of
R-amino acid like alanine and aromatic residue like toluene, cresol, and skatol.

http://pubs.acs.org/action/showImage?doi=10.1021/jp200826z&iName=master.img-001.jpg&w=324&h=154
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because of the similarity between L-tyrosine and L-phenylalanine, with
the�OH group in L-tyrosine being the major difference.

Ebata and co-workers observed eight origin bands (4, 5, 6, 7,
14, 15, 16, and 17) in their fluorescence excitation spectra30 and

Figure 2. The eight stable structures of representative L-tyrosine conformers in neutrals and cations. All structures were determined at the M05-2X/
6-311þG* level of theory. Roman numerals represent the conformers and subscripts l, r indicate orientation of phenolic�OH group. The Numerals in
parentheses represent the order of band origins observed by Ebata’s group.30 The cationic conformers are listed on the right-hand side. Conformers
belonging subgroup II (IIl, IIr, VIIl, and VIIr) in cations gave different structures betweenM05-2X and B3LYP. They are marked as M05-2X and B3LYP,
respectively. The others lead to almost the same conformers regardless of the methods used.

http://pubs.acs.org/action/showImage?doi=10.1021/jp200826z&iName=master.img-002.jpg&w=397&h=576
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proposed that pairs of 4 and 6, 5 and 7, 16, and 17 correspond to
two rotational isomers arising from the different orientations of
phenolic �OH. Table 2 shows relative energies of L-tyrosine
conformers in neutrals (cations), which were calculated by using
M05-2X and conventional B3LYP methods. Here, zero point
energy corrections (ZPEcorr) were taken into account. According
to the results in Table 2, these sets of rotational conformers are
no different energetically.
A-2. L-tryptophan. Figure 3 shows the geometrical structures

of L-tryptophan for the most six valid neutral conformers and five
cationic ones in their ground states. The others are listed in the

Supporting Information. The structures were calculated by using
M05-2X optimization with the 6-311þG* basis set and they were
tentatively classified into two subgroups, I (I, III) and II (II, V),
as for L-phenylalanine.33

It has already been understood qualitatively that each sub-
group for L-phenylalanine has two different types of intramolec-
ular hydrogen bonding.19 The two functionals, M05-2X and B3LYP,
gave almost the same results regarding geometrical structures for
L-tryptophan in neutral and cation.
The neutral conformers of six alphabetic capital letters, A, B, C,

D, E, and F in Figure 3 were quoted from ref 22 in which their
assignment was carried out using mass-selected resonant two-
photon ionization (MS-R2PI) spectra, UV�UV hole-burn spec-
tra, and IR�UV ion dip spectra together with predictions by ab
initio MO calculations employing B3LYP.
The four Roman numerals, I, II, III, and V, were adopted from

our previous work33 on L-phenylalanine for similarity of the
backbone, that is, orientation of backbone (alanine) in L-trypto-
phan and L-phenylalanine are almost the same. Subscripts a and b
represent different orientations of the residue (indole ring)
because of asymmetry in L-tryptophan.
In Figure 3, M05-2X results show that cationic structures

of conformer Ia belonging to subgroup I are similar to that of
L-phenylalanine, in other words, geometry of the backbone
(alanine) in L-tryptophan is almost same as that of L-phenylala-
nine, while conformer IIIa in radical cations is quite different from
that of L-phenylalanine.
Table 3 shows the molecular constants for six conformers of

L-tryptophan in the neutral and radical cationic ground states.
Both theM05-2X and B3LYP results have the similar tendency in
their molecular constants. Furthermore, there exist no significant
differences in the molecular constants between subgroups I and II.

Table 1. Molecular Constants for Eight L-Tyrosine Conformers in Neutrals and Those for Cations in Parenthesesa

dihedral angle (deg) bond length (Å)

subgroup origin bandsb conformer Cπ1�Cβ�CR�N CR�NH2 Oπ�Cγ�CR�N CR�Cβ Cβ�Cπ1 CR�N Cπ4�O

(a) M05-2X, neutral (cation)

I 14 Il 52 (70) 123 (132) �169 (�150) 1.54 (1.56) 1.51 (1.48) 1.46 (1.44) 1.36 (1.31)

