Theoretical Chemistry Accounts manuscript No.
(will be inserted by the editor)

Assessment of Time-Dependent Density Functional Theory for
Predicting Excitation Energies of Bichromophoric Peptides: Case of

Tryptophan-Phenylalanine

Rodolphe Pollet - Valérie Brenner

Received: date / Accepted: date

Abstract The ability of applied Time-Dependent Density
Functional Theory to predict the near-ultraviolet absorption
spectrum of bichomophoric peptides in the gas phase has
been tested by calculating the vertical excitation energies
of the Tryptophan-Phenylalanine (Trp-Phe) dipeptide. We
show that the contamination of the low-frequency part of the

spectrum by spurious charge-transfer excitations depends both

on the conformation of the peptide chain and the exchange-
correlation approximation. For the most stable structure in-
vestigated, a hybrid density functional appears to eliminate
a large proportion of the spurious states.
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1 Introduction

Vertical excitation energies of small aromatic compounds
such as indolyl derivatives in vacuum can be accurately pre-
dicted by wave function based methods that include both
static and dynamic electron correlation effects (e.g., CASPT2
[1]) provided that a large active space is selected (i.e., at
least ten electrons in nine orbitals) [2,3]. Still, with nowa-
days computer resources, a less computationally demanding
strategy is mandatory for calculations of adiabatic excitation
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energies and for molecular dynamic simulations on excited
states (i.e., where the computation of nuclear gradients is
required), or when solvent effects would have to be taken
into account without resorting to a continuum model (which
would therefore considerably enlarge the size of the system).
Time-Dependent Density Functional Theory (TDDFT) [4]
has become a largely accepted alternative to tackle these is-
sues [5—8] since excitation energies are determined without
an explicit calculation of the often multiconfigurational ex-
cited state [9]. However the method needs to be first fully
assessed for the calculation of vertical excitation energies in
the gas phase, which motivates the study of specific molecules
representing stringent tests.

TDDFT is particularly suited for the calculation of low-
lying valence excitation energies, with an accuracy better
than a few tenths of an electron volt [10-13]. In contrast,
it is known to fail for the description of Rydberg and long-
range charge-transfer (CT) states. This erroneous behavior
has been ascribed to a ”sin of the ground state” (i.e., incor-
rect asymptotic behavior of the Kohn-Sham potential) and
a 7’sin of locality” (of the approximation to the exchange-
correlation kernel), respectively [14]. More precisely, the

latter artifact originates from an electron-transfer self-interaction

effect that manifests because of the lack of derivative dis-
continuities with respect to particle number in exchange-
correlation approximations [15,16]. Consequently, excita-
tion energies of long-range CT states are strongly underesti-
mated by up to several electron volts.

Small peptide chains that include two chromophores surely
are affordable yet difficult test systems for TDDFT, and there-
fore offer the opportunity to optimize parameters such as
the choice of the basis set or the use of several approx-
imations including the exchange-correlation density func-
tional. In this work the striking example of the Tryptophan-
Phenylalanine (Trp-Phe) dipeptide is investigated. Indeed both
electronic transitions to valence orbitals as well as charge



transfers (CTs) from one amino-acid chromophore to the
other can be expected, though the latter should lie higher in
energy. Electron transfer may however play a role in the pos-
sible quenching of Trp fluorescence, which is still a source
of controversy [17-19]. In this respect the absorption spec-
trum of distinct conformations in gas phase may shed light

