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Abstract 

 

Two sets of amino acid-contained fragment schemes, the alanine/benzene scheme and 

the glycine/toluene scheme, are employed to study electronic structure of an aromatic 

amino acid, L-phenylalanine (Phe). The calculated ionization energies (IEs) and the 

theoretical momentum distributions (TMDs) of the valence orbitals for the related 

molecules are analyzed to reveal the intra-molecular interactions through the 

fragments-in-molecules scheme. Density functional theory (DFT) based and Green 

function based quantum mechanical calculations as well as available experimental 

measurements are used in the study. It is found that the strong chemical bonding 

character of Phe seems to appear in middle valence region of 11-20 eV, which largely 

shows the dependency of the fragment schemes. The valence energy region of 14 < IE 

< 20 eV in Phe is dominated by the glycine/toluene scheme, whereas the valence 

space of 11 < IE < 14 eV is dominated by the alanine/benzene scheme. The innermost 

valence space (i.e. IE > 20 eV) and the outermost valence space (i.e. the frontier 

orbitals) are less affected by the fragment schemes. These observations are confirmed 

using combined information in position and momentum spaces in dual space analysis 

(DSA).  

 

Keywords: phenylalanine, amino acids, fragments, electronic structures, structure-

property relations, DFT calculations  
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Introduction 

 

L-phenylalanine (Phe), an essential aromatic amino acid, exhibits multitude bio-

functional roles and receives a significant attention in both theoretical and 

experimental studies
1-20

. Like other amino acids, Phe takes a neutral structure in gas 

phase presenting a number of low energy conformers
7, 10, 16, 21, 22

. However, with the 

presence of even a few water molecules, Phe takes a zwitterion form
21, 23-25

. In its 

chemical structure as shown in Fig. 1, Phe consists of three different functional 

groups, i.e., a carboxyl (-COOH), an amino (-NH2) and a phenyl ring, joining through 

the C(α)−C(β) bridge. The most populated conformer of Phe in gas phase is stabilized 

by a hydrogen bond (H-bond) network 
3
.  

 Orientations of the functional groups connected at the α-carbon (C(α)), which 

together form the moiety of amino acid, play a vital role in structure-properties of 

Phe. Our recent ab-initio molecular dynamics study
21

 reveals that the intra-molecular 

H-bonds between the carboxyl and amino group in Phe is important for stabilizing the 

micro-hydrated Phe-Cu
2+

 complexes
21

. Similarly, an earlier data mining study also 

identified the amide-phenyl interactions in Phe as an essential factor to stabilize the 

protein residues over large conformational spaces 
26

. As a result, studies of electronic 

structures and the intra-molecular mechanisms of Phe can be useful to understand the 

complex structures and the associated properties. 

 

A large number of studies on the electronic properties of Phe has been reported 

using a variety of theoretical and experimental methods. For example, photoemission 

spectroscopy (PES)
18, 27-31

, near edge x-ray absorption fine structure (NEXAFS) 

spectroscopy
32, 33

, electron energy loss spectroscopy (EELS)
17

, etc. It is reported
5
 that 

the N1s core level spectra of Phe is an indicator of the conformer population. 

Similarly, the valence PES spectra of Phe and other aromatic amino acids have also 

been reported previously
18, 27-31

. However, the assignment of the first ionization 

energy (IE) to the highest occupied molecular orbital (HOMO) remains controversial. 

For example, Cannington and Ham 
30

 reported this energy of Phe as 9.4 eV, while 

Campbell and colleagues
27, 31

 presented with a broad peak between 8-10 eV in the 

photoelectron spectrum of Phe. In their initial study, Campbell et al
31

 indicated that 
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the first IE energy of Phe could correspond to the nitrogen lone pair appearing at 8.5 

eV, which is also supported by the photoionization study by Vorsa et al
34

. 

Nevertheless, in their later study
27

, this energy of Phe was reassigned as a joint 

contribution from the nitrogen lone pair and the π orbitals from the phenyl group. 

Such the assignment was supported by a later XPS study
18

, which assigns the first IE 

of Phe at 9.5 eV to the contributions of π1, π2 and the nitrogen lone pair.  The 

experimental study also suggested the orbital characters of several valence orbitals in 

Phe
18

. A recent theoretical study by Close
15

, however, assigns the first IE energy to 

only π orbital contributions of Phe. 

 

Confident assignment and thorough understanding of the valence binding 

energy spectrum of Phe in gas phase needs significant theoretical support. The 

measured spectra of Phe in the valence space remain congested without being fully 

resolved, even with high-resolution synchrotron sourced spectrometers. Theoretical 

calculations are, therefore, necessary to provide details for the entire valence region 

of the molecule and to relate the spectral features with its electronic structure, as 

described in our previous studies
12, 14, 35-41

. In addition, interpretation of the measured 

valence binding energy spectra of molecules needs detailed information of the orbital 

energies (positions of the spectral lines) as well as the orbital distributions, which are 

the results of quantum mechanical calculations. In a recent review, Wang and 

Ahmed
42

 reiterated the importance of theoretical calculations to help experimental 

measurements as well as to suggest new experiments. As a result, the dual space 

analysis (DSA)
43

 is applied in this study to further our understanding on the electronic 

structures of molecules, such as Phe, through their amino acid contained fragments, 

their energies (in position space) and orbitals (in momentum space).  