I 14 Ir 51 (68) 123 (132) �169 (�151) 1.54 (1.56) 1.51 (1.48) 1.46 (1.44) 1.36 (1.31)

I 4 or 6 IIIl �63 (�80) 122 (132) 163 (�161) 1.54 (1.56) 1.51 (1.47) 1.46 (1.44) 1.36 (1.31)

I 4 or 6 IIIr �63 (�82) 122 (132) 163 (�162) 1.54 (1.56) 1.51 (1.47) 1.46 (1.44) 1.36 (1.31)

II 5 or 7 IIl 62 (66) 119 (125) �1 (0) 1.54 (1.57) 1.51 (1.48) 1.45 (1.44) 1.36 (1.31)

II 5 or 7 IIr 62 (67) 119 (124) 0 (0) 1.54 (1.57) 1.51 (1.48) 1.45 (1.44) 1.36 (1.31)

II 16 or 17 VIIl �60 (�63) 122 (120) �30 (�12) 1.55 (1.56) 1.50 (1.48) 1.45 (1.45) 1.36 (1.31)

II 16 or 17 VIIr �60 (�65) 122 (121) �30 (�12) 1.55 (1.56) 1.50 (1.48) 1.45 (1.44) 1.36 (1.31)

(b)B3LYP, neutral (cation)

I 14 Il 53 (75) 123 (135) �170 (�150) 1.55 (1.59) 1.51 (1.49) 1.47 (1.44) 1.37 (1.32)

I 14 Ir 52 (69) 123 (135) �170 (�154) 1.55 (1.59) 1.51 (1.48) 1.47 (1.44) 1.37 (1.32)

I 4 or 6 IIIl �64 (�84) 122 (136) 165 (�162) 1.55 (1.58) 1.51 (1.48) 1.47 (1.43) 1.37 (1.32)

I 4 or 6 IIIr �64 (�85) 122 (136) 165 (�162) 1.55 (1.58) 1.51 (1.48) 1.47 (1.43) 1.37 (1.32)

II 5 or 7 IIl 62 (62) 120 (131) �4 (�86) 1.55 (1.57) 1.51 (1.49) 1.45 (1.44) 1.37 (1.32)

II 5 or 7 IIr 62 (63) 120 (130) �4 (�81) 1.55 (1.57) 1.51 (1.49) 1.45 (1.44) 1.37 (1.32)

II 16 or 17 VIIl �61 (�73) 122 (140) �32 (�17) 1.57 (1.64) 1.51 (1.47) 1.45 (1.41) 1.37 (1.32)

II 16 or 17 VIIr �61 (�72) 122 (143) �32 (�18) 1.57 (1.64) 1.51 (1.47) 1.45 (1.41) 1.37 (1.33)
aThese were evaluated at the optimized geometries shown in Figure 2. (a) Results obtained by M05-2X; (b) results obtained by B3LYP. Values that
are considerably different between these two funcionals are written in boldface. bThe numbers display ordering of band origin (S0�S1) in experiment
(ref 30).

Table 2. Relative Energies (in kcal/mol) of Eight Stable
L-Tyrosine Conformers in the Neutral (Cationic) Ground
State Calculated by M05-2X and B3LYP with a 6-311þG*
Basis Set Including Zero-Point Energy Correction

neutralb cation

subgroup origin bandsa conformer M05-2X B3LYP M052X B3LYP

I 14 Il 0.00 (1) 0.00 (1) 4.60 4.69

I 14 Ir 0.32 (2) 0.35 (4) 5.53 5.51

I 4 or 6 IIIl 1.05 (6) 0.13 (3) 8.70 5.56

I 4 or 6 IIIr 0.82 (5) 0.11 (2) 8.45 5.37

II 5 or 7 IIl 0.56 (3) 0.91 (8) 0.18 0.00

II 5 or 7 IIr 0.66 (4) 0.90 (7) 0.00 0.38

II 16 or 17 VIIl 1.86 (13) 1.15 (9) 0.98 0.18

II 16 or 17 VIIr 1.65 (11) 1.15 (10) 1.30 0.04
aThe numbers display ordering of band origin (S0�S1) in experiment
from ref 30. bThe numbers in parentheses indicate the relative energy
ordering, which depends on respective theoretical methods.
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Cationic L-tryptophan conformers belonging to subgroup II have
neither CR�Cβ elongation nor planarity of CR�NH2, which is
different from cationic conformers belonging to subgroup II of
L-phenylalanine.
Table 4 shows relative energies of L-tryptophan conformers in