on the unknown influence of environment effects on the quench-

ing of Trp. The two low-lying valence excitations labeled
'L, and 'Ly, according to Platt’s nomenclature [20], have
a m — 7~ character and take place on the indole residue.
Laser spectroscopic experiments report that 'L, lies below
'L, in gas phase, the reverse being true in the presence of
polar solvents [21]. Whether a mixing of states can occur in
certain cases is still an open question. TDDFT calculations
have failed to predict the correct ordering of the 'L, and 'L,
states of gas phase indole due to the ionic character of the
former state, whose excitation energy was artificially low-
ered [22-24]. Callis and Liu have also compared CASPT2
and TDDFT results for the indole-formamide complex [25].
Again, 'L, was found to be the first excited state accord-
ing to TDDFT. Furthermore, the excitation energy of a long-
range CT from the indole to the amide residue was severely
underestimated. Similarly the excitation energy of the 'L,
state of polycyclic aromatic hydrocarbons has been shown
to be significantly underestimated by TDDFT and demands
the use of a hybrid functional, whereas the covalent 'Lb state
can be better treated within a pure density functional frame-
work [26].

2 Computational details

Two closely related flavors of TDDFT have been used in this
work. They first differ by type of basis set, namely plane-
waves versus Gaussians. In addition, plane-waves calcula-
tions, performed with the CPMD code [27,28], resort to the
Tamm-Dancoff approximation (TDA) [29,30]. While full
TDDFT and TDA have been shown to produce almost iden-
tical excitation energies for most systems, we mention that
the triplet near instability problem is better handled by TDA
[29]. Calculations with Gaussian basis sets, performed with
the Gaussian 03 package [31], have provided in addition the
oscillator strengths of the electronic excitations. For TDA
calculations, norm-conserving Troullier-Martins pseudopo-
tentials [32] have been used with a plane-waves energy cut-
off of 80 Ry and a cubic box 20 A3 large. Non periodic
boundary conditions have been imposed by the screening

3 Results and discussion
3.1 Conformational sensitivity

One aim of this theoretical investigation is to find out how
the appearance of spurious long-range CTs in the absorp-
tion spectrum of Trp-Phe is related to its conformation. Thus
three cases are examined where the two chromophores are
spatially well-separated (see Fig. 1a), nearby in a stack ge-
ometry (see Fig. 1b), or at intermediate distance separation
(see Fig. 1c). All of these structures have been first extracted
from a force-field (OPLS_2005 [35]) global exploration and
then optimized at the B3LYP/6-31+G* level of theory. Ac-
cording to the LMP2/6-31G* method, structure (c) has the
lowest ground state energy (i.e., 3-5 kcal/mol lower). The
ten lowest vertical excitation energies have been calculated
by TDA and full TDDFT using the Perdew-Burke-Ernzerhof
(PBE) [36] Generalized Gradient Approximation (GGA). Re-
sults for structure (a) are reported in Table 1. First we note
the very good agreement between TDA/plane-waves and full
TDDFT/TZVP results. The mean (resp. maximum) abso-
lute deviation on excitation energies only amounts to 0.03
(resp. 0.05) eV, which is within the error bar initially re-
ported by Hirata ef al. [29]. Only a few excited states can
be ascribed to a single occupied to virtual orbital transition,
most of the states being of a mixed nature. Long-range CT
excitations are preponderant in spite of the large distance
between the two chromophores (and therefore the supposed
resemblance to the isolated indole molecule). As their en-
ergy is known to be artificially lowered by TDDFT, this im-
plies that the whole electronic spectrum is contaminated. We
especially consider two electronic transitions to the LUMO
orbital, which is mostly localized on the six-membered ring
of Trp. They originate from the HOMO-2 (also localized
on benzene) and HOMO (showing a larger amplitude on
the five-membered pyrrole ring) orbitals and can be respec-
tively identified as the covalent 'L, and ionic 'L, states (see
Fig. 2). These transitions contribute mostly to state 5 (AE =
4.18 eV) and state 1 (AE = 3.64 eV), respectively. There-
fore TDDFT predicts, as expected, the wrong ordering of
states. Moreover, their calculated oscillator strengths is close
to zero.

