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We have investigated the electronic structure of three cyclic dipeptides: cyclo(Histidyl-Glycyl) (cHis-
Gly), cyclo(Tyrosyl-Prolyl) (cTyrPro), and cyclo(Phenylalanyl-Phenylalanyl) (cPhePhe) in the vapor
phase, by means of photoemission spectroscopy and theoretical modeling. The last compound was
evaporated from the solid linear dipeptide, but cyclised, losing water to form cPhePhe in the gas
phase. The results are compared with our previous studies of three other cyclopeptides. Experimen-
tal valence and core level spectra have been interpreted in the light of calculations to identify the
basic chemical properties associated with the central diketopiperazine ring, and with the additional
functional groups. The valence spectra are generally characterized by a restricted set of outer va-
lence orbitals separated by a gap from most other valence orbitals. The theoretically simulated core
and valence spectra of all three cyclic dipeptides agree reasonably well with the experimental spec-
tra. The central ring and the side chains act as independent chromophores whose spectra do not
influence one another, except for prolyl dipeptides, where the pyrrole ring is fused with the cen-
tral ring. In this case, significant changes in the valence and core level spectra were observed, and
explained by stronger hybridization of the valence orbitals. © 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.3693763]

. INTRODUCTION

We have previously reported a theoretical and experimen-
tal photoemission investigation of three cyclic dipeptides,’
namely the smallest dipeptide, cyclo(Glycyl-Glycyl) (dike-
topiperazine, or DKP hereafter), cyclo(Leucyl-Prolyl), and
cyclo(Phenylalanyl-Prolyl). Cyclic dipeptides are a subset of
the much larger class of peptides, and many are biologically
active. These dipeptides consist of a ring containing two pep-
tide bonds and this ring structure confers high stability? and
resistance to human digestion. This last property allows the
dipeptides to be used as scaffolds for drugs, and they also
possess a number of interesting biological properties includ-
ing antiviral, antibiotic, and anti-tumour activity. Some ma-
rine organisms produce cyclopeptides,® and the compounds
have shown promise for several pharmaceutical and other
applications.*7 The rigid central ring limits conformational
freedom,” making them tractable models of larger peptides.’
We note that the adsorption of peptides on surfaces is a sub-
ject of wide current interest, and this includes dipeptides:®-'°
to investigate them in the condensed state, it is of great help
to have reference data for the isolated molecules.

Structure dictates function, but intrinsic properties of bi-
ologically active molecules may be modified or masked by
their aqueous environment or by their interactions with it.

®)Present address: Aarhus University, Department of Physics and Astronomy,
Ny Munkegade 120, 8000 Aarhus C, Denmark.
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Investigation of free molecules in the gas phase permits the
identification of intrinsic properties without perturbations due
to interaction with solvents. The aim of this study is to deter-
mine the intrinsic structure-property relationship of a number
of cyclic dipeptides, using the experimental'!~'# and theoreti-
cal methods'>~!7 previously applied to modelling both valence
and inner-shell electronic states of biomolecules.

The compounds selected for study, shown in Figure 1,
are cyclo(Histidyl-Glycyl) (cHisGly), cyclo(Tyrosyl-Prolyl)
(cTyrPro), and cyclo(Phenylalanyl-Phenylalanyl) (cPhePhe).
These all consist of a core of the six-member DKP ring, and
differ by the side chains that the constituent amino acids con-
tain: hydrogen and imidazole in cHisGly, phenol and pyrroli-
dine in cTyrPro, and two phenyl groups in cPhePhe. Lucietto
et al.'® reported the results of an NMR and structure mod-
elling study of cHisGly, as well as data on its pharmacological
properties. They concluded that the energetically favourable
conformers adopt a boat configuration in solution, with re-
spect to the DKP ring. Zhu et al.'® calculated the structures of
all of the cyclic peptides consisting of the same two amino
acids, including cPhePhe, and found that they adopted the
boat conformation. We recently summarised other previous
studies of cyclic dipeptides.!