 

The atoms-in-molecules (AIM) model
44, 45

 and fragment-in-molecules (FIM) 

model
46, 47

 are well known in chemistry. The FIM model has remained particularly 

useful in the interpretation of photoelectron spectra of organic molecules
46, 47

.  The 

(FIM) model is less adopted in chemistry for molecules such as DNA bases; however, 

it is good model for the class of amino acid-contained molecules (peptides and 

dipeptides, for example) that exhibit the nature of building blocks of life. As a result, 

it is very important to obtain the information of fragments, their interactions and their 

roles to the properties of the target molecules in this class of biomolecules. The 
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 5

structure-property (functionality) relationship inspires innovation in rational design of 

functional materials such as drugs, chemical sensors, organic dyes and electronics 

materials
13, 22, 42

. The present study aims to reveal electronic structures and intra-

molecular interactions of Phe using the FIM model. Phe can be assembled by a 

number of fragments, among which are two most useful fragmentation schemes 

containing amino acids. That is, the alanine/benzene (A/B) scheme and the 

glycine/toluene (G/T) scheme, as shown in Fig. 2. In our previous paper
12

, the A/B 

fragmentation scheme (Scheme I) has been studied
12

, which indeed showed the 

significant physical and chemical characters of the A/B fragment (i.e., alanine and 

benzene) of Phe. The present study will focus on the influence of the G/T scheme 

(Scheme II) fragments to Phe, and how it compares with that of the A/B scheme. 

 

Computational details: 

 

For comparison and consistency, the same theoretical models which were used in our 

previous work
12

 are employed in the present study. Briefly, optimization calculations 

for the glycine and toluene (saturated by H atoms), as if they were free molecules, are 

based on the B3LYP/TZVP model. The core binding energy spectra of the molecules 

are calculated using the LB94/et-pVQZ//B3LYP/TZVP model and the ∆EKS method
48, 

49
, respectively. The valence energies of the fragment molecules are calculated using 

the SAOP/et-pVQZ//B3LYP/TZVP and the OVGF/TZVP//B3LYP/TZVP models
50, 51

. 

Molecular orbitals of Phe, glycine and toluene, in coordinate space, which are 

produced using the B3LYP/TZVP model, are mapped into momentum space as 

theoretical momentum distributions (TMDs) in the dual space analysis (DSA)
43

. 

Computational chemistry packages such as G03
52

, G09
53

 and ADF
54

 are employed in 

the calculations.  

 

Results and discussion 

 

Inner shell binding energy spectra and relaxation effects of Phe 

 

No significant changes in geometries of Phe with respect to the fragments 
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 6

(saturated by hydrogen atoms), which were re-optimized for their minimum structures 

as if there were free molecules, are found (refer to supplementary information, SI. 1). 

Fig. 3 compares the measured X-ray photoemission spectra (XPS) of Phe
5
 in the inner 

shell with simulated spectra using the LB94/et-pVQZ model and the ∆EKS method, 

respectively. In the simulated spectra, the full width at half maximum (FWHM) of 

0.40 eV is employed in order to reproduce the experimental spectra
5
 as much as 

possible.  

 

The agreement between the calculated and the measured XPS is very well. The 

calculated vertical C1s spectrum of Phe using the LB94 model has been shifted by -

0.67 eV, whereas the ∆EKS calculated C1s spectrum is compared with the 

measurement directly without any shift. Such the global energy shift of the calculated 

vertical binding energies reduces certain systematic effects such as relaxation effects 

due to the LB94 model. The remarkable agreement between the calculated and the 

measured
5
 spectra indicates that the individual core hole state related relaxation is 

fairly small, which can be compensated by application of global energy shift to the 

spectra obtained using less expensive theoretical models such as LB94 in this study. 

Since the ionization process is a fast one, the vertical ionization process is a good 

approximation for the core ionization. The vertical IEs of Phe can be calculated using 

the LB94 model, which involves significantly less computation when comparing to 

the ∆EKS method. 

 

 The C1s XPS binding energy spectra of Phe are then assigned based on the 

calculations: the order of the binding energy is given by C(1) > C(α) > C(β) > C(γ) > 

C(ring). Such the order indicates that the chain carbons are more difficult to ionize and 

the carbonyl carbon atom (C(1)=O) is the most unlikely to be ionized. As a result, 

from energy point of view, the aromatic C-C bonds may break first followed by the 

bonds on the chain. The fact that the C(1)=O carbon site possesses the largest IE is 

also supported by the O1s spectrum in the same figure (Fig.3b).  The O(=C) peak 

possesses higher IE than the O(-H) site of Phe. While most of the C1s IEs are 

reproduced by the calculations well, the IE of this carbonyl carbon, C(1), shows a 

larger discrepancy between the measurement and calculations. The LB94 model tends 

to underestimate the C(1)(=O) energy by 1.16 eV (after taking into account the energy 
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 7

shift of 0.67 eV), which is reduced to 0.81 eV if the ∆EKS method is employed. This 

indicates that the relaxation effects play a more significant role in this carbonyl 

carbon with a double bond
38

. Larger IE discrepancies between theory and experiment 

of this carbonyl carbon site are also found in other amino acids
22, 42, 55

.  