Now we turn to structure (b), where CT excitations are
expected to be especially favored due to the proximity of the
Trp and Phe residues in the stack geometry. Please note that
the previous LUMO orbital now corresponds to the LUMO+2
orbital. Results obtained with the TDA/plane-waves method
are listed in Table 2. In contrast to the previous situation,
most of the excitations can unambiguously be associated to
a single occupied to virtual orbital transition. All of them

method proposed by Martyna and Tuckerman [33]. Full TDDFT are charge-transfer excitations, which therefore suffer from

calculations have been performed with the TZVP triple-zeta
plus polarization Gaussian basis set [34].

a severe energetical understimation. As a consequence, the
whole range of excitation energies lies below the one of



(a) (b) (c)

Fig. 1 Three conformers of Trp-Phe: (a) large distance separation (b) stack geometry (c) intermediate distance separation
Table 1 Vertical excitations of Trp-Phe at large distance separation obtained from TDA/plane-waves calculations. Energies from full

TDDFT/TZVP calculations are given in parentheses in column 2. The main occupied to virtual orbitals transitions are reported in columns 3
to 5 together with the residue of higher localization.

state  AE (eV) occupied orbital virtual orbital weight (%)
1 3.64 (3.69) HOMO (indole) LUMO+1 (Phe) 59

HOMO (indole) LUMO (indole) 40
2 3.75(3.79) ' HOMO (indole) LUMO+2 (Phe) 96
3 4.08 (4.10) HOMO (indole) LUMO+3 (carbonyl) 76
4 4.14 (4.15) HOMO-1 (carboxyl) LUMO (indole) 63
5 4.18 (4.23) HOMO-2 (indole) LUMO+1 (Phe) 53

HOMO-2 (indole) LUMO (indole) 43
6 4.22(4.24) HOMO-I (carboxyl) LUMO+I1 (Phe) 66
7 4.29 (4.34) HOMO-2 (indole) LUMO+2 (Phe) 87
8 4.30 HOMO (indole) LUMO+4 (amine) 47
9 4.34 (4.35) HOMO-I (carboxyl) LUMO+2 (Phe) 87
10 4.37 HOMO (indole) LUMO+4 (amine) 48

(a) (b)

Fig. 2 Canonical (PBE) Kohn-Sham orbitals (isosurface = 0.07) : (a) Highest occupied molecular orbital (HOMO)-2 (b) HOMO (c) Lowest
unoccupied molecular orbital (LUMO)

Table 2 Vertical excitations of Trp-Phe at small distance separation from TDA/plane-waves calculations. The main occupied to virtual orbitals

transitions are reported in columns 3 to 5 together with the residue of higher localization.

state AFE (eV) occupied orbital virtual orbital weight (%)
1 3.36 HOMO (indole) LUMO (Phe and carboxyl) 100
2 347 HOMO (indole) LUMO+1 (Phe) 99
3 3.69 HOMO (indole) LUMO+3 (Phe and carboxyl) 82

HOMO (indole) LUMO+2 (indole) 18
4 3.85 HOMO-1 (amine) LUMO (Phe and carboxyl) 100
5 3.91 HOMO-2 (indole) LUMO (Phe and carboxyl) 100
6 3.96 HOMO-1 (amine) LUMO+1 (Phe) 100
7 4.02 HOMO-2 (indole) LUMO+1 (Phe) 99
8 4.10 HOMO (indole) LUMO+4 (carboxyl) 95
9 4.17 HOMO-1 (amine) LUMO+3 (Phe and carboxyl) 77
10 4.22 HOMO-3 LUMO (Phe and carboxyl) 100




structure (a), and the 'L, transition does not contribute to
any of the few mixed excitations anymore, lying at higher
energies. Moreover the contribution of L, (to state 3) has
been dramatically reduced, although the excitation energy
has barely changed (3.69 instead of 3.64 eV). Interestingly
orbitals transitions with an almost pure (spurious) CT char-
acter were also observed in the similar case of the 7-stacked
adenine dimer [37].