The amino acids constituting the dipeptides under study
here are glycine, proline, phenylalanine, tyrosine, and his-
tidine, and the core level spectra and accompanying the-
oretical calculations of the first four of these have been
reported recently,'!* as well as the spectra of the linear

© 2012 American Institute of Physics
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FIG. 1. (a)~(h) Three-dimensional views and schematic structures of
cTyrPro, cHisGly, cPhePhe, and IPhePhe. Double click the three-dimensional
figures on the left to view the interactive 3D structures.

peptide Glycyl-Glycine.”’ Here we investigate cyclic dimers
of these amino acids. cHisGly can also be considered as DKP
modified by the addition of an imidazole ring. In cTyrPro, the
pentagonal pyrrolidine ring is fused to the DKP ring to pro-
duce a rather rigid double ring structure, a motif also found
in two of our previously studied compounds, cyclo(Prolyl-
Phenylalanyl) and cyclo(Leucyl-Prolyl). In proline, the four
lowest energy conformers are constructed from two structural
elements: the rotation of the carboxylic acid group and the
puckering of the pyrrolidine ring.?! The carboxylic group is
not present in the dipeptide, so we expect that the main con-
formational element will be the puckering of the proline ring
to an “up” or “down” geometry with respect to the twist in
the DKP ring, giving rise to two possible conformers. In addi-
tion, the phenol moiety of cTyrPro contributes to the confor-
mational landscape. The third compound, cPhePhe, contains
two aromatic side groups; like DKP, it is formed from two
identical amino acids.

Il. EXPERIMENTAL AND COMPUTATIONAL METHODS

The measurements were performed at the Gas Phase
Photoemission beamline, Elettra, Trieste,? using apparatus
and calibration methods described previously.!!~!3 The sam-
ples were supplied by Bachem (www.bachem.com) and used
without further purification. The compounds used were those
nominated except for cPhePhe, for which the sample inserted
in the furnace and heated was Phenylalanyl-Phenylalanine a
linear, non-cyclic dipeptide. They were evaporated at temper-
atures of 473 (cHisGly), 448 (cTyrPro), and 443 (IPhePhe)
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K, respectively, and checked for signs of thermal decompo-
sition (spectral changes as a function of time, discoloration
after heating, etc.). No evidence was found for decomposition
of cHisGly and cTyrPro, but for the third compound, exces-
sive degassing of water was observed. This was interpreted as
a sign of structural alteration, and it will be shown below that
this was indeed the case, as cyclisation with water elimination
was occurring. No other sign of thermal change was observed
for this compound, such as discoloration or spectral changes
as a function of time, once the water was eliminated. Details
of the energy resolution and calibration procedure have been
given in Refs. 23 and 24, in brief, the resolution was estimated
to be 0.32, 0.46, and 0.78 eV at hv 382 (C 1s), 495 (N 1s), and
628 eV (O 1s), respectively.

The computational methods have been discussed
previously,! and will not be repeated here but are summa-
rized briefly. All the geometries were optimized using the
B3LYP/cc-pVTZ model, followed by harmonic vibrational
frequency calculations, which is incorporated in GAUSSIAN
03 computational package.® The interactive 3D-pdf struc-
tures for the molecules, shown in Figure 1 are produced as
described by Selvam et al.?® Adobe Acrobat 8.1 or higher is
suitable for viewing. Single point calculation was performed,
based on the LB94/et-pVQZ model,?”-?® which is incorpo-
rated in the Amsterdam Density Functional (ADF) computa-
tional chemistry package? to produce core vertical ionization
energies. The outer valence vertical ionization energies of the
dipeptides were calculated using the outer valence Green’s
function OVGF/6-31G* model,>** while the complete va-
lence vertical ionization energies were calculated using the
HF/6-311G** model.

lll. RESULTS

Figure 1 displays the optimized structures of the three
dipeptides in three-dimensional space using a recently de-
veloped interactive 3D-pdf technique.?® Double clicking
Figures 1(a), 1(c), 1(e), or 1(g) online or the pdf file will al-
low viewing of the structures embedded in the pdf file. As
can be seen from their 3D structures, all the cyclic dipep-
tides share a common six-member DKP ring, which prefers a
boat conformation. The dipeptides, cTyrPro, cHisGly, and lin-
ear PhePhe, exhibit C; point group symmetry, while cPhePhe
adopts a boat conformation, with C, point group symmetry.