 

Accurate calculations of the inner shell IEs of bio-molecules remain a 

challenge. Fig. 3b also compares the theoretical and the experimental N1s and O1s 

spectra of Phe. A smaller global energy shift of 0.71 eV (N 1s) and 0.50 eV (O 1s), 

respectively, are applied to the ∆EKS model, whereas the LB94 calculations require a 

larger energy shift of 1.35 eV for N1s and 3.61 eV for O1s, in order to reproduce the 

experimental spectra. In general, larger shifts with respect to the N1s and O1s spectra 

calculated using the LB94 model indicate larger relaxation effects at the higher 

energy region of the spectra, such as N1s and O1s. A small shoulder at the N1s peak 

of ca. 405.5 eV in the measured N1s spectrum of Phe can be due to the 

conformational effects of Phe
5
, which is out of the scope of the present study.  The 

∆EKS method is more accurate in the inner shell than the vertical IEs, where the 

discrepancy between the calculations and the measurement is approximately < 1 eV, 

due to the considerations of individual orbital relaxations. However, computational 

costs, convergence issues and laborious processes of calculating individual orbitals, 

must be taken into account while using the ∆EKS model for molecules with degenerate 

orbitals, such as benzene 
56, 57

 and larger molecules in general.  

 

Valence binding energy spectra of Phe and fragment molecules 

 

Phe can be considered as forming from two different amino acid contained 

fragment schemes, i.e., alanine/benzene (A/B) scheme (Scheme I) and glycine/toluene 

(G/T) scheme (Scheme II). The electronic ground states of Phe and the fragment 

molecules, i.e., glycine, alanine, benzene and toluene are all in closed shells. The 

ground state of glycine (X
1
A’) has 15 valence molecular orbitals (MOs), while 18 

valence MOs each for the ground states of alanine (X
1
A) and toluene (X

1
A’). The 

ground state of benzene (X
1
A1g) contains five doubly degenerated (MOs) in its 15 

occupied valence MOs. As a result, the ground state (X
1
A) of Phe contains 32 

occupied valence MOs. Note that the fragments are saturated by hydrogen atoms. 
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 8

 

Table 1 compares the calculated valence vertical IEs of Phe and its fragment 

molecules in their ground electronic states. The DFT based SAOP/et-pVQZ and 

Green’s function based OVGF/TZVP models along with the available measured IEs 

from literature
58-62

 are also given in this table. The spectroscopic pole strengths (ps) in 

the OVGF model for the outer valence IEs of the molecules are larger than 0.85 

(except a very few MOs such as, 1a2u in benzene (0.81), 14a’ in toluene (0.84) and 

37a in Phe (0.84)), indicating that the one-particle approximation is a good 

approximation. It has been shown
12

 that the OVGF model produced accurate IEs with 

good agreement with experimental measurement. For example, the calculated IE 

discrepancies from the measurement are only 0.07 eV, 0.59 eV and 0.03 eV, 

respectively, for the three 1e1g, 3e2g and 1a2u outermost orbitals in benzene, as shown 

in the table. Nevertheless, the OVGF model only produces the outer valence vertical 

IEs of molecules. To obtain IEs in the complete valence space, the SAOP model is, 

therefore, employed. With the exception of few frontier MOs, the SAOP model 

produces fairly accurate results for the entire valence MOs, whose ∆IEs against the 

experimental data are mostly < 1 eV. The SAOP model slightly over estimated the 

IEs of few frontier orbitals in this study, as also the case in some previous studies
35, 41, 

63
. It is important to note that the experimental binding energies (i.e., IEs) themselves 

are averaged values, as the valence peaks in the experiments are mostly broad and 

congested. The calculated vertical IEs in Table 1 are for the global minimum 

conformers of the related molecules. 

 

Fig. 4 compares our theoretical valence ionization spectra of Phe, calculated 

using the SAOP/et-pVQZ (bottom panel) and OVGF/TZVP (top panel) models, 

against a previous high resolution gas phase synchrotron radiation based experimental 

spectrum.
18

  The calculated valence binding energy spectra of Phe have been globally 

shifted such that their HOMO peaks align against the experimental first IE at 9.5 eV. 

The spectrum calculated using the OVGF model has been blue shifted by a ∆IE of 0.6 

eV; whereas the energy shift of  -0.95 eV has been applied to the SAOP spectrum. As 

it can be seen in the figure, the valence spectra produced using our theoretical models 

in this work match excellently against the measured spectrum. Indeed, the shapes and 

intensities of almost all the peaks in the experimental data have been accurately 
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 9

reproduced by our calculations. Both SAOP and OVGF present good correlation 

against the experiment in the region < 18 eV; while the SAOP continues to present a 

good estimation of IEs in the inner valence space as well. Theoretically, the OVGF 

model produces only outer valence IEs. On the other hand, the SAOP model exhibits 

comparable accuracy with both OVGF calculation and the experiment in almost the 

entire valence space. This confirms that SAOP/et-pVQZ//B3LY/TZVP model is 

suitable for studying the valence ionization spectra of Phe and its’ fragment molecules 

in this study. Moreover, our previous studies have also found this model to produce 

accurate IE values for amino acid fragments in this work, alanine and glycine
52

.  