Eventually the intermediate case of structure (c) is ex-
amined (see Table 3). Again we emphasize that TDA/plane-
waves and full TDDFT/TZVP calculations are in very good
agreement, despite the inversion of the nearly-degenerated
states 7 and 8. The HOMO — LUMO transition mainly con-
tributes to a state (4) that lies energetically at 0.3 eV of the
corresponding states in structure (a) and (b). The excitation
energy of 'L, therefore appears weakly dependent on the
conformer geometry. We assume that it is strongly underes-
timated by TDDFT by comparison to the values calculated
at the CASPT?2 level for indole (4.73 [2] or 4.65 eV [3]),
which confirms again the failure of the method with respect
to excited states of ionic character. Its calculated oscillator
strength is 0.012, which is also much too weak (cf. 0.081 [2]
or 0.09 [3] for indole). Most importantly, ' L;, is again miss-
ing from the spectrum because of the predominant spurious
charge-transfer excitations.

3.2 Beyond the GGA approximation

Whether the choice of a better approximation of the exchange-
correlation density functional can improve the description of
the excited states of Trp-Phe is now investigated for struc-
ture (c) (i.e., the most stable one according to the LMP2
method). For comparison, reference calculations have been
performed with the 5.6 version of the Turbomole package
using the second-order approximate Coupled-Cluster (CC2)
model [38] in conjunction with the resolution-of-the-identity
approximation [39]. Beyond the second rung of Jacob’s lad-
der of density functional approximations [40], namely GGA,

is the Meta-Generalized Gradient Approximation (Meta-GGA),

which depends not only on the electron density and on its
gradient but on the Kohn-Sham orbital kinetic energy den-
sity as well. The TPSS [41] non empirical functional has
been chosen. The calculated excitation energies are listed in
Table 4. The nature of the electronic spectrum has endured
minor modifications in comparison with the PBE calcula-
tion: states 6 and 7 have been inverted, previous states 8 and
10 have merged into new state 9, and previous state 9 now
identifies to state 8. The weight of the HOMO — LUMO
transition in state 4 has slightly decreased from 41 to 37%,
and the HOMO-2 — LUMO transition has re-appeared in
the spectrum, with a very small contribution (5%) to new
state 10. The only significant improvement is the increase of
all excitation energies by 0.13-0.21 eV. The failure of TPSS

Table 4 Excitation energies (in eV) calculated by TDA/plane-waves
with PBE (column 2), TPSS (column 3), and SAOP (column 3) func-
tionals, full TDDFT/TZVP with B3LYP functional (column 5), and
CC2/TZVPP (column 6). Values corresponding to large contributions
from 'L, (always the lowest except for CC2) and ' L;, are in bold.

state PBE TPSS SAOP B3LYP CC2
1 358 3.71 3.29 4.50 4.77
2 374  3.89 3.86 4.70 4.86
3 386  4.00 3.87 4.77 5.16
4 390 4.12 3.93 4.80 5.63
5 4.07 4.28 4.16 4.95 597
6 417 434 4.27 5.16
7 422 436 4.44 5.24
8 423 442 4.48 5.35
9 425 445 4.51 5.36
10 429 452 4.56 5.40

to prevent the appearance of spurious long-range CT states
below optical ones was already noted by Magyar and Tretiak
for thiophene and chlorophyll dimers [42].

Another strategy consists in improving the Kohn-Sham
orbital energies by using a more accurate exchange-correlation

potential. Thus a statistical average of orbital potentials (SAOP)

has been used to reproduce the exact atomic shell slopes in
both inner and outer regions of the molecule [43]. All but the
first and second excited states have changed, but the most
striking difference concerns the valence excitations. Indeed
the HOMO — LUMO transition contributes 71 percent of
states 6, whereas the weight of the HOMO-2 — LUMO tran-
sition to state 10 amounts to 35 percent. Moreover the latter
mixes with a transition from the HOMO to the LUMO+7 or-
bital, which is also localized on the six-membered benzene
ring. Therefore the excitation energies of 'L, and 'L, are
estimated to be 4.27 and 4.56 eV, respectively. However the
number of spurious CT states lying below the first optical
state has actually increased from 3 to 5. On the one hand,
SAOP calculations resulting in such extra pure CT states
were already reported, together with mixing with localized
transitions, for tetraphenylporphyrin monoacids [44], but on
the other hand, asymptotically corrected potentials including
SAOP have proved useful for the description of intramolecu-
lar electron transfers in donor-acceptor-donor configurations
of polyoxometalates [45]. Consequently the ability of SAOP
to prevent spurious CT transitions needs to be further as-
sessed.