neutrals (cations), which were calculated by using M05-2X and
conventional B3LYP method. Here, zero point energy correc-
tions (ZPEcorr) were taken into account. The M05-2X functional
gave more reasonable candidates corresponding to observed
conformers in L-tryptophan than the B3LYP based on order of
relative energies. As mentioned above, there exist two types of
hydrogen bonding in L-tryptophan based on their structures and

frequency analysis and then conformer Ia and IIIa, which belong
to subgroup I and which have intramolecular hydrogen bonding
(�COOH f �NH2), should be candidates for observed
conformers A and F, conformer IIa, IIb, Va, and Vb, which belong
to subgroup II and which have free�OH, should correspond to
conformers E, C, B, and D, which were observed by Simons and
co-workers in ref 22. In this work, results from newly employed
M05-2X for L-tryptophan in neutral provides the validity to show
good agreement with assignments by Simon and co-workers.
B. Comparison of Ionization Energies and Charge Distri-

butions between Aromatic Amino Acids. In this subsection,
the calculated results of adiabatic ionization energies and charge

Figure 3. The six stable structures of representative L-tryptophan conformers in neutrals and cations. All structures were determined at M05-2X/
6-311þG* level of theory. Alphabetic capital letters in parentheses represent the conformers observed experimentally and subscripts a, b were adopted
from ref 22. Roman numerals represent the structure of the stable conformers. The six neutral conformers converged at five optimized cationic structures
on the right-hand side.

http://pubs.acs.org/action/showImage?doi=10.1021/jp200826z&iName=master.img-003.jpg&w=397&h=479
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distributions in radical cations for both L-tyrosine and L-trypto-
phan are presented. An important role of their aromatic residue
on ionization energy and charge distribution is discussed.
B-1. Adiabatic Ionization Energies. Figure 4 shows the calcu-

lated adiabatic ionization energies for L-tyrosine in the middle and
those for L-tryptophan at the bottom. For comparison, in the
upper part, adiabatic ionization energies for L-phenylalanine are
also shown from ref 33. Here, zero-point energy corrections were
taken into account. The adiabatic ionization energies calculated
by DFT (M05-2X) are higher than those calculated by DFT
(B3LYP) for all of the conformers by nearly 0.4 eV.
It can be seen from Figure 4 that adiabatic ionization energies

for all of the conformers of both L-tyrosine and L-tryptophan can
be classified into two groups depending on subgroups I and II as
those for L-phenylalanine: adiabatic ionization energies for the
subgroup I conformers are higher than those for the subgroup
II conformers. The energy difference between subgroup I and
subgroup II becomes small, i.e., 0.29, 0.21, and 0.19 eV, as aromatic
amino acid is replaced from L-phenylalanine to L-tyrosine and
L-tryptophan. Experimental values of adiabatic ionization energy
are also shown in Figure 4. The adiabatic ionization energies of

subgroup II (II and VII) conformers of L-tyrosine, which were
calculated by DFT (M05-2X), reproduces those observed by
photoelectron spectroscopy on L-tyrosine,48 whereas for con-
former I and III belonging to subgroup I, their adiabatic ioniza-
tion energies reproduce the experimental value of cresol.49

For L-tryptophan, the M05-2X adiabatic ionization energies of
the subgroup I conformers, Ia (A) and IIIa (F), are close to that of
skatol at the bottom of Figure 4. The adiabatic ionization energies
of the subgroup II conformers, IIa (E), IIb (C), Va (B), and Vb (D),
are close to that of L-tryptophan and their energy differences are
within 0.1 eV.27

In Figure 5, toluene, cresol, and skatol are employed as
representative aromatic residue chromophores for L-phenylala-
nine, L-tyrosine, and L-tryptophan, respectively. Alanine is the back-
bone common to all of the three aromatic amino acids, and the
experimental values of their ionization energies were 8.88, 8.82,
8.35, and 7.51 eV for alanine,48 toluene,49 cresol,50 and skatol,51

respectively. The ionization energies predicted by M05-2X
(B3LYP) with the 6-311þG* basis set are 8.74 (8.59), 8.12
(7.95), and 7.53 (7.31) eV for toluene, cresol, and skatol, and
9.36 (9.07), 8.94 (8.70) eV for alanine belonging to subgroups

