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Summary. — Circular dichroism (CD) spectroscopy is a useful technique for char-
acterizing chiral molecules. It is more sensitive than total absorption to molecule
conformation, and it is routinely used to identify enantiomers. We present here ab-
sorption and CD spectra within the Time-Dependent (TD) B3LYP approximation
in c-GlyPhe, a cyclo-dipeptide containing an aromatic group. Results from codes in
localized basis-set (Orca and MolGW) are carefully compared with the novel TD-
B3LYP implementation we developed in the Yambo code, that uses a plane-wave
basis set.

1. — Introduction

Cyclo-dipeptides (CDPs) are chiral molecules of interest both from the biological and
pharmacological point of view [1], and are possible building blocks for nanodevices [2,3].
Both in the gas phase and in solution they can present different geometric structures
(conformations or enantiomers). Circular dichroism (CD) spectroscopy, due to the dif-
ferent absorption of left vs. right circularly polarized light by chiral systems, is a powerful
tool routinely used to identify enantiomers of chiral molecules.

In previous works we studied the electronic [4] and optical properties [5], both ab-
sorption and CD, of three CDPs containing aromatic groups, i.e., c-GlyPhe, c¢-TrpTyr
and c-TrpTrp. We explored in great detail the electronic levels, by comparing different
levels of approximation, and also focusing on their conformational dependence. For the
optical properties instead we mostly focused on the selection rules between two electronic
levels and at the independent-particles (IP) level. However, a more accurate modelling
of absorption and CD requires the introduction of electronic correlation in the excited
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state calculations. In this work we compute optical absorption and CD within Time-
Dependent Density Functional Theory (TDDFT) for the lowest energy conformer of
c-GlyPhe dipeptide.

Most of the available codes for computing the optical properties of molecules are based
on Gaussian-type (GT) localized basis sets. Here we use the MolGW [6] and Orca [7]
codes as a reference. Moreover, we show results obtained with the QuantumEspresso
(QE) [8,9] and Yambo [10] codes using a plane-wave (PW) basis set. TDDFT absorption
spectra are also compared with experimental data, showing that corrections beyond IP
are not negligible.

2. — Results

We first compare (fig. 1, left panel) the electronic energy levels of c-GlyPhe, ob-
tained within DFT B3LYP using either the PW based QE code [8] (red dataset), or
the MolGW [6] (green dataset) and Orca [7] (black, blue and cyan) codes, based on GT
basis. The energy distributions of occupied electronic states obtained with the two cho-
sen computational schemes (PW vs. GT bases) are in agreement with each other, apart
from possible small rigid shifts. As for empty states, PW codes (in our case QE, red
levels) can capture continuum delocalized electronic states [4]. This results in an overall
higher density of states in the positive energy range with respect to GT basis codes. In
codes with GT bases (MolGW, Orca), augmented basis sets containing diffuse functions
(green, blue and cyan datasets in fig. 1, left panel) are needed in order to obtain bound
empty levels in agreement with QE ones. The very good agreement between the B3LYP
electronic levels is maintained also in the corresponding B3LYP IP absorption spectra
(fig. 1, right panel). Here we compare results from Yambo (red curves) with MolGW
(green curves). We used a modified version of MolGW to print the IP spectra (which
cannot be computed with Orca).

We then move to the calculation of the TD-B3LYP spectra (fig. 2), with Yambo,
starting from QE KS B3LYP wavefunctions (magenta curves), with Orca using either
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Fig. 1. — (Left) B3LYP DFT electronic levels of c-GlyPhe obtained with QE (red), MolGW
(green), Orca with def2-QZVPP basis and def2/J auxiliary basis (black), Orca with aug-cc-pVQZ
basis (blue) or ma-def2-QZVPP basis (cyan), both with aug-cc-pVQZ/JK auxiliary basis: the
vertical axis reports energies in eV. (Right) Absorption spectra of c-GlyPhe obtained within IP
B3LYP, using the Yambo code (red), the MolGW code (green), and geometry of the investigated
molecule. A vertical black solid line indicates the Eyoc — Egonmo value from DFT B3LYP QE
calculations.
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Fig. 2. — Absorption (left) and CD (right) spectra of c-GlyPhe obtained within TD-B3LYP
using the Yambo code (magenta curves), or the Orca code with the ma-def2-QZVPP basis sets
(cyan curves) or with the aug-cc-pVQZ basis set (blue curves) and MolGW with the aug-cc-
pVTZ basis set (green curve). Experimental absorption spectra from the literature (“exp Gly
Elec2013” dataset [11], “exp Phe IJMS” dataset [12]) are reported as dotted lines. A vertical
solid (dashed) black line indicates the Evae — Enomo = 6.9eV (Eruvmo — Eromo = 6.15€V)
from DFT B3LYP QE calculations. The B3LYP vertical ionization potential is instead at
8.57eV.

the ma-def2-QZVPP or aug-cc-pVQZ basis sets (blue and cyan curves) and with
MolGW using the aug-cc-pVTZ basis set (green curve). Spectra calculated with both
the chosen GT codes (Orca and MolGW), using basis sets containing diffuse func-
tions, give almost identical results. On the other hand, the results obtained with
QE + Yambo are quite different from the Orca ones. Besides the different basis
set (PW ws. GT), one of the reasons is that in the TD-B3LYP implementation of
the Yambo code we neglect the GGA part of the f*¢ kernel. We have extended the
TDDFT implementation of the Yambo code in three directions. i) A TDDFT simula-
tion now prints in output also the CD spectra. ii) The non-local part, coming from the
exchange fraction, is added to the local part taking advantage of the Fock term already
present in the Yambo code. iii) We improved the computation of the matrix elements
of the local part of f*¢. The real space integrals are now evaluated only in regions of
space where the electronic density overcomes a threshold, e = 1.e — 7 which can also be
controlled in input. Thanks to iii) the simulation time for the TDDFT step with Yambo
is not longer than the time required by MolGW or Orca. By increasing e = 1.e—6 Yambo
is even faster and less memory-consuming than MolGW and Orca, without significant
changes in the computed spectra.

We now discuss in more detail the absorption spectrum in fig. 2, left panel. At
the B3LYP level, photons with energy below 8.57eV (vertical ionization potential of c-
GlyPhe from total energy differences [4]) can only access neutral excitations. However,
we notice that a continuum of transitions, from the HOMO to vacuum levels, enter the
TD-B3LYP Hamiltonian starting from 6.9 eV (continuous line). The HOMO-LUMO gap
gives a minimum excitation energy of 6.15eV (dashed line). Excited states correlation
lowers the onset of the absorption spectra to 5.4eV, in better agreement with available
experimental data (absorption spectra of the single amino acids Gly and Phe). Moreover,
among experimental spectra reported in the literature there is a rather large variability
in the energy position of the main peaks, depending on the experimental conditions (e.g.,
amino acids in different solvents, or amino acid films deposited on glass surfaces, etc.).
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The main low energy TD-B3LYP absorption features are slightly red-shifted in the
Orca datasets with respect to the Yambo results. A similar trend can be noticed in
CD spectra too (fig. 2, right panel), once identified the CD peaks in the correspond-
ing absorption spectrum. Without this information, indeed, the possible variability in
sign (in addition to position and intensity) of CD peaks would hinder an unambiguous
assignment of CD features obtained with the PW vs. GT computational schemes.

We are currently working on including the GGA corrections in the Yambo code imple-
mentation. Moreover, we plan to study the absorption spectra of molecules with Yambo
also beyond TDDFT, via the GW 4 BSE scheme, and to include solvation effects to
provide a closer comparison with dilute-solution measurements.
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