Eventually, results obtained with a hybrid functional are
examined. Introducing a non local Hartree-Fock (HF)-like
contribution into the exchange energy up to 50 percent has
already been advocated for the elimination of spurious CT
states [46,47,42,8]. Here the B3LYP exchange-correlation
functional (i.e., 20 percent of HF-like exchange) has been
used. The method indeed succeeds in removing the lowest
CT excited states from the spectrum as state 1 can be (par-
tially, namely 64%) identified to ' L,. The corresponding ex-



Table 3 Vertical excitations of Trp-Phe at intermediate distance separation obtained from TDA/plane-waves calculations. Energies from full
TDDFT/TZVP calculations are given in parentheses in column 2. The main occupied to virtual orbitals transitions are reported in columns 3 to 5

together with the residue of higher localization.

state  AE (eV) occupied orbital virtual orbital weight (%)
1 3.58 (3.60) HOMO (indole) LUMO+1 (carboxyl) 96
2 3.74 (3.79) HOMO (indole) LUMO+2 (Phe) 90
3 3.86(3.91) HOMO (indole) LUMO+3 (Phe and carboxyl) 100
4 3.90(3.91) HOMO-1 (backbone) LUMO (indole) 45

HOMO (indole) LUMO (indole) 41
5 4.07 (4.08) HOMO-1 (backbone) LUMO+1 (carboxyl) 97
6 4.17 HOMO (indole) LUMO+4 (carbonyl) 97
7 4.22 (4.25) HOMO-2 (indole) LUMO+1 (carboxyl) 95
8 423 (4.24) HOMO-1 (backbone) LUMO+2 (Phe) 54
9 4.25 HOMO (indole) LUMO+5 (Phe) 88
10 4.29 (4.30) HOMO-1 (backbone) LUMO+2 (Phe) 33

citation energy, AE = 4.50 eV, is close to the value obtained
by Crespo et al. for Trp with the same hybrid functional
and a double-zeta plus polarization Gaussian basis set, i.e.,
4.56 eV [22]. The 'L, state (29% participation to state 4)
lies 0.30 eV above. Both are optically active, with respec-
tive calculated oscillator strengths being 0.058 and 0.014. In
agreement with experimental results, the intensity of the 'L,
band is therefore stronger than the one of 'L, although the
relative intensity seems exaggerated (ratio of 4, to be com-
pared with 3 for indole [48]). In view of the CC2 results,
it appears that B3LYP succeeds in predicting the 'L, en-
ergy (difference equals 0.03 eV) but fails for the 'L, energy,
which should be 0.36 eV higher according to our CC2 cal-
culations. The latter also predict a weaker ratio of oscillator
strengths (0.035 and 0.056 for 'L, and 'L, respectively).

4 Conclusion

The influence of the conformation of the Trp-Phe dipep-
tide on its near-ultraviolet absorption spectrum was inves-
tigated with the TDDFT method. It was shown that the ap-
pearance of spurious long-range charge-transfer excitations
is enhanced whenever the two chromophores are nearby.
As a consequence interchromophoric excitations mix with
the localized 'L, and 'L, valence excitations. This spec-
tral contamination is partially circumverted by using a cor-
rected exchange-correlation potential but only the incorpo-
ration of a non local Hartree-Fock-like exchange contribu-
tion succeeds in eliminating charge-transfer states lying be-
low the optical valence excitations. However the energy of
the 'L, state is significantly underestimated with respect to
CC2 reference calculations because of its ionic character,
which leads to an inversion of the two low-lying valence
states.
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