 

It is known that Phe presents several low-lying conformations on the potential 

energy surface, which may be a cause to the congested IE spectra in measurements
3, 5, 

30
. This is also evidenced by a previous resonant two-photon ionization (R2PI) 

experiment
10

, which indicates that the conformer related dependency on binding 

energies of the first IE could range from 8.80 to 9.15 eV with a variation as much as 

0.35 eV
10

. Furthermore, amino acids with complex side groups are likely to result in 

broader spectral peaks in their binding energy spectra as the orbital energies of these 

side chains (in the present case, phenyl) are usually comparable to main chain peaks. 

A fragment approach can be useful to resolve these issues. 

 

Fig. 5 presents the calculated vertical valence binding energy spectra of 

glycine vs. alanine (a), and benzene vs. toluene (b), which differ by a methyl moiety. 

The spectra show that a few extra spectral peaks in alanine (a) and toluene (b) that are 

not present in the respective spectra of glycine and benzene can be the contributions 

from the methyl group. Our previous studies
40, 55

 indicated that the valence MOs (11a, 

12a, 19a and 20a) of alanine are the methyl signature orbitals, while the MOs within 

12-16 eV present the fingerprint interactions of the aliphatic molecules
53

 (Fig. 5(a)). 

This is also true in the valence binding energy spectra of benzene and toluene in Fig. 

5(b). The valence spectra of toluene present a few methyl related spectral peaks such 

as, 8a’, 12a’ and 7a”, which do not exist in the binding energy spectra of benzene.  

Moreover, the five pairs of doubly degenerate valence MOs of benzene (D6h point 

group symmetry) split into five pairs of non-degenerate MOs in toluene (Cs point 

group symmetry). That is, 2e1u (benzene) � 7a’, 3a” (toluene); 2e2g � 4a”, 9a’; 3e1u 

� 6a”, 13a’; 3e2g �15a’, 8a” and 1e1g � 9a”, 16a’.  Therefore, the information from 
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 10

the fragment molecules provides more details for the understanding of the binding 

energy spectrum and electronic structure of Phe.  

 

Fig. 6 compares the valence vertical binding energy spectra of Phe with 

respect to the fragment schemes, the A/B scheme and G/T scheme. All are calculated 

using the SAOP model (with an FWHM of 0.40 eV) as this model is able to calculate 

the complete valence space binding energies. A clear fragments-in-molecules picture 

pops up in the spectra of Phe in the figure. For example, the inner valence region (IEs 

> 20 eV) displays remarkable similarities in both the fragment schemes. The three 

innermost valence spectral peaks of Phe (13a – 15a) are dominated by the amino acid 

moieties of alanine (7a-9a) and glycine (6a’-8a’), followed by a peak of Phe (16a), 

which is correlated with either benzene (2a1g) or toluene (6a’).  The inner valence 

space is dominated by the less delocalized (localized) 2s orbitals of the non-hydrogen 

atoms of a molecule, providing a clear picture of the contribution. On the other hand, 

in the outermost valence region of Phe at ~10 eV, this congested valence binding 

energy peak with contributions from orbitals 42a-44a of Phe is almost reproduced by 

superposition of either the doubly degenerated HOMO (1e1g) of benzene and the 

HOMO of alanine (24a)
12

, or the HOMO (16a’) and HOMO-1 (9a”) of toluene as well 

as the HOMO of glycine (16a’). The spectral regions of IE < 11 eV (outer valence) 

and > 20 eV (inner valence) in Phe show apparent similarities with the fragment 

characters, as if the fragments were free molecules. However, some of the peaks 

within these regions display contradicting correlations in the two fragment schemes. 

For example, the MO 17a of Phe is related to an aliphatic counterpart in the A/B 

scheme (i.e., MO 10a of alanine), while the same MO of Phe is correlated with a 

phenyl fragment (i.e., 7a’ of toluene) in the G/T scheme. Another example includes 

the 20a orbital of Phe, which is correlated with 11a of alanine in the A/B scheme, 

whereas with 8a’ of toluene in the alternate G/T scheme. The interactions in these 

MOs of Phe will be discussed further in the following orbital topology section. 

 

Moreover, the middle region of the binding energy spectrum of Phe, that is, 20 

eV > IE > 11 eV, displays characters of the Phe that are hardly produced using simple 

superposition of the spectra of its fragments. This spectral regime, therefore, indicates 

that the interactions among the fragments and the chemical bonding characters are 

unique to Phe. Similar trends were revealed by the valence binding energy spectra of 
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 11

some nucleosides
35

. It suggests that the cluster of MOs concentrated in the middle 

valence energy region likely holds the key information about significant intra-

molecular mechanisms of Phe, which are influenced differently by different fragment 

schemes. 