Table 3. Molecular Constants for Six L-Tryptophan Conformers in Neutrals and Those for Cations in Parenthesesa

dihedral angle (deg) bond length (Å)

subgroup experiment assignmentb conformer Cπ1�Cβ�CR�N CR�NH2 CR�Cβ Cπ1�Cπ2 CR�N Cπ2�Nπ

(a) M05-2X, neutral (cation)

I A Ia 55 (68) 122 (130) 1.53 (1.56) 1.37 (1.44) 1.46 (1.45) 1.37 (1.32)

I F IIIa �62 (172) 121 (128) 1.54 (1.54) 1.37 (1.43) 1.46 (1.45) 1.38 (1.32)

II E IIa 65 (58) 119 (123) 1.54 (1.54) 1.37 (1.43) 1.45 (1.45) 1.38 (1.32)

II C IIb 63 (63) 119 (122) 1.54 (1.55) 1.37 (1.43) 1.45 (1.45) 1.38 (1.32)

II B Va 63 (58) 121 (123) 1.54 (1.54) 1.37 (1.43) 1.45 (1.45) 1.38 (1.32)

II D Vb 60 (59) 120 (120) 1.54 (1.54) 1.37 (1.43) 1.45 (1.46) 1.38 (1.32)

(b) B3LYP, neutral (cation)

I A Ia 55 (72) 123 (131) 1.55 (1.57) 1.37 (1.43) 1.47 (1.45) 1.38 (1.33)

I F IIIa �62 (171) 121 (129) 1.55 (1.55) 1.37 (1.43) 1.47 (1.45) 1.38 (1.33)

II E IIa 65 (58) 120 (126) 1.55 (1.56) 1.37 (1.43) 1.45 (1.45) 1.38 (1.33)

II C IIb 64 (63) 119 (122) 1.55 (1.56) 1.37 (1.43) 1.45 (1.46) 1.38 (1.33)

II B Va 64 (58) 121 (126) 1.55 (1.56) 1.37 (1.43) 1.46 (1.45) 1.38 (1.33)

II D Vb 60 (59) 121 (120) 1.55 (1.55) 1.37 (1.43) 1.45 (1.47) 1.38 (1.33)
aThese were evaluated at the optimized geometries shown in Figure 3. (a) Results obtained by M05�2X; (b) results obtained by B3LYP. There is no
considerably difference between these two functionals. bThese experimental assignments are cited from ref 22.

Table 4. Relative Energies (in kcal/mol) of Six Stable L-Tryptophan Conformers in the Neutral (Cationic) Ground State
Calculated by M05-2X and B3LYP with a 6-311þG* Basis Set Including Zero-Point Energy Correction

neutralb cation

subgroup experiment assignmentsa conformers M05-2X B3LYP M052X B3LYP

I A Ia 0.00 (1) 0.00 (1) 4.14 4.12

I F IIIa 1.39 (3) 0.13 (2) 4.36 2.55

II E IIa 1.32 (2) 0.91 (7) 0.00 0.00

II C IIb 1.66 (4) 0.90 (10) 0.26 0.98

II B Va 1.83 (5) 1.15 (13) 0.00 0.00

II D Vb 2.11 (9) 1.15 (14) 0.23 0.94
aThese experimental assignments are cited from ref 22. bThe numbers in parentheses indicate the relative energy ordering. It should be noted that the
ordering depends on the theoretical methods used.
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I and II, respectively. A typical molecule for charge doubly localiza-
tion (division) upon ionization is 2-phenylethylamine, analogue of
phenylalanine, which is supposed to be formed by ethylbenzene as a

residue and ethylamine as a backbone in Figure 5. They have almost
the same ionization energy (8.77 eV for ethylbenzene, 8.80 eV for
ethylamine) in experiment according to ref 52.