Table I of the supplementary material®® presents a sum-
mary of some characteristic geometric parameters of the
dipeptides. Although all the cyclic dipeptides contain a six-
member DKP ring, their attached functional groups are not
the same. For example, cHisGly is composed of a DKP ring,
connected to a five-member imidazole ring via the C(8)-C(7)-
C(6) carbon bridge. The DKP ring of cTyrPro is fused with a
pyrrole ring sharing the N(2)-C(3) bond, while the other end
of the C(8)-C(7)-C(6) carbon bridge is a para-phenol moi-
ety. As stated, cPhePhe exhibits C, point group symmetry:
the symmetric DKP ring links two phenyl moieties through
the C-C-C bridge. Regardless of the type of functional moi-
ety linked to the DKP ring, the bridge dihedral angle, C(1)-
C(6)-C(7)-C(8), does not change significantly for cTyrPro and
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FIG. 2. O 1s spectra of cPhePhe, cHisGly, and cTyrPro. Theoretical curves
(cPhePhe, linear PhePhe) and histograms (cHisGly, cTyrPro) are also shown.
The FWHM of the simulated spectra of cPhePhe and linear PhePhe is 0.87 eV.
The shifts of the theoretical spectra are: cPhePhe, +2.95 eV; linear PhePhe,
+2.2 eV; cHisGly, +2.97 eV; cTyrPro, +3.04 eV.

cPhePhe but is different in cHisGly, where the imidazole ring
is bonded to the DKP ring.

Briefly, the same functional groups as those in the previ-
ously studied dipeptides have very nearly the same structural
parameters. For example, the perimeters of the central DKP
ring and the benzene ring do not vary by more than 0.03 and
0.01 A, respectively.

In Figures 2 and 4, we show the experimental and theo-
retical O, N, and C 1s photoemission spectra of the three com-
pounds, and key data are summarized in Tables I-III; Table 2
of the supplementary material®® gives a complete listing. The-
oretical spectra have been offset by the energies indicated in
the captions and tables, to give the best overall agreement with
experiment. In the calculated O 1s spectra of linear and cyclic
PhePhe, the linear form contains two peaks with an intensity
ratio of 2:1, with the larger peak due to the carbonyl and pep-
tide oxygen atoms, and the weaker peak due to the hydroxy
oxygen; the spectrum is similar to that of the linear peptide
GlyGly.”® Our theoretical spectrum of cPhePhe agrees with
the experimental data (within an offset of 3.00 £ 0.05 eV
for all compounds), which shows a single peak at binding en-
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ergy 537.0eV, whereas the 1PhePhe spectrum is quite differ-
ent from the experimental data. We therefore conclude that on
heating the linear form cyclised with the loss of water, so that
the cyclic form is produced in the vapor, and we refer to this
sample as cPhePhe from here on.

The O Is spectrum of cHisGly also shows a peak at
537.0eV, and again this is a single peak as expected from the
similarity of the chemical environments of the two oxygen
atoms. The theory predicts that the splitting is only 0.27 eV,
clearly too small to be resolved experimentally.

The spectrum of cTyrPro contains two O 1s peaks, of
which the stronger at 536.8 eV is assigned to the two peptide
oxygen atoms, while the weaker feature at 539.2 eV is due
to the oxygen atom in the phenol side chain. The theoretical
splitting of the two peptide oxygen peaks is 0.1 eV, again too
small to be resolved. The experimental intensity ratio is 1.8,
slightly below the stoichiometric value of 2. We attribute this
small difference to the transfer of oscillator strength from the
main peak to satellites, which are stronger for peptide oxygen
compared to the hydroxyl oxygen.

All three compounds show peaks due to the peptide
oxygen atoms, with binding energies within 0.2 eV of one
another, and these values are very similar to those of the cy-
clopeptides c(Leucyl-Prolyl) and c(Phenylalanyl-Prolyl) stud-
ied previously.! We conclude that these O 1s binding energies
do not vary much within this class of compounds, and are sub-
stantially independent of the amino acid side chain, provided
it is larger than a hydrogen atom. DKP, where the side chains
are hydrogen atoms, showed higher O 1s binding energy
(537.45 eV), attributed to reduced screening in the final state.