 

In order to further explore the valence electronic structures of Phe from the 

fragments-in-molecules schemes, synthetic binding energy spectra of Phe are 

produced by simple superposition of the spectra of the amino acids with their phenyl 

fragments, based on the A/B and G/T schemes. Fig. 7 compares the calculated Phe 

spectrum (in the middle panel) and the synthetic Phe spectra generated from alanine 

and benzene (in upper panel), and glycine and toluene (in the lower panel). This 

figure helps to unravel the mid-valence region of 20 eV > IE > 11 eV in Phe that 

complex due to strong intra-molecular interactions. Interestingly, this mid valence 

region in the spectra of Phe can be divided at 14 eV. That is, the valence spectral 

region of 14 eV – 20 eV of Phe formed by MOs 21a – 34a of Phe is almost the same 

as the synthetic spectrum generated from the G/T scheme. However, as noted 

previously
12

, the peaks in the valence spectral region of Phe at 11– 14 eV is very 

similar to the A/B synthetic spectrum. The findings indicate that the inner most (> 20 

eV) and the outer most (~10 eV) valence regions of Phe are dominated by its 

functional groups; the lower energy band (11-14 eV) of the mid valence region 

receives dominant contributions from fragment interactions between alanine and 

benzene fragments, whereas the higher energy band (14-20 eV) are dominated by the 

interactions between glycine and toluene fragments. The fragments-in-molecules 

approach, therefore, serves as a very useful tool to understand the electronic structure 

and reaction mechanisms of Phe. 

 

 

Valence orbital topologies 

 

Detailed assignment of vertical valence binding energy spectra of Phe through its 

fragment schemes can be obtained through the study of their valence orbitals. Orbitals 

reveal electronic structural information of the ionization spectra and one-particle 

properties. In molecular orbital theory, information of valence orbital topology is 
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 12

useful as changes in the orbitals are indicators of chemical bonding
12

. Fig. 8 displays 

the inner (a) and outer valence (b) orbital diagrams of the related fragments, in which 

the left side panel presents the orbital correlations in the A/B scheme, whereas the 

right side panel displays the correlation in the G/T scheme. In the figure, the solid 

lines correlate the Phe orbitals and its phenyl fragments, benzene or toluene, and the 

dot lines correlate the Phe orbitals with its amino acid fragments, alanine or glycine. 

Orbital correlations from both the phenyl and amino acid fragments are given as 

dashed lines.  

 

Phe has the point group symmetry of C1 without any energy degenerate 

orbitals, so do the MOs of alanine (C1), glycine (Cs) and toluene (Cs). However, the 

high symmetry benzene (D6h) possesses five pairs of occupied doubly degenerate 

orbitals in its valence space, i.e., 1e1g, 3e2g, 3e1u, 2e2g and 2e1u, in which, two of the 

MOs (2e2g and 2e1u) appear in the inner valence and the other orbitals (1e1g, 3e2g and 

3e1u) are in the outer valence region
12

. It is noted in this diagram that the orbital 

correlations are not strictly on the one-to-one basis, since “free fragments” employed 

in the present study are molecules saturated by hydrogen atoms. Hence the orbital 

correlations are matched by their orbital characteristics of the molecules. Refer to 

supplementary information, SI. 2, for correlated orbital diagrams of all the MOs of 

Phe and the fragment molecules.  

 

Inner valence orbitals of a molecule are usually dominated by 2s orbitals of 

the component atoms. As a result, hydrogen atoms do not dominate these inner 

valence orbitals although it may affect those orbitals through interactions. The 

innermost valence orbitals in the energy region of IE > 24 eV clearly show a one-on-

one correlation in both A/B and G/T schemes. For example, orbitals 13a, 14a and 15a 

of Phe are associated with the corresponding innermost MOs of alanine (7a, 8a and 

9a) and glycine (6a’, 7a’ and 8a’). Those orbitals are dominated by the 2s orbital 

contributions from their carboxyl, hydroxyl and amino groups, respectively, of the 

amino acids. The next inner valence orbital of Phe is orbital 16a. It matches the 2a1g 

orbital of benzene and 6a’ orbital of toluene, indicating the apparent phenyl 

dominance. The orbitals below 24 eV in this figure are dominated by contributions 

from both fragment schemes, either A/B or G/T. For example, in the energy box of 20 

eV-24 eV in this figure, a doubly degenerate orbital of benzene (2e1u), together with 
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the MO 10a of alanine fragment, contribute to three orbitals in Phe, such as 17a, 18a, 

19a (Phe), which are shown in Fig 8(a).  Similar interactions are also seen in the G/T 

scheme, where the three MOs of Phe are related with two non-energy degenerate 

MOs of toluene (7a’ and 8a’) and the 9a’ MO of glycine. Nevertheless, the orbital 18a 

of Phe is solely dominated by the phenyl fragment, that is, benzene in the A/B scheme 

and toluene in the G/T scheme. Perhaps the most obvious fragment scheme dependent 

orbital pair of Phe is found in the MO 20a of Phe in Fig 8(a), in which the 

contributions from the A/B scheme and G/T scheme are not the same. Orbital 20a of 

Phe concentrates on orbital 11a of alanine in the A/B scheme, whereas it is related 

with both a glycine MO (8a’) and a toluene MO (9a’) in the G/T scheme. As 

described in the zoomed-in orbital pictures in Fig. 8(a), it is clear that latter 

correlation is more reasonable since the C(β)-C(γ) interactions seen in the 20a MO of 

Phe is more close to the 8a’ of toluene. Thus, the contradicting correlations for 17a 

and 20a MOs of Phe in the valence spectra of A/B and G/T schemes in Fig. 6 arise 

from the strong intramolecular interactions between the amino-acid and phenyl 

fragments in Phe that are not captured from superposing the free fragment molecules. 