Figure 4. M05-2X and B3LYP results for adiabatic ionization energies of the six stable conformers in L-phenylalanine (upper), eight stable conformers
in L-trysosine (middle), and six stable conformers in L-tryptophan (lower). Zero-point energy corrections are included. Experimental values are also
shown for comparison. Adiabatic ionization energies of aromatic residues are shown. The dotted lines in subgroup II denote adiabatic ionization values
obtained by phtoionization mass spectroscopic measurement of mixed conformers for L-phenylalanine and L-tryptophan,27 respectively. For L-tyrosine,
they were obtained by using photoelectron spectroscopy.52 The other dotted lines in subgroup I correspond to photoelectron spectroscopic adiabatic
ones of aromatic residues (toluene,49 cresol,50 and skatol51) of L-phenylalanine, L-tyrosine, and L-tryptophan, respectively.

http://pubs.acs.org/action/showImage?doi=10.1021/jp200826z&iName=master.img-004.jpg&w=360&h=556
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Only both toluene and alanine have almost same observed
ionization energy. Photoelectron spectroscopic values of skatol
(7.51 eV)51 and L-tryptophan (7.30 eV)27 are plotted in the
bottom of Figure 4. Both the M05-2X and B3LYP values of
adiabatic ionization energy for skatol are also plotted to estimate
a possible error in their calculations.
Figure 6 shows a qualitative explanation for the calculated

adiabatic ionization energies of each aromatic amino acid based
on a simple molecular orbital picture. Figure 6a shows the
ionization of three aromatic amino acids belonging to subgroup
I. In this case, ionization takes place from the π-HOMO of the
aromatic residue of each amino acid because nonbonding MO of
the residue is stabilized by formation of intramolecular hydrogen
bonding. Figure 6b shows the ionization of the aromatic amino
acids belonging to subgroup II. In this case, on the other hand,
ionization takes place from the HOMO of aromatic amino acids.
B-2. Charge Distribution in Radical Cations. Results of charge

distribution obtained by NBO analysis are given in parts a and
b of Table 5 for L-tyrosine and L-tryptophan, respectively. It can
be seen from the M05-2X results in Table 5 that their charge of
90% is localized on the residue (phenol and indole) for all of the
L-tyrosine and L-tryptophan subgroup II conformers. This makes
clear contrast with L-phenylalanine conformers belonging to
subgroup II, in which charge is doubly localized (divided) in
each phenyl group and amino group with equal weight.33

Let us now make a semiquantitative discussion about the
charge distribution shown in Table 5 by using a simple two-state
model. In Figure 6, the model consists of the HOMO of aromatic

residue, φπ, and nitrogen nonbondingMO of the backbone, φnN.
The HOMO (MO from which electron is released) of the
aromatic amino acidΦ can be expressed by a linear combination
of these two MO’s as Φ = βφπ� RφnN. Here, R and β are
coefficients given as

R ¼ fðΔε2 þ 4γ2Þ1=2 �Δεg=½fðΔε2 þ 4γ2Þ1=2 �Δεg2 þ 4γ2�1=2

and

β ¼ 2jγj=½fðΔε2 þ 4γ2Þ1=2 �Δεg2 þ 4γ2�1=2

Here, Δε = επ � εnN and γ = Æφπ|Ĥ|φnNæ; γ is the interaction
energy between φπ and φnN. Ĥ is the electonic Hamiltonian of
aromatic amino acid at the ground state geometrical structure.
For L-phenylalanine belonging to subgroup II, |R | = |β | since

both φπ and φnN have the same value of orbital energy and
Δε = 0. This means that charge is doubly localized (divided)
between the backbone and aromatic residue with equal weight,
i.e., |R |2 = |β | 2. In this case, γ can be estimated as the ioniza-
tion energy difference between phenyl (or amino) group and
L-phenylalanine. γ was estimated to be 0.32 eV from the exper-
imental ionization energies.
Let us consider charge distribution of L-tyrosine by using the

two-state model in Figure 6. We obtained |R |2 = 0.11 and |β |2 =
0.89. Here, we adopted γ = 0.32 eV, which was estimated from L-
phenylalanine since the aromatic ring of L-tyrosine has the similar
aromatic ring as that of L-phenylalanine.We note from comparison
of geometrical structures between L-tyrosine and L-phenylalanine