The experimental and calculated N 1s core level spectra
are shown in Figure 3 and energies are listed in Table II. The
vertical bars are the calculated N 1s core levels for cHisGly
and cTyrPro whereas simulated core N 1s spectra are given
for cPhePhe and 1PhePhe. For cPhePhe, theory predicts a sin-
gle spectral peak, and this is observed. The alternative linear
structure contains a peptide and an amino nitrogen atom, and
the calculated spectrum has two peaks, which were not ob-
served experimentally. This is further evidence that the sam-
ple is cyclic in the gas phase.

cHisGly contains four nitrogen atoms, two of which are
in the central DKP ring, and are chemically very similar. The
other two are amino and imino nitrogen atoms in the imi-
dazole side chain. Thus we expect three peaks with a stoi-
chiometric ratio of 1:2:1, and experimentally three peaks are
observed, with fitted intensities of 0.85:2.24:0.90. This is rea-
sonable agreement, considering that the peaks are not fully

TABLE 1. Experimental and theoretical O 1s vertical ionization energies of cPhePhe, cHisGly, and cTyrPro
and theoretical values for linear PhePhe (eV). Theoretical values have been calculated with the LB94/et-pVQZ
model. O Is values are shifted by +2.95 eV (cPhePhe); 2.2 eV (linear PhePhe); +2.97 eV (cHisGly); +3.04

eV (cTyrPro).
cPhePhe IPhePhe cHisGly cTyrPro
Expt. Theory Theory Expt. Theory Expt. Theory
537.0 O(1) 537.00 O(1) 537.02 537.0 0O(1) 536.98 536.8 O(1) 537.00
0O(4) 537.0 0O(4) 536.82 0(4) 537.01 0(4) 537.10
O(4)-H 538.06 539.2 O(11) 538.94
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TABLE II. Experimental and theoretical N 1s vertical ionization energies of cPhePhe, cHisGly, and cTyrPro
and theoretical values for linear PhePhe (eV).). Theoretical values have been calculated with the LB94/et-pVQZ
model. N 1s values are shifted by +1.31 eV (cPhePhe); +1.35 eV (IPhePhe); +1.85 (cHisGly); +1.07 (cTyrPro).

cPhePhe cPhePhe 1PhePhe cHisGly cHisGly cTyrPro cTyrPro
(Expt.) (Theory) Theory (Expt.) Theory (Expt.) (Theory)
405.65 N(2) 405.65 N(2) 406.38 404.45 N(12) 403.74 405.45 N(2) 406.44
N(5) 405.65 N(5) 403.08 N(5) 405.29
405.80 N(2) 405.44
N(5) 405.52
406.75 N(10) 405.85

resolved. The calculation underestimates the splitting be-
tween the peptide and amino nitrogen core levels, N(2) and
N(5) versus N(10).

cTyrPro also displays a single peak due to the two pep-
tide nitrogen atoms at 405.45 eV, and the calculated split-
ting is 0.15 eV. The center of the peak is 0.2 eV lower in
binding energy than the peak of cPhePhe, and about 0.3 eV
lower than the corresponding peak in cHisGly. Thus the or-
der of the peptide N 1s binding energy is cTyrPro < cPhePhe
< cHisGly.

Figure 4 shows the theoretical and experimental C 1s
spectra, and the energies are listed in Table III. In the spec-
trum of cPhePhe there are three peaks: the molecule contains
18 carbon atoms, with nine chemically distinct types of atoms
for the conformation with C, symmetry. However, the chemi-
cal environments of the carbon atoms in the two phenyl rings
are very similar, and the core levels of C(7) and C(14) are un-
likely to be much shifted from the energies of the phenyl car-
bon atoms, so we expect a peak due to 14 carbon atoms. C(1)
and C(4) are chemically equivalent, and so are C(3) and C(6).
These considerations predict three peaks with a stoichiomet-
ric ratio of 2:2:14, as predicted by theory. The experimental
ratio, obtained by fitting the peaks and integrating the areas,
is 1.9:2.2:13.9, in good agreement with the calculation and
expectation.

The theoretical spectra for both linear and cyclic PhePhe
are shown, and although the spectrum for the linear form
agrees better with the experimental data, we have already
established above that the cyclic form is present in the gas
phase. The calculations generally tend to predict a more com-

pressed energy scale than that observed in the experiment, and
this is the case for cPhePhe.