For the orbitals in the inner valence space with energy less than 20 eV in Fig 7(a), the 

correlation patterns of the A/B and G/T schemes are the same. 

 

In the outer valence energy region (Fig 8b)), the differences between the A/B 

and G/T schemes are largely focused in the formation of the MOs of Phe, except the 

region between approximately 12.5 eV and 16 eV (as marked by the box). The three 

doubly energy degenerate orbitals of benzene in the outer valence region are 

correlated to MOs in Phe, half of which also receive contributions from the amino 

acid fragment. For example, MOs, 33a, 38a and 44a of Phe are the results of the 

doubly degenerate orbitals of benzene and an orbital (18a, 22a and 24a) from alanine 

in the A/B scheme. The non-energy degenerate MOs of toluene in the G/T scheme 

provide useful information for the correlation in the A/B scheme and vice versa. 

Obviously, the A/B scheme provides a better correlation to the MOs of Phe in the 

energy region of this region of IE<14.2 eV, which agrees with the findings in the 

previous section of vertical valence IEs of Phe, whereas the G/T scheme is a good 

description for the region of IE>14 eV as evidenced by the vertical valence spectra of 

Phe given in Fig. 7. For instance, the MOs 28a and 29a of Phe at ~15.4 eV have 

strong phenyl fragment dominance, however, they are more closely related with the 
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toluene MOs (5a” and 11a’, respectively) than those from benzene (1b1u and 2b2u, 

respectively), due to the role of C(β)-C(γ) interactions in these MOs of Phe. Orbital 

pictures of these MOs are shown in Fig. 8(b). On the other hand, it is also noted that 

all MOs in the A/B scheme are correlated with the orbitals of Phe, whereas a couple 

of orbitals in the G/T scheme such as, orbital 35a in Phe, orbitals 12a’ in toluene and 

14a’ in glycine, are unique in their orbital characters and are hardly related with other 

MOs. Such information will further be verified by combining the orbital features and 

momentum profiles of the molecules using the DSA approach 
43

 in the next section.  

 

Chemical bonding information from orbital TMDs 

 

Position space analyses provide useful orbital information of the molecule and 

its chemical bonding. It suggests that the intra-molecular interactions of Phe using the 

A/B and G/T schemes. In order to further understand orbital based chemical bonding 

of Phe in a quantitative manner, in addition to the information from position space, 

the valence space information in momentum space is studied by means of DSA
43

. 

Subtle quantitative orbital-based chemical bonding information of Phe can be 

revealed in momentum space. All the valence orbital theoretical momentum 

distributions (TMDs) of Phe and its fragments have been calculated and screened. As 

shown in our previous study
12

, the TMDs of benzene calculated by our model
12

 were 

in excellent agreement against the earlier EMS measurements
64, 65

. Fig. 9 (a) – (d) 

present the TMDs of selected valence orbitals from Phe and its fragment molecules, 

which display similar chemical bonding features. For instance, the TMDs of MOs 16a 

of Phe, 6a” of toluene and 2a1g of benzene are all dominated by the phenyl fragment 

and hence display similar distributions without node planes (s-like, Fig. 9(a)). The 

momentum spectra of these orbitals are almost identical, except the lower moment 

range < 0.25 a.u., which can be attributed to the orbital contributions extending 

towards C(β) in toluene and Phe. Similarly, the TMDs of MO 39a of Phe is correlated 

with the MOs 3e2g of benzene and 15a’ of toluene based on their similar orbital 

features, those are strongly dominated by the p type interactions occurring in the ring. 

Similarities in the electron densities of these MOs are also reflected in their TMDs 

that present two ‘p’ like peaks (with nodal planes). The intensity of toluene in the 

region of ca. 0.5 a.u. is slightly higher than the others (Fig 9(b)).  
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The vertical valence spectra (in position space) in Figs 6 and 7 reveal that the 

outermost or frontier MOs of Phe are little affected by the fragment schemes. This is 

verified by the orbital momentum spectra given in Fig. 9(c) and (d). In Fig. 9(c) the 

orbital densities of the io MOs of Phe (43a), toluene (9a”) and benzene (degenerate 

1e1g) display similar ‘π2’ natures and hence present almost identical bell shaped p-like 

momentum spectra. Fig. 9(d) reports the orbital densities and TMDs of HOMO in Phe 

(44a) and the fragment molecules. Despite similar TMDs in Phe and its phenyl 

fragments (1e1g of benzene and 16a’ of toluene), contributions from the HOMOs of 

the amino acids, orbital 24a of alanine and orbital 16a’ of glycine, show in the long 

range region of < 0.5 a.u. and again prefers the A/B scheme. It suggests that the 

phenyl fragment is very active in the chemical bonding mechanisms of Phe, as found 

by many other biological studies. The dominance of amino acid components are 

focused in the lower momentum (long range) region of the HOMO TMD in Phe, 

indicating that the amino acids play a more important role in the long range 

interaction region.  