Figure 5. Several chromphores for explanation of charge distribution of aromatic amino acids. Ethylbenzene and ethylamine were adopted from ref
52 as referencemolecules having chromophore whose ionization energies are the same. Toluene, cresol, and skatol take the place of aromatic residues for
L-phenylalanine, L-tyrosine, and L-tryptophan, respectively. Subgroups (I and II) for alanine correspond to the backbone for the three aromatic
amino acids.

http://pubs.acs.org/action/showImage?doi=10.1021/jp200826z&iName=master.img-005.jpg&w=398&h=299


9666 dx.doi.org/10.1021/jp200826z |J. Phys. Chem. A 2011, 115, 9658–9668

The Journal of Physical Chemistry A ARTICLE

that their conformers have one-to-one correspondence with
respect to their conformation.33 Furthermore, the angle between
the directions of two orbitals (φπ and φnN) of each L-tyrosine
conformer is almost equal to that of the corresponding L-phenyl-
alanine conformer. We used Δε = 0.82 eV which was taken from
the theoretical ionization energies of two substructures, cresol and
alanine belonging to subgroup II. The values of the charge distribu-
tion obtained by using the simplemodel explain semiquantitatively

those shown in Table 5a. In the similar way, we obtained |R |2 =
0.04 and |β |2 = 0.96 for L-tryptophan withΔε = 1.41 eV. It can be
seen that there is significant difference in the charge distribution
between the ab initio calculation and the simple two-state model.
The main difference originates from use of the same interaction
energyγ = 0.32 eV as that used in L-phenylalanine for evaluation of
L-tryptophan charge distribution in the simple model even though
there is a large discrepancy in aromatic rings between L-tryptophan

Figure 6. AnMO picture showing the differences in ionization energies between conformers belonging to subgroup I and those belonging to subgroup
II for the three aromatic amino acids: L-phenylalanine, L-tyrosine, and L-tryptophan. (a) For subgroup I, intramolecular hydrogen bonding between the
carboxylic hydrogen and the nitrogen of amino group induces stabilization for the nonbonding orbital of nitrogen. (b) For subgroup II, the nonbonding
orbital of the amino group and the π-HOMO of the aromatic residue interact to form new bonding and antibonding MO’s. The antibonding MO is
destabilized. This results in lower ionization energy than those of the π-HOMO and nonbonding MO in noninteracting systems.

http://pubs.acs.org/action/showImage?doi=10.1021/jp200826z&iName=master.img-006.jpg&w=400&h=514
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and L-phenylalanine. Actually, γ = 0.53 eV was obtained from the
expression forR (β) with ab initio values of the charge distribution
for L-tryptophan in Table 5b. On the other hand, γ = 0.31 eV was
obtained from the expression forR (β) with ab initio values of the
charge distribution for L-tyrosine in Table 5a and there is almost
no discrepancy of γ between L-phenylalanine and L-tyrosine.
In summary, charge doubly localization (division) for the

subgroup II conformers of L-phenylalanine can be considered
as a special case. The tendency of no CR�Cβ elongation and
nonplanarity of the CR�NH2 for all of the L-tyrosine and
L-tryptophan conformers in radical cations, as shown in Tables 1
and 3, can be qualitatively explained using the same model.
Charge localization of aromatic residue in aromatic amino acids
means that ionization takes place from the HOMO of aromatic
residue. Therefore, the degree of contribution of molecular
orbital character like nN and π plays an important role in

determining whether the charge is localized or doubly localized
(divided).

’CONCLUSION

Conformation-dependent properties of the aromatic amino
acids L-tyrosine and L-tryptophan for L-phenylalanine in radical
cations have been studied by using new density functional theory,
DFT (M05-2X). The DFT (M05-2X) results showed that all of
the conformers of both L-tyrosine and L-tryptophan undergo
charge localization irrespective of formation of intramolecular
hydrogen bonding. Such localization behavior originates from
the existence of HOMO energy difference between the backbone
and residue of the aromatic amino acid. Among three aromatic
amino acids, L-phenylalanine, L-tyrosine, and L-tryptophan, only
subgroup II conformers of L-phenylalanine without intramolec-
ular hydrogen bonding (�COOH f �NH2) in the backbone
undergo charge doubly localization (division). This is due to nearly
the same energy values of HOMO’s between the backbone,
alanine, and aromatic residue, toluene. The analysis given here
provides clues to analyze the dynamics of charges in peptides and
amino acids.
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