In cHisGly, there are eight carbon atoms, giving rise to
three peaks in the experimental spectrum. The two carbonyl
carbon atoms of the central ring, C(1) and C(4), appear as a
single peak at 293.75 eV; the theoretical splitting is 70 meV.
The peak at 292.00 eV is assigned to the carbon atoms in the
central ring, C(3) and C(6), with a contribution from C(11),
located between the two nitrogen atoms of the imidazole ring.
The peak at lowest binding energy is composed of contribu-
tions from C(7), C(8), and C(9). The latter two are bonded to
nitrogen in the imidazole ring, while C(7) is the only carbon
atom bonded solely to carbon and hydrogen, with no bonds to
nitrogen or oxygen.

The cTyrPro molecule contains 14 carbon atoms and
three peaks are observed experimentally. The peak at
293.34 eV is assigned to the carbonyl atoms of the central
ring and it has an intensity ratio of 2.1:11.9 with respect to the
other peaks, close to the expected value of 2:12. The binding
energy is lower than that of cHisGly and cPhePhe and closer
to the values measured for cyclo(Leucyl-Prolyl), 293.52 eV,
and cyclo(Phenylalanyl-Prolyl), 293.40 eV.' cTyrPro has in
common with these compounds a fused pyrrolidine ring so
we conclude that this structural feature tends to decrease the
C 1s binding energy by a small amount. The second peak con-
sists of C 1s emission from C(3), C(6), and C(11), which are
located in the central ring, or bonded to oxygen in the phe-
nol ring, C(11). A peak due to C(14), the carbon atom in the
pyrrolidine ring which is bonded to nitrogen, is not resolved,
but theory predicts it to lie between the two main peaks.

TABLE III. Experimental and theoretical C 1s vertical ionization energies of cPhePhe, cHisGly, and cTyrPro and theoretical values for linear PhePhe (eV).
Theoretical values have been calculated with the LB94/et-pVQZ model. C 1s values are shifted by +0.50 eV (cPhePhe); +0.66 eV (IPhePhe); +0.75 eV

(cHisGly,); +0.24 eV (cTyrPro).

cTyrPro cHisGly cPhePhe

Relative Relative Relative
Atom Theory Expt. intensity  Atom Theory  Expt. intensity Atom Theory Expt. intensity
Other 8 289.70- 29026 737 C(7), C(8), 290.24- 290.96 2.84 Other 14  289.70- 290.34 13.94
atoms 290.18 ) ) C9) 290.39 atoms 290.11
C(14) 290.92 - C(6) 291.46 C(3),C(6) 291.60 291.96 2.17
C(3®) 291.46 Cc(3®) 291.40 }292.00 }3.2 C(1),C(4) 292.64 293.73 2.11
CO) 29151 Lygg5 451 cdl) 291.03
C(ll) 29144 c(l) 292.63
C) 023 C) 20555 J293.75 }196
C4) 29239 : :
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FIG. 3. N 1s spectra of cPhePhe, cHisGly, and cTyrPro. Theoretical curves
(cPhePhe, linear PhePhe) and histograms (cHisGly, cTyrPro) are also shown.
The shifts of the theoretical spectra are: cPhePhe, +1.31 eV; linear PhePhe,
+1.35 eV; cHisGly, +1.85 eV; cTyrPro, +1.07 eV.

Finally the main peak is due to all carbon atoms which are
not bonded to an electronegative O or N neighbor.

The binding energies are reasonably well predicted, with
a contraction of the scale for the carboxylic carbon atoms, but
the intensity ratios of the peaks are less well reproduced by the
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FIG. 4. C Is spectra of cPhePhe, cHisGly, and cTyrPro. Theoretical curves
and histograms are also shown. The shifts of the theoretical spectra are:
cPhePhe, 4+-0.50 eV; linear PhePhe, +0.66 eV; cHisGly, +0.75 eV; cTyrPro,
+0.24 eV.
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calculation. This could have two origins: firstly the method
of plotting is very simple, with a single Gaussian width be-
ing used for all peaks, whereas in reality the peak shape is
a Franck-Condon envelope. Secondly, the main peak is com-
posed mainly of emission from the aromatic carbon atoms of
the phenol ring. The satellite intensity from phenol and related
molecules is stronger than for unconjugated atoms due to w-7
excitations®® so some loss of intensity from the main peak is
expected, although this was not a major effect for cPhPhe.