 

The valence spectrum of Phe in Fig. 6 show that the synthetic spectrum from 

the G/T scheme matches better in the energy region of 14 eV < IE < 20 eV than the 

A/B scheme. Fig. 10 (a) – (d) presents the orbital TMDs of selected orbitals in this 

energy range. The TMDs of orbital 22a of Phe in Fig 10(a) and (b) indeed show that 

this orbital is better produced by the 9a’ orbital of toluene and 10a’ of glycine in the 

G/T scheme rather than the A/B scheme, as the A/B scheme is unable to produce the 

TMDs in small momentum region of < 0.5 eV. In Fig 10(c), the TMDs of orbital 27a 

of Phe are compared with the TMDs of orbital 15a of alanine and orbital 12a’ of 

glycine. It is obvious that this orbital of Phe receives a dominant contribution from 

orbital 12a’ of glycine. In this case, the orbital TMDs of Phe displays a hybrid s-p 

distribution and with significant contributions from the orbital 12a’ of glycine in the 

lower momentum region < 0.5 a.u. Orbital 29a of Phe is also closely correlated to the 

11a’ orbital of toluene as indicated in Fig 10(d). Other orbitals of Phe such as orbitals 

38a and 40a are dominated by the A/B fragment scheme, which has been discussed 

previously
12

. As a result, the Phe molecule can be considered by different fragment 

schemes, which in return, can serve as different channels upon dissociation.  
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Conclusions 

 

The significance of fragments-in-molecule approach in deeper understanding of 

the electronic structure of phenylalanine (Phe) has been described using extensive 

correlated analyses of valence ionization energies and spectra (in position space) and 

orbitals (in momentum space). The electronic structure of Phe is studied using two 

sets of amino acid contained fragment schemes, the alanine/benzene (A/B scheme) 

scheme and the glycine/toluene scheme (G/T scheme) with focus on the latter 

scheme. Density functional theory (DFT) based and Green functional based quantum 

mechanical calculations are employed to calculate the binding energy spectra. In the 

core space, the ionization energies (IE) of Phe are calculated using vertical and ∆DFT 

methods. No significant differences (after shift) are obtained, indicating that the 

orbital relaxation effects have limited impact on the spectra. In the valence space, 

OVGF and SAOP models are employed to calculate the vertical spectra of Phe and its 

fragment molecules in the outer valence space and the complete valence space, 

respectively. The calculated spectra agree well with available experimental 

measurements. 

 

It is found that in valence space, the inner valence region (IE > 20 eV) and the 

outer valence region (IE < 11 eV) of Phe show less fragment scheme dependent 

characters. Both the A/B scheme and G/T scheme provide a good description of the 

binding energy spectrum of Phe. The strong chemical bonding character of Phe seems 

to appear in middle valence region of 11-20 eV, which largely shows the dependency 

of the fragment schemes. The valence energy region of 14 < IE < 20 eV in Phe is 

dominated by the G/T scheme, whereas the valence space of 11 < IE < 14 eV is 

dominated by the A/B scheme. These observations are confirmed using combined 

information in position and momentum space in dual space analysis (DSA). As a 

result, the ‘fragments-in-molecules’ approach can be helpful to understand the 

electronic structures and intra-molecular interactions of larger bio-molecules, thus 

implicating rational chemical design for potential applications.  
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Table 1: Valence IEs (eV) for Phe and the fragment molecules calculated using the SAOP and OVGF methods, along with the available experimental values.  

* Models, LB94/et-pVQZ; SAOP/TZ2P; OVGF/TZVP; ^ SAOP/et-pVQZ model; 

& Experimental values for benzene, toluene, alanine and glycine are from the reference, Ref. 58, Ref. 66, Ref. 30 and Ref. 67, respectively.  
a 
Unresolved and unassigned intensities

30
;
 b

Band intensity indicates other band(s) present, as well as π
30

 ;
 c
Broad band encompassing several states

30
.  

Benzene (D6h)
12

 Toluene (Cs) Phenylalanine (Phe) 

Orbital SAOP* OVGF* (ps) Expa Orbital SAOP^ OVGF*(ps) Exp& Orbital SAOP* OVGF* (ps) Exp 

2a1g 25.36  25.9 6a' 25.53   13a 32 
  

2e1u 22.59  22.5 7a' 23.35   14a 29.95 
  

2e2g 18.94  19.2 3a" 22.64   15a 27.26 
  

3a1g 16.95 17.44 (0.85) 16.9 8a' 21.14   16a 25.65 
  

2b2u 15.35 15.87 (0.87) 15.5 4a" 19.08   17a 23.82 
  

1b1u 14.88 14.84 (0.87) 14.8 9a' 18.55   18a 22.76 
  

3e1u 14.3 14.41 (0.88) 13.9 10a' 16.71 16.89 (0.86)  19a 22.42 
  

1a2u 13.11 12.33 (0.81) 12.3 5a" 15.36 15.18 (0.87) 16.49 20a 20.67 
  

3e2g 12.29 12.09 (0.90) 11.5 11a' 15.22 15.40 (0.87) 15.58 21a 19.22 
  

1e1g (HOMO) 10.39   9.13 (0.90) 9.2 12a' 14.49 14.48 (0.88) 15.12 22a 19.08 
  

     6a" 14.31 14.23 (0.88) 14.04 23a 18.64 
  

     13a' 14.04 13.82 (0.90) 13.9 24a 17.73 
  

     7a" 13.48 13.52 (0.90) 13.29 25a 16.85 17.23 (0.87) 
 