Figure 5 compares the measured and simulated valence
photoemission spectra of the three compounds in the outer
valence region to 16 or 18 eV of binding energy. The com-
plete valence vertical ionization potentials (IPs) of cPhePhe,
IPhePhe, cHisGly, and cTyrPro calculated using the HF/6-
311G** model and the outer valence vertical ionization en-
ergies using the OVGF/6-31G* model are given in Table 3
of the supplementary material.’> The spectroscopic pole
strengths of these IPs calculated using the OVGF/6-31G*
model are all larger than 0.85, indicating that the single par-
ticle approximation used in the models is valid and appro-
priate in this study. The outer orbital ionization energies are
also shown in the figures as vertical bars and the simulated
spectra have been produced by assuming the same width and
intensity for all states. This is clearly a very crude approxima-
tion as widths (Franck-Condon envelopes) and cross-sections
vary. However, the observed spectra are congested and not
resolved in this region. The simple approximation of equal
spectral line width in the simulation assists the assignment of
the spectral features in the measurements.

The shape of the valence ionization spectra of the three
cyclic dipeptides in Figure 5 exhibits similar patterns consist-
ing of an intense peak in the region <11 eV, the outermost
valence region, which is separated by an energy gap from the
broader peaks formed by other valence ionic states. Detailed
correlation of the spectra with their individual structures can
be further refined by theory. Here we concentrate on the out-
ermost molecular orbitals which are those most relevant for
chemistry.

The highest energy part of the cPhePhe spectrum con-
sists of a single peak with two weak shoulders. The calcu-
lation predicts a two peak structure, but this difference may
be due to the assumption of constant width. This band has
contributions from eight ionic states: the charge density of
the parent molecular orbitals is shown in Figure 6. The High-
est Occupied Molecular Orbital (HOMO) and indeed the first
four orbitals consist of 7 orbitals of the phenyl rings. They
are derived from the HOMO and HOMO-1 orbitals of ben-
zene in combinations which are in- and out-of-phase, to give
four orbitals. The fifth highest orbital, 37b, is mostly localized
on the central ring and has mostly oxygen p (in plane) char-
acter, with some admixture of other DKP orbitals. The sixth
highest orbital, 37a, also has predominantly in-plane oxygen
p character, but is much more strongly mixed with the or-
bitals of the two phenyl side chains and the DKP ring. Fi-
nally the seventh and eighth highest molecular orbitals consist
mostly of states constructed from + and — combinations of O
2p and N 2p atomic states, with some admixture of p states
localized on the C—C bonds of the DKP-phenyl bonds. The
first ionization potential is calculated to be 8.67 eV, in good
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FIG. 5. Valence band spectra of cPhePhe, cHisGly, and cTyrPro. Photon
energy 100 eV. (a) cPhePhe; (b) cHisGly; (c) cTyrPro. Top curves: experi-
ment; middle curves: theory; bottom histograms: calculated ionization ener-
gies, OVGF/6-31G* model.

agreement with the experimental value of 8.93 eV. The calcu-
lation slightly overestimates the energy gap between the eight
highest state and the rest of the valence band, for example,
the energy difference between MOs 36b and 35a is 1.67 eV
from the calculation but the energy is 1.23 eV according to
the experiment. This discrepancy was observed in our previ-

J. Chem. Phys. 136, 124301 (2012)

cPhePhe
39b (HOMO) 8.66 eV

cHisGly
5la (HOMO) 8.53 eV

cTyrPro
69a (HOMO) 7.86 eV

68a 8.48 eV

38b 8.94 eV Q 48a29.90 eV

37b9.02 eV O47a 10.19 eV 6529.78 eV

37a 9.29ecV 6a 10.33 eV 642 9.87 eV
B .

36a9.67 eV

FIG. 6. The charge distribution of the frontier valence orbitals of the dipep-
tides: (a) cPhePhe; (b) cHisGly; (c) cTyrPro.

ous study' for three other cyclopeptides, and is again observed
in the present samples.

For cHisGly, the upper band due to ionization of frontier
orbitals consists of seven states. The HOMO (MO 51a) and
HOMO-6 (orbital 45a) are localized mostly on the unsatu-
rated bonds in the imidazole ring. The HOMO-1 (orbital 50a)
is in contrast an almost pure DKP orbital, with substantial
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oxygen and nitrogen p character. Similarly orbitals 49a and
47a are mainly localized on the DKP ring, but contain a
greater admixture of side chain orbitals. Orbital 48a has its
greatest weight on the imidazole ring, but includes substantial
contributions from the DKP ring.

The experimental first IP of cHisGly, determined by fit-
ting this part of the spectrum with three peaks, is 9.41 eV, in
poor agreement with the theoretical value of 8.53 eV, Table 3
of supplementary material. For cTyrPro and cPhePhe, the the-
oretical values are 0.3-0.4 eV lower than the experimental
values, but for cHisGly, the difference is 0.88 eV. To inves-
tigate the origin of this discrepancy, we compare our results
with those for related systems. As noted, the HOMO is local-
ized on the imidazole group, so histidine and imidazole are
good models. Recently Wilson et al.3 determined a value of
8.2 £ 0.1 eV for the first IP of histidine, due to ionization
of a MO localized on the imidazole moiety.?”-*% A major dif-
ference between the method of Wilson et al. and the present
experiments and calculations is that they determined the adia-
batic IP, whereas in the present work, we consider the vertical
IP, which necessarily lies at equal or higher energy. We can
estimate the adiabatic IP from our measurements by extrapo-
lating the linear part of the spectrum near threshold to zero:
we obtain a value of 8.4 £ 0.1 eV. Although this is similar to
the value of Wilson ef al., and in very good agreement with
the calculated value, the agreement is partly fortuitous, since
the calculated value is the vertical ionization energy, and the
experimental value is the adiabatic energy. Returning to the
discrepancy between the experimental value determined by
fitting peaks and the calculated value, we believe that the dis-
agreement is due to a combination of factors: the high density
of states does not allow precise fitting of individual peaks, and
we do not know the shape of the Franck-Condon envelopes
of the ionic states. This seems to affect the modeling of the
HOMO more than the other higher energy states.

We note that the reported theoretical values of the verti-
cal first IP of histidine using the OVGF model are 8.43 and
8.55 eV for different conformers,*”3® similar to the present
calculated value for the first IP of cHisGly, 8.53 eV.

There are five frontier orbitals of cTyrPro. The experi-
mental first IP is 8.28 eV, and the theoretical value is 7.86 eV,
a similar difference to that found for cPhePhe. The HOMO
(orbital 69a) and orbital 66a consist of contributions from the
7 system of the phenol ring, and are rather similar in orbital
composition to the two highest molecular orbitals of cPhePhe
and orbitals 37a plus 38b, respectively. The other three or-
bitals are localized mainly on the DKP ring, with some con-
tributions from the pyrrole ring.

IV. DISCUSSION

Comparing our present core level photoemission results
with those of our previous work,! we note that the C 1s bind-
ing energies of the two carbonyl carbons in the DKP ring,
C(1) and C(4), have their highest binding energies in the par-
ent compound (cGG). In each compound the carbonyl atoms
have the highest C 1s binding energy. We have previously at-
tributed the higher binding energy in DKP with respect to the
other cyclic dipeptides to the lack of side chains, which oth-

J. Chem. Phys. 136, 124301 (2012)

erwise provide electrostatic screening of the core hole in the
final state. The next highest binding energies of C(1) and C(4)
are found in cHisGly (293.75 eV) and cPhePhe (293.73 eV).
Since the side chains of these compounds are chemically di-
verse, but the binding energies are rather constant, we expect
that most cyclo dipeptides without a fused ring will have very
similar core binding energies. The nature of the side chain
does not appear to influence strongly the chemical environ-
ment at C(1) and C(4).

The lowest binding energies of C(1) and C(4), 293.34 to
293.52 eV, occurred for the three compounds in which one
constituent amino acid is proline, and thus the dipeptide has
a rigid, fused ring structure. This structural element appears
to lower the C(1)/C(4) energy significantly. The other amino
acids constituting these three peptides were tyrosine, leucine,
and phenylalanine.