     14a' 12.92 11.94(0.83) 12.01 26a 16.76 17.10 (0.90) 16.5a 

     8a" 12.31 11.82 (0.90) 11.86 27a 15.95 16.02 (0.90) 
 

     15a' 12.23 11.80 (0.90) 11.45 28a 15.59 15.56 (0.89) 
 

     9a" 10.45  8.96 (0.90) 9 29a 15.37 15.61 (0.89) 
 

        16a' (HOMO) 10.22 8.70 (0.90) 8.76 30a 15.28 15.32 (0.90) 
 

Alanine
12

 Glycine 31a 14.82 14.76 (0.90) 14.9a 

7a 31.93   6a' 32.07  34.3 32a 14.42 14.43 (0.90) 
 

8a 29.89   7a' 30.01  32.3 33a 14.38 14.17 (0.90) 
 

9a 27.31   8a' 27.42  28.3 34a 14.02 13.69 (0.90) 14.0a 

10a 23.66   9a' 22.38  23.3 35a 13.7 13.35 (0.90) 13.4a 

11a 20.53   10a' 19.22  20.2 36a 13.18 12.74 (0.91) 
 

12a 18.98   1a" 17.74 17.88 (0.90) 17.6 37a 13.03 12.22 (0.84) 
 

13a 17.88 17.88 (0.90)  11a' 17.36 18.31 (0.91) 16.9 38a 12.39 11.86 (0.91) 
 

14a 17.19 17.97 (0.91)  12a' 16.56 16.66 (0.91) 16.6 39a 12.35 11.72 (0.91) 
 

15a 16.35 16.83 (0.90) 16.6 2a" 15.54 15.49 (0.90) 15.8 40a 12.06 10.80 (0.91) 
 

16a 15.45 15.61 (0.90)  13a' 15.03 15.26 (0.91) 15 41a 11.59 10.96 (0.90) 11.9b 

17a 14.99 15.51 (0.90)  14a' 13.97 13.58 (0.91) 14.4 42a 10.66  9.61 (0.91) 
 

18a 14.47 14.63 (0.91) 14.8 3a" 13.67 13.86 (0.92) 13.7 43a 10.55  9.03 (0.90) 10.9b 

19a 13.99 14.13 (0.92)  4a" 12.24 11.47 (0.91) 12.2 44a (HOMO) 10.35  8.80 (0.90)  9.4c 

20a 13.44 13.25 (0.91) 13.4 15a' 11.95 11.51 (0.90) 11.2 21a 13 13.21 (0.92) 12.8 16a' (HOMO) 10.78 10.12 (0.92) 10 

22a 12.1 11.44 (0.91) 12.1      

23a 11.64 11.41 (0.90) 11      

24a(HOMO) 10.45 10.09 (0.91) 9.85                 
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Figure captions: 

 

Fig.  1  : Chemical structure of Phe and its nomenclatures. 

Fig. 2: Optimized ground structures of L-Phe and its fragment schemes, 

alanine/benzene (A/B) scheme (Scheme I) and glycine/toluene (G/T) scheme 

(Scheme II). 

Fig. 3: Comparison of the calculated and measured
5
 XPS for Phe in gas phase. (a) C 

1s, (b)  N 1s and O 1s spectra. 

Fig. 4: Comparison of the theoretical valence spectra of Phe calculated using 

SAOP/et-pVQZ (FWHM = 0.4 eV) and OVGF/TZVP (FWHM = 0.7 eV) 

against a previous experimental spectrum.
18

  

Fig. 5: Comparison of vertical valence ionization spectra of (a) glycine vs. alanine; 

and (b) toluene vs. benzene. The SAOP model is employed. 

Fig. 6: Comparison of the simulated vertical valence ionization spectra of (a) 

benzene-Phe-alanine and (b) toluene-Phe-glycine. 

Fig. 7: Comparison of the calculated vertical valence ionization spectra of Phe 

(middle panel) with the synthetic spectra of alanine and benzene (upper panel), 

and (b) glycine and toluene (lower panel) fragment schemes. 

Fig. 8: Valence orbital correlation diagrams of Phe with its fragment schemes: 

alanine/benzene and glycine/toluene in the (a) inner valence and (b) outer 

valence regions 

Fig. 9: Selected valence orbital electron densities and TMDs of the Phe and its 

fragments showing related chemical bonding characteristics. 

Fig. 10: Orbital densities and TMDs of the selected valence MOs of Phe those are 

dominated by the G/T scheme in energy region of 14 eV < IE < 20 eV 
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Fig. 1: 
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Fig. 2: 
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Fig. 3: 
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Fig. 4:  
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Fig. 5:  
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Fig. 6: 
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Fig. 7:  
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Fig. 8:  
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Fig. 9:  
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Fig. 10:  
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