The other two carbon atoms of the DKP ring, C(3) and
C(6) (corresponding to C(6) and C(9) in our previous work)'
have experimental binding energies, which vary only a little
with the side chains. Although chemically distinct, the spec-
tral peaks are not resolved. As usual DKP has the highest
binding energy of 292.5 eV. The proline-containing dipep-
tides have binding energies in the range 291.65 (cTyrPro) to
291.79 eV, while the other two have slightly higher binding
energies of 292.00 (cHisGly) and 291.96 (cPhePhe) eV.

The N 1s core levels of five of the six compounds (in-
cluding the three compounds in the previous study') fall in the
narrow range from 405.45 to 405.65 eV, including molecules
with and without proline. Only DKP has a higher binding en-
ergy of 406.29 eV, again due to lack of core hole screening by
side chains. Thus the chemical effects of the amino acid side
chains on nitrogen appear to be even smaller for nitrogen than
for carbon atoms C(1) and C(4). The carboxyl oxygen of the
central ring is similar: for five out of six of the compounds, the
O 1s binding energy falls in the range from 536.8 to 537.0 ¢V,
while for cGG it is 537.45 eV.

The valence band spectra of all six dipeptides consist of
4 to 8 orbitals clustered at low binding energy, IP < 11 eV,
followed by an energetic gap, and then by the remaining va-
lence orbitals. As shown previously,1 four of these orbitals
are present in the parent compound, DKP (or cGG as denoted
previously). They consist of two symmetric and two anti-
symmetric (under C, rotation) molecular orbitals, labelled
14a, 14b, 15a, and 15b. (Note that in our previous work, the
caption of Figure 3(a) for cGG should read 15b, not 15a.) For
dipeptides based on proline, we observed strong mixing of
the orbitals of the DKP ring with the pyrrole ring of proline.
This feature occurs again for cTyrPro, and its frontier orbitals
resemble those of c(Phenylalanyl-Prolyl). The energy order-
ing is different, because the OH group in cTyrPro alters the
charge distribution and energy of the three benzene-derived
molecular orbitals.

For non-prolyl dipeptides, the first four molecular or-
bitals retain much more of their DKP character, although the
lower energy molecular orbitals of the side groups change the
energy ordering. For instance, orbitals 37b, 37a, 36b, and 36a
of cPhePhe are very clearly derived from the four highest
MOs of DKP, and retain the same energy order. The other
four frontier orbitals have mostly phenyl-derived character.
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For cHisGly, orbital 50a, the HOMO-1, corresponds to the
HOMO of DKP, and orbitals 49a, 47a, and 46a correspond to
the next three highest MOs of DKP. The remaining orbitals,
51a, 48a, and 45a are predominantly derived from the imida-
zole ring of histidine.

Finally we note that our observation of cyclization of
linear PhePhe is relevant to some recent condensed matter
studies.” ' These authors evaporated linear PhePhe at 400 K
onto copper, whereas we used a moderately higher tempera-
ture of 443 K. It is thus possible that the species on the surface
in these studies was the cyclic rather than the (assumed) lin-
ear form of the molecule, depending on whether water loss
occurs at 400 K. Unfortunately we do not have data for the
latter temperature.

V. CONCLUSIONS

We have carried out a theoretical and experimental study
of the electronic structure of three cyclic dipeptides, and com-
pared the results with our previous work. The theory allows
us to assign all of the observed core and part of the va-
lence level spectra. All dipeptides show core levels shifted
to lower energy, compared with the parent compound, cGG
or DKP. When one of the constituent amino acids is proline,
the structure contains fused DKP and pyrrole rings, and com-
pounds in this class showed significant and systematic core
level shifts of the atoms in the DKP ring. In the absence of
a pyrrole ring, binding energies tended to be very similar, in-
dicating that there is no strong interaction between the side
groups and the central ring. The valence band spectra show
a separated group of frontier orbitals, and this appears to be
characteristic of these compounds. The pyrrole containing
compounds showed much stronger changes of the charge dis-
tribution of the MOs of DKP than the other dipeptides, due to
hybridization, as demonstrated by the calculations, and con-
sistent with the core level results. We conclude that most side
chains (other than pyrrole) interact weakly with the central
DKP moiety. Thus a building block approach can be substan-
tially justified, in which the chemical properties can be con-
sidered to be the sum of those of the three functional groups
making up the cyclic dipeptide.
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